_—

- Chemical Engineering Methods and Technology 5

Chemistry and
Chemical
Engineering
Research Progress

A. K. Haghi

Editor




CHEMICAL ENGINEERING METHODS AND TECHNOLOGY

CHEMISTRY AND CHEMICAL
ENGINEERING RESEARCH PROGRESS

No part of this digital document may be reproduced, stored in a retrieval system or transmitted in any form or
by any means. The publisher has taken reasonable care in the preparation of this digital document, but makes no
expressed or implied warranty of any kind and assumes no responsibility for any errors or omissions. No
liability is assumed for incidental or consequential damages in connection with or arising out of information
contained herein. This digital document is sold with the clear understanding that the publisher is not engaged in
rendering legal, medical or any other professional services.



CHEMICAL ENGINEERING METHODS
AND TECHNOLOGY

Additional books in this series can be found on Nova’s website under the Series tab.

Additional E-books in this series can be found on Nova’s website under the E-books tab.



CHEMICAL ENGINEERING METHODS AND TECHNOLOGY

CHEMISTRY AND CHEMICAL
ENGINEERING RESEARCH PROGRESS

A.K. HAGHI
EDITOR

Nova Science Publishers, Inc.
New York



Copyright © 2010 by Nova Science Publishers, Inc.

All rights reserved. No part of this book may be reproduced, stored in a retrieval system or
transmitted in any form or by any means: electronic, electrostatic, magnetic, tape, mechanical
photocopying, recording or otherwise without the written permission of the Publisher.

For permission to use material from this book please contact us:
Telephone 631-231-7269; Fax 631-231-8175
Web Site: http://www.novapublishers.com

NOTICE TO THE READER

The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or
implied warranty of any kind and assumes no responsibility for any errors or omissions. No
liability is assumed for incidental or consequential damages in connection with or arising out of
information contained in this book. The Publisher shall not be liable for any special,
consequential, or exemplary damages resulting, in whole or in part, from the readers’ use of, or
reliance upon, this material. Any parts of this book based on government reports are so indicated
and copyright is claimed for those parts to the extent applicable to compilations of such works.

Independent verification should be sought for any data, advice or recommendations contained in
this book. In addition, no responsibility is assumed by the publisher for any injury and/or damage
to persons or property arising from any methods, products, instructions, ideas or otherwise
contained in this publication.

This publication is designed to provide accurate and authoritative information with regard to the
subject matter covered herein. It is sold with the clear understanding that the Publisher is not
engaged in rendering legal or any other professional services. If legal or any other expert
assistance is required, the services of a competent person should be sought. FROM A
DECLARATION OF PARTICIPANTS JOINTLY ADOPTED BY A COMMITTEE OF THE
AMERICAN BAR ASSOCIATION AND A COMMITTEE OF PUBLISHERS.

LIBRARY OF CONGRESS CATALOGING-IN-PUBLICATION DATA
Chemistry and chemical engineering research progress / editor, A.K. Haghi.

p. cm.
Includes index.

ISBN 978-1-61942-237-7 (eBook)

1. Composite materials. 2. Chemistry. 3. Chemical engineering. 1.
Haghi, A. K.

TA418.9.C6C444 2009

660--dc22

2010015594

Published by Nova Science Publishers, Inc. 4 New York



Preface

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

CONTENTS

Using Accelerated Ageing Process to Predict the Archival Life
of Cellulose Nitrate Based Materials and Historical Objects
A. Hamrang

Degradation Studies of Cellulose Esters Using Peak Ratio
Measurement Technique
A. Hamrang

HIPing of Encapsulated Electrically Conductive ZrO,-based
Composites

Sedigheh Salehi, Omer Van der Biest, Jef Vieugels,

Marc de Prez Alfons Bogaerts and Patrick Jacquot

Nanoparticle Finishes Influence on Color Matching of Cotton
Fabrics

G. Rosace, V. Migani, C. Colleoni, M.R. Massafra

and E. Sancaktaroglu

Removal of Chromium(VI) Ion From Aqueous Solutions Using
Acid Modified Rice Husk

S.M. Mirabdolazimi, A. Mohammad-Khah, R. Ansari

and M.A. Zanjanchi

Lattice Parameters of Calcite in the PT-Plane to 7.62 kbar
and 533°C
Michael J. Bucknum and Eduardo A. Castro

vii

17

29

45

55



vi Contents

Chapter 7 A Closer Perspective of Processing and Properties of Swing
Threads 67
Ashkay Kumar and M. Subramanian Senthil Kannan

Chapter 8 Impact of Different Stages of Yarn Spinning Process on Fibre
Orientation and Properties of Ring, Rotor and Air-jet Yarns 89
Ashkay Kumar and S.M. Ishtiaque

Chapter 9 Y,05-Nd,O; Double Stabilized Zro,-Ticn (60/40) Nano-Composites 137
S. Salehi, K. Vanmeensel, B. Yiiksel, O. Van der Biest,
and J. Vleugels

Chapter 10 Y,05; And Nd,05 Co-Stabilized Zro,-WC Composites 151
Sedigheh Salehi, Omer Van der Biest and Jef Vieugels

Chapter 11 Electro-Conductive Zro,-Nbc-Tin Composites Using Nbc
Nanopowder Made By Carbo-Thermal Reaction 161
S. Salehi, J. Verhelst, O. Van der Biest, J. Vieugels

Chapter 12 On the Pyrolysis of Polymers as a Petrochemical Feedstock
Recovery Route 175
S. M. Al-Salem and P. Lettieri

Index 231



PREFACE

The collection of topics in this book aims to reflect the diversity of recent advances in
chemistry and chemical engineering with a broad perspective which may be useful for
scientists as well as for graduate students and engineers. This new book presents leading-edge
research from around the world in this dynamic field.

Diverse topics published in this book are the original works of some of the brightest and
well-known international scientists.

The book offers scope for academics, researchers, and engineering professionals to
present their research and development works that have potential for applications in several
disciplines of engineering and science. Contributions ranged from new methods to novel
applications of existing methods to gain understanding of the material and/or structural
behavior of new and advanced systems.

Contributions are sought from many areas of science and engineering in which advanced
methods are used to formulate (model) and/or analyze the problem. In view of the different
background of the expected audience, readers are requested to focus on the main ideas, and to
highlight as much as possible the specific advantages that arise from applying modern ideas.
A chapter may therefore be motivated by the specific problem, but just as well by the
advanced method used which may be more generally applicable.

I would like to express my deep appreciation to all the authors for their outstanding
contribution to this book and to express my sincere gratitude for their generosity. All the
authors eagerly shared their experiences and expertise in this new book. Special thanks go to
the referees for their valuable work.

Professor A. K. HAGHI
Montréal, CANADA
Haghi@Canada.com
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Chapter 1

USING ACCELERATED AGEING PROCESS TO PREDICT
THE ARCHIVAL LIFE OF CELLULOSE NITRATE BASED
MATERIALS AND HISTORICAL OBJECTS

A. Hamrang”
Consultant to the Polymeric Industries, England, UK

ABSTRACT

Accelerated ageing process was used to estimate the useful lives of cellulose nitrate
based materials in archival conditions. Samples in glass containers were aged at 15-50%
relative humidity conditions and at different temperatures. The extent of degradation was
measured by the time for cellulose nitrate to lose 20% of its relative viscosity. The data
obtained were plotted against the reciprocal temperature using the Arrhenius relationship.
Extrapolation of the data to room temperature (20°C) gave approximate archival lives of
samples. Even at temperatures below their second glass transition temperatures (T,),
cellulose nitrates deteriorated significantly in humid environments; the degree of which
depended on the level of humidity. The importance of these results in relation to the
archival conditions is discussed.

INTRODUCTION

Problems regarding decomposition of cellulose nitrate based historical objects in
museums and various collections are quite serious. These problems are characterised by the
release of plasticiser deposits on the surface of objects as well as loss of colour, surface
crazing, etc. The loss of plasticiser is evident as a heavy liquid / crystalline deposit.

The properties and applications of the cellulose nitrate materials are dependent on their
degrees of nitration. For plastic grade nitrates [1], the nitrogen content is between 10.7-11.1
percent and their degrees of esterification are between 1.9-2.0. Cellulose nitrate with a
nitrogen content of less than 11.1 percent is the least flammable and is used for production of
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2 A. Hamrang

celluloid. Celluloid is the cellulose nitrate which is plasticized with camphor. Celluloid was
the first man made plastic to be used by artists [2]. The first recorded use of celluloid in
sculpture (Constructed Head No.3, 1917-20) is now in the Museum of Modern Art, New
York. The most popular period of use for celluloid was between 1900-1935. The material was
used because of its characteristics such as rigidity, toughness, transparency of basic
composition as well as forming multi coloured sheets. The history of celluloid invention and
usage are described elsewhere [3-4].

Several studies have been carried out on the decomposition of cellulose nitrates at
elevated temperatures [5-7] and a few of them with emphasis on hydrolysis [8-9]. However
these studies have been carried out mainly at high temperatures (>100°C) which museum
objects and other collections will not be kept at. The thermal sensitivity of nitrate esters is
such that they are readily cleaved at ambient temperatures to generate nitrogen oxide.
Nitrogen oxide is highly oxidising and an odd electron molecule which can initiate highly
exothermic, free radical reactions [10]. This oxidising atmosphere will result in the production
of carboxylic acid groups which may then undergo oxidative decarboxylation, particularly in
the presence of metal ions.

Due to thermal sensitivity of cellulose nitrates, in this work accelerated ageing was
carried out at temperatures below 90°C (i.e. 50-80°C) and at four different levels of humidity
(i.e. 15-50%). The effect of ageing process on samples was monitored by viscometric
analyses.

EXPERIMENTAL

Materials

The original samples used in this work were in the form of uniform plastic sheet of
tortoiseshell effect and 1.2 mm in thickness. No information was available on the history of
production or the plasticizer used in the sample. No visible signs of degradation such as
stickiness, surface crazing, loss of colour or odour were noticed. The original samples were
characterised by various methods. Direct solution method [11] was used to isolate the
plasticiser from the polymer matrix and analysed. The plasticizer content was measured at
about 29% which is a usual amount for fabricated cellulose nitrate materials. FTIR studies
revealed that natural camphor was the plactiser used for these samples. The second glass
transition temperature (T,) of the samples was also measured by Differential Scanning
Calorimetry (DSC) technique, which was found to be about 53°C. This corresponded well
with the T, of undegraded cellulose nitrate materials mentioned in references [12].

Ageing Conditions

The samples were aged in all glass containers with the desired environments simulated
within them. The ageing processes were carried out at temperatures of 50, 60, 70, 80°C and
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inl5, 30, 40, 50% relative humidity conditions. The samples were taken out periodically for
analysis.

Viscometry

Viscometric analyses were carried out for the original samples and the aged samples in
order to examine if degradation is taking place and at what rate. Viscometric measurements
were performed by determining the flow times using an Ostwald Viscometer type BS/U/M2.
Flow times of a fixed volume of both a polymer solution and pure solvent were determined
from which the relative viscosity could be found. A 1% solution of cellulose nitrate sample in
acetone was prepared, for all viscometric analyses. All the calculations are based on the
average of 3 tests for each sample. A modified Arrhenius approach was adopted and the time
taken for 20% loss in relative viscosity determined rather than a rate constant.

RESULTS AND DISCUSSION

Arrhenius Treatment

In order to extrapolate the high temperature ageing results to normal archival conditions
the data were treated by the Arrhenius approach. The rate constant for a first order reaction
from classical kinetics is given by:

Kzélog{ a }
t a—x

Here ‘@’ is the initial concentration of the reactant and ‘x’ is the decrease in the
concentration of the reactant after time ‘#’. It is assumed that the reaction is first order [13-14].
In this work ‘a’ is the initial physical property of the sample (viscosity retention), ‘a-x’ is the
remaining property after a given time, ‘#’. The rate constant for a first order reaction can be
calculated from the time required for the property to decrease to half the original value (half-

time life, Z,q1¢) by the equation shown below.

2.3log2
K

thalf =

Using Arrhenius relationship, extrapolation of the reaction rates to other temperatures can
be made as shown below.

dan_ E
dT  RT?
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where ‘E’ is the activation energy, ‘7’ is the absolute temperature and ‘R’ is the gas
constant. The rate constants obtained at two or more temperatures are plotted as In K against

?. In this way a straight line is obtained which then it can be extrapolated to the desired

temperature.

Archival Predictions

Figures 1 to 4 show the times for a 20% loss in relative viscosity of cellulose nitrate
materials at a series of elevated temperatures (50-80°C). In these figures reciprocal
temperatures were plotted versus number of days taken for a sample to lose 20% of its
original relative viscosity value at a particular relative humidity condition. Reciprocal
temperatures were calculated as (1 / T+273) where T is the four ageing temperatures of 50,
60, 70 and 80°C. At each relative humidity condition and at each ageing temperature one
value was obtained for example in Figure 1, at 15% relative humidity and at 50, 60, 70, 80°C,
it took 111, 56, 20 and 5 days respectively for nitrates to lose 20% of their relative viscosity
values. For Figures 2 to 4 the same procedures were followed.

Prediction of life under archival conditions can be made by extrapolating the plots.
Figures 1 to 4 examine the effects of ageing on cellulose nitrate materials at 15, 30, 40 and
50% relative humidity conditions, respectively. Linear plots were obtained and as expected
the rate of degradation increasing with increasing temperatures. One significant result is that
the degradation rate is greater at higher humidity levels. This effectively illustrates the
hydrolytic effect of moisture in the degradation mechanism even at a relatively lower
temperature of 50°C. It is evident that changes took place in the polymer structure as a result
of exposure to different temperatures and humidity levels.

Temperatures greater than 50°C are likely to be above the T, of cellulose nitrate
materials. Above the T, penetration of moisture into the polymer structure will occur more
easily. In addition the T, of cellulose nitrate polymer will be lower in the presence of moisture
due to the swelling of the polymer. This will facilitate the penetration of water and its
chemical reaction with the polymer.

From the data, it is possible to determine the approximate lifetime for cellulose nitrate
made objects through modification of the Arrhenius expression assuming that the rate of
degradation follows the first order kinetics. It should be pointed out that the rate controlling
step in the degradation of the plastic grade nitrates may be more complex than first order as
there may be interactions between the main polymer and the additives used. In this work the
time taken for the nitrate samples to achieve 20% loss in relative viscosity are plotted against

. . . 1
the reciprocal temperature in K and the data extrapolated to 20°C (i.e. 73120 0.0034).
+

The least squares method was used in each case to obtain the best fit for the points.
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Figure 1. Time for 20% loss in relative viscosity of cellulose nitrates versus the reciprocal temperature
of ageing (K) at 15% relative humidity condition.
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30% Relative Humidity
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Figure 2. Time for 20% loss in relative viscosity of cellulose nitrates versus the reciprocal temperature
of ageing (K) at 30% relative humidity condition.
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Figure 3. Time for 20% loss in relative viscosity of cellulose nitrates versus the reciprocal temperature
of ageing (K) at 40% relative humidity condition.
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50% Relative Humidity
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Figure 4. Time for 20% loss in relative viscosity of cellulose nitrates versus the reciprocal temperature
of ageing (K) at 50% relative humidity condition.

From figures 1 to 4, it is estimated that at 20°C (0.0034 on X axis), the cellulose nitrate
based object will lose 20% of its property after 8.22, 5.45, 4.11 and 2.74 years at 15, 30, 40
and 50% relative humidity conditions, respectively. According to the above data, it is clear
that cellulose nitrate polymers are sensitive to temperature. Humidity also affects cellulose
nitrate materials even at ambient temperatures.

CONCLUSION

The conditions that the cellulose nitrate based objects are kept in play a vital role in their
archival longevity. By means of accelerated ageing trials, the useful lives of these objects can
be estimated. Predicting the archival lives of cellulose nitrate objects by using modified
Arrhenius expression can only be taken as approximations. Whilst considering the effect of
plasticizer and the environmental conditions, accelerated ageing results indicated that
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humidity plays an important part in the degradation process of cellulose nitrate based
materials and objects. As the level of humidity increased, degradation process occurred at a
faster rate. Therefore, according to the data obtained in this study, it would be necessary to
minimise the level of humidity as low as possible in order to prolong the useful life of the
cellulose nitrate based objects in actual archival conditions.
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Chapter 2

DEGRADATION STUDIES OF CELLULOSE ESTERS
USING PEAK RATIO MEASUREMENT TECHNIQUE

A. Hamrang’
ASenior Consultant of Polymer Industries,
4 Heswall Avenue, Withington, Manchester, M20 3ER, UK

ABSTRACT

Aspects of degradation of plastic grade cellulose esters have been investigated with
work concentrating on cellulose nitrate and cellulose acetate. The original samples were
characterized and used as controls for subsequent ageing studies. Relative rates of
degradation for samples aged in various temperatures and relative humidities were
evaluated using FTIR studies, with emphasis on Peak Ratio Measurements (PRM)
technique. In this study for nitrates the peak ratios corresponding to C=0 (1730 cm™) /
NO, (1650 cm™) and OH (3400 cm™) / NO, (1650 cm™) were measured. For acetates
C=0 (1750 ecm™) / CH; (1370 cm™) and OH (3490 cm™) / CH; (2935 cm™) were
measured. The results obtained from this technique along with visual observations of
samples indicated that the rate of deacetylation / denitration (de-esterification) depended
on moisture concentration. These reactions are largely characteristics of surrounding
relative humidity and temperature of cellulose esters. The results indicated that for
nitrates, denitration is accompanied by the formation of carbonyl impurities whilst for
acetates carbonyl impurities and deacetylation did not occur together and deacetylation is
the major process of degradation.

INTRODUCTION

Plastic grade cellulose esters are susceptible to degrading processes as a consequence of
the chemical nature of the cellulose chain molecules and the substituents along the chain. The
rate of degradation is dependent upon the type and degree of substitution of the individual
polymer. Primary decomposition processes slowly produce degradation products and if they

: Email: hamrangl@yahoo.com
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are not removed, they can (catalytically) cause a faster and more extensive degradation.
Autocatalytic oxidation and hydrolysis reactions occur in cellulose esters. For cellulose
nitrates, it has been suggested that auto-oxidation is the more likely degradation mechanism.
[1] They are readily cleaved at ambient temperatures to generate nitrogen oxide, which is
highly oxidising and acts as an odd electron molecule capable of initiating highly exothermic
free radical reactions. It is indicated in some other studies [2-4] that the highly oxidising
atmosphere produced by the release of nitrogen oxide will eventually result in the production
of carboxylic acid groups and these can undergo oxidative decarboxylation, particularly in the
presence of metal ions. Although degradation would proceed faster in the presence of oxygen
than in an inert atmosphere, the change of atmosphere would have no influence on the nature
of volatile products.

In contrast to cellulose nitrates, cellulose acetates are much more stable to thermal
degradation. Cellulose acetate is quite resistant to oxidative degradation, even at rather high
temperature of 90°C, but if the temperature is sufficiently high, for instance 160°C, then it
will oxidise and as a result, a loss of strength, change of colour and solubility changes occur.
[5]. Various studies [6-9] have indicated that primary decomposition products are
environmentally dependent. In the presence of oxygen a different degradation mechanism is
involved, since the first evolved degradation product in air is carbon dioxide, but in inert
atmosphere (i.e. Helium), it is acetic acid.

The reaction of cellulose acetate with acetic acid and water has been investigated and the
results showed a slow and complex reaction of two simultaneous reversible second order
processes taking place. [10] It was concluded that in the system, degradation occur as a result
of acetic acid hydrolysis. It was also found that the rate of the reaction is temperature
dependent and under ambient conditions the acetylation of the C6 acetyl group in the polymer
chain is one of the primary decomposition processes.

Most of the degradation studies carried out by various researchers on cellulose esters are
at temperatures above 100°C. In view of this finding, degradation studies in this work were
carried out at temperatures near the T, of the samples (i.e. 50-60°C for nitrates and 100°C for
acetate samples) and at 0, 100% humidities. The effect of degradation on samples was
monitored by FTIR using PRM technique.

EXPERIMENTAL

Materials

The original samples used in this work included fabricated cellulose nitrate (CN,
manufacturer not known) and cellulose acetate (CA, manufactured by Courtaulds, UK) plastic
sheets, with no visible signs of degradation on them. The thickness of CN and CA sheets was
measured at 1.2 and 3 mm respectively. The original samples were characterized and used as
controls for subsequent ageing processes.
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Ageing Conditions

Strips of samples were aged in all glass containers with the desired environments
simulated within them. Anhydrous calcium chloride and distilled water were used to produce
0% and 100% relative humidity (RH) conditions, respectively. The lids were put on tightly
and the containers then placed in constant temperature ovens at 50-60°C for CN and 100°C
for CA samples. Samples were taken out periodically and analysed.

Sample Characterization

All control samples were found to be soluble in acetone. Later on it was revealed that
severely degraded samples particularly those aged in high humidity and temperatures became
insoluble in acetone. Differential Scanning Calorimetry (DSC) was used to measure the
second glass transition temperature (T,) of the control samples in air. A Mettler furnace with
a TC10TA processor was used for this purpose (a sample of about 20mg was used at a
constant rate of 15°C). In these analyses, the T, of CN and CA control samples were
measured at 53°C and 117°C, respectively which corresponded well with the figures reported
in references [11-12] for undegraded samples. FTIR spectroscopy was also used for
characterizing samples, the details of which are described below.

FTIR Analyses — PRM Technique

All control and aged samples were dissolved in acetone and thin films cast at < 0.01 mm
thickness. A Nicolet Magna 560 FTR Spectrometer was used to record all spectra (spectra
obtained using 64 scans at a resolution of 4 cm™). The effects of ageing on samples were
monitored by FTIR-PRM technique and the changes, which took place, were recorded. The
affected bands of the aged samples were compared against the control samples. In this
technique, peak heights were measured, because if bands overlap, using peak heights may
give more reproducible results since only the centre positions of the bands are used.

RESULTS AND DISCUSSION

There are several regions of interest in the characteristic transmittance bands at 4000-400
cm’ for CN and CA samples. These bands occurred mainly due to the vibrations produced by
the cellulose ring, ether linkages and substituent groups, details of which are discussed
elsewhere. [13] A few of these regions are of prime importance with respect to degradation.
These are associated with denitration / deacetylation (de-esterification) reactions. For CN
samples, these IR regions correspond to Cé-nitroester (NO,; at 1650 cm™), carbonyl
impurities (C=0 at 1730 cm'l) and OH (at 3400 cm'l) vibrations. For CA samples these
regions of interest correspond to CH; (of COCH3 occurring at 1370 cm™, 2935 em™), (C=0 at
1750 cm™) and (OH at 3490 cm™).
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In this study for nitrates, the peaks which corresponded to C=0O / NO, and OH / NO,
ratios were chosen for measurement. For acetates peak ratios of OH / CH; and C=0O / CHj;
were measured. Figures 1 to 5 show the results of peak ratio measurements carried out for CN
and CA samples aged in both dry and humid conditions at various temperatures. Figures 1
and 2 examine the effects of ageing on CA samples at 0, 100% relative humidity (RH) and
100°C.

The results in Figure 1 corresponding to peak ratio OH / CH; for CA samples showed a
progressive increase in values as the severity of ageing process increased. This could be due
to the formation of acetic acid (CH;COOH) inside the ageing containers. The rate of acid
formation occurred at a faster rate in humid conditions. This was also evident by the strong
vinegary smell detected for acetate samples, particularly for those aged in humid
environments. As a result of this very rapid reaction, the samples aged in humid conditions
became insoluble in acetone in a much shorter period (i.e. about 20 weeks), compared with
those aged in dry conditions (i.e. more than 80 weeks). The most significant result here is that
the degradation rate is greater at 100% RH, rather than 0% RH and effectively illustrates the
hydrolytic effect of moisture in the degradation mechanism.

22883

21330

1.9773

1.8220

1.6663

Peak Ratio OH 7 CH3

1.3110

1.3555

1.2000

0 10 20 40 G0 80
Ageing Time (Week)

Figure 1. Values measured for peak ratio of OH / CH; versus ageing time for CA samples aged at 0,
100°C & 0% RH.

The results of measurements for peak ratio of C=0 / CHj are presented in Figure 2. These
results indicated that as the ageing time increased the measured values decreased. This may
indicate that carbonyl impurities are not formed in this case. Also these results may be the
indication that the losses in acetyl groups may be occurring as a result of deacetylation. This
could also indicate that deacetylation and the formation of carbonyl impurities may not be
happening together and deacetylation is the major degradation process.
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Figure 2. Values measured for peak ratio C=0 / CH; versus ageing time for CA samples aged at 100°C
& 0% and 100% RH.

Figures 3 to 5 examine the effects of ageing on CN samples at 0, 100% relative humidity
and 50-60°C. Figures 3 and 5 show the results of the measurements carried out for the OH /
NO; ratio. Figure 3 shows the effect of temperature and Figure 5, the effect of moisture on
CN samples. As the severity of ageing conditions increased, the values for the measured ratio
decreased. This may be due to the reduction of OH and NO, groups. In humid environments
the reduction in values occurred at a much faster rate, indicating that the loss of covalent
nitrate groups in the presence of moisture accelerated. This could be responsible for changes
in solubility characteristics and loss of properties for CN samples, as the samples aged in
humid conditions became insoluble in acetone (i.e. in less than 10 weeks of ageing), whilst
samples aged in dry conditions retained their solubility characteristics and most of their useful
properties even after a long ageing process (i.e. over 60 weeks of ageing).
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Figure 3. Values measured for peak ratio of OH / NO, versus ageing time for CN samples aged at 50,
60°C and 0% RH.
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Figures 4 and 5 show the results of the peak measurements carried out for C=0 / NO,
ratio. Here the measured values increased for samples aged in both dry and humid conditions.
The increase in values was larger for samples aged in humid environments. These results
showed a progressive increase in the carbonyl / nitroester ratio, as the samples became more
degraded. This indicated that as denitration occurred (decrease in OH / NO; ratio), the rate of
formation of carbonyl impurities increased (increases in C=0 / NO; ratio).
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Figure 4. Values measured for peak ratio of C=0 / NO, versus ageing time for CN samples aged at 50,

60°C and 0% RH.
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CONCLUSION

The results obtained in this study indicated that the peak ratio measurement technique

could be used to monitor the changes in polymeric systems of cellulose esters, which may
occur as a result of degradation. The rate of degradation of cellulose acetates and cellulose
nitrates are environmentally dependent. The increase in moisture concentration can increase
the rate of degradation. The results showed that the degradation process for acetates is
accompanied by the loss in acetyl groups which may be occurring as a result of deacetylation.
These results also indicated that the formation of carbonyl impurities did not occur together
with deacetylation. Therefore, deacetylation is the major process of degradation for cellulose
acetates. In contrast to acetates, for cellulose nitrates, denitration is accompanied by the
formation of carbonyl impurities.
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ABSTRACT

Yttria-stabilised ZrO, can be pressureless sintered in air at 1450°C. The addition of
40 or 50 vol % electrically conductive secondary phases however makes it impossible to
reach closed porosity by means of pressureless sintering under protective atmosphere,
whereas full density can be obtained by hot pressing or pulsed electric current sintering at
1450°C. Densification at higher temperature strongly reduces the toughness and
consequently strength of the composite material due to ZrO, grain growth, eventually
leading to spontaneous phase transformation and material degradation. Therefore, as an
alternative, the possibility of post HIPing and encapsulated HIPing of ZrO,-based
composites with 40 or 50 vol % WC, NbC or TiN is investigated.

Encapsulated HIPing of ceramics at temperatures above 1550°C is commonly
performed using quartz encapsulation. The target temperature of 1420°C however is
below the softening point of SiO,, rendering this type of material unsuitable. Moreover,
glass compositions with a suitable softening point are not commercially available. In
order to find a solution, two potential encapsulation approaches were investigated. The
first was to coat the cold isostatically pressed ZrO,-based composite powder compacts
with a 1-2 mm thick ZrO, powder coating prior to sinter-HIP. The ZrO, coating reaches
closed porosity at a temperature of about 1300°C before applying the pressure. This
approach allowed full densification of the ZrO,-based composites at 1420°C. The main
problem however was to remove the ZrO, coating from the sample. A solution was found
in using a very thin layer of boron nitride powder in-between the composite powder
compact and the external ZrO, powder coating, resulting in a spontaneous coating
degradation during cooling. In another approach, low carbon steel was used for vacuum
encapsulation, using Al,O; powder to fill the gap between the powder compact and the
steel tube capsule.
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The microstructures and mechanical properties of the HIPed samples (1420°C,
30min, 170 MPa) are compared with those after hot pressing (1450°C, 1h, 30MPa).

1. INTRODUCTION

ZrO, ceramics are known for their high fracture toughness due to the transformation
toughening mechanis [1] Addition of hard, conductive secondary phases such as TiN [2],
NbC [3] or WC [4] increases the modest hardness of ZrO, whilst keeping the high toughness
and excellent strength. The addition of hard secondary phases allows engineering a new
generation of ceramics with mechanical properties that fill the gap between those of the tough
and strong cermets (ceramic-metal composites) and the high hardness carbides, nitrides or
borides, as schematically presented in Figure 1.

The large-scale production of complex shaped ceramic parts that can not be densified by
pressureless sintering, however is challenging due to the difficulty in creating a homogeneous
high temperature and pressure during densification. Hot Isostatic Pressing (HIP) however can
be used as a solution. In HIP, rigid tools with limited strength and simple geometry (like
graphite dies in hot pressing) are avoided since high isostatic pressures (~100-300 MPa) are
established by an applied gas pressure. Due to the applied high pressure during sintering, it is
possible to densify materials at temperatures lower than during conventional hot pressing.
The reduced sintering temperature allows to control and avoid grain growth [5-7], increasing
the material’s strength[8]. Amongst the advantages of HIPing are: increased density, healing
of major processing flaws, achieving more reproducible properties, improving or even
producing novel microstructures, elevated material strength and in general the possibility to
process large and complex parts at reduced cost.

Conventional HIPing usually involves a post HIPing of moulded or sintered parts. An
essential requirement for this method is that the component should have closed porosity [9].
In the case of ZrO, based composites, post HIPing can result in ZrO, grain growth and
consequently tetragonal to monoclinic phase transformation that is accompanied by
microcrack formation. In ZrO,-based ceramic composites, there is a tendency to keep the
yttria stabilizer content as low as possible, because a tetragonal ZrO, with lower yttria content
allows obtaining a higher toughness. This however makes ZrO, ceramics more sensitive to a
post heat treatment. The post HIPing method is verified in this paper.

An alternative HIP technique is sinter-HIPing, a two-step process involving sintering at
low pressure or in vacuum to closed porosity, immediately followed by a HIP process at
elevated pressure. In this method, no intermediate cooling and manipulation is necessary
between the sintering and HIP treatment. A series of pressureless sintering tests on ZrO,-
based composites with 40 vol% NbC, WC or TiN revealed that the minimum temperature
needed to achieve closed porosity was 1550°C for ZrO,-TiN and 1650°C for ZrO,-NbC or
Zr0,-WC. These high temperatures however are not appropriate because a sintering
temperature above 1500°C increases the risk of ZrO, grain growth and crack formation due to
ZrO; phase transformation.

Another way of direct HIPing of green ceramic parts uses encapsulation. Capsules
prevent pressurizing gas from entering pores and components with open porosity. The
important issue is to find a suitable capsule that can fulfil the requirement of being plastically
deformable at the HIP temperature in order to transfer the gas pressure uniformly to the
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sample, being thermally stable at the HIP temperature. Quartz encapsulation is commonly
used for HIPing above 1500°C.

A final method is the sinter-canning technique, which involves applying a coating of
highly sinterable powder mixture to the green component [10]. The powder coating should
reach closed porosity during heating up in vacuum before applying the isostatic pressure. The
powder mixture should have a good matching thermal expansion with that of the component,
to avoid cracking during heating.
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Figure 1. Fracture toughness versus hardness (a) and hardness versus modulus of rupture (b) for the
ZrO, based composites and a range of common ceramic classes [2, 4, 13].
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This work focuses on the encapsulation and sinter-canning techniques. With respect to
encapsulation, two types of materials are widely used. Sheet metal containers of mainly mild
steel, stainless steel or nickel based alloys are used at low temperatures. Stainless steel for
example can be used as capsule to HIP alumina nanopowder at 1350°C [11]. At higher
temperatures, e.g. 1500-2000°C, glass encapsulation is commonly used [12].

In a preliminary set of experiments, commercially available quartz and borosilicate glass
were used to encapsulate ZrO,-based composites for HIPing at 1420°C. Quartz however did
not deform at this temperature and the melting point of borosilicate glass was too low
resulting in a very low capsule viscosity. As a possible solution, yttria-stabilised ZrO, powder
was chosen as coating material (sinter-canning technique) due to the relatively low onset
point of densification (~1300°C, pressureless). CIPed (Cold Isostatically Pressed) composite
powder compacts were coated with a 1-2 mm thick ZrO, powder coating prior to sinter-HIP.
The ZrO, coating reaches closed porosity at about 1400°C, before applying the pressure,
allowing to fully densify ZrO,-based composites with 40 vol % secondary hard phases at
1420°C. In a further attempt, a boron nitride coating was added to the ZrO, coating, to
facilitate coating removal. In another approach, low carbon steel was used for vacuum
encapsulation, using Al,O; powder to fill the gap between the powder compact and the steel
tube capsule.

2. EXPERIMENTAL PROCEDURE

Three ZrO,-based compositions were chosen for HIPing experiments, i.e., 1.75 mol%
yttria stabilized ZrO,-TiN (60/40 vol%), 2 mol% yttria stabilized ZrO,-WC (60/40 vol%) and
2 mol% yttria stabilized ZrO,-NbC with 40 or 50 vol% NbC. Details on the starting powders
and powder preparation method are provided elsewhere [2-4].

The powder mixtures were sieved (315 mesh) prior to cold isostatically pressing in a
cylindrical mould (¢~3 cm, H~4 cm) at 300 MPa (EPSI, Temse, Belgium). In case of sinter
canning, ZrO, powder (Tosoh grade TZ-3Y, Japan) with a thickness of 1-2 mm was applied
to the green compact by means of a second CIP treatment. After initial composite sample
CIPing, the compacted powder was removed from the mould, reinserted in a ZrO, powder
bed and CIPed at 300 MPa.

To facilitate application of a double boron nitride (BN) + ZrO, coating, a spherical
sample geometry was used (Figure 2). The composite powder mixture was poured in a self-
made mould using silicone moulding rubber (Castaldo, MA, USA) with spherical shape.
After filling the mould with powder, the two parts of the rubber mould were sealed with a
banderol, packed in a balloon and CIPed at 300 MPa.
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Figure 2. Rubber mould and balloon used for making spherical BN+ZrO, coated samples.

The CIPed composite was plunged in BN (HeboFill, Henze, Germany) powder before
immersion into the ZrO, powder bed prior to the second CIP cycle.

Steel encapsulation was realised by encapsulating spherical CIPed composite samples in
a low carbon steel tube using Al,O; powder as protective bed around the sample inside the
tube.

All steel encapsulated, ZrO, and BN+ZrO, coated compacts were HIPed at Bodycote
(Sint-Niklaas, Belgium) in a molybdenum heated HIP furnace. The HIP cycle is presented in
Figure 3. In step 1, the compacts are heated at 5°C/min in an argon pressure of 0.2-0.3 MPa
(2-3 bar) up to 1250°C. In step 2, the pressure is decreased to 2x 10 MPa (2E-2 bar) at
1250°C and the samples are heated further at 5°C/min. In order to allow the ZrO, coating to
reach closed porosity, the samples were soaked at 1420°C for 1 h at 2x 10” MPa before
applying 170 MPa argon gas pressure. The dwell time at maximum temperature and pressure
is 30 minutes. The samples were naturally cooled under reduced pressure during the cooling
step (step 3).

After removal of the encapsulation, the microstructure and mechanical properties of the
ceramics were investigated and compared with those of hot pressed samples. Hot pressing
was always performed at 1450°C for 1 h under 30 MPa pressure. Microstructural
investigation was performed by scanning electron microscopy (SEM, XL-30FEG, FEI,
Eindhoven, The Netherlands). The density of the samples was measured in ethanol, according
to the Archimedes method (BP210S balance, Sartorius AG, Germany). The Vickers hardness,
HVy, was measured (Model FV-700, Future-Tech Corp., Tokyo, Japan) with an indentation
load of 98 N and a dwell time of 10 s. The indentation toughness, K;c, was calculated
according to the formula of Anstis et al. [3] based on the radial crack pattern produced by
Vickers HV, indentations. The reported values are the mean and standard deviation of 5
measurements.
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Figure 3. Applied HIP cycle for the powder coated composites.

3. RESULTS AND DISCUSSION
3.A. Post HIPing

As a start, hot pressed (1450°C, 30 MPa, 1h) 1.75 mol % yttria stabilized ZrO,-TiN
(60/40 vol %) composites were additionally hot isostatically pressed (1390°C, 20 min, 140
MPa Ar) to investigate the influence of the additional heat treatment on the microstructure
and mechanical properties. The mechanical properties are summarised in Table 1 and the
microstructures are shown in Figure 4, revealing that the post HIPing resulted in a significant
grain growth of the TiN phase. Therefore, the softer ZrO, phase will also show substantial
grain growth. ZrO, grain growth is accompanied with microcrack formation due to tetragonal
to monoclinic phase transformation and consequently leads to decreasing hardness (see Table
1). Microcracking is a toughening mechanism that can be added to the other active
toughening mechanisms, i.e., transformation toughening and crack deflection, explaining the
increased fracture toughness. Due to the substantial grain growth and associated
microcracking and loss of hardness, it was concluded that post HIPing, even at temperature of
1390°C is not an option to pursue.
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Figure 4. Hot pressed (1450°C, 1h, 30 MPa) ZrO,-TiN (60/40), before (left) and after (right) HIP. TiN
= dark, ZrO, = grey, WC = white (originating from the milling medium).

Table 1. Mechanical properties of hot pressed (1450°C, 30MPa, 1h) ZrO:-TiN before

and after HIPing
Before HIP After HIP
Hardness (GPa) 13.29+0.13 12.49 + 0.09
Toughness (MPa.mO'S) 6.0+£0.3 6.5+04

3.B. Powder Coating Encapsulation

3.B.1. ZrO, Coating

The HIPed 2 mol% yttria stabilized ZrO,-NbC (60/40 vol%) samples before and after
capsule removal are shown in Figure 5. The ZrO, capsules, were removed by Electro
Discharge Machining (EDM). A necessary condition for a material to be electro-erodable is a
low enough electrical resistivity (< 5pQ.m). ZrO, is an electrical insulator (10° Q.m) and can
not be processed by ED [14]. Hence, in order to be able to remove the capsule by EDM, a
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rotating diamond wheel was used to make a groove in the ZrO, coating down to the electro-
conductive ZrO,-based composite material. Wire-EDM allowed to machine a cylindrical
shape and cut-off the cracked coating. The ZrO, coating is cracked because of the higher
thermal expansion coefficient of the ZrO, compared to the composite, resulting in a stronger
shrinkage of the ZrO, coating during cooling and the concomitant formation of too high
tensile stresses in the coating. Although these tensile stresses are substantial, the coating does
not delaminate due to the excellent bonding between the coating and the composite substrate.
Although the ZrO,-based composites with 40 vol% TiN or NbC could be successfully
densified by HIPing at 1420°C in 170 MPa argon (see Figure 6. d and f), the ZrO,-NbC
ceramic with 50 vol% NbC could not (see Figure 6.b). The microstructure of the HIPed and
hot pressed ZrO,-NbC and ZrO,-TiN (60/40) grades are similar, as shown in Figure 6.c-f).

i 8

Figure 5. HIPed ZrO, powder coated composites before and after capsule removal; the ZrO, coating
cracked during cooling.

Table 2. Mechanical properties of HIPed (1420°C, 170 MPa, 30 min) and Hot pressed
(1450°C, 1h, 30MPa) 2 mol % yttria stabilized ZrOz-NbC (50/50 and 60/40) and 1.75
mol % yttria stabilized ZrO:-TiN (60/40) composites

Hot pressed HIPed
Material grade HV KICq HV KIC,o
(GPa) (MPa.m™) (GPa) (MPa.m0-5)
ZrO,-NbC (50/50) 15.66 + 0.08 5.6+0.3 porous /
ZrO,-NbC (60/40) 13.74 +0.19 50+0.3 14.99 +0.26 57+0.4
ZrO,-TiN (60/40) 13.70 + 0.07 5.6+0.1 13.45+0.12 53+0.1
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Figure 6. SEM microstructures of Hot pressed (left) and HIPed (ZrO, coating capsule) (right) 2 mol%
yttria stabilized ZrO,-NbC (50/50) (a,b), 2 mol% yttria stabilized ZrO,-NbC (60/40) (c,d) and 1.75
mol% yttria stabilized ZrO,-TiN (60/40) (e,f) composites. The ZrO, phase is dark in the ZrO,-NbC and
bright in the ZrO,-TiN composites. Black phase is Al,O; which was added to all compositions (0.75 wt
%) as ZrO, grain growth inhibitor.

3.B.2. BN+ZrO, coating

Because of the difficulty in removing the cracked ZrO, coating, a dual BN + ZrO,
coating was tested. The idea was to weaken the interfacial strength between the ZrO, coating
and the composite substrate resulting in a spontaneous coating delamination during cooling.
The HIPed BN+ZrO, coated ZrO,-WC (60/40) composite before and after coating removal
are shown in Figure 7. The ZrO, capsule could be easily manually removed with a spatula.
The hardness, toughness and density of the HIPed and hot pressed grades are similar, as
shown in Table 3, proving that the dual BN+ZrO, coating technique is quite suitable for
sinter-HIPing of ZrO,-based composites at 1420°C.
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Figure 7. HIPed ZrO, + BN coated 2 mol% yttria stabilized ZrO,-WC (60/40) before (a) and after (b)
Zr0O, capsule removal.

Table 3. Mechanical properties of 1.75 mol % Y203 stabilized ZrO2-TiN (60/40) and 2
mol % Y203 stabilized ZrO2-WC (60/40) composites, hot pressed at 1450°C for 1 h under
30 MPa and HIPed at 1420°C under 170MPa for 30 min

Hot pressed HIPed
. . . KICyo
Material grade density  HVy, KIC, density HVy, (MPa SCE
(g/em’)  (GPa) (MPa.m”®)  (g/em’)  (GPa) ) '
. 1377+ 1341+
- + +
Zr0,-TiN (60/40)  5.81 0.20 54+0.3 5.83 013 5.6£0.2
16.53 £ 16.18 £
- + +
ZrO,-WC (60/40)  9.80 0.20 7.5+0.3 9.77 0.16 7.5+0.2

3.C. Steel Encapsulation

In another attempt, the CIPed spherical composite samples were encapsulated in a low
carbon steel tube using alumina powder as protective bed around the sample inside the tube.
The HIPed steel encapsulated and cross-sectioned sample are shown in Figure 8. The
mechanical properties of steel encapsulated HIPed (1420°C, 170 MPa, 30 min) and hot
pressed (1450°C, 1 h, 30 MPa ) 2 mol% Y,0s; stabilised ZrO,-WC (60/40) composites were
found to be the same, as summarized in Table 4.

(A) (B)

Figure 8. Overview (a) and cross-section (b) of the steel encapsulated HIPed 2 mol% yttria stabilized
ZrO,-WC (60/40) composite.
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Table 4. Mechanical properties of hot pressed (1450°C, 1 h, 30 MPa ) and HIPed
(1420°C, 170 MPa, 30 min, using low carbon steel encapsulation) 2 mol% Y203
stabilised ZrO:-WC (60/40) composites

Hot pressed HIP

density HVo KICy density HVjg KICy

(g/em’)  (GPa) (MPa.m™)  (g/em’) (GPa) (MPa.m®?)
Z10;- 16.53 +
wC 9.80 020 7.5+0.3 9.81 16.03+0.14 7.1+0.4
(60/40) ‘

4. CONCLUSION

ZrO,-based composites with 40 vol% TiN, NbC or WC addition could be successfully
HIPed (sinter canning) using a ZrO, coating. In order to facilitate the ZrO, capsule removal
after HIPing, a thin BN powder coating was applied in-between the composite compact and
the ZrO, powder coating. The result was successful, since the capsule could be manually
removed easily and the mechanical properties of the HIPed materials (90 min at 1420°C of
which 30 min at 170 MPa Ar) were similar to those of hot-pressed grades (60 min at 1450°C
and 30 MPa).

Alternatively, low carbon steel encapsulation using Al,O; powder as a protective powder
bed around the CIPed composite sample can be used. The mechanical properties of the steel
encapsulated HIPed and hot pressed grades were the same.

Post HIPing of hot pressed ZrO,-TiN (60/40) at 1390°C was resulted to a decrease in
hardness due to ZrO, grain growth and associated microcracking; therefore post HIPing
option was not further investigated.
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ABSTRACT

Color change is one of the most important side effects of textile treatments to be
considered. This research focuses on color modifications occurring ondyed cotton fabrics
due to the nanoparticle sized dendrimer (DWR), dendrimer-fluorocarbon (DWOR) and
fluorocarbon (FWOR) finishing. A remarkable influence of finishing onto AR
(reflectance difference) and AE (color difference) of fabrics was observed. Roughness of
treated surfaces also plays a relevant role in determining the reflectance and colour
changes. In fact, roughness increases the scattering of light thus decreasing surface
reflectance. Finishes particle sizes designate the distribution and orientation of surface
roughness and the overlay of their absorbance values in the short wavelength results in
color differences. Thanks to the nanoparticle size, the highest performances are achieved
in some typical textile finishing applications: water and oil repellency induced by
finishing on cotton textile and mechanical characteristics of the fabric have been here
deeply investigated.

1. INTRODUCTION

Cotton is one of the major textile fibers and it has a unique combination of properties,
including softness, durability, high strength, good dyeability and biodegradability, and for
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many centuries it has found use in textile production [1].Reactive dyes with vinylsulphone
groups are widely used to dye cotton fibers, because of the simplicity of application, the great
choice of commercial products and their cheapness.Even though a long tradition has given a
solid and an in-depth knowledge of cotton textile fibers and of dyeing processes, the new
research borders are moving to a development of the inherent textile materials properties: for
this purpose, chemical finishing procedures are widely used. Textile materials can be treated
with different functional finishes, such as water and oil repellent, durable press, soil-release,
flame retardant, antistatic, and antimicrobial [2,3]. Water repellent finishing on fabrics is
mostly imparted by the incorporation of low surface energy compounds, accompanied by the
increase of the contact angle of liquids on its surface. The most recent approaches to
improverepellency are based on the use of nanoparticles, such ashighly branched 3D surface
functional macromolecules called dendrimers, whose effect mechanism depends on being in a
position to build-up crystal structures in nano-range, which produce wash-permanent, water-
repellent and highly abrasion resistant effects. When combined with fluoropolymers,
dendrimers force them to co-crystallize leading to a self-organization of the whole system and
to an enrichment of the fluoro polymers on the most outer layer of the textile [3].
Functionality and properties of dendrimers can be changed by filling their cavities or
modifying the core and chain-ends [4]. Conformational flexibility of branches is capable of
placing dendrimers hydrophilic interior in contact with aqueous subphase and extending their
chains into the air above the air—water interface [5]. Particle size of these repellent finishes
plays a vital role because, when the inorganic particle size is reduced, the surface area is
increased; this leads to good interaction with the matrix polymer, and a highest performance
is achieved [6]. Alteration of surface properties by textile finishing applications and creation
of a smoother reflection surface by a reduced superficial particle size could also give a color
change [7].In this study the effect of particle sizes on surface roughness and color assessment
after finishing of cotton fabrics was evaluated by surface reflectance, absorbance of finishes
and color coordinates measurement. For this purpose, three types of commercially available
dendrimer water repellent (DWR), fluorocarbon included dendrimer water-oil repellent
(DWOR) and fluorocarbon water-oil repellent (FWOR) reagents were impregnated to dyed
cotton fabrics and polymerized under optimum conditions. The dyeing of the fabric samples
was carried out by three different colors commercial dyes. The reflectance and color
coordinates of treated and untreated samples were measured by reflectance spectrophotometer
according to the CIELAB, a CIE defined color space, that supports the accepted theory of
color perception based on three separate color receptors in the eye (red, green and blue) and is
currently one of the most popular color spaces [8].Finally, water and oil repellency
performances, treated-substrate characterization and fabrics mechanical properties were
extensively investigated to estimate if finishing agents application gives rise to other changes,
besides color alterations [9].



Nanoparticle Finishes Influence on Color Matching of Cotton Fabrics 31

2. EXPERIMENTAL

2.1. Fabrics

Scoured and bleached woven cotton fabrics (68 g/m”) were employed in this study. Each
sample (10 g) was immersed for 30 minutes at 60°C in 5 g/L ECE solution (adetergent free
from fluorescent brightening agent, used in the ISO 105 series of color fastness test) with 0.5
g/L soaking agent, in a conical flask with a continuous shaking. The samples were then
thoroughly rinsed and dried at room temperature and stored at laboratory conditions (25 + 2
°C and 65 £ 2% relative humidity).

2.2. Dyes
Three different colors commercial Remazol (Dystar) reactive dyes with vinylsulphone
groups (Tablel) were used. The dyes selection has been made according to the behaviour of

finishing chemicals in their maximum reflectance intervals.

Table 1. Reactive dyes used

Commercial name Amax C.l. generic name
Remazol Yellow Gold RNL 413 Reactive Orange 107
Remazol Red F3B 541 Reactive Red 180
Remazol Black B 600 Reactive Black 5

The molecular structures are reported in Figure 1. All dyes were of commercial grade and
were used as received.

HO cocH; Q

\ HN SO;Na OH HN—C@ 'OaSOCHzCHzOzS—QN=N S0y
L e ST -
sog  NEOSSOCHLCH0,S NaOs;$ SOsNa HN O
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A
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Figure 1. A: Reactive Orange 107 (Remazol Yellow Gold RNL). B: Reactive Red 180 (Remazol Red
F3B). C: Reactive Black 5 (Remazol Black B).

2.3. Dyeing Agents

For level and consistent dyeing of cotton fabrics Bersol CM (1g/L), Berdet WF(1g/L)
(sequestering and wetting agents, respectively, supplied by Europizzi - Urgnano, Italy),
Depsolube ACA (1g/L) (anti-creasing agent supplied by Basf - Italy) were used. All
chemicals were commercial products.
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2.4. Repellents

Patented dendrimer water repellent (density = 1.1 g/cm®), fluorocarbon/dendrimer water-
oil repellent (density = 1.03 g/cm’) and also fluorocarbon water-oil repellent (density = 1.03
g/em’) provided by Rudolf Chemie (Turkey and Italy) were used as finishing agents and
coded as DWR, DWOR and FWOR respectively (Table 2).

Table 2. Finishing agents codes

Textile finish Code
Dendrimer Water Repellent DWR
Fluorocarbon/Dendrimer Water-Oil Repellent | DWOR
Fluorocarbon Water-Oil Repellent FWOR

2.5. Buffer

The pH 5.5 buffer used for neutralization after dyeing and finishing application
comprised acetic acid (9.60 g dm'3) and sodium acetate (3.56 g dm'3). Chemicals were
obtained from Sigma-Aldrich, in analytical grade.

2.6. Dyeing
Untreated fabrics were dyed using method depicted in Figure 2, according to selected
dyes. Reactive dyeing was carried out using a liquor ratio of 10:1. Samples were then washed,

rinsed and neutralized at proper temperature levels, to be finally left to dry under laboratory
conditions.

