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ABSTRACT: Dynamic viscoelastic behavior of molten ABS polymers in which dispersed 
rubber particles are narrow in size distribution and hardly agglomerate were investigated as a 
function of the rubber content and the rubber particle size over wide ranges of temperature and 
frequency. The relaxation of the matrix AS copolymer associated with chain entanglement shifted 
the relaxation spectra of ABS to a longer time in proportion to the volume fraction of the dispersed 
phase. On the other hand, the long time relaxation spectra associated with particle-particle 
interactions depended strongly on both rubber content and particle size. With an increase in the 
rubber content and also a decrease in the rubber particle size, the spectra became higher. This may 
be explained as a result of a decrease in the surface distance between neighboring rubber particles. 
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Studies on the mechanical behavior of rubber

modified polymers have been concerned with dy

namic properties,l- 7 steady state viscosity,8 - 16 

stress relaxation,9 •17 •18 and so on.7 •16•19•20 It was 

found that the addition of rubber particles to a 

matrix polymer increases both the storage shear 

modulus G' and the loss shear modulus G " and 

that the pseudo-equilibrium modulus (G.) is at

tained at a low frequency. 1 - 3 Corresponding to 

these changes in dynamic behavior, the increase in 

viscosity at small shear rates becomes more _pro

nounced at higher rubber concentrations and 

smaller particle sizes and the yield phenomenon 

occurs as in other polymer-filler systems.21 Re

cently, Miinstedtl6 demonstrated that the yield 

stress is caused by agglomeration of rubber parti

cles and proposed two different models for the oc

currence of such a stress. 

We found that there are two kinds of ABS 

polymers, each with different dynamic behavior.3 

One kind has a nonzero G. and was found by 

Zosel,l and Moroni and Casale2 ; the other has no G. 

and its G' decreases with a lowering of frequency. 

The former was found in the systems in which 

rubber particles agglomerate in the matrix phase, 

while the latter was found in finely dispersed sys-

terns. It was also found that the viscoelastic proper

ties of ABS polymers are influenced by acrylonitrile 

content (AN%) in grafted acrylonitrile-styrene (AS) 

copolymers.6 When the difference in AN% between 

grafted and matrix AS copolymers was small, the 

rubber particles were dispersed finely without ag

glomeration, and no G. was found. The mis

matching of AN% caused the agglomeration of 

particles and led to the observation of G. in these 

systems. Thus, the rheological properties of molten 

ABS polymers are strongly affected by the ag

glomeration of particles. 

Zosel1 and Miinstedt16 studied the effects of 

particle size on rheological behavior using rubber 

agglomerated systems. In these systems, the 

rheological behavior was affected not only by par

ticle size, but also by particle agglomeration. The 

particle size distribution in ABS polymers is gen

erally very broad or bimodal. Therefore, the data 

of these authors are not considered suitable for 

quantitative analysis. For this purpose, it is nec

essary to use ABS polymers, in which rubber par

ticles have a narrow size distribution and incur no 

agglomeration. 
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EXPERIMENTAL 

Two series of ABS polymers (ABS-C and ABS

D) were used in this work. Figure I shows the 

electron microscopic photographs of rubber latices 

in ABS-C and ABS-D prior to graft polymerization. 

These photographs show the presence of very uni

form spheres. Figure 2 shows the histograms of 

particle diameter for the two samples. It can be seen 

that these samples have very narrow distributions of 

rubber particle size. The number-average particle 

diameters for ABS-C and ABS-D were 350 and 

170 nm, respectively. 

Table I shows some characteristics of the ABS 

polymers used in this work. The grafting degree 

(defined as the weight of grafted AS copolymer 

relative to that of rubber particles) was 0.20 and 

0.41 for ABS-C and ABS-D, respectively. ABS 

polymers with different rubber content were pre

pared by blending AS copolymers with ABS 

(a) 

(b) 

Figure 1. Electron microscopic photographs of rubber 

latices of ABS-C(a) and ABS-D(b). 
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polymers of high rubber content. Blending was 

performed at 200ac for about 10min using a 

Brabender Plastograph. The rubber content was 0, 

10, 15, 20, 25, and 30 wt% for ABS-C and 0, 5, 10, 

15, and 20 wt% for ABS-D. 

