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Blends of KRO-1 Resin in high molecular weight polystyrene in which the K-Resin appears as dispersed 
spherical composite particles with the characteristic K-Resin morphology have been modified by 
incorporating into them additional polybutadiene of a molecular weight of 3 kg/mole (PB3K). It was 
found that small additions of PB3K into KRO-1 initiate first a morphological transformation resulting in 
particles with two coexisting morphologies of distorted rods and parallel lamellae. At a ratio of 
PB3K/KRO-1 of somewhat above 0.33 the transformation is complete and results in composite particles 
with a very regular concentric spherical shell morphology of PB and PS. The craze initiating effectiveness 
of composite particles peaks with this morphology, resulting in craze flow stresses as low as 8 MPa and 
strains to fracture in excess of 0.80 for a PB3K/KRO-1 ratio of 0.5. Larger volume concentrations of 
PB3K result in reprecipitation of free PB3K inside particles and this gives rise to a rapid degradation of 
toughness. The very effective craze initiating action of the spherical shell particles cannot be fully 
accounted for by the best techniques of numerical stress analysis of the elastic and thermal properties of 
the composite particles utilizing locally multiaxial craze initiation criteria that were developed for surface 
crazing in homo-PS. It is suspected that the craze initiation condition is locally relaxed around such 
composite particles by the presence of certain pre-existing 'catalytic' interface configurations that makes 
the nucleation of crazes from such particle interfaces more a heterogeneous nucleation phenomenon 
than a homogeneous nucleation phenomenon. 
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INTRODUCTION 

It is now well-known that the incorporation of a certain 
volume fraction of rubbery composite particles in glassy 
polymers can impart substantial levels of toughness. In 
systems for which toughening is predominantly by stable 
crazing, the accumulated experience has shown that in 
order to achieve high toughness it is necessary to nucleate 
and grow a large volume fraction of crazes throughout the 
volume without permitting either these crazes to trans- 
form into cracks or the composite particles to detach from 
the matrix. For this purpose, it has been necessary to use a 
high molecular weight glassy polymer for the matrix to 
assure craze matter stability; to provide an interface with 
good adhesion between the composite particle and the 
matrix; and to control particle shape, size and internal 
structure for a given volume fraction of the rubbery phase. 
Much of this accumulated know-how has been discussed 
by Kambour ~ and Bucknall 2. 

The rubber-toughened systems are oil-in-oil emul- 
sions 3'4 of graft or block copolymers of a rubbery 
component and a glassy component, incorporated in a 
glassy homopolymer of relatively large average mole- 
cular weight. Although earlier preparations are almost 
invariably based on graft copolymerization of a rubber to 
a glassy polymer matrix, Riess and Jolivet 5, Echte 6 and 
Kruse 7 have shown that block copolymers can be used to 
construct particles with a variety of shapes and 
morphologies. 

* Department of Mechanical Engineering. 
t Department of Chemical Engineering. 

In the preceding paper of Gebizlioglu et al. 8, to be 
referred to here as (I), we presented the results of our study 
on toughening by crazing in blends of block copolymers 
of polybutadiene and polystyrene (PB/PS), in a high 
molecular weight polystyrene matrix. The films prepared 
from these blends exhibit particle morphologies charac- 
teristic of the block copolymers used. Stereological ana- 
lyses showed broad-size distributions of composite par- 
ticles for the two block copolymers of different micro- 
structures. Tensile experiments in combination with trans- 
mission electron microscopy (TEM) of the crazed samples 
have indicated that the principal morphological length 
scale governed by the smallest dimension of the block 
copolymer phase, typically of the order of 20 nm, is too 
small to initiate crazes. Since this dimension can also not 
be increased readily by an order of magnitude or more, as 
might be required, by increasing the molecular weight of 
the individual block components or by ternary blending, 
other procedures are necessary to control the craze 
initiating effectiveness of composite particles. On the basis 
of observations by Bucknall and coworkers 9'~°, which 
have been verified many times ~'~2, it is necessary to 
govern craze initiation conditions over volume elements 
that exceed a definite critical size, which translates for 
conventional HIPS particles to diameters in excess of 1- 
2 #m. In (I) the low efficiency of composite particles in 
initiating crazes was attributed to two separate causes. In 
one case where the composite particles had the KRO-I 
Resin morphology where the majority phase was a 
topologically continuous stiff phase of PS, the particles 
were too stiffto result in enough local stress concentration 
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to initiate crazes ~ a, even though their size was well above 
1-2 #m. In the other case where the particle morphology 
consisted of concentric spherical shells of PB and PS, each 
with a thickness of about 20-40 nm, the particle size was 
too small (~0.4#m) even though the particles were 
sufficiently compliant to initiate crazes~ 3. Thus, the results 
of (I) pointed in the direction of a need to increase the 
compliance of composite particles at a size larger than 1- 
2/~m. 

An attractive technique of changing the morphology 
and properties of composite particles is by blending 
additional low molecular weight homopolymer com- 
ponents into the already composite particles. As has been 
demonstrated by Kawai and coworkers 14'15, low mole- 
cular weight homopolymer components are solubilized 
by the individual block components in block copolymers 
and are therefore an effecive means for fine-tuning existing 
morphologies or even initiating morphological transfor- 
mations. That such procedure is effective in improving 
toughness in rubber modified heterogeneous polymers 
has already been demonstrated by Kruse 16 who has 
obtained striking improvements in the toughness of 
certain HIPS and ABS systems by blending into them 
additional low molecular weight PB. The limit to which 
low molecular weight homopolymer can be solubilized in 
existing block copolymers is governed by the respective 
molecular weights of the coarsening agent, the particular 
block copolymer, and its starting morphology. This 
subject has been considered recently in some detail by 
Leibler 17. 

