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ABSTRACT: Block copolymers having different strengths of segregation are investigated with respect
to their deformation behavior. Disordered block copolymers are deformed by the mechanism which
corresponds to a glassy homopolymer. A crazing mechanism is observed for block copolymers with
polystyrene as matrix. At the order—disorder transition (ODT), a change from crazing to cavitation
mechanism is observed, confirming the change of deformation mechanism at the ODT. For intermediately
and strongly segregated block copolymers, observed mechanisms of termination and diversion of crazes
are caused by both the increased long-range order and larger grain size with increasing incompatibility.
A novel scheme is proposed which summarizes the deformation behavior of block copolymers depending
on strength of segregation, yN. It is now possible to predict the deformation mechanism of a diblock
copolymer system only from strength of segregation. Since the mechanical properties are also influenced
by strength of segregation, it is possible to create materials with tailored properties utilizing temperature
or pressure. The property profiles of different block copolymer systems are summarized to demonstrate
the exceptional combination of high strength and toughness of intermediately segregated block copolymers.
The presented scheme only represents a qualitative picture of deformation behavior of block copolymers

and is only a first step to a future predictive modeling.

Introduction

Block copolymers are a new class of self-assembled
nanostructured materials, where the structure and size
of their morphology can be controlled via molecular
architecture. Self-assembled materials provide a ver-
satile means to create desired nanostructures in bulk
materials or at interfaces, which have potential applica-
tions in biomaterials, optics, and microelectronics.1?
Mechanical properties, which are of large importance
for technical applications, are also relevant for other
material properties (e.g., optical, electrical, thermical).
Furthermore, physical properties of block copolymers
can be systematically controlled by choosing composi-
tions, relative lengths of the blocks, and architecture.3—5
Block copolymers form various ordered morphologies via
self-assembly on the size scale of 10—100 nm and
usually display a macroscopic grain structure in the size
scale of 1-10 um. In diblock copolymers different
morphologies have been reported including perforated
lamellae and gyroid structure.®~8 Recently, Stadler et
al.®~11 have reported new morphologies in ABC triblock
copolymers consisting of three different components
(e.g., PS-b-PB-b-PMMA), which demonstrates the com-
plexity of structural formation of block copolymers in
comparison with other polymeric systems.

Thermoplastic elastomers (TPE’s) such as poly(styrene-
b-butadiene-b-styrene) represent an important class of
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materials class based on block copolymers. These ma-
terials are widely used for different technical applica-
tions and combine the mechanical performance of
vulcanized rubbers with the straightforward processing
of thermoplastics due to the physical network of flexible
chains.’? Many efforts have been done to optimize
polymer properties for a specific use through material
design. To provide particular mechanical properties, the
use of block copolymers opens a wide field of possibilities
due to different microphase separated morphologies
available.

Many studies were attributed to the correlation
between deformation behavior and morphology of PS-
b-PB diblock copolymers.t3-16 Schwier et al.® proposed
a model for craze growth in PS-b-PB diblock copolymers
based on void formation in the PB domains under the
concentrated stresses of the craze tip. This is followed
by drawing and fibril formation in the PS phase. It was
shown that block copolymers do not show a crazing
mechanism because the microphase separated morphol-
ogies on the nanometer scale are too small to initiate
crazes.'® The deformation in block copolymers occurs via
a two-step cavitation mechanism.

Despite many studies on block copolymers, there are
no models available to predict the deformation behavior
of block copolymers on the basis of phase behavior. Since
it is well-known that phase behavior of block copolymers
has an influence on morphology, a pronounced influence
on deformation behavior and mechanical properties can
also be expected. For weakly segregated block copoly-
mers a significant improvement of tensile strength and
Young's modulus was observed, mainly due to the
broadened interfacial width between the blocks.'” Fur-
thermore, the deformation behavior of weakly segre-
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gated diblock copolymers was reported depending on
morphology and phase behavior.?® In these studies,
however, only PS-b-PBMA diblock copolymers were
investigated. To establish a unified correlation between
deformation mechanisms and phase behavior of block
copolymers, different block copolymers are investigated.
Hence, we present a novel scheme for the prediction of
deformation behavior of block copolymers based on
phase behavior.

