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ABSTRACT: The influence of molecular architecture on
the mechanical properties of styrene/butadiene block copol-
ymers was investigated by means of the microhardness
technique. It was found that the microhardness of the sty-
rene/butadiene block copolymers is dictated by the nature
of microphase separated morphology. In contrast to poly-
mer blends and random copolymers, in which the micro-
hardness generally follows the additivity rule, the behavior
of the investigated block copolymers was found to signifi-
cantly deviate depending on their molecular architecture.

The glass-transition temperature of the polystyrene phase
(T,.ps), which practically remained constant and that of the
polybutadiene phase (T, pp), which varied with the change
in the block copolymer architecture, apparently do not in-
fluence the microhardness values of the block copolymers.
© 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90: 16701677, 2003
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INTRODUCTION

For many practical applications of polymers, a balance
of mechanical properties such as toughness, stiffness,
and strength is required. Amorphous block copoly-
mers consisting of polystyrene (PS) and polyisoprene
(PI) or polybutadiene (PB) units are an example of
nanostructured heterogeneous polymers in which the
mechanical properties are generally controlled by a
microphase separated morphology, that is, adjustable
by the block copolymer composition." Styrene-block-
butadiene-block-styrene (SBS) triblock copolymers,
given the widely separated glass-transition temper-
atures (Tg) of their constituent phases, provide a
broad range of service temperatures. Their signifi-
cance concerning technical applications lies in the
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fact that, at room temperature, the flexible rubbery
blocks (T, ~ —100°C) are anchored on both sides by
the glassy chain ends (Tg ~ +100°C). Therefore,
these block copolymers behave as a crosslinked rub-
ber at ambient temperature and allow a thermoplas-
tic processing at higher temperature.’

The microindentation hardness technique has found
in recent years widespread applications in polymer
research.” The technique has been increasingly used in
the characterization of the homopolymers, polymer
blends, and copolymers. A very attractive feature of
this technique is its ability for the micromechanical
characterization of the polymeric materials. In addi-
tion, microhardness may be successfully used to gain
information on the morphology—-mechanical property
correlations in heterophase systems. Because this tech-
nique is on one hand relatively simple and on the
other hand very sensitive to the phase behavior of the
heterogeneous systems, it may serve as an important
tool to gain a straightforward and deeper insight into
the microstructure-morphology correlation.>” In the
past, semicrystalline aliphatic polymers such as
polypropylene (PP), polyethylene (PE), and condensa-
tion polymers have been extensively investigated. In
particular the technique was used to assess strain-
induced polymorphic transitions in semicrystalline
polymers.*

In recent years, the phase behavior of the styrene/
diene diblock copolymers and their orientation behav-
ior attributed to mechanical loading have been exten-
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TABLE 1
Characteristic Data of the Block Copolymers Studied*’
Sample M, (g/mol)* M, /M,? Dgr® (%) Molecular architecture
LN1-574 82,000 1.07 74 SBS triblock with symmetric end blocks
LN2-S74 93,000 1.13 74 Asymmetric triblock having a center PB block
with tapered block transition to the long PS
end block
LN4-565 116,000 1.20 65 Triblock containing an PS-co-PB midblock
ST1-S74 91,800 1.99 74 Highly asymmetric neat star block with SB
arm structure, PB core
ST2-S74 109,200 1.69 74 Highly asymmetric tapered star block with
SBS arm structure, PS core
@ Determined by gel permeation chromatography (GPC) using PS calibration.
P Total styrene volume fraction determined by Wijs double-bond titration.
17-19

sively studied.”” Many studies report the deforma-
tion mechanisms of block copolymers as a function of
microphase separated morphology and the orientation
of the microdomains relative to the strain direc-
tion.87 12 In earlier studies, we examined the influence
of the macromolecular architecture on the morphol-
ogy formation, phase behavior, and deformation
mechanism of styrene/butadiene block copoly-
mers.'*™'® However, there are nearly no systematic
studies of the micromechanical behavior of the amor-
phous polymers such as SBS triblock copolymers, par-
ticularly in correlation with their molecular architec-
ture.

