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Morphology and toughness of coextruded

PS/PMMA multilayers

Abstract The micromechanical
behaviour of multilayered tapes
made of two brittle incompatible
amorphous polymers PS and
PMMA was studied by means of an
optical and a High Voltage Electron
Microscope (HVEM). Microlayers
of PS and PMMA were coextruded
with varying number of layers: 64,
512 and 4096 layers. Mechanical
properties of the PS/PMMA tapes
were also examined. An increase in
layer numbers was found to lead to a
decrease in layer thickness that, in
turn, resulted in: a) formation of
thicker and longer crazes and,
therefore, increased volume of the
material involved in the plastic
deformation; b) a noticeable

increase in strength and strain at
break (i.e. of toughness) of the
samples. Enhanced toughness of the
multilayered tapes is accounted for
by massive cooperating crazing and
yielding of both PS and PMMA
phases.
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Introduction

Polymers are used in a wide range of applications be-
cause of their intrinsic properties. During the last few
years the properties of thin and ultrathin polymeric films
have been intensively studied by a number of authors [1,
2,3,4,5,6,7,8,9, 10]. It was found that brittle poly-
mers such as PS, PMMA and SAN became ductile when
their thickness was reduced below a critical value. A
concept of critical thickness was discussed [1, 4, 6, 8] and
a strong influence of layer thickness on the toughness of
the polymeric material was revealed.

Van der Sanden et al. [1, 4] studied the deformation
behaviour of PS/PE multilayers with different layer
thicknesses. They observed the onset of a strong increase
in strain at break when the PS layer thickness was below
1 um. This brittle-to-ductile transition was attributed to
a stress transfer mechanism operating through interlayer

adhesion and allowing for a multiple fracture of each
single PS layer. With the help of optical light microscopy,
the second brittle-to-ductile transition was found when
the thickness of PS layers was approximately 0.05 pum.
This was explained by a change in the deformation
mechanism from crazing to shear deformation. As a re-
sult, high strains (up to 200%) were reached. It was also
determined that a decrease in layer thickness leads to an
increase in the adhesion between the multilayers.

The same effect was noticed by Baer and co-workers
[8,9, 10, 11, 12, 13, 14, 15, 16] investigating microlayer
systems of PC/PMMA and PC/SAN. These two systems
also revealed a sharp increase in the ductility and peel
strength (i.e. adhesion) with decrease in layer thick-
nesses. Lin and Yang [6] found super-plastic behaviour
of a thin PS film (0.1 pum thick) between two ductile
polymer films of PPO when necking was suppressed.
All of the authors mentioned above laid emphasis on
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another very important role of the adhesion between the
layers: interfacial strength should be good enough to
ensure the stress transfer between the components, but
excessively strong adhesion can be detrimental to plas-
ticity and lead to premature fracture of the sample [10].

Recently, a “thin layer yielding” mechanism was
proposed by Michler et al. [17] after studying the influ-
ence of the layer thickness of PS in more detail by using
electron microscopic techniques on styrene-butadiene
block copolymers. PS layers were able to be homoge-
neously drawn up to 300% when their thickness was
below a critical value in the range of 20 nm, which was
about half the value predicted by van der Sanden. Below
the critical thickness, samples deformed uniformly
without any strain localisation and crazing.

An overview of the literature data referred to above
leads us to the very important conclusion that the
toughness of the polymeric materials can be greatly in-
creased by controlling the microstructure. However, in
the papers cited, attention was focussed on multilayered
systems consisting of alternating macroscopically brittle
(such as PS, PMMA, SAN) and ductile (PE, PPO, PC)
polymers. Our research was therefore concentrated on
the study of the micromechanical behaviour of multi-
layered tapes made of two brittle polymers. To this end,
two incompatible amorphous polymers PS and PMMA
were chosen as a model system.

Experimental

The PS was NOVA Breda N5000 with a molecular weight of
200,000 g/mol; the PMMA was Ato-Haas Vo52 (Chicago, IL) with
a molecular weight of 110,000 g/mol. Microlayers of PS and
PMMA were coextruded using a Multiflux static mixer [18] with a
varying number of layers: 64, 512, 4096 layers. The PS/PMMA
multilayer tapes had a 50/50 composition.