50°C

A= LR 10:1; 1% dye shade; 10 g fabric; 1 g/L Bersol CM,;
50 g/L NaCl; 12 g/L Na,COs; 1 g/L Berdet WE; 1 g/L
Depsolube ACA

B= rinsing

C= 0,7 ml buffer solution (pH= 5,5)

D= 1 g/L soaping

E= rinsing

Figure 2. Dyeing profile method for reactive dye used.
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2.7. Application of Dendrimers

Dyed cotton samples were padded separately in aqueous baths with finishing chemicals
(DWR, DWOR and FWOR). All products were applied to the fabrics with the pad-cure
method, including full immersion into the bath to a wet pick-up of 60-80% at 20°C and were
cured at 140-150 °C for 120 seconds. The application conditions for the three tested finishes
are reported in Table 3: for allproducts two different concentrations were investigated, taking
into account the concentration ranges recommended by supplier.

Table 3. Dendrimer and fluorocarbon application conditions

Conditions DWR DWOR FWOR
Concentrations (g/1) 100 125 30 50 30 50
Pick up (%) 60-80 60-80 60-80

pH 5-5.5 5-5.5 5-5.5
Fixation temp (°C) 150 150 150
Fixation time (min) 2 2 2

2.8.Particle Size Measurement

The finishes particle size measurements were performed with a Malvern Instruments
Mastersizer 2000. During the laser diffraction measurement, particles were passed through a
focused laser beam and scattered light at an angle that was inversely proportional to their size.
The angular intensity of the scattered light was then measured by a series of photosensitive
detectors. The number and positioning of these detectors in the Mastersizer 2000 have been
optimized to achieve maximum resolution across a broad range of sizes.

2.9.Textile Testing

GSM (Grams per square: the standard measurement of the gravitational force acting on
fabrics), TS (Tensile strength: the resistance of a material to rupture when subject to tension)
and ELB (Elongation at break: the increase in length when the last component of the
specimen breaks) properties of cotton fabrics were also measured for all applications.GSM is
a standard measurement of fabric weight per unit area carried out for all samples as follows:
the weight of samples with the size of 20 square cm was measured by Mettler balance (+ 10
*9). The percentage change of fabric weight was calculated with (1).

Wetght change (%) = w X100
Yo (1)

where W is the weight of the substrate after treatment and W, is the initial weight of the
untreated substrate. Tensile strength and breaking elongation were measured according to ISO
13934-1, using standard test methods on dynamometer Instron Tensile Tester model 4501
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(CRE). Ten specimens were prepared for testing, five for warp direction and five for weft
direction. The standard deviations of all experimental results were lower than + 2,5%.To
thoroughly evaluate both water and oil repellency, above mentioned performances were
measured after abrasion, washing and iron treatments. The samples were conditioned at 20 +
2 °C and 65 + 4 % RH for 24 hours before textile testing, according to standard ISO
139:2005. All measurements were repeated for the three equally treated samples and then
averaged. Water and oil repellency tests were reformulated after 5 and 15 repeated home
launderings carried out at 40° C, as described in the ISO 6330, followed by tumbler drying at
80° C for 20 min. Half of the samples were also ironed at 150° C for 60 seconds for
observation of heat effect on recovery of repellency. The abrading cycles of the treated and
control fabric samples were performed on a Nu-Martindale abrasion tester (Mesdan Italy)
according to ISO 12947-3 with two different abrasion cycles (150 and 300). Water resistance
test measures the resistance to surface wetting, water absorption and penetration. To
determine the extent of surface wetting, the ISO 4920 spray test was used. The substrate was
held taut within a 15 cm diameter ring at a 45° angle, and 250 mL of water at a temperature of
23 + 1°C was lightly dropped onto the substrate from a distance of 15.2 cm, to remove excess
water. A rating of 80 or higher is desirable, because it indicates better water repellency. Oil
repellency was measured according to ISO 14419. In this test, oily drops were deposited onto
substrate, allowed to remain for 30 seconds, and removed by wicking or wiping with a paper
tissue. Eight different challenge liquids with different liquid tensions are numbered by a
rating increasing from 1 in the case of vaseline, the easiest to repel, to 8 in the case of n-
heptane, the most difficult to repel (Table 4). Oil repellency is reported as the maximum
rating of the liquid that does not wet the substrate. For detailed comparisons, multiple drops
of each liquid were tested. In general, an oil repellency rating of 5 or higher is desirable.

Table 4. Definition of oil repellency

QOil repellency rating Test liquid Y, mN/M
8 n-heptane 19.8
7 n-octane 21.4
6 n-decane 23.5
5 n-dodecane 24.7
4 n-tetradecane 26.4
3 n-hexadecane 273
2 35/65 mix n-hexadecane/vaseline 29.6
1 vaseline 31.5

2.10. Surface Reflectance and Roughness Measurement

The reflectance of non-dyed samples (untreated and treated) was measured with a
Lambda 950 Perkin Elmer apparatus, equipped with an RSA-PE-150 Labsphere accessory for
reflectance measurements. Each reflectance value R (%) was determined as the average of
four measurements, with an experimental error of about 1-2%. For a randomly rough surface
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having a Gaussian type surface heights distribution, the reflectance can be expressed as
follows:

Rr = Rs exp[- (4110cos i/A)’] 2)

where Rs and Rr are specular reflectances of perfectly smooth and rough surfaces,
respectively; o is the standard deviation of the surface from its mean level, function of the
surface roughness; i and A are the incident angle and wavelength of light,
respectively.Changes in surface roughness of treated fabrics were expressed as differences in
the root-mean-square of the vertical Z dimension values within the examined areas, which
were calculated using the following equation:

- ( 7 -z }2
) [ Z Y avarags
BMI = d x}y=17N‘

)

2.11. Absorbance Measurement

The ultraviolet—visible absorption spectra of finishes were recorded on a Thermo Nicolet
Evolution UV—Vis 500 spectrophotometer Vision 32 software, using a 1 cm path length cell.
All spectra were recorded at room temperature in the wavelength range from 350 to 750 nm at
the rate of 300 nm min”". Finish/dye solutions were evaluated from the change of absorbance
at the Ay of the dye in the UV-Vis spectra of the sample solution.

2.12. Color Difference Assessment

Color difference evaluation was based on the surface reflectance in the visible waveband:
indeed, any effects that change the reflectance cause a color difference. The color coordinates
of dyed cotton (untreated and treated) samples dyestuffs selected for dyeing cotton fabrics
were measured on the same spectrophotometer used for absorbance measurements, equipped
with an integrating sphere with a 10mm opening, under a D65/10° illuminant according to
ISO 105 JO1. The spectrophotometer measurements were made using the L*a*b* system. The
evaluation of the overall color difference (AE), obtained before and after finishing, in the 3D
color space is given by:

AE*=(AL¥) + (Aa*)’ +(Ab*) 4

where AL* represents the lightness difference; Aa and Ab, the differences in a and b
values, wherein a* is a measure of redness/greenness, and b* is a measure of
yellowness/blueness.The a* and b* coordinates approach to zero for neutral colors (white,
greys) and increase in magnitude for more saturated or intense colors. The advantage of the
CIE-lab system is that color differences can be expressed in units that can be related to visual
perception and clinical significance [8]. Four reflectance measurements were made on each
sample; the samples were rotated 90° before each measurement, and the averages of the
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reflectance values (%) at wavelengths between 400 and 700 nm were recorded.A white
Thermo Nicolet Electronic calibration plate was used.

3. RESULTS AND DISCUSSION

3.1. Particle Size and Surface Roughness Measurements

The results of nano particle sizes for DWR, DWOR and FWOR finishing agents are
depicted in Figure 3.DWR presents the greatest particle size and volume (%) values are about
the half of the ones observed for the two other finishes. Besides, DWR shows a second low
concentration peak in the particles size range of 10-100 nm, probably due toa self-assembling
of dendrimers [10]. From these results, specific surface areas of nanoparticles were
determined: 6.6 m*/g, 38.0 m*/g and 40.1 m*/g for DWR, DWOR and FWOR respectively.
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Figure 3. Particle size of DWR (A), DWOR (B) and FWOR (C) finishes.

Table 5 compares treated to untreated samples concentrations and RMS,, values, the
latter computed using (3). For the selected chemicals concentrations, the smaller the particle
size the smoother the polymer over the textile surface, as expected. Particle surface area, in
fact,increases as the particle size decreases: the highest particle surface area is achieved when
there is a high concentration of nanometer or sub-nanometer sized particles. This is the reason
why a higher concentration of DWR product is required to obtain the same repellency effects
of DWOR and FWOR. Surface roughness reduces the specular reflectance of a wavelength of
light, especially at high angle of incidence, and increases the scattering of light while
decreasing the surface reflectance. Textile samples treated with small particle sized
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chemicals, having a higher surface area, give a more uniform dispersion, a smoother
reflecting surface and thus higher reflectance values (%) [8]. With the application of finishing
agent, it was believed that such treatment increased the inter-yarn and inter-fiber frictional

force, as confirmed by the roughening effect on the textile surface.

Table 5. Surface characterization of untreated and treated samples

RMS
Samples Concentrations (g/l) (Root-mean-square) nm
Untreated 0 25.41
DWR 125 13.7
DWOR 50 6.9
FWOR 50 6.9

3.2. Repellency Measurements

It was observed (Figure 4) that high water repellency degrees of dendrimers have a
tendency to improve, when they are combined with fluorocarbon polymers. It was also
observed that untreated fabrics showed no repellency behaviour and that, for all different
treatments, water repellency was initially the same. After abrasion and washing processes a
performance decrease was observed, particularly for lower finishing concentrations. In
addition, the binding properties of dendrimers to textile surface had acceptable fastnesses.
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Figure 4. Water repellency a) after DWR finish at 80 g/L and 125 g/L concentrations, b) DWOR finish
at 30 g/L and 50 g/L concentrations and ¢) FWOR finish at 30 g/L and 50 g/L concentrations after:
application alone (ref); 150 cycles of abrasion (A); 300 cycles of abrasion (B); laundering (5 cycles)
(C); laundering (5 cycles) and ironing (D); laundering (15 cycles) (E); laundering (15 cycles) and
ironing (F).
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After oil repellency testing of DWR finishing, no repellency effect was observed. The
possible reason is related to the high DWR finishing surface energy in comparison with
surface tension of o0il (20-35 mN/m). For fluorocarbon groups supplied DWOR and FWOR, a
very low critical energy of 6 mN/m can be achieved [11]. The change in oil repellency was
shown in Figure 5. The effect of concentration is evident on FWOR products in comparison
with DWOR products, probably due to the orientation of fluorocarbon chains achieved by
dendrimers. For this reason lower concentrations of DWOR are more efficient than FWOR
products, which do not include dendrimers [12].

Rate af ail repellency
Rate af ail repellency
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Figure 5. Oil repellency after a) DWOR finish at 30 g/L and 50 g/L concentrations and b) FWOR finish
at 30 g/L and 50 g/L concentrations after: application alone (ref); 150 cycles of abrasion (A); 300 cycles
of abrasion (B); laundering (5 cycles) (C); laundering (5 cycles) and ironing (D); laundering (15 cycles)
(E); laundering (15 cycles) and ironing (F).

Despite sufficient fixation, textiles finished with fluorocarbon suffer from a clear loss in
effect after washing, caused by the unfavourable conditions prevailing in the washing
machine. Surface-active surfactants, the extremely polar medium (water), the elevated
temperature (at least 40°C) in combination with the mechanical influence, lead the orientated
fluorocarbon chains “diving away” from the edge or being very much disturbed. After drying
the polymer is still on the substrate, however, but the side chains are in disorder, and for this
reason no oil and water repellent effects are apparent. Since the fluorocarbon chains melting
temperature 1s80-90°C, the fluorocarbon finish is not able to spontaneously regenerate at
room or drying temperature.

Table 6. Mechanical properties of treated fabrics

Cotton Untreated | DWR DWOR FWOR
Concentration (g/I) |0 100 125 30 50 30 50
GSM (g/m?) 66.80 70.84 |70.79 69.29 |71.39 [69.00 |70.05
Weight change (%) |0.0 6.0 6.0 3.7 6.9 4.0 6.7
TS (N) Warp 223.1 212.2 |204.5 2358 |219.3 |237.7 2204
Weft 144.6 85.5 112.7 152.7 1923 |154.1 189.3
Warp 7.6 4.5 3.6 4.6 5.5 4.7 5.3
ELB (%) Weft 14.1 15.8 18.0 232 26.0 23.1 25.0
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A simple ironing and thus the heating up of the textile over the melting temperature of the
fluorocarbon chains would be however sufficient to reorganize the finishing and to reproduce
the performance level [11].In our opinion the change in water repellency after washing and
abrasion seen on DWR products is also probably related to this reason. Anyway, samples
before and after dendrimer and fluorocarbon finishing treatment have very similar mechanical
properties as indicated in Table 6 and in a range that is intrinsic to the raw material.

3.3. Color Difference Measurements

Color-difference evaluation in the visible waveband (400-700 nm) computed on the basis
of (4) is depicted in Figure 6 for the three tested finishes on the cotton fabric samples. It was
observed that the application of three finishing products have an effect on color change in any
color, whether in hue, chroma, or lightness (AATCC). Color difference trends are comparable
for all colors, and always show the highest AE value for DWR, while the lowest for FWOR
finishing. Besides, distinctive behaviours are observed for red color, which presents the
highest AE for all finishings, and for blue one, whose attitude is decidedly opposing. Color
matching as depicted in Figure 6 and AL, * Aa*, Ab* values of dyestuffs selected for dyeing in
Table 7 show a remarkable influence of finishing onto color difference of textile.

Table 7. AL,* Aa*, Ab* values of reactive dyestuffs used on cotton fabrics

AL* Aa* Ab*

Colour | DWR | DWOR | FWOR | DWR | DWOR | FWOR | DWR | DWOR
FWOR

Yellow | 0.40 | 0.84 0.80 0.78 | 0.30 0.25 0.38 | -0.30 -0.29

Red -0.77 | 0.37 0.25 -1.86 | -1.29 -1.15 -1.01 | -1.03 -0.59

Blue 0.34 ] 0.28 -0.39 -0.46 | -0.36 0.88 -0.22 | -0.15 -0.46

3.4. Reflectance Difference Measurements

One of the major effects on color difference after finishing can be related with surface
roughness change, seen as reflectance difference AR between the percentage reflectance of
treated fabrics from the one of control fabrics, as indicated in Figure 7. As Figure 7 shows,
the DWR, DWOR and FWOR finishes have similar curves of reflectance which stabilize after
530 nm around an almost constant level.It is shown that the finishing treatment changes the
percentage reflectance values of the fabric, depending on the chemical type: samples treated
with chemicals that are smaller in particle size (DWOR, FWOR)generally give higher
reflectance (%) values for A>530nm; DWOR and FWOR finishes increase their refractive
index, in comparison with the fabric itself, and this behaviour is opposite to the one of DWR.
Samples treated with DWR finishing, having greater particle size, exhibit in fact a significant
decrease in reflectance (%), especially for short wavelengths, if compared with control
fabrics.This pronounced decrease may be related to the height of the surface roughness,
which can scatter wavelength of the visible spectrum. The contribution of the particle size
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distribution and the assignment of the height profile of a treated fabric surface may be
correlated to the profile of the reflectance difference plots of the samples [13].
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Figure 6. Color differences on cotton fabrics.
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Figure 7. Reflectance differences of three finishing agents at the best concentration selected according
to water and oil repellency performance results.

3.5. Absorbancemeasurements

Another effect of finishing agents on color difference could be explained by the
absorbance plots in the visible range as shown in Figure 8. The concentrations selected for the
measurement are related with the application concentrations of the products over the textile
surface.As shown in Figure 8 there are two distinct zones for each absorbance curve. The
first one is approximately 350-500 nm, in which stronger adsorption of products and a higher
difference between each finishing agent occur. The rate of absorbance gradually reduces and
so the difference becomes smaller. This is valid under the same concentrations conditions (B,
C, D: 0.50 g/L). The absorbance increases for the same product with concentration increasing
(e.g. DWR A: 1.25 g/L, D: 0.50 g/L), as expected.The adsorption differences for the three
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products are depicted in Figure 9, 10 and 11 for different colors of the same dyestuff group.
Equal ratios of the dyestuff and water/product solutions were carried out for each
measurement.
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Figure 8. Absorbance spectrum of DWR (A: 1.25 g/L; D:0,5 g/L), DWOR (B: 0.50 g/L), FWOR (C:
0.50 g/L) solutions in the visible range.
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Figure 9. Absorbance spectrum of Yellow Remazol RNL in water solution (D) and in solution with
DWR (A: 1.25 g/L), DWOR (B: 0.50 g/L), FWOR (C: 0.50 g/L) products in the visible range.
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Figure 10. Absorbance spectrum of Red Remazol F3B in water solution (D) and in solution with DWR
(A: 1.25 g/L), DWOR (C: 0.50 g/L), FWOR (B: 0.50 g/L) products in the visible range.
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Figure 11. Absorbance spectrum of Black Remazol B in water solution (D:0,1 g/L) and in solution with
DWR (A: 1.25 g/L), DWOR (C: 0.50 g/L), FWOR (B: 0.50 g/L) products in the visible range.

For all colors there is no change in theabsorbance spectrum profile of dyestuff solution
with finishing agents, but an overlay of the absorbance values in the short wavelength. This
means that the dyestuffs do not interact with finishing agents but show a small variation of
the Amax Which results with AE. Absorbance values at Ay, of dyestuff with water/product
solutions on measurement concentrations are reported in Table 8.

Table 8. Absorbance values of dyestuff with water/product solutions at Amax

Absorbance Dyestuff DWR DWOR FWOR
Yellow Remazol RNL 0.98 1.34 0.98 1.09
Red Remazol F3B 0.82 0.98 0.90 0.92
Black Remazol B 1.00 1.26 1.02 1.18

It was evaluated that red dyestuff has a lower absorbance at A.x than the other two
colors. When combined with the finishing products, red dyestuff has lower influence on the
increase of Am., t0o. The absorbance effect of DWR is the best for all the colors, while
DWOR and FWOR show similar absorbance effect except in the case of Black Remazol B.
This can be related with the lower adsorption of dendrimer in comparison with fluorocarbon
polymers at the same concentration. When fluorocarbon polymers dendrimers are applied, the
percentage of fluorocarbon in the product decreases because the same effect of oil and water
repellency is achieved with the help of the only dendrimers. That is why absorbance value is
always the lowest for DWOR. Looking at absorbance values of FWOR (having only
fluorocarbons)fluorocarbons polymers increase the A of dyestuff alone more than with
dendrimers, and dendrimers alone have the lowest effect onApax.

3.6. Color Difference Evaluation

Color difference evaluation for the three tested finished, as depicted in Figure 6, could be
also estimated on the base of absorbance and reflectance values considerations.For yellow (A
=413 nm) dyed and finished cotton fabrics, the effect of absorbance for DWR is the highest,
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when compared with all other colors. This effect is compensated for DWR lower reflectance
at its wavelength, and this results in a AE similar to the DWOR one. FWOR finishing
presents an absorbance value similar to DWOR and the highest reflectance one, so AE is
lower.For red (A = 541 nm) dyed and finished cotton fabrics, the absorbance effect is the
lowest for all finishes, when compared with other colors. Reflectance of DWR is still quite
low but absorbance is lower than the yellow case, so AE is the highest and decidedly higher
than in yellow dyeing. For all finishes, absorbance values are quite similar, but DWOR and
FWOR have an increment of AE, due to the reflectance contribution enhancement.For blue (A
= 600 nm) dyed and finished cotton fabrics, absorbance values are intermediate between
yellow and red dyeing while reflectance values are the highest for all finishes. This provokes a
fall in DWR, DWOR and FWOR AE values. In synthesis, for yellow and blue colors, having
high values of absorbance, AE increases if reflectance is low, while AE decreases with high
reflectance values. For red color, having for all finishes the lowest absorbance value and a
quite high reflectance value for all finishes, a AE enhancement is observed.

4. CONCLUSION

Textile fabrics are subjected to various treatments for water/oil repellency, for crease
recovery and for a large number of different functionalities, but one of the most innovative
effects could be ascribed to the color change induced by finishing operations.Hitherto, the use
of dendrimers as textile dyeing auxiliaries is quite unexplored and their application is still to
be optimized; in this context, dendrimer influence on color assessment is worthy of
exploration.This paper has given new results associated with the evaluation of colour
assessment of cotton fabric due to nanoparticle sized finishing. Color matching of dyed
samples before and after repellency treatments shows an influence of finishing onto color
difference.This can be due to three possible reasons: a change on the surface roughness, an
influence of finishing agents concentration and a dyeing agent/dendrimer interaction or
reaction. DWR, DWOR and FWOR finishes particle sizes designate the distribution and
orientation of surface layer roughness and this results with color difference.The reflectance
change of the treated cotton fabric seems to be related to the particle size and to the
distribution of the chemical applied. In addition, it should be also taken into consideration the
absorbance of finishing agents, that in the visible range influences the dyestuff An.x.Effect of
surface roughness of DWR ishigher than DWOR and FWOR on color difference because of
particle size distribution on the fabric surface. So it was expected to observe the highest AE
for DWR, if taking into consideration only this major factor. As the absorbance level of DWR
is not same for three colors it was clearly seen the positive effect of absorbance increasing on
color difference. Increasing of Ayacafter finishing chemicals application is always positive (or
there is no effect) because of an additional absorbance after applying additives over the textile
surface. Although the amount of additives over the cotton surface influences additional
absorbance, no interaction with dyes results with the increase on An,,. With a concentration
and particle size increasing, the distribution of chemicals over the fabric causes higher surface
roughness, so reflectance directly effects on concentration. Because the ability of the human
eye to appreciate differences in color differs from individual to individual (as it is a
combination of eye characteristics and skill of the operator), for the three different finishes
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used AE<I values indicated that the color changes were appreciable only byinstrumental
equipment. Dendrimers finishing on cotton textiles is confirmed as good device for water and
oil repellency treatments, and its performances can be compared to the commonly used
fluorocarbon products. Finally, mechanical characteristics of the fabric are not considerably
altered by finishing treatments:no significant differences were observed in the mechanical
properties between treated and control samples.
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ABSTRACT

Rice husk, an agricultural solid waste was used as sorbent for the removal of
chromium(VI) from aqueous solution after modification with HCI. The results of the
experiments showed that acid treatment of rice husk can improve the sorption efficiency
considerably. Effects of pH, contact time, initial Cr(VI) concentration and adsorbent
dosage were studied. Removal of chromium ion was found to be highly dependent on pH
and initial concentration of Cr(VI) solution. Sorption isotherm investigation showed that
equilibrium sorption data were better represented by Freundlich model than the Langmuir
model. Our finding in this paper has indicated that very low cost abundant material of the
rice husk modified with HCI can be effectively used for removal of Cr(VI) ion from
effluents such as textile waste waters.

1. INTRODUCTION

Heavy metals are toxic and environmentally harmful substances. Especially those
accumulated within the living organisms as well as in human body are more dangerous.
Therefore, they have to be removed from the wastewaters before they are given to the
receiving medium [1]. One of the most dangerous metal ions for human life is Cr(VI) ion
which is found in industrial wastewater because of the extensive use of chromate and
dichromate in electroplating, leather tanning, metal finishing, nuclear power plant, textile
industries and chromate preparation. Chromium(VI) is a powerful carcinogenic agent that
modifies the DNA transcription process causing important chromosomic aberrations. Cr(VI)
may also cause epigastric pain, nausea, vomiting, severe diarrhea and hemorrhage. Portable
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waters containing more than 0.05 mg/L of chromium are considered to be toxic. Thus, the
removal of chromium ions from wastewaters is very important [2, 3].

Various methods including reverse osmosis, ion exchange, adsorption, chemical
precipitation and electro deposition have been used for removal of chromium(VI) [4]. Most of
these methods are highly expensive and cost effective. Therefore, numerous approaches have
been studied for the development of low cost adsorbents [4]. Agricultural materials
particularly those containing cellulose shows potential metal biosorption capacity.
Agricultural waste materials are usually composed of lignin and cellulose as the main
constituents. Other components are hemicellulose, extractives, lipids, Proteins, simple sugars,
starches, water, hydrocarbons, ash and many more compounds that contain a variety of
functional groups present in the binding process. Agricultural waste materials being economic
and ecofriendly due to their unique chemical composition, availability in abundance,
renewable, low in cost and more efficient are seem to be viable option for heavy metal
remediation. Studies reveal that various agricultural waste materials such as rice bran, rice
husk, wheat bran, weat husk, saw dust of various plants, bark of the trees, ground nut shells,
coconut shells, black gram husk, hazelnut shells, walnut shells, cotton seed hulls, waste tea
leaves, maize corn cob, jatropha deoiled cakes, sugar cane bagasse, apple, banana, orange
peels, soybean hulls, grapes stalks, water hyacinth, sugar beet pulp, sunflower stalks, coffee
beans, arjun nuts, cotton stalks etc has been tried [5].

In this work, we investigated HCI treated rice husk as a sorbent for the removal of Cr(VI)
in this paper. Rice husk consists of cellulose, hemicellulose, lignin, and mineral ash. It is
insoluble in water, has good chemical stability and high mechanical strength. Rice husk
possesses a granular structure, making it a good adsorbent material for treating heavy metals
from wastewater [6]. The aim of the present investigation is to detect the performance of HCI
treated rice husk on Cr(VI) removal and to investigate the effect of various parameters on
adsorption of Cr(VI) from aqueous solution. The information gained from these studies will
elucidate whether the treated rice husk have the potential to be used for the removal of Cr(VI)
ions from wastewater.

2. METHODS

2.1. Preparation of Cr(V1) solution

K,Cr,0; was obtained from Merck. A stock solution (1000 mg/L) of Cr(VI) was prepared
by dissolving required quantity of K,Cr,O7 in distilled water. For the experiments, Cr(VI)
solution having 10-100 mg/L was prepared and used.

2.2. Preparation of Rice Husk

The rice husk used was obtained from the north part of Iran. It was crushed and sieved
through the following sizes: 90-180, 180-300, 300-500, 500-600 pm. 180-300 um fractions
was used in all experiments. Then the husks were thoroughly washed with distilled water and
then were dried at 110 °C. The dried husk was stored in desiccator before use.
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2.3. Modification of the Rice Husk

5.0 g of rice husk was mixed with 500 mL of the HCI 0.10M and agitated for 24h. After
acid treatment, it was filtered, washed with distilled water and dried in an oven at 80 °C for
6h.

2.4. Batch Adsorption Experiments

All experiments were carried out at room temperature. The adsorbent was added to 50
mL of test solution in a 100 mL conical flask. Batch adsorption studies were carried out at the
desired pH value, contact time and adsorbent dosage level. Different initial concentration of
Cr(V]) solutions was prepared by proper dilution from stock 1000 ppm Cr(VI). The pH of the
solution was monitored by adding 0.1 M HCI and 0.1 M NaOH solution as required. The
suspension was shaken for some time which is required for reaching the equilibrium
condition estimated by drawing samples at regular intervals of time till equilibrium was
reached. The contents of the flask were filtered through filter paper and the filtrate was
analyzed for remaining Cr(VI) concentration in the sample using Perkin-Elmer UV-visible
spectrophotometer with 1,5-diphenylcarbazide in acid medium by following APHA, AWWA
standard methods for examination of water and wastewater [7]. The removal percentage (R%)
of chromium(VI) was calculated by following expression:

R(%){%}xloo (1)

i

And amount of Cr(VI) adsorbed by adsorbent (q) in the adsorption system was calculated
using the mass balance:

v(c-C
q — ( 1 E) (2)

m

where V is the solution volume (L), m is the amount of sorbent (g), and Ci and Ce (mg/L)
are the initial and equilibrium metal concentration, respectively.

3. RESULTS AND DISCUSSION

3.1. Effect of Chemical Treatment on Sorption

The chemical modification resulted in increasing the Cr(VI) uptake of rice husk.
Pretreatment of plant wastes can extract soluble organic compounds and enhance chelating
efficiency [6]. The effect of physical and chemical pretreatment processes appeared to
enhance the metal (usually cations) sorption capacity [8]. Pretreatment of rice husk can
remove lignin, hemicellulose, reduce cellulose crystallinity and increase the porosity or
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surface area. In general, chemically modified or treated rice husk exhibited higher adsorption
capacities on heavy metal ions that unmodified rice husk. When rice husk is treated with
hydrochloric acid, adsorption sites on the surface of rice husk will be protonated, leaving the
heavy metal ions in the aqueous phase rather than being adsorbed on the adsorbent surface

[6].

3.2. Effect of pH on Cr(VI1) Removal

The pH of the medium has a significant effect on the sorption of on metal ions on
different adsorbents. For adsorption of Cr(VI), experiments were carried out by varying pH
from 2 to 8. The results presented in Fig .1 indicate that Cr(VI) removal is considerably
affected by the pH. The maximum adsorption of chromium(VI) metal ions was observed at
pH value of 2.0. At initial pH value of 2.0, the adsorbent surfaces might be highly protonated
which favor the uptake Cr(VI) in the predominant anionic form (HCrO4'). With increase in
pH, the degree of protonation of the surface reduces gradually and hence adsorption is
decreased [9]. Further decrease in percent removal at alkaline pH is due to the competition of
OH’ ions and chromate ions for the adsorption sites [3]. Adsorption of Cr(VI) on the
adsorbent was not significant at greater pH values due to dual competition of both the anions
(CrO4? and OH") for adsorbtion on the surface of the adsorbent of which OH™ predominant.

Furthermore, the removal of Cr(VI) is also dependent on the redox between the sorbent
surface groups and sorbate [10]. Cr(VI) oxyanion is readily reduced to Cr(IIl) ions due to the
presence of electron donors of rice hulls according to the following reaction:

HCrO4 +7H +3e- =——— Cr’' +4H,0

This can be observed that the reduction of Cr(VI) oxyanion is accompanied by proton
consumption in the acidic solution, confirming the role played by H' in the Cr(VI) removal
[11]. A significant portion of Cr(VI) in solution can be reduced to Cr(III) depending on the
conditions such as PH, temperature and time [3]. In such studies, some important kinetic and
thermodynamic evaluations have been made on the basis of Cr(VI) removal without
considering reduction effects which can lead to erroneous conclusions.

100 ~

80 +

60

40

% Removal Cr (VI)

20 -

Figure 1. Effect of pH on the adsorption of Cr(VI); Initial Cr(VI) concentration 10 mg/L, adsorbent
dosage 1g /50 mL, contact time 2 h.
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4. EFFECT OF ADSORBENT DOSAGE

One of the parameters that strongly affect the sorption capacity is the dosage of the
adsorbent in the liquid phase. The adsorbent was used at dosage ranging from 0.2 g/50 mL to
1.2g/50mL in a batch adsorption technique. The effect of adsorbent dosage is depicted in
Figure 2. As our data show, increase in adsorbent results in an increase in percent removal of
Cr(VI). With increasing adsorbent dosage more surface area is available for adsorption due to
increase in active sites on the adsorbent [9]. After certain adsorbent dosage the removal
efficiency is not increased so significantly. At 1.0 g/50mL of adsorbent dosage maximum
Cr(VI) removal was observed. Therefore, the experiments were carried out at adsorbent
concentration of 1.0 g/50 mL.

60 -

50 -

40 -

30 +

20 +

%Removal Cr (VI)

10 +

0 0.2 0.4 0.6 0.8 1 1.2

Adsorbent dosage (g)

Figure 2. Effect of adsorbent dosage on adsorption of Cr(VI); pH 2, initial Cr(VI) concentration 100
mg/L, contact time 2 h.

5. EFFECT OF INITIAL METAL ION CONCENTRATION

For performing this experiment, fixed amounts of adsorbent (1.0 g) was treated with 50
mL of Cr(VI) solutions containing various concentrations (10-100 mg/L). Experiments were
also carried out at contact time of 2 h and pH value of 2.0. According to the results obtained
in this experiment (Figure 3), it was found that the efficiency of Cr(VI) removal is affected by
the initial Cr(VI) concentration. Removal percentage is decreased as the initial concentration
of Cr(VI) is increased.
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Figure. 3. Effect of initial concentration on the adsorption of Cr(VI); pH 2, adsorbent dosage 1 g/50
mL, contact time 2 h.

At low metal ion/adsorbent ratios, metal ion adsorption involves higher energy sites. As
the metal ion/adsorbent ratio increases, the higher energy sites are saturated and adsorption
begins on lower energy sites, resulting in decreases in the adsorption efficiency [12].

6. EFFECT OF CONTACT TIME

The experimental runs measuring the effect of contact time on the batch adsorption of
Cr(VI) and at initial pH value 2 and initial Cr(VI) concentration of 100 mg/L is shown in
Figure 4. It is obvious that increase in contact time from 0.5 to 2.0 h enhanced the percent
removal of Cr(VI) significantly and thereafter, it remains almost constant. Therefore a contact
time of 2 h was needed for equilibrium to be established.

60 -
55
50 |-
45 |
40 |

35 -

%Removal Cr(VI)

30 -

25

20

0 40 80 120 160

Contact time (min)

Figure. 4. Effect of contact time on the adsorption of Cr(VI); initial Cr(VI) concentration 100mg/L,
adsorbent dosage 1 g/50 mL and pH 2.
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7. ADSORPTION MODELS

Two well-known adsorption models, Langmuir and Freundlich, were applied for the
analysis of sorption data obtained at different initial concentrations [8]. The Langmuir
equation is applicable for the adsorption on homogeneous surfaces and it depends on the
assumptions which can be summarized as there are constant numbers of active sites having
the uniform energy on adsorbent surface and adsorption energy is constant. Further, it is
assumed that adsorption is a monolayer adsorption and the maximum adsorption occurs when
molecules adsorbed on the surface of adsorbent form a saturated layer. Langmuir isotherm is
valid for the cases where adsorption is a monolayer coverage processes, therefore, it is
expected that adsorption value reach to a maximum value at high pressure or concentrations
[1, 8]. Langmuir isotherm may be written as the following:

q.= % (nonlinear form) v
1 1 1 .
A + (linear form) @

qe Qmax meaxCe

where C, is the residual Cr(VI) concentration (mg/L), q. is the amount of metal adsorbed
(mg/g), Qmax (mg/g) and b (L/mg) are the Langmuir constant showing the maximum amount
of metal ion adsorbed per unit weight of adsorbent to form a complete monolayer on the
surface bound at high equilibrium metal ion concentration and the energy of adsorption,
respectively [13]. Langmuir isotherm showed linear plot and values of Langmuir constant
(Qmax and b) calculated from the slope and the intercept of the plot (Figure 5).

25 -

1k y = 1.6572x + 0.4896
R?=0.9159

0 0.2 0.4 0.6 0.8 1
1/c,

Figure. 5. Langmuir adsorption isotherm for the adsorption of Cr(VI) ions on to adsorbent.

The essential characteristics of the Langmuir isotherm may be expressed in terms of a
dimensionless constant separation factor or equilibrium parameter, Ry, which is defined as
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1

R=— 5
" 1+bC, ®

Where b is the Langmuir constant (L/mg) and C is the initial concentration (mg/L). The
Ry value lying between 0 and 1 indicate favorable adsorption [8].

Values Types of isotherm
R >1 Unfavorable

Ri=1 Linear

0<R; <1 Favorable

R <0 Irreversible

The values of Ry, for the HCI treated rice husk are listed in Table 1. The data represented
a favorable uptake of Cr(VI) by modified rice husk.

Table 1. Separation factor for the adsorption of Cr(VI) on to modified rice husk

RL Initial concentration of chromium(VI)
0.25 10

0.15 20

0.08 40

0.05 60

0.04 80

0.03 100

Although Freundlich isotherm is generally used for the adsorption from liquid solutions,
it is used for the gas adsorption as well. The empirical Freundlich adsorption isotherm is
obtained on the assumption that the sorption takes place on a heterogeneous adsorbent surface
where the sorption energy distribution decreases exponentially. This equation is also
applicable to multilayer adsorption. According to this model, initially amount of adsorbed
compound increases rapidly, this increase slow down with the increasing surface coverage
[14, 15]. Freundlich isotherm may be written as the following:

q9.=K ,C e% (nonlinear form) 6)

logg = 1 logC ,+logk , (linear form) (7)
" »

where K¢and n are the Freundlich constant which represent the adsorption capacity and
the adsorption intensity of the sorbent, respectively [8, 13]. The value of n between 1 and 10
represent a favorable adsorption [16]. Freundlich isotherm showed linear plot and values of
Freundlich constant (K¢ and n) calculated from the slope and the intercept of the plot (Figure
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6) are presented in table 2. The value of n lies between 1 and 0 for HCI treated rice husk,
which represents a favorable adsorption.

0.6 -

04 +

y =0.4973x - 0.3639
R?=0.9861

log g
f=}
T

-0.2 -

-0.6

-0.5 0 0.5 1 1.5

logc,

Figure 6. Freundlich adsorption isotherm for the adsorption of Cr(VI) ions on to adsorbent.

The calculated results of the Langmuir and Freundlich isotherm constants are also given
in Table 2. Comparison of experimental values and Langmuir and Freundlich isotherms
showed that Freundlich isotherm confirms very well with the experimental data. Regression
coefficient values also support this observation. This observation suggests that the adsorption
of chromium ion on HCI treated rice husk is a multilayer adsorption.

Table 2. Freundlich and Langmuir isotherms regression constants

Freundlich isotherm Langmuir isotherm

R’ Ke(Lgh) |[n R’ Qua(mgg’) | b(L mg™)

0.98 0.43 2.01 0.91 2.04 0.29
CONCLUSION

The pH variation studies showed that the adsorption process for the adsorbent is highly
pH dependent. The optimum pH range for the removal was found to be 2. HCI treated rice
husk could be suitable adsorbent for the removal of Cr(VI) from dilute aqueous solutions. The
adsorption data of HCI treated rice husk have been found to be better fitting to Freundlich
isotherm. Therefore, it may be regarded that HCI treated rice husk has a heterogeneous
surface.
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ABSTRACT

Calcite lattice parameters have been measured at simultaneous pressure and
temperature using a newly designed hydrothermal diamond anvil cell capable of 1200°C
and 25 kbar. Real-time energy dispersive diffraction patterns were obtained from a
gasketed sample of powdered calcite immersed in water using white synchrotron
radiation. A path of constant density was followed in the PT-plane of water as the sample
chamber volume remained constant. Temperature was directly measured from chromel-
alumel thermocouples cemented to the upper and lower diamond anvils, and the pressure
was calculated from the equation of state of water using the temperature (115 + 3°C) at
which the vapour phase disappeared to mark the isochore (0.950 = 0.005 gm/cm?)
followed. Least squares regression of eight calcite reflections from a room pressure-
tempeature pattern obtained at the Cornell High Energy Synchrotron Source (CHESS)
yielded a, = 4.988 £ 0.001 A and c, = 17.088 £ 0.001 A.

A high temperature diffractometer on a conventional source was used to measure
lattice parameters of the calcite to 524°C. From a linear least squares fit to these data, the
thermal anisotropy previously reported for calcite was confirmed as a/a, changed by -
3.63x10°%/°C, while in contrast changed by +3.26x10°/°C. At CHESS, diffraction data
were collected in the PT-plane from calcite immersed in water, and each pattern was least
squares refined for the calcite lattice parameters. Along the 0.950 gm/cm’® isochore of
water, the thermal anisotropy in the calcite lattice parameters changed slightly with the
application of water pressure. From a linear fit on the calcite data obtained at CHESS,
a/a, changed by -5.196x10°/°C and c/c, changed by +2.872x107/°C along the 0.950
gm/cm’ isochore of water. Because the expansion of the c-lattice parameter of calcite is
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nearly an order of magnitude greater than the contraction of the a-lattice parameter, the
unit cell volume of calcite expands along the temperature axis and along this water
isochore to 7.62 kbar water pressure at 533°C.

INTRODUCTION

Carbonate minerals have been the subject of many crystallographic studies owing to the
curious anisotropy observed in the temperature and pressure responses. High-temperature
diffractometer studies of calcite (Markgraf and Reeder, 1985) and Rao et al., 1968) indicate
ala, decreases by 10°/°C while c/c, increases by 107°/°C with increasing temperature. With
pressure, the compressibility of a/a, is 3/5 as great as that of c/c,, up to 20 kbar (Fiquet et al.,
1993).

Bivariant changes of the calcite lattice parameters in the PT-plane have been proposed as
a basis for a double internal X-ray standard for simultaneous pressure and temperature
measurements by Hazen and Finger (1982). The monogram shown in Figure 1 of Hanzen and
Finger (1982, p.72) and corrected by us for switched axes, shows proposed contours of
constant a/a, and c/c, in the PT-plane. Because data on calcite in the PT-plane are determined
only along the pressure and temperature axes, these contours lines are only a proposal. The
main purpose of the research reported in this paper is to fill in these contour lines based on
simultaneous pressure-temperature measurements.

Through the use of a recently designed hydrothermal diamond anvil cell (Bassett et al.,
1993) it is now possible to carry out hydrothermal experiments to temperatures above 1000°C
while simultaneously applying water pressure up to 20 kbar and beyond. Synchrotron
radiation experiments can be performed to obtain real-time energy dispersive X-ray
diffraction patterns of the gasketed sample of powdered calcite in water at an accurately
measured temperature and pressure. The intervening points along the contour lines in the
calcite monogram can be determined from calcite diffraction patterns obtained in this way.

As is described in this paper, diffraction patterns of powdered calcite were obtained in the
PT-plane along the 0.950 gm/cm’ isochore of water. Pressure was calculated by the equation
of state of water (Shen et al., 1992) using as primary reading the temperature measured from
chromel-alumel thermocouples cemented in contact with the diamonds. Least-squares
refinement of the calcite patterns (Burnham, 1965) at each pressure-temperature point
resulted in refined a(P,T) and c¢(P,T) values along the water isochore that was followed.

EXPERIMENTAL

Specimens

Icepand Spar was obtained from the Mineral Collection of Cornell University,
Department of Geological Sciences, #11.41-231. Several centimetre-size calcite crystals were
ground in an alumina mortar and pestle to a fine-grained powder. Part of the fine-grained
sample was carefully transferred to a 500 pum diameter sample chamber made from a laser
machined Re foil with a 125 pm thickness.
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The Re gasket was centered and mounted on the lower diamond anvil face which was
approximately 1000 um across. A droplet is distilled and deionized water was applied to the
upper diamond anvil face. By surface tension, the droplet adhered to the upper diamond as it
was brought into contact with the gasketed calcite sample and sealed by driving the anvil
faces together with the driver nuts. At room temperature, the gasketed sample appeared as
white powdered calcite immersed in water in contact with a bubble of water-saturated air.

Data Collection

A fixed volume was attained inside the 500 micrometer gasket hole by bringing the
diamond from the upper platen in contact with the gasket containing the calcite in water
sample. As has been verified in separate experiments (Shen et al., 1992), the thickness of the
Re gasket undergoes only minor change in the hydrothermal cell to well over 1000°C; during
cooling there is usually no change in the thickness of the gasket hence the volume of the
sample chamber is usually constant during cooling (Bassett, 1993).

After sealing off the sample, the hydrothermal cell was mounted on a white X-ray
beamline at CHESS. The incident white beam was centered and normal to the gasketed
sample and was directed at the sample using a pinhole with a diameter of 300 um. An
intrinsic Ge detector and a multi-channel analyzer (MCA) program were used to collect the
actual energy dispersive diffraction pattern.

From a pattern collected at room temperature, the presence of calcite reflections and the
absence of Re reflections indicated when the X-ray beam passé through the sample. From this
criterion alone, the centering of the white beam within the sample was verified. At room
temperature and normal pressure, the pattern was collected with the calcite reflections
labelled on the inset.

There are eight reflections in this room-temperature pattern intense enough for an
accurate peak fitting to be performed. From comparison against published powder diffraction
data on calcite (Swanson and Fuyat, 1953) at room temperature and pressure, the room
pressure-temperature reflections were used to refine the conversion factor Ed, where E is the
energy of the peak in keV, and d is the spacing of lattice planes, in A, that produced the peak.
The value 64.790 + 0.005 keV-A corresponds to a 20 of 10.989 + 0.021°.

As explained by Bassett et al., (1993), heating of the gasketed sample was accomplished
by resistance heaters consisting of molybdenum wire wound around each WC diamond anvil
seat. The extremely high thermal conductivity of the diamond anvils is exploited in this
design, and from calibration of the thermocouples against the room pressure melting points of
sodium nitrate, sodium chloride and the triple point of water, it is apparent that the difference
in the temperature is registered at the thermocouple and that corresponding to these phase
changes are within 4°C of each other (Shen et al., 1993).

Typically the gasket changes thickness to some extent during the heating of the sample,
while following a cooling curve, the thickness of the gasket is maintained (Bassett, 1993).
Observation of the homogenization temperature before the diffraction experimented yielded
113°C to 117°C. After collecting the diffraction data along the heating curve, the
homogenization temperature was observed to 112°C to 115°C indicating that the volume of
the sample chamber had not changed significantly during heating and cooling. Therefore to
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0.950 + 0.005 gm/cm’ isochore was followed for the diffraction data collected in this
experiment.

From the room pressure-temperature pattern, the shift in the Bragg peaks and their
relative intensities in subsequent patterns collected along the heating curve in the experiment
indicated that the calcite sample did not transform by decomposition or by chemical reaction
to other phases.

Along the temperature axis, powder diffraction data were collected to 524°C on an
conventional source using a Scintag 0-0 diffractometer with a high temperature attachment.
These data were then employed in a linear interpolation of the temperature response on the
lattice parameters of calcite, as is described below.

Refinement Procedures

Each of the energy dispersive diffraction patterns was comprised of peaks of diffracted
intensity at the wavelengths satisfying the Bragg equation at a fixed angle of 10.989 + 0.021°.
In each pattern, from six to eight such peaks due to calcite were of sufficient intensity above
background so that a Gaussian-Lorentzian curve fitting algorithm could be applied to reduce
the pattern to a set of d-spacings.

A least squares program (Burnham, 1965) was used to refine the calcite lattice
parameters, a and c, from the peaks for each pressure-temperature point at which a calcite
pattern was collected. The algorithm which this program is based upon is Cohen’s least-
squares method (Cohen, 1935 and Klug and Alexander, 1954). The refinement procedure
involves iteratively minimizing the sum of the random observational errors for the reflections
in the pattern with respect to the lattice parameters on the unit cell. A Smith-Snyder figure of
merit (Smith and Snyder, 1968) was used as the convergence criterion for each refinement.
Each of the patterns was refined after fewer than three cycles.

RESULTS

Lattice Parameters of Calcite to 533°C and 7.62 kbar

Least squares refined values of the calcite lattice parameters were collected using a high
temperature attachment on a 6-0 powder diffractometer. The data indicate anisotropy in the
thermal expansivity of the calcite lattice parameters. Since the volume of the hexagonal unit
cell of calcite is proportional to azc, and c/c, increases by 10°/°C while a/a, decreases by 10°
6/°C, the unit cell in calcite expands with temperature despite the fact that the a-axis is
contracting. The linear interpolation is used to provide the a/a,(T) and c/c(T) scale for the
temperature axis. Results are shown in Table 1.
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Table 1. Lattice parameters of Calcite and a/ao and c/co of calcite along the temperature
axis at 1 bar pressure using high temperature o-o diffractometer data.

Temperature, °C | a(A) c(A) ala, clc,
28.0 5.016(3) 17.167(3) 1.0000 1.0000
50.0 5.016(4) 17.173(6) 1.000(0) 1.000(4)
100.0 5.013(7) 17.209(7) 0.999(5) 1.002(5)
158.0 5.012(5) 17.238(8) 0.999(2) 1.004(2)
200.0 5.011(8) 17.262(4) 0.999(1) 1.005(5)
254.0 5.011(7) 17.283(4) 0.999(1) 1.006(8)
400.0 5.008(9) 17.364(6) 0.998(5) 1.011(5)
432.0 5.007(9) 17.393(0) 0.998(3) 1.013(2)
524.0 5.007(4) 17.449(4) 0.998(2) 1.016(4)

Along the pressure axis, the powder diffraction data of Fiquet et al. (1993) can be plotted
as a/a, and c/c, versus pressure. The room temperature compressibility curve of a/a, is about
3/5 as great as that of c¢/c, up to 20 kbar. A linear interpolation of these data is used to provide
the a/a,(P) scale for for the pressure axis in the a/a, contours. For the calcite sample used in
the compressibility study by Fiquet et al. (1993) at zero pressure and room temperature, a, =
4.990(4) A and ¢, = 17.064(7) A, which agree with the values of a, = 4.988(3) A and c, =
17.088(5) A from the powder data collected at CHESS in the diamond anvil cell at room
temperature and pressure.

In the PT-plane, the calcite lattice parameters were determined from energy dispersive X-
ray diffraction. The energy dispersive diffraction patterns collected at about 150°C intervals
along the 0.950 gm/cm’ isochore of water indicate that the calcite sample did not transform to
another phase during heating along this isochore of water.

Lattice parameters of calcite along the 0.950 grn/cm3 isochore of water are given in Table
2. The values of a/a, and c/c, along this isochore versus temperature along the bottom axis
and versus pressure along the top axis based on least squares fits of the data to linear
functions provide smooth functions of the temperature and pressure dependences,
respectively, of a/a, and c/c, along the 0.950 gm/cm’ isochore of water. By interpolating
along the smooth functions of temperature, the corresponding pressures can be calculated
using the equation of state of water (Haar, 1984). The interpolated pressure-temperature
points are then used for constructing the contour points.

The linear interpolation performed to obtain a/a,(P,T) and c/c,(P,T) points along the
0.950 gm/cm’ isochore of water was then combined with corresponding interpolated points
along the pressure and temperature axes. Lines of constant a/a, could be constructed from the
sets of related a/a, points along the temperature axis, along the 0.950 gm/cm’ isochore of
water and along the pressure axis. From the points along the temperature axis and along the
isochore of water followed in the experiment, lines of constant c/c, could be constructed.
These lines of constant a/a, and c/c, in the PT-plane can be compared to the calcite
nomogram of Hazen and Finger mentioned before.
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Table 2. Lattice parameters of calcite and a/a. and c/c. of calcite along the 0.950 gm/cm’®
water isochore

Temperature, °C | Pressure, a(A) c(A) ala, clc,
kbar
25.5 0.00 4.988(3) 17.088(5) 1.0000 1.0000
515 0.00 4.986(9) | 17.102(8) | 0.999(7) 1.000(8)
76.5 0.00 4986(2) | 17.114(3) | 0.999(6) 1.001(5)
103.0 0.00 4987(3) | 17.113(9) | 0.999(8) 1.001(5)
133.0 0.36 4.986(8) | 17.134(0) | 0.999(7) 1.002(7)
161.5 0.86 4985(5) | 17.147(9) | 0.999(4) 1.003(5)
176.0 .13 4984(8) | 17.1523) | 0.999(3) 1.003(7)
199.0 1.57 4983(5) | 17.160(5) | 0.999(0) 1.004(2)
2315 2.18 4984(3) | 17.1712) | 0.999(2) 1.004(5)
249.5 2.53 4983(0) | 17.182(7) | 0.998(9) 1.005(5)
279.5 3.12 4982(9) | 17.198(9) | 0.998(9) 1.006(5)
298.0 3.46 4983(9) | 17.201(1) | 0.999(1) 1.006(6)
318.0 3.84 4.980(9) | 17.228(0) | 0.998(5) 1.008(2)
3505 4.46 49795 | 17.242(2) | 0.998(2) 1.009(0)
374.5 4.90 4981(6) | 17.235(7) | 0.998(6) 1.008(6)
3945 524 4980(4) | 17.257(5) | 0.998(4) 1.009(9)
411.0 5.55 4976(4) | 17.309(7) | 0.997(6) 1.012(9)
533.0 7.62 4976(4) | 17.309(6) | 0.997(6) 1.012(9)
DiscussioN

Contour Diagrams of a/a,(P,T) and c/co(P,T)

Up to 533°C and 7.62 kbar, the c-axis expands with temperature and along the 0.950
gm/cm’ isochore of water, while the a-axis contracts. The contours of a/a, in the PT-plane can
be derived from data in Table 3. Since a/a, decreases along the temperature axis and also
along the pressure axis, contour lines are expected to join a/a, points of the same value along
the pressure and temperature axes through the PT-plane. In order for the a/a, points along the
temperature and pressure axes to pass through the corresponding a/a,(P,T) isochore points,
the contour lines for a/a, are constrained to have convex-upward curvature.

