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Preface

This book on thermodynamics of materials is intended as a textbook for junior/senior
undergraduate students and first-year graduate students in materials science and engi-
neering and related fields as well as a reference for researchers who would like to
refresh their understanding of basic thermodynamics and need to derive thermody-
namic relations for their research. I made a conscious effort to explain the thermo-
dynamic concepts and quantities using plain languages. The focus of this book is
on the fundamentals of thermodynamics and their applications to generic thermody-
namic systems and processes rather than specific materials systems. A reader after
finishing the book is expected to achieve a high-level fundamental understanding
of thermodynamics and acquire the analytical skills of applying thermodynamics
to determining materials equilibria under different thermodynamic conditions and
computing driving forces for materials processes.

One of the purposes for writing this book is to share my own understanding of ther-
modynamics through nearly 30 years of teaching thermodynamics of materials at the
Pennsylvania State University. My understanding of thermodynamics has primarily
been based on reading “Scientific Papers of Josiah Willard Gibbs” which laid the
foundation of thermodynamics and illustrated the true mathematical rigor and beauty
of thermodynamics.! T also benefited greatly reading a number of modern thermody-
namics books, including Thermodynamics and an Introduction to Thermostatistics
by Herbert B. Callen?, Thermodynamics and Its Applications by Michael Modell
and Robert C. Reid?, Modern Thermodynamics: From Heat Engines to Dissipative
Structures by Dilip Kondepudi and Ilya Prigogine*, The Dynamics of Heat by Hans

1], Willard Gibbs, “On the Equilibrium of Heterogeneous Substances,” Transactions of the
Connecticut Academy, III. pp. 108-248, October 1875-May 1876, and 343-524, May 1877-July
1878.

2 Herbert B. Callen, “Thermodynamics and an Introduction to Thermostatistics,” Second Edition,
Wiley, 1985.

3 Michael Modell and Robert C. Reid , “Thermodynamics and its Applications,” Second Edition,
Prentice Hall PTR, 1983.

4 Dilip Kondepudi and Tlya Prigogine, “Modern Thermodynamics: From Heat Engines to Dissipa-
tive Structures,” First Edition, John Wiley & Sons, 1998.
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U. Fuchs’, and Phase Equilibria, Phase Diagrams and Phase Transitions by Mats
Hillert®.

There are several existing excellent textbooks specifically devoted to applica-
tions of thermodynamics to materials science and engineering, e.g., Introduction to
Thermodynamics of Materials by David R. Gaskell and David E. Laughlin’, Ther-
modynamics of Materials by David V. Ragone®, and Thermodynamics in Materials
Science by Robert DeHoff’. The natural question would be “why another textbook
on thermodynamics?” I try to answer this question by emphasizing several, which I
believe, rather unique features of this book:

e Entropy S and chemical potential i, considered by many as two of the most diffi-
cult and abstract concepts to fully comprehend in thermodynamics, are introduced
very early in Chap. 1 as part of the definitions and terms, emphasizing the analog
of chemical potential  to temperature T and pressure p as a form of potential,
and the analog of S to volume V and amount of chemical substance N as a type of
matter. All seven basic thermodynamic variables (U, S, V, N, T, p, 1) associated
with a simple thermodynamic system as defined by Gibbs are separated into three
categories: energy (U), matter (S, V, N), and potential (7, p, i), emphasizing not
only the relations but also the differences among the three types of thermodynamic
quantities: energy, matter, and potential.

e The discussion on the first law of thermodynamics is primarily focused on open
systems rather than closed systems as it was done in essentially all modern
textbooks on thermodynamics of materials. Open systems, by definition, allow
exchanges of all three kinds of matter (entropy, volume, and chemical substance)
and thus the exchanges of the three forms of energy (thermal, mechanical, and
chemical) between a simple system and its surrounding. One of the benefits for
discussing the first law of thermodynamics using open systems is the early intro-
duction and discussion of chemical potential in terms of chemical energy or the
Gibbs free energy per unit amount of matter or the derivatives of different ther-
modynamic potential energy functions with respect to the amount of substance
under different thermodynamic conditions.

e The second law of thermodynamics, another concept often perceived to be difficult
in thermodynamics, is quantified by directly connecting the amount of entropy
produced to the amount of thermodynamic energy dissipated or driving force, and
thus allowing one to quantitatively calculate the amount of entropy produced in
any given irreversible thermodynamic process using thermodynamic quantities

5 Hans U. Fuchs, “The Dynamics of Heat: A Unified Approach to Thermodynamics and Heat
Transfer,” Second Edition, Springer-Verlag New York, 2010.

oM. Hillert, “Phase Equilibria, Phase Diagrams and Phase Transformations,” Second Edition,
Cambridge University Press, Cambridge, 2008.

7 David R. Gaskell and David E. Laughlin, “Introduction to the Thermodynamics of Materials,”
Sixth Edition, CRC Press LLC, 2018.

8 David V. Ragone, “Thermodynamics of Materials,” Volume I and II, John Wiley & Sons, Inc.,
1995.

9 Robert DeHoff, “Thermodynamics in Materials Science,” CRC Press LLC, 2006.
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associated with the system of interest. In the existing literature, the connection
between entropy increase and energy dissipation is often discussed in irreversible
thermodynamics'°.

e The book fully embraces, rather than shies away from, the mathematical beauty
and rigor of Gibbs thermodynamics throughout the book by emphasizing the
importance of fundamental equation of thermodynamics from which all thermo-
dynamic properties of a material can be derived. However, a reader with basic
first-year undergraduate calculus skills is expected to be able to get through the
book without too much difficulty. It offers detailed descriptions of the step-by-
step procedures for computing all the thermodynamic properties from the funda-
mental equation of thermodynamics or the construction of fundamental equations
of thermodynamics in different alternative functional forms based on a set of
common, experimentally measurable thermodynamic properties. The emphasis
of the chapter on the brief introduction to statistical thermodynamics is also on the
connection between the microscopic interactions in a system and the fundamental
equation of thermodynamics associated with the system.

e By far, the most emphasized concept of this book is chemical potential and its
applications to materials science and engineering. Not only the concept of chem-
ical potential is introduced at the very beginning of the book together with temper-
ature and pressure, but also essentially all the applications of thermodynamics are
discussed based on the concept of chemical potentials, e.g., phase equilibria in
single-component systems as well as binary or multicomponent solutions, chem-
ical reaction equilibria, and lattice and electronic defects in crystals, and multi-
physics problems including coupling among chemistry, mechanics, and electricity.
One can even discuss chemical reaction equilibria without using the term of Gibbs
free energy. The thermodynamic driving force for the reaction 2A + B = A,;B
can be perfectly described by the difference between the chemical potential of
the initial state (the reactants) with chemical potential p1},p = 211a + g (in the
state of mixture of A and B) and the chemical potential of the final state (the
product) :le/)sz = ua,s (in the form of a compound or molecule, A;B). It is the
chemical potential that determines the stability of chemical species, compounds,
and phases and their tendency to chemically react to form new species, transform
to new physical states, and migrate from one spatial location to another. There-
fore, it is the chemical potential differences or gradients that drive essentially all
materials processes of interest.

e The book avoids or at least minimizes the use of terms such as molar Gibbs
free energy or partial molar Gibbs free energy because molar Gibbs free energy
of a material or partial molar Gibbs free energy of a component is precisely the
chemical potential of the corresponding material or the corresponding component
regardless of whether the material is a single or multicomponent system. There is
a common misconception in the literature that the statement, “molar Gibbs free
energy of a system is equal to its chemical potential,” or the equation, G/N = w,

10 Sybren R. de Groot and Peter Mazur, “Non-Equilibrium Thermodynamics,” Dover Publications,
Inc., New. York, 1984.
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where G is Gibbs free energy, N is number of moles of chemical substance, and
w is its chemical potential, is only true for single-component systems. Potentials
are uniform in a homogeneous system at equilibrium, and they are also uniform
within a heterogeneous system if the corresponding types of matter are allowed
to freely flow or transport across the interfaces among the different homogeneous
regions regardless of the external thermodynamic conditions. Molar Gibbs free
energy of a system at a given overall composition is uniform in both homogeneous
and heterogeneous systems in which all the chemical species are allowed to freely
redistribute across the interfaces between the different homogeneous regions or
phases and the whole system is in thermodynamic equilibrium. Therefore, the
molar Gibbs free energy of a multicomponent system is a potential, the chemical
potential. This point was also pointed out in the original paper by Gibbs as well as
in the book by Hillert. According to Gibbs, for the purpose of defining chemical
potential, “any chemical element or combination of elements in given proportions
may be considered a substance, whether capable or not of existing by itself as
a homogeneous body.” One can define the chemical potential of a component
by “choosing as one of the components the matter constituting the body itself,”
so that the molar Gibbs free energy of a system “may always be considered as
a potential.” According to Hillert, “Actually, one can define a component with
the same composition as the whole system. The chemical potential of such a
component is equal to G,...” where G, is the molar Gibbs free energy.

e Another feature for this book is the rather extensive discussion on the thermo-
dynamics of electron systems. Existing thermodynamics books in materials are
largely focused on the thermodynamics of phase equilibria, and there is minimal
coverage of thermodynamics of electronic systems. The concept of chemical
potential or electrochemical potential of electronic defects is extremely important
for understanding the thermodynamics of many processes involving electrons such
as electronic transport in thermoelectrics and photovoltaics and electrochemical
reactions in batteries, fuel cells, and corrosion, etc. This book discusses the contri-
butions of electrons to thermodynamics by treating them an additional chemical,
charged species.

It should be emphasized that a few topics that were emphasized in many of the
existing thermodynamics textbooks are not treated in detail in this book. For example,
although the concept of electrochemical potential is introduced, and its applications
in energy conversions are briefly discussed, the discussions on thermodynamics of
electrolyte solutions are not included. Furthermore, the concept of interfacial ther-
modynamics is touched upon in a number of sections in the book, but there is no
separate chapter devoted to this topic. In addition,, the whole book has been focused
on heterogeneous bulk systems consisting of several homogeneous regions, and the
thermodynamics of diffuse interfaces is not discussed. Finally, the book does not
include any tables of thermodynamic data since it is now much easier for a student
to dig out data directly from Internet sources.

For adopting the book as a text for an undergraduate course in thermodynamics of
materials, the following sections may be skipped: 2.4.6-2.4.10, 2.5.4-2.5.7; 3.2, 3.3,
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3.5-3.6; Chap. 4;5.3-5.6;6.3.3-6.3.6; 7.8-7.9; 8.3-8.5;9.6.3; 10.1.2, 10.2.1, 10.2.4,
10.3,10.4.3-10.4.5; 11.9-11.10; 12.8, 12.10, 12.14, 12.24, 12.26, 12.28, 12.29.

I would like to acknowledge the help and contributions from many students in
thermodynamics classes over the years, colleagues, current and former graduate
students, and postdocs for proof-reading the different versions of book manuscript.
In particular, I would like to thank Prof. Jiamian Hu (University of Wisconsin),
Prof. Kasra Momeni (University of Alabama), Dr. Yanzhou Ji (Penn State), Prof.
Yuhong Zhao (North University of China), Prof. Zijian Hong (Zhejiang University),
Mr. Carter Dettor (Penn State), Mr. Erik Furton (Penn State), Dr. Chengchao Hu
(Liaocheng University), Mr. Haowei Zhang (SDIC Unity Capital Co), Ms. Tina J.
Chen (UC Berkeley), Prof. John Mauro (Penn State), Prof. Yi Wang (Penn State),
Ms. Sandra Elder (Penn State), and many others.

The solutions to the exercise questions were primarily worked out by Dr. Yuhui
Huang from Zhejiang University who visited Penn State for more than a year as a
visiting scholar, and a separate solution manual will be published and available as a
companion to this textbook.

Finally, I would like to express my sincere gratitude to my wife, Shuet-fun Mui,
for her patience and understanding during the preparation of the book manuscript.

University Park, USA Long-Qing Chen
lgc3 @psu.edu
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Chapter 1 ®)
Thermodynamic System and Its e
Quantification

1.1 Introduction

Thermodynamics is an important subject for almost every field of science and engi-
neering ranging from chemistry, biology, physics, materials science, geoscience,
meteorology, mechanics, health science, and environmental science to mechanical
engineering, chemical engineering, civil engineering, electrical engineering, and
agriculture.

Thermodynamics was born from the early studies of thermal energy of a system
and its transfer as heat or its conversion into other forms of energy such as mechan-
ical energy. The primary application of thermodynamics to materials science and
engineering is to determine the chemical stability of a material with respect to trans-
port of chemical species, chemical reactions, and transitions from one structural or
physical state to another under different thermal and mechanical conditions.

Thermodynamics allows one to understand and predict the possible stable states,
from which one can identify the stable phases and their compositions and volume
fractions, under a given thermodynamic condition, e.g., overall chemical compo-
sition, temperature, and pressure. We may use thermodynamics to compute the
thermodynamic driving forces for a given process, e.g., phase transitions such as
solidification of liquids and precipitation in solids, and thus, thermodynamics is a
key component for predicting the kinetics of a materials process. Thermodynamics
can tell us why a solid is more stable than the corresponding liquid below its melting
temperature by comparing their levels of chemical stability, quantified by a quantity
called chemical potential. Using thermodynamics, we can understand why certain
materials do not mix at room temperature while others can form complete solid
solutions through the entire composition range at sufficiently high temperatures.

© Springer Nature Singapore Pte Ltd. 2022 1
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2 1 Thermodynamic System and Its Quantification

One of the main contributions by Gibbs' was his formulation of the fundamental
equation of thermodynamics by combining the first and second laws of thermo-
dynamics. The fundamental equation of thermodynamics is a single mathematical
expression that relates and connects all the basic thermodynamic variables or quan-
tities of interest for a material. All the thermodynamic properties of a material can
then be determined from the mathematical derivatives of thermodynamic energy
or entropy representations of the fundamental equation of thermodynamics with
respect to their natural thermodynamic variables. Based on the relations between
properties derived from the fundamental equation of thermodynamics, one needs to
simply measure or compute the properties that are easier or possible to measure or
compute and relate them to those that are more difficult or not possible to measure
or compute, which can save tremendous time and cost for carrying out thermody-
namic property measurements. Therefore, a good understanding of the fundamental
equation of thermodynamics is critical to the full comprehension and appreciation
of thermodynamics and its applications to materials at equilibrium.

Another important concept introduced by Gibbs! is the chemical potential which
measures the level of chemical stability of a chemical species, or acompound, a phase,
or acombination of species, compounds, and phases. Therefore, one can use chemical
potential to determine the stability and equilibrium of materials and analyze their
tendency to transform from one physical state to another, e.g., from solid to liquid, and
of chemical species to react to form new chemical species in chemical reactions or to
migrate from one spatial location to another in mass transfer. Using the knowledge
of chemical potentials of species and phases, we can quantitatively compute the
thermodynamic driving forces for materials processes such as chemical mixing,
phase transitions, formation of electronic and atomic defect species, and chemical
reactions under different temperatures, pressures, and chemical compositions.

Before we discuss the fundamental equations of thermodynamics and chem-
ical potentials and their applications to different materials processes, we will
first introduce the definition of a thermodynamic system and its thermodynamic
quantification.

1.2 Thermodynamic Systems

The first step in performing a thermodynamic analysis is to define a system. A
thermodynamic system is generally defined as a collection of matter or space enclosed
within a prescribed surface. For most of the materials applications, a system will
usually be the material to be studied. The rest of the universe outside the system is
called the surrounding (Fig. 1.1a).

1'J. Willard Gibbs, “On the Equilibrium of Heterogeneous Substances,” Transactions of the
Connecticut Academy, III. pp. 108-248, October 1875-May 1876, and 343-524, May 1877-July
1878.
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Surrounding Surrounding Surrounding
(a) (b) (©)

Fig. 1.1 Illustration of a thermodynamic system. a A system and its surrounding are separated by a
physical wall schematically represented by the circle; b a system is separated from its surrounding
by an imaginary wall represented by the square within a system; ¢ a system is represented by
a mathematically abstract point in the macroscopic continuum description of an inhomogeneous
system

A system can also be defined using imaginary walls, e.g., a volume element
used to discretize a three-dimensional (3D) volume of a substance in numerical
simulations (Fig. 1.1b). In contemporary applications of thermodynamics to spatially
inhomogeneous materials systems, a thermodynamic system can even be a point in
space, which is assumed to possess its own well-defined thermodynamic properties
measured in their densities (Fig. 1.1c).

It is important to remember that in thermodynamics, we are only concerned with
the processes taking place in the chosen system of interest and how the system
interacts with its surrounding. We do not consider any real or imaginary processes that
are simultaneously happening in the surrounding. Very often, in materials science,
the surrounding or the environment determines the thermodynamic conditions, e.g.,
temperature and pressure, of a material system. The choice of a system is based on
the material of interest and a particular study to be performed. Examples include:

e A collection of valence electrons in a solid (Fig. 1.2a).

O O O Single Phase Multiple Phases

®
@0 O O
®

Single Component | [Multi-components

e.g., pure Al, Si, O, |e.g., Ti-Al-V,

e
‘O . O O O||BaTiO;, CHy, ete. | [ZrO,-Y,0;, ete.
(a) (b) © @

Fig. 1.2 Examples of a system: a a collection of valence electrons represented by e; b a collection
of atoms; ¢ single-component single-phase systems; and d multicomponent multiphase systems
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A collection of phonons or lattice vibrations in a solid.

A collection of atoms in a solid (Fig. 1.2b).

A homogeneous material with a single chemical species or elemental substance
such as hydrogen gas (H;) in a container, a piece of polycrystalline aluminum
(Al solid, or single-crystal silicon (Si) (Fig. 1.2c).

A two-phase mixture of ice and water, etc.

A multicomponent multiphase system (Fig. 1.2d).

The most common system in thermodynamics of materials is actually a very
simple one: one mole of substance of interest which is usually the basis for most
thermodynamic calculations.

1.3 Thermodynamic Variables

Once we decide on a thermodynamic system to study, we employ a set of basic ther-
modynamic variables to quantify the system. All relevant thermodynamic properties
of interest can then be expressed in terms of this set of basic thermodynamic variables
and their mutual mathematical derivatives.

We define three categories of basic thermodynamic variables to describe a system:

Total energy of the system.

The amounts of different types of matter inside the system.

The levels of potentials representing the intensities of the different forms of energy
and thus describing the corresponding thermodynamic stability of each type of
matter in the system.

We employ simple systems to discuss the fundamentals of thermodynamics. A
simple system is defined by Gibbs as a homogeneous system disregarding surface
and gravitational effects and in the absence of stress, electric, or magnetic fields.

For a simple system, we introduce three basic variables to represent the three
types of matter in the system: thermal, mechanical, and chemical:

S—entropy representing the amount of thermal matter in the system.
V—volume representing the amount of mechanical matter in the system.
N—the number of moles representing the amount of chemical matter in the
system.

For each type of matter, we define a corresponding potential measuring its ther-
modynamic stability, so we also have three types of potentials: thermal, mechanical,
and chemical:

e T—Temperature representing the thermal potential and thus the thermodynamic
stability of entropy in the system.

e p—Pressure representing the mechanical potential and thus the thermodynamic
stability of volume.
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e u—Chemical potential representing the thermodynamic stability of chemical
matter.

We can also define three forms of energy: thermal energy (Ur), mechanical energy
(Um), and chemical energy (Uc). The sum of the three forms of energy is the internal
energy of the system U. Gibbs employed the internal energy U as the basic thermo-
dynamic variable to represent the total energy of a system, and thus, he introduced a
total of seven basic thermodynamic variables to quantify a simple system:

U,S,V,N, T, p, and .

These seven variables are the basic thermodynamic quantities of a simple ther-
modynamic system, from which the rest of the thermodynamic properties can be
defined or derived; i.e., all other thermodynamic quantities of a simple system can
be expressed in terms of these seven basic variables. It should be emphasized here
without going to the details that the seven basic variables are related by the funda-
mental equation of thermodynamics and equations of state to be discussed in Chap. 3,
and thus, they are not all independent.

For a simple system with n chemical components, there are 2n chemical vari-
ables with each component i described by its amount N; and chemical potential
w;. Therefore, for an n-component system, there are 2n + 5 basic variables: internal
energy (U), entropy (S), volume (V), the amount of each chemical component i (;,
number of moles for each component i), temperature (7'), pressure (p), chemical
potential of each component (u;, with i from 1 to n).

1.3.1 Internal Energy

In thermodynamics, energy, in SI unit of joules (J), is a general term used to measure
the transfer of different forms of energy such as thermal, mechanical, and chemical
energies between a system and its surrounding or energy conversion from one form
of energy to another, e.g., chemical energy to thermal energy during burning of a
chemical fuel.

According to Einstein, mass and energy of a substance are equivalent, and for a
mass at rest, they can be converted to each other through the relation,

U, = mc? (1.1)

where U, is the rest mass energy of a body, m is mass, and c is the speed of light. A
rough estimate for the rest energy of one mole of substance can easily show that the
magnitude of rest mass energy is huge in unit of J/mol. For example, the molar mass of
an elemental substance is on the order of 1073~10~! kg/mol, and the speed of light is
about 3 x 10® m/s, and hence, the rest mass energy is in the order of 10'*~10'° J/mol,
which is many orders of magnitude larger than the typical changes in the energy
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of a substance associated with common processes such as changes in temperature,
pressure, and atomic bonding in chemical reactions. Therefore, the applications of
thermodynamics almost always involve the determination of the changes in energy
associated with materials processes rather than measuring its absolute values. For
all the applications discussed in this book, we will not include the rest mass energy.
This is also the reason that when we write chemical reactions, we need to make sure
that the mass of the reactants and products is balanced. For processes changing mass,
e.g., isotope decay in nuclear reactions, the change in the rest mass energy is almost
always dominant.

Macroscopically, the internal energy of a simple system U, excluding the rest
mass energy U,, may be considered as the total thermal, mechanical, and chemical
energies required to create the system,

U=Ur+Uu+Uc (1.2)

where Ut is thermal energy, Uy is mechanical energy, and Uc is chemical energy.
The internal energy U may increase or decrease through the exchanges of entropy,
volume, and chemical substance, and thus the exchanges of thermal energy (or
heat), mechanical energy (work), and chemical energy between the system and its
surrounding.

In thermodynamics of materials, we usually do not include the kinetic energy
associated with the translational or rotational motions of the entire macroscopic
system in the internal energy U of the system although it can be incorporated in
specific applications of thermodynamics. For describing the flow of fluid systems,
the local kinetic energy has to be taken into account.

Microscopically, the internal energy of a material can be interpreted as the sum
of two types of energies: (1) the interatomic and electronic interaction potential
energy or chemical bonding energy E, and (2) the kinetic energy Ey associated with
the motion of electrons, motion or vibration of atoms, or motion and rotation of
molecules within a material, i.e.,

U=E,+ E

Indeed, the macroscopic internal energy U of a system can be obtained as the
average of the total microscopic kinetic and potential energies over many (or an
infinite number of) systems which are thermodynamically and statistically the same,
called an ensemble in statistical mechanics (see Chap. 4 for a brief introduction to
statistical thermodynamics).

Throughout the whole book, A will be used to denote the finite change of a
thermodynamic variable. As in calculus, d will be used to denote the infinitesimal
change of a quantity; e.g., dU represents the infinitesimal change in the internal
energy of a system.
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1.3.2 Entropy

Macroscopically, entropy (S) is considered as the amount of thermal matter or
thermal charge of a system. A system containing a large amount of entropy possesses a
large amount of thermal energy. As a thermal matter, entropy can move around within
a system and a system can exchange entropy with its surrounding. Adding entropy
or thermal matter to a system increases the internal energy of the system. Since any
chemical matter at finite temperature contains entropy, the transport through diffu-
sion or flow of chemical matter is always accompanied by entropy transport. Entropy
can also be created due to any of the materials kinetic processes taking place within
a system such as phase transitions, chemical reactions, or entropy (or heat) transport,
and mass or charge transport from one region to another within the system, which
dissipates chemical or electric energy to become thermal energy.

Microscopically, a system of high entropy implies that the system can access
a large number of energy states of different atomic/molecular/electronic config-
urations that the system may exhibit; i.e., the entropy of a system is a measure
of the total number of accessible microscopic configurations (represented by, e.g.,
different vibrational modes of a crystalline lattice, spatial arrangements, etc.) of
atoms/molecules by the system under a certain set of thermodynamic conditions.
Adding entropy and thus thermal energy to a system increases the number of energy
states, e.g., higher energy states, that the system can access. Based on this under-
standing, one mole of gas contains much more entropy than one mole of a solid,
because one mole of gas atoms occupy a greater volume, and can move around the
entire volume of the system rather than being confined to be around lattice sites in
a solid, and thus can assume a much larger number of spatial arrangements than the
same number of atoms in the solid. Similarly, one mole of atoms with two different
types of species have more entropy than one mole of atoms with just a single type
of species occupying the same lattice because the one mole of atoms with two types
of species can be arranged into drastically more different atomic configurations on
the lattice than the one mole of atoms with only one type of species.

The unit of entropy is J/K, which is the same unit as the Boltzmann constant, kg,
on a per particle basis and the same unit as the gas constant, R, on a per mole basis.
The Boltzmann constant can be viewed as the elemental thermal charge just like
e can be viewed as the elementary electric charge. One mole of elemental thermal
charge is the gas constant R, an analog to the Faraday constant F for one mole of
electric charge.

1.3.3 Volume

Volume (V') of a system, in SI unit of cubic meters (m?), is the amount of space
occupied by the system. It can be the entire volume of a piece of material or the volume
of a volume element, (A V), in a numerical discretization of a computational domain,
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Surrounding Surrounding Surrounding
(a) (b) (©)

Fig. 1.3 Illustration of volume of a system. a The volume V of the entire system; b the volume
AV of a discretized volume element; ¢ the volume dV of a mathematically abstract point in the
macroscopic continuum description of an inhomogeneous system

or dV of a spatial point within an inhomogeneous system (Fig. 1.3). AV is a finite
volume element employed in numerical computations, whereas dV is an infinitesimal
volume element in the language of calculus. As most thermodynamic calculations are
performed on a per mole basis, volume generally appears as molar volume (v) in many
applications of thermodynamics in materials. In physics, thermodynamic quantities
are generally discussed on a per atom or per particle basis and the corresponding
volume is the atomic volume or volume per particle.

1.3.4 Amount of Chemical Substance

Amounts (Ny, N, ... N;, ..., N,) of substances are generally measured in term of
the number of moles, V;, for each species i. Any substance or material consists of
at least one chemical species that is either an atomic element or a molecular unit of
more than one elements.

In a material with multiple chemical species involving chemical reactions or
forming stoichiometric compounds, the amounts of chemical species may not be
independent. Therefore, we need to specify another set of variables, the amounts
of chemical components, which are independent variables by taking into account
the relations among the amounts of chemical species due to chemical reactions or
compound formation. For example, an Ag—Au alloy can be considered as a material
with two atomic species or two components, while the CaO-BaO system contains
three elemental atomic species, Ca, Ba, and O, but it is generally treated as a binary
system consisting of two components, CaO and BaO. Therefore, in the discussions
of fundamental equations of thermodynamics in the following chapters, the amounts
of chemical substance Ny, Ny, ... N;, ..., N, in a system are referred to the amounts
of chemical components which are independent variables.
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In the majority of practical applications, thermodynamic calculations are
performed on per mole basis. In this case, we often use mole fractions for systems
with more than one type of components, defined by x; = N; /N, where N is the total
number of moles, to represent the chemical composition of a system.

1.3.5 Potentials Within a System

A potential represents the stability of its corresponding matter; the higher the potential
level, the more unstable the corresponding matter. It is defined as the specific potential
energy, or potential energy intensity, or the amount of potential energy per unit
amount of matter of a homogeneous system.

ener
potential = gy

1.3
matter (13

For example, the familiar electric potential, ¢, is the amount of electrostatic
potential energy, Ug, per unit amount of electric matter, i.e., the charge, ¢,

. . electric energy (Ug)
electric potential (¢) = - (1.4)
electric matter (q)

Electric potential can also be defined by the electrostatic energy Ug of a unit
test charge (¢ = 1C where C is Coulomb) in an electric potential field ¢, or the
infinitesimal amount of electrostatic energy dUg when an infinitesimal amount of
test charge dq is placed in a potential field ¢, i.e.,

dUg
= — (1.5)

dg

A positive charge is less stable at a high than lower potential, and thus, it will
move from a high to a lower electrical potential region, and a negative charge will
move from a low to a higher electrical potential region.

Similarly, the gravitational potential gz, where g is the gravitational acceleration
(~9.8 m/s?) and z is height of an object, is the amount of gravitational potential
energy Ug per unit mass, m, of the object,

g1 =—=— (1.6)

i.e., the gravitational potential is the gravitational energy when one places a unit of
mass in a gravitational potential gz. An object sitting at a high gravitational potential
position is less stable than at a lower one position.

We can generalize the definition of potential in thermodynamics. For the system
shown in Fig. 1.4a, we assume that the entire system is homogeneous with internal
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du
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T,p,u
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Fig. 1.4 Illustration of seven properties of a simple system: a the entire system; b a volume element
within a system; and ¢ a point inside a system

energy U, entropy S, volume V, and chemical substance N, respectively. According
to Eq. (1.2), we can separate the total internal energy U into a sum of thermal energy
Ur, mechanical energy Uy, and chemical energy Ug, i.e., U = Uy + Uy + Uc.
Using Eq. (1.3), we can then define a thermal potential, temperature 7', a mechanical
potential, pressure p, and a chemical potential w:

Ur Uwm _ UC

v (1.7)

The negative sign for pressure is due to the fact that if volume is added to a
system, the mechanical energy and thus the internal energy of the system decrease.
This differs from the case of temperature 7 for which the addition of entropy to a
system leads to an increase in the thermal energy and thus the internal energy of the
system, or the case of chemical potential for which the addition of chemical matter
to a system increases the chemical energy of the system.

For the thermodynamic system specified in Fig. 1.4b, the system is a volume
element with volume AV, amount of entropy AS, amount of chemical matter AN.
The total internal energy AU within the system can be considered as a sum of
thermal energy AUr, mechanical energy AUy, and chemical energy AU, i.e.,
AU = AUt + AUy + AUc. The definitions for the corresponding temperature,
pressure, and chemical potential for such a volume element are given by

_ AUT _ AUM _ AUC
AV HT AN

(1.8)

- AST

For an infinitesimal system, a point in an inhomogeneous system (Fig. 1.4c), it

is a system with volume dV, amount of entropy dS, and amount of chemical matter

dN. The total internal energy dU within the system can be considered as a sum

of thermal energy dUr, mechanical energy dUy;, and chemical energy dUg, i.e.,

dU = dUr + dUy + dUc, and thus, the differential definitions for temperature,
pressure, and chemical potential are given by
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dUT dUM _ dUC

722 =M, - TC
H="an

, 1.
s’ PTav (1.9)

Since dU = dUt 4+ dUy + dUc = TdS — pdV + udN we can write the above
definitions (Eq. 1.9) for 7', p, and p in terms of partial derivatives of internal energy

U’
oU U oU
r=(22) |, p=(Z) | u=(E (1.10)
XA oV )y aN /g,

i.e., temperature, 7', can be considered as the rate of change in internal energy, U,
with respect to entropy, S, at constant volume V' and constant number of moles of
matter, N, the negative pressure, — p, as the rate of change of U with respect to V
at constant S and constant N, and chemical potential, i, as the rate of change of U
with respect to N at constant S and constant V.

The differential definition in Eq. (1.10) requires the conditions to be specified since
the energy of a system also depends on all the thermodynamic variables: temperature
or entropy, pressure or volume, chemical potential or the amount of other chemical
species. Therefore, for understanding thermodynamics as a beginner, the integrated
form, Eq. (1.7), is a simpler definition that allows a straightforward interpretation of
potentials in terms of energy intensity or the amount of energy per unit amount of
matter.

1.3.5.1 Temperature

According to Eq. (1.7), the temperature 7 of a system is defined as the amount of
thermal potential energy Ur of the system per unit of entropy S. As we will learn
in future chapters, the thermal energy Ur is actually a well-defined thermodynamic
function which can be written as a combination of basic thermodynamic variables,
Ur=TS=U+pV —uN.

Temperature has the unit of Kelvin (K). The Kelvin scale for temperature is the
absolute scale and should be used in all thermodynamic calculations. It is related
to another commonly used temperature scale, the Celsius scale, which is based on
the behavior of water which freezes at 0 °C and boils at 100 °C at normal ambient
pressure of 1 bar through

T (K) = T (°C) +273.15 (1.11)

Another commonly used temperature scale, primarily in the USA, is the Fahrenheit
scale, given by
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o 5 o
T ( C)=§[T(F)—32] (1.12)

The lowest theoretical temperature is absolute 0 K, at which the atoms and
molecules are static. At 0 K, the entropy of a homogeneous, stable material is zero
(according to the third law of thermodynamics to be discussed in a future chapter).
Therefore, at 0 K, there exists no thermal matter, i.e., no entropy, and no thermal
energy in a material at equilibrium. Absolute zero on the Kelvin scale corresponds
to —273.15 °C on the Celsius scale and —459.67 °F on the Fahrenheit scale.

Microscopically, temperature is a measure of the average kinetic energy arising
from the thermal motion of the electrons, atoms, and molecules in the system.

We can draw an analogy between temperature and electric potential. Specifically,
an electric potential difference or gradient, also referred as an electric field, results
in electric conduction, or the transport of electric charges. Analogously, a difference
in temperature or a temperature gradient leads to entropy transport, and thus thermal
energy or heat transfer, from high temperature to low temperature regions.

1.3.5.2 Pressure

The mechanical potential or pressure p represents the amount of mechanical potential
energy, Un, stored per unit volume, V. It is a measure of mechanical energy intensity
(Eq. 1.7). As we will learn later in the book that the mechanical potential energy Uy
is the grand potential energy function which can be written as a combination of basic
thermodynamic variables, Uyy = —pV =U — TS — uN.

In physics, pressure is defined as the normal force per unit area and has the unit
of Pascal (Pa = N/m?). Thus, it has the same unit as energy density, i.e., the amount
of energy per unit volume, J/m?. Other commonly used units for pressure are

1bar = 10° Pa 1 atmosphere (atm) = 101.325kPa 1atm = 760 torr

Pressure, like temperature, is a scalar that has no direction, and a pressure differ-
ence or gradient leads to the flow of volume of matter, e.g., a pressure difference or
gradient leads to the flow of water in a pipe.

1.3.5.3 Chemical Potential

The chemical potential of a chemical species or component or a phase, u, is the
amount of chemical energy (Uc) per mole, or chemical energy intensity (Eq. 1.7),
of a species or component or phase.

As we will learn later in the book, the chemical energy Uc is the Gibbs free energy
G which can be expressed as a combination of basic thermodynamic variables,
Uc = G = uN = U — TS + pV. The magnitude of chemical potential is the
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same as the thermodynamic chemical energy or Gibbs free energy for one mole of
a substance. Essentially all existing thermodynamic textbooks use the unit of J/mol
for chemical potential. However, it has been suggested®:? to use the unit gibbs (G)
for the unit of chemical potential where there is no confusion between the unit G and
the variable G representing the Gibbs free energy. This suggestion is consistent with
the units for other potentials, which are associated with the names of the scientists
who invented them, e.g., volt (V) for electric potential named after Alessandro Volta,
Kelvin (K) for temperature named after William Thomson, 1st Baron Kelvin, and
Pascal (Pa) for pressure named after Blaise Pascal. We reserve J/mol as the unit for
molar energy quantities such as molar internal energy or internal energy per mole.
It should be pointed out that in physics, the most common unit used for chemical
potential is energy per particle, e.g., eV/atom.

Chemical potential, introduced by Gibbs more than a century ago, is the central
concept in thermodynamics of materials, chemistry, and physics. Chemical potential
is a measure of the chemical stability of a component or a group of components with
a fixed composition, e.g., a compound or a solution phase, in a material. The higher
the chemical potential of a component, a phase, or a material is, the less stable the
component, the phase or the material is. Therefore, chemical potential quantifies the
thermodynamic tendency of a component or a group of components with a fixed
composition to transform or react at a given spatial location or to transport from one
location to another in a system. A species or a compound or a phase of high chemical
potential will attempt to lower its chemical potential by reacting with other species,
or going through phase transitions to phases with lower chemical potentials, or by
moving to other locations with lower chemical potential.

One can define a chemical potential for essentially all types of particles including
atoms, molecules, electrons, electron holes, phonons, photons, etc. For example, the
Fermi level in semiconductor device physics is the chemical potential of electrons.
A chemical potential can also be defined for a given combination of different atomic
species.

Chemical potential is a central concept in thermodynamics of materials as almost
all applications of thermodynamics to materials science can be formulated in terms
of the changes in chemical potentials.

1.4 Densities

In applying thermodynamics to materials science, in particular to problems in inho-
mogeneous systems, we often deal with density quantities. There are mainly two
types of density quantities: the amount of matter per mole, or molar quantities, and

2 Hans U. Fuchs, “The Dynamics of Heat,” Springer-Verlag, New York, 1996.

3 G. Job and F. Herrmann, “Chemical potential—a quantity in search of recognition.” Institute of
Physics Publishing, Eur. J. Physics 27, 353 (2006).
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the amount of matter per unit volume, simply called the density of a certain type of
matter.

Let us use the lowercase letters to represent the molar quantities. For example, u,
s, and v are the molar internal energy, molar entropy, and molar volume, respectively.
For a simple system,

U=—, §=—, v=— (1.13)

For an infinitesimal system with volume dV/, e.g., a point in an inhomogeneous
system,

dU ds dv
u — — =

L S=—, v= — (1.14)
dN dN dN

Therefore, the molar quantities become derivatives of the amount of certain type
of matter with respect to the number of moles in an inhomogeneous system. Later
we will learn that U, S, and V are also functions of other thermodynamic quantities
such as temperature 7' and pressure p. Therefore, in mathematics, they are typically
expressed as partial derivatives. For example,

U 3S v
u=[(—) , s=(—) , v=(— (1.15)
N )7, N )7, N )7,

One can also define for each component of a multicomponent system,

oUu aS aVv
u = (-) ;8= (-) , U= (—) (1.16)
oN; T.p Ny oN; Tp Ny oN; Tp Ny

where u;, s;, and v; are molar energy, entropy, and volume of component i,
respectively.

The densities representing the amount of matter per unit volume can be expressed
similarly. We use lowercase letters with a subscript v to represent the volume
densities. For example,

U S N N; L17
W=, S=g. =3, G=5 (1.17)
where uy, sy, ¢, and ¢; are the internal energy density or internal energy per unit
volume, entropy density or entropy per unit volume, total number of moles per unit
volume, and concentration of component i or the number of moles of i per unit
volume, respectively. One can easily relate molar quantities and densities on a per
unit volume basis. For example,

u s 1
Uy = —, Sy=—, ¢c=— (1.18)
v v v
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Sometimes, we define another density, called the mass density with the unit of
kg/m3 in SI unit, i.e., amount of mass per unit volume,

(1.19)

m
p:cm:—
v

where m is the mass per mole of chemical matter.

1.5 Extensive and Intensive Variables

A property or variable of a system is called extensive if it scales linearly with the size
of the system. Examples of extensive properties and variables include the amounts
of entropy S, volume V, chemical substances Ny, Na, ... N,, amount of electric
charge, ¢, and the amount of energy U, etc. When the size of a system increases, the
magnitudes of all the extensive properties increase proportionally.

A property or variable of a system is called intensive if it is independent of the size
of the system. Examples of intensive properties and variables include all the potentials
such as temperature T, pressure p, and chemical potentials, 1, io, . . . 1, where the
subscripts from 1 to n label the chemical components or a chemical potential of a
phase, 1, as well as purely density quantities such as chemical concentration, molar
volume, molar entropy, molar internal energy, etc.

It is important to realize the difference between a potential and a purely density
quantity.* The value of a potential is uniform throughout a system if the corre-
sponding matter is allowed to freely redistribute in the system, whereas a purely
density quantity is usually different in different locations in a heterogeneous system
consisting of different homogeneous regions. Therefore, if entropy, volume, and
chemical species are allowed to redistribute within a homogeneous or heterogeneous
system, at thermodynamic equilibrium, temperature 7', pressure p, and chemical
potentials, w1, U2, ... u, are all uniform, whereas molar internal energy, entropy,
molar volume, concentrations of chemical components are generally not uniform
within the system.

Intensive variables can be expressed as a ratio of two extensive variables. For
example, molar volume is the ratio of volume to the amount of substance (v = V/N),
and chemical potential (w) is the ratio of chemical energy (Uc = G) to the amount
of chemical matter (N).

Using calculus, an intensive property can be expressed as the derivative of one
extensive variable with respect to another extensive variable. For example, T', p, and
W can be defined as

(U (U (U 120
“\as ),y P \ev) TN ), '

4 M. Hillert, “Phase Equilibria, Phase Diagrams and Phase Transformations,” Second Edition,
Cambridge University Press, Cambridge, 2008.




16 1 Thermodynamic System and Its Quantification

US, VN US VN 2U, 28, 2V, 2N
Tpu + Tpu _ Tpu
u, s, v u, s, v - u, s, v

Uy, Sy, C, P Uy, Sy, C, P Uy, Sy, C, P

Fig. 1.5 Illustration of the changes in extensive and intensive properties when a system size is
doubled

Figure 1.5 illustrates the behavior of extensive and intensive properties of a simple
system as a system size doubles. All the values of the extensive properties (U, S, V,
and N) double, whereas those of the intensive variables, T, p, u, u, s, v, Sy, Uy, C,
and p, remain the same.

1.6 Conjugate Variable Pairs

A pair of variables whose product is a quantity that represents a form of energy or
energy density is called a conjugate variable pair. Conjugate variable pairs always
appear together in the same term in thermodynamic energy functions or in the funda-
mental equations of thermodynamics to be discussed in Chap. 3. For a given funda-
mental equation of thermodynamics, only one of the two variables, never both, from
each pair is chosen as an independent variable. Examples of thermodynamic variable
conjugate pairs are given in the last rows of each table from Tables 1.1, 1.2, 1.3, 1.4,
and 1.5.

Table 1.1 Basic conjugate

variable pairs with their
products having the unit of

Thermal energy Ut

Mechanical energy

Um

Chemical energy
Uc

energy (J) Ur=TS Um =-pV Uc = ui N
dUr =TdS dUy = —pdV dUc = pidN;
(1,5) (=p, V) (1, Ni)

Tal?le 1.2 .Basi(.: conjl.lgate Molar thermal Molar mechanical Molar chemical
variable pairs with their energy u energy u energy u
products having the unit of Y UT Y UM y uc
molar energy (J/mol) ur =Ts uM = —pv uc = i

dut = Tds duy = —pdv N/A

(T,s) (=p,v) N/A
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Tal?le 1.3 .Bas1$: conjugate Thermal energy | Mechanical energy | Chemical energy

variable pairs with their density ut density unm density uc

products having the unit of A ad i

energy density (J/m>) ury = Tsy Umy = —p uc,y = [iCi
duty = Tdsy N/A duc,y = pide;
(T, sv) N/A (i, ci)

Table 1.4 Other conjugate variable pairs with their products having the unit of energy (J)

Electric energy Ug

Surface energy Us

Gravitational energy Ug

Ug = ¢q Us=yA U = gzm
dUg = ¢dg dUs = ydA dUc = gzdm
@, q) (¥, A) (gz,m)

Electrical potential ¢ and

Specific surface energy y and

surface area A

mass m

Gravitational potential gz and

charge ¢

Table 1.5 Other conjugate variable pairs with their products having the unit of energy density
I/m3)

Mechanical energy density

Dielectric energy density Magnetic energy density

0ijéij E;D; H; B;
oijdeij E;dD; H;dB;
(0ij. €ij) (Ei, Dy) (H:, B;)

Electrical field E; and electric
displacement D; (i labeling
direction)

Magnetic field H; and
magnetic induction B; (i
labeling direction)

Mechanical stress o;; and
mechanical strain &;; (i and j
labeling directions)

1.7 Classical, Statistical, and Nonequilibrium
Thermodynamics

This book is focused on the classical thermodynamics in which a system is described
by the fundamental equation of thermodynamics that relates a small set of thermody-
namic variables such as internal energy, entropy, volume, number of moles, temper-
ature, pressure, chemical potentials, etc. It allows one to derive relationships among
macroscopic properties of a system from the fundamental equations of thermody-
namics formulated from the empirically verified laws of thermodynamics. Statis-
tical thermodynamics relates the averages properties of microscopic thermodynamic
systems containing a huge number of particles to the fundamental equation of ther-
modynamics of the corresponding macroscopic system specified by a small number
of independent thermodynamic variables. In experiments, a measuring device does
the statistical thermodynamic averaging.
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In contrast to the equilibrium thermodynamics, nonequilibrium thermodynamics
orirreversible thermodynamics relates the rate of entropy production or rate of energy
dissipation to thermodynamic driving forces and rates of processes; i.e., nonequi-
librium thermodynamics is more concerned with the kinetics of materials processes
in systems out of equilibrium. Although our main interest here is the application of
classical thermodynamics to determining the stability of materials and the tendency,
direction, and driving forces of materials processes under a given set of thermody-
namic conditions, we will attempt to make connections between equilibrium ther-
modynamics and irreversible thermodynamics through discussions on the entropy
production and energy dissipation for irreversible processes.

1.8 Exercises

1. Identify whether the following thermodynamic quantities are extensive (E) or
intensive (/) variables: T (temperature), p (pressure), V (volume), N (number
of moles), U (internal energy), S (entropy), 1 (chemical potential), charge (¢),
electric potential (¢).

2. Identify which of the following quantities can be considered “potentials” and
which ones are “amounts of matter”: S (entropy), 7 (temperature), p (pres-
sure), V (volume), u; (chemical potential of species i), N; (number of moles
of specifies i), y (specific surface energy), A (area), g (charge), ¢ (electric
potential).

3. If one doubles the size of a system, the entropy of the system is also doubled:
true or false?

4.  If one doubles the size of a system, the chemical potential of the substance is
also doubled: true or false?

5.  Find a relationship among:

(@) N; (number of moles of species i where i = 1,2, ...n), V (volume of
the whole system), and ¢; (volume concentration of species i).

(b) ¢ (total volume concentration), ¢; (volume concentration of species i),
and x; (mole fraction of species 7).

6. Translate the following texts into thermodynamic expressions using deriva-
tives, differentials, or integrals:

(a) The rate of change in volume with respect to the change in temperature
while keeping pressure constant.

(b) The rate of change of temperature with respect to the change in pressure
while keeping volume constant.

(c) The infinitesimal change in temperature due to an infinitesimal change
in pressure while keeping volume constant.
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10.

11.

12.

13.

14.

(d) The infinitesimal change in temperature due to simultaneous infinites-
imal changes in pressure and volume.

(e) The finite change in temperature due to a finite change in pressure while
keeping volume constant.

(f) The finite change in temperature due to simultaneous finite changes in
pressure and volume.

Translate the following thermodynamic expressions into text statements:

@ () G0, (3),

® dU = (), ,dS, dV = (—¥)p,NdT+((?—V>TNdp

© AU:j(—g) ds. AV_Tfp[(g—V) WdT + (5 )’Ndp}

So To,po

Express the energy unit 1 bar % L, where L represents unit of liter, in terms of
J (joules).

The thermal expansion coefficient of a material describes how the material
changes in volume with temperature. What is the unit of thermal expansion
coefficient in the SI system?

For the relation G = U—ST + pV, calculate the value of G in joules (J) if U
is 400 cal, Sis 1.0 J/K, T is 500 °C, p is 1 bar,and V is 1 L.

Write down the SI units for the potentials: thermal, mechanical, gravitational,
chemical, and electrical.

Write down the SI units for the amount of matter: entropy, volume, mass,
amount of chemical matter, and electric charge.

Write down the total potential in units of Gibbs (G = J/mol), which is the
sum of gravitational, chemical, and electrical potentials. Use quantities such
as molar mass, and molar charge (Faraday constant) if necessary for unit
conversions.

At 273K and 1bar(= 10° Pa), the entropy difference between one mole of
water and one mole of ice is As = sW¥' —'®® = 22.00 J/K; the molar volumes
of water and ice at 273K and 1 bar are 18.02 cm?/mol and 19.66 cm?/mol,
respectively; and the chemical potentials of ice and water are the same. Using
the above information at 273 K and 1 bar(: 10° Pa), please compute

(a) The difference in thermal energy between one mole of ice and one mole
of water.

(b) The difference in mechanical energy between one mole of ice and one
mole of water.

(c) Thedifference in chemical energy between one mole of ice and one mole
of water.
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(d) The difference in internal energy between one mole of ice and one mole
of water.

For a two-phase mixture of ice and water at equilibrium, please indicate which
of the following intensive thermodynamic quantities are uniform, and which
are not, throughout the two-phase mixture: temperature (7), mass density (p,
kg per unit volume), concentration (¢, mole per unit volume), pressure (p),
molar volume (v), chemical potential (1) of H,O, molar internal energy (u),
molar entropy (s), internal energy density (u,), and entropy density (sy). For
simplicity, please ignore the possible gravitational effects in your consideration
for the problem.



Chapter 2 ®)
First and Second Laws Guca i
of Thermodynamics

Early development in thermodynamics led to the laws of thermodynamics: the zeroth
law, the first law, the second law, and the third law. The zeroth law states that if
the temperature of system A is equal to the temperature of system C, and if the
temperature of system B is equal to the temperature of system C, then the temperature
of system A is equal to the temperature of system B, implying that temperature
is measurable. The third law states that the entropy of a perfectly ordered, stable
substance at 0 K is zero; i.e., entropy of a system has an absolute value just like
the volume of a system. The discussions in this chapter will be entirely focused on
the first and second laws of thermodynamics, based on which Gibbs formulated his
fundamental equation of thermodynamics. Before we discuss the first and second
laws of thermodynamics, we first introduce the concepts of thermodynamic states,
state variables, and thermodynamic processes.

2.1 Thermodynamic States and State Variables

We follow Gibbs by quantifying a simple thermodynamic system using seven basic
variables, internal energy U, entropy S, temperature 7', volume V, pressure p,
number of moles of chemical substance N, and chemical potential . Therefore,
a given thermodynamic state (Fig. 2.1) is described by a specific set of values of
U,S,T,V, p, N,and p. It should be mentioned here that not all seven basic vari-
ables can be independently varied since they are mutually related by a fundamental
equation and three equations of states as we will discuss them in Chap. 3.

The seven basic variables, U, S, T, V, p, N, and u as well as their combinations
and many of their mutual derivatives with respect to each other are all state variables.
As a matter of fact, any variable which represents a property of a system is a state
variable. For a given thermodynamic system, if we plot any of the state variables, e.g.,
U, as a function of another thermodynamic variable, e.g., entropy S or temperature
T, or as a function of a set of variables, e.g., entropy S, volume V, and number of

© Springer Nature Singapore Pte Ltd. 2022 21
L.-Q. Chen, Thermodynamic Equilibrium and Stability of Materials,
https://doi.org/10.1007/978-981-13-8691-6_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8691-6_2&domain=pdf
https://doi.org/10.1007/978-981-13-8691-6_2

22 2 First and Second Laws of Thermodynamics

Fig. 2.1 Tllustration of a
thermodynamic state of a
simple system specified by a
specific set of values of the
seven variables

moles of chemical substance N, a state is represented by a point on such a plot. A
given state is associated with a set of specific values for the seven basic variables,
the tangent planes or lines, the local curvatures of the multidimensional surface at a
given point. Figure 2.2 is an example of plotting internal U as a function of entropy
S at fixed values of volume V and fixed number of moles N. The information about
the temperature of the state is embedded in the slope (T = dU/9S)y y while the
information on the constant volume heat capacity of the system can be obtained from
the curvature of internal energy U with respect to S at this state.

A state is considered uniform if all thermodynamic variables have uniform values
throughout the system. A state consisting of regions of homogeneous states with
different uniform thermodynamic properties is called a heterogeneous state.

A state in which thermodynamic variables depend on spatial positions is called
a nonuniform state or inhomogeneous state. Let us assume that at a point r within
a system, the values of basic thermodynamic variables are internal energy density
uy(r), entropy density sy (r), chemical concentration, ¢;(r) or mass density (p;(r))
of component i, temperature 7 (r), pressure p(r), and chemical potential w;(r) of
component i. In such a continuous system, each point r can be considered as a
subsystem with internal energy u,(#)dV, entropy s,(r)dV, volume dV, number of
moles ¢;(r)dV of component i at temperature 7 (r), pressure p(r), and chemical
potential u; (). The subsystems constantly exchange chemical species, entropy, and
volume among each other.

Fig. 2.2 Illustration of a A
thermodynamic state which U
is represented by a point in a .
plot of internal U as a V,N — fixed
function of entropy S while
keeping volume V and
number of moles N constant

v
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An equilibrium state is a stationary state at which the properties of a system or
the state variables no longer change with time, and there are no fluxes of matter, e.g.,
chemical species, entropy, and electric charges, going through the system. Therefore,
an equilibrium state is described by a unique set of specific values for the basic
thermodynamic variables.

It should be noted that a steady state is a kinetic concept rather than a thermody-
namic one. A steady-state represents a state of a system in which the spatial profiles
of thermodynamic variables such as temperature, pressure, and chemical concentra-
tions no longer vary with time under a constant applied field such as electric field,
chemical potential gradient, and temperature gradient. However, in general, there
is at least one flux (entropy or heat flux, chemical substance flux, electric current,
etc.) that is nonzero. Those fluxes are constantly generating entropy for the system
(entropy generation will be discussed below under irreversible processes). Therefore,
a steady state is not an equilibrium state.

2.2 Thermodynamic Processes

A process in thermodynamics refers to the change of a system from one state
described by one set of values for the thermodynamic variables to another state
with another set of thermodynamic variables arising from the exchanges of entropy,
volume, and chemical matter with its surrounding and/or from internal phase tran-
sitions, chemical reactions, diffusion, heat conduction, flow, fracture, plastic defor-
mation, etc. For a given thermodynamic system, if we plot any of the state variables,
e.g., U, as a function of another thermodynamic variable, e.g., entropy S or temper-
ature T, or as a function of a set of variables, e.g., entropy S, volume V, and number
of moles of chemical substance N, a process is described by a path connecting two
states. The changes in state variables depend only on the values of state variables
at the initial state and the final state and are independent of the process path that
a system takes. Figure 2.3 illustrates a process from state 1 to state 2 leading to
finite changes in internal energy AU and entropy AS at fixed volume and fixed
number of moles. Figure 2.4 shows a corresponding infinitesimal process resulting
in infinitesimal changes in thermodynamic variables dU, dS, etc.

Fig. 2.3 Schematic
illustration of a finite process
through which the state of
the system is changed from
state 1 to state 2
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Fig. 2.4 Schematic A
illustration of an U
infinitesimal process

involving infinitesimal

changes in properties

<

1dS
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Processes taking place within a system (inside the prescribed boundaries) leading
to a change of state are called internal processes. Some processes involve interactions
between the system and its surrounding, which take place through the boundary, e.g.,
heat conduction and mass transfer across the boundary and volume change of the
system through the mechanical displacement of the boundary. We may call such
processes exchange processes. Distinguishing internal and exchange processes is
useful in understanding the second law of thermodynamics and determining the
changes in the entropy of a system during a process.

2.2.1 Spontaneous, or Natural, or Irreversible Processes

A process that involves the spontaneous movement of a system from an unstable
equilibrium state to an equilibrium state is a spontaneous, or natural, or irreversible
process. All real processes occurring in nature are irreversible processes. The driving
force for an irreversible process, for example a chemical potential difference between
initial state and transformed state in a phase transition or between reactants and
products in a chemical reaction, is finite. During a spontaneous process, one form of
potential energy, e.g., the chemical energy, is converted to thermal energy, and thus,
it generates entropy.

2.2.2 Reversible Processes

A process that takes a system from one equilibrium state to another equilibrium
without being out of equilibrium at any intermediate state during the process is
a reversible process. A reversible process is described by a line or curve in the
multidimensional space of state variables representing equilibrium states connecting
the initial equilibrium and the final equilibrium states of the process. The states
along which the system progresses during a reversible process are sometimes called
quasi-static states. The driving force for a reversible process is infinitesimally small.
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There are only entropy exchange and work interactions between the system and its
surrounding, and there is no net entropy produced within the system, i.e., the total
entropy, the combined entropy of the system and its surrounding, is conserved in a
reversible process. Reversible processes set the theoretical limit for real processes.
Reversible processes are idealized processes that can be designed and utilized to
calculate thermodynamic quantities for irreversible processes based on the fact that
the changes in state functions are independent of process path.

2.3 Thermodynamic Systems

A thermodynamic system is classified according to how it interacts with its
surrounding. An isolated system has no interactions with its surrounding; i.e., there
is no entropy exchange (dS® = 0), no volume exchange (dV°¢ = 0) or other forms
of work, and no mass exchange (dN° = 0) across the walls between the system and
its surrounding. A wall that does not permit entropy or heat transfer is called adia-
batic, while a wall that does not allow mass transfer of chemical species is called
impermeable. A wall that is not allowed to move is called a fixed wall. Therefore, an
isolated system is considered to have adiabatic, fixed, and impermeable walls. The
whole universe can be considered as an isolated system.

A system that can exchange entropy and volume with its surrounding
(dS® # 0, dV° # 0) but not the amount of chemical substance (dN® = 0) across
the wall between the system and its surrounding is called a closed system. A wall
that allows entropy or heat transfer is called a diathermal wall, and a wall that is
allowed to move is called a movable wall.

A system that can exchange chemical substance, in addition to entropy and
volume, with its surrounding (dS¢ # 0, dV¢ # 0, dN® # 0) is an open system, and
the corresponding wall that allows mass transfer is called a permeable wall (Fig. 2.5).
In a materials system containing several phases or regions of different compositions
and crystal structures, each phase within the multiple phase mixture can be considered

dse = dse #0 dse #0

Isolated System

Closed System Open System

dN® =0 dve #0 dNe =0 dVe+#0 dN€ =0
Surrounding Surrounding Surrounding

Fig. 2.5 Tllustration of three types of thermodynamic systems
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as an open system since the chemical species can move across the phase boundaries
to reach chemical equilibrium.

2.4 First Law of Thermodynamics

The first law of thermodynamics is about the conservation of energy. In Chap. 1, we
introduced the seven basic thermodynamic quantities of a simple thermodynamic
system: U, S, V, N, T, p, and . The main application of the first law of thermody-
namics is to determine (either measure or calculate) the change in the internal energy
of asystem dU or AU for a given process. The first law also provides the governing
principle of energy conservation for formulating kinetic theories and models for
describing kinetic processes of materials, e.g., the heat conduction equation.

According to the first law of thermodynamics, the total energy of the whole
universe (system + surrounding) (Fig. 2.6) is conserved,

Uit = U + Uy = constant 2.1)
Therefore, the change in the total energy of the universe is zero for all processes,

dUit = dU 4+ dUg,y =0 2.2)

AU = AU 4+ AUgy =0 (2.3)

The first law of thermodynamics is valid regardless of whether a process is
reversible or irreversible. In Egs. (2.1)—(2.3), Uy is the total internal energy of
the universe (system plus the surrounding), U is the internal energy of the system,
and Uy, is the internal energy of the surrounding. According to Eq. (2.2), when the
energy of the system is increased by dU, there must be a corresponding decrease

Fig. 2.6 Illustration of a d Se
system and its surrounding

dve dn®

Surrounding
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in energy in the surrounding by dU; i.e., energy can only be exchanged between
the system and its surrounding or between two different systems, but it cannot be
destroyed or created. Therefore, one can measure the change in the internal energy
of a system by measuring the amount of energy exchanged, for example thermal
and/or mechanical energy exchange, between a system and its surrounding. This can
be especially useful when it is difficult or impossible to directly measure or calculate
the change in the internal energy of a system.

A system exchanges energy with its surrounding through the transfer of various
forms of matter, e.g., the transfer of entropy (thermal matter), volume (mechanical
matter), substances (chemical matter), etc. For simplicity, let us assume that the
system and its surrounding can only exchange the amount of entropy, volume, and
substance, and ignore other forms of matter exchanges such as electric charges; i.e.,
we consider a simple system (Fig. 2.7). Let us discuss the first law of thermodynamics
employing infinitesimal changes or exchanges while the temperature 7', pressure p,
and chemical potential u of the system are fixed and uniform during the exchanges.
The increase in the internal energy (dU) of a system is equal to the sum of the
amount of thermal (dU; = TdS°), mechanical (dUy; = —pdV°®), and chemical
(dU& = ndN°®) energy transfers from the surrounding to the system, i.e.,

dU = dUS + dUS, + dUS = TdS® — pdV® + udN® (2.4)

In most textbooks on thermodynamics of materials, the first law of thermody-
namics is discussed almost exclusively for closed systems which do not allow chem-
ical energy transfer dUZ = 0. For closed systems, the amount of thermal energy
transfer (dU3) is often called the amount of heat transfer (dQ), while the amount of
mechanical energy transfer (dUy) is called the amount of work (dW) done on the
system by its surrounding. It should be emphasized that the amount of thermal energy
or mechanical energy or chemical energy transfer to system is not necessarily equal
to the respective amount of increase in the thermal energy or mechanical energy or
chemical energy of the system.

Fig. 2.7 Illustration of d Se
changes in thermodynamic
basic variables as a result of
infinitesimal amounts of
exchanges in entropy, du
volume, and chemical

substance dS, dV, dN

T,p,u

Surrounding
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To understand the exchange processes for an open system, it is important to
realize that a chemical substance possesses thermal energy and mechanical energy in
addition to chemical energy. Therefore, for an open system, if we use dQ to represent
an infinitesimal amount of thermal energy transfer purely due to heat transfer without
any transfer of chemical substance, the total amount of thermal energy transfer dUy
to the system is

dUS = dQ + TsdN°® 2.5)

where T is the temperature of the system, s is the molar entropy of the chemical
substance transferred, and d/N° is the amount of chemical substance transferred.
The corresponding amount of entropy entering the system at temperature 7 from its
surrounding is dS°

_dUs

dse = dS? + sdN°© (2.6)

where dSQ = dQ/T is the amount of entropy transfer from the surrounding to the
system purely from heat transfer, and sdN° is the amount of entropy transfer due to
the transfer of the chemical substance.

Similarly, if we use dW to represent the amount of mechanical energy exchange
purely due to the volume change arising from the mechanical deformation of the
system under pressure p, the total amount of mechanical energy exchange between
the system and its surrounding dUy; is

dUS, = dW — pvdN® 2.7)

where p is the pressure of the system, and v is the molar volume of the chemical
substance transferred. Note that here dW represents the work done on the system by
the surrounding.

The corresponding amount of volume exchange between the system and its
surrounding dV ¢ is then

dus dw
dve=——M — _—_ 1 ydN® =dVM + vdN® (2.8)
P P

where dVM is the amount of volume transfer from the surrounding to the system at
pressure p purely from mechanical deformation, and vdN°¢ is the amount of volume
exchange due to the transfer of chemical substance.

Therefore, the first law of thermodynamics for an open system can be written as

dU = TdS® — pdV® + ndN® = T(dS? + sdN°®) — p(dV™ + vdN°®) + ndN®
(2.9)
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It is emphasized again here that for an open system, dS°¢ includes both the entropy
transfer from the surrounding to the system purely due to heat transfer and the
entropy of the chemical substance transferred from the surrounding to the system.
Similarly, dV ¢ represents the volume transfer from both the volume exchange due to
the mechanical deformation of the system and the volume of the chemical substance
transferred from the surrounding to the system.

For the same initial state, a system can go through different process paths to reach
the same final state. The associated changes in the thermodynamic properties of the
system (or state functions) such as internal energy, entropy, temperature, volume,
pressure, the number of moles and chemical potential are independent of the process
path as long as the system starts from the same initial state and reaches the same
final state for all the processes. However, the amounts of thermal, mechanical, and
chemical energy added to (or subtracted from) the system as a result of finite amount
of matter (entropy, volume, and substance) transfers depend on how the process is
carried out. For example, if a process is carried out at constant and uniform potentials:
constant and uniform temperature T, constant and uniform pressure p, and constant
and uniform chemical potential, u, for the system during the entire process, the
internal energy change for the system due to the finite exchanges is given by the first
law of thermodynamics,

AU = TAS® — pAV® + L AN® (2.10)

where AS®, AV®and AN¢ are the finite amounts of entropy, volume, and substance
transferred from the surrounding to the system, respectively. T AS®, —pAV¢ and
WA N¢® are the corresponding amounts of thermal, mechanical, and chemical energies
transferred from the surrounding to the system.

Comparing Eq. (2.10) with the expressions for the first law of thermodynamics
for closed systems in the existing literature, the first law of thermodynamics for a
finite process for an open system is given by

AU = (Q + TsAN®) + (W — pyAN°®) + uAN® @2.11)

It should be noted that the above dU or AU refers to the infinitesimal or final
change in internal energy of the system, while the corresponding change in the energy
of the surrounding is dUy,, = —dU, or AUy,; = —AU. The infinitesimal changes in
the amounts of matter in the surrounding as a result of these infinitesimal exchanges
are —dS¢, —dV®, —dN¢, and the finite changes in the surrounding as a result of finite
exchanges are —AS®, —AV®, —AN¢. However, in most cases, we are not concerned
with any processes taking place within the surrounding; i.e., we are only interested
in changes for the system as a result of the processes.
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2.4.1 First Law of Thermodynamics for Isolated Systems

For an isolated system, the first law of thermodynamics (dS¢ = 0, dV¢ =0, dN°¢ =
0) is reduced to

dU = dU°® = —dUy,, =0 (2.12)

2.4.2 First Law of Thermodynamics for Closed Systems

For a closed system, the first law of thermodynamics (dS® # 0, dV°¢ # 0, dN® = 0)
is

dU = TdS° — pdVv© (2.13)

where 7dS® and —pd V¢ represent infinitesimal amounts of thermal energy (heat)
exchange and mechanical energy (work) exchange, respectively.

2.4.2.1 Adiabatic Processes in a Closed System

For an adiabatic process, dS® = 0. The amount of entropy produced inside a system
during an adiabatic process depends on the pressure difference between the external
pressure and internal pressure within the system during the volume exchange. If the
pressure difference is zero, the process is reversible. In a reversible process, there is
no entropy produced inside the system during the process, dS™ = 0, and the entropy
change for the system is entirely due to the entropy transfer from the surrounding to
the system (dS = dS°®), and hence in a reversible adiabatic process

dS =ds¢ =0, dS" =0 (2.14)

For a reversible adiabatic expansion process in a closed system (dS® = 0, dV*® #
0, dN¢ = 0), the first law of thermodynamics is:

dU = —p=dV*® = —pdV (2.15)
where p™ is external pressure, and U, p and V are the internal energy, pressure, and
volume of the system, respectively.

For an irreversible adiabatic expansion, dS¢ = 0,dS = dsir, p # p%,dV =dve,

dU = TdS® — p=*dVe = TdS — TdS" — pdV + (p — p™)dV (2.16)
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For the same entropy change dS and volume change dV, if both the initial state
U, S, and V, and the final state U + dU, S +dS, and V +dV are equilibrium states,
the internal change dU is always equal to 7dS — pdV since U is a state function.
The thermal energy 7'dS™™ generated during the irreversible adiabatic expansion is
then given by

TdS" = (p — p™)dV (2.17)

2.4.2.2 Constant Volume Processes in a Closed System
For constant volume (dV¢ = 0) processes in a closed simple system (dN¢ = 0):
dU =TdS® =dQ (2.18)
For finite changes,
AU =Q (2.19)

i.e., the change in internal energy of a closed system at constant volume is equal to
the thermal energy (or heat) absorbed or released.

2.4.2.3 Constant Pressure Processes in a Closed System
For constant pressure processes in a closed system:

dU = TdS° — pdVv© (2.20)

dU + pdV*® = TdS® =dQ. 2.21)

If we assume dV = dV¢, i.e., there is no volume created or eliminated in the

system other than the volume exchange with the surrounding during the process, we
can rewrite Eq. (2.21) as

d(U + pV)=dH =dQ, (2.22)

where

H=U+pV (2.23)
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is called the enthalpy of the system. H, a combination of state variables U, p, and

V, is also a state function. Many thermodynamic processes of practical importance,

e.g., chemical reactions and phase transitions, take place under a constant pressure.
For finite changes,

AH=Q (2.24)

Therefore, the change in the enthalpy of a closed system is equal to the thermal
energy (heat) absorbed or released at constant pressure. The enthalpy of the system
increases or the enthalpy change is positive if heat is absorbed by the system from its
surrounding, and the enthalpy of the system decreases or enthalpy change is negative
if heat is released from the system to the surrounding.

2.4.3 First Law of Thermodynamics for Reversible Processes
in Open Systems

For reversible processes in open systems,
dN = dN°¢ (2.25)

i.e., there are no internal chemical reactions taking place, and the change in the
amount of substance of the system dN is entirely due to the exchange of chemical
substance between the system and its surrounding d/N°. Here we also assume that
the volume change of the system is due to both the reversible deformation of the
system dVM and the amount of chemical substance transfer from the surrounding to
the system vdN, and there is no volume created or destroyed,

dV =dve =dVvM™ + vdN® = dVM 4+ vdN (2.26)
where v is the molar volume of the substance. For a reversible process,
dS = d$° = dS? 4 sdN® = dS? + sdN (2.27)

where dSQ is the amount of entropy transfer from the surrounding to the system
entirely due to heat transfer, s is the molar entropy of the substance, and sdN is the
amount of entropy transfer from the surrounding to the system due to the transfer of
dN moles of chemical substance.

Therefore, for reversible processes in an open system, we can write down the first
law of thermodynamics in two different ways,

dU = TdS? — pdVvM + udN, (2.28)
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where
u=Ts—pv+u (2.29)
Equation (2.28) can also be written as
dU =TdS — pdV + pdN, (2.30)
where
u=u—Ts+ pv (2.31)

In Egs. (2.29) and (2.31), u, s, v, and p are molar internal energy, molar entropy,
molar volume, and chemical potential of the chemical substance, respectively. We can
now write down the first law of thermodynamics for a number of special reversible
processes in an open system.

2.4.3.1 Reversible Constant Entropy and Volume Processes in an Open
System

From Eq. (2.30), it can easily be seen that for constant entropy (dS = 0) and constant
volume (dV = 0), the first law of thermodynamics for a reversible process in an open
system is then

dU = pndN (2.32)

In this case, one can figure out the amounts of entropy and heat exchange between
the system and its surrounding in order to keep the entropy constant (dS = 0) in
the system during the exchange of dN amount of chemical substance between the
system and its surrounding. The condition of constant entropy dS = 0 requires that

dsQ = —sdN (2.33)

The corresponding amount of heat exchange between the system and its
surrounding is then

dQ = Tds? = —TsdN (2.34)
which implies that d Q amount of heat must be removed from the system in order to
keep its entropy constant.

The constant volume condition dV = 0 implies,

dVM = —pdN (2.35)



34 2 First and Second Laws of Thermodynamics
Therefore, the amount of work done on the system is then given by

dW = —pdV™ = pudN (2.36)

Therefore, TsdN is the amount of heat flow from the system to the surrounding,

and pvdN is the amount of work done on the system by the surrounding during the

reversible transfer of dNV amount of substance from the surrounding to the system in
order to maintain constant entropy and volume for the system.

2.4.3.2 Reversible Constant Entropy and Pressure Processes
in an Open System

According to Eq. (2.30), if we keep both entropy and pressure constant, the first law
of thermodynamics becomes

dU + pdV =dH = pdN
Therefore, the amount of increase in the enthalpy of the system dH at constant
S and p is equal to the chemical energy transfer udN from the surrounding to the
system.
The requirement of constant entropy dS = 0 indicates that

dsQ = —sdN (2.37)

Hence, the corresponding amount of heat exchange between the system and its
surrounding is then

dQ = TdS? = —TsdN (2.38)
The volume change of the system is
dv =dvM 4 vdN
The reversible work done on the system by the surrounding is

dW = —pdV™ = —p(dV — vdN) (2.39)

2.4.3.3 Reversible Constant Temperature and Volume Processes
in an Open System

For constant temperature and volume processes,

dU — TdS =dF = udN (2.40)
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where
F=U-TS (2.41)
is called the Helmholtz free energy.
Therefore, for constant temperature and volume, the first law of thermodynamics
implies that the change in the Helmholtz free energy is simply equal to the amount
of chemical energy transfer from the surrounding to the system,

dF = pdN (2.42)

The corresponding amount of heat transfer to maintain constant temperature is
given by

dQ =TdS — TsdN = T(dS — sdN) (2.43)
The amount of work interaction in order to keep constant volume is given by

dW = —pdV" = pudN (2.44)

2.4.3.4 Reversible Constant Temperature and Pressure Processes
in an Open System

For a process at constant temperature and pressure, we have
dU — TdS + pdV =dG = udN
where
G=U-TS+pV
is called the Gibbs free energy of the system.

Therefore, at constant temperature and pressure, the first law of thermodynamics
can be stated in terms of the change in the Gibbs free energy of a system which is
equal to the amount of chemical energy transfer from the surrounding to system at
constant temperature and pressure,

dG = pndN

The amount of heat transfer involved is

dQ = TdS — TsdN = T(dS — sdN) (2.45)
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and the work done on the system by the surrounding is

dW = —pdV™ = —p(dV — vdN) (2.46)

2.5 Second Law of Thermodynamics

While the first law of thermodynamics is about energy conservation, the second law
of thermodynamics is about entropy conservation and creation. The second law of
thermodynamics states that the total entropy of the universe (system + surrounding)
is conserved during reversible processes and increases during irreversible processes.

If we assume that there is no volume or any new chemical species created or
destroyed inside the system during a process, the corresponding infinitesimal changes
for the system due to the exchanges are dS = dS° +dST, dV =dVe,anddN = dN¢,
where dS™ is the entropy produced due to irreversible processes within the system
during the exchange process. Thus, the entropy change for the system must take into
account the possibility of not only the entropy transferred from the surrounding to the
system due to the exchange between system and its surrounding but also the entropy
produced due to any irreversible processes within the system. However, if all the
processes taking place within the system are reversible during the exchange process,
i.e., if the system never leaves equilibrium as the exchange takes place, dS™ = 0,
and the amount of entropy change for the system, dS, is the same as the amount of
entropy transfer from the surrounding to the system, dS°¢, so that dS = dS°.

For any process, the entropy change d.S can be separated into two contributions: (i)
the entropy exchange d.S¢ between the system and its surrounding, and (ii) the entropy
produced inside the system dS™ due to internal irreversible processes (Fig. 2.8).
Therefore, the entropy change of the system can be expressed as

dS = ds°® + ds™ (2.47)

Fig. 2.8 Illustration of d Se
entropy change of a system
dS is equal to entropy

exchange dS° and creation

dsir dsir

dS = dse€ + ds'r

Surrounding
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For an open system, dS°¢ includes the total entropy transfer due to heat transfer
and the entropy carried by the chemical substance transferred to the system.

Since we are only concerned with the processes taking place within the system,
the corresponding entropy change for the surrounding is simply

dSsyr = —dS° (2.48)

The total entropy change of the whole universe (system + surrounding) due to
the processes taking place within the system is thus given by

dS, = dS + dSg = dS — dS° = dS™ (2.49)

The amount of internal entropy production dS™, or total entropy change dS,y for
the system and surrounding, is always positive for irreversible processes and zero
for reversible processes, i.e.,

dS, = dS™ > 0. (2.50)

Therefore, the total entropy is conserved for all reversible processes, and the total
entropy change or the amount of entropy created within the system for all irreversible
processes is positive. It should be noted that a process that leads to a negative total
entropy change is an impossible process. A negative total entropy change is equivalent
to having a system spontaneously evolve from a more stable state to a less stable
state.

While the total entropy may never decrease, the entropy of a system may decrease
as long as there is an increase in the entropy in the surrounding which must be at
least as large as the decrease in the entropy of the system. One well-known example
is a refrigerator, in which the entropy and thus temperature decreases inside the
refrigerator by expending electric energy while there is a larger increase in the entropy
of its outside surrounding.

If the processes within the system are reversible, the entropy change for the system
is then equal to the entropy exchange from the surrounding,

ds = dse 2.51)

It should be reminded that the entropy of a system is a state function; thus, the
change in entropy of a system is independent of the path taken by the system between
a set of specified initial and final states, regardless of whether the process is reversible
or irreversible. This means that, for a given set of initial and final states of a system,
one can always design a reversible path between the initial and final states to find
the entropy difference of a system between any given two states. If we examine the
entropy changes in the system and in the surrounding through a reversible versus an
irreversible path for the same initial and final states, the entropy change for the system
along an irreversible path will be the same as that along a reversible path. However,
the entropy change along an irreversible path will be different for the surrounding as
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any entropy produced in an irreversible process within the system is transferred to
the surrounding. More specific calculations of entropy and entropy changes will be
discussed in more details in Chap. 8.

A system at equilibrium has higher entropy than the same system out of equi-
librium under the same thermodynamic conditions. For example, one can imagine
two boxes of a gas separated by an impermeable wall. Initially, one box contains
one mole of oxygen gas, and the other box is a vacuum. Now we remove the wall
between the two boxes to allow the oxygen gas molecules freely to move around
between and within the two boxes. The single mole of oxygen gas is now out of
equilibrium, and some of the oxygen molecules will move to the initially vacuum
box. The process of oxygen gas molecule redistribution upon the removal of the wall
between the two boxes is then an irreversible process which produces entropy, i.e.,
the entropy for the one mole of oxygen will keep increasing from the moment at
which one removes the wall until a new equilibrium is established in the combined
box. The new equilibrium state has the maximum entropy under the new constraint
(the combined volume of the two boxes).

Any irreversible (real, spontaneous, natural) process creates entropy and thus
converts some useful energy, e.g., mechanical or chemical, to thermal energy. The
total entropy produced by a process is a representation of the degree of irreversibility
of a process, which can also be interpreted as how much the initial system is out of
equilibrium. The larger the amount of entropy produced, the more irreversible the
process is, and the more out of equilibrium the initial system is.

2.5.1 Quantifying Second Law of Thermodynamics

To quantify the second law of thermodynamics or irreversibility of an internal process
inside a system, we compute the total amount of entropy produced in the process.
We rewrite the first law of thermodynamics by replacing all the exchange quantities
in terms of quantities associated with the system, dS¢(= dS — dS"), dVe(=dV),
and dN¢(=dN) as

dU = T(dS — dS™) — pdV + udN = TdS — pdV + udN — TdS™  (2.52)

where dS'™ is the amount of entropy produced due to one or more internal processes
within the system.

Following Kondepudi and Prigogine' and Hillert,> we define the last term of
Equation (2.52) as

! Dilip Kondepudi and Tlya Prigogine, Modern Thermodynamics—From Heat Engines to Dissipa-
tive Structures, John Wiley and Sons 1998.

2 Mats Hillert, Phase Equilibria, Phase Diagrams and Phase Transformations—Their Thermody-
namic Basis, Second Edition, Cambridge University Press 2008.
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TdS" = Dd& (2.53)

In the above equation, D measures the amount of internal energy dissipation for
the entire process or called the driving force for the process,

aU = i
p—_(2Y 0 for .reversﬂ).le processes (2.54)
9& ) g v.wL> Oforirreversible processes
and & measures the extent of the process,
£ = 0 or &; at the start of the process (2.55)
1 or & at the end of the process

where & and & represent the extent of the process in the initial and final states,
respectively. The internal process can be a phase transition, a chemical reaction, heat
conduction, chemical diffusion, etc.

To make a connection between the thermodynamic driving force and the kinetics
of a phase transition, £ can also be regarded as an order parameter or a phase field in
the phase-field method of microstructure evolution.? For example, in the phase-field
method of phase transitions,

E=0 represents the original, parent phase
0 < & < 1 represents a mixture of parent and new phases (2.56)
E=1 represents the transformed, new phase

During a process, the amount of chemical energy Dd¢ is dissipated and transforms
to 7dS"™ amount of thermal energy and produces dS™ amount of entropy. The total
entropy produced in a process is then

final state & D
AST = / ds’ = / ng (2.57)
initial state &

The relation among the amount of entropy produced, the amount of thermody-
namic energy dissipated, and the magnitude of the thermodynamic driving force
for a given process is further discussed below for different types of thermodynamic
systems (isolated, closed, and open) and different types of thermodynamic processes,
e.g., isothermal (constant temperature), isobaric (constant pressure), isoentropic
(constant entropy), or isochoric (constant volume).

3L Q. Chen, Phase-Field Models for Microstructure Evolution. Annual Review of Materials
Research, 2002. 32: P. 113-140.
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2.5.2 Isolated Systems

The second law of thermodynamics for a process in an isolated system becomes

as* — as = 2% (2.58)
T
i.e., the amount of entropy produced can simply be determined by the change in the
entropy of the system or the driving force and the extent of the evolution process from
the initial nonequilibrium state to the final equilibrium state. During the infinitesimal
process, Dd¢ amount of useful energy is converted to 7dS™ amount of thermal
energy.
For an isolated system, we can write the driving force for a process as

DT as _7 s = 0 For an initially equilibrium state
IR 0& /v .y L > OForaninitially nonequilibrium state

(2.59)

2.5.3 Constant Entropy Processes in a Closed System

The amount of entropy produced during a constant entropy process in a closed system
depends on the pressure difference between the external pressure and internal pres-
sure within the system during the volume exchange. If the pressure difference is zero
or infinitesimally small, the process is reversible, and the entropy produced is zero.
Therefore, during a reversible constant entropy process, the internal energy change
of the system is given by

dU = —pdVv (2.60)

Let us assume that the external pressure is p®, the internal energy change during
an irreversible constant entropy process in a closed system can be written as

dU = —p™dV — TdS" (2.61)

where p®dV represents the work done by the system on the surrounding with pres-
sure p®, and TdS™ is the thermal energy generated due to the irreversible expansion
of the system. Comparing Egs. (2.60) and (2.61), we have

. _ ex dV
asir = L= PV z ) (2.62)

The amount of entropy produced in a finite process can then be expressed as
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i i (p— p) =0ifp = p*
AS"= [dS" = | ———=dV 2.63
/ / T > 0if p # p™ (263

while (p — p®)dV is the amount of internal energy converted into thermal energy
within the system during the volume change dV'.

2.5.4 Constant Entropy and Constant Volume Processes
in a Closed System

For constant entropy and constant volume processes in a closed system, dS = 0,
dV =0, and dN = 0. Thus, the second law of thermodynamics becomes

dU  Dd¢
T T

ds’" = (2.64)

Equation (2.64) shows that the amount of entropy produced dS™ in a constant
entropy and constant volume process within a closed system is equal to the amount
of dissipated internal energy DA& or — dU divided by temperature T. In order to
maintain constant entropy, the amount of entropy produced due to an irreversible
process inside the system much be removed and transferred to the surrounding.

For a constant entropy and constant volume process in a closed system, we can
write the driving force for a process as

p--(%)  -1(5%) 2.65)
9 /sy 9 Jsv

2.5.5 Constant Temperature and Constant Volume Processes
in a Closed System

If both the volume and temperature of a closed system are fixed, the amount of
entropy produced becomes

. d dU dU — TdS diU —-TS dF
ast—as— 92 g5 _ _ =T 66
T T T T T

Or
AST=" = _—— (2.67)

where
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F=U-TS (2.68)

is the Helmholtz free energy of the system. Equation (2.67) shows that the amount
of entropy produced AS™ in a constant temperature and volume process within a
closed system is given by the amount of dissipated Helmholtz free energy —AF or
thermodynamic driving force D A& divided by temperature T .

For a constant temperature and constant volume process in a closed system, we
can write the driving force for a process as

D:—(a—F) :T(as”) (2.69)
9 Jrvn 9% Jrvn

2.5.6 Constant Entropy and Pressure Processes in a Closed
System

The second law of thermodynamics for a constant entropy and constant pressure
process can be written as

d0  dH _ Dd¢
T T T

ds’ = (2.70)
Equation (2.70) demonstrates that the amount of entropy produced in a constant
entropy and constant pressure process within a closed system is equal to the amount
of dissipated enthalpy —dH or the thermodynamic driving force Dd§ divided by
temperature T .
For a constant entropy and constant pressure process in a closed system, we can
write the driving force for a process as

D:—(8—H) :T(asu> 2.71)
85 S.p,N a%— S.p,N

2.5.7 Constant Temperature and Pressure Processes
in a Closed System

If both pressure and temperature are maintained constant, we have the second law
of thermodynamics

. d dH  d(H-TS)  dG _ Dd
st —ds— 92 g dH _ _dH TS 4G _ DS, )
T T T T T
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Or
' AG
AS" = —— (2.73)
T
where
G=H-TS 2.74)

is the Gibbs free energy or free enthalpy of the system. Equation (2.73) indicates
that the amount of entropy produced in a constant temperature and pressure process
within a closed system is given by the amount of dissipated Gibbs free energy or the
thermodynamic driving force —AG divided by temperature T .

For a constant temperature and constant pressure process in a closed system, we
can write the driving force for a process as

(8G> <3Sif)
D=—— =T (2.75)
8%' T,p,.N BE T,p,N

2.5.8 Open Systems

‘We now discuss the applications of second laws of thermodynamics to open systems.
For example, for an open system undergoing a constant temperature, constant volume,
and constant chemical potential process, the first law of thermodynamics is given by
dU = TdS° + udN°® = TdS® + udN (2.76)

The second law of thermodynamics is given by

dST™ =dS — ds© (2.77)

Substituting Eq. (2.76) into Eq. (2.77), we have

. dU — udN
dsi = s — QU #dN) (2.78)
T
If the temperature and chemical potential of system are constant, we have
. dlU—-TS — uN dz
asir = — & wN) __ds (2.79)

T T
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agir_ DdE _AS

T T

(2.80)

where

E=U—-TS—uN (2.81)
is the grand potential energy of the system. Equation (2.80) shows that the amount of
entropy produced in a constant temperature, constant volume, and constant chemical
potential process of an open system is given by the amount of dissipated grand
potential energy or thermodynamic driving force, — A E, divided by temperature T .

For a constant temperature, constant volume, and constant chemical potential
process, we can write the driving force for a process as

(83) (35“)
D=—— =T
85 .V, ag T,V.u

2.6 Summary on First and Second Laws
of Thermodynamics

(2.82)

The following tables summarize the first and second laws of thermodynamics in
closed systems. In the tables, the variables without a subscript represent the properties
ofasystem;e.g.,U,S,V,T, p, H, F,and G are the internal energy, entropy, volume,
temperature, pressure, enthalpy, Helmholtz free energy, and Gibbs free energy of a
system, respectively. dS™ or AS™ represents the entropy produced in the system, dQ
is the infinitesimal amount of heat transfer, and dS°¢ represents the amount of entropy
exchange between the system and its surrounding.

