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Chapter 1

INTRODUCTION

1 . 1. Deformation mechanisms in glassy polymers
The glassy polymers comprise a class of plastic
materials consisting essentially of long chain organic
molecules having an amorphous structure. At low strains.
glassy polymers behave in a viscoelastic manner. At higher
strains. they begin to show evidence of plastic
deformation . The two important deformation mechanisms
which lead to plastic deformation in glassy polymers are
shear deformation and crazing .
Shear deformation takes place by co-operative movement
of molecular segments without loss of intermolecular
cohesion, so that it takes place essentially at constant
volume. The degree of localisation of shear deformation
varies: it may be diffuse throughout the whole stressed
region or localised into shear microbands . If shear
deformation is the dominant tensile deformation mechanism .
the glassy polymer is generally ductile .
The second important deformation mechanism in glassy
polymers is crazing . A craze is nucleated when an applied
tensile stress causes microvoids to form at points of high
stress concentrations created by heterogeneities such as

flaws, scratches and dust particles. The microvoids
develop in a plane perpendicular to the major principal
stress but do not coalesce to form a true crack since they
become stabilised by fibrils of oriented polymerie
material spanning the craze. The resulting localised
yielded region therefore consists of an interpenetrating
system of voids and fibrils and is known as a craze.
Unlike a crack, a craze is capable of transmitting loads
across its faces. erazing is accompanied by an increase in
specimen volume. If erazing is the dominant tensile
deformation mechanism, the glassy polymer is generally
brittle.
Many details concerning shear deformation and erazing
can be found in a number of comprehensive reviews [l-8].
1.2. eomposites based on glassy polymers
Glassy polymers have a set of attractive properties
such as high stiffness, high tensile strength and good
dimensional stability. and are therefore suitable for a
large number of applications. Some properties, however,
can be greatly improved by the introduetion of a dispersed
second phase. This secend phase may be organic or
inorganic in character and may have all kinds of shapes.
Brittle glassy polymers can be substantially toughened
by the introduetion of dispersed spherical rubber
particles. The most well-known examples are high-impact
polystyrene CHIPS) and acrylonitrile-butadiene-styrene
copolymer (ABS) which possess qreatly improved toughness
compared to unmodified polystyrene and styrene-acrylonitrile copolymer, respectively. A detailed discussion of
the principles of rubber toughening has been given by
Bucknall [5]. The main principle is that the rubber
particles act as stress concentrators and are able to both
initiate and control craze growth. erazing thus occurs at
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many sites in the material instead of at a few isolated
ones, and the high energy absorption involved in this
multiple erazing accounts for the substantial increase in
toughness. It must be noted that in ABS, besides crazing,
also shear deformation has been observed to occur which of
course also contributes to the toughness [9,10]. A
serious drawback of rubber toughening is that the
stiffness of the glassy polymer is drastically reduced
upon the introduetion of the soft low modulus rubber
particles.
Not only brittle glassy polymers are modified with
rubber, also already relatively tough glassy polymers,
such as polycarbonate, are modified by the ioclusion of a
second rubbery phase. In that case the main reason is to
reduce the notch sensitivity that these polymers may
exhibit under high rates of strain. Again advantage is
taken of the principle of multiple deformation mechanisms
(crazing and/or shear deformation) initiated at the
inclusions, so that the stresses near the tip of the
propagating crack are relieved and the occurrence of
energy absorbing deformation mechanisms is not confined to
the region in the immediate vicinity of the crack tip.
Rubber particles are not unique in their ability to
initiate multiple deformation mechanisms. Also rigid
partienlate fillers. such as glass beads, silica, chalc
and clay, act as stress concentrators and initiate
multiple erazing when being dispersed in brittle glassy
po1ymers [11,12]. Unlike rubber particles, however,
these rigid particles have no significant toughening
effect, indicating that they are unab1e to control craze
growth effective1y [13]. When rigid particles are
introduced into re1atively tough glassy polymers, they
invariably tend to reduce their toughness. Rigid particles
are generally added to polymers to reduce their cost,
improve their stiffness and compression strength, and
improve moulding characteristics.
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Another important type of filler aften used to imprave
properties of polymers is the short fibre. Usefull fibres
may be fibres of glass, baron. graphite, or other
polymers. The properties of short - fibre composites are, of
course, strongly determined by the orientation of the
fibres. Rigid short fibres are generally added to polymers
to imprave their stiffness and their tensile and
compression strength. but they may also imprave their
toughness. The reason why rigid fibres may be more
effective in improving toughness than rigid particulate
fillers has to do with the additional energy absorbing
mechanisms that may occur, such as fibre pull out, fibre
fracture and the more effective hindering of crack
propagation by fibres than by particulate fillers .
More information about composites based on glassy
polymers is given in a number of reviews [14-19].
1.3. Aim of investiqation
Most of the investigations into the mechanica!
behaviour of polymer composites have concentrated on
rubber-modified polymers, reflecting the industrial
importance of such materials. A good deal of information
also exists about the mechanica! behaviour of lower - cost
rigid particle-filled polymers, but most of this
information is empirica! and relatively little is known
about the deformation mechanisms occurring in this kind of
composites. although benefits may be gained from such
knowledge. The investigations described in this thesis aim
at a better understanding of the deformation behaviour of
rigid particle-filled glassy polymers. Glass beads are
used as the filler because of their well - defined shape and
properties. The attention is mainly focused on:
a.

the relation between the local microscopie deformation.
mechanisms and the local stress situation

b.

the relation between the microscopie deformation
mechanisms and the macroscopie tensile behaviour of
the composites.
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1.4. Survey of thesis
Chapters 2 and 3 deal with the craze formation at
glas~ beads embedded in a polystyrene matrix subjected to
a uniaxial tension. Special attention is paid to the
effect of interfacial adhesion on the mechanism for craze
formation. By computing the three-dimensional stress
situation around an isolated adhering glass sphere in a
polystyrene matrix with the aid of finite element
analysis, an insight is gained into the three-dimensional
stress field requirement for craze formation.
In the same way as craze formation in Chapters 2 and
3, shear band formation at glass beads embedded in a
polycarbonate matrix is studied in Chapter 4.
In Chapter 5 the finite element metbod is used to
analyse the stress situation near the tip of a curvilinear
interfacial crack formed between a rigid spherical
ioclusion and a polymer matrix upon an applied uniaxial
tension. The results are compared with the physical
reality of craze and shear band formation at poorly
adhering glass beads.
In Chapter 6 the macroscopie tensile deformation
behaviour of polystyrene-glass bead composites is studied
at several glass concentrations. The effect of the
introduetion of glass beads into polystyrene on the
stiffness and toughness is discussed. The differences in
tensile behaviour between .the composites with excellent
and poor interfacial adhesion are explained by the
different mechanisms for craze formation at excellently
and poorly adhering glass beads.
In Chapter 7 an experimental procedure is described
for preparing polystyrene-glass bead composites with a
rubbery interfacial layer. The effect of the interfacial
layer on both the mechanism for craze formation at the
beads and on the stiffness and toughness of the composites
is discussed.
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In Chapter 8 the macroscopie tensile deformation
behaviour of unfilled polycarbonate and polycarbonateglass bead composites is investigated by tensile testing
with .simultaneous volume change measurements . By applying
a simple model , information is obtained on the separate
contributions of several possible deformation mechanisms
to the total deformation. The effect of interfacial
adhesion on the tensile behaviour of the composites is
explained by the different mechanisms for shear band
formation at adhering and non-adbering glass beads,
respectively.
In Chapter 9 the competition between craze and shear
band formation at glass beads is studied as a tunetion of
matrix properties. tensile deformation rate, temperature
and degree of interfacial adhesion . The glassy polymers
used as matrix material are polystyrene, polycarbonate and
two types of styrene-acrylonitrile copolymer. The kinetics
of erazing and shear deformation are also studied , using a
si~ple model and Eyring•s rate theory of plastic
deformation.
Parts of this thesis have been publisbed elsewhere
(Chapters 2 , 3,4 and 6) [20-23) or have been accepted
for publication (Chapters 5,7,8 and 9) [24-27].
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Chapter 2

CRAZE FORMATION IN POLYSTYRENE-GLASS
BEAD COMPOSITES

Summary
The craze formation at glass beads embedded in a
polystyrene matrix subjected

~o

a uniaxial tension has

been investigated. The degree of interfacial adhesion was
varied by using different silane coupling agents. To gain
insight into the three-dimensional stress field
requirement for craze formation, the distributions of
several craze formation criteria around an isolated
adhering glass sphere in a polystyrene matrix have been
computed with the aid of finite element analysis. It was
found that the mechanism for craze formation is
fundamentally different for adhering and non-adbering
glass beads . In the case of excellent interfacial
adhesion, the erazes form near the poles of the bead in
regions of maximum dilatation and of maximum principal
stress. In the case of poor interfacial adhesion, the
erazes form at the interface between pole and equator. It
is proposed that in the latter case craze formation is
preceded by dewetting along the interface.
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2.1. Introduetion
When a craze-prone plastic is subjected to tensile
deformation. the erazes form at stress concentrating
heterogeneities in the material. Many details concerning
erazing are given in a number of reviews [1,2]. An
interesting feature is the criterion for craze formation
or, in other words, the kind of critical elastic limit
that must be reached in order to start craze formation.

It

has been suggested that erazes form in the material when a
critical limit is reached in for instanee stress [3].
stress bias [4], strain [5]. distartion strain
energy [6]. dilatation [7] or total strain energy

[B]. A method for comparing the various proposed
criteria was executed by Wang et al. [B].

In this work

a polystyrene (PS) sample containing an embedded steel
ball (diameter 3 mm) was subjected to uniaxial tension.
The erazes were observed to originate at the surface of
the ball in regions of maximum principal strain and of
maximum total strain energy.
This chapter presents the results of an investigation
into the craze formation at another rigid spherical
inclusion, namely a glass bead (diameter about 30

~m)

embedded in PS. Because the erazing behaviour of
composites with PS as the matrix material is known to be
strongly influenced by the degree of interfacial adhesion
[9], two situations are considered: poor and excellent
interfacial adhesion. The degree of interfacial adhesion
is varied by treating the surface of the beads chemically
with different silane coupling agents. The distributions
of a number of craze formation criteria around an isolated
adhering glass sphere in a PS matrix are computed with the
aid of finite element analysis. By examining the locations
at an adhering glass sphere at which the erazes form
during the tensile test,

information is obtained about the
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three-dimensional stress field requirement for craze
formation. The results obtained in this study will be
compared with the results reported by Wang et al. [8].
2.2. Experimental
The composites consisting of PS and glass beads were
prepared by melt-mixing on a laboratory mill at 190°C. The
PS used was Styron 634 with a number average molar mass.
Mn' of about 1 x 10 5 (Dow Chemica!). The glass beads
(Tamson 31/20) have an average diameter of about JO

~-

Before being dispersed in PS, the glass beads were
surface treated with two different silane coupling agents:
a cationic vinylbenzyl trimethoxysilane [(CH 3o) 3 Si
(CH 2 ) 3 NH(CH 2 ) 2 NHCH 2 -c 6 H4 -CH=CH2 .HC1] (Dow
Corning Z-6032), and vinyltriethoxysilane (Fluka). As
pointed out by Plueddemann [10] the first should yield
excellent interfacial adhesion between glass and PS in
contrast to vinylsilane.
The silanes were applied as follows: the glass beads
were first cleaned by refluxing isopropyl alcohol for 2 h
and vacuurn dried for 1 h at 130°C.
1. Ca tio nic viny l b enzyl silane: 75 g of refluxed glass
was stirred for 1 h at room temperature in a 5\ solution
of silane in methanol containing 1\ concentrated
hydrochloric acid and 1\ dicumylperoxide (200 ml in total).
2. Vinyls ilane : 75 g of refluxed glass was stirred
for 1 h at room temperature in a 2\ solution of silane in
a 50/50 mixture of ethanol and water containing 1\
concentrated hydrochloric acid (200 ml in total).
After this, the glass was allowed to dry in air for 1
h and was then cured for 1 h at 100°C under vacuum. Then
the glass beads were ready to be melt-mixed with PS.
Tensile specimens were machined in accordance with
ASTM D 638 III from compression moulded sheets. To reduce
thermal stresses the specimens were annealed at 80°C for
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24 h and then conditioned at 20°C and SS\ relativa
humidity for at least 48 h before testing. The tensile
tests were performe~ until fracture on an Instron tensile
tester. The strain rate was 0.04 min- 1 .
In order to investigate the degree of interfacial
adhesion between glass and PS, fracture surfaces of
specimens containing 10 vol.\ of glass were examined with
a Cambridge scanning electron microscope. Specimens
strained uniaxially in a tensile test and containing o.s
vol.\ of glass were examined with a Zeiss light
microscope. As these latter specimens are transparent the
crazes, formed at the glass beads during the tensile test.
are well visible.
2.3. Results
The difference in PS-glass adhesion due to the
treatment with the two different silanes is shown by the
fracture surfaces in Figure 1. The beads treated with
vinylsilane are essentially free of any adhering PS. This
means that vinylsilane hardly yields any interfacial
adhesion. This in contrast with a coating of cationic
vinylbenzylsilane where a lot of matrix material has
remained on the baads indicating excellent interfacial
adhesion.
The degrae of interfacial adhesion has consequences
for the location near tha surface of the glass baad at
which the craze originates during the tensile test. In
Figure 2 details of light microscope photographs of crazed
samples are shown. Figure 2a shows that in the case of
excellent interfacial adhesion the craze forms naar the
pole of the bead. In the case of poor interfacial adhesion
the craze forms at about 60° from the pole defined by the
symmetry axis of the stressed sphere.
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Figure 1. Scanning electron micrographs of fracture surfaces of
PS-glass bead composites (90/10 by volume).
(a) Cationic vinylbenzylsilane treated beads show
excellent interfacial adhesion; (b) Vinylsilane treated
beads show poor interfacial adhesion.
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Figure 2. Light micrographs of craze patterns around (a) an
excellently adhering glass bead and (b) a poorly
adhering glass bead. The arrow indicates the direction
of the applied tension.

2.4. Analysis
2.4.1. Finite element metbod
In order to calculate tbe distributions of a number of
craze formation criteria, tbe tbree-dimensional stress
situation (due to uniaxial tension) around an adbering
isolated glass spbere in a PS matrix must be known. In tbe
present study tbis stress situation was numerically
computed using tbe finite element analysis for
axisymmetric solids. An available computer program weitten
by Peters [11] made it possible to apply tbis metbod .
Tbe principles of fini te element analysis are treated in
detail elsewbere [12]. Tbe application of tbe
axisymmetric analysis for spberically fi lled materials bas
been described by Agarwal et al. [13]. As tbe procedure
followed in tbis study is similar to tbat followed by
Agarwal et al., tbe interested reader is referred totbis
work for details.
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The method applied is based on the assumptions that
both inclusion and matrix obey elastic stress-strain
relations and that perfect bonding exists between
inclusion and matrix. It is important to realize that the
latter assumption implicates that the results of the
analysis may only be compared with the situation of
excellent interfacial adhesion between PS and glass.
The analysis did not take into account a possible
interfacial interlayer caused by the silane treatment. In
practice such an interlayer is assumed to be thin enough
to be neglected.
In the system under analysis the glass occupies 3
vol.\. As it was already pointed out elsewhere [13], at
this low percentage the interaction between the spheres is
so small that it does not significantly affect the stress
field close to the spheres. and therefore the investigated
system may be considered to represent the situation of
isolated glass spheres in a PS-matrix .
The elastic constants used are:
PS

Young's modulus

3250 MPa

Poisson's ratio

0.34

glass: Young's modulus 70000 MPa
Poisson's ratio

0.22

The applied tension was taken at 20 MPa because at about
this stress level the erazes start to form in PS-glass
bead composites with excellent interfacial adhesion

[14].
It should be noted that stresses in the composite are
not only set up by applied tension but also by
differential thermal contraction because the coefficient
of thermal expansion of glass is smaller than that of PS
-6 -1
-5 -1
(d glass = 7 x 10
K , d PS = 7 x 10
K ).
For this reason the stresses around the glass bead induced
by cooling from the annealing temperature to room
temperature (temperature difference 60°C) were also
calculated using the equations derived by Beek et al.
[15]. The maximum value of the radial thermal
compressive stress was found to be 5.6 MPa. The thermal
14

stresses have been superimposed on the stresses due to
uniaxial tension computed by finite element analysis. This
has resulted in the stress distribution around an isolated
adhering glass sphere in a PS matrix which takes both
thermal and mechanical factors into account.
2.4.2. Craze formation criteria
The distributions of the following craze formation
criteria along the interface and near the poles of an
adhering glass sphere in a PS matrix have been calculated:
1. maximum principal stress cr;
2. maximum principal strain c;
3. maximum principal shear stress •:
4. maximum dilatation 6.;
5. maximum total strain energy density Ws;
6. maximum di stortion strain energy density wd.
The expressions of these criteria in terms of the three
principal stresses in the three-dimensional stress system
can be found elsewhere [8 ,16).
The stress-bias criterion [4) has not been
considered because this criterion involves two material
constants which cannot be determined by the simple
uniaxial tensile test executed in this study.
Figure 3 shows the geometrie arrangement for the
spherical ioclusion with radius R0 in a matrix under
uniaxial tension. The pole of the sphere is defined by
R/RO = 1 and 9 = 0°. In Figure 4 the distributions of
the various criteria along the interface at R/R 0 = 1 are
plotted. In Table 1 for each criterion both the angle e
at which the maximum was found and the relative value of
that maximum are listed. Figure 5 shows the distributions
of the various criteria along the polar axis (9 = 0°).
The relative distances R/R 0 from the pole at which the
maxima were found and the relative values of those maxima
are also given in Table 1. It should be noted that the
omission of thermal stresses from the calculations did not
significantly change the positions of the maxima.
15

t
R

Figure 3. The geometrie arrangement for a spherical inclusion with
radius R0 . The arrow indicates the direction of the
applied tension T.

