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Asymmetric styrene/butadiene block copolymers and their blends with polystyrene
homopolymer are studied, using transmission electron microscopy and scanning force
microscopy, to explore the influence of phase morphology on the microindentation
hardness and the nano-mechanical deformation mechanisms. In contrast to polymer blends
and random copolymers, in which microhardness generally follows the additivity law, the
behaviour of the investigated block copolymer systems is found to significantly deviate
from the hardness additivity behaviour. Owing to the modified architecture, the asymmetric
star block copolymer having 74 vol% polystyrene possesses a lamellar morphology, which
partly explains the observed low hardness values. An additional explanation is found in the
large plastic homogeneous deformation of the polystyrene (PS) lamellae by means of a
new micromechanical mechanism called thin layer yielding. In the blends of a star block
copolymer with polystyrene homopolymer, a rapid change in the micromechanical
deformation behaviour is found to cause a shift in the observed microhardness to larger
values. A major conclusion of our investigations is that microhardness of the triblock and
star block copolymers can only be explained in the light of the morphology and
nano-mechanical deformation mechanisms involved. C© 2003 Kluwer Academic Publishers

1. Introduction
Block copolymers form a new class of materials
with unexpected and outstanding mechanical (stiffness,
strength, toughness, etc.) and optical (transparency)
properties. Amorphous block copolymers consisting of
polystyrene (PS) and polyisoprene (PI) or polybuta-
diene (PB) units are examples of nanostructured het-
erogeneous polymers in which the mechanical proper-
ties are generally controlled by a microphase separated
morphology that is adjustable by the block copoly-
mer composition [1]. Through variation of molecular
weight, composition, chain architecture and processs-
ing conditions, the dimensions, nature and orientation
of these structures can be accurately controlled [2]. In
particular, the morphology of block copolymers having
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asymmetric chain architecture can markedly deviate
from the classical phase diagram of diblock copolymers
[3–8]. This allows one to prepare transparent nanostruc-
tured materials having a tailored mechanical property
profile [6–9].

Poly(styrene-block-butadiene-block-styrene) (SBS)
triblock copolymers, owing to the widely separated
glass transition temperature (Tg) of the constituent
phases, provide a broad range of service temperatures
[1]. Their significance concerning technical applica-
tions lies in the fact that, at room temperature, the
flexible rubbery polybutadiene blocks (Tg ∼ −100◦C)
are anchored on both sides by the glassy polystyrene
blocks (Tg ∼ +100◦C). Therefore, these block copoly-
mers behave as a cross-linked rubber at ambient
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temperature and allow a thermoplastic processing at
higher temperature [2].

Because of the higher production costs involved,
block copolymers are seldom used as pure mate-
rials. For example, styrene/butadiene block copoly-
mers are often employed in combination with the
polystyrene homopolymer (hPS) [2, 6]. Modification
of the styrene/butadiene block copolymers’ architec-
ture does not only alter their phase diagram but also may
change the degree of miscibility as well as the mechan-
ical behaviour of their blends with polystyrene. One
example of the latter are the block copolymers having
an asymmetric star architecture. Indeed, as compared
to their linear counterparts having analogous chemical
composition and morphology, these star block copoly-
mers are known to possess more attractive mechanical
and rheological properties [6, 8, 9].

Owing to the wide interest in these block copoly-
mers, a better understanding of their mechanical
properties and a deeper insight into the structure-
property-correlations is required. A bridge between
the microphase structure or morphology and the me-
chanical properties are the micromechanical processes
of deformation and fracture. Direct information on
the micromechanical mechanisms can be gained us-
ing electron and scanning force microscopy techniques,
including in-situ microscopy. These techniques per-
mit a direct visualization of the morphology and its
influence on the micromechanical deformation pro-
cesses under the action of an applied load [10–12].
With help of these techniques we have characterized
in detail the micromechanical properties of different
amorphous [13, 14], semicrystalline [15, 16], rubber-
toughened [17–22], particle-filled polymers [19] and
block copolymers [23, 24].