Table 2.1 First and sF:cond Constant V | Constant V and | Constant V and
laws of thermodynamics for dv =0 s T
constant volume processes AV =0.dS= |dV =0, dT =
0 0
First law dU =dQ |dU =dQ dU =dQ
Second law | ggir _ dsi = —d?U dsit —
dU—TdS dF i
-7 7, AST=
_AF
T
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Table 2.2 First and second

Constant Constant d | Constant d
laws of thermodynamics for doni e;)n P Sons ant pan Tons ant pa
constant pressure processes P dp=0,dS=0|dp=0,dT =

0
First law dH =dQ |dH =dQ dH =dQ
Second law | 4gir — dsi = 7dTH dsir —
dH-TdS dG i
— T — =, AS“ =
_AG
T

If a process is reversible, there will be no entropy produced. The following three
tables summarize for first and second laws of thermodynamics for specific reversible

processes of simple closed systems.

From Tables 2.1, 2.2, 2.3, 2.4, and 2.5, we can draw the following conclusions
about first and second laws of thermodynamics for closed systems.

Table 2.3 First and second

1 £ th d o Adiabatic Isolated Adiabatic
aws o ¢ ermodynamics tor processes systems constant p
reversible adiabatic processes dse = 0 dse = dse =0, dp = 0
0,dV =0 ’
First law dU = dU =0 dH =0
—pdV
Second law | ggir — dST — d§ — ST =dS =0
ds=0 0
Table 2.4 First and S?Cond Constant V Constant V and | Constant V and
laws of thermodynamics for dv =0 S T
reversible constant volume dV =0 dS= |dV = 0. dT =
processes 0 ’ 0 ’
First law dU = dQ = dU =0 dF =0
TdsS
Second law | dS =0 dsit =0 dsit =0
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Table 2.5 First and sstcond Constant p Constant p and | Constant p and
laws of thermodynamics for dp =0 g T
reversible constant pressure P dp=0,dS= |dp=0,dT =
processes 0 ’ 0 ’
First law dH =dQ = dH =0 dG =0
TdS
Second law | dS™ =0 dsT=0 dsT=0

For the first law applied to simple closed systems,

0 forall adiabatic processes
dU for constant volume processes
dH for constant pressure processes

dQ = Tds® =

0 forall reversible adiabatic processes
dU forreversible constant volume processes
dH forreversible constant pressure processes

dQ = TdS =

For the second law applied to simple closed systems,
K for all reversible processes

ds for all adiabatic processes
dsi* — —dU/T for constant entropy and constant volume processes
—dH /T for constant entropy and constant pressure processes
—dF/T forconstant temperature and constant volume processes

L —dG/T for constant temperature and constant pressure processes

For finite changes, the first law of thermodynamics can be written as
0  forall adiabatic processes

AU for constant volume processes
AH for constant pressure processes

Q:/TdSez

Q:/TdS:

We can also write the second law of thermodynamics for finite changes as

0  forall reversible adiabatic processes
AU forreversible constant volume processes
A H forreversible constant pressure processes
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0 for all reversible processes

AS for all adiabatic processes

— [(dU/T) for constant entropy and constant volume processes

— [ (dH/T) for constant entropy and constant pressure processes

—AF/T for constant temperature and constant volume processes
| —AG/T for constant temperature and constant pressure processes

Asir —

The second law for open systems at constant temperature, constant volume, and
constant chemical potential can be written as

AG
T

AST = —

where E is the grand potential energy of the system.

Therefore, for isothermal processes, the irreversibility of a process can be
simply quantified using either the amount of entropy produced or the magnitude
of thermodynamic potential energy change.

Finally, the entropy production rate within a closed system undergoing a given
process can also be quantified:

K for all reversible processes
aS/ot for all adiabatic processes
asT | =(1/T)(@U/at) for constant entropy and constant volume processes

at —(1/T)(0H/at) for constant entropy and constant pressure processes
—(1/T)(0F/0t) for constant temperature and constant volume processes
| —(1/T)(@G/dr) for constant temperature and constant pressure processes

where ¢ is time. Kinetic laws for different processes can be formulated based on
either the entropy production rate 3S™/dt = (D/T)d&/dt or the potential energy
dissipation rate given by —(dU/dt) = Dd&/dt, or —(0H/dt) = Dd&/dt, or
—(0F/0t) = Dd§/dt, or —(0G/dt) = Dd&/dt.

2.7 Examples

Example 1 The amount of heat absorbed during melting of one mole of solid to
become one mole of liquid at the equilibrium melting temperature and 1 bar is called
the heat of melting or heat of fusion. The same amount of heat will be released when
one mole of the corresponding liquid is solidified or crystallized to become one mole
of solid. We use the convention that the amount of heat exchange between a system
and its surrounding is positive if heat is added to the system and is negative if heat
is released from the system to its surrounding.
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The heat of melting of ice at equilibrium melting temperature 273 K and 1 bar is
6007 J/mol. The molar volumes of water and ice at 273 K and 1 bar are 18.02 cm?®/mol
and 19.66 cm?/mol, respectively.

For the process in which one mole of water is solidified to become one mole of
ice at the fixed temperature of 273 K and fixed pressure of 1 bar,

(a) What is the amount of heat released from the system to the surrounding?

(b)  What is the amount of entropy released from the system to the surrounding?

(c)  What is the amount of entropy change for the surrounding?

(d) What is the amount of entropy change for the system?

() What is the amount of entropy produced within the system?

(f)  What is the total entropy change of system plus the surrounding?

(g) Isthe process reversible or irreversible?

(h)  What is enthalpy difference, 2"¥*" — hi®, between one mole of water and one
mole of ice at 273 K and 1 bar?

(i)  Whatis the internal energy difference, u“**" — ui®® between one mole of water
and one mole of ice at 273 K and 1 bar?

(j)  What is the entropy difference, s¥*°" — s between one mole of water and
one mole of ice at 273 K and 1 bar?
Let us consider a hypothetical process in which one mole of ice melts to
become one mole of water at the fixed temperature of 298 K and fixed pressure
of 1 bar, and the surrounding is also at 298 K and 1 bar. For simplicity, assume
that the enthalpy and entropy differences between water and ice at 298 K and
1 bar are the same as those at 273 K and 1 bar.

(k)  What is the amount of heat absorbed by the system from the surrounding?

(1)  What is the entropy change for the system?

(m) What is the entropy change for the surrounding?

(n)  What is the entropy exchange between the system and the surrounding?

(o)  What is the total entropy change of the system plus surrounding?

(p) What is the amount of entropy produced within the system?

(@) What is the amount of useful energy converted to thermal energy?

Solution

(a) The amount of heat exchange at the equilibrium melting temperature is

Q = —TnAS® = —60071].

where T}, is the equilibrium melting temperature 273 K, and A S is the amount
of entropy exchange. Since it is negative, the 6007 J of heat is released from
the system to the surrounding during solidification of one mole of water to
become ice at the equilibrium melting temperature of 273 K.

The 6007 J represents the amount of thermal energy stored in the liquid water
that is transferred to the surrounding when the liquid water solidifies and
becomes ice at the melting temperature.
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(b) The amount of entropy exchange is given by

Age o Q _ —60071
Tn 273K

= —22.00J/K

Since the sign of entropy exchange is negative, the amount of entropy 22.00 J/K
is released from the system to the surrounding.
(¢) The amount of entropy change for the surrounding is

ASqr = —AS® =22.00J/K

(d)  The amount of entropy change for the system resulting from the solidification
of one mole of water into one mole of ice at 273 K and 1 bar is

AS = AS® = —-22.00J/K
(e)  The amount of entropy produced within the system is
AST=AS—AS* =0
(f)  The total entropy change of system plus the surrounding is
ASior = AS + ASgy = AS" =0

(g) Since ASyy = AST = 0, the process is reversible.
(h)  According to the first law of thermodynamic for a constant pressure process,

the enthalpy change for the constant pressure solidification process is equal

to the heat involved in the process,

Ah = B — p¥a = 0 = —6007]

Therefore, the difference in enthalpy, 74" — hi®, between one mole of water
and one more of ice both at 273 K and 1 bar is

hwaler _ hice — 6007 J
(i)  To determine internal energy difference, u™*e" — ui°®, between one mole of
water and one mole of ice both at 273 K and 1 bar, we use the definition of

enthalpy,

jwater _ hice — (uwaler + pvwaler) _ (uice + pvice) = 600717

Mwater _ uice = 6007]J + p(vice _ vwater)
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UM — ' = 6007 + 1 bar x (19.66 — 18.02) cm®

u™er — i = 6007 4 1.0bar x 10° Pa x (19.66 — 18.02) x 10~°m?
=~ 6007]

Note that, due to the small difference in molar volume between the initial
liquid state and the final solid state and the low pressure of 1 bar, the pv term
contributes very little to the internal energy difference. Therefore, the internal
energy difference, 1" — 1'°*, between one mole of water and one mole of ice
both at 273 K and 1 bar is approximately the same as the enthalpy difference,

pwvater _ uice A pWater _ hice = 6007]

The entropy difference, s¥*°" — 5, between one mole of water and one mole
of ice both at 273 K and 1 bar is

ghater _ giee — 22 00J/K

For the hypothetical process in which one mole of ice melts to become one
mole of water at the fixed temperature of 298 K and fixed pressure of 1 bar,
and the surrounding is also at 298 K and 1 bar, the amount of heat absorbed
by the system from the surrounding is

0 = 60077

Since we assume that the enthalpy and entropy differences between water
and ice at 298 K and 1 bar are the same as those at 273 K and 1 bar, the
entropy change for melting at 298 K is the same as the entropy change at the
equilibrium melting temperature,

AS =22.00J/K

When one mole of ice melts to become one mole of water at the fixed tempera-
ture of 298 K and fixed pressure of 1 bar, the entropy change for the surrounding
at 298 K is

—Q  —6007]
T =~ 298K

ASqr = =—-20.16J/K

When one mole of ice melts to become one mole of water at the fixed temper-
ature of 298 K and fixed pressure of 1 bar with the surrounding also at 298 K,
the entropy exchange between the system and surrounding is

AS® =20.16J/K
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When one mole of ice melts to become one mole of water at the fixed temper-
ature of 298 K and fixed pressure of 1 bar with the surrounding also at 298 K,
the total entropy change of the system plus surrounding is

ASiot = AS + ASgr = 22.00 — 20.16 = 1.84J/K

When one mole of ice melts to become one mole of water at the fixed temper-
ature of 298 K and fixed pressure of 1 bar with the surrounding also at 298 K,
the amount of entropy produced within the system is

AS™ =1.84J/K
The Gibbs free energy change for the process of one mole of ice melting to
become one mole of water at the fixed temperature of 298 K and fixed pressure
of 1 bar with the surrounding also at 298 K is

AG = —TAS™ = —298K x 1.84J/K = —548.32]

and thus, the amount of chemical energy converted to thermal energy at
constant temperature and pressure is 548.32J.

Example 2 One mole of monatomic ideal gas at room temperature 298 K and 1 bar
ambient pressure is reversibly and isothermally compressed to half of its original
volume. Calculate

(a) The amount of work done on the system by the surrounding, i.e., the amount
of mechanical energy transferred from the surrounding to the system.

(b) The amount of entropy transfer from the system to the surrounding required for
this process in order to maintain the same temperature as the initial temperature
for the process.

(¢) The increase in the internal energy of the system during this process.

Solution

(a) For one mole of ideal gas, the work done on the system by the surrounding
through a reversible, isothermal compression of system volume from V, to V,
is given by

Vo Vo
RT Va
W=—|[ pdV =-— — |dV = —RT In— =298RIn2 ~ 1717]
Vv Vi
Vi Vi
(b) For anideal gas, by definition, atoms or molecules have no volume, and they do

not interact with each other, so the internal energy is only a function of temper-
ature. Since the system is maintained at a constant temperature, the internal
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energy change is zero, and the amount of thermal energy (heat) transferred
from the system to the surrounding is the same as the amount of mechanical
energy transferred from the surrounding to the system, i.e., the net result for the
surrounding is the conversion of 1717.32J of mechanical energy into thermal
energy. Since the process is reversible, there is no entropy generated, and the
amount of entropy change for the surrounding is the same as the amount of
entropy exchange between the system and its surrounding. The amount of
entropy exchange is given by

o -w

ASC = — = —
298 298

= —RIn2=-5.763J/K

Since the sign of AS® negative, 5.763 J/K is the amount of entropy transferred
from the system to the surrounding.

The increase in the internal energy of an ideal gas for this isothermal process,

AU =TAS*+ W =298A8°+ W =0

Exercises

Identify whether the following thermodynamic quantities are state functions:
T (temperature), V (volume), U (internal energy), p (pressure), N (number of
moles), S (entropy), u (chemical potential), charge (q), electric potential (¢).

Write down the equation for the first law of thermodynamics for a constant
volume process in a closed system.

Write down the equation for the first law of thermodynamics for a constant
pressure process in a closed system.

Write down the equation for the first law of thermodynamics for a reversible
adiabatic process in a closed system.

Write down the first law of thermodynamics for an isolated system.

What is the difference between the internal energy and enthalpy for one mole
of ideal gas at temperature 7?7

When a closed system undergoes a reversible, isothermal expansion from
volume V| to V, with V, > Vi, the total energy change of the system and
its surrounding is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined
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10.

11.

12.

13.

14.

When a closed system undergoes an irreversible, isothermal expansion from
volume V; to V, with V, > Vi, the total energy change of the system and its
surrounding is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined

When a closed system undergoes areversible, adiabatic expansion from volume
Vi to V, with V, > Vi, the internal energy change of the system is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined

When a closed system undergoes a reversible, adiabatic expansion from volume
Vi to V, with V, > V|, the work done by the system is

(A)>0, (B)<0, (C)=0, (D) Cannotbe determined

When aclosed system undergoes areversible, adiabatic expansion from volume
Vi to V, with V, > V|, the amount of heat absorbed by system is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined

When a closed system undergoes an irreversible, adiabatic expansion against
a vacuum from volume V; to V, with V, > V|, the internal energy change of
the system is

(A)>0, (B)<0, (C)=0, (D) Cannotbe determined

For 1 mol of ideal gas initially at 298 K and 100 kPa in a compressible container,
calculate the amount of mechanical energy transfer from the surrounding to
the gas, the amount of thermal energy transfer from the gas to the surrounding,
and the internal energy change AU of the gas in compressing the gas from 100
to 500 kPa reversibly while keeping the temperature constant (an isothermal
process). Please note that the internal energy U of an ideal gas is only a function
of temperature.

A Cu wire with a diameter of 2 mm and a length of 1 m is initially at room
temperature (300 K). A constant voltage of 100 V is applied for 1000 s. The
temperature of the wire rises due to Joule heating (heating due to the conversion
of electric energy to thermal energy) during the application of the voltage, and
so we wait for a sufficiently long time after the voltage is removed for the
wire to cool back to the room temperature of 300 K. The conductivity of Cu
is 6 x 107 S/m (Siemens per meter). Please answer the following questions,
assuming the surrounding is at a room temperature of 300 K:

a. What is the internal energy change for the wire from the very initial state
to the final state after the entire process ends?

b.  What is the internal energy change for the surrounding for the entire
process?
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15.

16.

17.

18.

19.

20.

21.

22.

23.
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c.  What is the amount of thermal energy that was generated in the wire and
transferred to the surrounding as heat during the entire process?

d.  What is the total internal energy change of the wire plus the surrounding
during the entire process?

e.  What is the entropy change for the wire for the entire process?

f.  What is the entropy change for the surrounding for the entire process?

g.  What is the total entropy generated in the wire and transferred to the
surrounding during the entire process?

h.  What is the total entropy change of the wire plus the surrounding during
the entire process?

i.  Is this entire process reversible or irreversible?

Write down the second law of thermodynamics for a reversible adiabatic
process in a closed system.

Write down the second law of thermodynamics for a reversible constant volume
process in a closed system.

Write down the second law of thermodynamics for a reversible constant
pressure process in a closed system.

Write down the second law of thermodynamics for an irreversible constant
temperature and constant volume process in a closed system.

Write down the second law of thermodynamics for an irreversible constant
temperature and constant pressure process in a closed system.

When a system undergoes a reversible, adiabatic expansion from volume V;
to V, with V, > Vi, the entropy change of the system is

(A)>0, (B)<0, (C)=0, (D) Cannotbe determined

When a system undergoes a reversible, isothermal expansion from volume V;
to V, with V, > Vi, the total entropy change of the system and its surrounding
is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined

When a system undergoes an irreversible, isothermal contraction (volume
decrease), the total entropy change of the system plus surrounding is

(A)>0, (B)<0, (C)=0, (D)Cannotbe determined

Consider the entropy change for the isothermal solidification of Al at 1 bar.
The equilibrium melting temperature of Al at 1 bar is 7, = 932 K. Since solid
Al and liquid Al are at equilibrium at T}, solidification of one mole of Al at T3,
is a reversible process. However, solidification of one mole of Al below Ty, is
an irreversible process since it is a spontaneous, natural process. The amount
of thermal energy or heat released from the system during solidification of
one mole of Al at T;,, called the heat of solidification, is —10,700 J/mol. The
corresponding entropy change for the solidification of one mole of Al is called
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the entropy of solidification. We assume the heat and entropy of solidification
are independent of temperature. We can separate the entropy change, AS, for
the one mole of Al due to solidification into two contributions, AS® (entropy
exchange with its surrounding) and AS™ (entropy generated in the system by
the solidification). Please answer the following questions:

a.

b.

What are AS, AS¢, and AS™ for solidifying one mole of Al at T;, in the
system?

What are AS, AS¢, and AS™ for solidifying one mole of Al at 800 K in
the system?

What are the corresponding AS and T, for the surrounding when one
mole of Al is solidified at T, in the system?

What are the corresponding AS and AS'™ for the surrounding when one
mole of Al is solidified at 800 K in the system?

What is the total entropy change, AS,y, for the one mole of Al in the
system and the surrounding when the one mole of Al is solidified at T;,?
What is the enthalpy change of the system, A H, when the one mole of
Al is solidified at 7,,?

What is the enthalpy change of the system, A H, when the one mole of
Al is solidified at 800 K?

What is the Gibbs free energy change of the system, AG, when the one
mole of Al is solidified at T,,?

What is the Gibbs free energy change of the system, AG, when the one
mole of Al is solidified at 800 K?

What is the amount of useful energy dissipated when one mole of liquid
Al is solidified to become solid Al at T;,,?

What is the amount of useful energy dissipated when one mole of liquid
Al is solidified to become solid Al at 800 K?
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Fundamental Equation e
of Thermodynamics

3.1 Differential Form of Fundamental Equation
of Thermodynamics

One of Gibbs’ most important contributions to classical thermodynamics is the estab-
lishment of the fundamental equation of thermodynamics by combining the first
and second laws of thermodynamics. A fundamental equation describes the relation
among the basic thermodynamic variables of equilibrium states in a homogeneous
system.

According to the first law of thermodynamics (Eq. 2.4), the internal energy change
dU of a simple system due to the exchange of thermal, mechanical, and chemical
energies between the system and its surrounding is

dU = TdS° — pdV® + udN°® (3.1)

where dS°¢, dV¢, anddN°® are the infinitesimal amount of entropy, volume, and
substance transferred from the surrounding to the system at uniform temperature
T, pressure p and chemical potential x for the system, respectively. TdS¢, —pdV®,
and udN°€ are the corresponding infinitesimal amounts of thermal, mechanical, and
chemical energy transferred from the surrounding to the system.

Now let us replace the exchange quantities in Eq. (3.1) using the property changes
of the system by utilizing the second law of thermodynamics (Eq. 2.47),

ds® =ds —ds', dve =dV, dN® = dN, (3.2)
we have,
dU = T(dS — dS") — pdV + udN (3.3)

where dS, dV, and dN are the changes in entropy, volume, and the number of moles
for the system due to a process, and dS" is the amount of entropy produced by
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an irreversible internal process or a set of irreversible internal processes within the
system during the exchanges.
We can rewrite Eq. (3.3) as

dU = TdS — pdV + udN — TdS™ (3.4)
or
dU = TdS — pdV + udN — Dd& (3.5)
with
D _(ﬂ) (3.6)
35 S,V,N

where D is the driving force for an internal irreversible process, and £ is the extent
which can be considered as an order parameter describing the difference between
the initial state and final state connected by the process.

If we are only concerned with equilibrium or quasi-static states of a system as
the thermodynamic conditions (i.e., temperature, pressure, amount of matter, etc.)
change, the system never deviates from equilibrium. A quasi-static process implies
that the temperature, pressure, and chemical potential of the system are equal to
the external temperature, pressure, and chemical potential, or the difference in these
intensive potentials between the system and its surrounding are infinitesimally small,
and thus, the equilibrium inside the system is maintained during the entire process.
Therefore, the entropy change for the system is the same as the entropy exchange
between the system and its surrounding because there is no internal entropy produced
as the thermodynamic conditions change, i.e.,

TdS™ = Dd¢ = 0. (3.7)

Therefore, the energy conservation from the first law of thermodynamics (Eq. 3.1)
in the absence of internal entropy generation becomes

dU = TdS — pdV + pdN (3.8)

where S, V, and N are the entropy, volume, and the amount of chemical matter of
the system. It is important to realize that now all the quantities in Eq. (3.8) belong to
the system; i.e., they represent the properties of the system.

Equation (3.8) is the differential form for the fundamental equation of thermody-
namics that relates the seven basic variables U, S, V, N, T, p, and u of a simple
homogeneous system. As discussed in Chap. 1, Eq. (3.8) can also be viewed as the
first law of thermodynamics applied to reversible processes of a system described by
apoint in space with volume dV/, entropy d.S, and amount of substance dN at temper-
ature T, pressure p, and chemical potential . In some textbooks, Eq. (3.8) is also
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called the combined first and second law of thermodynamics. It should be remem-
bered that Eq. (3.8) is only valid when there are no internal irreversible processes
taking place inside the system.

3.2 Integrated Form of Fundamental Equation
of Thermodynamics

If the changes in entropy dS, volume dV, and amount of matter dN are performed
at fixed temperature T, pressure p, and chemical potential y for the system, then we
can integrate the differential form (given by Eq. 3.8) of the fundamental equation of
thermodynamics to obtain the explicit, integrated form for the fundamental equation
of thermodynamics,

U=TS—pV +uN (3.9)

From Eq. (3.9), we can see clearly that the total internal energy U of a homoge-
neous system can be conceptually decoupled to a sum of different forms of energy
contributions: thermal (7'S), mechanical (—pV'), and chemical (wN).

There are several ways to interpret the different energy contributions in Eq. (3.9).
For example, to establish a system with internal energy U, entropy S, volume V, and
number of moles of substance N with the corresponding temperature 7, pressure p
and chemical potential u, one can think of S as the amount of entropy that has to be
added to the system and 7'S as the amount of thermal energy required to maintain
the temperature of the system at 7. Similarly, pV is the amount of energy that the
system has to spend to reversibly create a volume of V against external pressure
p which is equal to the internal pressure. Another way to interpret the mechanical
energy contribution is that V is the amount of spatial volume required to maintain
the system at pressure p. Finally, if N is the amount of material, N is the amount
of chemical energy required to maintain the chemical potential of the system at .

It should be noted that adding entropy S at fixed volume V and fixed amount
of substance N leads to an increase in temperature 7 while increasing the amount
of substance N in the system at fixed volume V and fixed entropy S leads to an
increase in chemical potential . However, expanding volume V of the system at
fixed entropy S and amount of substance N decreases pressure p, thus resulting in
a different sign (negative) for the pV term from the (positive) 7S and N terms in
the integrated form of the fundamental equation of thermodynamics.
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3.3 Equations of States

From the differential form of Eq. (3.8), one can deduce that S, V, and N are the
natural variables of U i.e., the internal energy U of a system is a function of its
entropy S, volume V', and number of moles N,

dU(S, V,N) = T(S,V, N)dS — p(S, V, N)dV + u(S, V, NYdN  (3.10)

The corresponding integrated form of the fundamental equation of thermody-
namics expressing internal energy U as a function of S, V, and N is

US,V,N)y=T(S,V,N)S—p(S,V,N)V 4+ u(S,V,N)N (3.11)
All the thermodynamic properties including the equations of states can be derived
from the fundamental equation of thermodynamics (Eq. 3.11) in combination with

Eq. (3.10).
The total differential of the fundamental Eq. (3.11) can be written as

aU aU U
dU(S,V,N) = — dS+ | — dv + | — dN (3.12)
S Jyv.w aV /)sn N /gy

By comparing Eqgs. (3.10) and (3.12), we have

(ﬂ) =T(S,V,N) (3.13)

S )y n

(ﬂ) =—p(S,V,N) (3.14)
V) gy

<&> = u(S,V,N) (3.15)
IN /sy

These three equations represent the formal thermodynamic definitions of tempera-
ture (thermal potential) 7', pressure (mechanical potential) p, and chemical potential
w. According to Eqs. (3.13)—(3.15), temperature is the rate of change in internal
energy with respect to entropy at constant volume and constant number of moles,
the negative pressure is the rate of change in internal energy with respect to volume
at constant entropy and constant number of moles, and chemical potential is the rate
of change in internal energy with respect to the number of moles at constant entropy
and constant volume.

Equations (3.13)—(3.15) are three equations of state for a given material. Each
equation describes a relation among a set of thermodynamic properties of a system
at equilibrium states. However, each equation by itself contains less information
about a thermodynamic system than the fundamental equation of thermodynamics.
One can easily understand this by simply considering mathematics. For example,
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while one can directly obtain an equation of state from the fundamental equation, it
is not possible to fully recover the fundamental equation from one of the equations
of states by integration due to the underdetermined integration constant.

3.4 Independent Variables

For a simple system, we have four relations, i.e., Egs. (3.11) and (3.13)—(3.15), that
relate the seven variables U, S, V, N, T, p, and i, and thus, there are three independent
variables. If we fix three of the seven thermodynamic variables, the rest of the four
variables can be obtained from the four relations. If we further consider a closed
system, i.e., if N is also fixed, the number of independent variables is now reduced to
two, and hence, we can choose a maximum of two quantities to independently vary
for a closed system. Which two variables that we choose to represent a fundamental
equation will depend on the thermodynamic conditions. For example, if we choose
S and V as independent variables, U (S, V) is a fundamental equation for a single-
component system with a fixed amount of substance N. We can also choose T and p
as independent variables and express U as a function of 7" and p. However, U (T, p)
is not a fundamental equation since 7' and p are not the natural variables of U.

3.5 Alternative Forms of Fundamental Equation
of Thermodynamics

We can rewrite Eq. (3.9) in different forms by moving one or two terms from the
right-hand side to the left-hand side. For example, if we move the pV term from
right to left, we have

H=U+pV =TS+ uN (3.16)

which is the enthalpy of a system. Based on Eq. (3.16), enthalpy H can be written
eitheras U 4+ pV or TS + uN.

If we move the T S term from the right-hand side to the left-hand side of Eq. (3.9),
we get

F=U-TS=—pV +uN (3.17)

which is the Helmholtz free energy of a system. According to Eq. (3.17), F can be
written as either U — TS or —pV + uN.

If we move both 7S and N terms from the right-hand side to the left-hand side
of Eq. (3.9), we obtain
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E=U—TS—uN=—pV (3.18)

which is the grand potential energy. According to Eq. (3.18), the grand potential
energy is simply the mechanical energy —p V.

If we move both pV and T' S terms from the right-hand side to the left-hand side
of Eq. (3.9), we obtain

G=U-TS+pV=puN (3.19)

which is called the Gibbs free energy or simply free enthalpy of a system. It is easy
to see from Eq. (3.19) that Gibbs free energy or sometimes called free enthalpy G is
essentially the chemical energy, uN.

We can also rewrite Eq. (3.19) in terms of molar quantities,

u=G/N=u—Ts+ pv (3.20)

where u, s, and v are the molar internal energy (U/N), molar entropy (S/N), and
molar volume (V/N), respectively. Since Egs. (3.16)—(3.20) result from the rear-
rangement of Eq. (3.9), all six equations, Egs. (3.9) and (3.16)—(3.20), are alternative
forms of the fundamental equation of thermodynamics.

3.6 Differential Forms of Alternative Fundamental
Equations of Thermodynamics

We can easily write down the differential forms for H, F, E, and G defined by
Egs. (3.16)—(3.19). For example, the differential form of enthalpy H is given by

dH = d(U + pV) = dU + pdV + Vdp = TdS — pdV + udN + pdV + Vdp
dH = TdS + Vdp + udN (3.21)

The differential form for the Helmholtz free energy F can be written as

dF =d(U — TS) = dU — ST — TdS = TdS — pdV + udN — SAT — TdS
dF = —SdT — pdV + udN (3.22)

Similarly, the differential form for the grand potential energy = is

d
d

= d(U — TS — uN) = dU — SdT — TdS — udN — Ndu
—8dT — pdV — Ndp (3.23)

=
=
=
=
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Finally, the differential form for the Gibbs free energy is given by

dG =d(U — TS + pV) = dU — ST — TdS + pdV + Vdp
dG = —SdT + Vdp 4 udN

3.7 Interpretation of Fundamental Equation
of Thermodynamics

(3.24)

From Egs. (3.21)—(3.24), the general functional forms of H, F, E, and G are:

H=H(S,p,N)

F=F(T,V,N)
E=E(T,V,uw
G=G(T,p,N)

(3.25)

(3.26)

(3.27)

(3.28)

Therefore, the natural variables for enthalpy H are S, p, N; the natural variables
for Helmholtz free energy F are T, V, and N; the natural variables for the grand
potential energy & are T, V, and u; and the natural variables for Gibbs free energy
G are T, p, N. These equations are summarized in Table 3.1.

There are other ways that one can interpret the different forms of fundamental
equations of thermodynamics. For example, a system under constant pressure can
be thought of as a system being subject to a mechanical potential field (—p). Then
enthalpy, U 4+ pV = H, can be understood as the sum of the internal energy (U) and

Table 3.1 Several common

expressions for the

fundamental equation of
thermodynamics and their

differential forms

Energy functions

Integrated form

Differential form

Internal energy (U)

U=TS—pV+uN

dU =
TdS — pdV + udN

Enthalpy (H) H=U+pV = dH =

TS+ uN TdS+Vdp+ udN
Helmholtz free F=U—-TS = dF = —SdT —
energy (F) —pV +uN pdV + ndN
Grand potential E—U—TS— dE = —8dT —
energy (E) UN = —pV pdV — Ndp
Gibbs free energy | 5 — dG = —SdT +
(&)

U-TS+pV = uN

Vdp + ndN
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mechanical interaction energy, pV, between the volume (V) of the system and the
mechanical field (— p) specified by the surrounding. The interaction energy is given
by —Xx where X is an internal extensive parameter, e.g., volume V, and x is an
external potential, e.g., mechanical potential field, —p. Another way to understand
enthalpy is to consider enthalpy as the available energy to do useful work under
constant entropy and pressure; i.e., the available energy to do work under constant
pressure is the internal energy (U, the total amount of energy under pressure p)
plus the volume mechanical energy (p V). Under a constant volume, the mechanical
energy pV is not available to do useful work, but at constant pressure, there will be
an additional energy pV available to perform useful work that should be added to
the internal energy (H = U + pV).

We next consider how to interpret the Helmholtz free energy F'. It is the maximum
available energy that can be converted to work under constant temperature and
volume. If the walls between a system and its surrounding are allowed to conduct
heat, and if the system is connected to a heat bath, the system is considered to be at
constant temperature. We can then think of this system at constant temperature as
being subject to a thermal potential (7). The Helmholtz energy or Helmholtz free
energy of the system can be understood as the sum of the internal energy (U) and
the thermal interaction energy between the entropy of a system and the temperature
specified by the surrounding, —7'S, i.e., U—T S = F. The thermal energy “TS”
contribution to the total energy is not free or not available to do work, so the free
or available energy is F = U—TS. The amount of thermal energy 7 (and thus
the amount of entropy S) is required to maintain the system at temperature 7. Or
one may think that if the temperature of a system is fixed at a constant value, the
amount of thermal energy 7'S is not available to perform any useful work, and thus,
it should be deducted from the internal energy to obtain the available energy. A
final way to understand why F is an appropriate thermodynamic free energy for a
system at constant temperature and constant volume is the fact that a system always
wants to minimize its internal energy and maximize its entropy toward equilibrium.
The combination of minimizing internal energy and maximizing entropy at constant
temperature and constant volume is the Helmholtz free energy, U —T'S.

The Gibbs free energy, G = U—ST + pV, of a system represents the available
energy to do useful work at constant 7 and p; i.e., the available energy or free
energy to do work is the total energy (U) minus the thermal energy (7' S) required
to maintain the system temperature at 7 and plus the available volume mechanical
energy (pV) under the system pressure p. The thermal energy “7TS” contribution
to the total enthalpy is not free or available to do work, so the Gibbs free energy
G = H-TS is sometimes also called the free or available enthalpy to do useful
work at constant temperature and pressure. The amount of thermal energy 7S (and
thus the amount of entropy S) is required to maintain the system at temperature 7.
Another way to understand why G is an appropriate thermodynamic free energy for
a system at constant temperature and pressure is the fact that a system always wants
to lower its enthalpy and raise its entropy toward equilibrium. The combination of
minimizing enthalpy and maximizing entropy at constant temperature and constant
pressure is the Gibbs free energy, H—T'S.
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Finally, it should be noted that the Gibbs free energy G is essentially the chemical
energy N of asystem, and hence, the thermodynamics based on the chemical energy
is sometimes also called chemical thermodynamics. Similarly, the grand potential
energy Z is simply the mechanical energy term —p V. The value of E can be under-
stood as the available energy of the system if we reduce the volume of the system
down to zero. Since E is negative, —pV, it implies that it actually costs energy to
make the volume of the system to go to zero.

Which form of the fundamental equation of thermodynamics to be employed for
a given thermodynamic problem depends entirely on the thermodynamic condition.
For example, internal energy, U, is the most useful thermodynamic potential energy
function under constant entropy and volume, Helmholtz free energy is the most
useful thermodynamic potential energy function under constant temperature and
volume, enthalpy is the most useful thermodynamic potential energy function under
constant entropy and pressure, and Gibbs free energy is the most useful thermody-
namic potential energy function under constant temperature and pressure. The most
common thermodynamic condition in practice is constant temperature and constant
pressure as temperature and pressure are easier to control than their conjugate vari-
ables such as entropy and volume. Therefore, the Gibbs free energy, G(T, p, N),
is by far the most commonly used thermodynamic potential energy function as the
fundamental equation of thermodynamics for a closed system since by minimizing
the Gibbs free energy, one can obtain the equilibrium states. Under constant 7' and
P, minimization of other thermodynamic potential energy functions such as internal
energy U, Helmholtz free energy F, and enthalpy H will not lead to the equilibrium
states.

In materials science, the majority of the thermodynamic calculations are
performed on a one-mole basis. Therefore, since G = wN, and for one mole of
materials, G = pu, it is sufficient to employ chemical potentials to determine the
equilibrium states of a material rather than Gibbs free energy. As a matter of fact,
chemical potential u is a more convenient quantity than the Gibbs free energy G to
determine the stability of a component or a combination of components in materials.
This is due to the fact that the Gibbs free energy G is proportional to the amount of
substance N while chemical potential p is independent of size. For example, if we
have two pieces of the same materials with different sizes. If we ignore the surface
energy contribution or the size effect, all the chemical species or components have
the same thermodynamic stability in the two pieces of materials since their chemical
potentials are equal. However, their Gibbs free energy in these two pieces of materials
is different since their amounts are different in these two pieces of materials, and
thus comparing their Gibbs free energies will not be able to determine their relative
stability in these two pieces of materials.
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3.8 Gibbs-Duhem Relation

If we move all the terms in the right-hand side of the fundamental equation of
thermodynamics (Eq. 3.9) to the left-hand side, we have

U-TS+pV—-uN=0 (3.29)
The differential form of Eq. (3.29) is then
—8dT + Vdp — Ndu =0, (3.30)
which is called the Gibbs—Duhem relation relating the three potentials 7', p, and u
of a system.
If we divide both sides of Eq. (3.30) by N, we have
—sdT +vdp —du =0 3.31)
We can rewrite equation the above equation as
du = —sdT + vdp, (3.32)
Equation (3.32) is another way of writing the Gibbs—Duhem relation to express the
dependence of chemical potential on temperature and pressure of a simple system.
Therefore, only two of the three potentials, T, p, and p, are independent for a simple

system. Once we fix two of the potentials, e.g., temperature and pressure, we can
obtain the value of the third potential, e.g., the chemical potential.

3.9 Entropic Representation of Fundamental Equation
of Thermodynamics

The differential and integrated forms of the fundamental equation of thermodynamics
can also be written in the entropic representation by rewriting Eqgs. (3.8) and (3.9)
expressing entropy S as a function of internal energy U, volume V, and the number
of moles N,

ds = (%)dU + (%)dv _ (%)dN (3.33)

S = (%)U + (?)V — (%)N (3.34)
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Using the relation between internal energy U and enthalpy H, Egs. (3.33) and
(3.34) can also be written as

_ (1 (N N\gy _ (*
dS_<7>dH (T>dp (T)dzv (3.35)

S = (%)H _ (%)N (3.36)

As fundamental equations, Egs. (3.34) and (3.36) also contain all the information
about the thermodynamic properties of a system. According to Egs. (3.33) and (3.35),
the natural variables for entropy S for a closed system can be either U and V or H
and p.

From Eq. (3.33), we can write down the corresponding equations of state in the
entropic representation,

( BS) 1

95y _1 (3.37)

U ),y T

<§> =2 (3.38)
v )yy T

(£> __k (3.39)
oN),, T

Similarly, we can write down another set of equations of state from Eq. (3.35),

(a—S> _ ! (3.40)

0H) .\ T

(§> . (3.41)
op/)unN T

(E) -k (3.42)
ON) )y, T

We can also define other forms of fundamental equations of thermodynamics by
changing the natural variables. For example,

F U-TS 1

= = = <—>U -5 (3.43)

T T T
G U+pV-—TS 1 ) 1
T_Zrprois (2 Plév_s=(=\u - A4
=R e (P (Pv-s=(7)r-s o

The differential forms for /T and G/ T are
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) - Ud(%) - (%)dv + (%)dN (3.45)

>dp + (%)dN (3.46)

Therefore, the natural variables for F/T are 1/T, V, and N, and the natural
variables for G/T are 1/T, p,and N. One can easily see from Egs. (3.45) and (3.46)

that

and

[A(F/T)
L 8(1/T) |y n

[3(G/T)]
L o(1/T) ],

U (3.47)

-H (3.48)

Equations (3.47) and (3.48) are useful for obtaining the internal energy as a func-
tion of temperature from the temperature dependence of Helmholtz free energy or for
obtaining the enthalpy as a function of temperature from the temperature dependence

of Gibbs free energy.

3.10 Fundamental Equations of Thermodynamics
Including Irreversible Internal Processes

We can write down the corresponding different forms of the fundamental equation
of thermodynamics including an irreversible internal process or a set of internal
processes. They are summarized in Table 3.2.

All these equations can be readily extended to multicomponent and multiple

internal processes.

Table 3.2 Differential forms
of fundamental equation of
thermodynamics including an
irreversible internal process
with the extent of the process
described by an order
parameter &

Energy functions

Differential form

U=U(S,V,N,§)

dU = TdS — pdV + udN — Dd¢

H=H(S,p,N,§)

dH = TdS + Vdp + ndN — Dd¢

F=FT,V,N,§)

dF = —SdT — pdV + udN — Dd&

dE = —SdT — pdV — Ndu — DdE

dG = —SdT + Vdp + pdN — Ddg
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3.11 General Forms of Fundamental Equations
of Thermodynamics

For systems subject to other potential fields such as electric potential, electric field,
magnetic field, gravitational field, and stress field, the total energy of a system should
include all the interaction energies with its surrounding, and the corresponding energy
function has been given different names such as electric free energy or enthalpy, and
magnetic free energy.

A more general integrated form for the fundamental equation of thermodynamics
is

U=TS+ MN + ]/A + q¢ + Vaijgij + VEZ*P,‘ + VHiMi + gim (349)

where y and A are the specific surface energy and surface area, o;; and ¢;; are ijth
components of stress and strain, P; and E; are the ith components of electrical field
and electric polarization, H; and M; are the ith components of magnetic field and
magnetization, g in this expression is the gravitational acceleration constant, z is the
height, and m is mass. Here we use the so-called Einstein summation convention,
where repeating indices in the same term in Eq. (3.49) imply summation over those
indices, e.g.,

E;P; =E\P 4+ E)P, + E3P3 (3.50)
The differential form for Eq. (3.49) is

(3.51)

In general, a material can assume different homogenous states of a substance, e.g.,
solid, liquid, gas, or a solid with different crystal structures. Each homogeneous state
of a substance is described by a separate fundamental equation of thermodynamics.
It is possible to link the fundamental equations of thermodynamics for each possible
state together to obtain an overall fundamental equation of thermodynamics for a
multiphase heterogeneous state using order parameters that describe the relations
among the different possible phases for a particular materials system.

One can also define a set of fundamental equations on the per unit volume basis.
For example,

uy =Tsy + pc+ YAy + ¢pq + oijei; + Ei P + HiM; + gzpm (3.52)
where u, is internal energy density, s, entropy density, ¢ concentration (moles per

unit volume), o4 is charge density, and py, is mass density. The differential form for
Eq. (3.49) is
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duy = Tdsy + pdc + ydAy + ¢dpq + oy;de;; + E;dP; + H;dM; + gzdpn
(3.53)

3.12 Legendre Transforms

The alternative forms of the fundamental equation of thermodynamics can be
beautifully connected using mathematics based on the Legendre transform.

For simplicity, let us consider a closed system in which the amount of substance is
fixed. In this case, the number of independent thermodynamic variables of a simple
system is two. The internal energy, U = U(S, V), the Helmholtz free energy,
F = F(T,V), enthalpy, H = H(S, p), and Gibbs free energy, G = G(T, p),
are all equivalent forms of the same fundamental equation of thermodynamics. They
contain the same, complete thermodynamic information for a particular system. All
thermodynamic properties including the equations of states can be derived from the
fundamental equation of thermodynamics.

To explain the Legendre transforms, let us first consider a curve in two dimensions,
y(x) (Fig. 3.1). There are two equivalent ways to describe such a curve. The first is
simply by the continuous points (x, y) described by y(x). The second is the envelope
formed by the slope (dy/dx) of the curve at (x, y), and the intercept of the tangent
at (x, y) with the y-axis, z = y—(dy/dx)x. In the slope-intercept description, the
function is the intercept and the variable is the slope; i.e., the intercept z is a function
of slope dy/dx, or z(dy/dx). Therefore, the following two functions,

y=ykx)

z=y— d—yx = z(d—y) (3.54)

Fig. 3.1 Illustration of a
curve described by [x, y(x)]
or [dy/dx, y — (dy/dx)x]
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are two equivalent descriptions of the same curve. The transition of a function from
y(x) (y asafunction of x) to z(dy/dx) (z as a function of dy/dx) is called a Legendre
transform in mathematics.

For example, the fundamental equation can be described by the internal energy
U = U(S,V) or by its Legendre transform, F[(0U/dS)y, V], the Helmholtz
free energy. F [(8 U/os)y, V] can be considered as a Legendre transform of U =
U (S, V) by changing the variable from S to T,

oU oUu
Fl|—=]).V|=USV)—|—) S (3.55)
N N
Substituting temperature 7" for (U /95S)y,
aU
T=(—) , (3.56)
as /y
we have
F(T,v)y=U(S,V)-TS (3.57)

where F(T,V) = U—TS is the intercept of the tangent line to the curve of U =
U (S, V) intersected by a V = constant plane, and T is the slope of the tangent line
T =@U/S)y.

To summarize the procedure of performing a Legendre transform from U (S, V) to
F(T, V) by replacing the variable S with T = (0U/9S)y, we perform the following
steps:

Step 1: Perform the following Legendre transform,
U
F=FT,V)=U(S,V) - 3s S=US,V)-TS (3.58)
14

We then need to eliminate S from the above equation to obtain F as a function of
its natural variables T and V. It is reminded that 7 in Eq. (3.58) is also a function of
Sand V.

Step 2: Solve the equation 7 = (dU/9S), for S as a function of 7 and V, i.e.,

T = (8—U> =T(S, V)= S(T, V) (3.59)
39S ),

Step 3: Using the expression S(7, V) to replace S in Eq. (3.58) to obtain F (T, V),

F(T,v)y=UST,V),V)-TS(T,V) (3.60)
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Similarly, H(S, V) can be obtained from U (S, V) by replacing the variable V
with p = —(0U/9V) through the following Legendre transform,

H=H(S,p)=US,V)— (%) V=U-+pV (3.61)
N

Finally, the Gibbs free energy G = G(T, p) can be obtained by a Legendre
transformation of U = U (S, V') by replacing the variable S with T and the variable
V with p,

U U
G=GT,pp=US,V)-|—=) S—|\=—= ) V=U-TS V. (3.62
(T, p) S, V) <8S>V <8V>S +pV  (3.62)

Therefore, mathematically, the different fundamental equations of thermody-
namics, U (S, V), F(T, V), H(S, p),and G(T, p) describe the same relation among
all the thermodynamic variables of an equilibrium state. Since they contain all
the thermodynamic information, they are all called the fundamental equations of
thermodynamics of a closed system at equilibrium.

As discussed in Sect. 3.7, different thermodynamic energy functions can also be
understood in terms of interactions of a system with its surrounding. The thermody-
namic equilibrium of a system that interacts with a potential or field is determined
by the total energy U, which is the sum of internal energy U of the system and the
interaction energy, — >_ x; X;, i.e.,

Ua=U =Y xX (3.63)
where —x; X; is an interaction energy, X; is an extensive parameter such as entropy
(S), volume (V), charge (g), electric polarization (P), and x; is a potential or
field such as temperature 7 (thermal potential), —p (mechanical potential), ¢ (elec-

tric potential), E (electric field), etc. Based on the combined first and second
law of thermodynamics, or the differential form of the fundamental equation of

thermodynamics,
U
xi=|— , (3.64)
9 Xi Xji

so the Legendre-transformed new function U’ (x;) is given by
U'e) = UX) = ) xiXi (3.65)

Each term in the second interaction term at the right-hand side of Eq. (3.65)
represents a Legendre transform of function of U to U’ and variable from X; to x;.
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3.13 Examples

Example 1 The chemical potential o (on a per atom basis rather than per mole) or
chemical energy per atom uc of a monatomic ideal gas as a function of temperature
T and pressure p is given by

32
uc(T. p) = u(T, p) = —kBT{ln[kBTT (%) “

where kg is Boltzmann constant, m is atomic mass (mass per atom), and / is the
Planck constant.

(a) Show that the atomic volume or volume per atom of the monatomic ideal gas
is given by
_ kT
4

v

(b)  Show that the entropy per atom of the monatomic gas is given by

5 keT [ 2mmkpT \>"*
s =kgl > +In| 22 ( =228
2 p h?

(c) Show that the enthalpy per atom of the monatomic gas is given by

5
h = —kgT
> kB

(d) Show that the internal energy per atom of the monatomic gas is given by

3
= —kgT
u 2]3

(e) Show that the mechanical energy or grand potential energy per atom of the
monatomic gas is given by

upm = —pv = —kgT

(f)  Show that the thermal potential energy per atom of the monatomic gas is given

by
5 kT (2mmkT \>"*
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(g) Based on the above results, verify that u = ut + uyp + uc.
Solution
(a) Based on the Gibbs—Duhem relation (Eq. 3.32), the atomic volume or volume
per atom of the monatomic ideal gas can be obtained from the chemical
potential as a function of temperature and pressure,
V= _— = —
/)y P
(b) From the Gibbs—Duhem relation (Eq. 3.32), the entropy per atom of the
monatomic gas can be obtained from the chemical potential dependence on
temperature and pressure,
9 5 kT (2wmkgT \?
s=(2) :kB{_ +ln[s_(m_23>
or ), 2 p h
(c) The enthalpy per atom of the monatomic gas is
5
h=u+Ts = EkBT
(d) The internal energy per atom of the monatomic gas is
3
= h — V= —k T
u P ) B
(e) The mechanical energy or grand potential energy per atom of the monatomic
gas is
uy = —pv = —kgT
(f) The thermal potential energy per atom of the monatomic gas is
5 kT (2wmkp T\
=Ts=kgT{=+In| — —————
urt N B { 3 + |: D ( 72 >
(g) Based on the above results, we have

3
u:uT—i—uM—i-uC:szT

Example 2 Given the following fundamental equation of thermodynamics
expressing internal energy U of a monatomic ideal gas as a function of entropy
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S, volume V, and number of atoms N,

32N (N>’ (27;_5)
US,V,N) = 7 v) © Nk 3
Tm

where kg Boltzmann constant, 4 the Planck constant, and m is atomic mass, please
express:

(a) Enthalpy H as a function of entropy S, pressure p, and number of atoms N,
H(S, p,N).

(b) Helmbholtz free energy F as a function of entropy 7', pressure V, and number
of atoms N, F (T, V,N).

(c) Gibbs free energy G as a function of entropy 7, pressure p, and number of
atoms N, G(T, p, N).

Solution

(a) To obtain H(S, p, N), we perform the following Legendre transform,

U
H(S,p,N)=U(S,V,N)—(—) V=UGS,V,N)+pV
V) s x

We need to eliminate V' from the above equation by expressing V' as a function
of S, p, and N using the following relation

oU h2 N 5/3 (%7%)
»=(57),, = zmlv) ©

Substituting the above expression for V into the following equation

32N (N\*? (s3-1)
H(S, p,N) = y— V e\ 3) 4 py

we have

5 h? 3/ 25
H(S,p,N) = 5Np2/5<2n—m) e<5N“B l)

(b) To obtain F(T, V, N), we perform the following Legendre transform,

U
F(T,V,N)=US,V,N)—[—) S=U(,V,N)-TS
3S )y
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We need to eliminate S from the above equation by expressing S as a function
of T, V, and N using the following relation

U 3h2N (N\*? (5-3) 2
T = — — e\ 73)
<8S>V’N 4nm<V>

v 3Nkg

o _ Nk 5le V [ 2nmkgT \>"*
= —_ n —_—
B2 N h2

Substitute the above expression for S into the following equation,

Vv

3Nkg ~ 3
4rm

32N (N 2/3(25 )
F(T,V,N) = ( ) e —TS

We have

F(T.V.N) = —NkgT ) 1 + 1n| 2 (ks T v
) ) = - n| —\—5—
i N 2

(c) Toobtain G(T, p, N), we perform the following Legendre transform,

oF
oV /)rn

We need to eliminate V from the above equation by expressing V as a function
of T, p, and N using the following relation,

_(oF NksT
P=\ov),n~ v

NkgT
V=2
p

Substituting the above expression for V into the following equation,

3NkgT 5 RT [ 2mmksT \>?
G(T,p.N) = 2" _ NkpT ]2 +1n| = Z2B2 +pV
2 2 P) h2

we have

5NkgT 5 kT (2mmkgT \>"*
G(T, p,N) = B _ NkgT{Z +1n Kl (27wmigl
2 2 ) h2

or
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kT (2mmkgT \°"*
G(T,p,N) = —NkgT {In *B- m—B
p h?

3.14 Exercises

1.  For a monatomic ideal gas with atomic mass m, the fundamental equation of
thermodynamics in the entropic representation is given by the Sackur—Tetrode

equation,
P 5+1 V (4xmU\*"?
= — n| —| —
"2 N\ 32N

where S is entropy, N the number of atoms, kg is Boltzmann constant, V volume,
U internal energy, and 4 is the Planck constant.

(a) Using the Sackur-Tetrode equation, express the internal energy U as a
function of temperature.

(b) Using the Sackur—Tetrode equation, derive the ideal gas law (an equation
of state for an ideal gas).

(c) Using the Sackur—Tetrode equation, derive an expression for the chemical
potential, u, as a function of temperature and pressure.

(d) Using the Sackur-Tetrode equation, derive the internal energy, U, as a
function of S, V, and N.

(e) Derive an expression for the enthalpy, H, of monatomic gas as a function
of S, p,and N.

(f)  Derive an expression for the enthalpy, H, of monatomic gas as a function
of T, p,and N.

(g) Derive an expression for the Helmholtz free energy, F, of monatomic gas
as a functionof 7', V, and N.

(h) Derive an expression for the Gibbs free energy or free enthalpy, G, of
monatomic gas as a function of 7', p, and N.

(i) Derive an expression for the grand potential energy, &, of monatomic gas
as a function of 7', V, u.

(j) Based on your results from part (c) and (4), write down the Gibbs free
energy, G, as a function of chemical potential, i, and the number of moles.

(k) Derive an expression for the entropy (S) of a monatomic ideal gas as a
function of 7', p, and N.

(1) Derive an expression for the Helmholtz free energy (F') of a monatomic
ideal gas as a function of 7', p, and N.

2. Given the vibrational Helmholtz free energy of a crystal,

exp(—05/2T)

F(T) = Nuto — 3NkpT In — = E/220
(1) = Nuo B Cexp(—6/T)
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where u, and 6g are constants independent of temperature, kg is Boltzmann
constant, N is the number of atoms, and T is temperature.

(a) Derive an expression for the entropy as a function of temperature 7 and
number of atoms N.

(b) Derive an expression for the internal energy as a function of temperature
T and N.

(c) Derive an expression for the chemical potential as a function of tempera-
ture T.

The fundamental equation of thermodynamics of a monatomic real gas with
atomic mass m in terms of the Helmholtz free energy can be approximated as

aN? (V — Nb) [ 2nmkgT \*/*
F(T.V,N) = == = NksT{ 1 +In

N h?

where a and b are constants, N the number of atoms, T temperature, kg the
Boltzmann constant, V volume, and % the Planck constant.

(a) Derive an expression for entropy S as a function of 7, V, and N.
(b) Derive an expression for pressure p as a function of 7, V, and N.
(c) Derive an expression for internal energy U as a function of 7, V, and N.

The Gibbs free energy of N electrons occupying the conduction band of a
semiconductor can be approximated as

2UpT (2wmkgT \/?
G(T, p,N) = NE. — NkgT {In —a
p

where E. is the energy of conduction band bottom, kg the Boltzmann constant,
T is temperature, p pressure, m the effective mass of electrons, and 4 the Planck
constant.

(a) Derive an expression for the entropy S of the conduction band electrons
as a function of U, V,and N.

(b) Derive an expression for the Helmholtz free energy F of the conduction
band electrons as a function of T, V, and N.

(c) Derive an expression for the chemical potential, often called the Fermi
Level, of the conduction band electrons as a function of 7" and p.

(d) Derive an expression for the internal energy U of the conduction band
electrons as a function of 7" and N.

(e) Derive an expression for the enthalpy H of the conduction band electrons
as a function of 7 and N.

The Helmholtz free energy of a blackbody radiation contained in a volume V
at temperature 7 is given by
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4o 4
F(T,V)=—-——VT
3¢

where o is the Stefan—Boltzmann constant, and c is the speed of light in vacuum.

(@)
(b)
(c)
(d)
(e)
()
(@
(h)
(i)

@

Find entropy S as a function of 7 and V.

Find internal energy U as a function of 7 and V.

Find internal energy U as a function of S and V.

Find entropy S as a function of U and V.

Find enthalpy H as a function of 7 and V.

Find enthalpy H as a function of S and p.

Find grand potential energy E as a function of 7 and V.

Find pressure p as a function of 7.

Based on above answers, what is the Gibbs free energy of the blackbody
radiation?

Based on above answers, what is the chemical potential of the blackbody
radiation?

6. Compare the molar quantities, internal energy (u), molar enthalpy (%), molar
entropy (s), and chemical potential () of ice and water at 0 °C and 1 bar by
indicating whether ice or water has a larger magnitude for a given quantity.

7. The equilibrium state of a system is determined by the competition between
its internal energy (or enthalpy) minimization and entropy maximization. Since
the thermal energy of a system is product of entropy and temperature, entropy
maximization dominates over internal energy (or enthalpy minimization) at high
temperatures while internal energy (or enthalpy) minimization dominates over
entropy maximization at low temperatures. Using your knowledge about liquid
and solid states of a material and intuitive reasoning, please explain why

(a)
(b)

The Gibbs free energy of both solid and liquid decreases with temperature
at a constant pressure.

A liquid always exists at higher temperatures than the corresponding solid
state at a given pressure.



Chapter 4 ®)
Introduction to Statistical R
Thermodynamics

All of our discussions on the first and second laws of thermodynamics and funda-
mental equations of thermodynamics so far are concerned with macroscopic systems.
A macroscopic thermodynamic system contains a large number, on the order of
Avogadro’s number ~108, of particles such as atoms, molecules, and electrons. At
any given moment of time, there are a huge number of possible spatial arrangements
of such large number of particles within a system since atoms vibrate around their
local equilibrium positions in a solid or move around in a fluid at finite temper-
atures. The experimentally measured macroscopic properties of a system under a
given thermodynamic condition are the averages of the properties of all the instanta-
neous configurations over the time duration of the experimental measurement; i.e.,
the experimental device automatically does the statistical averaging of the properties
over the large number of temporal microscopic configurations. The measured prop-
erties are dependent on the microscopic interactions among the particles within the
system as well as the interactions between the system and its surrounding specified
by the thermodynamic conditions in terms of temperature or entropy, pressure or
volume, and chemical potential or the number of particles, etc.

As stated at the end of the introductory Chap. 1, it is the statistical thermody-
namics that can be employed as the theoretical foundation and tool to connect the
quantum mechanical energy states of a system or the classical microscopic inter-
atomic interaction energies among the particles in the system and the corresponding
fundamental equation of thermodynamics for the macroscopic system, from which
all the macroscopic thermodynamic properties can be derived.

4.1 Macrostates and Microstates

In order to perform statistical averaging over microstates, let us first briefly discuss
the definitions of microstates and macrostates. As an illustration, let us use a simple
example of an isolated system (constant internal energy U) with N total number

© Springer Nature Singapore Pte Ltd. 2022 81
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Fig. 4.1 Tllustration of

energy levels ¢; and the |
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of independent particles in a given volume V. According to quantum mechanics,
the energy of particles in a system is quantized with discrete energy levels ¢; with
i =0,1,2, etc. (Fig. 4.1). A distribution {Ny, N, ..., N;, ...} of the number of
particles, N;, out of a total N number of particles, over the different energy levels ¢;
with the same total internal energy

U= ZN,’E,’ (41)

is called a macrostate consistent with the thermodynamic condition for the isolated
system, i.e., constant U, V, and N. The ratio, N;/N, represents the fraction of
particles at the ith energy level.

There are typically many possible macrostates, or many possible different distri-
butions of particles {Ny, Na, ..., N;, ...} at different energy levels associated with
the N particles that can possess the same total energy U. Furthermore, for each
macrostate, i.e., for each specific particle distribution over the energy levels, there
are many different possible arrangements of N; distinguishable particles at each
energy level, called microstates. In statistical thermodynamics, it is assumed that at
any given moment of time, all the accessible microstates of an isolated system with
the same energy are equally probable. This is often referred as the postulate of equal
a priori probability for all microstates of the system. Therefore, the probability of a
system in a given macrostate is determined by the number of microstates within the
macrostate.

In statistical thermodynamics, due to the huge number of particles in a system, on
the order of Avogadro’s number, of particles in a system, it is also postulated that the
total number of microstates in a system is dominated by the most probable macrostate
with the greatest number of microstates, and therefore, the equilibrium state of the
system can be approximated by the most probable macrostate. This postulate dramat-
ically simplifies the statistical solution to the problem for connecting the micro-
scopic interactions to macroscopic properties of a system because it reduces to the
problem of finding the most probable macrostate under a given set of thermodynamic
conditions.
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4.2 Statistical Interpretation of Entropy and Boltzmann
Equation

Microscopically, the entropy of a system is a measure of the number of microstates
that are accessible to the system under a given thermodynamic condition. Therefore,
an increase in entropy of a system implies an increase in the number of accessible
microstates to the system. This can be understood by examining the change in the
internal energy,

dU = Z (N,'dS,' + 8idN,') = Z Nidé‘i + ZgidNi (42)

For a given volume and number of particles, the energy levels, ¢;, are fixed.
Therefore, the first term in Eq. (4.2) represents the changes in the energy levels due
to the change in the volume of the system. The second term in Eq. (4.2) represents
the change in the occupation of particles at different fixed energy levels at a given
volume, and thus, the change in the entropy at temperature 7 is given by

du - &;dN;
a5 = U _ LiadN: 4.3)
T T

A shift in the distribution of N; to higher energy levels, including energy levels
which were originally inaccessible, leads to an increase in the number of accessible
microstates and thus an increase in entropy.

According to thermodynamics, an isolated system evolves from macrostates of
lower entropy to those of higher entropy until reaching its maximum. In statistical
thermodynamics, an isolated system evolves from macrostates containing smaller
numbers of microstates to those with larger numbers of microstates until the system
assumes a macrostate with the maximum number of microstates. Therefore, many
of the statistical mechanical solutions are obtained by either maximizing the entropy
of an isolated system or finding the most probable macrostate.

The entropy of an isolated system is not directly proportional to the total number
of accessible microstates, Zyic, in the system. Entropy is an extensive property, soif a
system size is doubled, the entropy is also doubled. However, doubling the system size
will result in a total number of microstates of ZI%/IC‘ To make the connection between
the amount of entropy and the total number of accessible microstates, Boltzmann
postulated that the entropy, S, of a system is proportional to In Zyc, i.e., entropy is
a logarithmic measure of the total number of accessible microstates with significant
probability of being occupied, and Max Planck wrote it down as

S(U,V,N)=kglnZyc(U,V,N) 4.4)

where kg is the Boltzmann constant equal to the ratio of gas constant R to the
Avogadro’s number N. The above equation is valid for an isolated system, i.e., the
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number of accessible microstates, and thus the entropy, is maximized at equilibrium
at constant energy U, volume V, and the total number of particles N. This definition
describes the entropy as being proportional to the natural logarithm of the number of
possible microscopic configurations of the system that could give rise to the observed
macroscopic state of the system. The constant of proportionality is the Boltzmann
constant.

Equation (4.4) is a fundamental equation of thermodynamics in the entropic
representation. Therefore, in principle, if we can derive the explicit expression
Zyvc(U, V, N) asafunctionof U, V,and N, we can compute all the thermodynamic
properties of the system based on the differential form of entropy and thermodynamic
definitions of properties.

4.3 Ensembles

As mentioned above, the macroscopic thermodynamic properties of a system can be
obtained as the averages of properties over the temporal microstates of the system.
However, we could also imagine that at a given moment of time we have a large
number of identical systems specified by the same set of macroscopic thermodynamic
variables for each system, e.g., number of particles or number of moles of particles N
or chemical potential p, temperature 7 or internal energy U, pressure p or volume
V. This collection of large number of identical systems is called an ensemble by
Gibbs.! Based on the ergodic hypothesis, the average properties of the systems in the
ensemble are assumed to be identical to those obtained by averaging over the temporal
microstates of a system. Depending on the specified thermodynamic conditions for
the macrostates, there can be different types of ensembles. For example,

® Microcanonical ensemble: a collection of isolated simple systems with each
system fixed at constant internal energy U, constant volume V, and constant
number of particles N while the temperature T, pressure p, and chemical potential
w fluctuate in each system and from system to system in the ensemble.

® Canonical ensemble: a collection of closed simple systems connected to a thermal
reservoir, so each system is fixed at temperature 7, constant volume V, and
constant number of particles N while the internal energy U, pressure p, and
chemical potential u fluctuate in each system and from system to system in the
ensemble.

e Grand canonical ensemble: a collection of open simple systems connected simul-
taneously to a thermal reservoir and to a chemical reservoir, so each system is fixed
at constant temperature 7', constant volume V, and constant chemical potential 1
while the internal energy U, pressure p, and the number of particles N fluctuate
in each system and from system to system in the ensemble.

1J. W. Gibbs, Elementary Principles in Statistical Mechanics, New York: Charles Scribner’s Sons,
1902.
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e [sothermal—isobaric ensemble: a collection of simple systems simultaneously
connected to a thermal reservoir and a mechanical reservoir, so each system is
fixed at constant temperature 7, constant pressure p, and constant number of
particles N while the internal energy U, volume V, and the chemical potential u
fluctuate in each system and from system to system in the ensemble.

4.4 Partition Functions and Fundamental Equation
of Thermodynamics

The key link between the microscopic interactions, and thus the quantum mechanical
energy states, and the fundamental equation of thermodynamics of a system is accom-
plished by deriving the so-called partition functions in statistical thermodynamics.
The partition function is in fact simply the total number of accessible microstates
under a specified set of conditions. Therefore, the partition function is different for
ensembles under different thermodynamic conditions, and thus, they are connected
to different forms of the fundamental equation of thermodynamics. Detailed deriva-
tions can be found in many standard textbooks in statistical mechanics or statistical
thermodynamics,” and thus in this brief introduction, here we will just outline the
main results.

Microcanonical ensemble: The partition function Zyc in the microcanonical
ensemble is the total number of accessible microstates under constant U, V, and
N for a system. In this approach, the partition function represents the system degen-
eracy, i.e., the number of systems having the same energy U, at constant V and N
in the microcanonical ensemble. The probability of observing a specific microstate
is then simply given by

P =—— 4.5)
Zvc

The connection of the partition function Zyc (U, V, N) to the fundamental equa-
tion of thermodynamics in the entropic representation S = S(U, V, N) is given by
the same Boltzmann equation discussed in the last section using the total number of
microstates in a given system.

S = kg In[Zumc (U, V, N)] (4.6)

All other thermodynamic properties can be derived from Eq. (4.6) according to
the differential form of the fundamental equation in the entropic representation,

as = Lau + Pav - Han 4.7)
T T T

2 Donald A. McQuarrie, Statistical Mechanics, Harper & Row, 1976.
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or the equations of states. For example,

1 (ﬁ) :kB<aln[ch(U, v, N)]) “5)
T \aU ),y 7] .

P_ (ﬁ) _ kB(aln[ZMC(U, v, N)]) 49)
T \av /),y vV UN

H_ (ﬁ) :kB<81n[ZMC(U, v, N)]) 4.10)
T \oN)yy IN Uy

For the canonical ensemble: The natural variables for the partition function Z¢
are T, V,and N, and

Zo(T, V,N) = Zexp(—é]—;) 4.11)

where U, is the energy of a microstate i. The probability of a system at the microstate
i is given by

= —exp(_"{‘*j_fr) (4.12)
- Zo(T,V,N) '

i

The macroscopic energy U, the average energy of the ensemble, can be obtained
by

U= (4.13)

2. Ui eXP(—ﬁ) _ [aIn[Zc(T, V, N)]
> exp(~ % ) [ o(1/ksT) LN

The internal energy can also be derived from the Helmholtz free energy through
a Legendre transform as

U=F-_ T(E) _ [M} (4.14)
oT o(1/kgT)
Comparing Eqs. (4.13) and (4.14), we have
F(T,V,N)=—kgT In[Zc(T,V,N)] (4.15)

which connects the partition function Z¢(7T, V, N) to the fundamental equation
of thermodynamics represented by the Helmholtz free energy F (T, V, N) from
which all the macroscopic thermodynamic properties can be derived based on the
differential form for F,
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dF = —SdT — pdV + udN (4.16)
For example,
OF dIn[Zc(T, V, N
s=—(2F)  iainizeT. v. Ny + ke 22RLECC )] 4.17)
oT Jy oT V.N
OF dIn[Zc(T, V, N
p=—(2) =g Untze )] (4.18)
oV ) Y% -
OF dIn[Zc(T, V, N
P (L Y i el ! (4.19)
ON )7y aN .

The entropy of the system in terms of the partition function in the canonical
ensemble can also be expressed as

S = = — +kgln[Zc(T,V,N)]=kgIn| Zc(T, V, N)exp| —
k b b b
T T B C B C T
(4.20)

Therefore, the procedure to obtain a fundamental equation at constant 7', V, and
N starts with a list of energy associated with each microstate. We then obtain the
partition function (Eq. 4.12) as a function of 7 as well as V and N which determine
the energy levels of the microstates. Finally, we can use Eq. (4.15) to obtain the
fundamental equation of thermodynamics in terms of Helmholtz free energy as a
function of T, V, and N.

For the grand canonical ensemble: The natural variables for the partition function
Zg are T, V, and u, and the partition function is given by

Zo(T, V.p) =Y Y e Wnvuh/kT 4.21)
N i

The connection of the partition function for this ensemble to the fundamental equa-
tion of thermodynamics in the energetic representation is given by grand potential
energy,

E=—pV =—kgT In[Zs(T, V, )] (4.22)

The probability that the system at microstate (i, N) is given by

e~ Win—uN)/ksT

Py=—"—9¥/—/—"— 4.23
N Zo (4.23)

All other thermodynamic properties can be derived from the differential form for
the grand canonical ensemble,
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dE = —SdT — pdV — Ndu (4.24)
For example,
dE dIn[Zg(T, V,
s=—(22) = kpmiza. v, o1+ kpr( 2TV 0] (4.25)
oT )y, T Vo
o dIn[Zg(T. V. In[Z6(T. V,
p=— — fr( MET Vo N 26T VD] o)
oV /), v T v
JE dIn[Za(T, V,
v=-(50)  —hr (PR (427
ow/ry o T,V

The entropy for the system in the grand canonical ensemble can also be expressed
as

U—-Nu+pVv U—-Nu U—-Nup
S = = kgInZg = kg In| Z _—
T T + kg lnZg B Il[ GeXP( kel )]

(4.28)

For the isothermal—isobaric ensemble: The natural variables for the partition
function Ztp, are T, p, and N, and the partition function is given by

Zrp(T. p, Ny =YY e Wvtrikal (4.29)
Vv i

The probability of the system at microstate (i, V) is

e~ Wiv+pV)/keT

Py=—— 430
v Zn (4.30)

The connection of the partition function to the fundamental equation of thermo-
dynamics in the energetic representation is given by

G = —kgT In[Z1y(T, p, N)] 4.31)

Other thermodynamic properties can be derived from the differential form of G,
ie.,

dG = —SdT + Vdp + pndN (4.32)

For example,
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S — _<8G> = kg In[Z7,(T, p, N)] + kBT<aln[sz(T, » N)]>
p.N

T oT
(4.33)
d1n[Zry (T, p. N
_ (3_G> — kT n[Zn(T. p. N} (4.34)
/)N op T.N
9G d1n[Zry(T, p, N
w= <—> _ gpr( 2T p V) 4.35)
oN ), oN .

The entropy in the isothermal—isobaric ensemble can also be expressed as

_U+pV -G
B T

H H
S = 7 + kg In ZTp =kgIn ZTp exXp kB_T (4.36)

where H is the enthalpy of the system. Therefore, if we are able to evaluate or
derive the partition function of a system in a particular ensemble, we will have
the fundamental equation of thermodynamics and thus can derive all the thermody-
namic properties of the system. Theoretically, the most convenient ensemble in many
cases is the canonic ensemble while for Bosons or Fermions, the grand canonical
ensemble is more convenient. However, in general, to obtain an analytical expres-
sion for the partition function as a function of the macroscopic natural variables
for a given ensemble is only possible for the very few simplest possible systems
such as ideal gases, free electron systems, harmonic oscillators, photon gas, and
van der Waals gases. For a realistic system, we have to rely on computer simula-
tion techniques such as molecular dynamics and Monte Carlo techniques to generate
a large number of temporal microscopic configurations using Newton’s equations
of motion or Metropolis types of algorithms and then relate the average properties
over the computationally generated microscopic configurations to the macroscopic
properties of a system.

4.5 Entropy and Microstate Probabilities

The entropy of a system can always be expressed in terms of the probability of
appearance of microstates. If we use P; to represent the probability of the appearance
of a microstate i, the entropy is given by

S = —kg Z P In P (4.37)

For example, let us start with the example of microcanonical ensemble with fixed
internal energy U, fixed N total number of independent particles in a fixed volume
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V. For an isolated system, there is an equal probability for each of the accessible
microstates, Zyic, to appeatr, i.e.,

1
PpP=—— (4.38)
ZMC(U’ Va N)
Therefore,
Zmc
1 1

S =—k 1 =kgln Zyc(U,V, N 4.39
’ Z ZucW. V. W) " Zuc (. V. Ny 22wl e

For the canonical ensemble of closed systems at fixed temperature 7', volume V,
and number of particles N,

eXp( ) (4.40)

f)i
Zo(T, V

Therefore, the entropy is
e*Ui/kBT e*U,‘/kBT

S:_kBZPilnPi:_kBZ ZC In ZC

i

which can be rewritten as

o~Ui/keT U,
S=—k ——— —InZ
BZ Zc |: ksT ! C]

or

1 UeEilksT e—Ui/keT
S=— —— +kglnZz
T Z Zc + kB C Z Ze

i

Using the definition of average internal energy U, we have
S = % + kg lnZc 4.41)
which can be written as
S = kg In[Zce/* D] (4.42)
In terms of the partition function for the microcanonical ensemble Zyjc, we have

Zne = Zeel/tsD (4.43)
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or
ZC = ZMCeiu/(kBT) (444)

For the case of a grand canonical ensemble,

e~ WUin—uN)/kgT e~ (WUin—puN)/ksT

- Sy >, e U= /ksT - 7a

Py (4.45)

Therefore, the entropy of the system

—(Uin—N)/ksT e~ Win—nN)/kgT

(&
SZ_szszi:PiNlnPiNz_szN:zi: ZG In ZG

which can be rewritten as

_ (U —=uN)+kgTIn E
- T

S

= kp In[Zge!V M/ 1] (4.46)

The relations among the partition functions for the grand canonical ensemble,
canonical ensemble, and the microcanonical ensemble are

Znc = ZeeV!®T) = 7.oU=1N)/ksT) (4.47)
or
Zo = ZeeWN/GsT) — 7 o~ (U=uN)/GsT) (4.48)

For the case of constant isothermal—isobaric ensemble,

e~ Wiv+pV)/keT e~ Wiv+pV)/ksT
Ty, Y e WAk T Zr (4.49)

Py

Therefore,

e~ Wiv+pV)/keT e~ Wiv+pV)/keT

SZ—kB;IZPivlnP,‘V:—kB;lZ ZTp In ZTp

which can be written as

_ (U +pV)+kgTInZry,
- T

S

(4.50)

or
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W+pV)
S = kg 1n[sze ] 4.51)

The relations among the partition functions for the microcanonical ensemble,
canonical ensemble, isothermal—isobaric ensemble are

(U+pV)

Znc = ZeeV/® D) = 7y e T (4.52)
or
Zrp = Zee TP/ WD) = 7 o= WPV KaT) (4.53)

The above relations demonstrate that the entropy of a system depends solely
on the probabilities of occurrence for the microstates P;. For the same temperature,
increasing entropy leads to the change in the probability distribution with increasingly
higher probability to occupy higher energy states.

4.6 Examples

Example 1 A two-state system Consider a two-energy-level system with energy
levels ¢, and &1, volume V, and N total number of independent particles at tempera-
ture 7', write down the Helmholtz free energy, entropy, internal energy, and chemical
potential of the system in terms of the energy levels, the number of particles, and
temperature.

Solution

Since each particle has two possible energy states, and all the particles are indepen-
dent, the canonical partition function of the N particle two-level system at a constant
temperature 7 and volume V is

72’_/\1:]5[ _ €0 _a \N
Zc = E e kT — (e BT 4 e kB’I')
()

where €2 represents all possible configurations of the N independent particle system
with each particle having two possible states.
Therefore, the Helmholtz free energy is given by

F=—kTlnZc = —NkBTln[e*ka"f + e*kg?'r]

The entropy of the system is given by,

oF

S(T,V,N) = _<3_T

> =Nk31n[e_k% +e_*iTlT]
V.N
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_ _fo_ .
ks}ze kgT +k81 e kT
+ NkgT =2 -
[e_kBT +e_kBT:|

Simplifying the above equation, we have

_ _fo_ I
20 B T BT
S(T, V, N) = Nkg 1n[e*k?f +e*ks*'r] 4 Nee BT+ ae ’

T [efk;(’r +671%7T]

The internal energy of the system is

&0 €]
0lnZ g, T 4+ gre T
U(T,V,N):-[ ¢ ] — N2 !
V.N

0(1/ksT) [ e ]

The chemical potential of the system is given by,

el

OF L s
wW(T.V,N) = (W)T,v = —kBTln[e BT fe w]

ample 2 Rubber statistics We consider a rubber at a certain temperature 7 as a

polymer chain consisting of N rod-shaped monomers with length a. Assuming that
each monomer can be pointing along one of the two directions: +z, and the two
directions are degenerate in energy. Now we subject the rubber to a constant force
along the +z-direction which lifts the degeneracy of the monomers with energy
levels, Faf along the %z, directions, respectively.

(a) Write down the partition function for the system.

(b) Derive an expression for the Gibbs free energy for the system as a function of
T, f,and N.

(c) Derive an expression for the length of the polymer chain as a function of 7', f,
and N.

(d) Derive an expression for the entropy of the polymer chain as a function of T,
f,and N.

Solution

(a) Similar to Example 1, the partition function for the polymer chain in the

ensemble of constant temperature 7', constant force f, and constant number
of monomers N with each monomer having two energy states is given by

a g \N N
Zr(T, f, N) = (GkBﬁfT + ethfT) = |:2czosh<ka—fT>i|

B
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(b)  Since the thermodynamic condition is constant temperature 7, constant force
[, and constant number of monomers N, the Gibbs free energy G as a function
of temperature 7', force f, and number of monomers N is given by

G(T, f,N) = —kgT In Zy; = —NkBTln[Zcosh(%)]
B

(c) The length of the polymer chain as a function of temperature T, force f, and
number of monomers N is given by

(aG) 25inh<k‘;_fT>
= - = N
T,N

af
— a————~ = Ntanh{ —
af 2 cosh(—kig) ke T

(d) The entropy of the polymer chain as a function of temperature 7', force f, and
number of monomers N is given by

S = —<E> = Nkg 1n|:2 cosh<£>} — Naf tanh<£>
T J ;v kgT T kgT

Example 3 Ideal gas For a monatomic ideal gas in an isolated system with N
number of atoms contained in a container with volume V and internal energy U, the
partition function, or the number of accessible microstates, for the microcanonical
ensemble is given by

VN QrmU)N/?

Zuc(U, V, N) =
me( )= N (3N/2)!

where £ is the Planck constant, and m is the atomic mass.

(a) Derive the fundamental equation of thermodynamics in terms of entropy S as
a function of U, V, and N.

(b) Derive an expression for the chemical potential u as a function of U, V, and
N.

Solution

(a) The entropy of the system is simply connected to the number of accessible
microstates or the partition function in the microcanonical ensemble through
the Boltzmann equation,

VN QamU)3N/?
S(U. V. N) = kg In Zyc(U, V,N)szln[ Q@rmU) }

N3N~ (3N/2)!
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where kg is Boltzmann constant. Since N is a very large number, we can

employ Stirling’s approximation, InN! = NInN — N, and In(3N/2)! =
(3N/2)In(3N/2) — (3N /2). Therefore,

SW.V.N) = Nkg > + 1| L (7MY v
,V,N) = S+n| (250
512 N\ 3n2N

(b) The chemical potential can be obtained from entropy through one of the
equations of state in the entropic representation, i.e.,

39S 5 V (drmU\>? 5
LER I TS SN A L e | BT
IN)yy T 2 N\ 3n2N 2

Therefore,

(U.V.N) = —ksT In| L (272mYU "
s Vo = - nf —
" e AT

Example 4 Conduction band electrons in semiconductors By treating N conduc-
tion band electrons in a semiconductor of volume V at temperature 7' as an electron
gas, the corresponding partition function in the canonical ensemble is given by

Zo(T,V,N) =

CWN (2amks T \*M?* _wie
N 2 ¢

where m is the effective mass of an electron, % is Planck constant, kg is Boltzmann
constant, and E. is the conduction band edge energy.

(a) Derive the fundamental equation of thermodynamics for the conduction band
electrons in terms of the Helmholtz free energy as a function of temperature
T, volume V, and the number of electrons N.

(b) Derive an expression for the chemical potential for the conduction band elec-
trons as a function of temperature 7', volume V, and the number of electrons
N.

Solution
(a) The Helmholtz free energy is connected to the partition function in the
canonical ensemble through the simple relation,
F(T,V,N)=—kgT InZc(T,V,N)

QW)Y (2mmk T\ _ e
N h2 e

= —kBTlni
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Since N is a very large number, we can employ Stirling’s approximation,
InN! = NInN — N. Therefore,

2V (2mmksT \*?
F(T,V,N)ZNEC—N]CBT 1+1In W T

(b) The chemical potential can be obtained from the Helmholtz free energy by one
of the equations of state,

TV OF b T 2V (2mmkpT \*?
’ ’ = —— = - nf—y\—5—
o oN )y, TN TR

Example 5 A binary ideal gas mixture If the number of available quantum states
far exceeds the number of particles in a gas, i.e., if the particles can be treated as
independent, the partition function for the whole system, Z¢ (T, V, N), can be written
in terms of the individual atomic partition functions, g(7', V), i.e.,

[q(T, V)V

Ze(T. V. N) = =

For example, the canonical partition function for a binary mixture of monatomic
ideal gases with Na number of A atoms and Ng number of B atoms in a volume V
at temperature 7 is given by

Na Np
da 4B

Zc(T,V,Np, Ng) =
c( > NB) NAlNg!

in which

v no\"
= —, A= ———
1= 33 <2nkaT>

where m is the atomic mass, % is Planck constant, and kg is Boltzmann constant.

(a) Write down the Helmholtz free energy as a function of temperature 7', volume
V', and number of atoms N4 and Ng.

(b)  Write down the expression for the entropy of the binary system as a function
of temperature 7', volume V, and number of atoms N and Ng.

(c)  Write down the expression for the internal energy as a function of temperature
T, volume V, and number of atoms N4 and Np.
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(d) Write down the chemical potentials of A atoms and B atoms as a function of
temperature 7', volume V, and number of atoms N and Ng.

Solution

(a) We write g4 and gg as
Vv d Vv
QA = ——— an C]B = —_—
AL A

with

h2 1/2 hz 1/2
Ap=\7—7""—F dAg=|—"—
4 <2nmAkBT> anc s (anBkBT)

Therefore, the partition function is

v Nay N

Zo(T,V.N) = —————
el )= NANgIALAL

The Helmholtz free energy is given by

VNN
F:—kBTanC(T, V, NA,NB)Z—](BTIH[ :|

NAINBIA A}

which can be simplified as

F(T,V,Na, Ng) = —kgT { (NA + Ng) + Npoln ——— _—
( A, NB) B {( A B) A NAAL NBA%}

(b) The entropy of the binary system as a function of temperature 7', volume V,
and number of atoms N and Ny is given by

S(] V,Na, N )— (3] )
9 b A? B
V,Na,Np

5 1% \%
= k] =(Na + Ng) + Na In + NgIn
B{z( A B) A NAAL B NBAf;}

(c) Theinternal energy of the binary system as a function of temperature 7', volume
V', and number of atoms N4 and Ng.

3 3
U=F+TS= ENkBT = E(NA + Np)kgT
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(d) The chemical potentials of A and B atoms in the binary system as a function
of temperature 7', volume V, and number of atoms Na and Ng.

(T,V,Na, Ng) <8F> kgT1 v
MaACL, V., Na, NB) = | 755 = —Kp!l In ————=
INA) 1y, NaAd
(T, V, Na, Ng) <3F> kgT 1 v
ML, V, Na, NB) = | 77— = —Kpl In
INB /) v, NpAj
The chemical potential of the binary mixture is
Na
w(T,V,Na, Np) = mMA(T, V, Na, Np)
4D (T, V, Na, Np)
NA+NBMB , V, INA, INB
N, Vv N, \%
w(T,V, NA,NB)z—kBT[ 2 In -+ 5 In 3}
Na + Np NAA’A Na + Np NBAB

Example 6 Langmuir adsorption isotherm Consider a solid—vapor system in
which a vapor phase is in equilibrium with the corresponding solid at temperature 7.
We model the solid surface as a simple two-dimensional lattice of N sites and assume
that the gas can be approximated as a monatomic gas. Each site of the surface will
be either occupied by an absorbed atom or vacant. Let us assume that the absorbed
atoms do not interact with each other. The adsorption energy, the energy difference
between an atom on the surface and in the gas phase, is assumed to be €. Let the
number of adsorbed atoms on the surface is n. The chemical potential of atoms in
the vapor phase is given by

n& = —kgT In @um)* (ke T)*"
ph?

where p is vapor pressure, T is temperature, m is the atomic mass, kg is Boltzmann
constant, and /4 is Planck constant.

Derive the fraction of the surface sites occupied, /N, as a function of the vapor
pressure p.

Solution
For n adsorbed atoms on a surface with N lattice sites, the total number of possible

configurations of arrangement for adsorbed atoms and vacant surface sites is given
by

N!
(N —n)'n!
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The energy of each configuration is given by ne. Therefore, the canonical partition
function for the solid surface is

N
_— kgT
TN

C

The Helmholtz free energy is then given by

N! _ e
F = —kBTll’l ZC = —kBTll’l —FFX ¢ 87
(N —n)!n!

Applying Stirling’s approximation, we have

N —n N —n n n
F =ne —kgT|— In — —In—
N N N N

Therefore, the chemical potential of atoms on the surface is given by

oF
w=(— =¢ —kgT[In(N —n) —Inn]
on)ry

The corresponding chemical potential of atoms in the vapor phase is given by

uE = —ksT In @um)* (ke T)*"
ph3

At thermodynamic equilibrium, ©® = u#, and hence,

3/2 5/2
¢ —kgT[In(N —n) —Inn] = —kBTm{(Z”m) (ksT) }

ph?
Therefore,

3
n 0 ph -

N =) T e T e P R

where & = n/N. Solving the above equation for the surface coverage 6, we get

Kp
Kp+1

0=

in which

h3 _ e
K= o ey
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In order to have significant adsorption, we need ¢ < 0 since the atoms in the vapor
phase have a lot more entropy than those on the solid surface, i.e., energetically the
atoms should be more favorable to be on the surface while entropically they prefer
to be in the vapor phase.

4.7 Exercises

1.  Consider the Einstein model for a solid, in which a solid of N atoms is assumed
to exhibit 3N independent vibrational modes with the same frequency w. The
energy levels are quantized and are given by

1

Calculate the internal energy U and entropy S as a function of temperature 7'
in terms of the energy levels ¢;.

2. Consider a monatomic ideal gas of N atoms contained in a box of volume V
at temperature 7. The canonical partition function is given by

VN<2mnkBT>3N/2
Zo = — | —=2—
N! h2

where m is mass, kg is Boltzmann constant, and / is the Planck constant.

(a) Write down the Helmholtz free energy F' of the system as a function of
T,V,and N.

(b) Write down the entropy S of the system as a function of 7, V, and N.

(c)  Write down internal energy U of the system as a function of 7', V, and
N.

(d) Write down chemical potential u of the system as a function of 7, V,
and N.

3. Consider a monatomic ideal gas of N atoms at constant temperature 7 and
pressure p. The isothermal—isobaric partition function for the monatomic gas
is

N
ksT QumkgT)>/?

Z1p(T,p,N) = <7T

where m is mass, kg is Boltzmann constant, and / is the Planck constant.