2.5. Discussion
2.5.1. Craze formation at the excellently adhering glass
bead
In the case of excellent interfacial adhesion, the
erazes form near the poles of the glass bead as shown in
Figure 2a. Because of the excellent interfacial adhesion
it is allowed to campare this craze pattern witb the
calculated distributions of craze formation criteria based
on perfect interfacial bonding.
From Figure 4 and Table 1 it appears that, directly at
the phase boundary at R/R 0
1, only the dilatation (sum
of the three principal stresses) and the major principal
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Table 1. Maxima of craze formation criteria along the interface at R/R = 1 and along the polar axis at
0
e = 0. The values of the applied tension and the maximum thermal stress are, respectively, 20 and 5.6 MPa.

ema x

Criterion

(R/RO

Principal stress o

Principal strain c
Principal shear stress T
Dilatation 11

Total strain energy density

w5

Distartion strain energy density

w0

0-25
38
46
0
41
45

Relative value
1)

at

ema x

1. 77
1. 48
0 . 94
1. 29
1. 32
1.20

R/RO ma x
(8 = 0)

Relative value
at R/Ro max

1.1-1.2
1. 33
1 .37
1.0
1 .31
1.37

1.87
1 .59
0.73
1.29
1. 31
0.97

stress have maximum values at a = 0° . The other criteria
under investigation have maxima along the interface at
angles relatively far remote from the poles .
From Figure 2a it cannot be determined if the craze
orginates directly at the phase boundary of somewhat
outwards in the matrix . Therefore the distributions of the
criteria along the polar axis (a = 0°) have also been
investigated . Figure S and Table ·1 show the results :
Dilatation has its maximum directly at the phase boundary
at R/R 0 = 1 . The maximum of the major principal stress
is rather unsharp and lies at short distance from the
phase boundary at R/R 0 = 1 . 1 to 1 . 2 . This is rather
close to the sphere so that, on the basis of the craze
patteen of Figure 2a . principal stress cannot completely
be ruled out as possible craze formation criterion. As the
other four criteria under investigation have maxima along
the polar axis at distances relatively far away from the
sphere (R/R 0 > 1 . 3) , these criteria may definitely be
excluded as craze formation criterion.
2 . 5.2. craze formation at the steel ball
As pointed out before , Wang et al . [8) have
investigated the distributions of craze formation criteria
along the interface of another rigid spherical inclusion.
namely a steel ball embedded in PS . TO calculate the
stress distribution around a steel sphere , they used
Goodier •s equations (17) which are , like the present
finite element analysis, also based on perfect interfacial
bonding . The distributions of criteria obtained in this
way are very similar to those shown in Figure 4. This
proves the applicability of the axisymmetric finite
element method for computing three-dimensional stress
distributions around spherical inclusions .
However, in the case of the steel ball the erazes did
not form near the poles. as is the case with adhering
glass beads, but at an angle a of about 37° . On the
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basis of this result Wang concluded that erazes form in
regions of maximum principal strain and of maximum total
strain energy. But, the results of the present study
prompt the present author to believe that this conclusion
is based on false arguments. The fact is that the craze
pattern around the steel ball resembles the craze

pat~ern

around the poorly adhering glass bead shown in Figure 2b
much more than that around the excellently adhering glass
bead shown in Figure 2a. Therefore it is doubted if the
adhesion between steel and PS was good enough to allow
comparison of the experimental results with the calculated
distributions of craze formation criteria around the steel
sphere based on perfect interfacial bonding.
The mechanism for craze formation at poorly adhering
rigid spherical inclusions in a PS matrix will be
discussed in the next section.
2.5.3. Craze formation at the poorly adhering glass bead
Figure 2b shows the craze pattern around the glass bead
with poor interfacial adhesion. The erazes originate at an
angle 9 of about 60°. This indicates a mechanism for
craze formation different from that of the excellent
adhesion case.
Due to differentlal thermal contraction a negative
radial stress field exists around the bead. By applying a
uniaxial tension, this negative radial stress is first
balanced at the poles. It is now suggested that after this
balancing, in the case of a poorly adhering bead,
separation between glass and matrix occurs at the poles
(dewetting). By continuing the tensile test the dewetting
proceeds along the interface in the direction of the
equator, and a small cap-shaped cavity is formed which
lies around the top of the bead. As the sharp edge of this
cavity gradually approaches the equator, dewetting becomes
more difficult in consequence of the contraction of the
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matrix perpendicular to the applied tension. At a certain
angle e dewetting stops and a craze forms at the edge of
the cavity. The angle e at which the craze forms is
supposed to depend on several factors: the degree of
interfacial adhesion, the (elastic) properties of matrix
and inclusion and under certain circumstances the diameter
of the inclusion [18] . The exact role of these factors
has to be investigated further.
Resuming , the essence of the discussion above is that
in the case of poor adhesion the formation of erazes is
preceded by dewetting along the interface.
2.6. Conclusion
In the case of excellent interfacial adhesion the
erazes form near the poles of the glass bead in regions of
maximum dilatation and of maximum principal stress . Based
on the results of the applied method, a definite choice
between both craze formation criteria cannot be made. It
should be remembered that in this study only a few simple
criteria are considered. Other more complicated criteria
could not be investigated with the applied method, e.g.
the empirica! stress-bias criterion which actually is an
extension of the dilatation criterion. Therefore a
combination of the dilatation cr i terion with the principal
stress criterion or one of the other . criteria should not
be ruled out. In any case. from the present investigations
it can be concluded that dilatation plays an important
role in craze formation. This is logica! as craze
formation is inhibited by hydrostatic compression and only
can occur under tension through the production of voids.
In the case of poor interfacial adhesion the erazes
form at the interface between pole and equator. It is
proposed that in this case craze formation is preceded by
dewetting along the interface.
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Thus it appears that the mechanism for craze formation
is fundamentally different for adhering and non-adbering
glass beads in a PS matrix. The consequences of this on
the mechanica! behaviour of PS-glass bead composites will
be reported in Chapter 6 [14].
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Chapter 3

MICROSCOPie I N SITU OBSERVATION OF CRAZE
FORMATION IN POLYSTYRENE-GLASS BEAD COMPOSITES

summary
Microscopie in s itu observation of the craze formation
process

at a

poorly adhering glass

bead

embedded in a

polystyrene matrix provides conclusive evidence for
mechanism

proposed

in

Chapter

2:

era ze

formation

the
is

prec e ded by dewetting along the interface between bead and
matrix.
3.1. Introduetion
When a

glass bead - filled polystyrene

(PS) sample is

subjected to uniaxial tension, erazes form at the stress
concentrating glass

beads.

In Chapter 2 [1] the effect

of interfacial adhesion on the mechanism for

this craze

formation was reported . The degree of interfacial adhesion
was varied by using different silane coupling agents.
Tensile
beads

specimens with a

were

strained

very low perc e ntage of g l ass

uniaxially

on

a

tensile

tester.

Afterwards the craze patterns around the glass beads were
examined with a
degree of

light microscope.

It was found that the

interfacial adhesion has consequences for the

location near the surface of the glass bead at which the
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craze originates during the tensile test.

In the case of

excellent interfacial adhesion the craze forms near the
pole of the bead. In the case of poor interfacial
adhesion, however, the craze forms at the interface
between pole and equator at a polar angle , 8 , of about
60°. This indicates a mechanism for craze formation

different from that of the excellent adhesion case. It was
proposed that in the case of poor interfacial adhesion the
formation of erazes is preceded by dewetting along the
interface between bead and matrix. In this chapter this
proposed mechanism is confirmed by means of microscopie
in situ observation of the craze formation process in the

course of a tensile test.
3 . 2. Experimental
The experimental procedure to obtain unoriented
PS-glass bead composites with poor interfacial adhesion
has been described previously [1] . tn the present study
dumbbell-shaped specimens (narrow section 4 mm x l . S mm)
were strained uniaxially on a small tensile apparatus
which was fitted to the stage of a Zeiss light microscope .
In this way the craze formation process at the poorly
adhering glass bead can be followed in situ by continuous
microscopie observation . At any stage of the tensile test ,
it is possible to interrupt the test briefly in order to
take a ph6tograph with a camera fitted to the microscope.
Photographs of important successive stages are shown in
Figure 1.
3 . 3 . Results and Discussion
Figure la shows the poorly adhering glass bead
embedded in a PS matrix before straining . Shortly after
the tensile test has started , a sickle-shaped shadow
appears at the poles of the bead indicating that, indeed,
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Figure 1. Successive stages of the craze formation process at a
poorly adhering glass bead. (a) Before straining; (b)
dewetting; (c) craze formation; (d) craze pattern after
removal of the applied strain. The arrow indicates the
direction of the applied strain. Note that, besides at
the glass bead, erazes are a lso formed at surface flaws.
Two small surface erazes are clearly visible in lc and d
at the left side of the bead ncar the equator. These
erazes we re observed t o grow f rom the surface of the
specimen into the material where they reached the bead.
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dewetting takes place and a small cap-shaped cavity is
formed (Figure lb). By continuing the tensile test the
edge of the cavity shifts into the direction of the
equator until, at a polar angle, 9, of about 60°, a
craze originates at the edge of the cavity (Figure lc).
As a result of dewetting the stress situation around
the glass bead changes. As a consequence of this the craze
does not only originate at a location different to the
case of excellent interfacial adhesion, but also expands
into the matrix in a direction deviating initially from
the direction perpendicular to the applied tension. Only
at some certain distance from the bead, where the
propagating craze tip leaves the "sphere of influence " of
the bead, the craze bends toward this direction, as is
clearly visible in Figure 2b of [1]. Such curvilinear
erazes were also found by Sternstein et al. [2] around
a hole in a thin polymethyl methacrylate sheet. Based on
stress field calculations around the hole, they concluded
that in structurally isotropie glassy polymers areal craze
growth occurs along a path such that the major principal
stress always acts perpendicular to the craze plane. This
implies that at the edge of the dewetting cavity of the
poorly adhering bead the directions of the major principal
stress and the applied tension do not coincide.
Finally Figure ld shows the situation after remaval of
the applied strain. The shadows of the cavities have
disappeared and bead and matrix touch each other again.
Only the two erazes remain visible.
3.4. Conclusion
Microscopie

in situ observation of the craze

formation process at a poorly adhering glass bead provides
conclusive evidence for the mechanism proposed previously:
craze formation is preceded by dewetting along the
interface between bead and matrix.
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Chapter 4

SHEAR BAND FORMATION IN POLYCARBONATE-GLASS
BEAD COMPOSITES

Summary
The shear band formation at glass beads embedded in a
polycarbonate matrix subjected to a uniaxial tension has
been investigated by microscopie in situ observati6n. The
degree of interfacial adhesion was varied by different
glass surface treatments. To gain insight into the
three-dimensional stress field requirement for shear band
formation, the distributions of several elastic failure
criteria around an isolated adhering glass sphere in a
polycarbonate matrix have been computed with the aid of
finite element analysis. It was found that the mechanism
for shear band formation is fundamentally different for
adhering and non-adhering glass beads. In the case of
excellent interfacial adhesion, the shear bands form near
the surface of the bead in regions of maximum principal
shear stress and of maximum distortion strain energy. In
the case of poor interfacial adhesion, shear band
formation is preceded by dewetting along the interface
between bead and matrix.
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4.1. Introduetion
Shear deformation in glassy polymers takes place by
co-operative movement of molecular segments without loss
of intermolecular cohesion. Many details concerning shear
deformation and shear yielding are given in a number of
reviews [1,2,3]. Shear processes may be diffuse or
localized into shear microbands. As pointed out by Bowden
et al . [4,5], the tendency towards shear band formation
at the expense of diffuse shear deformation increases with
the size of the strain inhomogeneities. Thus in a glassy
polymer such as polycarbonate (PC), which at room
temperature under tensile conditions deforms by diffuse
shearing [6], shear bands can be generated by
incorporation of artificial stress concentrating
heterogene i ties. In the present study small glass beads
are used for this purpose. The mechanism for shear band
formation at the glass beads is invest i gated by
microscopie in situ observation in the course of a tensile
test . From previous investigations [7,8] it is known
that the degree of interfacial adhesion has a profound
effect on the mechanism for craze formation in
polystyrene-glass bead composites. Therefore special
attention is paid to the effect of interfacial adhesion on
the mechanism for shear band formation .
Another interesting feature is the criterion for shear
band formation or, in other words, the kind of critica!
elastic limit that must be reached in order to start shear
band formation. Several authors have attempted to
formulate a criterion for shear yielding [1,9,10].
However, all those criteria are based on the macroscopie
yield behaviour of polymers in mechanica! tests and
therefore do not refer directly to the microscopie shear
processes that occur locally within the material. In this
study the distributions of a number of simple elastic
failure criteria around an isolated adhering glass sphere
in a PC matrix are computed with the aid of finite element
analysis . By examining the locations a t an adhering glass
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sphere at which the shear bands originate during the
tensile test. information is obtained about the
three-dimensional stress field requirement for shear band
formation on a microscopie level.
4.2. Experimental
The PC used was Makrolon 2405 (Bayer). The glass beads
(Tamson 31/20) have an average diameter of about 30

~.

Composites were made containing 0.5 vol.\ of glass beads.
Before being dispersed in PC, the glass beads were given
different surface treatments to obtain different degrees
of interfacial adhesion. For excellent interfacial
adhesion the beads were treated with
y-aminopropyltriethoxysilane (Union Carbide A-1100), for
poor interfacial adhesion with a silicone oil (Dow Corning
DC-200). Intermediate adhesion was obtained with untreated
beads .
The surface treatments were executed as follows: the
glass beads were first cleaned by refluxing isopropyl
alcohol for 2 h and vacuum dried for 1 h at 130°C.
1. y - aminopropylsilane

: 75 q of refluxed glass was

stirred for 1 h at room temperature in a 2\ solution of
silane in methanol containing 1\ 2 M hydrochloric acid
(200 ml in total). After this the glass was allowed to dry
in air for 1 h and was then cured for 1 h at 100°C under
vacuum.
2. Silicone oil : 100 q of refluxed glass was stirred
for 3 h at room temperature in a 1\ solution of silicone
oil in toluene (200 ml in total). After this. the glass
was dried for 1 h at l00°C under vacuum.
To avoid orientation effects. the composites were not
prepared by injection moulding but by melt-mixing on a
laboratory mill at 235°C. The hot crude mill sheets were
compression moulded at 260°C. Dumbbell-shaped tensile
specimens (narrow section 4 x 1.5 mm) were machined from
the compression moulded sheets. To reduce thetmal stresses
the specimens were annealed at

aooc

for 24 h and then
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conditioned at 20°C and 55\ relative humidity for at least
48 h befere testing.
The tensile tests were performed by straining the
specimens uniaxially on a small tensile apparatus which
was fitted to the stage of a Zeiss light microscope. In
this way the shear band formation process at the glass
beads could be followed

in situ

by continuous microscopie

observation. At important stages of the tensile test, it
was interrupted briefly to take a photograph with a camera
fitted to the microscope.
In order to investigate the degree of interfacial
adhesion between glass and PC, fracture surfaces of the
specimens were examined with a Cambridge scanning electron
microscope.
4.3. Results and Discussion
4 . 3.1. Mechanism for shear band formation
The difference in PC-glass bead adhesion due to
different glass surface treatments is demonstrated by the
fracture surfaces in Figure 1. The beads treated with
y-aminopropylsilane show excellent interfacial adhesion,
the beads treated with silicone oil show poor interfacial
adhesion.