Additional information can be gained from micro-
hardness measurements. The microindentation hard-
ness technique has found in recent years widespread
application in polymer research [25]. The technique
has been increasingly used in the characterization of
homopolymers, polymer blends and copolymers. A
very attractive feature of this technique is its ability
for the micromechanical characterization of the poly-
meric materials. The influence of different molecu-
lar parameters (molecular weight, branching degree
etc.) on the crystalline morphology in semicrystalline
polymers, on the glass transition temperature in amor-
phous polymers [26–29] and the microphase sepa-
rated morphology in block copolymers has been ex-
amined in preceding studies using the microhardness
technique [30–32]. In particular, the microhardness
behaviour of triblock and star block copolymers, bi-
nary block copolymer blends and blends containing
homopolystyrene has been the object of recent stud-
ies [30–32]. The relevant finding here is that micro-
hardness is not determined by the phase constitution
of the block copolymers but mainly by the arrange-
ment of the components, i.e., by the morphology. How-
ever, morphology changes alone could not satisfacto-
rily explain the strong, unexpected deviation of the
microhardness values from the additivity law. There-
fore, it was concluded that additional contributions on

the basis of new micromechanical mechanisms are nec-
essary to clarify the new findings. The object of the
present paper is, thus, to correlate the results obtained
from microindentation hardness measurements with the
micromechanical properties derived from direct mi-
croscopic observations, aiming to a better understand-
ing of the plastic nano-mechanical processes occurring
during microindentation in styrene/butadiene block
copolymers.

2. Experimental
2.1. Materials and sample preparation
The characteristic data of the investigated block copoly-
mers and of homopolystyrene are listed in Table I. The
block copolymers possess an identical net chemical
composition (styrene volume fraction = 0.74) but differ
in the chain architecture. These copolymers were syn-
thesised by the sec-butyl lithium initiated sequential
living anionic polymerisation. To obtain asymmetric
block copolymers (i.e., those having the styrene ter-
minal blocks of unequal lengths), a different amount
of styrene monomer was polymerised as the first and
the last blocks of the chain. The tapered transition was
achieved by allowing a mixture of styrene and butadi-
ene monomers to simultaneously polymerise. Asym-
metric star block copolymers were obtained by allow-
ing the living linear chains of different lengths to couple
via oligofunctional coupling agents. Further informa-
tion about the synthesis of the block copolymer types
used in the present study may be found elsewhere [6].
Their phase behaviour and morphology have been dis-
cussed in detail in preceding publications [6–8]. The
star-block copolymer ST2 was used to prepare blends
with general-purpose polystyrene homopolymer (hPS)
by mixing the components in an extruder. The composi-
tion, PS content, thickness of the PS lamellae, DPS, mi-
crohardness, H , elastic modulus, E , and yield stress, σy
of these blends are collected in Table II. The materials
investigated were prepared by injection moulding ac-
cording to ISO 527 (mass temperature 250◦ and mould
temperature 45◦C) and solution casting using toluene
as solvent.

2.2. Techniques
Tensile Testing was performed at room temperature
(23◦C) using a universal tensile machine (Zwick 1425)

TABLE I Characteristic data of the block copolymers and hPS studied

Mn �b
ST

Sample (g/mol)a Mw/Ma
n (%) Remarks

LN1-S74 82,000 1.07 74 SBS triblock with symmetric
end blocks

ST2-S74 109,200 1.69 74 Highly asymmetric tapered star
block with SB arm structure,
PB core

hPS 82,600 2.30 100 Polystyrene homopolymer

aDetermined by gel permeation chromatography (GPC) using PS
calibration.
bTotal styrene volume fraction determined by Wijs double bond titration.
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T ABL E I I Composition, total PS content, thickness of the PS lamellae DPS, microhardness H , Young’s modulus E and yield stress σy of the ST
2/hPS blends

Sample hPS content (wt%) Total PS (wt%) DPS (nm) H (MPa) E (MPa) σY (MPa)