Here we will report the results of such an investigation 
on morphological modification of composite particles by 
blending of low molecular weight homopolymers into 
the commercial K-Resin paticles in high molecular weight 
PS matrices. The study will demonstrate the vital impor- 
tance of the particle morphology in governing its stiffness, 
and the rubber content in governing its overall thermal 
expansion, since both the stiffness misfit and the thermal 
expansion misfit play equally important roles in initiating 
crazes around particles under stress. 

EXPERIMENTAL PROCEDURES 

Materials and microstructures 
The same commercial block copolymers used in (I), i.e., 

the Phillips KRO-1 and KRO-3 Resins were used in this 
study as the basic building blocks of composite particles 
in matrices of the same high molecular weight PS, i.e., 
Lustrex HH-101. In this paper we shall report the results 
on the modification of the KRO-1 blends only. 

The physical and mechanical properties of K-Resins 
have been listed in Table 1 of (I) together with the 
corresponding properties of the Lustrex HH-101 PS 
making up the majority phase. Routine n.m.r, measure- 
ments show that PB in predominantly 1,4 addition makes 
up about 23~o of the weight of KRO-18. Measurements by 
DTA-TMA show two distinct transitions near -90°C 
and 95°C for KRO-1, corresponding to PB and PS 
respectively and indicating that for the purposes of 
mechanical modelling, the pure block copolymer acts as a 
two-phase mixture of PB and PS. The equilibrium 
morphology of KRO-1 Resin, shown in Figure 1 of (I), is 
in the form of randomly wavy and often interconnected 
rods of PB of an average diameter of 20 nm, surrounded 
by a topologically continuous block phase of PS. The 
majority phase of HH-101 PS used to form the matrix in 
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both (I) and in this study is used commercially for bi- 
axially oriented film and for foam sheet extrusions. It has 
been kindly furnished by the Monsanto Polymer 
Products Company of Springfield, Massachusetts. It 
contains no additives outside a molecularly dissolved 
tinting agent of undisclosed nature at a composition of 
0.16~o by weight. 

A series of low molecular weight PS and PB were used 
as coarsening agents, each having a narrow molecular 
weight distribution with polydispersity indices of around 
1.1. These coarsening agents included PS with a molecular 
weight of 64 kg mol- ~ designated as PS64K, and PB with 
molecular weights of 3, 22 and 44 kg mol - ~ designated as 
PB3K, PB22K and PB44K, respectively. The PB22K, 
PB44K and PS64K were prepared locally by anionic 
polymerization. Proton n.m.r, spectroscopy has shown 
that the PB are predominantly (87~o) 1,4 addition. The 
PB3K was purchased from Polyscience, Inc. of War- 
rington, Pennsylvania. This too was found to be in 
predominantly 1,4 addition. 

Different blending trials with these homopolymers 
were necessary because the multiplicity of the arms in the 
star-shaped nature of KRO-1 molecule has not been 
disclosed. Successful solubilization of additional homo- 
polymer into the block copolymer morphology, on the 
other hand, requires that the molecular weight of the 
homopolymer additive be less than that of the unknown 
molecular weight of the branch arm of the star molecule. 

Film preparation 
The procedures used for film preparation by centrifugal 

solvent casting, employing special schedules for solvent 
evaporation and annealing were described in detail in (I) 
and will not be repeated here. The resulting films were of 
high quality, translucent, haying smooth surfaces and 
constant thickness. The thickness from batch to batch, 
however, varied in the range of 0.6-0.7 mm. 

Microscopy and tensile testing 
The details for light microscopy and transmission 

electron microscopy, as well as those for tensile testing, 
were also described in (I). All tensile testing was performed 
at room temperature and at an average strain rate of 
1.3 x 10 -4 s -l.  

EXPERIMENTAL RESULTS 

Blending with PS64K 
The morphological wave length of KRO-1 Resin is 

governed principally by the molecular weights of the 
block components of PB and PS. The overall weight 
average molecular weight of KRO- 1 is 179 kg mol- 18. For 
a 0.23 weight fraction of PB, this established weight 
average molecular weights for the PS and PB components 
of 137.8 and 41.2 kg mo1-1 respectively. Thus, if the 
average [*] star-shaped KRO-1 molecule had n arms, the 
relevant molecular weight of any individual arm would be 
137.8/n for PS and 41.2/n for the PB blocks. Con- 
sequently, a narrow molecular weight coarsening agent of 
PS64K could serve as a molecular 'solvent' for n = 2, but 
not for n = 3. 

* Gel permeation chromatography shows that both KRO-1 and KRO-3 
Resins are blends of several separate block copolymers with different 
individual molecular weights. 
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periphery of the particle resulting from the internal 
morphology. 

Figure I Interior of composite particle resulting from an 
attempt to blend additional PS64K into the KRO-1. The 
additional PS64K is inside the particle but has not been 
solubilized into the KRO-1 morphology 

In the blending trial with PS64K, a weight ratio of 0.5 
was chosen for PS64K/KRO-1, maintaining, however, an 
overall composite particle volume fraction of 0.217 in the 
HH-101 matrix. 

