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Rubber toughening of plastics 
Part 1 1 Effects of rubber particle size and structure on yield 
behaviour of HIPS 

CLIVE B. BUCKNALL ,  PETER DAVIES*,  IVANA K. PARTRIDGE 
School of Industrial Science, Cranfield Institute of Technology, Cranfield, Bedford MK43 OAL, 
UK 

Measurements of particle size distribution, particle volume fraction q~, Young's modulus, tensile 
and compressive yield stress and Charpy impact strength were made on a series of 14 high- 
impact polystyrene (HIPS) polymers of widely varying structure. In materials throughout the 
series containing 8.5wt% polybutadiene, it was found that ~b varied between 0.17 and 0.44 as 
the mean particle size increased from 0.2 to 1.8/~m. Modulus and yield stresses depended 
principally upon particle volume fraction but the ratio of polybutadiene to polystyrene within 
the particles also appeared to have some influence upon properties. By contrast, variations in 
q~ provided only a partial explanation for the observed differences in Charpy impact strength. It 
is concluded that impact strength is affected by rubber particle size to a much greater extent 
than properties measured at low strain rates. 

1. In t roduc t ion  
Rubber particle size is generally recognized as an 
important factor affecting the fracture resistance of 
high-impact polystyrene polymers (HIPS). Numerous 
studies dating back to the 1950s, have shown that the 
impact resistance of HIPS decreases when the average 
diameter of the particles falls below about one micro- 
metre [1-6]. However, there is no general agreement 
concerning the causes of this particle size effect. Two 
possible explanations have been advanced: (a) that 
small particles are inefficient in initiating crazes; and 
(b) that small particles are ineffective in controlling the 
growth of crazes and their subsequent degradation to 
form microcracks [7]. 

In discussing mechanism (a), Bucknall pointed out 
that when the rubber particle diameter is 0.1 #m, a 
significant fall in stress concentration factor is to be 
expected in the surrounding matrix within a distance 
of 1 to 2 nm from the particle equator [8]. Since the 
diameter of the polystyrene molecule is 0.6nm, the 
dimensions of the stress field might then be too small 
to permit the initiation of a craze. This theory received 
experimental support from Michler [9] and from 
Donald and Kramer [10], who used transmission elec- 
tron microscopy (TEM) to observe crazing in thin 
films of HIPS and found that crazing was prefer- 
entially associated with particles above 1 #m in dia- 
meter. On the other hand, Keskkula et al. [11], also 
using TEM, have demonstrated craze initiation from 
a 0.2/tin particle in HIPS. These observations do not 
resolve the problem, because the question is not sim- 
ply whether small particles can initiate crazes, but 
whether they are comparable to large ones in their rate 
of craze initiation. 

A basic problem in studying structure-property 
relationships in rubber-toughened plastics is the dif- 
ficulty in varying rubber particle size without at the 
same time introducing other significant changes in the 
material. In particular, reductions in particle size in 
HIPS are usually associated with changes in the inter- 
nal morphology of the particles and with a decrease 
in the concentration of polystyrene sub-inclusions. 
These changes result in a decrease in the volume frac- 
tion ~b of the composite rubber particles; in this paper 
q~ is taken to include the whole of the rubber phase 
plus the included material. Control of particle size 
may be achieved either by varying stirring conditions 
or by addition of block copolymers, which behave 
like surfactants. Polymers made from polybutadiene 
usually form rubber particles with the familiar 
multiple-inclusion (MI) "salami" structure whereas 
block copolymers tend to produce single core-shell 
(SCS) or double core-shell (DCS) morphology [12, 
13]. The effects of these different morphologies upon 
the mechanical properties of HIPS are far from clear 
at present. 

The two previous papers in this series examine the 
relationship between particle volume fraction q~ and a 
wide range of mechanical properties [14, 15]. In order 
to concentrate upon this aspect of the problem, a 
series of materials was prepared by blending a single 
HIPS sample in varying proportions with polystyrene 
(PS) so that particle sizes and morphologies were 
identical throughout the series. The HIPS chosen for 
that work was a standard commercial polymer con- 
taining MI particles of median diameter 1.6 #m. The 
present paper describes the properties of a set of non- 
standard HIPS materials of various particle sizes and 
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internal morphologies, and considers the extent to 
which those properties are controlled by factors other 
than particle volume fraction. 

