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THE EFFECT OF FILLERS ON THE
MECHANICAL PROPERTIES OF
FILLED MATERIALS

8.1 TENSILE STRENGTH AND ELONGATION

Tensile strength testing is by far the most popular method of evaluating of filled
materials. This can be seen from the numerous publications which analyze the sub-
ject."® The information in this section is organized to provide the following infor-
mation:

* Generalized models describing tensile properties of filled materials

* The effects of different fillers on tensile properties

* Methods of improving of tensile properties

A general equation describes the effect of the volume fraction of a filler on ten-
sile strength:

o, =0,(1-aq +cq) [8.1]
where:
g, tensile strength of composite
g, tensile strength of polymer matrix
@ volume fraction of filler

a,b,c,d constants

Without knowing the values of these coefficients, it is not possible to predict if ten-
sile strength of the composite increases or decreases as the volume fraction of the
filler increases. It is also obvious from the form of the equation that constants can be
selected to describe certain features of the filler's behavior. For example, constant
“a” is usually related to stress concentration. In composites, in which the filler has
very poor adhesion, a=1.21 or a = 1.23 for non-spherical particles.' The constant
“b” is usually assigned the arbitrary value of 0.67. Constants “c” and “d” relate to
the effect of particle size. The smaller the particle size, the larger are the values of
these constants. When the values of these four constants are known or approxi-
mated, it makes it possible to predict the tensile strength of various composites.
Since the last term in Eq 8.1 is positive, a decrease in the particle size of the filler
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should result in an increase in tensile strength. Many modifications of the above
equation or its parameters (constants) are used to explain experimental data.

For low concentrations of filler, the Einstein equation usually fits experimen-
tal data:

o, =0,(1+a¢) [8.2]

In the Einstein equation, b =1 for spherical particles at low concentration and “a”
depends on the adhesion between the matrix and the filler. This equation predicts
that the addition of filler increases tensile strength which was found to be not al-
ways the case, so this equation has been modified by various researchers. The
Nicolais and Narkis equation®” is a common modification in which a=1.21 and
b=2/3 34811

A modified Nielsen model™ is another frequently used equation,
cially in the form proposed by Nicolais and Narkis:*’

1,3,9,10 espe-

(1_(pf)
o, =0, ———exp(B 8.3
© =% 14250, p(By,) [8.3]

In this equation “B” is a parameter characterizing the interaction.
Some other equations are also in use. One is the Piggott and Leinder equa-
.59
tion:

o, =A0, —X¥, [8.4]
where:
A stress concentration factor
X constant dependent on particle-matrix adhesion

which correlates well with experimental measurements made on polymer compos-
ites.

Neither of the above equations considers the filler particle as the potential
week point in the composite. Instead, the above equations assume that either the
matrix fails or loss of adhesion between the filler and the matrix is responsible for
failure. The equation below gives the balance of stress in a composite:

Qko® +(1-q)<d =& 8.5]
where:
k proportionality constant for stress transfer
o external load
<o™> average stress in the matrix

@ko® load carried by the filler

Properties of filler can be compared with the stress applied to the filler particle.’
In fiber-filled composites, the Kelly and Tyson equation® can be used to esti-
mate the effect of properties of fiber on the load bearing properties of a composite:
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o,L
0. =N, @ +(1-9)g [8.6]
c
where:
N fiber orientation efficiency factor
o; tensile strength of fiber
L; mean fiber length
L, critical fiber length

In this equation, the mechanical properties, length, and orientation of the fiber are
accounted for. In fiber-filled composites, mechanical properties depend also on
fiber-fiber proximity:

N=AglL,/d 18.7]
where:
N the average number of virtual touches per fiber
A coefficient (=8/TC° for random in-plane orientation)
d fiber diameter

The results of tensile testing are frequently presented in the form of stress-
strain curves or are related to the tensile modulus as given by equation:

o FIA

g=2=_2 8.8]
e (I, -1,)/1,

where

[¢) tensile stress

€ tensile strain

F tensile force

A original cross-sectional area

Iy original length

1 final length

The results of experimental studies summarized in the Table 8.1 show the po-
tential effect of different fillers on tensile properties of filled materials. The first
column gives a list of pairs of polymer and filler for which data on the tensile prop-
erties are available in the literature. For each pair, the actual concentration of filler
used in the system is given in column 2. Either the specific concentrations are given
(e.g., 10 & 20) or the concentration range (e.g., 5—50) if more than two concentra-
tions of filler were tested. The concentration is given in weight percent unless oth-
erwise specified. For the concentration of filler given in the second column, the
respective changes of the tensile strength are given in the third column. The values
in the third column are percentage of increase (plus sign) or decrease (minus sign)
of the tensile strength of the filled material relative to the unfilled polymer. In the
last column, short comments are given either to indicate what might have caused
the observed changes (e.g., interaction, particle size, modification, etc.) or to give
data on relative change of elongation of these samples.
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Table 8.1. Effect of fillers on tensile properties of filled materials

Tensile Strength

. Conc. Ref
Filler/polymer o ) Comments
range, wt% decrease (), % s.
PARTICULATE, INORGANIC FILLERS
Alumino-silicate
PVAc 10.5% 0—+35 45 | decreases with interaction increasing
Aluminum hydroxide
chloroprene 10 & 20 +11 & +13 61
epichlorohydrin 10 & 20 -37 & -41 61
epoxy 5—-50 -15—--36 17 elongation change: -9—-82
Antimony trioxide
EEA 4&8 no effect 62
EVA 4&8 no effect 62
PE 4&8 no effect 62
Barium ferrite
natural rubber 5&10 8&-1 40
Calcite
PVAc 10.5% +2—+13 45 | depending on particle size
Calcium carbonate
PE 2—25vol% +50—+10 10 | phosphate modified
PE 2—10 vol% -5—-50 10 | not modified
PVAc 5-20 +70—+75 1 size 3.6 pUm, elongation decreases
PVAc 5-20 +50—+58 1 size 5.2 pm, elongation decreases
PVAc 5-20 +40—0 1 size 16.8 pm, elongation decreases
PVAc 5-20 +55—+72 1 size 3.6 Pm, stearic acid coated
PP 10—40 -5—-21 28 | size 18 um, elong. const for 10-20%
PP 5-30 vol% -30—-45 38 | compression molding, no orientation
PP 5-30 vol% 0—+20 38 | injection molding, particles oriented
PP 5-30 vol% -30—-40 53
Clay
EPDM 10-35 -1—-10 34
Copper
PAIll 5-55 -10—+7 26
Hydroxyapatite
polyurethane 57 -45/+25 21 | untreated/treated with isocyanate
Glass beads
epoxy 10—40 vol% -25—-60 5 no adhesion
epoxy 20—-40 vol% no effect 5 good adhesion
PA 5—40 vol% -15—+22 8 increase only at 40 vol%
POM 10-30 -15—-40 6
POM 24 vol% -43—-47 4 particle size in range 7+36 pm
PP 10—50 vol% -11—-46 8 debonding stress; no treatment
PS 5—25vol% -5—-15 5 poor adhesion
PS 3—10 vol% +5—+15 5 good adhesion
Magnesium carbonate
LCP 20-60 +7—+30 29 | elongation rapidly reduced
Magnesium hydroxide
PEK 65 -15 63
PP 10—50 -1--23 64
Mica
PA66 20—-40 -13—+27 50 | increases as particle size decreases
PBT 15—40 +12—+65 50 | increases with concentration
PP 5—22 vol% +14—--7 9 no surface treatment, elongation decr.
PP 5-22 vol% +18—+14 9 8 wt% acrylic acid treatment
Miconite
PP 10—60 +100—+150 43 | hydrated K-Mg aluminosilicate (3 pum)
Nanoparticles
epoxy 2-24 +60—+1800 56 | montmorillonite; layered composite
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Tensile Strength

. Conc. Ref
Filler/polymer ) Comments
range, wt% decrease (-), % s.

Silica, fumed

PDMS 30-50 +5—+40 65 | increases as particle size decreases
Silica, precipitated

EPM 50 +500—+700 37 | depending on surface treatment
Talc

PE 2-10 +15—+80 2

PP 40 +25—+44 33 depending on phosphate coating

PP 5-30vol% -20—-25 33 compression molding, no orientation

PP 5-=30vol % 0—+80 38 injection molding, filler oriented

PP 5-30vol% -25--36 53
Wollastonite

LCP 20—60 +5—+15 29 | elongation rapidly reduced

PA66 15-35 -19--25 13 | used in combination with glass fiber
FIBROUS FILLERS
Aramid fiber

fluoroelastomer 10 +260 66
Carbon fiber

PP 60 +4—+23 31 | depending on surface treatment
Glass fiber

ABS 30 +40 12

LCP 20+60 +15—+40 29 | elongation rapidly reduced

PA6 50 +100 12

PA66 30 +100 12

PAI 30 +54 12

PBT 30 +75 12

PE 30 +60—+185 12

PEK 2-17 +105 23

PEK 10—22 vol% +50—+90 7 long glass fiber

PEEK 30 +75 12

PES 30 +55 12

POM 10-30 +25—+75 6

PP 2-7 +30—+100 7 long glass fiber

PP 30 +50 12

PP 30 +90 24

PSU 30 +67 12
Polyamide fiber

natural rubber 5—-15 -40—-64 15 | elongation decreases -23 to -86
ORGANIC & RECYCLED FILLERS
Carbon black

EPDM 10—60 +60—+370 16 | eclongation change: 0 to, -22

fluoroelastomer 20 +200 66 elongation increase by 100%

natural rubber 20-100 +40—+100 2 elongation change: -30 to -70%
Cellulose

natural rubber 5-25 +35—+55 18
Fly ash

PE 10—-50 +50—+150 35 | small particles

PE 10—40 -15—+20 35 | large particles
Lignin

PE 22-72 vol% -60—-93 22 | elongation also rapidly decreases
PU foam, ground

natural rubber 20—80 -20—+60 2,30 | increase peak around 30 phr
Wood flour

PP 20—-50 -2—+10 3 elongation rapidly decreasing
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The data in Table 8.1 shows how the tensile strength of composite can be im-
proved. The following factors contribute to the improvement of tensile strength:

