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Predictive modelling of the properties

and toughness of polymeric materials

Part II Effect of microstructural properties on the
macroscopic response of rubber-modified polymers

R. J. M. SMIT∗, W. A. M. BREKELMANS, H. E. H. MEIJER
MaTe, Materials Technology; DPI, Dutch Polymer Institute; TUE, Eindhoven University
of Technology; P.O. Box 513, 5600 MB Eindhoven, The Netherlands
E-mail: Robert.Smit@unilever.com

The influence of microstructural properties on the macroscopic mechanical behaviour has
been studied by finite element predictions of the response of different microstructures of
polystyrene (PS) or polycarbonate (PC) containing voids or rubbery particles, subjected to
unidirectional extension. The voids represent a low-modulus non-adhering dispersed
phase. The rubbery inclusions, which are assumed to be pre-cavitated and perfectly
adhering, idealise core-shell particles with a hard rubber shell and a soft non-adhering or
pre-cavitated core. The predictions show that the inclusion properties strongly affect the
averaged post-yield response of the heterogeneous systems. Especially the post-yield
strain softening can be eliminated by the introduction of voids in PC or rubbery particles in
PS. Since macroscopic strain softening is believed to be the main cause of catastrophical
stress or strain localisations, the softening elimination is believed to be primarily
responsible for toughness enhancement of the polystyrene or polycarbonate systems. The
results and experiences are extrapolated in order to explain the influence of the absolute
length scale of a sub-micron sized morphology on the macroscopic behaviour, especially
toughness. Two potential sources of particle-size effects are presented that may result in a
stabilised, and thus tougher, macroscopic mechanical response, i.e. the yield stress
reduction near a surface or interface because of a locally enhanced mobility of the polymer
segments, and the temporary excessive hardening because of a sufficiently small size of
the yield zones which results in a reduced effective entanglement distance. The paper
concludes with a discussion on the extension of this knowledge to all other, for the moment
amorphous, polymers. C© 2000 Kluwer Academic Publishers

1. Introduction
The addition of a fine dispersion of easily cavitating
rubbery particles is a common route to improve the
toughness of a polymeric material. The fundamental
basis of the toughness enhancement is not really un-
derstood yet. Since this knowledge could provide new
routes to improved materials, it is the objective of this
research to understand and predict the relationship be-
tween microscopic and macroscopic deformation be-
haviour.

An enormous amount of experimental and mod-
elling work has been reported, elucidating the relation-
ships between macroscopic and morphological proper-
ties [1–6]. Some important results, which are relevant
for the present approach, can be summarised as follows:

• The most important and widely accepted microme-
chanical deformation mechanisms responsible for

∗Present Address: Unilever Research Vlaardingen, P.O. Box 114, 3130 AC Vlaardingen, The Netherlands.

the increase in fracture toughness of rubber mod-
ified systems are internal cavitation of the rubber
particles and the formation of shear bands [7]: eas-
ily cavitating rubber particles promote shear band-
ing, and the majority of toughness is achieved by
the dissipation of energy through shear band forma-
tion. This has been demonstrated, for example, by
Pearson and Yee [7, 8] for rubber-modified epox-
ies, Magalh˜aes and Borggreve [9] for polystyrene-
rubber blends and van der Sandenet al. [10] for
polycarbonate/core-shell rubber systems.
• Shearing involves a (local) change of the state

of deformation in the sample. This implies that
shearing does not prevail for volumetric loads, for
instance behind a notch tip. However, if the mate-
rial contains voids, a macroscopic volume change
can be achieved by the combination of void growth
and shear band formation, suggesting that voids
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must either exist or be generated before the ma-
terial is subjected to critical dilative stress states.
This was convincingly proved by Jansenet al.
[11, 12] using poly(methyl methacrylate) with 20
vol.% aliphatic, thus rubber, epoxy particles, which
was brittle under impact conditions because of the
absence of cavitation, and tough in case that the
particles were pre-cavitated (see also [13]).
• Voids are usually generated in a controlled man-