The aim of this contribution was to study the cor-
relations between the molecular architecture, the mi-
crohardness, and the macroscopic mechanical proper-
ties of selected styrene/butadiene block copolymers.

EXPERIMENTAL
Materials and sample preparation

The characteristic data of the investigated block copol-
ymers are listed in Table I. These materials possess a
nearly identical net chemical composition (styrene
volume fraction ~ 0.70) but differ in the chain archi-
tecture; the symbols S65 and S74 give the PS volume
content. The specimens were prepared by injection
molding and extrusion.

The block copolymers were synthesized by the sec-
butyl lithium (sBuLi)-initiated sequential living an-
ionic polymerization. To get the asymmetric block
copolymer (i.e., copolymers having styrene terminal
blocks of unequal lengths), a different amount of sty-
rene monomers was polymerized as the first and the
last blocks of the chain. The tapered block transition
was incorporated by allowing a mixture of styrene
and butadiene monomers to polymerize simulta-
neously. Asymmetric star block copolymers were ob-
tained by allowing the living linear chains of different
overall lengths to couple by oligofunctional coupling
agents. The synthesis of the block copolymers of the

types used in this study may be found elsewhere.
The phase behavior and morphology of the block co-
polymers used in this study were previously dis-
cussed in detail."*¢%°

Techniques

Tensile testing was performed at room temperature
(23°C) using a universal tensile machine (Zwick 1425;
Germany) at a crosshead speed of 50 mm/min using
extruded samples according to ISO 527. At least 10
samples were tested in each case. The Young’s mod-
ulus (E) and yield stress (o,) were calculated by eval-
uation of the initial slope and from the first maximum
of the corresponding stress—strain curves, respec-
tively.

Differential scanning calorimetric (DSC) measure-
ments were performed with a Mettler DSC 820 in the
temperature range from —120 to +150°C at a rate of
10°C/min using the cycle heating—cooling—heating.
The heat flow and the second derivative of the heating
scans were used for the analysis of the glass-transition
temperature. The weight of the investigated sample
was about 10 mg.

Microindentation hardness (H) was calculated by
measuring the residual impression produced by a
Vickers diamond indenter onto the surface of the in-
jection-molded tensile bars. For the sake of compari-
son, the measurements were made on the specimen
surface in the middle of the injection-molded bars. An
indentation time of 6 s and a load of 50 g were used.
For the sample LN4 loads of 10 and 15 g were applied.
The Vickers hardness is defined as™

P
H=k 5 (1)

where P is the applied load (in N), d is the diagonal of
the impression (in m), and k is a geometric factor
(=1.854). The H values were derived from an average
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of at least 10 indentations. The indentation anisotropy
can be determined from the equation

A=y (d)z (2)
HH dj_

where d| and d, are the diagonals of impressions
parallel and perpendicular to the orientation direction,
respectively. Unless otherwise stated, in this work we
use the hardness calculated from d | .

MOLECULAR STRUCTURE AND
PHASE BEHAVIOR

The microstructure of the block copolymers used was
analyzed in our preceding studies using scanning
force microscopy (SFM) and transmission electron mi-
croscopy (TEM).'*162°2! The molecular architecture
and the morphology of the samples as revealed by the
microscopic techniques are schematically represented
in Figure 1. All block copolymers have identical chem-
ical composition (74 vol % polystyrene) except for
LN4, which contains a total styrene volume content of
65%. Despite having nearly identical chemical compo-
sition, these block copolymers possess a wide variety
of morphologies as a consequence of modification of
the molecular architecture.

Sample LN1-574 has a simple symmetric linear ar-
chitecture (symmetric outer polystyrene, PS blocks)
held apart by a pure butadiene (PB) block having a
sharp interface with the neighboring polystyrene
blocks. This sample, having a composition of 74 vol %
polystyrene, exhibits hexagonal PB cylinders dis-
persed in the PS matrix, as expected from the classical
picture of morphology formation in block copoly-
mers.