The TEM micrograph of Figure 1 shows that the added 
PS64K enters the particles, but that it is not solubilized 
into the PS block component. It has merely associated 
with the KRO-1 particle which has an unaltered mor- 
phology. Areal image analysis of micrographs has 
established that the majority of the added PS64K is 
indeed associated with the KRO-1 particles and that only 
a small fraction has been solubilized into the matrix HH- 
101 PS. We conclude from this trial that n>2.  Figure 2 
shows the stress-strain curves of four such blends. 
Comparison of these curves with Figure 7 of (I) indicates a 
performance almost indistinguishable from the unmo- 
dified KRO-1 blends in HH-101 PS. Both results show a 
high overall modulus and craze yield stress in the vicinity 
of 28 MPa, and a plastic strain to fracture of around 0.04. 
This rather unattractive result is not surprising since the 
added PS64K of a high modulus has not been in- 
corporated into the PS of the block, but has merely 
increased the average stiffness of the already very stiff 
composite particle. Had it been solubilized into the PS 
block phase of the KRO-1 morphology, the increase in the 
PS wave length would have been only 10%--far too small 
to influence the range of the concentration of stress at the 

Blending with PB44K, PB22K and PB3K 
On the basis of the negative results on solubilization of 

the PS64K homopolymer into the KRO-1 Resin micro- 
structure, it is clear that n > 2 for PS which is likely to be 
true also for the PB arms of the KRO-1 molecule. 
Therefore, a successful solubilization trial will require a 
molecular weight for the additional PB homopolymer less 
than 20.8 kg mol- l .  That this was indeed the case is 
verified by the negative results of the blending trials 
utilizing PB44K and PB22K. In these trials, also, the 
overall composite particle volume fraction was main- 
tained constant at 0.217 and the same ratio of 0.5 of low 
molecular weight homopolymer to KRO-1 Resin was 
used in the blends. The free surface of the cast films 
pointing toward the centre of the spin cup was found to 
contain a sticky layer that was identified to be largely the 
centrifugally separated low molecular weight PB homo- 
polymers. The cast films were found to be very fragile, 
having little mechanical integrity. Figures 3a and 3b show 
two TEM micrographs of these blends which indicate that 
the low molecular weight PB coarsening agents have 
associated themselves primarily with the KRO-1 par- 
ticles, but as in the case of the PS64K results, they too have 
failed to be solubilized into the KRO-1 morphology. 
Large spherical droplets of the PB44K and PB22K are 
visible inside the composite particles of KRO-1 Resin 
whose morphology has remained unaltered in form as 
well as in scale. 

The blending trials with PB3K in contrast have pro- 
duced dramatically different results. In these trials, the 
overall volume fraction of particles was again kept 
constant at 0.217 to make the results directly comparable 
to the results of the previous investigations. In these trials, 
however, a wider range of weight ratios of PB3K/KRO-1 
was investigated, including 0.125, 0.250, 0.333,0.500, 0.750 
and 1.000. The computed compositional details for these 
blends are summarized in Table 1. Figure 4 shows these 
compositional trends as a function of the PB3K/KRO-1 
ratio employed. 

40.0 I 
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Figure 2 

KRO-I/PS64K/PS Blend 

T=23°C ~=)3xlO-4s -~ 022(KRO-I+PS64K) 
PS64K/KRO-l = 050  
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Strain 

Stress-strain curves of KRO-1/PS blends modified 
with PS64K at a blend ratio of PS64K/KRO-1 =0.5. Tested at 
room temperature at a strain rate of 10 4 s 1 
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Transmission electron microscopy of the structure of 
the cast films has verified that the initial additions of 
PB3K are completely solubilized into the KRO-1 par- 
ticles. The micrographs show that even for the smallest 
ratio of PB3K/KRO-1 of 0.125 a morphological 
transformation is initiated from the typical KRO-1 wavy 
rod morphology to a parallel lamellae morphology. 
Figure5a shows this transformation inside composite 
particles. While large particles show a new morphology 
consisting of parallel layers of PS and PB, small particles 
retain the characteristic K RO-1 morphology of randomly 
wavy and interconnected rods. The transformation 
indicates that the KRO-1 morphology with a weight 
fraction of 0.23 PB exists very close to the border of a 
region of phase transformation, and that the addition of 
PB3K accomplishes the transformation in a certain 
fraction of the KRO-1. As the PB3K/KRO-1 ratio is 
increased the transformation becomes more complete. As 

Figure 5b shows, for a ratio of 0.250 of components the 
particles are now almost completely made up of the 
concentric spherical shell morphology of PB and PS 
layers. There are, however, some small particles that still 
retain the KRO-1 morphology. Figure5c shows the 
morphology of the PB3K/KRO-1 =0.333 blend. In this 
case the morphological transformation is closer to 
completion. 

When the PB3K/KRO-1 ratio becomes 0.50, some of 
the large particles with the concentric spherical shell 
morphology show again a separate dark phase that can 
only be PB3K that now is apparently at a volume fraction 
beyond the solubility limit of this homopolymer in the 
KRO-1 microstructure. Fioure 5d shows several examples 
of such ill-defined black regions with jagged borders 
inside some large composite particles. The jagged borders 
suggest a very low level of interface energy between the 
excess PB3K and the spherical shell morphology. The 

Figure 3 Interiors of composite particles resulting from attempts to blend additional PB into them: (a) PB44K addition; (b) PB22K 
addition, both at blend ratios of PBXXK/KRO-1 =0,5. Clearly the PBXXK has not been solubilized into the KRO-1 morphology 

Table 1 Compositional details of PB3K blends into KRO--1/HH--101 PS heterogeneous polymers 