This experimental result is in contrast to the predicted shape of the a/a, contours shown in
the calcite nomogram in Figure 1 from Hazen and Finger (1982). Our experimentally
observed convex-upward curvature for the a/a, contours corresponds to a decrease in the
compressibility of the a-axis of calcite compared to the room temperature compressibility
along this axis. Such a decrease in the slope of the compressibility along the a-axis refers to
compressibility curves above room temperature in which the a/a, ratios are offset to values
less than one along the room temperature axis.
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Table 3. Contour lines of calcite a/a. in the PT-plane interpolated from least squares fits
to the calcite lattice parameters along the temperature-axis, the pressure-axis and along

the 0.950 gm/cm?® water isochore

Temperature, °C Pressure, kbar ala,

255 0.00 1.0000
153.1 0.00 0.9995
25.0 1.39 0.9995
138.6 0.46 0.9995
178.6 0.00 0.9994
25.0 1.66 0.9994
158.4 0.80 0.9994
204.1 0.00 0.9993
25.0 1.94 0.9993
178.2 1.17 0.9993
229.6 0.00 0.9992
25.0 2.21 0.9992
198.0 1.55 0.9992
255.1 0.00 0.9991
25.0 2.49 0.9991
217.8 1.93 0.9991
280.6 0.00 0.9990
25.0 2.77 0.9990
237.7 2.31 0.9990
306.2 0.00 0.9989
25.0 3.05 0.9989
257.5 2.68 0.9989
331.7 0.00 0.9988
25.0 3.33 0.9988
277.3 3.06 0.9988
357.2 0.00 0.9987
25.0 3.60 0.9987
297.1 3.45 0.9987
382.7 0.00 0.9986
25.0 3.88 0.9986
316.9 3.82 0.9986
408.2 0.00 0.9985
25.0 4.16 0.9985
336.7 4.20 0.9985
433.7 0.00 0.9984
25.0 4.43 0.9984
356.5 4.55 0.9984
459.2 0.00 0.9983
25.0 4.71 0.9983
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Table 3 (Continued)

376.3 4.92 0.9983
4848 0.00 0.9982
25.0 4.99 0.9982
396.1 5.28 0.9982
510.3 0.00 0.9981
25.0 5.26 0.9981
4159 5.62 0.9981
535.8 0.00 0.9980
25.0 5.54 0.9980
435.7 5.99 0.9980

The sets of corresponding points used in constructing the contours plots of c¢/c,(P,T) are
listed in Table 4. Contours of c/c, in the PT-plane can be derived using data from Table 4.
Because c/c, increases with temperature but decreases with pressure, the contours in the
pressure-temperature plane will not join the temperature and pressure axes. These contours
have slight upward curvature to about 2 kbar then gradually level off to straight parallel lines
with slight positive slopes. Their shape is in agreement qualitatively with the predicted c/c,
contours in the corrected calcite nomogram shown in Figure 1 from Hazen and Finger (1982).

Table 4. Contour lines of calcite c¢/co in the PT-plane interpolated from least squares fits
to the calcite lattice parameters along the temperature-axis and along the 0.950 gm/cm3

water isochore

Temperature, °C Pressure, kbar c/c,

25.5 0.00 1.0000
60.1 0.00 1.0010
91.0 0.00 1.0020
122.1 0.18 1.0020
121.9 0.00 1.0030
156.2 0.77 1.0030
152.9 0.00 1.0040
190.4 1.40 1.0040
183.9 0.00 1.0050
224.5 2.05 1.0050
214.8 0.00 1.0060
258.6 2.70 1.0060
245.8 0.00 1.0070
292.7 3.37 1.0070
276.8 0.00 1.0080
326.8 4.01 1.0080
307.7 0.00 1.0090
360.9 4.64 1.0090
338.7 0.00 1.0100
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395.1 5.26 1.0100
369.6 0.00 1.0110
429.2 5.86 1.0110
400.6 0.00 1.0120
463.3 6.45 1.0120
431.5 0.00 1.0130
497.4 7.03 1.0130
462.5 0.00 1.0140
531.5 7.60 1.0140
4934 0.00 1.0150
565.6 8.15 1.0150

The room temperature compressibility curve of the c-axis will pass through values of c/c,
less than one, while at temperatures above room temperature the compressibility curves have
shallower slopes but refer to compressibility from c/c, which are offset to ratios greater than
one along the pressure axis. The shallower slopes of these higher temperature compressibility
curves correspond to a decrease in the compressibility of the c-axis at higher temperatures.

Contour Diagrams of c/a(P,T) and V/V,(P, T

Least squares refined values for c¢/a(P,T) and V/V(P,T) are shown in Table 5 from the
diffraction data collected to 533°C and 7.62 kbar. A linear interpolation was performed to
obtain c/a(P,T) and V/V,(P,T) points along the 0.950 gm/cm3 isochore of water which had the
corresponding interpolated points along the temperature axis, in a manner previously
described for the c/c, contour plot. From these interpolated sets of points, contour lines were
constructed for c/a and V/V, in the PT-plane by joining together points of the same value at
the temperature axis with the corresponding point in the PT-plane along the 0.950 gm/cm’
isochore of water.

Table 5. V/V, and c/a ratios of calcite measured along the 0.950 gm/cm® water isochore

Temperature °C | Pressure, kbar | V, A3 VIV, cla

25.5 0.00 368.23(5) 1.0000 3.425(7)
51.5 0.00 368.33(6) 1.000(3) 3.429(6)
76.5 0.00 368.48(2) 1.000(7) 3.432(3)
103.0 0.00 368.63(5) 1.001(1) 3.431(5)
133.0 0.36 369.00(0) 1.002(1) 3.435(9)
161.5 0.86 369.09(3) 1.002(3) 3.439(6)
176.0 1.13 369.08(8) 1.002(3) 3.440(9)
199.0 1.57 369.07(5) 1.002(3) 3.443(5)
231.5 2.18 369.42(4) 1.003(2) 3.445(1)
249.5 2.53 369.47(9) 1.003(4) 3.448(3)
279.5 3.12 369.81(6) 1.004(3) 3.451(6)
298.0 3.46 370.00(1) 1.004(8) 3.451(4)
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Table 5 (Continued)
318.0 3.84 370.14(6) 1.005(2) 3.458(8)
350.5 4.46 370.24(2) 1.005(5) 3.462(6)
374.5 4.90 370.40(7) 1.005(9) 3.459(9)
394.5 5.24 370.70(2) 1.006(7) 3.465(1)
411.0 5.55 371.22(9) 1.008(1) 3.478(3)
533.0 7.62 371.22(9) 1.0087(1) 3.478(3)

The V/V, contours of calcite can be constructed from the data listed in Table 6. Each of
these contours is estimated to be nearly linear with a positive slope. Compression curves are
shown to decrease in slope with temperature slightly. Along the temperature axis the thermal
curves are of shallower slope. This corresponds to passing through higher temperatures than
in the room pressure thermal expansion curve than in the room thermal expansion curve, to
pass through the same values of V/V,. From the V/V, contour diagram, it is evident that the
crystallographic data supports the thermodynamically expected behaviour for the calcite unit
cell in the PT-plane.

Table 6. Contour lines of calcite V/V, in the PT-plane interpolated from least squares
fits to the calcite lattice parameters along the temperature-axis and along the 0.950
gm/cm3 water isochore

Temperature, °C Pressure, kbar VIV,

25.0 0.00 1.0000
83.8 0.00 1.0010
123.4 0.00 1.0020
153.7 0.73 1.0020
162.9 0.00 1.0030
202.5 0.00 1.0040
258.7 2.72 1.0040
242.0 0.00 1.0050
311.2 3.71 1.0050
281.6 0.00 1.0060
363.6 4.68 1.0060
321.1 0.00 1.0070
416.1 5.64 1.0070
360.7 0.00 1.0080
468.6 6.56 1.0080
400.2 0.00 1.0090
521.0 7.42 1.0090
439.7 0.00 1.0100
573.5 8.27 1.0100

The c/a contours can be constructed from the data listed in Table 7. These contours are
estimated to be linear with very slight, positive slope. The flatness of these contours is
remarkable and indicates that the c/a ratio has a very slight dependence on pressure and a
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strong dependence on temperature. According to the shape of the c/a contours, at room
pressure at a given temperature, the ratio of the c-axis to the a-axis is defined in the calcite
unit cell such that subsequently applying pressure, up to about 8 kbar, will cause very slight
change in this ratio.

Table 7. Contour lines of calcite c¢/a in the PT-plane interpolated from least squares fits
to the calcite lattice parameters along the temperature-axis and along the 0.950 gm/cm3
water isochore

Temperature, °C Pressure, kbar c/a

25.0 0.00 3.4200
90.8 0.00 3.4300
131.0 0.00 3.4350
132.1 0.34 3.4350
171.1 0.00 3.4400
174.5 1.10 3.4400
211.3 0.00 3.4450
216.8 1.91 3.4450
251.2 0.00 3.4500
259.2 2.72 3.4500
291.6 0.00 3.4550
301.5 3.54 3.4550
331.8 0.00 3.4600
343.9 4.33 3.4600
372.0 0.00 3.4650
386.2 5.10 3.4650
412.2 0.00 3.4700
428.6 5.86 3.4700
452.3 0.00 3.4750
470.9 6.60 3.4750
492.5 0.00 3.4800
513.3 7.29 3.4800

Use of Calcite as a Double Internal X-ray Standard

Calcite has been proposed as a double internal X-ray standard by Hazen and Finger
(1982). One of the objectives of this work is to assess the usefulness of calcite for this
purpose. We conclude that it will be possible to develop calcite diffraction data for this
purpose, but that the contours would have to be more closely defined both above and below
the 0.950 gm/cm’ isochore.

The differences between data presented in Table 7 and Table 1 suggest that more study
will be required to understand the behaviour of the lattice parameters of calcite in the PT-
plane. There is marked disagreement between the shape of the a/a, contours of calcite
determined in this high temperature-high pressure X-ray diffraction work (contours
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constrained to be convex shaped, bowing upward) and the predicted contours of calcite of
Hazen and Finger (1982) shown in their Figure 1 (the a/a, contours are predicted with
negative slopes, bowed downward). Contours of c/c, based upon the experimental calcite
diffraction data conform qualitatively to the shape proposed by Hazen and Finger (1982) in
their Figure 1. Predicted c/c, contours of calcite are linear with positive slope, while c/c,
contours based upon the calcite diffraction data bow upward from zero pressure to become
linear with shallower slope than predicted by Hazen and Finger (1982).

The hydrothermal diamond anvil cell (Bassett et al., 1993) has been applied to measuring
these contours quantitatively to 533°C and 7.62 kbar using the equation of state of water from
Haar et al. (1984) to calculate the pressure. A calcite nomogram that is quantitatively accurate
can be constructed as more crystallographic data on calcite are collected.
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ABSTRACT

Clothing manufacture is the last link in a long and complicated process by which
two-dimensional fabric is transforms into three-dimensional garments by sewing the
fabric pieces together. However, whatever the quality of the fabric, if the sewing
operation is not performed appropriately, the resultant garment will be second-rate.
Hence the sewing operation is most important in clothing manufacture and the sewing
threads play a very important role in this operation. Generally, sewing threads are
manufactured from either natural or manmade fibres in either staple or filament form.
Sewing threads are primarily used in garments, upholstery, air-supported fabric structures
and geotextiles to join different components by forming a seam. Different kinds of
sewing threads are manufactured depending upon their specific field of application. A
number of factors should be considered when choosing the sewing thread: to achieve
good sewing performance, sewing thread must be chosen according to the fabric
characteristics and end-use of the material. In this paper a glimpse on processing &
properties of sewing threads is given.

1. INTRODUCTION

According to the definition given by ASTM, sewing thread is a flexible small diameter
yarn or strand usually treated with a surface coating, lubricant or both, intended to be used to

! E-mail: akshay.sardana@gmail.com
2 E-mail: senthilkannan@gmail.com
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stitch one or more pieces of material or an object to a material It may be defined as smooth,
evenly spun, hard-twisted ply yarn, treated by a special finishing process to make it resistant
to stresses in its passage through the eye of a needle and through material involved in seaming
and stitching operations [1].

Sewing threads are used in garments, upholstery, air-supported fabric structures and
geotextiles to join different components by forming a seam. The primary function of a seam is
to provide uniform stress transfer from one piece of fabric to another, thus preserving the
overall integrity of the fabric assembly.

Seam can be formed by the following techniques:

e Mechanical: stapling, sewing.
e Physical: welding or heat-setting.
Chemical: by means of resins. [2]

The formation of seams by physical and chemical methods is restricted to a few
specialized applications, as these processes tend to alter certain properties of the textile
material. Among mechanical sewing techniques, sewing maintains its prevailing position by
virtue of its simplicity, sophisticated and economical production methods and the controllable
elasticity of the seam produced.

2. HISTORICAL BACKGROUND

Sewing thread is considered to be the first textile material excavated. Archaeologists
concluded that caveman made the first sewing threads some 25,000 years ago. Caveman or
jungle-man prepared them by rubbing and twisting together either fur fibres from skin of
animals or bast fibres. These were single twisted yarns, which were unbalanced and snarly,
making stitching difficult. The difficulty was overcome by plying single threads to balance
torque. Out of the natural fibres, cotton and silk were extensively used for stitching purposes.
Until the middle of 19™ century, all the threads were used for hand sewing. However, Isaac
Singer, who invented sewing machine in 1850, brought about a considerable change in the
field. James and Patric Clark, who were engaged in manufacture of loom, produced Cotton
thread in 1812 in Paisley. The technology of Clark was further developed to a great extent by
James Coat and became leading sewing thread manufacturer as M/s. J & P Coats of Scotland.

In India, Calico Mills commissioned India's first sewing thread plant in 1922 and
introduced 100% polyester sewing thread in 1968. During pre-independence period M/s. J &
P Coats were manufacturing most of the sewing threads in India for a long period. [2] Then
M/s Madura Coats (in collaboration with M/s. J & P Coats) and M/s Modi Threads were the
leading sewing thread manufacturers in India. At present M/s. Madura and M/s. Vardhman
are the two leading sewing thread manufacturers of India.
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3. DIFFERENT TYPES OF SEWING THREADS

Usually, sewing threads are manufactured from either natural or manmade fibres in either
staple or filament form [3]. A broad classification of different types of sewing threads is given
below:

Sewing Thread

Cotton Synthetic

Soft Mercerized Glazed Staple Spun Filament Yam

!—‘—\!—‘—V

Pure/Blended Core Spun Textured Multi flament | | Flat mulfi filament

Figure 1.

3.1. Cotton Threads

Cotton is still used for sewing thread. High quality fibres are used for the manufacture of
sewing threads. The very good resistance to heat of cotton is responsible for its high duty
performance. Cotton threads are however susceptible to acid damage, mildew and certain
forms of bacterial attack, and have relatively low extensibility and abrasion resistance
compared to synthetic threads.

The spinning process including combing provides yarns of highest strength and quality.
These singles yarn generally have an S- twist direction and are next twisted together in the Z-
direction, the twist being balanced to eliminate snarling. In case of cotton sewing threads, wet
folding is usually used on ring system to lay-in the surface fibres and thereby obtain
smoother, stronger and more compact yarn than could be obtained by dry processing; the
single cotton yarns are passed are passed over the surface of rotating conditioning roller on
folding machine before they are combined together with twist insertion. Cabled yarns may be
used with various twist combinations. Frequently three two-fold yarns are cabled together
with Z cabling twist following S spinning twist or vice-versa, with folding twist approximate
1.5 x spinning twist, cabling twist about 1.3 x spinning twist if a balanced yarn is required.
Spinning twist has only a minor influence on the cabled yarn properties; the cabling twist has
a major influence on cabled yarn strength, extension, torque and yarn length contraction
during cabling. The proportion of cabled yarn used in sewing has reduced largely because of
the higher cost of production and because strong folded synthetic yarns are now available;
nevertheless cabled yarns may still be required for applications such as buttonholes and
decorative topstitching [4].

A medium thickness (size 50) is available in a wide range of colors, and is used for
sewing on light and medium weight cottons, rayons and linens. Cotton thread is usually
mercerized a finishing process that makes it smooth and lustrous, also helping it to take dye
better.
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The highest quality cotton threads are mercerized to make them lustrous and to improve
strength. The alkali treatment is done after twisting and before dyeing.

Some cotton yarns are supplied as glace or polished sewing threads; these are often used
when severe condition is encountered during sewing and in use such as with heavy fabrics;
and for decorative stitching. The yarn has a mixture of size and lubricants added to it before
being polished by high speed rotating brushes while under tension. The surface finish is not
permanent and is removed by subsequent wet treatments.

3.1.1. Process for 2, 3 and 4 Cord Sewing Threads (Ply Yarn)

Ring Frame — steaming- cone winding- cheese winding- doubling (wet) — cheese winding
— steaming — singing — reeling (if necessary) — wet processing (bleaching/ mercerizing/
dyeing) — rewinding (hank to cheese) — spooling (finish application) — labeling — packing.

3.1.2. Process for Embroidery Threads

Final twisted yarn (grey yarn) — cone winding (never on hanks) — ball warping/ singing —
warp mercerizing — quilling (operation in which the mercerized warp is separated into
individual threads) — rewinding on perforated stainless steel cones — package bleaching —
package dyeing (vat, reactive, naphthol, i.e. fast colours- never direct dyes) — rewinding on
spools (sewing finish application, which gives a protective surface coating to the thread that
minimizes thread or needle friction and hence reduces thread breakage during sewing
operations. Generally, yarns here pass through two/three waxing units or silicone finish in
liquid form) — labeling — packing.

3.2. Spun Synthetic Threads

Modern high-speed sewing machines, imposing very high strains on the threads, require
sewing thread of high toughness for satisfactory performance. Synthetic fibres, with very high
strength and durability, have therefore become popular. However, the thermoplastic nature of
these fibres makes them susceptible to change in their properties when they heated either
during sewing or in subsequent processing or use. Stabilization treatment at suitable
temperature and stretch during manufacture is therefore essential. To improve the threads
gliding and cooling properties, special finishes are also used.

The fibres used for these threads are normally polyester with a staple length similar to
that of cotton fibres so they can be spun and twisted on the same machinery. Polyester yarn
and multifilament threads have almost replaced cotton-sewing threads in the market [5]. The
main reason for the increasing demand for polyester threads is their higher breaking force,
low degree of shrinkage while washing, and good wearing properties in comparison to cotton
threads. Polyester sewing threads have one negative feature: at high sewing speeds and high
friction with the metal parts of a sewing machine, these threads heat up and start melting at
~250°C. Due to their high strength, good chemical properties, acceptable elasticity and good
dye fastness, polyester multifilament yarns are considered a perfect raw material for sewing
threads. Due to its even surface and circular cross-section, polyester is more lustrous than
natural threads. Synthetic yarns are also produced with fibres of long staple length. Special
machines are used for processing and generally higher strength is achieved.
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The essential differences between cotton and synthetic threads are illustrated in Table 1.

Table 1.
Cotton threads Synthetic threads
Good strength High strength
Low extensibility High, adjustable extensibility
Low laundry shrinkage Very low laundry shrinkage
Low dry-heat shrinkage Very low dry-heat shrinkage
Do not melt Melt
Good abrasion resistance High abrasion resistance

3.3. Core Spun Threads

To achieve the optimum strength to fineness ratio of continuous filament threads together
with the sewing performance and surface characteristics of spun fibre threads, core spun
threads are produced in two main versions. In one version, polyester filament threads are
covered and protected by cotton fibres; strength provided by the core and the heat resistance
of the sheath permitting high sewing speed.

In the other, known as poly. / poly. polyester filament threads are covered by polyester
fibres. The filaments are brought together with the fibres in the yarn spinning operation, these
composite yarns being then twisted to form 2, 3 or 4 ply threads.

As with all synthetic threads core spun threads require a setting and stabilizing process
and special dyeing technique is needed to obtain the same shade on both core and sheath
where cotton is used. Because of their cotton cover, it is possible to produce glace core spun
threads by polishing in a similar way to the 100% cotton threads. Mercerized core spun
threads are also very popular.

3.4. Silk Threads

Although they are not widely used, some sewing threads are made from spun silk. An
important feature of such yarns is the high extent at break of about 20%, along with a high
breaking load. Some continuous filament silk yarns are used for buttonholes and decorative
stitching because of their attractive appearance and smoothness.

3.5. Monofilament Threads

Monofilament is not a conventional thread, as it comprises only a single filament,
suitably lubricated. Monofilaments are produced by melt spinning (as are continuous
multifilament yarns), but the spinneret has only one aperture which is much larger than for
conventional yarns.
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3.6. Multifilament Threads

Plied or corded threads produced from 100% synthetic (polyamide or polyester) filaments
are used as continuous filament threads. Where flexible threads are required, the filaments are
twisted, set, dyed and lubricated only.Where optimum sewing performance and abrasion
resistance are required, the plied threads are treated with synthetic co-polymer, which bonds
the individual filaments together. Plied continuous filament multilobal polyester threads are
favored for embroidery applications on account of its superior lusture.

Very fine threads are produced from a single ply of multifilament polyester yarn, suitably
twisted and then treated with a light bonding finish - just sufficient to consolidate the
individual filaments without stiffening the final product.

3.7. Bonded Continuous Multifilament Threads

The continuous multifilament threads are low twisted and uniformly coated with suitable
bonding agent to form bonded filament threads. The bonding agent protects the thread from
possible heat damage in sewing, prevents cut ends from fraying and also prevents run-back of
twist. Bonding of threads makes them easier to sew and retain their tensile strength during the
sewing operation. Additional UV inhibitors are often applied during the bonding process by
incorporating them into the bonding resins. The bonding of nylon is comparatively easier than
that of the polyester. Most nylon-bonded threads are hot-stretched to give high modulus
together with low extension at break. Bonded nylon thread is an ideal choice for footwear,
luggage, upholstery, wet suits, seat belts, leather goods, canvas, heavy-duty fabrics and
similar materials.

3.8. Textured Threads

Texturing is a general term to describe modifications to the appearance and surface
characteristics of flat synthetic filament yarns, obtained by various means such as false
twisting, air jet, stuffer box etc. depending on the application for which the thread is intended,
the degree of crimp rigidity can be varied. Textured threads have a soft handle and are used
primarily as under threads where a particularly soft seam is required. Texturing is the process
where filaments are entangled by various methods, which impart softness and bulk to the
product. Loops made in this manner may be fixed by thermo-setting depending on the origin
of the raw material processed, i.e. if a thermoplastic polymer is under texturing. Non-
thermoplastic polymers are not fixed by thermo-setting. For each polymer, an adequate
thermo-setting temperature must be selected.

It is ideal for very extensible seams in knitwear, underwear, swimwear, foundation wear
and tights. Textured sewing threads are most economical sewing threads available today. The
textured threads can be used in most of the stitches except for the lock stitches. A German
patent gives a method for producing low shrinkage bulky air jet textured yarns for sewing
thread from synthetic POY. J & Protection Coats Ltd. reported a method of producing sewing
thread that consists in passing two drawn continuous filament yarns, to an air jet-texturing
device to form a single bulked yarn in which the filaments are intermingled and looped [5].
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3.9. Direct Spun Sewing Threads

Tow to yarn 'direct spun' sewing threads are made by feeding a continuous filament tow
into a stretch breaking zone and inserting twist into the strand of fibres so produced, with
delivery on to a ring spinning package. Compared with yarn spun from staple fibre, direct
spun yarns are more uniform, compact, strong have a lower extension at break, a better
abrasion resistance, and are free of defects such as neps. Unless high temperature setting is
used on the direct spun thread, it will have a greater relaxation in subsequent hot wet
processing than an equivalent spun yarn. Because of their characteristics, direct spun yarns
may be used to advantage in some critical applications, but only when the higher cost can be
justified.

The tow produced in this purpose is relatively thin compared with tow produced for
staple fibre production and consequently it usually costs well over twice the cost of staple
fibre; hence relatively expensive.

4. ESSENTIAL PROPERTIES REQUIRED FOR SEWING THREADS

Industrial sewing techniques make specific and often very exacting demands on the
threads involved in the sewing process. The sewability of sewing threads is of major
importance [6], having a very profound effect on seam quality and production costs. The
sewing and the seam performance of a sewing thread are largely influenced by the material to
be sewn, the sewing technique and the end-use for which the sewn material is intended. These
requirements can be defined as:

e The ability of the sewing thread to meet the functional requirements of producing the
desired seam effectively.

e The ability of the sewing thread to provide the desired aesthetics and serviceability in
the seam.

e The cost of sewing thread and that associated with producing the desired seam.

The different important properties required by a sewing thread are discussed below:

1) Needle thread must pass freely through the small eye of the needle; consequently
they must be uniform, knot-free, non-torque and fault free.

2) Tensile strength / breaking strength is one of the essential properties of the thread. It
must be capable of withstanding several kinetic/ lateral movements during sewing.
The strength of the sewing thread must be higher than that of the fabric so that the
thread does not rupture during use. During sewing at high speeds, the needle thread is
subjected to repeated tensile stresses at very high rates. The thread also comes under
the influence of heat, bending, pressures, torsion and wearing. The value of these
stresses depends on the sewing speed, machine settings and the thread used. The
stresses created within the thread have a negative effect on the processing and
functional characteristics of the thread, and there is significant reduction in the thread
strength after sewing.
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3)

4)

5)

6)

7)

This is a function of the dynamic and thermal loading of the thread and is
influenced by the thread frictional properties, thread tensioning during sewing,
needle size, stitch length and number of fabric layers in the seam. The thread should
therefore possess adequate strength and elongation in order to perform satisfactorily
during sewing and in seam. [7]

For good performance in sewing machine moderate to low extension-at-break of the
thread is usually preferred. Needle thread with different elongation-at-break has been
found to behave quite differently during stitch formation. The determinants of
success of sewing a thread with certain elongation percent without any problem are
the machine setting and special properties of the sewing thread itself [6].

The elasticity of the sewing thread must be uniform along its length in order to
enable equal length stitches to be formed, and it must closely match the elasticity of
the fabric being sewn; otherwise either seam thread fracture, or tearing of the
adjacent fabric may arise during garment use. Clearly the requirements of woven and
knitted fabrics will be different.

The forces that are developed in the sewing thread are mostly due to the friction
between the thread and machine parts, the most severe action taking place between:

e The thread and the needle.
e The thread and the fabric being sewn.

A controlled level of both static and dynamic friction is required; this must not
be too high, which could cause lack of thread control. High static friction values are
necessary to allow the stitches to lock and prevent "run-back" of seams. Spun threads
are particularly good in this respect when compared with filament thread. The worst
is the monofilament threads. The frictional properties are affected by lubrication. The
factors that influence the frictional properties are:

e  Uniform application of lubricating agents.
e Adhesion of the finishing agent on the thread.

The quantity and quality of finishes are very important. Special finishes like
silicone compounds have been found to exhibit clear advantage over standard
paraffin wax.

Good abrasion resistance is essential for good sewing performance. The thread is
under tension condition, especially when the stitch is being set. The thread must be
resilient enough to return to shape after the distortions, and then must maintain its
physical properties to provide good performance in the seam after the sewing process
is complete. Nylon and polyester offer the best resistance to abrasion.

Good resistance to heat is a very important requirement of a sewing thread. The
temperature reached by the sewing needle during sewing very much depends on:

e the nature of the fabric to be sewn (density, thickness, finish)
e the speed of the sewing machine
e the type of needle used (size, shape, surface finish)
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e size and finish of the sewing thread.

The needle temperature is especially critical for fabrics and sewing threads of
thermoplastic fibres, where it may exceed their melting temperature. Needle heating
causes sewing thread breakage, cross-thread, skipped stitches, seam damage and
physical damage to the needle.

Various studies show that the sewing thread influences the needle temperature
significantly. Its movement through the needle reduces the needle temperature by an
average of 21- 45%, the amount of reduction depends on the sewing condition and
the structure, fineness and composition of sewing thread.

Lubrication of sewing thread with a mixture of wax, emulsions with synthetic
resins, and silicon based products may minimize heat generation, and the fibres
surface of spun yarns may be an advantage in that a thin layer of the surrounding air
will move with the thread and promote needle cooling.

8) The hairiness of sewing thread also affects the appearance of the seam. Sewing
thread for decorative seams are singed, squeezed and gloss-brushed.

9) The final direction of twist insertion may be important to enable the stitch forming
mechanism of the sewing machine to perform correctly; most sewing machine
require Z twist, but there are a few where performance is better with S twist.

10) Colour Fastness is a general requirement for sewing thread. It is important that the
selected shade retain its colour throughout the life of the garment. Two aspects of
fastness are important:

e the thread must not change colour.
e The thread must not stain any material adjacent to the seam.

11) Low shrinkage during washing and ironing is required. Shrinkage due to fibre
swelling causes seams to pucker, especially if the fabric exhibits less shrinkage than
threads. Synthetic threads suffer less from this problem than cotton threads owing to
their much lower moisture absorbency; however they are liable to residual shrinkage
problems if unsuitable manufacturing processes are employed. Synthetic threads can
suffer from the problem of thermal shrinkage during ironing but this difficulty can be
solved by the use of high temperature setting, which stabilizes the thread at
temperature above those normally encountered during the ironing process.

12) The sewing threads should possess better evenness and should contain minimal
number of knots, faults and neps etc. Thread should have very low level of
imperfections and classimat faults.

13) Good luster in the thread improves appearance of the seam.

14) Threads must be uniformly dyed in a good match to the materials being sewn and
also the dyed thread should have properties like colourfastness to washing, light,
perspiration, and sublimation.

15) The ability of the thread to perform efficiently in the sewing machine is defined
sewability. It can be assessed by the number of breaks that occur during the sewing
of a certain number of stitches. However, owing to the generation of needle heat in
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high-speed sewing, the threads could be damaged without breaking. The long knot
free evenner yarns in case of rotor and air-jet can give better sewability.

16) The characteristics of properly constructed seam are strength, elasticity, durability,
stability and appearance. The relative importance of these qualities is determined by
the end-use of the sewn product. The factors that govern these properties are seam
and stitch type, thread strength and elasticity, stitches per unit length of seam, thread
tension, seam efficiency of the material. The hairiness of sewing thread is important
to decide seam appearance. The shrinkage potential of the thread and hence the seam
is also major importance for proper seam appearance. The serviceability of a garment
depends not only on the quality of the fabric but also on that of the seam. The seam
quality is measured by stitching parameters of the threads and seam parameters such
as size, slippage and strength.

The failure of seam produced by traverse loading can generally be classified as:
Type I: the failure due to thread breakage, Type II: the failure due to fabric breakage,
Seam breakage: the failure due to the slippage of cloth yarns at right angle to the
seam.

Seam slippage is the most probable cause for seam failure that leads to garment
rejection in wear. The durability of a seam depends largely on its strength and its
relationship with elasticity of the material. It is measured in terms of seam efficiency,
where Seam Efficiency = (Seam tensile strength/fabric tensile strength) x 100,
generally ranges between 85 to 90 %. The minimum loop strength correlate well with
the stitch breaking strength. Further resistance to abrasion and wear of the seam
during everyday use, including laundering is also essential for the longer seam.

17) Seam pucker can be defined as a differential shrinkage occurring along the line of a
seam and is mainly caused due to seam instability, due to high tension imposed
during sewing. Though currently available threads have a certain amount of
controlled elasticity and elongation they get over-stretched when the sewing tensions
are high. During relaxation the thread recovers its original length thus gathering up
the seam. Threads for use in apparel are also required to have good stability to
laundering, ironing and other treatments since differential shrinkage between the
sewing thread and the fabric of a garment can cause puckering.

Further, Seam pucker can be determined by measuring the differences in fabric
and seam thickness under a constant compressive load. The seam-thickness strain is
calculated by using the formula:

Thickness strain (%) = (seam thickness — 2 x fabric thickness) x 100 /
2x fabric thickness {ref}

5. PROCESS FLOW CHART OF SEWING THREAD

The process flow chart for the manufacture of sewing threads is shown in the flowchart
given below.
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Sewing Thread

Cotton Synthetic

Soft Mercerized Glazed Staple Spun Flament Yarn
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Figure 2.

6. FUNCTION OF VARIOUS MACHINES IN SEWING THREAD
MANUFACTURING PROCESS

6.1. Yarn Singeing

Sewing thread must be singed to ensure that the projecting fibers do not interfere with
downstream processing. Percentage of singeing can be achieved varied by varying the yarn
collection speed. Hair removal efficiency at singeing machine is normally 30-50%. Flame
temperature is around 800°C. Singeing is mainly done in Cotton Sewing Threads.

6.1.1. Features
e The heart of the machine - the burner, serves to singe reliably the projecting fibres of
yarn running through at high speed, without inflicting burns on yarn itself. There is a
choice between the gas burner and the electric burner. Gas burner are widely used.
The gas burner consumes about 55 gm of natural, propane or butane gas an hour,
depending on singeing rate and yarn type.
e Speed: 300-1200 m/min.

6.2. Hank to Cone Winding

e Conversion of hank in to cone of suitable weight
e  Waxing for reducing co-officient of friction in sewing thread .
e Features of new machines:

e Twin Input Rollers: At the front of the head are the twin-input rollers, set to a fixed
speed but proportional to the winding speed. The main functions of this unit are to
eliminate unwanted tensions prior to yarn entering waxing unit.

e The speed of machine ranging from 400-700 mpm, with possible traverse from150-
200mm.
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6.3. Polishing

Some threads for special end uses like leather industries, bag stitching, kite flying are
treated with starch, softeners, whitener etc. on this machine. Cooked starch is mixed with
other chemicals and different recipes are made for different qualities depending on the end
uses.

Main objectives of polishing are:

e Extra ordinary smooth surface

e Thread becomes round.

e Stiffness increases.

e Increase in tensile strength (7-10%).

6.4. Cross Winding and Lubrication

e Winding in various types of sewing thread packages like cone, cop , tube, ball,
vicone and spool.

e Threads are treated with special waxes for achieving best workability during sewing
operation.

e Lick roller lubrication is applied on industrial sewing thread where thread has to run
on high speed sewing machine; the basic ingredient of the most of the lubricants is
parafin wax. Although silicones are also used because of their stability to heat and
various additives are also included to give some special properties.

7. GEOMETRY OF PACKAGES

Threads are wound in many forms. Small length spools are employed in retail store
distribution, whereas somewhat larger spools are used to a limited extent industrially. Some
of the very fine soft threads are wound on cones, very coarse soft threads are in skein form,
but the largest proportion by far is wound on the one headed tube with base or straight tubes.
These packages in some instances are put on a weight basis; however, the larger percentage is
marked on a length basis. Ready-wound bobbins in a number of styles to accommodate the
various sewing machines employed are also available.

Cross winding threads are generally laid in with traverse ratio 1: 6 (one double traverse =
six spindle revolution) and 1: 4 for coarser counts.

Following types of packages are used in sewing threads (with commonly used
dimensions) .

7.1. Spool

Spools are small flanged plastic or wooden bobbins, they are both with tapered (so-called
Diabolo spools) and straight flanges. Mainly parallel winding (because side unwinding is
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easy) is done. Cross-windings are also possible on the spools. They contain relatively short
length of 100-500 meter thread. The length of traverse on spool is 2.9-3.8 cm.

End uses: Upholstery, footwear, leather goods manufacturing, and in hand sewing
operations.

1.7/3.6 cm
2.3/3.2 cm
3.8/4.3 cm
3.2/5.2 cm

7.2.Cop

Cops are small cylindrical flangeless spools, with precision cross winding. They are
mostly made of paper and plastic. They are of two types, small Cop (Tube) and medium Cop
(Cop). The lack of flanges facilitates regular off winding on industrial sewing machines
although their small diameter makes them less well suited to the faster thread take off
machines. Smaller Cops are popular make-up in fashion trades, where a variety of shades are
used and production runs for any one colour or style of garments. The length of thread wound
ranges from 100-2000m on small cop and 400-4000m on cop. The length of traverse on small
cop is 5 - 6.3 cm and on cop is10 cm.

End uses: Kite flying, Upholstery, ready-made garment, tailoring, hosiery, umbrella, and
shoe stitching

11.5/6.5 cm

7.3. Cone

This is self-supporting, cross wound conical package. It is easier to withdraw yarn over
end from a cone than from a cheese and because of this, cone is more widely used. They
contain relatively long lengths 1000-25000m with length of traverse ranging from 10-15cm.
They give trouble free thread unwinding at intermittent or continuous high speeds. Cones are
the most economical packages for conventional sewing threads in situations where thread
consumption is high and production runs are long.

End uses: ready made garment, tailoring, hosiery, leather stitching, Upholstery, shoe
stitching, denim, embroidery, and kite flying.

¢=3.6cm
¢=2.1cm
11.5 cm
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7.4. Vicone or King Spool

Vicones are parallel tubes or low angled cones with an additional base in the form of a
raised flange, which may incorporate a small tip. The build of vicone depends on the exact
conformity of the taper with the angle of vicone’s base. Coarse yarns require a large traverse
for the taper - fine yarn a small one. They contain lengths of 1000-5000m with length of
traverse 6.5-9cm.

End uses: embroidery, core-spun, and filament threads.

¢ =4.3/7.6 cm

¢=1.1/2.95 cm
5.6/8.2 cm
7.5/10.8 cm

7.5. Prewound Bobbin

Prewound Bobbins are precision parallel wound thread package designed to replace metal
bobbins on a variety of lock stitch machines.

7.6. Skein

A very small hank of soft twisted plied thread (around 8 m) of coarse count, is parallel
wound with the help rotating flyer, which withdraws the thread from the supply package
cone.

End uses: embroidery.

7.7. Ball

A typical ball like structure, wound with the help of four types of different winding. They
are: Rough base winding, form winding, surface layer winding, and circumference winding.
The initial winding provides firmness at the base. Next winding process makes space for
placing the identification ticket. The third stage of winding provides firm gripping of the
ticket. The last stage of winding makes a band over the ball, which retains its shape. An easy
unwinding of thread is possible.

End uses: embroidery, fishing net and bag closing.

7.8. Cocoon

Cocoons are self-supporting i.e. center-less thread package specially designed for the
insertion in the shuttle of multi needle quilting and some types of embroidery. Cocoons are
used in the shuttle of multi needle quilting and some types of embroidery machines.
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Skein
Pre wound bobbin
Cocoon

Ball

8. DIFFERENT TYPES OF WINDING SYSTEM

8.1. Precision Winding

constant winding ratio

winding angle reduces with increasing diameter
No pattern areas

Good off-winding characteristics

High package density

8.2. Step Precision or Digicone Winding

almost constant winding angle

the wind ratio is reduced in steps

combines the advantage of random and precision winding
no pattern areas

higher consistent package density

perfect unwinding characteristics

straight sided packages

8.3. Random Winding

winding angle is kept constant since the winding ratio reduces with increasing

diameter
stable packages
even density

8.4. Pineapple Winding

winding traverse reduces to produce packages with tapered edges
required for filament winding operations
all three types of winding applicable
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8.5. Parallel Winding

e very high package density

e thread vertical to package axis
e relatively short lengths of thread
e suitable for side unwinding

e o pattern areas [5,6]

8.6. Ball Winding

e very easy unwinding

e winding takes place in 4 stages:
1) rough base winding

2) form winding

3) surface layer winding
4) circumferencial winding

8.7. Skein Winding

e casy unwinding

e Very small parallel strand of soft twisted thread.

9. PROPER SELECTION OF SEWING THREAD

A number of factors should be considered when choosing the sewing thread: to achieve
good sewing performance, sewing thread must be chosen according to the fabric
characteristics and end-use of the material. The choice of sewing threads according to fabric
characteristics can be classified as in Table 2.

Table 2

Fabric properties

Sewing thread

Fabrics and garments that
are not tumble-dried

Sewing thread shrinkage must be less than 1%. To dry at the
same time with the fabric, moisture absorption of the thread
must be low.

Fabrics and garments that
can be ironed

Sewing thread must be resistant to high temperature (ironing and
pressing), and must not give its colour. If it is cellulosic, the
thread must be little thicker.

Water resistant fabrics

Texturised or core-spun yarns must be preferred to fill the needle
holes in the fabric.

Fabric that are dried under
tension

The threads’ extensibility must be equal to the fabric’s.
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9.1. Selection According to Seam Type

9.1.1. Lock Stitch

If cotton yarn is to be used in this type of seam, 50% extensibility can be achieved and
this ratio is enough for the comfort of the garments. If standard synthetic sewing thread is
used, extensibility value reach 60% and no slacking occur when the seam is under tension. If
plied nylon thread is used as bobbin thread, 20% more extensibility can be achieved. Cotton
thread must be preferred for normal lock stitches. When fabric with 30% to 100%
extensibility are to be sewn, synthetic threads or blended plied threads must be used.

9.1.2. Chain Stitch
As this kind of seam is generally used on elastic fabrics, synthetic or blended threads are
preferable to cotton. As looper thread, nylon threads or filled give better results.

9.2. Selecting the Right Size

The ticket number system (related to Ne, Nm and denier) is now generally used by most
thread manufacturers and industrial thread consumers to describe approximately the threads
of the finished product. The ticket number of cotton threads are generally based on cotton
system Ne, these ticket numbers being approximately equal to three times the cotton count of
the thread. The ticket number of synthetic threads are based on the metric count system Nm ;
approximately three times the metric count of the thread.

Selecting the correct size of thread for a particular application is very important to the
thread performance during sewing and afterwards in the seam. However the choice is not
always easy. It depends on many factors, including seam strength, fabric weight and type, end
use, stitch type, seam type, needle size and many others.

In general, the heavier the fabric, the thicker the thread is. The ultimate choice lies with
garment designer and the garment technologist, taking account of aesthetic and technical
considerations.

9.3. Colour Selection
There are many hazards to be avoided when visually matching samples, and especially:

e Dichroism: An apparent change of colour as the direction of viewing is changed.
This tends to occur more with fabrics than with threads, but can affect the judgement
of thread colour.

e Metamerism: A change of shade which occurs when lighting conditions are
changed. For colour matching this is a serious problem because while two samples
may match in daylight, they may not change colour under artificial light to the same
degree.
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9.4. Colourfastness

When a suitable shade of thread is chosen that matches the fabric to be sewn, there
remains a very important factor: it is important that the selected shade retain its colour fast
through the life of the finished article. It must not stain any article adjacent to the seam. The
colour fastness is affected not only by washing and light but by chlorinated water, rubbing/
crocking, dry cleaning, hot pressing, bleaching and sublimation. So before selection all these
things are to be considered.

10. APPLICATIONS OF SEWING THREADS

Approximately 80% of all sewing threads produced are used by the clothing industries.
The main classes of clothing requiring threads are as shown in Table 3 and 4.

Table 3.

Class Approximate percentage of all threads produced
Dresses and blouses 13
Shirts and nightwear 5
Suits, coats and other outwear
Underwear 28

16
Knitwear
Work clothing
Sportswear
Footwear
Other clothing 21
accessories

10.1. Sewing Threads for Technical Applications

Different kinds of sewing threads are manufactured depending upon their specific field of
application. Threads for use in apparel are required to have good stability to laundering and
ironing, with better seam appearance. The threads are also required to perform satisfactorily
during high speed sewing operations [8]. However, for technical applications sewing threads
are engineered to meet certain critical requirements. Sewing thread characteristics are
required to be different for their use in flame retardant garments, clothing for extreme weather
conditions etc. for different application, the types of sewing thread and their characteristics
vary widely.



Table 4. End uses of different types of sewing threads

Cotton Spun Core Textured Airjet Bonded Bonded

Polyester Spun Threads Textured Fil.(nylon) Fil.(PET)
Garment Shirts All apparel Slacks Jeans Automotive Rainwear
Embroidery Blouses (lingerie to

jeans) Home Mattresses Interiors Furniture

Selvage Lingerie Furniture furnishing Slacks Seat belts Tents
Threads Slacks Shoes Shirts Mops Air-bags Footwear
Tea bag Knits Tents Blouses Flags Footwear Mattresses
Strings Jeans Jeans Caps Leather Sporting goods
Bag closing Mattresses T-shirts Canvass goods Embroidery

Embroidery Brief Luggage

Fleece Sporting goods
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10.2. High-Temperature Applications

Threads for high-temperature applications are required to hold the seam and secure it in
extreme temperature conditions (between 260 and 1100°C). Threads are usually made from
quartz, glass, carbon, polytetrafluoroethylene, steel and aramide fibres. Military requirements
and growing demands of safety legislation have built a viable market for high-temperature
threads in spite of their higher cost.

Table 5. Sewing Threads for Technical Applications

Generic type
p-Aramide

PTFE

Polyester(Normal
tenacity)

Polyester(High

tenacity)

m- Aramides

Polyester/cotton

Polypropylene

Polyamides(4.6& 6.6)

Availability
Staple fibre

Monofilament

Multifilament

Multifilament

Multifilament

Spun yarn

Multifilament

Multifilament

Applications
Heat protection clothing, personal protection
clothing, welder’s clothing etc.

Awnings, sun protection shades, boat covers,
filter bags etc.

High load seams, safety belts, tents, suitcases
etc.

Safety belts, cargo slings, tarpaulins, air
bags, geotextiles, convertible car hoods etc.

High temperature fields

Tents, tarpaulins, flags and bunting, book
binding, convertible car hoods etc.

Filtration, binder twine for agriculture use
etc.

Safety belts and cargo slings, car seatings,
tarpaulins, air bags, footwear, tents,
geotextiles, sails, rucksacks, convertible car
hoods etc.

The most commonly used and comparatively cheap threads are manufactured from glass
fibre, Nomex and Kevlar. Threads from carbon and quartz fibres are quite expensive and are
produced exclusively for military and aerospace applications. Nomex threads are widely used
in the filtration of hot gases and in thermal protection clothing. Quartz fibre is also used in
atomic plants since it does not contaminate the atmosphere and can withstand temperature as

high as 1093 ° C.
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10.3. Geo-Textile Applications

In many geotechnical and air-supported fabric structures, the seam constitutes one of the
most critical components in forming a wider fabric from the available narrow fabrics. Sewing
is generally performed because of its simplicity and its ability to maintain the elasticity of the
fabric structure.

Polyester and polypropylene fibre threads are the most used threads, since these are the
principal materials used for geotextiles. For demanding applications, high tenacity fibres such
as Kevlar are used.

CONCLUSION

The sewing thread is of considerable importance and playing a major role in retaining the
fabric appearance, look, and life of the garment in the long run, even though it usually
represents much less than 1% by mass of a garment.

Now-a- days, a numerous variety of sewing threads are prevailing in the market due to
diverse demands from the sewing industry, increasing use of different types of fibres in the
garment industry and expanding application of textile materials in various fields like apparels,
technical applications as well. Better understanding of the sewing process and its
requirements as obtained through studies by modern instrumentation techniques has also
greatly contributed to the development of new threads. It is also very much required &
appreciable to have different types of sewing threads which can suit various applications,
since various end-uses demand specific property requirements.

It’s beyond anybody’s doubt that the success of garment manufacturing process majorly
depends upon the operation of sewing, though a very better quality of fabric is selected for the
garment manufacturing process. Again, the sewing threads play a vital role in the success of
sewing operation, since a wrong thread may collapse a very high quality fabric & even a best
sewing machine used for the sewing, the whole process will be failed. It can add to waste of
both time & money. Hence it is very much imperative to select a right type of sewing thread
which can suit one’s requirements exactly. This is possible by the correct understanding of
the type of fibre used to manufacture, manufacturing processing sequence & properties of
different types of sewing threads existing on earth, which was touched upon in this technical
article to a greater extent.

REFERENCES

[1] J.O. Ukponmwan, A.Mukhopadhyay and K.N.Chatterjee, “ Sewing Threads”, Textile
Progress, The Textile institute, Volume 30, No. 3 /4, Page 1.

[2] S.D. Pai, V. G. Munshi & A. V. Ukidue, “Cotton and synthetic sewing thread- 1, The
Indian Textile Journal, August 1984, page 63-75.

[3] Alan Crook (information updated by Ron Lioyd), “Sewing threads”, Textiles, Issue No.
2, 1991, page 14-16.



Akshay Kumar and M.Subramanian Senthil Kannan

K. N. Krishna Swamy, “Prerequisites for manufacturing sewing thread- 1, The Indian
Textile Journal, March 1982, page 103- 111.

H. U. Bhonde, “Sewing thread: types and some recent developments”, MANTRA
Bulletin, Manmade Textiles Research Association, Vol. 19/11, November 2001, page-
5-10.

Pradip V. Mehta, satish K. Bharadwaj, “Managing Quality in the Apparel Industry”,
National Institute of Fashion Technology, New delhi, India, New Age Publihers, 1998.
K. R. Salhotra, P. K. Hari & G. Sundaresan, “Sewing thread properties”, Textile Asia,
September 1994, page 46-57.

Walter Fung, Mike Hardcastle, “Textiles in Automotive Engineering” Woodhead
Publishing, 2001.



In: Chemistry and Chemical Engineering Reserch Progress ISBN: 978-1-61668-502-7
Editor: A.K. Haghi © 2010 Nova Science Publishers, Inc.

Chapter 8

IMPACT OF DIFFERENT STAGES OF YARN SPINNING
PROCESS ON FIBRE ORIENTATION AND PROPERTIES
OF RING, ROTOR AND AIR-JET YARNS

Akshay Kumar and S. M. Ishtiaque
Department of Textile Technology, Indian Institute of Technology,
New Delhi- 110 016, India

1. INTRODUCTION

The economic situation of the textile industry and the extremely sharp worldwide
competition has forced the textile mills to use all possibilities of cutting costs. In this context,
the question of higher productions at each spinning sequence of machine gains importance.
This demands a strict observance of spinning process variables on fibre orientation and
properties of products produced out of these machines.

Since last 60 years, numerous concepts have been introduced to characterize fibre
orientation, namely, straightness, fibre extent, helix angle, coefficient of relative fibre
parallelization, proportion of curved fibre ends, migration parameters etc. Several methods of
investigating fibre orientation were also developed, such as the direct method, [1] in which
tracer fibres are viewed through a projection microscope and the indirect method, such as
Lindsley [2], modified Lindsley [3] method in which the orientation and parallelization in
sliver and roving are quantified in terms of weight ratios. But, the orientation parameters
measured with the direct method takes into account the behaviour of a single fibre and
extrapolate the characteristics of sliver or roving or yarn from it, which is, infact, not a
realistic measure. This is due to the fact that the fibrous assembly contains a larger number of
fibres whose laying and overlapping each other is of greater significance. Furthermore, both
these methods are quite old and need a thorough review or modifications.