Intermediate adhesion was obtained with

untreated beads and will nat be considered further.
The shear band pattern around an excellently adhering
glass bead is shown in Figure 2. In this case, during the
tensile test the shear bands originate near the surface of
the bead at about 45° from the poles defined by the
symmetry axis of the stressed sphere. After this, the
bands expand into the matrix at an angle of 45° to the
tension direction. This inclination is consistent with the
predictions of p1asticity theory for isotropie materials
deforming at constant volume [1] .
It should be noted that. of course, the shear bands
farm axisymmetrically with respect to the po1ar axis. So,
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Figure 1. Scanning electron micrographs of fracture surfaces of
PC-glass bead composites. (a) Excellent interfacial
adhesion obtained with y-aminopropylsilane; (b) Poor
interfacial adhesion obtained with silicone oil.
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Figure 2. Light micrograph of the shear band pattern around an
excellently adhering glass bead viewed between crossed
polars. The arrow indicates the direction of applied
strain.

though visible as bands, there are actually two shear
regions, both in the shape of a right circular cone.
Figure 3 shows successive stages of the shear band
formation process at a poorly adhering glass bead. In this
case, the formation of shear bands is preceded by
dewetting along the interface between bead and matrix.
This is demonstrated by Figure 3b which shows the
situation shortly after the tensile test has started. The
sickle-shaped shadow at the poles of the bead is the
indication for a small cap-shaped cav.ity formed as a
result of dewetting. A similar behaviour was reported
previously for craze formation at a poorly adhering glass
bead embedded in a polystyrene matrix [7,8). As the
strain is further increased, the edge of the cavity shifts
into the direction of the equator until, at a polar angle
of about 60°, a shear band originates at the edge of the
cavity (Figure Je). As with excellent interfacial
adhesion, the shear bands expand into the matrix at an
angle of 45° to the tension direction.
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Summarizing. it appears that the degree of interfacial
adhesion has a profound effect on the mechanism for shear
band formation. In the case of excellent interfacial
adhesion the shear bands form near the surface of the bead
at a polar angle of about 45°. In the case of poor
interfacial adhesion shear band formation is preceded by
dewetting along the interface between bead and matrix.

Figure 3. Light micrographs of successive stages of the shear band
formation process at a poorly adhering glass bead.
(a) Befere straining; (b) Dewetting; (c) Shear band
formation. The arrow indicates the direction of applied
strain. (crossed polars) .
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4.3.2. Criterion for shear band formation
In order to gain insight into the three-dimensional
stress field requirement for shear band formation on a
microscopie level, the distributions of a number of simple
elastic failure criteria around an isolated adhering glass
sphere in a PC matrix were calculated. As the procedure
Collowed in this study is the same as described previously
(7], only some main points will be briefly discussed.

The three - dimensional stress situation around the
sphere caused by uniaxial tension was computed with the
aid of axisymmetric finite element analysis for
spherically filled materials. The thermal shrinkage
stresses around the sphere induced by cooling from the
annea l ing temperature to room temperature (temperature
difference 60°C) were computed using the equations derived
by Beek et al. [11]. Superposition of the mechanica!
and thermal stresses yielded the three-dimensional stress
situation with which the distributions of the failure
criteria were calculated .
The method applied is based on per fe ct interfacial
bonding between sphere and matrix. Therefore the results
of the analysis may only be compared with the situation of
excellent interfacial adhesion between glass and PC.
The physica1 constants used for the calculations are
listed in Table 1 . The applied tension was taken at 25 MPa
because at about this stress level shear deformation
starts in PC- qlass bead composites with excellent
interfacial adhesion [6]. The maximum value of the
radial thermal compressive stress was found to be 3 . 7 MPa.
Tabl e 1. Physical con s tantsof t he materials

Materia l

Polycarbonate
Glass
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Young's mod u lus

Po isson 's

Coefficient o f

(MP a)

ratio

the rmal ex pa n sion
(K-1)

23 0 0
7 0000

0.4
0 . 22

-5
6 . 5 x 10
7.
x 10- 6

Table 2 gives the expressions of the criteria under
investigation in terms of the three principal stresses in
the three-dimensional stress system. Figure 4 shows the
positions of the absolute maxima of these criteria marked
in the unit cell of the system under analysis. It should
be noted that the omission of thermal stresses from the
calculations did not significantly change the positions of
the maxima.
Microscopie observation in situ revealed that at an
adhering glass bead shear bands form near the surface of
the bead at a polar angle of about 4S 0 • From Figure 4 it
appears that only the maxima of the principal shear stress
and the distortion strain energy are located near this
point . The maxima of the other criteria are clearly
located at some distance from this point: maximum total
strain energy occurs at a polar angle of 40° whereas
maximum dilatation. maximum principal stress and maximum
principal strain occur near the pole of the sphere. Thus
at an adhering glass bead in a PC matrix the shear bands
form in regions of maximum principal shear stress and of
maximum distortion strain energy.
It should be realized that in the present study only a
few simple criteria are considered. For macroscopie shear
yielding more complicated criteria were proposed, e.g. the
modified Tresca criterion [1] and the modified von
Mises criterion [9]. These criteria contain, in
addition to a shear stress term and a distortion strain
energy term respectively, a dilatation term to account for
the effect of hydrostatic pressure on the yield behaviour
(An increase in dilatation was found to result in a
decrease in yield stress). In the present study such
combinations could not be investigated since the relative
contributions of the terms are unknown and can neither be
determined by a simple uniaxial tensile test. Therefore a
combination of dilatation with principal shear stress or
distortion strain energy cannot be ruled out completely.
In any case, on the basis of the fact that maximum
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Table 2. The expressionsof theelastic failure criteria under investigation in termsof the
three principal stresses o > o > a • E and v are, respectively , the Young's modulus and the
3
1
2
Poisson ' s ratio of the matrix material.

Criterion

Expression

Maximum principal stress o.

o,

Maximum principal strain c
Maximum principal shear stress 1

(Tresca)

Maximum dilatation ö
Maximum total strain energy density

(1/E) [o 1 -

v (o 2 •

(1/2) (o

o3

1-

[ (1- 2v) /E] ( o 1 •

w5

Maximurn distartion strain energy density

(1/2E) [ o~ +

w0

(van Mises)

o

3 ) ]

o

2•

)

o

3)

oi + a~ - 2v(at0 2

[(1• v )/6E][( o 1 -o 2

)

2

• 010 3 + 0203)

•(o 2 -o 3

)

2

+(o 3 -o

1 )

2

]

J

PC

t

Figure 4. Unit cell of the analysed system with the positions of
the absolute maxima of the following elastic failure
criteria: principal stress (o), principal strain (E),
principal shear stress (t), dilatation

(~),

totalstrain

energy density (W5 ) and distartion strain energy density
(WD). The applied tension and the maximum thermal stress
were assumed to be 25 and 3 . 7 MPa, respectively. The
arrow indicates the direction of the applied strain.

dilatation clearly occurs at a point remote from that
point at which the shear bands form, it can be concluded
that principal shear stress and distoetion strain energy
play a dominant role in microscopie shear band formation.
4.4. Conclusions
From microscopie observation in s i t u it appears that
the mechanism for shear band formation is fundamentally
different for adhering and non-adbering glass beads. In
the case of excellent interfacial adhesion, the shear
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bands form near the surface of the bead at a polar angle
of about 45°. In the case of poor interfacial adhesion.
shear band formation is preceded by dewetting along the
interface between bead and matrix. The consequences of
those different mechanisms on the mechanica! behaviour of
PC-glass bead composites will be reported in Chapter 8 [6).
From stress analysis it appears that microscopie shear
band formation occurs in regions of maximum principal
shear stress and of maximum distortien strain energy.
Based on the results of the applied method, a choice
between these two criteria cannot be made. The present
study provides no direct indication that dilatation plays
a role in shear band formation in PC-glass bead
composites.
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Chapter 5

STRESS ANALYSIS NEAR THE TIP OF A CURVILINEAR
INTERFACIAL CRACK BETWEEN A RIGID SPHERICAL
INCLUSION AND A POLYMER MATRIX

Summary
Craze and shear band formation at poorly adhering
glass spheres in matrices of glassy polymers are known to
be preceded by the formation of a curvilinear interfacial
crack between sphere and matrix. In this study the
axisymmetric finite element method has been used to
analyse the stress situation near the tip of a
curvilinear interfacial crack formed between a rigid
spherical inclusion and a polymer matrix upon an applied
uniaxial tension. Important factors that determine the
stress state near the crack tip were found to be the
crack length, the orientation of the crack tip with
regard to the tension direction and the extent of
interfacial slip between the inclusion and matrix. The
results of the analyses were compared with the physical
reality of craze and shear band formation at poorly
adhering glass spheres. Reasonable agreement was found
with respect to both the maximum interfacial crack length
that can be reached until a craze or shear band forms at
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the crack tip and the planar orientation of craze growth
perpendicular to the direction of the major principal
stress.
5.1. Introduetion
Rigid spherical inclusions in glassy polymers induce
inhamogeneaus stress fields and thus act as stress
concentrators . Consequently. plastic deformation
processes such as craze and shear band formation begin at
these inclusions. In previous chapters the mechanisms for
era ze [1. 2] and shear band formation [3] were
investigated at small glass spheres (diameter about 30
embedded in matrices of.

~m)

respectively. polystyrene (PS)

and polycarbonate (PC) which were subjeeted to uniaxial
tension. These microscopie in situ studies have revealed
the profound effect of the degree of interfacial adhesion
on the mechanisms for craze and shear band formation.

In

the case of an excellently adhering glass sphere in a PS
matrix. the erazes were found to farm near the poles of
the sphere . From stress analysis around a completely
bonded sphere it appeared that these are regions of
maximum dilatation and o f maximum principal stress. At an
excellently adhering glass sphere in a PC matrix the
shear bands were found to farm near the surface of the
sphere at an angle of 45° from the poles defined by the
symmetry axis of the stressed sphere. These ar e regions
of maximum principal shear stress and of maximum
distortien strain energy density.In case of poor
interfaeial adhesion between the glass sphere and polymer
matrix. both craze and shear band formation were found to
be pre c eded by dewetting along the interface between
sphere and matrix . At dewetting a curvilinear interfacial
crack is formed, starting at the pole and propagating
along the interface into the direction of the equator
until, at an angle of about 60° from the pole. a craze or
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Figure 1. Craze pattern around a poorly adhering glass sphere in a
polystyrene matrix under uniaxial tension. The arrow
indicates the direction of the tension.

shear band originates at the tip of this crack. As an
example, Figure 1 shows the craze pattern around a poorly
adhering glass sphere in a PS matrix under uniaxial
tension. The shadows at the poles of the sphere indicate
that a pair of interfacial cracks has been formed.
The results of these studies prompted us to analyse
the stress situation near the tip of a curvilinear
interfacial crack between a glass sphere and a polymer
matrix. The two-dimensional problem of a curvilinear
interfacial crack between two further bonded dissimilar
materials has been considered by several authors
[4,5,6]. Their elastic analyses were based on the
complex variable approach developed by Muskhelishvili.
The obtained analytic solutions, however, are not
appropriate tor the present problem because the present
problem is three-dimensional and. in physical reality,
that part of the interface without interfacial crack is
not perfectly bonded. Therefore it is necessary to resort
to numerical analyses and in this study the axisymmetric
linear elastic finite element method has been used. This
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metbod is based upon assumptions for displacements which
are defined in terms of polynomial functions over
elements of finite size. Therefore it is not possible to
obtain an exact representation of the behaviour in the
region of a singularity such as the tip of an interfacial
crack. To evereome this difficulty, a finite element mesh
has been used with a substantial refinement near the
interface of sphere and matrix.
ln the present study two different kinds of problems
are considered. Firstly,

the problem of a partially

unbonded-partially bonded sphere with the unbonded region
of the interface increased stepwise from the pole to the
equator. Secondly, the problem of a completely unbonded
sphere with the extent of interfacial slip between sphere
and matrix varied. With bath problems the attention is
focused on the stress state near the crack tip at the
matrix side of the formed interfacial crack. The results
of the secend problem are compared with the physical
reality of craze and shear band formation at poorly
adhering glass spheres in matrices of glassy polymers.
5.2 Finite element analysis
5.2.1 . Analysed system
As the principles of the axisymmetric linear elastic
finite element metbod and the application of this metbod
for spherically filled materials have been described in
detail elsewhere [7,8), here only some main points
will be briefly discussed. The unit cell of the analysed
system is shown in Figure 2. The z-axis is the axis of
revolution. The applied uniaxial tension was simulated by
stretching the system in the z-direction without
restraints in the r-direction. The model of Figure 2 was
subdivided into triangular elements (TRIAX3) as shown in
Figure 3. This was done automatically with a mesh
generator named TRIQUAMESH [9]. Figure 3 shows the
substantial refinement of the mesh near the interface. A
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z

matrix

n

Figure 2. Unit cell of the analysed system.

roughness function. determining the size of the elements.
was kept constant along the entire interface to minimize
the influence of the element size on the results under
various conditions of crack length.
The axisymmetric finite element analyses were
executed using the FEMSYS finite element computer program
written by Peters [10]. The elastic constants used are:
polymer matrix:

glass sphere:

Young's modulus

3 GPa

Poisson•s ratio

0.35

Young's modulus

70 GPa

Poisson's ratio

0.22

The computer program calculates for each element the
stresses az. ar. ac and

~rz

actinq at the

centraid of the element. Fiqure 4 illustrates and defines
these stresses. a c acts in the circumferential
direction and is one of the three principal stresses
since

~

re and

~

ze are equal to zero.
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In the system under analysis the glass accupies 1.8
vol.%. At this low percentage the stress gradients in the
remote boundary matrix elements were found to be only
very small, and therefore the analysed system may be
considered to represent the situation of an isolated
glass sphere.

Figure 3. Finite element mesh (683 nodes, 1210 elements).
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z

Figure 4. Stresses involved in the analysis of axisymmetric solids.

5.2.2. Boundary conditions at the interface
The boundary conditions for relative displacements
between the adjacent faces of the sphere and matrix are
different for unbonded and bonded regions. Along unbonded
regions of the interface relative displacements are
permitted in both the normal and the tangential direction
(n and t i n Figure 2). whereas along bonded regions
relative displacements are not permitled at all. It is
important to realize that a segment of an unbonded region
may only be regarded as a part of the interfacial crack
if the adjacent faces of the sphere and matrix open up
upon application of the uniaxial tension. In that case
the relative displacement of the matrix with respect to
the sphere in the normal direction is positive, and the
stress on that segment in the normal direction is zero.
If, however, a segment of an unbonded region remains
closed upon application of the uniaxial tension, it may
not be regarded as a part of the interfacial crack. In
that case there is no relative displacement of the matrix
with respect to the sphere in the normal direction, and a
normal stress which is negative (or zero) acts on that
segment. Of course a relative displacement in the
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tangential direction (interfacial slip) still remains
possible, in contrast to the case of a bonded region .
The extent of interfacial slip between unbonded
adjacent faces of the sphere and matrix is dependent on
the friction forces acting in the tangential direction .
In the present analyses the friction force acting on a
certain segment in the tangential direction, Ft' is
modelled as being proportional to the force acting on
that segment in the normal direction , F , by the
n
proportionality constant ~ . In formula :
( 1)

Accordingly, if a segment of an unbonded region opens up
because of tension , no friction force acts on that
segment since in that case Fn is equal to zero . If ,
however, a segment remains closed and Fn has a finite
value, then a friction force proportional to Fn acts in
the negative tangential direction opposing interfacial
slip in the positive tangential direction.

5 . 3 . Results and Discussion
5.3.1 . Partially unbonded-partially bonded sphere
This section deals with the partially unbondedpartially bonded sphere. To study the effect of the
length of an interfacial crack (at a further bonded
sphere) on the stress state near the crack tip, the
unbonded region of the interface was increased stepwise
from the pole (9 = 0° , completely bonded) to the
equator (9 = 90° , completely unbonded). The unbonded
region was assumed to be frictionless, thus ~ = 0 .
From the analyses it appeared that up to a length of
the unbonded region represented by 9 = 64°, the entire
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unbonded region may be regarded as an interfacial crack.
If. however, the unbonded region exceeds an angle 9 of
64°, the adjacent faces of the sphere and matrix do not
open up along the entire unbonded region but a part
closest to the equator remains closed. This result can be
understood from the contraction of the matrix
perpendicular to the direction of the applied tension.
This implies that the effect of the interfacial crack
length on the stress state near the tip can only be
studied up to a crack length represented by 9 = 64°. In
Figure 5 the stresses in the matrix element having its
centre closest to the interfacial crack tip have been
plotted versus the crack length. The stresses are
presented as a ratio, ~ or ~· where T is
the average applied uniaxial tension. The stresses
plotted at e = 0 are the stresses in the matrix element
having its centre closest to the pole of a completely
bonded sphere. Apart from ar. az. ac and
'rz' Figure 5 shows the value of the ratio of the
major principal stress a 1 which represents the
maximum stress concentration. In this conneetion it must
be noted that for all analysed systems with an
interfacial crack, the maximum stress concentration
always occurred in the matrix element nearest to the
crack tip, thus in the element for which the stresses are
given in Figure 5.
From Figure 5 it appears that the maximum stress
concentration near the tip first increases with
increasing curvilinear crack length, up to a value of 9
of about 45°, and then decreases. Obviously it does not
simply increase with increasing crack length as is the
case with a rectilinear crack at the interface of two
bonded dissimilar materials [11,12]. This must be
attributed to the fact that the angle between the
direction of the applied tension and the normal of the
crack plane near the tip increases with increasing crack
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length which, of course, is unfavourable for high stress
concentrations near the tip. Thus two factors opposing
each other are introduced when the curvilinear crack
length is varied, resulting in a maximum value of the
maximum stress concentration at a crack length
represented bye of about 45°.
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Figure 5. The stresses near the tip of the curvilinear interfac ial
crack a t a further bonded sphere as a function of the
crack length.
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5.3.2. Completely unbonded sphere with varied resistance
to interfacial slip
This section deals with the completely unbonded
sphere. The resistance to interfacial slip along the
unbonded interface was varied by taking the value of

~

stepwise from 0 (frictionless) to 5.
From the analyses it appeared that the length of that
part of the unbonded interface that may be regarded as an
interfacial crack depends slightly on the value of
~

For values of

~-

from 0 to 2 the adjacent faces of the

sphere and matrix open up up to 9 = 70° whereas the
remaining part of the interface remains closed. For
values of

~

from 3 to 5 the unbonded interface opens up
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pFigure 6. The stresses near the tip of the curvilinear interfacial
crack at a completely unbonded sphere as a function of
the resistance to interfacial slip.
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pFigure 7. The principal stresses near the tip of the curvilinear
interfacial c rack at a completely unbonded sphere as a
function of the resistance to interfacial slip.

up to 9

= 68°, so the interfacial crack formed upon

application of the uniaxial tension is slightly shorter.
ln Figure 6 the stresses in the matrix element having its
centre closest to the tip of the formed interfacial crack
a[e plotted versus the value of

~.