PB3K/KRO--1 Wt. fraction Wt. fraction Wt. fraction 
Weight ratio PB3K PB of KRO--1 total PB 

0 - 0.050 0.050 
0.125 0.024 0.044 0.068 
0.250 0.043 0.040 0,083 
0.333 0.054 0.037 0.092 
0.500 0.072 0.033 0,105 
0,750 0.094 0.028 O. 122 
1.000 0.108 0.025 0.133 
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Changes in fraction of total PB, low molecular weight 
PB, and PB of KRO-1 in composite particles as a result of 
blending additional PB3K into them 

trend of decomposition of the lamellar phase and the 
excess PB3K continues for further increases in the 
PB3K/KRO-1 ratio to 0.750 and 1.000, as Figure 5e and 
Figure 5fshow for these two blend ratios. Examination of 
the morphology of the large particle in Figure 5f for the 
case of PB3K/KRO-1 = 1.000 shows now a reversion of 
the particle morphology back to that of pure KRO-1 
coexisting with the PB3K component. Figure 6 for the 
PB3K/KRO-I  =0.750 composition shows that this re- 
version is gradual, where the particle in this micrograph 
shows the coexistence within one particle of three separate 
morphologies: the KRO-1 morphology, the alternating 
lamellae morphology resulting from the solubilization of 
some PB3K into the PB block domains of the KRO-1, 
and finally an excess of PB3K that is separated from the 
other two phases by jagged interfaces with apparently 
quite low energy. The explanation of this morphological 
reversion is not clear. 

Since the additional PB3K is expected to be in- 
corporated into the PB domains of the KRO-1 mor- 
phology, a change in domain thickness with additional 
PB3K solubilization should be expected. Thus, as Table 1 
shows, if the entire amount of PB3K were absorbed into 
the PB of KRO-1, the thickness of the PB domains should 
increase by a factor of 2.66 as the PB3K/KRO-1 ratio 
increases from 0-1.00. The effective measurable thicken- 
ing, however, should be much less. This is because 
addition of PB3K in the range of ratios 0-0.25 accom- 
plishes the morphological transformation which, until it 

becomes complete at about 0.33, is at constant structure of 
the lamellar phase as the two coexisting morphologies 
gradually displace each other. On the other hand, the 
solubility limit of PB3K appears to be reached at a 
PB3K/KRO-1 ratio of 0.50, beyond which a decom- 
position is observed with an excess PB3K phase being 
rejected. Hence, the thickening of the PB lamellae is likely 
to be only in the range (of the PB3K/KRO-1 ratio) of 
0.3-0.5 resulting in a measurable thickening of only by a 
factor of 1.33. The actual measurements in the range of the 
blend ratio of 0.34).5 show no detectable amount of lamellar 
thickening beyond the background scatter resulting from 
the variations due to sectioning at different distances of 
particles between their equators and poles, and the normal 
thickness variations that should be present due to the 
different curvature stresses among domains of widely 
different particle sizes. 

Stress-strain response of PB3K modified blends 
Figures 7 of (I) and Figure 2 of this study indicate that 

the flow stress of the KRO-1/HH-101 blends with com- 
posite particles having the KRO-1 morphology is above 
28 MPa in the range of the craze yield stress of unmodified 
PS, and that the strains to fracture at this level of the flow 
stress are less than about 0.04. The addition of PB3K in 
the ratio of 0.125 to KRO-1 results in the initiation of a 
morphological transformation in at least some of the 
particles with an accompanying dramatic drop of the 
craze yield stress of 11.5-13 MPa and an increase in the 
plastic strain to fracture to between 0.26-0.34 as is 
shown in Figure 7a. The curves show a typical yield 
phenomenon giving the levels for initiation of the 
required volume density of active craze front that gives 
a match between the imposed machine rate and the cavi- 
rational strain rate due to craze matter conversion as. 
Once the process is initiated the advance of a 
constant volume density of active craze front at steady 
state is possible at a lower flow stress of about 8 MPa 
in this case. The curves, however, show that at the 
straining continues the low level of flow stress increases 
in several steps until finally fracture occurs. This 
increase is attributed to the final exhaustion of 
composite particles that have undergone the mor- 
phological transformation, and were acting as the most 
compliant and effective sources of craze initiation. Figure 
7b shows the stress-strain response of the blends with the 
PB3K/KRO-1 ratio of 0.25. The upper yield stress 
necessary to initiate the required active craze front has 
decreased now to a range of 10-10.5 MPa, while the flow 
stress has dropped to about 8.5 MPa, accompanied by a 
rise in the strain to fracture between 0.3-4).48. These 
advantageous changes have become possible due to the 
much more complete conversion of the composite par- 
ticles to the high compliance morphology of concentric 
spherical shells. Figures 7c and 7d show the continuing 
trend of improving behaviour for increasing PB3K/KRO-1 
ratios of 0.333 and 0.50. For  these two blend ratios there 
is little additional decrease in the upper yield stress which 
remains at around 10 MPa, but a small additional 
decrease of the plateau flow stress to about 8 MPa. The 
strain to fracture, however, continues to increase to about 
0.80 in the case of one of the 0.50 blends. In this latter case, 
also, there is no perceptible rise in flow stress toward the 
end of the experiment indicating no visible exhaustion of 
compliant particles that govern the perpetuation of the 
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Figure 5 TEM micrographs with increasing blend ratio of PB3K/KRO-1 : (a) blend ratio of 0.125, composite particles with two 
coexisting internal morphologies of randomly wavy rods and concentric shells; (b) blend ratio of 0.25, particles with a large fraction of 
spherical shell morphology; (c) blend ratio of 0.33, most particles have a nearly perfect spherical shell morphology; (d) blend ratio of 
0.50, spherical shell particles with some free PB3K beginning to re-precipitate; (e) blend ratio of 0.75, substantial volume fraction of 
PB3K has precipitated out; (f) blend ratio of 1.00, particles with re-precipitated free PB3K and KRO-1 

active craze front per unit volume necessary to match the 
specimen extension rate to that imposed by the machine. 
Some variation in the fracture strain is found, however, in 
all cases. 