First, the deformation mechanism of different block
copolymer systems depending on strength of segrega-
tion, yN, will be discussed. In addition, a scheme of
deformation mechanisms of block copolymers based on
phase behavior will be proposed. Second, the correlation
between phase behavior and mechanical properties of
block copolymers will be discussed.

Experimental Section

The investigated block copolymers were dissolved in toluene,
and the solvent was allowed to evaporate slowely over a period
of 5—7 days at room temperature. Then the films were dried
to constant weight in a vacuum oven at 120 °C for 3 days, thus
allowing equilibrium structures to form. To investigate the
micromechanical deformation behavior, sections with a thick-
ness on the order of 0.5 um were strained in a 1000 kV high-
voltage electron microscope (HVEM, JEOL 1000) with in-situ
tensile device, which gives the possibility to study the craze
growth and propagation. The advantage of HVEM investiga-
tions is the use of thicker sections for a closer comparison to
bulk materials. Furthermore, externally strained samples were
investigated in the HVEM, which allowed us to examine
possible decomposition of PBMA in the electron beam.

All investigations were performed at room temperature;
however, a small increase of temperature during in-situ testing
occurs arising from the electron beam. This effect can be
partially avoided by using externally strained samples. The
strain rate, as well as total strain, may be controlled qualita-
tively during in-situ testing. However, the externally strained
samples provide more exact data concerning strain rate and
total strain. The experiments were done in a light microscope.
The strain rate of all investigated samples is about 0.1 mm/
min, and this may vary for different regions of the sample.
All externally strained samples were deformed up to a strain
near the yield point of approximately 2%, while the onset of
crazing has been noted at strains below the yield point.
Afterward, the external strained samples were investigated
in the HVEM. To obtain more precise craze growth, a small
notch was introduced in all samples.

Tensile tests were performed using a universal testing
machine (Zwick 1425). For each sample at least 10 samples
were measured in order to avoid preparation effects. The
tensile specimens (dog bones) had a thickness of 0.5 mm and
a total length of 50 mm. The toughness of the diblock
copolymers was estimated as absorbed energy from stress—
strain curves.

The craze initiation stresses, o; (Figure 7), are obtained from
stress—strain curves where the curves deviate from their
linear slope. It is possible to obtain the craze initiation stress
from the dependence of craze density on elongation.?* The
value of g; is obtained from the extrapolation of this curve to
zero craze density. However, some problems arise from the
exact determination of elongation during the in-situ experi-
ments in HVEM. Furthermore, exact values of the onset of
the crazing process depends on the local value of elongation
in the sample which could also lead to errors. Therefore, we
compared o, determined from stress—strain curves as well as
from craze densities at different strains. In both cases the onset
of crazing correlates with the onset of plastic deformation in
the stress—strain diagram. Therefore, we used this criterion
in addition for all samples in Figure 7. The dependence of o,
on composition reflects the correlation between deformation
microstructure and tensile properties.
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Figure 1. HVEM micrograph of craze structure in PS with
M, = 313 kg/mol.