Figure 7 shows the

values of the three principal stresses a 1 • a 2 and
a 3 in these elements. It must again be noted that for
all values of

~

concentration

~ occurred in the matrix element nearest

the maximum principal stress

T

to the crack tip. thus in the element for which the
stresses are given in Figures 6 and 7. These figures
illustrate that the values of the stresses near the crack
tip are strongly affected by the resistance to
interfacial slip along that part of the unbonded
interface that remains closed. For example, the maximum
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stress concentration

o,
T

increases from 2 to 5.5 when

~

is increased from 0 to 5. The stress state near the crack
tip is biaxial as can be seen from Figure 7 which shows
that a 3 has a value very near to zero.
5.3.3. Comparison of the results with the physical reality

Maxi mum i n t ePfacial cPack Ze ngth
When comparing the results of the completely unbonded
sphere with the physical reality of craze and shear band
formation at poorly adhering glass spheres, it must be
realized that the analyses performed in this study do not
take into account the thermal residual stresses set up
around the glass sphere in consequence of the mismatch
between the coefficients of thermal expansion
(apolymer is about ten times aglass> · Accordingly, in the present stress analyses the formation of the
entire interfacial crack is represented to occur
momentarily upon tension application. In practice,
however, the formation of the interfacial crack is
supposed to be a process, starting at the pole of the
sphere because the radial thermal compressive stresses
are first balanced at this location [1]. As the
tensile test proceeds, the crack will propogate into the
direction of the equator until a craze or shear band
originates at the tip. The interfacial crack propagation
is hindered by the radial thermal compressive stresses
around the sphere and this will become more serious as
the crack tip approaches the equator . The difference
between the stress analysis situation and the physi cal
reality must be the cause of the small ditterenee between
the computed and experimentally measured critical angle

e

that the interfacial crack can maximally reach until

a craze or shear band forms at the tip. This angle was
found experimentally to be about 60°, computed to be
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68-70° depending on the value of

~·

In any case, it has

clearly been demonstrated that in the case of a
completely unbonded glass sphere the maximum stress
concentration does not occur at the equator, as suggested
by other authors [13,14] , simply because the
interfacial crack tip cannot reach the equator .
Planar orienta t ion of cr a z e g r owth

An interesting feature is the planar orientation of
craze growth. Areal

cra~e

growth in isotropie glassy

polymers has been reported to occur along a path such
that the major principal stress always acts perpendicular
to the craze plane [15) . A craze that originates near
the pole of an excellently adhering glass sphere in a PS
matrix expands into the matrix in the direction
perpendicular to the applied tension [1]. The
directions of the major principal stress and of the
applied tension indeed coincide near the pole of a
completely bonded sphere. A craze that originates at the
tip of the i nterfacial crack of a poorly adhering g l ass
sphere, however, expands into the matrix in a direction
deviating initially from the direction perpendicular to
the applied tension as is clearly visible in Figure 1.
Only at some certain distance of the g1ass sphere, where
the propagating craze tip leaves the " sphere of
influence" of the glass sphere, the craze bends toward
this direction. The initial deviation amounts to about
20°. Calculations of the direction of the major principal
stress o 1 in the matrix element nearest to the
interfacial crack tip of a completely unbonded sphere
revealed that the deviat i on between the direction of the
major principal stress and the applied tension varies
from 19° to 13° if

~

is varied from o to S. Bearing in

mind the differences between the stress analysis
situation and the physical reality, these va1ues agree
reasonably well with the experimental value of about 20°.

54

Criteria for craze and ~hear band form a ti o n

As known from previous chapters [1,3], at an
excellently adhering glass sphere a craze forms near the
pole of the sphere in the region of maximum dilatation

ö and of maximum principal stress a 1 . A shear band
forms near the surface of the sphere at 45° from the pole
in the region of maximum principal shear stress T 1
and of maximum distoetion strain energy density Wd. The
expressions of these elastic failure criteria in terros of
the three principal stresses can be found elsewhere
[3]. It is of practical interest whether craze and
shear band formation occur easier (i.e. at a lower
applied tensile stress level) at the tip of the
interfacial crack of a poorly adhering sphere than at an
excellently adhering sphere. Comparison of the maximum
values of ö, a 1 . T 1 and Wd at a completely
bonded sphere with the values of these criteria near the
interfacial crack tip of a completely unbonded sphere
might provide an insight into this matter: if the values
of the relevant criteria are clearly higher near the
crack tip, a lower applied stress level required to start
craze or shear band formation is to be expected . The
values of the four elastic failure criteria in the matrix
element nearest to the interfacial crack tip of a
completely unbonded sphere were calculated with the
principal stresses given in Figure 7. The results are
plotted in Figure 8 where the horizontal lines repcesent
the maximum values of the criteria at a completely bonded
sphere. From Figure 8 it appears that the .values of the
criteria near the crack tip are not necessarily higher
than at a completely bonded sphere but that this depends
on the value of

~-

At

~

= o. thus when the interface

is frictionless. the criteria a 1 • ' l and Wd are
of the same order of magnitude as at a completely bonded
sphere. If

~

is increased, thus if the extent of

interfacial slip is reduced, the values of these criteria
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increase and become clearly higher compared with a bonded
sphere . At ~ = 0, the value of the dilatation criterion
~. which represents the sum of the three principal
stresses, is clearly lower compared with a bonded sphere
and only becomes higher if ~ exceeds a value of l.S.
This difference with the other three criteria can be
understood by comparing the stress state near the
interfacial crack tip with that near the pole of a
completely bonded sphere. There the stress state is
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Figure 8. Dependenee of major principal stress (o 1), major
principal shear stress (T 1), dilatation (ó) and
distortion strain energy density (Wd) near the interfacial
crack tip of a completely unbonded sphere on the resistance to interfacial slip. The horizontal lines represent
the maximum values of these criteria at a completely
bonded sphere.
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triaxial whereas near the crack tip the stress state is
biaxial. So near the crack tip dilatation is to be
produced by only two stresses and therefore, at low
values of

~.

its value remains bebind compared with the

value of dilatation near the pole of a completely bonded
sphere.
On the basis of the results presented in Figure 8 it
is rather difficult to determine if craze and shear band
formation occur easier at the tip of the interfacial
crack of a poorly adhering qlass sphere than at an
excellently adhering sphere. Apart from the fact that the
exact formulations of the criteria for craze and shear
band formation are unknown. it now appears that near the
crack tip the values of the elastic failure criteria that
rule craze and shear band formation are strongly
determined by the extent of interfacial slip. This makes
the extent of interfacial slip a very critical factor at
comparing the values of the criteria near the crack tip
with the values at a completely bonded sphere. In the
present analyses the friction forces that oppose slip
were modelled as being proportional to the normal forces
by the proportionality constant

~.

In practice,

~

is

known as the coefficient of static friction and practical
values of

~

between qlass and glassy polymers have been

reported to amount to about 0.5. However, in the physical
reality of a poorly adhering glass sphere in a polymer
matrix, the extent and character of the interfacial slip
and the forces that oppose slip are not precisely known.
It is uncertain if a value of 0.5 for a coefficient
of stat i c friction between qlass and polymer has any
physical relevanee to this specific case. It is also
uncertain if the modelling of the friction forces as
being proportional to the normal forces is realistic.
Thus, as the extent of interfacial slip appears to be so
critica! but is not precisely known. based on the present
results definite conclusions on whether craze and shear
band formation occur easier at the interfacial crack tip
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of a poorly adhering glass sphere than at an excellently
adhering sphere cannot be made.
5.4.Conclusions
Application of the finite element method provides
only approximate solutions in the region of a
singularity. Nevertheless, the present study provides a
good insight into the factors that determine the stress
state near the tip of a curvilinear interfacial crack
between a rigid spherical inclusion and a polymer matrix.
It has been demonstrated that the maximum stress
concentratien near the tip of a curvilinear interfacial
crack at a further bonded sphere does not simply increase
with increasing crack length, but is also determined by
the orientation of the crack tip with regard to the
applied tension direction. The analyses for a completely
unbonded sphere have shown that an interfacial crack at a
completely unbonded sphere cannot become larger than a
critica! length represented by 9

=

68-70°. The stress

state near the tip is biaxial and is strongly determined
by the extent of interfacial slip along that part of the
unbonded interface that remains closed. The values of the
elastic failure criteria that rule craze and shear band
formation increase substantially as the extent of
interfacial slip reduces.
Comparison of the results of the completely unbonded
sphere with the physical reality of craze and shear band
formation at poorly adhering glass spheres has shown
reasonable agreement with respect to the critical
interfacial crack length that can maximally be reached
until a craze or shear band forms at the tip. Also the
experimental and calculated planar orientation of areal
craze growth perpendicular to the direction of the major
principal stress agree reasonably well. Definite
conclusions on whether craze and shear band formation
occur easier at the interfacial crack tip of a poorly
adhering glass sphere than at an excellently adhering
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glass sphere could not be made because the extent and
character of the interfacial slip between a poorly
adhering glass sphere and a polymer matrix are not
precisely known.
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Chapter 6

THE EFFECT OF INTERFACIAL ADHESION ON THE
TENSILE BEHAVIOUR OF POLYSTYRENE-GLASS
BEAD COMPOSITES

summa.ry
The tensile behaviou.r at 20°C of polysty.rene-glass
bead composites has been studied at several glass
concent.rations. To gain insight into the .role of
interfacial adhesion, the bonding between glass and
polystyrene was varied by using different silane coupling
agents. In contrast to the elastic behaviour, the erazing
behaviour of the eomposites was found to be eonsiderably
affeeted by the degree of interfaeial adhesion. This is
explained by the different meehanisms for eraze formation
at adhering and non-adbering glass beads, respeetively.
Further it was found that both the elastic and the erazing
behaviour of the composites are influeneed by the glass
bead eoneentration.
6.1. Introduetion
When a glass bead - filled polystyrene (PS) sample is
subjected to uniaxial tension, erazes form at the stress
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Figure 1. Light micrographs of craze patterns around (a) excellently adhering glass beads and (b) poorly adhering glass
beads. The arrow indicates the direction of the applied
tension.

concentrating glass beads. In previous chapters [1,2]
it was reported that the degree of interfacial adhesion
between the glass beads and the PS matrix has a profound
effect on the mechanism for craze formation.

In the case

of excellent interfacial adhesion the erazes ferm near the
poles of the bead. These are regions of maximum dilatation
and of maximum principal stress. A detail of a crazed
sample with excellent interfacial adhesion is shown in
Figure la. On the ether hand, with poer interfacial
adhesion the erazes ferm at the interface between pole and
equator (Figure lb). In that case craze formation is
preceded by dewetting along the interface. At dewetting a
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pair of small cap-shaped cavities is formed at the poles
of the bead. As the tensile test proceeds. the edges of
these cavities shift into the direction of the equator
until, at an angle of about 60° from the pole, erazes
originate at the edges of the cavities. Neither in the
case of excellent adhesion nor in the case of poor
adhesion shear band formation at the glass beads was
observed.
In this chapter the effect of interfacial adhesion.
and thus of the mechanism for craze formation, on the
macroscopie tensile behaviour of PS-glass bead composites
is studled at several glass concentrations.
6.2. Expertmental
The PS used was Styron 634 obtained from Dow
Chemica!. The glass beads (Tamson 31/20) have a diameter
range of 10 - 53

~m

and a specific gravity of 2.5.

Befare being dispersed in PS, the glass beads were surface
treated with two different silane coupling agents: a
cationic vinylbenzyl trimethoxysilane
[(CH 3 0) 3 Si(CH 2 ) 3NH(CH 2 ) 2 NHCH 2 -C 6H4 -CH:CH 2 .HC1] (Dow
Corning Z-6032) for excellent adhesion between PS and
glass. and vinyltriethoxysilane (Fluka)

~or

poor adhesion.

The silanes were applied as described previously [1].
Composites were made containing from o up to 25 vol.
% of glass beads. The composites were prepared by
melt-mixing on a laboratory mill at 190°C. The total
mixing time was 8 minutes. Tensile specimens were machined
in accordance with ASTM D 638 111 from compression moulded
sheets. To reduce thermal stresses the specimens were
annealed at 80°C for 24 hours and then conditioned at 20°C
and 55% relative humidity for at least 48 hours befare
testing.
The tensile tests were performed on an 1nstron
tensile tester at 20°C. The strain rate was 0.04 min- 1 .
At least five samples of each glass concentratien were
tested.
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Figure 2. The Young's modulus (E) at 20°C for PS-glass bead composites with excellent (D) and poor (e) interfacial adhesion.
The curves represent the values predic ted by the original
Kerner equation (A) and the modified Kerner equation (B) .

6.3. Results and Discussion
6.3.1. Elastic behaviour
In Figure 2 the Young's modulus is plotted as a
function of glass content for both excellent and poor
interfacial adhesion. The modulus appears to be hardly
affected by the degree of interfacial adhesion. This
behaviour has been reported for several other glass
bead - filled polymers as well [3,4,5].
The modulus increases with increasing glass content.
In order to compare the experimental values with
theoretica! predictions, the moduli of the composites have
been calculated using the original Kerner equation [6]
as well as the modified Kerner equation [7]. The
elastic constants used for these calculations are:
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PS
Glass

Young's modulus

3250 MPa

Poisson's ratio

0.34

Young's modulus
Poisson's ratio

70000 MPa
0.22

In contrast to the original Kerner model, the
modified model takes the maximum random close packing
fraction of the beads (0 . 64) into account. It appears from
Figure 2 that the predictions of the modified Kerner model
correspond best with experimental data.
6.3.2. erazing behaviour: effect of interfacial adhesion
In Figure 3 the tensile stress-strain curves for
PS-glass bead 85/15 (vol.\) composites with excellent and
poor interfacial adhesion are represented. These curves
only serve as an example since the stress-strain curves
for the other investigated compositions show a similar
course. At a certain applied stress level the curves for
all examined composites (except unfilled PS) exhibit a
distinct deviation of the linear elastic behaviour. The
stress level at which this deviation takes place is
considerably lower for poor adhesion than for excellent
adhesion: for poor adhesion the deviation begins at about
13 MPa, and for excellent adhesion at about 20 MPa. Both
stress levels were found to be practically independent of
bead concentration. The ultimate stress at break eB is
also lower for poor adhesion than for excellent adhesion.
This holds for all examined glass bead concentrations as
shown in Figure 4.
Because at room temperature tensile deformation of PS
occurs hardly by shear deformation, the difference in
stress level at which non-linear deformation takes place
must be caused by the different mechanism for craze
formation.

In the case of excellent adhesion the

non-Hookean deformation is achieved by only one
deformation mechanism viz. erazing at the poles. This
process starts at about 20 MPa because at about this
stress level the c - c curve begins to deviate from
64
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Figure 3. Tensile stress-strain curves at 20°C for PS-glass bead
85/15 (vol.%) composites with excellent (A) and poor (B)
interfac ial adhesion.

linear elastic behaviour. In the case of poor adhesion.
however. the non-Hookean deformation is achieved by two
deformation mechanisms viz. dewetting cavitation followed
by crazing . Dewetting cavitation already starts at a
relatively early stage of the tensile test [1. 2].
namely as soon as the radial thermal compressive stresses
are balanced at the poles. which accounts for the lower
stress level at which the deviation of linear elastic
behaviour begins compared with excellent adhesion. There
might be another contributing reason for the fact that in
the case of poor adhesion the non-linear deformation takes
place at a lower stress level. This reasen is connected
with the fact that the stress situation at the location at
which the erazes form is different for excellent and poor
a dhesion. The exact formulation of the criterion for craze
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Figure 4. Stress at break ( oB) at 20°C for PS-glass bead composites
with excellent (o) and poor (e) interfacial adhesion.

formation is unknown.

but it has been demonstrated

previously [l] that craze formation is ruled by the
dilatation 6 and/or the major principal stress a 1 .
Thus. if the values of 6 and a 1 near the edge of the
dewetting cavity of a poorly adhering sphere are higher
than the values of 6 and a 1 near the pole of an
excellently adhering sphere. a lower applied stress level
required to start craze formation is to be expected in the
case of poor adhesion.