When the PB3K/KRO-1 ratio increases beyond 0.50 
for which the TEM study had shown a separation of 
PB3K phase inside the particle, both upper yield stress as 
well as the plateau flow stress continues to drop while now 
the strain to fracture also sharply decreases as is shown in 
Figure 7e and 7ffor the blend ratios of 0.75 and 1.0. As the 
particles incorporate more and more rejected PB3K 
phase with internally liquid-like behaviour, more particles 
begin to come apart under the level of the plateau stress 
and initiate local fracture. At the blend ratio of 1.0, the 
material has lost almost all of its attractive toughness. 

The trend of behaviour with increasing PB3K/KRO-1 
ratio is summarized in Figure 8a and 8b, showing the 
reduction of the upper yield stress and the accompanying 
rise and fall of the strain to fracture. In Figure 8a the very 
large decrease in upper yield stress with increasing 
PB3K/KRO-1 ratio is due to the morphological transfor- 
mation that provides at least some particles with sharply 
increased compliance to initiate crazes under much lower 
stress due to the significantly increased concentration of 
effective stress and negative pressure at the particle 
periphery. The dotted back-extrapolated curve would 
give the craze yield stress of a blend ratio of zero, but with 
a concentric spherical shell morphology rather than the 
randomly wavy rod morphology actually observed at this 
compositon 8. 
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Figure 6 TEM micrograph of particle in a blend of PB3K/KRO-1 
of 0.75 showing the coexistence of three morphologies 

Blends with other particle fractions 
To determine the effect of the volume fraction of 

composite particles at constant morphology, a blend was 
prepared in which the PB3K/KRO-1 ratio was kept at the 
most advantageous level of 0.50, and the volume fraction 
of the particulate phase was changed from 0.217 down to 
0.15. In this manner the total rubber weight fraction in 
both the KRO-1 and the additional PB3K was decreased 
down to 0.073. On the basis of the results of (I), a small 
decrease in the average particle size is expected while the 
total number density of particles remains constant. The 
stress-strain response to the blend is shown in Figure 9, 
which should be compared with the results in Figure 7d. A 
small rise in both the upper yield stress (from 10.2 to 
11 MPa) and the plateau flow stress (from 8 to 8.6 MPa) is 
observable, which in all probability is due to the decrease 
in the average particle size and the attendant reduction in 
the volume density of the particles with requisite size for 
craze initiation with the appropriate high compliance. 
Also seen, however, is a reduction in the strain to fracture 
to within 0.3-0.5 and several step increases in the plateau 
flow stress indicating the exhaustion of the most com- 
pliant particles that are effective craze initiators. 

Morphological features of crazes 
Because of the opacity of the partially crazed (PB3K)- 

(KRO-1) PS blends, TEM was widely used to study craze 
morphology and craze distribution in the deformed and 
fractured specimens. 

The blending modification with PB3K produces sharp 
increases in craze density with increasing PB3K/KRO-1 
ratio. The TEM micrographs show that craze develop- 
ment depends strongly on particle structure. For  the 
blends with PB3K/KRO-1 ratio of around 0.125 the 
crazes that have formed are usually short and thin as those 
shown in Figure lOa. The Figure shows that large 
particles are the preferred sites for craze initiation. As the 
PB3K/KRO-1 ratio is increased the number of crazes 
around particles as well as their length increases as is 
shown in Figure 10b for the blend ratio of 0.250. Large 
particles are still the ones that initiate most crazes, but the 
craze initiating effectiveness is seen to gradually extend 
downward also to somewhat smaller particles. Examin- 
ation of additional micrographs has disclosed that the 
majority of crazes are initiated at particles that have a 
higher degree of structural coherence. When the 
PB3K/KRO-1 ratio reaches 0.50, the density of crazes in 
the samples extended to fracture becomes very high. 
These crazes are seen to branch, interact and create a 
complex pattern. Figure lOe shows a typical region of an 
extensively crazed sample showing nearly complete co- 
verage of particle peripheries with emanating crazes. In 
the 0.5 blend ratio where craze initiating efficiency of 
particles has reached a peak, this effectiveness has also 
extended down to considerably smaller particles that 
would usually be considered outside the range of nuc- 
leation. Figure 11 shows several sub-micron particles, 
such as the ones identified as A, which seem to be 
unambiguously the sites for craze initiation. 

When the PB3K/KRO-1 blend ratio exceeds 0.5 and 
phase decomposition occurs inside the particles with 
separation of a PB3K component, crazing around large 
particles becomes increasingly associated in micrographs 
with tears inside the particles. This is shown in Figure 12 
for a sample with a blend ratio of 0.750. While clearly 
some of this tearing can be a microtoming artifact, similar 
tears have not been found in micrographs of other blend 
ratios or those that have been prepared from uncrazed 
samples. Therefore, these tears are interpreted to be the 
principal internal sites of fracture initiation. Samples with a 
blend ratio of 1.0 have been found to be so fragile that it 
has not been possible to microtome them. 

