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Abstract

The influence of morphology on micromechanical deformation behaviour of blends consisting of a lamellar forming styrene/butadiene star

block copolymer and polystyrene homopolymer (hPS) was studied by transmission electron microscopy (TEM). The pure star block

copolymer and the microphase separated blends revealing lamellar structure with polystyrene (PS) lamella thickness in the range of about

20 nm showed homogeneous plastic deformation of the PS lamellae. The macrophase separated blends with PS particles in lamellar matrix

exhibited debonding at the particle–matrix interface associated with extensive plastic deformation of the surrounding matrix. The blends

containing PS matrix deformed via crazing.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Styrene/diene block copolymers are generally used in

combination with other polymers or additives [1–5].

Blending with homopolymers, similar or dissimilar to the

components of the block copolymer, represents an import-

ant way of morphology control in these materials. A two

component block copolymer may be blended with homo-

polymers, which are identical with or different from the

copolymer’s constituent blocks. Of particular industrial

interests are the binary blends of styrene/butadiene block

copolymers with polystyrene [1,3].

The length of the homopolymer chains compared to that

of the block copolymer primarily governs the phase

behaviour of a binary block copolymer/homopolymer

blend. There is an interplay between microphase and

macrophase separation; and which effect predominates

depends on the relative molecular weight and the compo-

sition of the mixture [6–13]. Hashimoto et al. explored the

phase behaviour of binary blends consisting of styrene/diene

copolymers and homopolymers by varying the molecular

weight of homopolymer, composition of the blends, and by

using homopolymers having different interaction with the

block copolymer [8–13]. For styrenic block copolymer/

homopolystyrene mixtures, three regimes have been

identified depending on the molecular weight of the

homopolystyrene ðMhPSÞ and that of the same component

in the block copolymer ðMPS-blockÞ (discussed in detail by

Hamley in Ref. [6])

The Effect of copolymer architecture (star and triblock)

on miscibility and mechanical properties of styrene/buta-

diene block copolymer/hPS blends was recently studied by

Feng et al. [14]. These authors proposed that there is an hPS

molecular weight range for which the mechanical properties

of the mixtures are enhanced. Depending on the MhPS; added

hPS was found to exist both in polystyrene (PS) and

polybutadiene (PB) phases. The role of block copolymer

architecture on the miscibility of the blends was, however,

not found.

Low molecular weight hPS, though most soluble in the

corresponding block domain of the block copolymers, is

generally not desirable for technical applications. This, of

course, may reduce the cost but also deteriorates the

mechanical properties. Due to lack of stable entanglements,

the products do not possess optimum strength level.

Therefore, hPS with quite a higher molecular weights

(,100 kg/mol) is used. The molecular weight of hPS and

PS block of the copolymer should be optimised because the
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hPS tends to macrophase segregate when MhPS approaches

MPS-block: This is again undesirable because it may lead to a

loss of transparency.

Hashimoto et al. and Kotaka et al. explored morphology

and strain induced structural changes in blends consisting

of SBS triblock copolymers and polystyrene [15,16].

Particularly, the healing of deformed domain structures on

annealing was investigated. Determining the strain induced

structural changes in SBS triblock copolymer/homopolymer

blends, they demonstrated the hindrance of healing pro-

cess by the added homopolymer. Furthermore, the micro-

mechanical behaviour of blends of styrene/butadiene block

copolymer with polystyrene was discussed by Argon and

co-workers [17] and Aggarwal [2]. In both the cases role of

block copolymer as impact modifier was analysed. Block

copolymer particles dispersed in the PS matrix were able to

both initiate and terminate the crazes. Aggarwal has even

argued the superior mechanical properties of block copoly-

mer modified PS than the conventional rubber modified one

[2]. Though a great deal of works have been devoted to the

deformation behaviour of ternary blends containing two

homopolymers and a block copolymer as compatibiliser,

only limited investigations are made on binary block

copolymer/homopolymer blends and binary block copoly-

mer blends.

The aim of this paper is to study the influence of mor-

phology on the micromechanical behaviour of blends

consisting of an asymmetric styrene/butadiene star block

copolymer and polystyrene homopolymer.