Overall, this paper gives a brief review of work done by some of the researchers for
studying the effect of spinning process variables on fibre orientation and quality parameters
of sliver, roving, and ring, rotor and air-jet yarns.
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2. MEASUREMENT OF FIBRE ORIENTATION

The earliest method for the study of fibre orientation was direct method, which was based
on the use of optical tracer fibre technique and ultraviolet rays for study of hooks. In optical
tracer fibre technique [1, 5], 0.1% to 0.3% of tracer fibres are dyed with any dark colour dye.
These tracer fibres are further mixed with parent fibre preferably during fibre mixing just
before blowroom opening. Further, in optical tracer fibre technique sliver, roving or yarn is
immersed in a solution, which is having same refractive index as of parent fibres. This makes
the grey parent fibres to optically dissolve while profile of coloured tracer fibres can easily be
seen under a microscope. The optical tracer fibre technique can be used for the measurement
of fibre orientation parameters like fibre extent, type of hooks, hook extent etc. in sliver,
roving and yarn. The schematic view of a fibre seen under microscope for the study of extent
study is shown in Figure 1. But, this technique is very tedious and time consuming. As the
parameters like fibre extent and hook extent are dependent on the length of fibre used, these
parameters can not be compared in different samples prepared from different fibre lengths.

5 . S —— Tam axis
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Fibre extent
Figure 1. Outline of a hooked tracer fibre seen under microscope.

Further, the study of fibre-overlap is a new approach to study the longitudinal behaviour
of fibre in yarn. It was measured in terms of two newly proposed parameters viz. fibre-
overlap index (FOI) and fibre-pair-overlap length (FPO). The objective of measuring fibre-
overlap indices was to get a direct interpretation of total contact length between the fibres
which has earlier been interpreted from the fibre extent [6].

However, in the UV tracer fibre technique fibres are dyed with any commercial
fluorescent dye and this technique can only be used to study the fibre orientation in the web
delivered by the card, drawframe and intermediate frame after collecting the web on the black
boards. In both of the above techniques, the dyeing of fibres changes the surface
characteristics of the fibres. These fibres are thus expected to behave differently during
processing in the spinning process. Further, both of them are quite old. Recently, a new index,
named Fibre Straightness Index (FSI), which can give information about fibre straightness
and is comparable for different samples made from different fibre type and length was also
being used. FSI is a ratio of total axial projected length of a fibre to the actual length of that
fibre in a section of length observed directly with the microscope [6]. The actual photograph
of fibre used for FSI study is shown in Figure 2.

FSI=nx P/ (Li+Ly+Ls+...+L,), where n — no.of fibres, p and L,, L, are fibre extent and
actual length of the fibre in the section observed
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Figure 2. Section of sliver seen under stereomicroscope at 20 magnification.

Further, this tracer fibre technique in yarn is also used to study the fibre migration in the
yarn in terms of few mathematical formulae. These formulae specify over-all tendency of a
fiber to be near the centre or surface of the yarn, termed as mean fibre position (MFP); the
rate of change of radial position, termed as mean migration intensity (MMI); and the
magnitude of the deviations from the mean position or the amplitude of the migration, termed
as root mean square deviation (RMSD) [7, 8]. The schematic view of a fibre seen under
microscope for fibre migration study in yarn is shown in Figure 3. The formulae used for the
calculation of the migration parameters were those provided by Hearle ez. al. and are given
below:

Mean Fibre Position

z, n
¥)=1/Z, Iy.dz =y
0 1=1

where, n observations of ¥, made over a length Z,

Mean Migration Intensity

z, n
=012, [@¥ /dzydz " =(0) (3 =y Mz = 2" 2
0

i=2

Root mean square deviation

Zz, n
D =1/Z, =112 =Y (=1 /)2
0 i=1
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where, R; & r; are ith value of yarn radius and helix radius, z; is corresponding values of

length along the yarn and y, = (Ri)2

1
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Yarn Siurface
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Figure 3. Schematic view of a tracer fibre seen under projection microscope.

Later on, indirect methods, like Lindsley and modified Lindsley, which gives an indirect
measure of fibre orientation in terms of few coefficients, were widely being used. In this
category Lindsley [2] or Modified Lindsley [3] devices are used for indirect measurement of
fibre orientation in the sliver and roving. Initially, three indices were used to measure fibre
orientation in sliver and roving. These were cutting ratio, combing ratio and orientation index.
But, these indices fail to supply an explanation of the physical sense of these coefficients.
Therefore, Lindsley’s coefficients were replaced by Leon’teva by two new coefficients
known as proportion of curved fibre ends ‘p’ and coefficient of relative fibre parallelization
‘Kyp’. Where, ‘p’ indicates curved fibre ends as well as their length and ‘K,,” represent degree
of fibre parallelization and straightening in sliver/roving. Very recently, the equation of ‘K’
is being modified to ‘K,,m’ for better measure of fibre parallelization and straightness in the
sliver and roving [6]. The schematic view of the instrument used for the study of fibre
orientation by indirect method is shown in Figure 4.

However, it was stated that the above indices are relative measures of fibre hooks and
dependent on the width of the plate used in making the measurement and on the fibre length
distributions of the material being measured. The projected mean length measured with a
special clamping technique similar to the modified Lindsley apparatus was found to be a good
absolute measure of fibre parallelization [9]. The various coefficients used by several
previous researchers for the study of indirect method of fibre orientation in sliver and roving
are given in Table 1.
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Width of shiver

Figure 4. Schematic view of instrument for indirect method of study of Fibre Orientation.

Table 1. Coefficient used to measure fibre orientation in sliver and roving, indirectly

Orientation Parameter Formula

Cutting ratio [E/N

Combing Ratio C/(E+N)
Proportion of curved fibre ends (p) E/ (E+N) x 100 %
Orientation index (1-E/N) x 100 %

Coefficient of relative fibre parallelization (K,,)  [(1-C/(C+N+E)) x 100 %

Modified coefficient of relative fibre
parallelization (Kym)

{1-(C+E)/(C+N+E)} x 100 %

DX (Wit W,/

Projected mean Length (PML), inches (CrHCANENAEE,) M

where, C= weight of the combed out portion under the side plates (1 and 3), E = weight of projected
portion from the edge of the side plate after combing, N = weight of the material after combing and
cutting under the side plates, M= weight of the material under the middle plate, W = weight of the
material clamped by the edge plate after initial combing, and t= width of the clamp in inches (2”).

Overall, the indirect method of measuring fibre orientation involves lot of manual
operations on fibres which alters the actual state of fibres in tested sample and gives only an
approximate measure of fibre orientation. The direct methods can be used for the study of
fibre orientation in sliver, roving and yarn, whereas, indirect methods are mainly used for the
study of fibre orientation in sliver and roving only. Furthermore, few researchers have also
tried to measure fibre orientation in the sliver and roving by classical fibrogram analysis with
the use of specially designed clamp. The fibrogram measure of span lengths and mean lengths
are shown in Figure 5. The beards in majority and minority hooks directions are scanned and
measurements were taken of 66.7 %, 50 %, 5.5 % and 2.5 % span lengths. It was concluded
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that the Fibrograph technique is faster than other techniques and as it also gives measure of
fibre configuration comparable with the spinning process, this technique can be used to
determine the fibre configuration in a sliver [4].

100%—————
50% Span Longth
T nt trom origin
509 anga a9
2.5% Span Length
UHML
25% —
| \ ML
Moan Length

— ——
Upper Hall Maan Length

Figure 5. Fibrograph length measurement in terms of mean lengths and span lengths.

Further, when 2.5 %, 50 %, and 66.7 % span lengths were measured in direction of
majority and minority hooks in the sliver. The span length readings from majority-hook
beards were greater than minority-hook beards. The excess span length from majority-hook
beards over span length from minority hook-beards was more clearly shown for the 50% and
66.7 % span lengths than for the 2.5% span length [10]. For constant staple length material
and for fibres with low length variability the maximum span length difference between the
fibrograms in the two directions becomes equal to differential hook extent in the sliver. Also
shape of the fibrogram is dependent upon the number and extent of hooks in reverse and
forward direction. When length variability is more the maximum span length difference is
found to be different but is still closely related to the differential hook extent [11].

A study was conducted by Iyer et al. for comparing different methods of measuring fibre
orientation during the processing of six selected varieties of cottons. When Classical Optical
tracer fibre technique, UV tracer fibre technique, Modified Lindsley technique, and Digital
Fibrograph clamp technique were compared by using card and drawframe slivers and rovings,
both in forward and reverse directions. It was found that these methods were closely related
with one another, inspite of differences in the concepts of measurement of fibre hooking and
orientation [4]. A similar comparison revealed that multiple correlation of %E, %C, %N with
% hooks by visual method is 0.9534 [12]. It was also proved that conclusion based on the
evidence of combing ratio’s, the quality of yarn is better when the majority of hooks fed to
ring frame were trailing brought out distinctly by the data on the hooks measured by tracer
fibre technique [13].

The yarn cross-sectional study was also done by several researchers [14,15,16]. Hearle et
al.[8] derived a formula to calculate yarn specific volume based on the yarn twist and count
and which was further used to calculate the packing density of the yarn. The formula is as
given below:
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Packing  coefficient =  fibre specific  volume/varn  specific  volume =

v
V—f =V /(tan® ¢/ 47.C T?x10°)
y

where, a is twist angle, T is number of turns of twist per centimeter, C= yarn count, in tex

However in similar context, Ishtiaque [17] proposed a formula to calculate packing
density of the yarn, which is more realistic and based on helix angle, actual number of fibres
in yarn cross section and helix twist. The formula is as given below:

Packing density of yarn H = 27nFZ * /(\/1 + (”DZ)Z -1

where, D = 2R= yarn diameter (in mm); d = 2r =helix diameter (in mm); 6 = helix angle
(in degrees) = tan™ (1 d Z / 25.4); Z = number of turns of twist in fibre helix per inch; Z (per
mm) = Z (per inch)/25.4; n = actual number of fibres in the yarn cross-section obtained by
multiplying theoretical number of fibres by cosine of helix angle (0); The theoretical number
of fibres in yarn cross section was calculated by {5315/ (yarn count (Ne) x fibre denier)}.F’
the cross sectional area of fibre (mm %);

One can conclude from the above discussion that although there are number of ways to
measure fibre orientation in sliver, roving and yarn but the data generated in each technique is
unique. Thus the selection of technique is entirely dependent on the objective of the study that
needs to be carried out.

3. IMPACT OF DIFFERENT SPINNING STAGES ON FIBRE ORIENTATION
AND QUALITY OF SLIVER, ROVING AND YARN

In order to understand the role of different spinning stages on fibre orientation and quality
parameters, a significant research work has already been carried out by several researchers. In
subsequent sections a brief account of those contributions has been discussed.

3.1. Role of Blowroom Process

In cotton fibre the purpose of the blowroom is to open the hard pressed bales in to small
tufts which provide new surface for cleaning the material. Whereas, in manmades, blowroom
is mainly responsible for efficient opening of compact fibre mass in the bale form so that it
can be processed smoothly on subsequent process stages. The efficient opening at blow room
stage not only improves fibre cleaning but also improves yarn properties like; yarn tenacity
and total imperfections but with excessive fibre openness these parameters deteriorate
sharply. The increase in imperfections at higher openness is due to over beating than is
necessary, fibres are stressed and damaged which then buckle and tend to form neps. The
changes in fibre openness at blowroom do not appreciably influence the yarn irregularity. The
yarn hairiness remains almost unchanged initially with the increase in openness at blowroom,
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but at higher level of openness it increases sharply. This is attributed to the overstressing of
fibres at high values of openness with staple shortening and generation of short fibres. These
short fibres could be the cause of increase in hairiness in yarn [18, 19, 20]. However, in a
normal range of blowroom treatment the degree of opening in the blowroom greatly affects
the cleaning and lint loss at carding. But it does not appear to have a significant effect on yarn
quality and in particular, yarn strength, evenness and performance [21]. A high degree of
opening out in the blowroom reduces shortening of staple at the cards [22]. Furthermore, the
opening of fibres in the blowroom is essential to properly carry out the subsequent process of
carding for fibre individualization which in turn is essential for smooth drafting at the
drawframe, roving frame and ring frame. Thorough opening of fibres is also essential toward
achieving a homogenous blend at the yarn stage [23]. Also, the operation of blowroom to be
controlled depending upon the quality characteristics desired in yarn and the role of
blowroom process on it. Further, consistency in yarn count depends on the degree of mixing
or uniformity of the lap or batt produced [20].

The opening at blow room is primarily dependent on linear density of the lap processed.
The reduction in throughput rate/or thickness of the feed material to any machines improves
the opening capability of that machine [20]. The heavier lap causes excessive beating at the
card causing lap-ups in the card cylinder and formation of too many neps [23]. However, a
good quality of sliver can be produced from a heavy lap by using high draft at card [24].
Further, the fibre parallelization is always high, initially, when heavier lap is fed to the card.
This is due to more carding force generated on the heavy fibre layer present on the cylinder.
But, final yarn quality in terms of evenness and hairiness deteriorates [6].

Overall the blowroom machine influence the opening, blending, cleaning, parallelization
and distribution of the mass in the subsequent products like sliver, roving and yarn. In turn,
have influence on the quality of the final yarn also [25, 26].

3.2. Effect of Carding Process

Carding is the most important process responsible for fibre individualization and
straightness. In turn, affecting the fibre orientation in sliver, roving and yarn. Several
researchers have studied the effect of carding process parameters on fibre orientation and
quality of sliver, roving and yarn. Carding is the first process where fibre hooks are formed.
The type of hooks and their amount plays a vital role in deciding the fibre orientation and
properties of sliver, roving and yarn and their properties. The majority of fibres are hooked at
one or both ends in the card sliver, and fibres having their trailing end hooked are dominant.
The leading hooks are not only fewer in number than the trailing hooks, but also they are
appreciably smaller [5]. Initially, configurations of fibres were classified in five groups.
These were; I: fibres whose leading ends are hooked, II: fibres whose trailing ends are
hooked, III: fibres with both ends are hooked, IV: fibres of which neither end was hooked but
which were not necessarily straight, V: Fibres which assumed any other shape unclassifiable
under groups, I —IV: i.e. knotted fibres, looped fibres, etc [1].

Further, the mechanism of these different types of hook formation was classified
accordingly. Basically, the fibres on the cylinder lies in two types a) those which are held in
the position by their leading end being hooked round the cylinder wires, and b) those which
are not hooked around the cylinder wires but held in position with the contact and
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entanglement with the hooked fibres. Further when type a) reaches the doffer, transfer takes
place with relatively straight trailing ends lashed into the doffer wire point more firmly than
the hooked end is held by the cylinder. Otherwise, the fibres would be drawn past the doffer,
merely having their tails brushed once again. The probability of such effective lashing into
the doffer wire, however, seems to be very remote. The class b) type of fibres on reaching the
doffer will arrested at its projecting part most probably by actual contact with a doffer wire.
The rest of its length will immediately swept downwards by the rapidly rotating cylinder
forming a trailing hook by carding its leading end. Thus due to the above two types of fibre
transfer in carding leads to majority of hooks in carding sliver as a trailing hook. The third
group of the hooks may form in card sliver possibly due to three mechanisms. First, the
downward trailing ends of the fibre immediately below the doffer setting point may have their
extremities slipped in to the form of a hook by the rapid passage of the cylinder wires. Second
possibility is that the hooking of the leading ends is accomplished at the doffer comb. The
majority of the fibres on the doffer may approach the doffer comb with relatively straightened
ends projecting forward and with its downward stroke be bent forward to form hook. Thirdly,
the leading hooked ends at cylinder immediately after leaving the flats, if they are held
loosely on cylinder surface may dislodge from the cylinder under the influence of air-current
especially below the bottom edge of the front plate. These fibres after dislodging from the
cylinder approaches to the doffer with hooked ends leading and lying close to the cylinder
surface though detached from it. Such leading ends conceivably passed intact through
cylinder and doffer [1]. Overall, it was observed that the majority of fibres change their
configuration during transfer. Hooks are formed and previously formed hooks are removed.
Transfer of fibres takes place both with and without reversal of ends. Those fibres that
transfer without reversal change their configurations more. Thus, the number or the
percentage of leading and trailing hooks in the web depend on the balance of three factors: a)
number of fibres with hooks transferred from the cylinder to the doffer with or without
reversal; b) number of straight ends hooked during transfer and transferred with or without
reversal; and c¢) number of hooked ends straightened out due to carding action between the
cylinder and the doffer. Further, the magnitudes of a, b and c-and, hence, the number of
hooks- are likely to influenced by fibre, process and machine factors.

Further, an increase in load on the operational layer of the cylinder would decrease the
magnitude of positive control that cylinder wires have over individual fibres. In such a state,
fibre transfer will take place more easily without reversal, leaving the leading hooks as
leading hooks on the doffer surface. It was also postulated that the formation of a leading
hook on the doffer during transference is caused by buckling of the front end of a fibre. When
the front end of a fibre moving with the velocity of the cylinder comes in contact with the
relatively slower moving doffer surface, it buckles, and if the fibre is loosely held by the
cylinder, it gets transferred without reversal. When conditions for buckling of front ends are
satisfied, the probability of a fibre transferring from the cylinder to the doffer without reversal
of ends would depend largely on the nature and extent of positive control exercised by the
cylinder on the rest of the fibre [27]. Quantitatively, in card sliver 50 % are trailing hooks,
about 15 % are leading hooks and about 15 % are double hooks and less than 20 % of fibres
are not hooked at all [22].

Further, several researchers have studied the effect of carding process parameters on fibre
orientation and quality of sliver, roving and yarn. There are various processing factors



98 Akshay Kumar and S. M. Ishtiaque

affecting the quality of carding operation. The effects of these factors are described briefly in
next few sections.

3.2.1. Influence of Card Sliver Weight

The sliver weight is changed either by changing linear density of lap feed for constant
card draft or by changing card draft for a constant linear density of lap. The nature of change
in the orientation of fibres in sliver shows that increase in sliver weight, either through lap
hank or through card draft, decreases the proportion of curved fibre ends, and increases
relative coefficient of fibre parallelization and projected mean length. This was explained on
the basis of deposition of operational layers over cylinder. As coarse lap is fed or card draft is
reduced, the operational layers on the cylinder increases, which results in increase in the
carding force due to the increased inter-fiber friction. This ultimately increases the fibre
straightening and decreases the proportion of curved fibre ends [24].

Furthermore, the cylinder-to-doffer fibre transfer decreases and cylinder load increases as
sliver weight is increased. At low carding rate, increased sliver weight caused smaller
increase in majority hooks (trailing) but definite decrease in minority hooks (leading). Overall
projected mean length decreases with increase in sliver weight. Card web neps and yarn
imperfections increases with increase in carding rate. At lower carding rate, sliver weight has
little effect on card web neps. However, at higher carding rate the coarse sliver appears to
have fewer neps. Although the trend was not consistent, this could indicate a direct relation
between neps and minority hooks. Since the heavy weight sliver had fewer minority hooks
than the light weight sliver at high carding rate. Yarn imperfections increase with increase in
sliver weight. Also, the increased draft necessary to process a heavy weight sliver relative to
the light weight sliver into the same size yarn caused yarn imperfections to increase. The
higher carding rates also improve fibre orientation, which offset the increased short term
variability of the card sliver and improves drafting, resulting in a more uniform second
drawing sliver. Sliver weight and carding rate had little effect on the yarn uniformity. Overall
as carding rate increases strength and elongation decrease marginally. Also, yarn grade
deteriorates with increase in sliver weight and carding rate [24, 29, 30, 31]. End breakage
rates may increase with increase in sliver weight [31].

Furthermore, it was also reported that both fibre parallelization and fibre hooks decreases
as card sliver weight increases, indicating that there were less total hooks in the heavy than in
the light weight sliver, even though the fibres in the former were less parallel than in the later
[32].

3.2.2. Influence of Doffer Speed

A study conducted in Japan shows that at higher card production rate the leading fibre
hooks in the sliver increases and the fibre arrangements in sliver changes. A distinct rise in
the number of leading hooks at higher production rates can be seen, because of the reduced
peripheral speed ratio of cylinder and doffer. The number of reverse hooks decreases as the
production rate increases, because of the higher tension drafts. Thus high performance
carding affects not only the carding quality but also yarn quality [33].

Similarly, for bad carding (where cylinder speed is reduced and doffer speed is increased
from the normal) gives better parallelization, but the rate of improvement in parallelization in
the subsequent processes is better with good carding, probably due to better fibre separation.
Fibre separation seems to influence carding quality more than fibre parallelization. Open end
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spinning has been found to be more sensitive to carding condition both for performance and
yarn quality than ring spinning. The measurement of hooks and fibre parallelization in card,
drawing slivers and roving had showed that the projected mean length (PML) of fibres in
sliver and roving, which measure the degree of parallelization of fibres, was higher under bad
carding condition at all the stages. The values of PML with bad carding were much higher
than those with good carding at card stage and subsequently as the sliver was processed
through drawing and roving. This difference in PML at card stage, due to carding condition,
get narrowed down as the rate of improvement of parallelization in the subsequent process
was high with good carding, possibly due to better fibre to fibre separation and degree of
parallelization obtained with good carding. However, the difference in PML never vanishes
completely even up to roving [34]. Furthermore, with the bad carding conditions the effect of
increased relative speed of doffer was reduction in majority hooks and increase in minority
hooks at the card stage. Majority hooks were more under good carding, at the card stage, and
this trend continues up to first and second drawing stage. Similarly, minority hooks are more
under bad carding than with good carding condition at card stage and this trend continues up
to first and second drawing. This indicate that the rate of unhooking the hooked fibre during
drafting, at drawing, remains same irrespective of the carding condition under which hooks
are formed [34].

Further, the removal of neps at carding stage significantly improved with the reduction in
card production rate because of the intensive carding action. At higher card production rate,
neps level tends to increase further at the drawing. Inferior quality of carding at the higher
card production rate may be responsible for the generation of neps at drawing. Better carding
quality at lower card production rate improves the yarn tenacity [35].

However, an increase in card production rate increases the neps in the sliver mainly due
to inferior carding quality at higher production rate. But, the number of drawframe passage
after carding does not influence neps generation. Thick places and neps, in ring yarn increase
with increase in card production rate. The yarn unevenness (U %), however, increases
marginally with increase in card production rate [36].

The above discussion reveals that decrease in the card draft and production rate not
necessarily improve fibre orientation parameters in the sliver but definitely improve the yarn
properties. Apart from deciding the quality parameters at various subsequent stages the
carding process also significantly affects the fibre orientation in sliver and roving.

3.2.3. Carding Force

In carding operation, the force required to individualize a tuft at cylinder-flat zone is
called carding force. Increase in the load on the operational layer of the cylinder, at a constant
cylinder speed, linearly increases the carding force. Increase in the tuft size increases the
carding force due to increase in the pressure of the tuft during carding. When the fibre stock is
not well opened, increase in the coefficient of inter-fibre friction increases the carding force.
When the fibres are thoroughly opened and disentangled, the carding force is influenced by
the coefficient of fibre-metal friction and not by the inter-fibre friction. The changes in the
carding parameters leading to an increase in the load on the operational layer of the cylinder
is detrimental to the quality of carded sliver with regard to neps and regularity. The ratio
between the mean carding force and the load on the operational layer of the cylinder or the
mean carding force per unit load of fibre on the operational layer is a reliable index of carding
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quality. Increase in carding force per unit load decreases both the neps content and the U % of
the sliver [37,38,39].

3.2.5.Influence of Carding Process on Yarn Characteristics

Overall, the carding process is expected to influence the characteristics of the preparatory
products and yarn quality to a considerable extent. Increase in openness by altering carding
process parameters improves yarn regularity and tenacity up to a certain extent then
deteriorate. Intensive opening generates short fibres, leading to uncontrolled drafting and thus
rendering the yarn uneven and weak. The increase in openness of card web at lower level
does not affect the yarn hairiness but at higher level of openness the hairiness increases with
the increase in openness. This can be attributed to generation of short fibres [40].

Further, in case of manmades fibres, the finer and longer fibres tend to produce more
neps in the yarn. Excessive beating of fibres in the blowroom, loading of licker-in or cylinder
at the card, blunt wire points on various carding elements and excessive lap weight are some
of the major contributory factors. The unopened fibrous neps are not only formed during
opening and carding but also at all subsequent processes like drawing, roving and spinning
with neps produced in blowroom and the card providing a nucleus. These neps are not only
predominant but are largest among the different type of neps. These neps show a large
increase as the fibre length is increased. Further the lack of fibre individualization and
drafting irregularities are two distinct causes of slubs, thick places and neps in yarns.
Inadequate number of doublings and/or unevenness of blending lead to clustering of similar
fibre and results in thick faults [23].

Further, an insufficient degree of orientation, entanglement of fibres, hairiness and
presence of fibre hooks facilitate the formation of neps. Breaking of fibre hooks may also
cause the formation of neps during drafting. Generally, the unopened fibrous neps are
progressively being reduced by blowroom and carding processes. But, after the blowroom and
carding processes the new neps are formed because some unopened or entangled mass of
fibres are still left in the material [19].

So it can be concluded from the above discussion that process of carding drastically
changes the arrangement of fibres in sliver, roving and yarn. The effectiveness of carding
operation is primarily dependent on the amount of material present in operational layer on
cylinder. Increasing the weight of operation layer (either by feeding heavier lap or reducing
card draft) sometimes improves the fibre orientation by increasing the carding force but
impairs the quality of sliver and final yarn. Further, decreasing the weight of operational layer
by increasing the doffer speed increases the neps in the sliver. Also, the process of carding
generates lot of hooks, majority of which are trailing followed by leading and double hooks.
The magnitude of these hooks decides the amount of fibre parallelization that can be achieved
in subsequent processes and, in turn, the quality of sliver, roving and yarn produced. The
amounts of hooks are also dependent on weight of operational layer on cylinder [19].

3.3. Importance of Drawing Process
Drafting arrangement, in particular, increase unevenness very considerably. In order to

achieve usable yarn characteristics, the process must include operations, which give an
equalizing effect. This can be doubling or leveling (drawing while simultaneously imparting
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twist). Doubling is still the most widely used, but leveling is becoming gradually more
significant in woolen spinning mill only. Doubling is infact a process of equalizing. Several
products are fed in together in sliver drafting arrangement. Where the thick places generally
tends to distribute and compensate each other. In principle every doubling is a transverse
doubling also because the feeds are united side- by-side [41].

3.3.1. Influence of Drawframe on Fibre Straightening and Hook Removal

It is well known that the drafting process in general improves the fibre parallelization,
and straightens the hooks present in the card sliver. But some time due to excessive
parallelization, fibres in subsequent drawing process starts relaxing. This can be seen in the
Figure 7. In the drafting arrangement the fibre hooks may be embedded in the body of fibres
either as leading or as trailing hooks. A trailing hook for a certain period moves with
reminder of the fibre strand at the speed of back roller towards the front roller. If the fibre tip
passes into the nip region of the drawing roller, the fibre is accelerated. However, since the
trailing end is moving with a relatively thick body of slowly moving fibres, the fibre is
straightened before the whole fibre can reach the drawing speed-the hook is eliminated. The
straightening of trailing hooks at the drawframe is shown in Fig 7. On the other hand, leading
hooks are immediately caught bodily by the front roller and carried along unchanged [41, 42].
The process of straightening is improved and accelerated when the amount of draft is
increased [43].

ibre relaxation

Figure 7. Fibre configuration in Finisher sliver.

However, it was also postulated that the hooks can be removed in the drafting process
only through frictional contact with other fibres moving at speeds different from that of the
hooked fibre. The hook removal is greater when: (i) the larger the number of such contacts at
any instant and (ii) the greater the entanglement and cohesion with neighbouring fibres
moving at different speeds. It was assumed that a hook is removed only if the other end of the
fibre is positively gripped by a nip and that floating fibres do not take any part in removing
hooks. Finally it was concluded that the probability of removal of leading or trailing hook is
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same. It is probably because the total number of effective contacts from other fibres, is the
density of the effective fibre fringe which brushes past a hook or through which the hook
brushes. This is more at any instant for the trailing hook, which therefore is removed easily.
However, the leading hooks are acted on by the fast moving fibres in the region of drafting
zone (i.e. nearer the back nip) where fibre density, inter-fibre friction, and fibre
entanglements are higher but due to most of the fibres in this region is fast moving and cannot
therefore exercise an effective hook-removing action on the slow moving leading hooks [13].

Straightened
hooks

Fibre relaxation

Figure 8. Straightening of hooks in the draw frame sliver.

Further, fibre parallelization decreased as sliver weight was increased, regardless of the
processing stage. The improvement in fibre parallelization from card to the first drawing
sliver average more than from first to second drawing, about a 3:1 ratio. This indicates that
first drawing process is more critical than second drawing, since most of the fibre
parallelization and reduction in hooks takes place at this process. It was shown that maximum
fibre parallelization and hooks reduction could be obtained at first drawing by drafting the
majority hooks in the trailing direction. This may be accomplished through use of unit
carding system [13]. Also, at first drawing, the trailing (minority) hooks were reduced more
than the leading (majority) hooks. At second drawing, the trailing (majority) hooks were
reduced more than the leading (minority) hooks. Sliver weight had no effect on hook removal
for either the majority or minority hooks in few cases [32].

Further, the proportion of curved fibre ends (p) decreases and relative fibre
parallelization (K;) and PML increases as the number of drawframe passage increases. It is
interesting to note that the decrease in the value of ‘p’ and the increase in the value of ‘K’
and PML was more up to the first drawframe passage as compared to the second drawframe
passage for both of the cases. But in values of degree of straightening of curved fibre ends
(Ep and Ex), it was observed that the value of ‘Ep’ is more between the first and second
drawframe passages. This may be due to the feeding majority of trailing hooks as trailing to
the drafting system of second drawframe, which straightens out the trailing hooks during
drafting [6, 24].
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Further, with constant carding conditions, the ratio of majority hooks to minority hooks is
constant for a wide range of fibre mean length and a moderate range of fibre fineness. During
processing when majority hooks trails in first and second drawing, increase in fibre
parallelization over the conventional drafting direction, is independent of mean fibre length
[44]. Furthermore, the fibres in the sliver exhibit grouping behavior during drafting. The
grouping behavior is directly related to the drafting performance, with optimum roller setting
leading to lower grouping tendencies. Fibre orientation, fibre type and the performance of
earlier processes are expected to be the major factors influencing the grouping. This grouping
behaviour is responsible for the use of wider settings earlier in the process line. When
comparing for breaker and finisher drawings there appeared to be longer fibre groups in the
finisher drawing. The longer group sizes are attributed to the drafting process orienting the
fibre groups along the axis of the strand. Effects of fibre hooks and their opening in the
finisher drawing also play a part in the longer group lengths observed [45].

Significant improvements in the regularity of the roving and the yarn result from the
incorporation of two additional drawings. The extent of improvement varies with the type of
material processed. It is interesting to note that the improvements in the evenness are not
reflected in the strength of the yarn, which is nearly unaffected by the use of additional
drawing. This is contrary to earlier findings on direct sliver-to-yarn spinning frame where
improved parallelization found to lead better strength. The results have clearly demonstrated
that improved parallelization in the ingoing (feed) material contributes to better drafting at
both speed and ring frames. The use of additional drawings, thus, offers a convenient means
of upgrading the evenness of carded cotton and man made staple fibre yarns. When additional
drawings were used with short staple material, it may be necessary to maintain the sliver hank
on coarser side, in order to minimize the incidence of stretch and sliver breaks at the creel of
the speed frame [43].

Further, the rotor yarn strength increases with the increase in drawframe passages. This is
mainly due to better orientation of fibre and improvement in mean fibre length at rotor groove
with the increase in drawframe passages, which is due to better fibre extent in the yarn. Yarn
uniformity could be improved with the increase in number of drawframe passages. Neps and
thin places do not show any trend, but thick places increase with the introduction of
drawframe passages [46].

3.3.2. Influence of Draft and Doublings

Apart from number of drawframes used, amount of draft and doublings at drawframe also
plays a crucial role in deciding the quality of sliver, roving and yarn. Increase in draft and
doublings improve fibre parallelization, but decrease sliver uniformity. The increase in fibre
parallelization over-shadowed the decrease in sliver uniformity, resulting in a decrease in
spinning end breakage. Total draft and doublings had no measurable effect on percentage of
hook reduction. There was a slight increase in fibre parallelization and decrease in sliver
uniformity with increased draft and doublings, indicating that fibre parallelization and sliver
uniformity were not directly related [32].

Furthermore, the sliver irregularity can be evened by doubling slivers together at the
drawframe; however, this evening action becomes ineffective as the wavelength of the
irregularity increases [47]. An 8- fold doubling, in comparison to the 6- fold doubling does
not cause any improvement on drafted sliver and roving unevenness % and no significant
difference in the number of hooks in sliver. However, reduction in number of hooks at roving
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is more in case of 8- doubling sliver. The increase in number of doublings at drawframe does
not cause any improvement in mass unevenness in the ring and rotor yarn. The tensile
strength clearly increases in ring yarn with the increase in number of drawframe passage
because of better parallelization of the fibres, and the related increase in fibre-fibre friction.
The increase in doublings also increases the tensile strength. Whereas, in rotor spun yarn
tensile strength of the yarn produced directly from the card sliver is even higher than from the
yarn produced from drafted sliver. This proves that parallelization of the fibres deteriorated in
rotor spinning. The increase in number of doublings decrease the breaking elongation in ring
yarn but the values are unaffected in the rotor yarn. An 8-fold doubling on the drawing frame
leads, for both yarn types, no detectable reduction in number of thick places [48]. However,
increased number of doublings not only improves irregularity but also the mixing in the
sliver. The best strength was achieved with a draft of eight and eight doublings, which gave
only slight changes in yarn evenness and in imperfections [31]. It was also found that on
drawing frame, the best over-all results are obtained by using light-weight slivers and a draft
of eight and eight doublings [49].

In general, it can be said from the above discussion that increases in number of draw
frame passages or number of doublings improves the properties of yarn. Apart from the above
two factors there are other drawing parameters, which decide the fibre orientation in sliver
and hence affect the quality of yarn. These factors are discussed briefly in subsequent
sections.

3.3.3. Influence of Direction of Hooks in Sliver

In general, feeding majority hooks in the leading direction contributed to more
irregularities and the size of the effect was not dependent upon the draft or the count spun.
Direction of feed of the hooks had no significant effect on irregularities at the can fed speed
frame under normal conditions.

Feeding the hooks as leading contributes to more yarn irregularity and poorer strength,
but the magnitude of the effect was nearly of the same order, with the second-and third-
passage slivers as regards irregularity and slightly more marked with second passage sliver as
regards strength. Apart from improving the fibre parallelization, the use of additional drawing
also introduces a reversal in the direction of drafting of the hooked ends at the subsequent
stage, and to evaluate the effect of parallelization alone, spinning with the same feed
directions must be compared. When this is done parallelization founds to contribute towards
better drafting, as indicated by lesser number of irregularities and higher strengths and
improvements obtained seems to be of the same order for both feed direction of the majority
hooks at the ring frame. Favourable feed direction (obtained by reversal) has, in general,
greater effects on drafting quality than parallelization (achieved through additional drawing,).
The difference in drafting irregularities due to fibre disorder and feed direction do not vary
much with the draft. Further, the draft ratio has no effect on irregularity, a lower draft at the
front zone leads to slightly better yarn strength for all input slivers. The relation between
relative variance and count shows that the effect of fibre arrangements in the input sliver on
drafting irregularities is not sensitive to the count spun [43].

Two passages of drawing followed by can-fed speed frame are a standard processing
sequence for carded counts in a modern spinning lay out. This is because of the favourable
drafting direction at the ring frame and the minimum processing costs associated with this
system [43]. In general, the trailing hook must be presented to the ring spinning machine.
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Thus, there should be an odd number of passages between the card and ring spinning machine
[41].

3.3.4. Influence of Drafting Force

The resistance met by the drafting roller when drawing a sliver is called the drafting force
[50]. Basically, drafting takes place in three operating stages: straightening of the fibre,
elongation of the fibres and sliding of the fibres out of the surrounding fibre strand. So the
force acting on the fibre, called drafting force, which enables to move the fibre by pulling it
from the restraining force due to relatively slow moving fibres in the back roller grip, first
increases sharply. This causes straightening and extending of the fibres. Once the fibres start
sliding drafting force drops down drastically. Overall drafting force decreases as the draft
increases. Since a higher degree of draft implies fewer fibres in the cross-section. Besides this
drafting force also dependent on the arrangement of the fibre in the strand (parallel or
crossed), cohesion between the fibres (surface structure, crimp, finish etc.), fibre length and
nip spacing [41].

Further, for a constant weight of sliver entering the drafting zone, the drafting force in
one zone is inversely proportional to the draft, and thus directly proportional to the number of
fibres being withdrawn by the front rollers of the zone. When this number is changed by
feeding a heavier sliver, the force increases more than in proportion to the weight. This is
because heavier slivers are more compact. But, considering the forces in the different zones of
drawframe, it is proportional to the number of fibres under the front rollers of a zone [51].
However, for very low drafts, the drafting force increases first to a peak as the draft increases
then decrease [52]. Furthermore, particularly for short fibres, a high ratio of the number of
the fibres in the front roller nip to the number of fibres being delivered by the back roller at
any instant will cause an increase in pulling force exerted by the faster fibres. But for apron
drafting systems, this ratio can be kept low enough to prevent the bunching of the fibres
dragged into the front-roller nip [53].

However, there is no relationship between the inter-fibre friction, as a measure of drafting
force, and drafting irregularity. This is because the overall change in the inter-fibre friction
would not affect the motion of the floating fibre; to do this it would be necessary to increase
considerably the difference between static and kinetic friction [54].

3.3.5. Drafting Wave

During the roller drafting of cotton, the rollers cannot set much closer than the length of
the longest fibre and consequently most of the fibres are for a time out of the control of the
rollers. These fibres are called floating fibres. The undue movement of these floating fibers is
responsible for generation of a periodic irregularity called drafting wave in the material [55].

The drafting wave is basically caused by the position of the change-point depending on
the number of fibres held by the front rollers. The thickness of drafted sliver then tends to
vary periodically. Observation shows that the drafting wave in different lengthwise strips of
the sliver are formed more or less independently, so that the sliver drafts as though it were
made up of number of sub-sliver, then, according to theory of drafting wave all the floating
fibres in the part of the drafting zone just behind the front rollers are dragged rapidly forward
by the fibres held by front rollers, so that a gap free of floating fibres is left in the sub-sliver.
The fibres are held by the back rollers then move forward with back roller speed until the gap
has passed into the drafted sliver. The snatching process is then repeated and caused a
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periodic irregularity, called drafting wave, in the material [56, 57, 58, 59]. However, in apron
drafting, it is considered that the irregularity due to the drafting wave is at a low level because
of the control affected by the apron. However, the drafting wave is mainly caused by the
varying acceleration of floating fibres [57].

Further, when high drafts are used without the employment of a special drafting system
the resulting yarn is usually more irregular due to increase of drafting wave amplitude [55].
Overall, relative variance of the sliver or roving also increases steadily as the draft is
increases. Further there are two reasons why the straightness and parallelism of the fibres
affect the amplitude of the drafting wave. In the first place, the greater entanglement, which
occurs when the fibres are not parallel, prevents the smooth sliding of the fibres past one
another and so increases the tendency of the fibres to go forward in clumps. Secondly, in
drafting, the fibres move in subgroup and the independent drafting of the lengthwise strips of
the sliver is more marked when the fibres are more nearly parallel; the number of sub-slivers
is therefore greater, and the coefficient of variation of the drafting wave is less. For the same
cotton the irregularity of the yarn is greater as the higher the count, for the same count the
irregularity is less when the fibres are finer [56]. Overall increase in amplitude of drafting
wave impairs the quality of sliver and thus yarns [59].

3.3.6. Sliver Strength

The force required to slide past the fibres in a sliver is termed as sliver strength. The
sliver strength can also be used as a measure of fibre-alignment in top-making. The fibre-
alignment and sliver strength increase during the first and second gillings, but only a small
increase during the third gilling. The principal factors determining sliver strength are: 1) fibre
length and its variability, 2) intrinsic fibre strength, 3) fibre-alignment, 4) fibre-straightness
and 5) sliver tension during testing. But in gilling, the major changes are those of fibre-
alignment along the axis of the sliver and a reduction of fibre-hooks [60].

However, in cotton sliver, the fibre configuration mainly affects the sliver strength. As
the fibre parallelization improves with the successive passages of drawing, the sliver strength
drops. In the card sliver, inter fibre friction and sliver strength shows a positive correlation.
But, as the fibre parallelization improves with the successive passages of drawing the sliver
strength drops, and the difference in the strength of the sliver having different frictional
values narrows. Thus fibre orientation affects sliver strength much more than the values of
inter-fibre friction [61].

Further, the cotton slivers possess very lower strength and are liable to unexpected
drafting and breakages during processing. If the sliver strength is not appropriately controlled,
sliver and roving become uneven and frequent end breaks may occur. The carded sliver
tenacity is halved after the two drawing passages. This is attributed to fibre-straightening and
fibre parallelization activity in the card slivers. Further, fibres became more straightened and
parallelized, and more intimately packed in the sliver, leading to higher sliver density, or
lower sliver bulk. This means that the sliver bulkiness reflects the fibre straightening and fibre
parallelization in the sliver. Increase of number of drawing process leads to decrease in sliver
bulk and further reduction of sliver strength and an increase in fibre-straightening and fibre
parallelization. The number of drawing passages had more influence on the sliver strength
than the total draft and doublings experienced by the slivers. This was probably due to the
reversal of the sliver-processing direction at each drawing passage that played an important
role in the straightening and parallelization of the fibres. Increase in draft/doublings at the I
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drawframe passage increases the strength of the sliver. This effect is diminished at the II
drawframe passage. The increase in number of doublings at constant drawframe draft
increases the tenacity and evenness. The increase in tenacity is due to reduced improvement
in terms of fibre straightening and fibre parallelization. It can be deduced from the above
discussion that sliver strength is affected by drafting conditions and fibre orientation in sliver
[62]. Further, in viscose fibre, the tenacity of I drawframe sliver is higher than card sliver,
whereas, Il drawframe sliver is having the lowest value of tenacity [6]. The increase in value
of ‘K’ increases the tenacity of carding and I stage of drawframe sliver whereas trend
reverses in finisher sliver due to fibre relaxation, as shown in Figure 7.

Overall, the literature on drawing process reveals that the process of drafting adds to
irregularity, by generation of drafting wave, in the drafted material. However, the number of
doublings given on drawframe reduces the amplitude of irregularity by equalizing effect.
Further, fibre straightness and parallelization improves with amount of draft but deteriorates
with increase in number of doublings given at draw frame. The fibre parallelization and
straightness and added irregularity in the sliver are also dependent on feed direction of the
sliver to the drawframe. Thus properties of sliver are governed by counteracting effect of
drafting and doublings which, in turn affects the quality of final yarn.

3.4. Effect of Roving Process

It is well known that the drafting of cotton sliver and roving is accompanied by increase
in irregularity. Though in the drawframe, this increase is not apparent because it is
compensated by doubling, but in the speed and spinning frames, the irregularity increases at
each machine until the yarn is many times more irregular than the sliver from which it was
made. Further, the relation between the variance and draft is linear and the slope of the line
increases sharply, as the hank feed is finer [56].

However, for the best results from apron drafting, adequate parallelization of fibres must
be obtained in the ingoing (Feed) sliver. This is the reason why concepts of apron drafting
failed in the case of drawframe. The fibres become more parallel and straighten in
comparison to the drawframe sliver and do not get much chance to relax after drafting system
due to the presence of twist [6]. The state of fibres in the drafted roving is shown in the Figure
9. Further, in general irregularities added at the speed frame are not influenced by the feed
direction of the hooks in the feed sliver especially for coarse roving. But it acquires
significant importance as the roving is made finer. Where feeding the hooks as leading results
in more irregularities in the case of finer roving [43].

Furthermore, the products drafted on apron drafting systems also exhibit-drafting waves
like roller drafting. This suggests that the drafting wave is a feature of drafting process and
could originate from factors other than uncontrolled acceleration of short fibres. With cut
staple fibre in particular the drafting wave could result from acceleration of leading hooked
portion of the fibre which results in too early a feed for some of the fibres or from elastic
movement of fibre assembly in the drafting zone. Finally it appears that the drafting waves
introduced at the speed frame are of low amplitude compared to other irregularities, and
reversal and drafting at the ring frame reduce the amplitude still further so that they are not
seen in the yarn. Further, the yarn produced from the roller drafting is more irregular and
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weaker than that from apron drafting, the difference in uniformity is more pronounced than
that in strength [63].

Straight and bind

Figure 9. Fibre configuration in Roving.

3.4.1. Effect of Speed Frame Draft

Draft given at the speed frame is a crucial factor affecting quality of roving and yarn. The
increase in the irregularity of a fibrous product during drafting is the result of irregular fibre
movements arising from the following principal factors: 1) from the irregularity of the
product entering the drafting system, 2) from an unsatisfactory technical condition of
elements of the drafting system, 3) from faults in its design and 4) from structural unevenness
i.e. uneven distribution of fibres of different length in cross-section of the product. The
irregular movement increases with the draft and with the difference in the lengths of the fibres
in the roving. It follows that the irregular movements occur at any draft and in any drafting
field and that their magnitude increases with the draft [64].

However, on speed frame drafting, the irregularity added is relatively low and nearly
independent of draft [63]. Contrary to the above, greater the draft at speed frame, the higher
will be the level of parallelism in the roving [65, 6]. The higher roving draft required for the
heavy sliver influenced parallelization more effectively than roving evenness [49]. In turn,
increase in draft at speed frame improves the properties of relatively poor carded material in
ring and rotor yarn [6].

Apart from the amount of draft given at speed frame, there are some other factors, which
decide the quality of roving produced. These factors are described in forthcoming sections.

3.4.2. Drafting Force

In a double apron drafting system, the drafting force increased with the size of the front
beard i.e. with total draft, fibre length, speed of drafting. The drafting force is decreased as
break draft and apron-to-apron spacing increased. There was a difference in the force when
the roving was fed in the normal direction and then in the reverse, thus showing that the effect
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of fibre hooking that originated at the card still persists at the spinning frame. For good spin, a
certain amount of fibre tension is necessary at the front draft zone. But an excessive tension
of the front beard will not always lead to optimum conditions. Further by measuring the
drafting force at the front draft zone, it was possible to detect the effect of fibre hooking that
originated at the card. The force was higher when the majority of hooks are trailing. Further a
certain amount of fibre tension is necessary in apron zone for optimum yarn properties.
Generally, high values of drafting force are associated with the best properties of the spun
yarn, but too high a fibre tension may lead to deterioration of yarn properties [66].

3.4.3. Behaviour of Hooks in the Roving Process

The relationship between the total amount of hooks in sliver and roving, for cotton, is
linear. Therefore, it is sufficient to analyze hooks in sliver prior to roving as a basis for
evaluating the effects on yarn properties and spinning end breakage. When converting sliver
into roving the draft (approximately 8) should reduce the amount of hooks. However, when
measuring hooks by the Lindsley technique, the twist in the roving is not removed, and this
hides or masks the true reduction in the amount of hooks caused by the roving draft [44].

3.4.4. Roving Strength

Apart from the parameters, which decide sliver strength, the roving strength is
additionally dependent on the amount of twist inserted in the roving. The inter-dependence of
twist and strength in roving may be explained by two effects. Either the fibres slip, or they
hold until the tension becomes too great and then break. The amount of twist determines
which of these effects will occur. For small twist, parting is by fibre slippage at a low tension.
As the twist increases, the strength also increases, but parting is still by slippage, up to the
point where the strength is equal to the combined breaking strength of all the fibres in the
cross-section. This is the maximum strength; further increases in twist beyond this value
mean that the parting is by fibre breakage, but the strength does not increase and ultimately
diminishes because of the increased angle at which fibres are inclined to the axis [67].
Further, stronger finisher sliver produces stronger roving [6].

3.4.5. Effect of Roving Twist and Ring Frame Break Draft

The main objective of break draft is to straighten and redistribute the roving twist to a
greater length before the main draft. Further, the higher twist in the roving may exert some
control over the short fibres and so reduce the amplitude of the drafting wave [68].

Also, on evaluation of the irregularity of drafting roving by its performance on the ring
frame, it was revealed that as the break draft is too low, the twisted roving cannot be properly
drafted thus resulting in increase in thick places in yarn. But as the draft ratio increases, the
drafting force increases, and the fibre crimps and hooks are straightened, which is beneficial
to improve uniformity of the drafted roving. Later, fibre slip partially, but the static friction
has not yet been overcome. In this zone, the drafting force reaches a maximum value with
increasing fluctuations, which results in unsteady draft behaviour and thus worsens the
uniformity of the drafted roving. When passing over the peak region, the fibres begin to slip
before the roving is completely drafted. In this dynamic friction behaviour, both the force and
its fluctuation decrease. But it frequently causes a drafting wave in the drafted roving because
of the higher draft ratio. This drafting wave remains in the yarn and tends to cause serious
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thick and thin places in the spun yarn. Higher break draft ratios increase the U % of drafted
roving and lower the yarn quality [69]. Further, the migration of the fibres in the cross-section
of the roving impairs the mixing uniformity achieved in the proceeding operations of the
spinning sector. This migration generally increases with the increase in twist in the roving
[70].

Also, as the break draft increases there is an increase in the drafting tenacity (force
require to slide past the fibres in dynamic condition) up to a maximum. This is followed by a
decrease in the tenacity for further increase in break draft. This is because at lower break
draft, in the neighborhood of 1, the fibre density in the cross section of roving, i.e., the fibre to
fibre contact has not reached its maximum value. But as the break draft increases so does
fibre density, until a maximum is reached, after which fibre slippage begins. On reaching this
point, further increase in break draft entails a decrease in fibre contact and drafting tenacity
starts to decay [71].

Furthermore, tenacity increases with the increase in roving twist multiplier. However, this
characteristic of roving does not always lead to the expected increase in yarn strength [72].
Infact, the yarn tenacity increases to a maximum value then decrease as the roving twist
multiplier (TM) increases. However, the yarn uniformity first increases and then decreases
with increase in roving TM in majority of the cases. This is because increase in roving TM
increases the inter-fibre friction due to more contact area, which creates problem during
drafting and ultimately deteriorates the yarn quality. The imperfections in yarn do not show
any regular trend [29]. For a given yarn count the yarn properties is superior with the medium
hank (about 2° Ne hank roving). So there is optimum draft distribution found which exists
between speed and spinning frames, from the point of view of regularity and strength [63].

Overall, the process of drafting, at roving frame, adds irregularity in roving but the
amplitude of drafting wave is contained to an extent by apron drafting. Further, an increase in
draft at speed frame improves yarn properties by reducing the draft required at the ring frame.
High strength roving produced with higher twist, produces higher tenacity yarn due to less
spreading of fibres in the drafting zone. However, higher drafting force is required to draft the
high strength roving which may add to the irregularity in the yarn. The increase in draft at the
speed frame increases fibre parallelization and reduces number of hooks due to increased
drafting force acting on the fibre.

Thus draft given at every stage of spinning preparatory plays an important role in
deciding quality of the product produced on subsequent machines and ultimately the
properties of the yarn.