 Particle size (nanoparticles, carbon black, and fumed silica are examples of
small particles which typically contribute to an increase in tensile strength;
compare the effect of particle size on PVAc adhesive properties where
different sizes of calcium carbonate were used)

* Particle shape (an aspect ratio increase in a certain range improves tensile
properties; see examples for fibrous fillers and mica)

* Interaction with the matrix (untreated calcium carbonate in PE decreases
tensile strength but after phosphate modification tensile strength is
increased; glass beads may decrease or increase tensile strength depending
on their interfacial adhesion; mica and talc give a similar effect in PP;
polyamide fiber does not reinforce natural rubber because of its lack of
interaction)

* Concentration (the relationship of tensile strength is not a linear function of
concentration; there is a certain critical concentration above which a further
increase in filler's concentration decreases tensile strength)

* Proper choice of pair filler-matrix (there should be interaction between the
filler and the matrix; some combinations produce adverse results; there are
cases (see alumino-silicate with PVAc) where an increased interaction
reduces tensile strength due to increasing material stiffness)

Figure 8.1 illustrates the effect that the shape of a particle has on tensile prop-
erties.® Both relationships are linear with volume fraction of filler but they point out
at different directions. The experimental data for glass beads fit Einstein’s model,
Eq 8.2, with a=-1.72 and b=1. The negative value of coefficient “a” indicates that
the presence of glass beads has a weakening effect on the composite due to debond-
ing. Weak adhesion and debonding reduce the volume fraction of the composite
which can carry the applied load. The glass fiber data follow Kelly and Tyson
model, Eq 8.6. It was calculated from the model that the fiber orientation efficiency
factor is 0.3. This factor is larger than the value of 0.2 which is generally used for
randomly oriented fibers. The higher value is a result of the test specimens being
prepared by injection molding which tends to orient the fibers.

Figure 8.2 shows the effect of particle spacing on the tensile properties of a
glass bead filled composite. Glass beads addition typically decreases the tensile
strength properties of a composite. An increase in interparticle spacing contributes
to the increased tensile strength of the composite.*

The elongation is usually inversely proportional to tensile strength which
means that increasing the tensile strength of filled material usually contributes to a
decrease in elongation. Table 8.1 reports two cases (EPDM and fluoropolymer re-
inforced with carbon black) which are different. In the first case (EPDM), elonga-
tion remains constant over a certain range of carbon black. At the second case
(fluoropolymer) both tensile and elongation are increased when fillers are added.
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Figure 8.1. Tensile strength of POM filled with glass fibers and glass beads. [Adapted, by permission, from
Hashemi S, Gilbride M T, Hodgkinson J, J. Mat. Sci., 31, No.19, 1996, 5017-25.]
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Figure 8.2. The effect of reciprocal interparticle spacing on the tensile strength of POM filled with glass beads.
[Adapted, by permission, from Hashemi S, Din K J, Low P, Polym. Engng. Sci., 36, No.13, 1996, 1807-20.]

Such properties can be obtained with small, interacting particles which contribute
to a physical crosslinking of a relatively weak matrix. But in most cases, a reduction
of elongation is an expected result of reinforcement.
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Figure 8.3. Tensile yield stress of particulate filled PP vs. filler content. [Adapted, by permission, from Voros
G, Pukanszky, J. Mat. Sci., 30, No.16, 1995, 4171-8.]

8.2 TENSILE YIELD STRESS

Tensile yield stress gives additional information on filler-matrix interactions and
consequently it is one of the preferred methods of composite testing.”****""" Fig-
ure 8.3 shows that the particle size affects yield stress of PP composites.”” Only
when filler particles become very small does the yield stress value increase as the
concentration increases. The smaller the particle size the higher the value of tensile
yield stress. The three largest particles are CaCO; and the smallest one is silica.
Thus, yield stress behavior not only depends on particle size but also on the interac-
tion with the matrix. If the matrix is deficient in the smallest particles of CaCO; the
yield stress decreases. The stress which initiates yielding can be expressed by the
equation:

0,=0,[1-¢ /(1-¢ <& >/ d)] [8.9]
where:
o, external stress initiating yielding
Oy yield stress of matrix
[0} volume fraction of filler
<g">; stress inside filler particle placed into infinite matrix
o° external stress

<0”>/0° =k, dimensionless quantity

This equation can be rearranged into:
L 2P S S [8.10]
o o

y y0 0yO
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Figure 8.4. Plot of Eq 8.10. [Adapted, by permission, from Voros G, Pukanszky, J. Mat. Sci., 30, No.16, 1995,
4171-8.]

Plotting (1 - @, )0, versus @ should give straight lines with an intercept at 1/0yo and
a slope of k/0y. Figure 8.4 shows this relationship for PP/CaCO; composites from
Figure 8.3. The three lines show the strong dependence of factor k on particle size.
The studies were conducted for PP, PVC and LDPE.® Factor k depends also on the
polymer used with the same fillers indicating further that the value of factor k (and
yield stress) depends on polymer-filler interaction.

Figure 8.5 compares tensile yield stress for PP with two fillers.” In both cases,
tensile yield stress decreases significantly as filler concentration increases. At
higher concentrations of talc (values above 0.15 are not plotted on Figure 8.5), the
composite breaks without yielding. The difference is explained by the crystalliza-
tion behavior of polypropylene on the filler surface which changes the mechanical
properties of composite. This shows that an additional parameter (the orientation of
the polymer) may play a role in tensile yield stress behavior.

If there is perfect adhesion (no debonding), tensile yield stress increases as the
concentration of the filler increases (Figure 8.6).” Filler particle size is also impor-
tant. As the particle size of the filler decreases, the curves become more steep and
the yield stress increases along with concentration increasing.

Figures 8.7 and 8.8 show applications in which various fillers increase tensile
yield stress as their concentration increases. There is a linear increase in tensile
yield stress (Figure 8.7) due to a strong interfacial bonding between the carbon fiber
and the matrix.”” The presence of a coupling agent increases adhesion and this is re-
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Figure 8.5. Tensile yield stress versus volume fraction of calcium carbonate and talc. [Adapted, by permission,
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Figure 8.6. Tensile yield stress of PE composites in the case of perfect adhesion. [Adapted, by permission, from

sponsible for the behavior presented in Figure 8.8.”° Without a coupling agent the
same composite has a tensile strength substantially lower than its yield stress.
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Figure 8.7. Tensile yield stress as a function of carbon fiber concentration in polycarbonate. [Adapted, by
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Figure 8.8. Tensile yield stress of filled HDPE with a coupling agent as a function of kaolin concentration.
[Adapted, by permission, from Savadori A, Scapin M, Walter R, Macromol. Symp., 108, 1996, 183-202.]

Calcium carbonate which is the most frequently used filler in PVC, decreases
tensile yield stress (Figure 8.9).” There is good interaction and adhesion between
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Figure 8.9. Tensile yield stress of PVC vs. filler loading. [Adapted, by permission, from Wiebking H E, Antec
95. Volume III. Conference proceedings, Boston, Ma., 7th-11th May 1995, 4112-6.]
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Figure 8.10. Effect of phosphate concentration on the tensile yield stress of talc filled polypropylene. [Adapted,
by permission, from Liu Z, Gilbert M, J. Appl. Polym. Sci., 59, No.7, 1996, 1087-98.]

talc and PVC and the composite has a high tensile yield stress. Particle size is a less
important factor.



The Eftect of Fillers on Mechanical Properties 407

3\\\\‘\\\\‘\\\\!\\“25!77

25F - S S o 3
3 3 »5/

Relative elastic modulus

OT;FT”W/B\_:‘/\/i\\\\i\\\\i\\\\

0 0.05 0.1 0.15 0.2
Filler volume fraction

Figure 8.11. Comparison of the prediction of the Guth-Gold equation with experimental data for N330-filled
SBR. [Adapted, by permission, from Wang M-J, Wolff S, Tan E-H, Rubb. Chem. Technol., 66, No.2, 1993,
178-95.]

Tensile yield strength can be improved by surface treatment of filler (Figure
8.10).” The coating influenced the crystallinity by contributing to nucleation. This,
in turn, changes the mechanical properties of the composite. At smaller additions of
phosphate, polypropylene has much higher crystallinity. A concentration of phos-
phate below 0.5 wt% gives the greatest tensile yield stress improvement.

In summary, tensile yield stress depends on filler particle size, concentration
and on the interaction between the matrix and the filler. There are various means of
improving tensile yield stress through the proper selection of filler for a particular
polymers and through the surface modification of filler.

8.3 ELASTIC MODULUS

Elastic modulus or Young modulus are frequently used to characterize filled sys-
tems.?>**3"27377% Einstein’s viscosity equation modified by Guth and Gold pre-
dicts:

E =E,(1+25¢+141¢) [8.11]

predicts that elastic modulus, E, increases as the filler concentration, @, increases.
Its prediction is quite precise at low concentrations (Figure 8.11).”* At high filler
concentrations the rate of change of elastic modulus deviates from that predicted by
the equation.

Materials filled with rigid particles follow closely the predicted growth in elas-
tic modulus as filler concentration increases. Many examples can be found in the
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literature to confirm this prediction. Figure 8.12 shows the relationship for polycar-
bonate filled with carbon fibers.” The stiffness of the material increases linearly as



The Eftect of Fillers on Mechanical Properties 409

18007\\\\ 1T

\\\\\\\\‘\\\\
woof o

. | H ]
oo L e
B O gg///gﬂ 1 5
400 - - g1l A ]
200 L1 \ [ \ [ \ [ \ L]
0

10 20 30 40 50
Filler content, wt%

Figure 8.14. Young's moduli for fresh and aged silicone elastomer containing ZnO. [Adapted, by permission,
from Yang A C M, Polymer, 35, No.15, 1994, 3206-11.]

carbon fiber concentration increases and the material becomes increasingly brittle
due to the nature of the fibers.