Sample Molecular structure Morphology
LN1-§74 — S .
*e
d
LN2-S74 — ‘
7/
LN4-S65 ‘ S L v
I
ST1-S74 ; ] = m
1

ST2-S74 I m

Figure1 Molecular structure and morphology of the block
copolymer studied (schematic); white and dark areas repre-
sent hard and soft phases, respectively.
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TABLE 1I
Glass-Transition Temperature of the Soft and Hard
Phases in the Investigated Block Copolymers (DSC)

T T

g-PB g-PS
(soft phase) (hard phase)
Polymer °C) °C) H (MPa)
LN1-574 —-95 97 72
LN2-574 —53 101 39
LN4-565 —34 ~70 8
ST1-S74 —81 104 52
ST2-S74 =79 104 44
Pure PS — — 177

The linear block copolymers LN2 and LN4 have a
modified molecular architecture, leading to a signifi-
cant deviation in the microphase morphology ex-
pected from the classical block copolymer phase dia-
gram. Because of the presence of a tapered transition
and an asymmetric structure of the outer polystyrene
blocks, the linear block copolymer LN2-574 (74 vol %
styrene) presents a lamellar morphology instead of a
cylindrical one.'*

In the case of LN4-565 (65% of polystyrene), forma-
tion of dispersed PS domains within the matrix of the
rubbery phase (random styrene/butadiene copoly-
mer, PS-co-PB) takes place because of the presence of a
homogeneous PS-co-PB phase as the matrix, which
forms about 68 vol % of the copolymer molecule. The
diffuse boundary between the domains and the matrix
as well as the absence of a well-ordered morphology
(e.g., predominantly hexagonal array of PS cylinders)
place this complex morphology close to the order—
disorder transition (ODT)."”

The influence of the modified architecture of the
block copolymers is also reflected in the shift of the
glass-transition temperature (T,) of the butadiene
phase (T,.pp) (Table II). The T, values of polystyrene
(Tgps) and polybutadiene (T,pg) blocks in LN1 at
about —95 and +97°C, respectively, nearly correspond
to the glass-transition temperatures of the correspond-
ing homopolymers. The T, pg values for the other
samples increase according to the following sequence:
LN1-LN2-LN4. Likewise, the T, pp values in the star
block copolymers are shifted toward higher tempera-
tures (~ —80°C). Except for the sample LN4, the T, pg
values remain almost unchanged.

The T, increase of polybutadiene is indicative of the
presence of styrene units in the butadiene phase,
which hinder the mobility of the flexible PB chains.
Therefore, the T, pp increase for the linear block copol-
ymers LN2 and LN4 suggests a deviation of the ap-
parent phase volume fraction from the actual phase
ratio of the copolymers. The same explanation is valid
for the star block copolymers (ST1 and ST2), where
additional effects of highly asymmetric architecture
and star topology have to be taken into account. Be-
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Figure 2 Correlation between microphase separated morphology and elastic modulus (E).

cause the styrene content in the middle rubbery block
increases in the sequence LN1 — LN2 — LN4, the
compatibility of the outer PS chains (i.e., the ease of
phase mixing) also increases in the same manner.
Hence it may be expected that the width of the inter-
face would increase according to the sequence: LN1 —
LN2 — LN4. Similarly, the interface width for the star
block copolymers ST1 and ST2 would lie between that
for the linear block copolymers LN1 and LN4. Never-
theless, a quantitative estimation of the interface thick-
ness cannot be made on the basis of the results ob-
tained so far.

In the case of sample LN4-565 the T, pg value de-
creases with reference to the glass transition of the PS
homopolymer (100-106°C). It should be noted that the
polystyrene chains in this sample have a molecular
weight of about 18,000 g/mol, which according to
Fox* yields a glass-transition temperature of about
95°C:

. 21X 10°
Tg = 106°C — Tn (3)

where T, is the glass-transition temperature of poly-
styrene having a number-average molecular weight
of M,. The measured T, pg in this block copolymer
(~ 70°C; see Table II) is about 25°C lower than the
value estimated from eq. (3). This deviation in T, pg

suggests that the polystyrene phase exists predom-
inantly as a mixed phase. This mixing leads to the
weak segregation behavior of the block copolymer,
thereby hindering the formation of a well-ordered
morphology.