Stereology of crazes and craze distribution 
The analysis of craze microstructures in the electron 

micrographs for the specimens stretched to the vicinity of 
their fracture strains reveals a great deal of information 
essential to the understanding of the role of the PB3K 
modifier of the KRO-1 particles. The crazes around as 
many as 1500 particles were counted, and an overall craze 
density was determined. Figure 13a shows these results on 
craze density graphically. The error bars account for the 
variability due to non-uniform distribution of particles. 
The unmodified blend of KRO-1 and PS studied in (I) 
yields a craze density of 107 distinguishable craze planes 
per cm 2, developed at relatively high stresses. As discussed 
in (I), craze initiation in the unmodified blends is limited to 
surfaces, while particles are not important sites of craze 
initiation. With the addition of PB3K, the craze yield 
stress drops sharply. The blend with the PB3K/KRO-1 
ratio of 0.125 shows a number density of crazes compara- 
ble to that of the unmodified blend. But the micrographs 
of the PB3K modified blends clearly show that crazing is 
initiated by the particles at low stresses. Furthermore, 
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both the lengths and the thicknesses of crazes are larger in 
the PB3K modified blend with a blend ratio of 0.125 in 
comparison with the crazes in the unmodified blends. This 
results in a substantial increase in the strain-to-fracture in 
the former over the latter. Another distinguishing feature 
between these two cases having the same number density 
of crazes is that in the modified blend the plateau flow 

stress is much lower, resulting in a less severe loading 
condition of the already formed craze matter. 

The dependence of craze density on the PB3K/KRO-1 
ratio between 0--0.5 follows qualitatively that of the plastic 
strain-to-fracture. Although the addition of small quan- 
tities of PB3K leads to a sharp drop in craze yield stress 
with profuse craze initiation, the value of plastic strain-to- 
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fracture is strongly dependent on the ability of the 
particles to sustain such low stresses. Figure 13b gives the 
average number of crazes per particle in the respective 
blends at the fracture strain. For the blend ratio of 0.125 
the Figure gives that the number of crazes per particle is 
only 0.2. This average number of crazes per particle 
increases rapidly with increasing PB3K/KRO-I  blend 
ratio, and for a ratio of 0.5 reaches a level as high as 0.9. 
Figure 13b furnishes another graphic evidence for the high 
craze initiating efficiency of large particles. The frequency 
distribution of the craze initiating efficiency of particles of 
different sizes is demonstrated dramatically in Figures 
14a-e, showing this information for all the five blend 
ratios that were studied. Clearly as the blend ratio 
increases and the particle compliance rises, the craze 
initiating efficiency of a particle of given size increases. In 
addition, the size of the threshold particle that is just able 
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total craze thickness per particle (per mean particle 
spacing), shown also in Figure 15b by the open circles. The 
trend shown in Figures 15a and 15b indicates that the 
compliance of the particle continues to increase with 
increasing blend ratio even though the morphology of the 
particle becomes irregular and PB3K precipitates out 
beyond a blend ratio of 0.5. 

DISCUSSION 

Mechanical properties of composite particles 
Clearly the results of our previous study (I) as well as the 

results of our PB3K blending experiments reported here 
point toward the key importance of the changing 
mechanical properties of the composite particles with 
blending. Once the particles are sufficiently large so that 
craze initiation is no longer impeded by an insufficiency of 
size of the local highly stressed volume, multi-axial craze 
initiation criteria developed for application in bulk 
should be applicable locally around the particles, as was 
attempted by Oxborough and Bowden TM. For this 
purpose the mechanical properties of the composite 
particles need to be known with some accuracy. Once the 
morphology of the particle is established, the elastic and 
other physical properties of the particles are calculable 
by resorting to the developments of composite theory 
and other numerical modelling techniques employing, 
e.g., finite element approaches. 

It is usual to consider as a first approximation the 

Figure 11 TEM micrographs of craze initiation from wel l-  
formed small spherical shell particles (A) in a blend with 
PB3K/KRO-1 ratio of 0.5 in the particles 

to initiate crazes becomes progressively smaller. This 
trend peaks for the blend ratio of 0.5 and begins to decline 
again as the PB3K precipitation begins inside the par- 
ticles, when the blend ratio exceeds this value. As Figures 
5e and 5f show, the particle morphology becomes irre- 
gularly heterogeneous and the stiff KRO-1 morphology 
inside the particles reappears. With the relatively large 
fraction of free PB3K existing inside the particles, how- 
ever, the overall stiffness of the particles remains low, as 
Figure 15a establishes. Thus, the apparent decline in craze 
initiation effectiveness is in all probability due to the 
progressively earlier onset of fracture from the internal 
cavitation or interfacial separation of the large composite 
particles, which cut short the craze plasticity process. 