Figure 8.13 shows relationships for 3 materials.”* Both calcium carbonate and
talc generate an increased modulus whereas the addition of an elastic material such
as EPR slightly reduces the value of Young's modulus. The theory predicts this be-
cause filler is composed of rigid particles, for example, calcium carbonate or talc.
Better adhesion and plate like structure of talc are instrumental in rapid increase of
Young's modulus.

In most of the experimental cases,”'>**33882849 y oung's modulus increases
as predicted by Eq 8.11. The decrease of Youngs modulus was noted when EPR”
and lignin® were added.

There are other applications of elastic modulus. One can be to determine the
adhesion between a filler and the matrix. To do this, elastic modulus is measured
twice: once on the fresh sample and again on a sample which has been prestressed
to specific strain. The decrease in Young's modulus is a measure of debonding.®*!
Other means of composite degradation, such as those caused by UV, thermal, or
water immersion, also cause Youngs modulus to decrease (Figures 8.14 and
8.15).>**® Thermal aging (Figure 8.14) causes a drop in Young's modulus at lower
concentrations of filler followed by an increase. Similar effects were produced by
other fillers, such as iron oxide and graphite.

Samples of epoxy resin filled with glass microspheres have a reduced elastic
modulus after water immersion. The loss of elastic modulus is more pronounced as
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the concentration of microspheres is increased. But, without water immersion, the
elastic modulus of the composite increases as the concentration of microspheres is
increased (Figure 8.15).

8.4 FLEXURAL STRENGTH AND MODULUS

Flexural modulus is a convenient measure of composite stiffness. Fillers can con-
tribute significantly to a stiffness increase.>®20-23242728.31.33.41.42.50.64.70.71.74.92-101 o
simple Einstein equation, Eq 8.2 permits a fit of experimental data as shown in Fig-
ure 8.16.° A different coefficient is needed for glass beads (a=-1.30) than for glass
fiber (a=1.71). Flexural strength is about 1.5 to 2 times higher than tensile strength.
The Einstein equation does not consider shape and particle size. It is known*** that
the flexural modulus depends on particle size. Larger particles of wood flour in-
crease flexural modulus.’

The aspect ratio of the filler has significant impact on flexural modulus (Figure
8. 17).23 The values of coefficient, a, given on the graph are the values of coefficient
from Einstein equation, Eq 8.2. This coefficient varies in proportion to aspect ratio
of filler. The higher the aspect ratio the higher the steepness of graph.

Attempts to improve flexural strength by surface treatment of fillers have not,
to date, been successful. A variety of silanes, titanates, and fatty acids and their de-
rivatives have been used to coat magnesium hydroxide for use as a filler in polypro-
pylene.** Almost all composites had inferior flexural properties. In the few cases
where some improvement was seen, it was 10% more then the unfilled material.
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Figure 8.16. Flexural strength of POM vs. volume fraction of glass beads and glass fibers. [Adapted, by
permission, from Hashemi S, Gilbride M T, Hodgkinson J, J. Mat. Sci., 31, No.19, 1996, 5017-25.]
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Treatment of ultrafine talc with an acrylic modifier for use as a filler in rigid PVC
always resulted in a gradual decrease of flexural modulus as the modifier concen-
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Figure 8.18. Flexural strength vs. moisture content in Kevlar reinforced epoxy. [Adapted, by permission, from
Akay M, Mun S K A, Stanley A, Composites Sci. Technol, 57, 1997, 565-71.]

tration was increased.” Similar results were obtained both with phosphate coated
talc® and modified carbon black.”®

Better mixing methods and processing techniques which align fibers in the
composite seem to be the most promising avenues to improve flexural modulus
with filler additions.”®* Mixing speed choice allows to increase flexural strength by
25%.

Finding a way to balance often conflicting requirements is the most challeng-
ing aspect of product development work. If a material is formulated to be fire resis-
tant, UV stable, or moisture resistant, it may have inadequate mechanical
properties. But with a careful and imaginative use of filler and filler coatings, a bal-
ance can be found.”>'*!""

Figure 8.18 shows the effect of moisture content on the flexural strength of a
composite.” The hygroscopic nature of both the fiber and the matrix contribute to
the deterioration of the composite.

8.5 IMPACT RESISTANCE

Fillers  improve the impact strength of the filled materk
als 347 141720.23-441 43-6.5064.69-1S 8889969710111 A 1o G analysis of impact strength
improvement is discussed below in the section on fracture and toughness.

The results of experimental studies which are summarized in Table 8.2 show
the potential effect of different fillers on impact properties of filled materials. The
information in Table 8.2 is presented in the same format as explained in introduc-
tion to Table 8.1.
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Table 8.2. Effect of fillers on impact properties of filled materials

Conc Impact strength Refs
Filler/polymer range “'/tﬂ/ increase (+) Comments
86, W70 1 gecrease (-), % :
PARTICULATE, INORGANIC FILLERS
Calcium carbonate
PEK 10-30 -55—-70 23
PP 2 +45 112 | improvement due to nucleation
PP 10—60 -40—+50 107 | increase with stearate coating
PP constant 0—+50 103 | increases with particle % > 1 ym
PP 5-30vol% +20—+65 105 | no adhesion; peak at 10 vol%
PP 5-30 vol% +10—+25 105 | perfect adhesion; peak at 10 vol%
PVC 2—-45vol% +40—+150 104 | peak value at 15 vol%
PVC 5-25 +20—+80 70
Fly ash
PP 5-20 -50—-65 87
Glass beads
PP 30 vol % -35 89
Kaolin
PE 10-30 +140—+360 73
Magnesium hydroxide
PP 10—-60 -27--70 64 | metal stearate coating can double IS
Mica, muscovite
PA66 20—40 -30—-15 50 | varies with particle size and amount
PBT 15—-40 +15—-35 50 | varies with particle size and amount
PEK 10-30 -50—-70 23
PP 2—-20 vol% +5—+26 105 | used in combination with CaCO,
Mica, phlogopite
PP 2—20 vol% 0—+15 105 | used in combination with CaCO,
Micaceous
PP 10—60 0+-20 43 | hydrated K-Mg aluminosilicate
Talc
PP/EP blend 1.2 +24 112 | improvement due to nucleation
PP 10 -15 69
PVC 5-20 +13—-15 71
PVC 5-25 -13—-50 70
Titanium dioxide
PS 10-35 +9—+35 111 | dispersion improves IS
Various
PS 0.1 +15—-+220 110 | particle size determines IS
Wollastonite
PA66 15-35 no change 13
PEK 10—-20 -35—-40 23
FIBROUS FILLERS
Carbon fiber
PC 5-30 +40—+120 75
Glass fiber
PE 2-17 0—+7 7
PEK 10-20 +10—+40 23
PP 10—60 +300—+2750 102 | constant fiber length at 6 mm
PP 25 +650—+1050 102 | variable fiber length: 3—12 mm
PP 2-7 +100—+250 7
Organic fillers
Carbon black
ABS 3 -20 114 | varies depending on size and mixing
PP 15—-60 no change 74
PP copolymer 15-60 -30—+200 74 | peak value at 30%




414 Chapter 8

The data compiled in Table 8.2 show how impact strength can be improved.
The following factors contribute to the improvement:

* Particle size (in many cases a certain range of particle size substantially
increases impact strength)

* Particle shape (aspect ratio is the most important parameter; the use of fibers
is the most certain method of impact strength improvement)

* Particle rigidity (hollow particles and fillers which have low hardness
substantially decrease the impact strength)

* Interaction with the matrix (does not help in most cases; see for example
calcium carbonate; in some cases (magnesium hydroxide) surface coating
by metal stearate rapidly improves impact strength). Interaction with matrix
is relevant in fiber reinforcements (see section on fracture resistance below)

* Concentration has a mixed influence (in fillers which improve impact
strength, increased concentration increases impact strength)

* Nucleation (the presence of fillers or fillers with nucleating agents
contribute to changes of crystallinity which increases impact strength)

Figure 8.19 shows the effect of the particle size of particulate fillers on impact
resistance.''® Several fillers were used in this study, including calcium phosphate,
barium sulfate, calcium carbonate, and white carbon. The average particle diame-
ters of these fillers ranged from 0.8 to 30 um. The impact strength of composites
containing different fillers is plotted against the average particle diameter. Particle
size had a pronounced effect on impact strength whereas the influence of chemical
composition was negligible. Maximum reinforcement was obtained with particles
having diameter of 2 pm.

Figure 8.20 shows the effect of adhesion between the filler and the matrix on
impact strength.'® The maximum performance is obtained at low filler concentra-
tions because interparticle distances and the formation of agglomerates are the con-
trolling factors in impact strength improvement. If particles have perfect adhesion,
the matrix is constrained to a greater degree because of matrix interaction with filler
surface, leading to additional embrittlement of the material.

8.6 HARDNESS

Literature contains little data on the effect of fillers on hardness but what is avail-
able indicates that the addition of fillers increases hardness.'®**40-031203

Figure 8.21 explains that the reasons for this increase of hardness are more
complicated than the increase caused by adding a harder material.'* Fillers which
have relatively large particle size do not interact and therefore their effect on hard-
ness is due to their higher hardness. But the gain in hardness is very small because
these particles are surrounded by an elastic matrix which moderates the effect of
their hardness. Much larger gains are observed with semi-reinforcing grades due to
the formation of an interlayer with mechanical properties more similar to the filler
than to the matrix. In this case, the actual size of the particle is increased by the
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Figure 8.20. Charpy notched impact strength of calcium carbonate filled polypropylene. [Adapted, by
permission, from Jancar J, Dibenedetto A T, Dianselmo A, Polym. Engng. Sci., 33, No.9, 1993, 559-63.]

thickness of its adsorbed layer, therefore even small particles occupy a substantial
space in composites. Reinforcing fillers introduce another variable related to for-
mation of physical crosslinks which can be very numerous because of the small size
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Figure 8.21. Rubber hardness vs. surface area of silica filler. [Adapted, by permission, from Evans L R,
Meeting of the Rubber Division, ACS, Montreal, May 5-8, 1996, paper D.]
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Figure 8.22. Carbon black loading for the same hardness. [Adapted, by permission, from Monthey S,
Duddleston B, Podobnik J, Rubb. World, 210, No.3, 1994, 17-9.]

of the particles. These physical crosslinks further reinforce the rubber resulting in
its increased hardness.
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Figure 8.23. Silicone rubber tear strength vs. surface area of silica. [Data from Okel T A, Waddell W H, Rubb.
Chem. Technol., 68, No.1, 1995, 59-76.]