The weight-average molecular weight of the ma

trix AS copolymer was obtained from the intrinsic 

viscosity in N,N-dimethylformamide at 20°C, using 

the equation of Lange and Baumann.22 All the 

samples used had almost the same molecular weight 

of 57,500. The polydispersity index M w! M" was 

estimated by GPC to be 2.7. The AN% of the AS 

copolymer was 25.7 wt%. The AN% and molecular 
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Figure 2. Histograms of particle diameter in ABS-C(a) 

and ABS-D(b). 
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Table I. Sample codes and characteristics 

of ABS polymers• 

R.P.S. T, s 
Code Ru% </> 

nm oc nm 

AS-I 0 0 130 

C-10 10 0.138 350 131 208 

C-15 15 0.204 350 132 138 
C-20 20 0.270 350 133 91 
C-25 25 0.334 350 134 63 
C-30 30 0.397 350 134 39 

D-5 5 0.079 170 131 166 

D-10 10 0.158 170 132 93 

D-15 15 0.233 170 133 57 
D-20 20 0.308 170 134 35 

• Ru%, weight fraction of dispersed rubber; </>, volume 

fraction of the dispersed phase (rubber + grafted AS 

copolymer); R.P.S., rubber particle size; T,, reference 

temperature obtained from the WLF equation; S, 

surface distance neighbouring particles. 

weight of the grafted AS copolymer were measured 

after ozonolysis of the acetone insoluble part of the 

ABS polymers. The AN% of the grafted AS co

polymer was nearly equal to that of the matrix 

AS copolymer. The M w of the grafted AS copoly

mer was somewhat larger than that of the matrix 

in ABS-C and ABS-D. 

Measurement of viscoelastic properties was car

ried out with the concentric cylinder type rheometer 

using the method described previously.3 The tem

perature for measurement ranged from 130 to 

245°C, and the frequency from 6.67 X 10-4 to I Hz. 

All measurements were performed under nitrogen 

so as to minimize oxidative degradation at high 

temperature. 

RESULTS AND DISCUSSION 

The data for the storage shear modulus G' and 

the loss modulus G" of each sample could be 

superimposed by shifting them along the time scale, 

except for G' of C-30 and D-20 at high tempera

tures. The shift factor aT for ABS-C is plotted 

against the temperature difference (T- T,) in Figure 

3. Here, the reference temperature T. is 130, 131, 

133, and 134 for AS-1, C-10, C-20, and C-30, 

respectively. See Table I for the T. values of the 

other samples used. The dotted line in Figure 3 

represents the WLF equation23 : 
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Figure 3. Shift factors aT for AS-I, C-10, C-20, and C-

30 plotted against temperature difference (T- T,). The 

reference temperature T, is 130, 131, 133, and 134 for 

AS-I, C-10, C-20, and C-30, respectively. The dotted line 

represents the WLF equation. 

log aT=-8.86 (T-T.)j(101.8+T-T.) 

The values of T. increased slightly with the volume 

fraction of the dispersed phase, but was inde

pendent of the particle size. Previous work4 •6 •16 

shows that T. is independent of particle content. 

Therefore, a slight increase in T. with volume 

fraction may be associated with the low molecular 

weight of the matrix AS copolymer. 

Figures 4 and 5 show the master curves of G' 

and G" for ABS-C with different rubber content 

at 170°C. The corresponding curves for ABS-D are 

illustrated in Figures 6 and 7. Two characteristic 

rheological features of ABS polymers can be seen 

from these graphs. 

First, the rubbery plateau regions of both G ' and 

G" shift to lower frequency with an increase in 

particle content. Second, in the region of low fre

quency, where G" of the matrix AS copolymer 

exhibits a Newtonian flow, G' of the ABS polymers 

are little dependent on frequency, and the slopes of 

G" vs. frequency of the ABS polymers become 

smaller than unity with an increase in particle 

content. 

Next, the master curves of ABS-C with those of 

ABS-D in the region of low frequency are com

pared. For ABS-C, the G" curves for C-10, C-15, 

and C-20 on the log-log scale have slopes of about 
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Figure 4. Master curves of storage shear modulus G' for ABS-C with different rubber content at 170°C. 
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Figure 5. Master curves of loss modulus G" for ABS-C with different rubber content at 170oC. 

unity. In other words, these samples have zero shear 

viscosity. On the other hand, the slopes of the G" 

curves for ABS-D are smaller than unity even at a 

15% rubber content, although D-5 and D-10 have 

zero shear viscosity. Rubber particles in both ABS

C and ABS-D are dispersed finely without agglom

eration. In such cases, a zero shear viscosity is 

obtained even for ABS polymers in which particle 

sizes are less than one micron, as in the case of high 

impact polystyrene (HIPS) containing large par

ticles.19·20 However, no zero shear viscosity was 
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obtained even at a 10% rubber content in the case of 

rubber agglomerated ABS polymers.3 

We calculated the surface distance S between 

neighbouring particles, making the assumption that 

the particles are arranged in a cubic lattice and 

covered uniformly with grafted AS copolymers 

(15nm thick for ABS-C and lOnm thick for ABS

D). The value of S for each sample is listed in Table 

I. When S is larger than about 90 nm on the 

average, a zero shear viscosity was obtained for 

both ABS-C and ABS-D. It may be considered that 
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Figure 6. Master curves of storage shear modulus G' for ABS-D with different rubber content at 170°C. 
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Figure 7. Master curves of loss modulus G" for ABS-D with different rubber content at !70°C. 

the interaction between particles becomes stronger 

as the surface distance becomes smaller, leading to 

the disappearance of zero shear viscosity. 