Semi-thin sections (~1 pm) were cut from the centre of the
layered specimen using glass knives at room temperature parallel to
the direction of extrusion and perpendicular to the layers. The
sections were strained in a special tensile-desk (stress [o] was ap-
plied parallel to the direction of extrusion). After staining in RuOy4
vapour the sections were investigated with the help of an optical
light microscope (Leica Makroskop 420; Heerbrugg, Switzerland)
and a High Voltage Electron Microscope (HVEM JEOL 1000;
Japan) operated at 1000 kV.

The mechanical properties of the multilayer PS/PMMA tapes
were also examined. Stress-strain curves were recorded by means of
a Minimat microtensile tester (Polymer Laboratories, Ltd.,
Loughborough, UK) for uniaxial tensile testing. Five specimens
from each material (0.5 mm thick; 5 mm wide and 20 mm long)
were stretched at room temperature and at a speed of 2 mm/min.

Results and discussion

Figure 1 demonstrates an optical light microscope image
of the PS/PMMA multilayered tape with 64 layers. The
thickness of the PS layers ranges between 2.3 and 16 um;
and that of the PMMA layers between 1.5 and 14 pum. It
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Fig. 1 Optical light micrograph of deformed multilayered sample

with 64 layers. The arrow indicates tensile direction (i.e. parallel to
the direction of extrusion and to the layers)

can be clearly seen that adhesion between the PS and
PMMA layers is rather weak, and that the layers can
easily debond during straining. The crack ({/} in Fig. 1)
propagates along a single interface. Small crazes ({2} in
Fig. 1) inside the PS layers are observed in this picture.

An HVEM micrograph of the same sample is shown
in Fig. 2a. Here the craze structure can be seen in more
detail. Due to the selective staining by RuO,4 the PS
layers appear dark grey in the electron micrographs
while the PMMA layers appear light. The presence of
enhanced free space inside the crazes results in their
preferential staining by RuO,4. Hence, the crazes look
like black lines in the micrographs.

As can be inferred from Fig. 2a, the macroscopic
deformation of the specimen comes from the numerous
crazes initiated in the PS layers perpendicular to the
applied stress. Crazes are a well known feature of ther-
moplastic polymers. The craze formation process plays
an essential role in the fracture of polymers particularly
in the case of brittle materials. Crazes are reputed to be a
precursor to fracture. It is also stated that crazing acts as
a stress relief mechanism hindering macroscopic fracture
of the material.

It is seen that almost all the PS crazes tore into
neighbouring PMMA layers and then stopped. As
known from the literature [19], pure PS and PMMA
possess similar values of Young’s modulus (about
3000 MPa) but the yield stress of PMMA is higher than
that of PS. Therefore, it is assumed that the stress ap-
plied to the specimen was not high enough to initiate
yielding of the whole PMMA layer. Crazes in the
PMMA phase could be only formed at places of higher
stress concentration, that means, in front of the PS
crazes propagating into the PMMA layers.
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Fig. 2 HVEM micrographs of the deformed sample with 64 layers:
(a) low magnification; (b) high magnification (the arrow indicates
applied stress direction). Due to the selective staining by RuQO, the
PS layers appear dark grey in the electron micrographs while the
PMMA layers appear light

As pointed out earlier, interlayer adhesion was rather
weak in the sample, nevertheless, it seems to have been
sufficient to allow stress transfer across the PS/PMMA
interface.

Figure 2b shows one of the crazes at a higher mag-
nification. The craze structure consists of numerous fi-
brils with diameters of about 10 nm running across the
whole craze from one craze interface to the other. These
main fibrils are interconnected by somewhat thinner, so-
called cross-tie fibrils. This kind of internal structure
turns crazes into load-bearing areas which cracks are
unable to do. Fibrillated crazes are typical of PS.
PMMA, in turn, usually demonstrates homogeneous
crazes [19], but fibrillated crazes can also be found. The
thickness of the craze fibrils were measured: 5-18 nm for
PS crazes and 8-20 nm for PMMA crazes—these values
are typical of PS and PMMA.

