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Abstract

The toughening mechanisms and their sequence in rubber modified plastics is determined experimentally through the use of a multi-axial
testing combined with and a rubber-modified material with favorable properties. The multi-axial testing was achieved by internally
pressurizing and uniaxially loading hollow cylinders. This test allows independent control of the mean stress (volume change) and octahedral
shear stress (shape change) between regions of uniaxial compression and equal biaxial tension. The rubber-modified material consists of a
methacrylate–butadiene–styrene (MBS) core-shell modifier dispersed in polyvinylchloride (PVC). The whitening behavior of this material
during deformation is favorable, since it provides optical verification of cavitation or debonding. In situ light transmission measurements of
the MBS modified PVC in the multi-axial stress state test allows the mechanics associated with rubber particle cavitation to be evaluated. The
onset of whitening in these systems occurs at a constant octahedral shear stress under a positive mean stress prior to yielding. This behavior is
in disagreement with recent models, which predict cavitation occurring at a constant positive mean stress in MBS modified PVC.q 2000
Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The addition of rubbery inclusions into a polymeric mate-
rial is commonly employed to increase the toughness of
polymeric materials [1]. Despite the frequent use, the
mechanisms and sequence of mechanisms of this toughen-
ing are in debate. One opinion is that rubber particle cavita-
tion occurs first to alleviate hydrostatic tension and promote
a stress state favorable to shear yielding or shear band
formation [2–4]. Another opinion is that rubber particle
cavitation occurs after shear band formation [5,6]. Experi-
mental studies investigating these issues are complicated by
many factors. For instance, some studies draw conclusions
based on post-mortem analyses of fracture surfaces [2,7].
Such analyses reveal the presence of shear bands and cavi-
tated rubber particles yet cannot effectively elucidate the
sequence of mechanisms. Studies addressing the sequence
of mechanisms often analyze the stress field ahead of a
notch [8–10]. The assumptions of the stress field, the posi-
tional variation of the stress field, and the amount of
constraint in the specimen limit the effectiveness of this

approach. A clear experimental approach evaluating the
mechanisms and sequence of mechanisms is needed.

Before describing the experimental approach, a brief
review of the current thoughts on rubber particle cavitation
and yielding in rubber toughened plastics is essential.
Rubber particle cavitation, to alleviate hydrostatic tension,
is often described from an energy balance approach
[3,11,12]. This approach, ignoring some finer details, results
in a surface energy term and a strain energy term as shown
in Eq. (1).

E < GR2 2 KD2R3 �1�

whereE is the total energy,G the surface energy,R the
rubber particle size,K the bulk modulus andD the volume
strain. Two important relationships arise from this energy
balance. First, it is more favorable for larger particle to
cavitate than smaller particles. Secondly, there is a critical
volume strain associated with cavitation of a rubber particle.
For an isotropic elastic material, the critical volume strain is
linearly related to a critical hydrostatic or mean stress (sm)
through the bulk modulus. The shaded area in Fig. 1 repre-
sents a hypothetical condition for rubber particle cavitation,
with a narrow range of particle sizes, in a modified material.
An alternative opinion to this criterion describes rubber
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particle cavitation initiating at the elastic/plastic boundary
where plastic flow causes immediate debonding [5,6].

The yield behavior or the elastic/plastic boundary of an
isotropic homogenous polymeric material can be character-
ized by a modified von Mises criterion. For a given state of
stress and selecting the octahedral plane, the resulting stress
vector can be resolved into two components. The normal
component on the octahedral plane is equal to the mean
stress, which causes volume change. The parallel compo-
nent on the octahedral plane is equal to the octahedral shear
stress (t oct), which causes shape change. The critical octa-
hedral shear strength (t y

oct) required for yield in a homoge-
nous isotropic polymer has been found to be linearly
dependent on the mean stress through the coefficient of
internal friction (m ) as described by Eq. (2).

toct
y � toct

yo 2 msm �2�

wheretoct
yo is the octahedral shear yield strength in absence

of a mean stress. The solid line in Fig. 1 with f� 0:0 (void
volume fraction) represents this yield criterion.