(a)  Write down the Gibbs free energy G of the system as a function of T,
p,and N.
(b) Write down the entropy S of the system as a function of 7', p, and N.
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(c) Write down internal energy U of the system as a function of 7', p, and
N.

(d) Write down chemical potential p of the system as a function of T, p,
and N.

4.  Consider amonatomicideal gas of N atoms contained in a volume V at constant
temperature 7 and chemical potential . The grand canonical partition function
for the monatomic gas is

32
ankBT) / Veh/keT

Zg(T,V,n) = e( 02

where m is mass, kg is Boltzmann constant, and / is the Planck constant.

(a) Write down the grand potential energy E of the system as a function of
T,V,and u.

(b) Write down the entropy S of the system as a function of 7, V, and u.

(c)  Write down the average number of atoms N of the system as a function
of T, V, and u.

(d) Express the chemical potential u as a function of 7, V, and N.

5. Consider a Van der Waals gas of N atoms contained in a box of volume V at
temperature 7. The partition function is given by

5 (V= Nb)N [ 2mmkg T \*N/? aN?
= €X
¢ N h? P\VieT

where m is mass, kg is Boltzmann constant, / is the Planck constant, and a
and b are constants.

(a) Write down the Helmholtz free energy F of the system as a function of
T,V,and N.

(b) Write down the entropy S of the system as a function of 7, V, and N.

(c) Write down the internal energy U of the system as a function of 7, V,
and N.

6. By treating the electrons in the conduction band of a semiconductor as an ideal
electron gas, the microcanonical partition function can be approximated as

CWVYN 2am(U — NE)]PN?

Zme(N, V, U) =
me( )= N (3N/2)!

where N is the number of electrons, V is the volume of the crystal, U is the
internal energy of the conduction band electrons, m is the effective electron
mass, /1 is Planck constant, and E is the conduction band edge energy.
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(a) Write down the fundamental equation of thermodynamics for the
conduction band electrons in terms of entropy S as a function of U,
V,and N.

(b) Derive the chemical potential & of the conduction band electrons as a
function of U, V, and N.

By treating the electrons in the conduction band of a semiconductor as an ideal
electron gas, the constant temperature and constant pressure Gibbs partition
function can be approximated as

N
kBT 27kaBT 3/2 _ NE¢
ZTp(T, p,N)y=|—2 — e kT
4 h

where N is the number of electrons, p is pressure, T is temperature, m is the
effective electron mass, kg is Boltzmann constant, 4 is Planck constant, and
E. is the conduction band edge energy.

(a) Write down the fundamental equation of thermodynamics for the
conduction band electrons in terms of Gibbs free energy G as a function
of T, p,and N.

(b) Derive the chemical potential i of the conduction band electrons as a
function of 7" and p.

By treating the electrons in the conduction band of a semiconductor as an ideal
electron gas, the grand canonical partition function can be written as

—E,
Qmkg T )3/2i|eﬂ"BiTC

Zo(T. V. 1) = L

where p is chemical potential or the Fermi level of the conduction band elec-
trons, V is the volume of the crystal, m is the effective electron mass, kg is
Boltzmann constant, 4 is Planck constant, and E. is the conduction band edge
energy.

(a) Write down the fundamental equation of thermodynamics for the
conduction band electrons in terms of grand potential energy E as a
function of 7', V, and pu.

(b)  Write down an expression for the electron gas pressure p as a function
of T and w.

(c)  Write down an expression for the electron gas pressure p as a function
of T, V,and N.

(d) Write down an expression for the electron concentration (N/V) as a
function of T and .

(e) Write down an expression for the electron chemical potential © as a
function of T and electron concentration N/ V.
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10.

(f) Write down an expression for the thermal energy (7' S) of the conduction
band electrons as a function of 7', p, and N.

(g) Write down the internal energy per electron u of the conduction band
electrons as a function of 7.

Consider the formation of n, vacancies in an elemental crystalline solid with
N total number of lattice sites. The formation energy or free energy (excluding
the configurational entropy contribution) is assumed to be Agy.

(a) Write down the canonical ensemble partition function for the system.

(b) Derive an expression for the chemical potential u, of vacancies as a
function of temperature 7', ny, and N.

(c) Tt is known that at equilibrium, the chemical potential u, of vacancies
is zero. Find the equilibrium vacancy fraction (n,/N) as a function of
temperature 7.

Consider a binary system with Ny number of A atoms and Np of B atoms
distributed over a total of N(= Na + Np) lattice sites at temperature 7. The
volume of system is assumed to be fixed by the number of lattice sites, i.e.,
V = Nv, where v is the volume of a lattice unit cell. The partition function is
given by

N!

Ze(T. Na. Ng) = — expl = — 2 ( NaEan + NpEgp — YANBEAB
clL, NA, INB _NA!NB! Y s T ALAA BLBB N

eaB = Eaa + Epg —2EnaB

where Eap, Epp, and Eap are AA, BB, and AB nearest neighbor bond energies,
z is the number of nearest neighbors, kg is Boltzmann constant, and eap is
called the effective exchange energy.

(a) Write down the Helmholtz free energy F' of the system as a function of
T, N, As and NB.

(b) Write down the entropy S of the system as a function of 7', N4, and Np.

(c)  Write down chemical potential up of A atoms as a function of T', xa,
and xg where xA = Np/N and x5 = Ng/N.

(d) Write down chemical potential ug of B atoms as a function of 7', x4,
and xg.

(e) Write down internal energy U of the system as a function of 7', N, and
Ng.



Chapter 5 ®)
From Fundamental Equations oo
to Thermodynamic Properties

The fundamental equations of thermodynamics contain all the information about the
equilibrium states of a material, from which all the thermodynamic properties of the
material can be derived. For example, all the familiar thermodynamic properties of
a system such as heat capacity, mechanical compressibility, and thermal expansion
coefficient can be obtained through the second derivatives of thermodynamic energy
functions with respect to a certain thermodynamic variable or to a certain pair of
variables.

5.1 First Derivatives of Thermodynamic Energy Functions

To facilitate the discussion, let us rewrite the more familiar differential forms of
thermodynamic energy functions,

dU = TdS — pdV + udN (5.1)
dF = —SdT — pdV + udN (5.2)
dH = TdS + Vdp + udN (5.3)
dG = —SdT + Vdp + udN (5.4)

where U, F, H, and G are the internal energy, Helmholtz free energy, enthalpy,
Gibbs free energy of a system. From the above differentials, it is easy to see that
the thermodynamic variables, temperature 7', pressure p, entropy S, volume V, and
chemical potential u, can be obtained from the first derivatives of a thermodynamic
energy function with respect to their natural thermodynamic variables; i.e., the first

© Springer Nature Singapore Pte Ltd. 2022 105
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derivative of a thermodynamic energy function with respect to a thermodynamic
variable is another thermodynamic variable within the same thermodynamic vari-
able conjugate pair. For example, according to Eq. (5.1), temperature 7" within the
thermodynamic conjugate pair (7', S) can be obtained from the first derivative of
internal energy U with respect to entropy S at fixed volume V and the fixed number

of moles N,
oU
T = (—) (5.5)
S Jy.n
Temperature can also be obtained from enthalpy according to Eq. (5.3),
oH
= <—> (5.6)
98 /), n
Similarly,

(57),, (%)
=—(— (5.7)
vV )sn oV /)rn
o
oT Jy n
( ) (5.9
oU 8G

All the above equations can be considered as equations of state, i.e., equations
relating the thermodynamic variables of an equilibrium state of a system, which are
derived by taking the first derivatives of the fundamental equations with respect to
one of their natural variables.

The fundamental equation in terms of G can be alternatively represented by the
chemical potential as a function of temperature and pressure. The differential form
of chemical potential can simply be obtained by setting N = 1mol in Eq. (5.4).
For one mole of material, the magnitude of Gibbs free energy G is equal to that of
chemical potential u, entropy is molar entropy s, volume is molar volume v, and dNV
is zero since it is fixed at 1 mol. Therefore,

du = —sdT + vdp (5.11)

which is also the Gibbs—Duhem relation for a single-component system. Therefore,
the molar entropy s and molar volume v can be obtained from chemical potentials,
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5 — _<8_T>p (5.12)

8/1,)
=|— 5.13
v <8p . (5.13)

5.2 Second Derivatives of Energy Functions

A second derivative of a thermodynamic energy function with respect to a thermo-
dynamic variable measures the curvature of an energy function surface and thus
describes the capacitance (capacity) of a material to store matter or the susceptibility
or stiffness of a material to changes in any of the thermodynamic variables. Essen-
tially all familiar thermodynamic properties are related to the second derivatives of
a certain energy function. For example, the capacitance or capacity of a material
describes the general ability of a system to store matter and is defined as the increase
in the amount of matter per unit of increase in the corresponding potential, i.e.,

d t of matt
Capacity « (amount o .ma 1) (5.14)
d(potential)

where d represents differential. Since either the amount of matter or the potential in the
above equation can be expressed as a first derivative of an energy function with respect
to the potential or the amount of matter, respectively, the capacity and capacitance
can be expressed as a second derivative of the same energy function with respect to
the corresponding thermodynamic potential variable such as temperature, pressure
or chemical potential for a simple system. Examples include thermal capacitance,
i.e., heat capacity, and electric capacitance.

Similarly, a materials susceptibility represents the magnitude of a material’s
response to an external potential change or to an applied field. It is defined as the
relative change in the amount of matter per unit of increase in the corresponding
potential,

- d(amount of matter)
Susceptibility o - (5.15)
(amount of matter) x d(potential)

or the change in the density of matter per unit change in the corresponding field,

S ibilit d(densty of matter) (5.16)
usceptibility o< .
PHDTLY d(field)

Therefore, they can also be expressed as second derivatives of a thermodynamic
potential energy function with respect to one of the thermodynamic potential or field



108 5 From Fundamental Equations to Thermodynamic Properties

variables. Familiar examples include mechanical compressibility, elastic compliance,
dielectric permittivity, and magnetic permeability.

The stiffness or modulus of a material is simply the inverse to the materials
susceptibility. The best-known example is mechanical bulk modulus or elastic stiff-
ness. Other types of moduli can also be similarly defined, such as dielectric stiffness
or magnetic stiffness.

5.2.1 Heat Capacity or Thermal Capacitance

Following the definition of capacity using Eq. (5.14), the thermal energy capacity
should be defined as the amount of thermal matter, i.e., the entropy, that a material
can store or release per unit change of temperature (the thermal potential), i.e.,

ds

Cr=—
TTar

(5.17)
which can be called entropy capacity. However, experimentally, the thermal capacity
represents the amount of heat or thermal energy dQ (= T'dS) that a material can store
or release per unit temperature change d7', which is called the heat capacity,

d ds
_de_,

C = —T72
dT dT

(5.18)

The heat capacity of a material is different under constant volume or constant
pressure conditions. For example, according to the first law of thermodynamics, at
constant volume, the amount of heat absorbed by a material is equal to the internal
energy increase of the material; i.e., the heat capacity at constant volume of a material

is defined as
d oU 0S8
cr=(92) = _> _7r(22 (5.19)
dT /)y oT )y n oT )y n

Using Eq. (5.8), Cy canalso be expressed as the second derivative of the Helmholtz
free energy F with respect to temperature,

3S 92 F
Cy=T(— =-T(— (5.20)
T )y n ar? ),

i.e., the constant volume heat capacity can be directly obtained by taking the second
derivative of the Helmholtz free energy with respect to temperature at constant
volume V and the number of moles N.

On the other hand, at constant pressure, the amount of heat absorbed by a material
is equal to the enthalpy increase of the material, and thus, the constant pressure heat
capacity of a material is defined as
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_(4Q\  _ (Y _p (%
C/’ B (d_T)p,N B <8T>p,N B T<8T)p,N (521)

Using Eq. (5.8), C,, can also be expressed as the second derivative of the Gibbs
free energy G with respect to temperature,

3 3°G
cpzT(——) =—T<—7> (5.22)
0T ), n T2 ),

i.e., the constant pressure heat capacity can be directly obtained by taking the second
derivative of the Gibbs free energy with respect to temperature at constant pressure
p and the number of moles N.

The molar heat capacities are defined as the heat capacities for one mole of
material, and they can be obtained from

(), ~7(r). - (i)
aT ), aT ), ar? ),
dh as N

where u, s, f, h, and p are the molar internal energy, molar entropy, molar Helmholtz
free energy, molar enthalpy, and chemical potential, respectively. In Eq. (5.24), we
use chemical potential p rather than molar Gibbs free energy g.

The total heat capacity and the molar heat capacity are simply related by the
number of moles as

C, =Nc, (5.25)

It should be noted that in the literature, the specific heat capacity is also often
expressed in terms of per kilogram of matter or per gram rather than per mole.

5.2.2 Compressibility or Mechanical Susceptibility
and Modulus

Compressibility describes the relative volume change per unit of change in pressure,
which can be interpreted as the mechanical susceptibility. The compressibility of a
material also depends on the thermodynamic conditions. For example, the isothermal
compressibility Br is the compressibility at constant temperature and defined as

1 /0V
Br = _V<£>T,N (5.26)
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Since the volume of a stable material decreases as the pressure increases, the
negative sign is introduced in the definition (Eq. 5.26) for the compressibility to
have a positive value. Using the relation (Eq. 5.9) between volume V and Gibbs
free energy G, we can express the isothermal compressibility in terms of the second
derivative of the Gibbs free energy with respect to pressure at constant temperature
and number of moles,

1 /3°G
N 5.27
Pr 14 < a172 )T,N ( )

The adiabatic compressibility g is the compressibility of a material measured
at constant entropy (i.e., under a reversible adiabatic condition with no entropy
exchange between the system and its surrounding) and can be obtained from the
second derivative of enthalpy of the material with respect to pressure at constant
entropy and number of moles,

1 /0V 1 /8*H
By = __(_) _ __(_2 ) (5.28)
V\adp /s V\ap* Jsn

The isothermal bulk modulus By and the adiabatic bulk modulus By of a material
are simply the inverses to the corresponding compressibility i.e.,

1 ) °F 1%
By = = _v<£) - V(W) = (5.29)
T T,N T,N (8_172)7'7]\]
and
1 9 92U 1%
Bo— L _ _v<_”> _ v(—z) - (5.30)
B~ oV ) T \ovE o T ()
S,N

The mechanical compressibility and isothermal bulk modulus can also be
expressed in terms of second derives of chemical potential, molar Helmholtz free
energy, molar enthalpy, and molar internal energy,

1/3%n
Br = _;<W>T (5.31)
1 [ d%h
Bs = —;<a—p2>Y (5.32)
f v
BT = U<W>T = —— (533)
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B 8%u
s = V| —— = —
‘ ? /),

<

(5.34)

=

(&)
9,2
ap s

5.2.3 Chemical Capacitance'

Similar to heat capacity and compressibility, one may define a chemical capacitance,

oN

Ce=—
C i

1
= (5.35)
o

The chemical capacitance also depends on the thermodynamic conditions. For
example, for a single-component system, the chemical potential is only a function
of temperature and pressure and is independent of the number of moles N,

Ny
oN T.p

Hence,

N 1 1
Cc = W = = = oo(undefined) (5.36)
p (m)T,p (W)T,p

Therefore, the chemical capacitance for a single-component system at constant
temperature and pressure is not defined because of the Gibbs—Duhem relation among
the potentials. However, the chemical capacitance of a single-component system
for other thermodynamic conditions such as constant temperature (7') and volume
(V), or constant entropy (S) and constant pressure (p), or constant entropy () and
constant volume (V') or chemical capacitance of binary or multicomponent systems at
constant temperature (7') and pressure (p) is well-defined. For example, the chemical
capacitance of a simple-component system at constant temperature and volume can
be defined as

ON 9’E 1 1
(), =), ORI TE

N N2

where E is the grand potential energy, and F is the Helmholtz free energy.
It should be emphasized that similar to the different magnitudes for heat capacity
under the constant pressure and constant volume conditions or for compressibility

! Joachim Maier, “Chemical resistance and chemical capacitance,” Zeitschrift fiir Naturforschung,
75(1-2)b: 15-22, (2020).
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under the isothermal and adiabatic conditions, the chemical capacitance under
different conditions, e.g., the adiabatic and constant volume condition, or the adia-
batic and constant pressure condition, will be different from the chemical capacitance
under the isothermal constant volume condition.

5.2.4 Electric Capacitance

The familiar electric capacitance, Cg, is equal to the amount of charge (the electric
matter) dg that a dielectric capacitor can store or release per unit of electric potential
change do,

dg

C =
E b

(5.38)

We can also express the electric capacitance in terms of second derivative of an
energy function with respect to charge ¢,

oo =% _ (a%;’) (5.39)
P dg 002 )1 o '

where G’ is the electric potential energy function with electric potential ¢ as one of
the natural variables.

5.3 Volume Thermal Expansion Coefficient

Thermal expansion coefficient describes the thermomechanical coupling effect of
a material, i.e., the amount of relative volume change per degree of temperature
change,

1 /aV
a:—(—) (5.40)
viar ),y

Replacing V in Eq. (5.40) using the first derivative of G with respect to pressure,
we have the expression of thermal expansion coefficient in terms of the mixed second
derivative of Gibbs free energy with respect to temperature and pressure,

1 [ 0°G
o=— (5.41)
V\oTadp )y
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The thermal expansion coefficient can also be expressed in terms of the second
derivative of chemical potential with respect to temperature and pressure,
1 3%u
v dTdp

(5.42)

Typically, the thermal expansion coefficient of a material is experimentally
measured using a dilatometer that measures the linear thermal expansion coefficient.
Since the magnitude of thermal expansion coefficient of a solid is small, typically
on the order of 107%/K, one can obtain the volume thermal expansion coefficient o
from the linear thermal expansion coefficient ¢ using the following approximation,

1/9 1 /oL
a_—(—”> %3051:3—(—) (5.43)
w\a7 ), \ar ),

where L is the length of a bar used to measure the linear thermal expansion coefficient.

5.4 Thermal, Mechanical, Electric, and Magnetic Effects
of Homogeneous Crystals’

For crystals, many properties are generally anisotropic and thus often represented by
tensors and vectors rather than scalers. For example, the relationships between the
mechanical stress o;; and strain ¢;; are given by

0ij = Cijuén, €ij = SijkiOkl (5.44)

where C;ji; and s, are fourth-rank elastic stiffness and compliance tensors.
The relationships between electric field E; and electric displacement D; are

D, =¢,E;+ P, = Eo(Sij + X,‘j)Ej = EOKijEj = kijEj, P, = EOX,']'Ej (5.45)

where €, , P, &;j, xij, Ki, and k; are vacuum permittivity
(8.854 x 10712 F/m, C/ (Vm)), polarization (a vector quantity representing the
electric dipole moment per unit volume, or polarization charge per unit area taken
perpendicular to the direction of polarization), Kronecker delta function, dielectric
susceptibility tensor, relative permittivity or the dielectric constant, and dielectric
permittivity tensor, respectively.

The relationships between magnetic field H; strength and magnetic induction B;
in a crystal are

2 J. F. Nye, Physical Properties of Crystals, Their Representation by Tensors and Matrices, Oxford
University Press, Oxford Science Publications 1995.
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Bi = poH; + I = po(8ij + ¥ij) H; = poMijH; = pijHj, I; = koWij Hj,
(5.46)

where (o, I;, ¥ij, M;j, and 1;; are vacuum permeability (477 /10"H/m,N/A?), magne-
tization or magnetic moment per unit volume, magnetic susceptibility tensor, relative
magnetic permeability tensor, and magnetic permeability tensor.

For a crystal involving electric, mechanical, magnetic, gravitational energy, the
differential form for the internal energy is given by

where U isinternal energy, T temperature, S entropy, i chemical potential, N number
of moles, ¢ electrical potential, g electric charge, o;; and ¢;; are ijth components of
stress and strain, E; and D; are the ith components of electrical field and electric
displacement or flux density, H; and B; are the ith components of magnetic field and
magnetization induction, g is the gravity, z is the height, and m is the mass. Repeating
indices in the same term in Eqs. (5.44-5.47) above and equations follow below
imply summation over those indices following the Einstein summation convention
is adopted.

The pressure—volume term is assumed to be included in the stress—strain term.
For example, if the stress is hydrostatic pressure,

oij = —péij. (5.48)

where §;; is the Kronecker-Delta function which is 1 if i = j and O otherwise.
Therefore, in the case of hydrostatic pressure,

VO’,‘del‘j = _Vp(sijdgij = —de(Sll + &0 + 833) = —pdV (549)

The chemical, electric charge, and gravitational terms can be combined into a
single term for a particular charged species i,

widN 4+ ¢ Fz;dN + gzMdN = (u; + ¢Fz; + gzM)dN, (5.50)

where p; is chemical potential of species i, F is the Faraday constant, z; is the
valence of the species i, z is height, and M is molar mass. Therefore, if we understand
the chemical potential in the differential form as the total potential which includes
chemical, electric, and gravitational potentials, we can write down a slightly shorter
version for the differential form,

dU =TdS + MdN + VO'ideij + VE,dD, + VH,dB, (551)

The integrated form for the above equation is
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U=TS+ uN + VO',‘_/'S,‘]‘ +VE;D; + VH;B; (5.52)
The total energy of a system should include all the interaction energies with its
surrounding, and the corresponding energy function has been given different names
such as electric free energy or enthalpy, magnetic free energy, the grand free energy,
etc.
For one mole of substance, Eq. (5.52) becomes
M:TS+/L+U(Gij8[j+EiPi+H,‘B,‘) (553)
where u, s, i, and v are molar internal energy, molar entropy, chemical potential,
and molar volume, respectively.

For a unit volume, we can rewrite Eq. (5.52) in terms of densities,

uy =Tsy+ pc +oj;6; + E;D; + H; B; (5.54)

duy, = Tdsy + ude + U,'jdé‘ij + E;dD; + H;dB; (5.55)
where s, and ¢ are entropy per unit volume (entropy density) and number of moles
per unit volume, respectively.

Below we will work with per unit volume basis, so we will drop the subscript v

in the equations that follow.

u=7Ts+ ue + 0ij&ijj + E,’D[ + H,'B,' (556)

du = Tds + ,deC + Oijdgij + E,‘dDi + H,'dB,' (557)
The corresponding Helmholtz free energy density is given by

f:/,LC—FO',‘jE,'j—i-E,'D,' +H,'B,' (558)

df = —sdT + MdC + O’,'de,‘j + EidD,‘ + H,‘dB,‘ (559)
where s is the entropy density.
If one chooses potentials and fields as the natural variables, the appropriate

thermodynamic potential will be,

8 =M—TS—O’,‘]‘8,‘}‘ —EiD,' —HiBi (560)

dg = —sdT + pdc — (&;;doi; + D;dE; + B;dH;) (5.61)

where g is the Gibbs free energy density which is essentially the chemical energy
density or chemical energy per unit volume.
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5.5 Principal Properties

We can write down all the familiar definitions of properties using the following two
versions of differential forms of fundamental equation of thermodynamics

df = —sdT + /LdC + Uijdgij + EidDi + HidBl' (562)

dg = —sdT + ,LLdC — (sijdaij + D,’dE,' + B,dH,) (563)

It is reminded that all the terms in the above two equations have the unit of energy
per unit volume. To reduce the number of equations, let us assume the volume density
of matter is a constant, so we have

df = —sdT + (T,'jd&‘ij + E;dD; + H;dB; (5.64)

dg = —sdT — (sijdaij + D,'dEi + B,dH,) (565)

Immediately, we can write down the following definitions of stress, electric and
magnetic fields based on the first derivatives of Helmholtz and Gibbs free energy
densities,

b d d
0¢ij T.D,B; aD; T.e,B; dB; T.e,D

d d d
<;&) z_ﬂﬁ(—é) :—Dh<4&> ——B (567
d0;; T.E.H OE; T.0.H dH; T.0.E

The principal physical properties of a crystal are given by the second derivatives
with respect to a particular thermodynamic variable; e.g., the second derivative of
Gibbs free energy with respect to temperature is related to heat capacity at constant
stress, electric, and magnetic fields.

Heat capacity

a2 d
) )ms o
oT o,E.H or o,E.H T

It should be noted that the heat capacity here is on a per unit volume basis.
Elastic stiffness and compliance constants

The second derivative of Helmholtz free energy density with respect to strain is

82 80'l"
( f'> =(—i) — Cyu (5.69)
88ij38k1 T.D.B 88k1 T.D.B
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where C;jy; is a fourth-rank elastic stiffness modulus tensor which linearly connects
second-rank elastic stress tensor, o;;, and second-rank elastic strain tensor, g;.
The second derivative of Gibbs free energy density with respect to stress is

82g 0g;; _
(—> = —(—]> = —C,»j,ll = —Sijkl (5.70)
90§00k ) 1 g 9k ) .61

where Ci;,i , is the inverse of elastic stiffness tensor, and s, y; is the fourth-rank elastic
compliance tensor.

Dielectric Permittivity Tensor

The second derivative of Gibbs free energy density with respect to electric field is

92 aD;
_o8 — (2 = —K;j (5.71)
aEian T,0,H 8EJ' T,0.H

where «;; is the second-rank permittivity tensor.
The second derivative of Helmholtz free energy density with respect to the electric

displacement is
a2 IE;
f =(—= =k (5.72)
aD;dD; ), p aD; ). Y

! can also be

where the inverse to the second-rank dielectric permittivity tensor ;;
called the second-rank dielectric stiffness tensor.
Sometimes, the electric polarization rather than electric displacement is used as

an independent thermodynamic variable,
D,‘ :KijEj = (8,‘] +Xij)60Ej =60Ei+P,' (573)

where ¢, is the vacuum permittivity, and x;; is the second-rank dielectric suscepti-
bility tensor. The dielectric permittivity tensor is related to the susceptibility tensor,

Kij = (8,'/' + Xij)eo (574)

where (8i i+ X j) is the dielectric constant tensor.

It should be pointed out that either D; or P; or E; can be chosen as an indepen-
dent thermodynamic variable, but one cannot use two of them simultaneously as
independent thermodynamic variables. The corresponding equations using electric
polarization rather than electric displacement are

dg = —sdT — Sijdo‘[j — Pl'dE,‘ — B[dHl' (575)
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92 P
( g ) = —(—) = —€oij (5.76)
aEian T,0,H an T,0,H

Magnetic Permeability Tensor

The second derivative of Gibbs free energy density with respect to the magnetic field
is the negative the second-rank magnetic permeability tensor,

82g _ aB, _
3H,~8Hj T.0,E 3Hj T.0,E

where p1;; is the magnetic permeability tensor. Similarly, the second derivative of
Helmholtz free energy density with respect to the magnetic inductance is

92 oH, _
f =(— = u' (5.78)
dB;dB; T.e,D 331’ T.e,D

where the inverse to the second-rank magnetic permeability tensor ,ui;l can also be
called the second-rank magnetic modulus tensor.

5.6 Coupled Properties

Thermoelastic Effects—Thermal Expansion Coefficients

The coupled physical properties of a crystal are given by the mixed second derivatives
with respect to two thermodynamic variables; e.g., the second derivatives of Gibbs
free energy density with respect to temperature and stress are

Bzg 88,"
== = —a;; (5.79)
aTanj oT o.E.H
32 d
£ _ _(_s) = —a, (5.80)
anjaT 8Gij T.E.H J

where «;; is the second-rank thermal expansion coefficient tensor, and o] i is the
second-rank elastocaloric tensor.

Pyroelectric Effects

The two mixed second derivatives of Gibbs free energy density with respect to
temperature and electric field are
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92 aD;

g - (X =—p (5.81)
ATIE; 0T ), o

9?2 d

£  _ (X2 =—p (5.82)
IE0T 9E: ) o u

where p; is the pyroelectric vector, and p; is the electrocaloric vector.
Pyromagnetic Effects

The pyromagnetic effects can be expressed in terms of the mixed second derivatives
of Gibbs free energy density with respect to temperature and magnetic fields,

92 9B;
£ (2 — (5.83)
0T 9 H, 0T ), o
92 9
. (= - (5.84)
OH 0T 0H; )1, 1

where 7; is the pyromagnetic vector, and 7/ is the magnetocaloric vector.
Piezoelectric effects

The mixed second derivatives of Gibbs free energy density with respect to stress and
electric fields are

a2 aD;
& _ —( ) = —diji (5.85)
BajkaEi 8(Tjk T.E.H
82g 38," ,
— = —d, (5.86)
aEkaO'ij aEk T.0.H

where d; i is the third-rank piezoelectric tensor, and d;}, is the third-rank converse
piezoelectric tensor.

Piezomagnetic Effects

The piezomagnetic effects can be expressed in terms of the mixed second derivatives
of Gibbs free energy density with respect to stress and magnetic fields,

82g BB,
—_— == — = _Zijk (587)
80'jk3Hi aO'jk H

82g 88,‘]‘ ,
% (=L ) =_7. 5.88
9 Hyd03; (aHk>G Gk ©-88)

where z; i is the third-rank piezomagnetic tensor, and z;;, is the third-rank converse
piezomagnetic tensor.
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Magnetoelectric Effects

The magnetoelectric effects can be expressed in terms of the mixed second derivatives
of Gibbs free energy density with respect to electric and magnetic fields,

9’ 9D,

LA B i — (5.89)
IH,OE; 0H; )

9’ dB;

- S L — (5.90)
IE; 0 H; IE; ) /

where B;; is the second-rank magnetoelectric tensor, and g;; is the second-rank
converse magnetoelectric tensor.

5.7 Summary Comments on Relationships Between
Derivatives and Properties.

Since the most common experimental conditions in materials science and engineering
are constant temperature and constant pressure, Table 5.1 summarizes the defini-
tions of most often used thermodynamic properties and their relations to the second
derivatives of chemical potentials:

Here we summarize a few general observations on the relationships between
derivatives of thermodynamic energy functions with respect to one or more thermo-
dynamic variables and derivatives of one thermodynamic variable with respect to
another.

e The first derivative of a fundamental thermodynamic energy function with respect
to a thermodynamic variable is another thermodynamic variable within the same
thermodynamic variable conjugate pair. For example,

(U _(2H G_ _(OF\ __(%G\ _ _(@E
\as /)y Nos/),y o \er ),y \or /),y \oT/,,
<8H> <8G> <8U> <8F> <aa)

V=|— = | — Pp=—\-—= = —| — = —
p /s p Jrn oV /e n vV /) rn v T,

Table 5.1 Thermodynamic properties defined by the first and second derivatives of chemical
potential with respect to temperature and pressure

u=(%)w dp = —sdT + vdp Cp=(%)p ﬁT:_%(%)T 0‘=%(§#)p

) 1

_ du) _<3u> N (Bzu) _ I(Bzu) o= 12!
s =—\= V= Cp = — - = —=\: aTd
(dT » ) r p 077 ), Br 57 )y v 3Top
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<8U) <8H> <8F> (86) N <3E>

I,L = —_— = —_— = _— = —_— N = —

N /sy IN /s, N /1y ON /7, ou/)ry

e The first derivatives of chemical potential with respect to its thermodynamic vari-

ables, temperature T and pressure p, are the corresponding molar thermodynamic
quantities, molar entropy s and molar volume v,

s=—|—) ,v=—
ar ), op/)r
e The first derivative of a thermodynamic energy density function with respect
to a component of a thermodynamic vector or a tensor variable is the corre-

sponding component of another thermodynamic variable tensor within the same
thermodynamic variable conjugate pair. For example,

(i) Y (i) _E (i) _n
9¢ij ) 1. p.p 7"\oD; T.e.B 9Bi ) 1D

ag g g
<£) = e (37) =D (ﬁ =5
/) TEH 1t/ T,oH 1t/ ToE

e The first derivatives of extensive thermodynamic variables (S, V, N) with respect
to their corresponding intensive thermodynamic variables (T, p, ) are thermo-
dynamic properties measuring how susceptible a material is to external stimuli or
how much matter can be stored per unit of potential change. For example,

(as) _ (82F> _Cy (as) B (82G) G
AT )y n AT )y v T \aT PN aT% ), n T’

v 3’G v 0’H
- — > = —VﬂT, —_— = a2 = _V,BS
/) rn p* )N apJ)sn p* Jsn

e The first derivatives of intensive thermodynamic variables (7', p, i) with respect
to extensive thermodynamic variable (S, V, N) are materials moduli including
thermal modulus, mechanical modulus (K1), and chemical modulus. For example,

(E)T) _ <32H) T <8p> _ <82F) 1 By
98/, n 952 PN C, \aVv TN aV2)rn VBr Vv
e The first derivatives of the densities of extensive thermodynamic vari-
ables (s,- i Di, Bi) with respect to their corresponding thermodynamic fields
(a,- i» Ei, Hi) are measures of materials susceptibility tensor properties such as

elastic compliance tensor, dielectric permittivity tensor, and magnetic perme-
ability tensor. For example, for a closed system,
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(52,0 = G, ., =10 (52,)
4 = — ———— =S8, | —
9ok ) 151 90ij004 ) 1 g o OE; ) rom
82g -
= — = K..
8E[8Ej T,0,H &
(52,0 = i), =t (52)
—_— = -] — = .. N e
9ok ) 1.p 1 90001 ) 1 p i OE;j ) ron

= — 82g = [(f&“
OEOE; ) 1.y Y

e The firstderivatives of thermodynamic fields (oi i E, H ) with respect to the densi-
ties of extensive thermodynamic variables (8[ i Dj, Bi) are materials modulus
tensors such as elastic stiffness or modulus tensor, dielectric stiffness or modulus
tensor, and magnetic stiffness or modulus tensor. For example,

(520, = (i), =t (35
¢k ) 161 0¢ij0¢x ) 1 gy t 0D )15
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5.8 Examples

Example 1 The internal energy () per electron for the electrons in the conduction
band can be approximately as (3/2)kgT + E. where kg is Boltzmann constant, 7
is temperature, and E. is the conduction band edge energy or the minimum electron
potential energy. What is the heat capacity of electrons at constant volume?

Solution
The constant volume heat capacity of free electrons in the conduction band is given
by

0 3
cy = (a—;)u = EkB’ heat capacity per electron

Example 2 The Gibbs free energy G of a monatomic ideal gas with N number of
atoms as a function of temperature T and pressure p is given by
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ZkBT ZﬂkaT 3/2
G(T, p, N) = —NkgT {In B
p h?

where kg is the Boltzmann constant, m the effective mass of electrons, and / the
Planck constant.

(a) Find the constant pressure heat capacity.
(b) Find the isothermal compressibility.

Solution

(a) The constant pressure heat capacity is given by

392G 5
Cp=-T(a | =>Nks
T2 ),y 2

(b) The isothermal compressibility is given by

5 1 (82G> 1
T = —— — —_ —
vV \ ap? N P

Example3 Consider atwo-energy-level system with energy levels ¢, and &1, volume
V, and N total number of independent particles, the Helmholtz free energy, entropy,
and internal energy in terms of the energy levels, the number of particles and
temperature are given by

€1

F(Tv v, N) = —NkBTln[e_k;iT —|—e_k37Ti|

_ fo_ .
N goe 7 +¢g1e ‘T
T [e7% +67%:|

S(T.V.N) = Nkg 1n[e*% + e*%] +

_ fo_ .
g€ T + g1 BT

_ _£o _ &
[e BT 4 e kBT]

U(T,V,N)=N

Determine the constant volume heat capacity from F (T, V, N), S(T, V, N), and
U(T,V,N).
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Solution
The constant volume heat capacity is given by

_e1—%0

o (U _p(3S\  __p(PF _NkE'(_EIIcB_;O)e w
Y Ner ),y T \er )y T \8T?) _n—fn)2

(1+e %

Example 4 The Helmholtz free energy of a blackbody radiation contained in a
volume V at temperature 7 is given by

4o 4
F(T,V)=——VT
3c

where o is the Stefan—Boltzmann constant, and c is the speed of light in vacuum.

(a) Derive an expression for the constant volume heat capacity as a function of 7'

and V.

(b) Derive an expression for the isothermal bulk modulus as a function of 7 and
V.

Solution

(a) The constant volume heat capacity is given by

8%F
Cy=-T|—) =—v1?
aT? ), c

(b) The isothermal bulk modulus is given by

9’F
Kr=V|l—) =0
av2 ),

Example 5 The electron density n at the conduction band edge of a semiconductor
as a function of chemical potential of electrons is assumed to follow the Boltzmann

distribution for electrons,
E;— E
n = N.exp ! 2
kgT

where Eris the Fermi level or the chemical potential of electrons, E. is the conduction
band edge energy, and N, is the conduction band edge density of states. Obtain the
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chemical capacitance C. of electrons per unit volume as a function of temperature
and electron density.

Solution
The chemical capacitance of electrons per unit volume is given by

C_<8n> _<3n> _n
T \ou/)ry \0Et);y  ksT

5.9 Exercises

1. The internal energy of a monatomic ideal gas is only a function of temperature
T and the number of moles N is given by

3
U(T.N) = SNRT

Calculate the constant volume heat capacity Cy and the molar constant volume
heat capacity c, of the monatomic ideal gas.

2. The enthalpy of a monatomic ideal gas is only a function of temperature and is
given by

5
H(T) = 3 NRT
Calculate the constant pressure heat capacity C, and the molar constant pressure
heat capacity c,, of the monatomic ideal gas.

3. Calculate the difference between ¢, and ¢, for one mole of ideal gas at
temperature 7.

4. We consider arubber at a certain temperature 7 as a polymer chain consisting of
N rod-shaped monomers with length a. The Gibbs free energy G as a function
of temperature 7', force f, and number of monomers N is given by

_ al_
G(T, f,N) = NkBTln[ZCOSh<kBT>i|

where kg is Boltzmann constant.

(a) Find the heat capacity at constant f and N.
(b) Find the thermal expansion coefficient at constant f and N.
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Given the vibrational Helmholtz free energy of a crystal,

F(T) = Nuy — 3NkpT In — D%/
1 —exp(—6g/T)

where u, and g are constants independent of temperature, kg is Boltzmann
constant, N is the number of atoms, and T is temperature. Derive an expression
for the constant volume heat capacity as a function of temperature 7 and number
of atoms N.

The chemical potential of a monatomic ideal gas as a function of temperature
T and pressure p is given by

3/2
= -arof 7 (mry )|
p h?

where R is gas constant, m is atomic mass, kg is the Boltzmann, and # is the
Planck constant. Express the molar entropy of the monatomic ideal gas as a
function of temperature and pressure.

(a) Express the molar volume of the monatomic ideal gas as a function of
temperature and pressure.

(b) Express the molar constant pressure heat capacity of the monatomic ideal
gas as a function of temperature and pressure.

(c) Express the molar constant volume heat capacity of the monatomic ideal
gas as function of temperature and pressure

(d) Express the isothermal compressibility of the monatomic ideal gas as a
function of temperature and pressure.

(e) Express the isothermal bulk modulus of the monatomic ideal gas as a
function of temperature and pressure.

(f) Express the adiabatic compressibility of the monatomic ideal gas as a
function of temperature and pressure.

(g) Express the adiabatic bulk modulus of the monatomic ideal gas as a
function of temperature and pressure.

(h) Express the volume thermal expansion coefficient at constant pressure as
a function of temperature and pressure.

Below are three different forms of fundamental equation of thermodynamics
for an ideal gas:

2mmkgT 3,

r VY byl Y (2T 2
128 N )T kB N 2

B(T,V,p) = —VkBT(
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F(T,V,N)=—NkgT{1+1 v (2mmkpT
—_— n —_— —_—
T B N h?

where E is grand potential energy, u is chemical potential, F is Helmholtz free
energy, N the number of atoms, 7' temperature, kg the Boltzmann constant, V
volume, m is atomic mass, and % is the Planck constant. Show that the chemical
capacitance of the ideal gas at constant temperature and volume is given by

o (¥Ey __ 1 _ 1 _ N
<\ v () (aE) kT
! IN TV ON2 TV

8. The chemical potential of a material «(G) as a function of temperature 7 (K)
and pressure p (bar) is approximated by

w(T, p) = Ao+ A\T + AyTInT + AsT? + Aup + AsTp + Agp®

where Ag, Ay, Az, A3, A4, As, and Ag are constants.

(a) Obtain an expression for the molar entropy of the material as a function
of temperature and pressure.

(b) Obtain an expression for the molar enthalpy of the material as a function
of temperature and pressure.

(c) Obtain an expression for the volume thermal expansion coefficient as a
function of temperature and pressure.

(d) Obtain an expression for the isothermal compressibility of the material as
a function of temperature and pressure.

(e) What is the amount of heat required to raise the temperature of one mole
of the material by 100K at 1 bar? (Express your result in terms of the
constants Ag to Ag in the chemical potential expression)

(f) Obtain an expression for the molar constant volume heat capacity as a
function of temperature and pressure.

9. The fundamental equation of thermodynamics of a monatomic Van der Waals
gas with atomic mass m in terms of the Helmholtz free energy can be
approximated as

aN? (V — Nb) [ 2nmkgT \*/*
F(T,V,N) === = NksT{1+1In ~ s

where a and b are constants, N the number of atoms, 7 temperature, kg the
Boltzmann constant, V volume, and / the Planck constant.

(a) Express the constant volume heat capacity as a function of 7, V, and N.
(b) Express the isothermal bulk modulus as a function of 7, V, and N.
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(c) Express the chemical capacitance at constant temperature and volume of
the monatomic Van der Waals gas as a function of 7, V, and N.

10.  The chemical potentials of Si in diamond structure and liquid (/) Si as a function
of temperature at 1 bar are given below using the enthalpy of Si in diamond (d)
structure as the reference (from SGTE element database):

nd = —8162.6 +137.23T —22.832T In T — 1.9129 x 107372
—0.003552 x 107°T3 + 17667T~' G (298K < T < 1687K)

ud, = —9457.6 4+ 167.28T — 27.196T In T
— 42037 x 108T7~° G (1687K < T < 3600K)

[l = 42534 4+ 107.14T — 22.832T In T — 1.9129 x 107°T% — 0.003552 x 107°73
+17667T 71 +209.31 x 107377 G (298K < T < 1687K)

1y =40371.0 + 137.72T —27.196T In T G (1687K < T < 3600K)

(a) Derive the expressions for the molar enthalpy, molar entropy,
and molar heat capacity of Si in diamond structure as functions of
temperature.

(b) Derive the expressions for the molar enthalpy, molar entropy, and
molar heat capacity of liquid Si as functions of temperature.



Chapter 6 ®)
Relations Among Thermodynamic e
Properties

The thermodynamic properties obtained from the fundamental equations of thermo-
dynamics through first and second derivatives of a fundamental equation of thermo-
dynamics are mathematically related to each other and thus are not independent. The
relations among different thermodynamic properties can be employed to obtain prop-
erties which are more difficult to experimentally measure or theoretically compute
using those which are easier to measure or compute. The relations can also be used
to examine if the properties obtained from different sources are consistent with each
other. Therefore, they are extremely useful in thermodynamics. One of the most
useful types of relations is the Maxwell relations which relate thermodynamic prop-
erties represented by mixed second derivatives of a fundamental energy or entropy
function with respect to two variables belonging to different conjugate variable pairs,
i.e., the coupling properties between thermal, mechanical, and chemical variables in
a simple system. For example, thermal expansion coefficient and barocaloric effect
are two properties which both involve the coupling between a mechanical variable
and a thermal variable, and thus they must be related. For crystals, the coupled prop-
erties may involve tensorial mechanical, electric, and magnetic variables. Exam-
ples of coupled properties in a crystal include thermal expansion, thermoelectric,
pyroelectric, piezoelectric, piezomagnetic, and magnetoelectric tensorial properties.

6.1 Maxwell Relations

Maxwell relations relate the mixed derivatives of a state function with respect to two
of its variables. Let us start with the differential forms for the fundamental equations
of thermodynamics. Since the most often-employed thermodynamic energy function
is the Gibbs free energy function, we will start with the differential form for the Gibbs
free energy as an example,

dG = —SdT + Vdp + udN (6.1)
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From Eq. (6.1), one can write down the following first derivatives of G with
respect to temperature 7', pressure p, and the number of moles N,

G G G
oT J , v op)rN oN/r,

Now we take the mixed second derivatives of G with respect to temperature 7
and pressure p,

BRI [N N

(6.3)

Since the Gibbs free energy is a property of a system, it is a state function. For
a state function, the sequence of taking the first and second derivatives for a mixed
second-order derivative does not matter, i.e.,

| I E [ I |

Therefore, we have a Maxwell relation

“(5),.. = (&7)
ap T,N_ ar ».N .

Using the definition of volume thermal expansion coefficient o, we have

0 oV
<_S> _ _<_> — Vg (6.6)
ap T.N oT PN

While the thermal expansion coefficient of a material is relatively easy to measure,
we do not have a routine apparatus to directly measure the entropy change as a result
of pressure change. However, we could use Eq. (6.6) to compute or estimate the
change in entropy AS as a result of pressure change, e.g., from p;| to p,, using
the information on the pressure dependence of thermal expansion coefficient as a
function of pressure,

P2 P2

P2
as av
AS:/(—) dp:—/(—) dp:—/Vadp (6.7)
/) rn T ), n

p1 P1 4

The entropy change as a result of pressure change at constant temperature
(08/3p) 7y is called the barocaloric effect.
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Similarly, we can write down the mixed second derivatives of G with respect to
T and N,

BN s e[ M | IR

(6.8)
from which we have another Maxwell relation
0S b
B i (—”) 6.9)
oN T.p oT sN
By definition, (35/dN)r , is the molar entropy s, and (d;/3T), y is —s, and
hence we have
08 0
_[_] _ <_“) . (6.10)
IN T.p oT pN

Therefore, the mixed derivatives of Gibbs free energy with respect to temperature
and the number of moles do not generate a new relation since both mixed derivatives
are definitions of negative of molar entropy.

We can also write down a final Maxwell relation based on Eq. (6.1) with respect
to pressure and number of moles,

av
(),
T.p

ECININ
N I D

(ﬂ) :<3_“) — (6.12)
N T.p ap T.N

where v is the molar volume. The relation between mixed derivatives of Gibbs free
energy with respect to pressure and the number of moles does not generate any new
relation either.

From the above discussions, we can also see that it is sufficient to work with the
chemical potential as a function of temperature and pressure rather than the Gibbs
free energy of a material as a function of temperature, pressure, and the number
of moles. The differential form of the fundamental equation of thermodynamics in
terms of chemical potential as a function of temperature and pressure is essentially the
Gibbs—Duhem relation for a single-component system or a multicomponent system

and hence,
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Table 6.1 Common Maxwell .
relations for simple systems (
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with a fixed chemical composition,
du = —sdT + vdp (6.13)

where s and v are molar entropy and molar volume, respectively. We can immediately
write down the Maxwell relation,

as av
— _— = —_— = (6.14)
op /) or ),
We can write down similar sets of Maxwell relations based on the alternative

expressions for the differential forms of the fundamental equation of thermodynamics
in terms of internal energy, Helmholtz free energy, and enthalpy. For example,

aT 9
dU = TdS — pdV + udN, (=) =-(2 (6.15)
v )5y 35 ),
35S 9
dF = —SAT — pdV + udN, (22) = (22 (6.16)
ov ),y " \ar ),
aT gV
dH:Tw+V®+mW,(—> =<—) 6.17)
op Jsn a5 PN

Table 6.1 summarizes the most practically useful Maxwell relations for simple
closed systems.

6.2 A Few Useful Strategies for Deriving Property Relations

To derive the relations between thermodynamic properties or to express thermody-
namic derivatives in terms of well-known experimentally measurable thermodynamic
properties, we often employ the following four tools:

(1) The differential forms of the fundamental equations of thermodynamics.
(2) The definitions of properties based on the first and second derivatives of
thermodynamic energy functions.
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3
“

The Maxwell relations.
The following two mathematical formulae for manipulating derivatives.
ad az/ow),
<_Z) = (/—)} (6.18)
dx y (dx/0w),
9 az/0x),
(—y> _ _Le/om, (6.19)
ox /., (0z/9y),

Below we summarize six strategies to express derivatives in terms of thermody-

namic properties and derive property relations.

Strategy 1: For the derivative (dz/dx),, if either z or x is an extensive quantity
while the other two are both intensive thermodynamic quantities, express the
derivative in terms of a defined thermodynamic property such as heat capacity,
compressibility, bulk modulus, or thermal expansion coefficient. If it cannot be
directly expressed as a defined property, employ a Maxwell relation to convert it
to another derivative which can be expressed as one of the defined, measurable
thermodynamic properties.

Strategy 2: For the derivative (dz/dx),, if z and x are both extensive thermody-
namic quantities, either energy or amount of matter while y is an intensive ther-
modynamic potential quantity, choose another intensive parameter w (different
from y), use Eq. (6.18) to express this derivative as a ratio of two derivatives, and
then use Strategy 1 to express it in terms of a ratio of two defined properties.
Strategy 3: For the derivative (dy/dx)_, if either x or y or both are intensive
potential quantities while z is an extensive variable representing a form of energy
(or sometimes entropy), use Eq. (6.19) to express the derivative as a ratio of two
derivatives, and then use Strategy 1 to express it in terms of a ratio of two defined
properties.

Strategy 4: For the derivative (dz/dx),, if z is a thermodynamic energy quantity
while neither x nor y are a natural variable for z, start with the differential form for
the fundamental equation of thermodynamics in terms of z, and use the above-
described strategies if necessary to express the derivatives in terms of defined
properties.

Strategy 5: To derive an equation for the difference in a susceptibility or capacity,
e.g., heat capacity, between two measurement conditions, e.g., constant volume or
constant pressure, the first step is to write down the differential for the extensive
thermodynamic variable, in this case, entropy S, involved in the definition of
the capacity, e.g., the heat capacity, Cy, in terms of the corresponding intensive
variable, in this case, temperature 7, and the thermodynamic condition, in this
case, constant volume V for a closed system with fixed number of moles N,

BN 3S
ds = <_) dT+(—> av (6.20)
T ), v ),
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e Strategy 6: To derive an equation for the difference in a susceptibility, e.g., elastic
compliance tensor, between two measurement conditions, e.g., constant electric
field (electrically free condition) or constant electric displacement (electrically
clamped condition), the first step is to write down the differential for the density
of the extensive thermodynamic variable, in this case, strain tensor g;;, involved in
the definition of the susceptibility, e.g., the electrically clamped elastic compliance
tensor, sgkl, in terms of the corresponding intensive variable, in this case, stress
o1, and the thermodynamic condition, in this case, constant electric displacement
D;, i.e., for a closed system,

de;; = 95\ g+ (29 ap, 6.21)
acrk; D 8Dk pu

6.3 Examples of Applying Maxwell Relations

6.3.1 Barocaloric Effect

As mentioned above, one of the applications of Maxwell relations is to obtain prop-
erties that are difficult to measure experimentally using properties that are easier
to measure. The barocaloric effect is a coupling property between mechanical and
thermal contributions to the thermodynamics of a solid. It can be defined as the
isothermal entropy change or the adiabatic temperature change of a solid as a result

of an applied pressure, i.e.,
N oT
(—) or (—) (6.22)
ap )¢ )

A direct measurement of entropy change as a result of pressure change is not
possible although one could measure the amount of heat released as a result of the
application of pressure to determine the entropy change. Since we cannot express
the derivative of entropy with respect to pressure in terms of a defined property, we
utilize a Maxwell relation to relate the isothermal entropy change with pressure to
the isobaric volume change with temperature (Strategy 1), i.e.,

(ﬁ) =_<8_V> _ Vo (6.23)
o), ot ),

where « is the volume thermal expansion coefficient which is reasonably easy to
measure.

To relate the isothermal entropy change to adiabatic temperature change as a result
of pressure change, we examine the change in entropy with temperature and pressure
(Strategy 4). Under a reversible adiabatic condition, we have
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as s
dS=(—)dr+ (=) dp=0 (6.24)
oT ), ap ),

Therefore (Strategy 1),

__0S/p)r, Vo TVa
~Twespn, T (e, T TG,

dp (6.25)

which shows that the barocaloric effect is proportional to the thermal expansion
coefficient or the rate of volume change with temperature change.

We can also simply obtain the temperature change due to the barocaloric effect
as

aT 85/d TV
dT:(—) ap= -0/, TV, (6.26)
op ) 8S/37), c,
where
oT
(—) 6.27)
op /g

is the practical measure of barocaloric effect, i.e., the rate of adiabatic temperature
change due to the change in pressure. Since T, V, and C,, of a stable material are
always positive, and the thermal expansion coefficient « can be positive or negative,
the barocaloric effect can be either positive or negative.

6.3.2 Isothermal Volume Dependence of Entropy

It is generally believed that increasing volume of a material at constant temperature
always increases the entropy of the material. Let us examine the isothermal volume
dependence of entropy by writing down its thermodynamic expression,

aS
(W) ) (6.28)

which can be written as a ratio of two derivatives using Strategy 2,

(8S> _ (8S/ap)r
T

av ), = @Viopy (€29

We now use a Maxwell relation to express both derivatives on the right-hand side
of Eq (6.29) in terms of measurable properties,
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(ﬁ) _ @S/dp)y . @V/IT),  a
av ), @V/epyr  @V/Ip)r  Br

(6.30)

For a stable material, the isothermal compressibility is always positive. However,
there are a small group of materials which have negative thermal expansion coef-
ficients. For materials with negative thermal expansion coefficient, the entropy
of the material decreases as volume increases at constant temperature, which is
counterintuitive.

6.3.3 Joule Expansion Effect

In a Joule expansion process of a gas, a fixed amount of gas adiabatically expands
into a vacuum, a process also called free expansion. This adiabatic expansion process
is highly irreversible. Since the process is adiabatic, and there is no work interaction
between the system and its surrounding due to the fact that the expansion is against
a vacuum, i.e., zero pressure, the internal energy is constant during this process
according to the first law of thermodynamics. Therefore, we could also call this
process as an iso-energetic expansion process. Even though the process is highly
irreversible, the temperature change is independent of the process path for the same
volume change since temperature is a property of the system and thus a state function.
Therefore, we can compute the temperature change assuming a reversible process.
The Joule expansion effect can then be quantitatively defined as the iso-energetic
temperature change as a result of volume change, i.e.,

(3—T> (6.31)
v/,

To relate this effect to commonly measured thermodynamic properties, we use the
mathematical relation [Eq. (6.19), Strategy 3] to rewrite the derivative [Expression
(6.31)] as a ratio of two derivatives,

(E)T) _ U/,
U

= (6.32)
v U/aT),

We can immediately recognize that the denominator of the right-hand side of Eq.
(6.31) is the constant volume heat capacity,

oU
(8_T> § =Cy (6.33)

To obtain the isothermal internal energy change as a result of volume change,
we examine the differential form of the fundamental equation of thermodynamics
in terms of internal energy for a closed system since temperature 7" is not a natural
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variable for internal energy U (Strategy 4),
dU =TdS — pdV (6.34)

Dividing both sides of the above equation by dV, we have

U ds
& 6.35
av ~tav P (6.35)

Now let us keep temperature constant when we take the two derivatives in the

above equation and use the mathematical relation (Eq. (6.18), Strategy 2) since both
S and V are extensive quantities while 7 is an intensive quantity. We can rewrite Eq.

(6.35) as
U\ (SN @S/op);
(W)T‘T<8V)T P=Tavim, P (6:30)

By using the Maxwell relation,

(3_5) :_<3_V> , (6.37)
op/r ar /,

(&) — TM —p (6.38)
v /)r @V/op)r

we have

Using the definitions for the isobaric volume thermal expansion coefficient o and
the isothermal compressibility 87, we have

i =— —p=TaB; — 6.39
oV p aBr —p (6.39)

oU (1/Vv)@Vv/oT) To
(39, -
T —(1/V)@V/dp)r Br

where By is the isothermal bulk modulus. Therefore, the Joule expansion effect or
the rate of temperature change d7° with respect to volume change dV at constant
internal energy is then given by

0T\ _ @U/V)y 1 (Ta \ 1 )
<W>U_ OU/dT), Cv<ﬂT 1’) =—¢, TeBr—p) (640

For a finite volume change, the above equation will have to be integrated to obtain
the finite temperature change for the free expansion process, which requires the
volume dependences of the quantities on the right-hand side of Eq. (6.40). Using Eq.
(6.40), it is easy to show that the Joule expansion effect is zero for ideal gases since
for ideal gases Ta = 1 and Brp = 1.
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6.3.4 Joule-Thomson Expansion Effect

The Joule-Thomson expansion effect is the temperature change of a fluid as a result
of pressure change, while the enthalpy of the fluid is constant. It has a number of
applications including refrigeration and liquification of gases. The magnitude of the
Joule-Thomson expansion effect of a fluid is thermodynamically quantified as

(B—T> (6.41)
op /)y .

Using the mathematical relation [Eq. (6.19), strategy 3] since 7" and p are inten-
sive, and H is an extensive energy quantity, we can rewrite the above derivative
[Expression Eq. (6.41)] as

<8T> _ _(8H/8p)T (6.42)
H

op OH/IT),

We can immediately recognize that the denominator of the right-hand side of Eq.
(6.42) is the constant pressure heat capacity,

(a_zq) =C (6.43)
or), 7 ’

To relate the partial derivative in the numerator of Eq. (6.42) to familiar ther-
modynamic properties, we use the differential form of the fundamental equation of
thermodynamics in terms of enthalpy since temperature 7 is not a natural variable
for H (Strategy 4),

dH =TdS+ Vdp (6.44)

Dividing both sides of the above equation by dp, we have

W _ 35y (6.45)
dp ~ “dp ’

Let us keep temperature constant for the two derivatives of the above equation,
we can rewrite Eq. (6.45) as

(3_H) =T<§> Ly (6.46)
op Jr ap/r

By using the Maxwell relation (Strategy 1),
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(§> =_<3_V> , (6.47)
op/r ar/,

oH A%
(%L = ‘T(ﬁ>,, v (49

Using the definitions for the isobaric volume thermal expansion coefficient o, we
have

we have

<ﬁ) =V(A-Ta) (6.49)
o /)r

Therefore, the magnitude of the Joule-Thomson effect of a fluid is given by

(B_T) __@H/3p); _V(Ta-1) (6.50)
op)y  WHJOT), Cy

As one can easily see that this effect is zero for ideal gases since for ideal gases,
To = 1. However, it is nonzero for real gases and liquids.

6.3.5 Griineisen Parameter

The Griineisen parameter represents the temperature increase of a material as the
material is adiabatically, reversibly compressed. For an adiabatic reversible process,
the entropy of the material is constant, while the degree of compression is measured
by the relative volume change dV / V. Therefore, the dimensionless Griineisen param-
eter Y is the relative temperature change (d7'/ T') as aresult of relative volume change
at constant entropy, i.e.,

oT/T olnT V]ar 0
S ECEVEDN - || =v(Z2 (6.51)
@V/V)ls olnV /g TLoV | v /)y,
where the negative sign is used to ensure that Y is positive since during an isoentropic
compression, the temperature increases, while the volume decreases.
We can express the Griineisen parameter using experimentally measurable proper-

ties by employing Maxwell relations and mathematical manipulations. For example,
using the mathematical relation [Eq. (6.19), Strategy 3] gives

AT\ _  (@S/aV)y
(W>s_ (05/9T)y

(6.52)



140 6 Relations Among Thermodynamic Properties

Now we can rewrite Eq. (6.51) as

T:—Z[E] _ V@5/oV)r (6.53)
TV | s T (3S/0T)y

Then by using following mathematical relation [Eq. (6.18), Strategy 2],

(85) _(0S/3p)y
T

— = (6.54)
av ), @V/ap)r

we can rewrite Eq. (6.53) as

r_Y (85/9p)7 (6.55)
T (35/9T)y(3V/dp)r

Now using the following Maxwell relation (Strategy 1),

5),-()
)y \oT),

we can rewrite Eq. (6.55) as

—(@V/aT),
(85/9T)y @V /op)r

1%
== 6.57

T (6.57)

We recall the definitions of thermal expansion coefficient «, molar constant
volume heat capacity c,, and isothermal compressibility 87,

Va va o
T = = = , (6.58)
NcyBr  cfr  cofr

where v is molar volume (V/N), and ¢ = N/ V. Therefore, the Griineisen parameter
is zero for harmonic crystals in which the thermal expansion coefficient is zero.

Based on the relations among isothermal and adiabatic compressibility and bulk
moduli and between constant volume and constant pressure heat capacity, we can
also write the Gruneisen parameter as

B B
¥ _ 4o _2Ps (6.59)
ccpBs fole ccp

where Sy is the adiabatic compressibility, By is the isothermal bulk modulus, By is
the adiabatic bulk modulus, and ¢, is the constant pressure heat capacity.



6.3 Examples of Applying Maxwell Relations 141
For a monoatomic ideal gas, o, = 1/T, ¢, = 3R/2, Br = 1/p, and hence

Y — @ _ 1/T _ pV Z% (6.60)
cefr  c(BR/2)(1/p) NTQ@BR/2) 3

6.3.6 Property Relations Between Coupled Properties
in Crystals

We consider possible thermal, mechanical, electric, and magnetic contributions to
thermodynamics of a crystal. The coupled physical properties of a crystal are given
by the mixed second derivatives of a thermodynamic energy function with respect to
two thermodynamic variables. The coupled properties are related through Maxwell
relations.

6.3.6.1 Thermal Strain and Elastocaloric Effect
The thermal strain and elastocaloric effects involve thermomechanical coupling.
The differential form for the Gibbs free energy per unit volume g including only the
thermal and mechanical contributions is

dg = —sdT — Side‘,'j (661)

where s is the entropy per unit volume (Note: We omit the subscript v for labeling a
density quantity on a per unit volume basis in this section). The Maxwell relation is

88,‘1‘ as /
— =0 =\ T = aij (662)
T ), pn 99ij ) 1. g1

where «;; is the second-rank thermal expansion coefficient tensor, and oc; j is the
second-rank elastocaloric coefficient tensor.

6.3.6.2 Pyroelectric and Electrocaloric Effects

The pyroelectric and electrocaloric effects involve coupling between thermal and
dielectric contributions. The differential form for the Gibbs free energy density with
only thermal and dielectric contributions is

dg = —sdT — D;dE; (6.63)

The Maxwell relation is
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8D,‘ _ N as o (6 64)
or o,E,H = OE; T,0.H — P .

where p; is the pyroelectric coefficient vector, and p;. is the electrocaloric coefficient
vector.

6.3.6.3 Pyromagnetic and Magnetocaloric Effects

The pyromagnetic and magnetocaloric effects involve coupling between thermal and
magnetic contributions. The differential form for the Gibbs free energy density with
only thermal and magnetic contributions is

dg = —sdT — B;dH; (6.65)

The Maxwell relation is

0B; 0 /
95i —m = (2 =7 (6.66)
oT 0,E.H O H; T,0,E

where m; is the pyromagnetic coefficient vector, and nlf is the magnetocaloric
coefficient vector.

6.3.6.4 Piezoelectric Effects

The direct and converse piezoelectric effects involve coupling between mechanical
and dielectric contributions. The differential form for the Gibbs free energy density
with only mechanical and dielectric contributions is

dg = —Eide‘,‘j - D,'dE,‘ (667)

The Maxwell relation is

8Dl- d ij !
( ) e = (L) —d, (6.68)
ank T,E.H aEk T,0,H

where d;jy is the third-rank direct piezoelectric constant tensor, and d, i s the third-
rank converse piezoelectric constant tensor.
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6.3.6.5 Piezomagnetic Effects

The direct and converse piezomagnetic effects involve coupling between mechanical
and magnetic contributions. The differential form for the Gibbs free energy density
with only mechanical and magnetic contributions is

dg = —Sijddij - BidHl‘ (669)

The Maxwell relation is

8B,‘ N _ 88,‘j o (6 70)
ao_jk H—szk— 8Hk O__Zijk .

where z;j; is the third-rank direct piezomagnetic constant tensor, and z;. i 1s the
third-rank converse piezomagnetic constant tensor.

6.3.6.6 Magnetoelectric Effects

The magnetoelectric effects involve coupling between magnetic and dielectric contri-
butions. The differential form for the Gibbs free energy density with only magnetic
and dielectric contributions is

dg = —D;dE; — BdH, 6.71)

The Maxwell relation is

oD\, (9B _ 67
(a_I_Ij>E—.BU—<a_Ei>H—IBij ( )

where f;; is the second-rank magnetoelectric constant tensor, and §;; is the second-
rank electromagnetic tensor.

6.4 Summary Comments on Relationships Between
Coupled Properties

Based on the discussions in the last few sections, we can summarize a few general
observations on the relationships between coupled properties and relationships
between derivatives and properties:

e The first derivative of an extensive variable or a density of an extensive variable
with respect to an intensive variable or a thermodynamic field belonging to another
thermodynamic variable pair is a coupled property. Two corresponding coupled
properties are related by a Maxwell relation. For example,
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(), = Gran) = v (5),
(8 ) (8T>p=_(%)T
(), - E oor) = (52),

’

—d.. dy=d,
8Ek801,> ijk jk ijk

e The first derivative of an extensive variable or density of an extensive variable
with respect to another extensive variable or density of an extensive variable is a
ratio of two thermodynamic properties (See Strategy 2 and 1 above). For example,

(ﬁ) _ <%)T _ _(g_V)P a
v ), T (v Br
(%), &),
8D,< N 8D, Bejk - E —1
<E)E B (aalm)5[<aalm>5i| = iim (Sjk[m)
dei; deii A\ 171 L e
(550), = () [(G2). ] =m0

e The first derivative of an intensive variable or a thermodynamic field with respect
to another intensive variable or another field is a ratio of two thermodynamic
properties (See Strategy 3 above and 1). For example,

(8_T) _ _(%)T —(57), _Tva _ Tva

9
Ip (%)p - S e p

S
KL AN LA RS
Bo—jk D 80'jk E 8E,~ o Lk

6.5 Examples

Example 1 Express the rate of enthalpy change with respect to volume change
during an adiabatic, free volume expansion.

Solution
Itis an adiabatic, free expansion, so there is neither heat transfer nor work interaction,

and hence the internal energy is constant during the process. Therefore, the enthalpy
change with respect to volume at constant internal energy is given by
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OH\  [0W +pV)] oo\
Gv), =[5 - (@), g

T(: —-p
:p—v(—

as

),
as

T<3P>V

Expressing the derivatives in the above expression in terms of measurable
properties, we have

=S
~—
<

—

3%
S~
<

oH %—p_ Cp—pVot_ Ccp — pua
v ai P T T aBr

Example 2 Using the Maxwell relation relating the two mixed second derivatives
of internal energy U with respect to temperature 7" and volume V to prove that
the volume dependence of constant volume heat capacity at constant temperature is

given by.
v\ _ (2
v ), aT? ),
Solution
aCy\ [ 9 (U [ a9 [oUu _8T8S
av ), Lav\ar ), |, ~ lar\av )], " Llar\"\av ), " ?)],
Therefore,
2
(), =7 (Gr), 7)), -7 (%)
v ), oT T / v Tz ),

Example 3 Show that the difference between the constant pressure and constant
volume heat capacity, c,—c,, is given by

o>
cp—Cy =0T —
T

where v is molar volume, 7 is temperature, « is volume thermal expansion coefficient,
and By is the isothermal compressibility.
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Solution

Since heat capacity involves the molar entropy change ds with respect to tempera-
ture change d7', and we would like to determine the change of entropy with respect
to temperature at either constant volume or constant pressure. We first express
the change in molar entropy ds as a result of temperature change d7 and molar
volume change dv (See Strategy 5)

d 0
ds= () dT + (=) dv
oT /, /),
Dividing both sides of the above equation by dT while keeping pressure p constant
and then multiply both sides by 7', we have

as as as av
'\ —=) =T\ —= ) +T( — —
ar/, oT /), dv /), \9T /,
According to the definitions of constant volume and constant pressure heat capac-
ities in terms of molar entropy (See Strategy 1 above), we can rewrite the above

equation as
YT as av
cp=c — —
P v/, \oT ),

We can then use the mathematical manipulations (Strategy 2) and a Maxwell
relation as discussed above (See Strategy 1), and the definitions of thermal expansion
coefficient and isothermal compressibility to rewrite the above equation,

T
c,,:cU+T(8s/ap) <8_v) :CU_T(BU/B )p<3_v)
dv/op )y \0T /), (@v/dp)r \0T /,

or

cp—Cy =0T —
T

which can also be expressed as
cp = [1+ T aT]

where Y is the Griineisen parameter [see Eq. (6.58)].

Example 4 Show that the difference between mechanically free (constant stress or
stress-free) dielectric permittivity «; and mechanically clamped (constant strain)
dielectric permittivity «;; at constant temperature is given by
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o e _ E . .
Kij — Kij = ki Qimnd jki

where d;,,, and dji; are piezoelectric coefficient tensors, and Cﬁnk! is the elastic
stiffness tensor measured at constant electric field (or electrically free stiffness
tensor).

Solution

We start with expressing the change in the electric displacement vector dD; as a
result of the change in the electric field d E; and change in strain dey,; (See Strategy

6),
aD; dD;
an, = (55+) 98+ (50) s
8Ej . a(;‘kl E

Dividing both sides of the above equation by d E; while keeping stress o;; constant,

we have
BD,' _ 8Di n 8Di 38k1
8Ej o o 3Ej . 8814 E 3Ej -

which can be rewritten as (Strategy 2)

oD; (9D n 0D, /00, 0&y

dE; ), \OE;), \dew/d0m. ) \OE; ),
8D,< 8D, 8amn 8D, stk
—_— = B — + _— _ —_
8Ej s an . aé‘kl E Bamn E 3E1 -
aD,‘ BD, _ 8Gmn 8D, stk
8Ej s an g_ 3€k1 E Bamn E 3E1 -

Using the definitions of dielectric permittivity, elastic modulus, and piezoelectric
coefficients (See Strategy 1), we have

or

Therefore

o _ & _

E
Kl] Kl] mnkldi'"ndjkl
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6.6

6 Relations Among Thermodynamic Properties

Exercises

Given the following properties of Si solid at room temperature: molar constant
pressure heat capacity ¢, = 19.789 J/(mol K), density p = 2.3290 g/em?,
linear thermal expansion coefficient, oy = 2.6 x 107°/K, and the isothermal
bulk modulus By = 97.6 GPa, calculate the molar constant volume heat
capacity ¢, of Si at room temperature.

Using data from exercise 1 for Si, calculate the molar entropy change of Si
at room temperature and 1 bar after it is isothermally compressed to 10 MPa
using the following two different assumptions:

(a) Assuming that the thermal expansion coefficient is independent of
pressure and Si is incompressible.

(b)  Assuming that the thermal expansion coefficient and the compressibility
(or bulk modulus) are both constant and are independent of pressure.

Show that the relative difference between constant volume and constant
pressure heat capacity can also be expressed as

TS _yor

Cv

where Y is the Griineisen parameter, a is volume thermal expansion coefficient,
and T is temperature.

Show that if

d
<&) o,
a Jr
the volume thermal expansion coefficient is given by (Hint: start with Strategy

1)

Prove that for a closed system (Hint: start with Strategy 4),

(8U> Ta
) =—=—p
v/, Br

Prove that for a closed system (Hint: The best approach is to start with an
entropic representation for the fundamental equation of thermodynamics with
natural variables (1/7) and V),
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10.

11.

12.

WY _p i(ﬁ)
oV ), oT\T/ ],
Prove that for a closed system (Hint: Start with the Maxwell relation from

the differential form for the fundamental equation of thermodynamics for a
simple closed system and recognize that 7dS = dU under the condition of

constant volume V),
0 VI[oT
Vv _p _ — | —
au ), T1oV |

Using the Maxwell relation, which relates the two mixed second derivatives
of enthalpy H with respect to temperature T and pressure p, to show that

(52), ==+ (35) ]

where « is the volume thermal expansion coefficient.

Show that the difference between the isothermal compressibility Sy and
adiabatic compressibility Bg is given by (Hint: Start with Strategy 5)

2
o

Br = Bs +vT—
Cp

where v is molar volume, T is temperature, « is volume thermal expansion
coefficient, and ¢, is molar constant pressure heat capacity.

Express molar volume v of a material as a function of temperature 7" and pres-
sure p in terms of ¢, o, and Br assuming c,, a, Br are constants independent
of temperature and pressure. (Hint: Start with a differential form for v as a
function of T and p)

Show that the difference between the isothermal elastic compliance tensor sg
and the adiabatic elastic compliance sisj at constant electric field is given by

T _ TO(,' jO[k[

Sijkl — Sijkl = T

where «;; is thermal expansion coefficient tensor, and ¢, is heat capacity per
unit volume measured at constant stress. (Hint: Start with Strategy 5).

Show that the difference between the electrically free elastic compliance tensor
55 and the electrically clamped elastic compliance sg at constant temperature
is given by
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13.

6 Relations Among Thermodynamic Properties

E D —1\°
Sijkl — Siju = (Kmn) dijdnii
where d,;; and d,; are piezoelectric tensors, and /c,;,l is the inverse to the
dielectric permittivity tensor «,,,. (Hint: Start with Strategy 6).

Show that the difference between the heat capacity Cy y measured at constant
volume V and constant number of moles N and the heat capacity Cy ,
measured at constant volume V and constant chemical potential p is given
by (Hint: Start with Strategy 5 or 6)

coeenmr(2) (2
v =Cy,— — —
g o )7y \oT )y y



Chapter 7 ®)
Equilibrium and Stability e

This chapter discusses the equilibrium states of a material system and their stability
criteria. An equilibrium state is a stationary state at which the properties of a system
no longer change with time, and there are no fluxes of matter, i.e., no mass diffusion,
no heat transport, and no electric current, going through the system.

A stable equilibrium state is at the global minimum in the potential energy function
with respect to an extensive thermodynamic variable of a system and is stable against
any arbitrary fluctuations. A state that is time-stationary and stable with respect to
small perturbations but unstable with respect to some large perturbations that would
allow the system to reach a more stable state is a metastable state (see Fig. 7.1). A
metastable equilibrium state is located at a local minimum in the potential energy
landscape. An unstable equilibrium state is at a local maximum of the potential
energy landscape with a negative local curvature.

In this chapter, we discuss the thermodynamic principles to determine when a
system reaches thermodynamic equilibrium, the equilibrium conditions for the poten-
tials, and the criteria to evaluate whether an equilibrium state is stable. The initial
non-equilibrium state typically arises from the changes in the external conditions
that lead to the changes in certain thermodynamic parameters in the system. There
are two equivalent basic principles that can be used to determine the thermodynamic
equilibrium of a system: one is the maximum entropy principle, and the other is the
minimum energy principle.

7.1 Maximum Entropy Principle

We first consider the condition of equilibrium for an isolated system with an initial
amount of entropy S and chemical matter N enclosed in a volume V with rigid walls
that are impermeable to any chemical species and non-conducting to heat or entropy
transfer, i.e.,

© Springer Nature Singapore Pte Ltd. 2022 151
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Fig. 7.1 Tllustration of 4
stable, metastable, and
unstable equilibrium states
Unstable
s
=
=
£ Metastable
[
Stable
Extensive Thermodynamic Variable
dS®* =dV®=dN°* =0 (7.1)

where dS°¢, dV¢, and dN°® are the infinitesimal amounts of exchanges in entropy,
volume, and substance between the system and its surrounding. Since there are no
interactions between the system and its surrounding, the internal energy must be a
constant (dU = 0) according to the first law of thermodynamics.

During the evolution of the isolated system from an initially non-equilibrium state
to the final equilibrium state, the second law of thermodynamics states that

. . D
dS = dS° +dS" = dS" = —dg > 0 (7.2)

i.e., the entropy of the system is increasing due to the entropy production or dissipa-
tion of thermodynamic driving force D during irreversible processes for the system
evolving from the initially non-equilibrium state (D > 0, £ = 0) to the final equi-
librium state (D = 0, § = &4, where & is the equilibrium extent of the irreversible
process that maximizes the entropy). After the system reaches equilibrium, there is
no more entropy creation

D
dS =ds" = ds =0 (7.3)

i.e., the entropy is maximized after the system reaches equilibrium. Therefore, the
equilibrium condition can be obtained using the entropy maximum principle:

® For an isolated system at thermodynamic equilibrium, its entropy S is maximized
at constant energy dU = 0, constant volume dV = 0, and constant amount of
substance dN = 0. Expressing this maximum entropy principle using calculus,

dS)yyn=0 (74
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(6°8) .y <O (7.5)

where (82S) UV.N is the second-order variation of S at constant U, V, and N. Equa-
tion (7.4) ensures that the entropy of the system is at an extremum (maximum or
minimum) while Eq. (7.5) guarantees that the extremum is a maximum, i.e., any
perturbation to the equilibrium state while keeping the U, V, and N of the system
constant will decrease the entropy of the system.

7.2 Minimum Internal Energy Principle

The above maximum entropy principle formulated based on an isolated system can
be employed to derive a minimum internal energy principle by combining the first
and second laws of thermodynamics. Under constant volume and constant number
of moles,

dV =dv®=0,dN =dN°® =0
According to the first law of thermodynamics, we have
dU = Tds¢ (7.6)
Now the entropy change dS for the system is equal to the sum of the entropy
transferred dS° from the surrounding to the system and the entropy produced dS™,
ie.,
dS = ds°® + ds” (7.7)
Therefore,
dU = TdS® = TdS — TdS™ (7.8)
In the maximum entropy principle, the entropy keeps increasing during the irre-
versible evolution process from the initially non-equilibrium state to the equilibrium
state until the entropy is maximized while the internal energy is constant, which is
the case for an isolated system. However, if we now assume that we could maintain
a constant entropy for the system,
dS=0

Equation (7.8) becomes

dU = —TdS" = —Ddt <0 (7.9)
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i.e., the internal energy must keep decreasing during the irreversible process if the
entropy of the system remains constant. However, in order for the system to maintain
constant entropy, entropy must be removed from the system during an irreversible
process which produces entropy. Therefore, in this case, the system is not isolated
as entropy is removed from the system to maintain constant entropy, and the internal
energy of the system decreases due to the removal of entropy during the process.

After the system establishes thermodynamic equilibrium, all the driving force D
is consumed, the entropy production stops, and internal energy U no longer changes
with time and reaches minimum. Expressing internal energy minimization using
mathematics, we have

(dU)S,V,N = 0 (710)

i.e., the internal energy of a macroscopic system at equilibrium is at an extreme value
at a given set of constant thermodynamic variables: entropy, volume, and number of
moles.

For the internal energy to be at minimum at equilibrium, it requires that

(8°U)g5yy >0 (7.11)

where (8°U) \,  is the second-order variation of U at constant S, V, and N.

Equations (7.10) and (7.11) define the energy minimum principle and the equilib-
rium states of a system: The internal energy U of a system is minimized at equilibrium
at constant entropy S, volume V , and amount of substance N, and any perturbation
to the equilibrium state while keeping S, V, and N of the system constant increases
the internal energy U of the system.

7.3 Minimum Enthalpy Principle

Under constant pressure and constant number of moles,
dV =dVe¢,dN =dN°® =0
Hence, the first law of thermodynamics becomes
dU = TdS® — pdVv (7.12)
Now applying the second law of thermodynamics by taking into account the
entropy produced dS™, the combined first and second law of thermodynamics

becomes

dU = TdS® — pdV = TdS — TdS™ — pdV (7.13)
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Moving the pdV term in Eq. (7.13) to the left-hand side, we have
dU + pdV = TdS® = TdS — TdS™ (7.14)
Under constant entropy and pressure,
dU + pdV =d(U + pV) =dH = —TdS" = —Dd¢ <0 (7.15)
i.e., enthalpy must keep decreasing during an irreversible process if the pressure and
entropy of the system are kept constant. After the system establishes thermodynamic
equilibrium, enthalpy H reaches minimum. At equilibrium,
(dH)s,pv =0 (7.16)
i.e., the enthalpy of a macroscopic system at equilibrium is at an extreme value at
a given set of constant thermodynamic variables: entropy, pressure, and number of
moles.

Minimum enthalpy at equilibrium requires that

(82H)S,p’N >0 (7.17)

where (82H ) SN is the second-order variation of H at constant S, p, and N.

Therefore, at equilibrium, the enthalpy H of a system is minimized at constant
entropy S, constant pressure p, and constant amount of substance N, and any pertur-
bation to the equilibrium state while keeping the S, p, and N of the system constant
will increase the enthalpy H of the system.

7.4 Minimum Helmholtz Free Energy Principle

The combined first and second law of thermodynamics for a closed system at constant
volume is

dU = TdS® = T(dS — dS") = TdS — TdS" (7.18)
Moving the 7dS term in Eq. (7.18) to the left-hand side, we have
dU — TdS = —TdS" (7.19)
If we assume that the temperature of the system is constant, we get

dU — TdS = d(U — TS) = dF = —TdS" = —Ddé <0 (7.20)
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i.e., the Helmholtz free energy must keep decreasing during an irreversible process
if the temperature and volume of the system remain constant. After the system estab-
lishes thermodynamic equilibrium, the Helmholtz free energy reaches minimum. At
equilibrium,

dF)ryn=0 (7.21)

i.e., the Helmholtz free energy of a macroscopic system at equilibrium is at an extreme
value at a given set of constant thermodynamic variables: temperature, volume, and
number of moles.

For the Helmholtz free energy to be at minimum at equilibrium, it requires that

(8°F) >0 (7.22)

T,V,N

where (82F )T VN is the second-order variation of F at constant 7, V, and N.
Therefore, at equilibrium, the Helmholtz free energy F of a system is minimized

at constant temperature T, constant volume V, and constant amount of substance

N, and any perturbation to the equilibrium state, while keeping 7', V, and N of the
system constant, will increase the Helmholtz free energy F of the system.

7.5 Minimum Gibbs Free Energy Principle

The combined first and second law of thermodynamics for a closed system is
dU = T(dS — dS™) — pdV = TdS — TdS" — pdV (7.23)
Moving the 7dS and —pdV terms in Eq. (7.23) to the left-hand side, we have
dU — TdS + pdV = —TdS™ (7.24)

If we assume that the temperature and pressure of the system are constant, we
have

dU — TdS+ pdV =d(U — TS+ pV) =dG = —TdS" = —Dde <0 (7.25)

i.e., the Gibbs free energy must keep decreasing during an irreversible process if the
temperature and pressure of the system are maintained constant. After the system
establishes thermodynamic equilibrium, the Gibbs free energy reaches minimum. At
equilibrium,

dG)7 py =0 (7.26)
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i.e., the Gibbs free energy of a macroscopic system at equilibrium is at an extreme
value at a given set of constant thermodynamic variables: temperature, pressure, and
number of moles.
For the Gibbs free energy to be at minimum at equilibrium, it requires that
(8°G) 0 (7.27)

T.p,N =

where (32G)7Ap v 1s the second-order variation of G at constant T, p, and N.

According toabove Egs. (7.26) and (7.27), the Gibbs free energy or free enthalpy G
of a system is minimized at equilibrium at constant temperature T, constant pressure
p, and constant amount of substance N, and any perturbation to the equilibrium state
while keeping 7', p, and overall N of the system constant increases the Gibbs free
energy G of the system.

7.6 Equilibrium Conditions for Potentials

At thermodynamic equilibrium, the entropy of the isolated system is maximized at
constant internal energy, volume, and number of moles, or an energy function is
minimized under a specified set of thermodynamic conditions. Now we examine the
consequence of the equilibrium condition to the thermodynamic potentials 7, p, and
W in the system.

Example 1 Equilibrium condition for temperature 7

Consider an isolated system containing two hypothetical subsystems separated
by a wall which is fixed and impermeable to chemical species, but is diathermal,
allowing entropy or heat transfer (see Fig. 7.2). According to the above maximum
entropy principle, the total entropy of the isolated composite system is maximized at
equilibrium at the fixed total energy, dU; + dU, = 0, total volume, dV; +dV, = 0,
and total number of moles, dN; + dN, =0, i.e.,

dSe; = dS; +dS, =0 (7.28)

Since the wall separating the two subsystems is fixed, dV; = dV, = 0, and
impermeable dN; = dN, = 0, we have

Fig. 7.2 Thermal

equilibrium between two
subsystems U8,V LNy U285,V N,

d
L = T
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du, dU, 1 1
dSit =dS1 +dSo=—"+ —=—=+—=1)d0 =0 7.29
tot 1 +dS; T, + T (T2 Tl) 0 (7.29)

Furthermore, the amount of heat transfer dQ is arbitrary, and thus the maximiza-
tion of entropy requires that

or
T, =T, (7.30)

i.e., the temperature of an isolated system at thermodynamic equilibrium is uniform
throughout the system.

Example 2 Equilibrium condition for pressure p

Now we consider a composite system at a fixed temperature d7° = 0, fixed total
volume dV = 0, and fixed total amount of substance dN = 0 (see Fig. 7.3). The wall
separating the two subsystems is now movable but still impermeable dN; = dN, = 0.
In this case, it is convenient to use the Helmholtz free energy F. The differential form
for F is

dF = —SdT — pdV + pndN
Therefore,
dFtot = dFl + sz = —pldVI - pdez (731)

However, the total volume of the combined composite system is fixed, i.e., dV; +
dV, = 0. Hence at equilibrium,

dFio = (p2 — p)dV; =0 (7.32)

Since the change dV) is arbitrary, the pressure has to be uniform at equilibrium,

P1= D2 (7.33)
Fig. 7.3 Mechanical
equilibrium between two
subsystems F,T.,V, Ny Fy,T,V3,Ny
dv
P —_— P2
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Fig. 7.4 Chemical
equilibrium between two
subsystems G..Tp,N, G,.T,p,N,

dN
H > y25)

Example 3 Equilibrium condition for chemical potential p
The differential form for the Gibbs free energy is

dG = —S8dT + Vdp + ndN

Now consider two subsystems with chemical potentials @ and u, and the same
temperature and pressure as shown in Fig. 7.4. Since T and p are uniform,

dG = pndN (7.34)
If the wall separating the two subsystems is allowed mass transfer, then
dG = dG| +dGy = —pdN + pdN (7.35)
At equilibrium,
dGi =0= (2 —p)dN =t =1 = (7.36)

i.e., at equilibrium, it requires that the chemical potential be uniform in the system.

7.7 General Equilibrium Conditions for Potentials

In general, all the potentials in a simple system at equilibrium are uniform,
T = uniform, p = uniform, u = uniform

If any of the potentials is not uniform, i.e., if there is a spatial gradient in any of
the potentials, the system is not at equilibrium, and there will be corresponding trans-
port of thermal, mechanical, or chemical matter. A thermal potential or temperature
gradient leads to thermal transport or heat transfer or entropy transfer; a pressure
gradient leads to volume flow; and chemical potential gradients of chemical species
lead to mass transfer.

If there are differences in potentials at the same location, corresponding kinetic
processes are expected to take place at the location. For example, there can be phase
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transitions or chemical reactions if they reduce the chemical potential of a component
or acombination of several components at a given spatial location. All these processes
dissipate chemical energy and create entropy, essentially converting chemical energy
to thermal energy.

It should be cautioned that the uniform potential condition is derived assuming
no internal constraints or heterogeneity that prevent the transport of corresponding
matter within the system. For example, in a multiphase system, if one of the chemical
species is not soluble in one of the phases or in one spatial region, it implies the
chemical potential of that species in that phase or region must be higher than the rest
regions of the system. This is analogous to the scenario for the water levels of a lake
with many small islands. The water level in the lake is uniform at equilibrium, but
the water levels on those islands would be higher if there is water (or lower if there
are wells whose water levels are lower than that of the lake, but water is not allowed
to transport between the wells and the lake).