ner by the introduction of easily cavitating or non-
adhering rubber particles. Internal cavitation of
rubber particles, however, will hardly occur if the
particles are too small [5, 7] or if the shear modulus
of the rubber is too high. An acceptable explana-
tion for the size dependence was given by Bucknall
et al. [14], who introduced an energy-balance
model (essentially an extension of Griffith’s frac-
ture model: the energy gained by releasing triaxial
stresses through cavitation must exceed the energy
needed to create new void surface) to show that
the critical cavitation stress and thus cavitation re-
sistance increases with a decreasing particle diam-
eter. A widely accepted description of the shear
modulus influence was given by Gent and Lindley
[15] who deduced that a dilative stress of approx-
imately 2.5 times the rubber shear modulus could
result in an unbounded growth of an infinitesimally
small pre-existing void, driven by the elastic energy
stored in the rubber.
• The properties of rubber particles that are (pre-)

cavitated have been shown to be important also for
rubber toughening [16, 17]. Particles with a higher
modulus, that cavitated before the matrix yielded,
were observed to result in more shear band forma-
tion and thus in a larger plastic deformation zone.
Pearson and Bagheri [17] suggested that this could
be caused by the larger cavitational resistance of
the particles, which allows an increased build-up
of strain energy prior to cavitation of the particles;
the released energy after cavitation enables the for-
mation of shear bands to proceed in a higher rate
and more shear bands can develop before the mate-
rial crazes or fractures, resulting in a larger plastic
zone.
• The size of the rubber particles also affects the

macroscopic mechanical response of heteroge-
neous polymeric systems. Van der Sanden [18]
showed for polycarbonate-rubber systems that a
high toughness could be obtained by the disper-
sion of low volume fractions of small non-adhering
core-shell particles rather than high volume frac-
tions large, weak rubbery particles. Notice that the
absence of adhesion for the core-shell particles or
the inferior properties of the rubbery particles im-
ply that the properties of the dispersed phase can
not affect the macroscopic mechanical response
under positive hydrostatic stress states (e.g. in uni-
axial extension or behind the notch tip in an impact
test).

The aim of this paper is to elucidate these mainly
experimental results by detailed finite element predic-

tions of the microstructural deformations and macro-
scopic mechanical responses of heterogeneous poly-
meric materials, subjected to unidirectional extension.
In order to avoid the difficult modelling and numeri-
cal problems concerning cavitation processes, the het-
erogeneities used in the present study are assumed to
be either voids or perfectly adhering voided rubber in-
clusions. The voids idealise low-modulus pre-cavitated
rubbery particles subjected to positive dilative stress
states. The perfectly adhering voided inclusions repre-
sent rather special core-shell particles with a relatively
hard rubbery shell and a soft pre-cavitated core.

In Part I of this series [19] it has been shown that the
differences in intrinsic mechanical properties of poly-
carbonate and polystyrene are the craze-initiation re-
sistance and the stability of post-yield mechanical re-
sponse. It has been demonstrated that the brittleness
of polystyrene and toughness of polycarbonate can be
explained from their distinct intrinsic mechanical be-
haviour. An earlier publication [20] demonstrated that
the stability of the post-yield mechanical response of
voided polycarbonate is extremely sensitive for the mi-
crostructural geometry: the addition of only 2.5 vol.%
voids resulted in an elimination of strain softening and
thus in a stable post-yield mechanical response. An ad-
ditional study [21] showed that such a softening elim-
ination is accompanied by a strong enlargement of the
inelastic shear zone in hour-glass-shaped tensile spec-
imens. It was suggested that stabilisation of the post-
yield strain softening behaviour might be of paramount
importance for the toughening mechanism.

Inspired by the results of the previous studies, this pa-
per focuses on the effect of microstructural properties
on the macroscopic post-yield mechanical response.
The paper is organised as follows: First, a brief intro-
duction of the modelling strategy is presented. Then,
the most important results of the previous study on
voided polycarbonate systems are summarised. The ef-
fect of the mechanical properties of the matrix material
is investigated by comparing micro deformations and
macroscopic responses of voided polycarbonate with
those of voided polystyrene. Subsequently, the influ-
ence of the inclusion properties on the microscopic
and macroscopic deformation of a polystyrene-rubber
system is investigated. The possible mechanisms that
might explain the relationship between particle size and
macroscopic mechanical response (e.g. toughness) are
discussed. Eventually, the results obtained so far are
generalised towards arbitrary glassy polymeric systems
and guidelines for toughness enhancement are given.
The paper ends with the conclusions.