In Chapter 5 [8] it has been

shown that the values of 6

and a 1 near the edge of
the dewetting cavity are not necessarily higher. but that
this depends strongly on the resistance to interfacial

slip along that part of the interface where sphere and
matrix still remain in contact after application of the
uniaxial tension. Only if there is a substantial
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Figure 5. Elangation at break (EB) at 20°C for PS-glass bead
composites with excellent (o) and poor (e) interfacial
adhesion.

resistance to interfacial slip, the values of

~

and

cr 1 near the edge of the dewetting cavity were found to
be clearly higher than the values near the pole of an
adhering sphere. In the physical reality of a poorly
adhering glass sphere in a polystyrene matrix, however,
the extent and character of the interfacial slip and the
forces that oppose slip are not precisely known.
Therefore, as yet definite conclusions on whether craze
formation occurs at a lower applied stress level for poor
adhesion than for excellent adhesion cannot be made.
The ultimate elongation at break eB is plotted in
Figure 5. From this figure it appears that none of the
investigated composites has an elongation at break that is
larger than that of unfilled PS. So the introduetion of
neither excellently nor poorly adhering glass beads into
PS has a significant toughening effect,

indicating that

even excellent inter f acial adhesion does not enable the
glass beads to control craze growth effectively.
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6.3.3. erazing behaviour: effect of qlass bead
concentratien
Figure 4 demonstrates that for both adhesion
situations the stress at break oB decreases with
increasing glass bead concentration. This decrease is the
result of the increasing extent to which cavitation
processes occur. For poor adhesion the cavitation
processes are both dewetting cavitation and crazing.
whereas for excellent adhesion erazing is the only
cavitation process. As it was already pointed out, for
both adhesion situations the non-linear deformation begins
at an applied stress level that is practically independent
of bead content. In samples with larger concentrations of
beads more sites for initiating cavitation processes are
available and, consequently, at nearly the same stress
level more cavitation processes begin than in samples with
less beads. Because the subsequent stress rise required to
achieve the imposed strain rate is lower as more
cavitation takes place, the stress at break oB
decreases with increasing glass bead concentration .
The effect of adding increasing amounts of glass
beads to PS on the elangation at break eB is
illustrated in Figure 5 and is determined by several
factors. First, it is likely that addition of small
amounts of beads will result in an increase in eB
because of the promoted erazing at lower stresses compared
with unfilled PS. But beyend a certain bead content the
craze density will become so high that. since glass beads
are unable to control craze growth effectively, the erazes
will soon run into each ether and prompt fracture will
result. So beyend a certain bead content a decrease in
eB with increasing glass bead concentratien can be
expected. The expected behaviour. indeed, is found
experimentally in the case of poor interfacial adhesion as
demonstrated by the shoulder in the curve of Figure s.
However, in the case of excellent interfacial adhesion,
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where the stress level at which erazing and fracture take
place is considerably higher than for poor adhesion,
eB decreases over the whole bead concentratien region.
From this it appears that the elongation at break, and
thus the stability of the erazing material, is not only
determined by the number of erazes but also by the stress
prevailing at the crazes.
6.4. Conclusion
An important result of the present study is that the
introduetion of neither excellently nor poorly adhering
glass beads into PS has a significant toughening effect.
This indicates that even excellent interfacial adhesion
does not enable the glass beads to control craze growth
effectively. Possibly a more drastic modification near the
glass beads' surfaces results in a composite both stiffer
and tougher than the matrix material PS. This could be,
for instance, encapsulation of the glass beads within a
thin layer of low modulus material, as suggested on
theoretica! grounds by Matonis and Small [9]. The
effect of such an interfacial layer on the tensile
behaviour of PS-glass bead composites will be reported in
Chapter 7 [10],
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Chapter 7

THE EFFECT OF A RUBBERY INTERFACIAL
LAYER ON THE TENSILE BEHAVIOUR OF
POLYSTYRENE-GLASS BEAD COMPOSITES

Summary
An experimental procedure is described for preparing
polystyrene-glass bead composites with a thin rubbery
interfacial layer. The effect of the interlayer on both
the mechanism for craze formation at the beads and on the
stiffness and toughness of the composites is reported . It
is shown that besides in the equatorial region of the
beads, erazes are also formed between the poles and
equator in consequence of decahesion between bead and
polystyrene matrix at the poles. It is argued that the
growth of these latter erazes is not controlled by the
dispersed particles and that therefore the composites with
a rubbery interlayer are not tougher than the composites
without such an interlayer.
7.1. Introduetion
For many researchers in the field of polymer
composites it is a challenge to create a compos i te both
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stiffer and tougher than the

matri~

material. The

introduetion of dispersed rubber particles into a
"brittle" polymer such a polystyrene (PS) results in a
substantial increase in toughness but at the same time in
a reduction in modulus. The mechanisms of rubber
toughening have recently been reviewed [1] but are
still not completely understood. It is however well
established that the function of the rubber particles is
to initiate multiple craze formation in the matrix
particularly near the equators of the particles. Important
requisites for optimum toughness are good interfacial
adhesion and a partiele diameter of about 1-5

~m.

In a previous chapter [2] on the tensile behaviour
of PS-glass bead composites (average bead diameter 30
~m)

it has been shown that. unlike rubber particles. the

introduetion of rigid glass beads results in an increase
in modulus . Although the beads also act as craze
initiators. the introduetion of glass beads was found to
ha~e

no significant toughening effect. neither in case of

excellent nor in case of pooL interfacial adhesion. The
degree of interfacial adhesion does have a profound effect
on the mechanism for craze formation at the beads [3.4].
At an excellently adhering glass bead. erazes form near the
poles of the bead in the regions of maximum triaxial stress
concentrations. At a poorly adhering glass bead craze
formation is preceded by dewetting along the interface
between bead and matrix; at dewetting a curvilinear
interfacial crack is formed. starting at the pole and
propagating into the direction of the equator until. at an
angle of about 60° from the pole. a craze originates at the
tip of the interfacial crack.
In 1969 Matenis and Small [5] suggested that
encapsulation of rigid spherical inclusions within a layer of
low modulus elastomer might be a method to obtain a composite
teugher than the matrix material and with a modulus of the
same order of magnitude as the matrix material . In their
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tneoretical study they showed that in this conneetion the
thickness of the interfacial layer is very critical. On the
one side the layer must be thin enough in order that the
matrix still "feels'' the rigid sphere so that it contributes
to the stiffness of the composite. On the other side the
layer must thick enough to create a stress field resembling
the stress field around a rubber spherical particle. so with
the maximum triaxial stress concentrations near the equator
instead of near the poles in order that craze formation
occurs near the equator. The optimum thickness of the
interfacial layer was calculated to be about l% of the radius
of the rigid sphere.
In this chapter an experimental procedure is described
for placing a thin layer of thermoplastic styrene-butadiene
rubber between a glass bead and a PS matrix. The effect of
the rubbery interfacial layer on both the mechanism for craze
formation at the beads and on the stiffness and toughness of
the composites is reported.
7.2. Experimental
7.2.1. Materials
The PS used was Styron 634 obtained from Dow Chemical.
The thermoplastic rubber used was Shell Cariflex 1102. a
styrene - butadiene-styrene (SBS) block copolymer. Glass beads
were used in two different bead diameter ranges: 0.5-10
with an average diameter of 2
average diameter of 30

~m.

~m.

and 10-53

~m

~m

with an

In the rest of this chapter

these two bead diameter ranges will be referred to as
2~m - glass

and

30~m-glass.

7.2.2. Surface treatments of the beads
Befare being dispersed in PS by melt-mixing, the glass
beads were given different surface treatments to obtain a)
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excellent interfacial adhesion, b) poor interfacial adhesion,
c) a thin rubbery interfacial layer. Excellent interfacial
adhesion was obtained by coating the beads with a cationic
vinylbenzyl trimethoxysilane
[(CH 30) 3 Si(CH 2 ) 3 NH(CH 2 ) 2 NHCH 2 -C 6 H4 -CH=CH 2 .HC1]
(Dow Corning Z-6032). Poor interfacial adhesion was
obtained by coating with vinyltriethoxysilane (Fluka).
Both coating procedures are described elsewhere [3].
The procedure for coating the beads with a rubbery layer
is based on the work of Plueddemann [6]. It is
essential that the rubbery layer remains on the beads
during melt-mixing and that it adheres well to both glass
and PS. The principle of the coating procedure described
below is that the SBS rubber and the silane coupling agent
that adheres SBS to glass are applied simultaneously from
a mutual solvent. Adhesion between the rubber coating and
PS is then to be achieved as a result of the compatibility
of PS with SBS during melt-mixing.
Coating procedure: the glass beads were first cleaned by
refluxing isopropyl alcohol for 2 h and vacuum dried for 1
h at l30°C. Then 50 g of cleaned glass was stirred in a
refluxing salution of 200 ml toluene containing 7 g SBS, 7
ml Z-6032 and 1 g dicumylperoxide. After 2 h, 2 ml
concentrated hydrochloric acid was added dropwise and
stirring was continued for 1/2 h. After evaporation of the
solvent, the remaining material was cured for 2 h at ll0°C
under vacuum and then thoroughly washed with toluene to
remove redundant SBS. The remaining coated beads were
vacuum dried for 1 h at 70°C. Befare melt-mixing with PS,
the larger agglomerates of beads were removed by sieving:
for

2~m-glass

30~m - glass

removed.
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the agglomarates larger than 40

the agglomarates larger than 200

~m

~.

for

were

7.2.3. Specimen preparatien and tensile testinq
The PS-qlass bead (90/10 vol.\) composites were
prepared by melt-mixing on a laboratory mill at 190°C. The
total mixing time was 8 min. Tensile specimens were
machined in accordance with ASTM D 638 III from
compression moulded sheets. To reduce thermal stresses the
specimens were annealed at 80°C for 24 h and then
conditioned at 20°C and 55\ relative humidity for at least
48 h befere testing. The tensile tests were performed on
an rnstron tensile tester at 20°C. The strain rate was
0.04 min- 1 .
The mechanism for craze formation at the beads was
investigated by straining small dumbbell-shaped specimens
uniaxially on a small tensile apparatus which was fitted
to the stage of a Zeiss light microscope. The specimens
used contain a very low percentage (about 0.5 vol \) of
30wn-glass beads. As these specimens are transparant the
crazes, formed at the beads during straining, are well
visible. It should be noted that this kind of microscopie
investigation cannot be done with

2~m-glass

beads

because these are too small to be well-visible with a
light microscope.
7.3. Results and Discussion
7.3.1. Mechanism for craze formation
Two typical examples of the craze pattern around
glass beads embedded within a rubbery interfacial layer
are shown in Figure 1. Besides in the equatorial region.
erazes are also formed between the poles and equator at an
angle of 20-40° from the pole. At nearly all investigated
beads the equator erazes were initiated first and then the
erazes between pole and equator. Only at very few beads it
was just the ether way round.
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Figure 1. Two examples of the typical craze pattern around glass
beads embedded within a thin rubbery layer. The arrow
indicates the direction of the applied tension.

The occurrence of equator erazes proves the presence
of a rubbery interfacial layer that is thick enough to
induce maximum triaxial stress concentrations near the
equator. The shape of the erazes between pole and equator
resembles the shape of erazes formed at poorly adhering
glass beads [3,4]. The most likely cause of their
occurrence is therefore decohesion between bead and PS at
the pole, resulting in the formation of a curvilinear
crack that propagates into the direction of the equator
until a craze originates at its tip. This decahesion at
the poles of the beads is quite logical. The thin rubbery
interlayer has a Young's modulus that is hundreds of times
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smaller compared with glass and PS. Thus already at low
overall strains, near the poles of the beads the rubbery
layer is highly extended. As a result not only the
interlayer itself but also the adhesive bonding at both
the glass-rubber interface and the rubber-PS interface is
highly loaded, eventually leading to premature decohesion.
Failure at the glass-rubber interface as the cause of
decohesion is unlikely as can be seen from the fracture
surface shown in Figure 2. Clearly a lot of material has
remained on the beads indicating that even during fracture
the adhesive bonding between glass and rubber has lasted.
Thus as the cause of decohesion either failure of the
rubbery interlayer itself or failure at the rubber-PS
interface remains. Without further evidence a definite
choice between these two possibilities cannot be made
because neither the tear resistance of the interlayer
material nor the adhesion strength at the rubber-PS
interface is precisely known.

Figure 2. Scanning electron micrograph of the fracture surface of
a

PS-30~m-glass

(90/10 vol.%) composite with a rubbery

interfacial layer.
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Figure 3. Tensile stress-strain curves at 20°C for unfilled PS (A)
and for PS-2~m-glass 90/10 (vol. %) composites with
excellent interfacial adhesion (B), paar interfac ial
adhesion (C) and a rubbery interfacial layer (D) .

7.3.2. Stiffness and toughness
Befare discussing the tensile properties of the
PS-glass bead composites it must be noted that with the
coating procedure described in the experimental sectien it
is, of course, nat possible to coat the beads with a
rubbery layer of completely uniform thickness and equally
thick for each bead. The latter appeared for instanee from
light microscopie investigation: at few beads the
interlayer was so thin that no equator erazes but only
erazes between the poles and equator were formed . From
electron microscopie investigation of the fracture
surfaces it appeared that the prepared composites hardly
contain any agglomerates of beads. Apparently the
agglomerates split up because of the high shear involved
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Figure 4. Tensile stress-strain curves at 20°C for unfilled PS (A)
and for

PS-30~m-glass

90/10 (vol. %) composites with

excellent interfacial adhesion (B), poer interfacial
adhesion (C) and a rubbery interfacial layer (D).

in melt-mixing.
Figures 3 and 4 show typical tensile stress-strain
(o-e) curves for the PS-glass bead 90/10 (vol.\)
composites containing

2~m-glass

and

30~-glass.

respectively. For comparison the o-e curve for
unfilled PS is also given. While comparing Figures 3 and 4
it immediately appears that for the two investigated bead
size ranges the bead size does not significantly affect
the tensile behaviour of the composites. Upon addition of
10 vol.\ of either excellently or poorly adhering beads
the Young's modulus increases from about 3250 MPa (for
unfilled PS) to about 4000 MPa. As to be expected, the
Young's modulus of the composites with a rubbery
interfacial layer is smaller (about 3600 MPa) but still
larger than that of unfilled PS. None of the composites
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bas an elongation at break that is larger than tbat of
unfilled PS and also the work to break is not increased on
adding beads. Thus neither excellently adhering beads nor
poorly adhering beads nor the rubbery interfacial layer
has a significant toughening effect. not even when
2~m-glass

beads are used which are of similar size as

the rubber particles in typical high-impact polystyrenes
(HIPS).
A prerequisite for toughness is that the dispersed
particles initiate multiple craze formation in the matrix.
In this respect rigid particles are equally effective as
rubber particles. However. to achieve significant
toughening the growth of erazes must be controlled by the
dispersed particles and in this respect adhering rubber
particles are by far the most effective. Over the past two
decades several reasens for the rubber particles' ability
to stabilize craze growth have been suggested. One
suggestion has been that the rubber particles act as craze
terminators [7]. Recently [8) the rubber particles'
ability to aceomedate the displacements due to craze
formation at their equators has been advanced as the main
reason; an adhering rubber partiele bridges the two faces
of the equator craze and in doing so the partiele prevents
premature craze break-down [9]. It is obvious that when
a dispersed partiele bas to perferm this function.

the

first requirement is that the craze formation process
starts near the equator and not near the poles as is the
case with both adhering and non-adbering glass beads.
Therefore already beferehand glass beads are unsuitable
for stahilizing craze growth, still apart from the fact
that they would be unable to deform to a significant
degree. In the case of glass beads ernbedded within a thin
rubbery layer craze formation does start near the equator.
In a second step, however. also at those beads
unstabilized erazes are formed in consequence of
decohesion at the poles. and this must be the cause of the
observed fact that with a rubbery interfacial layer no
increase in toughness is achieved either.
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7 . 4. Conclusion
The rubbery interfacial layer as applied in this study
appears to have no significant toughening effect . This has
been attributed to decohesion at the poles, resulting in
the formation of unstabilized erazes between the poles and
equator . The prevention of this decohesion is the obvious
prerequisite for obtaining a tough composite with the
encapsulation method. The present author, however, believes
that this will be very difficult to achieve . The fact is
that the thin low modulus rubbery interlayer (that must be
thin, otherwise the rigid inclusions do not contribute to
the stiffness) is highly extended at the poles, and to
accomodate the large displacements in these regions
without decohesion the tear resistance of the rubbery
interlayer as well as the adhesive bonding at both
interfaces must be of a probably unachievably high quality.
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Chapter 8

THE TENSILE BEHAVIOUR OF POLYCARBONATE AND
POLYCARBONATE-GLASS BEAD COMPOSITES

yummary
The tensile behaviour at 20°C of unfilled
polycarbonate and polycarbonate-glass bead composites
(90/10 vol. %) has been investigated by tensile testing
with simultaneous volume change measurements. Both the
effect of the bead size and the degree of interfacial
adhesion on the tensile behaviour of the composites has
been studied. A simple model has been applied to obtain
quantitative information on the separate contributions of
several possible deformation mechanisms to the total
deformation. For unfilled polycarbonate and the
polycarbonate-glass bead composites with excellent
interfacial adhesion, shear deformation is found to be the
only significant non-Hookean deformation mechanism. By
means of strain recovery experiments it is shown that the
shear deformation is highly elastic in character. For the
composites with poor interfacial adhesion, besides shear
deformation also dewetting cavitation contributes to the
non-Hookean deformation. The differences in tensile
behaviour between the composites with excellent and poor
interfacial adhesion are explained by the different
mechanisms for shear band formation at excellently and
poorly adhering glass beads.
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8.1. Introduetion
When a glass bead-filled polycarbonate (PC) sample is
subjected to uniaxial tension, shear bands form at the
stress concentrating glass beads. In a previous chapter
[1] this shear band formation has been investigated by
microscopie i n situ observation in the course of a tensi1e
test. It was found that the degree of interfacial adhesion
between the glass beads (diameter about 30