The relaxation spectra H(<) of ABS polymers 

were calculated using the Tschoegl equation.Z4 The 

results for ABS-C and ABS-D are shown in Figures 

8 and 9, respectively. The large circles were obtained 

from the master curves of G', and the small ones 

from those of G ".The two sets of data points are in 

good agreement with each other. The relaxation 
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spectra of ABS polymers were separated in two 

regions,5 one associated with the entanglement of 

AS chains and the other with the polymers at long 

relaxation time. Figure I 0 shows the volume frac

tion dependence of 1:/1: As• the relaxation time of the 

AS copolymer in the ABS polymer relative to that 

of the matrix AS copolymer. The latter was eval

uated by shifting the H(1:) of the matrix AS co

polymer to those of the ABS polymers. The data 

points for both ABS-C and ABS-D fall on the same 
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Figure 8. Relaxation spectra for ABS-C with different rubber content at 170°C. Large circles were 

obtained from the master curves of G' and small circles from those of G" 
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Figure 9. Relaxation spectra for ABS-D with different rubber content at 170°C. 

straight line having a slope of about 3, thus yielding fraction of the dispersed phase and is independent 

of the rubber particle size. 
T=TAs exp (7</>) 

where 4> is the volume fraction of the dispersed 

phase. This relation is in agreement with the one 

reported previously by AokV and indicates that the 

relaxation spectrum of the continuous phase is 

shifted to longer time by dispersing grafted rubber 

particles. This shift depends only on the volume 
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It may be considered that -r/-rAs is a measure of the 

viscosity increase due to the dispersion of particles 

in a Newtonian fluid, since the viscosity of such a 

system is determined by hydrodynamic interaction 

and hence should depend only on the volume 

fraction of the dispersed phase. However, our ex

perimental volume fraction dependence of -r/-rAs is 
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Figure 10. Volume fraction dependence of -c/-cAs at 

/=0.0658. 

somewhat different from the equations proposed in 

earlier papers (for example, Mooney's equation25 ). 

This discrepancy is not clear, but one reason may be 

the interaction between the matrix and the grafted 

AS copolymers near the surfaces of particles. 

Next, the long time relaxation spectra character

istic of ABS polymers are discussed. These spectra 

depend strongly on the particle size. Figure 11 

shows H ( -r:) at '= 103 s logarithmically plotted 

against S at the iso-free volume condition off= 

0.0658. The plotted points are fitted by a straight 

line with a slope of 3 for both ABS-C and ABS-D 

except for D-20. The long time relaxation spectra 

depend on S, if the particle sizes are equal. How

ever, H(-r:) for ABS-D is lower than that for 

ABS-C at a given S, indicating that H(r) for 

large -r: depends not only on S, but also on particle 

size. Hence, H(r) at two values of -r: were plotted 

against S divided by the particle size D. The re

sults shown in Figure 12 indicate that the long 

time relaxation spectra depend on both S and D. 

At a constant relaxation time, H(r) is proportional 

to (S/D)-•. For r=l03 s, n is equal to 3. With an 

increase in -r:, n becomes larger. 

Masuda et a/.4 proposed a mechanism for the 

long time relaxation spectrum, considering that the 

shear rate or the shear stress between neighbouring 

particles is [I +(S/D)] times larger than the external 

shear rate or shear stress, because there exists no 

velocity gradient in the particles. According to their 

model, the relaxation time is only a few times longer 

than that of the matrix AS copolymer. However, the 

experimental relaxation times are much longer. If 

the distribution of Sis broad, the relaxation spectra 

are also broad. 
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Figure ll. H(r) at r= 103 s logarithmically plotted 

against the surface distance between neighbouring par

ticles S for ABS-C and ABS-D at/=0.0658. 
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Figure 12. H(-c) at -c= 103 and 104s plotted against 

the surface distance between neighbouring particles S 

divided by the particle sizeD at/=0.0658. 

The long time relaxation spectra may also be 

associated with the force acting between neighbour

ing particles (for example, entropic repulsive force 
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or entanglement between grafted AS copolymers). 

In the long time region, the matrix AS copolymer is 

Newtonian and the G' is negligibly small. Hence, its 

elastic properties must be due to grafted particles. 

The smaller the surface distance between neigh

bouring particles, the stronger the interaction be

tween these particles becomes. Moreover, the sur

face distance between neighbouring particles is dis

tributed widely, as mentioned previously. There

fore, the relaxation spectra may be a function of 

both the surface distance and the particle size. It 

is hoped that an adequate theory will be developed 

to explain the mechanism of long time relaxation 

spectra. 

The experimental results obtained may be sum

marized as follows. The rubbery plateau zone 

shifts to a longer time with an increase in rubber 

particles, depending only on the volume fraction of 

the dispersed phase. The long time relaxation 

spectra associated with particle-particle interac

tions depend strongly on the particle size and also 

on the surface distance between neighbouring par

ticles. 
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