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Correlation between Phase Behavior and Deformation Mechanisms of
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ABSTRACT: The deformation behavior of poly(styrene-b-butyl methacrylate) diblock copolymers, PS-b-
PBMA, is studied by high-voltage electron microscopy (HVEM) with an in-situ tensile device. While in
the first part the phase behavior of PS-b-PBMA diblock copolymers is investigated via small-angle neutron
scattering (SANS), in the second part the deformation behavior depending on composition and molecular
weight is discussed. Disordered block copolymers have the same deformation mechanism as the
corresponding homopolymers, while microphase-separated block copolymers undergo a cavitation
mechanism. At the order—disorder transition, ODT, a transition from crazing to cavitation mechanism
is found via HVEM. Moreover, a sharp increase of the diameter of craze fibrils occurs at the ODT,
demonstrating that the craze microstructure is strongly influenced by phase behavior. As the incompat-
ibility increases with increasing molecular weight, deformation mechanisms such as diversion and
termination of crazes are observed for intermediately segregated block copolymers. The discussed
correlation between phase behavior and deformation mechanisms indicates the existence of a unified
scheme for deformation behavior of diblock copolymers depending on the strength of segregation, yN.
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Introduction

Block copolymers are nanometer-structuralized poly-
meric materials where the components show only a
microphase separation. A larger variety of morphologies
can be found in block copolymers compared to polymer
blends. Therefore, different block copolymer systems
were investigated with respect to their morphology and
phase behavior in many studies. In poly(styrene-b-
isoprene) (PS-b-PI) diblock copolymers bcc spheres,
hexagonally packed cylinders and lamellar structures!—3
were found. In the weak segregation limit the perforated
layers and the cubic bicontinuous structure (“gyroid”)
were observed in addition.#® The structures that can
be found on the nanometer scale in block copolymers
are interesting for different applications. For example,
the high degree of transparency of block copolymers
enables applications as packing materials. In most
cases, mechanical properties are very important for
industrial applications and require an optimum of
stiffness, strength, and toughness. Of course, knowledge
of different morphologies in block copolymers gives rise
to the possibility of controlling the mechanical proper-
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ties. However, control of the mechanical properties of
block copolymers stems from knowledge of the param-
eters influencing the deformation behavior of different
morphological types. Many studies examined the cor-
relation between deformation behavior and morphology
of PS—PB block copolymers.”8 Schwier et al.® proposed
a model for craze growth in PS-b-PB diblock copolymers
based on a mechanism of cavitation 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-separat-
ed morphologies on the nanometer scale are too small
to initiate crazes.!®

The deformation mechanism in block copolymers is
much different from PS, where the craze growth occurs
via the crazing mechanism. In PS, a local stress field
builds up which is followed by the formation of crazes
consisting of thin craze fibrils. The undeformed PS
material will be transformed into craze fibril material
(highly deformed PS) via the drawing mechanism. In
contrast to crazing in PS, in block copolymers the first
step of deformation is always® the deformation of the
rubber phase up to a critical stress. This is followed by
the formation of voids. The second step is the deforma-
tion of the glassy matrix 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).

The basic ingredients of the cavitation process are
given in the tensile behavior of an idealized cube of
material with ordered domains (spheres or hexagonally
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packed cylinder) in a glassy matrix. The sample is
initially linearly elastic deformed up to a critical strain,
where the rubbery domains cavitate under the local
stresses. The stress builds up in the matrix and leads
to a large plastic deformation of the glassy matrix with
formation of fibrils directed by the local stress field. The
investigation of Argon and co-workers showed!! that a
cavitation mechanism can be observed for different
morphologies in PS-b-PB diblock copolymers. This is in
agreement with our previous study attributed to the
influence of morphology on the deformation of PS-b-
PBMA diblock copolymers.12

Polis and Winey observed kink band formation in
poly(styrene-b-ethylene propylene) diblock copolymers
by applying steady shear strain.!® Furthermore, the
deformation behavior of PS-b-PB-b-PS triblock copoly-
mers, SBS, at higher strains has been intensively
investigated by TEM, SAXS, and SANS.14~17 Recently,
Thomas and co-workers?® reported the deformation of
gyroid phase in block copolymers. In our previous study,
mechanisms of diversion and termination of crazes in
PS-b-PBMA diblock copolymers were discussed which
arise from the grain structure of the unoriented mor-
phology.?