Figure 8.22 shows that the same hardness can be obtained by a wide range of
levels of carbon black.'*' It is possible to add more carbon black and retain the same
hardness. So, other properties such as compression set, can be improved without
sacrificing the elasticity of the product.

Small additions of non-interacting fillers cause only small changes in product
hardness. Usually, such additions produce a 10-20% increase in the hardness com-
pared to unfilled material.'8-3440:65-120.123

8.7 TEAR STRENGTH

Tear strength data are very limited.'***%*'*7 Tearing energy is given by the fol-
lowing equation:

G, = 2kcW [8.12]
where:

k function of extension ratio

c crack length

Y strain energy density on the crack path

This equation indicates that tear strength can be increased by modulation of strain
energy. A straight tear line with a smooth surface of tear path is indicative of low
tear strength. Filler can improve tear strength in two ways. It may either form obsta-
cles in the tear path which disrupts the smooth tear surface and changes the crack
direction or by interacting with the matrix and adhering to it so that stress is trans-
ferred to the matrix over larger surface area.
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A filler with a high surface area increases the interaction with the matrix and
thus increases tear strength (Figure 8.23).'> When rubber is filled with silica the
large surface area of the silica interacts with the rubber and adheres to it. This adhe-
sive interaction allows energy to be stored or dissipated.

Fibers, due to their high aspect ratio, are the most efficient method of improv-
ing tear strength (Figure 8.24)." Even such weak fibers as cellulose fibers can in-
crease tear strength by a factor of 6. Fibers form large obstacles in the path of crack
growth. Fibers with better adhesion to matrix are more efficient.

The quantities of multifunctional additives used must be selected with care as
each type and grade of carbon black requires a specific but different amount to
achieve optimum performance. To achieve optimum adhesion, the concentration of
additive should coat the surface of carbon black with a monomolecular layer.
Building additional layers on the carbon black surface reduces adhesion which also
reduces tear strength.

8.8 COMPRESSIVE STRENGTH

Compressive strength depends on the stiffness of the material, thus, all of the pa-
rameters which affect stiffness, including the effect of fillers, influence compres-
sive strength.'”"*%%>1289 The following equation associates compressive strength
with other mechanical properties:
OoE. 0O
o, =KG, =K i 8.13
= O TGt o
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Figure 8.25. The effect of particulate fillers on the compressive strength of epoxy resin. [Adapted, by
permission, from Yang Q, Pritchard G, Polym. & Polym. Composites, 2, No.4, 1994, 233-9.]

where

[ compressive strength
K constant

Gy matrix shear modulus
E. Young's modulus

\Y Poisson’s ratio

This equation shows that the parameters which affect Young's modulus may affect
the compressive strength. Figure 8.25 shows results for several fillers.”> Aluminum
trihydrate, hollow glass beads, and mica decrease compressive strength. The first
two fillers are found to decrease Young's modulus as well. It is not clear why mica
caused a decrease in compressive modulus. It would be expected to increase it.
Remaining fillers increased compressive strength.

It was previously reported (Figure 8.18) that moisture reduces flexural
strength of Kevlar filled epoxy. Figure 8.26 shows that moisture reduces its com-
pressive strength.”

8.9 FRACTURE RESISTANCE

The fracture resistance of a material depends on all of the properties which have
been discussed including tensile strength, yield stress, elastic modulus, flexural
strength, and impact resistance, all of which depend, in part, on fillers. Fillers, con-
sequently, are important determinants of fracture resis-
tance, 00203226 73.878104-5,109.116.125.130-45 1y those phenomena which are related
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Figure 8.26. Compressive strength of Kevlar reinforced epoxy vs. moisture content. [Adapted, by permission,
from Akay M, Mun S K A, Stanley A, Composites Sci. Technol, 57, 1997, 565-71.]

to impact, flexural, or tensile stresses which can cause materials to fail. All phe-
nomena related to cyclic forces are discussed under fatigue in a separate section.

This discussion includes the following:

* Modes of fracture

* Mechanism of fracture

* Microstructure of filler inclusions

* Changes in matrix due to impact

* Material toughening

* Methods of fracture prediction and modelling

Five fracture modes were observed during tensile experiments (Figure
8.27)."* The most ductile compositions fracture during the strain-hardening (mode
A) or the neck propagation (mode B). Modes C and D are typical of quasi-brittle
fracture. A thinned region is formed at the neck formation (mode C). In this case,
stress drops to the draw stress. In mode D, specimens fracture through
macro-shearbanding. These bands are formed across the specimen and fracture oc-
curs after a yield maximum is exceeded. Mode E is a brittle failure perpendicular to
the loading direction. The fracture occurs before the yield point. The description of
the mechanisms of these modes of fracture which follows is based on SEM obser-
vations of the fracture of calcium terephthalate and calcium carbonate filled ther-
moplastic polyester.'**

The mechanism of fracture according to mode A is given by Figure 8.2
The fracture surface had a rough region where a crack was propagated by a ductile

134
8.
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A, Baer E, J. Appl. Polym. Sci., 52, No.2, 1994, ‘\ B Z
255-67.] Fibril Bundie Rosette

. . . Figure 8.28. Schematic representation of mode A fracture.
tearmg. Strain hardemng enables [Adapted, by permission, from Li J X, Hiltner A, Baer E, J.
the polymer to sustain these loads. Appl. Polym. Sci., 52, No.2, 1994, 269-83.]

At a low concentration of filler

(typical of mode A behavior), there

is enough polymer matrix to withstand an external load without fracture. The sur-
face has a pullout region (the initial fracture site) and a quasi-cleavage rosette re-
gion (where continuation of tearing occurs). The morphological features include
debonded particles and elongated voids. Fracture occurs when the local strain in the
ligaments reaches the fracture strain of the matrix. The formation of a rosette pat-
tern requires a certain amount of polymer to be present and thus it will occur only at
very low filler loadings.

Figure 8.29 shows the mechanism of fracture according to mode B."** Void
formation and growth is similar to the previous mechanisms. The differences in-
clude the coalescence of voids and a singular tearing fracture initiated by a critical
size of void created from coalescence. The fracture initiates from either the side or
the center (mode A from the side only) and there is no rosette region. Fiber bundles
are short and small in diameter.

Figure 8.30 shows the mechanism of fracture by mode C.'** There was also a
void formation and coalescence occurred in this specimen but only in lateral
direction. Fracture was initiated from the center and had numerous secondary
cracks. This mode of failure is typical of critical volume fraction of filler where the
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Figure 8.31. Schematic representation of mode D fracture. [Adapted, by
permission, from Li J X, Hiltner A, Baer E, J. Appl. Polym. Sci., 52, No.2,
1994, 269-83.]

close to diminish the sizes
of the ligaments which are
needed to resist fracture.
Figure 8.31 shows
the mechanism of fracture
by mode D."** Fracture
was initiated at one side
and propagated at an an-
gle to the other side. As
the rate of crack develop-
ment increased, the frac-
ture path deviated to
become almost perpen-
dicular to the direction of
loading. This part did not

exhibit the stress-whitening effect which indicates brittle fracture. Particles in this
specimen were not debonded but some were cracked (see Figure 7.31). In fractures
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— by mode E, there was no in-
g‘(i\v;;;F\;”er CaT1 CaT-2 |CaCO3-1 |[CaC0O3-2 {CaCO3-3 dication of debonding but
g’ the particles themselves
24 fractured along with the
" Mode A undeformed matrix.
7.0 Figure 8.32 shows the

effect of filler type and con-
centration on the mode of
) fracture.'® Several factors
are responsible for the be-
havior. CaT  (calcium
terephthalate) fillers have

good adhesion to the matrix
Figure 8.32. Map of fracture modes for various fillers and their d h | ted
concentrations. [Adapted, by permission, from Li J X, Silverstein M, an ave an clongate
Hiltner A, Baer E, J. Appl. Polym. Sci., 52, No.2, 1994, 255-67.] shape. CaCO; (1) and (2)

are both untreated fillers of
smaller particle sizes (2.2
and 4.1 pm, respectively). CaCOs (3) is a stearate coated filler (better dispersion,
but poor adhesion to matrix) with a particle size of 6.1 um. The mode of fracture de-
pends on filler concentration, the degree of adhesion to the matrix, and particle size.

While we have a comprehensive picture of tensile fracture modes, a similar
picture of impact fractures is yet to be developed.'® Composite behavior during im-
pact is more complex than the behavior during tensile stress. Attempts at mathe-
matical modelling are being made. The steps including crack initiation,
propagation, yield, crazing, voiding and debonding (essentially similar to that dis-
cussed above) are being analyzed.

The way in which a filler is incorporated has an effect on fracture resistance.
Figure 8.33 shows a schematic representation of the microstructure of fillers.""!
The rubber particles are generalized as rubber particles added in a toughening pro-
cess (a), rubber or polymer coating in core-shell microstructure, bound polymer, or
surface coating (b).

Figure 8.34 shows the results of impact on composites containing such parti-
cles."! Fillers without a coating allow the formation of numerous microcracks
which weaken the material. Rubber particles lower the effect of impact and mi-
crocracking. Fillers coated by rubber (polymer) are more effective due to formation
of yielding zone. This explanation also forms immediate question regarding the
thickness of such a coating. A thick coating lowers toughness due to increased elas-
tomeric behavior. A discussion of this and other structural phenomena follows.