2. Exper imenta l  de ta i l s  
2.1. Mater ia ls  
Six HIPS polymers, each containing 8.5 wt % of poly- 
butadiene chains and 2 wt % of a plasticizer, were used 
in this study. In addition, two of these polymers were 
blended with polystyrene to produce materials of 
low rubber content. Particle morphologies, median 
diameters, and volume fraction of all fourteen HIPS 
materials are summarized in Fig. 1. Weight average 
molecular weights of the polystyrene matrices, 
obtained after centrifuging solutions of the original six 
HIPS polymers in toluene, to remove the crosslinked 
rubber, were between 187000 and 201 000. A poly- 
styrene of 2~rw = 269 000 was blended with the small- 
particle SCS HIPS; the PS used for blending with 
the large-particle MI HIPS had Mw = 232 000. Gran- 
ules of PS and HIPS were premixed in a high-speed 
mixer being blended in a Werner-Pfleiderer ZSK 30 
M9 co-rotating twin-screw extruder operating at 
100r.p.m. with barrel temperatures set at 180 to 
200 °C. The unmodified PS of Mw = 232000 was 
Chosen to provide data at zero rubber content. 

Each material was compression moulded at 200 ° C 
into 3 mm and 6 mm thick sheets. At the end of each 
moulding cycle, the heaters were switched off and the 
press was allowed to cool slowly to room temperature 
in order to standardise the thermal history of the 
sheets. Specimens for mechanical testing were milled 
from these sheets. 

2.2. Microscopy 
Osmium-stained sections approximately 50 nm thick 
were prepared from each of the original six HIPS 
polymers and examined by TEM. Prints measuring 
190 nm x 240 mm were made of the micrographs, at 
a magnification of 10000. Particle size distributions 
and particle volume fractions q5 were determined from 
these micrographs as described in a previous paper 
[14]. The procedure used in the earlier work to correct 
for errors in the measured value of ~b is particularly 
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important in the present study, because the rubber 
particles are small: when the particle diameters are 
only two or three times greater than the section thick- 
ness, viewing in transmitted illumination leads to a 
significant overestimate of q5 unless the correction is 
applied. 

2.3. M e c h a n i c a l  t e s t ing  
Young's modulus was measured at 20 ° C and 60% r.h. 
using 100-sec isochronous low-strain tensile creep 
tests. The test method is described fully in previous 
papers [16, 17]. Yield stresses in tension and com- 
pression were measured at a crosshead speed of 
0.5 mmmin  -I and at 23 ° C. The parallel section of  the 
tensile specimens was 70 mm long with a 13 mm x 
3ram cross-section. Compression was studied by 
means of the plane strain compression test, using 
40 mm wide strips cut from the 3 mm sheet. Details of 
both yield measurements are given in a previous paper 
[151. 

Notched Charpy impact energy was measured using 
a Hounsfield impact tester. The bar dimensions were 
50nm x 12ram x 6mm and the machine was set 
to give a 40 mm span. A 3 mm deep vee-notch was 
machined across the narrow face of  the bar, with an 
angle of 45 ° and a notch tip radius of 0.25 mm. Speci- 
mens were conditioned in a thermostatted box and 
transferred rapidly to the impact machine for testing. 

3. Resu l t s  and d i s c u s s i o n  
3.1. M i c r o s c o p y  
Volume fractions of composite rubber particles were 
determined from the micrographs by first measuring 
the areas occupied by the osmium-stained regions, 
plus unstained inclusions, and then applying the finite 
thickness correction mentioned above. The results are 
presented in Fig. 1. They reveal a striking variation in 
the composition of the rubber particles with particle 
size. The smallest particles contain approximately 
50% polybutadiene and 50% polystyrene, whilst the 
largest particles contain about 20% polybutadiene 
and 80% polystyrene. Since the polybutadiene content 
of the parent HIPS polymers remains constant at 
8.5 wt %, the net result is that the volume fraction of 
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Figure 2 Gaussian plot of cumulative percentage against particle 
diameter for the parent HIPS polymers. (O) 17 SCS, (~)  22 MI, (zx) 
23 SCS, (D) 27 DCS, (O) 35 MI, (v) 44 MI. 

composite particles increases by more than a factor of 
two as the particle size increases. In the discussion 
below, the materials are identified by their particle 
volume fraction and morphology; thus the material 
having the smallest particles is referred to as HIPS 17 
SCS. The material of equivalent ~b is HIPS 17.5 MI, 
which has only half the polybutadiene content. 