Understanding of the parameters that influence the
deformation behavior of block copolymers will only
obtained through more detailed studies. The most recent
studies were focused on the influence of morphology on
deformation behavior of block copolymers. In contrast,
the present study focuses on the correlation between
phase behavior and deformation mechanisms. The
deformation behavior of block copolymers with varying
strength of segregation should prove interesting to
investigate. The study will focus on two sample series,
with varying composition and molecular weight. An
important question is whether the same deformation
behavior can be observed for both disordered and
ordered block copolymers; also, this would give a more
deeper insight into the influence of microphase separa-
tion on deformation behavior. In the present study, we
investigate PS-b-PBMA diblock copolymers, since this
system shows a small interaction parameter between
the components PS and PBMA. This allows comparison
of different segregation states at higher molecular
weights where the deformation structure and mechan-
ical properties of the PS block do not show a molecular
weight dependence. For the investigation of the correla-
tion between phase behavior and deformation mecha-
nism, it is necessary to begin with the discussion on the
phase behavior of PS-b-PBMA diblock copolymers al-
ready investigated by Russell and co-workers.l® Re-
cently, Ruzette et al.?® have shown that PS-b-alkyl
methacrylate diblock copolymers with long side chain
methacrylates (n = 6) reveal an upper critical order
transition (UCOT) behavior. In contrast, diblock copoly-
mers with short side chain methacrylates (n < 5) reveal
a lower critical order transition (LCOT) behavior in the
accessible temperature regime. In our previous study?1-23
we reported the morphologies and phase of PS-b-PBMA.
In the present study, the composition dependence of
interaction parameter, based on SANS experiments, will
be discussed.

Experimental Section

Sample Preparation. All samples for deformation studies
were dissolved in toluene. The solvent was allowed to evapo-
rate slowely over 5—7 days at room temperature. Then the
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Table 1. Molecular Weight (M) and Volume Fraction
(®ps) for DPS-b-PBMA Diblock Copolymers (PS Block
Deuterated) Used for SANS?2

1073M,° @ps 1073M,P @ps

sample copolymer  block® sample copolymer  blocke®
Molecular Weight Dependence
1 69.000 0.47 5 121.000 0.51
2 90.000 0.55 6 151.000 0.50
4 105.000 0.43
Composition Dependence
7 121.000 0.16 13 91.000 0.48
8 95.700 0.21 14 90.000 0.55
9 99.000 0.30 15 125.000 0.64
10 132.000 0.36 16 136.000 0.76
11 112.000 0.37 17 135.000 0.84
12 100.700 0.38

2 Only these samples were used for calculation of y where the
inverse scattering intensity is linearly proportional to the invers
temperature. ? Total molecular weight and polydispersity deter-
mined by size exclusion chromatography (SEC). Values are based
on the PS standards. The polydispersity of all samples is less than
1.1. ¢ Volume fraction of PS as determined by 'H NMR.

films were dried to constant weight in a vacuum oven at 120
°C for 3 days.

Characterization. The synthesis of PS-b-PBMA diblock
copolymers was previously described by Arnold et al.?* Mea-
surements with size exclusion chromatography (SEC) were
carried out using a Knauer-SEC with a RI/Viscodetector and
a PS standard linear column. The volume fractions of the
diblock copolymers were estimated by *H NMR. The molecular
weights, compositions, and morphologies of diblock copolymers
used in this study are summarized in Tables 1 and 2.

For the investigation of phase behavior, partially deuterated
samples were used; i.e., the PS block of the copolymers was
fully deuterated. Deuterated samples are denoted as dPS-b-
PBMA. We assume that the deuteration has only a small
influence on phase behavior. Small-angle neutron scattering
(SANS) measurements were performed at the small-angle
scattering facility SANS Il located at GKSS Geesthacht
(Germany). All used samples were melt-pressed into 1 mm
thick and 13 mm diameter disks. The instrument configuration
was as follows: a wavelength 4 of 0.91 nm, a A4/A of 0.2 due
to the velocity selector, and sample-to-detector distance of 5.6
m. The scattering data were corrected for detector sensitivity,
background scattering, sample thickness, and sample trans-
mission. The data were scaled to absolute units using several
standards. The SANS profiles at different temperatures are
discussed as a function of the scattering vector q = (4x/1) sin-
(0)/2, where 0 is the scattering angle.

To investigate the micromechanical deformation behavior,
sections with a thickness on the order of 0.5 um were strained
in a 1000 kV high-voltage electron microscope (HVEM, JEOL
1000) with an in-situ tensile device. This gives the possibility
to study the craze growth and propagation. The advantage of
HVEM investigations is the possibility to use thicker sections
for closer comparison with bulk materials. Furthermore,
external strained samples were investigated in the HVEM
which allowed us to look at a 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 using externally strained samples. The strain
rate as well as total strain can be controlled qualitatively
during in-situ testing. However, the external strained samples
provide more exact data concerning strain rate and total strain
which can be controlled by a light microscope. The strain rate
of all investigated samples is about 0.1 mm/min, and this may
vary in different regions of the sample. All externally strained
samples were deformed up to a strain near the yield point of
about 2%, while the onset of crazing can be found at strains
below the yielding point. Afterward, the external strained
samples were investigated in the HVEM. The local strain is
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Figure 1. Dependence of disorder—order transition temper-

ature, Tpor, on molecular weight for PS-b-PBMA diblock

copolymers (LCOT system) in Table 1 as observed by SANS
and rheology.

usually much higher than the external strain which was found
in PS and other polymers.*23 To get a more controlled craze
growth, a small notch was introduced in all samples. The
crazes propagate perpendicular to the direction of the stress
applied in almost all cases. Only for the intermediately
segregated sample SBM315 is the direction of external stress
indicated in Figures 15 and 16.