Results and Discussion

A Scheme for Prediction of Deformation
Mechanisms of Block Copolymers Depending on
Strength of Segregation. The scheme proposed in this
paper represents the deformation behavior of disor-
dered, weakly, intermediately, and strongly segregated
diblock copolymers. The order—disorder transition (ODT)
of block copolymers has been intensively studied by
many authors.® yN dictates the degree of segregation
of A and B blocks where N is the polymerization degree
and y the Flory—Huggins interaction parameter. For a
symmetrical diblock copolymer, the order—disorder
transition (ODT) is predicted by Leibler®® using a mean-
field model by (yN)opt = 10.5. At the ODT a lamellar
morphology is formed in the case of symmetrical com-
position. Within the weak segregation limit (WSL) the
microscopic density profile of the components is consid-
ered to vary sinusoidal in space, and the chains of the
components interpenetrate to a high degree. Between
the WSL and strong segregation limit (SSL), an inter-
mediate segregation regime (ISR) at 12.5 < yN < 95
has been identified where the chains are more stretched
than in the strong segregated regime due to coarsening
of the density profile as yN is increased from the WSL.%°
The interface is then broadened, and the junction points
are not completely localized in the interfacial region. In
the strong segregation limit (SSL) at yN > 100, the
interface is sharp and the phases are completely sepa-
rated. The interfacial width of strongly segregated block
copolymers is about 1—2 nm.2!

To establish a unified correlation between phase
behavior and deformation mechanisms of block copoly-
mers, samples with different strength of segregation are
used. ¥N can be varied by changing temperature (this
results in a change of y due to temperature) or molecular
weight (expressed by polymerization degree N). We used
both ways to confirm the discussed correlation. To
demonstrate the validity of our scheme, different block
copolymer systems were used.

Crazes are narrow deformation zones formed under
large external stresses which are usually observed in
PS. A typical craze structure found in PS is shown in
Figure 1. The material within the crazes is deformed
into craze fibrils coexisting with voids through large
stresses. The diameter of the craze fibrils is 5—15 nm,
and the distance between the fibrils is 10—50 nm. These
values are close to that observed by other authors.?2 A
typical deformation structure of a disordered block
copolymer is shown in Figure 2. The observed deforma-
tion structure is very similar to that of polystyrene
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Figure 2. HVEM micrograph of craze structure (lower and
higher magnification) of a disordered PBMA-b-PS-b-PBMA
triblock copolymer at yN = 9.80 (®ps = 0.48, M, = 93.3 kg/
mol), which is deformed via crazing. Strain direction is parallel
to craze fibril direction.

(Figure 1), which indicates that deformation in disor-
dered block copolymers occurs via crazing. The poly-
(butyl methacrylate-b-styrene-b-butyl methacrylate) tri-
block copolymer, PBMA-b-PS-b-PBMA, shown in Figure
2 exhibits a strength of segregation yN = 9.80. This
confirms that this sample is disordered according to
theory of Leibler.1®

As the strength of segregation, yN, increases, block
copolymers undergo a order—disorder transition (ODT)
and an ordered structure is formed. Between 10.5 < yN
< 12.5 the phases are weakly segregated, and the
morphology is only less ordered with small grain sizes
compared to strongly segregated block copolymers.
Figure 3 shows a deformation structure in a weakly
segregated PBMA-b-PS-b-PBMA triblock copolymer with
lamellar morphology (52% PS). The deformation struc-
ture is different from that shown in Figures 1 and 2. In
contrast, the light PBMA phase in Figure 3 is locally
highly deformed under elevated stresses. The PBMA
lamellae are deformed up to a critical cavitation stress,
and then the PBMA forms voids. This is followed by a
large plastic deformation of PS lamellae finally resulting
in the craze structure shown in Figure 3. The observed
deformation mechanism is the two-step cavitation mech-
anism as already observed by Schwier et al.1* in PS-b-
PB diblock copolymers.

To confirm that craze growth in ordered diblock
copolymers occurs via cavitation, the initial state of
cavitation in a thin PS-b-PBMA film is shown in Figure
4. The sample in Figure 4 clearly shows a nonequilib-
rium morphology which differs from that of the bulk
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Figure 3. HVEM micrograph of craze structure (lower and
higher magnification) of a weakly segregated PBMA-b-PS-b-
PBMA diblock copolymer at yN = 21.50. (Pps = 0.52, M, =
201 kg/mol, lamellae) which is deformed via cavitation. Strain
direction is parallel to craze fibril direction.