Examination of the micrographs of craze morphology 
shows that particle-structure-controlled properties go- 
vern the average craze thickness at the particle periphery 
that is covered with emanating crazes. Figure 15a shows a 
measure of this effect, in a plot of the average ratio of craze 
thickness to the nearest particle spacing. The Figure 
shows that this ratio first decreases and then increases. 
Since, as is shown in Figure 13b, the number of crazes per 
particle monotonically increases with blend ratio until 
this ratio becomes 0.5, the initial decrease in average craze 
thickness with increasing blend ratio may signify an 
increasing craze nucleation efficiency but a slight difficulty 
in craze thickening. Thus, the tendency shown in Figure 
15a is not altered when the phenomenon is plotted as the 
product of Figure 13b and Figure 15a, which gives the 

Figure 12 TEM micrograph showing tear origins inside particles 
with reprecipitated free PB3K components in a blend with 
PB3K/KRO-1 ratio of 0.75 in the particles 
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microstructure of a composite particle to be smoothed out 
and replaced with averaged elastic and thermal proper- 
ties. Although this approach is acceptable for the typical 
unmodified KRO-1 particles discussed in (I), as well as the 
usual HIPS particles, the smoothing is clearly inapprop- 
riate for the spherical shell particles shown in Figure 5c. 
Such more specific modelling of particles with spherical 
shell morphology in comparison with particles of some 
other morphologies, has been done by Boyce et al.t3 and 
will be reported elsewhere. Here we will make use of their 
results. 

The KRO-1 particle 
The behaviour of the KRO-1 particles with randomly 

wavy rod morphology in the presence of a surrounding 
that is also occupied by a given volume fraction of similar 
particles is calculable by a combination of approaches 
which in general also apply to the spherical shell particles. 

First, the stresses produced by the thermal expansion 
misfit between the particles and their surroundings con- 
stitutes a problem of spherical symmetry where the effect 
of the surrounding particles is taken into account by 
solving this thermal misfit problem as one of two con- 

centric spheres in which the centre sphere represents the 
volume fraction of the particulate phase and the outer 
shell the matrix allocated to one generic particle. The 
average moduli and the average coefficient of expansion 
of the particles are obtained first from the moduli and 
coefficients of thermal expansion of PB and PS by 
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considering that the PS in the morphology of the particle 
is topologically continuous permitting the use of Chow's 
method x9'2°. The result of this computation gives the 
following average Young's modulus Ep, bulk modulus Kp 
and Poisson's ratio Vp: 

{K B ) 
[ CpB~sPs -- 1 

Ep = 1 -~ , f l  +v'~/'KpB ,'~ 
Eps 3+(l_cpa)~_v)~_~ps_, ) 

2,2(4-  5v)] (1) 
3 - (1 - cr'BJ 5-~ ~-V~v) 

I/ KpB "~ 
Kp 

= ~ L 1 -t Kp B 
Kps 1 +(~sps_ 1"~(1 _ \ ,/ , 1  +v 

3K )/ (3) 

where properties with subscripts PB and PS refer to those 
of PB and PS respectively, where v is the Poisson's ratio of 
PS, and where in the computation of the Young's modulus 
of the particle, the shear modulus of PB was considered to 
be negligibly small in comparison with the shear modulus 
of PS. The corresponding computation for the average 
volumetric coefficient of thermal expansion of the particle 
7p gives: 

/Kpa'~ 

Kpa-- - -  - - - - - ~  v ._j (4) 

where ~'PB and )'r,s are the volumetric coefficients of 
expansion of PB and PS respectively, and cpB stands for 
the volume fraction of PB in the particle. For cab = 0.23 
which is characteristic for KRO-1 Resin, and for the 
following constituent properties of PB and PS: 

Kps = 1.77 GPa 
Kps = 3.33 GPa 
Eps -- 3.25 GPa 
Vps = 0.3 
~,ps=2 x 10 -4 K -1 
~pB= 7.5 × 10 -4 K-1 

the particle properties given below can be obtained for 
room temperature. 

Kp=0.861 Kps=2.87 GPa 
Ep=0.712 Eps=2.31 GPa 
vp=0.335 
),p= 3.0 x 10 -4 K -1 

With this information the thermal stresses can be 
calculated readily from the concentric sphere solution as 
indicated above for a boundary condition of no radial 
traction in the outer surface. The result for the thermal 
misfit stresses, for a volume fraction cp = 0.22 of a particle 
phase and a temperature difference of A T =  - 75°C (from 

T o of PS to room temperature) is 

(rrr= 6.41 MPa (5a,b) 
a00 = a,¢ = - 5.64 MPa 

at the border of the particle in the PS matrix. 
Second, the additional stresses around the particles due 

to a superposed applied tension must be found. This is 
done by combining the classical solution of Goodier 21 
(see also Mura 22) for an isotropic sphere in an infinite 
medium with the particle interaction problem solved by 
Broutman and Panizza 23. The computations of Boyce et 
al) 3 for these cases give the following stresses for a 
particle in an infinite medium. 

O'rr = 0.05 17'oo 

SO0= 1.16 aoo 

a** = 0.01 aco 

for an equatorial point A around the periphery of the 
particle in response to a distant tensile stress of a®, as 
shown in Figure 16. The interaction solution of Broutman 
and Panizza 23 for a particle volume fraction of cp= 0.22 
gives additional concentration factors of 1.133 for a00 and 
about 2.0 for both a,, and a~.  Thus, considering the 
overall effect of distant stress in the presence of particle 
interactions 

O'rr = 0.1 tr~ o 

aoo= 1.314 ao~ 

a~, = 0.02 troo (6a,b,c) 

is obtained for the equatorial point A of Figure 16. 