ST2 100 74 19 44 1205 24
ST2 + 20% hPS 80 79 27 64 1596 30
ST2 + 40% hPS 60 84 30 75 2072 37
ST2 + 60% hPS 40 90 39 100 2522 45
hPS 0 100 – 180 3300 55

at a cross head speed of 50 mm/min. At least
10 samples were tested in each case. The Young’s
modulus (E) and yield stress (σy) were calculated
by evaluation of the initial slope and from the first
maximum of the corresponding stress-strain curves,
respectively.
Transmission electron microscopy (200 kV TEM, Jeol)
was used to image the microphase separated morphol-
ogy of the samples. Ultrathin sections (about 50–70 nm
thick) were cut in a cryo-ultramicrotome from the
bulk specimens. The polybutadiene phase was selec-
tively stained by osmium tetroxide (OsO4) vapour. The
structures were characterised using a special image-
processing program.
Microindentaion hardness (H) was evaluated by mea-
suring the residual impression produced by a Vickers
diamond indenter onto the surface of the injection
moulded bars. For the sake of comparison, the indenta-
tions were made on the specimen surface in the middle
of the injection moulded bars. An indentation time of
6 s and a load of 50 g were respectively used. The Vick-
ers hardness is defined as [25]:

H = kP/d2 (1)

where P is the applied load in N , d the diagonal of
the impression in m, and k a geometric factor equal to
1.854. The H values were derived from an average of
at least 10 indentations.
Micromechanical characterization using TEM and
SFM [10–12]:

(a) After deformation of the bulk material the de-
formed zones were stained using OsO4 followed by
preparing ultra-thin (about 100 nm) and semithin (about
500 nm thick) sections using a cryo-ultramicrotome.
The sections were studied in a 200 kV TEM (Jeol) or a
1000 kV high voltage TEM (Jeol, in cooperation with
the Max Planck Institute of Microstructure Physics in
Halle/S.).

(b) Semithin sections (approximately 500 nm thick)
were prepared from the bulk sample using a cryo-
ultramicrotome and transferred to a special strain-
ing device that can be directly fitted to a micro-
scope sample holder. Deformation of the samples was
performed outside or inside the HVEM or a scan-
ning force microscope (SFM). To improve the visibil-
ity of the polybutadiene phase in the deformed sam-
ples in the HVEM, an OsO4 staining treatment of
the strained samples was employed. In addition, the
ultramicrotomed face of a bulk sample was investi-
gated by tapping mode SFM using the phase imaging
technique.

Figure 1 Schematics of molecular structure and morphology of the
block copolymers studied (White and dark areas stand for hard (PS)
and soft (PB) phases, respectively).

3. Molecular architecture and
characterisation of morphology

In preceding studies we analysed the microphase-
separated structure of the block copolymers investi-
gated, using scanning force microscopy (SFM) and
transmission electron microscopy (TEM) [7, 8]. The
molecular architecture and morphology of the samples
as revealed by the microscopic techniques are schemat-
ically represented in Fig. 1. Despite having the same
chemical composition (74 vol% polystyrene), these
block copolymers possess different morphologies as
a consequence of modified molecular architecture of
ST2.

The sample LN1 has a simple symmetric linear archi-
tecture (symmetric outer polystyrene blocks) held apart
by a pure butadiene block having a sharp interface with
the neighbouring polystyrene blocks. This sample dis-
plays morphology of hexagonal PB cylinders dispersed
in the PS matrix, in agreement with the classical picture
from the morphology of block copolymers (see Fig. 2a)
[2].

The star-block copolymer ST2, having a highly
asymmetric architecture and star topology, shows a
lamellae-like ‘two-component three-phase’ morphol-
ogy of alternating PS and PB lamellae (see Fig. 2b)
[33]. The asymmetric structure as well as the presence
of tapered interface allows a part of stiff polystyrene
segments to be partially mixed to the polybutadiene
phase suggesting a deviation of the apparent phase vol-
ume fraction from the actual phase ratio of the com-
ponents. The influence of the modified architecture of
the block copolymers additionally induces a shift of
the glass transition temperature of the butadiene phase
(Tg-PB) towards higher temperatures. For the sample
LN 1, the values of Tg for polystyrene (Tg-PS) and
polybutadiene (Tg-PB) blocks are about +97◦C and
−95◦C, respectively; i.e., they nearly correspond to the

4715



Figure 2 TEM micrographs showing the morphology of the block copolymers studied: (a) linear block copolymer LN1, and (b) star block copolymer
ST2; solution cast films, OsO4 staining.

glass transition temperatures of the corresponding ho-
mopolymers. However, the measured Tg-PB value for
the star block copolymer ST2 (Tg = −79◦C) is much
higher than that of PB homopolymer. This Tg-PB in-
crease is indicative of the presence of styrene units
within the butadiene phase, which hinder the mobil-
ity of the flexible PB chains. In contrast to this, the
Tg-PS values of the samples remain nearly unchanged
relative to that of PS homopolymer [33].