2. Experimental section

2.1. Materials studied

The block copolymer sample used in this study was an

asymmetric styrene/butadiene star block copolymer (named

as ST2 in this work) prepared by sequential anionic

polymerisation and has a number average molecular weight

of 109,000 g/mol and a polydispersity of 1.69. It contains a

total polystyrene volume fraction of 0.74. The sample was

kindly supplied by the BASF. The star block copolymer was

solution blended with polystyrene homopolymer (hPS) of

varying molecular weights (see Table 1). Details about

synthesis and structure of the star block copolymer may be

found elsewhere [18–20].

2.2. Sample preparation

Each sample was dissolved in toluene, and approxi-

mately 0.5 mm thick films were prepared in a petri-dish by

evaporating the solvent over several days in order to allow

the formation of well ordered structures. The films were

dried at room temperature for few days and annealed for

48 h at a temperature of 120 8C (above the glass transition

temperature of polystyrene) in a vacuum oven.

2.3. Tensile testing

About 50 mm long tensile bars were cut from the cast

films. Tensile tests were performed at a cross head speed of

50 mm/min using a universal tensile machine (Zwick 1425)

at room temperature (23 8C).

2.4. Morphological characterisation

The morphology of the samples before and after defor-

mation was imaged by transmission electron microscope

(200 kV TEM, Joel). Ultrathin sections of the samples

(ca. 50–70 nm) prepared by ultramicrotomy were selec-

tively stained by osmium tetroxide (OsO4).

To investigate the strain induced structural changes of

some of the samples, semithin sections approximately

500 nm in thickness specimen were cut at a cryo-

temperature. These sections were strained in a special

tensile device. The butadiene phase was allowed to

selectively stain with OsO4 vapour for overnight in the

strained state and investigated by means of a high voltage

electron microscope (1000 kV HVEM, Joel).

3. Results and discussion

3.1. Morphology of star block copolymer/hPS blends

The microphase separated morphology of the star block

copolymer used in this study was described in detail in

previous studies [19,20]. In particular, a ‘two-component

three-phase’ morphology was observed in this star block

copolymer, Fig. 1. The presence of thin polystyrene

domains (white) scattered in the polybutadiene phase

(dark) was attributed to the separation of the PS core of

the star molecules and shorter PS blocks from rest of the

longer polystyrene blocks [18,19].

The longest polystyrene block of the asymmetric star

block copolymer has a molecular weight in the range of

about 70,000 g/mol, and the ratio of molecular weight of the

longest block to that of the shortest one is greater than 10.

We discuss the morphology formation in the blends taking

Table 1

Characteristics of polystyrene homopolymers (hPS) used to prepare binary

blends with the star block copolymer (ST2) by solution casting

Sample code aMn (g/mol) aMw (g/mol) Mw=Mn

PS012 11,800 15,200 1.29

PS018 18,300 33,100 1.81

PS082 82,600 190,000 2.30

a Number average ðMnÞ and weight average ðMwÞ molecular weights

determined by gel permeation chromatography (GPC).
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the longest block of the block copolymer as a reference

(see below).

The influence of homopolystyrene molecular weight

ðMhPSÞ on phase behaviour of block copolymer/hPS blends

is demonstrated by the TEM micrographs presented in Fig. 2

(data about the internal details of blend morphology in

Table 2). The molecular weight of hPS lies in the following

range (see Table 1): MhPS ! MPS-block; MhPS , MPS-block

and MhPS . MPS-block: The composition of the blends is

fixed at 20 wt% hPS in each case. The morphology of the

blends observed by TEM can be explained on the basis

of molecular weight of the homopolymer relative to that

of corresponding block of the block copolymer

ðMhPS=MPS-blockÞ:

An interplay between microphase and macrophase sepa-

ration is found in these blends. The molecular weight of

added PS012 ðMn ¼ 11; 800 g=molÞ is much smaller than

that of the longest PS block of the star block copolymer

ðMn , 70; 000 g=molÞ but it is slightly higher than that of

the smaller blocks ðMn , 7; 000 g=molÞ: Hence, according

to the situation discussed in literature [11–13,21,22], most

of the hPS chains may penetrate into the PS domains of the

block copolymer leading to the microphase separated

structures given in Fig. 2(a).

Due to the solubilisation of homopolymer in correspond-

ing copolymer block, respective domain size may expand

both laterally and normal to the interface. The expansion of

PS lamellae normal to the interface is indicated by an

increase in the thickness of the PS lamellae (Table 2).

The mixing entropy of hPS increases with the ratio

MPS-block=MhPS: Since this ratio is quite high in ST2/PS012

blend, the hPS molecules are able to penetrate deeply into

the PS domains close to the chemical junction points [13].