3.5. Effect of Ring Spinning Process

Lastly, most important machine in ring yarn manufacturing is the ring frame, where the
roving is drafted many times and finally twisted to form into final yarn. Majority of the fibres
migrate from surface to core or vice-versa, due to tension difference arose in twisting of fibre
band delivered by the drafting system. The actual migrated structure of the ring yarn is shown
Figure 10.
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Figure 10. Uniformly twisted fibre helix in ring yarn.

Apart from that the yarn is many times irregular than the roving. There are four main
causes of the irregularity in the ring frame: random arrangement of the fibres along the length
of the roving; irregularities caused by random variations in the position at which the fibres
change from back to front roller speed; irregularities caused by the disturbance of the drafting
by the irregularity of the entering roving, and drafting wave [56]. The various important
factors, which affect the fibre orientation and quality of yarn, are discussed in the next few
sections.

3.5.1. Effect of Total Draft

Total spinning draft is the most important factor affecting end breakage rate, yarn
strength, elongation and uniformity [73]. At modern ring frames, with the possible use of
higher ranges of ring frame draft, a wider yarn count range could be covered without
difficulty with relatively coarse roving. This may increase the irregularity in the yarn, neps
and thick places. The use of high total drafts requires high break draft adjustment and a
special measure needs to be taken against fibre flow spread due to high relative speeds of the
fibres in the main zone of the drafting system. The reliable control of high total drafts and the
problem-free opening of hard twist roving make necessary the use of high load pressures in
ring frame drafting system [74]. Furthermore, the drafting tenacity decreases with increase in
total draft. In other words, fibre to fibre contact decreases as the front draft increases.
However, the drafting tenacity should be high for such good yarn properties as breaking
strength and irregularity. In addition it was postulated that the yarn tenacity in turn dependent
on the degree of fibre spread at the front rolls exit. The wider the front in which the fibres
emerge, the more difficult for them to be assembled by the run-up twist, and the lower the
strength. However, the fibre spread will be dependent on the degree of fibre tensioning in the
zone between the aprons and the front draft rolls and, a high drafting tenacity bringing all the
fibres to close contact is desirable at the front draft zone [71]. Further, the relative variance in
the yarn increases as the finer roving is fed to ring frame. Thus making the yarn more uneven,
hairy and less stronger [68].

Apart from ring frame draft, there are some other factors, which have a significant impact
on the quality of final yarn. These factors are described in details in the next few sections.

3.5.2. Geometry of Spinning Triangle

The turns of twist in yarn are generated at the traveller and travel against the direction of
yarn movement to the drafting arrangement. Twist must run back as close as possible to the
nip line of the rollers, but it never penetrates completely to the nip because, after leaving the
rollers the fibres first have to be delivered inwards and wrapped around each other.
Accordingly, at the exit from the rollers there is always a triangular bundle of fibres without
twist, the so-called spinning triangle. The length of spinning triangle depends upon the
spinning geometry and upon the twist level in the yarn. If the spinning triangle is too short,



112 Akshay Kumar and S. M. Ishtiaque

then the fibres on the edge must be strongly deflected to bind them in. This is not possible
with all fibres. So some fibres may lose as fly. Others may be bound-in, but at one end only;
one fibre end then projects from the body of the yarn, which is therefore hairy [75].

Further, the wider width of the fibre strand or the ribbon at the front roller nip makes the
spinning triangle wider which affects the yarn hairiness. The wider the ribbon, the greater the
difficulty for the peripheral fibres to get fully twisted and integrated into the body of the yarn
thus leading to more hairiness. Higher ring frame drafts, lower roving twist multiplier and
double roving feed lead to more ribbon width. Excessive draft at the ring frame can be
avoided by feeding finer roving [23, 76]. Also, using a traveller that is too heavy or too light
increases the hairiness of yarn [77].

However, the yarn diameter, single yarn strength and evenness are other factors related
independently with hairiness indices. The yarn with higher diameter is usually more hairy.
With an increase of count, yarn hairiness decreased because the same mass of cotton extends
over a greater length in the finer yarn. The increase in twist reduces yarn hairiness. The
correlation between Uster evenness parameters and hairiness indices show that as the U %
and imperfections decrease, yarn hairiness increases. This may be because U % is influenced
more by variations in the weight and shape of yarns rather than by the projecting ends. Yarn
diameter influences hairiness independently irrespective of twist [78].

3.5.3. Longitudinal behaviour of Fibres in Yarn

The fibre migration is defined as movement of the each fibre between the centre and the
surface of the yarn. Fibre migration in the yarn arises due to tension variation in fibre in the
zone of yarn formation. Since the length of the path the fibres must follow increases from the
core to the surface of the yarn, so must the tension in the fibres [80].

Further, an alternative geometric migration mechanism, either combine with or
effectively replace the tension mechanism were proposed by few researchers. Yarns are often
thought of as twisting in the form of cylindrical bundles of fibres, but they may also twist in
the form of flat ribbons. Indeed it is probably much more common in practical twisting
operations for the yarn to be present as a ribbon rather than a cylinder [80]. In addition to this,
migration of fibres in yarns, was represented (a) by the mean fibre position; (b) by the root
mean square deviation; (c) by the mean migration intensity;

Further, the analysis in two planes showed that there is no statistical difference in the
value of the migration parameters measured in two different planes. Also, the mean fibre
position and RMS deviation are only slightly affected by twist. The mean migration position
falls below the value of 0.5, which would come from uniform density of packing of fibres in
the yarn; and this indicates that density is greater near the centre of the yarn. This is most
noticeable in the low twist yarn, with the lower value of mean fibre position. The RMS
deviation is less than the value of 0.29, which would result from complete ideal migration.
Overall, in ring yarn the fibres migrate rapidly though irregularly [81, 82] Further, the mean
migration intensity increases rapidly as the twist increases. In that case, the fibre
entanglements are more complete at higher twist factors and that longer length of the fibres is
bound to the body of the yarn, which reduces the hairiness [83]. The roving twist and drafting
ratio have a significant effect on the rate of fibre migration. An increase in the drafting ratio
causes a postulated decrease in values of migration intensity. It is neither the roving twist nor
the drafting ratio, which has any effect on fibre migration, but only the remaining amount of
twist in the drafting roving. If the process particulars were so adjusted that this later factor
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would not remain constant, then any induced variation in the roving twist or the drafting ratio
would not have any influence on fibre migration [84].

Furthermore, in double rove feed yarn, higher the value of mean fibre position and lesser
the value of mean migration intensity, better is the helical (interlocked) structure. Increases in
yarn tenacity due to optimum roving spacing is mainly due to better spinning-in coefficient
and mean fibre position. Also, the actual number of fibres in cross-section is continuously
decreases as the roving spacing increases. This indicates more fibre inclination to the yarn
axis. Further increase in roving spacing increases the fibre migration in yarn. After reaching
the optimum roving spacing fibre starts inward migration. Finally, packing density was the
highest at the optimum roving spacing [85].

Also, the migration of the fibres in the cross-section of the roving and yarn impairs the
mixing uniformity achieved in the proceeding operations of the spinning sector. However, the
fibre migration effect is at a maximum on the ring frame as a consequence of the force that
come into being in the twisting operation and also as a consequence of the fact the number of
fibres in the cross-section of the yarn is small [70].

Moreover, the draft distribution at ring frame and speed frame plays a crucial role in
deciding the fibre migration in the yarn. Finally, it is advantageous to keep higher draft at
speed frame and corresponding draft at ring frame should be lowered to achieve optimum
values of the migration parameters in the yarn. High ring frame draft increases the MFP and
RMSD in yarn. Further, the fibre extent in the yarn gives an idea of total projected length or
indirectly gives total contacting length of fibres. But, the fibre extent is also dependent on
length of fibres in the roving and hence cannot be compared in samples made from different
fibre lengths. So, a new index of measuring fibre orientation named fibre overlapping index
(FOI), which is comparable and gives direct information of total contact length of fibres was
proposed [6]. The fibre extent increases with increase in draft at the ring frame where as, the
fibre overlapping index reduces due to sliding past of the fibres [6].

Literatures on ring frame process reveals that ring yarn properties are mainly dependent
on the fibre orientation parameters like fibre extent and migration parameters. These
parameters primarily dependent on the dimensions of spinning triangle, which in turn is
mainly governed by spreading of fibre band in the drafting zone. The draft given at the ring
frame is the primary parameter, which affects the spreading of fibre band in the drafting zone.

3.6. Role of Rotor Spinning Process

Next to ring spinning, rotor spinning is the most widely accepted spinning system of yarn
manufacturing in the world. In the rotor spinning, fibre ends are open to the individual level at
the opening zone and redoubled in the rotor groove. The fibre band deposited in the rotor
groove is twisted at low tension to form final yarn. In the next few sections the influence of
various parameters, which decide the quality of rotor spun yarn, are discussed briefly.

3.6.1. Fibre Configuration in Rotor Groove

The opening, air transportation and deposition in rotor groove lead to lot of disorientation
of the fibres in the rotor groove, as shown in Fig 11. In general, in rotor spinning, the
direction of feeding of hooks is of little significance [41]. Similarly, in the fibre rings
collected from inside the rotor there are no statistically assured difference between hooks in
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reverse and forward direction. The direction of sliver feed was also without effect and
original fibre orientation being irrelevant due to the effect of change in fibre orientation
during opening and transportation to rotor groove [86].

Figure 11. Fibre disorientation in rotor groves.

Apart from the above, the value of ‘p’ in forward direction is more than in the reverse
direction, but the value of ‘K;,” shows just the opposite trend in the fibre rings collected at
rotor groove. This can be attributed to the striking effect of the leading ends of the fibre with
the transport tube and rotor. This increases the leading hooks. Moreover, the brushing action,
which the trailing end of the fibre experience when they are released from the feed nip will
definitely be helpful in improving the fibre straightening and reducing the proportion of
curved fibre ends in the reverse direction [88].

In general, in rotor spinning, fibres lie in a much straighter configuration in the yarn than
in the rotor groove. This phenomenon may be attributed to the tension prevailing at the yarn
formation point during the transformation process of the fibre bundle into yarn. The tension
acting as a stretching force on hooked, looped, and entangled fibres present in the fibre ring,
straightens them out during the transformation process. Bridging fibres also straighten out
when one of their ends attached to the yarn, moves away from the rotor, while the other
brushes against the rotor or fibre feed tube wall. During yarn formation, however, there is
every possibility for the formation of new hooked fibres. Still the effect of tension
predominates and resulting in an increase in the mean fibre extent in the yarn compared to
that in the rotor fibre rings [91, 92].

3.6.2. Effect of Drawframe Passages

The introduction of drawframe passage reduces proportion of curved fibre ends and
increases the value of coefficient of relative fibre parallelization in rotor yarn. The mean fibre
length at rotor groove increases with the increase in the drawframe passages due to better
parallelization of fibres in the sliver with the introduction of drawframe passages, which
results in better fibre opening. But, there was a significant decrease in the mean fibre length at
rotor groove ring, when the mean fibre length value in corresponding sliver and rotor groove
ring was compared. This is due to the breakages of fibre by opening roller [46]. Similarly,
satisfactory fibre parallelization and straightness leads to a stable drafting process and results
in a more regular and stronger yarn. [93].
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In rotor spinning, once the desired numbers of layers of fibres are deposited inside the
rotor, the accumulated layers on the rotor are simply lifted and twisted to form the yarn. The
configuration of fibres in the yarn body is therefore almost similar to that of fibres in the rotor
groove ring. Hence, the parameters affecting the configuration of fibres in rotor groove will
also influence the fibre orientation in yarn. The proportion of curved fibre ends in the
corresponding sliver and rotor groove ring decreases, while coefficient of relative fibre
parallelization increases, with the increase of drawframe passages. Mean fibre length at rotor
groove increases with the increase of drawframe passages. Better fibre straightening, but not
much improvement in fibre parallelization is achieved with the second drawing passage [90].

The number of drawing passages has a significant effect on the spinning-in coefficient
and on yarn properties. Spinning directly from card sliver gives the lowest spinning-in
coefficient for different sliver linear densities. The first drawframe passage sufficiently
improves the fibre parallelization and straightness in the sliver, however, the increase in
spinning-in coefficient is low. Introduction of the second drawframe passage does not
contribute much to fibre parallelization and straightness. A significant increase in yarn
tenacity occurs with the effect of the drawing passage. The improvement in the yarn tenacity
is also greater in the case of first drawframe passage compared to the second one. This might
be due to increase in spinning-in coefficient, which indicates a greater fibre length
contribution to yarn body and increases yarn strength. The improvement in the elongation to
break was also fair [90].

3.6.3. Hook Formation and Removal in Rotor Spinning

In rotor spinning, when fibres are fed to an opening roller, their trailing ends are held
where as their leading ends are combed. This straightens the leading ends and tends to remove
any leading hooks by opening them out or by breaking them off, and, as fibres are released by
feed roller, there is slight tendency for their trailing ends to be straightened by frictional
contact with other fibres. Further, the action of beater puts the fibres under tension and when
they are released by the feed roller, and there are virtually no restraining forces acting upon
them, they contract violently and tend to crimp and curl. In transport tube of rotor machine,
contact between a fibre and inner surface of tube may straighten the fibre but depend on how
the fibre contacts the tube. A hook may be straightened or increased in size or fibre can be
reversed in direction in the tube. As a fibre emerges from the tube and its leading end makes
contact with the rotor or with the fibre ring, there is a tendency to straighten the leading end.
Then as the fibre accelerated to rotor speed, its tail end is snatched from the tube, so that
friction tends to straighten the fibre and remove any trailing hook [91]. It was also postulated
that the fibres are being pulled by the opening roller from the feed fringe by making hooks
around its wire point. These hooks are further transmitted into the yarn structure with or
without reversal [94].

3.6.4. Effect of Feeding Direction of Hooks

Feeding majority hooks in the leading direction causes more fibres to break, whereas
feeding them in the trailing direction makes them less susceptible to breakage. This is because
the fibres from feed sliver are constantly engaged by the wire points of the combing roller
which pulls them out from the fringe by making them hook around the wire points. So, fibres
undergo breakage after their leading ends hook around the wires of the combing roller. The
presence of leading hooks, therefore, predisposes the fibre to breakage. It was further seen
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that with the majority hooks fed in the leading direction, the losses in tenacity and breaking
elongation of fibre bundle collected from rotor groove, for carded and once drawn slivers are
slightly higher than with the trailing direction. The direction of feed seems to have practically
no effect when twice-drawn sliver is fed. Further, it was observed that the yarn strength seems
to be greatly influenced by the fibre parallelization in the material. The drawn sliver produces
a stronger yarn. Sliver with majority hooks fed in the trailing direction produces a marginally
stronger yarn. Yarn breaking elongation, imperfections and unevenness are hardly affected by
the direction of feed or the number of drawframe passages [94, 95]. Further, the fibres in the
middle layer of the feed sliver suffer maximum breakage, while those in the bottom layer
suffer maximum surface damage. Further, fibre breakage is positively related to fibre reversal
[96, 97].

Further, the short wave irregularity resulting from back doubling is partly or completely
smoothen out and show that the limiting irregularity for a yarn produced in this manner is
only three-quarters of the value used for ring-spun yarns. The lower irregularity of rotor yarns
is thus inherent in the method of production, since it is directly caused by the manner of
deposition of fibres on the inner wall of the rotor [98, 99].

In rotor spinning, drawing for the sake of fibre hooks formed during carding can be
dispensed with, since most of these hooks are straightened by the time they reach the
collecting groove in the rotor, and the rule demanding an odd number of processes between
carding and spinning no longer apply [100]. Although fibre-breakage was greater when
majority of the hooks lead into the opening roller, yarn properties are actually slightly better,
probably owing to more efficient fibre separation and distribution to the rotor [101]. Further,
the difference in sliver- feed direction (orientation) from the same process has little effect on
rotor- spun yarn strength, whereas differences as a result of the number of drawing frame
passage have marked effect [102, 103].

Further, the leading and trailing hooks, which correlate very well with the total number of
hooks, increase with an increase in the number of passages. In ring spinning with more
doublings and more drawing passages, a stronger yarn is obtained, although this is not the
case with rotor-spun yarns. The number of doublings has no significant effect on the yarn
elongation [104]. Also, the trends of proportion of curve ends are directly correlated with the
hook extent in rotor yarn [6]. Furthermore, in rotor yarn, the leading hook extent is more than
the trailing hook extent. The decrease in hook extents must increase the fibre extent in the
yarn but it is not necessarily true in case of rotor yarns. This is because the hook extent in
rotor yarn depends on various types of hooks and fibre buckling present in the yarn [105].

3.6.5. Effect of Fibre Length

The fibre length in rotor yarn manufacturing is a crucial parameter, which decides the
yarn quality. With longer fibre length, the high incidence of the wrapper fibres and poor fibre
opening and belts are counted as the neps in the rotor spinning [106]. The belts and wrapper
in the rotor yarn is shown in Fig 12. Further, the optimum fibre length to produce the most
regular yarn can be given by rotor diameter divided by 1.44 and optimum fibre length for
getting maximum tenacity seems to be 30 mm irrespective of rotor diameter [107]. However,
a value of 1.1:1 for the ratio of rotor diameter to mean fibre length is usually regarded as
necessary for producing acceptable yarn [107, 108].
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Figure 12. Belts and wrapper in the rotor yarn.

Further, the influence of longer fibres which is positive in ring spinning, for the spinning
behaviour and the yarn properties, has- as already established for cotton-a deteriorating effect
for rotor spun yarns. Thus length of the fibres is to be evaluated in relation to the rotor
circumference [109].

Furthermore, the spinning-in coefficient in rotor yarn decreases with the increase in fibre
length due to following reasons. Firstly, due to higher linear density of longer fibre they are
thrown by opening roller against the wall with higher centrifugal force, so increasing the
chances of fibre bending and buckling. Also, at opening roller the chances of fibre breakage
are more for longer fibre. In conjunction to this, the longer the fibre used the greater the
tendency towards wrapper fibre formation. Further, it is quite impossible for any fibre to
integrate into yarn without its repeatedly coming under the influence of the fibre entry zone.
Actually it passes the end of feed tube many times during the period that any particular fibre
is being peeled off the surface. For longer fibre this frequency is still higher and if in the
process the fibre emerging from the tube at the instant when yarn arm sweeps past then fibre
transfer into yarn structure without being allowed to deposit in the groove and form as
wrapper or belt. Secondly, for a fibre that has partly emerged when yarn tail arrives the
leading part is on the surface of the rotor and the trailing end is still in the tube. The fibre is
picked up at some point along its length, and such a fibre becomes folded over in the form of
leading hook and also of bridging fibre. The probability of this depends on the fibre length or
more precisely on the fibre extent relative to the circumference of the rotor. The longer the
fibre length more is the chances of formation of such leading hooks. Also, greater is the
percentage of wrapper fibres, which actually do not contribute to the yarn strength. The
longer the fibre, higher the twist loss due to the higher percentage of sheath fibres [110].

3.6.6. Influence of Rotor Machine Draft

The effect of rotor draft on yarn strength does not appear to be serious at lower speeds
but may well at higher speeds. Draft affects fibre orientation and its influence is greater at
higher speeds and with finer yarns [111, 112].

Further, the higher linear density of feed sliver gives a lower spinning-in coefficient in
yarn, and, thus does not produce adequate yarn properties. Technically, important is the
opening draft between the feed roller and the opening roller. The shorter residence time of the
fibres in the opening zone, the better is the fibre opening with less fibre damage. It is
therefore advisable to feed lower linear density sliver in order to reduce the residence of
fibres in the opening zone. Firstly, the lower the linear density of the carded sliver, the better
the carding action. Second, fibre parallelizations decreases and total fibre hooks increase with
increasing sliver linear density during first and second drawframe passages. The finer the
sliver fed to the rotor spinning greater the spinning-in coefficient (K¢) as compared to the
coarse sliver feed. The difference in ‘K¢ is statistically significant too. The explanation of
increased yarn tenacity can be confirmed by the increased fibre extent, which contributes
more to yarn tenacity. Thus an increased spinning-in coefficient increases the yarn strength.
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Elongation at break increases with the fineness of the sliver. Yarn regularity and
imperfections registered a consistent improvement with the fineness of the sliver. It can be
due to better separation & opening, and an improved arrangement of fibres inside the rotor
groove, which improves the spinning-in coefficient too [87].

Furthermore, the increasing the draft decreases the thin places, thick places and neps and
improves the yarn regularity significantly of rotor yarn. This is because fibres are exposed
longer to the combing action of the opening roller. On the other hand, yarn strength is not
affected much by the higher draft. This is because relative speed between the opening roller
and feed roller is unaffected by halving the intake speed. This is because the opening roller
surface speed is powers of ten higher than the sliver delivery speed [113].

Further, the reduction of overall draft on the rotor spinning machine led to simultaneous
improvement in the breaking tenacity as well as the breaking elongation and hairiness is
distinctly reduced [114]. However, few researchers have also reported that the yarn tenacity
and breaking elongation decreases with increase in rotor draft. However, the effect of draft is
very less. This is due to deterioration in fibre orientation at higher draft. Yarn irregularity and
thick place increases with an increase in draft. This is due to more number of fibres in sliver
cross-section. The upper layer of the fibres comes in contact with wire teeth but the
lowermost fibre layer does not have any impact of wire teeth which is responsible for lesser
opening of fibres situated at the bottom layer, thereby deteriorating yarn regularity. But it is
observed that yarn uniformity improves after a draft of 148.3. This may be due to the lower
feed rate at higher draft, which helps, in better fibre opening. The number of thin places
increases with the increase in rotor draft. At lower opening roller and rotor speeds, the
number of neps does not depend on rotor drafts [115].

Quite differently, it was also reported that the sliver linear density is not an important
factor in rotor spinning, though it seems that there is rather more hairiness when yarn linear
density decreases [116, 6].

Overall it can be deduced from the above discussion that rotor draft either marginally
improves or does not affect the quality of yarn spun.

3.6.7. Rotor Yarn Structure

Rotor yarn has a peculiar structure, which is quite different from ring yarn structure. The
rotor spun yarn mainly consists essentially of a three part structure: a densely packed core of
fibres, which are substantially aligned with the axis of the yarn; more loosely packed fibres
twisted round the core and lying at a considerable angle to the axis; and then fibres that are
wrapped around the outside of the yarn to form belts of very small inclination. In some cases,
the belts are quite loosely formed, and it was possible to slide them along the yarn, whereas,
in other instances they were very tightly wrapped and formed thin places, but with a high
weight per unit length due to the dense packing [95]. Further, the low strength of rotor spun
yarns could be attributed to poor fibre alignment, inferior fibre migration within the yarn
body, a fairly large number of folded fibres, leads to poor distribution of load over the fibres
[117, 118, 6].

Further, the rotor-spun yarns exhibit minima in all the migration parameters, as the twist
level is increased [119]. Whereas, the rotor-spun yarns exhibit a maxima in all migration
parameters as card draft is increased and it corresponding rotor spinner draft is reduced [6].
Further, the average number of fibres in the yarn cross-section is always less than (by a factor
equals to cosine of helix angle) the values calculated by using formula: linear density of yarn
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to linear density of fibres. It follows as the twist increases, helix angle increases and so the
value of number of fibres in the cross-section decreases by a factor cosine of helix angle. One
can therefore expect an increase in fibre migration with increase in the twist of rotor-spun
yarns. This has been attributed to reduced resistance to the fibre migration because of smaller
numbers of fibres at the yarn formation point [120]. However, the correlation between the
measured yarn twist and the physical properties of the rotor-spun yarns, such as CSP,
tenacity, elongation-at-break and hairiness, is poor. Whereas, the structural parameters of
rotor-spun yarn, such as incidence of wrappers per unit length of yarn, average length of
wrapped portion and average number of wraps in each wrapped zone, are highly correlated
with the physical properties viz. CSP, tenacity, breaking elongation and hairiness, of the
rotor-spun yarns. Inclusion of TPI along with structural parameters enhances the correlation
[121]. Since, the fibre migration during rotor spinning is a factor affecting the mechanism of
yarn formation, which affects belt formation in rotor spinning and yarn hairiness. And the
amount of hairiness can be regulated by modifying the yarn twist or by selecting the fibre
fineness and fibre length [122].

Figure 13. Three parts structure of rotor yarn.

3.6.8. Packing Density of Yarn

Furthermore, when packing density in rotor yarn was evaluated by Hearle’s and
Ishtiaque’s formulae it was found that yarn diameter and packing coefficient have reciprocal
relationship [93, 6].

Extensive literature review on rotor spinning shows that rotor yarn properties are mainly
dependent on amount of fibre parallelization and straightness in sliver feed to rotor spinning.
Although, the feed direction of the sliver is immaterial, factors like fibre length, sliver linear
density, rotor draft and other fibre orientation parameters also play an important role in
deciding the properties of rotor yarn.

3.7. Importance of Air-jet Spinning Process

The third most widely accepted system of yarn manufacturing is air-jet spinning. The
method of yarn production differs significantly from ring and rotor spinning. Thus air-jet yarn
structure is quite different from these two yarn structures.
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3.7.1. Air-jet Yarn Structure

The structure of yarn spun from air-jet system consists of bundle of parallel fibres wound
by some tight wrapper fibres. The system consists of two nozzles, which are responsible for
producing false twist. During untwisting of core fibres the wrapper fibres get twisted in
opposite direction and impart transverse forces towards the parallel core. Thus giving rise to a
fasciated yarn structure with smallest diameter of air-jet yarn [15, 17]. The air-jet yarn
structure can be understood from the Figure 14. One important requirement of air-jet yarn
structure is that it should have certain minimum length to form long wrapper to give very
good binding. Generally, it is being said that air-jet yarn is suited for medium and long staple
fibres only, and cotton fibre and its blends difficult to be processed on the air-jet.

Figure 14. Fasciated structure of air-jet yarn

Further, the structure of air-jet yarn can be mainly classified into three categories: a)
orderly wrapped; b) randomly wrapped; ¢) unwrapped. Varying the machine spinning
conditions alters the relative frequency and the mean length of each class. For air-jet spun
yarn, the yarn strength is attained mainly by the resultant normal force of the fibres wrapped
around the parallel core fibres, which gives rise to the frictional forces necessary in the yarn
assemblage to affect the transfer of tensile strength. These wrappings are caused by fibres
standing out from main body of the yarn whilst false twisting the fibre assemblage, and they
wrap around the yarn during untwisting [15, 123, 124]. Further, for finer fibres and coarser
yarns, the fraction of wrapper fibres decreases and hence the yarn strength reduces. The
influence of wrapper fibre fraction plays dominant role. However the most important fibre
parameter affecting air-jet spun yarn tenacity is the extensibility and elastic recovery. This
offer a potential source of improvements in yarn quality produced from man-made fibres
[125]. The fasciated yarn structure is suited for the fibres having very good elastic recovery
i.e. for nylon or polyester fibre. Due to lower elastic recovery of viscose fibre, it is not
possible to produce stronger air-jet yarn due to insufficient binding force generated by
wrapper fibres on parallel core fibres [6]. The loosening of wrappers in the air-jet yarn is
shown in Figure 15. Further, it was found that majority of migration takes place in wrapper
fibres in the yarn. The wrapper fibres are usually having its end embedded in parallel core
fibre [6]. The yarn structure and thus their properties are influenced by several other process
parameters, which decide the laying of fibres in yarn structure. These parameters are
discussed briefly in next few sections.
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Figure 15. Loosening of viscose wrapper fibres due to permanent deformation in air-jet yarn.

3.7.2. Effect of Ribbon Width

As the width of the fibre band in the drafting system increases, more fibres go out of
control of false twisting action and consequently form more wrappers [126]. But after a
certain limit, the fibres get out of control completely due to the air turbulence caused by the
high speed of the front drafting roller and the majority of fibres become wrappers, leaving
only few as core fibres [127].

Further, with wider condenser the same number of fibres is spread over a greater width at
the nip of the front roller. As a result, the inter-fibre cohesion is lower which leads to more
edge and thus wrapper fibres, which makes the yarn comparatively stronger, along with some
increase of unevenness [128, 129, 130]. However there were the cases in which minor
improvement of the yarn tensile properties can be achieved by using a narrower condenser
[131]. Further, the tenacity values increases with the decrease in yarn linear density. The
change in yarn tenacity is associated with increased edge fibres, which are subjected to
airflow at the nip of front roller. This would mean that as the yarn linear density decreases,
there is an increase in the number of edge fibres as a result of better individualization. The
airflow at the nip of the front roller causes the edge fibres to move away from the fibre bundle
and thus helps produce long wrappings. Also, the trends of yarn elongation are similar to
those of yarn tenacity. However, the finer yarn is more irregular and has more numbers of
imperfections due to the decrease in number of fibres in the cross section [132].

3.7.3. Hook Formation and Removal in Air-jet Spinning

A prominent feature of air-jet yarn is predominance of leading hooks as observed during
the microscopic study. These hooks are generated in carding process or formed in air-jet
spinning due to the frictional resistance encountered by the fibres at the point of entry into the
nozzles. A protruding leading end is likely to be bent back and get caught in the fibres behind
it and forms a leading end. A protruding trailing hook can be expected to be straightened out
at the point of entry in to the nozzle. Due to the low twist of the fibre strand, it would be very
easy for an individual end to detached and bent back. Also, due to two passage of drawing, a
predominance of leading hooks is to be expected in the feed sliver [124].

Contrary to the above, some researches has shown that majority of hooks are trailing in
air-jet yarn. This may be due to the predominance of trailing hooks fed to the air-jet spinning
in sliver. The trailing hooks may not get straightened in drafting system. This may be due to
the prevailing inertia effect at higher drafting speed. If this is the case, then the theory of
keeping odd number of drafting passages between card and air-jet machine may not stands
true in air-jet method of yarn manufacturing [6]. Both sided hooks are very small in number.
The viscose fibres having low flexural rigidity show more wrapper extent and more hooking
tendency in air-jet spinning [133].
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3.7.4. Effect of Main Draft

The main draft has a significant influence on the breaking load, elongation-at-break, and
yarn hairiness of air-jet spun yarns. All these parameters increase with increase in main draft.
This implies that the number of wrapper fibres is affected as draft changes and hence a simple
change in draft can affect yarn structure also [124]. Drafts of up to 170 can be used to
produce yarn with very good regularity indices, using a three-roller drafting system [134].
The mean tenacity and elongation value increase with rise in main draft. The high main draft
stretches the fibre well, resulting in a high level of fibre orientation and more useful fibres for
sharing the load under strain. At the same time, however, the variation of tenacity and
breaking elongation can become higher. The yarn imperfections increase sharply with an
increase in the main draft and, of poor consolidation the thick places lead to weak spots in the
yarn [134, 6]

Further, with an increase in main draft the number of core fibres decreases and number of
wrapper and wrapper-wild fibres increases. This can be attributed to the disturbance of the
secondary balloon formed between the first nozzle inlet and front roller nip. Since the
detached fibres are produced as a result of this disturbance, the origin of wrapper and wrapper
wild fibres can be attributed to the detached fibres. The increase in main zone draft
significantly increases the breaking load, breaking elongation, irregularity and hairiness of the
yarns. The increases in hairiness with increase in main draft is due to the increased
disturbance of secondary balloon which increases the number of fibres detached from main
strand. This should increase the hairiness and number of wrapper fibres generation. But, when
wrapper fibres increase beyond a certain number, they can be expected to bind the yarn and
decrease the protrusion of fibre ends, which leads to reduced hairiness [134, 6]. Similarly, the
increase in main draft ratio increases yarn strength up to an optimum point, after which
strength decreases. Further, total draft is likely to have a major influence on evenness [135].

Overall increase in the draft, up to a certain level, in air-jet spinning improves the yarn
properties but further increase in draft deteriorates the yarn properties.

The literature review on air-jet spinning reveals that the properties of air-jet yarn is
decided by the proportion of core and wrapper fibres and their profile in the yarn structure.
The draft given at air-jet spinning is a crucial variable affecting ribbon width of drafting
material and, in turn, the proportion of core and wrapper fibres in the yarn structure. Further,
other orientation parameters are also dependent on the amount of draft given on air-jet
spinning machine.

Overall, the literature on all the three spinning technologies shows that the structures of
the yarn spun from ring, rotor and air-jet yarn are entirely different from each other and
mainly responsible for different yarn properties. Also the processing parameters at
preparatory and yarn spinning stages affect the yarn spun on these three spinning technologies
in a different manner. So, next few sections give a comparison of structures and properties of
yarns manufactured from these three spinning technologies.
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4. COMPARISON BETWEEN DIFFERENT SPINNING SYSTEMS

4.1. Ring Yarn vis —a —vis Rotor Yarn

The strength of ring and rotor yarn increases with the increase in preparatory draft and
there are some advantages in presenting a majority of trailing hooks to ring spinning. Also,
increase in preparatory draft results in improved regularity of ring yarn and improvement is
more pronounced by feeding the majority of hooks as trailing. Also, in rotor spinning
increased draft led to improved regularity but effect is less, whereas the direction of
presentation has no effect on the yarn regularity. Further, the fibres in the rotor yarn show less
evidence of migration than those in ring-spun yarn. Also, whatever the fibre arrangement is
there in the material fed, there were always more leading hooks in the rotor yarn [91].

An analysis of packing density shows that the fibres for the rotor yarn are located most
densely near the yarn centre. The ring spun yarn has a moderately uniform distribution of
fibre packing density. Yarn hairiness strongly depends on mean fibre position, with an inward
shifting of the packing density leading to lower yarn hairiness. That is, the higher value of the
mean fibre position means that more fibres are located near the peripheral region of the yarn,
so the possibility of fibre ends appearing on the outer layer of the yarn increases and more
hairs can be generated in ring yarn [136, 6]. The fibres in a rotor spun yarn are neatly aligned
and interlocked inside the yarn and migrate periodically, going inward and then back out,
with some random features. The migratory pattern in a rotor spun yarn is more or less
constricted locally, and the magnitude of fluctuation is less than that in the ring spun yarn.
Further, the fibres in the ring spun yarn are spread in the middle of the yarn cross section
while in rotor spun yarn the fibres are located mostly near the yarn axis. The packing density
shows a trend that is very similar to the mean fibre position. The rotor spun yarn has a
relatively high packing density around the yarn axis. Whereas the ring spun yarn has an
intermediate packing density distribution [136].

The tenacity of rotor spun yarn is 2/ 3 of the ring spun yarn. The ring spun yarn is more
even and has fewer imperfections than the rotor spun yarn. Superior yarn evenness and fewer
imperfections of the ring yarn contribute to better yarn tenacity. Another reason of higher
yarn tenacity was better fibre migration in ring yarn, which resists the slippage of fibres under
tensile loading. The mean fibre position and root mean square deviation is the least in the
rotor yarn in comparison to equivalent ring yarn [6]. Further, a higher migration factor (MMI
x RMSD) corresponds with a higher yarn breaking tenacity of ring yarn. The positive
contribution of the migration can be defined by the increased self-locking structure of yarn,
which increases the resistance to slippage between fibres and better utilization of fibre
strength for yarn tenacity. The lower breaking elongation of rotor yarn can be defined on the
basis of axis-parallel alignment of fibres in the yarn center and partly by the core-sheath
structural effect, in which fibre in the core region contribute to the tensile properties [136, 6].

The total yarn hairiness in rotor yarn is lower than the ring yarn. This was explained on
the basis of influence of fibre distribution across the yarn cross-section or the mean fibre
position. The inward shifting of the mean fibre position or the packing density leads to less
yarn hairiness [136, 6].

Furthermore, the majority of the fibres in the ring yarn twists along the longitudinal axis
of the yarn and thus contribute to the overall strength of the yarn and responsible for the
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lower diameter of these yarn. Whereas, in rotor yarn a considerable number of fibres in the
rotor yarns loosely wraps around the yarn with the some forming rings or wrappers around
the yarn giving a bulky appearance. These loosely wrapped fibres did not contribute as much
to yarn strength as the parallel fibres in the ring yarn. Further, the elongation to break is
higher in the case of ring yarn than the rotor yarn. But rotor yarns are more uniform than the
ring yarn [137].

Contrary to this, it was reported that the synthetic rotor spun yarn was somewhat similar
in evenness properties, less stronger and extensible than ring-spun yarns [138, 139, 6].
Further, with increase in fibre length, rotor yarn become uneven whereas, the longer fibre
leads to improvement in quality in ring yarn [140]. However, the cotton rotor yarn is
comparatively less stronger but more extensible than ring yarn. Further, the rotor yarn is more
even having comparatively fewer imperfections, more bulky and less hairy [141]. Also, there
is a greater probability of wrapper fibres in the rotor yarn that can be counted as imperfections
especially neps [91, 142].

However, in man-made yarns, the lea strength and single yarn tenacity is 20-30 % lower
for rotor yarn. However the superior regularity of cotton rotor yarn is not observed in case of
manmade yarn. Similarly higher breaking extension of cotton yarns is not seen in man-made
yarns. The rotor yarn hairiness is also much lower due to the wrapping action of the wrapper
fibres [23, 6].

Also, the evenness of the strength across the yarn length is better in rotor yarns as
compared to ring yarns. However, breaking elongation % of ring yarn is less than the
breaking elongation % of rotor yarn. The number of short thick places is higher for ring spun
yarn than for the rotor spun yarn [48].

4.2. Ring Yarn vis —a —-vis Air-jet Yarn

Polyester-viscose blended air-jet spun yarn is 14-18% weaker than the corresponding ring
spun yarn [143]. Further, 100 % viscose yarn is almost 40% weaker than equivalent ring yarn
[6]. The values of breaking extension for ring and air-jet spun yarn show that, in general, air-
jet spun yarns are more extensible than their ring counterparts. But, it is not true for 100 %
viscose yarn due to poor elastic recovery of the fibre [6]. Further, air-jet spun yarn is more
evener than equivalent ring spun yarn. Yarn imperfections, in terms of thin places, thick
places, and neps are lower for air-jet yarn when compared with ring yarn. Total imperfections
are lower by about 70 %. If ring spun yarn irregularity is taken as 100 %, air-jet yarn
irregularity lies between 65-95 % [111]. Also, the air-jet spun yarns are less hairy than ring-
spun yarn [144].

Further, rotor spun yarns, which are usually considered more even than the ring spun
yarns, also cannot achieve the results obtained by air-jet spun yarns [145]. The advantage of
air-jet yarns is more obvious in the case of thin places, whereas air-jet yarns are significantly
better than ring and rotor spun yarn. Air-jet spun yarn is less hairy when compared with ring
spun yarns [146, 147, 148]. Further, total packing density is maximum for air-jet spun yarn
followed by ring and rotor yarns. The rotor yarn has the lowest migration index followed by
ring and air-jet spun yarns [149].
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4.3. Rotor Yarn vis —a —vis Air-jet Yarn

Incase of manmade or manmade/cotton fibre blends, the MJS yarn is 22-30 % weaker
and 36- 43 % less extensible than rotor yarn in comparable coarser count range. This is due to
insufficient wrapping length owing to higher bending rigidity and low breaking extension and
short length of cotton fibre. The higher breaking extension of rotor spun yarns, on the other
hand, can be ascribed to the presence of many hooked, looped and disoriented fibres in the
yarn structure. Further, rotor yarn is more even than MJS yarn [129, 6].

4.4. Comparison of Hairiness of Ring, Rotor and Air-jet Yarn

Worldwide, the hairiness of yarn is either measured by UT-3 or by Zweigle hairiness
tester. UT-3 gives overall hairiness including hairs less than 1mm from yarn surface. But does
not give any information about hair lengths distribution. The Zweigle G 565 detects hairiness
of more than 1 mm from yarn nucleus excluding the shortest hairs. When the number of these
hairs that evolve near the yarn core is of some importance and, on the contrary, the hair length
is relatively short, the yarn can appear very hairy with the UT-3 and only slightly hairy with
the Zweigle instrument. This occurs for bulky and open end spun yarns and when some
particular fibres are present in the yarns. So the correct procedure for measuring hairiness in
the yarn is both measurement of the overall hairiness including shortest hairs and also hair
length distribution. However, the coefficient of correlation between hairiness values of Uster
tester and Zweigle is not very high but equals to 0.7 [150, 151].

Further, the majority of a rotor spun yarn’s bridging fibres emerge from the rotor with
their exposed ends trailing and, on rewinding, these trailing ends become leading and easily
roughed up. It is conceivable that such a rewinding effect also occurs during hairiness testing.
In addition, as the yarn with majority of leading hairs traverses through the hairiness meter,
the air drag acting on the leading hairs tend to open up these hairs and increase their projected
lengths. Further, this is responsible for the increase in hairiness reading registered by the
Zweigle hairiness meter [117].

The hairiness of the rotor yarns on an average is lower than that of ring yarns.
Consideration of total length of protruding ends and loops also leads to a similar conclusion.
Considering the distribution characteristics of protruding ends for each type, it is observed
that the percent number of very short ends in rotor yarns is larger than that of ring yarns. The
difference in the hairiness of these two types of yarns can be explained as: in ring spinning,
hairiness is caused when trailing ends of fibres are preferentially thrown outside the periphery
of the yarn by the intense migration in fibres that take place during spinning, but in rotor
yarns, the fibres are better controlled inside the yarn structure. So in ring yarns short ends
predominate over the long ends [152].

Further, when hair length distribution for ring and rotor yarn is compared. The short hairs
< 3 mm and total hairs is fewer hairs in rotor yarn than the ring yarn. But, only hairs
exceeding 3 mm is less in ring yarn in comparison to the rotor yarn. Further for ring spun
yarn, when twist increases the number of hairs longer than 3-mm decreases rapidly. The
corresponding decrease is less marked for rotor spun yarn [153, 154].
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Similarly, the percentage of extremely short and long hairs (length < 0.25 mm and >3
mm) of rotor yarns are both greater than those of ring yarns. Fiber indices of ring yarn with a
testing length less than 2 mm are significantly higher than rotor yarn [154].

Further, the percentage of hairs exceeding 3 mm, calculated over the total of hairs
counted was influenced by spinning process. Rotor spinning process give values above the
ring spinning process whereas, air-jet spinning gives lower value than the ring spun yarn
[152]. Furthermore, the number of hairs longer than Imm was highest for the air-jet spun
yarns and least for the rotor spun yarns, independently of the yarn linear density, but, for the
number of hairs exceeding 4 mm from the yarn core, yarn ranking depends on the yarn linear
density. In coarser count range air-jet yarn is most hairy and ring yarn is the least hairy [6,
155].

An increase in yarn hairiness and neps count causes a decrease in breaking strength at
high delivery rates. In general, the range in values of hairiness is lower for rotor spun yarns
compared to ring spun yarn. Air-jet spun yarns are similar to ring spun yarns for 1-2 mm
interval fibres, but they fall to the level of rotor spun yarn for 3-4 and 4-6 mm intervals, and
finally they drop below other yarns. If ring yarn diameter is taken as 100%, the diameter of
air-jet spun yarn of same linear density is 75 -100 % [156, 157].

Further, the migration of fibres in rotor yarn was only about 1/6 of ring yarn migration.
Therefore, fibre ends in the inner layer or core of rotor yarn had less chance to come out of
the yarn body. Also, some fibres of the outer layer of rotor yarn wrap around the yarn body,
and these fibre ends rises out of the yarn body forming loops and longer hairs. Also regularity
of hairiness distribution of ring yarn is much better than that of rotor yarn. Yarn diameters of
the same yarn counts differed due to the difference in fibre arrangement and, hence yarn
density. It was found that the rotor yarn diameter is about 9% more than ring yarn. It was also
found that the diameter of rotor yarn is closely related to the structure of sliver. The better the
regularity of fibre arrangement in the sliver, the better will be the regularity of fibre
arrangement in the yarn. This will result in a decrease in yarn diameter [158]. Further, the air-
jet yarn is having the least diameter followed by ring yarn and rotor yarn is having the highest
diameter [6].

The above literature review reveals that, in case of manmades and in the coarse count
range, ring yarn is better than the rotor yarn in terms of tenacity and breaking elongation and
that the air-jet yarn has the least tenacity and breaking elongation. Further, rotor yarn is most
even followed by ring, and air-jet yarn. However, in the fine count range, air-jet yarn is far
better than rotor yarn but poorer than ring yarn in terms of all yarn properties. These
differences in trends of three different yarns arise due to different yarn structures and
spinnable ranges of the three spinning technologies. So a comparative study of these three
yarns is required to understand which fibre orientation parameters is important for a particular
yarn structure and thus responsible for deciding the properties of that yarn.

5. SUMMARY

It has been revealed from this progress that carding is the most important process stage,
which affects the properties of sliver, roving and ring, rotor and air-jet yarns. The effect of
drawing and doublings at subsequent stages also plays a significant role in deciding the
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quality of intermediate products and yarn quality. The quality of ring spun yarns can be
adjusted choosing a proper draft distribution in speed frame and ring frame. The increase in
draft at the speed frame improves the fibre parallelization and ultimate yarn properties. The
increase in draft at the ring frame deteriorates the properties of ring yarn. The quality of rotor
yarn depends on the state of parallelization in feed sliver. The air-jet yarn properties are
dependent on the amount of core and wrapper fibres. The increase in draft at the air-jet
spinner tends improves the properties of air-jet yarns.

Several researchers have reported the effect of change in process parameters at individual
stage in spinning process on fibre orientation parameters and yarn properties. But, only few of
them have attempted to study the effect of simultaneous change in process variables at every
stage of spinning process on fibre orientation and yarn properties. A number of researchers
have tried to establish the interrelationship between fibre orientation parameters at different
stages on sliver, roving and yarns properties. But, hardly few researchers tried to interrelate
between fibre orientation parameters in sliver and roving with corresponding fibre orientation
parameters in ring, rotor and air-jet yarns and their properties. Further, a comparative study
involving fibre orientation parameters and properties of ring, rotor and air-jet yarns has hardly
been reported due to the limitation of spinnable count ranges of these technologies.
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Y ,03-ND,O3 DOUBLE STABILIZED ZRO,-TICN (60/40)
NANO-COMPOSITES

S. Salehi, K. Vanmeensel, B.YUksel, O. Van der Biest,
and J. Vleugels

Department of Metallurgy and Materials Engineering, Katholieke Universiteit Leuven,
Kasteelpark Arenberg 44, B-3001 Heverlee, Belgium

ABSTRACT

Yttria-neodymia double-stabilized electro-conductive ZrO,-TiCN ceramic nano-
composites were shown higher hydrothermal stability and fracture toughness than yttria
stabilized composites with the same total amount of stabilizer. Therefore a set of double-
stabilized electro-conductive ZrO,-TiCN ceramic composites were processed using
Pulsed Electric Current Sintering (PECS) to optimize the composition and sintering
process. All the composites contained 40 vol% of electrically conductive, nano-sized
TiCN phase. The Y,O; stabilizer content was fixed at 1 mol % while the Nd,O; stabilizer
content was varied between 0.75-2 mol% with step size of 0.25 mol%. The sintering
temperature was varied between 1400°C and 1500 °C, applying a heating rate of
400°C/min below 1050°C and 200°C/min up to the sintering temperature. The pressure
was gradually increased towards 62 MPa.

The mechanical (Vickers hardness, fracture toughness and bending strength),
electrical (electrical resistivity) as well as the microstructural properties were
investigated. The neodymia stabilizer content and sintering temperature were optimized
to get the best mechanical properties and EDM performance.

Composites, containing a content of 1 to 1.75 mol% Nd,O;, sintered at a temperature
of 1400°C and 1450°C, combined excellent mechanical properties (a toughness of about
8 MPa.m”’, a hardness of about 13 GPa and a bending strength of 1.1-1.3 GPa) with a
low electrical resistivity (1.6-2.2x10°Qm). To avoid problems with zirconia
destabilization during electro discharge machining (EDM), the compositions with more
than 1.5 mol% Nd,Oj stabilizer are preferred.

The grain size is in the range of 100 + 30 nm. A combination of good mechanical
properties, low electrical resistivity and high hydrothermal stability makes these materials
a proper candidate for cutting tool applications and facilitates their machining by EDM,
respectively.
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|. INTRODUCTION

ZrO,-TiCN (60/40) composites were investigated in the framework of the research at
K.U. Leuven into EDM doable ceramics [1-5] with good mechanical properties. TiCN is an
electro-conductive phase (p: 2.28x 10° Qm) [6], but the brittleness and high sintering
temperature of the material as a pure phase are the two most important factors preventing its
widespread use [7]. Non-conductive ZrO, (p:lO9 Qm) [8] on the other hand is well-known for
its high toughness, because of stress-induced transformation of tetragonal to monoclinic ZrO,
phase in the stress field of propagating cracks, known as transformation toughening [9, 10]. In
the present study, 40 vol% TiCN was added to zirconia matrix to make a composite with
highest possible toughness combined with enough electro-conductivity to be EDM doable
[11]. By using EDM machining, the aim is to avoid the expensive grinding operation for final
shaping and surface finishing of components, therefore increasing the possibility of mass
production and manufacturing cost reduction.

Destabilization in vicinity of humidity in low temperature (RT to 400°C) is one of the
biggest draw backs of ZrO, ceramics [12, 13]. In the earlier works, it was shown that the
hydrothermal stability and in the same time fracture toughness of 1mol% Y,0; + 1 or 2 mol%
Nd,Os stabilized ZrO, are higher than 2 or 3 Y,O; stabilized ZrO, [14] respectively.

The goal of the present work is therefore to investigate the privilege of yttria-neodymia
double stabilized zirconia based composites compare to yttria stabilized one from
hydrothermal stability point of view and optimizing stabilizer content and sintering
temperature to have an optimum balance of properties (high toughness, high hardness and
good electrical conductivity).

Il. EXPERIMENTAL PROCEDURE

A) Sample Preparation

17 discs with composition of ZrO,-TiCN (60/40), diameter of 30mm and a thickness of
Smm were fabricated by means of the PECS. The commercial powders used were yttria-free
monoclinic ZrO, and nano size TiCN. Details on the commercial starting powders are given
in Table 1. 0.8 wt % AL,O3; powder was added as a ZrO, grain growth inhibitor and sintering
aid.

Zirconia powder was stabilized with neodymia and yttria, before mixing with titanium
carbo-nitride and alumina by means of a coating method. For this purpose a proper amount of
neodymia (Chempur, Germany) and yttria (ACROS, Belgium) was dissolved in nitric acid at
about 100°C using magnetic stirring. The resulting nitrate solution was applied to the
monoclinic zirconia powder (TZ-0) via a suspension drying process [15]. The nitride coating
was exposed to oxidation at 800°C for 20 minutes. Yttria stabilizer content was kept fixed at
1 mol % while the neodymia stabilizer content was varied between 0.75-2 mol percent with a
step size of 0.25 mol%.
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Table 1. Starting powder composition (based on supplier information)

Powder Grade Supplier Crystal size*
V4{0)) TZ-0 Tosoh (Japan) 27 nm

TiCN 50/50 HTNMC” <100 nm
AlLO; SM8 Baikowski (France) 0.60 um

"HTNMC: Hebei Sinochem, China Shijiazhuang High-tech Nanometer Ceramic Material Factory.

50 grams of fully formulated powder mixture was mixed on a multidirectional Turbula
mixer (type T2A, Basel, Switzerland) in ethanol in a polyethylene container of 250 ml during
48 h at 60 rpm. 250 grams of hardmetal milling balls (@ = 4-5 mm, CERATIZIT grade
MG15) were added to the container to break the agglomerates in the starting powder and to
enhance powder mixing. The ethanol was removed after mixing using a rotating evaporator.