~m)

and the

PC matrix has a profound effect on the mechanism for shear
band formation. At an excellently adhering glass bead the
shear bands form near the surface of the bead at an angle
of 45° from the poles defined by the symmetry axis of the
stressed sphere. These are regions of maximum principal
shear stress and of maximum distartion strain energy
density. At a poorly adhering glass bead shear band
formation is preceded by dewetting along the interface
between bead and matrix. At dewetting a pair of small
cap-shaped cavities is formed at the poles of the bead. As
the tensile test proceeds, the edges of these cavities
shift into the direction of the equator until. at an angle
of about 60° from the pole. shear bands originate at the
edges of the cavities. This feature is c1early illustrated
by Figure 1 where the shadows at the poles of the beads
indicate that cap-shaped cavities are formed. Neither in
the case of poor adhesion nor in the case of excellent
adhesion craze formation at the glass beads was observed.
In the present chapter the effect of interfacial
adhesion, and thus of the mechanism for shear band
formation, on the macroscopie tensile behaviour of
PC-glass bead composites (90/10 vol. %) is studied. This
is done for two different bead size ranges. To study the
general effects of the additon of glass beads to PC. the
tensile behaviour of unfi1led PC is also investigated.
During the tensile tests the volume change of the
specimens has been measured using a liquid dilatometer.
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Figure 1. Light micrographof deformation patterns around poorly
adhering glass beads in a PC matrix under uniaxial
tension. The arrow indicates the direction of the tension.
(viewed between crossed polars)

The volume strain curves directly provide a qualitative
insight into the extent to which cavitation processes
occur. A rough quantitative insight into this matter is
obtained by applying a simple model which allows the
determination of the separate contributions of several
possible deformation mechanisms to the total deformation.
The principles of this model have first been proposed by
Bucknall and Clayton who applied it for creep experiments
[2,3]. The model has been made applicable for tensile
experiments by Heikens et al. [4).
8.2. Experimental
The PC used was Makrolon 2405 (Bayer) with a specific
gravity of 1.2. The glass beads have a specific gravity of
2.5. Composites were made with two different bead diameter
ranges: 10-53
and 0.5-10

~m

~m

with an average diameter of 30

~m.

~m.

The

with an average diameter of 2

diameter ranges were determined with a gravitational X-ray
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partiele size analyzer (Micromeritics). Intherest of
this chapter these two bead diameter ranges will be
referred to as

30~m-glass

and

2~m-glass.

Before being

dispersed in PC, the glass beads were given different
surface treatments to obtain different degrees of
interfacial adhesion. For excellent adhesion the beads
were treated with y-aminopropyltriethoxysilane (Union
carbide A-1100). for poor adhesion with a silicone oil
(Dow Corning DC-200}. The surface treatments were executed
as described elsewhere [1].
The PC-glass bead composites (90/10 vol. %) were
prepared by melt-mixing on a laboratory mill at 235°C. The
total mixing time was 8 min. The hot crude mill sheets
were compression moulded at 260°C . Unfilled PC sheets were
prepared by compression moulding. Tensite specimens were
machined in accordance with ASTM D 638 III from the
compression-moulded sheets. To reduce thermal stresses the
specimens we.re annealed at B0°C for 24 h and then
conditioned at 20°C and 55% relative humidity for at least
48 h befere testing.
The tensite tests were performed on an Instron tensile
tester at 20°C. The strain rate was 0.04 min- 1 . A liquid
dilatometer system, mounted on the cross-head of the
tensile tester, was used to measure the volume change of
the specimens . A detailed description of this dilatometer
can be found elsewhere [5].
8.3. Results
Figure 2 shows a typical engineering stress-elangation
!::.V
v)

strain-volume strain (o eng - c diagram for
0
unfi1led PC. The sudden stress drop in the o
- c
eng
curve is attended by the formation of a distinct neck.
After this neck has propagated through almest the entire
gauge portion. the specimen breaks at an elangation strain
of about 100%. Until the moment that necking occurs.
nothing particular is to be seen at a PC sample.
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Figure 2. The engineering stress-elangation strain-volume strain
curve at 20•c for unfilled PC.
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Figure 4. The engineering stress-elangation strain-volume strain
curves at 20°C for PC-21Jm-glass 90/10 (vol.%) composites
with ·excellent (A) and poor (B) interfacial adhesion.

Macroscopically no stress-whitening or opacity is observed
and examination with a light microscope reveals no shear
bands and no erazes or other cavities.
/1V
- c - --V
eng
0
diagrams for the PC-glass bead 90/10 (vol.%) composites
.
.
1 cr
F 1gures
3 an d 4 s h ow typ1ca

containing

30~m-glass

and

2~m-glass.

respectively.

While comparing these two figures it appears that for the
two investigated bead size ranges the bead size hardly
affects the tensile behaviour of the composites. The only
significant difference is the somewhat lower value of the
elongation strain at break for
30~m-glass

2~m-glass

than for

in the case of poor interfacial adhesion. A

distinct stress drop as with unfilled PC is not found for
the glass-filled materials. The composites with excellent
adhesion elongate uniformly during the entire test.
whereas the composites with poor adhesion show some slight
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tendency towards constriction at an elongation strain of
about 5%. However, also in tne latter case tne composites
break witnout the formation of a distinct neck.
As it was already mentioned, previous microscopie
investigations of PC samples filled with a very low
percentage of

30~m-glass

have revealed the formation of

distinct shear bands at the glass beads . With tne
PC-30~m - glass

90/10 composites, macroscopically tnis

phenomenon finds its expression in stress-whitening and
clearly observable shear bands in both cases of adhesion.
This is illustrated by Figure 5 which shows a broken
specimen of a

PC-30~m-glass

adhesion. Also with the

90/10 composite with poor

PC-2~m-glass

90/10 composites

stress-whitening and shear bands are observed, though less
30~m - glass

clear when compared to the

composites.

''-· ..

~ 't· '

~ '~ ~

,. ......·
-~

Fi gure 5. Braken spec imen of a

PC-30~m-glass

90/10 (vol. %) compos i te

with paar inte r f a c ial adhesion showing clearly observable
shear bands. (viewed by transmitted light)
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8.4. Quantitative analysis of the deformation mechanisms
8.4.1. Quantitative model
In this study a simple model is applied which allows
the determination of the respective contributions of
elastic deformation. shear deformation and erazing to the
total elangation providing the elangation is uniform
throughout the entire gauge portion. As this model is
extensively treated elsewhere [4]. here only some main
points are shor~ly summarized. First. it is assumed that
the respective contributions of elastic deformation. shear
deformation and erazing to the total elangation strain and
the total volume strain are additive. and that the amount
of material that is deforming elastically remains constant
during the entire tensile test. Further. it is assumed
that shear deformation processes make a negligible
contribution to the volume strain and that cavitation
mechanisms other than erazing can be neglected. It is also
assumed that during the entire test the volume strain
caused by erazing is equal to the elangation strain caused
by crazing. These assumptions lead to the following three
equations with which. at any elangation strain. the
elangation strains caused byelastic deformation cel'
shear deformation csh and erazing eer can be
b.V

calculated from the creng - c - v 0 diagram:
(J

E:el

E

Eer

vo

(1)

b.V

E:sh

=

E:

-

( 1 - 2v)
tN

vo

(J

(2)

E

2vo

( 3)

~

where cr is the true stress. E is the Young's modulus and
u is the Poisson's ratio. E and u are calculated from
b.V

- c and v- - c
eng
0
curves. respectively. The true stress can be calculated
the initial slopes of the cr

because the change in cross-sectional area of the specimen
is known at every elangation strain.
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It is important to realize that this model is a simple
one based on a considerable number of assumptions.
Especially the assumption that the elangation strains are
additive is not completely exact since this assumption
represents the elongation strains in series and thus
disregards the partially parallel character of the
elangation strains. The assumption that the amount of
material deforming elastically remains constant during the
entire tensile test is not completely exact either since,
when erazing or shear deformation takes place, this amount
must decrease. The consequences of the latter assumption
on the results of the quantitative analysis will be
considered in the next section.
i.4.2. Application of the model
one of the assumptions of the model is that cavitation
mechanisms other than erazing can be neglected. This makes
the model unapplicable for the PC-glass composites with
poor interfacial adhesion because in that case cap-shaped
cavities are formed as a result of dewetting. Another
condition for application of the model is that the
specimen elangates uniformly throughout the entire gauge
portion. Therefore. for unfilled PC the model may only be
applied up to an elangation strain of about 5.5\ because
after that. neck formation occurs.
Figures 6a and 6b show for unfilled PC and the
PC-30~m-glass

composite with excellent adhesion the

elangation strains caused by the various deformation
mechanisms as a function of the total elangation strain as
calculated with equations 1. 2 and 3. Calculations for the
PC-2~m - glass

composite with excellent adhesion give

the same results as for the

30~m-glass

composite. From

these figures it appears that for both unfilled PC and the
PC-glass composites with

excell~nt

deformation is by far the dominant

adhesion shear
~non-elastic"

(non- Hookean) deformation mechanism. For both cases the
.
E:sh
.
.
.
rat1o Gsh +E er amounts to about 0.95 wh1ch 1mpl1es that
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Figure 6. The elongation strains caused by elastic deforrnation,
shear deformation and erazing versus the total elangation
strain for (a) unfilled PC and (b) PC-30\lm-glass 90/10
(vol.%) with excellent interfacial adhe sion.

about 95% of the non-elastic deformation is due to shear
deformation. It must be realized that the calculated
curves shown in Figure 6 are based upon the assumption
that the amount of material deforming elastically remains
constant during the entire tensile test while, in
practice, this amount must decrease as the tensile test
proceeds. Therefore, at high strains the splitting-up of
the elastic and non-elastic deformation as shown in Figure
6 becomes uncertain. This assumption, however, bas no
significant effect on the calculated relative
contributions of shear deformation and erazing to the
total non-elastic deformation as appears from the
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do

following analyses. At the yield point, where de
dE:

thus

el

----er(

o.

=

0 and

<-

the relative contributions of shear

deformation and erazing to the total non-elastic
deformation can be determined without taking into account
the extent of elastic deformation [4]. There, the slope
of the volume strain-elongation strain curve is a g~rect
de h
measure of the incremental contributions -a~ and - er at

de

the corresponding elongation strain. For unfilled PC, at
an elongation strain of about S.S\, this slope amounts to
about

o.os

which implies that at this elongation strain

about 95\ of the incremental non-elastic deformation is
due to shear deformation. For the PC-glass composites
with excellent adhesion, at an elongation strain of about
5\, this slope also amounts to about 0.05. Thus no matter
if the extent of elastic deformation is taken into
account, tor both unfilled PC and the PC-glass
composites with excellent adhesion the quantitative
analyses indicate that about 95\ of the non-elastic
deformation is due to shear deformation.
8.5. Discussion
8.5.1. Effect of the addition of adherinq qlass beads
From the quantitative analysis for unfilled PC it
appears that, under the present conditions and before
necking, about 95\ of the non-elastic deformation is due
to shear deformation. Taking into account the experimental
accuracy and the simplicity of the applied model, it can
thus be concluded that cavitation and particularly erazing
hardly occur and that the volume strain is mainly caused
by elastic deformation. This conclusion is supported by
light microscopie investigation which reveals no erazes or
öther cavities before necking. Because light microscopie
investigation neither reveals distinct shear bands and
macroscopically no stress-whitening or opacity is
observed, unfilled PC may be said to deform by "diffuse
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shearing": the shear processes are not clearly localized
but take place throughout the whole stressed region.
The quantitative analyses for the PC-glass
composites with excellent interfacial adhesion give the
same results as for unfilled PC. Again the results are in
conformity with microscopie observation which reveals no
erazes or cavities. It thus appears that the addition of
adhering glass beads to PC does not affect the extent to
which shear processes contribute to the total deformation,
although local stress fields within the material change
completely and the shear processes become more localized
into shear bands around the beads. Comparison of the
1'1V
.
•
•
a eng -c- --V
d1agram
for un f.11 1 ed PC w1th
the d1agrams

0
for the composites with excellent adhesion shows that up
to an elangation strain of about 5% the tensile behaviour
is very similar, apart, of course. from a lower value of
the Young's modulus for unfilled PC. It is especially
remarkable that the deviation of linear elastic behaviour
begins at about the same stress level of about 25 MPa.
Obviously, the addition of adhering glass beads to PC does
not measurably decrease the applied stress level required
to start shear deformation. in spite of the fact that the
beads give rise to substantial shear stress concentration
[1,6). This behaviour is in sharp contrast to glassy
polymers that deform by erazing such as polystyrene. With
those materials. the addition of adhering stress
concentrating glass beads [7) or rubber particles
[8) results in a much lower applied stress level
required to start erazing and, consequently, in a
completely different tensile behaviour.
With the applied quantitative model only the extent of
shear deformation as a whole can be determined. In the
case of the PC-glass composites with excellent adhesion,
the question remains if the shear deformation is achieved
only by the shear bands at the beads or also by diffuse
shearing of the remaining matrix material. A similar
problem has been considered by Kramer [9] who
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determined the separate contributions of diffuse shear
zones and distinct shear bands to the total shear
deformation of a notched polystyrene bar subjected to
uniaxial compression. In that specific case the
contribution of the low-strained diffuse shear zones was
found to be relatively large when compared to the
contribution of the high-strained shear bands. Further,
the diffuse shear zones were reported to be viscoelastic
rather than plastic, in contrast to the shear bands. The
diffuse shearing in unfilled PC is also highly elastic in
character as illustrated by Figure 7a which shows the
strain recovery after reversing the movement of the
tensile tester near the yield point. The recovery is
clearly much larger than to be expected if only Hookean
elasticity would give rise to strain recovery. In Figure
7b the strain recovery for the

PC-30~m-glass

composite

with excellent adhesion is shown. The recovery curve for
the

2~m-glass

composite with excellent adhesion shows a

similar course and is therefore not given. While cernparing
Figures 7a and 7b it appears that for the composites with
excellent adhesion the strain reeovers to nearly the same
extent as for unfilled PC. indicating that also in these
composites the shear deformation is highly elastic in
character . As after strain recovery the localized shear
bands are still clearly observable. this result suggests
that, at least near the yield point, besides the shear
bands at the beads especially the diffuse shearing of the
remaining matrix material contributes to the total shear
deformation.
8.5.2. Effect of interfacial adhesion
In the case of poor interfacial adhesion, shear band
formation is preceded by dewetting and cap-shaped cavities
are formed at the poles of the beads. From previous
microscopie in situ observation during a tensile test it
is known that these cavities are still very small at the
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Figure 7. The strain recovery caused by reversing the movement of
the tensile tester for (a) unfilled PC and (b)

PC-30 ~m

glass 90/10 (vol. %) with excellent interf?cial adhesion.
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moment that shear bands originate at the edges of the
cavities. and that they grow substantially as the tensile
test proceeds. From the volume strain curves it is evident
that dewetting cavitation occurs: after the deviation of
linear elastic behaviour the volume strain for poor
adhesion is considerably larger than for excellent
adhesion (Figures 3 and 4). The size of the beads appears
to have no significant effect on the extent of dewetting
cavitation, indicating that this extent is determined by
the occupied volume of the beads rather than by the number
or the specific area.
The separate contributions of dewetting cavitation and
shear deformation to the total elangation of the
composites with poor adhesion cannot be easily determined.
The quantitative model applied for unfilled PC and the
cornposites with excellent adhesion considers erazing to be
the only cavitation mechanism.