2. Modelling strategy
Heterogeneous materials are usually characterised by a
complex morphological geometry on a very small scale,
e.g. a continuous matrix with randomly distributed iso-
latedµm sized particles. The prediction of the overall
mechanical behaviour of such materials has been ap-
proached by the introduction of a substitute (finite el-
ement) model of the microstructure, a so-called rep-
resentative volume element (RVE; see [22–25]). The
averaged response of the RVE can be obtained by
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stating that the (local) macroscopic stresses and strains
equal the volume averaged RVE stresses and strains
[25].

The RVE concept, combined with the finite element
method, has frequently been used to investigate the be-
haviour of heterogeneous polymers subjected to a cer-
tain load history. Most of these studies involved the
analysis of geometrically simple unit-cell models, rep-
resenting regularly distributed particles in a continuous
matrix. In a previous paper [20], however, it was demon-
strated that the predictive nature of those models can
be severely affected by the presumed regularity of the
microstructure. Two dimensional (plane strain) RVEs,
representing microstructures of polycarbonate with dif-
ferent volume fractions of voids were used as a pilot
study to investigate the effect of the microstructural
irregularity on the macroscopic mechanical response.
The RVEs were constructed by cutting a 3D cube ran-
domly filled with equally sized spheres by a 2D plane.
Typical examples of the RVEs, containing 2.5 and 30

(a)

(b)

Figure 1 RVE geometries and finite element models of two-dimensional spatial periodic RVEs, representing the morphologies of blends with
(a) 2.5 vol.% and (b) 30 vol.% voids, where the voids idealise cavitating or non-adhering low-modulus rubber particles.

vol.% voids, and their meshed counterparts are dis-
played in Fig. 1. In order to avoid erroneous bound-
ary effects, it was assumed that an RVE deforms in a
repetitive way identical to its neighbouring RVEs. No-
tice that this assumption implies that the microstructure
next to the RVE deforms in approximately the same way
as that in the RVE considered, which is often the case
for small particles (see, e.g. [16, 26], and Chenget al.
[27] who investigated the morphological deformation
in polymer blends before and after impact tests). The
spatially repetitive deformation of the RVE could easily
be enforced by applying appropriate periodic boundary
conditions, see for more details [20, 25]. An intriguing
and important consequence of the spatial periodicity as-
sumption is that the whole RVE can be considered as a
substitute material model for the heterogeneous system:
it provides an unambiguous relationship between RVE
averaged strains and RVE averaged stresses, and thus
a non-closed form of the ‘constitutive’ relationship
between macroscopic strains and macroscopic stresses,
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assuming that local macroscopic strains and stresses
equal RVE averaged strains and stresses [25].

The local mechanical response of the glassy poly-
meric matrix is described with a so-called generalised
compressible Leonov model, essentially a Maxwell
model with an Eyring viscosity and a neo-Hookean
spring in parallel. This model is, in fact, comparable to
the well-known BPA model, proposed by Boyceet al.
[28, 29]. Model and material parameters are discussed
in Part I [19]. The generalised compressible Leonov
model has shown to be able to describe and predict
the yield and post-yield behaviour of glassy polymers
accurately.

The microstructural models are loaded in unidirec-
tional extension at low strain rates (0.01 s−1). Because

Figure 2 Contour plot of the equivalent strain in the uniaxially stretched polycarbonate RVEs at 20% global strain. The associated stress-strain curves
are shown in Fig. 3.

of the low strain rates prescribed, the deformation
process can be assumed to be isothermal and thus any
temperature rise through viscoplastic dissipation has
been neglected. From the forces that were needed to
prescribe the strains, the volume averaged true uniaxial
stress is deduced (see References [20, 25] for more
details).

3. Predicted response for voided
polycarbonate

Upon loading the plane strain voided RVEs in uniaxial
extension, the stresses and strains are distributed inho-
mogeneously inside the RVE, as illustrated in Fig. 2,
where the equivalent strainεeq is defined as the scalar
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norm of the logarithmic strain tensorE according to
εeq =

√
2
3 Ed : Ed. Yield preferably starts at places

where two voids are accidentally close together. Once
such a ‘yield zone’ strain hardens sufficiently, yield can
be initiated at other locations. The total stress-strain
response of the RVE can, however, be remarkably
smooth, see Fig. 3. Note that already a few percent voids
in polycarbonate causes a complete disappearance of
strain softening in the averaged mechanical response.
The vanishing softening originates from the irregular
distribution of the voids, which induces that the global
yielding takes place as a sequence of isolated ‘yield-
ing events’ scattered over the whole sample, so-called
sequential yielding. At each yield location the material
subsequently strain softens and strain hardens. Since
the overall response is the averaged behaviour over both
stable and unstable deformation zones, the temporary

Figure 3 RVE averaged tensile stress versus linear strain for uniaxial
tensile tests atλ = 0.01 s−1 on polycarbonate RVEs with different vol-
ume fractions voids.