Particle size distributions were determined as 
described in a previous paper [14]. Diameters observed 
in thin sections are, in general, less than the true 
diameters, but no attempt has been made to correct 
for this effect in the present work because a very large 
body of data is required for a full analysis. The results 
are, therefore, given in Fig. 2 in terms of the percen- 
tage of particles that have an observed diameter below 
a certain value. 

The six HIPS materials can conveniently be divided 

into two categories: two contain less than 20% of 
particles below 1 #m in diameter, whereas the remain- 
ing four have very few particles above 1 #m in diam- 
eter. Fig. 1 gives data on the median diameter d, which 
is defined by the 50% point in Fig. 2. By giving equal 
weighting to very large and very small particles in a 
given polymer, this definition of average particle diam- 
eter tends to underestimate the influence of the larger 
particles, which constitute a large fraction of the total 
particle volume. However, because of the differences 
between observed and true particle diameters, it is diffi- 
cult to calculate the volume fraction of composite par- 
ticles that have a diameter greater than a given value. 

3.2. M o d u l u s  
Fig. 3 compares modulus data for PS and all 14 HIPS 
materials, and shows that moduli decrease with ~b, the 
effective volume fraction of composite particles, as 
expected. It is clear that ~b rather than polybutadiene 
content is the principal factor controlling modulus. 

A single line correlates the data for the large-particle 
HIPS materials (35MI and its blends and 44MI). 
Data for the small-particle HIPS materials (23 SCS 
and its blends, together with 17 SCS) lie on a separate 
line, which is close to Hashin's lower bound equation 
for this type of particulate composite [8, 18, 19], as 
indicated on the diagram. The lines for the two series 
of HIPS converge at q~ = 0. Continuum mechanics 
theories predict that there should be no effect of par- 
ticle size upon modulus and it is, therefore, concluded 
that the divergence in the two experimental curves is 
due to the lower shear moduli of the smaller particles 
resulting from the increased proportion of poly- 
butadiene in those particles. 

3.3. Yield stress 
The tensile yield stress is also controlled principally 
by qS, as shown in Fig. 4. Each point represents the 
average of five measurements. The solid line correlates 
data for the large particle HIPS materials. Most of the 
small-particle HIPS materials give yield stresses that 
are slightly above this line, but it is difficult to discern 
a systematic trend. Melt blending and compression 
moulding are both sources of batch-to-batch vari- 
ations in tensile yield stress, which are sufficient to 
account for the observed small differences between the 
two sets of HIPS data. 
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Figure 3 100-sec isochronous Young's modulus plotted 
against the effective rubber volume fraction. ( - - ~  
Upper and lower bounds of Young's modulus 
calculated using Hashin's equations. For key see 
caption for Fig. 2. 
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Figure 4 Tensile yield stress plotted against 
the effective rubber volume fraction. For 
key see caption for Fig. 2. 

Yield stress data from the plane strain compression 
test are presented in Fig. 5. In these results, there is a 
clear separation between the large-particle HIPS 
materials and those having particle sizes substantially 
below 1 pm. At a given volume fraction, the smaller 
particles give a lower compressive yield stress. As in 
the case of modulus, the difference is unlikely to be 
due to particle size effects. A more satisfactory expla- 
nation is again to be found in the higher ratio of 
rubber to polystyrene, and therefore the lower shear 
moduli, of the small particles. The effects of particle 
size (and therefore composition) upon yield behaviour 
are further emphasized in Fig. 6, by plotting tensile 
yield stress against compressive yield stress, a 
procedure which eliminates any problems arising from 
errors in the determination of qS. 