Figure 4. TEM micrograph of the initial state of cavitation
mechanism in a lamellar PS-b-PBMA diblock copolymer
observed in a thin film (®ps = 0.67, M, = 450 kg/mol).

equilibrium morphology due to the 50 nm thickness of
the film used. However, a comparable small long-range
order is also observed in weakly segregated block
copolymers. In contrast to the crazing mechanism in PS,
in block copolymers the first step of deformation is
always! the void formation of the rubbery or soft phase.
The second step is the deformation of the glassy matrix
under elevated stress concentration and growth of
crazes which is typically called a cavitation mechanism.
The growth of crazes occurs by different mechanisms
in PS (crazing) and diblock copolymers (cavitation). In



Macromolecules, Vol. 34, No. 8, 2001

Figure 5. Craze propagation in a weakly segregated PBMA-
b-PS-b-PBMA triblock copolymer (same sample as in Figure
3). The crazes mainly propagate perpendicular to the direction
external stress.

PS, a local stress field builds up which is followed by
the formation of crazes consisting of thin craze fibrils.
The undeformed PS material is transformed into craze
fibril material (highly deformed PS) via the drawing
mechanism. It is visible in Figure 4 that both compo-
nents show a large degree of plastic deformation arising
from the deformation of the lamellar structure, which
is clearly consistent with results of Schwier et al.14 The
light PBMA phase cavitates which is followed by the
plastic deformation of the dark PS phase, resulting in
a cellular craze structure formed via cavitation mech-
anism. In contrast, the absence of a microphase sepa-
rated morphology in disordered block copolymers makes
a cavitation as the first step of a cavitation mechanism
impossible. In this case, the deformation occurs via
crazing. We can conclude that block copolymers in the
disordered state show the same deformation mechanism
as the corresponding glassy homopolymers. It was
already shown?® that disordered PS-b-PBMA diblock
copolymers are also deformed via crazing.

As the incompatibility increases, the phases enter the
intermediate segregation region (ISR). Within the ISR,
the long-range order of morphology increases. The
cavitation mechanism is also the basic deformation
mechanism for intermediately and strongly segregated
diblock copolymers. Deformation structures in strongly
segregated block copolymers were already reported by
Argon and co-workers4~16 and are not presented in this
study. The increasing grain size within ISR and SSL is
associated with additional mechanisms of termination
and diversion of crazes. While crazes in hompolymers
and weakly segregated block copolymers mainly propa-
gate perpendicular to the direction of stress applied, for
intermediately and strongly segregated diblock copoly-
mers propagation of crazes is strongly influenced by the
orientation of grains. This is shown in Figures 5 and 6
where the craze propagation in a weakly segregated
PBMA-b-PS-b-PBMA triblock copolymer is compared
with an intermediately segregated PS-b-PBMA diblock
copolymer. For the intermediately segregated PS-b-
PBMA diblock copolymer with yN = 39, large deforma-
tion zones can be observed (Figure 6). This was already
discussed in our previous study for a sample with yN =
55.3.24 Crazes with a thickness up to 5—6 um arise from
a coalescence of thin deformation zones not observed in
weakly segregated block copolymers. Furthermore, mech-
anisms of termination and diversion of crazes are
observed in intermediately segregated block copolymers
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LS ;
Figure 6. HVEM micrograph of deformation zones of an
intermediately segregated PS-b-PBMA diblock copolymer at
#N = 39 already discussed in detail in our previous study®
(®ps = 0.70, M, = 315 kg/mol, lamellae). The craze propagation
is influenced by morphology and does not occur perpendicular
to the external stress direction in all cases.