7.8 Thermodynamic Fields

We define a potential as the amount of specific form of energy per unit amount of
the corresponding matter, i.e., the energy intensity. On the other hand, a field can be
defined as the negative gradient of a potential. For example, the electric field, E, is
the negative gradient of electric potential, —V¢. The chemical field for a chemical
species i is the negative chemical potential gradient of species i, —Vu;, or the
negative difference between a final state and initial state, D = — Ay = p/Mtal — yfinal
the thermodynamic driving force.

If the chemical potential of a species is not uniform in a system, the species will
move from a spatial region with high chemical potential to another region with low
chemical potential until equilibrium is achieved with uniform chemical potential, or
the chemical potential of a species or a combination of several chemical species will
decrease until it reaches its minimum at a given location. Chemical potential gradient
is the driving force if a process is taking place due to the chemical potential difference
of a species at two different spatial locations, leading to chemical diffusion or flow.
This is analogous to an object moving down a slope driven by the height difference
under the gravitational field.

Chemical potential change is the driving force if a process is taking place at
the same spatial location, temperature, pressure, and composition, e.g., for phase
transitions without composition changes, or chemical reactions or phase transitions
with composition changes (decomposition or precipitation reactions), but the overall
composition of each individual elemental species is maintained constant. This is
analogous to the height change of a body at the same location under a gravitational
potential field.

If the temperature is not uniform, a thermal field exists. The thermal field is the
negative temperature gradient, —V 7. Heat or entropy will flow from a spatial region
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with high temperature to other regions with lower temperature until equilibrium is
achieved with uniform temperature.

If the pressure or stress is not uniform in a material, there exists a mechanical
field. A mechanical field is the pressure gradient, V p, or negative stress gradient,
—Vo;;. Volume is expected to flow from a low- to high-pressure region, or aregion at
high pressure will expand against another region with low pressure until equilibrium
is achieved with uniform pressure.

7.9 Thermodynamic Stability Criteria

Thermodynamic equilibrium states can be stable, metastable, or unstable. Here, we
further discuss the criteria that can be employed to determine if a thermodynamic
state is intrinsically stable, metastable, or unstable. Unstable systems under a given
thermodynamic condition will spontaneously evolve, with small perturbations, to a
different equilibrium state which is stable or is at least metastable under the same
thermodynamic condition.

When a system is at a stable equilibrium state, any perturbation, large or small,
to the equilibrium state, e.g., spatial perturbations in any of the thermodynamic
quantities such as entropy, temperature, volume, pressure, the number of moles,
and chemical potential of a chemical substance in a system under a given set of
thermodynamic conditions will spontaneously fall back to the equilibrium state. A
thermodynamically metastable equilibrium state is stable against small perturbations
to the equilibrium state, e.g., spatial variations with very small amplitudes to any of
the thermodynamic quantities, but unstable against sufficiently large perturbations.

There are several approaches that we can employ to derive the same set of stability
criteria. One is to use the entropic representation in which the entropy of a stable
equilibrium state of an isolated system is at a maximum, and any perturbation to the
stable equilibrium state, while maintaining the same total internal energy, volume,
and amount of substance, decreases the entropy. A second approach is to use one of
the energy representations, e.g., internal energy at constant total amount of entropy,
volume, and number of moles, or enthalpy at constant entropy, pressure, and number
of moles, or Helmholtz free energy at constant temperature, volume, and number of
moles, or Gibbs free energy at constant temperature, pressure, and number of moles.
Any perturbation to a stable equilibrium state increases internal energy, or enthalpy,
or Helmholtz free energy, or Gibbs free energy depending on the thermodynamic
conditions. The third approach is to consider the amount of entropy produced when
an equilibrium state is subjected to a perturbation. The amount of entropy produced
arising from perturbing a stable equilibrium state is negative.

According to the second law of thermodynamics, small changes in entropy dS,
internal energy dU, enthalpy dH, Helmholtz free energy dF, and Gibbs free energy dG
arising from small perturbations to a stable equilibrium state can all be directly related
to the amount of entropy produced dS™ under different thermodynamic conditions,
ie.,
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Fig. 7.5 A small
perturbation to an initially
equilibrium state leading to
two systems with the same 2U,2S,2V,2N, T,p,u
total internal energy 2U,
volume 2V, and number of
moles 2N as the initial state

!

U+dUu i U—-dUu
S+dS dsir S—ds
V+dv V—-dv
N i N
dS" = Ddg/T

ds constant internal energy, volume, and number of moles

—dU/T constant entropy, volume, and number of moles

=| —dH/T constant entropy, pressure, and number of moles

—dF/T constant temperature, volume, and number of moles
—dG/T constant temperature, pressure, and number of moles

Therefore, the stability criteria for different thermodynamic conditions can be
formulated using the amount of entropy produced when a stable equilibrium state is
subject to small perturbations in any or a combination of thermodynamic variables.
For simplicity, we first only consider the perturbations to the thermal and mechanical
variables (entropy S, temperature 7', volume V, and pressure p). We will discuss the
stability of equilibrium states with regard to chemical variables (chemical potentials
and the number of moles of each species or phases) in Chapter 12 on binary or
multicomponent solutions.

Let us consider a simple stable equilibrium system with total internal energy 2U,
entropy 2S5, volume 2V, and number of moles 2N hypothetically separated into
two identical systems with each having energy U, entropy S, and volume V plus
small perturbations +dU,£dS, and dV while keeping their overall total entropy,
volume, and the number of moles at the same 2U, 2V, and 2N as the original state
(Fig.7.5). It should be pointed out that since the thermodynamic variables are coupled
to each other, the small perturbations in internal energy, entropy, and volume also
lead to small perturbations in temperature and pressure. Following Kondepudi and
Prigogin,' the entropy produced AS™ from small perturbations dS, d7', dV, and dp
to a stable equilibrium state can be obtained by a Taylor series expansion of the
entropy of the perturbed system with respect to the original stable state to second
order in entropy 825, i.e.,

! Dilip Kondepudi and Ilya Prigogine, Modern Thermodynamics: From Heat Engines to Dissipative
Structures, John Wiley & Sons, England 1998.
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: 1
AST = §%S = —T(deT —dvdp) <0 (7.37)

It is reminded that since the original state is an equilibrium state, all the thermo-
dynamic variables are uniform, and the first-order variation in entropy 6.5 = O at the
initial uniform internal energy, volume, and number of moles.

Now we consider different energetic representations under different thermody-
namic conditions. For example, the increase in the internal energy due to the pertur-
bations in entropy dS and volume dV in the initially equilibrium state with energy U,
entropy S, and volume V while maintaining constant overall entropy S and volume
V is given by

AU = —TAS" =dSdT —dVdp > 0 (7.38)

The perturbations in temperature and pressure can be represented in terms of
perturbations in entropy and volume,

T T
T = (—) ds + (—) av (7.39)
38 /), v )

9 9
dp = (—p> ds + (—p) av (7.40)
2s ), oV )

Substituting Egs. (7.39) and (7.40) into Eq. (7.38), we have

oT oT d d
AU =dS (—) dS+(—> dv | —dv (—p> dS+<—p) dv|>0
3s /), V) 35 ), v )
(7.41)
or

aT aT 9 9
AU = <—) sy + (—) asdv — <—”) avds - <—") @y >0
3s )y V) s /)y v/
(7.42)

If the original equilibrium state is stable or metastable, any infinitesimal pertur-
bation should increase the internal energy of the system, AU > 0. For example, if
we consider only perturbation in entropy, i.e., dV = 0 in Eq. (7.42), we have

~ (07 sy = (ZV) (asy
AU—<8S)V(dS) _(8S2>V(d5) >0 (7.43)

Since (dS)? is always positive, we have the following conclusion that for a stable
or metastable equilibrium state,
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*U
— >0 (7.44)
s? /)y

Similarly, we may consider only a small perturbation to the volume, and we reach
a similar conclusion that for a stable or metastable equilibrium state,

_ (22 @vy = (PY) vy
AU = (av>s(dV) _(8V2>S(dV) >0 (7.45)

Since (dV)? is always positive, we have the following criterion for a stable or
metastable equilibrium state,

92U
— ) >0 (7.46)
av2 )

If we consider simultaneous small perturbations in entropy and volume, we have

oT T 9 9
AU =(22) @2+ (=) dsav —(=2) avas— (=) @v)> >0
s ), V) S/ y vV /s
(7.47)

Taking into the Maxwell relation between (07/0V)s and —(dp/9S)y, we can
rewrite the above equation as

2

92U
dsdv — ) @v)!>0 7.48
+ (avz)s( ) > (7.48)

02U
NAY

9*U
AU = — ) dS)?*+2
(8S2>V( )+

Equation (7.48) can be rearranged as

(7.49)

Since (82U / 852)V > 0 for a stable equilibrium state, to guarantee that a
thermodynamic equilibrium state is a stable or metastable state requires

22U\ 22U 22U\ _ (U 2
(82U> SV | Uz ave ) 39SV
s

@) @)
98?2 v 05? %

>0 (7.50)

or
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2 02
22U\ (02U ru N |(5%), &% 0 S5
a5z ) \avz) " \asav ) T| 2u (#u) |7 (7.5
4 S 359V avT )¢

We can express the above stability criteria using measurable or computable
thermodynamic properties. For example,

92U T T
7Yy (2L = —>0=Cy>0 (7.52)
382 /), 3S)yn Cv

i.e., for a thermodynamically stable or metastable equilibrium state, the constant
volume heat capacity has to be positive. For the second criterion,

02U ap 1
) = (X)) =— >0 0 7.53
(av2>s (av)s vps > 07 P> (7.53)

i.e., for a thermodynamically stable or metastable equilibrium state, the adiabatic
compressibility has to be positive.
For the third stability criterion, we can rewrite the criterion (Eq. 7.50) as?

2u )
*U (asav ) ’F
av2 ) ( 2U ) av2 /.,
sz ),
where F is the Helmholtz free energy. Therefore, the third criterion implies
I*F 3 1
I2Y (22} - 0= 8,50 (7.55)
aV2 )N ovV/)jry VBr

i.e., for a thermodynamically stable or metastable equilibrium state, the isothermal
compressibility has to be positive.
Furthermore, we can rewrite the inequality (Eq. 7.54) as

0’ F 02U (—aaszzf]v)z
ov2 ), av2 ) (az_U)
57 ),
Based on Eq. (7.56), it can be deduced that the derivative
9*F
vz ),

2 Michael Modell and Robert C. Reid, Thermodynamics and Its Applications, Second Edition,
Prentice-Hall International, 1983.
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22U
av2 )

reaches zero as a material approaches instability. Therefore, the third criterion will
be violated first before the second criterion is violated as a material approaches
instability. As a matter of fact, the third stability criterion Eq. (7.55) is sufficient to
guarantee that all three criteria (Eqs. 7.52, 7.53, and 7.55) are satisfied.

Similarly, we may employ the perturbations to a stable equilibrium state under
the condition of constant entropy and pressure,

will reach zero before

AH = —TAS" =dSdT —dVdp > 0 (7.57)

In this case, we express the perturbations in temperature and volume in terms of
perturbations in entropy and pressure,

9T aT

dr = (-) s + (—) dp (7.58)
35/, ap )
v v

v = (=) ds+(=—) dp (7.59)
85/, ap )

Substituting Eqs. (7.58) and (7.59) into Eq. (7.57), we have

AH = —TAS" = (a—T> (dS)* — <8—V> dp)? >0 (7.60)
s/, ap )

or

, 02H 2H
AH=-TAS"=(—) @S*—-(—) @p)?*>0 (7.61)
982 ), ap* )

Therefore, for a thermodynamically stable state,

’H ’H
W > 0, a—pz <0 (762)
p N

which implies that for a stable equilibrium state.

“H T osc, -0 (ZH VBs<0=ps>0 (7.63)
—_— = — > » > 0, —_— = — < > .
0s2),” C, ! ap? ) S s
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For small perturbations to a stable equilibrium state under the condition of constant
temperature and volume,

AF = —TAS" =dSdT —dVdp > 0 (7.64)

In this case, we express the perturbations in entropy and pressure in terms of
perturbations in temperature and volume,

3s 35S

ds = (—) dT + (—) v (7.65)
oT ), v ),
3 3

dp = (—p> T + (—p> av (7.66)
oT ), v ),

Substituting Egs. (7.65) and (7.66) into Eq. (7.64), we have

. as B]
AF = —TAS" = (-) d7)? — (-”) @v)? >0 (7.67)
aT ), v ),
or
AF TAS" vr d7)* + vr dV)?> >0 (7.68)
—— [ > .
ar? ), vz),

Therefore, for a thermodynamically stable state,

32F 32F
) <0, (=) >0 (7.69)
ar? ), avz),

which implies that for a stable equilibrium state,

O°F & om0 K L oo Br >0 (7.70)
— =——< > 0, — ] = — > > .
ar? ), T v avz), VB !

For small perturbations to a stable equilibrium state under the condition of constant
temperature and pressure,

AG = —TAS"™ = dSdT —dVdp > 0 (7.71)

In this case, we express the perturbations in entropy and volume in terms of
perturbations in temperature and pressure,

N aS
ds = (—) dT + <—> dp (7.72)
ar/, op/r
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AV v
AV =(=— ) dr + (=) dp (7.73)
oT ), ap ),

Substituting Egs. (7.72) and (7.73) into Eq. (7.71), we have

EN BN Vv v
AG = (—) d7T)* + (—) dTdp — (—) dTdp — (—) (dp)* >0
ar/, op/r or /, ap )r

(7.74)
or
3’°G 3°G ’°G 3°G
AG = —|— ) dT)? — —=dTdp — drdp — [ —) @p)* >0
oT? » apoT oTdop p? ) r
(7.75)
Therefore, for a thermodynamically stable state,
0°G %G
(—2> <0, (—2> <0 (7.76)
ar-/, ap* )
26 G
—<m> ~9Tap PG\ (9°G 302G\’
o P 2o =372 52 ). 578, >0 (7.77)
~opaT _(aIT)T p NPT T p

which implies that for a stable equilibrium state.

82G C 82G
P T

T2 T ap?
G\ (9°G G\ _CoVBr _ oo VCiBs _ VCvBr
- JE— — — — o = = >
o12) \op> ), \aTap T T T

(7.79)

Therefore, from the above discussions, we can conclude that for a system at stable
or metastable equilibrium, the thermodynamic energy functions are convex functions
of their extensive variables and concave functions of their intensive variables.

92U tU 9%H 92F

— ] >0 (=) 0. (=) =0 (=] >0 (7.80)
3s2 ), av2 ) 952/, av2),

9%H 9*F 3%G 392G

(—2) <0, <—2> <0, (—2> <0, (—2> <0 (7.81)
ap? ) aT? ), T2 ), ap? ),

If we translate the stability conditions from in terms of derivatives to in terms
of properties, we can show that all the physical properties defined by the second
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derivatives of an energy function with respect to a thermodynamic variable should
be positive for a stable or metastable system. For example,

9’H av
(—2> = <—> = —Vﬂs <0 = ﬂs >0 (782)
op* /g op )
9F 3S oo 0 783
— ) === === < Cy > .
aT? ), oT), T
892G 85 c,
P p
9°G av
<_2> _ <_> — VB <0= B >0 (7.85)
ap* ) r a/,

If any of the properties become negative, it signals the instability of a material
with respect its phase transition to another state. It should be noted that properties
defined by the mixed second derivatives of an energy function with respect to two
variables, e.g., thermal expansion coefficient, are not necessarily always positive for
a stable material.

For one mole of a material, the stability criteria can be written in terms of molar
properties such as molar enthalpy /, molar Helmholtz free energy f, molar entropy
s, molar volume v, and chemical potential w. For example,

3%h ov
(B_pz>é = (5)A =—18, <0=8,>0 (7.86)
o°f 9s “ 0=, >0 (7.87)
—_ = (| — =< " .
a12 ), or), = T =
’u as cp
THY __(95) —_% _ 0 7.88
(aTZ),, (8T>1, T (789
92 9
<_‘2‘> — <_”> — —pr <0=Br >0 (7.89)
op* ) r aw/,

Finally, we have shown previously that the constant pressure heat capacity is
greater than the constant volume heat capacity, and the isothermal compressibility is
greater than the adiabatic compressibility, i.e.,

cp—cy >0 (7.90)

and

Br —Bs >0 (7.91)
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Therefore, for a material to be stable,
cp>cy, >0, Br>p;>0 (7.92)

An intrinsic thermodynamic instability develops when any one of the thermo-
dynamic moduli (thermal (c,, c,), mechanical (B;, Br), or chemical) becomes
negative.

It should be pointed out that real crystalline solids may undergo other types of
material instability, e.g., with respect to crystallographic shear, electric polar insta-
bility, etc., and hence additional stability criteria will be required to determine the
thermodynamic stability of a material. These additional criteria can be established
by including additional thermodynamic contributions, e.g., strain energy, dielectric
energy, etc., to the thermodynamic equilibrium and stability.

Example: Thermodynamic Stability of van der Waals Fluids

The Helmholtz free energy of a van der Waals fluid as a function of temperature T,
volume V, and the number of moles N is given by

aN? (V — Nb) (2nmksT \ >/

h2

where a and b are the van der Waals parameters measuring the attraction between
molecules and the molecular volume, respectively, m is the mass of a molecule, kg
is the Boltzmann constant, and # is the Planck constant. The critical point of a van
der Waals fluid describes a thermodynamic state at which a homogeneous state starts
to lose its stability with respect to its separation to two phases with different fluid
density. At the critical point, T = T,, p = p., and V = V,, both the second and
third derivatives of the Helmholtz free energy with respect to volume at constant
temperature and number of moles become zero. Therefore, the critical temperature,
pressure, and volume can be obtained in terms of the van der Waals parameters a
and b and the number of moles of N:

8a

.= ——, V. =3Nb,
27kpb

_ a
Pe = 57p2°

We can then express the Helmholtz free energy (normalized by 3NkgT../8) using
the normalized temperature (t = 7/ T.) and volume (v = V/V,),

5, 2) 3 8r |G 1)+31 o 2emkpT.\ > kg T.
T,V) == —— — — nov — —IntT n
v 3 2 h? 8pc

(a) Derive the normalized pressure as a function of normalized temperature and
volume.
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(b) Derive the normalized bulk modulus as a function of normalized temperature
and volume.

(c) Plot the normalized bulk modulus as a function of normalized volume at several
temperatures from 0.757; to 1.257, and indicate the range of volumes for each
temperature that a homogeneous fluid is thermodynamically unstable.

Solution

(a) The normalized pressure can be obtained from the normalized Helmholtz free

energy as
of 3 87
r= _<%>T AR

(b) The normalized bulk modulus can be obtained from the normalized pressure
as a function of normalized volume as

ad 4 1
BT = —U(—p> = 6|:—Tv 5 — _i|
v /), Bv-1) v?

(c) The normalized bulk modulus as a function of normalized volume for a series
of normalized temperatures is plotted in Fig. 7.6. The ranges of volumes at each
temperature from 0.757;. to T that give rise to a negative bulk modulus indicate
that a single homogeneous fluid is thermodynamically unstable within these
ranges of temperatures and volumes. The line represented by the dotted line is
the normalized bulk modulus as a function of normalized volume at the critical
temperature 7.(t = 1.0). The normalized bulk modulus becomes zero at the
normalized temperature 7, and normalized volume V. (v = 1) represented by
the open circle in the figure.

Fig. 7.6 Normalized bulk
modulus as a function of
normalized volume H4
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7.10 Exercises

1. If one doubles the size of a substance, the chemical potential of the substance
is also doubled: True or false?

2. For an ice—water mixture with 80% volume fraction of ice at 0 °C and 1 bar,

the chemical potential of ice is 4 times the chemical potential of water, true or
false?

3. Mixing 1 mol of ice at —10.0 °C and 1 mol of water at 25 °C and then enclosing
it with a flexible adiabatic wall, what is the final temperature of the system,
and what are the amounts of ice and water? The molar constant pressure heat
capacity of ice is approximately 38 J/(mol K), and the molar constant pressure
heat capacity of water is approximately 75 J/(mol K). The molar heat of
melting of ice is 6007 J/mol.

4.  The curvature of a Helmholtz free energy versus temperature at constant
volume plot for a substance is always negative, true or false?

5. The curvature of a Helmholtz free energy versus volume at constant tempera-
ture plot for a substance is always negative, true or false?

6.  Show that

32U 32U 92U
— )d$)*+2 dSdV + [ — |@dv)? >0
<352>( )+ <asav> +(av2>( ) >

can be written as

U U ? 22U\ (9*U 12U\ R
[(W)ds + (asav)dv} + [(W) (W) N (asav) }(dv) =0

7. Given the following expression,

22U\ (92U U\’
(55) () - (ssav)

(a) Express the above expression in terms of materials properties such as
heat capacity, volume thermal expansion coefficient, compressibility,
and temperature.

(b) Based on the materials properties and the stability criteria discussed in

this chapter, is the value for the above expression positive or negative
for a stable material?

8. Show that for a stable material, its constant pressure heat capacity is greater
than the constant volume heat capacity.
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10.

11.

Show that for a stable material, the isothermal compressibility is greater than
the adiabatic compressibility.

Using the fundamental equation of thermodynamics for monatomic ideal gases,
show that an ideal gas is a stable state, i.e., it satisfies all the thermodynamic
stability criteria.

Given the following expression,

PG\ (9°G G\’
(i), G ), - ()

(iii)  Express the above expression in terms of materials properties such as
heat capacity, volume thermal expansion coefficient, compressibility,
and temperature.

(iv)  Based on the materials properties and the stability criteria discussed in

this chapter, is the value for the above expression positive or negative
for a stable material?




Chapter 8 ®)
Thermodynamic Calculations of e
Materials Processes

Materials processes refer to the changes of a material from one thermodynamic state
to another. Generally speaking, there are three types of materials processes: (a) a
change in thermodynamic state of a material due to the change in thermodynamic
variables such as temperature and pressure (or volume in theoretical calculations,
or under an external field such as a stress, electric, and magnetic field); (b) phase
transitions at a given temperature and pressure from one physical state such as solid,
liquid, gas to another, or from one crystal structure to another, or from a single-phase
state to multiphase state and vice versa; (c) chemical reactions at a given tempera-
ture and pressure resulting in changes in chemical bonding among different chemical
species and thus changes in chemical components and compositions. This chapter
discusses how to compute the changes in different forms of thermodynamic energy
and entropy functions for these materials processes, given the knowledge of thermo-
dynamic properties such as heat capacity, mechanical compressibility or modulus,
thermal expansion coefficient, enthalpy changes or heat of phase transitions at equi-
librium transition temperatures and pressures, as well as thermodynamic properties
at a reference state, e.g., room temperature 298 K and ambient pressure 1 bar. From
these calculations, we can determine the thermodynamic driving forces and thus
directions for phase transitions and chemical reactions as thermodynamic conditions
change, as well as the heat or entropy exchanges or work interactions between a
material system and its surrounding during a materials process.

It is usually more convenient to control intensive potentials such as tempera-
ture and pressure (or fields such as stress, electric, and magnetic fields) to conduct
experimental measurements. However, computationally, it is easier to perform calcu-
lations at fixed volumes. For example, the interatomic interaction potential energy of
a perfect crystal relative to individual atoms in a fixed volume is the most straight-
forward quantity to be computed using density function theory (DFT) calculations.
The lattice vibrational contributions to energy and entropy and thus Helmholtz free
energy can also be obtained at fixed volumes using a combination of DFT calcula-
tions, lattice dynamics as well as statistical thermodynamics. As a result, the molar
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enthalpy and chemical potential (molar Gibbs free energy) as a function of temper-
ature and pressure are more accessible through experiments whereas molar internal
energy, entropy, and Helmholtz free energy as a function of temperature and volume
are typically obtained by computations. The relations between thermodynamic prop-
erties allow us to connect the experimentally measured and theoretically computed
properties. Therefore, in order to be able to relate the computed internal energy,
enthalpy, and Helmholtz free energy to the experimentally measured quantities such
as chemical potential, it is important to be able to compute the changes for the
different energy functions and entropy as thermodynamic conditions are altered. In
this chapter, we first outline the procedures and derive the equations for the changes
in energy functions and entropy as the temperature, pressure, and volume vary in
terms of experimentally measured or theoretically computed properties such as heat
capacity, compressibility, and thermal expansion coefficient. We will then discuss
the calculations of changes in enthalpy, entropy, and, chemical poential or Gibbs free
energy due to phase transitions and chemical reactions at a given temperature and
pressure.

8.1 Changes in Thermodynamic Properties
with Temperature at Constant Volume

To calculate the changes in the molar internal energy Au, enthalpy A#h, entropy
As, Helmholtz free energy Af, and chemical potential Ap of a material as a result
of temperature change AT at constant molar volume v, we first express their rates
of change with respect to a change in temperature at constant molar volume using
mathematical derivatives,

). (), (). Gr), GF) &
or ), \ot ) \ot ) \or ), \oT),

The corresponding infinitesimal changes in internal energy du, enthalpy dh,
entropy ds, Helmholtz free energy df, and chemical potential du are then given

by
9 ah 3
du= (Y ardn= (L) ar.ds = (Z) ar, (8.2)
oT ), oT ), oT ),
af o
df = (L) ardp = (2L ar 8.3
/ (aT)v a <8T>v ®)

The next step is to express the above rates of changes using the definitions of
measurable properties, and if that is not possible, use the differential forms of u, h,
s, f; and p to rewrite the partial derivatives. For example,
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il 8.4
(57), = o
oh\  (Tds+vdp\ ds dp\ d_p
(57),=(Fa™), = 1(&), (@) ~eo(aF), @9
as Gy 2.6
(7).~ 7 (&0
af _
(ﬁ>v_ s (8.7)
ouw\ _ (—sdT +vdp _ d_p
<ﬁ>u‘< ar )U‘ ””(dT)v &9

where c, is the molar constant volume heat capacity defined as

du ds
ao=|—=) =T|—= (8.9)
oT J, ar /,
We then use a mathematical equality' to convert the remaining partial derivative

on the right-hand sides of Egs. (8.5) and (8.8) to a ratio of two partial derivatives that
can be expressed as a ratio of two measurable thermodynamic properties,

(d_l’> _ @)y _ e (8.10)
ar /, dv Br
(dP)T

where « is volume thermal expansion coefficient, and Br is isothermal compress-

ibility defined as
1/0 1/0
v\aT /, v\adp/

We can now express all the rates of changes in u, A, s, f, and p with respect to the
temperature change at constant volume in terms of measurable properties except the
molar entropy on the right-hand sides of Eqs. (8.7) and (8.8), which is not directly

measurable:
ou
<ﬁ>v =Cy (812)
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oh\ Vo 8.13

(). 5 o
Gl 8.14
(7).~ 7 1D
afy\

LD

(57) ==+ 7 ¢

The finite changes in u, A, s, f, and u due to a finite temperature change are then
given by

T T
Au = u(T, vy) — u(T,, vo) = /(2—;) dT = /cudT (8.17)
T, v T,
T T
Ah = h(T, vy) — h(Ty, vy) = /(ﬁ) ar = /(c + U"“)dT (8.18)
oT J,, Br
T, T,
T a T
s Cy
As = (T, vy) — (T, vo) = /(a—T)vdT = / 1 (8.19)
T, T,
T T
Af = f(T.v0) — f(Tys ve) = / (g—’;) d7 = — / W7 (820)
T, v T

r I ; Vo
Ap = (T, vy) — u(Ty, vo) = /(8_T) dT = /(—s + Br )dT (8.21)
T v T,

o o

where T, and v, are the temperature and molar volume of the initial state. It is noted
that the calculations of changes in the molar Helmholtz free energy (Eq. 8.20) and
chemical potential (Eq. 8.21) with respect to temperature change at constant volume
require the knowledge of molar entropy s as a function of temperature. The molar
entropy can be obtained from Eq. (8.19),

T
$(T, vo) = 5(To, vo) + As = 5(T, vo) + / C?vdT

TO
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which requires the information on the molar entropy of the initial state s(75, v,).
Using the above equation for the molar entropy, we can express the molar Helmholtz
free energy and chemical potential in terms of measurable properties and the molar
entropy of the initial state,

T T
Af = _/ s(T,, v0)+f67vdT dar (8.22)
To T
T T
Cy Vol
AMZ/ —| s, v0)+f—dT n ar (8.23)
T T T IBT

By performing integration by parts” of the above two equations, we obtain

T T
Af = —s(Ty, v)(T — T)+/cUdT /?" (8.24)
Ty T
T T
A = —s(Ty, vo)(T — Ty) + /(cv v"“) /7” (8.25)
T

o

Therefore, the general equations for the finite changes in u, A, s, f, and u due to a
finite temperature change at constant volume in terms of measurable or computable
properties are:

T
Au = f ¢, dT (8.26)
7"0
T
Ah = / (cv + ”"“)dT (8.27)
Br
T,
T
Cy
As = / Soar (8.28)
T
T,
T T
Af = —s(Ty, vo)(T — Ty) + f ¢, dT — T/ %”dT (8.29)
T, T,

T(T T T
2f( S %dT )dT =T [ 4dT — [ c,dT

To \To T, To
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v

T T
Ap = —s(Ty, v)(T — Ty) + /(c n °a>dT - T/ Sogr (8.30)
Br J T

TO

The changes in the molar thermal energy Aur, molar mechanical energy Auy,
and molar chemical energy Auc of the system as a result of temperature change from
T, to T at constant volume are:

T T T
Aup = /d(Ts) = | sdT + / Tds = —Af +Au=—-Af+0Q  (831)
T, T, T,
T T T
ap o
Auy=— [ d(pv) = —vo | [ == ) dT = —vo | —dT = Af — Ap  (8.32)
aT Br
To To T,

Auc = Au (8.33)

where Q is the amount of heat absorbed from the surrounding during the process.
The heat capacity c,, isothermal compressibility 7, and thermal expansion coef-
ficient o are generally temperature-dependent, and thus one has to perform the
integrations to obtain all the changes. However, if the heat capacity c,, isothermal
compressibility S, and thermal expansion coefficient o are assumed to be constant
independent of temperature, the changes in u, 4, s, f, and  due to a finite temperature
change at constant volume in terms of measurable properties can be simplified:

Au = c,(T — T,) (8.34)
Vo
Ah = (CU + )(T —T5) (8.35)
Br
As = ¢, In(T/Tp) (8.36)
Af = [Cv - S(Tm vo)](T - To) - Clen(T/ To) (837)
Vo T
Ap = |:cv + — — 5(T,, vo)i| (T —T,) — ¢, T In — (8.38)
ﬂT To

For ideal gases, although the heat capacity is constant independent of temperature,
the compressibility and thermal expansion coefficient are not constant. For example,
for monatomic ideal gases, ¢, = 3R/2,a« = 1/T, Br = 1/p, and thus (vot)/Br =
R, where R is the gas constant. Therefore, the changes in u, A, s, f, and © due to a
finite temperature change at constant volume for ideal gases are given by
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Au=c,(T —T,) (8.39)
Ah = c,(T —T,) (8.40)
As = ¢, In(T/T,) (8.41)
Af = ley = s(To, V)T — To) — e, T In(T/ Ty,) (8.42)
Ap = [c, — s(To, v) |(T = Ty) — ¢, T In(T/ T,) (8.43)

8.2 Changes in Thermodynamic Properties
with Temperature at Constant Pressure

To calculate the changes in the molar internal energy Au, enthalpy A#, entropy As,
Helmbholtz free energy Af, and chemical potential Ax of a material as a result of
temperature change AT at constant pressure p, we again first express their rates of
change with respect to change in temperature at constant pressure as mathematical

derivatives,
0 oh 0 0 0
), (), (), Gr), (), o
or ), \oT ), \oT J, \dT ), \oT /,
The infinitesimal changes in internal energy du, enthalpy dh, entropy ds,
Helmbholtz free energy df, and chemical potential du are then

0 oh 0
du=(22) ar,dh = (22 ar,ds = (=) ar, (8.45)
oT oT oT
p p p
0 0
af = (2L ar du= (2% ar (8.46)
oT oT
p p
We express the rates of changes using the definitions of properties:
<8u) (Tds—pdv) <8v> (8.47)
_ =|— =Cp — P\ 7= =Cp — puvx .
oT » dT » oT »
oh
— | =c¢ (8.48)
oT »

(£> =& (8.49)
o), " T
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0 —sdT — pd 0
_f Y e e —s—p vy - —5 — pva (8.50)
oT » dT » oT »

o _
(8_T> s (8.51)

P
where ¢, is the molar constant pressure heat capacity,
oh 0
cp = (—) - T(—S) (8.52)
aT /, aT /,

The finite changes in u, h, s, f, and u due to a finite temperature change at constant
pressure are given by

T T
d
Au = u(T, po) — u(To, po) = /(%) d7 = /(cp — pove)dT  (8.53)
T, r 7,
T T
dh
Ah = (T po) ~ (T ) = [ (ﬁ) ar = [ear 359
T, ? T,

T T
As = S(Tv Po) - S(TOs po) = /(88_;) dT = / C?pdT (855)
T, P T,
T 3 T
Af = f(T, po) — f(Ty, po) = /(a_j;) dr = —/(s + pova)dT  (8.56)
T, b 7,

T T
9
Ap = u(T, po) — n(To, po) = /(a#) dT = —/sdT (8.57)
T, P T,

where p, is the pressure of the initial state. The entropy as a function of temperature
at constant pressure in Egs. (8.56) and (8.57) can be obtained from Eq. (8.55), i.e.,

T
C
S(T, po) = S(Tm po) + As = S(TO, po) + / ?pdT
T

o

where s(7,, po) is the molar entropy of the initial state. Using the molar entropy as a
function of temperature, we can rewrite the changes in molar Helmholtz free energy
and chemical potential as
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T T T
—f(s+p0va)dT = —/ 5(To, po) + %dT+pova dT  (8.58)
T, T,
T T
Au=/ _ s(To,p0)+/%”dT dr (8.59)
T, T,

By performing integration by parts® of the above two equations, we obtain

T T
Af = —s(Ty, p)(T — To) + /( — povar)dT — / 7” (8.60)
To

T,

(8.61)

T
Ap = =s(To, po)(T = To) + / cpdT — / ?p
T,

Therefore, the general expressions for the finite changes in u, &, s, f, and u due

to a finite temperature change at constant pressure in terms of measurable properties
are given by

T
u= /(c,, — pova)dT (8.62)
Ty
T
Ah = /cpdT (8.63)
T,
T
Cp
As = | =dT (8.64)
T
T,
T T
Af = —=s(To, p)(T — To) + /( — pova)dT — / (8.65)
T, T,

(8.66)

T
Ap = —=s(To, po)(T — T,) + / cpdT — / ?P
T

Ty

T
3[(/ ”"dT)dT Tf“"dT fc,,dT

o To
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The changes in the molar thermal energy Aut, molar mechanical energy Auy,
and molar chemical energy Auc of the system as a result of a temperature change
from T, to T at constant pressure are:

T T T
Aur = /d(Ts) = | sdT + / Tds =—-Ap+Ah=—-Ap+Q (8.67)
T, T, T,
T T T
v
Aung = _/d(pv) = —po/ ar ) 9T = —Po/ vadl = —po(v —v,) = W
T, T, ? T,
(8.68)
Auc = Au (8.69)

where Q is the amount of heat absorbed from the surrounding during the process, and
W is the reversible work done on the system by the surrounding during the process.

If the heat capacity ¢, and thermal expansion coefficient o are assumed to be
constant independent of temperature, we can express volume v in Eqs. (8.62) and
(8.65) as a function of temperature at constant pressure using the definition of thermal
expansion coefficient,

1 du(T,
o= U( Po) (870)
v(T, po) dT
or
dInv(T, po) = adT (8.71)
Integrating the above equation for both sides from 7, to T, we have
T T
/dln (T, po) = /adT (8.72)
T, Ty
and
T’ o
Tpo) iy (8.73)
Vo (To, po)

where v,(7,, po) is the molar volume of the initial state. Equation (8.73) can be
rewritten as

(T, po) = Vo(Ty, po)e®T 1) = yge®T=T) (8.74)
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Substituting the above expression into Egs. (8.62) and (8.65), we have

T
Au = c,(T — T,) — poetvo / e T=Togr (8.75)
To

3

T
T
Af = [cp —s(To, po) (T — To) — poatvo / e®T=1)4T — ¢, T In = (8.76)
To

Carrying out the integrations in the above two equations, we get
Au = c,(T — T,) — pove[e* ™7 — 1] (8.77)
and
Af = [cp — (T, p) (T = To) — povole® T ™™ —1] — ¢, TIn(T/T,) (8.78)
Therefore, if heat capacity ¢, and thermal expansion coefficient « are both
assumed to be constant independent of temperature, the changes in u, A, s, f, and

w due to a finite temperature change at constant pressure in terms of measurable
properties can be rewritten as

Au=c,(T = T,) — pove[e* ™7 — 1] (8.79)
Ah = c,(T —T,) (8.80)
As =c, In(T/Ty) (8.81)

Af =[ep = 5(To, POJ(T = To) = povo[e® ™™ 1] — ¢, TIn(T/T;)  (8.82)

Ap = [c, = s(To, po) (T = To) — ¢, T In(T/ Ty) (8.83)

The thermal expansion coefficient « in solids is generally small, and we can
usually make the following approximation*

1) — | ~ (T - To),

With this approximation, the changes in the molar internal energy and molar
Helmbholtz free energy can be rewritten as

‘¥~ 14 xforx <1
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Au =~ [c,, - povoa](T —-T5) (8.84)

and
Af ~ [ep = povot = s(To. po)|(T = To) — ¢, TIn(T/T,) ~ (8.85)

For ideal gases, c), is constant, and « = 1/T, and thus the changes in u, A, s, f,
and u due to a finite temperature change at constant pressure are given by

Au = c,(T —T,) (8.86)
Ah = c,(T —T,) (8.87)
As = ¢, In(T/T,) (8.88)
Af =lcy = s(To, po) (T — To) — ¢, TIn(T/ To) (8.89)
Ap = [c, = s(To, po) (T = To) — ¢, T In(T/ Ty) (8.90)

8.3 Changes in Thermodynamic Properties with Volume
at Constant Temperature

To obtain the changes in the molar internal energy Au, enthalpy A#h, entropy As,
Helmbholtz free energy Af, and chemical potential Au of a material due to volume
change Av at constant temperature T, we first write down their rates of change with
respect to a change in volume at constant temperature,

G ), @), ) G), e
v/, \ov/, \dv /),y \0v/, \dv/,

The infinitesimal changes in internal energy du, enthalpy dh, entropy ds,
Helmbholtz free energy d f, and chemical potential du are then

ou oh as
du = <—) dv,dh = (—) dv,ds = (—) dv, (8.92)
/), /), v/
a ad
df = (-f) dv, dp = (—“) dv (8.93)
ov/p v/

The rates of their changes in u, A, s, f, and p with respect to volume at constant
temperature in terms of measurable properties are given by
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ou _T ds _Ta
ERCRS S
R
v T_ v/ ov/)r  PBr ﬂT_ﬂT
e
o), \ov),” B

187

(8.94)

(8.95)

(8.96)

(8.97)

(8.98)

The general expressions for the finite changes in u, &, s, f, and u due to a finite

volume change at constant temperature are then given by

7 du i To
Au = u(T,, v)—u(To,v()):/(%) dU—/(ﬁ—T—p>d
T

[/ oh F1
Ah = h(T;, v) — h(T5, vo) =/<—> dv=/—(Ta— Ddv
v /¢ Br
; as r o
AS = S(T01 U) _S(T(n vu) - /<_> dv _dU
/)y ,3T
v af v
Af = (T, v)—f(To,vo>=/ A dv=—/pdv
/),

v au v |
Ap = p(To, v) — pu(To, vo) = — | dv=— | —dv
o/ Br
Vo

Vo

(8.99)

(8.100)

(8.101)

(8.102)

(8.103)

The changes in the molar thermal energy Aur, molar mechanical energy Auy,
and molar chemical energy Auc of the system due to a volume change at constant

temperature are:

Autr = ToAs = Q

(8.104)
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v

AuM:_/[a(ﬁ)”)] dv:—/pdv—i—/ﬂ%dv:W—Au (8.105)
T

v(‘ vﬂ vﬂ

Auc = Ap (8.106)

where Q is the amount of heat absorbed from the surrounding during the process, and
W is the reversible work done on the system by the surrounding during the process.

If we assume the thermal expansion coefficient and the isothermal compressibility
are both constant independent of molar volume, we can express p as a function of v.
The isothermal compressibility is given by

_ 1/0v _ dlnv 2107
ﬂT___(8p> __< p >T (8107

Integrating the above equation from v, to v for v, and p, to p for p, we have

V(To, p) = Vo(Ty, po)e P1P7P) = y e Frip=ro) (8.108)

Solving p from the above equation, we have

1 v
pP=po— - In— (8.109)
Br Vo

Using the above volume dependence of pressure, we can evaluate the integral,

/pdv = /(po - —ln —>dv (8.110)

Integrating the above equation using integration by parts,”> we have

/vdv—<i+ )(v—v)—i[vlni} 8.111)
P B /3T Po ¢ /3T Vo -

Vo

Therefore, for constant thermal expansion coefficient and isothermal compress-
ibility, the finite changes in u, h, s, f, and u due to a volume change at constant
temperature are given by

v Too Too — 1 1 v
Au:/(ﬁT —p)dv:( 5 —Po>(v—vo)+13—T|:vlnv—oi| (8.112)

Vo

5 [Inxdx =xInx —x
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v

Ah = / i(Toa — dv = L(Torx - (v —v,) (8.113)
Br Br
As = ;‘—Tdv = ;‘—T(v — v (8.114)
; 1 1 v
Af=—fpdv=—(/3—+po)(v—vo)+ﬁ—[vlnv—] (8.115)
T T o
Ap = — vidv——i(v—v) (8.116)
m= Br Br ’ '

Vo

It is noted that the entropy of a material increases with volume at constant
temperature only if the thermal expansion coefficient is positive but decreases with
volume at constant temperature if the thermal expansion coefficient is negative since
the isothermal compressibility is always positive for a thermodynamically stable
material.

For ideal gases, « = 1/T and By = 1/p, the finite changes in u, A, s, f, and
due to a finite volume change at constant temperature can be easily computed:

i To
Au:/(——p)dv:O 8.117)
Br
[
Ah:/—(Toz—l)dv:O (8.118)
Br
Vo
v o v p v R v
As= | —dv= | =dv= | —dv=RIln— (8.119)
Br T v Vo
v
Af = — / pdv = —RT, In — (8.120)
)
Vo ©
1 1 v
Au=— | —dv=— | —dv=—RTyIn — (8.121)
Br Br Vo
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8.4 Changes in Thermodynamic Properties with Pressure
at Constant Temperature

To determine the changes in the molar internal energy Au, enthalpy A#h, entropy
As, Helmholtz free energy Af, and chemical potential Ap of a material as a result
of pressure change Ap at constant temperature 7', we first determine their rates of
change with respect to change in pressure at constant temperature,

()0, (.0), e
op)y \Op/)p \Op/r \Op /)y \Op /1

The infinitesimal changes in internal energy du, enthalpy dh, entropy ds,
Helmbholtz free energy df, and chemical potential diu due to infinitesimal pressure
change dp at constant temperature 7 are then

ou oh as
du=(—) dp,dh = —) dp,ds=|—) dp, (8.123)
ap)r op)r p)r
0 0
df = (—f> dp, dp = (—“) dp (8.124)
op)r /) r

We then express the rates of changes using the definitions of measurable
properties:

ou Tds — pdv as av
— ) ={—————) =T(—) —pl—) =-Tva+ pvBr (8.125)
ap T dp T ap T op T

oh Tds + vdp as
— ) ={——) =T—) +v=—-Tva+v=v(l—-Ta)
op /s dp T op /)1

(8.126)
(&)
) = —va (8.127)
op/)r
(%) :<—_SdT_pd“) — popr (8.128)
ap /) r dp T
<8—“> = (8.129)
op/)r

The general expressions for the finite changes in u, 4, s, f, and u due to a finite
pressure change at constant temperature are given by
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P P
Au = u(Ty, p) — u(To, po) = /<a—u> dp = / v(ppr — Toa)dp  (8.130)
T

ap
Po Po
p ah p
Ah = h(T;, p) — h(Ts, po) = /(5)po = /v(l — Toa)dp (8.131)
Po Po
p p
As = (T, p) — 5(To, po) = / (g—;)rdp __ / vardp (8.132)
Po Po
p 5 p
Af = F(Ty p) = f(To, po) = f (%)po _ / pobrdp  (8.133)
Po Po
P au, P
Ap = pu(Ty, p) — u(To, po) = /<$>po = / vdp (8.134)
Po Po

The changes in the molar thermal energy Aur, molar mechanical energy Auy,
and molar chemical energy Auc of the system due to a pressure change at constant
temperature are:

Autr = ToAs = Q (8.135)
p 3(pv) p p

Auy = —/|: al;” i| dp = —/vdp +/pv,Bpo =—Au+W (8.136)
Po r Po Po

Auc = Au (8.137)

where Q is the amount of heat absorbed from the surrounding during the process, and
W is the reversible work done on the system by the surrounding during the process.

For constant isothermal compressibility independent of pressure, we have shown
that

v(Ty, p) = vo(T,, po)e—ﬂr(p—Po) — voe_ﬁT(P_Pc)

Therefore,

p

p

/vdp — UO/e—ﬁT<p—po>dp — _&[e—ﬁr(p—po) —1]
Br

Po

Po
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and

p p
/ vpBrdp = Bru, / pe Priv=rodqp, (8.138)

Po Po

Performing the integration by parts® of the right-hand side of the above equation,
we have

P

Br / vpdp = —v,(pe 1P — p,) — /;)_[ “hrp=ro) 1] (8.139)
T

pO

If we assume both the thermal expansion coefficient and the isothermal compress-
ibility are constant independent of pressure, we have the finite changes in u, A, s, f,
and p due to a finite pressure change at constant temperature given by

Au = v0{|:p0 — M] — |:P (Toor — l)i| ﬁT(PPo)} (8.140)
T

Br p
Toa — Do _g
Ah = ( o )'U [e Br(p—po) __ 1] (8141)
Br
As — oV, [e—ﬁr(p—po) _ 1] (8.142)
Br
1
Af = _UO{(pe—ﬂT(P—Po) — po) + ﬁ_[e—ﬂrw—i’o) — 1]} (8.143)
T
Ap = _&[e—ﬁﬂp—pﬂ) —1] (8.144)
Br

If we assume that the thermal expansion coefficient is constant and the isothermal
compressibility also constant and very small, e #7(P=P) ~ 1 — Br(p — po) +
%[ﬁr (p— po)]z, we can rewrite the finite changes in u, A, s, f, and w due to a
finite pressure change at constant temperature as

Au:vo{[p0+(l—Tot)]_|:p+(1—T(x)]

Br Br
1
[1 = Br(p — po) + E[ﬂT(p - po)]z]} (8.145)
_ Br 2
Ah =v,(1 = Ta)| (p — po) — 7(1) — Po) (8.146)

6 [xe¥dx = (x — 1)e; [xedx = e:—;(ax -1
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As = —voa[(p — Po) — %T(p - po)z} (8.147)

1 » Pr 2
Af = voﬁr{p(p — Do) — E(p — Do) — 71)(17 — Do) } (8.148)
Ap = v{(p — Do) — ’%T(p — po)z} (8.149)

If acondensed phase is assumed to be incompressible, i.e., Br = 0, and the thermal
expansion coefficient is a constant, we can further simplify the expressions for the
changes in u, h, s, f, and © due to a finite pressure change at constant temperature as

Au = —T,ave(p — po) (8.150)
Ah = (1 = Toa)ve(p — po) (8.151)
As = —avo(p — po) (8.152)
Af =0 (8.153)

Ap = vo(p — po) (3.154)

For ideal gases, the changes in u, A, s, f, and p due to a finite pressure change at
constant temperature are given by

p

Au = / v(pBr — Toa)dp =0 (8.155)
Po

p

Ah = / v(l = Toa)dp = 0 (8.156)

Po

14

As = — / vadp = —RIn pﬁ (8.157)
Po

p

Af = /pvﬂpo —rT 2 (8.158)

o
Po
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p

Ap = / vdp = RTIn 2 (8.159)

Po
Po

8.5 Changes in Thermodynamic Properties with Both
Temperature and Volume

The changes in molar internal energy Au, molar enthalpy A#, entropy As, Helmholtz
free energy A f, and chemical potential Ap of a system due to simultaneous changes
in temperature and volume from 7, and v, to 7 and v can be mathematically expressed
as

T
Au = u(T,v) — u(T,, v,) = / dvi| (8.160)
T

ah
dT + (—) dv] (8.161)
T

T
Ah = h(T,v) — h(Ty, vo) = /

v v
To,vo
Tv
as as
As =s(T,v) — s(To, vo) = / 3T dT + I dv (8.162)
v T

Af = f(T,v) = f(To, vo) = f [(g—f> dT + (3—’2) dv:| (8.163)
T
T

9 9
Y ar + (2£) v (8.164)
oT /, o /

Combining changes in u, A, s, f, and p© due to temperature change at constant
volume and those due to volume change at constant temperature, we have the general
expressions:

T,v
A= (T, v) = u(To, v0) = / [

0sUo

T,v, T,v
To
Au = / c,dT + / <— — p)dv (8.165)
Br
To,v0 T, vy
T, v, T,v
o 1
Ah = / (cv + vo—)dT + / —(Ta — 1)dv (8.166)
Br Br

T5,v0 T5,v0
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T,v,o T,v

o o
As = / —dT + —dv (8.167)
T Br
Ty, Vo To,v0
T,v, T,v, T,v
Af = /[CU—S(TO, vo)ldT — T / C?vdT—/pdv (8.168)
To,v0 To,vo T, v,
T, v, T,v, T,v |
Ap = /[cv+“°“—s(To,vo)]dT—T f St - / Z v (8.169)
; Br - T r Pr

If ¢y, Br, and « are constant independent of temperature and volume, we have

Ta—1 1 v
Au=c,(T —T,) + ( — po) (v —v,) + —[vln —] (8.170)
Br Br

Vo
( voa) 1
A= ey + 2 VT =T) + —(Ta — DH(w — vy) (8.171)
Br Br
As = cynt + & 8.172
S—Cu”TO-i-ﬂT(U—Uo) (8.172)

Af =[c, — S(TOa vo)](T - Tn)

e T L <L+po>(v—vo)+i[vlnl] (8.173)
To ,BT ,BT Vo
Ap = [cv L N vo)](T Ty —eTih - Lo w) 8174)
Br T, Br

For ideal gases, we have

Au = c,(T — Tp) (8.175)
Ah =c,(T —T,) (8.176)
T v
As =c,In — + RIn — (8.177)
T, Vo
T v
Af =[cy = s°(To, v) (T = T) — ¢, T In T RT In — (8.178)
(o) UO
o T v
Ap=[cp = s°(To, vo) |(T = T,) —¢,TIn T RT In — (8.179)
(¢} (s
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8.6 Changes in Thermodynamic Properties with Both
Temperature and Pressure

The changes in molar internal energy Au, enthalpy Ah, entropy As, Helmholtz free
energy Af, and chemical potential Au of a system due to simultaneous temperature
and pressure changes can be expressed as

T,pr~ -
9 9
Au=u(T,p)—u<To,po)=/ (8—"‘) dT+(8_u |l @180
P P/r
To’[’o - -
T on 3h i
Ah = h(T, p) — h(To, po) = / (8—) dT+(a—> |l @18
Tope L p T i
T 3
As = 5(T. p) — s(To. po) = / [(a—;) dT—l—(—s) dp:| (8.182)
14 P/r
Tmpo
T,pr af af -
Af = f(T, p)— f(To, po) = / (ﬁ dr + (a_) dp (8.183)
p P/r
Tmpo - =
T,p 9 5 -
w w
Ap = w(T, p) — u(To, po) = f (a_T) dT—i—(a—) dp (8.184)
TosPo — p P T -

Using the results above (Sects. (8.2) and (8.4)) for the temperature and pressure
dependences of Au, Ah, As, Af, and Au, we obtain their finite changes due to
simultaneous changes in temperature and pressure,

T,po T,p
Au = /(c,,—pvoz)dT—l— / v(pBr — Ta)dp (8.185)
To,po T,po
T,po T.p
Ah = / cpdT + / v(1 = Ta)dp (8.186)
To.po T, po
T, po T.p
As = f %dT— / vadp (8.187)

1o, po T,po
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T,po T, po T.p
Af = /[c,,—s(To,po)—pva]dT—T / C?pdT+/pvﬂrdp (8.188)
To, po To,po T,po
T.po T,po T,p
Ap = /[cp—s(To,pO)]dT—T / %pdT—i— / vdp (8.189)
Ty, po To.po T,po

As it has been shown above, if the thermal expansion coefficient « is a constant
independent of temperature, we can express volume v(7, p,) as a function of
temperature using the definition of thermal expansion coefficient,

V(T po) = Vo(To, po)e™! 1) =y 7o) (8.190)

If we also assume that the isothermal compressibility B is constant independent
of pressure, we can express v as a function of p,

v(T, p) = v(T, po)e” P11 (8.191)

Combining the effects of temperature and pressure on volume, we have
(T, p) = vo(T,, po)ea(T—To)—ﬂT(P—Po) — era(T—To)—ﬂT(P—Po) (8.192)
Therefore, the general expressions for the changes in u, A, s, f, and pu due to the
simultaneous changes in temperature and pressure assuming constant heat capacity,
constant thermal expansion coefficient, and constant compressibility using 7, and

Do as the initial state are given by

Au = cp(T — Tp) — povo[e®T ™™ — 1] + voe* T~ T

-7 -7
{|:Po + Q} _ [P + Q]eﬂrwm)} (8.193)
Br Br
et =T (] — T
Ah = cp(T — Ty) — -5 d-To) [efrir=ro 1] (8.194)
Br
T a(T—To)
As=cpln— + 25 A[e=Pri=p _ ] (8.195)
To lgT

Af = [cp = 5(To, po)|(T = T,) — povo[e* ") — 1] — cpTln;

o

_ voevt(TTn){[peﬂT(Ppn) _ pO] + ﬁi[e*/ﬁ'l‘([)fpo) — 1]} (8196)
T

T
Ap = [c,, —s(T,, po)](T —T1,) —c,Tn T

o
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voea(T_To)
— 'B—[C—ﬁr(ﬂ—po) _ 1] (8.197)
T

For most solids, the thermal expansion coefficient and the isothermal compress-
ibility are very small, so we can approximate them as e*7 %) ~ | 4 a(T — T,) and
e Pr(P=r) a1 — Br(p — po) + 3[Br(p — po)]*. With these two approximations,
the finite changes due to simultaneous changes in temperature and pressure can be
rewritten as

Au = (cp — p(,v(,a)(T —T1,)

(1-Tw)
+ o[l + (T — To)]”:po + —j|
Br

(1—Ta) 1 )
—|p+———||1—Br(p — po) + z[Br(p — po)l (8.198)
Br 2

Ah =cp(T = To) + vo[l + (T — To)](1 — Tot)[(P — Po) — %T(P - p0)2:|
(8.199)

T Br 2
As =c,In )~ Vo[l + (T — T)]| (p — po) — 7(17 — Po) (8.200)

o

Af = [CP —s(To, po) — povoa](T —T5) —c,TIn(T/Ty)
+ Vo[l + (T — To)1Br

1
[p(p —po) = 5P - Po)? — %Tp@ - po>2] (8.201)

T
Ap = [cp = s(To, po) (T = To) — cpTln<F>

[}

+ Vo[l + (T — To)][(P = Po) — %(P - Po)z] (8.202)

If we make a further assumption that a material is incompressible, i.e., B = 0
and volume is independent of pressure, the finite changes in u, A, s, f, and © due to
simultaneous changes in temperature and pressure can be further rewritten as

Au = (cp — povo@)(T — To) — vo[l + (T — T Ta(p — po) (8.203)

Ah = cp(T = To) + voll + a(T = To)I(1 = Tar)(p — po) (8.204)

As =c, ln<%) — Vo[l + (T — To)1(p — po) (8.205)

o
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Af =[cp = 5Ty, po) — povoa (T — T,) — ¢, T In(T/ Ty) (8.206)

T
Ap = [cp = s(To, po) (T = To) — c,,Tln(;) + Vo[l + (T — T)I(p — po)
(8.207)

For ideal gases, the finite changes due to simultaneous changes in temperature
and pressure are:

Au = c(T —Tp) (8.208)
Ah =c,(T —T,) (8.209)
T P
As =cpln— — Rln — (8.210)
T, Po
T P
Af = [ey — $(To, p)I(T = T,) —c,Tln — + RT In — (8.211)
T, Po
T 14
Ap = [c, —s(Ty, p)|(T = T;) — ¢, T In T +RTIh— (8.212)
o Po

8.7 Changes in Thermodynamic Properties for Phase
Transitions

A material may undergo a phase transition, such as melting of a solid to become
liquid or solidification of a liquid to become solid, or a structural transition from
one crystal structure to another, or the development of a spontaneous polarization
in a crystal, etc., as the temperature or pressure or both change. We assume that a
phase transition takes place at a fixed temperature and pressure. For any given phase
transition without specifying pressure, we assume that the pressure is 1 bar.

The chemical potential change in a phase transition determines the spontaneous
direction for the phase transition because a system always tends to lower its chem-
ical potential when the temperature (thermal potential) and pressure (mechanical
potential) are held constant.

Let us consider a phase transition at temperature 7 and pressure p,

T,p
o —>

where o and 8 represent the parent phase and transformed new product phase, respec-
tively. The chemical potential change Apu, enthalpy change Ah, and entropy change
As for the transition are defined as
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Ap = pP(T, p) — p*(T, p) (8.213)
Ah = hP(T, p) — h%(T, p) (8.214)
As = sP(T, p) — s°(T, p) (8.215)

where f, h?, and s# are the chemical potential, molar enthalpy, molar entropy of
the product phase, and 1%, k%, and s are the chemical potential, molar enthalpy, and
molar entropy of the parent phase, respectively.

The amount of heat absorbed or released Q during a transition is equal to the
enthalpy change A/ in magnitude, so the enthalpy change Ak for the transition is
also called the heat or latent heat of transition. For example, the enthalpy or heat of
fusion or melting is the enthalpy change or the amount of heat required to completely
melt one mole of a solid to become liquid. The enthalpy or heat of vaporization is the
enthalpy change or heat required to completely vaporize one mole of a liquid while
the enthalpy or heat of sublimation is the enthalpy change required to completely
vaporize one mole of a solid. The entropy change for the transition is also often
simply referred to as entropy of transition.

For a phase transition at a constant temperature and pressure, the change in the
chemical potential Ay is simply related to enthalpy and entropy changes Ah and As
for the transition,

Au(T, p) = AW(T, p) — TAs(T, p) (8.216)

The chemical energy change (—Apw), the thermodynamic driving force D, and
the amount of entropy produced As™ for a phase transition at a constant temperature
and pressure are related by

D=TAs"=—Apn (8.217)

If Ap is negative, the driving force D is positive, and the transition is irre-
versible, producing As™ amount of entropy. The larger the driving force D is, the
greater amount of the entropy As'™ is produced, and thus the higher the degree of
irreversibility for the phase transition.

Let us assume that the equilibrium transition temperature and pressure for a phase
transition are T, and p,, which are defined as the temperature and pressure at which

D(T,, pe) = T.As™(Ty, pe) = —Ap°(Te, pe) =0 (8.218)

i.e., there is no change in the chemical potential, and thus no driving force for the
transition. We label the enthalpy change and entropy change for the transition at the
equilibrium temperature 7, and pressure p. as Ah°(Te, pe) and As® (T, p.), which
satisfy the equilibrium condition,
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Ap’(Te, De) = AR(T, De) — T.As°(T, pe) =0, (8.219)

Typical available thermodynamic data for a phase transition of a material include
T.(p. = 1bar), Ah°(T., p. = 1bar), and the constant pressure heat capacity of the
parent and product phases, i.e., cg (T, p. = 1bar)and c), (T, p. = 1bar) asafunction
of temperature. Based on such available data, we can calculate the enthalpy change
or heat of transition at another temperature 7 at 1 bar by breaking down the transition
into three imaginary steps with each step being a reversible process (Fig. 8.1). This
procedure is based on the fact that chemical potential, enthalpy, and entropy are all
properties of a system and thus are state functions. For a state function, its change
is independent of process paths starting from the same initial state and ending at the
same final state. The first step is a change in the temperature of the parent phase from
the transition temperature of interest 7' to the equilibrium transition temperature
T.. The second step is the phase transition from A to B at equilibrium transition
temperature 7. The last step is the change of temperature of the new phase from 7
to T. Since enthalpy is a state function, we have.

AR(T) = AT — T.) + Ah°(T.) + ARP(T, — T) (8.220)

Using the heat capacity of o and § as a function of temperature, we get

Te T
ARW(T) = /c‘;dT+Ah°(Te)+/cﬁdT (8.221)

T T.

or

AR®,As®, Ap®

a(Telpe)“ Alle:Ah.o—TeAS(): 0 > ﬁ(Te;pe)

5 5 D =T As' = —Au® = = 5
§ dbg_ Gugl e~ mgg %.Ugl -
th = "y T[f i &
Il I I
e s €
T o N
& & S
N g _ Q o
S 3 D =TAs"™ = —Ap S 3
Au=Ah —TAs

a(T, (3 (T,
(T, pe) A% A5 An B(T, p.)

Fig. 8.1 Illustration of an imaginary three-step reversible path to compute the changes in chemical
potential, molar enthalpy, and molar entropy for a phase transition taking place at a temperature
different from the equilibrium transition temperature
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T
AR(T) = AR°(T.) + f Ac,dT (8.222)

Te

where

— B _
Ac,,—cp cp

Once we have Ah(T) as a function of temperature for a phase transition, we can
obtain the chemical potential change for the transition as a function of temperature,

alAn(T)/T AR(T
[AW(T)/T]| _ AR 5.223)
aT » T?
By integrating the above equation, we have
Au(T Au®(T. ; AR(T
w(T) _ Ap°(Te) _f @ 47 (8.224)
T T. T?

T.

The entropy change for a transition at the equilibrium temperature and pressure
can be obtained from the simple fact that

AR°(T, pe) = T.As°(Te, pe) (8.225)

Therefore, if we relate the enthalpy change for a phase transition at the equilibrium
temperature and pressure to the heat of transition Q., the entropy change for a
transition can simply be related to the heat of transition and the equilibrium transition
temperature,

AR°(Te pe) _ Qe

As®(T,, =
(Te, pe) T. T.

(8.226)

While a phase transition taking place at the equilibrium temperature and pressure
is a reversible process since the parent and new phases are at equilibrium during the
transition, a phase transition at another temperature and pressure is irreversible since
there will be a finite driving force for the transition. For irreversible processes, we
cannot simply use Eq. (8.226) to calculate the entropy change for a transition from
the enthalpy change or the heat of transition since there will be entropy produced
during an irreversible transition.

Similar to the calculation of enthalpy change for a phase transition at a temper-
ature different from the equilibrium temperature, the entropy change at a transition
temperature 7 different from the equilibrium transition temperature can be calculated
using the same three-step reversible process,
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T
o AC[’
AS(T. pe) = As*(Te. pe) + | —2dT (8.227)

T.

where As(T, p.) is the molar entropy change for the transition at temperature 7' and
Pe, and As®(Ty, pe) is the molar entropy change for the transition at the equilibrium
transition temperature T, and pe.

Once we have As(T, p.) as a function of temperature, we can obtain the chemical
potential change for the transition as a function of temperature by using the following
equality,

T
Au(T, pe) = Au’(Te, pe) —/AS(T, pe)dT (8.228)

T.

Furthermore, if we have both Ah and As for a transition as a function of
temperature, we can easily compute the chemical potential change as a function
of temperature,

Ap(T, pe) = AW(T, pe) — T As(T, p.) (8.229)

Substituting Egs. (8.222) and (8.227) into Eq. (8.229), we have

T T
A
AT, pe) = AR (Te, pe) + / AcydT — T | As®(Te, po) + %dT
T, T.
(8.230)
Rewriting the above equation, we have
T T A
A(T, pe) = AR(T., pe) — TAS(Te, pe) + / Ac,dT —T [ SLdT (8.231)
Te T

If we assume the heat capacity difference between the transformed product phase
and original parent phase is a constant independent of temperature, we have

A(T, pe) = AR°(Te, pe) + Acy(T —Te) (8.232)
As(T, pe) = As°(Te, pe) + Ac, In(T/T,) (8.233)

A(T, pe) = AR® — TAs® + Ac,(T —T.) — Ac, T In(T/T,) (8.234)
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If we further assume that Ac, = 0, i.e., the heat capacity of the parent and
product phases is assumed to be the same, or Ah(T, p.) is a constant independent
of temperature, we have

Ap(T, pe) = Ah°(Te, pe) — T As®(Te, pe) (8.235)

If we use the fact that Au°(Te, pe) = Ah°(Te, pe) — T. As°(Te, pe) = 0, we can
rewrite the above equation as

AR°(Te, pe) _ Ah°(Te, pe) AT

Au(T, pe) = AhO(Te’ pe)—T T T

(8.236)

where AT =T — T..

We can also readily determine the pressure dependence of Au by including the
mechanical contribution. Similar to the calculation of enthalpy and entropy changes
of a transition at temperatures different from the equilibrium transition temperature,
we can compute the chemical potential change at a pressure which is different from
the equilibrium pressure for the phase transition. The phase transition at a given
pressure p can also be separated into three imaginary steps (see Fig. 8.2). Step 1
involves changing the pressure of the parent phase from pressure p of interest to the
equilibrium transition pressure p.. Step 2 is the phase transition at the equilibrium
transition pressure p., and the last step is the change of pressure from the equilibrium
transition pressure p. to pressure p for the product phase. Since chemical potential
is a state function, the change in the chemical potential for the phase transition at p
is the same as the total change in the chemical potential for the three steps, i.e.,

AT, p) = Ap“(p = po) + Ap*"P(T, pe) + AP (pe — p)  (8.237)

Fig. 8.2 Illustration of an AH(I—)ﬂ (T, pe)
imaginary three-step a(T,p,) = »B(T,pe)
i ' e/ A N ﬁ a— ﬁ ’ pe
reversible path to compute Ah®B (T, p,), As (T, pe)
the changes in chemical % Qu
potential, molar enthalpy, &S g
and molar entropy for a S a ™o
phase transition taking place — —%
at a pressure different from I Il
the equilibrium transition - -
. U QU
pressure 1 1
\SJ &
Q
3
3 =
AuE(T,p)
) »3(T,p)

]
—~
=3
=

AR®B(T,p), As* B (T,p)
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Using the information o and 8 about the molar volumes of v* and v, as a function
of pressure, we have.

T, pe T,p

Au(T, p) = / vidp + AutTA(T, peo) + / vPdp (8.238)
T,p T,pe
or
T.p
Au(T, p) = Ap*~B(T, po) + / Avdp (8.239)
T.pe

where Av = v# — v* is the molar volume change for the phase transition.
Combining the temperature and pressure dependences of chemical potential
change for a phase transition, we have

T T T,
Ac
Au(T, p) = Ah°® — T As® +/AcpdT /T + f Avdp  (8.240)
T, T, P

If we assume both Ac, and Av are independent of temperature and pressure, we
obtain

T
Ap(T, p) = AR® — TAs® + Ac,, (T —T.—TIn 7) + Av(p — p.) (8.241)

c

The assumption of constant Av is equivalent to neglecting the compressibility of
the parent and product phases. Equation (8.241) can also be employed to find the
new equilibrium temperature under a given applied pressure by setting

Au(T,p) =0 (8.242)

For example, if we want to shift the transition temperature by AT, the required
applied pressure Ap = (p — pe) is

o T. + AT
Ap = {ATAs® — Ac,| AT — (T —l—AT)lnT /Av (8.243)
€
If AT « T., we can approximate the solution,

AT ((AR° 4+ Ac, AT
Ap= —| ——— (8.244)
Av T
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Equation (8.244) is essentially the Clapeyron equation which we will discuss in
Chap. 11 on the pressure—temperature equilibrium of a single-component system.

For a phase transition in a crystal, one could consider the effect of an applied stress
on the chemical potential change for the transition and thus the shift in transition
temperature due to the applied stress,

T T T,O','j
A
Aw(T, o)) = AR° — TAsO—i—/AcpdT _ T/%dTJr / vel doy; (8.245)
T, T T,pe

where v is the molar volume of the parent phase, ¢} is the stress-free transition strain’

which is a measure of the relative stress-free lattice parameter change from the parent
to the product phase, and o;; is the applied stress. Similar to the effect of pressure
on phase transition temperature, one can tune the phase transition temperature of a
structural phase transition using an applied stress o;;.

If the chemical potential change A for a phase transition is known as a function
of temperature and pressure, we can obtain the entropy change As for the transition,

(8.246)

IA(T,
As(T, p) = _[%]
P

Similarly, the enthalpy change or heat of a transition can also be directly obtained
from the knowledge of the chemical potential change for the transition as a function
of temperature and pressure,

d(Au(T, p)/T)

AKW(T, p) = —T?
(T, p) [ 3T

} = AT, p) + TAs(T, p)  (8.247)
p

Finally, the volume difference can be obtained using the derivative of the chemical
potential change with respect to pressure, i.e.,

oAu(T,
AT, p) = [M] (8.248)
ap T
The amount of entropy produced during a phase transition is given by
: Au(T,

AS™(T, p) = _M (8.249)

7 For example, for a cubic to tetragonal transformation, &) = “‘a_c“", £, = “‘a_cac, £y = %
&ly = &5 = €3 = &3, = &9; = &3, = 0, where a; and ¢, are the lattice parameters of the

tetragonal phase measured at the stress-free condition, and a. is the lattice parameter of the cubic
phase measured at the stress-free condition.
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where Au (T, p) is the chemical potential change for the phase transition. If there is
a chemical potential reduction for a given phase transition at constant temperature
and pressure, there will be entropy produced, and the phase transition is irreversible.
The amount of chemical energy dissipated is —Au (T, p) which is also the driving
force D for the transition.

8.8 Changes in Thermodynamic Properties for Chemical
Reactions

Performing thermodynamic calculations for chemical reactions is similar to that for
phase transitions. As a matter of fact, it is actually not necessary to distinguish the
two in many cases in terms of thermodynamic calculations. The majority of the
calculations for both phase transitions and chemical reactions are performed for 1
bar although the pressure dependence can be readily taken into account.

The main difference between phase transitions and chemical reactions include:
(1) chemical reactions often involve more than one species in both the reactants and
products of a reaction while a phase transition often involves a single component
except for phase transitions involving compositional changes in binary and multi-
component systems; (2) thermodynamic calculations for chemical reactions usually
rely on available thermodynamic properties of the reactants and products at room
temperature 298 K and 1 bar and the heat capacity data of all the involved chemical
species or components as a function of temperature at 1 bar while thermodynamic
calculations for a phase transition often employ data for the thermodynamic prop-
erties measured or computed at the equilibrium transition temperature at 1 bar as
well as the heat capacity data as a function of temperature at 1 bar; and (3) while the
phase transitions taking place at equilibrium temperature and pressure are reversible
processes, chemical reactions taking place at room temperature 298 K and ambient
pressure 1 bar are almost always irreversible.

Let us consider a chemical reaction at temperature 7 and pressure p,

vaA + vgB = vcC + vpD (8.250)

where va, Vg, V¢, and vp are stoichiometric reaction coefficients. It is important that
those coefficients are chosen such that the mass is balanced between the reacting and
product species because we are only interested in the changes in chemical energy
due to the chemical bonding changes resulted from a reaction, i.e., the mass is fixed
or constant during a chemical reaction or a set of chemical reactions. Otherwise, the
energy associated the rest mass will dominate and overwhelm the energy changes
from chemical bonding energy changes. While each reacting and product species has
its chemical potential, enthalpy, and entropy, we can also define a chemical potential
as well as its associated enthalpy and entropy for the fixed mass existing in the form
of reactants and a chemical potential and its associated enthalpy and entropy for
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the same mass existing in the form of products. However, we will still call the total
chemical potential for the reactants as Gibbs free energy of reactants, and the total
chemical potential of products as Gibbs free energy of products in order to avoid the
confusion between the discussions here and the existing literature.

Letus denote the enthalpy, entropy, and Gibbs free energy of reactants of a reaction
as HR, SR, and GR and those of products as H, ST, and G?, respectively. The changes
in enthalpy, entropy and Gibbs free energy for a reaction at a given temperature 7'
and pressure p are given by

AG(T, p) = GX(T, p) — GX(T, p) (8.251)
AH(T, p) = HY(T, p) — HX(T, p) (8.252)
AS(T, p) = ST, p) — SX(T, p) (8.253)

where AH (T, p) is also called the heat of reaction since for a reaction at constant
pressure, the amount of heat involved has the same magnitude as the enthalpy change
for the reaction. According to the first law of thermodynamics, the enthalpy change
A H for a constant pressure process of a closed system is equal to the heat (thermal
energy) Q absorbed or released by the system:

AH(T,p) = Q

If O > 0, heat is absorbed by the system, the corresponding reaction is called
endothermic reaction. If Q < 0, heat is released from the system, the corresponding
reaction is called an exothermic reaction. Endothermic reactions increase the enthalpy
of the system while exothermic reactions decrease the enthalpy of the system.

It should be pointed out that although the enthalpy change for a constant pressure
process is equal to the magnitude of heat involved, the concepts of enthalpy and heat
are entirely different. Enthalpy is a property of a system and thus is a state function.
Heat is associated with a process such as a temperature change or a chemical reaction
or a phase transition, and its magnitude is the same as the enthalpy change for a system
if the process is carried out under constant pressure.

We can express the enthalpy, entropy, and Gibbs free energy of both the reactants
and the products in terms of the molar enthalpy, molar entropy, and chemical potential
of each individual species involved in the reaction, i.e.,

GR(T, p) = vaua(T, p) + vus(T, p) (8.254)
HX(T, p) = vaha(T, p) + vehs(T, p) (8.255)

SR(T, p) = vasa(T, p) + vgsg(T, p) (8.256)
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G*(T, p) = veuc(T, p) + voun(T, p) (8.257)
H*(T, p) = vche(T, p) + vphp(T, p) (8.258)
SP(T, p) = vese(T, p) + vosp(T, p) (8.259)

where for each species i (i = A, B, C, D) involved in the reaction,
wi(T, p) =hi(T, p) — Tsi(T, p) (8.260)

The Gibbs free energy change AG(T, p) for a chemical reaction determines the
spontaneous direction of the reaction because a system always tends to lower its
Gibbs free energy when the temperature and pressure are held constant.

The change in the Gibbs free energy AG(T, p) for a reaction is simply related to
the changes in enthalpy AH (T, p) and entropy AS(T, p) at the same temperature
and pressure, i.e.,

AG(T, p) = AH(T, p) — TAS(T, p) (8.261)

For chemical reactions, most of the available thermodynamic data are for room
temperature and ambient pressure, i.e., 298 K and 1 bar, and the heat capacity of
each chemical species as a function of temperature at 1 bar. Therefore, at room
temperature 298 K and ambient pressure 1 bar, the changes in Gibbs free energy,
enthalpy, and entropy for the reaction can be calculated using the chemical potential,
molar enthalpy, and molar entropy of each individual species from the available data:

AG3gK 1 bar = [VCM% + VDM%] - [VAMZ + vB,u%] (8.262)
AHspg 1par = [Vchg + vph ] — [vahQ + vehg ] (8.263)
ASSogk. 1par = [Ves + vpsp | — [vasy + vesg ] (8.264)
AGigs K,1bar = A Hyyg K,lbar — 298 AS30k. 1 bar (8.265)

It should be noted that the chemical reactions at 298 K and 1 bar or at any given
temperature 7" other than the equilibrium temperature and 1 bar are irreversible since

AGog 1par 0 (8.266)
Therefore, one cannot obtain the entropy change for areaction at room temperature

using the heat of reaction and the reaction temperature because the entropy change
must also include the entropy produced due to the irreversible reaction in addition to
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the entropy exchange with the surrounding, i.e.,

o
A11298 K,1bar

ASsK 1 bar 7 208 K

Similar to the case of phase transitions, with the knowledge of Gibbs free energy
change or enthalpy change (heat), and entropy change for a reaction at 298 K and
1 bar as well as the heat capacity of each species involved in the reaction, we can
compute the Gibbs free energy change, enthalpy change (heat), and entropy change
for the reaction at any other temperature.

For reactions taking place at a different temperature other than room temperature,
there are two ways to calculate the enthalpy change or the heat of the reaction.
One is to calculate the molar enthalpies, molar entropies, and chemical potentials
of all reactant and product species at the temperature of reaction, and then take the
differences between the total enthalpy, total entropy, and Gibbs free energy of the
reactants and those of the products. Another approach is to break the reaction process
into three imaginary steps (see Fig. 8.3). The first step is a change in the temperature
of the reactants from the temperature 7 of interest to 298 K. The second step is
the imaginary reaction at 298 K, and the third step is the change of temperature for
the products from 298 K to 7. Since enthalpy, entropy, and Gibbs free energy are
state functions, their changes are independent of the reaction paths. For example, the
enthalpy change for the reaction at temperature 7" and 1 bar is given by.

298 K T
AH(T, 1bar) = / CpdT + AHgpgx e + / CydT (8.267)
T 298K

Cy and C} in the above equation are given by

p
Cp =VaCp.a + VBCpB (8.268)
Ch = vcep.c 4 vpepp (8.269)

where ¢j A, ¢pB, Cp.c, and ¢, p are the molar heat capacities of A, B, C, and D,
respectively. Equation (8.267) can be rewritten as

~

AH(T, 1bar) = AHugx 1 + / AC,dT (8.270)

298K

where AC),, is the difference between the total heat capacity of the products and the
total heat capacity of the reactants
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_ P _ AR
AC, = CP — R

Once we have AH (T, 1bar) as a function of temperature for a reaction, we can
obtain the Gibbs free energy change for the reaction as a function of temperature,

I(AG(T, T AH(T,
(AGT.p)/T)| _ _AHT, p) 8.271)
oT T?
P
By integrating the above equation, we have
AG(T,1bar) AGj ; AHle
(T, 1bar) _ AGask 1bar / ( ar) ar 8.272)
T 298K
298K

If AH(T, p) is independent of temperature, which is only true if the total heat
capacity of the reactants and the total heat capacity of the products as a function of
temperature are assumed to be the same,

(8.273)

T 298K

AG(T, 1bar)  AG3ggk 1par N 1 1
T T Toos k- Afheskaba

The above equation allows one to calculate the Gibbs free energy change at any
other temperature, T, based on the Gibbs free energy change at room temperature and
the information about enthalpy change or heat involved in the reaction, A Hyyg i 1y,

The entropy change for a reaction can be calculated by either calculating the
entropies of the products and reactants of the chemical reaction at the temperature of
interest or by breaking down into three imaginary processes like in the calculation
of enthalpy changes for chemical reactions. Both reach the same result,

T

AS(T, 1bar) = AS3g |y + /
298

AC
T Par (8.274)

where AS(T, 1bar) is the entropy change for the reaction at temperature 7 and 1 bar,
and AS3og i 1, 1S the entropy change for the reaction at 298 K and 1 bar.

Once we have AS(T, 1bar) as a function of temperature for a reaction, we can
obtain the Gibbs free energy change for the reaction as a function of temperature by
using the following equality,

AG(T, 1bar) = AGSosx 1 par — / AS(T, 1bar)dT (8.275)

298K
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Finally, if we have both A H and AS for a reaction as a function of temperature at
1 bar, we can easily obtain the Gibbs free energy change for the reaction as a function
of T at 1 bar,

AG(T, 1 bar) = AH(T, 1bar) — TAS(T, 1 bar) (8.276)

On the other hand, if the Gibbs free energy change for a reaction is known as
a function of temperature and pressure, we can obtain the entropy change for the
transition,

(8.277)

AS(T. py — _[aAG(T, p)i|
p

oT

Similarly, the enthalpy change or heat of a reaction can also be directly obtained
from the knowledge of the Gibbs free energy change for the reaction as a function
of temperature and pressure,

I(AG(T, p)/T)

AH(T, p) = —-T?
(T, p) [ 3T

} = AG(T, p) + TAS(T, p)  (8.278)
p

If the difference in compressibility between reactants and products can be ignored,
the pressure dependence for the change in the Gibbs free energy for a reaction at
a constant temperature can be approximated in a manner similar to the pressure
dependence of chemical potential change for phase transitions, i.e.,

14
AG(T, p) = AG(T, p,) + / AVdp (8.279)

1bar

AG(T, p) ~ AG(T, 1bar) + AV (p — 1 bar) = AG(T, 1 bar) + AVAp (8.280)

where AV is the volume change for the reaction and Ap = p — 1bar.

If AG(T, p) = 0, i.e., there is no change in the Gibbs free energy, and thus no
driving force for the reaction, the reactants and products are at equilibrium. The corre-
sponding temperature and pressure are the equilibrium temperature and pressure, 7T,
and p. for the reaction. From

AH(Te, pe) — T.AS(Te, pe) = 0, (8.281)

we have

_ AH(T., pe)

(8.282)
AS(Te, pe)

€
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The entropy produced AS™ or the driving force D consumed in a reaction at a
constant temperature and pressure can be directly related to the Gibbs free energy
change or dissipation for the reaction,

D=—AG =TAS" (8.283)

If a reaction is spontaneous, AG is negative with —AG or D as the amount of
chemical energy that is converted to thermal energy, T AS™, leading to an increase
in entropy AS' at the reaction temperature and pressure.

It should be noted that if a chemical reaction takes place at constant temperature
and volume, the entropy produced A S™ for a chemical reaction is

AU(T,V)  AF(T.,V)
T o T

ST = AS(T, V) — (8.284)
where AF (T, V) is the Helmholtz free energy change for a chemical reaction at
constant temperature 7 and constant volume V. Therefore, if there is a Helmholtz
free energy reduction for a given chemical reaction at constant temperature and
volume, there will be production of entropy, and thus the reaction is irreversible.

If a chemical reaction takes place adiabatically at constant pressure (e.g., 1 bar),
the entropy produced AS™ for the chemical reaction is

AS" = AS = S(T, 1 bar) — S(T,, 1 bar) (8.285)

where S(7', 1 bar) is the entropy of the final state at temperature 7 and pressure 1 bar,
and S(7,, 1 bar) is the entropy of the initial state at temperature 7, and pressure 1 bar.

If a chemical reaction takes place adiabatically at constant volume V, the entropy
produced A S™ for the chemical reaction is

AST = AS = S(T, V) — S(T,,, V) (8.286)

where S(T, V) is the entropy of the final state at temperature 7T and volume V, and
S(T,, V) is the entropy of the initial state at temperature 7, and volume V. The final
temperature 7 is also referred to as the theoretical flame temperature of a reaction or
the maximum temperature that can be achieved from a reaction with all the heat or
thermal energy produced from the reaction being used to increase the temperature
of the products or all the remaining species after the reaction.

8.9 Examples

Example 1 What is the amount of pressure increase Ap as the temperature of one
mole of material is increased from T, to T at constant molar volume v?
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Solution
The rate of increase in pressure with respect to temperature change at constant volume
1)

is given by
R P
), ),

where « is volume thermal expansion coefficient, and Sy is the isothermal compress-
ibility. Therefore, the change in pressure due to a change in temperature at constant

volume is
T T T
ap o
= [ dp — ) dT = | —dT
or v ﬂT
T, T, T,

o o

0{

—_~
mlo: wla;
S|
N—
=
dl»—

If the thermal expansion coefficient & and the isothermal compressibility 87 are
assumed to be constant independent of temperature,

Ap = —(T - T.
5T =T

For ideal gases,

tclg
NS

T
T,

T
ar = [
T,

o

T
R R
dT:/— = (T-T,)
v v
T

where R is gas constant.

Example 2 For a diatomic ideal gas undergoing an isentropic (reversible adiabatic)
volume change from v, to v,

(a) Derive the expressions for the changes in temperature AT, the molar internal
energy Au, molarenthalpy Ak, molar entropy As, molar Helmholtz free energy
Af, and chemical potential Au in terms of heat capacity, compressibility, and
thermal expansion coefficient, as well as temperature, pressure, volume or
molar entropy at the initial state.