Recently, researchers [3,13] have proposed various yield
loci for porous materials or cavitated polymeric systems
based on a model by Gurson [14]. According to one of

these criteria, proposed by Bucknall and Lazzeri [3], the
introduction of voids (cavitated particles) results in a
decrease in yield strength with the amount of decrease
dependent onsm.
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This behavior is described by Eq. (3) and is represented by
the solid lines for various void volume fractions (f ) shown
in Fig. 1.

Effective evaluation of rubber particle cavitation and
yielding in rubber toughened plastics demands materials
with favorable properties and unique mechanical tests.
The material in this study consists of a methacrylate–buta-
diene–styrene (MBS) core-shell modifier dispersed in poly-
vinylchloride (PVC). The material is initially clear but
whitens during deformation as shown in Fig. 2. The whiten-
ing in MBS modified PVC is attributed to rubber particle
cavitation [9,12,15]. This material has favorable properties
for studying rubber toughening, since it provides optical
verification of rubber particle cavitation. The mechanical
test in this study consists of a pressurized and loaded hollow
cylinder [16–18]. This test allows a range of stress states,
from uniaxial compression to equal biaxial tension (see Fig.
1), to be interrogated with a single specimen geometry.
Between the regions of uniaxial compression and equal
biaxial tension, the mean stress and the octahedral shear
stress can be controlled independently. This stress state
control coupled with in situ light transmission measure-
ments of the MBS modified PVC permits evaluation of
the mechanisms and sequence of mechanisms in rubber
toughened plastics.

2. Experimental

2.1. Material fabrication

The material formulations used in this study consist of the
following components:

Component Product Name Manufacturer

PVC (K� 58) Geon 334 The Geon Company
MBS modifier Paraloid BTA 733 Rohm and Haas
Processing aid Paraloid K120ND Rohm and Haas
Heat Stabilizer Advastab TM-181 Morton International, Inc.
Lubricant Myverol 18-06 Quest International

The four material formulations were prepared by weight
percentage for the various components as shown in Table
1. The formulations were dry blended and compounded by
roll-milling at 1808C for 10 min. The resulting sheets,
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Fig. 1. Yield behavior of cavitated polymeric systems at various void
volume fractions. Boxed area represents prediction of rubber particle cavi-
tation from energy balance theories. Dashed lines represent various loading
conditions: (a) uniaxial compression; (b) uniaxial tension; and (c) equal
biaxial tension.

Fig. 2. Contact prints showing the stress whitening behavior of MBS modi-
fied PVC with deformation.



approximately 0.2 mm thick, were then cut for compression
molding of sheets and hollow cylinders.

The compression molding of 3 mm thick sheets was
performed at 1808C for 10 min. The resulting sheet was
machined into tensile specimens (ASTM D638 Type 1)
using a specially designed router. The compression molding
of hollow cylinders was achieved by a displacement mold
[19]. The mold, lightly coated with a silicone mold release,
was heated to 1908C in an oven. Fifteen grams of a
compounded formulation was placed and compressed into
the mold. The mold was left under compression and allowed
to cool to room temperature. After cooling, the hollow
cylinder was removed from the mold and cut into two
75 mm long specimens. These specimens were then
machined with a lathe to create a thin section as shown in
Fig. 3. This process ensures whitening will initiate in the
area in which light transmission measurements will be made
since the stress will be locally higher due to the reduction in
cross-sectional area. Gripping of the hollow cylinder was
achieved through the use of 15 mm Swagelokw compression
fittings and metal inserts as shown in Fig. 3.

2.2. Tensile tests

Tensile tests were performed at room temperature and a
crosshead speed of 5 mm/min with a Model 1123 Instron
equipped with an axial strain gauge to measure the axial
extension upon loading and a transverse strain gauge to
measure the lateral contraction. Linear regressions were
performed on the responses from 0 to 30% of the maximum
load to obtain Young’s modulus and Poisson’s ratio.