The lamellar morphology of the star block copoly-
mer ST2 and the blends with hPS (see the TEM mi-
crograph in Fig. 3) were oriented along the flow di-
rection by injection moulding. It is worth mentioning
that the morphology of the injection-moulded samples
may change along the length of the bar and across the
thickness of the sample. Therefore, for comparison pur-
poses, the sections for the TEM studies were prepared
from the middle of the injection moulded bar parallel
to the injection direction at about 50 µm beneath the
surface. By adding the hPS to the star block copoly-
mer the morphology is continuously changed. Fig. 3
illustrates some representative TEM micrographs; the
corresponding frequency distributions of the PS lamel-
lae in the star block copolymer and the blends with
hPS are presented in Fig. 4. It is to be noted that, both,
the peak-maximum and the peak-width of the thickness
distribution of the PS lamellae in the blends continu-
ously shift towards higher values with increasing hPS
content, indicating that a major part of the added hPS is
accommodated into the corresponding PS lamellae of
the star block copolymer. The thickness of the butadi-
ene layers remains almost unchanged.

4. Results
4.1. Mechanical properties
The stress-strain curves of the block copolymers
and some of the ST2/hPS blends are presented in
Fig. 5a and b. According to these curves three types

of mechanical behaviour can be identified for these
materials:

(a) Sample LN1 with a relatively high stiffness (elas-
tic modulus), high yield stress, and low elongation at
break and, therefore, showing a low toughness

(b) Sample ST2 presenting a remarkably large elon-
gation at break and, consequently, a high ductility
(toughness)

(c) The blends of ST2 revealing a decreasing elonga-
tion at break with increasing hPS content.

4.2. Microhardness measurements
Fig. 6 shows the plot of microhardness as a function
of total styrene content for the block copolymers and
blends. The dotted straight line illustrates the hardness
as a function of composition according to the additivity
law (Equation 2):

H = HPS · �PS + HPB · (1 − �PS) (2)

where Hx and �x represent the microhardness and
the weight fraction of the component X , respectively.
The obtained results reveal a conspicuous deviation of
H-data from the additivity law and display a relatively
wide range of H -values in spite of having an identi-
cal net chemical composition in case of the pure block
copolymers. Similarly to the mechanical properties (see
Fig. 5) one can distinguish three different H -ranges
depending on the microphase-separated morphology
type:

(a) Sample LN1 showing a hardness of H = 72 MPa.
(b) Sample ST2 presenting a lower hardness value of

H = 45 MPa.
(c) The blends of ST2 that show increasing hardness

values in the range 64–100 MPa. with increasing hPS
content
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Figure 3 TEM micrographs of the injection-moulded star block copolymer and of the blends with hPS for two compositions.

It should be noted that the H values of the block
copolymers show a decrease with increasing Tg-PB. As
discussed above, the Tg-PB increase points to the pres-
ence of styrene units in the butadiene phase, contribut-
ing to an increase of total soft phase volume fraction.
However, since the Tg-PB value is much lower than
test temperature, the hardness of the soft phase can
be assumed to be negligible (following the additivity

law), i.e., the variation of Tg-PB should not have any
influence on the hardness of the copolymers (for fur-
ther details see [30]). The reason for the low hardness
values obtained and the deviations from the additiv-
ity law has to be looked- for not only in the morphol-
ogy but also, most specially, in the micromechanical
behaviour under the indenter, as it will be discussed
below.
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Figure 4 Thickness distribution of PS lamellae for the samples having the morphologies shown in Fig. 3.

Figure 5 Stress-strain curves of the samples investigated: (a) pure block copolymers, and (b) ST2/hPS blends.

4.3. Nano-mechanical processes
and mechanisms

The deformation processes occurring in the samples
during mechanical loading can be clearly observed in
the micrographs taken from deformed zones of the sam-
ples. Three types of micromechanical behaviour can
again be distinguished:

(a) In case of sample LN1 (morphology of the PS ma-
trix with PB cylinders), PS-matrix strands between the
PB cylinders are cavitated and fibrillated, forming to-
gether with elongated PB cylinders craze-like deformed
structures (see Fig. 7).