Several characteristics of the matrix and filler-matrix interphase are involved
in material toughening. These include: the particle size of filler, interfacial adhe-
sion, filler concentration (already discussed), filler surface composition, the crys-
tallization of the matrix, shell thickness, stress whitening, and strain hardening.
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Figure 8.34. Morphological model of impact fracture of composites.
[Adapted, by permission, from Li J X, Silverstein M, Hiltner A, Baer
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The effect of filler sur-
face composition can be ex-
emplified by a simple
copper filler.*® Two types of
copper spheres were used in
polyamide-11 composites.
Both grades were produced
by atomization but one filler
had an oxidized surface
whereas the other was re-
duced to pure copper. The
mechanical properties of the
copper composite were im-
proved when oxidized parti-
cles were used because it
had rougher surface which

gave better adhesion. SEM micrographs showed that fracture surfaces were differ-
ent in each case. The fracture path avoided the oxidized copper particles and failure
occurred in the matrix whereas large debonded areas were seen on the reduced cop-
per. This is an example of good mechanical adhesion being developed on a rough
surface. The improved adhesion contributed to a change in fracture mode from ad-
hesive to cohesive failure. Various methods used to enhance adhesion are discussed
in Chapter 6. The organization of the interphase can also increase adhesion as dis-
cussed in Chapter 7. The thickness of shell (or interphase) is critical for materials
toughness. To obtain a higher modulus than that of the matrix, a very thin shell is re-
quired along with very good adhesion. Increasing shell thickness rapidly lowers the
rigidity of the material.
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The addition of small particles of rubber to brittle polymers is the frequently
used method to toughen materials. The improvement is due to increased crack
growth resistance due to cavitation of rubber particles followed by deformation and
crazing.'* The role of such particles is to redirect the stress and distribute it onto a
larger surface area. With that in mind, a theory was put forward that perhaps rubber
particles are not necessary at all. The concept was tested by comparing the effect of
rubber particles and holes created by the incorporation of thin wall latex particles.
Figure 8.35 shows a fracture surface of epoxy modified with 10 vol% of such
holes.'* The particle sizes of latex particles were 0.4 and 1 um and their walls were
very thin. Control experiments were conducted with rubber particles having parti-
cles size 0f 0.2 and 0.55 pum. The fracture toughness of epoxy filled with holes was
2.30 and 1.95 MPa m"? and of the rubber containing samples 2.05 and 2.2. The in-
corporation of particles may have affected crystallization, so DSC analyses were
conducted which indicated no difference between filled and unfilled material. This
example shows the importance of the matrix in the mechanism of toughening (since
holes by themselves could not contribute to toughening).

Three phenomena are responsible for the response of a material to stress: the
strain hardening, crazing, and stress whitening. The first two phenomena are com-

- 3 pletely beyond the scope of this
book. Each increase mechanical
performance of the matrix by ori-
entation then crystallization of the
matrix to counterbalance crack
propagation. Stress whitening is a
change of appearance around the
stressed area which is thought to
originate from void formation by
separation of the polymer-filler in-
terface. It is known from studies

- e : on silica in silicones that stress
Figure 8.35. SEM micrograph of the fracture surface of an . : _
epoxy resin modified with 10 vol% latex particles. [Adapted, Whltenlng can be decreased by re

by permission, from Bagheri R, Pearson R A, Polymer, 36, ducing the pH of the silica and by
No.25, 1995, 4883-5.] lowering the Na,O content.'?
Both factors improve surface wet-

ting and improve adhesion.

Many mathematical methods have been developed to interpret data. Some,
more common models are given below. Fracture strength can be calculated from
modified Einstein equation:

o, =0, (1-121¢"°) [8.14]

where:
g,

c

fracture strength of the composite
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0, fracture strength of the matrix
® filler volume fraction

This equation applies to systems in which there is no adhesion between the filler
and the matrix. The equation predicts that the fracture strength of the composite is
reduced as the filler concentration increases.

For random-packed monodisperse spheres where the concentration range is
0.56>p>0, the following equation applies:

0, =0, (1+106¢ ) [8.15]

This equation predicts that there will be some small gains in fracture strength as
filler concentration increases. For fiber-filled composite the following equation
was found to be supported by experimental data:®

o, =0, (1+164¢) [8.16]

This equation explains why fiber reinforcement is so important in increasing frac-
ture resistance. The above equations are important for basic classification of fillers
in terms of their influence on fracture resistance but they are deficient in describing
the effect of the matrix and the interaction with filler.

One method used is the energy rate interpretation of the J-integral. It is as-
sumed that J has two constant values one at the crack initiation point, J., and the
other at the failure point, Jg, given by equations:'"”

10U 1 AU,
J, =—— 20 f == [8.17]

B Na B Aa

where:

B specimen thickness

U. energy of initiation

a crack length

U total energy of fracture

The values of these two energies can be found by plotting U per unit thickness
(U/B) vs. a. J-values can be determined from the slopes of the lines. Plotting J-
values against the volume fraction of filler permits an estimate of the effect of filler
on crack initiation and on the energy of fracture.

Other methods of data interpretation include the calculation of critical stress
intensity (fracture toughness),” crack growth rate,'** fracture energy,'* and fracture
resistance.'”* These models predict stress distribution, and rheological behavior of
the matrix around the particle.

8.10 WEAR

The abrasive wear of plastics occurs as a result of strong adhesive interaction, fa-
tigue, macroshearing, abrasive action, thermal and thermooxidative interaction,
corrosion, cavitation, etc. Fillers are involved in these processes because mineral
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fillers are abrasive and cause wear of the mating surfaces, other fillers are used to
reduce wear.'***"
The wear volume of plastic material is given by equation:

W :Kﬁ%

8.18
= (8.18]
where
K proportionality constant
u coefficient of friction
P force
E modulus
D sliding distance
w load
I, interlaminar shear strength

A filler used as a wear decreasing additive should not lower the permissible strain,
MUP/E.

Both the matrix and the filler contribute to wear resistance. Typical polymers
used in these applications include polyamide, polyacetal, polybutene terephthalate,
and polycarbonate.'*® These polymers have the right balance of required properties,
such as low friction coefficient, good mechanical properties, impact strength, and
dimensional stability. Filler selection depends on the value of its friction coeffi-
cient, its having a minimal influence on the mechanical properties of the matrix
polymer, and its good adhesion to the matrix. Frequently, it is difficult to meet these
criteria because fillers which have a low friction coefficient do not combine well
with other materials. Polytetrafluoroethylene, frequently used as anti-wear addi-
tive, is such an example. The addition of 20% PTFE to polyamide-66 reduces its
tensile strength by 40%. In order to compensate for this effect, PTFE is frequently
used in combination with glass fibers. Glass fibers increase the abrasiveness of the
material but also reinforce it and thus balance the losses due to the use of PTFE.

Typical fillers used for reduction of wear include PTFE, silicone, graphite
powder, molybdenum disulfide, and aramid fibers. Good results were also reported
with mica and zirconia combination."”’ Figure 8.36 shows the effect of mica and
mica in combination with zirconia on the wear resistance of an epoxy resin.'’

Figure 8.37 shows that additions of graphite and MoS, are capable of making
PTFE even more wear resistant.'*® This effect is limited to a relatively small range
of filler concentration because PTFE does not interact with fillers and its mechani-
cal properties deteriorate rapidly as filler concentration increases. The addition of
40% filler (graphite or MoS,) reduces the elongation from 240% to close to zero.
Addition of only 20% filler reduces the elongation to about half of the unfilled
value.'"*

Figure 7.9 illustrates the effect of fiber orientation on wear rate.”* The
surface roughness of the mating surfaces influences wear. Adhesion of fibers to the
matrix and their dispersion are other essential parameters of the aramid fibers
performance.'™ Large surface area of the aramid fibers caused mechanical inter-



428 Chapter 8

35
S0 T O
25
20

15

e e e e S I |

Wear volume, mrh

10

5\\\\i\\\\‘\\\\i\\\\i\\\\i\\\\
1 2 3 4 5 6

Filler content, wt%
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locking and limited their dispersion in the matrix. An application of a sizing agent
increased adhesion but also caused the fiber to form bundles which were difficult to
separate after cutting process. A special process oil was used to prevent bundling.
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8.11 FRICTION

Table 8.3. Friction coefficient of some plastics

Dynamic
Polymer Filler Amount, wt% coefficient of
friction

Polycarbonate PTFE 10 0.12

Polycarbonate Aramid 15 0.15

Polycarbonate PTFE i 2 0.10
PTFE 10

Polyoxymethylene Aramid 5 0.05
Silicone 3

Polybutyleneterephthalate PTFE 15 0.20

Polyethyleneterephthalate PTFE 10 0.15

Polyamide-6 PTFE 15 0.23
. PTFE 18

Polyamide-6 Silicone ) 0.11
. PTFE 15

Polyamide-6,6 Glass fiber 30 0.26
PTFE 13

Polyamide-6,6 Glass fiber 30 0.14
Silicone 2
. PTFE 15

Polyamide-6,6 Carbon fiber 30 0.11

Polyamide-11 PTFE 15 0.31

Polyamide-12 PTFE 20 0.20

Polyamide, amorphous PTFE 20 0.22

Pol 1 PTFE 15 0.09

olypropylene .

YPIopY Glass fiber 20

Polyurethane, thermoplastic | PTFE 15 0.32

This section adds information on the influence of filler on the wear behavior of
plastics.'**"*** The friction coefficient of a material depends on the applied load ac-
cording to the following equation:

=KW 0304 [8.19]

where:
K proportionality coefficient
AW load
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Table 8.3 gives friction coefficients of plastics containing fillers intended as
wear reduction additives.

Generally, the friction coefficient decreases as the load of filler increases but
there is a critical quantity above which the friction coefficient decreases. The cor-
rect amount of anti-wear additive for a particular material and a particular applied
load can be determined by simple morphological observation of the surface. The
expected wear pattern forms surface debris whereas if the part is not wearing well
its surface will melt and become shiny.

8.12 ABRASION

Two aspects of abrasion will be discussed, namely the abrasion resistance of filled
materials and the use of fillers in the friction materials.**'**'**!*7 Each has its own
specificity and differs from other two.