If erazing is excluded and

dewetting cavitation is considered to be the only
cavitation mechanisrn.

then still the proportionality

factor between the volurne strain caused by dewetting
cavitation and the elangation strain caused by dewetting
cavitation must be known at every stage of the tensile
test. For crazing, the volurne strain was sirnply assurned to
be equal to the elangation strain during the entire
tensile test . For dewetting cavitation. however. the
volurne strain and the elangation strain cannot be related
in such as simple way; although the precise shape of each
cavity and its instantaneous behaviour under continued
straining are not exactly known.

it can easily be seen

that the proportionality factor may not be assurned to be
constant but that its value will change under continued
straining. So. as yet an accurate determination of the
separate contributions of dewetting cavitation and shear
deforrnation is not possible. However. from the
rnacroscopically observable shear bands (Figure 5) it is
evident that besides dewetting cavitation also shear
deforrnation contributes significantly to the total
deformation of the cornposites with poor adhesion.
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Figures 3 and 4 demonstrate that the degree of
interfacial adhesion has a profound effect on the stress
level at which non-linear deformation takes place. In the
case of excellent adhesion, shear deformation starts at
about 25 MPa because at about this stress level the
stress-elongation strain curve begins to deviate from
linear elastic behaviour. The yield stress is reached at
about 60 MPa. In the case of poor adhesion, the deviation
of linear elastic behaviour already begins at about 18 MPa
and the yield stress is reached at about 45 MPa. Of
course these differences must be attributed to the
different mechanisms for shear band formation. First, an
important factor is that in case of poor adhesion
dewetting cavitation contributes to the total deformation
and as a result the elongation imposed externally has not
to be achieved by elastic deformation and shear
deformation only. There might be, however, a second
contributing factor related to the fact that the stress
situation at the location at which the shear bands form is
different for excellent and poor adhesion. The exact
tormulation of the criterion for shear band formation is
unknown, but it has been demonstrated previously [l)
that shear band formation is ruled by the major principal
shear stress < 1 and/or the distortien strain energy
density wd. Thus, if the values of , 1 and Wd near
the edge of the dewetting cavity of a poorly adhering
glass sphere are higher than the maximum values of , 1
and Wd at an excellently adhering sphere, this could
result in a lower applied stress level required to start
shear band formation in the case of poor adhesion. In
Chapter 5 [10] it has been shown that the values of
< 1 and Wd near the edge of the dewetting cavity are

not necessarily higher, but that this depends strongly on
the extent of interfacial slip along that part of the
interface where sphere and matrix still remain in contact
after application of the uniaxial tension. If there is no
resistance to interfacial slip at all, the values of
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, 1 and Wd near the edge of the cavity were found to
be of the same order of magnitude as the maximum va1ues at
an adhering sphere. If the resistance to interfacial slip
is increased. the values of , 1 and Wd were found to
become clearly higher. However. in the physical rea1ity of
a poorly adhering glass sphere in a polycarbonate matrix.
the extent and character of the interfacial slip and the
forces that oppose

~lip

are not precisely known. Therefore.

as yet deCinite conclusions on whether shear band
formation occurs at a lower app1ied stress level for poor
adhesion than for excellent adhesion cannot be made.
8.5.3 . Neckinq and the elangation strain at break
Finally, Figures 2, 3 and 4 illustrate that the
addition of glass beads and the degree of interfacial
adhesion both affect the ultimate elangation strain at
break eB. Unfilled PC can reach such a high value for
eB (about 100\) because of its ability to form a
stable neck that propagates through almest the entire
gauge portion. On adding 10 vol. \

of glass beads, stable

neck formation is suppressed which reduces eB
drastically. This phenomenon has been reported for several
ether "ductile" polymers as well [11,12}. Possibly the
nearly undeformable glass beads obstruct the orientation
processes involved in necking . The values of eB are
higher for the composites with poor adhesion than for the
composites with excellent adhesion . The cause of this must
be sought in the contribution of dewetting cavitation to
the total deformation in case of poor adhesion and the
lower stress level at which shear deformation and fracture
take place compared with excellent adhesion.
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Chapter 9

CRAZING AND SHEAR DEFORMATION IN
GLASS BEAD-FILLED GLASSY POLYMERS

summary
The competition between craze formation and shear band
formation at small glass beads embedded in matrices of
glassy polymers has been investigated. This has been done
by performing constant strain rate tensile tests over a
wide range of strain rates and temperatures. and examining
the deformation pattern formed at the beads with a light
microscope. The glassy polymers under investigation were
polystyrene, polycarbonate and two types of styreneacrylonitrile copolymer. It was found that besides matrix
properties, strain rate and temperature, also the degree
of interfacial adhesion between the glass beads and the
matrix has a profound effect on the competition between
craze and shear band formation: at excellently adhering
beads craze formation is favoured, whereas at poorly
adhering beads shear band formation is favoured. This
effect is caused by the difference in local stress
situation, craze formation being favoured under a triaxial
stress state and shear band formation under a biaxial
stress state. The kinetics of erazing and shear
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deformation have also been studied, using a simple model
and Eyring's rate theory of plastic deformation. The
results suggest that chain scission may be the
rate-determining step in erazing but not in shear
deformation.
9.1. Introduetion
The tensile deformation of glassy polymers can be
considered to be a competition between erazing and shear
deformation [1,2,3]. If shear deformation is the
dominant deformation process, the polymer is generally
ductile.

If erazing occurs preferentially the polymer is

generally brittle, unless the growth of the erazes is
controlled by dispersed particles as in rubber-toughened
polystyrene. erazing and localised shear deformation
(shear bands) begin at heterogeneities because these give
rise to inhamogeneaus stress fields and thus act as stress
concentrators. A glass bead is a well-defined
heterogeneity and the three-dimensional stress situation
around an isolated glass bead embedded in a polymer matrix
can be computed quite accurately. Therefore the system of
a glass bead embedded in a glassy polymer matrix is very
suitable for studying erazing and shear deformation.
In previous chapters the mechanisms for craze
formation [4,5] and shear band formation [6] were
investigated at small glass beads (diameter about 30
embedded in matrices of,

~m)

respectively. polystyrene and

polycarbonate which were subjected to uniaxial tension.
These studies have provided a good insight into the
three-dimensional stress situation required to start craze
and shear band formation as well as into the effect of
interfacial adhesion on the mechanisms for craze and shear
band formation.

In the case of an excellently adhering

glass bead in a polystyrene matrix, the erazes form near
the poles of the bead. Stress analysis shows that these
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are regions of maximum dilatation and of maximum principal
stress. At an excellently adhering glass bead in a
polycarbonate matrix the shear bands form near the surface
of the bead at 45° from the poles defined by the symmetry
axis of the stressed sphere. These are regions of maximum
principal shear stress and of maximum distartion strain
energy density. In case of poor interfacial adhesion
between the glass bead and the matrix, both craze and
shear band formation are preceded by dewetting along the
interface between bead and matrix. At dewetting a
curvilinear interfacial crack is formed, starting at the
pole and propagating into the direction of the equator
until, at an angle of about 60° from the pole, a craze or
shear band originates at the tip of the interfacial crack .
~he

aim of the present work is to study the effect of

matrix properties, deformation rate, temperature and
degree of interfacial adhesion on the competition between
craze and shear band formation at glass beads. For this
purpose constant strain rate tensile tests have been
performed with a number of glass bead - filled glassy
polymers over a wide range of strain rates and
temperatures. The kinetics of erazing and shear
deformation are also studied, using a simple model and
Eyring's rate theory of plastic deformation [7,8]. This
is done only with those glass bead - filled composites and
under those test conditions for which it is well
established that only one of the two possible deformation
processes occurs.
9.2. Experimental
The glassy polymers under investigation were:
l.

Polystyrene (PS); Styron 634 (Dow Chemical) with a
glass transition temperature, Tg' of about 89°C.

2.

Polycarbonate (PC); Makrolon 2405 (Bayer), T
137°C.
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g

about

3.

Two types of styrene-acrylonitrile copolymer (SAN)
containing different wt.% of acrylonitrile (AN):
SANl; Tyril 790 (Dow Chemical) containing 30 wt.%
AN, T

g

about 99°C.

SAN2; obtained from Dow Chemical, containing 42.5 wt.%
AN. T g about lOB°C.
The glass beads used have a diameter range of 10-53
with an average diameter of 30

~m

~m.

The glass bead-filled composites based on PS and PC
were preparedas described elsewhere [4,6]. The
composites based on SAN were prepared in the same way as
those based on PS. Excellent interfacial adhesion between
the glass beads and SAN was obtained by treating the beads
with a cationic vinylbenzyl trimethoxysilane (Dow Corning
Z-6032). Poor interfacial adhesion was obtained with a
silicone oil (Dow Corning DC-200).
The constant strain rate tensile tests were performed
on a thermostatted Zwick tensile tester. Closed loop
eperation made accurate constant strain rate experiments
possible. The tensile specimens used were dimensioned
according to ASTM D 638 III.
The competition between craze formation and shear band
formation at the glass beads was investigated by

tensil~

testing specimens that contain only a very low percentage
(about 0.5 vol. %) of glass beads. As these specimens are
transparant the deformation patterns, formed at the beads
during the tensile test, can easily be observed with a
light microscope afterwards. If fracture did not occur
prior to yield, the tensile tests were stopped at the
mome~t that the yield point was reached in order to

exclude post-yield behaviour from the investigations. The
tensile tests were performed over a strain rate range from
0.01 to 10 min -1 and a temperature range from room
temperature to about 10°C below Tg.
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9.3. Resu1ts and Discussion
9.3.1. Competition between craze formation and shear band
formation

PS
PS has been examined over the temperature range from
20 to

aooc

and the strain rate range from 0.01 to 10 min

-1

Over this whole range. at both excel1ent1y and poorly
adhering g1ass beads only erazes were observed; there was
no visual indication of shear band formation at the beads.

PC
PC has been examined over the temperature range from
20 to 120°C and the strain rate range from 0.01 to 10 min - 1
Over this whole ranqe. at both excel1ent1y and poor1y
adhering glass beads only shear bands were observed; there
was no visual indication of craze formation at the beads.

MN

Both SANl and SAN2 have been examined over the
temperature range from 20 to 90°C and the strain rate
range from 0.01 to 10 min- 1 In this range of test
conditions both types of SAN exhibit both modes of
deformation at the beads. The preferenee for craze or
shear band formation depends on strain rate, temperature.
copo1ymer composition and degree of interfacia1 adhesion.
This is il1ustrated by the Tables 1 - 4, where c refers to a
craze pattern. s to a shear band pattern and cs to a
combined craze and shear band pattern at the beads. It
must be noted that the c to cs and cs to s transitions are
not always as sharp as indicated. In the Tables 1 - 4 the
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deformation pattern observed at the vast majority of beads
is given, but sometimes, under test conditions close to a
transition, at few beads the other pattern was observed.
A typical example of the combined craze and shear band
pattern at an excellently adhering glass bead is shown in
Figure 1. In that case craze formation starts near the
pole and shear band formation starts at 45° from the pole.
Occasionally shear bands also form at the tip of the
crazes, which prevents further craze propagation (Figure
2). It must be realized that the photographs shown in
Figures 1 and 2 were taken after unloading of the
specimen. In consequence of the elastic recovery that
occurs on unloading, the angle the shear bands make to the
tension direction is larger than 45°.

Table 1. De formation pattern observed at excellently adhering
glass beads in a SAN1 matrix, at the indicated temperature and
strain rate. c refers to a era ze pattern, s to a shear band
pattern and CS to a combined era ze and shear band pattern.

temperature ('Cl-

20

30

40

50

c
c
c
c

c
c
c
c

c
c

c
c

60

70

80

c

c

CS

CS

s

c

c

c

c

c

c
c

c
c

c
c

c
c

c
c

90

! strai n ra te (min -1 l
0.01
0.1
10

Table 2. Deformation pattern observed at poorly adhering glass
beads in a SAN1 matrix.

temperature ( 'C l -

20

30

CS

c

40

50

60

CS

CS

CS

CS

CS

es

CS

CS

70

80

90

CS

s

es

CS

s
s

I strain ra te (min -1 l
0 . 01
0.1
10

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c
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Table 3. Deformation pattern observed at excellently adhering
glass beads in a SAN2 matrix.

temperature ("C)-

20

30

40

50

60

70

80

90

c
c
c
c

c
c
c
c

c
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s
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s
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c

c
c
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c

c
c
c

c

c

c
c
c

c

c

-1
1 strain ra te (min )
0.01
0. 1
10

c

Table 4. Deformation pattern observed at poorly adherinq glass
beads in a SAN2 matrix.
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Figure 1. Combined craze and shear band pattern at an excellently
adhering glass bead in a SAN matrix. The arrow indicates
the direction of the applied tension.
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Figure 2. Combined craze and shear band pattern at an excellently
adhering glass bead in a SAN matrix, showing shear band
formation at the craze tips as well. The arrow indicates
the direction of the applied tension. The spherical
irregularities visible in the bead are air bubbles
enclosed in the bead which are of no further importance.

Figure 3. Combined craze and shear band pattern at a poorly
adhering glass bead in a SAN matrix. The arrow indicates
the direction of the applied tension.
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A typical example of the combined craze and shear band
pattern at a poorly adhering glass bead is shown in Figure
3. In contrast to an excellently adhering bead, the erazes
and shear bands originate at the same location. namely at
the tip of the interfacial crack formed upon dewetting.
The formation of this combined pattern has been studied by
microscopie i n sit u observation in the course of the
tensile test. This was done at room temperature and at a
low strain rate,

in the same way as described elsewhere

[5,6]. It appeared that the shear bands are formed
first and then, at the moment that shear deformation alone
is apparently insufficient to achieve the imposed strain
rate, the erazes are formed. As a matter of fact this
sequence could already have been concluded from the
defo r mation pattern shown in Figure 3; if the erazes had
been formed first, the shear bands would have been more
likely to form at the tip of the erazes than at the bead
because the maximum principal shear stress and the maximum
distortien strain energy density would have been more
likely to occur at the craze tip. It must again be
realized that the photograph shown in Figure 3 was taken
after unloading of the specimen. Therefore the angle the
shear bands make to the tension direction is not 45° and
the shadows at the poles of the bead, which are the
indication of dewetting, are not visible [5,6).
The Tables 1-4 show that for SAN an increasing
temperature, a decreasing strain rate and an increasing
wt.% AN promote shear band formation at the expense of
craze formation. A more striking result is that also the
degree of interfacial adhesion affects the competition
between craze and shear band formation,

the latter being

favoured at poorly adhering glass beads . For example, for
SAN2 at a strain rate of 0.01 min - 1 • in the case of
poor adhesion a es pattern is found from 20 to 30°C and
the cs/s transition at 40°C (Table 4), whereas in the case
of excellent adhesion a c pattern is found from 20 to
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50°C, the c/cs transition at 60°C and the cs/s transition
at 90°C (Table 3). This effect can be understood by
camparing the stress situation at the locations at which
the erazes and shear bands farm. as has been done in
detail in Chapter 5 [9). At an excellently adhering
glass bead erazes form near the poles, which are regions
of maximum dilatation (sum of the three principal
stresses). The dilatation in these regions is produced by
three stresses because the stress state is triaxial here.
At a poorly adhering glass bead bath erazes and shear
bands form at the tip of the interfacial crack. There the
stress state is biaxial and the dilatation is therefore
produced by only two stresses. As a result, the value of
the dilatation is lower at the tip of the interfacial
crack than at the pole of an excellently adhering bead, at
least if the resistance to interfacial slip between the
poorly adhering glass bead and the matrix is not too
great. The values of the major principal shear stress and
the distoetion strain energy (that rule shear band
formation), however. are not lower at the tip of the
interfacial crack than at 45° from the pole of an
excellently adhering bead. Thus the biaxiality of the
stress field at the tip of the interfacial crack is
unfavourable for the dilatation but not unfavourable for
the major principal shear stress and the distoetion strain
energy, which accounts for the suppression of craze
formation and its attendant promotion of shear band
formation at poorly adhering glass beads.
Summarizing, besides matrix properties, strain rate
and temperature, also the stress situation occurring
locally within the material determines the mode of tensile
deformation. shear band formation being favoured under a
biaxial stress state and craze formation under a triaxial
stress state.
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9.3.2. Kinetics of erazing and shear deformation
The light microscopie investigation of the previous
section provides a good insight into the deformation
processes that occur under certain test conditions. This
makes it possible to study the kinetics of erazing and
shear deformation under conditions for which it is well
established that either erazing or shear deformation is
the only non-Hookean deformation process. The kinetics of
erazing have been studied by performing constant strain
rate tensile tests with both PS-glass bead (90/10 vol.\)
and SANl-glass bead (90/10 vol.%) composites with
excellent interfacial adhesion, in the temperature and
strain rate range from 20 to 40°C and from 0.01 to 0.4
min- 1 The kinetics of sh~ar deformation have been
studied with the PC-glass bead (90/10 vol.%) composite
with excellent interfacial adhesion, in the temperature
and strain rate range frorn 20 to 40°C and frorn 0.01 to 0.8
miri - 1 . The composites with poor interfacial adhesion
have not been considered because for these composites also
dewetting cavitation contributes to the total non-Hookean
deformation .
To study deformation kinetics under constant strain
rate conditions. many authors take the yield point as the
characteristic point and determine the dependenee of the
yield stress on strain rate and temperature. Under the
present test conditions, however, the composites based on
PS and SAN1 are rather brittle so that fracture occurs
before the yield point is reached. To evereome this
difficulty, the stress-strain (a-c) curves have been
analysed according to the following simple model.
For a material in which one non- Hookean deformation
d€
.
process occurs, t h e tota 1 stra1n rate dt can be
described as [8,10,11]:
( 1)

d Ee l
~
where d t and dt are, respectively, the strain rates
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caused by elasticity and by the process. Assuming the
amount of material that is deforming elastically to be
constant during the entire tensile test, cel may be
set equal to

Ea where

.

E 1s the Young's modulus.