Resulting powder after sieving (315 mesh), was sintered on a PECS device (Type HP D
25/1, FCT system, Rauenstein, Germany), equipped with a 250 kN uniaxial-press. Details
about the apparatus are given somewhere else [16]. The sintering temperature was varied
between 1400°C to 1500 °C, applying a heating rate of 400°C/min below 1050°C and
200°C/min up to the sintering temperature. The pressure was gradually increased towards 62
MPa. Dwell time at maximum temperature and pressure was set at 2 minutes.

The sintering cycle for the samples sintered at 1400°C is shown in Figure 1. Relative
piston movement also is added to give an idea about shrinkage rate during sintering.
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Figure 1. Sintering cycle and relative piston movement during sintering (for sintering cycle with
maximum temperature of 1400°C).
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B) Sample Characterization

The density of the samples was measured in ethanol, according to the Archimedes
method (BP210S balance, Sartorius AG, Germany). The Vickers hardness (HV( 3 and HV ()
was measured on a Zwick hardness tester (model 3202, Zwick, Ulm, Germany) with an
indentation load of 0.3 kg, respectively 10 kg for a dwelling time of 10 s. The indentation
toughness, K;c, was calculated according to the formula of Anstis et al. [17] based on crack
length measurements of the radial crack pattern produced by Vickers HV, indentations. The
flexural strength was measured for three samples with optimum toughness and hardness.
Measurements were done by a 3-point bending test (Instron 4467, PA, USA) on rectangular
samples (25.0 x 5.4 x 2.1 mm), with a span length of 20 mm and a cross-head displacement
of 0.2 mm/min. The reported values are the mean with standard deviation of 4 measurements.
Sample surfaces were ground with a diamond grinding wheel (type MD4075B55, Wendt
Boart, Brussels, Belgium) on a Jung grinding machine (JF415DS, GOppingen, Germany).
The elastic modulus (E) of the ceramic specimens was measured using the resonance
frequency method [18]. The resonance frequency was measured by the impulse excitation
technique (Model Grindo-Sonic, J. W. Lemmens N.V., Leuven, Belgium). The test was done
on bar shape samples with dimensions of 25.0 x 5.4 x 2.1 mm’ (prepared samples for bending
strength test). The reported values are the mean and standard deviation of 10 measurements.
Microstructural investigation was performed by scanning electron microscopy (SEM, XL-
30FEG, FEI, Eindhoven, The Netherlands). X-ray diffraction (Seifert 3003 T/T, Ahrensburg,
Germany) analysis was used for phase identification and calculation of the relative phase
content of monoclinic and tetragonal ZrO,. Grain size of samples was measured using Image
pro plus software, based on measuring of about 50 grains in each SEM picture of fractured
surface. The electrical resistance of the samples was measured according to the 4-point
contact method using a Resistomat (TYP 2302 Burster, Gernsbach, Germany).

Low temperature degradation (LTD) tests were performed at 200°C under a saturated
H,O pressure of 1.55 MPa. For this purpose, rectangular bars (20 X 5 x 2 mm) were polished
and inserted in a stainless steel autoclave. The autoclave was placed in a salt bath to establish
an internal temperature of 200°C, as monitored by a thermocouple in the autoclave. Details of
experiment is explained somewhere else [14]. The amount of m-ZrO2 on the exposed sample
surface was measured by X-ray diffraction. The m-ZrO2 volume fraction is calculated
according to the method of Toraya et al.[19].

11l. RESULTS AND DISCUSSION

For simplicity, a sample code will be used in all the text from now on. The composition
(ZrO,-TiCN-ALO5 (60/40) and amount of yttria stabilizer (1 mol% Y,03) is the same for all
the samples. The differences are the amount of neodymia stabilizer and the sintering
temperature. The used code consists of two numbers, the first is the mol% of Nd,O; which is
variable between 0.75 to 2 mol% with a step size of 0.25 mol% and the second number is the
sintering temperature.
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A) Microstructural Investigation

A micro-structural image of polished cross-sectioned ZrO,-TiCN (60/40) composite is
shown in figure 2. Three phases can be observed: yttria-neodymia stabilized ZrO, (bright
grey), TiCN (dark) and some WC impurity coming from the milling balls (white). Based on
the micro-structural investigation, all the samples were fully densified, since no pores were
found on the cross-sections (Figure 2a). Moreover, homogeneous ZrO,-TiCN microstructures
were obtained, indicating that the powder mixing procedure was appropriate.

1 500 nm

FPO-TolM - WaD-1-1-1460
& v

Figure 2. SEM picture of polished cross-section of sample 1-1400 (a) and fracture surfaces of sample 1-
1400 (b), 1-1450 (c) and 1-1500 (d). In fig (a) the grey matrix is ZrO, and the dark phase is TiCN; the
white particles are WC coming from the milling ball.

Due to the nano-size form of the structures, it is nearly impossible to measure the grain
size on polished surfaces; therefore grain size measurement was done on fracture surfaces of
samples. As is shown in figure 2 (b, ¢ and d) and in figure 3, grain size increases as sintering
temperature increases. On the other hand, it decreases when stabilizer amount increases
(Figure 3).
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Figure 3. Measured grain size of ZrO,-TiCN-Al1,05 (60/40/0.8) stabilized with 1 mol% yttria plus 1
mol% neodymia (blue line) or 2 mol% neodymia (red line); sintered at 1400°C, 1450°C and 1500°C.

Based on a literature review, the optimum grain size for yttria stabilized zirconia, to
realise highest fracture toughness, is about 2 micron (for 2% yttria stabilized zirconia) [20].
When the grain size is big, a lower amount of yttria will segregate at grain boundaries and
more yttria can distribute throughout the grain itself. Also, bigger tetragonal grains result in a
thicker transformation zone and consequently in higher toughness [20]. Furthermore, cracks
tend to deflect around larger particles, instead of cleaving through smaller ones; hence the
crack deflection mechanism is more effective in samples with larger grain size.
Notwithstanding the above facts, it is possible to achieve high toughness (17-18 MPa.mO'S) in
nano-crystalline ceramics (about 100nm grain size) by choosing a very precise dopant/grain
size combination that places the ceramic very near the phase transformation boundary [21]. In
the current study it is shown that a high toughness of about 8 MPa.m’ is achievable for a
ZrO,-TiCN (60/40) composite with a zirconia grain size of about 90 nm (sample 1-1400)
(Figure 3 and table 2).

The XRD patterns of polished cross sections of samples sintered at 1400°C (a), 1450°C
(b) and 1500°C (b) are shown in figure 4. For all the discs, after sintering, no cracks were
observed. Sample 1-1500 showed a significant monoclinic peak and low fracture toughness
and hardness, indicating premature tetragonal to monoclinic transformation; hence
composition 0.75-1500 was not made. Some small monoclinic peaks can be seen in the XRD
patterns of the samples stabilized with 1.5 mol% Nd,Os; or less. This insignificant amount of
premature transformation is not enough to cause micro-cracks, as can be concluded from
acceptable hardness values found (table 2). Because of high transformability of the samples
(table 3), the small monoclinic amount detected on the polished surface of sample also can be
due to polishing.

Despite the above facts, samples with 1.5% Nd,O3 or less encounter crack formation
during EDM machining when exposed to water and electrical discharge. So it seems that very
high transformability or in other words small amount of monoclinic phase on polished surface
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of sintered samples can be an indicator of ZrO, degradation during EDM. Therefore,
compositions with more than 1.5 mol% Nd,Oj; are preferable.
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Figure 4. XRD patterns of ZrO,-TiCN (60/40) nano-composites, stabilized with 1 mol% Y,0; and 0.75
to 2mol% Nd,O; sintered at 1400°C (a) and 1500 (b)°C; m: monoclinic ZrO,, t: tetragonal ZrO,,

B) Mechanical Properties

For further extension of a plastic zone during a hardness test, multiplication of pre-
existing elements of plasticity is easier than generation of new dislocations in the virgin
material around the indentation site. With increasing testing load (size of the indent), there is
a decrease in hardness due to a multiplication of dislocations created in the earlier stages of
indentation (cracks at the corner of indentation) [22]. In the current research, indentation
hardness was measured by applying 0.3 Kg as well as 10 Kg load. A 0.3 Kg load was chosen
to avoid crack (elements of plasticity) appearing around the indentation site. A 10 kg load was
chosen to allow comparison with previous results [2, 3, 23, 24]. Hardness of all the samples is
given in table 2.

The maximum achieved hardness (HV o) for composites is about 13 GPa. The measured
density of the composites is about 98% of the theoretical density although no porosity is
observed at SEM microstructures (Figure 2). The theoretical density was calculated using a
density of 6.05, 5.18 and 2.90 g/cm’ for ZrO,, TiCN and Al,Os respectively. It is reported that
the existence of about 2-3% porosity can cause a decrease of about 1-2 GPa in hardness
values of ZrO, and ZrO,-nano TiCN (60/40) composites [25]. In order to investigate the
effect of porosity, yttria stabilized ZrO,-TiCN (60/40) was exposed to HIPing (Hot Isostatic
Pressing) (Bodycote, Sheffield, UK) at 1390°C for 20 minutes, under 140 MPa. After HIPing,
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the density and hardness values were increased only 0.2 to 0.4% and about 0.2 GPa
respectively. This means that the lower than expected values for density are not because of
porosity. An in depth study [nano ZrO2-TiCN article] was revealed that a nano ZrO, most
probably react with nano TiCN powder during PECS. The low hardness of sample 1-1500 is
due to premature tetragonal to monoclinic transformation (Figure 4c) which results in micro-

cracks appearing in the sample (LTD).

Table 2. Mechanical and electrical properties of (Nd,Y)-stabilised ZrO,- TiCN-
Al,O3 (60-40-0.8) composites stabilized with 1 mol % Y,0; and 0.75-2 mol% Nd,O3;
(plus one more sample stabilized with 2mol% yttria), sintered at 1400,1450 and

1500°C for 3 min

i0.75-1400 255 5.56 13.23+0.09 | 1438 +£0,28 | 8,17 +0,22 9.14 -

1-1400 253 5.56 12.80+0.15 | 1297+0.97 | 8.67+0.20 9.75 1.6E-05
1.25-1400 251 5.54 1296 +0.12 | 1424+ 035 | 7.64 £0.49 | 8.71 1.85E-05
1.5-1400 263 | 5.55 12.81 £0.10 | 13.83+0,57 | 8.42+0.10 | 9.38 2.13E-05
1.75-1400 258 5.54 13.12+0.08 | 13.74+0.54 | 7.85+0.18 8.77 2.19E-05
2-1400 254 | 5.57 13.03+£0.17 | 1391 £0.63 | 549 +0.45 6.53 1.95E-05
0.75-1450 255 5.60 13.22+0.13 | 14.75+0.44 | 8.37+0.41 5.31 -

1-1450 256 | 5.53 13.04+0.08 | 14.58+0.26 | 8.34+0.35 9.33 -
1.25-1450 255 5.54 12.72+£021 | 14.13+0.12 | 8.42+0.30 9.41 1.7E-05
1.5-1450 253 5.54 1271 £0.11 | 13.76 £0.47 | 7.50 £0.20 8.37 1.71E-05
1.75-1450 248 | 5.53 12.30+0.15 | 13.09+0.49 | 8.35+0.41 9.34 1.92E-05
2-1450 251 5.58 13.23+£0.18 | 14.57+0.55 | 6.81+£0.14 7.72 1.84E-05
1-1500 263 5.57 12.01 £0.21 | 12.81+£1.04 | 5.69+1.22 6.62 1.64E-05
1.25-1500 246 | 5.54 12.71+£0.10 | 14.26+0.25 | 7.21+£0.15 8.08 1.63E-05
1.5-1500 254 | 5.56 1290+0.05 | 14.27+0.31 | 7.13+£0.37 8.00 1.75E-05
1.75-1500 251 5.57 12.80+0.09 | 13.46+041 | 7.65+0.18 8.54 1.87E-05
2-1500 255 5.59 12.71+£0.09 | 13.93+£0.18 | 6.50+0.12 7.38 1.81E-05

i: Nd,O3; mol% stabilizer — PECS temperature (The amount of Y,0; stabilizer is constant (1 mol%) in
all the compositions)
ii: Palmqvist formula

The diagonal mark resulting from Vickers indentation on sample 2-1400 (a) and 1-1500
(b) is shown in figure 7. When the c/a ratio is high (L/a < 2.5, when L = c-a), the radial
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cracks have the geometry of Palmqvist cracks (Fig 7a), whereas at the lower c/a ratios (Figure
7b), the radial cracks take the form of median cracks and obey Anstis condition [26]. The
length of the cracks in high toughness samples (e.g. 1-1400 with Anstis toughness of Kic 1o:
8.67 £0.20 MPa.m™) is short and does not satisfy the conditions of the Anstis formula [17].
Hence, the fracture toughness was measured also with the Palmqvist formula. The obtained
data was 9.75 MPa.m"" for the same sample (1-1400).

a

)

Figure 7. Vickers indentation mark (10Kg) on sample (a): 2-1400 and (b): 1-1500.

The Anstis technique is suited for toughness evaluations on a comparative basis. With
reference to previous work at KU Leuven [1, 3, 23, 24, 27] , toughness in this study was
calculated based on Anstis formula as well. The measured toughness values are shown in
figure 8.

—m— Sintered at 1500 °C
—x— Sintered at 1400 °C
—mu— Sintered at 1450 °C
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Fig 8. Fracture toughness of ZrO,-TiCN (60-40) nano-composites stabilized with 1 mol % Y,0; plus
0.75-2 mol% Nd,0s, sintered at 1400 °C,1450 °C and 1500°C, calculated according to Anstis formula.
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The samples sintered at 1500°C, with a range of 1.25 till 1.75 mol% Neodymia stabilizer,
are fully tetragonal at room temperature (see Figure 4c). The sample with 1 mol% neodymia
suffered from premature tetragonal to monoclinic transformation, resulting in lower
toughness.

For all samples, at more than 1.75 mol% neodymia a decrease in fracture toughness is
observed. This is due to a decrease in transformability due to over-stabilization of zirconia
phase or reduction in grain size (see Figure 3).

For the samples sintered at 1400 °C and 1450 °C with 0.75 to 1.5 mol% neodymia
stabilizer, it is possible to have samples without cracks at room temperature with a very good
zirconia transformability and toughness, although there is some monoclinic phase present
initially. The presence of monoclinic phase can result in cracks appearing during an EDM
procedure. Therefore, systems at 1.75% neodymia seem optimal.

There are several fracture toughness mechanisms participating in final toughness of a
composite (e.g. crack deflection, transformation toughening and toughness coming from
compressive residual stress due to difference in thermal expansion coefficient of
components). For a zirconia based composite containing 40 vol% secondary phase, the major
toughening mechanism 1is typically transformation toughening [2]. Transformation
toughening is directly related to zirconia transformability. The ZrO, phase transformability is
defined as the difference in the percentage of monoclinic and tetragonal zirconia phase,
obtained from XRD patterns of smoothly polished and fractured surfaces. The volume

fraction of the m-ZrO,, Vy, is calculated by measuring the intensities of the (111) and (111)
reflections of the monoclinic ZrO, phase and the (111) peak of the tetragonal ZrO, phase
according to the formula of Toraya et al [19]. .The m-ZrO, fraction measured on both
polished and fractured surfaces as well as the ZrO, phase transformability of all samples
sintered at 1450°C are summarized in Table 3. A ZrO, transformability of about 54% could
be obtained for the sample 1-1450.

Table 3. Calculated transformability for ZrO,-TiCN (60/40) nanocomposites
stabilized with 1 mol % Y,0; plus 0.75-2 mol% Nd,Os, sintered at 1450°C for 3 min

Sample code 1-0.75 -1 | 1-1.25 1-1.5 | 1-1.75 1-2
710 ; transformability 53 54 47 39 36 22

The calculated transformability largely explains the toughness results in figure 8.
Towards higher neodymia content, the toughness starts to decrease due to less transformation
(over-stabilization of tetragonal phase).

Anée et al. reported a transformability of 46% for 2mol% yttria stabilized ZrO,-WC
(60/40) [4].. A zirconia transformability of 40% is reported by Salehi et al. for ZrO,-TiN
(60/40) [2]. Basu et al. reported a transformability of 57% for 2 mol% (mixing method) yttria
stabilized zirconia with a grain size of about 500 nm [28]. The highest transformability was
reported by Tao et al. who reported a transformability of 83% for pure zirconia stabilized with
1 mol% yttria plus 1 mol% Nd,O; for a sample sintered for 1h at 1450°C with a grain size of
about 320nm [29].

It should be mentioned that the thermal expansion coefficient of zirconia (10 x 10'6°K'1) is
higher than for TiCN (8 x 10°°K™") [30], TiN (9.4x 10°°C™") [31] and WC (5.2x10°°C™") [32]
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Therefore, the zirconia phase of the ZrO,-TiCN, ZrO,-TiN and ZrO,-WC composites is
exposed to tensile stress during cooling and is expected to have higher ZrO, transformability
compared to pure zirconia. On the contrary, a stiffer matrix, constrains the transformation
more than does ZrO,, decreasing the extent of the transformation zone and consequently
toughness [33]. The stiffness of TiN (600 GPa) [29], TiCN (416 GPa) [31], and WC (620-
720GPa) [34] is higher than stabilized zirconia (200GPa)Error! Bookmark not defined..
Therefore, addition of these phases to zirconia matrix increases the stiffness of the composite
and as a result decreases zirconia transformability. Most probably the latest explanation is
more valid given the above mentioned highest observed transformability in pure zirconia.

C) LTD Resistance

ZrO,-TiCN (60/40) stabilized with
90+
801 —e0-2Y
70 —m—1Y-1Nd
60+ n’ —m—1Y-2Nd
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Figure 2. LTD resistance of ZrO,-TiCN.

Table 1. Mechanical properties of ZrO,- TiCN (60/40) composites, stabilized with 2
mol % Yttria (2Y) or 1 mol % Yttria + 1 or 2 mol% Neodymia (1Y-1Nd or 1Y-2Nd)

P E HVlo K]C Transform...
(g/em’)  [(GPa) (Kg/mm?®) [(MPa.m'?)

TiCN, 1Y-1Nd 5.65 248 1262 £15 9.07+0.16 54
TiCN, 1Y-2Nd 5.59 250 1273 £17 5.24+0.29 22
TiCN, 2Y 5.5 218 1206+16 3.8+0.1 2

* second phase of ZrO, based composites (60/40)
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Chapter 10

Y>,03; AND ND,O3; CO-STABILIZED
ZR0O,-WC COMPOSITES

Sedigheh Salehi, Omer Van der Biest and Jef Vleugels*
Department of Metallurgy and Materials Engineering, K.U.Leuven, Kasteelpark
Arenberg 44, B-3001 Leuven, Belgium

ABSTRACT

Y,0;4+Nd,05 co-stabilized ZrO,-based composites with 40 vol % WC were fully
densified by pulsed electric current sintering (PECS) at 1350°C and 1450°C. The
influence of the PECS temperature and Nd,O; co-stabiliser content on the densification,
hardness, fracture toughness and bending strength of the composites was investigated.
The best combination of properties was obtained for a 1 mol % Y,0; and 0.75 mol %
Nd,O; co-stabilized composite densified for 2 minutes at 1450°C under a pressure of 62
MPa, resulting in a hardness of 15.5 = 0.2 GPa, an excellent toughness of 9.6 + 0.4
MPa.m® and an impressive 3-point bending strength of 2.04 = 0.08 GPa. The
hydrothermal stability of the 1 mol% Y,O0;+ 1 mol% Nd,O;3 co-stabilized ZrO,-WC
(60/40) composites was compared with that of the equivalent 2 mol% Y,0Oj; stabilized
ceramic. The double stabilized composite did not degrade in 1.5 MPa steam at 200°C
after 4000 minutes whereas the yttria stabilized composite degraded after less than 2000
minutes. Moreover, the (1Y,INd) ZrO,-WC composites have a substantial higher
toughness (~9 MPa.m?) than their 2Y stabilized equivalents (~7 MPa.m’?).

|. INTRODUCTION

Yttria stabilized tetragonal ZrO, polycrystalline (Y-TZP) ceramics are favourable
because of their high toughness [1]. Addition of about 40 vol% of electro-conductive carbide
or nitride ceramic phases to a Y-TZP matrix allows to further improve the hardness,
toughness and strength and enables electrical discharge machining (EDM) as a cost effective
machining technique for producing complex ceramic parts [2,3]. Amongst the investigated
ZrO;-based composites with WC, TiN, TiCN, TiC, TiB, and NbC as secondary phase [4-7],
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ZrO,-WC [8-10] shows the best combination of hardness, strength and toughness. The
reciprocating sliding wear resistance against WC-Co of EDM ZrO,-WC (60/40) composites is
also reported to be higher than for ZrO, based composites with 40 vol% TiN or TiCN [2].
Earlier reports on ZrO,-WC composites revealed that the optimum composition from a
mechanical point of view as well as EDM behaviour contain 40 vol% of WC phase in
combination with an Y,Oj stabilizer content of 2 mol % [8-10].

The main drawback of ZrO, is the possible degradation in aqueous environments or
ambient humidity at low temperature (RT to 400°C) [11,12], a phenomenon commonly
known as low temperature degradation (LTD) that is expressed as a spontaneous
transformation of the metastable tetragonal ZrO, phase into the monoclinic phase,
accompanied with a volume expansion, microcrack formation and complete material
degradation. Double yttriatneodymia stabilized ZrO, however has a higher hydrothermal
stability than yttria stabilized ZrO, with the same overall amount of stabilizer [13].

In this work, the hydrothermal stability of 2 mol% yttria stabilized ZrO,-WC (60/40) is
compared with that of 1 mol% yttria + 1 mol% neodymia co-stabilized composites.
Furthermore, a range of Y,03;+Nd,05 co-stabilized ZrO,-WC (60/40) ceramic composites
were processed using pulsed electric current sintering (PECS) at 1350 and 1450°C. The Y,0;
stabilizer content was fixed at 1 mol % while the Nd,Oj stabilizer content was varied between
0.75-1.5 mol%. The Vickers hardness, fracture toughness, bending strength, electrical
resistivity as well as the microstructural properties were investigated. The neodymia stabilizer
content and PECS temperature were optimised in order to obtain the best combination of
mechanical properties.

Il. EXPERIMENTAL PROCEDURE

Commercial ZrO, (TZ-0, Tosoh, Japan), mechanomade WC (grade J300, MBN, Italy)
and ALO; (SMS8, Baikowski, France) starting powders were used for the composite
preparation. As shown in Figure 1A, the WC powder is highly agglomerated with an
agglomerate size range of 0.1 to 10 um, although the primary crystal size is claimed to be
about 20 nm (Supplier information), whereas the ZrO, powder is nanometric with a particle
size of about 50 nm (Figure 1B). The Al,O; powder has an average grain size of 0.4 pm.

A (B)

Figure 1. Scanning electron micrograph of WC (a) and ZrO, (b) starting powder.
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The neodymia and yttria were applied by a stabiliser coating technique on the ZrO,
starting powder prior to mixing with the WC powder. For this purpose, the proper amount of
neodymia (99.9 %, Chempur, Germany) and yttria (99.9 %, ACROS, Belgium) was dissolved
in nitric acid (65 %, Sigma-Aldrich, Germany) at 100°C on a magnetic stirrer. The resulting
nitrate solution was applied to the monoclinic zirconia powder via a suspension coating
process [14]. The nitrate-coated powder was calcined for 1 hour at 800°C. The yttria
stabilizer content was fixed at 1 mol % whereas the neodymia content was varied between
0.75 to 1.5 mol %. 0.8 wt % Al,O3 was added as a ZrO, grain growth inhibitor and sintering
aid. Moreover the addition of 0.8 wt% Al,O; was claimed to improve the hardness [8].

50 grams of ZrO,-WC with 40 vol% of WC was mixed on a multidirectional Turbula
mixer (type T2A, Basel, Switzerland) in ethanol in a polyethylene container of 250 ml during
48 h at 60 rpm. 250 grams of cemented carbide milling balls (@ = 4-5 mm, Ceratizit grade
MG15) were added to the container to break the agglomerates in the starting powder and to
enhance powder mixing. The ethanol was removed after mixing using a rotating evaporator.
The dry powder mixture was sieved (315 mesh) to remove the agglomerates, prior to
densification.

The powder was densified into 30 mm diameter discs by means of pulsed electric current
sintering (Type HP D 25/1, FCT Systeme, Rauenstein, Germany) at 1350 or 1450°C in a
graphite tool set-up. Details on the equipment, die/punch set-up and temperature control are
given elsewhere [15]. A heating rate of 400°C/min was applied up to 1050°C with a dwell
time of 1 min and subsequent heating at 200°C/min up to the sintering temperature. The
initial pressure was increased from 7 to 30 MPa during the 1 minute dwell time at 1050°C and
from 30 to 62 MPa during the first minute at the sintering temperature. The total dwell time at
maximum temperature was 3 minutes.

Microstructural investigation was performed by scanning electron microscopy (SEM,
XL-30FEG, FEI, Eindhoven, The Netherlands). X-ray diffraction (Seifert 3003 T/T,
Ahrensburg, Germany) was used for phase identification and calculation of the relative
monoclinic and tetragonal ZrO, phase content. The m-ZrO, volume fraction is calculated
according to the method of Toraya et al. [16]. The transformability of a ceramic is defined as
the difference in m-ZrO, content of a fractured and polished surface, whereas the
transformability during hydrothermal aging is the % m-ZrO, difference between the steam
treated and pristine polished surface. The average grain size of the phases in the densified
composites was measured according to the linear intercept method. The reported values are
the average of about 200 grains measured by means of Image Pro software on SEM
micrographs. The electrical resistivity of the composites was measured according to the 4-
point contact method using a Resistomat (TYP 2302 Burster, Gernsbach, Germany).

The density of the samples was measured in ethanol, according to the Archimedes
method (BP210S balance, Sartorius AG, Germany). The Vickers hardness (Model FV-700,
Future-Tech Corp., Tokyo, Japan), HV 1y, was measured with an indentation load of 98 N with
a dwell time of 10 s. The indentation toughness, K;¢, was calculated according to the formula
of Anstis et al. [17] based on crack length measurements of the median crack pattern
produced by Vickers HVy indentations. The elastic modulus of the ceramic specimens was
measured using the resonance frequency method [18], measured by the impulse excitation
technique (Model Grindo-Sonic, J.W. Lemmens N.V., Leuven, Belgium). The test was done
on 25.0x5.4x2 mm samples. The reported values are the mean and standard deviation of 10
measurements. The sample surfaces for E-modulus and strength testing were ground with a
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diamond grinding wheel (type MD4075B55, Wendt Boart, Brussels, Belgium) on a Jung
grinding machine (JF415DS, Goppingen, Germany).

Low temperature degradation (LTD) tests were performed at 200°C under a saturated
H,O pressure of 1.55 MPa. For this purpose, rectangular bars (20x5x2 mm) were polished
and inserted in a stainless steel autoclave. The autoclave was inserted in a molten salt bath to
establish an internal temperature of 200°C as monitored by a thermocouple in the autoclave.

I11. RESULTS AND DISCUSSIONS
A) Hydrothermal Stability

The results of the hydrothermal stability testing, performed on 2 mol% yttria (2Y) and 1
mol% yttria + 1 mol% neodymia (1Y,INd) stabilized ZrO,-WC (60/40) composites PECS at
1450°C, are summarised in Figure 2. The 2 mol % yttria stabilized composite completely
degraded after 2000 minutes in 1.5 MPa saturated water vapour at 200°C, while the 1Y-1Nd
stabilized ZrO,-WC composite sample remained intact even after 4000 minutes. In general,
the mechanisms which increase the hydrothermal stability of ZrO, ceramics, such as a
reduction in ZrO, grain size or an increased stabilizer content, etc. [1,19] decrease the t-ZrO,
phase transformability and concomitant fracture toughness. Beside the higher hydrothermal
stability, the (1Y,1Nd) stabilized ZrO,-WC composite also has a higher fracture toughness
than the 2Y stabilized ZrO,-WC (see Table 1). The reason for the superior hydrothermal
stability of double stabilized yttria + neodymia ZrO, over yttria stabilized ZrO, was reported
to be the larger lattice parameter of double stabilized ZrO,; as a result of the incorporation of
Nd*" ions and the absence of a thermally activated martensitic transformation above room
temperature [13]. The same mechanism applies to the ZrO,-based composite systems.

% B: 2000 min |
././-/0/070
Sl
f>i 70 //°/ —m—2Y
QN 60 —o— 1Y, 1Nd
N 90 BB
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Figure 3. Hydrothermal stability of 2 mol% Y,0; and 1 mol% Y,0s; + 1 mol% Nd,O; stabilized ZrO,-
WC (60/40) composites.



Table 1. Mechanical and electrical properties of 1 mol% Y203 + 0.75-1.5 mol% Nd20s3 and 2 mol % yttria stabilized ZrO2-WC (60/40)

composites, PECS at 1350 or 1450°C

E;Irlr;z . Nd,O3 :Laarll)ifi; Densi‘;y E HVyg Kic.10 o Strength Resistivity
°C) (mol%) %) (g/em?) (GPa) (GPa) (MPa.m™) (MPa) (Q.m)
E 0.75 30 9.79 356 1524 +0.19 92+04 1513 + 64 1.3E-05
e 1 45 9.76 350 15.38 £0.29 10.1+0.2 1486 = 164 1.0E-05
1.25 52 9.68 349 15.62+£0.17 10.0+0.5 1561 + 165 1.6E-05
1.5 29 9.81 344 1578 £0.16 9.0+04 1497 £ 200 1.2E-05
E 0.75 31 9.77 359 15.52+0.23 9.6+0.4 2045 + 80 6.9E-06
< 1 44 9.75 356 15.48 £0.26 9.7+04 1808 + 139 1.5E-05
1.25 41 9.78 356 15.92+0.23 99=+0.5 1849 £ 101 1.2E-05
1.5 26 9.76 362 15.79 £ 0.27 9.1+£04 1863 +4 9.6E-06
0 [9] 44 9.78 372 16.20+£0.15 7.3+0.1 1873 +90 /

2 mol% yttria stabilized ZrO,-WC (60/40)
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B) Mechanical Properties

The microstructure of a polished cross-section and fracture surface of the (1Y,1.25Nd)
stabilized composite, PECS at 1450°C is shown in Figure 3. The fracture surface shows that
the ZrO, grain size is in the of 100-150 nm range while the WC particle size ranges from 20
nm up to 2 um. Three phases can be differentiated on the atomic number contrast image of
the polished cross-section, i.e. ZrO, (dark), WC (white) and Al,O; (black). Assuming a
density of 6.0, 15.8 and 3.9 g/cm’ for (1Y,1-1.5Nd) stabilized ZrO, [13], WC and AL,O;
respectively, a theoretical density of 9.80 g/em’ is calculated for ZrO,-WC (60/40)
composites. The relative density of the ceramic grades is about 99 % of the theoretical density
and hardly changes with sintering temperature.

(B)

Figure 4. SEM micrograph of polished and fracture surface of (1Y,1.25Nd) stabilized ZrO,-WC
(60/40), PECS for 2 min at 1450°C and 60 MPa. ZrO, (dark), WC (white) and Al,O; (black).

The strength of the ceramics PECS at 1450°C is substantially higher than for those
sintered at 1350°C, although the density is comparable (see Table 1). ZrO, and WC have a
very good high temperature chemical stability below 1500°C [20]. Hence, the ZrO,-WC
grain-boundaries should be comparable for the ceramics PECS at 1350 and 1450°C. The
higher PECS temperature however could result is a stronger ZrO,-WC interphase strength
explaining the higher strength of the composites PECS at 1450°C. The bending strength of
the 2 mol % yttria stabilised composite is comparable with that of the Nd,Os co-stabilised
ceramic (see Table 1).

Only a minor amount of monoclinic ZrO, (m-ZrO;) could be detected by means of X-ray
diffraction on the polished surfaces of the ceramic composites, as shown in Figure 4. A small
amount of m-ZrO, could be present in the bulk of the lowest stabiliser content grade, whereas
the small amount of m-ZrO; on the 1 and 1.25 mol % Nd,O; co-stabilised grades could also
have been generated during polishing, due to the higher transformability of the latter grades.

Different toughening mechanisms are active in ZrO,-based composites [10]. The main
toughening mechanism is ZrO, transformation toughening [4,10], whereas crack deflection is
clearly operational as shown in Figure 5.
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Figure 4. Crack path initiated from the corner of a Vickers indentation on a (1Y-0.75Nd) stabilized
ZrO,-WC (60/40) composite PECS at 1350°C.

m+we - m+wc
m: monoclinic
t t: tetragonal
Zr0,
NGO NGO,
T
1.25 -‘1‘_'25
9 _ 0y Tors
28 30 32 28 30 32
28 20

Figure 5. XRD pattern of (1Y,1-1.5Nd) stabilized ZrO,-WC (60/40) PECS at 1350 (a) and 1450°C (b).

All ZrO,-WC (60/40) composites stabilized with 1 mol% Y,03 + 0.75-1.5 mol% Nd,0s3,
have a toughness of 9-10 MPa.m®’, despite a substantial difference in ZrO, phase
transformability varying from 30 to 52 % (Table 1). The toughness of the 1.5 mol % Nd,0O;
co-stabilised composite is statistically slightly lower, whereas the toughness of the other
grades is the same, which could be attributed to the higher stabiliser content in agreement
with a lower phase transformability. Although the transformability of the 0.75 mol % Nd,O;
co-stabilised composite is also lower and comparable to that of the 1.5 mol % Nd,05 grade,
the toughness is as high as for the other grades. The loss in ZrO, transformation toughening in
the lower stabiliser content grade might be compensated by a higher tendency for the
formation of microcracks resulting in crack tip shielding by microcracking.

The transformability is hardly influenced by the PECS temperature what can be attributed
to the high heating rate of 200°C/min and short dwell time of 3 minutes, which does not allow
to establish a substantial difference in ZrO, grain size that would strongly influence the ZrO,
phase transformability. The comparable grain size is also reflected in a comparable hardness
and stiffness.
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The toughness and hydrothermal stability of the (1Y,1-1.5Nd) stabilized ZrO,-WC
(60/40) composites, PECS at 1450°C, is higher than for the 2 mol % yttria stabilised
equivalent (see Table 1 and Figure 3), whereas the strength and hardness are comparable.

The toughness of the 1 and 1.25 mol % Nd,Oj; co-stabilised composites is higher than for
the 2 mol % yttria stabilised equivalent, although the ZrO, phase transformability is
comparable. Since the Nd*" ionic radius (0.110 nm) is larger than for Y>* (0.102 nm) [21,22],
the co-stabilised t-ZrO, phase has a larger lattice parameter [13]. This is confirmed by the
peak shift of the t-ZrO, phase towards a lower 2 0 angle (Figure 6.a) whereas the m-ZrO,
phase shows no peak shift (Figure 6.b). At the same t-ZrO, phase transformability, the
volume expansion resulting from the t-ZrO, phase transformation in doubled stabilized ZrO,
composites will therefore be larger than in the yttria-stabilized equivalent implying a higher
residual compressive stress on the propagating crack tip and concomitantly higher fracture
toughness.

t: tetragonal ZrO, m+wc
m: monoclinic ZrO, t

1Y-2Nd
2Y
290 295 30.0 305 31.0 27 28 29 30 31 32 33
(A) (B)

Figure 6. XRD patterns of (1Y,1Nd)-, (1Y,2Nd)-, and 2Y-stabilized ZrO,-WC (60/40) composites,
PECS at 1450°C.

1\VV. CONCLUSION

Z1rO,-based composites with 40 vol % WC and stabilized with 1 mol% yttria and 0.75-1.5
mol% neodymia were pulsed electric current sintered (PECS) to full density at 1350 and
1450°C. The (1Y,0.75Nd) co-stabilized composite densified for 2 minutes at 1450°C under a
pressure of 62 MPa combines a hardness of 15.5 + 0.2 GPa, an excellent toughness of 9.4 +
0.4 MPa.m"” and impressive 3-point bending strength of 2.04 + 0.08 GPa.

A very high fracture toughness of about 9-10 MPa.m™ was measured for all the
composites irrespective of the neodymia stabilizer and PECS temperature. The toughness was
hardly influenced by the PECS temperature and a Nd,O3 co-stabiliser content ranging from
0.75-1.25 mol %. The excellent bending strength of about ~1900 MPa for the double
stabilized composites PECS at 1450°C was substantially higher than for the grades PECS at
1350°C (~1500 MPa).
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The 1 mol% yttria + 1 mol% neodymia co-stabilized ZrO,-WC (60/40) composites have
a higher fracture toughness, hardness as well as hydrothermal stability in steam at 200°C than
the equivalent 2 mol% yttria stabilized composites, whereas the bending strength and stiffness
is comparable.
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Chapter 11

ELECTRO-CONDUCTIVE ZRO,-NBC-TIN
CoOMPOSITES USING NBC NANOPOWDER MADE BY
CARBO-THERMAL REACTION

S. Salehi, J. Verhelst, O. Van der Biest, J. Vleugels

Department of Metallurgy and Materials Engineering, Katholieke Universiteit Leuven,
Kasteelpark Arenberg 44, B-3001 Heverlee, Belgium

Niobium carbide (NbC) is known for its good physical properties, such as high
melting point (~ 3600°C), good electrical conductivity (~ 2.8 x 10° S/m) and high
hardness (~ 19 GPa). These properties encourage the investigation of zirconia-based
niobium carbide composites aiming at achieving a composite with good fracture
toughness, high hardness and at the same time a sufficient electrical conductivity to allow
electro discharge machining (EDM).

Since all commercially available NbC powders are relatively coarse (dso = 1-3 um), a
NbC nanopowder was prepared by carbo-thermal reduction of Nb,Os. The synthesis time,
temperature, and C/Nb,Os ratio have been optimized to obtain a NbC powder with
minimum grain size and minimum residual carbon and oxide impurities. To achieve that,
carbon black and niobium pentoxide were mixed in a different ratio (1.25 to 2.12) and
thermally treated at 1000-1450°C for 0.5-10 h. NbC powder with a grain size of dsy:185
nm, was obtained from a powder mixture with a carbon to niobium oxide ratio of 1.88,
thermally treated in vacuum (107 to 10 Pa) at 1350°C for 5 hours.

ZrO,-NbC-TiN (65:35:5 vol %) composites could be fully densified by means of hot
pressing at 1450°C for 1 hour at 28 MPa, resulting in a composite with an excellent
hardness of 16 GPa, a fracture toughness of 5 MPa.m’* and an electrical resistivity of 0.8
mQ.cm. The composites could be machined by EDM.

|. INTRODUCTION

The Y-TZP matrix offers enhanced toughness and an acceptable strength but the hardness
and conductivity of this compound is rather limited. On the other hand the ultra finely divided
carbides and nitrides of various (transition) metals have high melting points and high
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chemical stability combined with a low electrical resistivity. Therefore, with a combination of
the two, it is expected to obtain a ceramic composite with high hardness, toughness and
enough electrical conductivity to be EDM doable. By doing EDM, it is tring to avoid the
expensive grinding operation for final shaping and surface finishing of components, thus
increasing the possibility of mass production and manufacturing cost reduction.

NbC has an excellent hardness of about 20 GPa and a low resistivity of 35x 10~ mQ.cm
[4], and usually, it is used as reinforcing particles in tool steels [1-3]. In the frame work of
making ZrO, based electro-conductive ceramic composite, ZrO, -TiN, TiB2, WC, TiCN [22-
25] and ...have been already investigated in our department. For this reason and with due
attention to good electro-mechanical properties of NbC, It has been chosen as second phase
for ZrO, based composite in this study.

Nowadays, commercially available NbC powders are relatively coarse (dso = 1-3 um). In
this work, it is has been tried to obtain a NbC powder with minimum grain size and impurities
by the mean of carburizing. The convenient methods for NbC synthesis are high-temperature
(oxide above 1000°C) solid-state reactions of metal or metal such as direct combination of
niobium metal or niobium oxides with carbon [13, 15, 17] or solid-gas reaction like reaction
of NbCI5 with hydrocarbon or carburizing of oxide by methane—hydrogen mixtures [14, 16].
Among theses convenient methods, carburizing from Nb,Os is chosen, because its simplicity
and enforceability in situ. Afterward a zirconia based composite made by optimum self-
synthesized NbC powder and the mechanical properties have been compared to the
composites made by commercial NbC powders.

1. EXPERIMENTAL PROCEDURE

In carburizing method, a mixture of Nb20s and carbon black react in high temperature in
non-reactive atmosphere and result to NbC formation (equation 1 & 2) [7].

%2 Nb,O, +7/2C <— NbC+5/2 CO (1)
% Nb,O, + 9/4C «—— NbC + 5/4 CO, ()

Table 1. Starting powders plus reference NbC (based on supplier information - *:
grain size measured based on SEM micrograph

Producer Impurities Prticle size (um)
NbC Treibacher-Austria 0.25% O - 0.13% free* | Ave: 1.18 (FSSS)
carbon
Nb,Os CBMM —Brazil 1.5% mainly Taand Ti | 0,5-5 - (dso:1.04 *)
(2000 & 1500ppm)*
C Degussa-germany Acclaimed to be pure! Grain size: Few nano-meter
Noir special 4 Agglomerate size:1-50 (porous
and weak)
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In view of equation 1 and 2, Nb,Os (CBMM, Brezil) and Carbon (Degussa, Germany)
were mixed together with a C/Nb ratio of 2.5-4.25. An overview of starting powders and
C:Nb ratio in starting powder mixtures are shown in Table 1 and 2.

Table 2. Codes and related C:Nb ratio of starting powder mixtures

) A B |C D E F G |H
Mixture code

C:Nb ratio 25 |3 |333 |35 (376 |39 |4 |425

To make a homogeneous powder mixture, 50 grams of fully formulated powder mixtures
were mixed on a multidirectional Turbula mixer (type T2A, Basel, Switzerland) in ethanol in
a polyethylene container of 250 ml for 48 h at 60 rpm. 250 grams WC—Co milling balls (@:
3mm, Ceratizit grade MG15) were added to the containers to break the agglomerates in the
starting powders and to enhance powders mixing. The suspensions were dried in a rotating
evaporator at 80 °C. After 3h staying at oven (70°C), the dried powders were sieved trough a
315 pm sieve. An SEM micrograph of starting powder mixture before carburizing is shown in
Figure 1. The Nb,Os particle size measured based on SEM pictures was dsg:1.04 um.

Nis

Y i ﬁ' y Yot . m"' ¥
AccV  Spot Magn Det WD Exp :.”r—_l 10 urm
2*100kY 30 3200x SE 94 1 Nb0+C(10 Sg) before 5 nthesm

/ o N . oo

-

Figure 1. SEM picture of starting Nb,Os and carbon mixture (C/Nb:3).

3 grams of the sieved powder was placed on a SiC crucible (Haldenwanger, germany-
?:30 mm, h:20 mm) which covered with a SiC lid. The container was inserted on a hot press
(Model W100/150-2200-50 LAX, FCT Systeme, Rauenstein, Germany) in vacuum (~10~ to
107 Pa). Heating and cooling rates were 50°C/min and 20°C/min respectively. It has been
tried to optimized three parameters, C/Nb ratio, maximum temperature and dwell time.
Different combinations have been tried and the details are shown in Table 3.



164 S. Salehi, J. Verhelst, O. Van der Biest et al.

Table 3. Variant parameters in carburizing procedure

Temperature Tlmg
30min 2 hr 5 hr 10 hr

1000 °C A,
1150 °C A,B A,B,D |A,D | A B,D
1250 °C D D
1350 °C D,E D,E D,E

o D,E,F,
1450 °C G.H

Minimum temperature has been chosen based on the Gibbs free energy of the equations 1
and 2 (3 & 4). Based on the AG’s, at a pressure of 10~ Pa (atm), we can expect NbC
formation (equation 1) at 648°C. NbC can forms in the same pressure from equation 2, at
845°C. Since the vacuum is not perfect at hot press device and can vary from 10 atm and
also kinetic of reaction did not taken in to account, the minimum temperature which is used
was 1150°C.

AG, = 521.2 -421.84x10 ° T +20.78x10” T xIn(P,,,) [7] (3)
AG, = 313.0 -208.10x 10° T +10.39x10” T xIn(P.y,) (4)
T T T T T T T T T T 5
14004 T g 300

44
1200 DG, { = 200
o 138
< 1000 e
% DG, - 2; 100 Q
© N s
5 800 / % ;
g 1.x
= 600- q41=
. -100
400 P -0
———— -200
0 100 200 300 400 500
Time (min)

Figure 2. Monitored temperature and pressure inside the furnace during a carburizing cycle (1350°C for
5h on mixture powder E ) plus calculated DG, and DG, using reported temperature and pressure during
synthesizing process.
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In Figure 2, AG’s of reactions 1 and 2 are monitored based on the pressure and
temperature which has been read during synthesizing process. As it can be seen, reaction 1
starts at 1350°C after about 45 minutes and reaction 2 starts at about 1150°C. Vacuum pomp
in furnace is soaked all the air out, so it has been consumed that the pressure inside the
chamber can be used as P (CO) or P (CO,). It is difficult to differentiate P (Co) from P (CO,),
so calculations repeated considering P (CO) or P (CO) are half of the pressure inside the
chamber. In this case, both reactions can happen at about 1200°C.

The oxidizing temperature of NbC varies from 200°C to 800°C depending to grain size
[5]. Hence after carburizing the powder cooled down till room temperature and studied by
SEM (XL-30FEG, FEI, Eindhoven, The Netherlands) equipped with an X-ray energy
dispersive analysis system (EDS, EDAX, Tilburg, The Netherlands) for compositional
analysis and X-ray diffraction (Seifert 3003 T/T, Ahrensburg, Germany). This machine has a
Cu Ka radiation source (40 kV, 40 mA) that operates with a wavelength of 1,540598 nm. The
XRD profiles for powders were scanned in step increments of 0.04° from 20° to 90°, and with
dwell times of 1 second. The average grain size of powders was determined from SEM
micrographs according to the linear intercept method [18], using Image-pro Plus software
(version 4, Media Cybernetics, Silver Spring, Maryland). A minimum of 200 grains was
counted for each material grade.

Two NbC powders with different Nb/C ratio (D and E, table 2) have been synthesized
with optimum synthesis path way (1350°C, 5h) in larger scale (35 grams of initial powders in
a bigger crucible (@:50mm, h: 50mm). The self-synthesized NbC powders mixed with proper
amount of ZrO, (TOSHOH, Japan, TZ-0, TZ-3Y and TZ-8Y, d:37 nm) and TiN
(Kennametal, USA, Jet milled, d:1.03 um) to make 6 discs with 5 mm height and and 30 mm
diameter. TiN was added to some of the compositions to exclude residual carbon which
remains from carburizing process in the NbC powder by forming TiCN. Al,O; powder
(Baikowski grade SM8, Annecy, France) was added as a ZrO, grain growth inhibitor and
sintering aid to all composite grades. The Y,0s-stabiliser content of the powder mixtures was
adjusted by mixing the appropriate ratio of ZrO, starting powders. The powders were mixed
in the same way that Nb,Os and C mixed before carburizing. The powder compact was
inserted in to a graphite die with 30 mm internal diameter. The graphite die was coated with
BN to separate the powder mixture from the graphite die/punch setup. The temperature was
monitored using a pyrometer.

The discs were sintered at 1450°C or 1500°C for 1 hour under 30 MPa pressure using the
same Hot press which was used for carburizing. Using heating and cooling rates were
50°C/min and 20 °C/min respectively. After sintering, the samples were cross-sectioned and
mirror polished to 1 um finish, for hardness and toughness measurement. Microstructure was
studied by SEM and XRD (details was explained before). The Vickers hardness, HV,, was
measured (Model FV-700, Future-Tech Corp., Tokyo, Japan) with an indentation load of 10
Kg. The indentation toughness, K;-, was calculated from the length of the radial cracks
originating in the corners of the Vickers indentations according to the formula proposed by
Anstis et al. [19]. The density of the samples was measured in ethanol, according to the
Archimedes method (BP210S balance, Sartorius AG, Germany). The reported hardness and
toughness values are the mean with standard deviation obtained from five indentations.

The electrical resistance of the samples was measured on grounded bars (

20x2.5x4.95 mm®) according to the 4-point contact method using a Resistomat (TYP
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2302 Burster, Gernsbach, Germany). The bars were cut from sintered discs by the mean of
EDM and then were grounded to exact dimensions.

The elastic modulus (E) of the ceramic specimens was measured using the resonance
frequency method [10]. The same bars used for electrical resistivity measurement, were used
for E modulus measurement as well. The resonance frequency was measured by the impulse
excitation technique (Model Grindo-Sonic, J. W. Lemmens N.V., Leuven, Belgium). The
reported values are the mean and standard deviation of 10 measurements.

I1l. RESULTS AND DISCUSSION

A) NbC Powder Synthesis

Different powders with C/Nb ratio of 2.5 till 4.25 treated at different temperature from
1000°C to 1450°C and the resulted powders studied with SEM and XRD. SEM micrographs
of some carburized powders are shown in Figure 3. The phases are mentioned on the pictures
were defined by EDAX analysis. Figures 3a, 3b and 3c shows the result of carburizing of
powder B (C/Nb:3) after 0.5, 5 and 10h heating at 1150°C. Theoretically reactions 1 and 2
can happen at this temperature (under 10 atm), but at practice, even after 10h dwell time,
still graphite and NbOy are present at powder mixture. This can be due to alternation of
pressure in heating camper or Kinetic of reaction. In Figure 3d, it is shown that NbO, remains
in powder D after 30min treating at 1350°C, but the powder treating at the same temperature
for 5h shows no left over oxide. Figure 3f shows NbC grain growth in powder D treated at
1450°C for 30 minutes. This grain growth can be seen at Table 4 and figure 4. Finally at
figure 3g and 3h, Treibacher commercial NbC powder is compared with optimum self-
synthesized NbCy (C/Nb:3.5 treated at 1350°C for Sh). As it can be seen, the grain size is
more homogeneous and much smaller. The results of grain size measurements are shown
graphically at figure 4. It is clear from the picture, that in 1450°C, NbC faces grain growth,
but at 1350°C most of the grain sizes are in the range of 100-200 nm. XRD pattern of the
most optimum carburizing powders and commercial NbC powder are shown in Figure 5. The
most similar XRD pattern to commercial NbC is XRD pattern for powder E (C/Nb: 3.76)
treated at 1350°C for 5h. There is not much NbOy or carbon left over at this powder. The
effect of Carbon left over is much more inferior for mechanical properties of composite
compare to NbO,. Hence two starting powder E (the best resulted powder and D, similar with
less C amount in starting powders) treating at 1350°C for 5h were chosen for producing at
higher amount for making composite.
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Figure 3. SEM micrograph of Nb,Os+C with C/Nb ratio of 3 heated at 1150°C for 30 min (a), 5h (b)
and 10h (c) and C/Nb ratio of 3.5 heated at 1350°C (for 30 min (d) and 5h (e,g)) and 1450°C (for 30
min (f)) and commercial NbC powder (h).
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Table 4. Grain size measurement for optimum synthesized NbC powders and Nb,Os
staring powder

Powder 1350-D-5h 1350-D-30min | 1450-D-30min Nb,Os
Grain size Ave: 198 — Ave: 213 — Ave: 474 Ave: 1.24
(nm) dso:185-dog:335 | ds(:225, d50:339,d90:1 d50:1.04,d90:2.08
d902490
(a) (b)

Frequency (%)
Frequency (%)

0
60 708090 200
Particle size (nm)

300 400500 1000

Particle size (nm)

Figure 4. Grain size measurement results of Powder E synthesized at 1350°C-5h (a) and 1450°C-30 min

(b).