Figure 4 Shear zones in uniaxially stretched polycarbonate and polystyrene RVEs with 30 vol.% voids at various deformation stages. The dark areas
represent shear yielded zones. The corresponding stress-strain curves are depicted in Fig. 5.

unstable (strain softening) behaviour of the local defor-
mation zones is, in this case, evened out in the global
response [20].

It is emphasised that the results of the finite ele-
ment analyses appeared to depend qualitatively on just
the distribution of voids and not on the number of
voids. Quantitatively, however, 300 or more voids were
needed to obtain a reliable result for the 30 vol.% voided
RVE.

4. Voided polystyrene versus voided
polycarbonate

Part I [19] reveals that the main differences between
polystyrene and polycarbonate concern the post-yield
behaviour and craze-initiation resistance: PS features
more softening, less hardening and a lower craze-
initiation stress than PC. If it is assumed that by optimi-
sation of the volume fraction and size of the dispersed
phase, the ligament thickness between the inclusions is
such small (in the order of 30–50 nm) that crazes do not
fit in between (see Kramer’s analysis in the appendix
of [18]), the problem of local matrix crazing can be cir-
cumvented. Encouraged by the results of the previous
RVE study, the attention is focused on an RVE structure
with 30 vol.% voids (see Fig. 1b), but now by mutually
comparing polycarbonate and polystyrene behaviour,
see also Fig. 5 in Part I of this series [19].

Fig. 4 shows the sequential yield processes in poly-
carbonate and polystyrene. Up to an overall strain of
4%, the plastic zones develop at approximately the
same location and manner. Upon increasing the strain,
however, distinct localisations develop in polystyrene,
this in contrast to the situation for polycarbonate. The
results suggest that for polystyrene the stabilisation
of strain localisations is postponed too much by the
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unstable post-yield behaviour (strong softening and in-
sufficient hardening). In fact, the stabilisation takes
place at such high strains that the fibrils formed in the
localisation zones are too thin to transfer any substan-
tial force. This will inevitably lead to disentanglement
or chain scission of the fibrils developed and eventually
result into catastrophic failure for the overall response
of the RVE. This is once more reflected in the post-
yield mechanical responses of the RVEs as illustrated
in Fig. 5: polystyrene still shows a distinct strain soften-
ing behaviour and remains unstable, while polycarbon-
ate exhibits no softening at all. The conclusion from
these results is that polystyrene is in fact too ductile,
resulting in macroscopically brittle behaviour, caused
by too strong, and thus catastrophic, localisations of
the strains. So besides its apparent defect sensitivity
and low craze resistance, polystyrene may also feature
extreme localisations of deformation, leading to early
failure at low macroscopic strains.

Figure 5 RVE averaged tensile stress for uniaxial tensile tests on RVEs
with 30 vol.% voids, predicted for polystyrene and polycarbonate mate-
rial behaviour.

(a) (b)

Figure 6 Geometries and finite element meshes of undeformed plane strain RVEs representing a continuous matrix blended with core-shell rubber
particles with a voided core and a thin (a) or thick (b) rubber shell.

5. Effect of the properties of pre-cavitated
rubber particles

The influence of the properties of perfectly adher-
ing rubber fillers on the overall mechanical behaviour
of polystyrene blends is investigated by the analy-
ses of RVEs with perfectly adhering voided rubber
inclusions, representing rather special core-shell par-
ticles with a relatively hard rubber shell (30 MPa
shear modulus) and a soft pre-cavitated core, see
Fig. 6. As explained in the introduction, the parti-
cles are assumed to be pre-cavitated in order to re-
duce the averaged triaxial stresses and to avoid the
modelling of cavitation processes inside the rubber.
The rubber shell thickness is varied in order to ex-
amine the effect of inclusion properties on the macro-
scopic behaviour. The mechanical behaviour of the
rubber is described by a simple neo-Hookean model
(σ=Gr(F̃ · F̃

c
)d+ κr(det(F)− 1)I , whereσ repre-

sents the Cauchy stress tensor,F̃ the isochoric part of
the deformation gradient tensorF, I the identity ten-
sor, det the determinant operator and superscriptsd
andc the deviatoric and conjugate form respectively).
The material parameters used are a shear modulusGr=
30 MPa and a bulk modulusκr= 1000 MPa.