2.3. Pressurized and loaded hollow cylinder tests

Hollow cylinder tests were performed at room tempera-
ture with a Model 1321 Instron in combination with a
Tescom ER3000 pressure regulator controlling the nitrogen
pressure. The details of the experimental setup have been
described by Kody and Lesser [17]. The stress state in the
hollow cylinder, described by Eqs. (4) and (5), is determined
by the axial load and the internal pressure in the thin cylin-
der section.

s1 � L
pDt

� �
1

PD
4t

� �
�4�

s2 � PD
2t

� �
�5�

wheres1 is the axial stress,s2 the hoop stress,L the axial
load,P the internal pressure,D the mean cylinder diameter
and t the thickness. In plane stress conditions�s3 � 0�;
which is achieved when D=t . 10; the octahedral shear
stress is described by Eq. (6) while the mean stress is
described by Eq. (7).
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For a homogenous isotropic material, the octahedral shear
strain is related to the octahedral shear stress through the
shear modulus. The shear modulus for each formulation was
calculated from Young’s modulus and Poisson’s ratio
values obtained from tensile tests. The octahedral shear
strain rate was held constant at 0.01 min21 for all loading
paths and formulations. On a particular loading path, the
ratio of the octahedral shear stress to mean stress was held
constant during the entire path. For instance, in uniaxial
compressiont oct/sm is equal to21.41, in uniaxial tension
t oct/sm is equal to 1.41, and in equal biaxial tensiont oct/sm

is equal to 0.71. These particular loading paths are displayed
as dotted linesa, b andc in Fig. 1.

2.4. In situ light transmission measurements

In situ light transmission measurements were made with a
laser diode�l � 633 nm; beam diameter� 3 mm) and a
100 mm2 silicon detector. A linear response between the
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Table 1
MBS modified PVC formulations showing wt% of each component added

MBS PVC Lubricant Heat stabilizer Processing aid

0 96 2 2 0
5 90 2 2 1
10 85 2 2 1
15 80 2 2 1

Fig. 3. Hollow cylinder specimen showing thin section.



measured voltage of the detector circuitry and light intensity
was verified through the use of optical density filters. The
hollow cylinder specimens were lightly coated with silicon
oil to prevent scattering arising from surface roughness.
This setup allowed the onset of whitening, signified by a
non-linear drop in light transmission to be measured as a
function of mechanical deformation to be achieved. Fig. 4
shows a plot of light transmission versus mean stress for a
uniaxial tension tube test with the onset of whitening
denoted. In situ light transmission measurements were not
performed with unmodified PVC, since the materials remain
clear during the entire deformational process.

3. Results and discussion

3.1. Elastic properties

The elastic properties for the different formulations are
shown in Table 2. With increasing wt% MBS, there is a
decrease in Young’s modulus (E) and no change in Pois-
son’s ratio (n ). The shear moduli (G) reported in Table 2 and
used in the hollow cylinder test to maintain a constant octa-
hedral shear strain rate are calculated using Eq. (8), a
formula valid for an isotropic homogenous material.

G� E
2�1 1 n� �8�

The elastic properties and trends with weight percent MBS
modification are consistent with the findings of others [9]. In
the rubber modification of many polymeric systems, the
gain in toughening outweighs the loss in stiffness and
strength [1].

3.2. Yield and whitening behavior in multi-axial stress states

The loaded and pressurized hollow cylinder tests coupled
with light transmission measurements revealed the yield
behavior and whitening behavior of the MBS modified
PVC. The unmodified PVC, shown in Fig. 5, shows a modi-
fied von Mises yield behavior withtoct

yo � 30:1 MPa and
m � 0:18: This coefficient of internal friction is similar to
other polymeric materials [17]. Fig. 6 shows the yield beha-
vior and onset of whitening behavior for 5 wt% MBS modi-
fied PVC. The yield behavior again follows a modified von
Mises yield behavior withtoct