Experimental Results and Discussion

1. Phase Behavior of Poly(styrene-b-butyl meth-
acrylate) Diblock Copolymers. It was shown by
Russell and co-workers!® and in our previous studies?!
that PS-b-PBMA diblock copolymers show a LCOT
depending on molecular weight. Samples with 70 kg/
mol are disordered, yet for higher molecular weight
samples the phases are microphase separated at all
temperatures. It is shown in Figure 1 how the LCOT
depends on molecular weight for dPS-b-PBMA diblock
copolymers with about 50% dPS (Table 1).

The disorder—order temperature, Tpor, increases with
increasing molecular weight and shows a linear depen-
dence on molecular weight. For a sample with molecular
weight of 85 kg/mol, data from Russell et al.**2% are used
to confirm the linear dependence. For molecular weights
lower than 70 kg/mol a decomposition of the samples
occurs above 180 °C, and a reversibility of the behavior
is not found. The Tpor approximates the Ty of the PS
block with molecular weights about 130 kg/mol, so that
the reversibility of the LCOT is also not achieved for
high molecular weights. At higher molecular weights
(M, > 130 kg/mol) the diblock copolymers are mi-
crophase separated at all measured temperatures. Small
differences exist in the Tpor at different molecular
weights between the study of Russell and co-workers:20
and our study due to small differences in composition
of samples. We can conclude from our experiments that
only a narrow range of molecular weights exists where
the LCOT can be observed. This result agrees with our
previous DMA and TEM experiments, where a lamellar
structure was found for a sample with 130 kg/mol and
47% PS at temperatures higher than 100 °C.

As previously reported, PS-b-PBMA diblock copoly-
mers show spherical, hexagonal, lamellar, gyroid, and
perforated lamellar structures at higher molecular
weights.222325 Figure 2 summarizes the morphologies
of PS-b-PBMA diblock copolymers depending on molec-
ular weight and composition as observed by TEM.21723.25
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Recently, it was discussed that perforated lamellar and
gyroid structures were not observed at the PS-rich side
of the phase diagram. This could be attributed to the
very high molecular weights used; an equilibrium is
difficult to achieve.23 In the composition range 72—76%
PS a coexistence of lamellar and hexagonal structures
is observed which is clearly not an equilibrium struc-
ture. It is shown in Figure 2 that samples with about
100 kg/mol are ordered only in the composition range
0.37 < gps < 0.57, whereas samples with other compo-
sitions are disordered. Block copolymers with molecular
weights M, > 120 kg/mol and about 70% PS show a
lamellar structure.?22325 A detailed discussion of the
morphologies with respect to the phase boundaries is
given in a recent paper.?®

For a detailed discussion of the correlation between
phase behavior and deformation mechanisms of PS-b-
PBMA diblock copolymers, it is necessary to use the yN
values of each sample. In our previous paper, the phase
behavior of a dPS-b-PBMA diblock copolymer with 90
kg/mol and 50% dPS was discussed. From Leibler fits
to neutron scattering profiles in the disordered state, it
was possible to obtained the temperature dependence
of the Flory—Huggins parameter.2! In addtion, it is
necessary to investigate asymmetrical compositions in
the present study. Figure 3 shows two representative
neutron scattering profiles, as well as the Leibler fits
for block copolymers with different compositions. The
agreement between the Leibler fit and the scattering
curves is good over the entire scattering vector range.
The experimental points at very small g (g < 0.01 nm™1)
are slightly larger than the fit. This disagreement could
be due to the finite compressibility of the copolymer melt
and polydispersity of the samples which is not taken
into account in the theory. The temperature dependence
of y can be described as a sum of terms of entropic and
enthalpic contributions, ys and y4. From the calculated
scattering profiles, the temperature dependencies of y
are obtained for different compositions as shown in
Figure 4a. For all samples, y increases with increasing
temperatures, indicating a LCOT behavior. The tem-
perature dependence of y is quite small compared to
other block copolymers. It is obvious from Figure 4a that
the entropic contribution to y is relatively large com-
pared to the enthalpic contribution. For PS-b-PMMA
and PS-b-alkyl methacrylate diblock copolymers with
long side chain methacrylates (n = 6), the entropic and
enthalpic contributions are comparable in size with our
system. However, these systems show an UCOT behav-
ior.2026 It should be mentioned that y may only be
determined in the temperature regime well above the
Ty of the PS block and in the disordered state. This is
where the inverse peak intensity varied linearly with
the inverse temperature. It is obvious in Figure 4a that
x shows different temperature dependencies for various
compositions. y depends on both temperature and
composition, for the enthalpic and entropic parts of y
as shown in Figure 4b,c. A minimum of y can be
observed near the symmetric composition which was
also found for other block copolymer systems.?” This
may be due to the fact that y is an effective interaction
parameter based on mean-field theory. In the present
case it is very small, and other contributions not
considered in the theory might gain comparable impor-
tance. The mean-field theory, which is based on equal
Kuhn segment length and monomer volumes of the
corresponding homopolymers, cannot explain a composi-
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Figure 2. Morphologies for PS-b-PBMA diblock copolymers used in this study and discussed in refs 22, 23, and 25.
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Figure 3. Representative Leibler fits to scattering curves of
asymmetric dPS-b-PBMA diblock copolymers in the disordered
state.