Figs 7 and 8 shows the deformed microstructures and
the associated macroscopic stress-strain curves. The
rubber inclusions have indeed an important effect on
the local deformations and on the global response: local
yield zones are stabilised sooner by the load-bearing ca-
pacity of the rubber particles, causing more yield zones
to be formed during the deformation process. The yield
process is taking place more or less sequentially, which
is, in fact, comparable to that in voided polycarbon-
ate. As a result, the unstable macroscopic strain soften-
ing behaviour has been eliminated completely. More-
over, the considerable shear modulus of the perfectly
adhering rubber particles results in an improved macro-
scopic hardening behaviour. The predicted overall me-
chanical response for the polystyrene-rubber system is,
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Figure 7 Contour plots of equivalent strain in uniaxially stretched RVEs at a global strain of 20%, predicted for polystyrene matrix behaviour with
voids (left), and thin (middle) and thick (right) core-shell rubber particles.

Figure 8 RVE averaged tensile stress, predicted for polystyrene matrix
behaviour with different inclusions.

therefore, stable and it even resembles that of voided
polycarbonate (compare Figs 5 and 8).

The results suggest that the key-role of cavitated
load-bearing rubber particles is to accelerate the stabil-
isation of the local yield zones in order to promote mas-
sive shearing. Despite the fact that the analysis neglects
the details of the rubber cavitation process, it is be-
lieved that the mechanism presented is indeed active in
rubber-modified systems if (i) the rubber shear modulus
is relatively high and (ii) the rubber cavitates or is pre-
cavitated. This is also a possible explanation for the
toughness enhancement of epoxy-rubber blends with
enhanced particle properties as reported by Pearson and
Yee [7].

6. Possible consequences of a decreasing
particle size

The analyses so far were based on continuum mechan-
ics theory, where the influence of the absolute length
scale was completely left out of consideration. This ap-
proach can, therefore, not explain the striking experi-
mental findings proving the existence of a material spe-
cific critical thickness which causes a sudden transition
in the material behaviour (e.g. brittle-to-ductile). In the
past, different theories were proposed to explain this

material dependent (read: entanglement or cross-link
density dependent) critical interparticle distance (see,
e.g. [30]), but no satisfactory explanation was found. In
retrospective, it is realised now that material behaviour
can only be understood and predicted if a large enough,
inhomogeneous microstructure is analysed. Without in-
tending to provide a full explanation it is attempted to
extrapolate the presented results to indicate what the
reason could be for a size-dependent mechanical be-
haviour.

One of the most important results of the study per-
formed is that the post-yield behaviour of a homoge-
neous or heterogeneous material is a crucial feature.
Stabilisation is possible by softening reduction or hard-
ening improvement. It is proposed, therefore, to refor-
mulate the size-effect problem as: what mechanism(s)
could possibly establish a relationship between the ab-
solute size of the deformation zone (e.g. the thickness
of a shear band between two heterogeneities) and the
local softening or hardening behaviour? Apart from the
absolute size effects mentioned in Section 4 that prevent
the formation of crazes in the ligaments of the hetero-
geneous material, it is stated now that there are at least
two (intriguing) possibilities:

I. An enhanced mobility of the polymer segments
near a surface or interface causing a yield stress and
strain softening reduction. Keddieet al. [31] measured
a considerable absolute size-dependent depression of
the glass transition temperatureTg in thin polystyrene
films, down to aTg of 345 K for a 10 nm thin film
(instead of 375 K for thick specimens). Given the in-
terpretation of the yield stress as a stress activated pas-
sage of the glass transition temperature [32], such a
Tg reduction of 30 K could also result in a consider-
able yield stress reduction and an elimination of strain
softening. Fig. 9 shows the possible effects of yield
stress reductions near (void) surfaces on the response
of the 30 vol.% voided polystyrene RVE. The different
intrinsic mechanical responses of the hypothetical ma-
trix material are displayed in Fig. 10. Apparently, a total
elimination of the softening behaviour indeed results in
the desired stable macroscopic response. Notice that the
global yield stress of the material has also decreased as
a result of the yield stress modification. Fig. 11 displays
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Figure 9 Effect of yield stress reduction on the RVE averaged stress-
strain response of 30 vol.% voided polystyrene. The intrinsic mechanical
behaviour of the modified matrix material is depicted in Fig. 10.

