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Dynamic Mechanical Properties, Structure, and 
Composition of Impact Polystyrene 

G. CIGNA, Appl i ed  Research Laboratory, Montecatini-F 1 won ' , 
Mantooa, Itally 

Synopsis 
Two series of impact polystyrene were studied; they had been obtained by grafting 

and by mechanical mixing, a t  two different known polybutadiene levels. Their bi- 
phasic structure had been characterized by optical microscopy and physicochemical 
separation. The following factors were investigated: morphology and content 
of the dispersed phase and continuous phase, composition of the dispersed phase, and 
molecular weight of the continuous phase. The elastic shear modulus and mechanical 
damping were measured. It was found that the elastic shear modulus of the two series 
of materials does not depend on the total polybutadiene content, as is often suggested 
in the literature, but on the rubbery dispersed phase content. The polybutsdiene 
concentration of this phase, although varying between 100% for the mechanical mixes 
and 34% for one of the grafted polymers, does not influence the mentioned correlation. 
The particle size of the dispersed phase and the molecular weight the continuous phase 
have very little or no influence. The found correlation agrees with the theories for the 
moduli of models consisting of dispersions of spheres or particles in a matrix, like those 
of Kerner,13 Hashin,1*3l5 and Mackenzie.18 

INTRODUCTION 

Impact polystyrene in general consists of a two-phase system: PS- 
(polystyrene) matrix and rubbery dispersed phase. 

Its properties are considered to be strongly dependent on its composition, 
the relative amount of the two phases, the number and character of the 
dispersed particles, and the molecular weight of the continuous phase. 

These factors were measured on some samples, aiming at correlations 
between these factors and dynamic properties. 

EXPERIMENTAL 

Materials 

The materials investigated were: 
(a) One series of nine impact polystyrenes (A-I), obtained by graft 

polymerization of a solution of 10% PBD (polybutadiene) in styrene, in a 
mass suspension process. The stirring speed in the mass prepolymeriza- 
tion and the initiator and chain transfer concentrations were varied. 
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(b) One series of five impact PS, obtained from the previous samples by 

(c) The samples of (b) diluted by extrusion with 50% PS homopolymer 

(d) One PS homopolymer sample. 
(c) Three mechanical mixes obtained by direct extrusion of PS and 

PBD rubber and containing lo%, 20%, and 30%, respectively (I, 11,111). 
The description of these materials and their characteristics are sum- 

marized in Table I. 

extrusion (B', C', D', F', H'). 

(B", C", D", F", H"). 

Phase Separation and Phase Characterization 

Each sample was dissolved in a mixture of 57% toluene and 43Oj, methyl 
ethyl ketone; partial solubilization occurred. After Centrifugation' at 
5800 X G (6000 rpm), the insoluble part was separated as a swollen gel 
from the overlying solution. At least two washings of the separated gel 
with fresh solvent followed by centrifugation were necessary in order to 
eliminate completely the soluble part contained in the solvent swelling the 
gel. The washing solvent must not cloud the methanol by polymer pre- 
cipitation. 

From the toluene/methyl ethyl ketone solutions, the soluble part was 
obtained by precipitation with methyl alcohol. Separately, also the 
swollen gel was determined after coagulation with methanol. 

In the 
grafted products investigated (A, B, and C), the obtained values of the gel 
were between 13.6% and 30.6%, and those of the soluble parts, between 
84.7% and 67.4%. The rest consisted of low molecular weight polymer 
and remainders of additives, soluble in methyl alcohol. The rubbery 
parts of gels have PBD contents between and 41%, measured by 
infrared spectroscopy. The soluble parts have in general a PBD content 
less than 1%. On these parts, measurements of intrinsic viscosity in 
toluene at 30°C were made. 

The average molecular weights were calculated according to the following 
equation z 2  

The precision of the analysis is about *0.5% in absolute value. 

The resulting values of fl, were between 135,000 and 261,000. The 
molecular weight of sample 2 was 182,000. Upon treatment of the me- 
chanical mixes (I, 11, 111) with the mentioned mix of solvents, they (mech- 
anical mixes) dissolved completely. 

Thus it was impossible to separate the rubbery phases from the rest. 
The two phases exist in the solid state, but they tire not separable in this 
way. The dispersed phase equals the PBD in amount (100% of PBD). 
The continuous part is PS of molecular weight 182,000. All the mentioned 
results are reported in Table I. 
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Fig. 1. Phase corit,rast micrographs at 1620X of some representative samples having 
different particle sixes: (a, b, c, d, e)  samples C, D, E, F, and HI having 10% poly- 
butadiene; ( f )  sample C", obtained by extrusion of B mix of 50% sample C and 50% PS 
homopolymer. 
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Microscopic Measurements 

Micrographs in phase contrast at 1620~ were made on sections obtained 
from specimens of compression-molded graft-impact PS. Slices of about 
2 p thickness were prepared by the method of Tray10r.~ In order to get 
good results, 2 to 5 micrographs were made of one sample. 