The obtained results demonstrate that a modifica-
tion in molecular architecture leads to a significant
shift in the phase behavior and morphology formation
of the block copolymers. In general, the apparent vol-
ume fraction of the soft phase increases as a result of
the incorporation of PS chains into the PB phase, lead-
ing as a consequence to a T, pg increase.

RESULTS AND DISCUSSION
Morphology-microhardness correlation

According to the elastic modulus (E) values obtained
for the block copolymers (see Fig. 2) these systems
may be grouped into three categories.

1. One sample having an E value of about 1800 MPa
(PS matrix: LN1).

2. Three samples with E values in the range of 1200
MPa (lamellar structure: LN2, ST1, and ST2).

3. One sample having the Young’s modulus of
about 30 MPa (rubbery matrix: LN4).

This is a direct indication that the mechanical behavior
of the block copolymers is dictated, in general, by the
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Figure 3 Plot of microhardness (H) as a function of block
copolymer composition.

nature of the microphase separated morphology irre-
spective of the block copolymers architecture and net
chemical composition.

In our samples, one of the phases (i.e., PB) has a
glass-transition temperature far below the room tem-
perature. Thus it may be regarded as a liquidlike
phase whose hardness value can be assumed to be
negligible. Figure 3 shows the plot of the microhard-
ness of the samples as a function of total styrene
content. The dotted straight line illustrates the hard-
ness as a function of composition according to the
additivity law?:

H= Hpsq)Ps + HPB(l - (I)PS) (4)

where Hy and ®y represent the microhardness and
the weight fraction of the component X, respectively.
The obtained results show a large deviation of H data
from the additivity law, the hardness values of the
block copolymers extending over a wide range in spite
of the nearly identical net chemical composition. Sim-
ilar to the Young’s modulus—-structure correlation ob-
tained (see Fig. 2), the block copolymer samples show
three different ranges for the H values depending on
the type of microphase separated morphology:

1. Sample LN1 showing greatest hardness (H = 72
MPa).

2. Samples ST1, ST2, and LN2 having an interme-
diate average hardness (H = 45 MPa).

3. Sample LN4 with the lowest hardness (H = 8
MPa).

Deviations from the additivity law have been also
shown to occur in the rubber-modified semicrystalline
polymers (iPP) in which the hardness of the crystals in
the blends is lower than that in the homopolymer.23

MICHLER ET AL.

However, the deviation in the H values observed in
the present study is significantly larger than that ob-
served in other polymer materials. The larger devia-
tions detected in our case indicate that the total sty-
rene content present in the microphase separated
block copolymers has no correlation with the micro-
hardness data. Apparently in this case the nature of
the microphase separated morphology plays a deci-
sive role.

In addition, the H values of Figure 3 show a de-
crease as a function of increasing T, pg (see Fig. 4).
Because the T, pg is much lower than the test temper-
ature, the hardness of the soft phase can be assumed to
be negligible (i.e., the variation of T, pg should not
have any influence on the hardness of the copoly-
mers). Comparison of Figures 3 and 4 leads us to the
following conclusions: going from sample LN1 to the
group LN2, ST1, ST2 and to the sample LN4 there is an
increasing amount of PS molecules in the PB phase.
This gives rise to an increase of the apparent soft
phase and, therefore, to the change of PB domains into
PB lamellar and PB matrix. Following the same se-
quence one observes a hardness decrease and a shift of
T, pp to higher temperatures.

The low H values for the block copolymers can be
attributed to the extensive plastic deformation under
the indenter. In diblock copolymers, a lamellar struc-
ture is expected for a symmetric composition. How-
ever, the H-values for the investigated lamellar block
copolymers, which have an overall 74% volume frac-
tion of polystyrene each, are even smaller than the H
value that may be expected for a symmetric composi-
tion (i.e., 50% PS). The reason is the presence of several
local energy-absorbing phenomena such as shearing
in the rubbery layers, rotation, twisting and drawing
of lamellae, which contribute to reduce the yield
stress, thus yielding as a consequence low H-values.