(b) In case of ST2 (lamellar morphology) (see
Fig. 8a); if the deformation direction is parallel to the
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Figure 6 Plot of microhardness of the block copolymers and blends as
a function of total PS-content. The dotted straight line represents the
calculated hardness versus composition according to the additivity law.

lamellar orientation, a homogeneous plastic yielding
of, both, PS and PB lamellae is detectable (Fig. 8b).
Apparently there is no change in the phase morphol-
ogy besides a significant variation of the layer thick-
nesses and long period. However, a clear reduction of
the PS lamellae-thickness after deformation is observed
(compare Fig. 8a and b). This mechanism of homoge-
neous plastic deformation, called thin layer yielding is
quite different from the usual (craze-like) behaviour of
polystyrene [8].

If the deformation direction is perpendicular or
oblique to the lamellar orientation, different mecha-
nisms may act simultaneously or one after another
(see Fig. 9). First, a shift of adjacent lamellae (glid-
ing process) occurs. Thereafter, the lamellae break into

Figure 7 TEM micrograph showing craze-like deformation bands in the block copolymer LN1.

smaller domains, rotating towards the loading direc-
tion. Finally, chevron-like or fir-tree like morphologies
are formed (Fig. 9).

(c) In case of blends of ST2 with different amount
of hPS,: when the applied deformation is parallel to
the direction of the lamellar orientation a transition ap-
pears, with increasing thicker PS lamellae, from the thin
layer yielding mechanism to a crazing mechanism (see
Fig. 10). The internal structure of the crazes consists of
cavitated and extended PS lamellae and elongated PB
lamellae. With increasing PS content, there is a parallel
increase of Young’s modulus E and yield stress σy (see
Table II).

5. Discussion
5.1. Microhardness and morphology
A deviation of the hardness values from the additivity
law has been shown to occur in other polymers, e.g.,
in rubber modified semicrystalline polymers (iPP), in
which the hardness of the crystals within the blends is
lower than in the homopolymer [34]. However, the de-
viation in the H-values observed in the present study
is significantly larger than that observed in other poly-
mer materials. The larger deviations detected here sug-
gest that the total styrene content present in the block
copolymers and in the blends containing hPS bears no
correlation with the microhardness data. Instead, the
nature of the microphase- separated morphology ap-
pears to play a relevant role. In ST2, the change in
the phase morphology and the parallel increase of the
glass transition temperature of the soft phase (Tg-PB)
give rise to a partial incorporation of PS molecules
into the PB phase. Consequently, a rise of the ap-
parent soft phase volume and a parallel change of
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Figure 8 Lamellar block copolymer: (a) undeformed and (b) after deformation parallel to the lamellar orientation via homogeneous yielding of PS
and PB lamellae (mechanism of thin layer yielding).

PB domains or cylinders into PB lamellae might take
place leading, as a result, to the observed hardness
decrease.

By adding hPS to the block copolymers the hardness-
value increase rather abruptly. Since no parallel changes
in the morphology are observed, the explanation for this
sudden increase has to be found in the micromechan-
ical processes occurring below the indenter (see next
section).

5.2. Microhardness and micromechanical
processes

The block copolymer sample ST2 with a lamellar mor-
phology exhibits the lowest hardness values. In this

Figure 9 Lamellar block copolymer: (a) undeformed and (b) after deformation perpendicular to the lamellar orientation direction with the processes
of lamellae shifting and twisting (mechanism of chevron formation).

sample, the mechanisms of thin layer yielding or for-
mation of chevron-like morphology (depending on the
direction of deformation relative to the lamellar ori-
entation) take place. These mechanisms are sketched
in Fig. 11. Here, the starting processes are connected
with the high mobility and easy deformability of
the soft PB phase. This could be clearly shown by
analysing the strain induced molecular orientation of
individual phases by means of Fourier transform in-
frared (FTIR) spectroscopy [33, 35]. The latter re-
veals a molecular orientation mainly in the PB phase
in the initial stages of deformation. Up to about 50%
strain the orientation of the PB chains parallel to the
deformation direction increases remarkably. On the
other hand, the PS chains only show a very small
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Figure 10 Deformation of ST2 blends with hPS in the parallel direction to the orientation of PS lamellae: formation of fibrillated crazes: (a) 20 wt%
hPS, and (b) 40 wt% hPS.