(b) Assuming oxygen gas (O,) behaves as an ideal gas with constant pressure
heat capacity of 7R /2 (R is gas constant) and its molar entropy $5og i pr Of
205 J/(mol K), evaluate the AT, Au, Ah, As, Af, and Au of the oxygen gas
(O) initially at 298 K and 1 bar due to a reversible adiabatic volume expansion
by 10 times.
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Solution

(a) Forareversible adiabatic process, the entropy of the system is constant during
the process, the rate of change of temperature with respect to volume change
at constant entropy is given by

<3T> _(@s/ov)y _ (3s/9p)r (0v/aT), Ta

v ), T @s/aT), —  @v/op)rco/T)  @v/p)r(c/T)  Prew

For ideal gases, Ta = 1 and 8 = 1/p, hence

ory  Ta  p  RT
ov X_ ﬂch_ cy ey

To solve the above first-order ordinary differential equation, we rewrite it as

) R
Sar = —Zdv
T v
or
dInT® +dInvR =0

Integrating both sides of the above equation,

Tk =C

where C is an integration constant. If we assume that the initial temperature is 7,
and the initial molar volume is v,, we can determine the constant C,

cy. R __ _ ¢y, R
Tov" =C =T;"v,

Solving the above equation for 7,

R R
Vo\ & v\ o
T = To(—> = To(—)
v Vo

Therefore, the temperature change is given by

_R
AT:T—T():TO[(i) L —1}
Vo

To obtain the internal energy change with volume at constant entropy, we first
write down the rate of change of molar internal energy with respect to volume at
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constant entropy,

u _
v/ =P

The finite change in the molar internal energy as a result of volume change at
constant entropy is
8o,V
Au = — / pdv

So,Vo

Therefore, the molar internal energy change of one mole of ideal gas due to a
change in volume at constant entropy is

S0,V

RT
Au:—/pdv:—/—dv
v

S0, Vo So,Vo

Substituting the expression for T as a function of v into the above expression for

the internal energy change, we have

Sos s, v

v
RT 2 e
Au = — —dv = —RT,v," v odv

v

S0, Vo S, Vo

Integrating the above equation, we have

o _ =3 —a
Au = —RTvs’ [(U) &~ (11)") }

1

Cy Cy

Simplifying the above equation, we get

_Rr
Au = ch{<1) L 1} = [T — T,
vO

For a reversible adiabatic process, the rate of change of molar enthalpy with

respect to volume is given by

oh a
- = _p — _BS — _i
v s ov s ,Bs

or
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ap
oh ap aT )
—_— = V| — = = =
/g v/
Therefore, for ideal gases,
oh\ cp ¢ cpRT
v/ o coBr o cvp o Cc, U

Using the result for the volume dependence of temperature along an adiabatic
reversible path,

@las || as
SENS

(g_})p (?TZ)T _ Cp
as

), GR), b
T

the molar enthalpy change of an ideal gas due to a change in volume at constant
entropy is

So, U

o T
Ah = /(—) dv:—c—pRTovJ” /v_?dv
v/, Cy

S0,Vo S0,Vo

Integrating the above equation, we have

Ah = c,,To[<3> v 1} = )T — T,]
Vo

The entropy change along an adiabatic reversible path, As, is zero by definition.
The change in the molar Helmholtz free energy as a result of volume change at

constant entropy is given by
8o,V 8
Af = f <—f> dv
av /g

So,Vo

To obtain the rate of change of molar Helmholtz free energy with respect to volume
at constant entropy, we start from its differential form,

df = —sdT — pdv

Dividing both sides of the above equation by dv and keeping entropy constant for
the derivatives, we have
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s
<g> __S(BT) —p:s(i;;)T—p sTa _,

ov s o 3_1) (ﬁ)v - Brey

For ideal gases, Ta = 1 and 8y = 1/p, and thus

(50), = (C-1)=(2-1)%
ov s Cy Cy v
S0,V a S0,V RT ® 8o,V .
Af = / <—f> dv = / (i - 1)—dv - (s— - 1>RTOUO”” f v du
av s Cu v CU

So,Vo So,Vo S0, Vo

Therefore,

Integrating the above equation, we have the final result,

[}

Af = (co — so)To[G)_w - 1} = (co — s)[T — T]

For ideal gases, we can also directly obtain the change in the molar Helmholtz
free energy for the isentropic process from the change in molar internal energy,

Af =Au —so(T —Tp) = co(T = Tp,) — 5o(T — Tp) = (cy — 5)[T — To]

The chemical potential change as a result of volume change along a reversible
adiabatic path is given by

So,Vo

To obtain the rate of change of chemical potential with respect to volume at
constant entropy, we use its differential form or the Gibbs—Duhem relation,

du = —sdT + vdp

Dividing both sides of the above equation by dv and keep entropy constant for
the derivatives, we get

(3_,LL> =—S<£> _;’_v(a_p) =s(§;)T_i= sTa _ Cp
w/s v /s o/, (ﬁ)v Bs  Brew  cuPr

For ideal gases, Ta = 1 and 8y = 1/p, and thus
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(2_/;)5 - i(s —cp)p = f(s —c,,)%

Cy Cy
Therefore,
R So,V T _R
Ap = C—(s(, —cp) / ;dv = (cp - SO)TO[(U%) - 1j| = (cp = $0)IT = T,

So,Vo

For ideal gases, we can also directly obtain the change in the chemical potential
for the isentropic process from the change in molar enthalpy,

Ap = Ah —so(T = Tp,) = Cp(T —T5) —so(T — Tp) = (Cp - so)[T —To]

(b) For oxygen gas (O,), the temperature change for the isentropic expansion
process with 10 times of increase in volume is given by

_R
AT =T —T, = TO[<1> L 1} — 298 x (10—% — 1) — _179.4K
Vo

Therefore, the changes in the molar internal energy, molar enthalpy, Helmholtz
free energy, and chemical potential are

5 5
Au=c,(T = Tp) = SR(T' = T,) = 3 x 8314 x (~179.4) = ~3729 V/mol
7 7
Ah=cy(T = Tp) = ZR(T = To) = 5 x 8314 x (~179.4) = ~5220 J/mol
5
Af = (co — so)(T — Tp) = (5 x 8.314 — 205) x (—179.4) = 33, 048 J/mol

7
Ap = (cp = so)(T = T,) = (5 x 8.314 — 205) x (—179.4) = 31,557G

Example 3 For the following processes, write down the general expressions for
the changes in the molar internal energy Au, molar enthalpy Ak, molar entropy
As, molar Helmbholtz free energy Af, and chemical potential Au in terms of heat
capacity, compressibility, and thermal expansion coefficient, as well as temperature,
pressure, volume, or molar entropy at the initial state:

(a) Isochoric (constant volume) change in temperature from 7 to 7.
(b) Isobaric (constant pressure) temperature change from 7, to 7.
(c) Isothermal (constant temperature) volume change from v, to v.
(d) Isothermal (constant temperature) pressure change from p, to p.
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Assuming oxygen gas (O;) behaves as an ideal gas with constant pressure
heat capacity of 7R/2 (R is gas constant) and molar entropy g, 20s 1 bary ©F
205J/(mol K), evaluate the following:

(e) The Au, Ah, As, Af,and Ap of oxygen gas (O,) due to simultaneous changes
in temperature from 298 K to 600 K and in volume increasing by 10 times.

(f) The Au, Ah, As, Af,and A of oxygen gas (O,) due to simultaneous changes
in temperature and pressure from 298 K and 1 bar to 600 K and 10 bar.

Solution

(a) Theexpressions for the changes in the molar internal energy Au, molar enthalpy
Ah, molar entropy As, molar Helmholtz free energy A f, and chemical poten-
tial Ap due to achange in temperature from 7, to T at constant volume are given
in Egs. (8.26)—(8.30), and thus they are provided below without rederivation:

Af = /[cv — $(T,, v)]dT — T/ %”dT

T, T,

T
Ap = /[c —i—v——s(TO, v):|dT T/—dT
T,

o

(b) The expressions for the changes in the internal energy Au, molar enthalpy A#,
molar entropy As, molar Helmholtz free energy Af, and chemical potential
Ap as a result of a change in temperature from T, to T at constant pressure
are given in Egs. (8.62)—(8.66) and reproduced below:

T
= /(cp — pva)dT
T,
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T
Ah = /c,,dT
To
T
As = f Srgr
T
Tu
T T
Cp
Af = [[cp —s(To, p) — pva]dT — T ?dT
To To

T T
Cp
Ap=|[c)—s(To,p)|dT — T 74T
To

T,

(c) The expressions for the changes in the internal energy Au, molar enthalpy A#,
molar entropy As, molar Helmholtz free energy Af, and chemical potential
Apu due to an isothermal volume change from v, to v are given in Egs. (8.99)—
(8.104) which are rewritten below:

Ah = / ﬂiT(Ta — Ddv

Vo

v
As =/1dv
Br
Vo

Af:—/pdv

v U]
Au:—/BTdvz—/—dv
Br

(d) The expressions for the changes in the internal energy Au, molar enthalpy A#,
molar entropy As, molar Helmholtz free energy Af, and chemical potential
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Ap as a result of isothermal pressure change from p, to p are reproduced
below from Egs. (8.130)—(8.134):

P
Au = / v(pBr — Ta)dp
Po

14
Ah = / v(l — Ta)dp
Po
p

As:—/vadp

Po

p
Af = / pvBrdp
Po
P

Au:/vdp

[)O

(e) The expressions for the changes Au, Ah, As, Af and Ap of oxygen gas
(O,) due to simultaneous changes in temperature and volume are given in
Egs. (8.165)—(8.169) and reproduced below:

T, v, T,v
Ta
Au = / c,dT + f <— - p)dv
Br
To,vo T,v,
T,v, T,v
o 1
Ah = / Cy + vo— |dT + / —(Ta — 1)dv
Br Br
To,v0 To,vo
T,v, T,v
A f “ar + f %4
S = — —dv
T Br
1,00 1,00

T,v, T,v, T,v

Af: /[CU_S(TOa Uo)]dT_T / c?vdT—/pdv
To,v Ty, v

0>Vo o T,v,
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T,v, T,v, T,v

VolX Cy 1
Aun = — s(T,, dT — T —dT — —d
oo [ et smwlor=r [ Gar— [ o

To,v0 Ty, o T,v,

For ideal gases, the above equations are reduced to

Au = c,(T — T)
Ah =c,(T - Tp)

T v
As:cvlnF—l-Rln—

o Vo

T v
Af =[cy = 5T, v) (T = To) — T In T RT In —

0 Vo

T v
Ap = [cp — s°(T,, v(,)](T -T,) — chlnF — RT In —

o Vo

For oxygen gas subject to simultaneous changes in temperature from 298 K to
600 K and in volume increasing by 10 times,

5
Au = ¢(T — T) = SR(600 — 298) = 6277 I/mol

7
Ah = ¢, (T = T,) = 7 R(600 — 298) = 8788 J/mol

o vo 298
= R(1.750 4 2.303) = 33.70J/(mol K)

T v 5. 600
As:cvln7+Rln—=R Eln——i—lnlO

5 5. 600
Af = [ER - 205i| (600 — 298) — 600|:R<§ In 208 +In 10):| = —77, 853 J/mol

7 5 600
Au=|-R —205](600—298) —600| R| —In — +1n 10 = —73,336G
a [2 ]( 79 [ (2“298+n ﬂ ’

(f) The expressions for the changes Au, Ah, As, Af, and Au of oxygen gas
(O,) due to simultaneous changes in temperature and pressure are given in
Eqgs. (8.185)—(8.189) and rewritten below:
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T,po T.p
Au = f (c,, - pvoc)dT + f v(pBr — Ta)dp
To.po T.po
T,po T.p
Ah = / cpdT + / v(l — Ta)dp
To,Po T,po
T,po T.p
Sp
As = —dT — vadp
T
1o, po T,po
T, po T, po T.p
c
Af = / [cp —s(To, po) — pva]dT -T / ?pdT + / pvBrdp
Ty, po 1o, Po T, po
T, po T.po T.p
c
Au(T, p) = / [cp —s(To, po)|dT — T / ?”dT + / vdp
To. po To, po T.po

For ideal gases, the finite changes due to simultaneous changes in temperature
and pressure are:

Au=c,(T —T,)
Ah =c,(T —T,)

T p
As:cplnT—Rln—

o Po

r

Po

T
Af =ley = 5(To, po))(T = To) = ¢,TIn —— + RT'In

r

T
Ap = [c, = s(Ty, p) (T = To) — ¢, TIn — + RT In
T, Po

For oxygen gas subject to simultaneous changes in temperature and pressure from
298 K and 1 bar to 600 K and 10 bar,

5
Au = c,(T = T) = SR(600 — 298) = 6277 I/mol

7
Ah = c)(T — T) = ZR(600 — 298) = 8788 J/mol
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T p 7. 600
As=c,In— — RIn— = R( =In — —In10 | = R(2.449 — 2.303) = 1.21J/(mol K)
T, Do 2 298

5 7. 600
Af = I:ER - 205j| (600 — 298) — 600|:R<§ In 208 In 10>:| = —56, 366 J/mol

7 7. 600
Ap =| =R —205[(600—-298) —600| R zIn— —1In10 )| =—-53,855G
2 2 298

Example 4 The molar volume of graphite vy p,, is 6.0 cm®/mol. The molar
constant pressure heat capacity of graphite c, is 8.5J/(K mol). The thermal expan-
sion coefficient & of graphite is 3 x 107> /K. The isothermal compressibility f7 of
graphite is 3 x 107°(1/bar). The molar entropy of graphite at room temperature
and ambient pressure 1 bar is s3g i |, = 5.6J/(mol K), and the molar enthalpy of
graphite is set at hggy |y, = 0

(a) Estimate the changes in molar internal energy, molar enthalpy, molar entropy,
molar Helmholtz free energy, and chemical potential when graphite is heated
under constant pressure of 1 bar from 298 to 3000 K.

(b) Estimate the changes in molar internal energy, molar enthalpy, molar entropy,
molar Helmholtz free energy, and chemical potential when the pressure of
graphite is increased from 1 bar to 40 Gpa at room temperature 298 K.

Solution

(a) The expressions for the changes in molar internal energy, molar enthalpy, molar
entropy, molar Helmholtz free energy, and chemical potential as a result of
temperature change under constant pressure of 1 bar by assuming constant heat
capacity ¢, and thermal expansion coefficient « are given in Egs. (8.79)—(8.83)
and are reproduced here:

Au = c,(T = T,) — pove[e* ™7 — 1]
Ah=c,(T —T,)
As =c, In(T/Ty)
Af =[ep = 5(To. P (T = To) = povo[e* "™ — 1] — ¢, T In(T/T;)

Ap = [cp = 5(To, p)|(T = To) — ¢, T I(T/Ty)
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For graphite heated under constant pressure of 1 bar from 298 to 3000 K, we have

(b)

Au=c,(T - T,) — povo[e“(T’T") — 1]
— 8.5(3000 — 298) — 1.0 x 10° x 6 x 10*6[e3xl0”<“m0*29& —-1]
~ 22.967 (kJ/mol)

Ah = c,(T — T,) = 8.5(3000 — 298) = 22.967 kJ/mol

~ 19.63 J/mol K

3000
As = ¢, In(T/T;) =851 — 2

T
Af::[q,—s(ﬂ”poﬂ(T——7L)—c¢71n§;——pow{e“T_R)—l]
3000

=w5—5a@m0—w&—85xxmmlw8—10x1@x6
xurﬂ&“““m“”&—l]m—stlumml
T
Ap = [c,, — s(Ty, po)](T —T,) —c,Tln A
0o
3000
= [8.5 — 5.6](3000 — 298) — 8.5 x 3000In = ~ —51.051 kG

The expressions for the changes in molar internal energy, molar enthalpy, molar
entropy, molar Helmholtz free energy, and chemical potential as a result of
pressure change at constant temperature assuming constant thermal expansion
coefficient and isothermal compressibility are given by in Egs. (8.140)—(8.144)
and are reproduced below:

(Toa — 1) (Toa — 1) | _4 (,—
Au = v, o — ——— | — _xo- 7 Br(p—po)
| e B L el S

Ah = (Tor — Do [e—ﬂr([’—Pn) _ 1]
Br
As — %[e—ﬁr(p—po) —1]
Br

Af = —Uo{ (pefﬂr(pfpo) _ Po) + ﬂi[efﬂr(pfpu) _ 1]}
T

Ap=—2 [e=frr=r) _ 1]
Br
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For graphite subject to a pressure change from 1 bar to 40 Gpa at room temperature:

298¢ — 1 2980 — 1
Au = U§98K,1bar{|:1 bar — %} — [p — w}e—ﬁr(p—lbar)}

T Br
298 % 3 x 1075 — 1)
=6x107°y]10° — (
) H 3% 1076 x 1073
—| 40 x 10° — (298 x3x 107 — 1) e—3x1070x 107 (40x10°~10°)
3x 1076 x 105

~ 6 x 107°{3.3 x 10" — 2.2 x 10"’} ~ 66.0kJ/mol

(298a —1) B (p—1 bar
Ah = ﬂ—Tv298K,1bar[e prip=iba — 1]

~ —3.30 x 10! x 6 x 107° x [—0.699] ~ 138.4 kJ/mol

As — QU298 K, 1 bar [ef,g,,.(pflbar) _ 1]
Br
_3x 1073 x 6 x 107°
3% 1076 x 105

[0.301 — 1] = —4.194 J/mol K

—Br(p— U298 K. 1 b —Br(p—
Af = V3gsk. 1 parl 1 bar — perTI0] 4 1 e

Br
6 x 107
=6x107°[10° =4 x 10" x 0.301]| + —————[0.699
x 1077 X 10 0301] + e 5751069
~ —0.722 x 10° + 1.398 x 10° = 67.6kJ/mol
S, 6 x 1076
Ap = 2BRIbn o—pro-tbn] o 02X 0 0 699] & 139.8kG

Br 3x 1076 x 10—

Example 5 Consider the formation enthalpy of methane gas (CH4) from graphite
(C) and hydrogen gas (H,). The formation enthalpy at O K calculated from quantum
mechanical calculations is —66.56 kJ/mol. The constant pressure heat capacities of
graphite, hydrogen gas, and methane gas are 8.64 J/(mol K), 28.64 J/(mol K), and
35.52J/(mol K), respectively. Calculate the formation enthalpy of methane at room
temperature 298 K.

Solution
The enthalpy of formation of CHy is given by

298K

Ahjggx = Ahox + / (Cp,CHA: —CpCc— ch,Hz)dT
0K



8.9 Examples 229

= Ahok + (cp.cn, — ¢p.c — 2¢p1,) (298 — 0)
= —65, 560 + (35.52 — 8.64 — 2 x 28.64) x 298
= —75.61 kJ/mol

Example 6 For the melting of ice to become water at the equilibrium melting
temperature of 0 °C under 1 bar, the heat of melting is 6007 J/mol.

(a) What is the enthalpy difference between one mole of water and one mole of
ice at 0 °C and 1 bar?

b)  Which one has higher enthalpy, one mole of ice or one mole of water?

c¢)  What is the entropy difference between one mole of ice and one mole of water
at 0 °C and 1 bar?

d) Which one has higher entropy, one mole of ice or one mole of water at 0 °C
and 1 bar?

e) What is the heat of solidification of water at 0 °C and 1 bar?

f)  What is the chemical potential difference between ice and water at 0 °C and
1 bar?

Solution

(a) According to the first law of thermodynamics, the enthalpy change of a material
(the difference in enthalpy between the final state and the initial state of the
material) is equal to the heat absorbed or released by the material,

ARY = Q) = 6007 J/mol
(b) Based on the answer in (a), water has higher enthalpy than ice
(c) The entropy difference between one mole of ice and one mole of water is
Ah® 6007
Asp = —0 = —— =22] 1 K
w273 /(mol K)
(d) Water has higher entropy than ice.
(e) Solidification is the reverse process to melting, therefore,
AR = —Ah;, = —6007 J/mol
(f) The chemical potential difference between ice and water at O °C and 1 bar is

Z€10.
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Example 7 The molar entropy of Al at 298 K and 1 bar, 395 | 1, 18 28.3 J/mol K.
The heat of melting of Al at the equilibrium melting temperature 934 K and pressure
1 bar is 10, 700 J/mol. The heat capacities of solid and liquid Al under 1 bar are
20.67 + 12.38 x 1073T and 31.76J/(mol K), respectively. Calculate the following
quantities:

(a) The amount of heat required to increase the temperature of one mole of solid
aluminum from 300 to 800 K at constant pressure of 1 bar.

(b) The enthalpy change of one mole of Al when it is heated from 298 to 1200 K
at | bar.

(¢) The entropy change of one mole of Al when it is heated from 298 to 1200 K
at 1 bar.

(d) The entropy change for the surrounding at 1200 K when one mole of Al is
heated from 298 to 1200 K at 1 bar in the system.

(e) The total entropy change for increasing the temperature of one mole of Al from
298 to 1200 K at 1 bar.

(f)  The chemical potential change for increasing the temperature of Al from 298
to 1200K at 1 bar.

Solution

(a) At constant pressure, the amount of heat required to increase the temperature
of one mole of solid aluminum from 300 to 800 K at constant pressure of 1 bar
is

T

Q=Ah= /cpdT
T
800K
= / (20.67 4+ 12.38 x 107°T)dT
300K
1 800K
= [20.67T + = x 12.38 x 10_3T2] = 20497.6 — 6758.1 = 13,739.5J
2 300K
(b) The enthalpy change of one mole of Al heated from 298 to 1200 K at 1 bar is
given by
934K 1200K

— [
Ah = f chdT + AHY + f cldT
298K 934K
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934K 1200K
= f (20.67 +12.38 x 1073T)dT + 10700 + / 31.76dT

298K 934K
934K

1
= (20.67T +3 X 12.38 x 10‘3T2> + 10700 4 31.76 x (1200 — 934)
298 K

=37,1445]

(c) The entropy change of one mole of Al when heated from 298 to 1200 K at

1 bar is
934K 1200K
S ar 4 Al g3
As:/—dT+—m+ / —dT
T T T
298K 934K
934K 1200K
(20.67 + 12.38 x 107°T) 10, 700 31.76
= dr + + ——dT
T 934 T
298K 934K

1200

934
= 20.67In— + 12.38 x 10~3(934 — 298) + 11.46 + 31.76 x | — 50.90J/K
"og T x 107 )+ + * 934

(d) The entropy change for the surrounding at 1200 K when one mole of Al is
heated from 298 to 1200 K at 1 bar in the system is

—Ah —37144.51]

= = —30.95J/K
1200 K 1200 K

ASgyy =

(e) The total entropy change for increasing the temperature of one mole of Al from
298 to 1200 K at 1 bar is

ASiot = Asal + ASer = 50.90 — 30.95 = 19.95J/K

(f) The chemical potential change for increasing the temperature of Al from 298
to 1200 K at 1 bar is

Ap = piook — H208K = 1200k — 120051200k — (ASogx — 2985505 k)
= hiaook — Mgk — 1200(s1200K — 5%5x) — (1200 — 298)s%q ¢
=37, 144.5 — 1200 x 50.90 — (1200 — 298) x 28.3
= —49,462.1G
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Example 8 The heat capacity of water is clp = 75J/(mol K), the heat capacity of
water vapor is ¢, = 36J/(mol K), and the heat of vaporization of water at 100 °C is
Al = 40.65 kJ/mol. Calculate the heat of vaporization at 120 °C or 393 K.

Solution
The heat of vaporization at 393 K is given by

393K

Ahv’393K = Ah3’373K + / (C:J — Clp)dT
373K
= AhY 373 + (¢}, — ¢},) (393 — 373)
= 40, 650 + (36 — 75)(393 — 373) = 39, 870( J/mol)

Example 9

(a) Given the data for 1 bar in the following table

Substance AhSgg ¢ (J/mol) 5305 x (J/ (K mol)) cp(J/(K mol))
Ca 0 40.0 26.0

(03 0 205.1 29.4

Ti 0 30.7 25.06

CaO —635, 000 38.0 42.0

TiO, —945, 000 50.0 55.0

CaTiO3 —1, 660, 000 94.0 110.0

What are the enthalpy, entropy, and Gibbs free energy changes for the reaction
when 1 mol of CaO reacts with 1 mol of TiO, at 298 K to produce 1 mol of CaTiO3
at 298 K?

Solution
For the reaction CaO + TiO, = CaTiO; at 298 K, the enthalpy, entropy, and Gibbs
free energy changes are

AH2098K = Ah(()?aTiO3 - Ah(():ao - Ah%o2
= —1660,000 + 635,000 + 945,000 = —80,0007J
AS§98K = ASéfmo3 - ASgao - As%oz
=94-38—-50=6 J/K
AG;’%K = AHZOQSK — 298AS§98K = —80,000 — 298 x 6 = —81,788 ]
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Example 10 The molar entropies of silicon (Si), oxygen gas (O,), and silicon dioxide
(S8i0;) at 298 K and 1 bar are 18.70, 205.0, and 41.84 J/(K mol), respectively. The
enthalpy of formation of SiO, at 298 and 1 bar is —911 kJ/mol. The constant pres-
sure heat capacities of Si, O, and SiO, 1 bar are approximately 19.6, 29.1, and
40.8 J/(K mol), respectively. Calculate:

(a) The entropy change for the oxidation reaction Si + O, = SiO, at room
temperature 298 K and 1 bar.

(b) The entropy change for the oxidation reaction Si + O, = SiO; at 500 K and
1 bar, assuming that the heat capacities of Si, O, and SiO, are independent of
temperature.

(¢) The enthalpy change for the oxidation reaction Si + O, = SiO; at room
temperature 298 K and 1 bar.

(d) The enthalpy change for the oxidation reaction Si 4+ O, = SiO; at 500 K and
1 bar, assuming that the heat capacities of Si, O,, and SiO, are independent of
temperature.

(e) The Gibbs free energy change for the oxidation reaction Si + O, = SiO; at
room temperature 298 K and 1 bar.

(f) The Gibbs free energy change for the oxidation reaction Si + O, = SiO, at
500 K and 1 bar, assuming that the heat capacities of Si, O,, and SiO, are
independent of temperature.

Solution

(a) The entropy change for the oxidation reaction Si + O, = SiO, at room
temperature 298 K and 1 bar,

ASjosx = Ssi0, — Ssi — S0, = 41.84 — 18.70 — 205.0 = —181.86 J/K

(b) The entropy change for the oxidation reaction Si + O, = SiO, at 500 K and

1 bar,

500K ( )
Cp.Si0, — Cp.Si — C
ASsoox = ASygk + / P51 ;’Sl 20 4
298K
500
= —181.86 + (40.8 — 19.6 — 29.1) x In 708 = —185.95J/K
(c) The enthalpy change for the oxidation reaction Si + O, = SiO; at room

temperature 298 K and 1 bar,
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AHyg i = hgio, — hg; — hg, = —911KJ

(d) The enthalpy change for the oxidation reaction Si 4+ O, = SiO; at 500 K and
1 bar,

500 K
(0]
AHspok = AHyggx + / (cp.sio, — €p.si— ¢p.o,)dT

298K
500K

= AHpyy + / (40.8 — 19.6 — 29.1)dT = —912,596]

298K

(e) The Gibbs free energy change for the oxidation reaction Si + O, = SiO, at
room temperature 298 K and 1 bar,

AGSogx = AHyg — 298A 8% = —911,000 — 298 x (—181.86)
= —856,806]

(f) The Gibbs free energy change for the oxidation reaction Si + O, = SiO, at
500 K and 1 bar,

AGsopox = AHspog — S00ASs00k
= —912,595.8 — 500 x (—185.95) = —819,6211]

8.10 Exercises

1. If the thermal expansion coefficient of a material is positive, does the entropy of
the material (i) increase or (ii) decrease as the pressure increases while keeping
temperature constant?

2.  For a monatomic ideal gas undergoing an isentropic (reversible adiabatic)
pressure change from p, to p,

(a) Derive the expressions for the changes in temperature AT, molar internal
energy Au, molar enthalpy Ah, molar entropy As, molar Helmholtz
free energy Af, and chemical potential Ap in terms of heat capacity,
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compressibility, and thermal expansion coefficient, as well as temperature,
pressure, volume or molar entropy at the initial state.

(b) Assuming Argon gas behaves as an ideal gas with constant pressure heat
capacity of SR/2 (R is gas constant) and molar entropy s5ogy b OF
155J/(mol K), evaluate the AT, Au, Ah, As, Af, and Ap of Argon
gas initially at 298 K and 1 bar due to a reversible adiabatic compression
to reach a final pressure of 1001 bar.

3. For 1 mol of monatomic ideal gas initially at 298 K and 1 bar, calculate the work
W done on the gas, the heat Q transferred to the surrounding, and the internal
energy change AU of the ideal gas for the following two processes:

(a) Compress the gas to 5 bar reversibly and adiabatically.
(b) Compress the gas to 5 bar reversibly and isothermally.

4. Translate the following statements into thermodynamic expressions, then
express them in terms of heat capacity, compressibility, thermal expansion coef-
ficient, and other necessary thermodynamic properties of one mole of a material,
and evaluate them for the case of monatomic ideal gases:

(a) The volume change as a result of temperature change at constant pressure.
(b) The pressure change as a result of volume change at constant temperature.
(c) The volume change as a result of pressure change at constant temperature.

5. The molar volume of graphite vSegy |, is 6.0cm?/mol, and the molar
entropy: Sjogg 1par = 5-6J/(Kmol). The molar heat capacity of graphite
¢, is 8.5J/(K mol). The thermal expansion coefficient of graphite « is 3 x
107> /K. The isothermal compressibility of graphite Bz is 3 x 107 /bar. Obtain
expressions for:

(a) The molar internal energy change of graphite when its temperature is
changed from 298 K to T and pressure is changed from 1 bar to p.

(b) The molar enthalpy change of graphite when its temperature is changed
from 298 K to T and pressure is changed from 1 bar to p.

(c) The molar entropy change of graphite when its temperature is changed
from 298 K to T and pressure is changed from 1 bar to p.

(d) The molar Helmholtz free energy change of graphite when its temperature
is changed from 298 K to T and pressure is changed from 1 bar to p.

(e) Thechemical potential change of graphite when its temperature is changed
from 298 K to T and pressure is changed from 1 bar to p.

6. Given data for graphite (g) and diamond (d):
Molar enthalpy: h<2>,9g8 K1bar = 05 hg'gdg K.1bar = 1900 J/mol.
Molar volume: v | par = 6.0 cm?/mol, v3ig | por = 3.4 cm?/mol.
Molar heat capacity: ci = 8.5J/(K mol), c;i = 6.0J/(K mol).
Isothermal compressibility: ,3? =3 x 1079 /bar, ,B% =2 x 1077 /bar.
Thermal expansion coefficient: & = 3 x 107> /K, a® = 107> /K.
Molar entropy: s g 1 par = 5-6J/(K mol), s5i ¢ | par = 2.4J/(K mol).
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11.

12.
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Derive expressions for:

(a) The difference in the chemical potential between diamond and graphite
as a function of temperature at 1 bar (assuming constant c¢,).

(b) The difference in the chemical potential between diamond and graphite
as a function of pressure at 298 K (assuming constant & and 87).

(c) The chemical potential difference between diamond and graphite as a
function of temperature and pressure (assuming constant ¢, ¢, and Br).

The enthalpy change during solidification of water to become ice at 0 °C is
negative, and the entropy change for the system is also negative: true or false?

When a liquid freezes to become a solid at a constant temperature, it releases
heat to the surrounding, true or false?

The total entropy change of the system and its surrounding for the solidification
of water to become ice at equilibrium temperature 0 °C and ambient pressure
of 1 bar is zero: true or false?

The molar enthalpy of diamond at room temperature and 1 bar with respect to
graphite is hS3 K.1bar = 1900 J/mol. If one mole of diamond were transformed
to graphite at room temperature and 1 bar, heat would be released or absorbed?
What is the amount of heat released or absorbed?

For an oxidation reaction of a pure solid metal to form a pure solid oxide at
300 K, is the entropy change for the reaction positive or negative?

Assuming the constant pressure heat capacities of ice and water are 38 and
75 J/(mol K), respectively, and the heat of melting of ice at 273 K is 6007 J/mol,

(a) Calculate the molar entropy difference between water at 298 K and ice
at 268 K.

(b) For the melting of 1 mol of ice initially at —5 °C to become water at
25 °C, what is the corresponding change of entropy in the surrounding
at 25 °C?

(c) What is the total entropy change (for the system plus the surrounding)
when 1 mol of ice initially at —5 °C melts to become water at 25 °C with
the surrounding at 25 °C?

(d) Based on your calculation results of (c), please determine whether the
melting process is reversible or irreversible.

Calcium carbonate (CaCO3) has two polymorphs, calcite and aragonite. The
chemical potential change for the aragonite to calcite transition as a function
of temperature at 1 bar is given by

Ap =210 — 42T (G)

(a) Determine the equilibrium transition temperature under 1 bar.
(b) Determine the heat of transition under 1 bar.
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14.

15.

16.

17.

(c) Determine the entropy of transition under 1 bar.

The heat of melting of Ag at equilibrium melting temperature 1234 K and
1 bar is 11,090 J/mol, The constant pressure heat capacity of solid Ag is
20.67 4+ 12.38 x 10737 J/(mol K), and the constant pressure heat capacity of
liquid Ag is 30.50J/(mol K)

(a) Calculate the amount of heat required to heat 1 mol of solid Ag from
298 K to become liquid Ag at 1500 K under 1 bar.

(b) What is the molar entropy difference between liquid Ag at 1500 K and
solid Ag at 298 K under 1 bar.

Solid Ba has two polymorphic forms « and 8. The molar entropy of « phase
is 5208k 1bar = 02.47J/(mol K) at 298 K. The « phase is stable at tempera-
tures up to 648 K at which the o phase is transformed to the 8 phase with
a molar heat of transition of Ak = 630J/mol. The B phase is stable until
its melting temperature which is higher than 1000 K. The molar constant

pressure heat capacity of « phase is ¢ = —438.2 + 1587.0 x 10731

+128.2 x 1037 ~2(J/(mol K)), and the molar constant pressure heat capacity
of B phase is cﬁ = —5.69 +80.33 x 10737 (J/(mol K)). Calculate the chem-
ical potential difference between B and « as a function of temperature from
298 to 1000 K.

The heat of melting for Cu is 13,260 J/mol and the equilibrium melting temper-
ature of Cu is 1358 K. The molar entropy of Cu at 298 K and 1 bar is
33.2 J/(mol K), and the molar enthalpy of Cu at 298 K and 1 bar is set zero.
Assuming the constant pressure heat capacity of solid Cu and liquid Cu is the
same, 24.0 J/(mol K).

(a) What are the differences in molar enthalpy, molar entropy, and chemical
potential between liquid Cu and solid Cu at the equilibrium melting
temperature 1358 K?

(b)  What is the heat of solidification from liquid Cu to solid Cu at the
equilibrium melting temperature 1358 K?

(c) What are the changes in molar enthalpy, molar entropy, and chemical
potential for the solidification of liquid Cu at 1000 K?

(d) What are the differences in molar enthalpy, entropy, and chemical poten-
tial between one mole of liquid Cu at 1400 K and one mole of solid Cu
at 1300 K?

The heat of melting for Si is 50,200 J/mol, and the equilibrium melting temper-
ature of Si is 1687 K. Assuming that the constant pressure heat capacities of
solid Si and liquid Si are 32J/(mol K) and 42 J/(mol K), respectively,

(a) What are the differences in enthalpy, entropy, and chemical potential
between one mole of liquid Si at 1687 K and one mole of solid Si at
1687K?
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(b)  What are changes in the molar enthalpy, molar entropy, and chemical
potential when liquid Si at 1500 K is solidified to become solid Si at
1500 K?

The chemical potentials of Si in diamond (d) structure ,u‘sii and liquid (/) Si /’LlSi
as a function of temperature at 1 bar are given below using the enthalpy of Si
in diamond structure at room temperature under 1 bar as the reference (from
SGTE element database):

pd = 8163 +137.2T —22.83T InT — 1.913 x 107372 — 0.003552
x 107973 +176700T~! (G) (298.15K < T < 1687K)

pud = —9458 +167.3T — 27.207 In T—420.4 x 10877
G) (1687K < T < 3600K)

pk; = 42530 +107.17 — 22.83T InT — 1.913 x 107272 — 0.003552
x 107073 417670071 +209.3 x 1072377 (G) (298.15K < T < 1687K)

“lSi =40370+4137.7T —27.20TInT (G) (1687K < T < 3600K)

Derive the expressions for the enthalpy, entropy and heat capacity differences
between liquid Si and Si in diamond structure as a function of temperature.

The enthalpies of Zr(«), O,, and ZrO; () as well as the molar heat capacities
of ZrO,(«), ZrO,(B), O,, Zr(«), and Zr(B) are given below in the table:

Substance AhSgg(J/mol) ¢ (J/(K mol))
ZrO;s () —1, 100, 800 70.0
710 (B) 75.0
(0} 0 30.0
Zr(w) 0 25.0
Zr(B) 26.0

For the transition Zr(o) — Zr(8), the heat of transition at the equilibrium tran-
sition temperature 1136 K is 3900 J/mol, and for the transition of ZrO;(«) —
ZrO;(p), the heat of transition at equilibrium transition temperature 1478 K is
5900 J/mol. Find the expressions for:

(a) The enthalpy of Zr as a function of temperature.

(b) The heat of transition for Zr(«) — Zr(f8) as a function of temperature.

(c) The heat of transition for ZrO;(e) — ZrO,(8) as a function of
temperature.

(d) The heat of reaction Zr + O, — ZrO, as a function of temperature.
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20.

21.

22.

Given the data:

The heat capacity of liquid Pb, clp’Pb =32.4—3.1 x 1073T (J/(mol K)).
The heat capacity of solid Pb, c;,Pb =23.56 +9.75 x 1073T (J/(mol K)).
The heat capacity of solid PbO, C;,PbO =36.9 +26.8 x 10737 (J/(mol K)).
The heat capacity of O, ci,oz = 29.96 + 4.18 x 1073T — 1.67 x
10°T 2 (J/(mol K)).

The heat of melting (fusion) of Pb at 7p,, p, = 600K, Ahfn’Pb = 4810 J/mol.
The heat of melting (fusion) of PbO at Tupoo = 1158K, Ahy po =
27,480 J/mol.

The enthalpy of PbO hp,, = —217kJ/mol at 298 K, and the enthalpies of Pb
and O, at 298 K are set zero.

(a) What is the heat of oxidation reaction of solid Pb at 500 K?
(b)  What is the heat of oxidation reaction of liquid Pb at 700 K?

Given that the amounts of heat of formation for BaO, TiO,, and BaTiOs at 1 bar
and 298 K are —548.1, —944, and —1647 kJ/mol, respectively, and assuming
that the constant pressure molar heat capacities of BaO, TiO,, and BaTiO3 are
55.0, 75.0, and 120.0J/(K mol), respectively.

(a) What is the heat of reaction when 1 mol of BaO reacts with 1 mol of
TiO; at 298 K to produce 1 mol of BaTiO3 at 298 K at 1 bar?

(b) Calculate the heat of reaction as a function of temperature for BaO +
TiO, = BaTiOs.

Substance Ah$yg(J/mol) 5995 (J/ (K mol)) cp(J/(Kmol))
SizNg —744, 800 113.0 70.0
SiO, (x-quartz) —-910, 900 41.5 45.0
(e} 0 205.1 30.0
No 0 191.5 28.0

For the reaction, SizNy + 30, = 3SiO,(«¢ — quartz) + 2N», please use the
data from the table above and answer the following questions:

(a) What are the heat, entropy, and Gibbs free energy of reaction at 298 K?
(b)  What are the heat, entropy, and Gibbs free energy of reaction at 800 K?
(c) Whatare the heat, entropy, and Gibbs free energy of reaction as a function

of temperature?



Chapter 9 ®)
Construction of Fundamental Equation oo
of Thermodynamics

The differential and integrated forms of the fundamental equation of thermodynamics
of a system are discussed in Chap. 3. Once the integrated form of the fundamental
equation of thermodynamics for a material system is established, all the thermody-
namic properties for the system can be obtained from the first and second derivatives
of energy or entropy representations of the fundamental equation of thermodynamics
with respect to their natural thermodynamic variables. Therefore, a complete ther-
modynamic knowledge of a material requires the construction of its fundamental
equation of thermodynamics.

Statistical thermodynamics, briefly discussed in Chap. 4, can, in principle, be
employed to derive the fundamental equation of thermodynamics for a material
system through the establishment of a partition function in combination with quantum
mechanical calculations of the energetics of the system. However, the direct analyt-
ical derivation of a fundamental equation of thermodynamics is only possible for
a few rather idealized model systems which can be considered as consisting of
independent particles such as ideal atomic/molecular gases, electron gas, a group
of phonon modes, photon gas, etc. Therefore, for the majority of practical mate-
rials, the construction of the fundamental equation of thermodynamics of a material
system will have to rely on utilizing thermodynamic data obtained from experiments
and computation under specific thermodynamic conditions. Unfortunately, the data
available to construct a complete fundamental equation of thermodynamics is rarely
sufficient for any practical materials system of interest despite the advances in exper-
imental measurements and materials computation. As a result, it is currently only
possible to construct approximate or incomplete fundamental equation of thermody-
namics for most of the practical materials, and this is true for all existing thermody-
namic databases which contain incomplete, and at best, represent the approximate
fundamental equations of thermodynamics.

Chapter 8 establishes the expressions for computing the changes for the different
forms of energy and entropy functions as the temperature, pressure, or volume vary
as well as for phase transitions and chemical reactions at a given temperature and
pressure based on experimentally measurable or theoretically computable properties

© Springer Nature Singapore Pte Ltd. 2022 241
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such as heat capacity, mechanical bulk modulus or compressibility, and thermal
expansion coefficient. This chapter outlines the procedures to utilize essentially
the same set of thermodynamic properties from the second derivatives of energy
functions to construct approximate fundamental equations of thermodynamics for
single-component systems. One may consider this as an approach to encoding known
thermodynamic properties into a single equation as an approximation to the funda-
mental equation of thermodynamics from which one can recover the thermodynamic
properties. The focus is on simple systems with a brief discussion on the possible
extensions to systems with stress, electric, and surface effects.

9.1 Choice of Fundamental Equation of Thermodynamics

There are different energy function forms that can be employed to represent the same
fundamental equation of thermodynamics. Materials databases of fundamental equa-
tions of thermodynamics should be independent of the size of a materials system, and
thus, fundamental equations of thermodynamics to be employed should be expressed
in molar quantities, e.g., molar entropy (s) and molar volume (v).

For a simple closed system with one mole of chemical substance, one can easily
show that there are only four possible functional forms for the fundamental equation
of thermodynamics expressed in molar properties by choosing one variable from
each of the two conjugate variable pairs (7', s), (p, v) as the two natural variables.
The four combinations of two natural variables for a simple closed system with one
mole of chemical substance are

(s,0), (T, v), (s, p), (T, p) 9.1)

Since in the majority of applications in materials science and engineering, the
most convenient sets of thermodynamic variables to control in an experiment or to
vary in a computation are 7, p or v, the two most commonly employed sets of
natural variables among the four choices are (7T, v) and (7, p). Therefore, the most
commonly employed fundamental equations of thermodynamics in molar quantities
are

f(T,v)y=u—Ts=—pv+pu 9.2)
gT,p)=u—Ts+pv=pnu 9.3)

where f is molar Helmholtz free energy, g is molar Gibbs free energy, and u is molar
internal energy. The differential forms for Egs. (9.2) and (9.3) are

df = —sdT — pdv (9.4)
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dg =dpu = —sdT + vdp 9.5)

As shown in Egs. (9.3) and (9.5), the molar Gibbs free energy g and chemical
potential p are exactly the same thermodynamic quantity. Since chemical potential
W is a basic variable for a system while molar Gibbs free energy g is an auxiliary
function representing the combination of basic variables: u — T's + pv, we will
employ chemical potential p rather than molar Gibbs free energy g to represent
the fundamental equation of thermodynamics although the existing literature mostly
refers it as molar Gibbs free energy g.

Based on the above discussion, we will primarily focus on the construction of the
molar Helmholtz free energy f of a material as a function of temperature 7 and molar
volume v, and the chemical potential p as a function of temperature 7" and pressure

p.

9.2 Molar Helmholtz Free Energy as a Function
of Temperature and Molar Volume

Utilizing the formula derived in Sect. 8.5 for the change of molar Helmholtz free
energy with respect to changes in temperature and molar volume in terms of constant
volume heat capacity and isothermal bulk modulus or isothermal compressibility as
well as the thermodynamic properties of a reference state, we can readily write down
the molar Helmholtz free energy as a function of temperature and molar volume,

T, v, T,v
f(T,v) = [T, vo) — f sdT — / pdv (9.6)
To,vo T,v,
where
fO(Tov Vo) = MO(TO’ Vo) — TOSO(Tov Vo) 9.7
T, v, T,v, T, v,
— / sdT = —s°(Ty, vo)(T — Ty) + / c,dT — T / c,d(nT) (9.8)
To,v0 To,v0 To,v0

In Egs. (9.7) and (9.8), T,, v,, u°, s°, and f° are the temperature, molar volume,
molar internal energy, entropy, and molar Helmholtz free energy of a reference state,
respectively, and ¢, is the molar constant volume heat capacity.

The molar Helmholtz free energy of a material as a function of temperature and
molar volume can also be obtained from the molar internal energy and molar entropy
as a function of temperature and volume,
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f(T,v) =u(T,v) —Ts(T,v) 9.9
where
T,v, T, v T,v
u(T, v) = u®(Ty, vo) + / c,dT +T / aBrdv — / pdv (9.10)
To,vo T,v, T, v,
and
T,v, T,v
$(T. v) = s°(To, vo) + / C—7‘de + / aBrdv 9.11)
To,vo T, v,

where « is the volume thermal expansion coefficient, and By the isothermal bulk
modulus which is the inverse of isothermal compressibility, i.e., By = 1/87.

If ¢y, By, and « are assumed to be constant independent of temperature and
volume, the molar internal energy, molar entropy, and molar Helmholtz free energy
are given by

u(T,v) = MO(TOa Vo) + (T — To)

By (Ta — 1) = pol(v — vy) + Bruln vﬂ 9.12)

T
s(T,v) = s°(Ty, vo) + cvlnT + aBr (v — v,) (9.13)

o

f(T,v) = [Ty, vo) + [ey = °(To, v)|(T = Tp) — ¢, T In %

o

v
— (Br + po)(v — vy) + Brvln — (9.14)

Vo

where p, is the pressure of the initial state. Therefore, with the properties, ¢, and
Br or B as a function of temperature and molar volume, we can construct the
fundamental equation of thermodynamics in terms of molar Helmholtz free energy
by defining a reference state.
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9.3 Chemical Potential as a Function of Temperature
and Pressure

Using the expressions derived in Sect. 8.6 for the temperature and pressure depen-
dences of chemical potential change A as a result of simultaneous temperature and
pressure changes, we can easily write down the chemical potential of a homogeneous
single-component system or a multicomponent system with a fixed composition as
a function of temperature and pressure,

T, po T,po T,p
Cc
(T, p) = u*(Ty. po) + f e — $°(Ty, po)]dT — T f Zar + / vdp
To, po To, po T,po

(9.15)

where ¢, is the molar constant pressure heat capacity, and s°(7,, p,) and u°(T,, po)
are the molar entropy and chemical potential of a reference state at temperature T,
and pressure p,. The molar entropy s°(75, p,), chemical potential (7, p,), and
the molar enthalpy 4°(T,, p,) of the reference state are related by

1’ (To, po) = h°(To, po) — Tos°(To, Po) (9.16)

The chemical potential u as a function of temperature and pressure can also be
directly obtained from the temperature and pressure dependencies of molar enthalpy
h and molar entropy s,

w(T, p) =h(T, p) = Ts(T, p) .17

Using the results from Sect. 8.6 for the temperature and pressure dependences of
Ah and As, the molar enthalpy and entropy as a function of temperature and pressure
are

T,po T.p
h(T, p) = h°(Ts, po) + / c,dT + / v(l — Ta)dp (9.18)
To,po T, po
T,po T,p
(T, p) = 5°(To, po) + / %”dT— / vadp (9.19)
To. po T,po

If the thermal expansion coefficient « is a constant independent of temperature,
and if the isothermal compressibility B7 is constant independent of pressure, the
volume dependence on temperature and pressure can be expressed as
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v(T, p) = vo(Ty, po)ea(T—To)—ﬂT(.”—I’o) (9.20)

The chemical potential as a function of temperature and pressure assuming
constant heat capacity, constant thermal expansion coefficient, and constant
compressibility with 7, and p, as the initial state is given by

T

1(T, p) = p°(To, po) + [cp — $°(To, p) (T — Ty) — ¢, T n T
a(T—T,)

_ Vo(To, po)e [ePrv=ro — 1] (9.21)

Br

Therefore, with constant pressure heat capacity c,, volume thermal expansion
coefficient «, and isothermal compressibility 87 as a function of temperature and
pressure, together with the thermodynamic data at a reference state, we can construct
the fundamental equation of thermodynamics in terms of chemical potential.

For most solids, the thermal expansion coefficient and the isothermal compress-
ibility are very small, so we can make the approximations:

e T1) ~ 1 4+ a(T —T,) (9.22)
and

1
e T 1= Br(p = po) + S 1Br(p = po)T? (9.23)

With these two approximations, the fundamental equation of thermodynamics
in terms of chemical potential as a function of temperature and pressure can be
approximated as

T
w(T, p) = pu°(To, po) + [Cp — 5T, po)](T = T,) —cpT ln<7>

o

1
+ Vo[l + (T — To)]|:(P — Po) — EﬁT(p - po){| (9.24)

9.4 Chemical Potential as a Function of Temperature
Involving Phase Changes

If, within the temperature range from a reference state 7, and p, to a temperature of
interest T and pressure p,, there is a first-order phase change from a phase, called «,
to another phase, called 8, at the transition temperature T, with T, < T, < T, there
are abrupt changes in the enthalpy and entropy associated with the phase transition
of the material; i.e., there are different branches for the fundamental equation of
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thermodynamics. Let us label the enthalpy and entropy of transition at the equilibrium
transition temperature 7, under pressure p, as Ak and As?. The enthalpy, entropy,
and chemical potential of the o phase as a function of temperature T at p, are given
by

T,po
h*(T, po) = h*“(Ty, po) + f c‘;‘,dT (9.25)
To, Po
T,p, »
s*(T, po) = 5" (T, po) + / %dT (9.26)
To.po
T,po T.po
wi(T, po) = h**(Ty, po) — Ts*“(Ty, po) + / cidT -T / %”dT 9.27)
o, po To.po

The enthalpy and entropy of the 8 phase are given by

T,po
(T, po) = h*(Te. po) + AY(Te. po) + / chdT (9.28)
Te.po
Topo g
sP(T, po) = s(Te. po) + AsA(Te, po) + / %pdT (9.29)
Te. po

where

AT, po)

ASQ(Tea Po) = T
€

(9.30)

The chemical potential of the 8 phase u” (T, p,) as a function of temperature can
easily be obtained from h# (T, p,) and s# (T, p,) since

pP(T, po) = hP(T, po) — Ts*(T, po) (9.31)

Substituting Egs. (9.28) and (9.29) into Eq. (9.31), we have the chemical potential
of the 8 phase as a function of temperature and pressure,

Mﬂ(Ts Po) = h*(Te, po) — Ts*(Te, po) + Ahg(Tev Do) — TASS(Tev Do)
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T,po T.po
B ¢
+—/1%dT—]‘/ Fdr (9.32)
Te, Po Te, po

Using the properties and property relations at the phase transition temperature,
we can rewrite the above equation as

T, po T, po 8

C

W) =i T+ [ [ =o' Tpalar —1 [ Lar 033
Te, po Te, po
where
Te, po
B 4 o,a 0,a (T — Te)C(;
w’ (T, po) = u*(Te, po) = h™*(Is, po) — Tes™“ (T, po) + TdT

To, po

(9.34)

9.5 Reference States

In order to construct the fundamental equations of thermodynamics based on the
molar Helmholtz free energy as a function of temperature and molar volume or chem-
ical potential as a function of temperature and pressure, we have to choose a reference
state at which we can define the values of the molar Helmholtz free energy or chemical
potential and those of associated thermodynamic properties such as molar internal
energy, enthalpy, and entropy. Since the thermodynamic data for molar Helmholtz
free energy is mostly from computation, and those for chemical potential are from
experiments, the practices for choosing the reference states for molar Helmholtz free
energy and chemical potential are generally different in literature.

9.5.1 Reference State for Molar Helmholtz Free Energy at 0
K

The reference state for molar Helmholtz free energy has almost always been associ-
ated with the state at 0 K at which the molar Helmholtz free energy is equal to the
molar internal energy,

fOK,v) = u(0K, v) (9.35)
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As it is mentioned in Chap. 1, there is the rest mass energy associated with
a substance. Therefore, in principle, the absolute energy of a chemical substance
can be defined. However, the molar rest mass energy is many orders of magnitude
larger than the changes in the molar internal energy of a system due to changes in
temperature or volume or changes due to phase transitions and chemical reactions.
As aresult, it is the usual practice to define the internal energy of a given unit mass
of a solid at O K relative to the energy of individual atoms. For a solid, the cohesive
energy, which is defined as the energy difference between the atoms arranged in a
crystalline state and isolated individual atoms is employed to represent the internal
energy and stability of a solid at 0 K. As a matter of fact, the cohesive energy of a
majority of solids at 0 K can now be computed using quantum mechanical electron
density functional theory calculations.

The molar Helmholtz free energy as a function of temperature and volume using
0 K as the reference state is then given by

T,vo T, v,
f(T,v) =u(0OK,v) — Ts(OK, vy) + / c,dT — T / c,d(InT)
0K, v, 0K, v,
T,v T,v
— po(V — Vo) — / Brdv + v / Brd(Inv) (9.36)
T,v, T,vo

where s(0K, v,) is the entropy of a substance at 0 K, and v, is the molar volume at
0 K typically obtained under vacuum.

The entropy of a solid at 0 K is specified by the third law of thermodynamics,
according to which the entropy of a homogeneous, stable substance (pure elemental
substance or ordered compounds of several elements) at 0 K is zero, i.e.,

Tl_l)rale(T, v,) > 0 (9.37)

This is derived from the Nernst postulate:
As — 0 in an isothermal process as T — 0,
i.e., the entropy change for any process is approaching to zero when T goes to

zZero.
One could infer from the Nernst postulate that as T — 0,

(T — 0) = T(;—;) (T—-0—>0 (9.38)

since (ds/dT), is finite as T — 0. Similarly,
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cp,(T — 0) = T(B_s) (r—0—-20 (9.39)
or ),

Since the thermal expansion coefficient of a material is related to the rate of entropy
change with respect to pressure change at constant temperature by a Maxwell relation,
one can infer that the thermal expansion coefficient is also 0 at 0 K, i.e.,

1/ 0v 1/0s
(T —->0)=—|—)] T—->0)=——) (T—->0—>0 (9.40)
(ar), (5),

Therefore, the molar Helmholtz free energy is given by

T, v, T, v,
£ ) = u() + / cdT — T / cd(InT) — po(v — vo)
0K, v, 0K, v,
T,v T,v
— / BTdv—i—v/BTd(lnv) 9.41)
T,v, T,vo

9.5.2 Reference State for Chemical Potential at 298 K and 1
bar

Although most calculations of molar Helmholtz free energy as a function of temper-
ature and volume use 0 K and the molar volume corresponding to the minimum
cohesive energy at 0 K as the reference state, existing calculations and databases for
chemical potentials (often called molar Gibbs free energy or simply Gibbs energy
in the existing literature) as a function of temperature and pressure employ room
temperature 298 K and pressure 1 bar as the reference state.

As it is briefly discussed above, according to the third law of thermodynamics,
the entropy of a material at 0 K is zero, and hence, the entropy of a material at 298 K
and 1 bar must be positive. Many of the elemental solids and compounds at 298 K
and 1 bar are available in thermodynamic databases and online sources.

In addition to the value of entropy at the reference state, we also need either the
value of chemical potential or the molar enthalpy at the reference state of 298 K and
1 bar. One option is to define the chemical potential of an elemental, stable substance
at 298K and 1 bar as the reference with its value set to zero while the chemical
potential of a compound is the formation of chemical potential from its elemental
constituents at 298 K and 1 bar.! However, the majority of existing thermodynamic
databases employ the convention by setting the enthalpy of a thermodynamically

1'G. Job and F. Herrmann, “Chemical potential—a quantity in search of recognition.” Institute of
Physics Publishing, Eur. J. Physics 27, 353 (2006).
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stable, pure elemental substance to zero at room temperature 298 K and ambient
pressure 1 bar, i.e.,

h3og K.1bar = 0 (9.42)

The enthalpy of a compound at 298 K and 1 bar is then equal to the heat of
formation of the compound from the corresponding stable elemental substances at
298 K and 1 bar.

The enthalpy or heat of formation is the enthalpy change or heat released when
one mole of compound forms from its constituent elements. For example, for the
formation of one mole of solid oxide SiO, from the solid Si and O, gas at 298 K and
1 bar,

Si(s) + 02(g) = SiOx(s)

The heat of formation, Q, is about —860 kJ/mol. Using the above convention, we
have

hS0, = —860kJ/mol

hg =0
ho, =0
Ahsio, = Q = hsio, — hsi — ho,
= —860kJ/mol.

Similarly, the enthalpy of formation for methane (CHy4) from hydrogen gas (H»)
and graphite (C), AthA, is about —74.8 kJ/mol at 298 K and 1 bar, and hence, using
the convention, we have

h"CH4 = —74.8kJ/mol
hﬁiz =0
he =0
Therefore, with 298 K and 1 bar as the reference, we can construct the fundamental

equation of thermodynamics of a system in terms of its chemical potential as a
function of temperature and pressure,

T,1bar
w(T, p) = u°(298K, 1 bar) + / [c) — s°(298K, 1 bar)|dT
298 K, 1 bar
T,1bar T.p
-7 / %”dT + / vdp (9.43)

298 K, 1 bar T,1bar
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9.6 Fundamental Equations with Multiphysics Effects

The fundamental equation of thermodynamics in terms of molar Helmholtz free
energy as a function of temperature and molar volume or the chemical potential as
a function of temperature and pressure discussed above is only applicable to simple
systems. We can incorporate the contributions from both internal and external fields
as well as surface effects in the fundamental equation of thermodynamics. Examples
include the presence of gravitational potential gz or the gravitational potential energy
per unit mass m, electric potential ¢ or the electrostatic potential energy per unit
charge ¢, surface/interfacial potential or specific surface/interfacial energy y, i.e.,
the surface/interfacial energy per unit area A, as well as stress, electric, and magnetic
fields. The general differential form for the fundamental equation of thermodynamics
in terms of internal energy including these additional contributions is

dU = TdS — pdV + V,(ojde; + E;dD; + H;dB;)
+ gzdm + ¢dq + ydA + u;dN; (9.44)

in which all the coefficients in front of the differentials of the above equation are either
potentials T, p, gz, ¢, ¥, iy, 2, - . ., Iy OF stress (o0;;), electric (E;) and magnetic
(H;) fields. In Eq. (9.44), oi‘} and 8fj are the deviatoric components of stress and
strain, respectively, V, is the volume of the reference state before the mechanical
deformation, D; is the electric displacement, and B; is the magnetic induction or
flux density.

We can also rewrite Eq. (9.44) in terms of Helmholtz free energy or Gibbs free
energy,

dF = —S8dT — pdV + V, (o} de; + E;dD; + H;dB;)
+ gzdm + ¢dg + ydA + p;dN; (9.45)

dG = —SdT + Vdp — V,e{;do; + Vo(E;dD; + H;dB:)
+ gzdm + ¢dg + ydA + p;dN; (9.46)

For applications to inhomogeneous systems, we often express the fundamental
equation in terms of volume densities. For example, we can rewrite Eq. (9.44) as

duy = Tds, — pde + ojjdef; + E;dD; + H;dB; + gzdpm + ¢dpg + yday + u,dc;
(9.47)

where uy, sy,om, pg, ay are volume densities of internal energy, entropy, mass, charge,
and surface area, ¢; is the volume concentration of species i, and de is dV/V,.
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The Helmholtz free energy density f, at constant temperature and the Gibbs free
energy density gy at constant temperature and pressure can be written as

df, = —pde + ai‘j-dsl‘-jj + E;dD; + H;dB; + gzdpm + ¢dpq + yday + u,dc;
(9.48)

dg, = —&j;do} + EidD; + H;dB; + gzdpm + ¢dpy + yday + p,de;  (9.49)
Therefore, in principle, similar to simple systems, we can construct fundamental

equations of thermodynamics for inhomogeneous systems in terms of Helmholtz
free energy density or molar Gibbs free energy density,

fo=fu(T. . &), Dy, Bi, pm, pg» Gy, C;i) (9.50)

gV =gV(T7 paai(j'aDi7Bis pma qu5a\/7ci) (9'51)
There is also a common practice to incorporate some of these contributions by

combining their potentials with chemical potential into a total potential. Below we
discuss a number of examples.

9.6.1 Chemogravitational Potential

Let us first look at a simple case of only considering gravitational potential and
chemical potential at constant temperature and volume. The differential form for the
Helmbholtz free energy is given by

dF = gzdm + udN (9.52)

where g is the gravitational acceleration, m is mass, and z is height of the system.
Let us rewrite above equation as follows

d
dF = <gz£ n u)dN — (gzM + wWdN (9.53)

where M is the molar mass.
In terms of Helmbholtz free energy density, Eq. (9.53) becomes

d
df, = <gz£ + M)dC = (gzM + p)ydc (9.54)

Therefore, in the presence of gravitation potential, the total potential of a material
is the chemogravitational potential given by
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uE=gzM+p (9.55)

where u is the chemical potential.

9.6.2 Electrochemical Potential

The total potential for a charged species i, e.g., ions, electrons, holes, is the sum of
chemical potential and electric potential. Here we write the differential form for the
Helmholtz free energy at constant temperature and volume,

dF = ¢dg + w;dN; (9.56)

where ¢ is electric potential, g is charge, u; is chemical potential of species i, and
N; is number of moles of species i.
We can rewrite the above equation as

d
dr = (4’% + Mi)dNi = (¢pzieNy + i)dN; = (¢pz; F + ui)dN;  (9.57)

where z; is the valence of species i, e is the elementary charge, N, is the Avogadro’s
constant, and eN, is the Faraday’s constant F. Therefore, the electrochemical
potential for a charged species i is

ﬁi =u; +z;.F¢ (9.58)

For example, the electrochemical potential of Li™ is

Mpis = pupis + Fo

9.6.3 Chemical Potential Including Surface Effects

If the size of a material becomes nanoscale, the contribution of surface energy to
the thermodynamics cannot be ignored. Atoms sitting at the surface have a different
atomic bonding environment and normally have higher energy than those inside the
bulk. The surface energy is this extra energy associated with a surface, and the extra
energy per unit surface area is the specific surface energy. Therefore, a material
always tends to minimize its surface area in order to minimize the surface energy
and thus the total energy of the material. Considering the variation in the Gibbs
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free energy of a particle with the amount of substance at constant temperature and
pressure while taking into account the surface energy contribution of the particle, we
have

dG = ydA + pdN (9.59)

where y is the specific surface energy, and A is surface area.
We can rewrite the surface energy term as follows,

dG 04 oV dN + udN 04 dN + udN (9.60)
= — | — =yv| — .
\ov )\ on ” YU\ v "
Therefore,
dG o4 + u |dN (9.61)
=|yv| — .
14 av n
and
o4 + (9.62)
r=YV\ —— .
1% 14 3V n

where v is the molar volume. For example, for a spherical solid particle with radius
r?

dA/dr
.= 9.63
M yv(BV/8r>T,p+M (9.63)

For a spherical particle, we can easily show that

dA
— =8nr (9.64)
or
and
oV
— =4ur? (9.65)
ar
Thus, we have
2yv
we="T"+u (9.66)

, 1.e., the chemical potential of a spherical particle including the surface effect is
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Hr = — + oo (9.67)

where w, is the chemical potential of a particle with radius r, and jt is the chemical
potential of a solid with infinite size.

Therefore, chemical potentials of atoms in particles with different sizes would be
different at the same temperature and pressure. Atoms in a small particle have higher
chemical potentials and are thus thermodynamically less stable than those in a larger
particle. This is the very reason for particle coarsening; i.e., large particles grow at
the expense of smaller ones if the atoms from the small particles have transport paths
to reach large particles.

The chemical potential difference between a finite-size particle and an infinite-size
particle can be translated to the pressure difference,

du =vdp (9.68)

Ignoring the pressure dependence of molar volume, integrating the above equation
from p to u, for the chemical potential and pressure from po, to p,, we have

Hr — Moo = V(Pr — Poo) (9.69)

Using the result from Eq. (9.67), we can write the pressure inside a particle with
radius r as a function of r,

2y
Pr= ==+ Do (9.70)

i.e., the pressure inside a finite-size particle is higher than outside at equilibrium.

9.7 Examples

Example 1 At ambient pressure of 1 bar, the molar entropy of graphite s3g | g, 18
5.6J/(Kmol). The molar volume of graphite v§ogy |y, is 6.0 cm?/mol. The molar
constant pressure heat capacity ¢, is 8.5J/(K mol). The isothermal compressibility
of graphite Bz is 3 x 107 1 /bar. The constant pressure volume thermal expansion
coefficient « is 3 x 107°1/K. Determine the chemical potential of graphite as a
function of temperature and pressure.

Solution

(T, p) = h39gk 1bar = S208K.10ar] + Cp(T —298K)
e (T—298K)

T V308 K1 bar —Br(p—1bar)
—c,Tn + =5 [1 —ePrivmiben]
298 K Br
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T
w(T, p) = —5.6T + 8.5[(T — 298K) — Tln<298K>i|

12.0 x 10—663><10’5(T—298K)|:1 _ e—3><10’(’(p—lbar):|

Example 2 At ambient pressure of 1 bar, the entropy of liquid (/) water at 298 K
S;gng, is 70J/(mol K). The heat of formation of water from hydrogen and oxygen
gases at 298 K and Ah‘z”ngK is —286 kJ/mol. The heat capacity of solid (s) ice c), is
38J/(mol K). The heat capacity of water c; is 75J/(mol K). The heat capacity of
water vapor ¢}, is 36 J/(mol K). The heat of melting Ahp, at 0°C is 6007 J/mol. The
heat of vaporization of water Ak at 100°C is 40.65kJ/mol. Obtain the chemical
potential of ice at 263 K and chemical potential of water vapor at 393 K.

Solution
The enthalpy of ice at 263 K is given by

273K 263K
BSgsx = h3ask + / ! dT + Ah + / chdT
298 K 273K

= Mg + €, (273 — 298) — AR, + ¢}, (263 — 273)
— 286,000 — 75 x 25 — 6007 — 38 x 10 = —294, 262 J/mol

The entropy of ice at 263 K is

263K

; 273K Cl s
5563 = S0 K +/ 7”dT + As? + / 7”dT
298 K 23K
of Ly 273 Ah‘,;_i_ . 263
= 554 c. Inf —— — c In| —
298K 1 "p T 298 273 P\ 273

6007
=70 +75 x (~0.0876) — ——- + 38 x (~0.0373) = 407/(Kmol)

Therefore, the chemical potential of ice at 263 K is

273K 263K

Wassk = Mgk + / chdT + Ahg + f c,dT
298 K 273K
273K 263K
ct cS
— 263 sy + / AT + A5y + / 7
298K 273K

= hisgx + (273 — 298) — ARG, + ¢, (263 — 273)
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273\ ARG,

o,/ ! S 263
—263 s298K+cpln ﬁ —273K+cpln ﬁ

= —286, 000 — 75 x 25 — 6007 — 38 x 10
6007

— 263 [70 +75 x (~0.0876) — - + 38 x (~0.0373) = 401/ (K mol)

= —304,782G

The enthalpy of water vapor at 393 K is

373K 393K
Rosx = h3sk + / ! dT + AhY + / cydT
298 K 373K

= h3ssk + ch (373 = 298) + ALY + (393

= —286, 000 + 75 x 75 + 40, 650 + 36 x 20 = —239, 005 J/mol

The entropy of water vapor at 393 K is

373K 303K
) v
v _ .0l CP dT A o CP dT
S393K = Spogk T T + As, + T
208K 373K

208 ) " 373K

—373)

ol . 373 ARy v, 393
= 503 + ¢, In + +c,In 3

40, 650
373

=70+ 75 x (0.2245) +

+ 36 x (0.0522) = 198J/(K mol)

Therefore, the chemical potential of water vapor at 393 K is

373K 393K

p

Wik = hSosk + / chdT + AR + / cVdT

298K 373K

373K |

C
— 393 | shkx + %dT + As +

393K

CV
/ Lar
T

298K 373K

— hSgx + ¢ (373 — 298) + AKS + ¢},(393 — 373)

373 ARS
— 393| s3sk + Ch ln( ) +

298 ) " 373K

WL
(22
» N\ 373

= —286, 000 4 75 x 75 4 40, 650 + 36 x 20

— 393|704+ 75 x (0.2245) +

= —316,819G

40, 650
373

+ 36 x (0.0522)]

)
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9.8 Exercises

10.

11.

12.

13.

14.

If we use the convention that the enthalpy of oxygen gas at room temperature
298 K and 1 bar is zero, the enthalpy of oxygen gas at 0 °C is less than zero:
true or false?

The entropy of one mole of water cannot be negative: true or false?

The enthalpy of oxygen gas at room temperature 298 K and 1 bar is defined
as zero by convention while the entropy of oxygen gas at room temperature is
greater than zero: true or false?

Based on the convention determining the enthalpy of a system and given that
the heat of formation of NiO at 1 bar and 298 K is —244.6 kJ/mol, what are
the enthalpies of Ni, O,, and NiO at 1 bar and 298 K?

Based on the convention determining the enthalpy of a system, rank the
enthalpies of the following systems in an increasing order, all for 1 mol and
under 1 bar: O, at 298 K, Al at 500 K, and Al,O3 at 298 K.

Rank the enthalpies of the following systems in an increasing order, all for
Imol and under 1 bar: water at 0°C, ice at 0 K, water vapor at 100°C, ice at
0°C, and water at 100°C.

Rank the molar entropies of solid, liquid, and vapor Cu from the lowest to the
highest.

Rank the entropies of the following systems in an increasing order for all at
one mole and 1 bar: one mole of pure aluminum solid in fcc structure at 0 K,
one mole of water at 298 K, and one mole of oxygen gas at 298 K.

Rank the magnitudes for the entropies of Al (solid with fcc structure at 0K,
1 bar), Al (solid with fcc structure at 298 K, 1 bar), Al (solid with fcc structure
at 934 K), and Al (liquid at 934 K, 1 bar) from lowest to highest.

Rank the magnitudes for the entropies of C (graphite at 298 K, 1 bar), O,
(298 K, 1 bar), and O, (298 K, 100 bar) from lowest to highest.

Rank the entropies of the following systems in an increasing order (all at 1 mol
and 1 bar): water at 0°C, ice at 0 K, water vapor at 100°C, ice at 0°C, and water
at 100°C.

Rank the entropies of the following materials in an increasing order (all at one
mole and 1 bar): liquid Ag at 2435 K, vapor Ag at 2435 K, solid Ag at 0K,
solid Ag at 298 K, solid Ag at 1234 K, and liquid Ag at 1234 K.

The Helmholtz free energy of a pure substance at constant volume always
decreases with temperature, true or false?

The Helmbholtz free energy of a pure substance at constant temperature always
decreases with volume, true or false?
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15.

16.

17.

9 Construction of Fundamental Equation of Thermodynamics

At constant temperature, the rate of change of the Helmholtz free energy of a
system with respect to volume is always positive, true or false?

At a given temperature, when you squeeze a piece of solid, does the Helmholtz
free energy of the solid (i) increase or (ii) decrease?

At 0K, the chemical potential of a system is the same as its molar enthalpy,
true or false?

18.  Given the data in the table for 1 bar

Substance hS9g x (J/mol) 5995 (J/(Kmol)) ¢p(J/(Kmol))
Ba 62.4 28.07

(03 205.1 29.4

Ti 30.7 25.06

BaO —582, 000 70.0 50.0

TiO, —945, 000 50.0 55.0

BaTiO3 —1, 647,000 107.9 110.0

Calculate the chemical potential as a function of temperature at 1 bar for Ba, Ti,
0,, BaO, TiO,, and BaTiOs.

19.

20.

For solid Ba, it has two polymorphic forms « and 8. The o phase is stable
at temperatures up to 648 K. At 648K, the « phase is transformed to the 8
phase. The B phase is stable until its melting temperature which is higher

than 1000 K. The molar constant pressure heat capacity of « phase: ¢f =

—438.241587.0 x 1073T +128.2 x 10°T 2 J/(mol K). The molar constant
pressure heat capacity of 8 phase, cl’f = —5.69 + 80.33 x 10737 J/(mol K).
The molar entropy of & phase, s555 x = 62.4J/(mol K). The equilibrium phase
transition temperature from o« to S is TSP = 648 K. The molar heat of
transition for the « to § transition is ARETP = 6307 /mol. Calculate the
chemical potential pp, of Ba as a function of temperature from 298 to 1000 K.

Given data: molar enthalpy of diamond hg’% Kibe = 1900J/mol; molar

entropy of graphite syjgx b = 5.6J/(Kmol); molar entropy of diamond
d
S8 K. 1 bar

6.0 cm? /mol; molar volume of diamond vy jpr = 3.4cm’/mol; molar
constant pressure heat capacity of graphite ci", = 8.5J/(Kmol); molar constant
pressure heat capacity of diamond c‘,i, = 6.0J/(Kmol); molar isothermal

= 2.4J/(Kmol); molar volume of graphite vy |pur

compressibility of graphite B = 3 x 107°/bar; molar isothermal compress-
ibility of diamond B$ = 2 x 1077 /bar volume thermal expansion coefficient
of graphite @ = 3 x 107 /K, and volume thermal expansion coefficient of
diamond o = 1073 /K. Please determine:
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21.

22.

(a) The chemical potential of graphite as a function of temperature at 1 bar.

(b) The chemical potential of diamond as a function of temperature at 1 bar.

(¢) The chemical potential of graphite as a function of pressure at 298 K.

(d) The chemical potential of diamond as a function of pressure at 298 K.

() The chemical potential of graphite as a function of temperature and
pressure.

(f) The chemical potential of diamond as a function of temperature and
pressure.

(g) The chemical potential difference between graphite and diamond as a
function of temperature and pressure (assuming that the compressibility
B = 0 for both diamond and graphite).

Consider a cube-shaped finite-size solid particle, find the chemical potential
dependence on the edge length (a) of the particle, assuming that the chemical
potential of the corresponding infinite-sized particle is (to,, molar volume is
v, and the surface energy is y.

Using the chemogravitational potential and the equilibrium condition that the
total potential must be uniform, show that the pressure for gas molecules of
molar mass M at an altitude z above sea level is given by

Mgz

p(z) = p(0)exp <—ﬁ>

where p(0) is the pressure at the sea level, R is gas constant, and g is the
gravitational constant.



Chapter 10 ®)
Chemical Potentials of Gases, Electrons, Gouck ko
Crystals, and Defects

The most convenient fundamental equation of thermodynamics in applications of
thermodynamics in materials science and engineering is in terms of chemical poten-
tial as a function of temperature and pressure. In theoretical calculations, one often
employs the equation of state in terms of chemical potential as a function of temper-
ature and molar volume in addition to molar Helmholtz free energy as a function of
temperature and volume. This chapter will discuss the thermodynamics of a number
of well-known classical systems, for which the fundamental equations and thus chem-
ical potentials can be derived from statistical mechanics. Examples include the ideal
gases, valence electrons in solids, crystals with their lattice vibrations approximated
by the Einstein or Debye model, as well as non-interacting lattice point defects. In
this chapter, their fundamental equations and/or chemical potentials are presented
without derivation, and all the important thermodynamic properties for these model
systems are then obtained from their fundamental equations of thermodynamics.

10.1 Chemical Potential of Ideal Gases

The chemical potential p (in unit of energy per atom) for a single component ideal
gas as a function of temperature 7 and pressure p is given by

kpT (27wmkpT \"

where m is atomic mass, kg is the Boltzmann constant, and 4 is the Planck constant.
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In the above equation, the term

2emksT \*/?
(”’Z—f) = N® (10.2)

can be viewed as the density of states for an ideal gas, and its inverse as the volume
for each state, i.e.,

1 h2 3/2
vi= Ne <2nkaT> (10.3)
The term
kgT \% 1

is the volume per atom for the gas.

In the application of thermodynamics in materials science and engineering, we
often employ the unit of G (= J/mol) rather than on a per atom basis for the chemical
potential. On a per mole basis, the chemical potential of an ideal gas is given by

32
w(T, p) = —RT!ln|:kBTT (2”"2#) ]} (10.5)

where R is the gas constant.

10.1.1 Standard State, Activity, and Fugacity

For gases, the convention is to define the standard state for pure gases with their
pressure p° being at 1bar (= 10°pa). The chemical potential of an ideal gas at
p° = lbaris

32
1O(T, p°) = _RT{ln[kl‘j—fC’T’Z#) “ (10.6)

By defining a standard state for the gases, the dependence of chemical potential
on temperature and pressure can be rewritten as

w(T, p) = u°(T, p°) + RT In % (10.7)
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One can define a unit-less quantity, called activity,

a=— (10.8)

With the pure gas at 1 bar as the standard state, the chemical potential of a gas
can also be rewritten as

(T, p) = u°(T, 1 bar) + RT In —=
1 bar
— 4°(T, 1bar) + RT Ina (10.9)
with
p
= — 10.10
4 1bar ( )

Therefore, the activity a for an ideal gas has the same magnitude as the pressure
of the gas but without the pressure unit bar. For example, for an ideal gas at 0.05 bar,
its activity is 0.05.

For real gases, the ideal gas law is no longer valid. However, to keep the same
functional form for the chemical potential of a real gas as that for an ideal gas
(Eq. 10.7), a quantity called the fugacity, f, is defined through

di = RTdIn f (10.11)

Fugacity has the same unit as pressure. At a given temperature, the fugacity is a
function of pressure, and it can be approximated by the corresponding pressure as
the gas pressure approaches zero, i.e.,

limf — p (10.12)

p—0

With the introduction of fugacity, the chemical potential of a gas can be expressed
as

w(T, f) = p°(T, f°) + RTln(%) (10.13)

where f© is the fugacity at the standard state at pressure of 1 bar.
In terms of activity, the chemical potential of a gas can be expressed as

w(T, f) = p°(T, f°) + RT Ina (10.14)
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where

_
=
Therefore, the activity a involves the ratio of fugacity at any state to the fugacity
at the standard state and thus has no unit.
If one considers a vapor phase in equilibrium with a solid or liquid, the most

convenient choice for the standard state for the vapor phase is the equilibrium vapor
pressure p*° above the condensed phase, i.e.,

a (10.15)

W(T, p) = (T, p*°) + RTln(pp ) (10.16)

v,0

The standard state for the corresponding solid or liquid is a pure solid or liquid
under the equilibrium vapor pressure,

p!(T, p) = p"°(T, p*°) (10.17)

Therefore, at equilibrium, the pressure in the vapor phase is the equilibrium vapor
pressure, and

W(T. p) = p"°(T. p**) = p*(T, p) = u**(T, p*°) (10.18)
It should be noted that for most other applications, the standard state for a solid
or liquid is pure solid or liquid under 1 bar. The difference between results obtained

under the equilibrium vapor pressure or 1 bar for a solid or liquid can, in general, be
neglected.

10.1.2 Chemogravitational Potential of Ideal Gases

The fundamental equation of thermodynamics for ideal gases in a gravitational field
in the entropic representation is given by

5 V (4xm(U — Nmgz) >/
S=Nkg{> +1In| — 10.19
B{z + n|:N< 302N ) (10.19)

where S is entropy, N is the number of gas atoms, U is internal energy, V is volume,
m is atomic mass, kg is the Boltzmann constant, / is the Planck constant, g is
gravitational acceleration, and z is the height.

The chemical potential of an ideal gas in the presence of the gravitational field, or
the chemogravitational potential, can be readily obtained from entropy through one
of the equations of state,
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. p.2) . 98 el kT (2mmkgT \*"* N
N . = — _— = — _— | m
S Ny, " P h? &

(10.20)

At equilibrium, the chemogravitational potential of gas atoms should be uniform,
ie.,

u(T, p, z) = constant (10.21)

Assuming that the temperature 7' is independent of z while the pressure p is a
function of z, we have

uIT, p(z), z1 = ulT, p(0), 0] (10.22)
Therefore,
ksT (27mksT \>"* ksT (27mkgT \>"*
—kgTiln| — ————— = —kgT {1 _—
’ ! n[mz)( " ) e I O
(10.23)
or
ksT In p(z) + mgz =kgT In p(0) +0 (10.24)
which can be rewritten as
kgT In & = —mgz (10.25)
r0)

Therefore, the pressure distribution of ideal gases in the presence of a gravitational
field is given by

p@) = p(0)e” b7 (10.26)
We can also obtain the density distribution p(z)[= p(z)/ksT] as a function of z,

p(z) = p(0)e a7 (10.27)
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10.2 Chemical Potentials of Electrons and Holes

The chemical potential of electrons, holes, atomic vacancies, and interstitials in solids
can be defined in the same way as the chemical potential of a chemical species. In the
case of electrons, the chemical potential is usually expressed in energy per electron
rather than energy per mole of electrons, and the energy per electron is conventionally
given in the unit of electron-volt (eV /electron). Therefore, the chemical potential of
electrons is defined as the change in the free energy of an electron system when one
electron is added or removed from the electron system. A more easily understandable
definition of chemical potential for electrons will simply be the chemical energy
possessed per electron.

10.2.1 Electrons in Metals

For metals, the electrons fill up the quantum states of electron energy bands without
an energy gap between the filled states and the unfilled states at 0 K. At finite temper-
atures, some of the electrons near the top of the filled states are excited to empty
states of higher energy within the same energy band. The valence electrons of a metal
can be considered as a gas of electrons which obey the Pauli exclusion principle. The
fundamental equation of thermodynamics for the valence electrons at relatively low
temperatures in terms of Helmholtz free energy can be approximated as'

3 572 (kT \> n? [ 3N \*?
F(T,V,N) = =Nuo| 1 - — , = — (= 10.28
( ) 5 ,u«0|: 12 ( ho ) Mo 2m<8nV) ( )

where N is number of valence electrons in a volume V at temperature 7', & is the
Planck constant, m the effective electron mass, and p, is the chemical potential of
electrons at 0 K, which is usually called the Fermi energy Ej.

Based on the differential form of fundamental equation of thermodynamics in
terms of Helmholtz free energy, we can easily obtain other thermodynamic proper-
ties including the chemical potential as a function of temperature and volume. For
example, the entropy of the electron gas as a function of temperature, volume, and
the number of electrons is

F Nuo | 72 (ks T\?
S(T, V,N):—(a—) _ K ”_<k‘3 ) (10.29)
0T )yy T | 2\ o

The pressure of the electron gas system as a function of temperature and volume
per electron is given by

! Donald A. McQuarrie, Statistical Mechanics, Harper & Row, New York, 1976.
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2 2
p(T, V/N) = _(aF) - %N“°[1 47 (kBT> } (10.30)
T,N

V), n 5V 12\

Similarly, we can obtain the chemical potential or Fermi level as a function of
temperature and volume per electron,

oF 72 (kT \>
w(T,V/N) = (W)W = ,u0|:1 - E( - ) } (10.31)

We can readily obtain the rest of the thermodynamic properties. For example, the
internal energy of the electron system as a function of temperature, volume, and the
number of electrons is given by

3 572 (kT \?>
UT,V,N) = SNo| 1+ = p (10.32)
(o)

The thermal energy of the electron gas as a function of temperature, volume, and
the number of electrons is

2 2
TS(T,V,N) = Nuo[%(kBT> } (10.33)
o

We can also obtain the grand potential energy or mechanical energy of the electron
system as a function of temperature, volume, and the number of electrons,

2 572 (kT \>
E(T,V,N)=—p(T,V/N)V = —=Npuo| 1+ — (10.34)
5 12\ o

The Gibbs free energy or chemical energy of the electron system as a function of
temperature, volume, and the number of electrons is simply given by

2 2
G(T,V,N) = Nu(T,N/V) = N;L0|:1 - %(kZT> } (10.35)

It is easy to show that the sum of thermal, mechanical, and chemical energy is the
internal energy of the electron system.

The enthalpy of the electron system as a function of temperature and volume, and
the number of electrons is

572 (kT \?
H({T,V,N)=U+pV =TS+ Nu = Nu, 1+F (10.36)
Mo
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From the internal energy or entropy as a function of temperature, we can obtain
the constant volume heat capacity of the electron system

U 3 2 T x? T
Cy(T.V.N)=(—=) =7T(—=) ==Nki—="Nks|—
aT )y T ),y 2 Pu, 2 T;

(10.37)
where Tt is called the Fermi temperature defined as
7= Ko (10.38)
kg

The isothermal bulk modulus for the electron gas can be obtained from the pressure
as a function of temperature and volume per electron as

ap 2 N o 72 (kgT\>
Br(T,V/N)=—-V|[—= =22 - (10.39)
W)y 3V 3\ o

It is easy to show that the thermodynamic properties of electron system at O K are
given by

3

U©.V.N) = FO.V.N) = SNy (10.40)
HO,V,N)=G(0,V,N) = Npu, (10.41)
0, v/N) ==Y (10.42)

P, = 5 Vﬂo K
S0, V,N) =0 (10.43)
Cy(0,V,N)=0 (10.44)
Br0.V/N) = 2N (10.45)

T E) - 3 V/’LO .

10.2.2 Electrons and Holes in Semiconductors and Insulators

For semiconductors and insulators, the valence electrons fill up the lower energy elec-
tron energy bands completely, and there is an energy band gap between the valence
band entirely filled by electrons at 0 K, and another band above the valence band
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separated by a band gap is the conduction band with no electrons at 0 K. At a finite
temperature, a small number of electrons are thermally excited from the valence
band to the conduction band leaving electron holes in the valence band. For the same
material, the number of electrons excited from the valence band to the conduction
band increases with an increase in temperature. At the same temperature, the amount
of conduction band electrons and valence band holes is higher for materials with a
small band gap between the top of the valence band and the bottom of the conduction
band. These electrons in the conduction band and the electron holes in the valence
band are responsible for the electric conductivity of a semiconductor or an insu-
lator, similar to lattice vacancies and interstitials that are responsible for the atomic
diffusion in solids.

The fundamental equation of thermodynamics for the electrons in the conduction
band in the entropic representation can be approximated as

5 vV (4 Ue — N.Eo)\"?
S (UL, V,Ne):NekB{§+ln|:—2< 7me(Ue — Ne C)> “ (10.46)

N. 3h%N.

where S. is the entropy of the electron system, N, is the number of electrons in
the conduction band, kg is the Boltzmann constant, m. is the effective mass of an
electron, Uk is the internal energy of the electrons, E. is the conduction band bottom
energy, and / is the Planck constant.

The effective electron density of states N, at the conduction band edge E. is
defined as

2rmekgT \ >/
N. = 2(”":1—2‘3) (10.47)

The entropy of the conduction band electrons can then be rewritten as

5 Vv
Se = NekB{E + ln[ﬁN{“ (10.48)

€

We can write down the three equations of state for the conduction band electrons

1 BN 3 Nk
B el =28 (10.49)
T aUe V.N 2 (Ue - NeEC)
as, Nk
P_ (22 — DB (10.50)
T WV )y N %

3, 1% 3 NgE
_He _ < e) = kg 1n<—NC> _ o le?BTe (10.51)
T INe ) .y N. 2 (Ue — NeE.)
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where p is pressure, and . is the chemical potential of electrons (or Gibbs free
energy per electron).

From Eq. (10.49), it is easy to show that the internal energy per electron u. of the
electrons in the conduction band is given by

3
ue = E. + EkBT (10.52)

The enthalpy per electron &, for the electrons in the conduction band is

5
he = e + pve = Ec+ SksT (10.53)

where v, is the volume per electron given by V/N..

According to the equation of state (Eq. 10.50), pV = NckgT, or p = nckgT,
i.e., the conduction band electrons follow the ideal gas law if their interactions are
ignored.

From Eq. (10.51), the chemical potential of electrons u. as a function of
temperature and pressure is given by

kg T
e = Ec —kgT In| — N, (10.54)
p
We can rewrite the chemical potential in terms of temperature and electron density

\% n
e = Eo — kBTln(FNC) =E, +kBT1n<Fe> (10.55)

€ C

where n. is the electron density given by N./ V. We canregard E., the electron energy
at the bottom of the conduction band, as the chemical potential at the standard state
of electrons for a semiconductor or an insulator. The quantity n./N. in Eq. (10.55)
can be regarded as the fraction of the states in the conduction band which are occu-
pied by electrons. The term kgln(n./N.)(= —s, where s is the entropy per electron)
is the contribution of electron configuration entropy (mixing of occupied and unoc-
cupied states among N, conduction band density of states) to chemical potential. In
semiconductor physics, the chemical potential of electrons is called the Fermi level
Ef, i.e.,

C

Ef = e = E. + kBTln(%> (10.56)

Similarly, for electron holes, the internal energy per electron hole in the valence
band is
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3

where E, is the valence band top edge energy. Please note that an electron hole has
a charge opposite to that of an electron, and the energy band diagram plots electron
energies. Therefore, the energies associated with the band diagram for holes are
negative, and hence, the negative sign appears before the valence band edge energy
E, in the above equation.