80

T T T T T T T T T 4 T

| LN1-s74
704~ [ 4
60 . ST1-S74 7
50 tl 4
1 oo LN2-S74 1
T 40 ST2-57 0 =
T 304 e . _
204 T -
104 LN4-S65 []]

0 A B s EL S EL Y L B
-100 -90 -80 -70 -60 -50 -40 -30
T, e (C)

Figure 4 Plot of microhardness (H) as a function of T, pp
for the block copolymers.
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Correlation of microhardness to macroscopic
mechanical properties

The penetration of the sharp indenter on the sample
surface results in a permanent irreversible plastic de-
formation (i.e., it is related to the yielding of the poly-
mer?). According to the theory of plasticity, the hard-
ness value for a Vickers indenter is approximately
equal to three times the yield stress in frictionless
compression. It was shown by Baltd-Calleja et al. that,
for a wide variety of polyethylene samples,>** the
ratio H/ o, was close to 3, where o, is the yield stress
in tension. A deviation from this value may occur if
the rate of indentation and the rate of deformation
from the tensile test deviate from each other. Higher
strain rates in the tensile test lead to an increase in
yield stress, thus inducing the ratio H/ 0, to decrease.
For rubber-modified iPP samples strained at a cross-
head speed of 10 mm/min, the ratio was found to be
272

Figure 5 illustrates the plots of hardness of the sam-
ples as a function of yield stress (a) and Young's
modulus (b), respectively. The first-order linear re-
gression fitting of the available data gives a slope
H/ o, =19 for the former, which is smaller than the
value mentioned in the literature. This discrepancy
may be attributed to the higher strain rate used in the
tensile testing. It should be further pointed out that a
few data points do not satisfactorily fit into the
straight line. This behavior might also be a result of
different extent of orientation of the microstructure in
the injection-molded samples studied. The shear stress
of the injection-molding process would cause the ori-
entation of the microphase separated structures. How-
ever, depending on the molecular architecture and
resulting morphology of the block copolymers, the
phase separated structures might have a different ex-
tent of orientation. It is known that the tensile yield
stress of the block copolymers is strongly influenced
by the orientation of the microdomains.®**>%¢

The plot H versus E yields a linear relationship [Fig.
5(b)]. The linearity of the experimental results is sim-
ilar to the results for PE** and Struik’s prediction for
other polymers.”’” However, the experimental value of
E/H = 28 measured in the block copolymers is appre-
ciably larger than that obtained by Struik®” and Flores
et al.*

Influence of processing

Although polymeric materials possess a rich variety of
structural diversities, not all the structural or morpho-
logical details influence the ultimate mechanical prop-
erties to the same extent. There are details that play a
dominant role in determining their properties (i.e., the
so-called properties-determining structures™). In
block copolymers, these are primarily the microphase
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Figure 5 (a) H versus o, and (b) H versus E for the inves-
tigated block copolymers.

separated morphologies. The arrangement (e.g., the
orientation) and even the nature of these structures
may be greatly influenced by the processing condi-
tions.>??>262% Accordingly the mechanical behavior of
the block copolymers may vary. The influence of an
external mechanical field (e.g., shearing) results in the
orientation of the microdomain structures. Such an
orientation introduces a pronounced anisotropy in
their mechanical properties. Entirely different values
of yield stress and Young’s modulus may be obtained
on loading the oriented block copolymers parallel and
perpendicular to the orientation direction.?*?’
Subjecting the oriented SBS triblock copolymers
with PS cylinders in the PB matrix to undergo tensile
deformation and using composite theories, Odell and
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Figure 6 Stress—strain curve of an oriented lamellar block
copolymer, LN2 (extrudate loaded parallel and perpendic-
ular to the extrusion direction, loaded at 23°C at a crosshead
speed of 50 mm/min); the tensile bar had a total length of
about 80 mm and sample had a thickness of about 0.5 mm.

Keller” demonstrated that the elastic modulus of
these block copolymers obtained by loading them par-
allel to the cylinder axis could be several times higher
than those obtained by loading the block copolymers
perpendicularly to the cylinder orientation direction.