Figure 11 Schematics of deformation mechanisms for the lamellar
block copolymers: (a) deformation parallel to the lamellar orientation
(thin layer yielding mechanism), (b) deformation perpendicular to the
lamellar orientation ( formation of chevron- or fir-tree like zones), and
(c) yield stress of PS lamellae as a function of lamellae thickness D.

Figure 12 Dichroic function representing the molecular orientation of
individual phases of the block copolymer ST2, derived from FTIR spec-
troscopy.

orientation—(see Fig. 12; details in [35]). Plastic defor-
mation, thus, starts with the yielding process, including
lamellae shifting, lamellar separation and twisting of
PS lamellae, in other words, involving a plastic defor-
mation in the soft phase and an alignment of lamel-
lae parallel to the loading direction. For higher de-
formations, depending on the loading direction with
respect to the lamellar orientation direction, a plas-
tic deformation (yielding) of PS lamellae starts imme-
diately. (Fig. 11a), or after breaking and twisting of
PS lamellae with the formation of chevron-like bands
(Fig. 11b). Here, the deformation of the PS lamellae
reaches 200–300% with a corresponding orientation in-
crease of the PS molecules [33, 35]. Accordingly, there
is the following situation below the indenter as load
increases:

At the beginning of indentation process (for small
strains) the harder PS lamellae undergo a ‘slipping’
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process, mainly due to the easy mobility of the PB
phase up to deformations of about 50%. For larger
strains, after shifting and twisting the lamellae, ho-
mogeneous plastic yielding of the PS lamellae (via
thin layer yielding mechanism) occurs. Since the in-
dentation depth (under the experimental conditions
applied) is in the range of a few µm, we can as-
sume that the deformation processes under the inden-
ter predominantly take place in the soft phase though
a beginning of yielding in the PS lamellae also oc-
curs. Both yielding processes are connected to low
yield-stresses leading to the very low hardness values
observed.

In case of the blends with hPS, the thickness of
the PS lamellae is increased to such an extent that
the mechanism of ‘thin layer yielding’ does not take
place anymore. Above a critical layer thickness of about
20–30 nm (at room temperature) [8] the PS lamellae
turn from the ductile behaviour on a nanometer scale
into the usual brittle behaviour of bulk PS. Therefore,
the yield stress of the PS lamellae, and consequently
of the whole material, is increased (see Table II and
Fig. 11c), resulting in larger hardness values. The hard-
ness increases more rapidly than expected from the
PS content-increase according to the additivity law.
Indeed, an addition of 60 wt% hPS to the star block
copolymer ST2 results in a hardness increase by 56
MPa (from 44 to 100 MPa; see Table II) whereas with a
total PS- increase of 16 vol% (from 74 to 90 vol%), the
additivity law would give a hardness increase of only
30 MPa—(see Fig. 6 ).

6. Conclusions
The microhardness study of various styrene/butadiene
block copolymers and blends containing hPS reveals
values that are much lower than those expected from
the hardness-additivity law. There are two reasons
that may explain the deviation from the additivity
behaviour:

(1) The occurrence of a morphology quite different
from the expected one on the basis of the phase con-
tent in the materials. Owing to a partial mixing of PS
molecules with the PB phase, the soft phase content
is increased with a corresponding shift to a morphol-
ogy of alternating PS and PB lamellae, giving rise
to a higher glass transition temperature of the soft
phase. The change in morphology with an apparently
increased soft phase leads to the hardness decrease ob-
served.

(2) The second reason lies in the occurrence of new
micro- or nano-mechanical mechanisms, that enable
an easier plastic deformability of the otherwise brittle
PS. Owing to the thin layer yielding mechanism the
material below the indenter can yield with a reduced
yield stress.

Results show that in the block copolymer systems
used, the microhardness is not determined by the
amount of components (i.e., phase composition and ad-
ditivity law), but mainly by the real morphology and
new micromechanical effects on the nm-scale.
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