The deformation structure of the PS/PMMA multi-
layered tape with 512 layers is presented in Fig. 3

Fig. 3 Optical light micrograph of deformed multilayered sample
with 512 layers (the arrow indicates applied stress direction)

(optical light micrograph). It can be clearly seen that the
thicknesses of the PS and PMMA layers in this tape are
smaller than in the previous one (PS layers are 1-10 pm
thick; PMMA layers are 0.5-12 um thick). Crazes and
cracks are able to propagate through several neigh-
bouring PS and PMMA layers. Decreasing the thickness
of individual layers leads to an increasing number of
crazes. As distinct from the previous sample, crazes in
the specimen with 512 layers look quite different. Close
examination of an electron micrograph (Fig. 4a) clearly
reveals craze arrays in several PS and PMMA layers. A
similar effect was observed elsewhere [12] in PC/SAN
multilayered samples. Crazing was found to extend
across several SAN and PC layers. It is noteworthy that
there is also a stopping tendency in the PMMA phase: in
thick PMMA layers the PS crazes stop with a wedge-
shaped tip; in thin PMMA layers (about a few
micrometers) crazes can propagate through the layer
although with decreasing thickness. It can be also ob-
served that thick PMMA layers are able to retard crack
propagation. The tip of the crack in the thick PMMA
layer is rounded (crack tip blunting). This indicates
strong energy dissipation in the PMMA layer.

The formation of craze arrays in the sample with a
higher number of microlayers proves interlayer adhesion
to be good enough for stress transfer between the layers.
However, the adhesion is not very strong, leading to
debonding and delamination of the layers at higher local
deformation.

In Fig. 4b, the deformation structure of the sample is
displayed in more detail. Crazes possessing a fine fibril-
lated structure both in the PS and PMMA phases closely
resemble those of the previous sample with 64 layers (see
Fig. 2b). It should be noted that numerous very small
fibrillated crazes also appeared in the PMMA layer. This
fact suggests that the applied external stress was rather
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Fig. 4 HVEM micrographs (in lower (a) and higher (b) magnifi-
cations) of the deformed sample with 512 layers. The arrow
indicates tensile direction

large to provide local yielding of PMMA and generation
of multiple crazing. Increased accumulative fraction of
the crazed sample (i.e. the total fraction of the sample
involved in crazing) supposes enhanced energy absorp-
tion under strain conditions.

The sample with the greatest number of microlayers
(4096 layers) demonstrates quite distinct deformation
structures, as readily observed in the optical light
micrographs (Fig. 5). It is obvious that a lot of very long
crazes (>200 um long) appear during straining. The
thickness of the individual PS and PMMA layers is
much smaller than in both the samples described previ-
ously, therefore, the layered structure can be imaged well
using only electron microscopy (Fig. 6a). The thickness
of the PS layers ranges from 0.06 to 0.7 pum; and the
PMMA layers are 0.05 to 1 um thick. Higher magnifi-
cation (Fig. 6b) of a relatively thick craze (~2 pm thick)
allows observation of a fibrillar structure in the PS phase
and a homogeneous structure in the PMMA. The cross-
tie fibrils connecting the main fibrils in the PS crazes can

Fig. 5 Optical light micrograph of deformed multilayered sample
with 4096 layers
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Fig. 6 HVEM micrographs in different magnifications of the
deformed sample with 4096 layers. The applied stress is indicated
by the arrow
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Table 1 Main characteristics
of the craze structure

PS/PMMA PS/PMMA PS/PMMA
64 layers 512 layers 4096 layers
Thickness of layers, um PS 2.3-16 1-10 0.06-0.7
PMMA 2.5-14 0.5-12 0.05-1
Maximum thickness of crazes, um  PS 0.5 1.8 2
PMMA 04 1.2 2
Fibril thickness in crazes, nm PS 518
PMMA 8-20
Maximum craze length, pm 17 20 >200
Craze number density, mm™' 310 880 (PS), 3500 (PMMA) 280

be clearly seen. The cross-tie fibrils are known to
increase the load bearing capacity of the crazes. Such
strengthening of the crazes results in the prevention of a
premature fracture.

Delamination of the multilayers was not found, cor-
relating with earlier findings [8, 9, 10, 11, 12, 13, 14, 15,
16] of increased interfacial strength as the individual
layers became thinner. Moreover, cooperative microde-
formation of both the PS and PMMA layers is only
possible due to sufficient adhesion between the compo-
nents enabling stress transfer. As it was found earlier [12,
13, 14, 15, 16], multilayered samples consisting of brittle
(SAN) and ductile (PC) polymers demonstrated an evi-
dent change in the deformation mechanism of SAN
layers from crazing to cooperative shearing when the
layers were thinner. In contrast, in the case of a com-
bination of two brittle polymers (PS and PMMA) no
transformation in the deformation mechanism was reg-
istered, i.e. crazing remained the basic mechanism of
deformation in both PS and PMMA layers.