Rubber, due to its elastomeric properties, usually, has a low abrasion resis-
tance. Fillers such as carbon black and silica can be added to impart abrasion
resistance. Figure 8.38 shows the extent to which different grades of carbon black
are abraded.'”® As interaggregate distance decreases the abrasion loss decreases as
well.

Figure 8.39 shows that increasing the filler concentration decreases abrasion
loss. Because of chemical interaction between the hydroxyl groups on clay and the
ionic crosslinker in EPDM, clay reduces the abrasion loss more effectively than
carbon black. Carbon black forms a weak interaction with the backbone
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De S K, Peiffer D G, Polymer, 36, No.20, 1995, 3875-84.]

chains.**'* Increased adhesion between the filler and the matrix contributes to an
increase in abrasion resistance.'* Studies on natural rubber filled with silica dem-
onstrated this performance improvement. The adhesion between the filler and the
matrix was increased by a multifunctional additive. As the concentration of the ad-
ditive was increased the abrasion loss decreased.

Typical friction materials used in the automotive industry are brake pads and
clutches."” In the past, asbestos was the filler of choice but after 1983, the use of as-
bestos was gradually phased out and alternative replacements were found after ex-
tensive tests on over 1200 different materials. There are three main technologies
used for brake pad production: metallic brake linings, carbon-carbon composites,
and resin-bonded friction materials. Resin bonded friction materials will be dis-
cussed here. The friction material must fulfill several requirements which makes
the choice of filler a complicated process. In addition to a sufficient friction coeffi-
cient (typically 0.4-0.5), brakes should not suffer a substantial and long-lasting loss
of friction during repeated cycles of overheating and returning to normal tempera-
ture. Brakes should recover quickly from friction loss due to exposure to water,
they should have high tolerance to different magnitudes of load and wear. Meeting
all these requirements is challenging. Fillers are seldom used alone but rather in
combination. These may include a conductor to facilitate heat dissipation (metal
powder, most frequently copper or brass), a particulate filler for surface filling and
cost reduction (typical candidates are barytes, calcium carbonate, and clays) and re-
inforcement (fibers which can withstand heat and maintain mechanical and fric-



432 Chapter 8

1013 CTTTTTTTT T ‘ T T T TTTTT ‘ T T T T 1111
N i - average scattering
(n " "
S i : - —
° - o— ! -
S — :
- 2] © |
2 10%0 <
n L L - |
o B P ]
s - : ]
= - scattering difference
= ~ |
-oq—l) 7/EE[‘ ! B
fo H | | E
© | |
m 1011E3\ I | ‘ I Y I | ‘ I I O |
0 5 10 15

Talc content, Wt%
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tional properties, such as aramid, glass, carbon, steel, cellulosic). All fibers used
today are still no match for asbestos which had thermal stability, high mechanical
properties, and sufficient elasticity to prevent fracture (typical of glass and carbon
fibers). The biggest challenge of new technologies is to overcome existing relation-
ship between coefficient of friction and wear rate which makes more durable brakes
less efficient.

8.13 SCRATCH RESISTANCE

In spite of the fact that scratch resistance is very important requirement only a lim-
ited number of credible studies have been done. This research is very difficult to
conduct.'”*? Recently, image analysis was employed to overcome some of the tech-
nical difficulties associated with the interpretation of observations. In addition to
the damage of the scratch itself, the surrounding areas show stress whitening which
adds to the perceived damage. The use of plastics in the automotive industry, espe-
cially the wide use of polypropylene makes these studies very important in the de-
velopment of high quality finished products.

The method adapted in instrumental studies includes several steps: surface
scratching using a controlled testing apparatus, analyzing the scratch area by re-
flected polarized light in an optical microscope, image acquisition, and analysis of
the digital image."™® Figure 8.40 shows of the data obtained when the scratch sur-
face of talc filled propylene was analyzed. As the amount of talc was increased,
scratch resistance decreased. The average scattering of reflected polarized light
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correlates with void formation due to the impact-related separation of filler from
the matrix. The scattering difference is related to changes in chain orientation re-
sulting from scratch damage. Results can be improved by increasing the adhesion
between filler and matrix only an incremental improvement is possible because of
an inherent deficiency in talc (low hardness).

Figure 8.41 shows the structure of a novel nanocomposite and how it was
formed."*® This nanocomposite has high scratch resistance. It is currently used for
an optical lens coating. Its scratch resistance was increased by factor of 3 in the dia-
mond scratch test when compared with conventional hard coatings and by factor of
2 in lens testing where lenses are rotated in drum of abrasive material. These excel-
lent properties are due to a structure which makes both the filler and the matrix a
singular, ordered material.

8.14 FATIGUE

Fillers contribute to the elastomeric properties of materials and thus affect the fa-
tigue resistance of compounded products.’*'2#13% 140144160177 16 discussion below
includes:

* The principles governing fatigue resistance

* The mechanisms of fatigue deterioration of filled systems

* The effect of fillers on improvement of fatigue resistance

Paris' law relates crack propagation rate to stress intensity:

da

oy =K 8.20]
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where:

a crack length

N number of cycles

C,m material dependent constants

AK =K ux — Kiin» Stress intensity factor range

The values of constants C and m are not associated with any particular physical
meaning. AK increases when filler load increases. This indicates that the filler in-
creases fatigue resistance. Crack growth data can be conveniently obtained by in-
terfacing tensile testing machine operating in a cyclic mode with a
software/hardware combination capable of determining crack length at one cycle
intervals.'* The following equation is used to calculate results:

a H - an+1 _an—‘l

[8.21]
EHND7 Nn+1 _Nn—1

where:
n iteration number

Figure 8.42 shows one outcome of such studies."* The addition of surface treated
glass beads requires substantially higher stress to support the same growth rate of
cracks compared with neat epoxy. Good adhesion and stress distribution are re-
sponsible for improvement.

The other factor which is important in fatigue resistance studies is related to
dissipation of energy. The energy accumulated in the material due to extension
must be dissipated. Energy dissipation is given by the equation:

2n

w, =Io(t)3—ydt =nG" Y} [8.22]
) t
where:
Wy energy dissipated in a complete strain cycle per unit volume
o stress response
% input strain
t time
G’ loss modulus (G'= G'tand)

Figure 8.43 shows difference in behavior between filled and unfilled materials.'™

There is a large difference in the energy stored by the two systems due to the rein-
forcing action of carbon black. Also, filled systems differ in their reaction to con-
tinuous stress. In a filled system, nonlinear behavior is observed due in part to the
level of energy involved in cycling. This affects efficiency of energy dissipation
and formed crosslinks.

Stress softening is a phenomenon related to filler reinforcement. When a mate-
rial is extended to a certain strain, returned to zero strain and stretched again, the
second stress-strain curve lies below the first one. There are several reasons for this
phenomenon, including incomplete elastic recovery, conversion of the hard phase
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to soft phase, breaks in the network, and chain slippage from detachment points.'®



436

Chapter 8

The equation for loss of deformation energy gives a mathematical interpretation of

this phenomenon:

o ¢ € 0
AW =] —J' GdSJ' 0,de{100
O o 0 O

where:

AW loss of deformation energy

[¢) stress value of second cycle (deformation)
€ maximal strain

a, stress value of the first cycle

[8.23]

The Mooney-Rivlin equation is frequently used to interpret experimental results re-

lated to stress softening:

ge)=1+21 [8.24]

C, A

where

2(¢) damping function (based on the fact that the material's response does not remain proportional to

the deformation)

C, elastic constant (a measure of the connectivity of network strands)

C, stress relaxation constant (contribution of trapped entanglements to the equilibrium modulus)

A extension ratio

Failure occurs in two steps: crack initiation and crack propagation. The exam-
ples above and some examples presented below show that the addition of filler may
help in interfering with the propagation step. But the filler introduces inhomogene-
ity to the matrix and thus may contribute to crack initiation. In this respect the prop-
erties of the matrix are very important. If the matrix has a brittle character, its

o o0 o

a) fracture front approaching
the filler particles

b) front is pinned down
by the particles

¢) front coalescing
past the particles

Figure 8.44. Crack front propagation slowed down by a pinning
mechanism. [Adapted, by permission, from Azimi H R, Pearson R A,

d) front breaking away
from the particles

Hertzberg R W, J. Appl. Polym. Sci., 58, No.2, 1995, 449-63.]

fatigue resistance depends on
crack initiation. Once a crack
is initiated, its propagation is
a very fast process. In ductile
matrix there is a larger resis-
tance to crack propagation,
therefore the introduction of
a crack initiation site (e.g.,
fillers) is not as detrimental
to overall fatigue resistance.
Matrix-filler adhesion and
the matrix character deter-
mine the influence of the
filler on crack initiation.
Crack propagation is af-
fected by the properties of the
filler and its interaction with
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Figure 8.45. Effect of coupling on crack rate development in kaolin-filled HDPE. [Adapted, by permission,

from Savadori A, Scapin M, Walter

R, Macromol. Symp., 108, 1996, 183-202.]

the matrix. Figure 8.44 shows the mechanism by which filler particles may slow
crack propagation.'*® A crack front approaches filler particles which have good ad-
hesion to the matrix. The front of the crack is slowed by filler particles because of
their interaction with the tip stress field. Cavitation and coalescence of voids is fol-
lowed by the matrix breaking away from particles and the crack front progressing to

the next obstacle.'*

Figure 8.45 shows experimental data from a different source’ which confirms

(R B N

Major Crack

\\ Brittle yd

Particle

BREREE

Crack advancing

Figure 8.46. Crack growth mechanism. [Adapted, by
permission, from Xu X X, Crocrombe A D, Smith P A, Int.

J. Fatigue, 16, No.7, 1994, 469-77.]

the pinning mechanism. Much
higher stress intensity (AK from Eq
8.20) is required to support the same
crack growth rate in material with
good adhesion as compared with ma-
terial with poor adhesion.

Figure 8.46 shows the effect of
crack advancement on integrity of
filler particle.'™ The advancing
crack can be delayed by the pinning
mechanism if stress is lower than ad-
hesion and filler particle cohesion. If
stress is higher than particle cohe-
sion then particles may break. The
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experimental evidence of the operation of this mechanism is given in Figure 7.31.