As a result, the junction points are shifted apart. To

compensate this shift and to make up entropy loss, butadiene

phase has to contract, which causes a decrease in lamellar

long period. The decrease in the PB lamellae thickness

should be more than compensated for by an addition of a

small amount of low molecular fraction of PS012 in the

butadiene phase as indicated by an increase in Tg-PB [23,24].

As MhPS approaches MPS-block; mixing entropy of the

homopolymer chains is decreased, and these chains become

less successful to wet the copolymer brush effectively. The

hPS and PS block become, hence, less miscible. As a result

the copolymer shrinks, and the hPS chains tend to be

segregated in the middle of the PS domains or even

completely expelled from the microdomains to form the

macrophase separated PS particles (chapter 2 in Ref. [6]).

Nearly this situation is present in ST2/PS018 blend. Since a

large part of PS018 molecules tend to segregate to the centre

of the PS lamellae, the thickness of PS lamellae increases

(Table 2) while the junction points are not displaced. Hence,

the PB lamellae thickness is again maintained. This causes a

small increase in lamellar long period in sample ST2/PS018.

However, a part of hPS is expelled out of the PS lamellae

which forms hPS particles a few hundred nanometers in

diameter (Fig. 2(b)).

Molecular weight of PS082 is much higher than that of

Fig. 1. Lower (left) and higher (right) magnification of TEM images showing morphology of solution cast star block copolymer (ST2) showing a peculiar

‘two-component three-phase’ lamellar morphology.

Table 2

Average lamellar long period ð �LÞ and PS lamella thickness ð �DPSÞ measured in TEM images of solution cast ST2/20% hPS blends (variation of hPS molecular

weight). The values correspond to the peak of corresponding Gaussian fitting of the data

Blends �L (nm) �DPS (nm) Remarks

Pure ST2 39–54 20.2 –

ST2/PS012 37–43 22.2 hPS Completely solubilised in PS block of ST2

ST2/PS018 42–58 22.1 hPS Only partly solubilised, hPS particles about 0.3–1.0 mm in diameter

ST2/PS082 49–54 21.2 hPS Almost completely macrophase separated, hPS particles about 1–4 mm

in diameter
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any PS blocks of ST2 (i.e. MhPS . MPS-block). Hence, the

hPS molecules tend to phase-separate forming hPS particles

in block copolymer matrix (Fig. 2(c)). The three-phase

morphology of the matrix is again maintained, and PS082

particles, a few microns in diameter, are formed. Never-

theless, owing to a broad molecular weight distribution of

polystyrene, a part of lower molecular weight fraction of

PS082 might be solubilised by the PS domains.

It may be, in general, assumed that criteria for

solubilisation of homopolymers in the corresponding

block of copolymers discussed in the literature is valid for

investigated asymmetric star block copolymer/hPS blends.

So, an increase in concentration of PS082 would lead to

further macrophase separation, and finally, block copolymer

particles in PS082 matrix are formed at higher PS082

concentration, Fig. 3 [23].

Fig. 2. Lower (left) and higher (right) magnification of TEM images showing morphology of solution cast ST2/hPS blends as a function of hPS molecular

weight ðMhPSÞ; (a) ST2/PS012, (b) ST2/PS018 and (c) ST2/PS082; hPS content in each case is FhPS ¼ 20%:

R. Adhikari et al. / Polymer 44 (2003) 8041–80518044



3.2. Micromechanical deformation behaviour

In the system investigated, three different types of

morphologies were observed depending on hPS molecular

weight and blend composition: microphase separated

morphology (e.g. pure ST2, ST2 þ 20% PS012); macro-

phase separated morphology having ST2 matrix (e.g.

ST2 þ 20% PS018 and ST2 þ 20% PS082) and macro-

phase separated blends having PS082 matrix (e.g.

ST2 þ 80% PS082). Accordingly, the micromechanical

mechanisms may be discussed under three headings.

3.2.1. Microphase separated samples (e.g. pure ST2 and

ST2 þ 20% PS012)

The micromechanical behaviour of the star block

copolymer used in this study has been discussed in our

recent publication preparing samples by different methods

[20]. The lamellar star block copolymer was found to

deform by the mechanism of ‘thin layer yielding’ without

formation of any localised deformation zones. The PS

lamella thickness and the lamellar long period was reduced

by more than 50% resulting in a local plastic deformation of

over 300%. This homogeneous plastic yielding of PS layers

(necking and drawing of PS lamellae) was found to be

responsible for the observed high ductility of the star block

copolymer.