The enthalpy per electron hole in the valence band is

5
hy =up + pvp = —E, + szT (10.58)
where vy, is the volume occupied by each electron hole, i.e., V/Ny, = wv,. The

entropy per electron hole in the valence band, including both the thermal entropy
and configurational entropy, is given by

5 2 (2ampksgT \>/*
sh=k3!5+ln|:a<%> “ (10.59)

where my, is the effective mass of an electron hole. The effective electron density of
states NV, at the valence band is given by

) T 3/2
N, = 2<”";—h2kB> (10.60)

The entropy per electron hole can be written as

sy = kBB +ln<]:—]:>] — kBB - 1n<1”v—h>] (10.61)

The chemical potential for the electron holes in the valence band is then given by

iy = hy — Tsy = —E\ + kBT1n<I”V—h> (10.62)

v

where — E, can be considered as the standard state chemical potential of holes.
Therefore, the Fermi level for holes E; can be written as

—Ef =y = —E, +kBTln(%) (10.63)

v

or
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Fig. 10.1 Excitation of e
electron from the valence |

band to the conduction band / T

E.

-_
o

E;=E, — kBTln(Z]—h) (10.64)

v

The thermal creation of an electron—hole pair can be treated similar to chemical
reactions,

Null=¢ + i’
At equilibrium
e+ un =0

If we substitute the chemical potentials of electrons and holes using Egs. (10.55)
and (10.62), we have

E
neny = NvNcexp<—ﬁ> (10.65)
B

where E, = E. — E, is the electron energy band gap (see Fig. 10.1).

10.2.3 Electrochemical Potential of Electrons

The electrochemical potential of electrons when electrons are subject to an electrical
potential ¢ is

fe = jte — ep = Eo — e¢p + lqﬂln(%) (10.66)

C
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The corresponding electrochemical potential of holes is

My = pn + e¢p = —Ev+e¢+kBT1n<]"v—“) (10.67)

v

The electrochemical potentials of electrons and holes are related to the quasi-
Fermi levels, Et. and Eg,, when the electrons and holes are not at thermodynamic
equilibrium,

[te = Eg. = Eo — e¢p + kBTln<%> (10.68)
C
. s
Uy =—Em=—E, +ep+ kBT1n<F> (10.69)

Since quasi-Fermi levels for electrons can be considered as the electron electro-
chemical potential under nonequilibrium conditions, the gradient of Ey, is the driving
force for electron transport.

At equilibrium, the chemical potential of the electron-hole pair is zero, i.e.,

Heh = He + Iy = Efe — Em = e + pn = 0 (10.70)

which indicates that the local electric potential does not affect the product of equi-
librium 7, and ny, carrier concentrations, and the Fermi levels of electrons and holes
are equal at equilibrium. However, it should be kept in mind that if the electron—hole
system is not at equilibrium, the Fermi levels of electrons and holes are not the same,
which is the case in photovoltaic devices. As a matter of fact, uen = Efe — Em
is the available chemical energy of the electron—hole system created by light for
photovoltaic devices.
At equilibrium, Ef should be uniform. Let us write Ey, = Em, = Ef, we have

E.— Ef —
Ne = Ncexp<—°k—fT€¢> (10.71)
B
Ei—E
1y = Nvexp<—fk—VT+e¢> (10.72)
B

For example, the electrons in a n-type silicon have a higher chemical potential
than those in a p-type silicon. In a p-n junction diode at equilibrium, the chemical
potential of electrons varies in space with a lower chemical potential in the p-type to
the higher chemical potential in the n-type. However, the electrochemical potential
of electrons, i.e., the Fermi level, is uniform within the entire p-n junction.
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10.2.4 Chemical Potentials of Electrons in Trapped
Electronic States of Dopants or Impurities

Impurity atoms or deliberate doping of a crystal with solute atoms create electronic
energy states within the band gap of an insulator or semiconductor. Let us first discuss
the relatively simple case of one electron trapping state d with the electron energy
level of E4 located within a band gap and with the density of states Ng which is the
number density of donors. Ny« is the total number of neutral atoms or the number of
electrons occupying the trapped states.

The excitation of an electron from a trapped state at Eq4 to a conduction band state
at E. can be expressed as

¢’ (trapped state d) — €’(conduction band), E. — Eq (10.73)

where E. — E4 is the ionization energy, which can be viewed as the standard chemical
potential or free energy change for the above electron excitation reaction. When an
electron is localized at a doped atom, or an electron occupies the trapped state created
by the doped atoms, the doped atom is neutral or un-ionized. Therefore, the total
number of electrons in the trapped state is the same as the total number of neutral
dopant atoms at 0 K. When an electron is delocalized or excited from the trapped state
to the conduction band at a finite temperature, an atom is ionized with an effective
charge of +e. The total number of empty trapped states is the same as the number of
ionized dopant atoms (because some of the electrons are excited to the conduction
band). Therefore, the configurational entropy of electrons in the trapped state can
be obtained from the number of configurations distributing Ny« electrons among the
Ny sites, i.e.,

Ny« Ny«
S = kBlnM = kgln 270 (No)! (10.74)
(Ngx)!(Ng+)! (Ng)![(Ng — Ng)1!

where kg is Boltzmann constant, and N is the total number of singly ionized donors
with a positive charge or the number of electrons excited from the donor state to the
conduction band. The degeneracy factor is 2 because of the spin-up or spin-down
possibilities for electron occupancy. Applying the Stirling’s approximation for large
N,ie,InN!'=NInN — N,

S = kBNdx In2+ kBNd In Nd — kBNdx In Ndx
— kg(Ng — Ng) In(Ng — Ng<) (10.75)

The entropy per electron at the trapped state is then

ds 2(Ng — Ny
= kgIn?2 — kg In Ny« + kg In(Ng — Ng) = kg In 2(Na = Ne) (10.76)
dN- Ny
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Therefore, the electron chemical potential is

N~
=FE;—TS=F kT In| —— 10.77
e d a+ ks n(Z(Nd—Ndx)) ( )

where Ng = Ng+ + Ngx, and E4 and p. are the energy and chemical potential of
electrons at the donor level d, respectively. E4 in the above equation can be viewed
as the standard state chemical potential of electrons at the trapped states.

If the above reaction is at equilibrium, the chemical potential of electrons is the
Fermi level Ey,

No-
=E4—TS=E kT In| ——— | = E¢ 10.78
e d a4+ ks n(Z(Nd—Ndx)> f ( )

Solving for the above equation for the ratio of ionized dopants to the neutral
dopants, we have

Ng+ 1 Ey — Ey (10.79)
= —¢X _—— .
N 2P\ T Tier

Or solving for the number of ionized dopants in terms of the total dopant
concentration

Ny

Now= 7y
1+26Xp kB_T

(10.80)

Similar expressions can be derived for the case of electrons occupying acceptor
states within a band gap.

10.3 Chemical Potentials of Einstein and Debye Crystals

One of the classical models to include the contribution of lattice vibration to the
thermodynamics of a crystalline solid is the Einstein model which considers the
lattice vibrations as 3N harmonic oscillators with the same frequency w for a crystal
of N atoms. In this model, the total energy of the system is the sum of static potential
energy of the N number of atoms in the crystal U (0K, V') and the energy of the 3N
harmonic oscillators. It should be noted that the number of atoms in a crystal and
the number of phonons should be distinguished. The number of physical particles N
is fixed, but the average number of phonons depends on the temperature. Therefore,
the number of phonons in the Einstein solid is not equal to N nor equal to 3N.

The canonical partition function Zc for an Einstein model of 3N vibrational
modes with the same vibrational frequency, w, is given by



278 10 Chemical Potential of Gases, Electrons, Crystals, and Defects

ho 3N
e 2pT ~ Nu@©.v)
Ze = <—h) ¢ hat (10.81)

1 —e %7

where kg is Boltzmann constant, N is the number of atoms in a crystal, and
u(0, v) is the static potential energy per atom of the crystal, and v is the volume
per atom or simply called atomic volume. Therefore, the fundamental equation of
thermodynamics of the Einstein crystal in terms of Helmholtz free energy is given
by

o 3N
9_2’?? )
F(T,V,N)=—kgTInZ¢c = —kgTIn| | ———— e kT (10.82)

— Aw
1 —e ™7

which can be rewritten as

h
F(T,V,N) = Nu(0, v) + 3NkgT In| 2sink | —— (10.83)
2kpT

The chemical potential of an Einstein crystal is given by

7,0 = (£ 0, v) + 3k T In| 2sink ( < (10.84)
)= | — =u(0,v n| 2sin .
H ON )1y B 2%ksT

Please note this is the chemical potential of an Einstein crystal, whereas the
chemical potential of non-conserved phonons is zero.

We can also easily obtain the entropy and internal energy of the Einstein crystal
as a function of temperature, volume, and number of atoms,

ho
OF N 3Nho e W
5= _<_> = 3Nk n(1 e i) £ 2N T (1)
T )y U
3 3Nh
U=F+TS=Nu©,v)+ >Nho + -2 (10.86)
2 efT — 1

Therefore, the constant volume heat capacity of an Einstein crystal is given by

hw
AU 9 hw)? T
Cy = (—) = T(—) _ 3yl ‘”)2 S (10.87)
0T )y u oT ), ke T (e _1)

tgT

At low temperatures, the heat capacity can be approximated as
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c oU — 3Nk [ e (10.88)
= e "B .
VEAGT B\ keT

At high temperature, the constant volume heat capacity is almost a constant given
by

Cy = <B_U> = 3Nkg (10.89)
T Jy N

A more accurate description of lattice vibrations is given by the Debye model in
which the density of the vibrational modes is assumed to have a parabolic dependence
on frequency with an upper limit on the lattice vibration frequency called the Debye
frequency determined by the 3N number of vibrational modes in a crystal of volume
V,in contrast to the Einstein model in which there is only a single vibration frequency.

In the Debye model, it can be shown? that the Helmholtz free energy of a Debye
crystal as a function of temperature, volume, and number of atoms is given by

hw
wp T 2kgT 9N
F = Nu(0, v) — / (| ——— | |[Sedo (10.90)
0 1 —e &7 wp

where wp is the Debye frequency. Performing integration by parts, we can rewrite
the above equation as

ONh
F = Nu(0, v) + wD

_ 3Nh (kBT> / (1091)
(e* — 1) '

+3NkgT In(1 —e ™)

where
ho (10.92)
X =-— .
kgT
At low temperatures,

x 3 4

In(1—e™) - o,/ T odr=2 (10.93)
o —1) 15

Therefore, the low temperature approximation for the Helmholtz free energy is
given by

2 Derivation of partition function and thus the fundamental equation of thermodynamics of a Debye
crystal can be found most of the solid state physics textbooks.



280 10 Chemical Potential of Gases, Electrons, Crystals, and Defects

F = Nu(0, v) +

Nh Nh (mkgT \*
ONhwp (” B ) (10.94)

8 5w\ h

From the Helmholtz free energy, we can obtain other thermodynamic properties.
For example, the entropy of the Debye crystal at low temperature is given by

aF 4 Nkg (kT \°
g—_(2° _ Tt VB (KBL (10.95)
AT )y 5 hop

The corresponding low temperature constant volume heat capacity is then given
by

EN 127*Nkg (ksT\> 127*Nkg ( T\’
Cy=T(>—= _ 24 Nkp (KBl ) 1emw NK (1 (10.96)
oT N.V 5 ha)D 5 TD

where Tp is the Debye temperature,

ha)D
Tp = 22D (10.97)
kg
At high temperatures,
9Nk h
F~ Nu(,v) + 2 L 3Nkp T In[ 222 ) — NkgT (10.98)
8 kg T
Therefore,
s oF 3NkgIn( 2 4 ank (10.99)
= —| — = — n .
T [y B\ ke T B

The corresponding high temperature constant volume heat capacity is given by

3
Cy=T(— = 3Nkg (10.100)
aT )y

For one mole of atoms, i.e., the molar constant volume heat capacity at high
temperatures is given by

¢y =3N,kg = 3R (10.101)
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10.4 Chemical Potentials of Atomic Defects

A crystal at finite temperatures always contains a certain amount of point defects
at thermodynamic equilibrium despite the fact that it costs energy for point defects
to form. The driving force for the formation of defects at finite temperature is the
increase in the entropy of a solid. Defects are critical in determining materials proper-
ties as they are mainly responsible for the movement of atoms in a crystal, additional
electron energy states within band gaps, etc., and they can interact with other point
defects, dislocations, and grain boundaries, as well as external stimuli. Therefore, it
is important that we have a good understanding of the thermodynamics of atomic
defects.

Following Maier’s analogy® between atomic defects and electronic defects using
the band diagram, atoms become movable only when defects are formed, and elec-
trons become movable only when they go to the conduction band (so conduction
band electrons are like defects) of a semiconductor or an insulator. One could think
of conduction electrons as interstitial atoms, and electron holes as atomic vacancies.
Even impurity effects are similar for ionic and electronic motions, i.e., the forma-
tion energy or energy states of impurities are analogous to the electronic states, e.g.,
band gap states, created due to the impurities. One can also define energy gap levels
for ionic defects such as vacancies and interstitials. The chemical potentials and
concentrations of atomic and electronic defects almost have a complete analogy to
each other.

10.4.1 Chemical Potentials of Vacancies in Elemental
Crystals

The most common type of defects in a crystal are atomic vacancies, i.e., lattice sites
with atoms missing. To perform the thermodynamic analysis of vacancies, one can
imagine that a vacancy is created when an atom moves from inside a single crystal
to the surface of the crystal (Fig. 10.2). If we ignore the difference between an atom
sitting on the surface of a crystal and an atom inside the crystal, the net result of this
process is the creation of a vacancy inside the crystal while the total number of atoms
remains the same. During this process, the total number of crystalline lattice sites is
increased by one, and therefore, without considering atomic relaxation, the volume
of the crystal is increased by one atomic volume.

Because the creation of vacancies breaks the atomic bonds, the energy of the
crystal increases. We define the formation energy of a vacancy as the energy increase
in the system due to the creation of the vacancy while keeping the total number of
atoms 7 in the crystal the same,

3 Joachim Maier, Physical Chemistry of Ionic Materials: Ions and Electrons in Solids, 2005, John
Wiley & Sons, Ltd.



282 10 Chemical Potential of Gases, Electrons, Crystals, and Defects

s b i o 0.0 0O O
gﬁg Cizside to the crystal O O O O O
OOOO O _O A
OOOOOQO OO
O O 0O O

Auty = Upry — U, (10.102)

If the creation of a vacancy is carried out at constant pressure, which is usually
the case, the formation enthalpy of a vacancy, Ah,, is defined as the enthalpy change
by removing an atom inside a crystal and placing it on the surface.

Ahy = Hy1y — Hy, = Auy + pAvy (10.103)

where p is pressure, and Av, is the vacancy formation volume.

There is also an entropy change for the system associated with the creation of a
vacancy. The formation entropy of a vacancy, AS, is the entropy difference between
a system with n number of atoms and a vacancy and a perfect crystal with n atoms.
It consists of two contributions: vibrational entropy As, of formation of a vacancy
and the configuration entropy AS. of a crystal consisting of atoms and vacancies.
The vibrational entropy of a vacancy can be estimated as

/

As, = —ks Y In % (10.104)

where kg is the Boltzmann constant, w; are the vibrational frequencies of atoms in
a crystal with a vacancy, o are the vibrational frequencies of atoms in a perfect
crystal.

To calculate A S, consider a crystal with n + n, lattice sites and n, vacancies,

(n + ny)!

ASC = kBan = kB In
n'ny!

(10.105)

where 2 is the number of possible configurations with n + n, total lattice sites that
are occupied by n atoms and n, vacancies.
The total free energy of a crystal with n atoms and n, vacancies is then
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(n + ny)!
W) (10.106)

G = G°+nyAh, — T(nvAsV + kg In

where G° is the free energy of a perfect crystal. Using the Stirling approximation,
we have
G = G° + ny(Ahy — T Asy)
—kgT[(n +ny)In(n +ny) —nlnn —nylnny]

or

G =G°+n,Agy, —kgT[(n+ny)In(n +n,) —nlnn —nyInn,]

where Agy, = Ahy — T As,.
The chemical potential of vacancies is then

(E lV)[
spsn

ny = Agy +kBTln< v >
n—+ny

Uy = Agy + kT Inxy

At equilibrium,

nO
VZAV len v :0
Ho = BT (n+ns>

Solving for the above equation for the number of vacancies, we have

o

n Agy
V=0 = exp — 10.107
ntne exP( kBT) ( )

If we identify Ag, as the chemical potential of vacancies at their standard state,
ie., uy = Agy, at equilibrium,

fy = 1%+ kgTInx® =0 (10.108)

Under non-equilibrium conditions, e.g., a crystal under irradiation (Fig. 10.3),

sy = 1 + kT Inxy = kBT1n<%) (10.109)

v
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Fig. 10.3 Chemical A
potential of vacancy as a Hy
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Another way to look at the chemical potential of vacancies is to consider vacancy
creation as a reaction,

where Ap represents an A atom occupying an A lattice site inside a crystal, A
represents an A atom occupying a surface site, and V represents a vacant site on
the A lattice. If we ignore the difference between A, and Ay, we have

Null = V, (10.111)
Therefore, at equilibrium,

punun = 0 = py (10.112)

Assuming the ideal entropy of mixing between the vacancies and the atoms, we
have

wy = py + kT Inx, (10.113)

In the above discussion, the creation of a vacancy leads to an addition of a lattice
site to the crystal while the total number of atoms is fixed.

If the total number of lattice sites is conserved during the creation of a vacancy,

then the reaction of vacancy creation is expressed as

Ap = Vo + Ay (10.114)

or

Null = (Vo — Ax) + Ares (10.115)
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where A represents an A atom in a pure A atom reservoir, e.g., a perfect A crystal
at the same temperature and pressure with the standard chemical potential of g .
In the notation by Schottky, (Vo — A,) is called a building element. A building
element does not change the number of lattice sites, (Vo — A) means removing an
A atom from the lattice site and replacing it with a vacancy, +As means placing
the removed A atom into the A atom reservoir. At equilibrium,

Hva—ay + /LOA =0 (10.116)

If the total number of lattice sites N is fixed,

Hvsa = Wy oay +RsT I o (10.117)
It should be pointed out that g and pu(y, 4, are different: ug is the formation
free energy of a vacancy, defined as the difference between the free energy (including
the vibrational entropy contribution) of a crystal with n atoms plus one vacancy and
the energy of a perfect crystal with n atoms, while u0y, _, | is the difference between
the energy of a crystal with n — 1 atoms and a vacancy and the energy of a perfect
crystal with n atoms.
Solving Eq. (10.117) for n,, we have

N

MOy A NI (VA—
14 eXp<_(VA AAI)cBT(VA AA))

(10.118)

ny =

which is the same as the Fermi—Dirac distribution for electron holes: the chemical

potential of vacancies jt(v,—a,) corresponds to the chemical potential of electron

holes which is the negative of Fermi level of electrons E¢, and the vacancy formation

free energy M((TVA _a,) corresponds to the negative of valence band edge energy E\.
At equilibrium,

ny
Hyaag FRBTIN e i =0 (10.119)

— Iy

If the total number of lattice sites N is fixed,

I’lg = - o (10.120)
Hva—a,) THA
1 +exP< T >

For very small vacancy concentrations,

Moy, —a,y T Ma
0= eyp - EVazA) THA (10.121)
ksT
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Therefore, in the dilute approximation,

1O = Agy = iy, a. + 1S (10.122)
or
Kva—ay = Ky — KA (10.123)

10.4.2 Chemical Potentials of Interstitials

The chemical potential of interstitials can be obtained similar to that of vacancies.
Consider the reaction of a surface atom Ay goes to an interstitial site inside a crystal
to become A;,

A, = A (10.124)

With this reaction, the number of lattice sites is reduced by one. The chemical
potential of an atom on the surface is assumed to be the same as that in the bulk
crystal, i.e.,

HA, = Ua (10.125)

Here the standard chemical potential is the formation chemical potential of an
interstitial that is the sum of formation energy (or enthalpy) and the vibrational
entropy contribution.

At equilibrium, pa, = pa, or ua, — na, = 0, and thus

[

n
s, = 1S, +kBT1n<N_n?) (10.126)

M, = Iy = MA; (10.127)

where n} is the equilibrium number of interstitials, and N is the total number of
interstitial sites.
Therefore,

_(/-/LOAi - /J«oA) = —A/»LOAi = kBTln(Nni 0) ~ kBTh'I(an) = kBT]n_xiO

—n

AuS
X0 = exp<_ ”’*) (10.128)
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where Auj . is the standard chemical potential difference between an interstitial atom
and a lattice atom, or usually referred to as the formation energy or enthalpy of an
interstitial.

10.4.3 Chemical Potential of Frenkel Defects

A Frenkel defect is referred to a pair of defects, one is a lattice vacancy, and the other
is an interstitial atom. The creation of a Frenkel defect involves moving a lattice
atom A from a regular lattice site to an interstitial site, and at the same time, a lattice
vacancy is created, i.e.,

Ar+Vi=A;i+Vs or Null = (A; — Vi) + (Va — Ap) (10.129)
At equilibrium

Ha + iy, = pa, + v, = e OF 0= la—v;) + Hva—an)

where up is the chemical potential of a Frenkel defect.
The individual chemical potentials in the ideal solution approximation can be
expressed as

ni
.= 9 k T In| —
HA; = My, + KB <N>

i

ny
Ky, = py, +ksT ln(N_A>

Na — \
MA=M°A+kBT1n<—A . )
Na

Ni—ni
- =kgT1
My, B n( N )

i

where n; is the number of interstitial atoms, n, is the number of vacancies, N;
is the number of interstitial sites, and N4 is the total number of lattice sites. The
formation energy of a Frenkel defect is then given by,

Apg = py, + 0y — i = Ay, + g

where (1% — Q) = Aug is the formation energy of an interstitial (Fig. 10.4).
In the dilute approximation,
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Fig. 10.4 Energy diagram A o
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pa, = ia + kT In(x;)
pv, = puy, +kgT In(xy)
pr = pg + kT In(x;xy)

where x; is the site fraction of interstitials, and x, is the site fraction of vacancies,
ME = puy = up + kT In(xix,)

or

keT In(xix,) = —(up — u) = —Aug

A (8]
Xix, = exp<— - “TF) (10.130)
B

If x; = x,, the equilibrium interstitial and vacancy concentrations are given by

A o
X =x, = exp<— Hr ) (10.131)

10.4.4 Chemical Potential of Schottky Defects

The creation of a Schottky defect can be expressed as

AP+ BB = VAB + VB + AB

where AQB represents an A atom occupying on the A sublatice of compound AB,
B4P represents a B atom occupying on the B sublatice of compound AB, VA is
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a vacancy on the A sublattice of compound AB, and V4® is a vacancy on the B
sublattice of compound AB.

At equilibrium,
1A + up” = s + ey + ulp

In the dilute solution approximation,

Na — nAB
MQB = M?B’O + kg T 1H<—A Va )

Np — nAB
i s 28)

nVQB

Na

Myas = MOVQB + kBTln( ) = /’L(\)/ﬁB + kBTln(xVﬁs)

FyAB
,Wyzu%r+@Tm(Nz):M%y+@TmQ%g

Since the chemical potential of a compound is the sum of the chemical potentials
for each component, i.e.,

paT g = 13
we have
('uo ag T H/O AB) o
XyaBXyAB = €XP —% = exp[—klg;} (10.132)
where g is the chemical potential of a Schottky defect.
If va\B: )Cvé\B,
.XVAAB: xVéAB = exp|:—2]l:BSTi| (10.133)

In Schottky notation using building elements,

0= (VA% — AR®) + (V3" — BE®) + (AB),,

where (AB),., represents a molecule of AB compound from a chemical reservoir
of compound AB. Dopant-controlled defect concentration and chemical potentials
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involving chemical Schottky and Frenkel defects in ionic crystals are similar to the
trapped states of electrons in semiconductors.

10.4.5 Chemical Potentials of Neutral Dopants

The chemical potential of neutral dopants, 14, can be expressed as

N X
[ax = uS + Au + kBTln<N—d) (10.134)
L

where 3 is chemical potential of pure dopant d at temperature 7 and ambient
pressure, and Ny, is the total number of host lattice sites. The formation energy Aug
of dopant d in a host includes the formation energy, formation entropy from the
lattice vibration contribution, and formation volume (which can be neglected under
ambient pressure). It should be noted that A g does not include the configurational
entropy contribution. We can rewrite Eq. (10.134) as

Hax — pg = Aug+kpT Inxgx (10.135)

where xqx = Ng~/Ny. The solubility limit xJ. of d in host is given by
0 = Aug+kgT In xJ. (10.136)

If the composition of d in host is below the solubility limit, pq« — ug =
AMS—FkBTlnxdx < 0

10.5 Examples

Example 1 Estimate the amount of oxygen at a given height z, e.g., 10, 000 m,
relative to the ground level at z = 0. Assume constant temperature 300 K and use
the mass of 32 g/mol for O,.

Solution
The ratio of the oxygen level at 10, 000 m in the sky to that at the ground level,
assuming the temperature is uniform at room temperature, is

p(2) mgz 32x103 x9.81x 10000

e BT —e~ sama0 = (.284
p0)
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Example 2 What is the electrical potential drop across a semiconductor p-n junction
with the n-type of semiconductor doped with Ngq number of electron donors per unit
volume, and the p-type of semiconductor is doped with N, number of electron accep-
tors per unit volume? One can assume that the number of conduction band electrons
in the n-type semiconductor is approximately equal to the number of donors, and the
number of valence band electron holes in the p-type semiconductor is approximately
equal to the number of electron acceptors in the p-type semiconductor.

Solution
For an n-type semiconductor, the chemical potential u. of electrons can be
approximated as

EetksTIn( 22 ) ~ E.+ ks T In( 2
e — L¢ n| — | = L. n{ —
< B N B N

C C

For a p-type semiconductor, the chemical potential uy, of holes can be approxi-
mated as

N
= —E, +kBT1n(Nﬁ) ~ —E, +kBTln<Fa)

\4 A4

The electrons in the n-type of semiconductor have a higher chemical potential
than those in the p-type semiconductor, and thus, when an n-type semiconductor
and a p-type of semiconductor are brought into contact, electrons will move from
the n-type semiconductor to the p-type semiconductor. As a result, the side of the
n-type semiconductor at the junction will be positively charged due to the loss of
electrons whereas the side of the p-type semiconductor will be negatively charged
due to the gain of electrons, creating an electric potential difference and thus electric
field across the p-n junction. Atequilibrium, the electrochemical potential of electrons
should be uniform throughout the entire crystal containing the p-n junction, and there
is no longer any net flow of electrons within the entire system. Let us assume that
the electric potential in the n-type semiconductor side is ¢", and that in the p-type
semiconductor side is ¢”. The electrochemical potentials of electrons and holes in
the p-n junction are given by

~ N,
e = E. — ed" +kBTln(Fd)

C

and

v

~ N,
Uy = —Ey + ed? +kBT1n<Fa>

At equilibrium
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0= He + My

Therefore,

Ny N,
0=E.—ed"+kgTIn| — | — E, + e¢p” + kgT In[ —
N, Ny
Solving for the electrical potential difference from the above equation, we have

E kgT NyN, kgT NgN,
Ap=¢" —¢p? = -5 + =] =—1
=9 ¢ e e n<NCNV) e n( 2 )

n

where E; is the band gap, and n; is the intrinsic concentration of electrons and holes
without any dopants given by

n2=NNexp —E
e kg T

Example 3 The chemical potential of a Debye crystal A at low temperatures can be
approximated by.

9hw h (mwkeT\*
DC D B
=u(0,v) + - —
pam = uO. )+ =4 swg<h)
where ©(0, v) is the static energy per A atom at 0K, v is molar volume, 4 is the
Planck constant, kg is the Boltzmann constant, and wp, is the Debye frequency. It is
also shown that the chemical potential of an ideal gas as a function of temperature
T and pressure p is given by

2 3/2 kT 5/2
Mi=—kBTln[( wm)*? (ks T)

ph?

where m is atomic mass. Find the vapor pressure which is at equilibrium with the
Debye crystal.

Solution
At equilibrium, uR¢ = u§

9 h kgT\* 27m)3 2 (kg T)%/?
1(0, v) + =20 (” B ) =—kBT1n|:( wm) " (ks T)

8  Swp\ h ph?

which can be rewritten as
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|:(27Tm)3/2(kBT)5/2:|

=—In

ksT 8k T 5

u(0,v) | Yhwp n4<kBT>3_

ha)[) ph3

Solving the above equation for pressure, we have the equilibrium vapor pressure
above a Debye crystal,

3 "5 \hap

Qam)>?(kgT)*? u(0,v) Yhwp 7wt (ksT\’
p= exp —
keT ' 8ksT 5

10.6 Exercises

1. What is the value of the chemical potential of a vacancy at equilibrium in a
pure elemental metal?

2. What s the relationship between the chemical potential of electrons and holes
at equilibrium in a semiconductor?

3. Approximately what is the internal energy of electrons in the conduction
band of a semiconductor or an insulator?

4. What is the standard chemical potential of electrons in the conduction band of
a semiconductor or an insulator ?

5. What is the standard chemical potential of electrons in the valence band of a
semiconductor or an insulator?

6.  Whatis the approximate internal energy of electron holes in the valence band of
a semiconductor or an insulator?

7. Whatis the standard chemical potential of electron holes in the valence band of
a semiconductor or an insulator?

8. What is the relationship between the chemical potential of electrons in the
conduction band and the chemical potential of electron holes in the valence
band at equilibrium in a semiconductor?

9.  If the equilibrium vacancy mole fraction in a single crystal near its melting
temperature is 107>, estimate the standard chemical potential of vacancies, or
often called the formation free energy of a vacancy.

10. In a pure semiconductor, the concentrations of electrons and holes are the
same. Doping a semiconductor with electronic donors increases the electron
concentration and decrease the hole concentration.

a. Does the entropy of electrons increase or decrease with donor doping?
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b. Does the entropy of holes increase or decrease with donor doping?

11. Inadonor-doped semiconductor, what is the relationship between the chemical
potential of electrons at the conduction band and the chemical potential of
electrons occupying the donor states within the band gap?

12.  The chemical potential of electrons is given by,

ne
e = Ec +kgT In F

C

Assuming E. is a constant independent of temperature, please.

(a) Show that the expression for entropy per electron from chemical potential of
electrons is

where p is pressure.

(b) Show that the constant pressure heat capacity per electron is (5/2)kg, i.e.,

Bzue 5
Cre = ‘T(W> =30
P

13.  Atroom temperature, the equilibrium mole fraction of vacancies in a crystal is
102, Now the crystal is subjected to irradiation which creates a great number
of vacancies leading to a vacancy mole fraction of 0.01. What is the chemical
potential of the vacancies in the irradiated crystal?

14. Consider the equilibrium between an Einstein crystal A and its vapor. The
chemical potential of an ideal monatomic gas A is

) 3/2 (ke TYS/2
ui=—kBT1n[( am)* (ks T)

ph?

The chemical potential of A in an Einstein crystal at low temperatures can be
approximated as
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EC _ 4y(0. ) + 3ks T In| 2sinh |
I’LA - ) B ZkBT

Show that the equilibrium vapor pressure above an Einstein crystal is given by

QrumkpT)*? . ho \T wow
p = | kT ————— || 2sinh e BT
h3 2kg T




Chapter 11 ®)
Phase Equilibria of Single-Component oo
Materials

A phase in thermodynamics is defined as a substance that exhibits a certain type
of atomic and electronic structural state, e.g., gas, liquid, amorphous solid, crys-
talline solid with a specific lattice symmetry and electronic structure, over certain
ranges of chemical composition, temperature, pressure (stress), electric field, and
magnetic field. Therefore, when we refer to a phase, we have to specify its chem-
ical composition as well as its physical state: gas, liquid, or solid with a specific
crystal structure, lattice symmetry, and electronic state (metallic, semiconducting,
insulating, superconducting, magnetic, etc.).

Most materials in practical applications contain more than one phase and are
thus heterogeneous. The chemical composition for the whole system is the overall
composition, and the composition of a phase is called the phase composition. A
phase boundary in thermodynamics can mean either a physical boundary describing
an interface separating two phases in space in a multiphase mixture or a boundary
describing the temperatures, pressures, or compositions along which two phases are
at thermodynamic equilibrium, i.e., a phase boundary on a phase diagram.

The thermodynamics of a material or a phase in a material is completely described
by its fundamental equation of thermodynamics or by its chemical potential as a func-
tion of temperature and pressure for a material which can be considered as a simple
system. The stability of a phase and the relative stability of different phases under a
particular thermodynamic condition can then be determined from the fundamental
equations of thermodynamics for each phase.

An originally stable phase may become unstable due to the changes in thermo-
dynamic conditions and thus transform to a thermodynamically more stable phase
under the new thermodynamic condition. The transition or transformation or change
from one phase to another is called a phase transition, a phase transformation, or a
phase change. Examples include the transitions from one physical state to another at
a fixed chemical composition, e.g., melting, solidification, vaporization, etc., from
one crystal structure to another, e.g., cubic to tetragonal transition, crystallization of
an amorphous phase, etc., from one electronic state to another, e.g., superconducting
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transition, metal to insulator transition, magnetic transition, etc. Another type of tran-
sitions involves a spatial rearrangement of chemical species such as compositional
phase separation or atomic rearrangement of atomic species on a fixed crystalline
lattice such as order—disorder transition.

The graphical representations of stable equilibrium phases under different thermo-
dynamic conditions are called phase diagrams. There are several options to represent
a phase diagram for a single-component simple system, including stable equilibrium
states represented on a temperature versus molar volume diagram, a pressure versus
molar volume diagram, a temperature versus molar entropy diagram, a pressure
versus molar entropy, and a pressure versus temperature diagram. This chapter will
mainly discuss the stability of a material with respect to temperature and pressure at
a fixed chemical composition and thus focus on the pressure—temperature diagrams
or simply called p-T diagrams which represent the stable equilibrium phases at
different temperatures and pressures.

11.1 General Temperature and Pressure Dependencies
of Chemical Potential

From the discussions in previous chapters, we understand that the Gibbs free energy
per mole or molar Gibbs free energy of a species or a group of species is the chemical
potential of the species or the group of species. Therefore, for a homogeneous single-
component system or a homogeneous multicomponent system with a fixed composi-
tion, its thermodynamic properties are most naturally and conveniently defined using
the chemical potential for essentially all practical purposes. The change in chemical
potential du of a material with respect to temperature change d7 and pressure change
dp is given by the differential form of the fundamental equation of thermodynamics,

du = —sdT + vdp (11.1)

Since the three intensive variables, 7, p, u, are related by the above relation,
only two of them can be independently varied at the same time for a homogeneous
system. For example, once the temperature and pressure are fixed, the chemical
potential of a homogeneous system at equilibrium is fixed. Therefore, Eq. (11.1) is
essentially the Gibbs—Duhem relation that relates all intensive potential variables
of a homogeneous thermodynamic system. Gibbs—Duhem relation for binary and
multicomponent systems will be further discussed in Chap. 12 by including the
chemical potentials for each component.

Let us discuss the temperature and pressure dependences of chemical potential
by examining its first and second derivatives with respect to temperature and pres-
sure. From Eq. (11.1), one can immediately see that the chemical potential o of a
homogeneous system decreases with its temperature 7' (Fig. 11.1) since the rate of
change of chemical potential with temperature at constant pressure is the negative
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Fig. 11.1 Schematic 4
dependence of chemical M
potential on temperature at

constant pressure
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of molar entropy, s, of the homogeneous system, i.e.,
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(-“) I (11.2)
aT /,

The curvature of the curve describing the chemical potential as a function of

temperature can be determined by examining the second derivative of chemical
potential with respect to temperature at constant pressure,

82
THY _ % (11.3)
aT? » T

Since the heat capacity c, of a stable material is always positive, and T is always
positive, the second derivative of chemical potential with respect to temperature at
constant pressure is always negative. Therefore, at constant pressure, the curvature
of the curve describing the temperature dependence of chemical potential is always
negative, with the curvature given by —c,/T.

At constant temperature, the chemical potential © of a homogeneous system
increases with its pressure p (Fig. 11.2) with the slope given by the molar volume,
v, the first derivative of chemical potential with respect to pressure at constant
temperature,

Fig. 11.2 Schematic 4
dependence of chemical H
potential on pressure at

constant temperature

’EV
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owy
<$>T =v (11.4)

The curvature of the curve describing the pressure dependence of chemical
potential at constant temperature is determined by its second derivative,

%
(5), = e

where f7 is the isothermal compressibility which is always positive for a stable mate-
rial. Therefore, the curvature of chemical potential versus pressure is always negative
(Fig. 11.2).

It is reminded here that the mixed second derivative of chemical potential with
respect to pressure and temperature is related to the volume thermal expansion

coefficient «,
82
L R (11.6)
aTop

which can be positive or negative although most materials exhibit a positive thermal
expansion coefficient.

11.2 Thermodynamic Driving Force for Phase Transition

To determine whether a phase transition is thermodynamically possible, one should
first determine the thermodynamic driving force for the transition as discussed in
Chap. 8. Let us consider a transition of alpha («) phase to beta (8) phase without
chemical composition change,

a—f (11.7)

The chemical potentials of & and 8 as a function of temperature and pressure are
denoted as % and p? which describe the thermodynamics of the o and S phases,
respectively. The total amount of substance is N, which is assumed to be constant.
Let us assume that in a two-phase mixture of « and 8 phases, the number of moles of
« phase is N®, and the number of moles of 8 phase is N#, and thus N = N% 4+ N#,
The Gibbs free energy of such a two-phase mixture is

G =G%+GP = N*u* + NPuP (11.8)
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where G* and G? are the Gibbs free energies of & and 8 phases representing the
fundamental equations of thermodynamics for o and f phases, respectively. The

differential forms for G¥ and G# can be written as

dG* = —s*N*dT + v*N%dp + u“dN* (11.9)
dG? = —sPNPAT + v NPdp + uPdANP (11.10)

where s¢ and s# are molar entropies of o and B phases, and v* and v# are molar
volumes of « and § phases.

In Eq. (11.8), G can be considered as the fundamental equation for the heteroge-
neous system containing a mixture of « and 8 phases ignoring the contribution from
the interfacial energy. The differential form of G is

dG = —(s*N* + s NP)dT + (v*N* + v’ NP)dp + n“dN* + ufdNP (11.11)
At constant temperature and pressure,
dG = u*dN® + uPdN? (11.12)

We define a parameter called the degree of transition, &, from « phase to 8 phase

N# 3
[ — 11.1
§ N ( )
and
1-¢&= M (11.14)
N .

i.e., & represents the mole fraction (or volume fraction if the two phases have the same
molar volume) of 8. We can consider £ as a phase order parameter of the system
representing an internal degree of freedom. We can now express the fundamental
equation of thermodynamics for the whole heterogeneous system taking into account
the possibility of a phase transition by including the phase order parameter &, i.e.,

G(N,T,p,&) = N = &)u*(T, p) + NeuP (T, p) (11.15)

G(N, T, p. &) = Nu®(T, p) + N&[uP (T, p) — u*(T, p)] (11.16)
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The corresponding equation for the chemical potential for the heterogeneous
system is

w(T, p.&) =GN, T, p,§)/N =u“(T, p)+EAu(T, p) (AL.17)

where

A(T, p) = p?(T, p) — u*(T, p) (11.18)

The differential form for the chemical potential at constant temperature and
pressure is given by

du(T, p) = Au(T, p)d§ (11.19)

The driving force for the phase transition is

D= —(d—“> = —Au (11.20)
),

The schematic dependences of chemical potentials i of the « and 8 phases on
temperature T at a constant pressure are shown in Fig. 11.3. T, is the phase transition
temperature. Based on Eq. (11.20) and Fig. 11.3, we can easily deduce that

IfT < T, uf > u% Ap = pf —u® > 0, D = —Ap < 0, the o phase is
thermodynamically stable against its transition to the B phase.

T =T, nf =p% A =pf —u* =0, D = —Au = 0, the o phase is at
thermodynamic equilibrium with the 8 phase.

T > T, uf < p Ap = pf —u* <0, D = —Ap > 0, the a phase is
thermodynamically unstable against its transition to the § phase.

When a phase transition takes place with a driving force of D, an amount of
chemical energy of D is dissipated due to the transition and converted to thermal

Fig. 11.3 Schematic
illustration of temperature
dependences of chemical
potential and driving force
for a phase transition
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energy. By definition, a phase transition that takes place with a finite driving force is
an irreversible process. The amount of entropy produced due to a phase transition is
simply related to its driving force, i.e.,

A D _ =) Ap
T T T

If the driving force D is zero, As'™ is zero, i.e., there is no entropy production,
and hence a transition that takes place with zero driving force at the equilibrium
transition temperature is a reversible process.

It should be emphasized that the knowledge of the thermodynamic driving force
for a transition is required for any kinetic theory that describes the rate of the phase
transition. For example,

dé
*
o ¥
&

o 2 in a linear kinetic theory or
o exp(-) in a nonlinear kinetic theory where R is gas constant.

The rate of entropy production for the transition per unit volume is given by the
product of force and the rate of transition, i.e.,

ds™ D dg

vdt T vdt

(11.21)

where ds'/dt is the molar entropy production rate, v is molar volume, and d& /dt is
the phase transition rate. We can also write Eq. (11.21) in terms of energy dissipation
based on the relation between entropy production and energy dissipation in a phase
transition,

d d
du _ 9 (11.22)

vdt vdt
where u is chemical potential, and du /vdt is the chemical energy density dissipation
rate.

11.3 Temperature and Pressure Dependences of Driving
Force

To obtain the temperature and pressure dependences of the driving force for a phase
transition, we can simply use the information about the temperature and pressure
dependences of the chemical potentials of the parent o and new B phases. According
to their differential forms, we have

du® = —s*dT + v*dp (11.23)
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and
duf = —sPaT +vPdp (11.24)
Subtract Eq. (11.23) from Eq. (11.24), we get

d(u’s — u"‘) = —(s’3 - s“)dT + (v’3 - v"‘)dp (11.25)

dAp = —AsdT + Avdp (11.26)

where A = uf — u®, As = sP —s%, and Av = v — v®. Therefore, the change in
chemical potential for a phase transition as a function of temperature and pressure is
given by

T,1bar T.p
Au(T,p)y=— [ As(T,p)dT + Av(T, p)dp (11.27)
T.,1bar T,1bar

where As(T, p) and Av(T, p) are the temperature and pressure dependences of
changes in molar entropy and molar volume for the transition. The temperatures and
pressures that satisfy the following equation form the phase boundary along which
the two phases are at equilibrium,

T,1bar T,p
AT, p)=— [ As(T,p)dT+ [ Av(T,p)dp=0 (11.28)
T,1bar

Te,1 bar

Assuming that for a phase transition, the heat capacity change Ac), is a constant,
and the isothermal compressibility 87 (T, p) and the thermal expansion coefficient
o are zero, we have

T
As(T, p) = As°(T,, 1 bar) + Ac, In (11.29)

T.
and

Av(T, p) = Av(T, 1 bar) = Av°(T,, 1 bar) (11.30)

where As® and Av° are the changes in molar entropy and molar volume associated

with the phase transition at the equilibrium transition temperature 7. under pressure
1 bar. Therefore,
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T,1bar T

Au(T,p)=— [ [As°+Acpln —i|dT+Av°Ap (11.31)
Te,1bar Te

Integrating the first term on the right-hand side of the above equation, we have

T
Au(T, p) =[Ac, — As°|(T = T.) — Ac,T In T + Av°(p — 1bar) (11.32)

which can be rewritten as

[

AT
Au(T, p) = [Ac,, — ASO]AT — AcI,T1n<1 + T ) + Av°Ap (11.33)

where AT =T — T,,and Ap = p — 1 bar.
IfAT < T

AT
Au(T, p) = [Ac, — As°]AT — Ac,T

+ Av°Ap (11.34)
T.

Therefore, the dependences of the chemical potential difference between the two
phases as a result of changes in temperature and pressure can be approximated as

AR® + Ac,AT

AT, p) = —[ T

}AT + Av°Ap (11.35)

11.4 Classification and Order of Phase Transitions

The thermodynamic properties of a material typically undergo dramatic changes near
a phase transition or phase transformation. Different types of phase transitions, such
as melting of a solid to become a liquid, or transition of a paramagnetic solid to
become a ferromagnetic, or transition of a metal to become a superconductor, result
in very different types of changes in thermodynamic properties near a transition.
Therefore, depending on the behavior of thermodynamic properties near a phase
transition, phase transitions have been classified into different types such as first-
order phase transitions, second-order phase transitions, high-order phase transitions,
discontinuous phase transitions, continuous phase transitions, or infinite-order phase
transitions.

Since all the thermodynamic properties of a material can be expressed as the
derivatives of a fundamental equation with respect to its natural variables, a phase
transition has been classified as a first order, second order or high order according
to the behaviors of the derivatives of chemical potentials of the phases involved
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in a phase transition with respect to temperature and pressure at a phase transition
temperature and pressure. For example, according to Ehrenfest’s classification':

e A first-order phase transition is one at which the first-order derivatives of chemical
potential with respect to temperature and pressure, i.e., molar entropy and molar
volume, are discontinuous. The jumps or changes in molar entropy and molar
volumes at the transition temperature and pressure are simply called entropy and
volume of transition. Since the enthalpy change at the transition is equal to the
product of entropy change and transition temperature, and hence the enthalpy
change at the transition temperature is also finite. Since the enthalpy change at
a transition at constant pressure is equal to the heat absorbed or released, the
enthalpy change at the transition is often called latent heat of transition. An order
parameter is a parameter for distinguishing the two phases involved in a phase
transition, e.g., the difference in mass density between the two phases, spon-
taneous polarization, atomic order, crystallinity, etc. The order parameters are
also discontinuous at the temperature and pressure of a first-order phase transi-
tion. The majority of phase transitions in materials such as melting, solidification,
phase separation, precipitation, structural transitions, and most of the ferroelectric
transitions are first-order phase transitions.

e A second-order phase transition is one at which the first derivatives of chemical
potential with respect to temperature and pressure, i.e., the molar entropy and
molar volume, are continuous, but the second derivatives of chemical potential
with respect to temperature and pressure, i.e., heat capacity, or compressibility,
are discontinuous. In a second-order phase transition, the order parameter char-
acterizing the phase transition is continuous. A good example of a second-order
phase transition is a ferromagnetic phase transition.

¢ A high-order phase transition is one at which the first and second derivatives of
chemical potential with respect to temperature and pressure are continuous, but
the higher-order derivatives of chemical potential with respect to temperature and
pressure are discontinuous.

There is a class of phase transitions such as ferromagnetic and superconducting
phase transitions at which a certain property or a certain set of properties diverge
rather than being discontinuous. For example, the heat capacity diverges at a ferro-
magnetic transition point. Therefore, there is an increasing trend in the literature
to simply use the latent heat of a phase transition to classify phase transitions into
two types: (1) first order or discontinuous transitions and (2) second order or contin-
uous phase transitions. A phase transition exhibiting a latent heat is a discontinuous
transition, while a phase transition without latent heat is a continuous phase transi-
tion. The properties represented by the second derivatives of chemical potential with
respect to temperature and pressure or with respect to its order parameter diverge at
second-order or continuous phase transitions. A glass transition can also be called a

1 Jaeger, Gregg (1 May 1998). “The Ehrenfest Classification of Phase Transitions: Introduction and
Evolution". Archive for History of Exact Sciences. 53 (1): 51-81. https://doi.org/10.1007/s00407
0050021.


https://doi.org/10.1007/s004070050021

11.4 Classification and Order of Phase Transitions 307

continuous phase transition, but the transition is more described in terms of dynamics
rather than thermodynamics. In physics, there are also transitions that can be classi-
fied as infinite-order phase transitions since they are continuous with no symmetry
breaking, e.g., the Kosterlitz—Thouless transition in the two-dimensional XY model.

11.5 Temperature-Pressure Phase Diagram

At a fixed chemical composition, depending on the temperature and pressure,
different phase states (solid, liquid, gas, or their mixtures) may become the stable
equilibrium state. According to the thermodynamic equilibrium principle, at constant
temperature and pressure, an equilibrium state is obtained by minimizing the Gibbs
free energy. However, since when we compare the stability of different thermody-
namic states, we have to always employ the same overall chemical composition for
the different states. Therefore, to determine the stable states at different temperatures
and pressures, we should simply compare the chemical potentials of different phases
as a function of temperature and pressure, and the state with the lowest chemical
potential is the thermodynamically stable state.

A diagram that collects all the phase boundaries separating the regions of stable
(sometimes even metastable) phases in a material is called a phase diagram. For a
material with a fixed chemical composition, the graphical representation of stable
phases at different pressures and temperatures is also called a p—T diagram. It is
also possible to construct other types of phase diagrams, e.g., phase diagrams of
equilibrium states represented on diagrams using temperature versus molar volume,
pressure versus molar volume, temperature versus molar entropy, and pressure versus
molar entropy. Two schematic p—T phase diagrams are shown in Fig. 11.4 for the
case that the molar volume of liquid (v') is greater than the solid (v*) and Fig. 11.5
for the case that the molar volume of liquid (v") is smaller than the solid (v®).

e Single-phase regions: The ranges of temperature and pressure within which one
of the phases has the lowest chemical potential are called single-phase regions.
For example, the regions labeled as solid, liquid, or gas in Figs. 11.4 and 11.5

Fig. 11.4 Schematic A
diagram of a
single-component system
with molar volume of liquid
larger than solid. T and py
label the temperature and
presure of a triple point at
which all three phases, solid,
liquid, and vapor are at
equilibrium with reach other

vl—vs >0

Sy
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Fig. 11.5 Schematic

diagram of a pT\
single-component system
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smaller than solid
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represent the temperature and pressure ranges within which a single-phase solid,
or liquid, or gas is the most stable state, respectively.

e Two-phase coexistence boundaries: If there are two phases that have the same
chemical potential at certain temperatures and pressures, these two phases are at
thermodynamic equilibrium with each other at those temperatures and pressures.
These temperatures and pressures form the lines in the pressure versus temperature
plot, which are called phase boundaries. For example, the lines separating the
solid and liquid regions in Figs. 11.4 and 11.5 represent the temperatures and
pressures at which the solid and liquid are at thermodynamic equilibrium; the lines
separating the liquid and gas represent the temperatures and pressures at which
the liquid and gas are at thermodynamic equilibrium; and the lines separating
the solid and gas represent the temperatures and pressures at which the solid and
gas phases are at thermodynamic equilibrium. It should be noted that the two-
phase equilibrium lines on the p—T diagrams will become regions of two-phase
coexistence fields on the single-component phase diagrams of temperature versus
molar volume, or pressure versus molar volume, temperature versus or molar
entropy, or pressure versus molar entropy.

e Triple points (T, py): If there are three different phases that have the same
chemical potential at a given temperature and pressure, all three phases are at
equilibrium with each other at this particular combination of temperature and
pressure. The points on a pressure versus temperature plot at which three phases
are at equilibrium and coexist are called triple points (T, py). For example, the
points that three-phase boundaries meet in Figs. 11.4 and 11.5 are triple points
at which the three phases, solid, liquid and gas, are at equilibrium with each
other. It should also be noted that the triple points on the p—7 diagrams will
become regions of three-phase coexistence fields on the single-component phase
diagrams of temperature versus molar volume, or pressure versus molar volume,
or temperature versus molar entropy, or pressure versus molar entropy.
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11.6 Gibbs Phase Rule

There are restrictions on the maximum number of phases that can coexist at a given
temperature and pressure or on the number of thermodynamic variables that can
be independently varied at equilibrium. The expression to count the number of
independent variables for a given system is called the Gibbs phase rule.

The derivation of the Gibbs phase rule is simple as it essentially involves counting
the number of independent variables. Let us consider a multicomponent multiphase
system with n number of components and 1 number of phases. There are (n — 1)y
number of independent chemical potentials because there is one Gibbs—Duhem rela-
tion that relates the n chemical potentials of the » components within each phase.
The total number of intensive variables is then (n — 1)y + 2 where the number 2
corresponds to temperature and pressure. Both temperature and pressure are assumed
to be uniform and the same for all phases required by the thermodynamic equilib-
rium condition. At equilibrium, the chemical potentials of each component must be
uniform in the system, and thus there are n(yy — 1) relations that relate the chemical
potentials of each component in all i phases. It should be pointed out that not all
components have to exist in each phase. For those components that are absent from a
phase, the chemical potentials in that phase should be higher than the uniform chem-
ical potentials for those species in a multiphase mixture. Therefore, the total number
of independent intensive variables, or the number of degrees of freedom (NDF), for
such a multicomponent multiphase mixture is

NDF=(n—-Dy +2—n( —1) (11.36)
Simplifying the above equation, we have
NDF=n—-v¢ +2 (11.37)

NDF represents the number of independent variables that one can vary for a
multiphase mixture without changing the number and type of phases in the multiphase
mixture. For example, at a triple point of a p — T phase diagram for a material with
a fixed chemical composition,

NDF=n—-v¢+2=1-3+2=0 (11.38)

i.e., the number of degrees of freedom is zero, implying that one cannot vary either
the temperature or pressure without changing the three-phase mixture to either two-
phase mixture or a single phase. The phase rule also sets the maximum number of
phases that can coexist in a system at equilibrium,

NDF=n—9y+2>0= ¢ <n+2 (11.39)
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Vinax = 11+ 2 (11.40)

For example, for a single-component system, the maximum number of phases
that can coexist at thermodynamic equilibrium is 3.
Along the phase boundaries of a one-component p—T phase diagram,

NDE=n—¢4+2=1-2+2=1 (11.41)

Therefore, one can vary either temperature or pressure independently, but not
both, without changing the two-phase nature of the system.
Within the single-phase field of a phase diagram,

NDEF=n—¢+2=1—-14+2=2 (11.42)

which implies that one can vary both temperature 7 and pressure p simultaneously
without leaving a single-phase field.

11.7 Clapeyron Equation

The Clapeyron equation is a differential equation that describes the slopes of phase
boundaries in a pressure—temperature diagram.

If we have the chemical potentials for each phase as functions of temperature
and pressure for a given material, we can compute its p—7 phase diagram by using
the equilibrium condition that the phase with the lowest chemical potential is the
equilibrium phase. To construct a phase diagram, we first determine the equations
describing the phase boundaries in a phase diagram. We then obtain the phase diagram
by graphically representing the phase boundary lines on a p—T plot. If we have the
chemical potentials of the two phases « and § as a function of temperature 7" and
pressure p, we can obtain the equation describing the /8 phase boundary by simply
solving the following equation,

n(T, p) = uP(T, p) (11.43)

However, to simply obtain the slope of the «/f phase boundary, we do not need
the full knowledge of chemical potentials of both phases as shown by the Clapeyron
equation. To derive the Clapeyron equation, we start with the variation of the chemical
potential difference between the two phases,

dAp = —AsdT + Avdp (11.44)

Along a phase boundary on the p—T diagram (Fig. 11.6), the & and 8 phases are at
equilibrium with each other, and we call this line the phase boundary separating the
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Fig. 11.6 Schematic A
illustration of a two-phase p
phase boundary and its slope

phase boundary

dT T

two regions in which either the o phase or the 8 phase is thermodynamically stable.
Therefore, along the phase boundary between « and 8, Ay = 0, or u* = w? and
thus

—AsdT + Avdp =0

Rearranging the above equation, we obtain the local slope of the line, dp/dT, as
a function of temperature,

dp As*—P sh— s

AT ~ Ave—B P — @

(11.45)

where As®# = 8 — 5% and Av*~# = v# —v® are the changes in the molar entropy
and molar volume for the transition or simply called the entropy and volume of
transition. Therefore, the slope of the o/ phase boundary at a given tempreature and
pressure is simply given by the ratio of entropy of transition to volume of transition.
Ifthe @ — B phase transition takes place at equilibrium temperature and pressure,
i.e., along a phase boundary, the transition process is a reversible process since the
driving force for this transition, D = u% — u? = 0, so no entropy is produced.
According to the second law of thermodynamics, for a reversible process,

Qaaﬂ

As?F = (11.46)

TO(—)ﬁ

e

where Q%# is the heat released or absorbed for the transition of one mole of «
phase to 8 phase, and YA represents the equilibrium transition temperature at a
given pressure. According to the first law of thermodynamics applied to a constant
pressure process,

0%~k = Ap* =P (11.47)
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Fig. 11.7 Tllustration of 4
relationship between the p vh > v vhspy
slope of a phase boundary
and the molar volume

difference between the two
phases a B Y

dp/dT >0 dp/dT <0
-

>

where Ah%~# is the molar enthalpy change for the transition of one mole of « phase
to B phase or simply called the enthalpy of transition. The slope of the o/ phase
boundary can then be rewritten as

dp Ah*—P
—_ = (11.48)
dT  TAve—#
which is the Clapeyron equation. Therefore, the slope of the «/8 phase boundary
at a given temperature and pressure can be obtained with the knowledge of heat of
transition and volume of transition.

In general, for a transition of a lower temperature phase to a higher temperature
phase, the heat of the transition is positive, i.e.,

ARE >0

Therefore, the sign for the slope of a phase boundary, dp/dT, is determined by
the sign of the volume change, Av. A positive volume change implies a positive
slope, or one can determine the sign for the volume change by simply examining
the sign for the slope of a phase boundary in a phase diagram (Fig. 11.7). For most
materials, the volume change involved in a transition of a lower temperature phase to
a higher temperature phase, e.g., melting of a solid to become liquid, is positive, and
the slopes of the corresponding phase boundaries are positive. However, for materials
whose crystal structures are quite open, melting of a solid might lead to a decrease
in volume. The examples happen to be the most familiar materials systems, e.g., ice
(H,0), silicon (Si), and diamond (C). Melting of ice, silicon, and diamond leads to a
decrease in volume, i.e., a negative volume of melting. As a result, the slopes for the
phase boundaries separating the liquid and solid phases of ice, silicon, and diamond
are negative.
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11.8 Clausius—Clapeyron Equation and Vapor Pressure
of Condensed Phase

If a phase transition involves a vapor phase, e.g., a solid to vapor transition or a liquid
to vapor transition, the pressure in the Clapeyron equation is the equilibrium vapor
pressure over a solid or liquid if the solid or liquid is at equilibrium with the vapor
phase. A single component in a mixture can contribute vapor pressure to the total
pressure in the system. The vapor pressure contributed by a particular component is
called partial pressure.

As an example, let us consider the transition of a liquid (/) to vapor (v),

liquid(/) — vapor(v)

The molar volume of vapor v" is typically much larger than the molar volume of
a condensed phase, liquid vl or solid v*, i.e.,

Avl%v =¥ — U[ ~ Y
The Clapeyron equation can be approximated as

dp - Ahl—)v
ar T

(11.49)

The vapor pressure over a liquid and solid is typically low, so the behavior of
a vapor phase can be approximated by the ideal gas equation of state. Therefore,
the molar volume of the vapor phase can be expressed in terms of temperature and
pressure using the ideal gas law,

RT
A (11.50)
p

Substituting Eqs. (11.50) into (11.49), we have

dinp AR
dT ~ RT?

(11.51)

which is the Clausius—Clapeyron equation. It should be emphasized that the Clausius—
Clapeyron equation is only applied to a transition in which one of the two phases is a
vapor phase. Equation (11.51) also expresses the equilibrium vapor pressure above
a liquid as a function of temperature.

Normal boiling point: The normal boiling point T;, of a liquid is the temperature
at which the liquid is at equilibrium with its vapor phase at 1 bar. The heat of
evaporation at the normal boiling point is labeled as Ahy. The dependence of the
heat of evaporation AAp on vapor pressure can be ignored since the vapor pressure
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is usually very low. The heat of evaporation Ah'~" as a function of temperature can
be calculated using the heat capacities of liquid and its vapor phase, i.e.,

T T
AR'TNT) = AR + [(c)(T) — ¢ (1))dT = AhY + [ Ac,(T)AT  (11.52)
Ty Ty

where ¢),(T) and clp (T) are the heat capacity of vapor phase and liquid phase, respec-
tively. If Ac,, is zero, ARPY = Ahy, i.e., the heat of evaporation is independent of
temperature. With this assumption, integrating the Clausius—Clapeyron equation, we
have

ARy

b 11.53
RT +c ( )

Inp=-—

where c is an integration constant. The integration constant can be determined using
the normal boiling point, i.e.,

In(1) Al + Al (11.54)
n = — — = .
RT, < T RT,
and thus
AhY  AhY AR (1 1
Inp=——2b b _ b~ ~ 11.55
=Tk YR, T R\L T (11.55)
If Ac), is assumed to be a constant rather than 0,
AWV = ARY + Acy(T — Ty) (11.56)
The Clausius—Clapeyron equation becomes
dl AR + Ac,(T — T, AR — Ac,Ty) + Ac b
np= bt sz( b)=( b pzb) p=i+_ (11.57)
dr RT RT T2 T
where
Ah? — Ac, T
e ) R} (11.58)
R
A
p= 2% (11.59)
R

Integrating the above Eq. (11.57), we have the equilibrium vapor pressure above
a liquid,
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lnp:—%—f-blnT—i-c (11.60)

where a, b, and ¢ are available for some of the liquids in databases in the literature.
It should be remembered that this form is derived from the assumption that the
heat capacity difference between a vapor and its corresponding liquid or solid is a
constant independent of temperature. Equation (11.60) is atypical form for describing
equilibrium vapor pressure above a solid or liquid as a function of temperature. This
equation also describes the phase boundary between the liquid and vapor phases in
a phase diagram.

Triple point: At triple point, the chemical potentials of solid, liquid, and vapor are
equal, i.e.,

WN(T, p) = u(T, p) = u*(T, p) (11.61)

If we have the full knowledge of the temperature and pressure dependences of
chemical potentials of solid, liquid, and vapor phases, we can obtain the triple point
by solving the two equations in Eq. (11.61).

If the vapor pressures of both a liquid and the corresponding solid as a function of
temperature are known, one can also obtain the triple point temperature and pressure.
For example, one can obtain the triple point temperature and pressure by solving the
following two coupled equations describing the equilibrium vapor pressure above a
solid and liquid,

[—v

+bVIn Ty + Y (11.62)

a
In Puw = — T
tr

S—>Vv

In py = — +b7VInT, + &Y (11.63)

tr

On the other hand, with known temperature dependence of vapor pressure, one
can calculate the heat of evaporation and the heat capacity difference between the
vapor and the liquid or solid,

dl [—v dl S—=>V
AR = RTZ‘I;—';, AR = RTZ% (11.64)
d(Ah'=Y) d(ARSY)
l—>v __ S—>V __
AT = 5 A = — (11.65)

With the knowledge of Ah/~Y, AhS™Y, Ac’p—’”, and Ac’;”, we can obtain Ahs™!
and Ac*~! using

Ahs—)l = ARV — Ahl—w (11.66)
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and

A= AcyTY — AT (11.67)

based on the fact that the change of a state function is independent of the process
path.

The normal boiling point 7;, can be obtained from the equilibrium vapor pressure
above a liquid as a function of temperature, for example, by solving the following
equation,

ln(l):—% fbhInTy+c=0 (11.68)
b

11.9 Size Effect on Phase Transition Temperature

If the size of a material becomes nanoscale, the contribution of surface energy to
the phase transition temperature cannot be ignored. Let us consider the melting of
a spherical solid particle (Fig. 11.8). Using the result from Sect. 9.6.3 on the size
dependence of chemical potential,

2V
= Vr~’ U (11.69)

where u, is the chemical potential of a particle with radius r, (s is the chemical
potential of a solid with infinite size, yy is solid-liquid interfacial energy, and v is
the molar volume of the solid. The treatment of chemical potentials of atoms inside
particles of shapes other than spherical such as cuboidal or ellipsoidal is similar.

Fig. 11.8 Illustration of a
spherical particle with radius
P
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However, chemical potentials of atoms inside particles of arbitrarily complicated
shapes can only be obtained numerically.

At the solid-liquid equilibrium, the chemical potentials of solid and liquid are
equal. We label the melting temperature 7y, for infinite particle size as T, at which

Moo = 1

where y/ is the chemical potential of atoms in the liquid.
The entropy of melting is given by

Ah
Asy = T_m (11.70)

o0

where Ahy, is the enthalpy or heat of melting.
Therefore, for a solid particle of size r, the chemical potential of atoms inside the
particle must be equal to the chemical potentials of atoms in the liquid, i.e.,

! . 2V
wp = i+ T = (11.71)

Assuming that the heat Ak, and entropy Asp, of melting are independent of
temperature, we have at melting temperature 7, of particle size r,

L Ahp T — T,
=S = Ay — T— = Ay =21 (11.72)
Too Too

Using Eq. (11.69),

2 To — T,)Ah

If we solve Eq. (11.73) for the melting temperature 7,, we get

2ygv
T,=(1—-—— T, 11.74
< rAhm) * ( )

The transition temperature as a function of size is schematically shown in Fig. 11.9
as an illustration.

11.10 Landau Theory of Phase Transitions

In principle, any phase transition can be characterized by physically well-defined
order parameters that distinguish the parent and new transformed phases. An order
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Fig. 11.9 Illustration of 4
melting temperature of a
particle as a function of Top === o = -
particle radius

v

parameter is typically defined to be zero in the high-temperature phase and has
a finite value in the low-temperature phase. For example, the relative density of
a liquid relative to its vapor can be used as an order parameter to describe a
vapor to liquid transition. Other examples include relative compositional difference
between two phases for compositional phase separation, long-range order parameter
for order—disorder transitions, spontaneous polarization for ferroelectric transitions,
spontaneous strain for ferroelastic transitions, and spontaneous magnetization for
ferromagnetic transitions.

The thermodynamics of a phase transition can be described by a free energy
density function which is expressed as a polynomial of order parameters based on
the Landau theory of phase transitions. All the terms in the free energy density
function are required to be invariant with respect to the symmetry operations of the
high-temperature phase. For example, for a phase transition described by a single
order parameter 7, we can express the free energy density as a function of the order
parameter 7 as

~ af 1 32f 2
fy=f©)+ <%>n=o" " 5(8_772>n:o"

L(20) i (E)
+ —( < n+—|— nt 4. (11.75)
3! ( on? =0 41\ an* =0

Let us also consider the case that the symmetry of the system requires that all odd
terms in the free energy function vanish,

_ 1/3%f , 1 [3f .
f(n)—f(0)+§<3—)72>n_0n +I<a—n4>n_on + - (11.76)

Keeping terms up to fourth order, we have
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RYEHi , 1 [d*f A
fm)—fQ0) = §<3_772),7=0n + 5(8—)74)”:077 (11.77)

If we assume only the coefficient in the first term is temperature-dependent, and
that in the second term is independent of temperature, we have

AT-T) , B,
S — fO) = — +Z” (11.78)

where A and B are positive coefficients, and T is the critical temperature for the
phase transition. The behavior of the first term in the right-hand side of Eq. (11.78)
is shown in Fig. 11.10. At T < T, the parent phase with n = 0 is unstable since
a finite value of order parameter n has a lower energy density. However, with only
the first term, the order parameter in the ordered state goes to infinite since the free
energy density keeps decreasing as the order parameter increases. Therefore, if we
ignore all terms higher than the fourth order, the fourth-order coefficient B must be
positive in order to have finite values for the order parameter in the ordered state
at different temperatures below the critical temperature, 7,. With a positive B, the
behavior of the free energy density function as a function of order parameter at
different temperatures is schematically shown in Fig. 11.11. At temperatures higher
than T, the state with n = 0 has the lowest free energy density and thus the stable
state. Below T the states with finite values of the order parameter, n_ and n;’, are
the stable states. The magnitudes of n; and 7 can be found by minimizing the free
energy density with respect to the order parameter, i.e.,

B
DN AT — Ty + B = 0 (11.79)
an 1o
[ AT —T.
N = =% —% (11.80)
Fig. 11.10 Tllustration of 1
2
thermodynamic stability of a EA(T - Tc )T]
material at different 4
temperature
T >T,
T =T. .
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Fig. 11.11 Illustration of the f
free energy density as a
function of order parameter
at three temperatures and the
equilibrium order parameter T >T.

values
T=T,

\\ /T I

\/\/ B
o

3

or

+ /_A(T —T)
770 - B

[ AT —-T)
VB

At temperature T, the value for the parameter becomes zero, i.e., n;, = ni =0,
and

Mo

3% f(n)

=0
an?

n=0,T=T;

Figure 11.12 displays the schematic dependence of i7" as a function of tempera-
ture. It is shown that the magnitude of order parameter gradually goes to zero as the

Fig. 11.12 Tlustration of N a
equilibrium order parameter
values as a function of
temperature

v
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temperature approaches to the critical temperature, i.e., there is no jump in the order
parameter value at the transition temperature. A phase transition at which the order
parameter value is continuous is called a second-order phase transition or simply a
continuous transition. At the transition, both the entropy and enthalpy of transition
are zero.

To describe a first-order phase transition, it is necessary to add either a cubic
or a sixth-order term to above free energy density function. Let us first look at the
n* — n? — n* free energy density model,

AT —T. B C
—£———Qn2——ﬂf+——n4 (11.81)

f) = f0) = > 3 2

where the coefficients A and C are positive. The sign of B determines the sign of
the order parameter value. To find the equilibrium order parameter value at a given
temperature, we set

af ()

e = A(T — T)no — Bn2 +Cn2 =0 (11.82)
Mo

The solution to the above equation gives

No1 =0
B+ /B —4AC(T — T,)
No2 = °C
B — /B2 —4AC(T — T,)
No3 = 2C
At the critical temperature T
Mot =0
_ B
No2 = E
N3 =0

At the transition temperature 7,

B> —4AC(T,—T,) =0
2

4AC

T,=T.+

Therefore, in this case the critical temperature and the transition temperature are
different, and there is a jump in the order parameter value at the transition temperature
(see Fig. 11.13). A phase transition at which there is a finite jump of the order
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Fig. 11.13 Tllustration of N4
order parameter as a function B2
of temperature for a — —
first-order phase transition

Ol W

L I
<A =B/2C

[
»

T. T, T

parameter is a first-order phase transition or simply discontinuous transition. There
are also finite changes in entropy and enthalpy at the first-order phase transition.

A first-order phase transition can also be described by a free energy density
function with a six-order polynomial of order parameters, i.e.,

A(T — T, B C
AT L) Ry g R (11.83)

fm = f0) = > "=y 6

where the coefficients A, B, and C are positive. To find the equilibrium order
parameter value at a given temperature, we set

af ()

. = A(T — To)no — Byl +Cnl =0 (11.84)

"o

The solution to the above equation gives five different order parameter values (see
Fig. 11.14)

No1 =0
N _i\/B+\/B2—4AC(T—TC)
7702 - 2C
_— B— /B2 —4AC(T - T.)
7703 - 2C
At T,
Mol —0
B
Tloiz = E
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Fig. 11.14 Illustration of n
order parameter as a function A
of temperature obtained from B2
a free energy represented by >
a six-order polynomial as a B 4AC
function of order parameter E
L
L
0‘. An
Sy
(U B S
.
%| A
T, o] An
B
C Ty
At the transition temperature 7,
B> —4AC(T, —T.) =0
B2
To=T.+—
Y 4AC
No1 =0
+
=4/ —
No2 2C
B
+
=4/ —
No3 2C

11.11 Examples

Example 1 The atomic weight of Si is 28.085 g/mol, and the density of liquid (/) Si
at the melting temperature 1687 K is 2.57 g/cm?. The lattice parameter a, at 298 K
is 0.5431 nm, and the linear thermal expansion coefficient of Si at room temperature
is 2.6 um/(m K). The chemical potentials of Si in diamond (d) structure and liquid
as a function of temperature at 1 bar are given as follows using the enthalpy of Si in
diamond structure as the reference (from SGTE element database):
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1S = —8162.6 + 137.24T —22.832T In T — 1.9129 x 1073T?

—0.003552 x 107973 + 176667T~" (G) (298K < T < 1687K)

u‘sii = —9457.6 + 167.287 — 27.196T In T — 420.369

x 10%T7% (G) (1687K < T < 3600K)

puk; = 42533.8 4+ 107.14T —22.831T In T — 1.9129 x 107°T*

—0.003552 x 10773 4 1766677~ + 209.31
x 107277 (G) (298K < T < 1687K)

phy = 40370.5 + 137.72T —27.196T In T (G) (1687K < T < 3600K)

(a) What is the entropy of melting for Si in diamond structure at the melting
temperature?

(b) What is the heat of melting for Si in diamond structure at the melting
temperature?

(c) What is the heat capacity difference between liquid Si and solid Si in diamond
structure at the melting temperature?

(d) Estimate the molar volume change for the melting of Si at the melting
temperature by assuming that the thermal expansion coefficient is a constant
independent of temperature.

(e) Estimate the slope of dp/dT for the solid—liquid phase boundary on the p—
T phase diagram of Si at 1 bar by assuming both the solid and liquid Si are
incompressible.

Solution

(a) To obtain the entropy of melting for Si in diamond structure at the melting

temperature, we first obtain the entropy of solid Si in diamond structure and
entropy of liquid at the melting temperature. The entropy of solid Si is given

by
o (s
> or 1 bar

5§ = —137.24 +22.832In T +22.832 + 2 x 1.9129
x 10737 4+ 3 x 0.003552 x 107°7% + 1766677 >
= —114.41 +22.832InT + 3.8258 x 107°T

+0.010656 x 107972 4 1766677 ~* (J/mol K)
(298K < T < 1687K)

The entropy of liquid Si is given by

g (2
S or 1 bar
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sk = —137.724-27.196 In T + 27.196
= —110.524 + 27.196In T (J/mol K)
(1687K < T < 3600K)
Therefore, the entropy of melting of Si is given by the entropy difference between
the entropy of liquid Si and solid Si at the melting temperature,
Asp, = 55, — 5§
=3.884+4.364InT — 3.8258 x 10T — 0.010656
x 107072 — 1766677 >
= 29.763J/(mol K)

(b) The heat of melting for Si in diamond structure at the melting temperature is
Ay = TnAsy = 1687 x 29.763 = 502101 /mol

(c) Theheat capacity difference between liquid Si and solid Si in diamond structure
at the melting temperature is

aA
Ac, =T(5m
oT

) = 4.3642 — 3.8258 x 10737 — 0.021312 x 107972 + 3533347 2

At the melting temperature,
Ac, = —2.0264J/(mol K)

(d) To estimate the molar volume change for the melting of Si at the melting
temperature by assuming that the thermal expansion coefficient is a constant
independent of temperature, we first determine the molar volumes of solid and
liquid Si at the melting temperature.

The lattice parameter of solid Si as a function of temperature is given by
ag,(T) ~ a,[1 + (T —298)] nm
Hence the lattice parameter of solid Si at the melting temperature is
ag,(1687K) = 0.5431 x [1 +2.6 x 107°(1687 — 298)] nm = 0.5451 nm
The molar volume of liquid Si at the melting temperature is

v§;(1687K) = ms;/pk; = 28.085 g/mol/(2.57 g/cm?)
= 10.928 cm? /mol
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Therefore, the molar volume of melting is given by
AV = vk (1687 K) — v3. (1687 K) = 10.928 — 12.192 = —1.264 cm’ /mol

(e) Estimate the slope of dp/dT for the solid—liquid phase boundary on the p—
T phase diagram of Si at 1 bar by assuming both the solid and liquid Si are

incompressible.
(dl’) _ ARy 502103 /mol
AT ) 1o TmAUS  1687K x (—1.264 x 10-6 m3/mol)

~ —2.355 x 10" Pa/K

Example 2 When an initially homogeneous phase becomes unstable with respect
to a first-order phase transition to a new phase with lower chemical potential as the
thermodynamic conditions, e.g., temperature and pressure, change, the new phase
often appears through a nucleation and growth mechanism. The nucleation of a
new phase particle involves the creation of an interface between the new phase
particle and the initial parent matrix. Therefore, although the transition of the initially
homogeneous parent phase to the new phase particle results in a decrease in chemical
potential and thus the decrease in the Gibbs free energy of the particle, the creation of
the interface increases the energy of the system. Since the Gibbs free energy reduction
is proportional to the volume of the particle while the interfacial energy increase is
proportional to the interfacial area, the interfacial energy increase dominates over the
Gibbs free energy reduction when the particle size is very small, and the Gibbs free
energy reduction dominates over the interfacial energy increase at large sizes. As a
result, there is a critical size for the nucleating particle, above which the total free
energy, the Gibbs free energy and interfacial energy, decreases with size while below
which increases with size. Given interfacial energy, y, and Gibbs free energy density
difference between the new phase and the initial phase, Agy, derive the expressions
for the critical size and the critical free energy formation of a nucleus in terms of y
and Ag, by assuming the nuclei are spherical particles.

Solution
The Gibbs free energy change AG due to the transition of a spherical region of radius
r from the initial phase to the new phase is given by

L 5
AG = ?r Agy +4nrsy

To find the critical radius r*, we set

dAG
( d > = 47 (r*)* Agy + 87"y =0
r r=r*
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Solving the above equation for r*, we get

rf=— 2y
Agy

The corresponding critical free energy of formation for the critical particle AG*
is then

_ lemy’
© 3(Agy)?

AG* = 4T(r*)SAgv + 47 (r*)zy

Example 3 Compute the melting temperature of ice particles as a function of particle
size. For simplicity, assume they are spherical particles. For melting of ice to become
water, we have the following data: ice water interfacial energy: yy = 0.033 J/m?2,
equilibrium melting temperature of ice ignoring the size effect: 7o, = 273 K, heat or
enthalpy of melting of ice at the equilibrium temperature: Ahj, = 6007 J/mol, and
molar volume of ice: v = 19.65 x 107%m3/mol.

Solution
Using the data in the problem, we can compute

2ygv 2 X 0.033J/m? x 19.65 x 10~°m?/mol
NI 6007 J /mol

~20x107%m =02 nm

Substituting the data into Eq. (11.73), we have

0.2 nm
T, = <1 — >Too

r

For example, for r = 50 nm, we have

Ts0nm ~ 272K

or

TS()nm - Too ~ —1K
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11.12 Exercises

1. Isthe chemical potential of one mole of oxygen gas at 1 bar and 1000 K: (i) <,
or (ii) =, or (iii) > the chemical potential of one mole of oxygen gas at 1 bar
and 300 K?

2. The chemical potential of oxygen gas at 1 bar and 298 K is higher than that at
100 bar and 298 K, true or false? Explain.

3. The chemical potential of a solid always increases as the pressure increases at
constant temperature: true or false?

4.  The chemical potential of a pure substance always decreases with tempera-
ture at constant pressure, true or false?

5.  The curvature of a chemical potential of a substance vs. temperature plot at
constant pressure is always negative, true or false?

6. At0°C and 1 bar, is the chemical potential of ice (i) higher than, (ii) equal to
or (iii) lower than that of water?

7. When a pure solid is at equilibrium with its vapor phase at a given temperature,
do the atoms in the solid have (i) lower, (ii) equal, or (iii) higher chemical
potential than those in the vapor?

8.  The maximum number of phases that can coexist at any temperature and
pressure for a single-component system at equilibrium is 2, true or false?

9.  Rank the chemical potentials of solid, liquid, and vapor Cu at room temperature
from the lowest to the highest at 1 bar.

10. When you take an ice cube out from a freezer and let it sit at room temperature
and melt, is the Gibbs free energy change for the melting process positive or
negative?

11. Ifamelting process results in a volume decrease, would you expect the melting
temperature to increase or decrease when the system pressure increases?

12.  In a pressure—temperature phase diagram, if the slope of a solid-liquid phase
boundary is positive, it implies that the liquid has a larger molar volume than
the corresponding solid at the melting temperature, true or false?

13.  The higher the heat of vaporization of a liquid, the higher the equilibrium vapor
pressure above the liquid at a given temperature under 1 bar total pressure: true
or false?

14.  If the chemical potential difference between the solid state and the liquid state
of a substance is a linear function of temperature, the specific heat capacity
difference between solid and liquid is zero: true or false?
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15.

16.

17.

One mole of undercooled liquid (/) water at 268 K solidifies with a surrounding,
whichis also at 268 K, to become solid (s) ice at 268 K. If the chemical potential
difference between ice and liquid water at 268 K is u® — ! = Ap, then the
entropy produced during this solidification process is (—Au /268 K): true or
false?

For the melting of solid (s) ice to become liquid (/) water at the equilibrium
melting temperature of 273 K under 1 bar, the heat of melting is 6007 J/mol.
The entropy of water at 298 K and 1 bar is 70J/(mol K), and the enthalpy of
water at 298 K and 1 bar is —286 kJ/mol. The heat capacities of ice and water
at 1 bar are 38J/(mol K) and 75 J/(mol K), respectively. The molar volumes
of ice and water at 273 K are 19.65 x 107° m?/mol and 18.02 x 10~ m? /mol,
respectively

(a) Which one has higher enthalpy, one mole of ice at 273 K and 1 bar or
one mole of water at 273 K and 1 bar?

(b) What is the entropy difference (s'—s*®) between one mole of ice and one
mole of water both at 273 K and 1 bar?

(c)  Which one has higher entropy, one mole of ice or one mole of water both
at 273 K and 1 bar?

(d) One mole of ice and one mole of water have different levels of enthalpy
at 273K and 1 bar, why are ice and water at equilibrium at 273 K and
1 bar?

(e) What is the chemical potential difference between one mole of ice and
one mole of water both at 273 K and 1 bar?

(f) Isthechemical potential difference (/,Ll - /LS) between one mole of water
and one mole of ice at 273 K and 1001 bar positive or negative?

(2) Estimate the chemical potential difference (14300 par — M} bar) DEtwWeen
one mole of ice under 1 bar and 1001 bar both at 273 K (assuming ice is
incompressible).

(h) Estimate the chemical potential difference (,ul — ,us) between one mole
of water and one mole of ice both at 273 K and 1001 bar (assuming water
and ice are incompressible).

Given data of graphite (g) and diamond (d):
Molar enthalpy of diamond: hg’gdg K.1bar = 1900J/mol.

Molar entropy of graphite and diamond: sSé%K,lbar = 5.6J/(Kmol),
S8 K. 1 bar = 241/ (Kmol),
Molar volume of graphite and diamond: vy p, = 6.0cm’/mol,

v K.1bar = 3-4 cm? /mol.

Molar heat capacity of graphite and diamond: ¢; = 8.5J/(Kmol), ¢} =
6.0J/(K mol).

Isothermal compressibility of graphite and diamond: 85 = 3x 1075 /bar, 3 =
2 x 1077 /bar,
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Volume thermal expansion coefficient of graphite and diamond: «® = 3 X
1079 /K, a¢ = 1075 /K.
Consider the hypothetical phase transition from graphite to diamond:

C(g) =C(d)

Please do the following (assume all the properties «®, o, ,B%, %,c%, and cf)
are constant independent of temperature and pressure):

(a)
(b)
(©)
d

(e)
()
(2

()
®
)
)
@
(m)

()

(0)

Calculate the heat of transition at 298 K and 1 bar.

Calculate the entropy change for the transition at 298 K and 1 bar.
Calculate the chemical potential change for the transition at 298 K and
1 bar.

Based on your calculation in (c), determine which is more stable,
graphite or diamond at 298 K and 1 bar?

Calculate the entropy change for the surrounding if one mole of graphite
were transformed to one mole of diamond in the system at 298 K and
1 bar.

Calculate the total entropy change of the system and surrounding at
298 K and 1 bar if one mole of graphite were transformed to diamond
at 298 K and 1 bar.

Based on the above calculations, determine whether the transition from
graphite to diamond at 298 K and 1 bar is (i) spontaneous or (ii) not
possible.

Calculate the heat of transition at 1000 K and 1 bar.

Calculate the entropy change for the transition at 1000 K and 1 bar.
Calculate the chemical potential change for the transition at 1000 K and
1 bar.

Calculate the enthalpy change for the transition at 298 K and 10° bar.
Calculate the entropy change for the transition at 298 K and 10° bar.
Calculate the chemical potential change for the transition at 298 K and
109 bar.

Based on the above calculations, determine whether transition from
graphite to diamond at 298 K and 10° bar is (i) spontaneous or (ii)
impossible.

Calculate the pressure at which the diamond and graphite are at
thermodynamic equilibrium at room temperature.

Calcium carbonate (CaCOj3) has two polymorphs, calcite and aragonite. The
volume change for the calcite to aragonite transition is —2.784 cm? /mol and is
assumed to be independent of temperature and pressure. The chemical potential
change for the calcite to aragonite transition as a function of temperature at
1 bar is given by

Ap = —210 +4.2T (G = J/mol)
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19.

20.

21.

(a) What is the molar heat of transition?

(b)  What is the molar entropy change for the transition?

(c) Determine the stable phase at room temperature 298 K under 1 bar.

(d) Calculate the temperature at which calcite and aragonite are at equilib-
rium under 1 bar.

(e) Determine whether an increase in pressure at a fixed temperature will
increase or decrease the thermodynamic stability of aragonite with
respect to calcite.

The equilibrium melting temperature of copper (Cu) is 1358 K. The heat of
fusion (or melting) is 13.26 kJ/mol. The densities of solid and liquid Cu at
the melting temperature are 8.82 g/cm’ and 8.02 g/cm?, respectively. The
atomic weight of Cu is 63.55 g/mol. Assuming that the constant pressure heat
capacities of solid Cu and liquid Cu are the same, 24.0J/(mol K). Please
answer the following questions:

(a) Whatis the difference in chemical potentials between solid Cu and liquid
Cu at 1358 K.

(b) Estimate what is the slope (dp/dT) of the phase boundary between solid
and liquid Cu on the p—T phase diagram at melting temperature 1358 K.

The equilibrium vapor pressure of solid Cu as a function of temperature is
given by

P 45,650
1 - —0.306InT + 10.81
n<1bar) - 0.306InT + 10.8

(a) Determine the equilibrium vapor pressure above solid Cu at its equilib-
rium melting temperature of 1358 K.

(b) Calculate the heat of sublimation of solid Cu at 1358 K.

(c) What is the heat capacity difference between solid and vapor of Cu?

The solid 8 — TizOs to solid A — Ti3Os phase transition takes place around
375K at 0.1 bar with heat of transition of 230kJ/L. The unit cell volumes of
B — Ti30s and A — Ti3Os are ~ 350 A3 and ~ 371 A3, respectively. Assuming
that both the heat capacity and the compressibility of the two structures are the
same

(a) Determine the molar volumes of 8 — TizOs and A — Ti3Os in unit of
m?/mol.

(b) Determine the molar heat of transition in unit of J/mol.

(c) Determine the molar entropy of transition in unit of J/(mol K).

(d) Determine the chemical potential of transition as a function of tempera-
ture.

(e) Determine the slope of the 8 — TizOs/A — TizO5 two-phase boundary
(dp/dT) on the pressure (p) and temperature (7') phase diagram.
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(f) Determine the equation describing the transition pressure as a function
of transition temperature.

(g) What pressure is required in unit of bar to obtain a transition temperature
of 400 K for the transition from solid 8 — Ti3Os to solid A — TizO5?