The fiber debonding mechanism is given in Figure 8.47.'°* Several stages are
involved, including debonding, void formation, coalescence, and finally crack for-
mation. Because of a higher stress around the fiber ends, debonding is more likely
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to occur in these areas. There is substantial evidence from SEM studies which con-
firms that such mechanisms operate in composites.

Several examples below illustrate the effect of fillers on fatigue resistance.
Figure 8.48 shows that crack length depends on the number of cycles.'**'% Talc in-
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creases the time to failure by about 50%. Both crack initiation and crack propaga-
tion were improved by the addition of talc.

Figure 8.49 shows the effect of filler concentration on fatigue resistance.'™
The weight loss during the cycling stress experiment is caused by the reaction of
ionic fragments with polymer chains. As a result of these reactions, volatile species
are lost. In this experiment each sample was subjected to 60 cycles.

Figure 8.50 shows the results of similar studies for different fillers in
PDMS.'® In most cases the increased Young modulus of filled composite corre-
sponds to less weight loss. This points again to the effect of interaction on failure re-
sistance.

8.15 FAILURE

These remarks evaluate the effect of filler-related phenomena on failure of plastic
materials.**”"'7>'®2 Several reasons for the failure of plastics are filler related. They
include delamination of laminated composite materials, debonding in particulate
filled materials, stress cracking of filler particles, yielding, cavitation, and corro-
sion.

Failure analysis of composite pipe'®* shows that the majority of problems are
related to bundling of fibers which prevents the binder from wetting the individual
fibers, the porosity of the resin which allows penetration of the composite by cor-
roding liquids, and a lack of adhesion between the matrix and a sand filler. All these
failures can be substantially reduced and the useful life of pipes extended by appli-
cation of proper technological practices. A high porosity in the binder layer in-
creased corrosion rate which, in turn, reduced the original fiber strength to 1/3 of its
initial value over a period of 10 years. With good fiber protection, mechanical
strength was reduced by only 30%.'®

Figures 8.51 and 8.52 show differences between the behavior of polypropyl-
ene filled with glass beads at different temperatures.'”” In both cases, the debonding
between filler and the matrix requires the lowest level of energy and confirms that
this is the most likely mode of failure. The volume fraction of filler has little effect
on debonding, cavitation, and yielding at 0°C. At -60°C, yielding is improved by in-
creasing concentration of filler. Debonding is initiated at the poles and begins plas-
tic yielding in the matrix which ultimately leads to failure.” Strain required to
initiate failure is reduced when the filler concentration is increased.”

The adhesion between the matrix and the filler has an important influence on
the mechanism of failure. In polyester filled with quartz, uncoupled (low adhesion)
quartz was delaminated from the matrix if the quartz particles were in the path of
the crack growth. Silane coupled quartz particles showed many instances of particle
cracking on the pathway of crack growth. Apparently, adhesive forces were higher
than the cohesion of filler material.'”®

In polymer blends, the distribution of filler between the two or more compo-
nent polymers of blends influenced tensile, tear, and fatigue failures. For example,
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Figure 8.52. Global stress vs. volume fraction of glass beads in polypropylene at 0°C. [Adapted, by permission,
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when carbon black was distributed equally in two phases the fatigue life was 30%
better than when all of the carbon black resided in only one phase. Also, uniform
distribution of carbon black increased failure resistance.
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8.16 ADHESION

This section presents the available data on adhesion of plastic to other substrates in
relationship to the concentration of filler,"*77-10%:164318200" A dhesion between
filler and the matrix has been discussed in other sections. Figure 8.53 shows the ef-
fect of fumed silica on adhesion of silicone sealant. This might be application spe-
cific since the adhesion of a silicone sealants is improved by silanes. The increased
surface area of fumed silica is associated with an increased concentration of func-
tional groups on its surface, so the improvement is related to the effect of the silane
rather than that of the filler.”"

In another specific application that of hot melt adhesives, the choice of filler
has an effect on adhesion (Figure 8.54)."” Four types of spheres (K-20, S-22, Z-
light, and ML 3050) increase adhesion compared with unfilled adhesive. The first
two (K-20 and S-22) are hollow microspheres of very low density. The remaining
two have a lower density than glass but have thicker walls. Three fillers (CaCO3,
Zeospheres, and aluminum) are solid products. All fillers which decrease adhesion
have substantially higher thermal conductivity than the fillers which increase adhe-
sion. From the studies of crystallization profiles, it is apparent that longer crystalli-
zation times allow the network to orient itself on the substrate, resulting in better
adhesion.'”

In TiO, filled coatings either using different amounts of TiO, or using TiO,
with a variety of surface treatments no substantial difference in adhesion was
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found."®>""! Figure 7.16 indicates that the orientation of polymer on the substrate's
surface is responsible for excluding most of the filler from the layer adjacent to the
substrate.

The adhesion of PVAc adhesive was improved by the addition of calcite,
alumino-silicate and starch but gains were rather small and the mode of failure was
altered from cohesive failure in the unfilled sample to adhesive failures in the filled
samples.*’

In PET films containing CaCOs3, the adhesion of the film was less than that of
unfilled film. This is due to the replacement of the adhesion promoting surface by
filler which has no adhesive properties.'”’ In UV cured adhesives, quartz filler con-
tributed to a faster development of adhesion due to its transparency to the UV radia-
tion used for curing.'”® In polymer blends filler was accumulated at the interphase
between polymers. Adhesion depended on the interaction of filler with both poly-
mers and on the particle size of filler.'*®

In general, fillers may increase the adhesion of plastics to other materials if
they can become involved in the mechanism of adhesion (e.g., participate in cou-
pling), change the properties or the orientation of the polymer (e.g., influence cur-
ing, elastomeric properties, orientation, etc.). But in many instances fillers may
decrease adhesion if they are concentrated at the interface or increase the modulus
(higher stress at the interface) of materials or increase viscosity (retarded wetting).

The addition of filler to the material which is combined with other substrates
by intermediate layer (adhesive), usually improves adhesion. The adhesion of
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LDPE coating to polyester film, clay-coated liner board, and aluminum foil was im-
proved by an addition of calcium carbonate. Adhesion increases as the amount of
calcium carbonate is increased and at a 30% level it is doubled.'®’ The adhesion of
SBR to a polyurethane adhesive was substantially improved (400%) by the addition
of'silica but only when the surface was roughened. The amount of silica did not af-
fect adhesion of unroughened SBR."® The use of MgO with silane coupling in-
creased adhesion of bromobutyl liner by a factor of four.'” Generally, in the
reported data, surface roughening of the filled composite contributes to a better ad-
hesion to other substrates joined by adhesives.

8.17 THERMAL DEFORMATION

Heat distortion temperature is one important property of plastic materials which
can be improved by the incorporation of filler.'>?2%%4%-7 Taple 8.4 shows what
can be obtained with various systems.

Table 8.4 shows that substantial gains can be obtained by filling crystalline
polymers but amorphous polymers are not much affected by reinforcement. Also,
particulate fillers are substantially less effective than fibrous fillers. Glass fiber is
the most useful filler in this application. Figure 8.55 shows the effect of two grades
of particulate fillers on the heat deflection temperature of polypropylene.* Small
changes are observed at smaller additions followed by a rapid increase in HDT
above a 30% filler content. The particle size has only small difference.

8.18 SHRINKAGE

There are several reports on the influence of fillers on shrinkage.
ure 8.56 shows mold shrinkage vs. concentration of filler.” Mold shrinkage can be
reduced to half of the value for unfilled resin by the incorporation of mica. Addi-
tional reduction of shrinkage is possible if the interaction between filler and the ma-
trix can be increased. This can be achieved by reacting polypropylene with maleic
anhydride.’

Mold shrinkage is even more efficiently reduced by glass fiber or combination
of mica and glass fiber. Glass fiber alone reduces mold shrinkage more effectively
than mica. For example, mold shrinkage of in this experiment™' was 0.28% for
40% glass fiber in polypropylene and 0.96% for 40% mica. If combination of mold
shrinkage with warpage reduction is required combination of mica with glass fiber
gives better results than the use of glass fiber alone but in such compositions shrink-
age increases with mica concentration increasing. >’

Figure 8.57 shows the anisotropy of mold shrinkage.””* Unfilled polypropy-
lene (RTP100) shows very big difference between longitudinal and transverse
shrinkage. Polypropylene containing 40% calcium carbonate has very similar
shrinkage in both directions. In addition, the shrinkage of filled material is consis-
tently lower and less dependent on cycle time. Lower holding times can be used
with filled material.**

115,193,198,201-4
9.115,193,198,2014 i _
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Table 8.4. Heat deflection temperature of various systems

Polymer Filler Amount, % HD}; 6C @ Ref.
- 0 172
ABS glass fiber 30 358 12
. - 0 75
Polyamide-6 glass fiber 30 212 12
- 0 95
Polyamide-66 glass fiber 30 248 12
wollastonite 20 247 13
- 0 105
glass fiber 20 210
Polyketone mica 20 165 23
wollastonite 20 120
CaCO;, 20 95
- 0 155
Polyetheretherketone glass fiber 30 315 12
Polybutyleneterephthalate | ~ 0 63 12
ybuty P glass fiber 30 210
- 0 65
glass fiber 30 148 12
Polvpropylene carbon black 30 130 74
YPropy talc 40 135 20
CaCO;, 40 116 20
aluminosilicate 50 120 43
- 0 201
Polyethersulfone glass fiber 30 216 12
- 0 172
Polyphenylenesulfone glass fiber 30 181 12
- 0 175
Polyarylate glass fiber 30 180 12
. - 0 275
Polyimide glass fiber 30 348 12
. - 0 270
Polyamide-imide glass fiber 30 275 12
. - 0 200
Polyetherimide glass fiber 30 210 12

Proper choice of filler allows to modify shrinkage of UV curable transparent
adhesives.'” The shrinkage of UV curable adhesive was reduced by factor 2-3 by
incorporation of quartz which has better UV light transparency than conventionally
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Figure 8.55. Heat deflection temperature of polypropylene containing hydrated K-Mg aluminosilicate.
[Adapted, by permission, from Schott N R, Rahman M, Perez M A, J. Vinyl and Additive Technol., 1, No.1,
1995, 36-40.]
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Figure 8.56. Mold shrinkage of mica/polypropylene composites vs. concentration of filler. [Data from Chiang
WY, Yang W D, Pukanszky B, Polym. Engng. Sci., 34, No.6, 1994, 485-92.]

used fillers. Due to more uniform curing and development of network less shrink-
age was observed.
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Figure 8.58. Thermal expansion coefficient of polyisoprene rubber vs. carbon black amount. [Data from Priss L
S, Int. Polym. Sci. Technol., 23, No.7, 1996, T53-6.]