The homogeneous plastic deformation of PS lamellae

and the formation of so called ‘fish-bone’ morphology may

be clearly noticed in the deformed star block copolymer

film, Fig. 4. Locally confined deformation zones such as

crazes are not noticeable. Small bulges along the PS

lamellar axis indicate the necking and drawing of the PS

lamellae as observed previously with TEM investigations

[20]. One of these regions is shown by a white circle in

Fig. 4. The plastic deformation of the lamellae leading to the

yielding of PS lamellae is consistent with earlier results by

Kawai et al. [15,16]

Formation of the fish-bone or ‘chevron’ morphology

seems to be universal in lamellar block copolymer samples

subjected to uniaxial tensile deformation. Recently, Thomas

and co-workers reported similar observation (‘chevron-fold’

morphology) in an oriented lamellar block copolymer

sample loaded perpendicular to the lamellar orientation

direction [25,26]. They demonstrated that a macroscopic

strain of a few hundred percent can be achieved in these

samples simply through the lamellar folding without

noticeable stretching of the lamellae. In our samples, since

the lamellae are randomly oriented, macroscopic elongation

can be regarded as being a result of the combined effect of

folding, twisting and stretching of the lamellae along the

deformation direction (Fig. 4).

The deformation structures found in sample ST2 þ 20%

PS012 are shown in Fig. 5. One can see that the lamellae in

the deformed sample are predominantly aligned towards the

deformation direction. Both lamellar stretching and the

formation of fish-bone structure, similar to that observed in

the pure block copolymer (Fig. 4) may be clearly noticed. A

remarkable difference is in the mode of deformation of the

PS lamellae. Alternating thicker and thinner regions (small

bulges along a PS lamella) are pronounced. Hence, the

plastic deformation process of the glassy PS lamellae in this

blend is less homogeneous compared to the pure block

copolymer. The restriction in the plastic flow might have

been borne by the presence of dissolved low molecular

weight hPS molecules, which act as molecular defects (due

to presence of larger number of chain ends) and cause an

early failure of the tensile specimens. One consequence of

this behaviour would be the reduced ductility compared to

the pure star block copolymer. As a result, in spite of

analogous morphology and similar deformation structures,

the elongation at break for this blend was much smaller than

Fig. 3. Lower (left) and higher (right) magnification of scanning force microscopy (SFM) phase images showing morphology of solution cast ST2/PS082 blend,

the blend composition is FhPS ¼ 80% (from p. 91 of Ref. [23]).
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the pure ST2 (discussed later, see Fig. 8). The worsening in

the ductility may be explained by the plasticisation of PS

lamellae by PS012, whose molecular weight ðMPS012 ,
12; 000 g=molÞ lies well below two times the entanglement

molecular Me weight of polystyrene (Me for PS 19,100

[27]). These hPS chains might partly be mixed even to the

butadiene phase due to its low molecular weight. In any

case, these chains may act as defects sites.

3.2.2. Macrophase separated sample having ST2 matrix

(e.g. ST2 þ 20% PS082)

Fig. 6 presents a series of high voltage electron

microscopy (HVEM) images showing the details of

deformation structures in macrophase separated

ST2 þ 20% PS082 blend which possesses hPS particles in

ST2 matrix. Especially, morphological changes around the

PS particles during deformation are very helpful to under-

stand the micromechanical processes.

Growth of microvoids at the poles (i.e. in the direction of

applied stress) of the particles is well known from particle

filled polymers [27]. In the present case, the PS082

inclusions act as stiff particles embedded in the soft ST2

matrix. At the pole regions of the hPS particles microvoids

appear due to stress concentration.

If the elastic modulus of the inclusions is much larger

than that of surrounding matrix, the stress is reduced at the

equator, and a compressive stress component acts at the

equator of these spherical PS082 particles yielding a good

contact with the matrix. The maximum stress concentration

exists at the poles of the particles, which is the reason for

void formation as shown in Fig. 6(a).

The contrast in the electron micrographs given in Fig. 6

arises from two facts: staining of the rubber phase (namely

PB phase) by osmium tetroxide and the variation in local

sample thickness induced by the straining. Due to high

deformation of the lamellar matrix, it looks brighter than the

dispersed PS082 particles (see low magnification image in

Fig. 6(a)). The extremely high deformation of the lamellar

matrix is also confirmed by the extended elliptical shape of

the microvoid at the poles of the dark polystyrene particles

(Fig. 6(a)).