The method of evaluation of the micrographs used in this work is an 
adaptation of methods used in metall~graphy.'-~ It consists of the follow- 
ing procedure: On every micrograph, 12 lines were drawn through the 
center of the picture, a t  angles of 15" with respect to each other. On each 
line, the following quantities were measured: L,, the length of the line on 
the micrographs; L,, sum of the lengths of the cords through the particles; 
Nu, the number of sectioned particles along L,. 

From the average of 12 values for L,, L,, and Nu, the following pa- 
rameters were calculated: 

(1) Volume fraction of the dispersed phase, V ,  (dispersed phase per 
mm3 matrix), defined as 

LP V ,  = - mm3. 
L, 

(2) Particles surface per unit of volume of the sample, S,, defined as 

2Nu 
L, 

X, = - mm2/mm3. 

(3) Mean cord c (for spheres or mean segment for particles of dif€erent 
form) defined as 

T 

(4) Mean free distance M F D  among the particles, defined as 

The obtained values, reported in Table I, for the investigated samples 
lie between 34.2% and 61.4% for V,; between 324 and 1565 mm2/mm3 
for S,; between 0.74 and 2.87 for and between 0.55 and 5.17 for MFD. 
For example, the micrographs of samples C, D, El F, H, and C" are given 
in Figures la, b, c, d, e, f. 

Shear Modulus and Dynamic Mechanical Damping 

Shear modulus and damping, tan 6, were measured for all the samples 
as a function of temperature in the range of -170°C to + 90°C. The 
measurements were performed on bars of 3.0 X 7.0 X 185 mm3, using a 
Nonius torsional pendulum. In Table I only the modulus values G' and 
the differences AG (10' N/m2) at  20°C between the modulus of PS and 
those of the several composite materials are reported. The modulus and 
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tan 6 were also measured on specimens of gel phase and PS continuous 
phase that had been obtained by previous separation of sample C. The 
G’ values a t  20°C of the soluble part and of the gel phase of this sample 
are, respectively, ca. 120 X lo7 N/m2 and 3.1 X lo7 N/m2. 

In  Figures 2 and 3 one can, for example, observe the diagrams of G’ and 
tan 6 as a function of the temperature for some of the samples and, par- 

G 
ida 

io9 

lo8 

107 

lo‘ - 

Vd tan 6 

D -100 0 + (00 T OG 

Fig. 2. Shear modulus and mechanical damping versus temperature of sample C 
and its separated phases: (0)  sample C; (0) soluble part; (A) insoluble part “gel”. 
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--- 

I I I 

-200 -100 .C 0 + 100 

Fig. 3. Shear modulus and mechanical damping versus temperature of some representa- 
tive samples: (0)  PS; ( X  ) sample E; (A) sample C"; (0)  mechauical mix PS-PBD. 



POLYSTYRENE MECHANICAL PROPERTIES 1789 

ticularly in Figure 2, for sample C and its separated phases. Figure 3 
shows sample PS, mechanical mix I (10% PBD), and samples C” and E. 

DISCUSSION OF RESULTS 

Correspondence Between Separated Fractions and Existing Phases 

In  the previous sections it has been supposed that the gel and the soluble 
separated parts represent the phases existing in the composite materials. 
In support of this hypothesis, the following facts were established : 

The part separated 
from sample C has a modulus G’ at 20°C nearly identical with that of PS, 
and the T, peak in its damping curve (Fig. 2 )  has almost disappeared. 

The insoluble part behaves like an ensemble of crosslinked microgels. 
Three different solvents good for PS were used to dissolve a few samples. 
For each sample, the insoluble part was more or less swollen and its per- 
centage was almost the same in the three solvents. 

One micrograph taken of the gel part of sample C shows the presence of 
inclusions similar to those contained in the original dispersed particles. 

The hypothesis would be further confirmed by a correspondence between 
the values of the gel volume fraction (density gel 1) and the values of 
V ,  measured by microscopy. The agreement, however, was not good: 
the V ,  values were systematically higher. This may be due to the im- 
possibility of a good V ,  measurement. Although the thickness of the 
specimen is about 2 p, it is still too thick. Too many planes of particles 
are in focus at  the same time. This results in L, values greater than real. * 
The best indirect confirmation of the hypothesis mentioned comes from 
the following. 

Dependence of Modulus of Grafted Samples and of Mechanical Mixes 
from Gel, Content or PBD Content 

Figure 4 gives the values of moduli G’ measured at 20°C as a function 
of the gel content or PBD content (for the mechanical mixes). A modulus 
decrease is noted which is directly dependent on the gel content for the 
grafted samples and on the PBD content for the mixes. The correlation 
is the same for all the materials: mixes, grafted, and extruded or diluted 
grafted, although they are different in particle size and molecular weight 
or rubber content of the phases. 

A similar correlation exists between the AG’ (difference between the 
modulus a t  20°C of the PS and that of each sample) and the gel or PBD 
content. 