Figure 8.58 shows the effect of carbon black on thermal expansion coefficient
of rubber.™* Increasing rubber content contributes to a decrease of thermal expan-
sion.
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Figure 8.59. Warpage vs. filler content in polypropylene. [Data from Canova L A, Fergusson L W, Parrinello L
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8.19 WARPAGE

Warpage results from residual stresses within a molded part. The ejected part is not
constrained by the mold and, if its residual stresses are higher than the modulus of
the material, material distortion occurs.?*’***® Some fillers can help to decrease
warpage.

Figure 8.59 shows the difference in warpage between mica filled and glass fi-
ber filled polypropylene.””’ An increase of mica concentration to 20% is sufficient
for a substantial reduction in warpage. Glass fiber can also reduce warpage but it is
much less effective than mica. Glass fiber is very efficient in shrinkage reduction
(see previous section), so combinations of mica and glass fiber usually give a good
balance of properties. In this experiment, the best compromise between shrinkage
and warpage was attained when the polypropylene was filled with 20% mica and
20% glass fiber.””!

Warpage is a function of stress distribution within the material. Stress distribu-
tion depends, in turn, on the distribution of filler particles. If filler distribution is
not uniform (see section 7.2) stress distribution will vary in different sections of the
part. Typically, warpage close to the edges has a different direction of deflection
than in the center of the part. Also, there is a higher negative deflection in the region
of the part remote from the injection nozzle because these regions are filler defi-
cient.

The type of filler plays an important role. Fillers which have a platelike struc-
ture are more efficient than fibers, and fibers are more efficient then particulates.
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Figure 8.60. Compression set of vulcanized silicone rubber vs. surface area of silica. [Data from Okel T A,
Waddell W H, Rubb. Chem. Technol., 68, No.1, 1995, 59-76.]

Orientation of filler particles is also important therefore warpage is influenced by
processing conditions which tend to orient the filler such as rate of flow, tempera-
ture, ejection temperature, and material crystallization conditions. The current lit-
erature does not provide much information on this subject.

8.20 COMPRESSION SET

Compression set is an important property of elastomers which is affected by the
choice of filler.'®'?"'*27® Stydies were conducted on silica in silicon rubber
vulcanizates. Figure 8.60 shows the relationship between the surface area of silica
and compression set.'” As the surface area increases compression set increases.
The increase surface area contributes to an increase in the number of functional
groups on the surface of silica. These groups can potentially react with siloxane.
When they do, there is a good interaction of filler with matrix which contributes to
reduction of compression set (Figure 8.61).'%

Acidic silica has more active hydroxyl groups on its surface which increase re-
activity. The amount of moisture in silica also increases compression set. This is be-
cause promoting its water is necessary to initiate reaction with siloxane and thus its
condensation with hydroxyl groups on the surface of silica.

Figure 8.62 shows the compression set of rubber with different fillers at 1:1
proportion to rubber.””’ Fillers, such as precipitated calcium carbonate, whiting,
calcinated clay, each of which have limited interaction with the matrix give a sub-
stantially lower compression set. As the interaction between filler and the matrix
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Figure 8.61. Compression stress of vulcanized silicone rubber vs. pH of silica. [Adapted, by permission, from
Okel T A, Waddell W H, Rubb. Chem. Technol., 68, No.1, 1995, 59-76.]
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Figure 8.62. Compression set of EPDM compounded with different fillers. [Adapted, by permission, from
Mushack R, Luttich R, Bachmann W, Eur. Rubb. J., 178, No.7, 1996, 24-9.]

increases, compression set increases. This is also found with different grades of sil-

1Ca
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Figure 8.63. Finite element method stress analysis around the particulate in polystyrene. (a) the system with
dispersed softer particles, (b) the system with dispersed harder particles, (c) the system with dispersed particles
having a peeling layer (adsorbed polymer). [Adapted, by permission, from Mitsui S, Kihara H, Yoshimi S,
Okamoto Y, Polym. Engng. Sci., 36, No.17, 1996, 2241-6.]

Cellulose fibers in NBR were found to increase compression set as the concen-
tration of fiber was increased which is consistent with the fact that cellulose inter-
acts with the matrix and increases tensile strength, modulus and abrasion
resistance.'® A comparison of two grades of carbon black shows that one grade de-
creases compression set in 5 different rubbers whereas the other grade does not
change compression set in a broad range of concentrations.'*! The reasons for this
are not explained.

8.21 LOAD TRANSFER

This section discusses the structural contribution that fillers make by their partici-
pation in stress transfer in filled systems.>®"737%110:175:204210213 The intensity of
stress at high concentration of particles (interacting stress fields) is given by:

O.e

o = 8.25
1+mg’ 18:29]
where
o external load
m proportionality constant
® filler volume concentration

An increased concentration of filler decreases stress around individual particles.
Figure 8.63 shows the diagrams used for stress analysis by the finite element
method.'"’ Figure 8.64 shows the stress concentration factor, C(0) vs. the angle of
the maximum stress concentration point, 0."'" Soft particles and particles with a
peeling layer have a maximum stress concentration at 8 = 90°. This explains why
delamination occurs at the poles, perpendicular to the applied strain. The peeling
layer forms in the strain direction and crazes propagate from the peeling layer per-
pendicular to the applied strain.''’

Stress distribution and load transfer can be conveniently measured by two
methods: Raman spectroscopy”'” and NMR.*'"? Figure 8.65 shows that the Raman
frequency correlates well with the applied strain.”'’ The Raman absorption peak
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Figure 8.65. Raman frequency shift vs. tensile strain applied to carbon fibers. [Adapted, by permission, from
Leveque D, Auvray M H, Composites Sci. & Technol., 56, No.7, 1996, 749-54.]

shifts relative to the applied tensile strain. From this data it is possible to obtain in-
formation on elastic load transfer and debonded part. NMR imaging,*' can be used
to calculate the strain map based on measurements of the relaxation time, T».
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8.22 RESIDUAL STRESS

The residual stress is associated with changes of volume during processing (cool-
ing, evaporation, crystallization) and during the useful lifetime of the finished prod-
ucts (temperature differences combined with differences in the thermal expansion
coefficients of the various materials in formulation). The effect of filler can be pre-
dicted.'?*?%*1%21% The residual thermal strain was determined in carbon fiber com-
posites by Raman spectroscopy.”’® This stress was not large (-0.1%) but it was
concentrated at the fiber ends.

In sheet molded laminates, residual stress decreased as the fiber fraction
increased and as the angle of bundle orientation decreased.”'* An increased load can
reduce stress as the stresses are distributed throughout the laminate (more interact-
ing surfaces). When the stress is high enough to equal matrix strength, it can cause
damage to the laminate. Balancing of stress is a convenient method of improving
properties of fiber laminates.

Figure 8.66 shows the effect of different fillers on the residual stress in an
interpenetrating network.”” The stress is determined by the chemical nature of
filler. Filler which has a good interaction with the network (such as fumed silica) in-
creases shrinkage stress.

In paints, shrinkage stress influences paint quality. Paint may undergo mud
cracking rather than forming a uniform film. Cracking is associated with critical
volume packing. If the concentration of filler is higher than critical volume pack-
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Figure 8.67. Creep strain of LCP vs. time for different fillers. [Adapted, by permission, from Scaffaro R,
Pedretti U, La Mantia F P, Eur. Polym. J., 32, No.7, 1996, 869-75.]

ing, filler particles cannot move closer together and cracking is very likely to occur.
The film forming properties of binder also influence shrinkage stress and
cracking.'”

8.23 CREEP

The creep resistance of materials depends on filler-matrix interaction and, there-
fore, is very much related to fillers use.”**'>” A simple equation shows creep
strain:

e(l) _En [8.26]
eq(t) E,

where

€, strain of filled polymer

€, strain of matrix (unfilled polymer)

t time

E, Young's modulus of matrix

E, Young's modulus of filled polymer

This equation shows that if the creep strain is lower than that predicted by the
equation, filler particles induce stress in the surrounding matrix (if no debonding
occurs). Figure 8.67 shows the effect of different fillers on creep and Figure 8.68
shows the effect of filler concentration.” Creep strain decreases when the filler in-
teraction with matrix increases. This is demonstrated in experiments which show
that magnesium carbonate gives a higher strain than does wollastonite and glass fi-
ber. The increased concentration of filler decreases strain. Both results are consis-
tent with the effect of fillers on Young's modulus.
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Figure 8.68. Creep strain of LCP vs. time for different concentrations of magnesium carbonate. [Adapted, by
permission, from Scaffaro R, Pedretti U, La Mantia F P, Eur. Polym. J., 32, No.7, 1996, 869-75.]

It was demonstrated that the effect of filler can be fully utilized when stress has
sufficient value. At low stress, all glass bead filled composites had the same creep.
When stress was increased, it became apparent that surface treatment with different
coupling agents produced materials with different creep characteristics. The best
results were obtained when glass beads were treated with a combination of silane
and bismaleimide. It was also discovered that the creep damage areas appear in the
polar regions, in a manner similar to short-term stress-induced damage. After initial
deb(z)]r;ding microcracks occur at the end of the debonding zone and lead to fail
ure.

The addition of a small amount of glass fiber (7%) to recycled PE and PP dras-
tically reduced creep. This combination was found useful for production of packag-
ing materials from recycled milk bottles.
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