It is interesting to note what happens at the pole regions

of the particles right before the formation of microvoids.

The higher magnifications of the HVEM micrographs

presented in Fig. 6 indicate that the enormous stress

Fig. 4. Lower (left) and higher (right) magnification of TEM images showing morphology of solution cast ST2; deformation direction is shown by an arrow.

Fig. 5. Lower (left) and higher (right) magnification of TEM micrographs revealing strain induced structural changes in microphase separated ST2/20% PS012

blend; deformation direction is shown by an arrow.
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concentration at the particle poles makes both PS and PB

lamellae turn to fibrillar structures. Every lamellae appears

to be formed by a parallel array of ‘fibrils’ normal to the

lamellar axis. Both PS and PB lamellae seem to take part in

the formation of these fibrillar microstructures (Fig. 6(c)).

Formation of microvoids results in the relieve of stress

concentration at the particles’ poles. This is followed by a

large homogeneous plastic deformation of lamellar matrix.

The contour length of lamellae around a microvoid is more

than three times of original length at PS particle surface

(Fig. 6(a)), indicating a local deformation with an extension

ratio of l . 3 (i.e. strain, 1 . 200%). This is similar to the

experimentally measured strain at break of the star block

copolymer (see Fig. 8).

The growth of microvoids formed at the poles of hPS

particles and subsequent large plastic deformation of

Fig. 6. Series of HVEM images showing the deformation structures around the poles of hPS particles in macrophase separated blend ST2 þ 20% PS082, strain

direction shown by an arrow.
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surrounding lamellar matrix, result in a high elongation at

break (discussed later). The growth of these microvoids into

cracks and propagation of the cracks cause the specimen-

failure.

3.2.3. Macrophase separated samples having PS082 matrix

(e.g. ST2 þ 80% PS082)

The morphology of ST2 þ 80% PS082 blend (see Fig. 3)

is comparable to that of rubber toughened thermoplastics.

By analogy, the deformation mechanisms observed in this

blend (Fig. 7) can be compared to the deformation of rubber

modified thermoplastics (with soft inclusions dispersed in

the hard matrix). The effectiveness of rubber toughening

depends on the size, distribution and microstructures of the

rubber particles [27–29]. Toughening glassy thermoplastics

by block copolymers have been studied by Aggarwal and

shown that block copolymer particles can act as good

toughening agents if these are able to undergo plastic

deformation [2]. The toughening mechanism involves the

initiation and/or termination of fibrillated crazes in the

thermoplast matrix by the soft block copolymer particles.

In the macrophase separated blend with hPS matrix,

crazes were observed perpendicular to the principal stress

direction (Fig. 7). Since the block copolymer particles are

softer than the polystyrene matrix, the stress concentration

should occur at equator of the particles [27,30]. The

concentric arrangement of PS and PB lamellae in the

block copolymer particles (see e.g. Fig. 3), however, seems

to cause a more uniform distribution of stress around the

block copolymer particle. This results in the rupture of a

contact between the particle and the matrix somewhere at the

interface. Hence, the stress is not necessarily concentrated at

Fig. 7. HVEM images showing deformation of the macrophase separated blend having PS matrix: (a) debonding at the block copolymer particles, (b–c)

deformation of lamellar particles, deformation direction indicated by an arrow.
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the equatorial region. The Young’s moduli of PS matrix and

star block copolymer are 3300 and 1205 MPa, respectively

[23]. This mismatch in Young’s modulus is large enough for

the nucleation of crazes. The stress concentration at the

particle surface may lead to disentanglement of polystyrene

chains between the PS matrix and the PS lamellae of the

copolymer particle resulting in particle debonding.

The effectiveness of block copolymer particles as

toughening agent depends on the internal morphology and

size of the particles. The molecular parameters (like

molecular weight and architecture, i.e. AB or ABA type

copolymer, with A as matrix component) may play an

important role in the toughening mechanism. It is desirable

that the molecular weight of the end blocks is greater than

2 £ Me; so that a strong matrix/particle coupling is possible.