On the basis of a great number of micrographs ob-
tained by HVEM, the main characteristics of the craze
structure were measured and summarised in a compar-
ative Table 1. An increase in the number of layers
(leading to decrease in layer thicknesses) results in the
formation of thicker and longer crazes. In the varyingly
thick crazes, the internal fibrillar structure (thickness
and spacing of fibrils) was found to be unchanged.
Though the craze number density drops in the sample
with the highest number of layers (4096 layers), the total
fraction of the crazed material should increase because
crazes become thicker and longer than in the other
samples. The question then arises as to why crazes be-
come thicker and longer as the layer thicknesses de-
creases. The reasons for these effects are as follows: 1)
none of the crazes stop in thin PMMA layers. Therefore,
propagation of crazes from PS layer to the next PS layer,
passing the neighbouring PMMA layers, takes place; 2)
long crazes can grow to a larger thickness.

It is well known that one of the possibilities of
increasing macroscopic toughness is the initiation of
multiple deformation mechanisms in a large part of the
material. One of these energy-absorbing deformation
mechanisms is multiple crazing. The intense crazing

obviously seen in the multilayered samples is responsible
for increased ductility and toughness of the material. It
is consistent with the previous studies of microlayers
which showed that decreasing the layer thickness to
nano scale drastically enhances the toughness of these
nanolayers.

In order to check these findings, stress-strain curves
of all the samples investigated were obtained by means
of a Minimat microtensile tester. The curves are plotted
in Fig. 7. It can be deduced that an increase in the
number of layers and, therefore, a decrease in the
thickness of layer is accompanied by an increase in
strength and strain at break (and, therefore, of tough-
ness) of the samples. However, the super plastic defor-
mation of ~200% found elsewhere [1] was not achieved.
There is good reason to believe that premature rupture
of the samples is a result of the distribution of the layer
thicknesses inside each sample and, particularly, the
presence of rather thick layers which cannot be drawn
up to high deformation degrees.

It can be seen from the slope of the stress-strain
curves in the elastic region that Young’s modulus
increases with the number of layers. This fact may be
explained by improved adhesion between layers with
reduction of the layer thickness.

60

Stress, MPa

0 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Deformation, %

Fig. 7 Stress-strain curves of the multilayered samples studied.
Tensile tests were carried out at room temperature and at a speed of
2 mm/min
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Table 2 Tensile strength and strain at break of the investigated PS/
PMMA multilayers. Values of strength and strain at break for bulk
polymers (PS (lit.) and PMMA (lit.)) are given for comparison

opr, MPa €br, Y0
64 layers 31 4
512 layers 45 7.5
4096 layers 54 10
PS (lit.) 40-50 3
PMMA (lit.) 75-80 2-5

The measured tensile strength (ay,.) as well as strain at
break (e,,) are presented in Table 2. Values of oy, and e,
of pure bulk PS and PMMA obtained from the literature
[17] are given for comparison. It can be clearly seen that
the total deformation at break of the samples with the
highest number of layers (4096 layers) is about three
times higher than that of the bulk polymers. This finding
is in contrast to previous observations [13, 16] of mi-
crolayered composites of one brittle and one ductile
polymers manifesting mechanical properties intermedi-
ate between those of the two components. In our case of
two brittle polymers, only the tensile strength does not
surpass the literature values. Reduced strength in com-
parison with values from the literature is accounted for
by the lower adhesion between thicker layers, resulting
in separation under load and initiation of premature
fracture.

As was emphasised above, enhanced toughness and
ductility of the multilayered tapes can be achieved when
one or both components are capable of the energy

absorption under high deformation. The results described
above have clearly revealed that the sample consisting of
the thinnest layers demonstrated rather high strain before
fracture due to massive cooperative crazing and yielding
of both PS and PMMA phases.

Conclusions

The following conclusions can be drawn from the pres-
ent results:

1. Use of the high voltage electron microscope gives us
an unique opportunity to investigate the morphology
and micromechanical processes of microlayered
specimens in more detail.

2. With decreasing layer thickness of brittle microlayers
(PS and PMMA), the volume of the material involved
in the plastic deformation increases and cooperative
yielding of both PS and PMMA layers takes place,
though the basic mechanism of deformation (i.e.
crazing) remains unchanged.

3. Decrease in layer thickness is accompanied by a
noticeable increase in the toughness (increase in
strength and strain at break) of the samples. In-
creased toughness of the multilayered tapes can be
accounted for by an interlayer stress transfer mech-
anism as well as a cooperative crazing mechanism.
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