Figure 10 The intrinsic uniaxial stress-strain response of unmodified (0)
and modified (1–3) polystyrene (strain rate 0.01 s−1).

contours of the equivalent strains in the RVEs with mod-
ified yield stress. Clearly, the reduction of the post-yield
strain softening results in a much more homogeneous
deformation of the microstructure, where almost all the
voids are involved in the deformation process.

II. A (temporarily) excessive hardening behaviour
because the yield zone is (temporary) smaller than the
entanglement distanced. In Part I of this series [19] it
was already stated that the hardening modulusH scales
with the entanglement distanced as H ∼ d−2, so a
reduced entanglement distance results in an enhanced
hardening. Assuming that a molecular strand between
two entanglements can be partially immobile by ac-
tive secondary bonds (an elastic, ‘glassy’ state), and
partially mobile because of stress-activated segmental
motion (yielding), then the immobile parts will natu-
rally act as physical cross-links for the mobile, deform-
ing part of the strand. As a result, the deforming, mobile
part of the strand will experience a reduced entangle-
ment distance. So if a yield zone (e.g. a shear band) is
smaller than the distance between two entanglements,
then the effective entanglement distance is reduced, re-
sulting in an improved strain hardening behaviour.

For polystyrene, the average entanglement distance
d is ca. 9.6 nm [33]. Finite element calculations, based

on continuum mechanics, show that the thickness of the
shear bands formed in a heterogeneous microstructure
are typically one order of magnitude smaller than the
size of the dispersed phase. Hence, if the assumption is
valid that shear processes still take place on a -more or
less- molecular scale, then particles with a size of 30 nm
would result in shear bands of the order of 3 nm, which
is considerably smaller than the real entanglement dis-
tance of polystyrene. A local, but substantial increase
of the hardening behaviour of polystyrene inside these
shear bands results. It is important to realise that such
a hardening enhancement is only temporary, since the
original entanglement distance returns when the total
matrix yields (all the secondary bonds are broken, no
immobile parts survive, and thus the effective entan-
glement distance equals the original value). However,
this temporary behaviour might be sufficient to over-
come the first, critical stages of the local deformation
process. Massive matrix yielding implies, of course,
that the microstructure deforms relatively ductile and
that the majority of energy is dissipated by shear band
formation. So the deformation has been stabilised and,
consequently, this peculiar stabilisation mechanism is
no longer needed.

A first order estimation of the effects of such a non-
local behaviour of the matrix material on the over-
all mechanical response of a heterogeneous system of
voided polystyrene can be obtained by some simple
(two-dimensional) considerations. For each (integra-
tion) point inside a shear band it is assumed that the
quadratic effective entanglement distanced2

eff is pro-
portional to the fraction of areaAy enclosed by a circle
with radiusd where yielding takes place. Furthermore
it is assumed that the actual hardening modulusH in-
side the shear bands scales asH ∼ 1/d2

eff∼ 1/Ay. The
result for a unidirectional extension test on a 30 vol.%
voided polystyrene RVE, with an average void diame-
ter of 30 nm and a distance between entanglements of
10 nm, is shown in Fig. 12. It is clear that the temporar-
ily enhanced hardening indeed eliminates the softening
behaviour. A detailed examination of the local matrix
deformations revealed that the enhanced hardening is
accompanied by a subtle increase of the size of the yield
zones. Realising that those considerations are based on
coarse first order approximations of the local molecu-
lar deformation processes, it is believed that the simu-
lations presented give a strong indication that the pro-
posed mechanism of temporarily enhanced hardening
may indeed result in a stable macroscopic behaviour.
Therefore, this could be a possible explanation for the
experimental observations [30] that polystyrene can be
toughened by microstructural modifications on a 30 nm
scale.