Rearrangement of equation (1) then gives:
dE
dt

(1 -

do

(2)

E dE

Now the cr-c curves have been analysed as illustrated
in Figure 4: the stress cr

is determined at the point
C

where the cr-c curve has a slope

dO

~

equal to

0.75xE, thus at the moment that the strain rate of the
process amounts to 25% of the total strain rate. It should
be noted that this characteristic point occurs at a
relatively early stage of the tensile test. Therefore the
assumption that up to this point the amount of material
deforming elastically has not changed,

is reasonable, and

also the error made by taking crc as the engineering
stress,

i . e. without correction for the reduction in

cross-sectional area of the specimen, is very small.

a

I

I

I
I

h

/.

f-

Figure 4. Determination of the stress a
point of the o-E curve where

at the characteristic
cd a

de

= 0.7SxE.
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dE

___E

In Figures 5,6 and 7

is plotted logarithmically
dt
versus the stress a . The experimental data can be
c
satisfactorily fitted to the Eyring equation for stressand temperature-actjvated rate processes
dE

yV*ac

___E

sinh

dt
where A

~.8):

=

constant, b.H*

activation volume, y

=

=

(~

(3)

)

activation enthalpy, V*=

stress concentration factor, k

Boltzmann•s constant and T = absolute temperature. In the
high-stress region where erazing and shear deformationV*
yV*ac
y a
occur. 2 sinh (~
is well approximated by exp ( 4 kT c
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Figure 5. Dependenee of a

on ln ___
P of the PS-glass bead (90/10
c
dt
vol.%) composite with excellent interfacial adhesion.
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The values of the Eyring parameters thus obtained are
given in Table s. These are reasonab1e values tha t may be
compared with values reported by other authors. For
instance , for erazing in unfi11ed PS an activatien
enthalpy of 175 kJ mol
volume of 5.6 nm

3

-1

and an apparent activatien

were reported [12,13] . For erazing

in polyethylene - toughened PS (with good interfacial
adhesion) an activatien enthalpy of 280 kJ mol-l and an
apparent activatien volume of 12 nm

3

were found, both

values referring to the sum of areal craze growth and
craze fibril growth [14]. For yielding in unfi11ed PC
- 1

an activatien enthalpy of 335 kJ mol
and an apparent
3
activatien volume of ll nm were reported [15].
The physical significanee of the Eyring activat i en
parame t er s for erazing and shear deformation is still
obscure [3]. The molecular interpretation is hindered
by the fact that the parameters generally refer to the
overall rates of erazing and shear deformation, while
these processes actually consist of a number of
sub - processes. Crazing, for instance, can be div i ded into
craze initiation, progagatien and sametimes term i nation.
The shear deformation in the PC-glass bead composite is
even achieved by two completely different kinds of shear
deformation, namely localised shear band formation . at the

Tab le 5 . Eyring parameters

composite

deforrnation mode

PS-g l ass b ead

erazing

SAN1-glass b e a d

e razing

yV*(nm 3 )

2o • c, 11. 8 (0.5)
Jo•c : 11. 9 ( 1 . 1)
4o •c, 11. 1 ( 1. 5 )

s hea r d e fo r mation

fiH *(kJ rno l- 1 )

A(mi n

)

4 x 10 22

9 . 0(1. 4 )
9 . 3 (0. 7 )
9.1 ( 0 . 9)

160

3 x 10 14

2 o• c: 19 .7 ( 1 . 0)
3o•c : 18 . 4 ( 2. 1 )
4o•c: 17. 8 (1. 3)

330

2 x 1038

3o• c :
4 o • c:

1 ) Fi gures in b rac kets are t he stand ard d evi a tions of t he proce ed ing f i gure .

11 4

-1

195

2o • c,

PC-g l ass bead

1)

glass beads and diffuse shearing of the remaining matrix
material [11]. As a reasonable first attempt to
interpretate the value of 6H* for erazing in the
PS-glass bead composite (195 kJ mol- 1 }, i t may be
compared with 230 kJ mol-l for the activation energy for
thermal bond rupture in PS [16]. The correspondence
between these values suggests that chain scission may be
the rate-determining step in erazing [13,17] . The
activation energy for thermal bond rupture in PC. however,
amounts to 117 kJ mol- 1 [18], which is considerably
lower than the value of 6H* for shear deformation in the
PC-glass bead composite (330 kJ mol

-1

). This suggests

that chain scission plays only a small, if any, part in
the rate of shear deformation, and that shear deformation
occurs by molecular flow of numerous monomeric units
through the rupture of secondary bonds rather than primary
ones.
9.4. Conclusion
An interesting result of the present study is that
besides matrix properties, deformation rate and
temperature, also the nature of the stress concentrating
heterogeneities determines the mode of tensile
deformation; the biaxial stress state induced by poorly
adhering glass beads promotes "ductile" shear deformation
at the expense of "brittle'' crazing. This insight may be
of interest in the development of new composite materials.
By avoiding a triaxial stress state at the stress
concentrators, a ductile response to tensile deformation
might be achieved under test conditions that otherwise
would yield a brittle response.
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SUMMARY

This thesis describes the results of an investigation
into the tensile deformation behaviour of glass beadfilled glassy polymers. The attention has been mainly
focused on:
a.

the relation between the local microscopie deformation
mechanisms and the local stress situation

b.

the relation between the microscopie deformation
mechanisms and the macroscopie tensile behaviour of
the composites.
Craze and shear band formation in glassy polymers

begin at heterogeneities because these act as stress
concentrators. A glass bead is a well - defined heterogen-eity and the three - dimensional stress situation around
an isolated glass bead embedded in a polymer matrix can be
computed quite accurately. Therefore the system of a glass
bead embedded in a glassy polymer matrix is very suitable
for studying craze and shear band formation. Three
different glassy polymers have been used as matrix
material: polystyrene (PS) to study craze formation.
polycarbonate (PC) to study shear band formation and
styrene-acrylonitrile copolymer (SAN) to study the
competition between craze and shear band formation.
Microscopie in s i tu observation in the course of a
tensile test has revealed the profound effect af the
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degree of interfacial adhesion on the mechanisms for craze
and shear band formation. At an excellently adhering glass
bead in a PS matrix the erazes form near the poles of the
bead. At an excellently adhering glass bead in a PC matrix
the shear bands form near the surface of the bead at 45°
from the poles. ln case of poorly adhering beads, both
craze and shear band formation are preceded by dewetting
along the interface. At dewetting a curvilinear interfacial crack is formed. starting at the pole and propagating into the direction of the equator until, at a polar
angle of about 60°, a craze or shear band originates at
the tip of the interfacial crack.
The fact that at an adhering glass bead the erazes and
shear bands form at different loèations indicates that the
three - dimensional stress field requirement for craze
formation differs from that for shear band formation.
Stress analysis around an adhering glass bead has shown
that the erazes form in regions of maximum dilatation and
of maximum principal stress, whereas the shear bands form
in regions of maximum principal shear stress and of
maximum distortien strain energy density.
Stress analysis around a non-adbering glass bead has
shown that the curvilinear interfacial crack can maximally
reach a length represented by a polar angle of 70°, which
agrees reasonably well with microscopie observation. The
stress state near the tip of the crack is biaxial. The
extent of stress concentration near the tip increases with
increasing resistance to interfacial slip along that part
of the interface where bead and matrix remain in contact.
The competition between craze and shear band formation
has been studied by using SAN as matrix material. An
increasing temperature, a decreasing deformation rate and
an increasing wt.\ AN promote shear band formation at the
expense of craze formation. The degree of interfacial
adhesion also has a profound effect: at excellently
adhering glass beads craze formation is favoured, whereas
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at poorly adhering beads shear band formation is favoured.
This effect is caused by the difference in local stress
situation, craze formation being favoured under a triaxial
stress state and shear band formation under a biaxial
stress state. This insight may be of interest in the
development of new composite materials . By avoiding a
triaxial stress state at the stress concentrators, a
ductile response (shearing) to tensile deformation might
be achieved under test conditions that otherwise would
yield a brittle response (crazing).
The different mechanisms for craze formation at
excellently and poorly adhering glass beads find
expression in the macroscopie tensile behaviour of PS glass bead composites. Because of the dewetting at poorly
adhering beads, the non-Hookean deformation takes place at
a considerably lower stress level compared to the case of
excellently adhering beads . Neither the introduetion of
excellently nor the introduetion of poorly adhering g1ass
beads into PS has a significant toughening effect. This
indicates that, unlike rubber particles, glass beads are
unable to control craze growth effectively. The fact that
craze formation does not start near the equator but near
the poles of the beads has been advanced as the main
reason for this inability, because therefore already
befarehand the glass beads are unable to stabilize craze
growth by bridging the two faces of the craze.
In an attempt to obtain a composite teugher than the
matrix material and with a modulus of the sàme order of
magnitude as the matrix material, PS-glass bead composites
with a thin rubbery interfacial layer have been prepared.
In tha t case, craze formation does start near the equator.
In a second step, however. erazes are also formed between
the poles and equator in consequence of decahesion between
bead and matrix at the poles. The growth of these latter
erazes is not controlled by the beads, which accounts for
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the fact that with the encapsulation method no increase in
toughness is achieved.
As with craze formation in PS-glass bead composites,
the different mechanisms for shear band formation at
excellently and poorly adhering glass beads find
expression in the macroscopie tensile behaviour of
PC-glass bead composites. Also in this case, because of
the dewetting at poorly adhering beads the non-Hookean
deformation takes place at a lower stress level compared
to the case of excellently adhering beads. The
introduetion of glass beads into PC results in a
substantial reduction in toughness because the formation
of a stable neck is suppressed.
Finally. the kinetics of erazing and shear deformation
in glass bead-filled glassy polymers have been studied,
using a simple model and Eyring's rate theory of plastic
deformation. The values of the activatien enthalpies
suggest that chain scission may be the rate-determining
step in erazing but not in shear deformation.
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SAMENVATTING

Dit proefschrift beschrijft de resultaten van een
onderzoek naar het deformatiegedrag van met glasbolletjes
gevulde glasachtige polymeren . De aandacht is vooral
gericht op:
a.

de relatie tussen de lokale microscopische deformatie mechanismen en de lokale spanningssituatie

b.

de relatie tussen de microscopische deformatiemechanismen en het macroscopisch trekgedrag van de composieten.
De vorming van erazes en afschuifbanden in glasachtige

polymeren begint aan heterogeniteiten omdat die fungeren
als spanningsconcentratoren. Een glasbolletje is een goedgedefinieerde heterogeniteit en de driedimensionale
spanningssituatie rond een glasbolletje dat is ingebed in
een polymere matrix kan vrij nauwkeurig worden berekend.
Dit maakt het systeem van een glasbolletje ingebed in een
matrix van glasachtig polymeer zeer geschikt voor het
bestuderen van craze- en afschuifbandvorming. Drie verschillende glasachtige polymeren zijn als matrixmateriaal
gebruikt: polystyreen (PS) ter bestudering van crazevorming, polycarbonaat (PC) ter bestudering van afschuif bandvorming en styreen- acrylonitril copolymeer (SAN) ter
bestudering van de competitie tussen crazevorming en
afschuifbandvorming.
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Uit microscopische i n situ observatie tijdens een
trekproef is gebleken dat de mate van hechting op de
fasengrens een grote invloed heeft op het mechanisme voor
de vorming van erazes en afschuifbanden. Aan een goedhechtend glasbolletje in een PS matrix vormen de erazes
zich nabij de polen van het bolletje. Aan een goedhechtend glasbolletje in een PC matrix vormen de afschuifbanden zich nabij het oppervlak van het bolletje op 45°
van de polen. In geval van slecht-hechtende bolletjes
worden zowel craze- als afschuifbandvorming voorafgegaan
door contactverlies op de fasengrens. Bij dit contactverlies wordt een kromlijnige fasengrensscheur gevormd die
begint aan de pool en propageert in de richting van de
equator totdat, bij een polaire hoek van ongeveer 60°, aan
de tip van de fasengrensscheur een craze of afschuifband
ontstaat.
Het feit dat aan een hechtend glasbolletje de erazes
en afschuifbanden zich op verschillende plaatsen vormen
duidt erop dat het driedimensionale spanningsveld benodigd
voor crazevorming verschilt van dat benodigd voor af schuifbandvorming. Spanningsanalyse rond een hechtend
glasbolletje heeft aangetoond dat de erazes zich ter
plaatse van maximale dilatatie en maximale hoofdspanning
vormen, terwijl de afschuifbanden zich ter plaatse van
maximale hoofdafschuifspanning en maximale distorsie
rek - energiedichtheid vormen.
Spanningsanalyse rond een niet-hechtend glasbolletje
heeft aangetoond dat de kromlijnige fasengrensscheur maximaal een lengte gerepresenteerd door een polaire hoek van
70° kan bereiken. Dit stemt redelijk goed overeen met
microscopische waarnemingen . De spanningstoestand nabij de
tip v a n de scheur is twee - assig . De mate van spannings concentratie nabij de tip neemt toe met toenemende weerstand tegen slip langs dat gedeelte van de fasengrens waar
het bolletje en de matrix contact behouden.
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De competitie tussen crazevorming en afschuifbandvorming is bestudeerd met SAN als matrixmateriaal. Een
toenemende temperatuur, een afnemende deformatiesnelheid
en een toenemend gewichtspercentage AN bevorderen afschuifbandvorming ten koste van crazevorming. De mate van
hechting op de fasengrens heeft eveneens een grote invloed: aan goed-hechtende glasbolletjes wordt crazevorming
bevorderd, terwijl aan slecht-hechtende bolletjes afschuifbandvorming wordt bevorderd. Dit effect wordt veroorzaakt
door het verschil in lokale spanningssituatie; eraze vorming wordt bevorderd bij een drie-assige spanningstoestand terwijl afschuifbandvorming wordt bevorderd bij
een twee-assige spanningstoestand. Dit inzicht kan van
belang zijn bij het ontwikkelen van nieuwe composietmaterialen. Door een drie-assige spanningstoestand aan de
spanningsconcentratoren te vermijden kan een taai gedrag
(afschuiving) bij trekdeformatie worden verkregen bij
testcondities die anders een bros gedrag (crazing) zouden
opleveren.
De verschillende mechanismen voor crazevorming aan
goed- en slecht-hechtende glasbolletjes komen tot uiting
in het macroscopisch trekgedrag van PS-glasbolletjes composieten. Door het contactverlies dat optreedt bij slechthechtende bolletjes vindt de niet - Hookse deformatie bij
een aanzienlijk lager spanningsniveau plaats dan bij goedhechtende bolletjes. Noch het inbrengen van goed-hechtende
noch het inbrengen van slecht-hechtende glasbolletjes in
PS leidt tot een duidelijke verbetering van de taaiheid.
Dit betekent dat glasbolletjes. in tegenstelling tot
rubberdeeltjes. niet in staat zijn de groei van erazes op
effectieve wijze te controleren. Als belangrijkste reden
hiervoor is het feit aangevoerd dat de crazevorming niet
bij de equator maar bij de polen van de bolletjes begint.
Dit ontneemt de glasbolletjes immers al bij voorbaat de
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mogelijkheid om als een soort brug het boven- en ondervlak
van een craze bij elkaar te houden en zodoende erazegroei
te stabiliseren.
In een poging om een composiet te verkrijgen die
taaier is dan het matrixmateriaal en een modulus heeft van
dezelfde orde van grootte als het matrixmateriaal. zijn
PS-glasbolletjes composieten vervaardigd met een dun
rubberachtig tussenlaagje op de fasengrenzen.

In dat geval

begint de crazevorming wel aan de equator. Daarna worden
echter tevens tussen de polen en equator erazes gevormd
als gevolg van het verloren gaan van de samenhang tussen
bolletje en matrix bij de polen. De groei van deze laatste
erazes wordt niet door de bolletjes gecontroleerd. wat
verklaart dat met deze "inkapseling'' methode geen verbetering van de taaiheid wordt verkregen.
Evenals bij crazevorming in PS-glasbolletjes composieten komen in het macroscopisch trekgedrag van PC-glasbolletjes composieten de verschillende mechanismen voor
afschuifbandvorming aan goed- en slecht-hechtende glasbolletjes tot uiting. Door het contactverlies dat optreedt
bij slecht-hechtende bolletjes vindt ook in dit geval de
niet-Hookse deformatie bij. een lager spanningsniveau
plaats dan bij goed-hechtende bolletjes. Het inbrengen van
glasbolletjes in PC leidt tot een drast i sche afname van de
taaiheid omdat de vorming van een stabiele neck wordt
onderdrukt.
Tenslotte is de kinetiek van erazing en afschuifdeformatie in met glasbolletjes gevulde glasachtige polymeren
bestudeerd. Hierbij is gebruik gemaakt van een eenvoudig
model en van de snelheidstheorie voor plastische deformatie van Eyring. De waarden van de activeringsenthalpieën
suggereren dat ketenbreuk de snelheidsbepalende stap kan
zijn bij erazing maar niet bij afschuifdeformatie.
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5.

Het gebruik van de lineaire elastische eindige elementen
methode is zeer zinvol voor de bepaling van gebieden met
een kritische spannings- of rektoestand. Voor het
berekenen van het gedrag na scheurinitiatie zijn meer
complexe materiaalmodellen noodzakelijk .

6.

Uit onderlinge gesprekken van promovendi kan vaak worden
afgeleid dat niet de qualiteit maar de quantiteit van de
publicaties maatgevend is voor het niveau van een promovendus.

Eindhoven. 21 mei 1985

M.E.J. Dekkers
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Gdoutos beweert ten onrechte dat in met korte starre
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