The mechanisms of yielding in HIPS are distinctly 
different in compression from those operating in ten- 
sion. Under tensile loading, yielding occurs almost 
exclusively by multiple crazing. However, crazes can- 
not form under compression and the polystyrene 
therefore yields by forming shear bands. The stresses 
required for shear yielding are significantly higher 
than those responsible for crazing in PS and HIPS, as 

can be seen by comparing Figs 4 and 5. Rubber par- 
ticles (a) lower the yield stress by initiating crazing or 
shear yielding in the surrounding PS matrix, and (b) 
subsequently, cooperate in the deformation of the 
yielded polymer. The present work indicates that 
these responses are relatively unaffected by the com- 
position, internal morphology or diameter of the rub- 
ber particles when the HIPS is yielding at moderate 
strain rates by multiple crazing in tension, but a r e  

influenced by the proportion of polybutadiene in the 
composite particle when the polymer is yielding by 
shear band formation in compression. 

A rubber particle can accommodate the large local 
tensile strains generated by crazing in the PS matrix in 
four possible ways: (a) by debonding from the matrix; 
(b) by internal cavitation; (c) by fibrillation of the 
rubber phase; and (d) by crazing within the sub- 
inclusions. The first three types of response have been 
reported by a number of authors [10, 11, 20, 21]. 
Variations between 50 and 90% in the concentration 
of rigid PS sub-inclusions appear to have relatively 
little effect upon the ability of the rubber particle to 
respond by mechanism (c), which is the principal 
mechanism operating in a well-made HIPS having 
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Figure 5 Compressive yield stress plotted 
against the effective rubber volume frac- 
tion. For key see caption for Fig. 2. 
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Figure 6 Tensile yield stress against compressive yield stress. (e) a7 
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good particle-matrix adhesion. However, fibrillation 
within the rubber particles depends upon the presence 
of at least some sub-inclusions: a crosslinked solid 
rubber particle tends to generate a single large void 
without fibrillation, either by forming an internal 
cavity, or by debonding from the matrix around the 
equatorial region of the particle [10]. This type of 
debonding, which allows the rubber particle to con- 
tinue to function as a load-bearing component of the 
structure, must be distinguished from debonding at 
one of the "poles" of the particle, which is due to 
inadequate interfacial adhesion, and results in unload- 
ing of the particle. 

The requirements placed upon the rubber particle 
are quite different in compressive yielding. As the PS 
matrix reaches large shear strains within the shear 
bands, the composite rubber particles are forced to 
deform with it. The resistance of the composite rubber 
particles to deformation at these high strains will 
obviously increase with the concentration of poly- 
styrene sub-inclusions. This effect appears to offer the 
best explanation for the observed differences in com- 
pressive yield stress between the different types of 
HIPS studied. 

3.4. Impact  behav iour  
The results of notched Charpy impact tests over a 
range of temperatures are plotted in Fig. 7 for four of 
the HIPS materials studied. Three of the curves refer 
to HIPS 35 MI and its blends with PS, and are dis- 
cussed in a previous paper [14]. The fourth curve, 
based upon data for HIPS 17 SCS, falls well below the 
curve for HIPS 17.5 MI, a material that has an almost 
identical volume fraction of rubber particles, but 
exactly half the polybutadiene content. These results 
clearly show that factors other than 0 affect the 
impact strength of HIPS, although volume fraction of 
rubber particles is obviously important. On the basis 
of this comparison, the larger particles are much more 
effective as toughening agents. Since modulus and 
yield stress correlate quite well with ~b, it must be 
concluded that impact strength is more sensitive than 
the other properties to variations in particle size. The 
reasons for this increased sensitivity are now being 
investigated. One possibility is that the high strain 
rates operating during impact bring out differences in 
the kinetics of crazing that are not apparent in yield 
measurements at low rates of strain. Another possi- 
bility is that crack initiation or growth is affected by 
particle size. At present, there is insufficient evidence 
to distinguish between these alternative mechanisms. 

4. Conclusions 
The following conclusions can be drawn from this 
study: 

1. The series of six HIPS polymers chosen for 
the programme shows a wide variation not only in 
particle size but also in volume fraction of composite 
rubber particles, q~, although they all have the same 
polybutadiene content. 