as discussed in detail in our previous study.?* It is
obvious in Figure 6 that crazes do not propagate
perpendicular to external stress field in all cases, and
the difference arises from the influence of morphology
on craze propagation. It was shown in one of our
previous papers?® that the long-range order significantly
increases as yN increases from 16.1 (WSL) to 33.45
(ISR). The grain size increases with increasing incom-
patibility from about 500 nm up to 3—5 um. Mechanisms
such as diversion and termination of crazes are only
effective in a large volume element if the grain size is
larger than about 2 um. If the grain size is comparable
to the thickness of single crazes (about 500 nm to 1 um
in contrast to thick crazes arising from coalescence), the
influence of morphology on craze propagation is less
pronounced. In weakly segregated block copolymers the
craze propagation mainly occurs perpendicular to direc-
tion of external stress field, whereas in intermediately
and strongly segregated block copolymers it occurs
perpendicular to the direction of the lamellae in the
respective grains. Thus, craze propagation may be
stopped or diverted at domain boundaries which should
decrease the craze propagation velocity.

In contrast to intermediately segregated block copoly-
mers, strongly segregated block copolymers have a much
smaller interfacial width. For a strongly segregated
block copolymer, the same deformation mechanism has
been observed as for intermediately segregated block
copolymers. Recently, it was shown that the craze
initiation stress, o¢, of PS-b-PBMA shows a maximum
at about 70—80% PS exceeding that of PS.?* Figure 7
compares the craze initiation stresses of PS-b-PBMA
and poly(styrene-b-hexyl methacrylate), PS-b-PHMA,
diblock copolymers. PS-b-PHMA are strongly segregated
at molecular weights used in our study (see Table 1)
according to y between PS and PHMA given by Ruzette
et al.?® It is shown in Figure 7 that a maximum in o,
does not exist for the system PS-b-PHMA. Since a
decreasing interfacial width is observed with increasing
%, it is responsible for the absence of a maximum in o
for PS-b-PHMA. This means that an increasing inter-
facial width is associated with increasing craze initiation
stresses. A broadened interface decreases critical stresses
at the interface which avoids a premature failure and
finally results in an enhanced toughness of the material.
Using this information, it is reasonable that termination
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Table 1. Characterization Data of Samples: Molecular Weight (M), Volume Fraction (®ps), Morphology, and yN Values
at 120 °C (Using Refs 25, 28, and 31)

sample® used in Figure 10-3Mp2 ®ps-block? morphology (TEM) N
PBMA-b-PS-b-PBMA 2 93.3 0.48 disordered 9.80
PBMA-b-PS-b-PBMA 3,5 201.5 0.52 lamellae 27.50
PS-b-PBMA 6 315.0 0.70 lamellae 39.0
PBMA-b-PMMA 9 214.0 0.75 PBMA-cylinder 122.80
PBMA-b-PMMA 9 125.3 0.77 PBMA-cylinder 71.70
PS-b-PBMA 7 426.0 0.72 lamellae/cylinder 48.10
PS-b-PenMA 11 216.5 0.73 PenMA-cylinder 59.60
PS-b-PHMA 11 238.0 0.74 PenMA-cylinder 93.03
PS-b-PBMA 10 278.0 0.51 lamellae 29.50
PS-b-PenMA 10 184.3 0.52 lamellae 46.90
PS-b-PHMA 10 225.0 0.50 lamellae 78.10
PS-b-PBMA 7,4 450.0 0.67 lamellae 50.10

a Total molecular weight and polydispersity determined by size exclusion chromatography (SEC), values are based on the PS standards.
b Volume fraction of PS determined by 'H NMR. ¢ Abbreviations: PS-b-PBMA = poly(styrene-b-butyl methacrylate); PBMA-b-PMMA =
poly(butyl methacrylate-b-methyl methacrylate); PS-b-PenMA = poly(styrene-b-pentyl methacrylate); PS-b-PHMA = poly(styrene-b-hexyl

methacrylate).

45 T . T , . . ; s T

409 | —m—PS-b-PBMA
1| —o—Ps-b-PHMA

20l E -
15 e -
10 5
T T T T T
50 60 70 80 90 100

Opg [%]

Figure 7. Dependence of craze initiation stress o on volume
fraction of PS for PS-b-PBMA (already discussed in ref 24) and
PS-b-PHMA diblock copolymers (M, > 200 kg/mol).

and diversion of crazes are more effective for interme-
diately segregated block copolymers because of en-
hanced stress transfer across the interface and de-
creased critical stresses at the interface (energy adsorp-
tion).