These correlations hold in a large temperature range down to the glass 
transition T, of the PBD as lowest limit. At temperatures lower than 
T,, the correlation does no longer hold. 

the errors of L,  and N,. 

The soluble part contains very little residual PBD. 

* Parameters S,, c, and MFD are more precise because of a certain compensation of 
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Fig. 4. Experimental points of shear modulus versus dispersed phase content of all the 
samples examined: (0) dispersed phase “gel” in the grafted samples; (0)  dispersed phase 
PBD in the mechanical mixes. Dashed lines represent theoretical calculated models. 
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The experimental results reported in the literatures-10 show a relation 
between G' modulus and rubber content in the ABS polymers or in the 
impact PS from ethylene-propylene rubber, in agreement with the theoret- 
ical models for composite materials of Kerner13 and Hashin. 1 4 s 1 5  The 
amount of rubber is by these authors considered the dispersed phase. 
Probably in these cases the rubber is almost the exclusive component of the 
dispersed phase itself. 

Our results show correlation with the mentioned theories if gel content 
and not PBD content is chosen as the dispersed phase (except for the 
cases of the mechanical mixes, in which the dispersed phase is the same as 
the PBD component). The separated gel part functions as a phase of low 
modulus in spite of the fact that the dispersed particlesl1*l2 (Fig. 1) con- 
tain large quantities of bonded or included PS. (The g1;lass transition at  
low temperature is very close to that of PBD, but the modulus decrease is 
proportional to the phase amount and not to the amount of PBD.) 

It is probable that the inclusions themselves, although rigid, can follow 
the local movements of the rubbery matrix, without contributing to the 
rigidity and the modulus very much. At temperatures lower than T,, 
the rubbery matrix of the dispersed particles also becomes rigid and elastic 
like the inclusions. Therefore the modulus of the composite material is 
determined by other factors. 

Agreement with Theoretical Models 

Among the several theories for calculation of the moduli of composite 
materials from the moduli of their phases and their fractions, the following 
are noteworthy: 

and the parallel model 

which are rather approximate. 
The Kerner modells applies to systems consisting of a suspension of 

grains, perfectly bonded to the suspending medium and in form of spheres. 
One of the Hashin models14 describes the effect in a system with rigid 

spherical inclusions in an infinite medium. This model can be applied 
only at  low concentrations of the dispersed phase. The application of 
this theory at  large volume fraction fixes a lowest limit for the modulus of 
the real system.' 

One other Hashin model15 can be applied also at  high concentration of 
the dispersed phase, in systems consisting of elastic, homogeneous, iso- 
tropic materials embedded in an elastic, homogeneous, isotropic matrix. 
This model predicts values very close to those resulting from the Kerner 
model. 
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The above models apply to systems with combinations of elastic phases. 
The perturbation method of Frohlich and SackI6 takes into account both 
the combined elastic and viscous properties of a dispersed system. This 
method has been applied by Oldroyd" to a system with small viscous in- 
clusions in an elastic solid and by Maekemiel* to a system containing 
empty holes in an elastic matrix. Its mathematical expression is 

In all these methods, the G' modulus can be calculated as a function of GO, 
modulus of the continuous phase; G,, modulus of the dispersed phase; 
Vo, volume fraction of the continuous phase; V,, volume fraction of the 
dispersed phase; vOl Poisson's ratio of the continuous phase; KO = f 
( yo ,  Go), compression modulus of the continuous phase. 

The moduli of the composite materials have been calculated by all the 
models described, assuming that Go = 124.10' N/m2; G, = 3.107N/m2 or 
3.10' N/m2 (values close to these measured on the separated phases of 
sample C); vo = 0.32519; KO = 2.60G0; and A = -0.467 as obtained 
after Coble and Kingery20 with G/Go = 0 and V ,  = 1. In Table I1 are 
reported the values obtained with V ,  = 0.1,0.2, and 0.3. Figure 4 shows 
the curves obtained with these values. It will be observed that the ex- 
perimental values lie between those calculated from the two different 
Hashin models. They lie very close to the values calculated from the 
Mackenzie model. 

TABLE I1 
G' Values of Composite Materials (10' N/me) 

Predicted by Several Modeb 

Series Parallel Kerner13 Hashin" Hashin16 Mackenzie'* 
V ,  model model model model 1 model 2 model 
0.1 25 112 103.5 97.5 102 101.7 
0.2 13.5 99.8 85.7 71.0 85.4 81.8 
0.3 9.5 87.5 70.5 44.5 70.7 63.9 - 

The result is satisfactory if one considers that the gel and the PBD have 
a very low modulus (2 or 3 decades less) with respect to the elastic matrix. 
Therefore, the agreement is most likely with'the model of dispersed empty 
holes, in which factor G, does not appear. 

TNO, Delft, Netherlands. 
The main part of the work was performed by the author at  the Centraal Laboratorium 

The author thanks Mr. J. Heijboer for his guidance. 
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