2. Both tensile modulus and tensile yield stress 
depend principally upon 4- 

3. At a given value of q~, the HIPS polymers con- 
taining smaller rubber particles have lower moduli 
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than those containing larger particles (over 1 #m in 
diameter). The difference appears to be due to the 
reduced fraction of PS sub-inclusions in the smaller 
particles. 

4. Yield stresses in plane strain compression also 
show consistent trends with 05. At any given value of 
05, smaller particles are associated with lower yield 
stresses. This effect can also be attributed to the smaller 
fraction of PS sub-inclusions and the resulting lower- 
ing of resistance to large-strain deformation in a 
propagating shear band. 

5. There is little evidence that either particle size or 
internal morphology affect the tensile yield stress of 
HIPS. 

6. The notched Charpy impact strength of HIPS is 
not determined solely by 05. After allowing for the 
reductions in 05 that accompany a reduction in particle 
size, there is still a particle size effect: at any given 05, 
rubber particles substantially below 1/~m in diameter 
are less effective in toughening HIPS than particles 
over 1/~m in diameter. The reasons for this particle 
size effect remain to be established. 

Acknowledgements 
The authors thank the Science and Engineering 
Research Council for financial support of this project, 
and Dow Chemical (Nederland) BV for the gift of 
materials. 

References 
1. N. E. DAVENPORT,  L. W. H U B B A R D  and M . R .  

PETTIT,  Brit. Plast. 32 (1959) 549. 
2. R. F. BOYER and H. K E S K K U L A ,  "Encylopedia of  

Science and Technology", edited by N. Bikales Vol. 13 (Wiley, 
New York, 1970) p. 373. 

3. J. D. MOORE,  Polymer 12 (1971) 478. 
4. R. R. DURST,  R, M. G R I F F I T H ,  A . J .  U R B A N I C  

and W. J, VAN ESSEN, ACS Div. Org. Coat. Plast. 
Prepr. 34 (2) (1974) 320. 

5. J. S ILBERBERG and C. D. HAN,  J. Appl. Polym. Sci. 
22 (1978) 599. 

6. S. Y. HOBBS, Polym. Eng. Sei. 26 (1986) 74. 
7. C. B. B U C K N A L L ,  "Toughened Plastics" (Applied 

Science, London,  1977) p. 207. 
8. Idem, A S T M  J. Mater. 4 (1) (1969) 214. 
9. G. H. MICHLER,  Plaste Kaut. 26 (1979) 680. 

10. A. M. DONALD and E. J. K R A M E R ,  J. Appl. Polym. 
Sei. 27 (1982) 3729. 

11. H. K E S K K U L A ,  M. SCHWARZ and D. R. PAUL,  
Polymer 27 (1986) 211. 

12. G. RIESS, M. SCHLIENGER and S. MARTI ,  J. Macro- 
tool. Sci. (Phys) B17 (1980) 355. 

13. A. ECHTE,  Angew. Makromol. Chem. 58/59 (1977) 175. 
14. C. B. B U C K N A L L ,  F. F. P. COTE and I. K. PAR- 

TRIDGE,  J. Mater. Sci. 21 (1986) 301. 
15. C. B. B U C K N A L L ,  P. DAVIES and I . K .  PAR- 

TRIDGE,  ibid. 21 (1986) 307. 
16. C. B. B U C K N A L L ,  D. CLAYTON and W. E. KEAST,  

ibid. 8 (1973) 514. 
17. C. B. B U C K N A L L  and I. C. D R I N K W A T E R ,  ibid. 8 

(1973) 1800. 
18. C. B. B U C K N A L L ,  "Toughened Plastics" (Applied 

Science, London,  1977) p. 120. 
19. Z. HASHIN,  J. Appl. Mech. 29 (1962) 143. 
20. P. BEAHAN,  A. THOMAS and M. BEVIS, J. Mater. 

Sci. 11 (1976) 1207. 
21. A. S. ARGON,  R. E. COHEN,  O. S. G E B I Z L I O G L U  

and C. E. SCHWIER,  "Crazing in Polymers" edited by 
H. H. Kausch (Springer-Verlag, Heidelberg, 1983) p. 278. 

Received 21 May 
and accepted 18 August 1986 

1346 