Figure 8 represents a unified scheme of deformation
mechanisms for disordered, weakly segregated, inter-
mediately segregated, and strongly segregated diblock
copolymers. It shows a schematical representation of
deformation mechanisms of diblock copolymers depend-
ing on strength of segregation, yN and reveals the
correlation between micromechanical deformation mech-
anisms and phase behavior. While for disordered block
copolymers the deformation occurs via crazing (Figure
8a), the ODT is associated with a transition from crazing
to cavitation mechanism (Figure 8b). Within the ISR
also a cavitation mechanism can be observed as already
found for weakly segregated block copolymers. However,
for intermediately segregated block copolymers mech-
anisms of diversion and termination of crazes can be
found in addition (Figure 8c). For ordered block copoly-
mers craze propagation mainly depends on local orien-
tation of grains. Within the SSL, principally the same
deformation mechanisms can be observed as in the ISR
(Figure 8d). This also includes mechanisms of lamellae
rotation?* and kink band formation reported by Winey
et al.2’” The most striking difference between SSL and
ISR is the enhanced craze initiation stress in the ISR
as shown in Figure 7.

While the ODT can be considered as reason for the
transition from crazing to cavitation mechanism in
weakly segregated block copolymers, the increasing
grain size with increasing yN is associated with obser-
vation of additional deformation mechanisms of termi-
nation and diversion of crazes.

It is important to discuss the conditions for the
proposed scheme:

1. In the case of diblock copolymers the molecular
weight of the glassy block must be much larger than
the entanglement molecular weight: M, > 2Mg (M, =
entanglement molecular weight).

2. The ratio of shear modulus of matrix, G,, and soft/
rubbery, G, phase must fulfill the following condition:
G(/Gn < 0.1. If this ratio is larger than 0.1, the rubbery/
soft phase cannot cavitate before the craze initiation
stress of the matrix is reached. The reason is the high
bulk modulus of the rubbery/soft phase, for example
polybutadiene. The bulk modulus is given by K = E/3(1
— 2v), where E is Young’s modulus and v is Poisson’s
ratio. The bulk modulus of PS is 3.30 GPa compared to
1.77 GPa for PB (293 K). The intrinsic cavitation
strength of a PB domain is 60 MPa.'>16 According to
Bucknall and co-workers,?8 the critical cavitation stress
increases with increasing ratio G,/G,, and decreasing
particle size (which is small for block copolymers
compared to rubber modified polymers) until it becomes
too large to observe a cavitation mechanism.

However, using more complex block copolymer archi-
tectures (for example, star block copolymers) might be
connected with other conditions which, however, cannot
be considered in the present study.

Correlation between Phase Behavior and Me-
chanical Properties. It is known from our previous
studies?%30 that mechanical properties of block copoly-
mers are strongly influenced by deformation behavior.
Thus, we can assume that a unified correlation between
phase behavior and tensile properties might exist as
well. For PS-b-PBMA diblock copolymers, the mechan-
ical properties achieve an optimum in the ISR where
the interface is broadened.?®

Recently, we reported3® that the smaller interfacial
width of strongly segregated block copolymers is associ-
ated with a deterioration of tensile properties. Figure 9
compares the tensile property of an intermediately
segregated PMMA-b-PBMA diblock copolymers with
that of a strongly segregated PMMA-b-PBMA diblock
copolymer. Surprisingly, the intermediately segregated
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Figure 8. Schematic presentation of deformation mechanisms of diblock copolymers depending on strength of segregation, yN:
(a) disordered block copolymers are deformed via crazing independent of their molecular architecture. The deformation mechanism
is the same as observed in the corresponding glassy homopolymer. (b) WSL: weakly segregated diblock copolymers are deformed
via two-step cavitation mechanism as reported by Schwier et al.'* Diblock copolymers undergo a transition from crazing to cavitation
mechanism at the order—disorder transition. (c) ISR: intermediately segregated diblock copolymers also show basically a cavitation
mechanism. However, termination and diversion of crazes can be observed in addition as a result of the influence of morphology
on craze propagation. Other deformation mechanisms are also possible depending on morphology and type of tilt grain boundary
(rotation of lamellae and kink bands). (d) SSL: strongly segregated diblock copolymers show same mechanisms as observed for
intermediately diblock copolymers including lamellae rotation. Strongly segregated block copolymers reveal a much lower craze