7. Key routes to improved toughness,
a discussion

The results presented in this paper and the previous
findings [19, 21] suggest that only two effects are ex-
tremely important for toughening of (heterogeneous)
material, i.e. the stability of the post-yield behaviour
and the maximum dilative stress. The stability of the
post-yield behaviour determines, essentially, whether
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Figure 11 Contour plots of the equivalent strain in unidirectionally stretched RVEs at a total strain of 20%, predicted for polystyrene material behaviour
with modified yield and post-yield responses. The associated stress-strain responses for the modified homogeneous polystyrene are displayed in
Fig. 10.

Figure 12 RVE averaged tensile stress versus strain in uniaxially
stretched polystyrene RVEs with 30 vol.% 30 nm sized voids, predicted
for (ordinary) constant and locally enhanced hardening behaviour. The
distance between entanglements is assumed to be 10 nm.

the plastic strains are spread out over a larger volume
of the sample or remain concentrated in the vicinity
of a small but critical stress concentrating defect. An
enlargement of the plastic deformation zone is obvi-

ously effective in energy dissipation and is thus the
preferred toughening mechanism. The opposite phe-
nomenon, a strong strain localisation, usually involves
high strains and critical (dilative) stresses and, conse-
quently, early craze or crack nucleation followed by fast
crack propagation. The maximum dilative stress is, con-
sequently, also important, especially since many (dila-
tive) stress concentrations are governed by the shape
of the macrostructure (e.g. a sharp radius acting as a
notch, or sometimes even a defect, see Part I [19]). The
critical correlations between global shape and dilative
stress can, however, effectively be diminished by the in-
troduction of voids or easily cavitating rubber particles.
This enables a microstructure to respond on imposed
dilative strains or stresses through the combination of
shearing and void growth.

Possible routes to improved toughness are, therefore,
stabilisation of the post-yield behaviour and reduction
of dilative stresses. Local dilative stresses can simply
be reduced, as mentioned before, by the introduction of
voids or easily cavitating or pre-cavitated rubber parti-
cles. Stabilisation of the post-yield behaviour is, how-
ever, more difficult. This subject is considered in the
following subsection.
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Figure 13 Two possibilities to obtain a stable post-yield behaviour.

7.1. Stabilisation of the post-yield
behaviour

The stability of the post-yield behaviour of a glassy
polymer is determined by two characteristics, i.e. the in-
trinsic (de-stabilising) strain softening and subsequent
(stabilising) strain hardening. This suggests that mate-
rials can be toughened by either reducing the intrinsic
strain softening and/or improving the strain hardening,
see Fig. 13. It is, however, generally known that strain
softening is closely related to viscoelasticity and yield
because of a shared origin (secondary interactions), and
that softening can be manipulated by modifying the
yield stress. The underlying relationships between yield
stress, viscoelasticity and strain softening are, unfortu-
nately, not fully understood yet, but many experiments
seem to indicate that a softening reduction inevitably
combines with a yield stress reduction (see, e.g. the
yield and post-yield behaviour of the thermally pre-
treated polystyrene in the work of Hasanet al. [34]). It
is noteworthy that a yield stress reduction is not prefer-
able from an engineering point of view (a lower ma-
terial strength!). However, with respect to the (critical)
dilative stress a yield stress reduction can be necessary
since it can result in lower dilative stresses inside the
microstructure. The results presented in this study (see
also the results of Part III of this series [35]) do, in fact,
confirm the major importance of a yield stress reduc-
tion and suggest that the softening can be reduced or
eliminated by:

• Lowering the yield stress by mechanical, thermal
or chemical pre-treatments. Mechanical or thermal
pre-treatments are known to be effective, but the
fast recovery of yield stress, strain softening and
brittleness by enhanced aging is generally unac-
ceptable for commercially interesting applications
(see also Part I [19]). A well-known example of
a chemical pre-treatment is the addition of a sol-
vent (plasticiser) [36]. An example is plasticised
polystyrene, where the solvent induces a drastic
yield stress reduction down to a value of approx-
imately 20 MPa, which is low compared with the
70–110 MPa yield stress of the untreated material.
As a result, plasticised polystyrene behaves tough.

Plasticisers are, however, not generally applicable
and for some cases it is known that the addition of
a plasticiser may even lead to an increased craze
sensitivity.
• The introduction of randomly distributed low-

modulus heterogeneities. The heterogeneities
cause sequential yielding and can result in a com-
plete elimination of the post-yield strain soften-
ing behaviour of the polymeric system, e.g. see
Fig. 3. This mechanism fails, however, when the
local yield zones are not stabilised by sufficient
strain hardening.