Chapter 12 ®)
Chemical Potentials of Solutions Geda

A pure material with one component is called a pure, single-component, or unary
system. A material consisting of two, three, or more components is called a binary,
ternary or multicomponent system. Solutions, by definition, have more than one
chemical components uniformly mixed together. The previous chapters are mainly
focused on simple, homogeneous materials and establishing the relationships among
the thermodynamic properties such as temperature, entropy, pressure, volume, chem-
ical potential, amount of substance, and energy. This chapter focuses on the chemical
compositional dependence of thermodynamic properties, in particular, the compo-
sitional dependence of chemical potential of a solution and its components at
constant temperature and pressure. Therefore, we first review the representation of
the chemical composition of a material.

12.1 Representation of Chemical Composition

The chemical composition of a solution can be expressed in several
forms. The most straightforward representation of composition is the amount
(N1, N, ..., N;, ..., N,) for each component 1,2, ..., n. Since we usually use
one mole as the basis for performing thermodynamic calculations, the chemical
composition is most often expressed by the mole fraction x; of component i in a
binary or multicomponent material, i.e.,

Ni Ni (12.1)
Xi =S o T o .
l Zi:l Ni N

where N is the total number of moles of an n-component material.
From the definition of mole fraction, it is easy to see that
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=1 (12.2)

de,» =0 (12.3)
i=1

where dx; is the differential of x;. Therefore, there are only n — 1 independent mole
fractions in an n-component system. We typically call a component with a small x;
as solute and one with a large x; as solvent.

We distinguish composition x;, which is the mole fraction, from concentration c;,
which is referred to as the amount of component i per unit volume, e.g., moles per
cubic meter (mol/m?),

N;
=N 12.4
@=7 (124
N
_N 12.5
c=3 (12.5)
=2 (12.6)
C

where V is the total volume of the solution, and c is the total concentration of n
components. The concentration ¢; is often called molar concentration or molarity of
component i.

There are other representations of chemical compositions such as weight fraction

(w;)
m;

Z?:l m;

w; =

(12.7)

or molality (M;),

N; (mol)

M=
2ot e my(kg)

(12.8)

where m ; is the mass of species j.

In polymer solutions, different types of molecule components often have very
different molecular sizes, and hence, the composition of a polymer is often
represented by the volume fraction of each type of polymer, i.e.,

Niv; X;V; Vi
i = = = =z = — 12.9
v > i1 Nivi D im1 XiVi 4 ( )
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where N; and v; are the number of moles and the molar volume of molecular type i,

and V; and V are the volume occupied by i type of molecules in a solution and the
total volume of the solution.

12.2 Fundamental Equation of Thermodynamics
of a Multicomponent Solution

For a simple system with n number of components, the differential form for the
fundamental equation of thermodynamics in terms of internal energy U is given by

dU =TdS — pdV + pudN = TdS — pdV + u1dNy + podNy + - - -, dN,

(12.10)
where T is temperature, S entropy, p pressure, V volume, N = (N;+No+-- -+ N,)
the total number of moles, and N;, N, ..., N, the number of moles of component
1,2, ..., n. The u in the above equation is the chemical potential or the molar Gibbs
free energy of the whole multicomponent system,
oUu
w=|— (12.11)
N )y
and py, Uo, ..., and u, are the chemical potentials of each individual component
1,2,...,n,
U
i = <—> (12.12)
dN; S,V,Njsi

Based on the above equation, the chemical potential of a component i in a homo-
geneous phase can be interpreted as the increase in the internal energy of the phase
per mole of i added, with the addition being made at constant § and V and fixed
numbers of moles of all the other components.

The integrated form for Eq. (12.10) is

U= TS—[)V—i-[,LN = TS_pV‘i‘,u]Nl +M2N2+"'/‘L11Nn (1213)

The above integrated fundamental equation of thermodynamics can be rewritten
in terms of Gibbs free energy G as

G=U-TS+pV=H-TS=F+pV=>) wh (12.14)
i=1
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where H is enthalpy, and F is Helmholtz free energy. The differential form for the
Gibbs free energy is given by

dG = —SdT + Vdp + > p;dN; (12.15)

i=1

where the chemical potentials w; is defined as

G
;= (_) (12.16)
ON; ) 1w,

Therefore, the chemical potential of a component i in a homogeneous phase can
also be interpreted as the increase in the Gibbs free energy of the system per mole
of i added, with the addition being made at constant 7" and p and fixed numbers of
moles of all the other components.

12.3 Chemical Potential as Fundamental Equation
for a Multicomponent System

Gibbs pointed out that for the purpose of defining chemical potentials, any chemical
element or any combination of elements in given proportions may be considered as
a substance, regardless of whether it may or may not exist itself as a homogeneous
body. To see this, let us rewrite the integrated form (Eq. 12.14) for the Gibbs free
energy again,

G=U-TS+pV =uN = uiNy + ptaNs + -+ - unNy (12.17)

Therefore, we can write down the chemical potential i of a homogeneous multi-
component system in terms of Gibbs free energy per mole of substance (G/N) or
the molar Gibbs free energy (g), or a combination of molar internal energy «, molar
thermal energy 7T's, and molar mechanical energy pv, or the chemical potentials (some-
times referred to as partial molar free energy) of n individual components or species,
Wi, U2, ..., and w,,i.e.,

u:%=g=u—Ts+pv=u1x1+,1L2x2+~~~,u,,xn (12.18)
where s and v are molar entropy and molar volume of the solution, and x; (= N;/N)
is the mole fraction of component i in the solution. Therefore, the chemical potential
of a homogeneous system is simply the Gibbs free energy or chemical energy per
mole of the homogeneous system. The chemical potential of a component is the
Gibbs free energy per mole of that component in the homogeneous solution.
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It should be emphasized that u(7, p, x1, x2, ..., x,) in Eq. (12.18) is a funda-
mental equation of thermodynamics for the multicomponent system and thus contains
all the thermodynamic information about the multicomponent system except the size
of the system. The chemical potential of a specific component as a function of temper-
ature, pressure, and mole fractions of all components, w;(T, p, xi, x2, ..., X,),
is an equation of state and thus contains less thermodynamic information than
w(T, p,x1,x2,...,x,). Therefore, one can derive all the p; for each component
from p, but one cannot derive u from one or a partial list of u;. However, the knowl-
edge about all the chemical potentials, (1, Uz, ..., and pu,, together contains the
same information as p as it can be easily seen from Eq. (12.18).

The differential form for the chemical potential of a multicomponent system is

du = —sdT + vdp + pidx; + podxy + - - - w,dx, (12.19)
and the differential form for the chemical potentials of each individual component
in a multicomponent system with composition xy, x5, ..., X, are

du; = —s;dT + v;dp (12.20)

where s; and v; are the molar entropy and molar volume of component 7 in a multi-
component solution, also called the partial molar entropy and partial molar volume
of component i, respectively, in the literature.

It is worth pointing out that although the Gibbs free energy has been the most
often mentioned energy function in most existing thermodynamics literature, almost
all materials processes are more conveniently described by the changes in chemical
potentials. As a matter of fact, the molar Gibbs free energies of elemental substances,
compounds, and solution phsaes in all existing thermodynamic databases are actually
the chemical potentials of the elements, compounds, and solutions. Therefore, we
employ chemical potential as a function of temperature, pressure, and composition
as the fundamental equation of thermodynamics for the rest of the discussion of
equilibrium states in a multicomponent system.

12.4 Chemical Potential of a Mixture of Pure Components

The chemical potential of a mixture of pure components is simply given by

uo (T, p,xi,x2, ..., x5) = X107 (T, p) + x2u5(T, p) + - - + X, (T, p)
(12.21)

where x1, X2, ..., X, are the mole fractions of pure component 1, 2, ..., n, and uf, u$,
..., W, are the chemical potentials of pure component 1, 2, ..., n at temperature T
and p. For the examples without specifying the pressure, we assume p is at 1 bar, and
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Fig. 12.1 Illustration of u° (XB) = x5 ux + xp #g
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as a function of composition i
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thus, u$, 13, ..., uy are the chemical potentials of the standard states for components
1,2, ..., n at temperature T and 1 bar.

For a binary mixture of pure A and pure B, the chemical potential as a function
of overall composition xp is given by

u(T, xg) = xapp(T) + xppug(T)

If we plot u°(xg, T) as a function of xg, it is represented by a straight line, e.g.,
the horizontal straight line on Fig. 12.1. Based on the schematic plot, one can easily
read that the chemical potential of a mixture of x4 fraction of pure A and xp fraction
of pure B is given by ©°(xg). It should be noted that the vertical axis at A (xg = 0)
represents the chemical potential of A, and the vertical axis B (xg = 1) represents
the chemical potential of B. These two vertical axes are shifted so that the chemical
potentials of A and B at standard states, u3 (7) and ug (T'), are on the same horizontal
line although they have different values.

12.5 Chemical Potential of a Component
in a Multicomponent Solution

The chemical potential u; of a given component i in a solution is often expressed in
terms of the activity a; of each component in the solution, i.e.,

wi(T,x1,x2, .., xy) = u(T)+ RT Ina; (T, x1, x2, ..., Xp) (12.22)
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where 1? is the chemical potential of 7 at its standard state (stable state of pure i at
temperature 7 and pressure 1 bar), which is only a function of temperature.

In general, the activity a; is a function of temperature and composition
X1, X2, ..., X, It is a common practice to write the activity a; as the product of
an activity coefficient y; and mole fraction x;,

a; = YiXx; (1223)
Therefore, Eq. (12.22) can be rewritten as

wi(T,x1,x2, ..., x,) = u)(T, Ibar) + RT Iny, (T, x1, X2, ..., X,) + RT Inx;
(12.24)

where RT In x; represents the chemical potential change due to the random mixing
of component i into the solution with composition x;, i.e., due to the configurational
entropy change, and RT In y; represents the chemical potential change due to the
chemical bonding energy changes of component i in a solution as compared to i in
its pure state as well as the contribution from the thermal energy changes associated
with changes in the atom movements or lattice vibrations in a solid due to the mixing
of one mole of 7 into a solid solution.

12.6 Chemical Potential of Homogeneous Solution
from Component Chemical Potentials

One can generalize the definition of chemical potential for a given component to any
combination of different components with a fixed composition. As a matter of fact,
one can define an infinite number of chemical potentials for a given solution since we
can have an infinite number of different compositions for a solution. For example,
the chemical potential w(xg) of a homogeneous binary solution as a function of
composition xp can be expressed in terms of chemical potentials pa (xg) and g (xg)
of the two components A and B as a function of xg,

u(xp) = xppa(xp) + xgup(xp)

where @ (xg) is shown by the curve on the left schematic drawing of Fig. 12.2. In
Fig. 12.2, u$ and p are the chemical potentials of A and B at their standard states,
i.e., pure A and B in their stable states at the particular temperature and 1 bar. The
chemical potentials of A and B in the solutions are related to the chemical potentials
of A and B at the standard state by the following equations:

pa(T, x) = pa(T) + RT Inay
us(T, xp) = ug(T) + RT Inag
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/421\\ : /

A pa(xg) e (x8)
pa(xg)

u(xg)=xgua (o) + xgpp (x5)

Fig.12.2 Left: Illustration of chemical potential ;. (7, xg) of a solution as a function of composition
xp (represented by the schematic curve), the chemical potentials 43 and up of pure A and B,
chemical potential of the solution u(xg) at composition xg, and chemical potentials A(xg) and

B (xﬁ) of A and B in the solution with composition xg; Right: Illustration of formation of a solution
of composition xg

If we mix x3 moles of pure A and x3 moles of pure B to form a homogeneous
solution with composition x3 and xg (right illustration of Fig. 12.2), the chemical
potential of the solution 4 (x}) at composition x§ and xg is illustrated on the left
schematic of Fig. 12.2. The relationship among 1 (xg), ia (xg), and g (x) is shown
in the left illustration of Fig. 12.2 by the tangent line and its intercepts with the
xg = 0 and xg = 1 vertical axes. At equilibrium, both the chemical potential of each
component and the chemical potential of the solution itself are uniform.

It is straightforward to extend the chemical potential of a binary solution to an
n-component system with each component in an n-component solution associated
with a chemical potential w; (x1, x2, . . ., X,,). The chemical potential of a solution as a
function of composition, x;, x3, .. ., X, is given by chemical potentials of individual
components in the solution weighted by their mole fractions,

M(T’ xla -x25 cet xn) = Z'xi/’l/i(Ta xla x25 cet xil) (12'25)
i=1

Using Eq. (12.22), we can rewrite Eq. (12.25) as

W, x1, %0, ) = Y (1) + RT Y xinai(T, x1, %, ..., x,) (12.26)

i=1 i=1

The chemical potential of a solution as a function of temperature and composition
is the fundamental equation of thermodynamics from which one can derive all the
thermodynamic properties of the solution with respect to temperature and chemical
composition.
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12.7 Obtaining Chemical Potentials of Components
from Chemical Potential of Solution

The chemical potential of a solution as a function of composition contains all the
information about the molar thermodynamic properties of a solution as a function
of temperature and composition. For example, one can determine all the chemical
potentials of each individual component, u;, as a function of composition from the
knowledge of the chemical potential w of the solution as a function of composition.
The integrated and differential forms for the fundamental equation of thermody-
namics for a multicomponent system at constant temperature and pressure are given
by

w= o ixi (12.27)
i=1

and

n

d =) pidx; (12.28)

i=l1

Since ) /_, x; = 1, wehavex; = 1 — Z?:],#i x;, so we can rewrite Eq. (12.27)

as
H= i+ Z Xy — i) (12.29)
j=1j#i
From )_, dx; = 0, we can write dx; = — Z’;”lj#l dx;. Using this relation in
Eq. (12.28), we can obtain the following relation,
o
(8_) = (uj — wi) (12.30)
Xj/ ji

By substituting Eq. (12.30) into Eq. (12.29), we have

n n a
W=+ Z Xy — i) = wi + Z xj% (12.31)
J=1,j# j=lj#i /

Expressing p; in terms of p, we get

n

ou
i=— — 12.32
Hi =@ E _xjaxj ( )
j=Llj#
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Therefore, the knowledge of all the chemical potentials of each individual compo-
nent of a solution is equivalent to the knowledge of the chemical potential of the
solution as a function of composition. We can obtain the chemical potential of the
solution using Eq. (12.27) if we have the knowledge of the chemical potentials of all
the components, and we can calculate the chemical potentials of all the components
using Eq. (12.32) if we have the chemical potential of the solution as a function of
composition.

For example, in a binary system, the chemical potential of the solution and chem-
ical potentials of each component as a function of composition are simply related
through

W =XalA + XBUB (12.33)

Therefore, if we have the knowledge of 14 and g as a function of composition, we
can easily obtain the chemical potential of the solution as a function of composition.
On the other hand, we can obtain the chemical potentials of the two components

from the chemical potential of the solution as a function of composition. To see this,
let us rewrite Eq. (12.33) and its differential form as

n=xapa +xpup = (1 —xp)pta + xpip = s + xp(UB — UA) (12.34)

du = padxa + updxg = (up — a)dxs (12.35)

Expressing pa and pyp in terms of , we have

i

Ua = — xp(UB — UA) = U — XB— (12.36)
aXB
au

U = 1 — xa(pa — UB) = U — Xag s (12.37)
XA

The above two equations describe the same straight-line tangent to the chemical
potential w of the solution at xg. The intercept of this tangent line at xg = 0 is ua,
and the intercept of the same tangent line at xg = 1 is up. Therefore, suppose that
we have an A — B solution at composition xg, the chemical potential of the solution
is /L(x]‘;), and the chemical potentials of A and B in the solution at xg are pa (xg)
and ug (xg), which can be obtained by the intercepts of the tangent line to the (xp)
at xg with the vertical axis at xg = 0 and xg = 1, respectively (see Fig. 12.2 for the
illustration).
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12.8 Chemical Potential of a Uniform Solution at a Fixed
Composition

Suppose that we have an A — B solution at a fixed composition xg, and the chemical
potential of the solution is ,u(xg). Here we can define the chemical potential of any
combination of A and B, represented by composition xg, with the chemical potentials
of each component defined by the uniform solution with composition xg, i.e.,

W (xg) = xapa(xp) + xpup(xg) (12.38)

i.e., u'(xg) is the chemical potential of a substance with x fraction of A atoms
and xp fraction of B atoms with the component chemical potentials defined by the
uniform solution with composition xg (Fig. 12.3)).

For example, adding or taking a small amount of solution with a composition xg
to or from a large quantity of solution with composition xg, the chemical potential of
this small amount of solution with composition xg is given by the tangent line ' (xp).
Therefore, not only the chemical potentials of A and B are uniform at equilibrium,
the chemical potential u'(xg) of a substance with any combination of A atoms and
B atoms is also uniform. There is an infinite number of such chemical potentials
corresponding to each composition with their chemical potential values given by the
tangent line i’ (xg). According to Gibbs, “In the same homogeneous mass, therefore,
we may distinguish the potentials for an indefinite number of substances, each of
which has a perfectly determined value.” However, the total number of independent
chemical potentials in a multicomponent system is finite because of the Gibbs—
Duhem relation relating all the potentials.

Fig. 12.3 Tangent line

' (xg) represents the Moﬁ\
chemical potential of the
solution as a function of
composition xg with the
chemical potentials of each
component defined by the
solution at composition xg

1\#8

> up (x8)
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12.9 Gibbs-Duhem Equation for Multicomponent Systems

In an n-component system, one can define an infinite number of chemical potentials
since the composition of a homogeneous system can vary continuously, and each
homogeneous solution with a given composition can be associated with a chemical
potential. However, there are only n — 1 independent chemical potentials since the
chemical potential of a n-component solution is related to the n chemical potentials
for each component (Eq. 12.18), and n chemical potentials for each component in
the solution are related by the Gibbs—Duhem relation.

To derive the Gibbs—Duhem relation, we start from the differential form of Gibbs
free energy,

dG = —S8dT + Vdp + p1dNy + pnodNy + - - -y dN, (12.39)
Taking a differential of Eq. (12.17), we have
dG = pdNy + padNy + - - - w,dN, + Nidpy + Nodpo + -+ - Npdp,  (12.40)
Comparing Eqgs. (12.39) and (12.40), we get
SdT — Vdp + Niduy + Nodpa + - - - Nydp, =0 (12.41)
which is the Gibbs—Duhem relation for a multicomponent system.
For a single component system, the Gibbs—Duhem relation is simply the
differential form of the chemical potential,

SdT — Vdp + Ndp = 0 or du = —sdT + vdp (12.42)

For a binary system at constant temperature and pressure, the Gibbs—Duhem
relation is

Nid) 4 Napdps =0 (12.43)

The general Gibbs—Duhem relation for a multicomponent system can also be
directly obtained from the integrated and differential forms of chemical potential,

= X (12.44)
i=1

dp = —sdT +vdp + ) pidx; (12.45)

i=1

By differentiating both sides of Eq. (12.44), we have
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dp =" (uidxi + xidp;) (12.46)

i=1

Comparing Eqgs. (12.45) and (12.46), we obtain the Gibbs—Duhem relation for a
multicomponent system,

—sdT + vdp — Zx,-d,u,- =0 (12.47)

i=1

This Gibbs—-Duhem relation relates all the intensive parameters
(T, p, 1, 2, - .., y) of a system, and thus for an n-component system, the
number of independent intensive parameters is n + 1. At constant temperature and
pressure,

n
> xidp; =0 (12.48)
i=1

and hence, the number of independent chemical potentials for an n-component system
at constant temperature and pressure is n — 1.

For a binary system at constant temperature and pressure, the Gibbs—Duhem
relation is reduced to

x1dpy + xpdps =0 (12.49)
Expressing the chemical potentials in terms of activities a; or activity coefficients
y; and compositions leads to other forms of Gibbs—Duhem relations at constant
temperature and pressure for a binary system,
xidlna; +xdlna, =0 (12.50)
or
xidlny; + x,dlny, =0 (12.51)
where we have used the fact that
xidlnx; + xdlnx, =0 (12.52)
One of the applications of the Gibbs—Duhem relation is to find the chemical
potential, activity, or activity coefficient of a component in a binary system if the

chemical potential, activity, or activity coefficient of the other component is known.
If the chemical potentials, activities, and activity coefficients of both components
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are known, the accuracies and consistencies of their values can be checked with the
Gibbs—Duhem relation.

12.10 Thermodynamic Stability of a Solution
and Thermodynamic Factor

In Chap. 7, we focus on the stability of an equilibrium state with respect to pertur-
bations in thermal and mechanical variables (S, 7, V, and p). Here we discuss
the stability of an equilibrium state with respect to chemical variables (u; and
N;,i = 1,2,...,n) at a given temperature and pressure. We formulate chem-
ical stability criteria of an equilibrium state similar to the thermal and mechanical
stability. The entropy produced from the perturbations in chemical variables (u;
and N;,i = 1,2, ..., n) of the stable equilibrium state at constant temperature and
pressure can be written as,

2 iz dpidN;
T

AST =588 = — (12.53)

At constant temperature and pressure, the entropy produced is related to the Gibbs
free energy AG,

AG = —TAS" = dedNi >0 (12.54)
i=1
We now express perturbations du; in terms of perturbation dN;,
du; :2”: OHi g (12.55)
g \eN;) '
Substituting Eq. (12.55) into Eq. (12.54), we have
AG = IN;ON; IN;ON; 12.56
23 (5 o = 23 ) 250
For a thermodynamically stable solution,

AG = ZZ (E)N o, >8N,~3N_,- >0 (12.57)

i=1 j=1

Therefore, the stability of a multicomponent solution requires that the following
determinant is positive-definite, i.e.,
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G .. _¥G
aN? dN1ON,
) >0 (12.58)
G .. %G
AN, N aN?

To illustrate the thermodynamic stability conditions of a homogeneous solution,
for simplicity, let us consider a binary system A-B. For a stable or metastable region
of a binary system,

392G dun 392G 308
aIVA T,p,Ng aNA T,p,Ns 8NB T,p,Na NB T,p.Na

(12.59)
and
26 PG dpa s
ON}  3NAONs dNA 0N
G 26 oun oup | >0 (12.60)
INgINA  ON2 9Ns 9Ng

which implies that the chemical potential of a component increases with the amount
of the component in a thermodynamically stable solution.
If the total number of moles N is fixed,

AG = —TASir = d,lLAdNA + d,quNB = d(,uB — ,uA)dNB >0 (1261)

For N = 1 mol
Ap = duadxa + dugdxg = d(up — pua)dxg > 0 (12.62)
Since
ou
<_) = U — UA (12.63)
8)CB T.p

we can rewrite Eq. (12.62) as

9
Ap = duadxs + dupdxg = d(-“) dxg > 0 (12.64)
BxB T,p

or

82
Ap = duadxs + dugdxg = (a—l;> (de)2 >0 (12.65)
T,p

B
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We can derive a similar expression for the change in chemical potential Au in
terms of fluctuation dx, in xa. Therefore, for a stable binary solution,

92 92
(_’;) -0, <_‘j> -0 (12.66)
axg Tp 0xy T.p

The second derivative of chemical potential of the solution is

92 0 — 0 0
(_/;) =( (1B MA)) =( MB) +< ,uA) (12.67)
axg Tp 0xB T.p 0xg T.p 0xa T.p

We express the chemical potentials of a component in terms of activity coefficient
and composition,

wi=p+ RTIny; + RT Inx; (12.68)

It follows that

9 3l

Ha —RT(1+ 227 — RTy
0Inxa T.p dInxp

9 3l

Mo —rT(1+ 2278 — RrTy
8]11)(]3 T.p 81an

Therefore, we have

ad RT
<ﬂ) =y (12.69)
BxA T.p XA
a RT
<ﬁ> =y (12.70)
8xB T.p XB
The second derivative of chemical potential with respect to composition is then
given by
02 d a RT
(_’;> - (ﬂ) + (ﬂ) - " (12.71)
xg /7., axa )z, oxg )7, XaXB
where
a1 a1 a2
Y=(14m2) = (142 2B (2R (12.72)
dlnxa d01lnxg RT \ oxg Tp

is called the thermodynamic factor in chemical diffusion kinetics, which is related to
the second derivative of chemical potential of a solution with respect to composition.
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The chemical diffusion coefficient in a solution is proportional to this thermodynamic
factor, and hence, the chemical diffusion coefficient is negative within the unstable
region for the solution.

For a stable solution,

Y >0
which implies that
d d 32
<ﬁ> > 0, and (ﬁ> >0, and (—’j) >0 (12.73)
0xa T.p 0xB T.p xg T.p
The thermodynamic stability limit is reached if
d d 92
W =0, <ﬁ> —0, <ﬂ> —0, (_’2‘> -0 (12.74)
0xa T.p 0Xp T.p axg T.p

The compositions that satisfy the conditions given in Eq. (12.74) are called spin-
odal points which separate the compositions for which the solutions are metastable
and those for which the solutions are unstable.

In a thermodynamically unstable region,

9 9 92
V<0, (ﬂ) <o, (ﬂ) <0, (-’j) <0 (12.75)
0xA T.p 0XB T.p 0xg Tp

The above conditions are schematically shown in Fig. 12.4 for the range of
compositions in which a solution is stable (S), metastable (MS), and unstable (US).

Fig. 12.4 Tllustration of A U
stable (S), metastable (MS), P92 M :
and unstable (US) regions L —— <0
based on the sign of the ©0x é
second derivative of 92 :
chemical potential with _“ >0 1
respect to composition 0 x]% :V\ : )
: L 0%y
; 62” 1 2 >0
! o = H 6xB
2.
| Oxf-.___ |
S IMS! US {MS S
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Finally, at a critical point, the critical temperature and composition at which two
spinodal points merge into one, the chemical potential of component i satisfies the

following conditions,
92 33
<_’;> _o0. <_‘3‘) —0 (12.76)
xg Tp oxg T.p

12.11 Lever Rule

Lever rule derives from the mass conservation condition. It can be used to deter-
mine the fractions of phases if we have the information about the overall average
composition and the equilibrium compositions of the individual phases.

Suppose that we have N moles of a binary solution with overall composition
(xf{, xg). We now suppose that this homogeneous solution separates into two solu-
tions: a solution with N* moles and composition (xj{, xg), and the other with N?

moles and composition ( x ﬁ, xB’3 . The amount of A, N, and amount of B, Ng, should

be the same before and after the phase separation, so
Na = x3N = x¢N* + xh NP (12.77)
Np = x3N = x¢N® + xE NP (12.78)

Let us define the fractions of & and 8 phases in the two-phase mixture as

w N s _ N (12.79)
¢ = N ¢ = N .
The two conservation conditions, Eqs. (12.77) and (12.78), become
xXg = x50% + xﬁga’g, xp = xpo” + xB’gq)’3 (12.80)
Solving the above two equations for ¢* and ¢”, we have
«_ X=Xy 4 xp—xp
=" V=0 (12.81)
Ag — B Ag — B

Equation (12.81) allows one to determine the fractions ¢* and ¢f of the two
phases « and 8 based on the overall composition xg of the two-phase mixture and
the equilibrium compositions of two phases xg and xBﬁ. Equation (12.81) is the
mathematical expression of the Lever Rule. Illustration of Fig. 12.5 explains why
this mass conservation equation is called the Lever Rule.
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Fig. 12.5 Illustration of 0 a 0 B o

Xp — X X Xp — X
lever rule B B B B B
& 5 =
U
—
a
*B xp — xf xh

12.12 Chemical Potential Change of Solution Formation
from Pure Components

The process of mixing n pure components, A, A, ...,and A, to form ahomogeneous
solution with composition x4, xa,, ..., and xa, can be described as

Xa AL Fxp,A 4o+ X8 A, = ()CA]Al, XAA2, L, xAnA,,) (12.82)

The chemical potential change for the formation of a homogeneous solution from
pure components at the same temperature is given by

n
Au(xAl,xAz, e xA”) = M(XA],)CAZ, ... ,XA,,) - ZxAiH’OA,- (12.83)
i=1

The chemical potential change due to the formation of a solution from pure compo-
nents is often called the molar Gibbs free energy of mixing or forming a solution in
existing literature. Equation (12.83) can be rewritten in terms of activities a;,

Ap=RTY xilng (12.84)

i=1
and
Aup; = RT Ing; (12.85)

where Ap; is the chemical potential change for component i and is often called
partial molar free energy change of component i in existing literature. It represents
the chemical potential change when one mole of pure species i is dissolved into the
solution with composition xp, x3, ..., X,.

The relation between Ap; and Ay is given by an equation similar to Eq. (12.32).
It is graphically shown in Fig. 12.6 using a binary solution as an example. The
formation of a binary solution xs AxgB from x5 moles of pure A and xg moles of
pure B can be expressed as
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Fig. 12.6 Relation between
chemical potential change of
solution formation Au and 0 . 0
the chemical potential '
change of each component
Apa and Aug

A
A‘I.LA 1

A XB B

XAA + )CBB — xAAxBB (1286)

The chemical potential change from x, moles of pure A and xg moles of pure B
to form one mole of x5 AxgB solution with composition x5 and xg is

Ap = xpaApua + xpAup (12.87)

i.e., one can use the chemical potential change for each individual species to obtain
the chemical potential change for the solution. On the other hand, one could obtain
the chemical potential change for each individual component using the chemical
potential change for the solution. We can rewrite Eq. (12.87) as

IAL
Ap = xpaApp +xgAup = Apa + xp(Aup — Apa) = Apa + xp °x
B
(12.88)
or
dA L
Ap = xpaApua +xgAup = Aup + xa(Aua — Aup) = Aup + xa x
A
(12.89)
Therefore, we can easily see that
dA
App = A — xp =P (12.90)
BxB
oA
App = Ap — xp 2K (12.91)

8)CA
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which are similar to Eqgs. (12.36) and (12.37). Aua and Apug can be graphically

obtained from the intercepts at xg = 0 and xg = 1 of the tangent line to Au at xp
(Fig. 12.6).

12.13 Chemical Potential Change for Adding Pure
Components into a Solution

Let us consider a process of adding a small quantity of pure A into a large amount
of solution with composition xg. The process can be described as

A(pure) — A(in A — B solution with composition xg)
The chemical potential change for the above process is
Aua = pLA(xl‘;) —pua = RT Inay (12.92)

Similarly, the process of adding a small quantity of pure B into the solution can
be written as

B(pure) — B (in A — B solution with composition xl‘;)
and the chemical potential change for this process is
Aug = MB(XE) —ugp =RT Inag (12.93)
The process of adding a small amount, e.g., 1 mol, of a mixture with x, fraction
of pure A and xp fraction of pure B into the solution with composition xg can be
written as

xaA(pure) + xgB(pure) — (xpAxpB) (in A — B solution with composition xl‘;)

The chemical potential change is schematically illustrated in the right illustration
of Fig. 12.7,

Ap = 1/ (xg) — u°(xp) = [xapma(xg) + xpus(xg)] — (xanl +xpug) (12.94)
which can be rewritten as
Ap = xa[pa(xg) — ul] + xs[ms(x5) — 3] (12.95)

or
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1O (xg) = xpu} + xppp

g (x5)

12 Chemical Potentials of Solutions

xXaA+ xgB

o
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+
p(xg)= ' (xg)
1 (xg) = xpptp (x8) + xgup (xg)

Ha (xg)
xapa (xg) + xgup (xg)

ta () xg pg (x)
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Fig. 12.7 Left: Illustration of chemical potential change from xapa(x}) + xpus(xg) to
xapa(xg) + xpup(xg) due to the addition of x5 moles of pure A and xg moles of pure B into a
large amount of solution with composition solution xg; Right: Illustration of the addition process

Ap = RT[xalnaa(xg) + xp Inag(xg)] (12.96)

12.14 Chemical Potential Change of Adding a Solution
into Another Solution

The process of adding a small amount of A — B solution with composition xp into a
solution with composition xg (see Fig. 12.8 for the illustration of this process) can
be written as

,l\ Ax,By,
5

xaka(xp) + xgup (xg)

— o — —
° K)
e (xg) ~N - o —— 1
5
#'l(le)

Xapa (xg) + xppp (x5)
ta (x8) xg g (xg)

1(xg)=x ua (xg) + xg g (x3),

Fig. 12.8 Left: Illustration of chemical potential change from xapua(xg) + xgup(xp) to
xapa(xg) + xus(xg) due to the addition of a solution with composition xa and xp into a large
amount of solution with composition solution xg; Right: Illustration of the addition process

A XB



12.14 Chemical Potential Change of Adding a Solution into Another ... 355
xaAxgB(solution) — (xaAxgB)(in A — B solution with composition x )
Therefore, the chemical potential change for this process is
Ap = [xapa(xg) +xpus(xp)] — [xara(xp) + xpup(xp)] (12.97)
or
Ap = xa[pa(x)) — natxp)] + xp[us(xf) — us(xp)] (12.98)

Expressing chemical potentials in terms of activities, we have

Ap = RT| xsIn ax () +xgln as (+5) (12.99)
aa(xg) ag(xp)

The chemical potential change for this process is shown in Fig. 12.8.

12.15 Driving Force for Precipitation in a Solution

As discussed above, the chemical potential of a small amount of solution with compo-

sition xf, xg s....xPina large amount of solution with composition x{", x3', ..., x}"
is given by
n
(,.P P p m _.m m
“w (xl,xz,...,x};) = E xl.p,i(xl , X5 ,...,xn) (12.100)
i=1

which is a linear function of composition, i.e., the multidimensional plane tangent
to p(x;) at x". u'(x;) can be considered as the chemical potential of x; moles of
component 1, x, moles of component 2, etc., taken from a solution with composition
x;". It should be emphasized that to determine the most stable state, one has to
compare the chemical potentials among all the states of a solution with the same
overall composition.

For example, given a large quantity of a binary A-B solution with composition
(x, xp'), if we take x} moles of A and xj, moles of B from the solution, its chemical
potential is given by

w(xh, xp) = xhpa(xf, xg) + xpus(xy, x5) (12.101)

i.e., the chemical potential for the solution is fixed by the solution with composition
(xx, x'). This is shown in Fig. 12.9m. The chemical potential of the solution with
composition (xj{‘, x]g“) is given by the open circle while the chemical potential of

the solution with composition (x}, x3) taken from the solution with composition



356 12 Chemical Potentials of Solutions

A x]rg“ xg B A xén xg B
Fig. 12.9 a Chemical potential of a small amount of solution with composition (xz, xg) taken
from a large amount of matrix solution with composition (xf, x]g") is represented by the gray circle,
and b the driving force for precipitation is given by the chemical potential difference between the
chemical potential of the precipitate (dark circle) and that of the solution with composition (xi, xg)
from matrix

(xg‘, x]'gn) is represented by the light-shaded circle. This is particularly relevant to
the precipitation process of a phase with composition (x};, xg) from a matrix with
composition (X/T, x]g"). As shown in Fig. 12.9b, the driving force D for precipita-
tion is given by the chemical potential difference between the chemical potentials
represented by the light-shaded and black circles. The chemical potential of the
light-shaded circle represents the chemical potential of the solution with compo-
sition (xfi, xg) before it is transformed into the precipitate phase with the same
composition, and the black-shaded circle represents the chemical potential of the
stable precipitate phase.

12.16 Chemical Potential of a Two-Phase Mixture

It is important to remember that the relative stabilities of different phases or thermo-
dynamic states in a multicomponent system should be determined under the same
set of thermodynamic conditions, T, p, x1, X2, ..., x,. A good example is the deter-
mination of driving forces for nucleation and growth of a new phase in a diffusional
phase transition in which the composition of a nucleus is typically different from that
of the matrix. One has to use the same composition for the initial and final states to
determine the driving force for a process.

A very useful criterion for determining the stability of a homogeneous solution
or compound with regard to phase separation or decomposition into two phases
is the chemical potential of a two-phase mixture with each phase having its own
chemical potential and composition. However, in order to compare the stability of a
homogeneous state and a two-phase mixture, we have to make sure that the overall
average composition of the two-phase mixture is the same as the homogeneous state.

Let us assume that the chemical potential of the homogeneous solution with
composition (x,‘;, xg) is 1 and the chemical potentials of the two phases, o with
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Fig. 12.10 Tllustration of
chemical potential 1° of a
mixture of pure A and pure
B, chemical potential of '
of a two-phase mixture

o + B, and chemical
potential of homogeneous
solution p

A | XB | B

composition (xf{, xﬁ) and B with composition <xﬁ, xBﬂ), are 1% and p?, respectively
(see Fig. 12.10). The chemical potential of a two-phase state (+'P can be obtained using
a weighted average with the phase fractions from the Lever Rule,

p? = @ u® + of uf (12.102)

Using Egs. (12.80) and (12.81) for the fractions ¢® and ¢, we have

/3 () [9) o
Xp — X Xg — X
p_ B B a B B B
u _X'B—XO(M +xﬁ—x"‘u (12.103)
B B B B

which represents the straight line (the dotted line in Figs. 12.11, 12.12, and 12.13)
connecting the two points in the two-dimensional space of x and xg,

(xg, 1) and (xBﬂ, Mﬂ) (12.104)

Fig. 12.11 Illustration of an
unstable solution with u U
respect to phase separation
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Fig. 12.12 An unstable /,lo
solution with respect to ‘ QO ;
phase separation within a u U
compositional range : | :
. K |
' a 3
A# |
DO ' B
H %p - \ H‘
xg xg
A XB B

The compositions xg = 0 and xB’S = 1 represent the pure A and pure B, and hence
ue = xqul + XpUp (12.105)

Figure 12.10 shows the relative chemical potentials of a homogeneous solution, a
two-phase mixture with compositions xg and xg, and a mixture of pure A and B. The
compositional dependence of u has a positive curvature; i.e., it is a convex function
of composition. It is easy to see that

ne > u®>p

Therefore, a homogeneous solution with composition (xg, xg) is more stable than
amixture of two phases with composition xg and xBﬁ , which itself is more stable than
the mixture of pure A and pure B.

However, if the chemical potential of a homogeneous composition has a negative
curvature or the shape is concave as shown in Fig. 12.11,

pe < u®<p

In this case, a homogeneous solution is unstable, and the most stable state is a
mixture of pure A and pure B.

If the dependence of chemical potential of the homogeneous solution on
composition shows a double-well shape as shown in Fig. 12.12,

u? < p < pl

within the composition range (xg , x§>. In this case, a mixture of two phases with

compositions xg and xg has the lowest chemical potential and is thus the most stable
state. The chemical potentials of each component are uniform in the two-phase
mixture,
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pl = ph and ug = ub (12.106)

12.17 Stability at 0 K (Convex Hull)

For single-component systems or for multicomponent compounds, or a multicompo-
nent system with a fixed chemical composition, the stability of different states at 0 K
can be obtained by simply comparing their energies or enthalpies. Figure 12.13 is a
schematic illustration of how one could determine the equilibrium states as a function
of composition in a binary A — B system at 0 K. The dotted circles represent the
energies of different spatial arrangements of A and B atoms at different fixed chem-
ical compositions. For a single-phase state with a fixed composition, the structure
with the lowest energy is the most stable single-phase state at each composition.

To determine the stability of a single-phase state at a given composition with
respect to a two-phase mixture with different compositions, we draw a line connecting
any two points in the chemical potential versus composition plot and compare the
chemical potential of a two-phase mixture described by this line and the chemical
potentials of single-phase states between the two points to determine whether a single-
phase or a mixture of two phases is more stable at the same overall composition.
For example, at composition xj, the lowest chemical potential among all possible
structures is represented by circle 2, and thus, it is the most stable single-phase
structure at this particular composition. However, the value of the chemical potential
represented by the circle at point 2 is lying above the line connecting the two circles
represented by point 1 and 3 at composition x}, and x}J, respectively. Therefore,
the structure represented by circle 2 is unstable with respect to decomposition into
the two structures represented by circle 1 and 3. On the other hand, the value of
chemical potential represented by circle 3 is lying below the line connecting the
two circles 1 and 4, and thus, the single-phase structure represented by circle 3
is stable with respect to the decomposition to two phases represented by circle 1

Fig. 12.13 Illustration of the A <
stability of compoundsat ~___e=="""
different compositions of a Q ===
binary system A — B. The

dotted circles represent the <
energies of compounds with I
different crystal structures at

different compositions. The

solid lines and the solid

circles represent the stable

structures at different

compositions, forming

so-called the convex hull

et
-
1o
Q= remmm |
(P,

I
o
N

L

A xp o oxfl N K B
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and 4 at composition x§ and xp', respectively. Using the same analysis, one can
conclude that the compounds represented by the solid line circles on Fig. 12.13
are stable at 0 K, and two-phase mixtures are stable for compositions which deviate
from the stoichiometric compositions. The stable states represented by the solid lines
connecting the solid circles make up the so-called convex hull.

The same principle works for multicomponent systems to determine the relative
stabilities of single-phases and phase mixtures.

12.18 Chemical Potentials of Ideal Gas Mixtures

For ideal gases, a pure gas at 1 bar is usually chosen as the standard state, and the
chemical potential of component i with partial pressure p; can be expressed as:

10 (T, pi) = po(T, 1bar) + RT In p; (12.107)
or
wi(T, p;) = ud(T, 1bar) + RT In p* + RT Inx; (12.108)

w; (T, 1bar) is the chemical potential at the standard state of component i. The second
termin Eq. (12.108) represents the chemical potential change when the pressure of the
unmixed gas species i is changed from 1 bar to p'®, and the last term in Eq. (12.108)
is the chemical potential change due to the mixing of x; moles of component i with
the other 1 — x; moles of gases in the mixture.

The chemical potential of a mixture of ideal gases of composition x; is

n

w= inm = Z [xip (T, 1bar) + RTx; In p;] (12.109)
i=1

i=I

The chemical potential change from pure gas components to a homogeneous
mixture of gases is

n
Ap=RTY [xInp;] (12.110)

i=1
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12.19 Relation Between Activity of a Component
in Solution and Its Vapor Pressure

It was shown in Chap. 11 that the equilibrium vapor pressure above a pure solid or
liquid A is a function of temperature and can be approximated as

1npg:—%+blnT+c (12.111)

where a, b, and c are constants related to heat of vaporization of a solid or liquid and
the heat capacity difference between the vapor phase and its corresponding solid or
liquid. On the other hand, the chemical potential of a component can be expressed
in terms of the chemical potential of the component at the standard state and the
activity of the component in a solid or liquid solution, i.e.,

pa = S + RT Inaa (12.112)

Let us use a liquid (/) as an example. For a liquid, we choose the pure liquid at a
given temperature 7 and 1 bar as the standard state, hence for a pure liquid A at 1
bar,

wh = ;LQO(T, I bar)andas = 1 (12.113)

If we treat the vapor phase as an ideal gas, the standard state for a gas is the pure

gas at a given temperature T and 1 bar; thus, the chemical potential of A in the vapor
phase with the equilibrium vapor pressure can be written as,

un(T, pR) = w(T, 1bar) + RT In p} (12.114)

When the vapor phase over the pure liquid A is at equilibrium with the liquid, the

chemical potential of A atoms in the vapor phase is equal to the chemical potential

of A atoms in the pure liquid phase, i.e.,

1wy (T, 1bar) + RT In p§ = ui°(T, p3) (12.115)

Assuming incompressibility, the chemical potential of the liquid phase under p{
can be approximated as,

WO (T. pR) ~ pi (T, 1bar) + va(p — 1) (12.116)
Since p3, is generally low, the second term on the right can be neglected. Therefore,

wX(T, 1bar) + RT In p = p°(T, 1 bar) (12.117)



362 12 Chemical Potentials of Solutions

Consequently, the equilibrium vapor pressure is given by

[;AXU(T,] ban) kO (7.1 bar)]

Ty =e (12.118)
At the normal boiling temperature Ty,
Wi’ (Ty, 1 bar) = uk"(Tb, 1 bar), pa(T) = 1 bar (12.119)

Sometimes, the deviation from equilibrium is measured relative to the equilibrium
vapor pressure. For example, the chemical potential for water vapor is given by

14
Mwater (T, Pwater) = M%ater(’r? Psvam) + RT ln(\:_ater) (12.120)

p water

The humidity is then the logarithm of water vapor pressure relative to the supersat-
uration temperature which can be computed thermodynamically in terms of chemical
potential or partial pressure of water vapor,

Pwater _ Mwater — M%ater (12.121)
P RT '

water

Humidity = In

Now we consider a liquid solution of A-B (Fig. 12.14). The chemical potential of
a given component A in the solution is,

ph = pO(T) + RT Inay (12.122)

where uf&o is the chemical potential of liquid A in the standard state, and ay is the
activity of A in the A-B binary liquid solution. Similarly, the chemical potential of
A atoms in the vapor phase is given by

Fig. 12.14 Illustration of
liquid—vapor equilibrium for
a pure liquid and a liquid

solution pA pA , pB




12.19 Relation Between Activity of a Component in Solution and Its ... 363
Uy = MXO(T) 4+ RT In pa (12.123)

where 1} is the chemical potential of vapor A in the standard state. We assume
that the chemical potentials in the liquid solution under the total equilibrium vapor
pressure can be approximated by those under 1 bar. Therefore, if A atoms in the liquid
solution A-B are at equilibrium with the A atoms in the vapor phase, the chemical
potential of A atoms in the vapor phase is equal to the chemical potential of A atoms
in the liquid phase, i.e.,

W(T) + RT In py = ui°(T) + RT Inay (12.124)
Using Eq. (12.117),
PRO(T) = w(T) + RT In p3,
in Eq. (12.124), we have
RTln(p—I(?) = RT Inaporas = (p_,s)
Pa Pa

Therefore, the activity of A in the liquid solution is the ratio of the partial pressure
of A in the corresponding vapor phase above the liquid solution to the equilibrium
vapor pressure over pure liquid A at the same temperature.

The relation between the activity of B in the liquid solution and the partial pressure
of B above the liquid solution and the equilibrium partial pressure of B above pure
liquid is the same as that for A, i.e.,

w=(5)
B=|—
PR

12.20 Raoult’s Law and Henry’s Law

A component is said to obey the Raoult’s law if its activity a; and the corresponding
activity coefficient y; follow the relation,

a; = x;ory; = 1 (12125)

where x; is the mole fraction of i in the solution. A solution is called an ideal solution
if all components in the solution obey Raoult’s law.

Raoult’s law is a good approximation when the composition of a component is
approaching 1. When the composition of a component is small, Henry’s law is a
good approximation, i.e.,
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aB=1

aB=0

A XB B A XB B

Fig. 12.15 Tllustration of activity as a function of composition
ap = kth (12126)
where kj, is Henry’s coefficient, which is independent of composition. The schematic

dependencies of activity versus composition are shown in Fig. 12.15 for negative
(left) or positive (right) deviation from Raoult’s law.

12.21 Chemical Potentials of Ideal Solutions

For an ideal solution, by definition,
a; = x; (12.127)

i.e., every component obeys Raoult’s Law.
Therefore, the chemical potential of component i in an ideal solution is

wi = u + RT Inx; (12.128)
or
Wi — ui
.= L 12.129
X exp< RT ) ( )

The chemical potential change for one mole of species i from the pure state to
solution is

Ap; = RT Inx; (12.130)

The compositionally averaged chemical potential of an ideal solution with
composition x; is
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n

o= Zx,-ui = Z (xind + RTx; Inx;) (12.131)
i=1

i=l
The chemical potential change of forming a solution from its corresponding pure
components is
Ap = RTZ(xi Inx;) (12.132)
i=1
The heat of mixing for an ideal solution is zero,

Ah =0 (12.133)

which is expected since there is assumed to be no change in the effective interatomic
interactions in an ideal solution compared to its unmixed state.

The entropy change for one mole of component i from the pure state to solution
is

OAW;
Asi = —| —— = —RlInx; (12.134)
oT .
PXi
The entropy of mixing for an ideal solution is

oAl -
As = — —= =R In x; 12.135
s ( o )M ;(x nx;) ( )

The volume of mixing for an ideal solution is zero,

IA
Av = <—“> =0 (12.136)
ap T,x;

In summary, we have the following relations for a binary ideal solution:

w=xapun +xpug + RT (xa Inxa + xp In xp) (12.137)
Apu=p— (XA/LZ +xB,u,°B) = RT (xaInxa + xg Inxp) (12.138)
Apa = pa —puiy = RT Inxy (12.139)

App = up — 1y = RT Inxg (12.140)
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Fig. 12.16 Schematic
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As = —(—“) — —R(xaInxa + xpInxp) (12.141)
aT s
dA
Asy = —[ ZoHA — _Rlnxa (12.142)
T P.xB
A
Asg=—(22EB) = _Rinxg (12.143)
T P:XB
JdA
Avy=(2E2) =0 (12.144)
8[7 T,xg
JdA
Avg = [ Z2HB =0 (12.145)
ap TXB
Ah =0 (12.146)

where As, Av, and Ah are molar entropy, volume, and enthalpy of formation of an
ideal binary solution, respectively.

The ideal solution model is the simplest possible thermodynamic description to
model the behavior of a solution. Figure 12.16 shows the thermodynamic properties
before and after mixing, and thus their changes during the formation process of a
solution.

12.22 Chemical Potentials of Regular Solutions

The regular solution model is the simplest possible model for describing a nonideal
solution. It has one adjustable parameter, called the regular solution parameter, which
can be used to model a real solid solution. As one can imagine, its application is
limited since it has only one adjustable parameter. However, it serves as a simple
model to discuss the behavior of real solutions. A regular solution is a nonideal
solution with an ideal entropy of mixing, i.e.,
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a; # xi, Ah #0, As = —R in Inx; (12.147)

i=1

For a binary system modeled by a regular solution model, the activity coefficients
as a function of composition are described by

RT Inys = o'x3, RT Inyg = o'x3 (12.148)

where o’ is a constant, called the regular solution parameter, independent of
temperature. Sometimes, they are expressed as

Inya = axi, Inyp = axi (12.149)
where
a =o' /RT (12.150)

From the definition of a regular binary solution, one can easily derive its various
thermodynamic properties. For example, the chemical potential of component A is

pua =pu + RTInya + RT Inxp = puS + /x5 + RT Inx, (12.151)
The chemical potential of component B is
up =y + RTInyg + RT Inxg = ul + a'x2 + RT Inxp (12.152)
The chemical potential of a regular solution with composition x and xp is
U= xapuR + xpup + o'xaxg + RT (xa Inxs + xp Inxp) (12.153)

The chemical potential change of forming a binary solution from pure components
is given by

A = RT (xpInaa + xgInag) (12.154)
or
A = RT(xaInys +xgInyg) + RT (xp Inxa + xp Inxg) (12.155)
Using the definition of regular solutions for activity coefficients, we have
Ap = o (xaxg + xpx3) + RT (xaInxa + xp Inxp) (12.156)

or
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Ap = o’'xpaxg + RT (xpInxs + xg In xp) (12.157)
From the above equation, it is easy to see that the heat of mixing is
Ah = o' xpxp (12.158)
The entropy of mixing is
As = —R(xaInxa + xg Inxp) (12.159)

The volume of mixing is zero since ¢’ is a constant.

12.23 Flory-Huggins Model of Polymer Solutions'>

For polymer solutions, the molecule sizes of solvent and solutes are very different.
The sizes of the macromolecular polymer chains are usually much larger than the
sizes of solvent molecules. As a result, although the mole fraction of polymer chains
may be small, they could occupy a large fraction of the volume of a solution. There-
fore, the entropy of mixing will need to take into account the large differences in
molecular sizes between a polymer and a solvent. According to the Flory—Huggins
solution theory, the Gibbs free energy change for forming a polymer solution from
a pure polymer and a pure solvent can be approximated as

AG = RT[xNip, + N1 Ing; + Ny In ;] (12.160)

where x| and ¢, are the mole and volume fractions of solvent, x, and ¢, are the mole
and volume fractions of polymer solutes, and x is the interaction parameter similar
to the regular solution parameter ' in Eq. (12.157). To relate the volume fractions
to the number of moles of solvent N; and the number of moles of polymer solute N,
as well as the size of the polymer chains, the size of solvent molecules is assumed
to be the same as that of one monomer of the polymer chain. If a polymer chain is
assumed to contain x monomers, the volume fractions of the solvent ¢; and polymer
solutes ¢, can be expressed as

N
o= Ny +xN,

.XNZ
Y2 N TN,

P, J. Flory, “Thermodynamics of high polymer solutions,” J. Chem. Phys. 10, 51-61 (1942).

2 M. L. Huggins, “Solutions of Long Chain Compounds,” Journal of Chemical Physics, 9, 440
(1941).
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Equation (12.160) can be rewritten as
AG = RT[x (N1 + xN2)gi1¢2 + N1 Ing; + No In ¢, ] (12.161)
or

AG = (N +xN2)RT[Xg01g02+<p1 Ing) + %ln(pz] (12.162)

Therefore, we could also write down the chemical potential change for mixing,

— — n .
(N] + XNQ) Xp192 ! ! X 2
If x = 1, the above equation is reduced to the regular solution described by

Eq. (12.157). However, if x is greater than 1, the function is not symmetric with
respect to ¢; = ¢, = 0.5.

12.24 Redlich—Kister Expansion for Chemical Potential
of a Solution’

For a binary A-B solution, a more general description for the compositional depen-
dence of the activity coefficients on composition can be described by using the
Redlich—Kister Expansion,

xalnya + xgInyg = xpaxp [a + b(xg — xp) + c(xg — )cA)2 + - ] (12.164)
e For an ideal solutionta =b=c=---=0,

xAlnyA +XBIHVB =0
e For aregular solution:a #0,b=c=---=0,
xalnya +xplnyg = axaxp

e A solution described by a # 0,b # 0, c = - - - = 0O is called a Margules solution
for which

xalnya +xglnyg = xaxgla + b(xg — xa)] (12.165)

30tto Redlich and A. T. Kister. Algebraic representation of thermodynamic properties
and the classification of solutions. Industrial & Engineering Chemistry, 40(2):345-348, 1948.
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There can be more complicated descriptions, e.g., a # 0,b = 0,¢c # 0,d =
- =0,a#0,b#0,c #0,d =--- =0, etc.

Similarly, one can express the compositional dependence of activity coefficients
for an A-B-C ternary solution,

Yap = xaxB[aap + bas(xB — Xa) + cap(xp — xa)” + -]

Ysc = xpxc[asc + bpc(xc — xB) + cpc(xc — x)° + -]

Yea = xcxa[aca + bea(xa — xc) + cca(xa — xc)> + -]
Y =xalnya +xglnyg 4+ xclnyc

Y =Yap + Yec + Yca + xaxpxcle + di(xa — xB) + da(xg — xc) + - - -]
(12.166)

Therefore, ignoring the high-order terms, one can model a ternary solution using
the expression,

Y = xaxglaas + bap(xg — xa)] + xpxclasc + bpc(xc — xB)]
+ xcxalaca + bea(xa — xc)] + cxaxpxc

12.25 Osmotic Pressure

The Nobel Prize in Chemistry was awarded to J. H. Van’t Hoff in 1901 for his
discovery and explanation of Osmotic pressure. Osmotic pressure is the pressure
difference that is developed between the two sides of a semipermeable membrane
separating a pure solvent A (e.g., water) on one side and a solution of solvent A with
solute B (e.g., sugar) atoms. The membrane is only permeable to the solvent atoms A
but not to the solute atoms B. This concept is very important in biology since many
cell membranes are only permeable to certain types of ions (Fig. 12.17).

It is easy to understand that the chemical potential of A atoms in the pure solvent
at a given temperature and pressure is higher than the chemical potential of A atoms
in the solution at the same temperature and pressure. Therefore, A atoms will move
across the membrane to the solution. In order to balance or stop the diffusion of
solvent A atoms, the pressure on the solution side must be increased.

Let us consider the isothermal process

Fig. 12.17 Illustration of

equilibrium between a pure 5
solve and a solution and the Pure Solvent Solution

Osmotic pressure A x4 (solvent) — xg(solute)

T,p’ PermeabletoA  T,p"”
1
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A(pure, p') = A(solution with composition xa, p”) (12.167)

At equilibrium
M A(pure,p’) = M A(solution, p”) (12.168)

Assuming that the liquid solution is incompressible, the chemical potential of
pure solvent A at temperature 7 and pressure p’ is

Hapuey = 1y +va(p’ — 1) (12.169)
The chemical potential of A in the solution at temperature 7' and pressure p” is
Magsolution) = 1% + Va(p” — 1) + RT Inxa (12.170)
At equilibrium
ud +va(p’ —1) = ud +va(p” — 1) + RT Inxa (12.171)

Simplifying the above equation, we have

vap = vap” + RT Inxp (12.172)
or
va(p” — p') = vaAp = —RT Inxpy = —RT In(1 — xp) (12.173)
Since xp is very small,
In(1 —xp) & —xp (12.174)
Therefore,
va(p” — p') = RTxp (12.175)
or
Ap=p"—p = RZAXB — csRT (12.176)

where Ap is called the Osmotic pressure, and cg is the molar concentration of solute
atoms. Notably, the above equation has a similar form to the ideal gas law.
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12.26 Chemomechanical Potentials of Components
in a Solution

For solid solutions, if the lattice parameters of a solution depend on composition,
the elastic energy contribution to the chemical potential of the solution has to be
considered. The chemomechanical potential is defined as the sum of chemical and
elastic potentials.

Let us consider a cubic binary solution in which the concentration dependence of
lattice parameter a (c) of the solution is assumed to follow Vegard’s law, i.e., the lattice
parameter a(c) of a cubic solution is linearly dependent on solute concentration c,

da
a(c) = a(cy) + —(c — ¢o) (12.177)
dc

where a(c,) is the lattice parameter of the solution with the reference solute concen-
tration c,, and da/dc is the rate of change in lattice parameter with respect to
concentration. Let us define the concentration-dependent lattice expansion coefficient
as,

_ 1 d_(l _ [(J(C) _a(co)] _ Um d_ll
T dc) de  alcoc—co)  alco) dx

(12.178)

where x is the mole fraction of solute atoms, and v, = x/c is molar volume of the
solution.
The concentration-dependent eigenstrain tensor S?j can be expressed as

&0 = £o(c — o) (12.179)

where §;; is the Kronecker delta function defined as

1ifi =j
Sij=| .. 12.180
! [mﬂ¢j ( )

The elastic strain ef,l is given by

l o 1 da
Sij = &jj — 8ij = &jj — —E(C - Co)‘sij = &jj — EO(C — co)(S,-j (12181)
o

where ¢;; is the total strain containing both the elastic strain and compositional
strain. The local elastic strain, 851 of an inhomogeneous solid solution is obtained by
solving the mechanical equilibrium equation. We will assume that the local elastic
displacements, elastic strains, and thus the elastic stresses are all available. The

corresponding elastic stress af}.l is given by
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of = Cijugh (12.182)
where C;jy, is the elastic modulus tensor.
Therefore, the chemomechanical potential ™ of solute atoms is given by

el

o — elﬁ+ = —0%e,8;; + (12.183)
w =0y de = —0;;€00ij T 1 .
where o]
atoms. The term, —05.1806i j» is therefore the mechanical contribution to the total
chemomechanical potential, ™.

For example, let us consider a relatively simple example on the segregation of
solute B atoms around an edge dislocation for which the elastic solution is available.
Let us assume that the edge dislocation is located at (x = 0, y = 0) (see Fig. 12.18)
with the x-axis along the horizontal direction, y-axis along the vertical direction, and
z-direction is out of the paper. The stress distribution around such an edge dislocation
with a Burgers vector magnitude of B is given by

is the local elastic stress, and w is chemical potential of solute

Gb  y(3x* +y?)

o _ _ - (12.184)
2w (1 —v) (x2 + yz)
2 2
ool = G Y-y (12.185)
W 2m(1 —v) (x2 + y2)2
Gvb
o= Y 4 (12.186)

“ o oa(l—v) (x2 +y2)

where G is the shear modulus, and v is the Poisson ratio.

Fig. 12.18 Illustration of a
edge dislocation
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Therefore, the mechanical contribution to the chemomechanical potential of solute
atoms around an edge dislocation is

s _ 1 | N &Gb Yy _ &,Gbsing
_800'1‘3‘ 8ij = _80(0';,( + U}e’}' + U;z) - T (x2 T yz) = . . (12.187)

where r is the distance from the origin, and 6 is the angle from the positive x-axis
(see Fig. 12.18).

Letus assume that the mole fraction of solute B atoms in the solution in the absence
of dislocations or very far away from the dislocation is xg and that the behavior of
B atoms can be approximated using Raoult’s law for simplicity. The bulk chemical
potential of B is

1y = ug + RT Inxg (12.188)

where ,ug is the bulk chemical potential without the mechanical contribution, and
wy is the chemical potential of B at standard state, i.e., the chemical potential of pure
solid B. In the presence of an edge dislocation, the local chemomechanical Mg’d is
given by

od o £,Gb sinf
wg = pupg + RT Inxg + - " (12.189)
At equilibrium,
Mg'd = /ﬁ]’g (12.190)
or
Gbsin6
1S+ RT Inxg + 222507 — o 4 RT Inxg (12.191)
Solving the above equation for xg, we have
XB g,Gb sin 0
RTIn— = — (12.192)
xg Tr
or
XB g,Gb sinf
— =exp| — (12.193)
Xg RT nr

where xp is the composition distribution of solute atoms around an edge dislocation.
If &, > O, it implies that the size of B atoms is larger than that of A atoms. For
a given r, minimum xp takes place at & = /2; i.e., solute B atoms are depleted
above the dislocation, and maximum xp takes place at 6 = —m/2; i.e., solute B
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atoms are accumulated below the dislocation. If &, < 0, it implies that the size of B
atoms is smaller than that of A atoms, and the xg extrema are reversed, with solute
accumulation above the dislocation and depletion below the dislocation.

12.27 Electrochemical Potentials of Components
in a Solution

Similar to the compositional distribution in the presence of an elastic potential
obtained from the equilibrium condition based on the chemomechanical potential,
the spatial distribution of charge species in the presence of an electric potential can
be obtained from the spatial distribution of electrochemical potential. The electrical
potential itself in an inhomogeneous solution has to be obtained by solving the
Poisson equation under appropriate boundary conditions just like the knowledge of
the elastic potential requiring the solution to the mechanical equilibrium equation.
We assume the electric potential is available.

Let us designate xg as the composition distribution of charged species, e.g., ions
or electrons, in the absence of an electric potential and xg(r) as the compositional
distribution in the presence of an electric potential ¢ (r). We also assume the config-
urational entropy contribution to the chemical potential of charged species B can be
described by “—R Inxg”. The bulk chemical potential u} of charged species B in
the absence of an electric potential is then given by

1 = 18 + RT Inxg (12.194)

where @ is the chemical potential of B in the standard state.
The electrochemical potential of B, ,ug (r), in the presence of an electric potential
¢(r) is given by

;ﬂg(r) =pp+ RT Inxg(r) + zs Fp(r) (12.195)
where xp(r) is the composition of B in the presence of the electric potential, zp is

the valence of charged species B, and F is Faraday’s constant.
At equilibrium

uhry = ub (12.196)
Therefore,
x(r)
RT In —— = —zF¢(r) (12.197)
B

or we can express the composition of B as a function of position
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xg(r) _ exp(— ZB}_¢(”)>

(12.198)

0 RT

12.28 Particle Size Dependence of Solubility

Let us consider a simple case of solubility of a pure solid B in A to form a solid
solution (o) with A as solvent and B as solute. If we ignore the pure solid B particle
size or assume that the pure solid B particle size is infinite, i.e., the particle/solution
interface is flat (see the left illustration of Fig. 12.19), the equilibrium condition for
atom B is given by

Uy = 1y (12.199)

where g is the chemical potential of pure solid B, and u§ is the chemical potential
of solute atom B in the solution o with composition (xg’oo, xg’oo). We can rewrite

the above equation as
up + RT Inyg"™ + RT Inxg™ = up (12.200)

where x5 is the solubility of atom B in A at temperature 7 assuming that the
pure solid B particle size is infinite or the size effect of the particle can be ignored,
and y5 > is the activity coefficient of B atoms in the solution at temperature 7" and
composition xg ™.

If we assume pure solid B is in the form of spherical particles with particle radius
r (see the right illustration of Fig. 12.19), the chemical potential of B atoms in a
particle of size r, uj(r), is then given by

2YBaUm

WL (r) = 1S + (12.201)

Fig. 12.19 Equilibrium
between solid B and a
solution with a flat interface
or circular interface solid B

solid B

(o 55”) (o, 2"
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where yp, is the interfacial energy between the pure solid B and solid solution ¢,
vy 1s the molar volume of the solid (assumed to be independent of composition for
simplicity). The equilibrium condition between the B atoms in a particle with radius
r and those in the solid solution is then given by

2yBav
ugp + RTInyg” + RT Inxg” = pg + VBa U

(12.202)

where xg" is the solubility of B atoms in A at temperature 7 when the particle size
of Bis r, and yg"" is the activity coefficient at temperature T and composition xp".
It is reasonable to assume that y"" = y5"™ since the difference x5 and x> is
expected to be small, and both xg”" and xg'™ are small.

Comparing Eqgs. (12.200) and (12.202), we have,

a,r
Xg 2¥BaUm

RT1 = 12.203
n e - ( )
or
5" =exX 2VBav (12.204)
5 P rRT ’

which expresses the composition of B in the solution « outside a pure solid B particle
with radius r relative to the composition of B in the solution next to a flat particle
solution interface. A schematic dependence of solubility shift by considering the
particle size is shown in Fig. 12.20.

The spatial distribution of chemical potentials of B around differently sized parti-
cles is the driving force for the coarsening of particles, a phenomenon known as
Ostwald ripening. For example, the difference in the chemical potential of B atoms
around a particle of size r’ and that of around a particle of size r” (Fig. 12.21) is

1 1
Wyt — Upr = ZyBavm<—/ — —) (12.205)
r

r//

Fig. 12.20 Phase boundary
shift with particle size

=
w
[se) 4
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Fig. 12.21 Driving force for
coarsening

r! r

solid B
solid B

a(A — B solution)

12.29 Interfacial Segregation

The interfacial atoms or defects such as vacancies, e.g., atoms or defects at grain
boundaries and surfaces inside a solid, typically have different atomic environments
and thus have different formation energies or enthalpies at or near the interfaces
versus those away from interfaces. However, at equilibrium the chemical potential
of atoms of a given species or a given type of defects is uniform throughout the solid,
i.e., the chemical potential of each species at or near the interfaces is equal to that
inside the corresponding bulk. As a result, the spatial distributions of compositions
of different atomic species are expected to be nonuniform.

Let us first consider a simplest possible case in which we have a chemical species,
B, with a different formation energy at a grain boundary from that in the bulk of a
solid A, for example, hydrogen atoms in a metal such as iron. Then, at equilibrium,
we have,

ul = b (12.206)

i.e., the chemical potential ;L%b of B atoms at the grain boundary is equal to that of
B atoms inside the grains 153. We assume that the formation energy per atom B at a
grain boundary of A is ES™ and the corresponding formation energy per atom B in
the bulk crystal of A is EE’O. We also assume that the number density of B atoms is
small both in the bulk and at the grain boundary, so the mutual interactions between
B atoms can be neglected. If we use xﬁb to represent the fraction of available lattice
sites at the grain boundary that are occupied by the B atoms and xg the fraction of
available bulk lattice sites that are occupied by the B atoms inside the bulk, according
to Eq. (12.206), we have

Egb’o + kT InxE = E}° + kg T Inx§ (12.207)

Solving Eq. (12.207) for x£°, we have
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\ S - Ep°) AEE
x5 = Xp €xp | = xgexp| — kB]E: (12.208)

where AE%b is the segregation energy of atom B. If we include the vibrational
contributions and contributions from the formation volume difference of B atoms
at the grain boundary and in the bulk, then AEﬁb in Eq. (12.208) can be replaced
by A u%b’o, the standard chemical potential difference between B atoms at the grain
boundary and in the bulk, i.e.,

" (18 = 1p°) AL
)CE = .X](; exXp _kB—T = .X]g exXp _kB—]; (12209)

Let us consider another simple case involving vacancy segregation to a grain
boundary in a single-component solid A. When a vacancy VAb moves from inside the
bulk of a grain to become a vacancy Vfb at a grain boundary, in exchange, an atom A
originally at the grain boundary Aib moves to inside the bulk of the grain to become
Ag. This process can be expressed as a reaction:

AR L Vb = AR v (12.210)
At equilibrium, we have
NS + Myp = [ay + Kyz (12.211)

Let us assume that the formation energy of a vacancy at a grain boundary is £ yEos
the formation energy of a vacancy in the bulk is Ey», the formation energy of an A
atom at a grain boundary is E AL and the formation energy of an A atom in the bulk
is Ep. If we also assume that vacancies and A atoms behave like an ideal binary
solution, we have

Eyo + kT Inxy + Eyy + kgTInx) = Exy +koT Inx} + Eyo + kg T Inx})

where xib is the fraction of grain boundary sites occupied by A atoms.
‘We can reorganize the above equation as

gb_b

Xy XA
knTIn 28 = —[(Epg + Eyp) = (Eap + Evg) | = —AEw
XyXa

or
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gb_b
AE
VI exp(— . ;") (12212)
XVXA B
or
X xP AEy,
14 < = i exp<——g> (12.213)
(1—75%) (1=xp) ke T

where AEg, is the segregation energy. If the vacancy fractions both at the grain
boundary and inside the bulk are small, we can simply rewrite the Eq. (12.213) as

AE
P =x exp<— kB;’f’) (12.214)

If we include the vibrational contribution and consider the effect of formation
volumes, we can replace AEy, with AGY, the standard segregation free energy.

Finally, let us consider the case of segregation in a binary solid solution with A
as solvent and B as solute, which is very similar to the case of vacancy segregation
in a pure material by treating atom-vacancy pairs as a binary system. When a solute
atom B moves from inside the bulk of a grain to become a solute atom BE® at a
grain boundary, in exchange, an atom A originally at the grain boundary A" moves
into inside the bulk of the grain to become A". This process can be expressed as an
exchange reaction:

A2 4 BY = AP 4 peb (12.215)
At equilibrium, we have
u =+ (12.216)
which can be rewritten as
1 — b =g —uf (12.217)

Equation (12.217) indicates that the slope for the tangent line to the chemical
potential (or molar Gibbs free energy) of the bulk solid solution at composition x]g
is equal to the slope for the tangent line to the chemical (or molar Gibbs free energy)
of the grain boundary solid solution at xﬁb. To see this, let us write the chemical

potential of the bulk solid solution phase as
uw® = x5 ul + xgud (12.218)

The corresponding differential form is given by
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dp® = pfda} + ppdag = (g — 13 )dog (12219)

Therefore, the slope of the tangent line to the chemical potential of the bulk solid
solution at composition at xj is given by

WP by bb
) = g (x5) — 1 (xp) (12.220)

Similarly, for the grain boundary solid solution phase, we have
1 = x84+ B (12.221)

The corresponding differential form for the grain boundary solid solution is given
by

dut® = Mibdxib + ungdxﬁb = (y,[g;b - ,uib)dxgb (12.222)

Therefore, the slope of the tangent line to the chemical potential of the grain
boundary solid solution at composition at xgb is given by

aueb
(1) —(d)-une) s
3XB xgb

At equilibrium,

aub o
(—) = g (xp) — ua (xp) = (a 5] = () - k() (2224
B xgb

i.e., the two tangent lines are parallel at equilibrium. Therefore, if we know the
chemical potentials (molar Gibbs free energies) of the grain boundary solution phase
and bulk solution phase as a function of composition, we can use the parallel tangent
construction to obtain the composition in the grain boundary that is at equilibrium
with the composition in the bulk.

Let us write the chemical potentials of A and B in terms of their activities, a

aj, a, and af,,b in the bulk and at the grain boundaries,

gb
A2

,uib = ,uib’o + kgT In aib

nhy = ub° 4+ kg T Inaf
ub = pub° + kgT Inal

p =y 4 kgTInad (12.225)
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where u2°, 1%°, u5°, and & are the standard chemical potentials of A and
B in the bulk and at grain boundaries. Bulk standard chemical potentials ui’\’o and
u%’o are essentially the chemical potentials of pure A and B assuming the crystal
structure of the binary solution, which include the contribution from the interaction
potential energy, thermal vibration free energy, and electron systems. The standard
chemical potentials of A and B at grain boundaries, 15° and &, represent the
formation energies, or formation free energies excluding the configuration entropy
contributions, of A and B atoms at the grain boundary.

Substituting Eq. (12.225) to Eq. (12.216), we have

/Lib’o + kgT In aib + U + kT Inal = u° + kgT Inal + ;L%b’o + kgT In aﬁb

We can rewrite the above equation as

aébag b,0 gb,0o gbo b,o o
kBTlnm :_I:(MA’ +/"LB >_(HA +MB’ ):I Z—Ang
dy dg
or
gb b AG°
T exp(— gb) (12.226)
ai aa kBT

In terms of compositions and activity coefficients y/fb, y]g , yAb, and yng, the above
equation can be rewritten as

gb_ gb b.,b AG°
Xg V) XgY b
5 = b ‘j;exp(— £ ) (12.227)
xA yA .XA]/A kBT
or
gb_ gb b b AGP°
1 . I V—‘f;exp<— g") (12.228)
(1 - xﬁb)yﬁb (1= xp) v ke T

where AGy, is the segregation free energy excluding the configurational entropy
contribution. If we assume that solutions both in the bulk and at the grain boundaries
can be approximated by the regular solution model, then we have

kgT In yAb = ab(xlg)z, kgT In y];’ = ab(xg)z

2 2
kgT In y/fb =t (xgb) , kgTln yng = af® (xib)

where o® and «2® are the regular solution parameters for the bulk and the grain
boundary solid solution phases, respectively. Therefore, we can write Eq. (12.228)
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in terms of regular solution parameters,

of b
X agb(l — 2x§ ) X8 ob(1-2x8)  AGY,
exp = oy eXPp -
(1 _x§b> kBT (1 — )CB) kBT kBT
(12.229)

Consequently, if we have the knowledge about the regular solution parameters
both in the bulk and at the grain boundaries, a® and «®®, as well as the standard

segregation free energy, Ang, we can numerically solve Eq. (12.229) for the grain
gb

boundary composition xg as a function of bulk composition xg and temperature 7.

12.30 Examples

Example 1 Consider an A — B binary ideal solution at 300 K,

(a) Calculate the amount of heat released or absorbed when one mole of pure A at
300 K is added to a large quantity of A — B solution with x4 = 0.25 at 300 K.

(b) Calculate the entropy change when one mole of pure A at 300 K is added to a
large quantity of A — B solution with x4 = 0.25 at 300 K.

(c)  What is the difference between the chemical potential of A in the solution with
composition x4 = 0.25 and that of pure A both at 300 K.

Solution

(a) The amount of heat released or absorbed when one mole of pure A at 300 K
is added to a large quantity of A — B solution with x5 = 0.25 at 300 K is zero
according to the definition of an ideal solution.

(b) The entropy change when one mole of pure A at 300 K is added to a large
quantity of A — B solution with x4 = 0.25 at 300 K is

Asy = —RInxs = —8.314 x In0.25 = 11.52 (J /(K mol))

(c) The difference between the chemical potential of A in the solution with
composition x4 = 0.25 and that of pure A both at 300 K is

Appn = RT Inxp = 8.314 x 300 x In0.25 = —3457.70 (G)

Example 2 Let us consider the electron occupation at the conduction band edge
using the thermodynamics of solutions. Assuming there are n electrons occupying
at the conduction band edge with energy E. and density of states, N., find the
electron density at the conduction band edge at temperature 7 under electron chemical
potential or Fermi level Ef.
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Solution

The number of ways that n number of electrons distribute among the Nc number of
states at the edge of the conduction band is given by

N.!
Q= ———
n!(N, — n)!

The entropy of the electron system at the conduction band is then given by
S =kgInQ
Using Stirling’s approximation, In N! & N In N — N, for large N, we have
S =kgInQ ~ kg{NeIn Ne — No — [(Ne — n) In(Ne —n) — (Ne —n)] — (nlnn — n)}
The above equation can be simplified as
S =kg[N.InN. — (N, —n) In(N. —n) —nlnn]

or

(Ne —n) . (N:.—n) n n
S = —N:kp In — —1In—
N¢ N¢ N. N.

which is essentially the entropy of a binary ideal solution of electrons and unoccupied
states.

The entropy per electron in the conduction band, which is called the partial molar
entropy in many textbooks, is given by

(BS n
s=|— = —kpln ——
on /)y (N:. —n)

The energy per electron at the conduction band is given by
E =E,

Therefore, the chemical potential of electrons at the conduction band at constant
temperature and volume is given by

n
wu=E-—Ts=E.+kgTln ———
(Ne —n)

At equilibrium, all the electrons in a crystal have the same chemical potential
called the Fermi level Ey, i.e.,
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w=FE.+kgTIn E;

n —
(Nc —n) B

Solving the above equation for n, we get the equilibrium electron concentration
at the conduction band edge at temperature 7" under Fermi level Ex,

N

n=-—/———
T on(5E)

If n is much smaller than N, we can simplify the above equation to

Ec_Ef
n = NCGXp _k—T
B

which is a familiar equation in semiconductor physics.

Example 3 Show that if the activity coefficient of component A in a binary solution
as a function of composition is given by

RT Inys = Qxé,

the activity coefficient of component B in the same binary solution as a function of
composition is given by

RT Inyg = Qx3
Solution
The Gibbs—Duhem relation for relating the activity coefficients of a binary solution
is

xadInys + xpdlnyg =0

Solving the above equation for the activity coefficient y5, we have
X
dinyg = ~dn VA
XB

Integrating both sides of the above equation, we get

XB

XA
/dlnyB:— / A dlnya
XB

XB=1 XA=0

Substituting the expression for the activity coefficient of A as a function of
composition into the right-hand side of the above equation, we obtain
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T’ T Qx2 ¥
XA XB
dinyg = — [ g 2B) - =2 dx
/ e /XB (RT) RT TATEE

xg=1 xa=0 XA=0

Using the relation dxg = —dx, and the fact that y5 = 1 at xg = 1, we arrive at
the final expression for the activity coefficient of B as a function of composition,

1 —2 fxdx = Qx2
n e — —
B RT Adxa A

XA=0

12.31 Exercises

1. Is the chemical potential of O, in the air (i) higher, (ii) equal to, or (iii) lower
than the chemical potential of pure O, at 1 bar?

2. The number of independent chemical potentials in a binary system at constant
temperature and pressure is (i) 1, (ii) 2, or (iii) infinite.

3. Does the activity of Li in a stable Al-Li solution (i) increase or (ii) decrease
with its composition at constant temperature and ambient pressure?

4.  The activity coefficient of a component in a solution can be larger than 1.0,
true or false?

5. The activity coefficient of a component in a solution can be less than 0, true
or false?

6.  Rank the chemical potential of alcohols in beer, wine, and scotch whisky.

7. Is the chemical potential of salt dissolved in water (i) higher, (ii) equal to, or
(iii) lower than the chemical potential of pure solid salt?

8. Comparing the entropy of one mole of pure A s4, and the entropy of one
mole of A and B mixture with 3/4 mol of A and 1/4 mol B, sag, at the same
temperature and pressure, which of the following is your best guess?

(A) sa > saB, (B) sa = saB, (C) s < saB

9.  The chemical potential of a dopant atom in the host lattice below the solubility
limit is (i) <, (ii) =, or (iii) > the chemical potential of a dopant atom in its
pure solid.

10. The chemical potential of a vacancy in an elemental solid at equilibrium is (i)
<0, (ii)) = 0, or (iii) > 0.

11.  For a gas species with mole fraction 0.25 in an ideal gas mixture with total
pressure of 1 bar, what is the activity of the gas species?
12.  True or false questions:
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(a)
(b)

(©

(d)

(e)

®

A real binary system cannot exist as a homogeneous solution at an
equilibrium state at 0 K, true or false?

For a binary solution at a given temperature and pressure, the two chem-
ical potentials for the two components depend on each other, true or
false?

If the second derivative of the chemical potential of a solution with
respect to composition is negative at a certain composition, the solution
at that composition is always unstable with respect to phase separation
to two phases with different compositions, true or false?

For a binary two-phase mixture at equilibrium at a given temperature and
pressure, if both components are present in the two phases, the chemical
potential of each component must be uniform throughout the two phases,
true or false?

For a two-phase mixture at equilibrium at a given temperature and pres-
sure, if both components are present in both phases, the activity of each
component must be uniform throughout the two phases, true or false?
For a two-phase mixture at equilibrium at a given temperature and pres-
sure, if both components are present in both phases, the activity coef-
ficient of each component must be uniform throughout the two phases,
true or false?

Consider the mixing of A and B atoms to form an A-B solution, A (pure) + B
(pure) = A-B (solution).

(a)
(b)
()
(d)

(e)

If both A atoms and B atoms obey Raoult’s law, determine whether the
enthalpy change for the mixing is (i) 0; (ii) positive; or (iii) negative.

If both A atoms and B atoms obey Raoult’s law, determine whether the
heat of mixing is (i) O; (ii) positive; or (iii) negative.

If both A atoms and B atoms obey Raoult’s law, the entropy change for
the mixing is (i) 0; (ii) positive; or (iii) negative.

If A atoms and B atoms do not like each other, i.e., the atomic bonding
between A and B atoms is weaker than those among the A atoms and
among the B atoms, determine whether the enthalpy change for the
mixing is (i) 0; (ii) positive; or (iii) negative.

If A atoms and B atoms like each other, i.e., the atomic bonding between
A and B atoms is stronger than those among the A atoms and among the
B atoms, the heat of mixing is (i) 0; (ii) positive; or (iii) negative.

Consider an ideal binary liquid solution with components A and B. Please do
the following:

(a)

(b)
(©)

Write down the relationship between activities and mole fractions of A
and B, respectively.

What are the activity coefficients of A and B?

What are the chemical potentials of A and B in a homogeneous solution
of compositionxa = 0.5 at 1000 K relative to pure A and B, respectively?
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(d) What are the chemical potential, entropy, and enthalpy changes when
0.25 mol of pure liquid A is mixed with 0.75 mol of pure liquid B to
form 1.0 mol of homogeneous liquid solution at 1000 K?

(e) What are the chemical potential, entropy, and enthalpy changes when
0.75 mol of pure liquid A is mixed with 0.25 mol of pure liquid B to
form 1.0 mol of homogeneous liquid solution at 1000 K?

(f) What are the chemical potential, entropy, and enthalpy changes when
0.5 mol of a solution with composition xo, = 0.25 is mixed with
0.5 mol of a solution with composition x4, = 0.75 to form 1.0 mol
of homogeneous solution at 1000 K?

(g) What are the chemical potential, entropy, and enthalpy changes when
1.0 mol of pure A liquid is added to and mixed with a large quantity of
homogeneous liquid solution with composition of x4 = 0.5 at 1000 K?

(h) If the molar heat of melting of solid A is 10,000 J at the equilibrium
melting temperature of 1100 K, and the molar heat capacity of both pure
solid and liquid A is 30 J/K, what are the Gibbs free energy, entropy, and
enthalpy changes when 1.0 mol of pure A solid at 1000 K is added to
and mixed with a large quantity of homogeneous liquid solution with a
composition of xo = 0.5 at 1000 K?

For a binary solution in which the solvent obeys Raoult’s law and the solute
obeys Henry’s law, show that the thermodynamic factor ¢ given below is equal

to 1.0.
xaxg (021
v=" 7
RT \ dxg T.p

where u is the chemical potential of the binary solution.

Consider the formation of A-B solutions, A(pure) + B(pure) = AB(solution).
The thermodynamics of the binary solution can be approximated using a
regular solution model:

RT In ys = 4000x3 (J/mol)

(a) Calculate the activity coefficient of A at 300 K at xo = 0.5.

(b) Calculate the activity of A at 300 K at xo = 0.5.

(c) Calculate the amount of heat released or absorbed when one mole of
pure A is added to a large quantity of A — B solution with x4 = 0.5.

(d) Calculate the entropy change when one mole of pure A is added to a
large quantity of A — B solution with x4 = 0.5.

(e) Whatis the chemical potential difference of one mole of A in the solution
with composition x4 = 0.5 and one mole of pure A both at 300 K.

(f) Write down an expression for activity coefficient of B as a function of
composition of A.
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17.

18.

(2
(h)
()
Q)

(k)

Determine whether the enthalpy change for the mixing is (i) 0; (ii)
positive; or (iii) negative.

Determine whether heat during mixing is (i) 0; (ii) released; or (iii)
absorbed.

Determine whether the entropy change for the mixing is (i) O; (ii) positive;
or (iii) negative.

The equilibrium state for this binary system at 0 K is a two-phase mixture
of pure A and pure B rather than a homogeneous random solution of A
and B, true or false?

Calculate the chemical potential change when 0.25 mol of pure A is
combined with 0.75 mol of pure B to form 1 mol of A — B solution with
composition x5 = 0.25 at 300 K.

Assuming that the activity coefficient of Zn in liquid Zn—Cd alloys at 400 °C
can be represented by the Margules solution model as,

(a)

(b)

(©

(d)

(e)

Inyz, = xéd(l —0.25x¢q)

Write down the difference between the chemical potential of a homoge-
neous Zn — Cd solution and a mixture of pure Zn and Cd as a function
of composition x¢q4 at 400 °C.

What are the chemical potentials of Zn and Cd in a homogeneous Zn—Cd
alloy of composition xcg = 0.5 at 400 °C relative to pure Zn and Cd,
respectively?

What is the chemical potential change when 0.25 mol of pure Zn is mixed
with 0.75 mol of pure Cd to form 1.0 mol of a homogeneous Zn—Cd alloy
at 400 °C?

What is the chemical potential change when 0.5 mol of a homoge-
neous alloy with composition xcq = 0.25 is mixed with 0.5 mol of a
homogeneous alloy with composition xcg = 0.75 to form 1.0 mol of
homogeneous alloy at 400 °C?

What is the chemical potential change when 1.0 mol of pure Cd is added
to a large quantity of homogeneous Zn—Cd alloy with composition of
xca = 0.5 at 400 °C?

In dilute liquid solutions of Sn and Cd, let us assume that the majority compo-
nent, Cd, obeys Raoult’s law and the minority component Sn obeys Henry’s
law with the Henrian coefficient, kg,, varying with temperature as (Note: this
is neither an ideal solution nor a regular solution)

(a)

RT Inks, = —7000 + 13.1T

Calculate the activity of Sn in the solution with xg, = 0.01 at 1000 K.
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(b) Calculate the chemical potential change of Sn when 1 mol of pure Sn is
added to a large quantity of Sn—Cd liquid solution with xs, = 0.01 at
1000 K.

(c) Calculate the chemical potential change when 0.01 mol of pure Sn is
mixed with 0.99 mol of pure Cd to form 1 mol of solution at 1000 K.

(d) Calculate the entropy change when 0.01 mol of pure Sn is mixed with
0.99 mol of pure Cd to form 1 mol of solution at 1000 K.

(e). Calculate the heat absorbed or released when 0.01 mol of pure Sn is
mixed with 0.99 mol of pure Cd to form 1 mol of solution at 1000 K.

19.  For the Flory—Huggins model of polymer solution,
%
AG/[(Ny +xN)RT] = X102 + g1 Ingy + — Ings

(a) Plot AG/[(N1 + xN;)RT] as a function of ¢, for x = 1l and x = 1.
(b) Plot AG/[(N; 4+ xN»)RT] as a function of ¢, for xy = 1 and x = 4.