initiation stress as shown in Figure 7 and discussed in the text.
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Figure 9. Stress—strain curves for PBMA-b-PMMA diblock
copolymers with different molecular weights and PMMA (M,
= 205 kg/mol) at a strain rate of e = 1.6 x 10~* s™1. The sample
with lower molecular weight is intermediately segregated and
shows a better property profile than the material with higher
molecular weight (strongly segregated).

block copolymer shows a superior property profile
despite its lower molecular weight when compared to
the strongly segregated material. The tensile strength
of the intermediately segregated diblock copolymer
exceeds that of PMMA.

Self-assembly in block copolymers gives the possibility
to create “smart materials” where deformation mecha-
nisms as well as mechanical properties are controlled
by phase behavior and morphology. This may lead to
new designs of polymeric materials based on microphase
separated block copolymers. Prediction of deformation
mechanisms of a diblock copolymer system is possible
from strength of segregation, yN, by using the scheme
in Figure 8. A change of yN by temperature or molecular

weight is associated with a change of deformation
mechanism and tensile properties. This also yields the
possibility to create a material that changes its defor-
mation mechanism and tensile property via changes in
temperature or pressure. It should be noted that the
interaction parameter is influenced by pressure in
addition.

To establish a correlation between interaction param-
eter (interfacial width) and mechanical properties of
block copolymers, systems with different y parameters
are compared. For this purpose, a series of diblock
copolymers with different alkyl methacrylate blocks
(Table 1) are investigated with respect to their tensile
properties. The glass transition temperature depends
of the length of alkyl methacrylate block, but it was
found to have only a small impact on our results (this
holds true for different compositions). The y parameters
for the different block copolymers are given in recent
studies.26:3031 Figure 10 shows the dependence of tensile
strength and strain at break on y for a series of poly-
(styrene-b-alkyl methacrylate) diblock copolymers. It is
obvious that both tensile strength and strain at break
decrease with increasing incompatibility. While the
tensile strength for PS-b-PBMA diblock copolymers is
comparable with PS, significant lower values are found
in the case of poly(styrene-b-pentyl methacrylate), PS-
b-PenMA, and PS-b-PHMA block copolymers. Figure 11
represents a correlation between tensile properties and
xN. While PS-b-PHMA samples are strongly segregated,
PS-b-PenMA and PS-b-PBMA diblock copolymers are
intermediately segregated. For weakly segregated PBMA-
b-PS-b-PBMA triblock copolymers a steep increase of
tensile strength is observed. In contrast, the adsorbed
energy shows a maximum in the ISR. For weakly
segregated triblock copolymers the tensile strength
increases at the expense of toughness. It was already
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Figure 11. Dependence of the tensile strength and adsorbed
energy on N for different poly(styrene-b-alkyl methacrylate)
diblock copolymers and PBMA-b-PS-b-PBMA triblock copoly-
mers with about 50% PS (see Table 1) measured at strain rate
of e=1.6 x 10*s™ .

reported that the ODT is associated with a brittle-to-
tough transition.?®

Figure 12 summarizes the property profile of different
block copolymers with respect to different strengths of
segregation compared to commercial polymer materials.
It is shown that classical materials show either a high
toughness or a high stiffness and strength. For example,
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Figure 12. Qualitative presentation of dependence of tough-
ness on tensile strength and stiffness for different polymeric
systems which demonstrate the influence of strength of
segregation on property profile. Disordered block copolymers
show the same property profile as the corresponding ho-
mopolymers. Nonclassical property profiles exist for inter-
mediately and weakly segregated block copolymers.