The longest PS block of the copolymer has the molecular

weight of ca. 70,000 g/mol, which is much greater than Me:

This should provide the block copolymer and the blends

with polystyrene a good strength. However, a debonding

between the particles and the matrix was observed

(Fig. 7(a)), which would be expected only for the polymers

having a poor interfacial adhesion.

The sample was prepared via solution casting using a

‘neutral’ solvent toluene followed by subsequent vacuum

drying and annealing above the glass transition temperature

of both the components. However, due to difference in

solubility parameter and the thermal expansion coefficient

of the polybutadiene and the polystyrene phases, there may

exist an internal stress in the sample. Especially, the excess

internal stress inside the copolymer particles and that

between the matrix and particles would favour the

propagation of micro-crack along the boundary of copoly-

mer particles (Fig. 7(a)) or along a PS lamella.

Like the blends with hPS particles (Fig. 6), an extensive

plastic deformation of the block copolymer lamellae leading

to the formation of ‘fibrillar’ structure was observed (Fig. 7).

The HVEM micrographs in Fig. 7(b) and (c) shows the

deformation process prior to the debonding between the

particles and the matrix. In addition to the initiation and

termination of the crazes running across the PS matrix, the

block copolymer lamellae have undergone a remarkable

structural changes.

A closer inspection of the micrographs in Fig. 7(b)

reveals a region of lamellar block copolymer particle

between a propagating and a terminating craze (indicated by

letters A and B, respectively in Fig. 7(b)). The lamellae in

this region have transformed into an array of fibrils. These

fibrils appear to be elongated along the stress direction and

arranged in bundles perpendicular to the lamellar axis.

It was found that the deformation mechanism in a

lamellar block copolymer is predominantly a homo-

geneous plastic deformation of PS and PB lamellae (Figs.

4 and 5). Recent studies of Wang [31] and Hartmannn

[32] show that the glass transition temperature ðTgÞ of

glassy polymers is a strong function of film thickness.

The Tg of a polymer decreases as the film thickness

decreases. These findings are in line with our previous

results, in which the mechanism of thin layer yielding

was proposed [20]. According to this mechanisms, the

homogeneous plastic deformation of the glassy layer

occurs if the thickness of these layers is in the range of

20 nm. On the basis of present study, however, the

deformation mechanisms seems to alter dramatically as

the local stress concentrators (e.g. presence of particle–

matrix morphology) are present.

If a craze propagates from a surface flaw (e.g. Fig. 7(b);

top, right), the stress is concentrated at the tip of the craze.

The maximum stress at the craze-tip is, hence, transferred

to the block copolymer particle. This high stress may

exceed the yield stress of the lamellar block copolymer,

which enable the PS lamellae to split into the fibrillar

structure.

3.3. Formation of fibrillar structure

The deformation of lamellae-forming styrenic block

copolymers and even their blends with hPS have been

addressed in a numerous earlier studies [15,16,25,26,

33–35]. However, this is the first time that we report the

formation of fibrillar structure parallel to the lamellar

normal. This is especially the case if loading direction is

perpendicular to the lamellae and appears at the locations

close to the particle–matrix boundary. It can be clearly seen

that the formation of fibrillar structures is not limited to one

of the lamellae type and practically resembles the craze-

fibrils (5–20 nm thick). It should be stressed that the

alternating bright and dark areas along each fibrillating

lamella is not necessarily only the effect of presence of

alternating array of microvoids. This may appear due to a

local density fluctuation caused by local non-uniform plastic

deformation.

The above discussion indicates that the fibrillar structures

observed is nothing but an intermediate stage of defor-

mation during perpendicular deformation of lamellae close

to a stress concentrator.

The previous studies on block copolymer/hPS blends

dealt only with the deformation structures formed at the

final stage of deformation. In such studies using TEM, the

sections are prepared from strained specimens, in which

the strain induced details might significantly heal-up. Post-

deformation history (store of deformed specimens, section-

ing etc.), generally leads to the relaxation of many of the

fine deformation structures. As a result the fibrillar struc-

tures were not observed. In our case, semithin sections

(ca. 500 nm thick) were strained and stained in OsO4 vapour

keeping the section in the stretched state so that the

deformation structures were fixed in position. As a result, it

was possible to resolve the detailed fine arrangement of

fibrillar structures in lamellae at the vicinity of particles

which were not detached from the matrix yet.
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3.4. Influence of micromechanical mechanisms on

macroscopic mechanical behaviour

It has been already pointed out that the micromechanical

mechanisms play the decisive role in determining the

mechanical behaviour of the heterophase polymers. There-

fore, a direct correlation between the strain induced

structural changes and the macroscopic mechanical proper-

ties may be established.