The stress—strain curves of the sample LN2 pre-
pared by extrusion (see Fig. 6) illustrate the influence
of the orientation of morphology on the mechanical
behavior of the block copolymers. This sample has a
lamellar structure (Fig. 1) and, in the extruded sheet,
the microphase separated structures are predomi-
nantly oriented in the extrusion direction.*

The processing of the block copolymers by injection
molding also provides a similar kind of shear field.
The shear forces acting on the surface of the sample
during processing are different from those acting in
the center of the bar. The shear forces at the surface are
larger than inside and decrease along the cross section,
reaching a minimum in the middle. Therefore, the
structure of the block copolymers (domain orienta-
tion) in extrudates and moldings may change along
the specimen cross section.

Considering the anisotropy of the mechanical be-
havior in the moldings, one may differentiate between
two different processes:

1. The anisotropy arising from the different me-
chanical behavior parallel and perpendicular to
the domain orientation direction at a particular
location (e.g., in the middle of the molding bars).

2. The anisotropy arising from different domain
orientations across the mold thickness.

In this connection, the occurrence of a pronounced
indentation anisotropy of the block copolymers (espe-
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cially that of lamellar block copolymers; see Fig. 1) is
thus not surprising. Such an indentation anisotropy
may not be expected in the sample prepared by solu-
tion casting and subsequently annealing for 48 h in
vacuum above the glass-transition temperature of the
polystyrene phase (results are not presented here). For
example, the microhardness of the sample LN2 parallel
and perpendicular to the injection direction was found to
be 43 and 39 MPa, respectively. The higher value of H
parallel to the injection direction is an indication of the
domain molecular orientation coupled with a preferen-
tial local elastic recovery of these rigid structures.

The microhardness technique has been successfully
used to detect the local degree of molecular orienta-
tion in injection-molded samples® including amor-
phous polymers.*

We have examined the microindentation behavior
of one of the block copolymer (LN2-574) samples pre-
pared by injection molding across the molding thick-
ness (4 mm) of the sample. The sample for microhard-
ness testing was prepared by microtoming the middle
of the bar. Indentations were made on the microtomed
surface in the direction perpendicular to the injection
direction.

In all cases an indentation anisotropy arises because
the microhardness is maximum when the indentation
diagonal is parallel to the orientation direction and
minimum when the diagonal is normal to it. The
larger H) value corresponds to an instant elastic recov-
ery of the domains in the injection direction after load
release. The low H, value is ascribed to the plastic
deformation of the domains under shear.

Figure 7(a) illustrates the variation of H (measured
by d |, the indentation diagonal perpendicular, and dj,
the indentation diagonal parallel to the injection direc-
tion) across the sample thickness. The results clearly
show that the H-value monotonically decreases from
the surface to the interior, reaching a minimum at the
center of the mold.

The variation of the H-values can be correlated to
the shear-induced orientation of the molecules and the
microphases.

Assuming the parabolic profile of shear force in the
injection-molded bars, a similar profile of the shear-
induced orientation of the block copolymer domains
and macromolecules may be expected in which the
hardness values follow a similar profile.

Figure 7(b) illustrates the plot of indentation anisot-
ropy across the sample thickness. This plot especially
illustrates the remarkable variation in the molecular
orientation through the sample cross section.

CONCLUSIONS

 The microhardness behavior of the styrene/buta-
diene block copolymers deviates from the addi-
tivity law of individual components.
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Figure 7 (a) Microhardness, parallel H; and perpendicular
H, to the loading direction versus distance across the thick-
ness of the injection mold of a lamellar block copolymer
(LN2); (b) indentation anisotropy measured in the sample
LN2.

+ The microhardness is determined primarily by
the nature of the microphase separated morphol-
ogy.

+ The glass-transition temperature of the soft lig-
uidlike phase does not influence the microhard-
ness behavior.

+ The injection-molded block copolymer samples
show a pronounced anisotropic behavior across
the thickness cross section. In addition, a remark-
able variation in molecular orientation is found.
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