rubber toughened polymers show a steep decrease in
stiffness and tensile strength with increasing rubber
content. It is usually difficult to obtain materials with
a high toughness and a high stiffness and strength. This
can only be realized with high-performance polymeric
materials which are quite expensive. It is therefore an
aim of materials science to achieve the property profile
of high-performance polymers by using more common
monomers like styrene, butadiene, and poly(alkyl meth-
acrylate)s. It has been demonstrated in Figure 11 that
strength of segregation influences the property profile
of diblock copolymers. While the property profile for
disordered and strongly segregated diblock copolymers
is similar to classical materials or corresponding ho-
mopolymers, nonclassical property profiles are observed
with intermediately and weakly segregated block co-
polymers. Some differences between ISR and WSL are
observed for mechanical properties. For intermediately
segregated block copolymers a combination between
high toughness, high stiffness, and strength is shown
in Figure 11 as discussed in detail in our previous
paper.2® However, for weakly segregated block copoly-
mers, a very high stiffness and strength are observed
at the expense of toughness (Figure 11). This is due to
the small long-range order of weakly segregated block
copolymers which makes deformation mechanisms such
as termination and diversion of crazes less effective in
a larger volume element. For block copolymers, a
minimum grain size (about 2 um) is necessary to achieve
a larger toughness.32 Of course, there are other combi-
nations of molecular architecture and morphology that
may be used to obtain tailored property profiles. How-
ever, it is necessary to vary all of these parameters to
obtain a more detailed correlation between phase be-
havior, deformation behavior, and mechanical proper-
ties.

Conclusions

The present study summarizes the deformation be-
havior of diblock copolymers depending on phase be-
havior. A new scheme is proposed for deformation
mechanisms of diblock copolymers depending on strength
of segregation. The proposed scheme is proved by using
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a variety of block copolymers, which demonstrates the
existence of a unified correlation between the phase
behavior and deformation mechanism. Using this scheme,
it is possible to predict the deformation behavior of
diblock copolymers only from the knowledge of strength
of segregation. While a crazing mechanism may be
found for disordered block copolymers, the deformation
occurs via cavitation in the WSL. Within the ISR, both
diversion and termination of crazes are observed in
addition to a pure cavitation mechanism. This correla-
tion allows an understanding of the change in mechan-
ical properties as the strength of segregation increases.
Using data from this paper and previous publications,
it is possible to provide a unified picture of deformation
behavior and mechanical properties of weakly segre-
gated block copolymers.23:24.32

Change of deformation mechanism from crazing to
cavitation at the ODT provides reasons for the large
change observed in mechanical properties (brittle—
tough transition?®) and in diameter of craze fibrils.23
Furthermore, the importance of microphase separated
morphologies of block copolymers for deformation be-
havior and mechanical properties becomes apparent.
Also, for mechanical properties it is demonstrated how
the interaction parameter influences tensile strength as
well as strain at break.

From the knowledge of correlation presented in
Figures 8 and 12, it is possible to predict the deforma-
tion mechanisms and the qualitative property profile
of a block copolymer system. Prediction of property
profile of complex materials is an important issue of
materials science. It is, however, not possible to describe
the influence of complex architectures, yet the crazing
mechanism observed in disordered block copolymers is
independent of their architecture. Our results also give
the possibility to understand the nonclassical property
profile of weakly segregated block copolymers, which
reveal an exceptional combination of high tensile strength
and stiffness. This was recently reported in our previous
study on PS-b-PBMA and PBMA-b-PS-b-PBMA block
copolymers.32 The presented scheme in Figure 8 is only
a qualitative presentation of the correlation between
deformation behavior and phase behavior of block
copolymers and is only a first step to a future predictive
modeling.
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