Fig. 8 shows the stress–strain curves of the pure block

copolymer and some blends with hPS. The samples have a

pronounced yield point. The stress level achieved beyond

the yield point in the blends with hPS is clearly higher than

that in the pure star block copolymer ST2. The higher

stress level in the blends is caused by the higher overall

polystyrene content.

As the polystyrene forms matrix (e.g. the blend with 80%

PS082 in Fig. 3), the yield stress level increases drastically

indicating a highest resistance to plastic deformation. The

pronounced strain softening in the blend is a consequence of

stress-relieve due to localised plastic deformation process

(e.g. crazing). The high stretching of the fibrils in the crazes

(e.g. in Fig. 7) and subsequent chain orientation might lead

to strain hardening effect, which could again increase the

stress. However, the blend with 80% PS082 lacks this

behaviour. The reason is that the crazes grow to critical size;

and the specimen undergoes fracture via crack formation

and propagation.

For the rest of the samples, the deformation occurs

almost homogeneously, and the stress level rises continu-

ously with strain after the yield point. The absence of

sharp yield point may be correlated with the presence of

polygranular lamellar matrix. With the initiation of plastic

deformation processes, the shearing of the rubbery layers

and slipping of the glassy PS lamellae begin [24]. The

twisting, rotation and drawing of the lamellae relieve the

stress and initiates simultaneously the orientation of rubbery

and glassy chains. These processes are responsible for the

observed strain hardening in star block copolymer and the

blends with low PS content.

The strong plastic stretching of the lamellae in ST2 has a

consequence of a drastically increased macroscopic

elongation at break. A significant contribution also comes

from the rotation and folding of the lamellae in the fish-bone

structures. In spite of similar morphology and deformation

structures as in ST2, the lower value of strain at break for

ST2 þ 20% PS012 may be explained by the premature

failure of the PS lamellae as discussed in preceding section.

In this microphase separated blend, the added PS homo-

polymer chains act as defect points and hinder the draw-

ability of the PS layers (see alternating thicker and thinner

regions formed along the PS lamellae in Fig. 5).

The ductility in ST2 þ 20% PS082 blend is higher than

that of the blend with 20% PS012. The additional

contribution to the higher strain at break arises from the

void formation and extensive plastic deformation at the

poles of the PS particles in this blend (see Fig. 6). Never-

theless, this blend does not reach the maximum strain and

stress level of the pure star block copolymer, which could be

attributed to the premature failure of the sample via

propagation of crack initiated at the pole of large particles.

4. Conclusions

The results discussed in this paper may be concluded as

follows (see also Table 3):

† Morphology. In accordance with the results for diblock

copolymer/homopolymer blends discussed in the litera-

ture, the morphology of ST2/hPS blends is greatly

influenced by the hPS molecular weight.

† Micromechanical behaviour. The microphase separated

blends show analogous behaviour as the parent block

Fig. 8. Stress–strain curves of the investigated solution cast films; total specimen length 50 mm and thickness ca. 0.5 mm, tested at 23 8C at a cross head speed

of 50 mm/min.
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copolymer as far as the morphology of the parent block

copolymer is preserved (the thickness of the PS lamellae

,20 nm). A pronounced localisation of deformation is

observed in macrophase separated blends. The fibrillar

structures appear in the lamellae if the stress concen-

trators are present.

† Mechanical response. The ductility of the blends of low

molar mass hPS (at low PS concentration) and star block

copolymer is lower than that of the block copolymer

partner, which may be attributed to the weakening of the

molecular knots in the PS domains. In contrast, higher

molar mass hPS enhances the mechanical stability.
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Table 3

Summary of the deformation mechanisms observed in star block copolymer/hPS blends having different morphologies

Samples Morphology Deformation mechanism

Pure ST2 Lamellae ‘Fish-bone’ formation, necking and drawing of PS lamellae (thin layer

yielding)

ST2/PS012 (20% PS) Lamellae As in pure ST2, lower drawing of the PS lamellae leading to a premature

failure

ST2/PS082 (20% PS) PS Particles in lamellar matrix Void formation at poles of PS particles, high deformation of lamellae

adjacent to these particles

ST2/PS082 (80% PS) Block copolymer particles in PS matrix Crazing in the PS matrix, particle debonding
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