The possible routes to improved strain hardening be-
haviour are:

• Modification of the molecular network by either
cross-linking or excessive pre-orientations. Both
methods are rather academic and not convenient for
most practical applications. Henkee and Kramer
[37] demonstrated that cross-linked polystyrene
can have a similar mechanical behaviour as poly-
carbonate. Note that cross-linking results in a lower
molecular weight between cross-links (Mc) and/or
entanglement points (Me) and thus in an increased
hardening modulusH (H ∼ 1/Mc,e according to
rubber elasticity theory). Cross-links do normally
not affect the yield behaviour but reduce, of course,
the maximum drawability and, therefore, the intrin-
sic ductility of the material.
• Incorporation of relatively stiff pre-cavitated rub-

ber particles with a good matrix adhesion. It must
be emphasised that the particles must either be cav-
itated or must have easily cavitating inclusions (e.g.
core-shell, soft rubber core, relatively hard rubber
shell) in order to reduce the triaxial stress. Then, the
properties of the cavitated rubber will have a sig-
nificant contribution to the post-yield behaviour of
the heterogeneous material, as was shown in Figs. 7
and 8.

8. Discussion and conclusions
A traditional route to enhanced toughness is the intro-
duction of a fine dispersion of easily cavitating or non-
adhering rubber particles. Cavitated rubber particles
should release volumetric strains, prevent critical dila-
tive stresses, promote massive shearing and, as a result,
improve the toughness. The results of this research con-
firm these statements. Simple, two-dimensional finite
element models for heterogeneous microstructures, the
so-called representative volume elements (RVEs), were
used to investigate the influence of a fine dispersion
of randomly distributed voids on the macroscopic me-
chanical response of polystyrene and polycarbonate.
The voids idealise easily cavitating or non-adhering
rubber particles subjected to positive hydrostatic stress
states. It has been shown that voids indeed enable vol-
umetric deformations and reduce macroscopic dilative
stresses. Moreover, an irregular distribution of voids
promotes the spread out of plastic strains over the
whole microstructure. For voided polycarbonate, the
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surprising result was a total elimination of the softening
and hence a stable ‘intrinsic’ macroscopic mechanical
response. This remarkable and important effect is al-
most independent of the void volume fraction (only 2.5
vol.% voids suffices). Apparently, the post-yield me-
chanical response of a heterogeneous polymeric sys-
tem is extremely sensitive to microstructural modifica-
tions. Especially the irregularity of the microstructural
geometry seems to promote massive sequential shear-
ing. The sequential shearing severely affects the yield
and post-yield response of the heterogeneous system
by a complete elimination of the strain softening at the
microscopic (RVE) level, provided that enough strain
hardening is present.

Voids in polystyrene do, in contrast, not result in
an overall softening elimination. PS simply shows too
much (unstable) strain softening and insufficient (sta-
bilising) strain hardening. Consequently, the strains lo-
calise in ligaments between the voids and narrow de-
formation zones are formed more or less perpendicular
to the draw direction. The resulting macroscopic me-
chanical response is unstable because it is dominated
by the behaviour of the (unstable) localisation zone. In
the end, the thin fibrils can not transfer any noticeable
force to the unyielded regions and will break. The ex-
cessive stretching of the ligaments between the voids
can be prevented by the introduction of perfectly adher-
ing pre-cavitated rubber particles with a considerable
modulus (≈30 MPa). The load-bearing rubber, attached
to the sides of the ligaments, stabilises the local liga-
ment deformation and, thereby, results in a distribution
of plastic strains over the whole microstructure. This is
accompanied by a stable overall ‘intrinsic’ mechanical
response of the rubber-modified polystyrene system.
Appropriate microstructural modifications may result
in a total elimination of the unstable post-yield strain
softening, in an improved strain hardening and thus in
a stabilised macroscopic mechanical response.

Part III of this series [35] investigates the effects of
the microstructural modifications (on RVE level), on
the macroscopic deformation behaviour of hour-glass
shaped or notched tensile bars. The results of these anal-
yses confirm the conclusions of this Part II, that only
dealt with the intermediate RVE level.
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