yo � 27:6 MPa andm � 0:21:
The onset of whitening appears to occur at a relatively
constant octahedral shear stress of 15–16 MPa in the posi-
tive sm half. Whitening did not occur at negativesm until
yield was reached, resulting in sample buckling and subse-
quent whitening. The 10 and 15 wt% MBS modified PVC
display a similar behavior as shown in Figs. 7 and 8. The
yield behavior can be described by a modified von Mises
criteria with toct

yo � 26:2 MPa andm � 0:21 for the 10 wt%
MBS modified PVC and withtoct

yo � 24:0 MPa andm �
0:24 for the 15 wt% MBS modified PVC. The onset of
whitening in the 10 wt% MBS modified PVC occurs at a
octahedral shear stress of 14–15 MPa at positivesm, while
the onset of whitening occurs at 15–16 MPa at positivesm

half for the 15 wt% MBS modified PVC.
Fig. 9 shows a linear relationship between wt% MBS on
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Fig. 4. Light transmission versus mean stress for a uniaxial tension tube test
showing the onset of whitening.

Table 2
Elastic properties of MBS modified PVC at room temperature

Wt% MBS E (GPa) n G (GPa)

0 3.27 0.38 1.18
5 2.92 0.38 1.06
10 2.47 0.38 0.89
15 2.04 0.38 0.74

Fig. 5. Yield locus of 0 wt% MBS modified PVC.

Fig. 6. Yield locus (squares and solid line) and whitening onset (circles) for
5 wt% MBS modified PVC.



the octahedral shear strength in pure shear�toct
yo �: This trend

is consistent with Eq. (3), since the incorporation of voids
should result in a linear decrease in thetoct

yo :

toct
yo �f � � toct

yo �0��1 2 f � �9�
wheretoct

yo �0� is the unmodified octahedral yield strength in
pure shear.

It would be difficult to attribute any non-linearity in the
yield locus of the modified systems to the inelastic void
growth described by Eq. (3). Non-linearity could also
arise from slight orientation effects resulting from proces-
sing.

The onset of whitening appears to be relatively unaffected
by wt% MBS and occurs at a relatively constant octahedral
shear stress at positivesm. This result is in disagreement
with energy balance cavitation theories (Eq. (1)) that
describe cavitation (onset of whitening) occurring at a
constant positivesm. The results indicate that the whitening
behavior, which arises from particle cavitation or particle
debonding, is a shear-dominated process at positivesm.

There are several reports in literature which support these
findings. Bensason et al. [9] suggested that the shear yield-
ing precedes particle cavitation at temperatures greater than
2208C in MBS modified PVC. The stress whitening studies
by Breuer et al. [15] on MBS modified PVC revealed that
ruptured rubber particles occur in bands. These bands of

cavitated particles are called dilatational bands and occur
in many rubber toughened materials [3]. These bands
correspond to shear bands of the matrix material. Since
the onset of whitening is shear dominated, it seems likely
that cavitation occurs by debonding during shear. Because
the onset of whitening appears unaffected by wt% MBS, the
data shows the importance of the matrix material’s ability to
shear. Positivesm is only required to open the sheared
particle to create a void and scatter light.

Some literature results disagree with the behavior
observed in this study. Dompas and Groeninckx [12] used
an energy balance approach (constant mean stress criteria)
to describe the particle size dependence of the whitening
behavior of MBS modified PVC. However, objections can
be raised about the experimental procedure used by Dompas
and Groeninckx [20] to determine the onset of whitening.
Researchers in the field have consistently described the
appreciable increase in energy required for fracture arising
first from particle cavitation and subsequent shear yielding.
The findings of this study do not support this popular
opinion. However, the experimental techniques used in
this study provide excellent control of the state of stress,
allowing separation of shear and volume deformations. In
addition, the materials used in this study provide favorable
properties for determining cavitation or debonding
processes. This combination allows for an effective study
of the mechanics of rubber toughened polymeric systems.
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