] (1) (200)  (220) (311) O NbCX
+C
O NbOX
(322) (400)

+0O O
E-1450°C-30min

D-1450°C-30min

)
\E-1350°C-5h

“‘MD-1 350°C-5h

Figure 5. XRD pattern of commercial NbC and Nb,Os+ C with C/Nb ratio of 3.5 (D) and 3.76 (E) heat
synthesized at 1350°C and 1450°C for 5h and 30 min respectively.
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The importance of the stoichiometry on the mechanical properties of the ceramics is
shown in Pierson work. Pierson was showed that some carbide like NbC and TaC have
maximum hardness at certain stoichiometry, for example NbC shows maximum hardness
(~25GPa) at NbygC and hardness decrease till about 21 GPa at NbC [4]. Therefore
stoichiometry of optimum carburized powders was calculated and was compared to
commercial NbC. For non-stochiometric NbC,, it was postulated and proved by D. Brown
[10], that a number of carbon vacancies in the NbC lattice introduce a corresponding change
in the inter-plane distance. This distance is reflected in the value of the lattice parameter (a).
The ratio of (C:Nb) can be calculated, starting from the lattice parameter (a), with the use of
below formula [Li et al, [9,10]].

a=4.09847+0.71820 (C:Nb)—0.34570 (C: Nb)’

Relation between NbC reflective planes and bragg angles, and the results of lattice
parameter calculation and (C:Nb) determination is shown in Table 5.

Table 5. Relation between NbC reflective planes and bragg angles, the results of
lattice parameter calculation and (C:Nb) determination

Commercial NbC Mixture D 1350° Mixture E 1350°
Miller Indiches (Treibacher) 5 hours 5 hours
h k L
1 1 1 34.72 3535 35.01
2 0 0 40.32 40.65 40.65
2 2 0 58.36 58.80 58.82
3 1 1 69.75 70.30 70.27
2 2 2 73.35 73.89 73.96
4 0 0 87.12 87.91 87.88
(0)ave 4.47 4.43 4.44
(C:ND) ratio 0.96 0.70 0.72

The lattice parameters were calculated according to the method suggested by
Suryanarayana and Grant [11].

. A*(R+ K +17)*
2*smn @,

C/ND ratio in powder D and E synthesized for 5h at 1350°C calculated to be 0.7. The
maximum hardness can be achieved for NbCygs so it is expected that the hardness of
composite made by optimum self-synthesized NbC powder should be more than the one made
by commercial powder (with C/Nb ratio of 0.96).
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B) Composite

The SEM micrograph of composites ZrO,-NbC-TiN (65:30:5) stabilized with 3 mol%
yttria, ZrO,-NbC-TiN (50:45:5) stabilized with 4 mol% yttria and ZrO,-NbC (50:50)
stabilized with 4.5 mol% yttria is shown in Figure 6 a, b and c respectively. The name of
phases which are written in the picture, were defined by EDAX analysis. The existence of
TiCN phase in Figure 6a, confirms the formation of TiCN by TiN addition. The white phase
in Figure 6a is WC which comes from Wc-Co milling ball in 48 h mixing step. The grey
phase is yttria stabilized ZrO, and the bright phase is NbC. Residual carbon can be seen at
figure 6b, although 5 vol% TiN added to composition to exclude residual carbon. It seems
that 5 vol% TiN is enough to exclude carbon from a composition with 30 vol% NbC (6a), but
is not enough to exclude carbon from a composition with 45 vol% NbC. Figure 5c shows that
even 4.5 mol% yttria can not stabilized 50 vol% ZrO, in a composition without TiN addition.
It seems that carbon existence act as a barrier for ZrO, stabilization. This fact can be also seen
in XRD pattern of sintered samples (Figure 7). ZrO2 phase could not be stabilized in the
samples without TiN addition even with 4 - 4.5 mol% Y'ttria addition.

Figure 6. SEM photograph of sintered ceramic discs with ZrO,-NbC-TiN 65:30:5 vol% (a) —and ZrO,-
NbC-TiN 50:45:5 vol% (b) and ZrO,-NbC 50:50 vol% (c). The grey phase is ZrO, — the bright phase is
NbC, the white and black phases are WC and AlO, respectively.
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+Nb2O5
¥ Nb02.4

t: tetragonal ZrO,
m: tetragonal ZrO,

m
+

Y,E-60:40:0
.5Y,E-50:50:0
Y,E-50:45:5
3Y,D-50:50:0
3Y,E-65:30:5
4Y ,D-50:45:5

26 28 30 32 34

Figure 7. XRD pattern of sintered ceramic discs.

The mechanical properties of the discs made by self-synthesised powder are shown in
Table 6. For comparative reasons a ZrO,-NbC (60/40) vol% disc was made by commercial
NbC powder (treibacher). The mechanical properties of this sample also are shown in this
Table.

Table 6. (calculated) Young module, Hardness and Toughness of different compounds.
The name of the compounds consists of mol% ytria - NbC code (table 2)

ZrO:NbC:TiN Vol % -
Name Relative density | H, [Gpa] Kic [Mpam®] | E [Gpa]
3Y - E 60:40:0 Cracked 8,78 +0.11 5,2+0.3 260
3Y - E 65:30:5 0,99 15,82 +0.13 49+0.2 257
3Y - E 50:45:5%* 0,99 16,15+ 0.08 29+0.2 277
3Y - D 50:50:0 Cracked 10,89 + 0.04 6,1 +0.1 273
4Y - D 50:45:5 0.99 15,99 + 0.1 3,7+03 277
4,5Y - E 50:50:0 Cracked 10,89 + 0.05 5,9+0.1 273
TTM2 - 60:40 99.59 13.64 +0.07 54+0.1 284

*: sample sintered at 1450°C while all the rest sintered at 1500°C.

The hardness of samples without TiN addition is so low. It is because the residual
graphite in the sintered sample Figure 6b. In figure 6 a & b, It is shown that, 5 vol% TiN is
enough to exclude carbon from a sample with 35 Vol% TiN but, it is not enough for a sample
with 45 vol% NbC. The hardness of composites made by self-synthesis powder is higher than
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the one made by commercial powder. The reason can be the smaller grain size of the self-
synthesis powder, or the stoichiometry which is more suitable for having higher hardness.

The relative density of all the composite has been made was measured to be about 0.99%
Theoretical density considering a density of 6.05, 7.85, 5.43 and 2.90 g/em’ for ZrO,,
NbC,TiN and Al,Os respectively.

The resistivity of two discs 3Y-E 65:30:05 and 3Y-E 50:45:05 were measured. The
measured datas are 0.81 and 2.49 m€).cm which is in the range of EDM machining [20,21].
This was confirmed by the fact that the blank specimens used for the the E modulus
measurement were machined by means of wire-EDM (Robofil 240cc, Charmilles,
Switzerland).

V. SUMMARY

A carbothermal synthesis-method to produce nanosized NbC powder was developed. The
optimal synthesis parameters were found to be a vacuum environment and a temperature of
1350°C, a reaction time of 5 hrs and a starting C:Nb ratio of 3,75. Higher synthesis
temperatures results to NbC grain growth. The powder, generated by the carbothermal
reduction of Nb,Os was determined not to be stochiometric NbC, but it has a Nb:C ratio of
0.7. The measured grain size for optimum self-synthesized NbC powder is dso:185 nm.

The addition of the self-synthesised NbC powder to an Y-ZrO, matrix , resulted in an
insufficiently stabilised ZrO, matrix phase containing 66-100 vol% monoclinic zirconia.
However, when 5 vol% TiN, acting as a carbon receptor, was added to the reaction mixture,
the zirconia matrix could be stabilised, which was confirmed by XRD measurements on
polished surfaces. The resulting ZrO,-NbC-TiN composites combined an excellent Vickers
hardness of 16 GPa (which is much higher than hardness of composite made with commercial
NbC powder) and with a moderate toughness of 3-5 Mpa.mm.

All processed ZrO,-NbC-TiN composite materials had a sufficiently high electrical
conductivity enough for being EDM machinable.
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ON THE PYROLYSIS OF POLYMERS AS A
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ABSTRACT

The main reason behind the success of the petrochemicals industry is not only due to
the vast array of products that it provides and are considered beneficial to our daily
functions, but also in the added value that it brings to the value of the crude oil barrel,
making it an unmistaken venture to any concerned party. Yet, the industry is faced with a
fluctuating market and an unstable economy, which makes it imperative to find a more
abundant and sustainable feedstock. Of all petrochemicals, polymers and their related
industry posses the major share. This alternatively, makes the plastic industry a growing
sector in processing and conversion terms. Both, virgin and waste plastic present
themselves as an advantageous source of energy and product recovery. In this
communication, the pyrolysis process is investigated as a product recovery process via
both two modes of operation, i.e. isothermal and dynamic. Plastic solid waste (PSW) as a
feed to thermo-chemical (in general) and pyrolysis (in particular) is a very promising
alternative, either treated solely or via co-treatment with other municipal solid waste
(MSW) streams. We also present an extensive review on the up-to-date literature related
to the subject matter, presenting the four main routes of PSW treatment and recycling.
Finally, we present two experimental case studies on the pyrolysis processes that reveal
the main products, operation modes and specifications that could be utilized in reactor
engineering and design. It is concluded that: (i) pyrolysis as a thermolysis process is a
very promising way to treat virgin and waste polymers, which on the other hand
illustrates a viable route of PSW recovery; (ii) the pyrolysis design is highly sensitive to
the mathematical and numerical treatment of the obtained data in a laboratory scale;
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finally (iii) micro studies (demonstrated by the case studies presented) still lack proper
end-product process design, which is reflected on the current status of the process on an
industrial scale.

1. INTRODUCTION

Polymers are the most versatile material in our modern day and age. With certain
plasticizers and additives (e.g. pigments, concentrates, anti-blockers, light transformers (LTs),
UV-stabilizers, etc.), they become what we know as plastics. Being a crude oil derivative,
polymers present themselves as an advantageous option for a number of treatments. Polymers
and polymeric articles converted and engineered for multi-purpose use have solely replaced
classical construction materials in many sectors, namely wood and metals. Polymers and
plastic reinforced composites also contribute to our daily functions in many aspects and
applications, from packaging, automobiles, clothing, appliances and electrical and vehicle
equipment, to insulations, industrial applications, greenhouses, automotive parts, aerospace
and mulches.

Over the past seventy years, the plastic industry has witnessed a drastic growth, namely
in the production of synthetic polymers represented by polyethylene (PE), polypropylene
(PP), polystyrene (PS), polyethylene terephthalate (PET), polyvinyl alcohol (PVA) and
polyvinyl chloride (PVC). Plastic materials production have reached global maximum
capacities levelling at 150 million tonnes per year, where in 1990 production capacity was
estimated at 80 million tonnes (Valavanidis et al., 2008). In 1996 the total plastics
consumption in Western Europe was 33.4 million tonnes, whereas in the USA and in Japan
33.9 and 11.3 million tonnes; respectively. In the year 2004 the consumption of plastic
material in Western Europe was 43.5 million tonnes, increasing by 4% per year. It is
estimated that the production of plastics worldwide is growing at a rate of about 5% per year
(APC, 2008). This results in high estimates of almost 60% of plastic solid waste (PSW) being
discarded in open space or landfilled in many developing and developed countries (APM EU,
2008).

1.1. Polymers, Polymerization Technology and Plastic Solid Waste (PSW)

A track record of the innovations in the plastic conversion industry has driven a global
average increase in production and consumption of about 9% every year since 1950. The total
world production of plastics grew to 260 million tonnes in 2007 from a mere 1.5 tonnes in
1950 (Figure 1). An analysis of plastic materials consumption on a per capita basis shows that
this has now grown to approximately 100 kg in the North America Free Trade Agreement
(NAFTA) countries and Western Europe, with the potential to grow towards 140 kg per
capita by 2015. The highest potential for growth can be found in the rapidly developing parts
of Asia (excluding Japan), where currently the consumption per capita is only around 20 kg.
In the European context, it is the new member states which are expected to see the biggest
percentage increase as their economies develop. Their current average per capita consumption
between 50 and 55 kg is a little more than half of that of the old Member States (Figure 2).
The EU,7+Norway and Switzerland represent 25% of the world plastic production with about
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65 million tonnes/year, slightly above the NAFTA states at 23%. With the EU, plastic
production lines are well spread. Germany is the major producer, accounting for 7.5% of the
world production capacity. Whilst France, Italy, Spain and the UK account for 3, 2, 1.5 and
1.5%, respectively.
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Figure 1. World and Europe plastic production (1950-2007). Source: PEU, 2008. Includes
thermoplastics, PU, thermosets, elastomers, adhesives, coatings, sealants and PP fibres. PET, PA and
polyacryl-fibres were excluded.

Latin America accounts for 4% of the global production capacity, whilst the Middle East
and Africa account for 8%. Plastics demand by converters in EU,; + Norway and Switzerland
was 52.5 million tonnes in 2007. The demand expressed as tonnage of virgin resin processed
by European converters by country shows that Germany and Italy account for 40% of the EU
conversion capacity. Of the new Member States, Poland has the highest plastic conversion,
currently at about 2.35 million tonnes of the European total. The Czech Republic and
Hungary are each at about half this level. It is expected that the converting industries in most
of the new Member States will grow strongly in the coming years (PEU, 2008). In 2008, a
revised waste framework directive (WFD) was introduced in the EU. The WFD provides a
framework to drive waste management practices in the EU. The revision was badly needed to
bring legal clarity in a number of important areas. In summary the revised WFD provides a
strong drive for resource efficiency and diversion of waste from landfill. A landmark change
introduced by the WFD is that efficient energy from waste (efw) will now be classified as
recovery rather than disposal, and as it is above landfilling it will create strong drivers in
society. Also, a climate correction factor will be defined to ensure that countries with warmer
climates will still have a good opportunity to meet the energy efficiency criteria. Broadly-
speaking, the revised WFD will provide a framework which will enable improved recycling
of plastics (both mechanical and chemical) via innovative, eco-efficient technologies. High-
calorific waste plastics will be important to help efw plants meet the efficiency criteria set for
classification as recovery. Innovative new plastics-enabled solutions will save resources
through applications such as packaging, both by reducing waste and by light-weighting the
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packaging itself. Plastics are resource-efficient materials and will play a key role in driving a
resource-efficient Europe.

NAFTA

1980 2005 2015 1980 2005 2015
CE+CIS Japan

1980 2005 2015 1980 2005 2015

Latin America ME/Africa

1980 2005 2015 1980 2005 2015
Asia w/o Japan Total World

1980 2005 2015 1980 2005 2015

Abb. NAFTA, North American Free Trade Agreement; CIS, Commonwealth of Independent States;
WE, West Europe; ME, Middle East.
Note: 2015 data used are projection figures from the same source.

Figure 2. Plastic demand by converters per capita per region. Source: PEU, 2008.
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Another aspect of the revised WFD was the enforcement of the waste hierarchy and its
implementation within the EU states. The hierarchy for improving resource efficiency is (in
descending priority order): reduce, reuse, recycle, recover and disposal. Plastics save energy
and CO, emissions during the use phase. If we were to substitute all plastics in all
applications with the prevailing mix of alternative materials, and look from a life cycle
perspective, then 24 million additional tonnes of crude oil would be required every year. The
corresponding greenhouse gas emissions are equivalent to 30% of the EU,s Kyoto target for
2000-2012 (PEU, 2008). Plastics contribute to waste minimisation by offering more and more
resource-effective solutions, including lower energy consumption during production, a
reduction in the plastics material needed to do a particular job and less waste of the packaged
goods, whether it is food or water or a computer. Examples include ever-lighter bottles for
water, soft drinks or detergents or thinner film for packaging. Plastics are re-used in a number
of areas. Plastics bottles are re-used in deposit systems in a number of member states, many
of us reuse the carrier bag for a variety of needs, and plastics trays used in supermarkets offer
a clean, robust and cost-effective way of moving vegetables, bread or fish from producer to
customer. The recycling of plastics is increasing year by year. In addition to the well known
applications such as bottles and industrial packaging film, new important developments are
ongoing, like the Recovinyl initiative under the Vinyl 2010 programme of the PVC industry
(covering pipes, window frames, roofing membranes, and flooring). Another stream which is
explored in a number of member states is the “mixed packaging plastics”. This important
development must continue and we must drive towards realising the full potential of existing
recycling streams as well as opening up new eco-efficient streams for recycling.
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Source: PEU, 2008. Abb. PC, Petrochemical.
Figure 3. Plastic materials from cradle to grave in the EU,;+Switzerland and Norway.

However even after including these growing applications there will be residual streams
which are not appropriate to mechanically recycle in an eco-efficient way. For these streams
plastics offer an additional recovery option, i.e. energy recovery and thermolysis. As long as
we use fossil fuels for energy production, plastics will offer an additional value to society as
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plastics enable many vital applications during the life cycle of these hydrocarbon molecules
on their journey from oil well to energy source. Landfill or disposal must be minimised as it
wastes a valuable resource and contributes to greenhouse gas formation. Figure 3 illustrates
the flow of plastics from conversion to the end-of-life phase. The data is valid for
EU,;+Norway and Switzerland.

Converters used 52.5 million tonnes of plastics in 2007, with an increase of 3% compared
to 2006. Of all plastics used by consumers, 24.6 million tonnes ended up as post-consumer
waste, up from 23.7 million tonnes in 2006. 50% of the post-consumer used plastic was
recovered and 50% went to disposal. Of the quantity recovered, 5 million tonnes were
recycled (as material and feedstock) and 7.2 million tonnes were recovered as energy. The
overall material recycling rate of post-consumer plastics in 2007 was 20.4%, with mechanical
recycling at 20.1% (up 1.2% points from 2006) and feedstock recycling at 0.3% (down 0.3%
points from 2006). The energy recovery rate remained stable at 29.2% reflecting how the
sensitivity and planning complexity of this resource management technology has led to slow
progress in society. In 2007, 12.4 million tonnes of plastics were wasted in landfill. Despite a
3 % per year growth over the past decade for post-consumer waste the quantity going to
landfill has remained stable.

The growth of post-consumer plastic waste is the result of several drivers. Plastics
continue to substitute alternative materials, economic growth drives greater consumption,
smaller households require more packaging per person and more ready-made single-portion
meals are consumed. Over the last decade the average annual growth rate of plastics in the
EU has been about 10%. Mechanical recycling quantity saw another good increase of 1% in
2007 which is explained by higher plastic prices and improved collection and sorting
technology. Growth in energy recovery quantity slowed to 3% as very little capacity was
added in 2007. More investment in monomer, valuable chemicals and energy recovery
facilities is needed to divert streams which cannot be eco-efficiently recycled from landfill.
The material recycling and energy recovery of post-consumer plastics waste varies
significantly by country. In some countries like Switzerland, Germany, Sweden and Denmark
there is very little landfill -these countries are very close to completing their diversion-from-
landfill strategy. A recent study by the Swiss consultancy Prognos showed that 27% of the
EU Kyoto target for greenhouse gas (GHG) emissions could be saved if all waste currently
going to landfill was to be diverted flexibly to recycling and energy recovery. The best results
were achieved without specific targets but with full flexibility to explore recycling and energy
recovery where it best served the specific waste stream. In addition to saving GHG emissions,
diversion from landfill contributes to increased resource efficiency and energy security while
reducing littering. One major observation from recent estimates is that countries with high
recovery rates do well on both recycling and energy recovery. Therefore, it can be assumed
that a strategy including energy recovery is not contradictory to achieving good recycling
results. It simply illustrates that a complete resource management strategy needs to address
both, as no country will be able to recycle all post-consumer waste. The other observation that
could be withdrawn from recent estimates is that recycling performance is fairly similar
across most of the EU,;+NO/CH countries there are huge differences in the utilisation of
energy recovery. Countries which have high dependence on landfill must not only exploit
their full recycling potential but rapidly expand their energy-from waste network. The
progress of the diversion from landfill is slow on average with recycling (mechanical and
chemical) across EU,7;#NO/CH increasing from 19.5% in 2 006 to 20.4% in 2007 while
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energy recovery remained stable at 29.2%. Strong efforts will be required in many Member
States to capture the full potential offered by a diversion from landfill strategy, namely GHGs
emission savings, enhanced resource efficiency and energy security and the avoiding of
landfill penalties.

1.2. Routes of Recycling, Recovery and Treatment

Plastics, as waste articles, are found in all major municipal solid waste (MSW)
categories. PSW in found to be comprised mainly of a number of articles, namely containers
and packaging plastics (bags, sacks, and wraps, other packaging, other containers, and soft
drink, milk, and water containers). These articles represent the highest percentage in the final
assessed stream of MSW (USEPA, 2002; USEPA, 2008). In durable goods, plastics are found
in appliances, furniture, casings of lead-acid batteries, and other products. In the UK, recent
studies show that PSW make up 7% of the final waste stream (Parfitt, 2002). In the European
Union countries, over 250 x 10° tonnes of MSW is produced each year, with an annual
growth of 3%. In 1990, each individual in the world produced an average of 250 Kg of MSW
generating in total 1.3 x 10° tonnes of MSW (Beede and Bloom, 1995). Ten years later, this
amount almost doubled levelling at 2.3 x 10’ tonnes. In US, PSW found in MSW has
increased from 11% in 2002 (USEPA, 2002) to 12.1 % in 2007 (USEPA, 2008).

Increasing cost and decreasing space of landfills are forcing considerations of alternative
options for PSW disposal. Years of research, study and testing have resulted in a number of
treatment, recycling and recovery methods for PSW that can be economically and
environmentally viable (Howard, 2002). The plastic industry has successfully identified
workable technologies for recovering, treating, and recycling of waste from discarded
products. In 2002, 388,000 tonnes of PE were used to produce various parts of textiles, of
which 378,000 tonnes were made from PE discarded articles (Gobi, 2002).

The continued development of recycling and recovery technologies, investment in
infrastructure, the establishment of viable markets and participation by industry, government
and consumers are all considered priorities of the highest order (Scheirs, 1998). A Life Cycle
Assessment (LCA) approach to MSW technologies will assist in identifying environmental
impacts associated with the alternatives in a ‘cradle to grave’ fashion identifying the most
sustainable options. 90% of plastics used today are synthesized using non-renewable fossil
resources. It is essential to integrate waste management schemes in the production cycle of
plastics and treatment schemes of PSW. Whilst recycling is considered a sustainable practice,
implying an integrated waste management (IWM) scheme provides a more sustainable
developed use of energy and supplies. PSW treatment and recycling processes could be
allocated to four major categories (Mastellone, 1999), re-extrusion (primary), mechanical
(secondary), chemical (tertiary) and energy recovery (quaternary). Each method provides a
unique set of advantages that make it particularly beneficial for specific locations,
applications or requirements. Mechanical recycling (i.e. secondary or material recycling)
involves physical treatment, whilst chemical recycling and treatment (i.e. tertiary
encompassing feedstock recycling) produces feedstock chemicals for the chemical industry.
Energy recovery involves complete or partial oxidation of the material (Troitsch, 1990),
producing heat, power and/or gaseous fuels, oils and chars besides by-products that must be
disposed of, such as ash.
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Primary recycling, better known as re-extrusion, is the re-introduction of scrap, industrial
or single polymer plastic edges and parts to the extrusion cycle in order to produce products
of the similar material. This process utilizes scrap plastics that have similar features to the
original products. Primary recycling is only feasible with semi-clean scrap, therefore making
it an unpopular choice with recyclers. A valid example of primary recycling is the injection
moulding of out of specification LDPE crates (Barlow, 2008). Crates that do not meet the
specifications are palletised and reintroduced into the recycling loop or the final stages of the
manufacturing. Currently, most of the PSW being recycled is of process scrap from industry
recycled via primary recycling techniques. In the UK, process scrap represents 250,000
tonnes of the plastic waste and approximately 95% of it is primary recycled (Parfitt, 2002).
Primary recycling can also involve the re-extrusion of post consumer plastics. Generally,
households are the main source of such waste stream. However, recycling household waste
represents a number of challenges, namely the need of selective and segregated collection.
Kerbside systems are required to collect relatively small quantities of mixed PSW from a
large number of sources. This poses a resource drain and involves significant operating costs
in many countries, especially considering the current market situation. Taking into account
current market prices for virgin resins, a 0.45 $ is the return on average from every converted
Kg of polyolefin (EEC, 2009, Al-Salem et al., 2009a).

Mechanical treatment, also known as secondary recycling, is the process of recovering
PSW for the reuse in manufacturing plastic products via mechanical means (Mastellone,
1999). It was promoted and commercialized all over the world back in the 1970s. Separation,
washing and preparation of PSW are all essential to produce high quality, clear, clean and
homogenous end products. Due to the previously stated reasons, it is very important to have a
customer ready to purchase the product to achieve a sensible economical and environmental
practice. Nevertheless, mechanical recycling opens an economic and viable route for PSW
recovery, especially for the case of foams and rigid plastics (Zia et al., 2007). A number of
products found in our daily lives come from mechanical recycling processes, such as grocery
bags, pipes, gutters, window and door profiles, shutters and blinds, etc. The quality is the
main issue when dealing with mechanically recycled products. The industrial PSW generated
in manufacturing, processing, and distribution of plastic products is well suited for the use as
a raw material for mechanical recycling due to the clear separation of different types of resins,
the low level of dirt and impurities present, and their availability in large quantities.

In the European Union, collection rate for mechanical recycling of post-consumer plastics
waste increased 1% over 2006 to 20.1% in 2007. This represents an increase of 0.5 million
tonnes, giving EU,7+NO/CH a total of 4.9 million tonnes. This increase is fuelled by higher
polymer prices and improved collection and sorting technology. The recycling capacity of the
European recycling industry is estimated to be still higher to enable all collected material to
be treated in Europe. A big part of this increase was achieved through the increase in
packaging streams such as PET bottles, industrial packaging film and PVC products via the
programme Vinyl 2010. As there is still the potential to collect more from these streams
across Member States, it is important to continue efforts to drive these streams towards their
full potential. Crates and pallets are two streams where recycling is well above 90%. This
successful “closed loop™ is threatened by changes in the EU legislation linked to the heavy
metal content of these products. Without the derogation extension to continue to recycle and
keep the heavy metals safely in the plastic. A huge quantity of recyclable plastics could
become obsolete. Industry is working towards a controlled scheme to monitor the renewal of
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the derogation. In addition, countries like the UK are seeking increased recycling from the
mixed plastics stream (i.e. the household plastics stream excluding bottles). The plastics
industry is engaged in this initiative and supports extended eco-efficient recycling. However,
infrastructure and demography varies across Member States, and therefore solutions will not
be the same in different countries. For example Austria and the Netherlands have taken the
opposite decision to the UK and decided not to collect mixed plastics but instead to recover
this stream through energy recovery.

Chemical (tertiary) treatment is a term used to refer to advanced technology processes
which convert plastic materials into smaller molecules, usually liquids or gases, which are
suitable for use as a feedstock for the production of new petrochemicals and plastics
(Mastellone, 1999). Almost no argument exist that the best utilization of PSW is via tertiary
treatments, i.e. chemical recycling. The term chemical is used; due to the fact that an
alteration is bound to occur to the chemical structure of the polymer. Products of chemical
recycling have proven to be useful as fuel. The technology behind its success is the
depolymerization processes that can result in a very profitable and sustainable industrial
scheme, providing a high product yield and minimum waste. Under the category of chemical
recycling advanced process (similar to those employed in the petrochemical industry) appear,
e.g. pyrolysis, gasification, liquid-gas hydrogenation, viscosity breaking, steam or catalytic
cracking and the use of PSW as a reducing agent in blast furnaces. Recently, much attention
has been paid to chemical recycling (mainly non catalytic thermal cracking (thermolysis),
catalytic cracking and steam degradation) as a method of producing various fuel fractions
from PSW.

By their nature, a number of polymers are advantageous for such treatment. PET and
certain polyamides (nylon 6 (PA 6) and nylon 66) can be efficiently depolymerised. In
particular, PE has been targeted as a potential feedstock for fuel (gasoline) producing
technologies. There is also a growing interest in developing value added products such as
synthetic lubricants via PE thermal degradation. The development of value added recycling
technologies is highly desirable as it would increase the economic incentive to recycle
polymers (Horvat, 1996). Several methods for chemical recycling are presently in use, such as
direct chemical treatment involving gasification, smelting by blast furnace (Asanuma and
Ariyama, 2004) or coke oven (Kato et al., 2004), and degradation by liquefaction (Steiner et
al., 2002). Condensation polymers such as polyethylene terephthalate (PET) and nylon
undergo degradation to produce monomer units, i.e. feedstock or monomer recycling
(Yoshioka et al., 2004), while vinyl polymers such as polyolefins produce a mixture
containing numerous components for use as a fuel. Various degradation methods for
obtaining petrochemicals are presently under investigation, and conditions suitable for
pyrolysis and gasification are being researched extensively (Aguado et al., 2007). Catalytic
cracking and reforming facilitate the selective degradation of waste plastics. The use of solid
catalysts such as silica-alumina, ZSM-5, zeolites, and mesoporous materials for these
purposes has been reported. These materials effectively convert polyolefins into liquid fuel,
giving lighter fractions as compared to thermal cracking.

The main advantage of chemical recycling is the possibility of treating heterogeneous and
contaminated polymers with limited use of pre-treatment. If a recycler is considering a
recycling scheme with 40% target or more, one should deal with materials that are very
expensive to separate and treat. Thus, chemical recycling becomes a viable solution (Scheirs,
1998). Petrochemical plants are much greater in size (6-10 times) than plastic manufacturing
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plants. It is essential to utilize petrochemical plants in supplementing their usual feedstock by
using PSW derived feedstock.

Last route of recycling and recovery is energy recovery, which by definition, implies
burning waste to produce energy in the form of heat, steam and electricity. This is only
considered a very sensible way of waste treatment, when material recovery processes fail due
to economical constrains. Plastic materials possess a very high calorific value (when burned);
especially when considering that they are derived from crude oil. Table 1 illustrates the
calorific value of a number of single polymer plastics, compared to oil and PSW. Since the
heating value of plastics is high, they make a convenient energy source. Producing water and
carbon dioxide upon combustion make them similar to other petroleum based fuels (Dirks,
1996).

Table 1. Calorific value of major polymers in comparison to common fuels

Item Calorific value (MJ Kg™)
Polyethylene (PE) 43.3-46.5

Polypropylene (PP) 46.50

Polystyrene (PS) 41.90

Kerosene 46.50

Gas oil 45.20

Heavy oil 42.50

Petroleum 423

Household PSW mixture 31.8

Source: Williams and Williams, 1997; Mastellone, 1999.

In general, it is considered that incineration of PSW results in a volume reduction of 90-
99%, which reduces the reliability and burden on landfilling. In the process of energy
recovery, the destruction of foams and granules resulting from PSW also destroys CFCs and
other harmful blowing agents present (Zia et al., 2007). Yet again, the presence of FRs
complicates the technical aspects of energy recovery receiving much of the attention
nowadays.

2. PYROLYSIS MODES, OPERATION AND ADVANTAGES

Thermal degradation processes allow obtaining a number of constituting molecules,
combustible gases and/or energy, with the reduction of landfilling as an added advantage
(Mastral et al., 2007). The pyrolysis process is an advanced conversion technology that has
the ability to produce a clean, high calorific value gas from a wide variety of waste and
biomass streams. The hydrocarbon content of the waste is converted into a gas, which is
suitable for utilisation in either gas engines, with associated electricity generation, or in boiler
applications without the need for flue gas treatment. This process is capable of treating many
different solid hydrocarbon based wastes whilst producing a clean fuel gas with a high
calorific value. This gas will typically have a calorific value of 22-30 MJ m’ depending on
the waste material being processed. The lower calorific value is associated with biomass
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waste, the higher calorific value being associated with other wastes such as sewage sludge.
Gases can be produced with higher calorific values when the waste contains significant
quantities of synthetic materials such as rubber and plastics. Solid char is also produced from
the process, which contains both carbon and the mineral content of the original feed material.
The char can either be further processed onsite to release the energy content of the carbon, or
utilised offsite in other thermal processes. Pyrolysis has been investigated as a viable route of
recycling by a number of researchers for the case of PSW treatment, or other waste including
biomass (Ray et al., 2004) and rubbers (Yang et al., 2004; Al-Salem et al., 2010).

The development and expansion of the petrochemical industry in recent years have been
characterized by a concentration of production and an increase in the size of individual
process units and process sections. Along with the use of larger process units, came an
improvement in the production economics, with more favourable conditions for the combined
utilization of raw material resources, including by-products and wastes. At the same time, the
concentration of petrochemical production has led to problems in raw material supplies. Only
the largest petroleum refineries can serve as a stable source of feedstock. However, the lack
of any such refineries in many districts has created a need for setting up an autonomous raw
material base equipped with specialized production units or refineries for primary crude oil
processing with the specific purpose of producing petrochemical feedstocks. It is difficult to
produce large amounts of naphtha from pyrolysis (cracking) within the ranks of the existing
fuel profile refineries. Integrating upstream, downstream and end of stream processing in
many production cycles will, evidently, aid in the supply chain and demand coverage. Many
products from thermo-chemical (in general) and pyrolysis (in particular) can serve the
industry in a number of refinery cut replacement.

Pyrolysis provides a number of other advantages, such as (i) operational advantages, (ii)
environmental advantages and (iii) financial benefits. Operational advantages could be
described by the utilization of residual output of char used as a fuel or as a feedstock for other
petrochemical processes. An additional operational benefit is that pyrolysis requires no flue
gas clean up as flue gas produced is mostly treated prior to utilisation. Environmentally,
pyrolysis provides an alternative solution to landfilling and reduces greenhouse gas (GHGs)
and CO, emissions. Financially, pyrolysis produces a high calorific value fuel that could be
easily marketed and used in gas engines to produce electricity and heat. Several obstacles and
disadvantages do exist for pyrolysis though, mainly the handling of the char produced (Ciliz,
2004) and the treatment of the final fuel produced, if specific products are desired. In
addition, there is not a sufficient understanding of the underlying reaction pathways, which
has prevented a quantitative prediction of the full product distribution.

2.1. Pyrolysis in Literature: Depolymerization Processes and Weight
Loss Kinetics

Understanding the behaviour of polymeric and lignocellulosic materials during their
thermal decomposition in the presence of inert (i.e. nitrogen, helium, etc.) and partial
oxidative atmospheres is important because this knowledge can be applied to pyrolysis,
combustion and other thermal processes studies. The thermal decomposition of polymeric and
lignocellulosic materials is a complex process which involves a number of chemical reactions
as well as physical stages such as heat and mass transfer (Bilbao et al., 1997a). The presence
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of oxygen can cause an oxidative degradation of the material and the subsequent oxidation of
the volatile released during this degradation and of the char residue. These reactions add
further complexity to the already complex process of thermal decomposition, hence the need
of a better understanding of thermal decomposition behaviour under inert atmospheres. On
the whole, similar results were obtained for samples with different densities, i.e. 25 kg m™
was chosen as a representative sample discarding the effect of density. Significant differences
were observed between the degradation in air and nitrogen atmospheres. Higher solid
conversion (x;) was obtained with gasification experiments than pyrolysis, which was
attributed to the low heating rate (8= 5 °C min™) used. The evolution of solid conversion, in
terms of x;, and dx/dt, with temperature in a nitrogen atmosphere was also investigated. Two
temperature ranges for which significant solid conversion variation occurs can be appreciated.
The first range corresponds to a conversion of a value of about 0.30, starting at about 200 °C
and extending to 310 °C with the maximum conversion variation occurring at about 280 °C.
There is a subsequent temperature range for which the solid conversion variation is low. But
this conversion starts to increase again from 325 °C. This increase extends until 400 °C, the
maximum variation of solid conversion occurring at about 370 °C. In a follow up study,
Bilbao et al. (1996b) investigated the influence of moisture content on the thermal
decomposition of wood under pyrolysis conditions. Using experimental results of temperature
profiles and solid conversion for different moisture contents, the heat fluxes have been
obtained. An acceptable agreement was found by the results obtained and the mathematical
model proposed by the authors investigating the behaviour of the samples in nitrogen
atmosphere. Bilbao et al. (1997b) have also investigated the pyrolysis and partial oxidation
behaviour of pine samples under dynamic conditions with a £ value of 12 °C min™'. As many
previous researchers did (Bilbao et al., 1996a, 1996b, 1997a, 1997b, Ceamanos et al., 2002),
they have defined the solid conversion of the material (x;) as follows:

_ww,

d (1)

X

where W; is the solid weight at a time t and W; is the initial solid weight, dry basis.

Bilbao et al. (1996a) obtained values of the overall kinetic rate constant for the dynamic
thermal decomposition of PU in a wide temperature range. The ks values have been calculated
from the following equation:

dx/
L Jdi

B _
A —x, @)

where A; is the solid weight fraction, ¢ is time (min), x; is the solid conversion, f is the
heating rate (°C min™") and kpis the dynamic rate constant (min™).

The variation of kg with the temperature corresponding to a = 5°C min™ showed three
distinct peaks corresponding to temperatures ranging between 200 and 240 °C, 240 and 282
°C and 315 and 393 °C respectively. The kinetic constant values have been fitted to an
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Arrhenius equation of the 1% order. Therefore the kinetic constants obtained for a heating rate
of 5 °C min™ are as follows:

k= 39.exp(—M) ;200 <T<240°C 3)
RT
k :1.07x105.exp(—%) ;240 <T<282°C (4)
RT
ky=9.4x10" exp(—%) ;315<T<393°C (5)

It was observed that, for a given temperature, the kinetic constant obtained from a
dynamic experiment is higher than that calculated from an isothermal experiment.

2.2. Current Industrial Status

An engineering approach to improve the overall waste incineration efficiency is to
separate pyrolysis from actual combustion and burnout processes of the waste (Malkow,
2004). In industrial scale schemes, external separation is required whilst pyrolysis reactor
products are fired (e.g. char, waxes, etc). One of the main technologies incorporated by a
number of plants in Austria, Germany, Korea, Italy and Switzerland, is the PYROPLEQ®
process. This technology (dominant in the period between 1978 t01996) is based on pyrolysis
at 450-500 °C in an externally heated rotary drum and gas combustion at 1200 °C. Typical
feed to the process is PSW (post consumer mixtures), although the process was proven
successful for other MSW streams.

A different process which has proven to be successful for PSW, rich in PVC, is the Akzo
process (Netherlands) (Tukker et al., 1999). With a capacity of 30 kg/hour, this fast pyrolysis
process is based on a circulating fluidised bed system (two reactors) with subsequent
combustion. Input to the process is shredded mixed waste including a high percentage of PVC
waste. The main outputs consist of HCI, CO, H,, CH4 and, depending on the feedstock
composition, other hydrocarbons and fly ash. The ConTherm® technology treats MSW and
automotive shredder residues (ASR) as well as up to 50% PSW at 500-550 °C in 100 kt/year
rotary kilns supplied by TECHNIP and combusts the gas directly in a pulverised coal (PC)-
fired boiler (Malkow, 2004). Residues from the process are screened and sorted to recover
materials, mainly metals. The NRC (National Research Council of Canada) process is another
successful pyrolysis scheme. This process is based on the pyrolysis with subsequent metal
extraction technology. The aim is to produce purified calcium chloride instead of HCI. The
input to the process is PVC waste (cables, flooring, profiles, etc.). No other PSW type is fed
to the processing, which results in calcium chloride, coke, organic condensate (for use as
fuels) and heavy metals for metal recycling, as products. PKA pyrolysis is another type of
pyrolysis process technology, described previously by Malkow (2004). The technology
comprises a modular pyrolysis and gasification concept at high temperatures. The process



188 S.M. Al-Salem and P. Lettieri

starts with a pre-processing step involving separation, screening and shredding of different
kind of wastes such as MSW, ASR, ELTs, industrial and plastic waste as well as
contaminated soil. The pyrolysis takes place at 500 to 550 °C for about 45 to 60 min in an
externally heated rotary kiln. The yield is a de-dusted and homogenised CO/H, rich fuel gas.
Char containing minerals and metals are conditioned by separating ferrous and non-ferrous
metals, reduced in moisture to <10% and ground to < 2 mm before being used as a fuel, a
sorbent (i.e. activated carbon) or a raw material in brick production (Malkow, 2004). The
PyroMelt process (developed by ML Entsorgungs und Energieanlagen GmbH) combines
pyrolysis and slagging combustion yielding an eluation-resistant, recyclable granulated slag
(Juniper, 2005). The feed to the process consists of MSW, hazardous waste, ASR and post
consumer plastic waste. Pyrolysis takes place prior to the combustion process and the
resulting gas is subjected to multiple scrubbing steps using pyrolysis oil. This process cools
the gas from the range of 500 to 600 °C down to 120 to 150 °C. However, the char is cooled
to 50 °C and jointly combusted with a slurry composed of dust and heavy pyrolysis oils in a
melt furnace.

One of the most important pyrolysis processes is the BP polymer cracking process
(Tukker et al., 1999). After a series of pilot trails (between 1994 to 1998), a plant was
established in Scotland with a capacity of 25,000 tonnes/year. Size reduction is required for
the feed, which is then fed to a heated fluidized bed reactor (operating at 500 °C) in the
absence of air. Plastics crack thermally under such conditions to hydrocarbons which vaporise
and leave the bed with the fluidising gas. PSW decomposition leads to HCI formation (from
PVC), which is neutralized by bringing the hot gas into contact with a solid lime absorbent.
85% by weight of the plastic that enters the process is passed on as hydrocarbon liquid, and
the remaining 15% is gas at ambient temperature. The gas has a high content of monomers
(ethylene and propylene) and other useful hydrocarbons with only some 15% being methane
(Brophy et al., 1997). Total solids produced are typically up to 0.2 kg/kg of total solids feed.

One of the main pyrolysis technologies ever commissioned is the BASF process. The
process started with a pilot plant capacity of 15,000 tonnes/year (Ludwigshafen, Germany) in
1994. As it is the case with many recycling thermo-chemical schemes, the process starts with
a pre-treatment step. Mixed PSW is grinded, and separated from metals and agglomerated
materials (Heyde and Kremer, 1999). The conversion of the PSW into valuable
petrochemicals takes place in a multi-stage melting and reduction process. The hydrogen
chloride separated out in this process is absorbed and processed in the hydrochloric acid
production plant. Hence, the major part of the chlorine present in the input (e.g. from PVC) is
converted into saleable HCl. Minor amounts come available as NaCl or CaCl, effluent
(Heyde and Kremer, 1999).

3. CASE STUDIES

The objective of this section is twofold; (i) to demonstrate the validity of the pyrolysis
process in experimental conditions and therefore obtain the best design parameters for reactor
design and engineering; (ii) to illustrate the methodology and up-to-date results in
determining the kinetics of such thermal cracking processes. In two case studies, we will
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investigate the pyrolysis of a number of virgin and recyclate grades of polymers, and then a
number of conclusions and recommendations will be drawn.

3.1. Case Study no.1: Comparative study of LDPE and HDPE in Dynamic
and Isothermal Modes of Pyrolysis

3.1.1. Introductory Remark

In this case study, 15 mg samples of virgin low and high density polyethylene (LDPE and
HDPE) were milled and pyrolysed using a micro thermobalance reactor (TGA set-up) to
study their thermal degradation under both isothermal and dynamic conditions. Moderate to
elevated temperature range (500-600 °C) was utilized in the isothermal runs, identifying five
major pyrolysis lumped products (i.e. gases (C1-C,), liquids (non-aromatic Cs-Cg), aromatics
(single ring structures) and waxes (> C,;). The data obtained enabled us to assess the thermal
cracking mechanism and introduce a kinetic model based on primary to tertiary
depolymerisation reactions. Four constant heating rates (8= 5, 10, 25 and 50 °C min™") were
used in the dynamic assessment. The Ozawa-Flynn-Wall (OFW) and the general kinetics
theory (GKT) were both used to determine the kinetic rate constants and apparent activation
energies (£,). Results obtained were compared with previously published reports on the
pyrolysis of polyethylene, and it was concluded that such mechanisms and processes are
robust enough to warrant further investigation on an industrial scale.

The importance of reaction kinetics comes directly from the benefits they provide, in
terms of unit operation and design. Dahiya et al. (2008) stated that the kinetics of dynamic
(non-isothermal) depolymerization can be obtained by utilizing the following general kinetic
expression:

d.x
s = A/zg .€X _E/RT X

where B is the heating rate (°C min'l) expressed as d7/dt. E is the apparent activation
energy (kJ mol™), 4 is the Arrhenius pre exponential or frequency factor (min™), 7 is the
temperature in K, x; is the polymer solid conversion, and R is the universal gas constant.
There are several methods for deriving kinetic parameters from eq.(6), such as: (i) the
differential method, i.e. direct application of the equation; (ii) the difference-differential
method, i.e. the Freeman and Carroll method; (iii) the integral method using a simple
approximation of the exponential temperature integral, i.e. the Coats—Redfern method; and
(iv) model-independent methods, i.e. isoconversional methods based on heating rate (such as
the Ozawa—Flynn—Wall (OFW) method, the Friedman method or the Kissinger method).
Table 2 reviews the major methods and states their drawbacks and applications using TGA
data.



Table 2. Review of main dynamic derived expressions utilized in polymer

degradation studies

Method Expression(s) Notes Reference
dx /dt
In(—") =1n(4/B) - E/RT: ™
f (xs ) The suppression of errors
J3 is the heating rate (°C min™), E is the apparent activation energy (kJ mol™), 4 is due to the logarithmic form
the Arrhenius pre exponential factor (min"), and x; is the polymer solid conversion. of dxs./ dT and need fo.r data .
Thus, a plot of the left-hand side vs. 1/7 yields both E and 4 from the slope and filtration and smoothing to | Dahiya et al., 2008
Differential obtain bias parameters are

intercept, respectively. For order-based models, i.e. those involving (1 — x;), the
reaction order (n) has to be determined by an independent method as such:

1_ X — nl/(l—n) : )

§,max

X, max 18 the fraction reacted at the maximum rate of decomposition.
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Liu and Fan, 1999;

A log(dxs /dT ) _ E A(l / T) n: ©) but eliminates the evolution | Caykara et al., 1999;
Freeman and Alog(1- X, ) 2.3RT| Alog(l1— X, ) of data, and inaccurate in Park et al., 2000;
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et al., 2008
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The major disadvantage is
that multi-step process
during the course of
reaction cannot be dictated

Ceamanos et al., 2002
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Ideally, it would be desirable to convert polymers (waste) using isothermal pyrolysis into
a high value refinery cut for the utilization in a petrochemical process, e.g. light gases. In the
case of PE waste, a desired product would be synthetic lubricants (poly-o.-olefin based) and
heavy waxes (> C;;). This means that the product of the thermal cracking should be close to
1-decene in both chain length and molecular structure. This was the basis of McCaffrey et al.
(1995) work in PE thermolysis in an inert atmosphere. The thermolysis of LLDPE was
studied at moderate temperatures (425-450 °C) in a 500 ml Pyrex kettle-type reactor. The
major reaction products obtained was a liquid at room temperature with a yield of 82.5% of
the initial charge to the reactor (60 gm). The balance of the reaction products was in two
parts: a residue and a non-condensable gas fraction, with yields of 9.5 and 8.0%, respectively.
The thermolysis of 60/40 mixtures of PE and PS was investigated at temperatures below 440
°C and published in a follow up study by McCaffrey et al. (1996). Liquid yield from the
mixture, 84.1%, was comparable to yields obtained with the individual polymers. The yields
of styrene monomer, 57.1%, and a-olefins, 27.7%, increased over those obtained when the
polymers were processed individually.

In micro scale pyrolysis, only random initiation and intermolecular transfer were reported
to be important steps in the polymers thermal degradation mechanism. Conversely, on
milligram scale of polyethylene charges and samples, intermolecular transfer of hydrogen
atoms via abstraction by free radicals was considered to be the predominant transfer
mechanism to produce volatiles. A simple mechanistic kinetic model able to describe the
radical chain pyrolysis taking place in the liquid phase was presented by Ranzi et al. (1997),
assuming, thermal degradation of polyolefins to be a typical radical chain mechanism:
initiation, H-abstraction, [-scission and radical recombination. Bockhorn et al. (1999)
suggested a mechanism for the thermal cracking of PE that starts with a random scission to
give primary radicals. The propagation is carried out: (1) by scission in 3 of these radicals, (2)
by intramolecular hydrogen transference, followed by scission, and (3) by intermolecular
hydrogen transference. The termination is carried out by a recombination of radicals. The
kinetic equation obtained is a function of the polymer amount to the power of 0.5 and 1.5.
Ceamanos et al. (2002) considered the following scheme, presented in equation (15):
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Only the relevant reactions and species involving weight loss have been included.
Initially, the polymer degrades to form primary radicals (R,). This degradation generates a
relatively low number of long radical chains at low temperatures and a high number of
relatively short radical chains at high temperatures. If the random scission generates radicals
with chain length lower than 72 carbon atoms, they are volatile at 400 °C. The weight loss
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kinetic equation would follow an apparent order of one, regardless of the secondary steps that
these radicals can suffer in the gas phase. The radicals of higher chain length, remaining in
the liquid phase, can generate relatively higher amounts of volatile products at temperatures
around 500 °C: ethene by B-scission (G;) and alkanes from intermolecular hydrogen transfer
(Gs). However, if temperature or heating rate is low, the primary radicals react to generate
mainly secondary radicals by intramolecular hydrogen transfer. This step and the subsequent
B-scission of these secondary radicals and the intermolecular hydrogen transfer constitute the
propagation steps of the mechanism. The intramolecular hydrogen transfer is favoured in the
case of the 1,5 hydrogen shift, given the favourable ring transition step. The [-scission
generates either alkenes (G;) and a shorter primary radical (being this the predominant path)
or non-volatile matter and primary radical (not shown in the scheme). High temperatures
increase the concentration of short radicals, increasing the rate of this step and favouring
vaporisation of relatively long chains. In the gas phase, the radicals may suffer subsequent [3-
scission with higher rate than that in the liquid phase, where the ‘cage effect’ can modify the
apparent pre-exponential factor for the reaction. This effect decreases as temperature
increases. Taking this into account, volatiles can be generated from different steps of the
mechanism, although some of them are clearly predominant. Unlike previous reports on
thermal degradation of the polymer cracking, this study considers a novel lumped product
mechanism of degradation based on the isothermal runs data obtained from the pyrolysis of
HDPE and LDPE. The dynamic investigation was carried out by using the OFW and General
Kinetics Theory (GKT) methods. The kinetic parameters and methodology reported in this
work could be utilized primarily in industry, since it obeys an engineering analysis and
approach, rather than an abstract chemistry one.

3.1.2. Materials and Methods

HDPE (p = 0.952 gm cc™; Ty, = 131 °C) extrusion resin grade EGDA-6888 was secured
form EQUATE Petrochemicals Co. (Kuwait). LDPE film grade (p = 0.92 gm cc) was
secured from Qatar Petrochemicals Co. Ltd. (QAPCO). All the virgin polymers were supplied
in pellet form and were milled to below 0.1 mm before experimentation, to avoid mass and
heat transfer resistance. 15 mgs were weighted and used in all experiments. HDPE and LDPE
samples were subjected to dynamic pyrolysis in a thermobalance reactor (TG-CHAN 131,
Combustion Lab, UCL) with a 1.5 bar inlet gauge pressure. Four constant heating rates (f)
were used, 5, 10, 25 and 50 °C min™". Pure nitrogen gas (British Oxygen Co.) was used as an
inert pyrolysis medium. Figure 4 shows a schematic representation of the thermobalance
reactor used.
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Figure 4. Thermobalance reactor (TGA set-up) schematic showing main parts.