Spherical shell particle 
Because of its special morphology the particles with 

concentric spherical shells of PB and PS with additional 
PB3K blended into the PB to a blend ratio of 
PB3K/KRO-1 of 0.5 require a numerical approach at all 

O" m 

Composite spherical part ic le 

L er r 

o.88 

Glassy polymer 

Figure 16 Equatorial po in t  A around a spherical particle under 
a tensi le stress, where craze ini t iat ion is most l ikely 
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levels. This has been done by Boyce et al. ~a in a way 
paralleling all the steps outlined for the KRO-1 particle 
above, by the use of finite element techniques. Their 
computations for a particle volume fraction of cp = 0.22 
has given thermal stresses at the periphery of the particles 
that are: 

f f rr  = 11.413 MPa 

troo = a~,~, = - 10.236 MPa 
(7a,b) 

On the other hand stresses at an equatorial point A due to 
a distant tension ao~ were found to be 

tr r, = 0.26 a,~ 

aoo = 1.194 a~ (8a,b,c) 

a ~  = 0.092 trio 

which incorporate the same interaction amplification 
factors discussed above for the KRO-1 particle. 

Craze initiation f rom particles 

In the mechanistic crazing criterion of Argon and 
Hannoosh 24, crazes initiate in a local volume element 
when the following condition is satisfied 

(s /Y)  

In equation (9) a is the negative pressure, s the deviatoric 
(shear) stress, Y the yield strength of the PS in tension, • a 
time constant, A a material constant incorporating mole- 
cular parameters governing plastic flow, Q a numerical 
constant giving the ratio of the negative pressure for 
plastic expansion of a porous solid under a superposed 
large average deviatoric stress to the corresponding 
negative pressure when such an average deviatoric stress 
is absent, and finally t is the time for craze initiation 
measured from the time of the application of the stress. 
We recall that the deviatoric shear stress and the negative 
pressure are defined as 

Hannoosh 24, with its coefficients determined from expe- 
rimental measurements on polystyrene homopolymer 
from quasi-uniform shear fields, is inapplicable to the 
surroundings of the composite particles. The use of more 
empirical crazing criteria advanced by others (for a 
discussion of their merits see Kawagoe and Kitagawa 25) 
gives equally poor results. This all suggests that the 
previously developed craze initiation criteria, with their 
specific stress dependences that have been established for 
quasi-uniform stress fields, have the merit of coinciding 
with the results of a more general and yet undetermined 
formalism for craze initiation when applied to the types of 
problems previously investigated, but are not sufficiently 
general to explain the behaviour of crazing around the 
composite particle. 

Nonetheless, the trends of the experiments and our 
stress analysis permit certain general observations. The 
craze initiating efficiency of a particle depends strongly on 
the thermal expansion misfit and difference of elastic 
properties between particles and matrix. The larger the 
effective coefficient of expansion of the particle and the 
more its elastic compliance relative to the matrix, the 
more effective is the craze initiation. In the blends 
prepared by us, the spherical shell particles with a 
PB3/KRO-1 ratio of 0.5 are the most effective in these two 
respects. 

Comparing block copolymer blends with H I P S  

High impact polystyrene has been one of a number of 
industrially important rubber-toughened polymers. A 
typical, commonly used HIPS contains grafted rubber at 
a weight fraction of 0.07-0.1. The particles have an 
average size at 2-4/~m and a moderately broad size 
distribution. In Figure 17, a tensile stress-strain curve is 
presented for a commercial HIPS in the form of a sheet of 
one millimeter thickness. The yield stress and modulus 
seem to be typical of any other specimen of HIPS 
manufactured for large scale use. The plastic strain-to- 
fracture may change in the range from 20% to 50%. One 
important and not widely recognized feature is that the 
films or sheets of HIPS often show an appreciable degree 
of notch sensitivity. In the samples tested, this does not 
seem to be a major feature. The HIPS particles consist of 
polystyrene occlusions surrounded by a topologically 

s = X/~[(qrr -  ~0,,) 2 + (~0,,-- a**) ~ + (~** -- at,): ] (10) 

= ( a .  + aoo + a~¢)/3 (11) 

From extensive bi-axial craze experiments Argon and 
Hannoosh have determined that at room temperature 
A=9.54, Q=0.0133 and ~=6 x 10-as  for PS, while the 
yield stress in tension Y = 70 MPa. 

Evaluation of the crazing criterion of equation (9) for 
the stresses given in equations (5a,b) and (6a,b,c) for the 
KRO-1 particle and equations (7a,b) and (8a,b,c) for the 
spherical shell particles give ooo = 37 MPa for the former 
and a~o=28.3 MPa for the latter at room temperature. 
These results are ranked in the appropriate order of high 
and low but do not compare well at all with the 
experimentally measured applied stresses of 30 MPa, and 
10 MPa respectively. 

Since the stress analysis of Boyce et al. ~3 leaves very 
little room for uncertainty on the levels of local stress, we 
must conclude that the crazing criterion of Argon and 
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F i g u r e  17 Typical stress-strain curve of a HIPS specimen 
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continuous minority phase of polybutadiene. They are 
connected by grafts to a matrix which is typically a high 
molecular weight and broad distribution polystyrene. 

In the light of our blending studies, the effectiveness of 
the conventional HIPS particle also becomes clearer. The 
topologically continuous compliant rubbery phase im- 
parts to the particle a high compliance that must be close 
to the lower bound estimate of the elastic stiffness for this 
composition. Furthermore,  the success of Kruse t6 in 
increasing the toughness of conventional HIPS by blend- 
ing additional PB into the particles is also clear. As was 
the case in our experiment, this incorporation of ad- 
ditional PB into the rubbery matrix of the particle 
increases both the compliance of the particle as well as its 
average thermal coefficient of expansion. We note that 
such improvement may be as advantageous as our results 
because they demonstrate that the toughness of glassy 
polymers can be dramatically improved well beyond what 
is normal practice with conventional HIPS. 
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