Chapter 13 ®)
Chemical Phase Equilibria and Phase oo
Diagrams

Chemical phase equilibrium is concerned with the equilibrium states with different
chemical compositions at a given temperature and pressure, and phase diagrams are
graphical representations of thermodynamic equilibrium states at different tempera-
ture, pressure, and chemical composition. Most of the experimental phase diagrams
are obtained using the ambient pressure of 1 bar, so the discussions will be focused
on the determination of chemical equilibrium and construction of phase diagrams
showing the equilibrium states at different temperatures and chemical compositions
at 1 bar. If one obtains the chemical potentials of all the phases as functions of compo-
sition at different temperatures, one can construct a phase diagram by determining
the most stable chemical state which has the lowest chemical potential among all
phases or combination of phases, at a given temperature and overall composition of
a material system. At equilibrium, according to Gibbs, “The potential for each of the
component substances must have a constant value in all parts of the given mass of
which that substance is an actual component and have a value not less than this in
all parts of which it is a possible component™.

13.1 Equilibrium States from Chemical Potentials Versus
Composition

In order to construct a temperature-composition phase diagram, one must first deter-
mine the equilibrium states as functions of composition at a given temperature. We
employ examples of model binary systems to illustrate graphically how to obtain
equilibrium states from the chemical potential curves as a function of composition
at a given temperature.

Example 1 Single-phase solid solution.
Figure 13.1 (top) shows the chemical potentials (molar Gibb free energies), u®
and p/, of binary solid (s) and liquid (/) solutions at temperature 7T, as a function of
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Fig. 13.1 Schematic
chemical potential curves
showing a stable solid
solution over the entire
composition range

T, («— solid solution (ss) —»

A XB B

composition (xg) with pure A and pure B in their stable states at 7T, as the standard
states; py” and uy° are the chemical potentials of pure solid A and B at temperature
T,. Therefore, the chemical potential for the mixture of pure A and B (the horizontal
dash line in Fig. 13.1) is given by

n(xg) = xapy’ + Xy
On Fig. 13.1, /Lk" and Mgo are the chemical potentials of pure liquid A and B at

temperature T, and the chemical potential changes of melting of pure solid A and
B are given by

1, X
Apa = 13— 1y
and
1, S,
Apn g = g — g

Figure 13.1 shows that the chemical potential u* of the solid solution (ss) is
lower than the chemical potential i of the liquid solution at all compositions at Ty,.
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Therefore, throughout the whole composition range at T, the homogeneous solid
solution (ss) phase is the stable equilibrium state, and the liquid phase is not stable.
In addition, the chemical potential curve of the solid has a positive curvature,

82 s
( Mz ) >0
xg T.p
which implies that the homogeneous solid solution (ss) state (bottom figure of

Fig. 13.1) is intrinsically stable through the whole compositional range, and any
two-phase mixture has a higher chemical potential than a homogeneous solution.

Example 2 Miscibility gap in the solid state.

Figure 13.2 (top) shows the chemical potentials, 1° and !, of binary solid (s) and
liquid (/) solutions at temperature 7, as a function of composition xg. The chemical
potential of a mixture of pure A and pure B at T, is given by the dash line. The main
difference between this and the previous example is in the chemical potential of solid
solution « as a function of composition xg. In this example, the chemical potential
curve of solid solution « shows a double-well shape with both positive and negative

Fig. 13.2 Schematic

chemical potential curves Lo To L,o

showing phase separation in Up Hp

a solid o ! o
HUm A u H'm,B

S,0
Hp

T,| of #=—— d'+a’ —«a
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curvature regions as a function of composition:

Zu’ ¢ o
5 >0for0 <xg <xgandxy <xg <1
axg T.p

%’ , "
5 < 0 forxy < xp < x3
Ixg )1

P

where composition xg and xf; are spinodal compositions at which the chemical
potential curve of a solid solution has a zero curvature, i.e., the second derivative
of the chemical potential with respect to composition is zero. In the figure, ' and
«” represent B-lean and B-rich solid solutions, respectively. A solution within a
region that the chemical potential as a function of composition shows a negative
curvature is thermodynamically unstable with respect to compositional fluctuations
leading to phase separation into a two-phase mixture. In this case, the equilibrium
composmons of the two phases are xB' and xB Within the composition ranges
x§ < xp < x§ and xj < xg < x¥, a homogeneous solid solution is metastable.
In the metastable regions, the chemical potential has a positive curvature, and hence
the solid solution is stable against phase separation into two phases with very small
composition differences, but it is unstable with respect to phase separation to two
phases with very large composition differences, e.g., two phases with composition
xg" and xg”. Therefore, in this example, the equilibrium states exhibit a solid two-
phase mixture (o’ + o) for the intermediate compositions between x§ and x§ (see
bottom schematic drawing of Fig. 13.2).

Example 3 Solid-liquid two-phase equilibrium.

In this example, the temperature T, of interest is higher than the melting temper-
ature of pure B but lower than the melting temperature of pure A. Therefore, at this
temperature, the standard state for A is pure solid A, and the standard state for B is
pure liquid B.

The schematic chemical potential curves of liquid and solid solutions as functions
of composition are shown in the top part of Fig. 13.3. In Fig. 13.3, Aug, , is the
chemical potential change for the melting of pure solid A, and Ay g is the chemical
potential change for the solidification of pure liquid B. As shown in the bottom
part of Fig. 13.3, at Ty, the stable equilibrium state in the composition range 0 <
xp < xj is solid solution (ss), while the stable equilibrium state in the composition
range x5 < xp < 1 is liquid solution (/s). In the intermediate composition range
X% < xp < xk, the stable equilibrium state is a two-phase (ss + s) mixture with
equilibrium compositions xj; and x.

The chemical potential of any composition in a heterogeneous system is uniform,
not just chemical potentials of A and B, if A and B are free to transport across the
interfaces separating the homogeneous regions. The chemical potential values of A
and B and all combinations of A and B are given by the common tangent line at
equilibrium (Fig. 13.4). For example, a small amount of solution with composition
xg is dissolved into the solid, and the chemical potential of this solution is u° (x%).
Now if we dissolve a small amount of solution with the same composition xg into
the liquid, the chemical potential of this solution is also us(xg). If a small amount
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Fig. 13.3 Schematic
chemical potential curves
showing equilibrium
between a liquid and a solid

Fig. 13.4 TIllustration of
uniform chemical potentials
in a two-phase system
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of solution with composition x is dissolved into the liquid, its chemical potential
is given by ! (x]lg). If a small amount of solution with composition x]Z3 is dissolved
into the solid, its chemical potential is also given by ' (x]g). Actually, for a small
amount of solution of any composition xg dissolved in either the solid or liquid, its
chemical potential is given by a point on the tangent line.

Example 4 Solid—solid two-phase equilibrium.

Figure 13.5 shows an example that involves three phases: a liquid phase (/) and
two solid phases (« and 8). The temperature T, is below the melting temperatures of
both pure A and pure B. Therefore, at T, the standard states for components A and B in
two solid solution phases o and $ are pure solid A and B, while the standard states for
components A and B in liquid are pure liquid A and B. By comparing the chemical
potentials of each possible state, it can easily be determined that the equilibrium
state between xg = 0 and xj is a single solid solution phase ¢, the equilibrium
state between xg = x§ and xg is a two-phase mixture of @ and 8 phases with their
equilibrium compositions given by xg and xBﬂ determined from the common-tangent
construction, and the equilibrium state for compositions between xg and xg = 1 is
a single solid solution phase .

Fig. 13.5 Schematic

chemical potential curves Lo
showing equilibrium Ha
between two solids with ‘uo
limited mutual solubility m,A
s,0
Ha

Xg Xg
A XB B
T
To| a o+ > B
X xg
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Example 5 Equilibrium between a pure solid and a liquid solution.

Figure 13.6 shows an example in which there is essentially zero solubility of B
atoms in solid A. The temperature Tj, is below the melting temperature of pure solid A
but above the melting temperature of pure solid B. Based on the chemical potential
curves in the top half of Fig. 13.6, the solid phase 8 is not stable throughout the
composition range. The equilibrium states are shown in the bottom half of Fig. 13.6.
For the composition range of 0 < xg < xé, the equilibrium state is a two-phase
mixture of pure solid A (the solubility of B in A is very small) and the liquid solution
(Is), while for x5 < xp < 1 the equilibrium state is a single-phase liquid solution

Is).

Example 6 Eutectic equilibrium.

Figure 13.7 shows an example in which there are three phases, two solid solu-
tion phases o and 8 and a liquid phase (/), at equilibrium at a given temperature,
called the eutectic temperature (7g), and a particular composition called the eutectic
composition (xg). This is the lowest temperature at which a liquid can exist in this
hypothetical binary system. The eutectic temperature 7§ is below the melting temper-
atures of both pure solid A and B. The chemical potentials for the three phases are

Fig. 13.6 Schematic
chemical potential curves
showing equilibrium
between a pure solid and a
liquid solution

T, [« A+ls pe— [s —»
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Fig. 13.7 Schematic

chemical potential curves Lo
showing eutectic equilibrium Ha
0
.um,A
s,0
Hp

T =

o E B
Xg Xg Xg
A XB B

schematically shown in the top half of Fig. 13.7. The common tangent line to the
chemical potential curves of all three phases determines the equilibrium composi-
tions of the three phases. The equilibrium states at this temperature are shown in the
bottom half of Fig. 13.7. For 0 < xg < x§, the equilibrium state is a single-phase o
solid solution, while for x‘g < xp < 1, the equilibrium state is a single-phase  solid
solution. For the composition range x§ < xg < xg , three phases, the solid solution
o, the solid solution 8, and the liquid solution /, can coexist at their respective equi-
librium compositions xg for the o solid solution phase, xB’S for the B solid solution
phase, and the eutectic composition x£ for the liquid phase.

Example 7 Equilibrium between a compound and a solid solution.

Figure 13.8 shows an example that involves the formation of a compound y at an
intermediate composition xj; in addition to two solid solution phases « and 8 with
limited solubility as well as a liquid solution phase /. Based on the chemical potential
curves of all four phases in Fig. 13.8, the liquid phase [ is not stable throughout the
entire composition range. The equilibrium compositions can be easily obtained by
the common-tangent construction guaranteeing that the chemical potentials of each
component (A and B) are uniform in the system. The stable states at this particular
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Fig. 13.8 Schematic

chemical potential curves Lo

showing equilibrium Ha

between a compound and a 0
.um,A

solution

S,0
Ha

A XB | B

temperature are illustrated in the bottom half of Fig. 13.8. For 0 < xg < xg, the
single-phase « is the stable state, and the single-phase g is stable in the composition
range of xBB < xp < 1. For x% < xg < x}, the equilibrium state is a two-phase
mixture o + y, and for x{; <Xxg < xg, the equilibrium state is a two-phase mixture
of y + B. At composition x};, the equilibrium state is the single-phase y. Since the
solubility of A and B in y is very small, we usually call y a line compound.

13.2 Examples of Model Phase Diagrams

Once we determine all the equilibrium states for all the temperatures of interest, a
plot of the equilibrium states as a function of temperature and composition is called
“temperature-composition” phase diagram. Without specifying the pressure for a
phase diagram, we assume it is 1 bar.

Example 1 Eutectic diagram with no mutual solubility in two solids.
Figure 13.9 shows a simple eutectic binary phase diagram without mutual solu-
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Fig. 13.9 Schematic
eutectic phase diagram with T
no mutual solubility in solid
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bility in the solid state. The high-temperature phase is a liquid solution (/). At low
temperatures, the equilibrium state is a mixture of pure A and B, i.e., there is no
mutual solubility between A and B. At intermediate temperatures, depending on the
composition, the equilibrium states can be a mixture of pure A and liquid solution, a
two-phase mixture of pure B and liquid solution, or a single-phase liquid solution. To
illustrate how to utilize a phase diagram, we trace the equilibrium states of a system
at several different compositions as the system is heated up from low temperature or
cooled down from a high temperature.

On heating of a mixture of pure A and pure B, the evolution sequences of
equilibrium states at three representative compositions are

A+B— A+I(xf) > A+1I(xy) — I(x}) at overall composition xf,
A+B — A+B+I(xf) — [(xf) at overall composition x,
A+B — B+I(x5) - B+I(xy) — [(xf) at overall composition xj.

For all compositions, the composition of the liquid that first appears is at the
eutectic composition x£ at the eutectic temperature 7. Upon cooling from a high-

temperature liquid state, the sequences of appearance for the equilibrium states are
simply reversed.

Example 2 Completely soluble liquid and solid phases.

Figure 13.10 shows another example of a simple binary phase diagram. In this
example, both the liquid and solid states exhibit homogeneous solutions in which A
and B are completely mutually soluble.

Upon heating of a A — B solid solution from low temperature, the evolution
sequence of equilibrium states at xj, is

ss(xg) — ss(xg) + Is(xg) — ss(xg) + Is(xp) — Is(xy)
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Fig. 13.10 Schematic phase T
diagram showing complete
solubility in both liquid and Lo .
solid T liquid solution(ls)
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On cooling of a liquid solution of A and B from high temperature, the evolution
sequence of equilibrium states at xj, is
Is(xp) — Is(xp) +ss(xy) — Is(xh) +ss(xy) — ss(xp)
It should be noted that at very low temperatures close to 0 K, a homogeneous solid
solution as an equilibrium state is thermodynamically impossible since the third law
of thermodynamics dictates that the entropy of an equilibrium state is zero at 0 K. The

equilibrium states at 0 K can only be either pure elemental solids or stoichiometric
compounds.

Example 3 Eutectic diagram with limited mutual solubility between two solids.

The phase diagram shown in Fig. 13.11 is similar to that in Fig. 13.9. Both of
them have a eutectic point. The main difference is the fact that here in this example
there is limited mutual solubility between solid A and B while they are completely
soluble in the liquid state. To distinguish a solid solution from a pure solid, we call
the solid solution as the « phase if the majority of atoms (solvent) in the phase are A
atoms, and the minority atoms (solute) are B atoms while the solid solution is called
the B phase if the majority atoms (solvent) in the phase are B atoms, and the minority
atoms (solute) are A atoms. For the three representative compositions, x]g, x]];:, and
xll, the equilibrium states and their stable equilibrium compositions during heating
are illustrated below.

At xg:

a+pB—alxy)+ ,B(xga> — a(xp) = a(xg)
+1(xg") = o) +1(xg) = 1(xp),
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Fig. 13.11 Schematic
eutectic phase diagram with
limited mutual solubility in
solid
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at xg:
a+p— a(xgE) + ﬂ(xgE) — l(xg),
and at xg:

a+p— a(xgt)+ ,B(xgE> — 1(xg)
+ ﬁ(xgE) — I(xg) + ﬂ(xgl) — 1(xp)
For cooling, the sequences of equilibrium states are reversed to those for heating.

Example 4 Peritectic phase diagram.

Figure 13.12 shows an example of a so-called peritectic phase diagram. At the
peritectic temperature 7, there is a peritectic point at which solid phase o at compo-
sition xgp and liquid phase at xép react to form the 8 phase solid at the peritectic
composition x§ during cooling,

o (xg") +1(x5) > Blxg)
or during heating,
B(xg) > a(x5") +1(xg)
The peritectic temperature is between the melting temperature of pure solid A

and that of pure solid B. For the representative compositions, xg, xj, and xg, the
respective sequences of equilibrium states during heating are
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Fig. 13.12 Schematic
peritectic phase diagram
with limited mutual
solubility in solid

T N liquid ()

a+ B — a(xfh) + B(xg) = a(xfh)
+1(x) = a(xgh) +1(xg) = 1(xp),
a+ B — B(xp) = a(xy)
+1(xf) = a(xg)) +1(xF) = 1(xf).
o+ p(xt) — B(xh) +1(x) - B(xh)
+l(xf3p) — a(ng’) +l(xép) — oc(xgl) +l(xg) — l(xllgl)

Example 5 Intermediate compound.

Figure 13.13 shows an example of a phase diagram that involves the formation of
an intermediate compound y in which both A and B have limited solubility. If A and
B have zero solubility or near zero solubility, we call y a line compound since it will
appear in the phase diagram as a vertical line. This phase diagram can be roughly
viewed as a combination of two eutectic phase diagrams: one with two solid phases
« and y and the other with y and B. Therefore, the sequences of equilibrium states
during heating and cooling are essentially the same as Example 3 of this section.
For example, for the representative compositions xg, the equilibrium states and their
equilibrium compositions during heating are

a+y—alxp’)+r(g) > v(xg) > v(xg)
+ l(xéy> — y(x’él) +1(xp) = I(xp)-
Example 6 Ternary phase diagram.

Here we discuss an example of a ternary phase diagram. The representation of
chemical phase equilibria in ternary systems is significantly more challenging than
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Fig. 13.13 Schematic

eutectic phase diagram with r liquid ()
limited mutual solubility in
solid and formation of a
compound

binary systems. There are five intensive variables or potentials: three chemical poten-
tials for the three components, plus temperature and pressure. With the Gibbs—Duhem
relation, we have four independent variables. If we fix pressure, we are still left with
three independent variables. A ternary phase diagram is typically represented by two
compositional variables and temperature. With the knowledge of compositions of two
components, we automatically know the composition of the third component. The
most often used compositional representation is a triangle or called Gibbs triangle
(Fig. 13.14). For example, the three corners of the triangle, A, B, and C represent
the three compositions (x4, xg, xc) = (1.0, 0.0, 0.0), (0.0, 1.0, 0.0), and (0.0, 0.0,

Fig. 13.14 Composition
representation of a ternary
system
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1.0), respectively. The dash lines parallel to the side line BC represent compositions
with constant x5 with the composition of A along the BC line being zero and the
composition of A at the corner A of the triangle being 1.0. Similarly, the dash lines
parallel to AC side line represent compositions with constant xg, and those parallel to
AB represent the compositions with constant xc. For example, point 1 in Fig. 13.14
represents composition (0.75, 0.25, 0.0), point 2 represents composition (0.5, 0.25,
0.25), and point 3 represents (0.25, 0.5, 0.25).

For a ternary phase diagram, the vertical axis represents temperature. Figure 13.15
is a schematic ternary phase diagram with limited mutual solubilities among the three
components in the solid state and complete mutual solubilities in the liquid state. Each
of the three binaries exhibits a eutectic point labeled as 7B, T2C, and 7;2C, and there
is one eutectic point for the ternary system labeled as T, the lowest temperature, at
which a liquid can exist at equilibrium. In Fig. 13.15, Ty o, Tin s, and Ty, ¢ represent
the melting temperatures of pure solid A, pure solid B, and pure solid C, respectively.
a, B, and y represent the three solid solution phases with limited solubility, and /
represents the liquid phase.

Fig. 13.15 Schematic T T
ternary eutectic phase A
diagram with limited mutual

solubility in solid

liquid (1)
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13.3 Number of Degrees of Freedom—Gibbs Phase Rule

The Gibbs phase rule for determining the number of degrees of freedom (NDF) is
given by Eq. (11.38),

NDF = n — ¢ + 2,

where 7 is the number of components, ¥ is the number of phases, and 2 represents the
two variables temperature 7 and pressure p. However, the majority of temperature-
composition phase diagrams are determined under a fixed pressure of 1 bar, so the
Gibbs phase rule becomes

NDF =n — ¢ + 1

As examples, let us determine the NDF for the eight points labeled in Fig. 13.16.

Atl:NDF=n—-y¢y +1=2—-1+1=2
At22NDF=n—-v¢y +1=2-2+1=1
At3:NDF=n—-y +1=2-2+1=1
At NDF=n—y+1=2-2+1=1
AtSNDF=n—-y +1=2-1+1=2
At6:NDF=n—-¢y +1=2-3+1=0
AtT:NDF=n—-¢ +1=2-3+1=0
At8&NDF=n—-y +1=2-1+1=2

Fig. 13.16 Illustration of

degree of freedom T
calculation at different

locations of a eutectic phase Ty A L
diagram with an intermediate ’ liquid (1)
compound
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Fig. 13.17 Illustration of

applying lever rule to a T
two-phase state
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13.4 Phase Fractions—Lever Rule

To determine the phase fractions, ¢ and ¢”, in an equilibrium two-phase (a + B)
mixture, we employ the lever rule given by Eq. (12.80),

B o
Xp — X

p* = ﬁ 2and<p’3—l—<p°’
Xg — X3

where xg and xg are the equilibrium compositions of B in o and B phases, and xg is
the overall composition (see Fig. 13.17).

13.5 Estimates of Activity Coefficients in Binary Systems

The activities and activity coefficients in a two-phase mixture with limited mutual
solubility can be estimated using the fact that the chemical potentials and thus the
activities are uniform in an equilibrium two-phase mixture and the fact that the
activity and activity coefficients for the majority component may be approximated
by the Raoult’s law, and those of the minority component can be approximated by
the Henry’s law.

Let us assume that the equilibrium compositions for the two phases are (x/"(, Xg )

and (xﬁ, xg ) (see Fig. 13.17). Since the two phases are at equilibrium, the chemical
potentials and thus the activities of each species must be uniform in the system,

g = ph and p = g
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a% =dl and af = af}

Assuming that the majority component in the 8 phase is B, and the majority
component in the o phase is A, and invoking the Raoult’s law for the majority
component and the Henry’s law for the minority component, we have

a% = x% and af) = xB’S

Therefore,

af = yPxf =a% = x% and 4% = yExl = af = X}
The corresponding activity coefficients are
vi=lyy=1
and
ﬁ=%,ﬁ=é (13.1)
Xx XB

13.6 Calculations of Simple Phase Diagrams

Example 1 Melting temperature suppression.

To determine the effect of adding a second component on the melting temperature
of a solid, we consider the equilibrium between a pure solid and a liquid with small
amount of B, i.e.,

A(s,xa = 1,x8 = 0) = A(l, xa, xB)
where xa and xg are the mole fractions of A and B. At equilibrium, the chemical
potential of A atoms in the pure solid A is the same as that of A atoms in the liquid

solution, and we assume that the chemical potential of B atoms in solid A is greater
than that of pure solid B, so we have

i (xa =1, x5 = 0) = pi\ (xa, xp)

We choose the pure solid A as the standard state and approximate the liquid
solution as an ideal solution, and we have

i (ea = 1,xp = 0) = 1§ (13.2)
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Fig. 13.18 Illustration of
melting temperature T
suppression
Tm,A
B
1y (xa, XB) = % + Apm + RTInxa (13.3)

where Apup, is the chemical potential change for the melting of pure solid A.
Assuming that the heat and entropy of melting are independent of temperature,
or the heat capacities of solid and liquid are assumed to be the same, Auy, can be
approximated as

Apm & Ahy — Asy, T

or

Ahp(Toa —T)

A ~
Mm Ton

(13.4)

From Egs. (13.2) and (13.3), we have
—Apm = RTInxp

Using the approximation (13.4) and the approximation of In(xa) = —xg, we get

Ahp(Toon — T
_ A (Tna = T) ~ _RTxp (13.5)
Tm,A
Solving Eq. (13.5) for T
Ahy Ty Tim RT
T — A Ao m,A(1 — ’AxB> (13.6)
RTm’AXB + Ahy A;’AXB +1 Ahy

which represents the variation of melting temperature with the amount of addition
of B atoms into solid A represented by the mole fraction of B (Fig. 13.18)

Example 2 A binary phase diagram with complete mutual solubility in both solid
and liquid.
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To calculate the phase diagram with complete mutual solubility in both solid and
liquid, it is sufficient to determine the solidus line and the liquidus line, i.e., the
equilibrium compositions of solid and liquid in the solid—liquid two-phase mixture
as a function of temperature. For simplicity, let us assume that A and B form ideal
solutions in both solid and liquid.

We recall that the equilibrium condition between a solid solution and a liquid
solution is

[y =ty 1y = 1

If these two conditions are satisfied, the chemical potential of the binary system
is minimized.

Since the two-phase field illustrated in Fig. 13.19 is below the melting temperature
of A and above the melting temperature of B, we choose pure solid A as standard
state for A and choose pure liquid B as standard state for B. Therefore, the chemical
potentials of A in solid and liquid are given by

wa = u% + RTInxy (13.7)

py = S + Apma + RTInx)y (13.8)

where Apma is chemical potential change for melting of A. The corresponding
chemical potentials of B in solid and liquid are

= pu§ + RTInx (13.9)

Fig. 13.19 Illustration of
calculation of a phase
diagram with complete liquid solution (Is)
mutual solubility in both
liquid and solid
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Kp = g — Apmp + RTInxg (13.10)

Apmp is the chemical potential change for melting of B.
Using Eqgs. (13.7)—(13.10) and the equilibrium condition:

S 1 S 1
Ha = Up, Up = Up,
we have

l !
RTIN2 = —Appa, RTINE = —Apnp (13.11)
Xa B

The equilibrium compositions as functions of temperature for the solid and

liquid can be obtained by solving the above two coupled equations. Let us rewrite
Eq. (13.11)

é _ 1-— x]l3 _ Apma x]l3 ApmB

=e RT |, — =¢ R (13.12)

s S
Xa I —x3 Xg

Solving above equations, we have

At A (1 —e~ A/;";'A )
ew) = (13.13)
’ B _ (A/lm,A—A/tm,B) ’

[—
Xg =

_ DemB _ Auma
e RT — € RT l—e

which describe the solidus and liquidus lines in the phase diagram (Fig. 13.19).

13.7 Exercises

1. Consider ahypothetical A — B binary phase diagram below. The normal melting
temperature of pure A is 1000 K, and the normal melting temperature of pure B is
1200 K. Solid A and solid B have negligible solubility in each other, while liquids
A and B form homogeneous solutions through the entire composition range.
The phase diagram is a simple eutectic diagram with the eutectic composition
at xg = 0.4 and eutectic temperature at 800 K.

(a) Schematically draw the temperature-composition phase diagram
(assuming 1 bar) and label the key temperatures and compositions.

(b) Schematically draw the chemical potential curves of solid and liquid
phases at 1400, 1100, 900, and 700 K (Although the curves are schematic,
please pay attention to the key details).

(c) What is the number of degrees of freedom at the eutectic point?

(d) What are the volume fractions of pure A and pure B below the eutectic
temperature if the overall composition of A in the binary system is 0.4?
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(e
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Find the equation describing the activity coefficient of A in the liquid
along the liquidus line as a function of composition and temperature.

, Tm,Cu
Tm,Ag
T,
Tg
T
Ag 014020 038 xc, 0.95Cu

2. The Ag—Cu binary phase diagram is schematically shown on the right.

(@)
(b)
(©
(d)

(e
)

(2
(h)

®

Draw schematic chemical potential curves for ora,, 0ty and liquid phases
at Ty, Tg, and T>.

What is the lowest temperature that a liquid can exist at equilibrium in the
Ag—Cu binary system?

What is the highest temperature that a solid can exist at equilibrium in the
Ag—Cu binary system for any composition?

What is the maximum solubility of Cu in Ag at any temperature?

Why does the solubility of Cu in Ag increase with temperature?

For the overall composition of 0.20 mole fraction of Cu (see the diagram),
what is the number of degrees of freedom for the system at 7} at
equilibrium?

Estimate the equilibrium compositions of phases at 7} ?

With your estimates from (g), what are the approximate activities of Cu
and Ag at 7} ?

What are the approximate activity coefficients of Cu and Ag in aay and
ocy at 717
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liquid (1)

Tm A

T,

Tp

3. (a) Label all of the two-phase coexistence regions and three-phase coex-
istence points in the diagram. Note that the single-phase regions have
already been labeled.

(b) How many degrees of freedom are associated with the two-phase
coexistence regions and three-phase coexistence points?

(¢) Whenaliquid solution with overall composition x§ = 0.4is slowly cooled
down from Ty, o to T}, write down the reactions that take place at 7, and
T, during cooling.



Chapter 14 )
Chemical Reaction Equilibria oo

Chapter 11 is concerned with the equilibrium states of a material at fixed chemical
composition at different temperature and pressure and displaying the equilibrium
states in pressure—temperature phase diagrams, while Chap. 13 is on the equilibrium
states with respect to chemical compositions of a material at different temperatures
and presenting them on temperature-composition phase diagrams. In this chapter,
we mainly discuss the equilibrium states among different chemical species at a given
temperature and pressure, i.e., chemical reaction equilibria, and for a certain family
of reactions, we can also display the reaction equilibria on diagrams, for example,
the oxidation reactions on an Ellingham diagram.

14.1 Reaction Equilibrium

We discussed the calculation of driving forces for chemical reactions in Sect. 8.8 by
considering a general chemical reaction,

vaAA + vgB = vcC + vpD (14.1)

where va, vg, Vo, and vp are stoichiometric reaction coefficients. It is reminded
here again that in order to compare the thermodynamic stability of the reactants and
products, mass has to be balanced between reactants and products for a given chem-
ical reaction, i.e., we have to use the same amounts of different atomic species in the
initial state, the reactants, and the final state, the products. This is very similar to deter-
mining the equilibrium states for a multicomponent system discussed in Chap. 13
where the equilibrium states are determined by comparing the chemical potentials
of different possible thermodynamic states at the same overall chemical composi-
tion. Therefore, we could simply compare the chemical potential of the reactants
and the chemical potential of the products with reactants and products at the same
composition of chemical elements to determine the relative stability of the reactants
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and products, and thus the driving force and direction for the reaction. As long as the
mass is balanced for a chemical reaction, one can either use the chemical potential
difference or the Gibbs free energy difference between the reactants and products to
compare the relative stability of the reactants and products. In this chapter, we will
follow the existing literature using the Gibbs free energies of the reactants and prod-
ucts rather than the chemical potentials although we could very well just use chemical
potentials without using the Gibbs free energies to describe the thermodynamics of
chemical reactions.

If we assume the chemical potentials of A, B, C, and D are pa, ug, tc, and up,
respectively, the fundamental equation of thermodynamics in terms of Gibbs free
energy for such a system with four species is given by

G = Naua + Nug + Ncic + Npip (14.2)
where N, Ng, Nc, and Np are the number of moles of A, B, C and D in the system.
The differential form for the Gibbs free energy at constant temperature and pressure
is

dG = I/LAdNA + I/LBdNB + /Lchc + ILDdND (143)

It should be noted that due to the chemical reaction equilibrium,
Na, Ng, Nc, and Np are not all independent variables. Let us define a reaction extent
& to represent the degree of reaction with 0 representing no reaction, or the initial
state, and 1 the completed reaction, or the final state, and d§ is the change in the
extent of reaction at a given moment of time for the reaction. Therefore, if the initial

state consists of No = va mol of A, Ng = vg mol of B, and 0 mol of C, and 0 mol
of D, the Gibbs free energy of the reacting system at the reaction extent £ is given by

G@E)=A—-8vapa + A —8&)veup +Evepuc + Evpip
which can be written as
G(§) = vapa + veup + §(vcpc + VpDiUD — VALA — VBUB)

The Gibbs free energy at & = O representing the initial state is
G(& =0) =vaua +veus (14.4)

The Gibbs free energy of the final completely reacted state at £ = 1 is
GE =1) =vcuc + vpup (14.5)

If we define

AG=GE=1)—GE=0) (14.6)
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we have
GE)=GE=0+E,AG 14.7)
Based on the reaction stoichiometric coefficients v, vg, vc, and vp, the changes
in the number of moles for each reacting and product species at the reaction extent
& are given by
dNa = —vadé,dNg = —vpd€, dNc = +vcdé, dNp = +vpdé (14.8)
Using the results from Eq. (14.8) in Eq. (14.3), we get

dG = (vcpc + vpup — vapua — vpup)dé = AGdE (14.9)

Therefore, we can use either Eq. (14.7) or Eq. (14.9) to derive the variation of the
Gibbs free energy of the reacting system with respect to the reaction extent &,

(E) = AG (14.10)
& ),

The driving force for the chemical reaction is given by

G
D=—|— =—AG 14.11
(8$)T,p ( )

We write the chemical potentials w; in terms of activities a;,
wi = 1 + RT1Ing; (14.12)
Now we can express the Gibbs free energy difference between the final state and

the initial state for the reaction in terms of chemical potentials at the standard state
and the activities of the reacting and product species,

alfar®
AG = (vepd + vpup) — (vaps + veuy) + RTlnagAa?B (14.13)

A 9B

Let us define
AG°® = (vcu% + vD/LOD) - (UA/LOA + vBu%) (14.14)
and
acap

K=—— (14.15)

a, ag
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we have
AG = AG° 4+ RTInK (14.16)

AG° is the free energy change of a chemical reaction when all reactants and products
are in their standard states, and K is called the reaction equilibrium constant.

The details for calculating AG® as a function of temperature at 1 bar are outlined
in Chap. 8. It is related to the standard enthalpy and entropy changes, A H® and A S°,
of a reaction,

AG® = AH®° — TAS® (14.17)

AH° and AS° as functions of temperature can be obtained through

T
AH® = AHgyy + / AC,dT (14.18)
298K
T
0 0 ACP
AS° = ASSee + —dT (14.19)
298 K

where AC, is the difference between the total heat capacity of the products and the
total heat capacity of the reactants, i.e.,

ACp = (VCCC + UDCD) - (UACA + UBCB) (1420)

where ca, cg, cc, and cp are the molar heat capacities of A, B, C, and D, respectively.
If AC, is constant independent of temperature, we have

AH® = AHSgy + AC,(T — 298) (14.21)
AS® = ASSqr + AC,In—— (14.22)
298 K p 208 .

Therefore, for constant AC,,, we have

AG® = AHSygy — 298AC, + T(AC, — ASSgx + AC,In298) — AC,TInT
(14.23)

The above equation for AG° can be written as a general expression for the standard
free energy change of a chemical reaction:

AG® = a + bT + cTInT (14.24)
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where a, b, and ¢ are constants which are typically listed in thermodynamic tables.
At equilibrium, the driving force D = —AG = 0, and the Gibbs free energy G is
minimized, and thus

G

D = —<—> = (VAMA + VBUB — Vciic — Vpip) = —AG =0  (14.25)
& )1,

Therefore, the direction of a reaction is determined by

G
D= —<—> = VaMA + VBUB — Vclic — Vpip = —AG (14.26)
& )71,

= 0 equilibrium
AG = AG°+ RTInK| < 0 forward (14.27)
> ( backward

14.2 Graphical Representation of Oxidation
Reactions—Ellingham Diagram

Consider an oxidation reaction,
2M(s) + 05 (g) = 2MO(s)

where M is assumed to be a metal with valance of +2 in the oxide. The standard
free energy change of the above oxidation reaction can be written as

AG®° = AH® — AS°T

where the standard enthalpy and entropy changes are given by the enthalpies and
entropies of the reaction reactants and products

AH® = 2HY, — 2HY — HY,

AS® = 2830 — 289 — S5,

The AG?® as a function of temperature is schematically shown in Fig. 14.1. It is
noted that the intercept of AG® with the vertical axis gives the standard enthalpy
change of the reaction. Since the entropy of one mole of gas is usually much larger
than one mole of solid, we have

AS® =283 — 259 — SO, ~ —S9,
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Fig. 14.1 Schematic plot of AG°
standard free energy of
oxidation reaction

AH®

Therefore,
AG®° = AH® + S&T

If AH® and Sg, are assumed to be constant independent of temperature, AG® as
a function of temperature is linear.
For an oxidation reaction at equilibrium

2
AG =0 = AG® + RTIn—"9
ayao,

If we assume metal M and oxide MO are pure solids, the values of their activity
are 1 as we choose pure solids as standard states,

1
AG°+ RTln— =0
Po,

and hence
AG® = RTlnpo, (14.28)

This equilibrium condition can be graphically represented on a diagram, called the
Ellingham diagram. The vertical axis in an Ellingham diagram represents the values
of either AG°(T) or RTInpo,, and the horizontal axis is temperature 7, i.e., we
plot both AG°(T) and RT'Inpo, as a function of temperature for different oxidation
reactions on the same diagram.

To construct an Ellingham diagram, we first plot AG°(T) for the oxidation reac-
tions of interest on a diagram (see Fig. 14.2 for illustration). Since the enthalpy
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Fig. 14.2 Schematic plots of AG°
standard free energy of

oxidation reaction in an

Ellingham diagram

T -

change for an oxidation reaction is negative, i.e., heat is released during an oxidation
reaction, the value of AG°(T) is negative at 0 K and at low temperatures. Therefore,
the top horizontal line of Fig. 14.2 represents the zero value for AG°(T).

14.2.1 O; Scale

We can establish a po, scale on the diagram to represent the variation of partial
pressure of oxygen with temperature as illustrated in Fig. 14.3. We imagine a set
of lines representing RT'Inpo, at a regular interval of po,. However, rather than

Fig. 14.3 Schematic 0 1
illustration of the oxygen
scale in an Ellingham
diagram
10°°
10~ 10
AN
R Po,
\,
\
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Fig. 14.4 Schematic 0
illustration of using an

Ellingham diagram to solve

the equilibrium for an AG°(T,) = RT.Inpo,

oxidation reaction

£
77%
o,

Po,

T. T-

drawing the actual lines of RTInpo,, we label ticks on the po, scale with each tick
representing a particular value of po,, and the line of po, for a particular value po,
can be obtained by linking a given tick and the origin labeled as “O” (illustrated
Fig. 14.3 as dash lines).

Obviously, there are two variables in the equilibrium Eq. (14.28): the partial
pressure of oxygen po, and temperature 7. Therefore, for a given partial pressure of
oxygenpo,, the intersection between the two lines representing AG°(T) = A+ BT
and RTInpo, yields the equilibrium temperature 7,; for a given temperature 7,
the intersection between AG°(T) and the vertical line representing temperature 7'
determines the equilibrium partial pressure of oxygen, po,; see Fig. 14.4. Therefore,
without doing the calculations using Eq. (14.28), one could estimate the equilibrium
temperature between the mixture of metal and oxygen gas and the metal oxide under
a given partial pressure of oxygen or find the equilibrium partial pressure of oxygen
at a given temperature. Above this equilibrium partial pressure of oxygen at the
temperature of interest, the metal will be oxidized, and below it the oxide will be
reduced.

Several observations can be made for an Ellingham diagram. All the AG°(T')
lines are drawn for the oxidation reaction involving the consumption of one mole
of oxygen, and hence most of the AG°(T) lines are approximately parallel to each
other since their slopes are approximately equal to the molar entropy of oxygen gas.
It is also noted that almost all the lines have the positive slope since their slope is
approximately the entropy of one mole of oxygen. However, if a reaction involves
other gases, e.g., 2C 4+ O, = 2CO, the slope is negative since one mole of gas reacts
with two moles of solid produces two moles of gases, and hence the entropy change
is positive, and the slope for AG°(T) is negative in this case.

It should also be noted that when a metal melts, the AS becomes more nega-
tive, and the slope is larger. When an oxide melts, the AS becomes more positive,
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Fig. 14.5 Schematic AG°
illustration of slope changes

of standard free energy of

oxidation as a function of

temperature due to melting

and boiling in an Ellingham

diagram

AH®

T -

and hence the slope is smaller. These slope changes due to melting or boiling are
schematically illustrated in Fig. 14.5.

The Ellingham diagram can also be used to estimate the driving forces for an
oxidation reaction with one oxide to oxidizing a metal and at the same time reducing
itself. For example,

2Pb(s) + 01(g) = 2PbO(s) AGHe (14.29)

2Ca(s) + O,(g) = 2Ca0(s) AGl,0 (14.30)
Subtraction of Eq. (14.29) from Eq. (14.30), we have
2Caf(s) + 2PbO(s) = 2CaO(s) + 2Pb(s) AG° = AGl,o — AGRo

i.e., the driving force for such a reaction can be estimated from the Ellingham diagram
(see the illustration in Fig. 14.6).

14.2.2 H,/H,0 Scale

The partial pressure of oxygen in a system can be controlled using a mixture of
hydrogen gas H, and water vapor H,O. Therefore, in addition to directly using the
oxygen gas partial pressure scale on an Ellingham diagram, one can also construct
a H, /H,O scale. To understand the construction of the H, /H,O scale, let us look at
the reaction,
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Fig. 14.6 Schematic AG°
illustration to obtain the

standard free energy of

reaction by combining two

oxidation reactions on an

Ellingham diagram

AG® = AGE,0- AGPyo

T -

2Hy(g) + O2(g) = 2H,0(g),  AG*(T)

where AG°(T) is the free energy change for the above reaction when all the gases are
at their standard states, i.e., pure gases at 1 bar. If the gases are not at their standard
states, then the equilibrium condition for the above reaction at temperature 7 is

AG(T) = AG(T) + RTInK =0

or

AG(T) = 2RT In 2™ 4 RT In po,

PH,0

We can rewrite the above equation by moving the first term of the right-hand side
to the left-hand side,

(AGO)/(T) = AG°(T) — 2RT In Ph, = RT In po, (14.31)
PH,0

For a given H, /H, 0 ratio, (AG®)’ is only a function of temperature. If AG°(T) is
approximately linear, (A G®)’ will also be approximately a linear function of temper-
ature, which is rotated by a slope of 2R In ( pu,/ szo) from AG°(T). AH,/H;0 scale
can be constructed to represent the (AG®)’ lines at regular intervals of py,/pn,0 as
shown in Fig. 14.7.

The above equation has three variables, temperature 7, H, /H,O ratio, and partial
pressure of oxygen po,. Therefore, if we fix any two of the three variables, we can
determine the third. On an Ellingham diagram, the magnitude of the third can be
estimated if the first two of the variables are specified by looking at the intersections
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Fig. 14.7 Schematic PH,
illustration of Hp/H,O scale PH,0
on an Ellingham diagram
1
AH®
103
(AGO), ...............
2H,(g) + 0,(g) = 2H,0(g) |- 1106
(AG®)'(T) = AGO(T) — 2RT In 112
PH,0
PH, T-
PH,0

of three lines, (AG®)'(T), RT In po,, and T = T, as illustrated in Fig. 14.8. For
example, if we specify py,/pn,0 and temperature, we can draw a line representing
(AG®)(T) for a particular py,/pp,o ratio and another line, a vertical line repre-
senting temperature 7 = T,.. We then draw a line connecting the “O” point repre-
senting the origin of the line RT In po, and the intersection between the (AG®)'(T)
line and T = T, line; we can obtain the equilibrium partial pressure of oxygen, po,
from the po, scale on the diagram by extrapolating the line to the po, scale. On
the other hand, if we specify po, and T, we can estimate py,/pu,0 by connecting
the point “H” representing the origin for the line (AG°)'(T) and the intersection

Fig. 14.8 Schematic
illustration of using an
Ellingham diagram to
determine the
thermodynamic equilibrium
of oxidation using a mixture
of H2 / H20

RN ~10°

Po,
PH,
PH,0
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between the line RT In po, and the vertical line 7 = T; and extrapolate the line to
the pu,/pu,o scale to determine the equilibriumpy, / pu,o0.

14.2.3 CO/CO; Scale

Similar to the H, /H,O scale, one can construct a CO/CO; scale by considering the
reaction

2CO(g) + 02(g) = 2C0O2(g), AG(T)

where AG°(T) is the standard free energy of the above reaction when all the gas
species are at their standard states, and hence pco/pco, = 1. If the gases are not at
their standard states, the equilibrium condition is given by

AG(T) = 2RT In £©

+ RT In Po,
pco,

Now we define

Pco

(G°)(T)=G°(T) —2RT In = RT In po,

Pco,

Following exactly the same discussion as the H, /H,O scale, the construction of
the CO/CO; scale is schematically illustrated in Figs. 14.9 and 14.10.

Summary on the applications of Ellingham diagrams for estimating the equilib-
rium conditions for oxidation reactions:

Fig. 14.9 Schematic Pco
illustration of CO/CO; scale Pco,

on an Ellingham diagram

(AG®)'
2C0(g) + 02(g) =2C02(8) |- 106
(AG®) = AG® — 2RT In£<0
Pco,
Pco T -

Pco,
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Fig. 14.10 Schematic
illustration of using an
Ellingham diagram to
determine the
thermodynamic equilibrium
of oxidation using a mixture
of CO/CO,

103

106

Po, e
Pco
Pco,

e The equilibrium partial pressure of O, at a given temperature 7.

e The equilibrium temperature at a given partial pressure of O;.

e The free energy change for a reaction which is a combination of two oxidation
reactions at a given temperature 7.

e The appropriate ratios, H,/H,O or CO/CO; that will provide a given partial
pressure of O, at a given temperature 7.

e The equilibrium temperature for a given ratio, H, /H,O or CO/CO,, and partial
pressure of O,.

e The equilibrium partial pressure of O, for a given ratio, H, /H,O or CO/CO,, and
a given temperature 7.

14.3 Example

Consider the reaction of H, gas reacts with O, gas to form H, O water vapor. The stan-
dard enthalpy of formation for H,O water vapor at 298 K and 1 bar is —241.8 kJ/mol.
The standard entropies of H, gas, O, gas, and H,O water vapor at 298 K and 1 bar
are 131.0, 205.0, 188.7 J/(K mol), respectively. Please determine the following:

(a) The heat of reaction at 298 K and 1 bar.

(b) The standard entropy change for the reaction at 298 K and 1 bar.

(c) The standard free energy change for the reaction at 298 K and 1 bar.

(d) Thestandard free energy for the reaction as a function of temperature at 1 bar by
assuming that the heat of reaction and the entropy of reaction are independent
of temperature.

(e) The equilibrium partial pressure of oxygen for a fixed ratio of py,/pn,0 = 30
at 2000 K.
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Solution
The reaction equation:

1
Hy(g) + zOz(g) = H,0(g)
(a) The heat of reaction at 298 K and 1 bar is
0 = AH° = —241,800 J/mol

(b) The standard entropy of reaction at 298 K and 1 bar is
0 0 (o} 1 0 1
AS® = Sp0— Sh, — ESOz = 188.7 — 131 — 3 x 205 = —44.8 J/(K mol)
(c) The standard free energy change for the reaction at 298 K and 1 bar is

AG® = AH® — 298 x AS°® = —228,450 J/mol

(d) Assuming the heat of reaction and the entropy of reaction are independent
of temperature, the standard free energy for the reaction as a function of
temperature at 1 bar is given by

AG°® = —241,800 + 44.8T

(e) Ifwefix theratio of py,/pu,0 = 30at 2000 K, the equilibrium partial pressure
of oxygen can be obtained from the following expression,

PH,0
12
PH, pOZ

AG = AG°+ RT In =0

Solving the above equation for the partial pressure of oxygen,
o\’ 2AG°
POZ - <£> eXp< )
PH, RT

< 1 )2 (2 —241,800 + 44.8 x 2000
exp| 2 x

30 8.315 x 2000

Therefore,

Po, =

) =1.25 x 107! par
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14.4 Exercises

10.
11.
12.
13.

The Gibbs free energy difference (G? — G") between products and reactants for
an oxidation reaction of a metal typically becomes increasingly more negative
as temperature increases: true or false?

For an oxidation reaction of a solid metal to form a solid oxide, the entropy
change for the reaction is always positive: true or false?

Thermodynamically, at a given temperature, an oxide is more stable with
respect to metal and oxygen gas at higher partial pressure of oxygen than
lower partial pressure of oxygen: true or false?

Thermodynamically, at a given partial pressure of oxygen, an oxide is more
stable with respect to metal and oxygen gas at higher temperature than low
temperature: true or false?

For the reaction, 4Ag(s) + O,(g) = 2Ag,0 (s), please determine whether
increasing temperature will favor 4Ag(s) + Ox(g) or 2Ag,0.

Is the chemical potential of O, in the air (i) higher; or (ii) equal to, or (iii)
lower than the chemical potential of O, in equilibrium with Ni/NiO at room
temperature?

Ni(s) + 1/204(g) = NiO(s), AG® = —244,550 + 98.5T

One way to control the partial pressure of oxygen is to use a gas mixture of Hj
and H,O. Increasing the ratio of partial pressure of H,O to partial pressure of
H,, i.e., pn,0/ pn,, increases the partial pressure of oxygen in the gas: true or
false?

One way to control the partial pressure of oxygen is to use a gas mixture of CO
and CO,. Increasing the ratio of partial pressure of CO to partial pressure of
CO,, i.e., pco/pco,, increases the partial pressure of oxygen in the gas: true
or false?

Perform a literature search to find the standard Gibbs free energies of reactions
for the oxidation reactions of the following chemical species: Ba, C, Ca, CO,
Cr, Cu, H,, Mg, Ni, Si, and plot them on the same diagram of standard Gibbs
free energy versus temperature.

Add an oxygen scale to the diagram obtained above in exercise 9.
Add a H, /H,O scale to the diagram obtained above in exercise 9.
Add a CO/CO; scale to the diagram obtained above in exercise 9.

Ni is used as an electrode material in multilayer ceramic capacitors. During
fabrication, the dielectric material, BaTiOs5, and internal Ni electrodes are
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usually cofired around 1300 °C. In order to avoid Ni being oxidized during
cofiring, one has to control the partial pressure of oxygen.
Given:

2Ni(s) + Ox(g) — 2NiO(s), AG® = —480.00 + 0.188897 (kI)

2CO(g) 4+ 02(g) — 2CO,(g), AG®° = —565.98 + 0.17289T (kJ)

(a) Determine the maximum partial pressure of oxygen that is allowed in
order to avoid oxidation of Ni at 1300 °C.
(b) If one employs CO/CO, mixture to control partial pressure of oxygen,
determine the minimum CO/CO; ratio to avoid oxidation of Ni at
1300 °C.
14. Given
Reactions AG° (J) Temperature range
2Pb(s) 4+ Ox(g) — 2PbO(s) —438,820 + 201.71T T <601 K
2Pb(l) + Oz(g) — 2PbO(s) —447,380 4 215.57T 601l K<T <1161 K
2Pb(!) + Oa(g) — 2PbO(l) —413,060 + 201.81T 1161 K < T < 1808 K
2Pb(l) + Oa(g) — 2PbO(g) 132,020 + 131.39T 1808 K < T <2017 K

Please do the following:

()

(b)
(©

(d)
(e)
®
(2

()
@

Determine the heat of oxidation and then determine whether heat is
released or absorbed during the oxidation reaction.

Estimate the entropy of one mole of O;.

At ambient atmosphere (oxygen pressure in the ambient is roughly 0.21
bar), calculate the Gibbs free energy change for the reaction.
Determine the equilibrium temperature for the reaction if the partial
pressure of oxygen is 10~!2 bar.

Determine the equilibrium partial pressure of oxygen above
Pb(/)/PbO(s) at 500 K.

Determine the Gibbs free energy change AG for the above oxidation
reaction of Pb at 400 °C and a partial pressure of O at 10~'2 bar.
Determine the equilibrium temperature between Pb(/) and PbO(s) at
10~!2 bar.

Determine the heat of melting of PbO.

If there is approximately no change in the volume of PbO upon melting
(AVy = 0), please estimate the pressure of the triple point of PbO
between PbO(s) — PbO(/) — PbO(g). You may assume there are no
differences among the heat capacities of solid, liquid, and vapor PbO.



Chapter 15 )
Energy Conversions e
and Electrochemistry

All energy conversion devices operate by utilizing differences in thermodynamic
potentials such as differences in temperature, pressure, chemical potential, electric
potential, or gravitational potential. For example, a thermal engine converts thermal
energy to other forms of energy such as electric or mechanical energy. It requires
differences in the thermal potential, i.e., differences in temperature, to convert thermal
energy to other forms of energy. One can drive an electron system out of equilibrium
using solar energy, i.e., the photon energy, as photons entering a crystal can excite
electrons from the valence band to the conduction band or from lower energy states
to higher energy states. The excess electrons and holes arising from the photon
excitation will result in the difference in chemical potentials or Fermi-level between
the electrons and holes and thus chemical driving force which can be converted to
electric energy, the photovoltaic effect. A Li-ion battery operates on the chemical
potential difference between Li in the two electrodes; the chemical energy stored in a
battery can be converted into electric energy during battery discharge, or vice versa,
the electrical energy can be converted to chemical energy during battery charging. A
fuel cell converts chemical energy directly into electric energy through the continuous
supply of fuels such as hydrogen gas as well as oxygen gas. Electric energy is directly
converted to heat when an electric current flows through a material under an electric
potential difference.

15.1 Maximum Work Theorem

For all processes leading from a specified initial state to a specified final state of
a system, the maximum work theorem states that the work delivered by a system
is maximized for a reversible process. For reversible processes, a system and its
surrounding only exchange different forms of energy including thermal energy, but
there are no dissipative processes which involve the conversion of useful energy to
thermal energy through the creation of entropy. The maximum work theorem sets
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the thermodynamic limit on the maximum work that can be delivered in a process
by a system because it is impossible to produce more work than the work produced
by a reversible process. It can be used to compute the maximum (or theoretical)
thermodynamic efficiency of devices such as engines, refrigerators, heat pumps, and
other devices by assuming all the processes involved in a given device are reversible.

15.2 Theoretical Efficiencies of Thermal Devices

Using the first and second laws of thermodynamics and the maximum work theorem,
one can calculate the maximum or theoretical thermodynamic efficiency of an engine,
a machine, or any device involving the conversion between thermal energy and other
forms of energy.

Let us assume that a thermal engine operates between a high-temperature thermal
energy source, i.e., a high thermal potential at T}, and a lower temperature thermal
energy sink, i.e., a low thermal potential at 7). The thermal engine absorbs Qy
amount of thermal energy or heat from the high-temperature thermal energy source,
performs W amount of work, and releases Q) amount of heat to the low-temperature
thermal energy sink. The engine efficiency is defined as the amount of work W that
is performed by the system divided by the Oy, amount of heat withdrawn from the
high-temperature thermal energy source,

w

= — 15.1
on (15.1)

n

Applying the first law of thermodynamics for energy conversation, W = Qy, — 0y,
one has

On— O1
p=2h_ 21

15.2
on (15.2)

From the maximum work theorem, the engine efficiency is maximum when all
the processes taking place in the engine are reversible, i.e.,

] + 9 _ 0 (15.3)

A Stot — _ —
I, 1

Therefore, the maximum or ideal or theoretical engine efficiency is

Ohn— 01 Th—T
= = 154
n o T (15.4)

For the maximum efficiency of a thermal engine, the entropy extracted from the
high-temperature thermal energy source should be equal to the entropy delivered
to the lower temperature thermal energy sink, i.e., there is only entropy exchange
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Fig. 15.1 A
Temperature—entropy T
diagram to illustrate a
reversible or Carnot cycle
T4 - A B
Ii4=D C
| I
| 1
T T >
S, S, S

between the thermal energy reservoirs and the engine, but there is no entropy
produced. For any real thermal engines, they do produce entropy, and the amount of
entropy delivered to the lower temperature thermal energy sink is greater than the
amount of entropy extracted from the high-temperature thermal energy source.

The entropy—temperature diagram (Fig. 15.1) is particularly useful and simple to
illustrate a perfect thermodynamic engine. The entire cycle of a perfect thermody-
namic engine consists of two isothermal (constant temperature) processes and two
adiabatic (constant entropy) processes. According to the diagram, the theoretical
efficiency of the engine is given by

_area ABCD . I — T
"~ area ABS,S, Ty

For example, for a steam engine operating between room temperature 300 and
373 K, the maximum efficiency is given by

_ Thi—T 373300

= ~ 19.6%
Ty 373

n

Based on Eq. (15.4), to achieve maximum efficiency, one wants the temperature Ty,
of the high-temperature heat source to be as high as possible. This is the very reason
that we need high-temperature materials for engines that can retain useful mechanical
properties at high temperatures for a long period of time. This is largely the driving
force for the research and development of superalloys and high-temperature structural
materials for engine applications.

The engine efficiency also increases as the temperature of the low-temperature
thermal energy sink decreases. However, it should be noted that it is impossible to
achieve T} = 0 K. As a result, a certain amount of thermal energy, 1A S, from the
high-temperature thermal energy source has to be transferred to the low-temperature
sink because the temperature of the low-temperature sink 77 cannot be 0 K. This
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means that the amount of energy 71AS from the high-temperature thermal energy
source is not available to do useful work. Therefore, the maximum efficiency of a
thermal engine cannot be 100%. This is equivalent to the Kelvin statement for the
second law of thermodynamics: It is impossible to perform a process whose sole
result is the conversion of heat into an equivalent amount of work.

Using the combination of first and second laws of thermodynamics, one can also
measure the efficiency of devices that move heat from a low temperature to a high
temperature, e.g., refrigerators. Analogously to engine efficiency, one can obtain the
maximum coefficient of performance of a refrigerator by

= & = g (15.5)
w  T,—-T
where Q; is the amount of thermal energy removed from inside the refrigerator, W
is the amount of electric work spent during the process, 7j is the temperature inside
the refrigerator, and T; is the ambient temperature outside the refrigerator. From
Eqg. (15.5), it can be seen that the performance of a refrigerator goes to zero as T
approaches zero, which is why, even using a perfect device that operates through
reversible processes, we cannot create a low-temperature sink at 7} = 0 K.

We can also imagine a heat pump operating to heat a house during winter, which
moves heat from a low-temperature thermal energy source, i.e., outside a house at a
lower temperature, to a high-temperature thermal energy sink, i.e., inside the house.
For the heat pump, the maximum coefficient of performance for a heat pump is

T
n= O _ T (15.6)
w -1
where Qy, is the amount of heat added to the house, W is the amount of electric work
required for the process, 7; is the temperature inside a house, and 7j is the outside
temperature.

15.3 Voltage Derived from Light-Excited Electron—Hole
Pairs: Photovoltaic Effect

The most abundant energy source is the energy irradiated from the sun, i.e., the solar
energy. The photovoltaic effect is defined as the creation of an electric voltage and
electric current in a solid under the exposure to light. The operation of a photovoltaic
cell involves the adsorption of light to generate charge carriers, separation of carriers,
and then collection of carriers at electrodes. It involves the conversion of solar energy
to chemical energy and then chemical energy to electric energy.

Typical materials for solar cells are semiconductors. Under sunlight, the electrons
in the valence band of a semiconductor absorb light energy and are excited to the
conduction band. The process of light absorbed in a semiconductor to create an
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electron—hole pair can be expressed as a reaction process,

photon

Null 2225 &= 4+ ht (15.7)

During this process, the solar energy is converted to chemical energy stored in the
electron system. In order for the conversion to take place, the energy of a photon must
be higher than the band gap of the semiconductor. The excited electrons establish
equilibrium with the lattice by transferring their kinetic energy to the phonons. Some
of the electrons and holes will recombine and annihilate, resulting in light emission.
The amounts of electrons and holes in a semiconductor under light are determined
by the rates of electron—hole pair creation and recombination. Therefore, this is not
a thermodynamic equilibrium system since the concentrations of both electrons and
holes are higher than their equilibrium values. It is precisely the nonequilibrium
nature of the electron system that can be utilized to convert the chemical energy to
electric energy. Here we simply discuss how to determine the available amount of
thermodynamic chemical energy.

At thermodynamic equilibrium for the electron system,

0 = pe + un = Efe — En

where (1. and puy are chemical potentials of electrons and holes, and Eg, and Ey, are
the Fermi levels of electrons and holes. Ef. and Ep, are equal at equilibrium. For
an intrinsic semiconductor, the Fermi level is at or near the middle of the band gap,
whereas the Fermi level in an n-type of semiconductor is close to the bottom of the
conduction band, and the Fermi level in an p-type of semiconductor is close to the
top of the valence band.

Under light, excess electrons and holes are generated above their equilibrium
values, Er. and Eg, are no longer equal, and they are usually called quasi-Fermi
levels. The higher the electron concentration, the closer the Ef moves toward the
conduction band edge, E., and the higher the hole concentration, the closer the Ey,
moves toward the valence band edge E,. The difference between the Fermi level of
electrons and that of holes, Er. — Ep, is the magnitude of chemical energy stored
per electron—hole pair that is available to be converted to electric energy if one could
separate the flow of electrons and holes and collect them at two different electrodes.
Therefore, the maximum voltage A ¢ that can be derived from this chemical energy
Efe — th is

Er. — E
Ap = % (15.8)

where e is the amount of elemental charge of an electron. Assuming Boltzmann
distributions for the electrons and holes at electron energy levels, we have
Er —Em E,

kg T
A¢=—:_+B_lnﬂ

15.9
e e e N.N, ( )
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where E, is the band gap for the semiconductor, kg is the Boltzmann constant, and
N, and N, are the electron density of states at the conduction band edge and at the
valence band edge, respectively. Equation (15.9) can be rewritten as

Ap = Eln[(”-g) (Eﬂ (15.10)
e nS )\ np

where n? and ny are the equilibrium concentrations of electrons and holes at a given
temperature in the dark. For an n-type semiconductor, ng >> np. Under light, n. ~ ng
and ny, >> np. Therefore, for a n-type semiconductor,

ks T
Ad ~ B—1n<”—‘;> (15.11)
e ny

Similarly, for a p-type semiconductor, np > n2. Under light, n. > n? and nj, ~
ny, and hence, for a p-type semiconductor,

kT . (e
A ~ B—1n<”—> (15.12)
e

o
ne

15.4 Electrochemical Reactions and Energy Conversion

For conversion of chemical energy to electric energy, there must be a chemical
potential difference in order to convert available chemical energy to other forms of
energy. Let us consider a general chemical reaction,

va, Al +va,Ay+ - =g, B+, By + - (15.13)

where Aj, Ay, ... are reacting species, and By, B,, ... are product species. Since the
amounts of different chemical elements contained in the reacting species are exactly
the same as the amounts of the corresponding chemical elements contained in the
product species, one can also compare the Gibbs free energy, which, in this case, can
be considered as the total chemical potential of the products and that of the reactants
to determine the magnitude of the chemical driving force for the reaction,

D=-AG= (VAll-’LVAl + vAzll/l)A2 +-- ') - (VB1MVB] + UBZMVBZ + - ') (15'14)

When a chemical reaction reaches equilibrium, the chemical energy (the Gibbs
free energy or more precisely the total chemical potential) of the reactants is the same
as the chemical energy (or total chemical potential) of the products (Fig. 15.2), i.e.,
the chemical driving force D for the chemical reaction is consumed

D=-AG=0
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Fig. 15.2 Chemical reaction A
at equilibrium

»

Reaction Coordinate

Therefore, when a reaction is at equilibrium, there is no more chemical energy
available to be utilized to do any useful work.

For chemical reactions that are not at equilibrium, there are chemical driving
forces (Fig. 15.3) (D = —AG > 0) that can potentially be converted to other forms
of energy. In a normal chemical reaction, the amount of chemical energy —AG is
simply converted to thermal energy in the form of heat through the production of
entropy. However, rather than converting to heat, the chemical energy difference
between the reactants and products can be converted to other forms of useful energy
if the chemical reaction is controlled in such a way that it would permit such a
conversion.

Below we mainly discuss the conversion of chemical energy to electric energy and
vice versa. To connect chemical energy with electric work, let us look at what is going
on in a chemical reaction. Chemical reactions, by definition, involve charge transfers
due to the difference in the chemical potential of electrons in different elements
or molecules, i.e., electrons move from those elements or molecules with higher
chemical potential of electrons to those with lower chemical potential of electrons.

Fig. 15.3 Chemical reaction A
not at equilibrium G

VBlBl + VBZBZ + -

»
>

Reaction Coordinate
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As a result, the electric potential distribution around the elements or molecules will
also readjust until the electrochemical potential of the valence electrons is equalized.
The total electrochemical potential of the reaction products should be lower than
that of the reactants, which is the Gibbs free energy change for the reaction. For
example, for the well-known reaction of hydrogen gas H, with oxygen gas O, to
produce water, H,O,

1
H, + 502 = HjO* (15.15)

This reaction involves electron transfer from H to O because the chemical potential
of electrons in the hydrogen molecules is higher than that in the oxygen molecules. As
aresult of electron transfer from hydrogen to oxygen, the hydrogen atoms have a net
positive charge, and oxygen atoms have a net negative charge, which inhibits further
electron transfer. The electron transfer stops when the electrochemical potential of
electrons is equalized within a H,O. The chemical potential jup,o of reaction product
H,O is lower than the total chemical potential puy, + (1/2)uo, of the reactants
H,+1/20,, and the difference py, +(1/2) (o, — n,o is the driving force D = —AG
for the reaction.

Instead of direct electron transfer between atoms or molecules, one could alter-
natively consider the above reaction in two steps to accomplish the electron transfer
process. One is the reduction reaction, a reaction consuming electrons,

1
502 +2¢” =0 (15.16)
and the other is an oxidation reaction, a reaction producing electrons,
H, + 0>~ = H,0 + 2¢~ (15.17)

The overall reaction is
1
H, + 502 = H,O (15.18)

The above analysis implies that if we physically separate the reaction (15.18)
into the above two separate reactions (15.17) and (15.16), the reaction requires both
electronic and ionic transfers between the two reactions to accomplish the overall
reaction. Therefore, if one can design an apparatus to separate the ionic transport
and electronic transfer during a chemical reaction, one could draw electricity out of
a chemical reaction from the electron transfer process. This is the principle of an
electrochemical cell, in this particular example, a fuel cell. A fuel cell is a device that
converts the chemical energy of a fuel, e.g., H,, into electricity through a chemical
reaction with oxygen. Continuous operation of fuel cells requires a constant supply
of fuel and oxygen. A schematic fuel cell is illustrated in Fig. 15.4. The fuel is H,. It
contains an electrolyte that only conducts ions, the oxygen ions in this case, but not
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Fig. 15.4 Illustration of a e - e
H, fuel cell
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electrons, and two electrodes, cathode and anode. The two separate reactions, called
electrode reactions, take place at the interfaces between the electrolyte and the two
electrodes. The electrode at which the reduction reaction takes place is the cathode,
and the electrode at which the oxidation reaction takes place is the anode.

Another example is the following reaction,

Li,C + CoO, <« C(graphite) + Li,CoO, (15.19)
The driving force for the reaction is

D = —AG = pri,c + Hcoo, — HC — HLi,CoO, (15.20)

Li atoms have lower chemical potential in CoO, than in graphite, and hence there
is a finite driving force for the reaction. If we can separate the above reaction into
two separate reactions, one is the reduction reaction,

Co0, + xLit + xe~ = Li, Co0O», (15.21)
and the other is the oxidation reaction,
Li,C = C+ xLi" + xe™, (15.22)

we can convert chemical energy to electric energy or vice versa. This is the thermo-
dynamic principle of Li-ion batteries. In this case, CoO, at which reduction reaction
takes place is the cathode, and graphite at which the oxidation reaction takes place is
the anode. A schematic drawing of the components in a lithium-ion battery is shown
in Fig. 15.5.

Li-ion batteries are rechargeable batteries which can restore the original compo-
sition of the electrodes by connecting the battery to an external electric power source
(Fig. 15.5). During discharging, the chemical energy is converted to electric energy,
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Fig. 15.5 Tllustration of a —e”
Li-ion battery
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and during charging the electric energy is converted to chemical energy. When a
battery is fully discharged, all the lithium atoms are in the cathode.

15.4.1 Electrode Reactions and Electrode Potentials

It is reminded that electric potential is the amount of electric energy per unit of
electric charge with the ST unit of Volt (V) while chemical potential is the chemical
energy (Gibbs free energy in Joule) per mole or per particle of matter such as atoms
and electrons. The total potential for a charge species such as electrons and ions is the
electrochemical potential. For example, the electrochemical potential i, of electrons
is given by

e = pte — F¢ (15.23)
where F is the Faraday constant 96,480 C/mol, i is the electron chemical potential

(in unit of G = J/mol), and ¢ is the electric potential.
For the fuel cell example in the last section, the reaction at the cathode is

1
502 +2e” - 0* (15.24)

Since the reaction involves electrons and ions, at equilibrium the total electro-
chemical potential of the reactants is equal to that of products, i.e.,

1 ~C ~C
SHo, 20 = figy. (15.25)
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where i and [Lf)z, are the electrochemical potentials of electrons and O®~ at the
cathode, respectively. In terms of chemical and electric potentials in the electrolyte
solution and electrode, we have

1 C C C C C
EMOQ + 2“’6 - 2‘7:(1)‘3lectrode = 'U“OZ* - 2J:¢electrolyte (1526)

where ¢§lectmlyte is the electric potential on the electrolyte side of the elec-
trode/electrolyte interface at the cathode, and ¢, ..q. 1S the electric potential at the
electrode side of the cathode/electrolyte interface. Rearranging the above equation,
we have

1
2J:(¢§1ectrode - ¢§lectr01yte) = _<ME)2 - z“%z - 2“2) (1527)

Therefore, the electric potential drop from electrode to electrolyte across the
electrode/electrolyte interface at the cathode at equilibrium, i.e., the cathode electrode
potential E€, is given by

1,,c c
(1 =315, —208)  ae
Ef = <¢glectr0de - (pgleclrolyte) = 2F = - o F (1528)

where AG® is the Gibbs free energy (or total chemical potential) change for the
cathode reaction (Eq. 15.24).
The reaction at the anode of the fuel cell is

H, + 07 — H,0 + 2e” (15.29)
At equilibrium for the anode reaction,

Iu“?lz + Maoz— - 2‘7:¢:16(:tr01yte = Milzo + 2““2 - 2‘ﬁv‘l)cglectrode (15.30)

where .oy IS the electric potential at the electrolyte side of the elec-
trode/electrolyte interface at the anode, and @2, 4. 1S the electric potential on the
electrode side of the anode/electrolyte interface. Rearranging the above equation, the
voltage drop from electrolyte to electrode across the electrode/electrolyte interface
at the anode is

a a a (M%IZO +2ue - M%IZ B Mgk) AG*
E* = (¢electrolyte - ¢e1ectrode> =- 2F == 2F
(15.31)

where AG? is the Gibbs free energy (or total chemical potential) change for the
anode reaction.
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For a Li-ion battery cell with CoO; as cathode and graphite as anode, the overall
reaction is

Li,C + CoO,; = C + Li,CoO,, (15.32)
and the two electrode reactions are

Co0; + xLi* + xe~ = Li,CoO, at cathode (15.33)

Li,C = C 4+ xLi™ 4+ xe™ at anode (15.34)

At equilibrium, the voltage drop from electrode to electrolyte at the elec-
trolyte/cathode interface is

L . Co0, T+ X[ i+ X UG — [ALi,CoO, AG®
E" = d’electrode - ¢electr01yte = xF = xF
(15.35)

The voltage drop from electrolyte to electrode at the anode is

. MLi,c — e — XUT o — XUE AG?

=— (15.36)

Ea — a _ —
electrolyte electrode xF xF

15.4.2 Standard Hydrogen Electrode (SHE) and Standard
Electrode Potential

To define and quantify the voltage drop across an electrode/electrolyte interface, the
standard hydrogen electrode is usually chosen as the reference electrode. The stan-
dard hydrogen electrode is a platinum electrode with an ideal electrode/electrolyte
interface where the activity of H' is 1, and the fugacity or pressure of hydrogen gas is
at 1 bar. Its potential jump across the electrolyte—electrode interface serves as a refer-
ence for all other electrode reactions, i.e., the standard hydrogen electrode potential
is set to be zero volt at equilibrium, and the potentials of any other electrodes are
measured relative to the standard hydrogen electrode at the same temperature.
For the hydrogen electrode reaction

2H" +2e”(Pt) — H, (15.37)
At equilibrium,

Qi+ + 248 = up, (15.38)
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where i+ and i are the electrochemical potentials of HT and electrons. The
electric potential drop across the electrode/electrolyte interface at the electrode is
given by

e Wi, =24 — 28 RT . p,

E — =__ — —In—= (15.39
Ha/HY 2F 2F 2F g, 1999
If we define

gy, — 200, — 2ult
Egyg = —— 2;_. £ (15.40)
We have
RT sz
EHZ/H+ = EgHE - F ln E— (1541)

ay+

Now we set the standard potential EJ,, = 0, the electrode potential of the
hydrogen electrode at nonstandard conditions is given by

E RT 1 ay+
+ = —=1In
Hy/H 2F  pu,

(15.42)

The standard electrode potential of Li relative to the standard hydrogen electrode
is given by

Lit + e — Li(s), E°=—3.04V (15.43)

A negative value for the standard potential for Li indicates that it is more difficult
to reduce Li™ to Li metal than H™ to Hy, or it is easier to oxidize Li than H,.

The standard electrode potential of oxygen relative to standard hydrogen electrode
potential is

0, +4H" +4e~ — 2H,0, E° =123V (15.44)

15.4.3 Cell Reactions and Cell Voltage

An electrochemical cell consists of a cathode, an anode, an electrolyte, a separator
separating the cathode and anode, and metallic contacts to an external device. A
schematic example of a cell using a short-hand notation is given by

M2(D)[Pt{H,, HT M 15T M 1|M2(II) (15.45)
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where M1 is a metallic electrode, M1** is the corresponding ion of valence z, and
M2(I) and M2(II) are the metallic connects of the same metal M2 to an external
device. A vertical line represents a phase junction, and double vertical lines represent
a separator in the electrolyte.

Any two materials in contact create a contact electric potential to achieve uniform
electrochemical potential of electrons if the electrons are allowed to move from one
material to another due to their chemical potential differences in the two materials,
while the ion cores are fixed.

At the junction M1|M2(1II), at equilibrium

e (M2) < e (M1) (15.46)

Mg/u(n) — FM2 — Mle\’ll — FM! (15.47)

where uM2UD and M! are chemical potentials of electrons in metal M2 and elec-
trode M1, respectively, and ¢M2D and ¢M! are electric potentials in M2 and M1,
respectively. Hence the potential drop at the junction M1|M2(II) at equilibrium is

M2 __ ,,Ml M2(II)
(S

Mi
M2 _ g1 He He _H _He (15.48)

F F F

For the electrode reaction at M1**|M1 electrolyte/electrode interface at equilib-
rium,

M1+ + ze~(M1) = M1 (15.49)

e +Zf¢eleclrolyle + Z’Mg/[l _ Zf¢Ml = uMm1 (1550)

where pyz+ and fuy are chemical potentials of M1¢t and M1, respectively, and
pelectolve g the electric potential in the electrolyte. The electrode potential for
M1%*t|M1 is then

q;)electrolyte — M=t + e — MM — Hmist = v =+ ML (1551)

Ml _
¢ zF zF F

For the Pt electrode at equilibrium,

2H" +2e¢” (Pt) <> Hy (15.52)

2“]—[* 4 2f¢EleCtr01yte 4 ZMEPE _ 2f¢Pl = Uy, (1553)

where py+ and g, are chemical potentials of HT and H,, respectively, and MSE is
the chemical potential of electrons in Pt. Therefore, the Pt electrode potential is
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pElectrolyte _ Pt _ Py = 2pr p (15.54)

2F F

At the M2(I)|Pt junction at equilibrium,

e (Pt) < e (M2) (15.55)

uPt — FPt =  M20 _ F M2 (15.56)

where ¢ and ¢M?>® are electric potentials in Pt and the left metallic contact M2,
respectively. Hence, the potential drop at this junction is

Pt M2(I)
P _ o) _ He _ He 15.57
o —9¢ T 7 (15.57)
Summing up the Eqgs. (15.48), (15.51), (15.54) to (15.57), we have
¢M2(II) . ¢M2(I) — 2umiet + ZMH, — 2umi — 2z (15.58)

2z F

Therefore, the open-circuit voltage or potential drop for the entire cell is indepen-
dent of the chemical potentials of electrons in electrodes or in the metallic contacts
as long as the two metallic contacts are the same metal M2.

Now consider the overall cell reaction by combining the two electrode reactions,

2H" +2e~ (Pt) < H, (15.59)
MI*T + ze~ (M1) = M1 (15.60)

The overall reaction is
2M1*t + zH, = 2M1 + 2zH* (15.61)

The thermodynamic driving force for the above overall reaction is
D = —AG = 2uy+ + zpn, — 2pum1 — 2zpy+ (15.62)

Comparing Eqs. (15.58) and (15.62), we have the relation between the thermo-
dynamic driving force and the open-circuit electric voltage of an electrochemical
cell,

D AG
= =7 (15.63)

E — oM2aD) _ gM2(0) _
¢ ¢ 2z F 2zF

where 2z represents the number of moles of electrons involved in the reaction.



446 15 Energy Conversions and Electrochemistry
For a general chemical reaction
VA]AI + UAzAz = VBIBI + UBZBZ (1564)

which involves the transfer of z moles of electrons. The chemical energy or the Gibbs
free energy change for the reaction is

VB, VB,

B, "B,

VAI VAZ
ClA] ClA2

AG = AG°+ RT In = AG°+ RTInK (15.65)

Therefore, the voltage variation with activity is given by

_po_ RT
E=F InK (15.66)
zF

which is often referred to the Nernst equation. E° in the above equation is the standard
cell voltage when all the species involved in the reaction are in their standard states,
AG°
zF

E°=—

(15.67)

where AG?° is the standard Gibbs free energy of reaction involving z moles of
electrons.
For example,

1
Hx(g) + EOZ(g) = H0() (15.68)

AG° = —237.2 kJ at room temperature. Hence,

po— _ACT_ —237200 23V (15.69)
T zF T 2x96,480 ‘

15.4.4 Standard Cell Voltage from Standard Electrode
Potentials

The standard electrode potentials for many electrode reactions with respect to the
standard hydrogen electrode are available in the literature. Therefore, the standard
voltage of an electrochemical cell can be obtained from the standard electrode
potentials. For example,

4H" +4e~ (Pt) < 2H,, E° =0 (15.70)
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0, +4H" +4¢~ — 2H,0, E° =123V (15.71)
Therefore, the standard cell voltage for the overall reaction,
2H, + 0, = 2H,0, E°=1.23V (15.72)

As a matter of fact, as long as the electrode potentials for the two electrodes are
measured against the same reference electrode, one can combine the two electrode
potentials to obtain the overall cell potential. For example, using metallic Li as the
reference electrode, the CoO, cathode electrode potential is given by

Co0, + xLi* +xe” =Li,Co0,, E=-39V (15.73)
The graphite anode electrode potential is
C+xLi" +xe” =Li,C, E=-02V (15.74)
Therefore, the cell voltage for the overall reaction for the Li-ion battery is

Li,C + CoO, = C 4+ Li,Co0O,, E=-3.7V (15.75)

15.4.5 Temperature Dependence of Cell Voltage

The temperature dependence of a cell voltage can be obtained by the temperature
dependence of the Gibbs free energy of the overall chemical reaction,

90E 1 3AG _ AS

- = = — 15.76
oT zF oT zF ¢ )

where AS is the entropy change for the overall reaction. If all the reaction species

are at their standard states,

IE®  AS°
oT ~ zF

(15.77)

i.e., the temperature coefficient of a cell is proportional to the entropy change. The
heat involved in a cell is given by

IE
O=AH=AG+TAS = —zf(E - Ta—T) (15.78)
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15.4.6 Voltage Derived from Chemical Composition
Difference

A chemical composition difference leads to a chemical potential difference that can
be converted to a voltage by designing an electrochemical cell. For example, let us
consider two Zn-based alloy electrodes. Either the difference in the activity of Zn in
the two Zn-based alloy electrodes or the concentration difference of Zn ions near the
cathode and anode leads to a chemical potential difference in Zn or Zn ions and thus
a voltage (Fig. 15.6). For this cell, the half-cell reactions are

Zn() = Zn>*t (1) 4+ 2e (1)
Zn** (1) + 2~ (I) = Zn(II)

The overall reaction is
Zn(I) + Zn>*T (1) + 2e~ (I1) = Zn(I) 4+ Zn** (1) 4+ 2e~ (1)
At equilibrium,

1 I I I I I 1
Hzn + /LG“ + 2‘7:¢electrolyte + zﬂe - 2‘F(peleclrode = Kz + Mzn2+
I I 1
+ 2]:¢electrolyte + 2“’6 - 2‘7:¢electr0de

The contribution of chemical potentials of electrons disappears if external metallic
connections of the same metal are considered. Therefore, the cell voltage

I II II 1
('U“Zn - H“Zn) + (/LGu - Mzn2+)
E= (bgectrode - ¢£lectrode = F (15.79)

In terms of activities of Zn and Zn ions,

Fig. 15.6 Illustration of a /\-,\
concentration Zn(D) | Y J_Zn(ll)

electrochemical cell

Zn?* () Zn* (1)
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RT . ayal,,
E = F In aH aIn (1580)
In"zn2+
If both electrodes are pure Zn, we have
RT "
E=-—ln 2t (15.81)
Azt

Therefore, if one of the two activities, aIZn2+ or agnH , is known, we could use this

concentration cell to measure the other activity by measuring the cell voltage.
On the other hand, if the Zn ion concentrations are uniform in the electrolyte, we

have

RT . a,
E=_——In—F (15.82)
2F  ay,

If Zn'! is pure, and Zn' is an alloy, the activity of Zn in the alloy as a function of
voltage is given by

PG (15.83)

Therefore, one can use a concentration cell to measure the activity of a species
in an alloy as a function of composition using an electrochemical cell by measuring
the cell voltage.

15.4.7 Voltage Derived from Partial Pressure Difference

For gases, a partial pressure difference leads to a chemical potential difference from
which a voltage can be derived. Such a voltage can in turn be used to measure the
partial pressure of a gas, e.g., oxygen gas. An electrochemical cell is schematically
shown in Fig. 15.7. The solid electrolyte Y,03—ZrO, conducts oxygen ions. Such a
cell typically uses two porous Pt electrodes to allow oxygen gas to permeate through
and react at the electrode/electrolyte interfaces. The two half-cell reactions are

O, (I) + 4e~ (1) = 20%*~ (1)
207" () = Oz (D) + 4e™(I)

The overall reaction is

0, (I) 4 4e~ (I1) 4+ 20*~ (I) = O, (1) + 4e~(I) + 20>~ (1)
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Fig. 15.7 Illustration of an
O, gas sensor Pt Pt
Y,05 — ZrO,
I II
sz( ) - o Poz( )
Electrolyte
GEWO)
N

At equilibrium
11 11 11 1 1 1 1
'U“OZ + 4“6 - 4]:¢electr0de + 2“’02* - 4‘7:¢electrolyte = H’Oz + 4“’6
1 1I 11
—4F ¢electr0de + 2“02* —4F (pelectrolyte

The chemical potentials of electrons disappear when external metallic contacts

: : I 1 1 1l
are considered. Assuming (L, = K-> AN Pejegirotye = Pelectrolyie> WE have

I 1 I I
/’LOZ —4F ¢electr0de - /’LOZ —4F ¢eleclr0de

The cell voltage due to the difference in the partial pressure of oxygen at the two
electrodes is given by

1 11 1
1l I Ho, = Mo, RT = po
E= ¢eleclr0de - ¢electr0de = _24—f = _E In puz (15.84)
0O,

Therefore, if one of the two partial pressures of oxygen is known, the partial
pressure of oxygen at the other electrode can be determined by measuring the cell
voltage.

15.5 Exercises

1. When a system undergoes an isothermal expansion, the relationship between
the amount of work delivered by a reversible process (W;) and that by an
irreversible process (Wj;) going from the same initial state to the same final
state is
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10.

11.

12.

(A) W, < Wi, B) W, = Wy, (C) W, > W, (D) Cannot be determined

For an engine to reach the ideal, maximum thermodynamic efficiency, all the
processes involved in the engine cycle have to be reversible, true or false?

The higher the temperature of the high-temperature heat source, the higher
a thermal engine efficiency is, true or false?

For an engine operating between a high-temperature heat source at 1500 K
and a low-temperature heat sink at 300 K, what is the maximum possible
efficiency?

For a refrigerator, the inside temperature is controlled at 277 K, and outside is
295 K. What is the maximum amount of heat that can be removed from inside
of the refrigerator and released to outside with 1 J of electric work?

For a refrigerator, the inside temperature is controlled at 0.1 K, and outside is
295 K. (i) What is the maximum coefficient of performance for the refrigerator?
(i) What is the minimum amount of electric work required to remove 1 J of
heat from inside the refrigerator?

Consider a house that needs to be maintained at temperature 25 °C at all times.
The house is believed to be losing heat at 150,000 kJ/h when the temperature
outside is 0 °C. Determine the minimum power needed, in kW, to operate a
heat pump to keep the house at 25 °C.

Consider using an electrochemical cell to measure the oxygen partial pressure.
The reference partial pressure of oxygen corresponds to that in the air. Write
an expression for the partial pressure of oxygen to be measured as a function
of temperature and the cell voltage measured.

An electrochemical cell was built using pure Cu and an equilibrium Ag—Cu
alloy with an overall 50 atom% of Cu as electrodes with some fused salt as
electrolyte which has uniform Cu®* concentration.

(a) Write down the two half-cell reactions at the two electrodes.

(b) Assume that Cu behaves in a Raoultian manner in the Cu-rich solid
solution with equilibrium composition of xo2™ " = 0.98, what is the
cell voltage at 600 °C?

Is the chemical potential of lithium in pure lithium metal exposed to air at
room temperature (i) higher; or (ii) equal to, or (iii) lower than the chemical
potential of lithium in Li,O at room temperature and 1 bar in the air?

Is the chemical potential of lithium in pure lithium metal at room temperature
and 1 bar (i) higher; or (ii) equal to, or (iii) lower than the chemical potential
of lithium in LiFePO, at room temperature and 1 bar?

Is the chemical potential (or Fermi level) of electrons in pure lithium metal in
the air (i) higher; or (ii) equal to, or (iii) lower than the chemical potential
(Fermi level) of electrons in Li,O in the air at room temperature and 1 bar?
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13.

14.

15.

16.

17.

18.

19.

20.
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Is the chemical potential of lithium in pure solid lithium metal at room tempera-
ture and 1 bar (i) higher; or (ii) equal to, or (iii) lower than the chemical potential
of pure solid lithium at 0 °C and 1 bar?

If you design an electrochemical cell using pure lithium metal and LiFePO,
as two electrodes, which one would you label as cathode and which one as
anode?

If you design an electrochemical cell using pure lithium metal and LiFePO4
as two electrodes, write down the two electrode reactions.

If the open cell voltage of a Li-ion battery is 3.2 V, what is the chemical
potential difference of Li in the two electrodes (the Faraday constant F is
96,480 C/mol)?

Write down an expression for the open-circuit voltage for an oxygen—hydrogen
fuel cell as a function of temperature, partial pressure of hydrogen, partial
pressure of oxygen, and activity of water.

The standard electrode potentials with respect to the standard hydrogen

electrode for the following reactions are given by

CO,(g) +2H" +2¢~ — CO(g) + H,O(l), E°=-0.11V
0,(g) +4H" +4e~ — 2H,0(l), E° =123V

What is the theoretical standard voltage that one can generate if a fuel cell
employs CO as a fuel?

The standard electrode potentials with respect to the standard hydrogen
electrode for the following two electrode reactions are given below:

Lit + e~ — Li(s), E°= —3.0401V
Lit 4+ C¢(s) + e~ — LiCg(s), E°=—2.84V
Determine the standard voltage for the overall reaction.
For the two electrode  reactions for the Daniel cell,
Zn(s)IZn**(aq, 1IM)IICu?* (aq, 1M)ICu(s)
Zn*t +2e” — Zn(s), E°=—0.7618 V
Cu** +2¢~ — Cu(s), E°=+0337V

(a) Determine the standard cell voltage.
(b)  Express the cell voltage as a function of activities of Zn*>* and Cu**.
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