The isothermal runs were conducted under the following temperatures using the set-up
shown in Figure 4: 500, 550 and 600 °C. Product analysis has been carried out by means of a
Hewlett Packard 6890 chromatograph provided with thermal conductivity (TCD) and flame
ionization (FID) detectors, being connected online to the balance by means of a thermostated
line. Furthermore, lump product identification has been carried out by means of a mass
spectrometer (Shimadzu GCMS-QP20 I OS). 99.9% pure nitrogen was used in the pyrolysis
process with a flow of 50 ml min™. Pyrolysis products were lumped into gases (C;-C,),
liquids (non-aromatic Cs-C ), single ring aromatics (Cs-Cjg) and waxes (> Cy)).

3.1.3. Results and Discussion
Pyrolysis produces three different phases: a solid phase (char, 5-25 wt %), a liquid phase
(tars, 10-45 wt %) and a gas phase (Aznar et al., 2006, Zia et al., 2007). First products yielded
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are usually in the range of C; to Csg. These products are cracked in the gas phase to obtain
lighter hydrocarbons, as ethene and propene, which are unstable at high temperatures and
react to form aromatic compounds as benzene or toluene. If the residence time is long, coke,
methane and hydrogen form (Westerhout et al., 1998). In thermo-chemical treatment of
polyolefins, products obtained mainly depend on cracking reactions in the gas phase. Long
residence times of volatiles in reactors and high temperatures decrease tar production but
increase char formation (Cozzani et al., 1997). The main disadvantage of plastic pyrolysis and
gasification is that it is necessary to control the chloride content in the feedstock and the risk
of bad fluidization because of particle agglomeration (Kaminsky et al., 1995). It is believed
that increasing temperatures above 500 °C and prolonging the gas residence time, result in a
reduction in tar content of the gas product from both pyrolysis and gasification of PSW, ASR,
MSW and even mixtures of coal, biomass and PSW (Stiles and Kandiyoti, 1989; Pinto et al.,
2003; Zolezzi et al., 2004; Miscolczi et al., 2004; Ciliz et al., 2004). In fact, at temperatures
above 800 °C larger paraffines and olefins produced from decomposition of plastics are
cracked into Hp, CO, CO,, CH4 and lighter hydrocarbons (Ponzio et al., 2006). As a result of
methyl-group abstraction from aromatics and decomposition of paraffines, C,H, and C,H, are
typically reported to increase with temperature (Ledesma et al., 2000). The abstraction methyl
groups and hydroxyl groups from aromatic structures imply that the aromatic fraction does
increase with temperature even though the total amount of tar decreases. H,-abstraction from
light hydrocarbons and crosslinking reactions may also produce PAH.

Figure 5. shows the solid conversion (x;) of HDPE as a function of temperature at 500,
550 and 600 °C. The effect of the temperature was very clear on the performed runs and
conversion time (7.), described as the time to reach 99.5% of the polymer conversion. In the
case of LDPE, x; showed a similar response to higher temperatures (Figure 6). At a
temperature of 600 °C, both polymers converged to a value approximately equal to 1 in 80 s.
Ceamanos et al. (2002) reported an isotherm of less than 50 s in their study in HDPE with a
maximum temperature of 470 °C. It is very important to note that in the case of HDPE, the
reaction was very rapid and reached a conversion of 1. Both polymers yielded pyrolysis
products that were lumped into rich gases (C;-Cy4), liquids (Cs-Cyg), heavy residue waxes (>
Cy1) and aromatics. Table 3 shows the products obtained for both polymers under the
operating temperature range. As observed, increasing the operating temperature yields more
rich gas cut (in both polymers), but decreases the waxy residue in the same time. In a
previous study by Al-Salem et al. (2009b), the pyrolysis products of a European commercial
grade of HDPE were analyzed in a temperature range between 450 to 700 °C. The conversion
time ranged between 510 to 66.3 s for temperatures between 500 to 600 °C. A better
conversion was reached in this study in a lesser time (8 s) for both polymers (HDPE and
LDPE). The products recovered in this study exceeded the past analysis reported by Al-Salem
et al. (2009Db), in terms of recovered heavy residues (oil and waxes), and char recovered in a
very minimal quantities (< 0.01 wt%).
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Figure 6. Isothermal run. LDPE solid conversion (x,) as a function of time (s).
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Table 3. Pyrolysis products in wt% of HDPE and LDPE at 500, 550 and 600 °C
under isothermal conditions

Gases (C;-Cy) Liquids (Cs-Cyy) | Aromatics Waxes (> Cyy)
Temperature HDPE | LDPE | HDPE | LDPE | HDPE | LDPE | HDPE | LDPE
(°0)
500 207 192 |109 |11.1 1.1 0.9 683 | 688
350 324 |32 6.3 102 |09 0.6 604 | 572
600 401|368 |108 |124 |04 04 |487 |504

Numerous attempts have been undertaken to develop a thermal degradation scheme,
usually via a simple approach of parallel reactions from polymer to product lumps
(McCaffrey et al., 1995; Williams and Williams, 1997; Williams and Williams, 1999a;
Williams and Williams, 1999b; Horvat and Ng, 1999; Mastellone, 1999; McCaffrey et al.,
1998). Yet differences are always present due to variations in polymer’s characteristics
(molecular weight, presence of weak links, additives, etc.) and differences in experimental
conditions from which kinetic data are calculated (McCaffrey et al., 1995). In this work, a
model of the first order (n=1) is proposed based on the experiments conducted on HDPE and
LDPE thermal degradation. The model determines the amount of liquids, gases, waxes and
aromatics produced by wt%. The mechanism employed in the current study is illustrated
below in Eqgs.(16-17) for HDPE and LDPE, respectively. The scheme for HDPE thermal
degradation is proposed as follows: primary conversion of HDPE to liquids, gases, waxes and
aromatics; and then secondary conversion of waxes to liquids and aromatics. As for LDPE:
Primary conversion of the polymer to an intermediate state (waxes), which converges to
liquids and gases (secondary cracking reactions), and finally gases form the aromatics
detected. Certain elements determine the validity of mechanisms proposed, which are: (i)
physical characterization and behaviour of the polymers studies, i.e. gases typically evaporate
to light cuts and aromatics, etc, (ii) the mathematical breakdown of the problem and its
kinetic soundness, and finally (iii) the regressions obtained between the products found
experimentally and the normalized solutions obtained from solving the complex systems
obtained.
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where HP, LP, G, L, W and A stand for the fractions of high and low density
polyethylene, gases, liquids, waxes and aromatics fractions, respectively. In the case of HDPE
thermal degradation, k;, ks, ks, ky ks and kg respectively stand for the rate constant (s']) of
thermal degradation of (primary reactions): polymer to gases, liquids, waxes, aromatics and
chars; (secondary reactions): waxes to liquids and aromatics. In the case of the proposed
model of LDPE, k;, ks, k; and ky, respectively stand for the rate constant (s”) of thermal
degradation of (primary reaction): polymer to waxes, (secondary reactions): waxes to liquids
and gases, and (tertiary reaction): gases to aromatics. In the case of HDPE, the secondary
reaction is proposed to be an interaction one between the products. All reactions were
assumed to be irreversible ones and initiate at a time equal to zero simultaneously.

The mathematical breakdown of the mechanism proposed in this work was solved using
MatLab version 9.0. Assuming that initial conditions were at time = 0, the fractions of the
polymer and products would be as follows:

@t =0; x,=land x, =x,=x,=x, =0 (18)
Where ¢ is the time (s), x,, is the polymer mass fraction, and x,, x; x,, and x, are the mass

fractions of gases, liquids, waxes, and aromatics, respectively.
The second conditions would be at time t (s), described as follows:

@t:t; xp <1 and xg?‘xl7xw&xa :f(t’xp) (19)

The derivation of the model was based on Bockhorn et al. (1999) and Fogler (2005),
mass concentrations and balances, and rate equation analysis. Egs. (20-24) show the balances
derived for the mechanism proposed, in the case of HDPE. Egs. (25-28) show the derived
model for LDPE.

dxf/dt — —x [k, +k,+ky +k,] 20)
d.

o/ ] 1)
B = ) ] @)

= ], g k] @3)
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o/~ k] x, T, o
dx’/d, =—x,[k] (25)
dxv/dt = x, Tk ] x, [k, + ] 26)
dx/dt =x,[k] 27)
dx%ﬁ = x,[k3]=x,[k,] (28)

It was also assumed that all reactions were irreversible with 99.5% conversion. At a
certain temperature, the polymer thermally decomposes as a function of time. A high
regression coefficient; correspondent to the relation typically represented by a power law or
an exponential equation, is chosen. The relationship is descriptive of the weight loss (in terms
of polymer fraction, x,). Once such an equation is set, with initial conditions and a breakdown
of the model, the predicted values of both the products and polymer (with time) are evaluated,
based on normalized results. Time of initial guess set up in MatLab program was equal to
0.001 s, solved by Runga-Kutta 4™ order method.

Pyrolysis was previously carried out on HDPE in a fluidized bed reactor by Mastral et al.
(2003). Their work showed great compatibility with our experimental results. Gases were
produced at a higher yield with higher temperatures whereas waxes were minimal at severe
high operating temperatures (i.e. 850 °C). Most types of thermal degradation (thermolysis)
follow a similar basic pattern as previously stated in the report by ZEUS (2005). The
conventional model for thermal degradation is that of an autoxidation process which involves
the major steps of initiation, depropagation, branching, and termination. The initiation step
involves the loss of a hydrogen atom from the polymer chain as a result of energy input from
heat or light. This creates a highly reactive and unstable polymer free radical (usually denoted
by R*) and a hydrogen atom with an unpaired electron (H*). The process can therefore
accelerate depending on how easy it is to remove the hydrogen from the polymer chain. The
termination of thermal degradation is achieved by ‘mopping up’ the free radicals to create
inert products. This can occur naturally by combining free radicals or it can be assisted by
using stabilizers in the plastic. In some polymers it is also possible to get branching of the
polymer chains; this is where two polymer chains become linked together and results in cross-
linking and embrittlement of the polymer.

From the data obtained in this work and the proposed mechanisms of thermal
degradation, the predicted polymer fraction (x,) was calculated. Three fitting equations were
obtained at the three given temperatures for both HDPE and LDPE. The form of the equation
is not related to the occurring mechanism, but represents the best fit of the data (Al-Salem et
al., 2009c). Previous work on HDPE and ELTs showed high regressions with diffusion type
equations and power law fits. Other authors also report exponential fits (Khan et al., 2001;
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2002; Mathew et al., 2005). In the case of isothermal runs under moderate and elevated
temperatures, the polymer loss occurs very rapidly and in our case is best represented by an
exponential equation for each temperature to base the solution on. Table 4 shows the
equations obtained for the polymer loss and their regression coefficients against the
experimental data. Exporting the previous equations to the MatLab program combined with
Eqgs. (15-23), enabled determining the kinetic parameters for each degradation path. The
models developed had a high fit with respect to experimental results obtained by TGA
analysis. Figs.7 and 8 show the experimental and modelled values. Table 5 shows the kinetic
rate constants estimated for both degradation mechanisms at the three different temperatures.

Table 4. Isothermal runs. HDPE and LDPE obtained polymer loss expression as a
function of time and the regression coefficients (R*) obtained against the experimental
data of the polymer fraction (xp)

Material Temperature (°C) | Expression R®
500 x, =0.99.exp(-0.0017) 0.99

HDPE 550 x, = 1.34.exp(-0.01¢) 0.90
600 x,=0.1.45.exp(-0.01¢) | 0.89
500 x, =0.973.exp(-0.0017) | 0.994

LDPE 550 x, = 1.65.exp(-0.01¢) 0.90
600 x, = 1.89.exp(-0.017) 0.89

Table 5. Isothermal runs. Kinetic rate constants (s') determined for the degradation of
both HDPE and LDPE in Eqs.(16-17)

Material Temperature (°C) | k; k, k3 ky ks ks
500 4x10° | 1.1x 6.6 X 2.0 x 2.0x 2.0x
HDPE 550 5.5x 107 | 107 10 10 10 10
600 3 42 x 7.0 x 3.7x 2.1x 9.0 x
6.8x 10" | 107 107 107 102 10
3 1.0x 9.0 x 3.0x 29x 9.0 x
102 102 102 107 10
500 6.7x10 | 1.1x 1.6 x 1.1x - -
LDPE 550 3 102 10 10 - -
600 89x 10 | 42x 1.7 x 1.2x - -
3 102 102 107
10.8 x 1.0 x 23x 1.3 x
107 10 102 102
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Figure 7. Isothermal run. HDPE polymer fraction (x,) experimental and modelled values (straight line)
as a function of time (s).
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Figure 8. Isothermal run. LDPE polymer fraction (x,) experimental and modelled values (straight line)
as a function of time (s).
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A high match was obtained from the experimental and modelled cases at temperatures of
500, 550 and 600 °C. Pyrolysis starts occurring at temperatures as low as 400 °C (Ceamanos
et al., 2002). Previous researchers have reached a final temperature above 700 °C, especially
when working with circulating bed reactors (Mastellone, 1999). Apparent overall kinetic rate
constants (k,) were estimated by summing the & values of the primary reactions (Al-Salem et
al., 2009c), resulting in 0.005, 0.0204 and 0.0558 s'l, at temperatures of 500, 550 and 600 °C,
respectively for HDPE. And in the case of LDPE, %, (s'l) values were 0.0067, 0.0089, 0.0108
at 550 and 600 °C, respectively. The activation energies (absolute) and pre-exponential
factors were estimated for every primary product (Table 6) by /* order Arrhenius equation
fitting according to Figs.9 and 10.

Table 6. Isothermal runs. HDPE and LDPE activation energies and pre-exponential
factors of primary lumped products

Material Primary products Waxes Liquids Gases Aromatics
HDPE E, (kJ mol™) 14.87 12.42 29.84 12.92
P, (s 8.88 2.86 237 15.88
LDPE Ea (kJ mol") 14.87 12.42 15.16 12.92
Po (s 8.88 2.86 1.10 6.60
0
1 11 1.15 1.2 1.25 1.3 1.35
-2 o Gas o Lig » Wax x Aromatics
-3
— X
=
T 4
?
_5 &> A
o
- <o
-6
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A
-8
X
-9
1/T x 103 (K?)

Figure 9. Isothermal run. Arrhenius equation fittings for primary products (HDPE).
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Figure 10. Isothermal run. Arrhenius equation fittings for primary products (LDPE).

By comparing the results reported in this work, an agreement with previously reported
estimations is observed (Ranzi et al., 1997; Horvat and Ng, 1999; Bockhorn et al., 1999). The
gases category show very interesting estimations in our work. Other than having the highest
apparent activation energies (E,), they also have the highest kinetic rate constant amongst
yielded products. This shows the influence of this product within the mechanism proposed.
This, combined with the contribution from secondary reactions, influences the thermal
degradation of HDPE and LDPE to a large extent. Our model presented in this work is of the
first order (n=1). Previous attempts reported in the literature show conversion orders between
0.86-1 with an overall kinetic rate constant between 0.0008 to 0.009 s in a moderate
temperature range of 390-470 °C (Ceamanos et al., 2002). It was also reported that operating
temperatures have a proportional effect on overall rate constant, which our results confirm.
Earlier work by Mastellone (1999); reports the total activation energy (E,) of a number of
polymer after thermal degradation by pyrolysis. For PE, it was reported that E, ranged
between 192-301 kJ.mol™'. Whilst Horvat and Ng (1999) reported E, to be in the range of
237-279 kJ.mol™, in the range of 450-470 °C. Other authors reported total activation energy
(E,) in the range of 188-293 kJ mol™ (Ranzi et al., 1997; Bockhorn et al., 1999). Conesa et al.
(1994a; 1994b; 1996) proposed a very simple yet effective thermal degradation mechanism
based on isothermal TGA runs carried on HDPE samples. The behaviour has been modelled
according to the mechanism presented in Eq.(29).
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P— Gl
P2 spx_ B G2 (29)

where P is the virgin polymer, P* is the polymer free radical and G; and G, are the gas
phase products of the primary reactions alone, respectively.

Both the model by Conesa et al. (1994a; 1994b; 1996) and the model presented in this
study are based on experimental TGA runs, and serve the same purpose of finding a realistic
mechanism for HDPE thermal degradation. Yet, our model is based on a novel complex
engineering approach. The previous attempts were based on simple decomposition schemes
and radical concentration estimation that will not serve in industrial schemes and reactor
design. The model presented by Conesa et al. (1994a; 1994b; 1996) also estimated the E, for
each of the three reactions (Eq.29) and found it to be 185, 271.1 and 221.5 kJ mol™. In our
work, the overall activation energy (E,) was estimated at 125.59 kJ mol™ (HDPE) and 110.75
kJ mol™ (LDPE), according to the fitting in Figure 11.
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2 [a]
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5
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Figure 11. Isothermal run. Overall fitting of HDPE (a) and LDPE (b) activation energy determination
by Arrhenius equation of 1% order.

Al-Salem et al. (2009c) determined the Eo value of HDPE using isothermal pyrolysis to
be 147.25 kJ mol™. The E, resulted from data fitted (R’=0.986) after estimating the overall
rate constant (k,) at 500, 550 and 600 °C, which was found slightly lower than previous
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reports. This can be attributed to the pyrolysis process used in this study (TGA with an
elevated pre-set temperature), resulting in a low residence time and achieving high operating
temperatures. The low E, also points to the direction of achieving industrial fast and flash
pyrolysis in reactors of full-industrial scale. Bockhorn et al. (1999) obtained values around
250 kJ mol™' (HDPE) from isothermal experiments and around 360 kJ mol™' from non-
isothermal experiments. This important discrepancy can be explained by a detailed
description of the reaction. The value of activation energy obtained from the isothermal
experiments was described as an apparent value (Ceamanos et al., 2002).

As for the dynamic runs, four different heating rates were utilized in the case of HDPE
and LDPE (8= 5, 10, 25 and 50 °C min™). The objective was to reach a B value of 50 °C min”
"in the case polymers subjected to dynamic thermogravimetry known to be optimum for
product recovery (rich gases and liquids) (Ceamanos 2002; Cunliffe and Williams, 2003).
Figure 12 shows the solid conversion (x;) vs. temperature in the case of HDPE for different
heating rates. The experimental results show the typical S-curve until x; values practically
equal to 1 were reached. As observed, the increase of the heating rate delays the conversion,
so the same value of conversion is obtained for higher temperatures of the experimental
system, also called the reference temperature (7,,). Reference temperature of the
experimental system, obtained over the temperature range was 441 °C. At #=50 °C min ', the
polymer was showing a delayed response to reach the optimum conversion rate. This
behaviour was witnessed on all runs of HDPE, especially after crossing the 7, point. The
polymer lost half of its initial weight at 415 °C, on all the runs conducted with the four
heating rates used.

1

0.75
)
>
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0.25

0

360 380 400 420 440
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Figure 12. Dynamic run. Solid conversion as a function of temperature (°C) for different heating rates
on high density polyethylene (HDPE).
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The effect of the increase of Bis clear for 25 °C min™' and is less significant for #=50 °C
min_'. The same behaviour was previously reported by Ceamanos et al. (2002). In order to
explain these results, the values of dx,/dT versus T for the different g values are shown in
Figure 13. It can be observed that the maximum x; data point is shifted to higher temperatures
when the heating rate increases from #= 5 to 25 °C min "', and it remains approximately equal
to 400 °C for = 50 °C min '. The peak heights coincide for =5 and 10 °C min ', and
decrease for higher . Agrawal (1992a) suggests that the values of dx,/dT versus 7 obtained at
different S values can indicate whether the process can be described as a simple reaction or
not. The width of the peak indicates the range of temperatures for which the reaction takes
place, and an increase of this range therefore indicates a decrease in the apparent activation
energy. The process as illustrated in Figure 13 shows; in fact three distinct peaks. The second
peak (corresponding with the pyrolysis reaction talking place in the reactor chamber) is the
one of interest. The first and third peaks are consistent with the degradation of the additives in
the polymer grade. Unlike pure polymeric materials, such initial degradation of stabilizers and
additives is expected in the case of commercial grades, which typically contain trace amounts
of stabilizers and plasticizers. The highest peak was observed for f= 10 °C min ', with f=5
°C min"' having the least wide reaction peak curve.

W
%)

Figure 13. Dynamic run. Values of dx,/dT as a function of temperature (°C) for different heating rates
on high density polyethylene (HDPE).

In the case of LDPE, Figure 14 shows the solid conversion (x;) vs. temperature for
different heating rates. The typical S-curve was clear in the case of low heating rates (f= 5
and 10 °C min™). But it shrivels with higher ramps, making it very hard to identify (£ = 25
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and 50 °C min™). It was also observed that the behaviour of the material was found to be very
similar to the previous case in terms of delay of conversion with higher values of g. T, was
375 °C for LDPE. Figure 15 shows the values of the first derivative (dx¢/dT) versus T
obtained at different S values. The maximum variation was observed with a =10 °C min™.
Whilst the range of the reaction temperature was clearly greater for #= 25 and 50 °C min™,
covering the full span of the pyrolysis reaction temperature range. With low heating rates
(especially in the case of #=5 °C min™"), it was observed that two distinct peaks occurred in
an oscillatory behaviour after the reaction peak. This is attributed to the UV stabilizer in the
polymer disintegrating in the reactor chamber. This effect is less observed with higher heating
rates. The polymer had a wide range of T}, varying between 260 °C (8= 5 °C min™') to 305
°C (=50 °C min™"). The widest curve was obtained for the pyrolysis reaction at (8= 50 °C
min™. This was on the other hand coherent with the activation energy estimates presented
later on.

1
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Figure 14. Dynamic run. Solid conversion as a function of temperature (°C) for different heating rates
on high density polyethylene (LDPE).
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Figure 15. Dynamic run. Values of dx,/dT as a function of temperature (°C) for different heating rates
on high density polyethylene (LDPE).

Polymers subjected to thermal cracking, mainly under the influence of a fixed heating
rate, undergo complicated processes, such as random chain scission, end chain scission, chain
stripping, cross linking and coke formation. Apparent dynamic kinetics, useful for
engineering design, is the focus of this section. In this study, we have determined the apparent
activation energy (F,) and the overall activation energy (F,) using two methods. Dynamic

kinetic rate constants are dependent not only on factors such as atmosphere, sample weight,
shape and type, heating rate and flow rate, etc., but also upon the mathematical treatment used

to evaluate certain parameters. Dynamic kinetic studies utilize the basic rate equation of the
General Kinetics Theory (GKT). The weight loss of a polymer is described as follows:

dX/_ n
v/ = A(=x,)" . exp(~E, | RT)

(30)
where x,, is the polymer fraction pyrolysed (loss) of a polymer, 4 is the Arrhenius fitting
pre-exponential factor (min), n is the reaction order and E, is the activation energy
(apparent) of a single path reaction (J mol™).
If the temperature rises with a constant ramp or a heating rate (f) and the kinetic
parameters at any weight loss fraction are approximately equal to those of neighbouring
weight loss fraction, then by differentiating Eq.(30) with respect to temperature (7) to obtain

the second derivative, we can employ the ramp expression described by Oh et al. (2003) as
B =dT /dt, resulting in the following equality expression:
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dx 1
_E/ _ s | 31
AT ln(|: dT:| AaTl/z'(l_xs)nj ( )

where E is the apparent activation energy (J mol™), x, is the polymer solid conversion
fraction, T is the temperature (K) at time (t, s), 7 is the polymer conversion order and 4, is the
collision theory dependant variable (s' K?). Eq.(26) gives the estimate of the activation
energy at each data point corresponding to solid fraction and temperature range, and the
average activation energy could be determined using the Coats and Redfern (1964)
approximation:

ZEi (ai - aH)
E — i=1

avg

(32)

x

where E; is the activation energy corresponding to point i and time (#), ¢; is the weight
loss fraction at point i and oy is the weight loss fraction at the final status of maximum
degradation.

A valid approximation at maximum, non-catalytic thermal degradation cracking has been
presented by Oh et al. (2003), combining the heating rate () and the I* order Arrhenius
fitting equation. Eq.(32) shows the Oh et al. (2003) equation used for maximum degradation
estimates as a function of £:

E 1 E,
+—-)—
RT, 2° RT,

m

Inf=In4d, + zln(Tm) —In(
. (33)

where E,, is the activation energy at maximum degradation conditions (J mol'l) and T, is
the final temperature (maximum degradation temperature), (K).

In order to estimate kinetic parameters over a range of temperatures, the Ozawa-Flynn-
Wall (OFW) method is still widely applied and used especially in elevated heating rates.
Ceamanos et al. (2002) has expressed the OFW equation in terms of heating rate (f) and solid
conversion (x;) as follows:

In(8)+5.33+In(l-x,) =In(k,E/R)—1.05(E/ RT) (34)

By combining In(f) and 5.33 to a common expression (k) and rearranging Eq.(34), we
can evaluate the activation energy from a plot of k+In(1-x;) vs. 1/T.

The abetment of kinetic coefficients from dynamic experiments has been a matter of
controversy for various authors, mainly due to the deficiencies in the Arrhenius equation, i.e.
kinetic compensation effect. However, it is clear that the influence of the heating rate (£ =
dT/dt) must be considered in some processes that do not operate at constant temperatures. The
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results obtained from non-isothermal experiments cover a greater range of temperatures of
decomposition, exceeding 600 °C.

In order to calculate the kinetic parameters of polymer thermal cracking reactions, two
methods were used. First, the Ozawa-Flynn-Wall (OFW) method was used. OFW method is
considered one of the exact methods, since it depends solely on the accuracy of the results
obtained experimentally. By plotting the « + In(1-X,) vs. 1/T, one obtains a set of points that
the linear fit to it corresponds to the /* order Arrhenius fit. Overall kinetics rate constants (k,)
and apparent activation energies (E,) were also determined. The activation energy was
increasing proportionally with the heating rate. This behaviour was previously witnessed on
polymeric materials (Ceamanos et al., 2002; Mastral et al., 2002; Mastral et al., 2003; Oh et
al., 2003; Mastral et al., 2007). Table 7 shows the activation energy (£,) and overall kinetic
rate constants obtained from the OFW method for HDPE. The overall activation energy (E,)
for HDPE thermal cracking reaction was also determined (by Arithmetic mean) to be 171 kJ
mol™. Mastral et al. (2002) used the OFW method to verify their modelling approach and
obtained E, values (163-273 kJ mol'l) over a range of heating rates (5-50 °C min']).

Table 7. Overall kinetic rate constants (k,) and apparent activation energies (Ez)
obtained using the OFW method on HDPE dynamic runs

B (°C min™) Opverall kinetic rate constant (k,), Apparent activation energy (£,), kJ
min’! mol!

5 0.013x 10° 103.33

10 0.186 x 10° 160.16

25 0.187 x 10° 164.90

50 1.40x 10" 256.71

The general kinetics theory (GKT) expression previously adapted by Oh et al. (2003) was
also used to determine the overall activation energy (£,). An objective function was set to be
minimized (maximizing the correlation coefficient between experimental and calculated
values) to solve the equality reported in Eq.(31). The objective function corresponds to the
sum of absolute errors (%) calculated between the —E/RT and the rest of the expression as
follows:

» |(E/RT)—In(C)|
— E/RT

OF = Minimize

i=1,2,3,....n (Maximum degradation temperature) (35)
With OF as the objective function, E is the activation energy (J mol'l) obtained at a given

temperature (K), R is the universal gas constant (8.314 J mol'K™) and C is the equality
expression given below:

C= h{{ &, }%J (36)
dr [ AT (1-x,)"




210 S.M. Al-Salem and P. Lettieri

Table 8 shows the estimated parameters (i.e. E,, A, and corresponding errors) obtained
from (i.e. E,, A, and corresponding errors) obtained from Eqgs.(35-36). The overall activation
energy was estimated to be 204 kJ mol™ with a reaction order equal to 1. Overall activation
energy estimation has always been dependant on the numerical methods used to determine the
value. Order of magnitude is always of desire when such calculations are executed (Oh et al.,
2003). The same approach was undertaken for LDPE. The overall activation energy (E,) for
LDPE thermal cracking reaction was also determined (by Arithmetic mean) to be 198.74 kJ
mol™. The overall activation energy (LDPE) was estimated to be 131.062 kJ mol™ with a
reaction order equal to 1.

It is of paramount importance to express obtained sets of kinetics parameters with a
comprehensive model that could be utilized in future studies. This was the main objective
when the experimental and kinetics assessments were conducted. The General Kinetics
Theory (GKT) was used to verify the model and re-calculate the apparent activation energy
and other parameters based on results obtained. The main equation utilized in this research is
based on modelling of the weight loss (in terms of solid conversion) against temperature. No
reported literature carries out similar methodology, in fact, most dynamic modelling is
concerned with the estimation of kinetic parameters rather than the behaviour of the polymer
in a reactor chamber, hence the temperature element. Obtained models could be coupled with
the basic kinetic rate equations to predict product yields and evolution of the polymer under a
number of conditions. The main equation used in solid conversion (x;) prediction in the
reactor chamber could be expressed as follows:

(b-a)
X, =a+ G7)
: 1+ exp(—(T, —¢)/d)

where at a given time (t, s) in the reactor chamber, x; and T, are the polymer’s solid
conversion and dynamic temperature (K), and a, b, ¢, and d are optimized numerical constants
obtained based on the reaction range and heating rate (/).

In the case of HDPE, an expression (optimised) was determined for the case of lower
heating rates (8 = 5, 10, 25 °C min™'), and a different one with higher regressions was
obtained for the case of #> 50 °C min™". In fact, such behavioural changes at elevated heating
rates (> 50 °C min") was previously witnessed by Ceamanos et al. (2002), when they
developed their model expressions based on the Arrhenius (1% order) equation. Eqs.(38-39)
shows the expressions obtained based on the optimised fitting of HDPE weight loss
(expressed as solid conversion, x;):

0.96
1+exp(—(T, — 681)/3.84)

x, =0.039 +[ ;. B<50°C min” (38)
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x, =0.002 + 0.88 ; >50°C min” (39)
1+ exp(—(T, — 678)/6.34)

The overall activation energy (E,) estimated from the modelled results was 207.20 kJ
mol™, with a 1.47% error from the value estimated from experimental results. The same range
of heating rates was used to develop the expressions of LDPE shown below. A very similar
behaviour was witnessed in terms of heating rates on LDPE. High regressions were estimated
for <50 °C min™ (in terms of optimised parameters) resulting in regression coefficients >
0.90. Egs.(35-36) shows the expressions obtained based on the optimised fitting of LDPE
weight loss (expressed as solid conversion, x;):

X, =9.9x107° + 093 ; B <
1+ exp(—(T, —538.67)/3.34)
50 °C min™" (35)
s 1
x, =-3.5x107 + ; i
1+ exp(—(T, —580.13)/19.88)
50 °C min™! (36)

This analysis shows that a first-order equation with a reaction order equal to 1 can predict
the solid conversion in reactor chambers and is very robust and worth of further investigation,
as a standardized method for reactor design. The observed differences can be explained taking
into account the variation of the reaction order derived from the complex mechanism of
degradation, which is compensated with the variation of the pre-exponential factor when the
first-order equation is used in the dynamic fits (Ceamanos et al., 2002). The value of the
activation energy remains approximately constant due to the mathematical method used in the
data analysis.

3.1.4. Conclusion

The thermal degradation and weight loss kinetics of high and low density polyethylene in
an inert atmosphere has been studied by thermogravimetry. Isothermal and dynamic
experiments using different heating rates have been carried out with small samples (15 mg) in
order to avoid diffusional, heat and mass resistance problems. The kinetic parameters from
both types of experiments have been determined, showing similar values to those suggested
by other authors. The pyrolysis products from the isothermal runs were analyzed and lumped
into four categories: rich gases (C;-Cy), liquids, waxes and aromatics (single ring structure).
The increase of the operating temperature had an inverse effect on the aromatics product
yield. A novel kinetics model based on the thermal degradation mechanism and thermal
cracking reactions (primary to tertiary), was also proposed in this study. Results of kinetic
parameters and activation energies were obtained by experimental and model means. With
respect to the dynamic runs, two methods were used to study the kinetics of the complex
degradation mechanism, namely the Ozawa-Flynn-Wall (OFW) and the GKT method. A
simple yet appropriate equation has been obtained for its subsequent application to non-
isothermal processes, based on the polymer weight loss in the reactor chamber. This equation
is coherent with the mechanism of thermal degradation for polyethylene when only the steps
involving weight loss are considered. However, it is necessary to define the limit conditions
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for using the equation suggested, i.e. range of heating rates and operating pre-set temperature.
In our work, the overall activation energy (£,) determined from isothermal experiments was
estimated at 125.59 kJ mol” (HDPE) and 110.75 kJ mol (LDPE). The value of activation
energy obtained from the isothermal experiments at low temperatures agrees with previous
reports, especially when considering the value of the C - C bond energy. The dynamic
methodologies followed in this work result in similar order of magnitude for activation
energy estimations. This analysis shows that a first-order equation with a reaction order equal
to 1 can predict the solid conversion in reactor chambers and is very robust and worth of
further investigation, as a standardized method for reactor design.

3.2. Case Study no.2: Kinetics of Dynamic Pyrolysis in a Micro Reactor of
Two MDPE Recyclate Grades

3.2.1. Introductory Remarks

In the following section, two recyclate grades of medium density polyethylene (MDPE)
were subjected to pyrolysis in dynamic conditions. The pyrolysis of materials in industry is
normally performed in dynamic mode with a constant heating ramp (rate) that subjugates the
materials of mixed origins together in the unit operation. Two methods were used to
determine the kinetics of the material and a simple model based on the fitting of the data
obtained is also reported.

3.2.2. Materials and Methods

Two MDPE recyclate grades were supplied from Metals & Recycling Co. (MRC,
Kuwait). Grade 1 originated from carrier bags and municipal pipes and grade 2 was recovered
from TV frames (LG Company, Kuwait). Both MDPE polymers were supplied in pellet form
(3x3 mm granules). In order to verify the density and type of polymer, a density gradient
column test was carried out at the time of sample delivery. De-aired water and isopropanol
were used to calibrate the column using standardized floats in accordance with ASTM D-
1505-96 (1990). Figure 16 shows the calibration curve obtained for the density gradient
column (Polymer Characterization Lab, KISR). Grade 1 had a density of 0.9445 gm cc¢™ and
grade 2 had a density of 0.9361 gm cc’'. Both grades of MDPE were not exposed to any
weathering, but directly recovered by the company to the processing line. All samples were
milled to below 0.1 mm before experimentation, to avoid mass and heat transfer resistance.
15 mgs were weighted and used in all experiments. The TGA set-up previously described was
used in the experimentation.
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Figure 16. Density gradient column calibration curve used for the density determination of MDPE
recyclate grade 1 and 2.

3.2.3. Results and Discussion

Figs.17 and 18 show the solid conversion as a function of temperature; and the first
derivative (dxy/dT) versus T obtained at different £ values for MDPE recyclate grade 1,
respectively. As it can be observed, the solid conversion was at a maximum value at about
550 °C (T.) but never seems to reach a value of 1. This is attributed to the residual amount of
polymer (unpyrolysed) in the case of this recyclate grade. The high content of plasticizer
initially present in the plastic is the cause of such behaviour. A significant residual amount of
the materials was visible after each run. Yet still, the values of dx,/dT showed a classical
trend in polymer behaviour under inert atmosphere decomposition. The curvature peak was
gradually increasing, levelling around 500 °C for #= 25 and 50 °C min™. The reaction range
was similar for #=25 and 50 °C min™". In the case of MDPE recyclate grade 2, a higher solid
conversion was reached. The value of x; was virtually equal to 1 in the case of #= 5 °C min”
(Figure 19). Lower conversions were reached in the case of #= 10, 25 and 50 °C min™". The
‘delay effect’ of conversion with higher heating rates was very clear in the case of MDPE
recovered from recyclate grades. The first derivative of solid conversion with temperature is
shown in Figure 20. dx/dT showed a peak shift in the case of higher heating rate (50 °C min’
" very similar to previous reports on PE (Ceamanos et al., 2002). In fact, reaction peak and
range were changing noticeably with the change of £.
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Figure 17. Dynamic run. Solid conversion as a function of temperature (°C) for different heating rates
on medium density polyethylene (MDPE) recyclate grade no.1.
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Figure 18. Dynamic run. Values of dx,/dT as a function of temperature (°C) for different heating rates
on medium density polyethylene (MDPE) recyclate grade no.1.
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Figure 19. Dynamic run. Solid conversion as a function of temperature (°C) for different heating rates

on medium density polyethylene (MDPE) recyclate grade no.2.
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Figure 20. Dynamic run. Values of dx,/dT as a function of temperature (°C) for different heating rates

on medium density polyethylene (MDPE) recyclate grade no.2.
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Figure 21. Ozawa-Flynn-Wall (OFW) fitting results showing regression and fitting equations used in

activation energies estimation for different heating rates (HR = f) on MDPE recyclate grade no.1
dynamic runs.
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Figure 22. Ozawa-Flynn-Wall (OFW) fitting results showing regression and fitting equations used in

activation energies estimation for different heating rates (HR = ) on MDPE recyclate grade no.2
dynamic runs.

Figs. 19 and 20 show the OFW fittings developed from the four different heating
ratesused for the TGA experiments on MDPE grades 1 and 2. Tables 8 and 9 show the
activation energy (E,) and overall kinetic rate constants obtained from the OFW method on
both MDPE grades. The overall activation energy (E,) for MDPE recyclate grade nos.1 and 2
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were determined to be 203.75 and 143 kJ mol™, respectively. Tables 10 and 11 show the
estimated parameters (i.e. E,, A, and corresponding errors) obtained from eqs.(2.25.-2.26.) of
the GKT for both grades of MDPE. The overall activation energy for MDPE grades no.1 and
2 were estimated to be 205.50 and 146.26 kJ mol™, respectively.

Table 8. Overall kinetic rate constants (k,) and apparent activation energies (Ez)
obtained using the OFW method on MDPE grade no.1 dynamic runs

Heating rate (A), Overall kinetic rate constant | Apparent activation energy (Ea,),
°C min™ (ko), min™ kJ mol™*

5 1.011 x 10° 166.65

10 1.23x 10° 189.00

25 3.50 x 10° 220.32

50 4.45x 10" 240.01

Table 9. Overall kinetic rate constants (k,) and apparent activation energies (Ez)
obtained using the OFW method on MDPE grade no.2 dynamic runs

Heating rate (/), Overall kinetic rate constant Apparent activation energy (E,),
°C min™ (k,), min™ kJ mol™

5 1.12x 10° 137.71

10 1.1x10° 139.91

25 3.21x 10° 144.93

50 2.22x 107 147.66

The same range of heating rates previously used for HDPE and LDPE in dynamic modes
was used to develop the expressions of MDPE no.l, as shown below. A very similar
behaviour was witnessed in terms of heating rates on MDPE. High regressions were estimated

for <50 °C min™ (in terms of optimised parameters) resulting in regression coefficients >
0.90. Eqgs.(37-38) show the expressions obtained based on the optimised fitting of MDPE no.1
weight loss (expressed as solid conversion, x;):

0.549

X, =o.oo1+{

x, =0.009 {

1+exp(—(T, —760)/7.6)

0.5491

1+exp(—(7T, —760)/4.7)

} ;. B<50°C min”

} ;. f>50°C min”

(37)

(38)
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Table 10. General kinetics theory parameters, collision theory parameter (A.), %error between the equation equality and activation
energies estimated at each heating rate (f) for medium density polyethylene (MDPE) recyclate grade no.1

Heating rate (#), °C/min | Temperature (K) | - E/RT Error Mean error (%), A, and activation energy (kJ mol™)
573 43.34 0.173
588 42.24 0.173
723 34.35 0.099 %ME = 0.95%

5 773 32.13 3.75x107 | A.=9.9x 10" K¢
793 31.32 0.072 E, = 206.5 kJ/mol
808 30.74 0.056
575 40.47 0.182
580 40.12 0.187
742 31.33 0.101 %ME = 7.1%

10 773 30.10 2.84x107 | A=1x10"" K¢
795 29.27 0.038 E,= 193.47 kJ mol”
813 28.62 0.053
578 37.63 0.199
583 37.31 0.188
748 29.08 0.118 %ME = 0.98%

25 773 28.14 3.24x107 A=9.99x 1077 K¢
798 27.26 0.031 E,= 180.86 kJ mol™
823 26.43 0.053
578 37.45 0.199
583 37.13 0.198
748 28.94 0.118 %ME = 1.06%

50 773 28.00 1.12x107 A=8.99x 107 K2
798 27.12 0.031 E, = 179.98 kJ mol’!
823 26.30 0.052




Table 11. General kinetics theory parameters, collision theory parameter (A.), %error between the equation equality and activation
energies estimated at each heating rate (f) for medium density polyethylene (MDPE) recyclate grade no.2

Heating rate (#), °C/min | Temperature (K) | - E/RT Error Mean error (%), A, and activation energy (kJ mol™)
478 36.62 0.107
506 34.59 0.032 %ME = 0.95%
5 579 30.23 1.65x10°° A=1.0x 100 K2g!
623 28.10 0.146 E, = 145.55 kJ mol™
818 21.40 0.424
478 34.01 0.099
508 32.00 0.034 %ME = 0.14%
583 27.88 4.93x10® A=9.0x 107 K¢
10 623 26.09 0.140 E,= 135.17 kJ mol
823 19.75 0.441
483 31.46 0.069
528 28.77 2.47x10° %ME = 0.12%
25 598 25.41 0.004 A=9.99x 107 K¢
623 24.39 0.126 E,= 126.33 kJ mol”
818 18.57 0.417
498 27.47 0.08
573 23.87 1.68x10® %ME = 0.10%
50 623 21.96 0.05 A=1.00x 1070 K¢
648 21.11 0.07 E, = 113 kJ mol
823 16.62 0.30
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Figs. 23 and 24 show experimental and modelled results as a function of temperature
range; Table 12 shows the model performance against experimental results obtained at
different heating rates on MDPE no.l dynamic pyrolysis. Table 13 shows the GKT
parameters estimated using the predicted values from the model and %error between
experimental and modelled results.
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Figure 23. Model and experimental solid conversion as a function of temperature (K) for =5, 10 and
25 °C min”.
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Figure 24.Model and experimental solid conversion as a function of temperature (K) for = 50 °C min’
1
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Table 12. Model performance against experimental results obtained at different

heating rates on MDPE no.1 dynamic pyrolysis

B=5°C min’ £=10°C min™
Temp. | x; Model | Error Temp. | x; Model | Error
®) | (Exp) ®) | (Exp)
573 0.001 0.001 5x SE=1.38 575 0.001 0.001 5.12x SE=1.13
588 0.002 | 0.001 107 ME=0.23 580 0.001 | 0.001 107 ME=0.18
723 0.02 | 0.005 |049 |R>=0997 | 742 0.02 | 0.04 0.33 R*=0.997
773 0.50 0.46 0.78 773 0.50 0.465 0.69
793 0.54 0.54 0.08 795 0.53 0.54 0.08
808 0.54 0.549 0.005 813 0.55 0.54 0.01

0.007 0.0009
B=25°C min™ B=50°C min™
Temp. | x; Model | Error Temp. | x; Model Error
® | Exp) ® | Exp)

512x | SE=2.79 SE=0.72
578 0.001 | 0.001 10° ME=0.46 | 578 0.001 | 0.0009 | 0.1 ME=0.12
583 0.002 | 0.001 0.49 R’>=0.993 | 583 0.002 | 0.0009 | 0.55 R?=0.999
748 0.03 0.09 2.16 748 0.04 0.04 0.01
773 0.52 0.46 0.10 773 0.53 0.51 0.02
798 0.54 0.54 0.01 798 0.55 0.54 0.0003
823 0.56 0.54 0.01 823 0.57 0.54 0.03

Table 13. GKT parameters using modeled results for dynamic TGA on MDPE no.1

Heating rate (5), Temperature -E/RT | Error Mean error (%), A, and activation
°C/min (K) energy (kJ mol™)
573 43.34 0.20
588 42.24 0.13
723 34.35 0.09 %ME = 0.58%
5 773 32.13 0.02 A=9.9x10" K"g"!
793 31.32 0.06 E, = 206.50 kJ/mol
808 30.74 0.05
575 40.47 0.24
580 40.12 0.20
742 31.33 0.09 %ME = 7.1%
10 773 30.10 0.03 A=1x10"0 K12
795 29.27 0.07 E,= 193.47 kJ mol’!
813 28.62 0.05
578 37.63 0.27
583 37.31 0.22
748 29.08 0.11 %ME = 0.79%
25 773 28.14 0.04 A=9.99x 107 K¢
798 27.26 0.09 E,= 180.86 kJ mol’!
823 26.43 0.05
578 37.45 0.64
583 37.13 0.19
748 28.94 0.11 %ME =2.07%
50 773 28.00 0.01 A=8.99x 10" K57
798 27.12 0.20 E, = 179.98 kJ mol™!
823 26.30 0.05
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The overall activation energy (E,) estimated from the modelled results was 205.59 kJ
mol™, with a 0.04% error from the value estimated from experimental results (205.501 kJ
mol'l). The same range of heating rates was used to develop the expressions of MDPE no.2
shown below. A very similar behaviour was witnessed in terms of heating rates on MDPE.
High regressions were estimated for < 50 °C min™ (in terms of optimised parameters)
resulting in regression coefficients > 0.90. Eqgs.(39-40) show the expressions obtained based
on the optimised fitting of MDPE no.2 weight loss (expressed as solid conversion, x;):

x, =0.0009 + 0.88 : <50°C min™ (39)
‘ | 1+exp(~(T, —608)/10)
I 0.9 -
x, =0.0002 + ; B>50°C min (40)
’ | 1+exp(—(T, —640)/6.7)

Figs. 25 and 26 show experimental and modelled results as a function of temperature
range and Table 14 shows the model performance against experimental results obtained at
different heating rates on MDPE no.2 dynamic pyrolysis. Table 15 shows the GKT
parameters estimated using the predicted values from the model and %error between
experimental and modelled results.
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Figure 25. Model and experimental solid conversion as a function of temperature (K) for f=5, 10 and
25°C min™.
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Figure 26. Model and experimental solid conversion as a function of temperature (K) for #= 50 °C min°
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Table 14. Model performance against experimental results obtained at different

heating rates on MDPE no.2 dynamic pyrolysis

£=75°C min™ £=10°C min™

Temp. | x; Model | Error Temp. | x; Model | Error

K) | (Exp) K) | (Exp)

478 0.001 | 0.0009 | 0.09 | SE=1.62 | 478 0.001 | 0.0009 | 0.09 | SE=1.34
506 0.04 0.0009 | 0.97 | ME=0.32 | 508 0.03 0.0009 | 0.96 | ME=0.26
579 0.08 0.04 0.44 | R>=0.998 | 583 0.08 0.06 020 | R>=0.999
623 0.8 0.72 0.09 623 0.70 0.72 0.03

818 0.89 0.89 0.01 823 0.86 0.89 0.03

B=25°C min’ B=50°C min™

Temp. | x; Model | Error Temp. | x; Model | Error

K) | (Exp) K) | (Exp)

483 0.001 | 0.0009 | 0.09 | SE=3.63 | 498 0.001 | 0.0002 | 0.79 | SE=1.96
528 0.02 0.001 0.94 | ME= 573 0.02 0.0002 | 0.98 | ME=0.39
598 0.07 0.24 242 1072 623 0.07 0.06 0.05 | R™=0.999
623 0.65 0.72 0.11 R’= 648 0.65 0.69 0.06

818 0.85 0.89 0.04 | 0.983 823 0.85 0.90 0.05
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Table 15. GKT parameters using modeled results for dynamic TGA on MDPE no.2

Heating rate (f), | Temperature -E/RT | Error Mean error (%), 4, and activation
°C/min (K) energy (kJ mol™)
478 36.62 | 0.08
506 34.59 | 0.03 %ME = 1.3%
5 579 30.23 | 0.002 A=1.0x 10" K'"*g!
623 28.10 | 0.13 E, = 145.55 kJ mol’
818 21.40 | 0.42
478 34.01 | 0.09
508 32.00 | 0.03 %ME = 0.14%
583 27.88 | 0.001 A=9.0x 10" K5
10 623 26.09 | 0.13 E,= 135.17 kJ mol”
823 19.75 | 0.42
483 31.46 | 0.06
528 28.77 | 0.05 %ME = 0.12%
25 598 25.41 | 0.005 A=9.99x 107 K2g!
623 2439 | 0.12 E,= 126.33 kJ mol’
818 18.57 | 0.39
498 2747 |0.14
573 23.87 | 0.01 %ME = 0.10%
50 623 21.96 | 0.05 A=1.00x 10" K5
648 21.11 | 0.07 E, =113 kJ mol”
823 16.62 | 0.28

The overall activation energy (E,) estimated from the modelled results was 145.20 kJ
mol™, with a 0.54% error from the value estimated from experimental results (146.26 kJ mol

)

3.2.4. Conclusion

Dynamic TG pyrolysis was performed on two grades of recyclate grades MDPE.
Different heating rates were utilized in this study. The high content of plasticizer and
impurities initially present in the plastic is the cause of such behaviour. In the case of MDPE
no.2, a higher solid conversion was reached. The value of x, was virtually equal to 1 in the
case of #=5 °C min"'. Lower conversions were reached in the case of #= 10, 25 and 50 °C
min™. The ‘delay effect’ of conversion with higher heating rates was very clear in the case of
MDPE recovered from recyclate grades. The kinetics parameters were determined using two
methods, the OFW and the GKT. Order of magnitude is always of desire when such
calculations are executed. Nonetheless, the deviation in results could be expressed by
mathematical treatment method and order of reaction, which was taken as one in both cases.
In the case of MDPE no.1, the k, ranged between 1.011 x 10° to 4.45 x 10"> min" depending
on the heating rate. The apparent activation energy (£,) was estimated in the range of 166.65
to 240.01 kJ mol™. As for MDPE no.2, k, ranged between 1.12 x 10° to 2.22 x 10'> min™
corresponding to an activation energy (E,) in the range of 137.71 to 147.66 kJ mol™. The
overall activation energy (E,) for MDPE recyclate grade nos.1 and 2 were determined to be
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203.75 and 143 kJ mol ™', respectively (OFW). The overall activation energy for MDPE grades
no.l and 2 were estimated to be 205.50 and 146.26 kJ mol™, respectively (GKT).

4. FINAL AND CONCLUDING REMARKS

In this chapter, we have demonstrated the variability of pyrolysis as a petrochemical
feedstock recovery route. Not only rich cut products were retrieved by the process, but major
reactor and reaction engineering parameters were estimated. After reviewing the industrial
status of the process, one can withdraw the following conclusions:

e The pyrolysis process per se, is in need of an end product design. This will target
certain products and yield higher amounts of said products that can cover the demand
of the petrochemical markets.

e More pilot and industrial scale operations are necessary to demonstrate the process
validity depending on the materials treated.

As for the design and its numerous approached undertaken in the past few years, weight
loss kinetics are in need of more in depth studies to ascertain the optimum designs of
thermolysis reactors. Polyolefins were tested in this study and proven a high source of rich
product cuts that integrated processes can benefit from.
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