tion dependence of the y parameter. However, the
segment length and monomer volume of the correspond-
ing components in PS-b-PBMA are different. For poly-
mer blends, the composition dependence of y is given
by the theory of Freed and Dudowitz.? Furthermore, a
dependence of y on molecular weight is also included in
the lattice cluster model of Freed and Dudowitz?® for
polymer blends. For PS-b-PBMA diblock copolymers we
also found an increasing y with increasing molecular
weight?> which is in agreement with observations in oth-
er systems.?° For PS-b-PBMA diblock copolymers, the
interaction parameter depends on composition as well
as on molecular weight, and the phase behavior appears
to be quite complex. Therefore, the yN—¢ phase diagram
cannot be discussed in the present study, and further
investigations are necessary to calculate (yN)crit values
for different compositions.

However, it is possible to discuss the correlation
between phase behavior and deformation mechanims of
PS-b-PBMA diblock copolymers based on the yN values
at different compositions.

2. Correlation between Phase Behavior and
Deformation Mechanisms. 2.1. Influence of Com-
position. To investigate the influence of composition
on deformation behavior of PS-b-PBMA diblock copoly-
mers, samples with an overall molecular weight of about
100 kg/mol and different polystyrene contents are used
(sample series 1 in Table 2). Our results will be focused
on the change of deformation mechanism (crazing,
cavitation) and micromechanical structure.

For block copolymers with PS contents smaller than
37%, no local deformation zones or crazes can be found
by HVEM. For samples with ¢ps = 0.37, a transition
from homogeneous deformation to local deformation
zones can be found. Also at higher PS contents, local
deformation zones exist, indicating a change of defor-
mation mechanism at this composition. The disordered
state of block copolymers at small PS contents associ-
ated with a homogeneous deformation is also found for
PBMA.

If we compare the deformation structure in PS in
Figure 5 with sample P57 in Figure 6, it is obvious that
the deformation structure of sample P57 differs from
that of PS. Clearly visible are the highly deformed fibrils
in the deformation zones of sample P57. The PS fibrils
appear to be dark because of their larger thickness
compared to that of PBMA. It is easily seen that the
craze fibrils are much thicker than those observed in
PS; this is mainly arising from the lamellar structure
of the block copolymer P57. The morphology is not
shown in Figure 6 because the sections used for HVEM
investigations reveal a thickness on the order of 500 nm,
which is much larger than the thickness of the lamellae
(long period 40 nm). It was shown previously!? that the
craze structures in block copolymers arise from their
microphase-separated morphology. However, many craze
fibrils are larger than the thickness of the lamellae due
to the coalescence of many smaller craze fibrils. The
result that the deformation structure in sample P57
differs from that of PS is consistent with observation
by Argon and co-workers®~11 and our previous results!?
that deformation in block copolymers occurs via cavita-
tion. It is visible in Figure 6 that both blocks, PS and
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Figure 4. (a) Temperature dependencies of y for PS-b-PBMA
diblock copolymers with different compositions (y = ys + yu/T
where ys is the entropic and y is enthalpic contribution to y).
The errors of y are small as representatively shown in the case
of a sample with 55% dPS. (b) Compositional dependence for
entropic part (ys) and (c) enthalpic part (yu) of interaction
parameter y for PS-b-PBMA diblock copolymers at T = 150
°C.

PBMA, are highly deformed due to the cavitation
mechanism. This means that the craze growth in sample
P57 occurs via cavitation. The PBMA lamellae can be
easily deformed due to their low modulus and is followed
by a large plastic deformation of the PS phase due to
the high stress concentration at the PS lamellae. This
is clearly consistent with the two-step cavitation mech-
anism reported by Argon and co-workers®-1! for PS-b-
PB diblock copolymers.
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Table 2. Molecular Weight (M), Volume Fraction (®ps),
N Values at 120 °C (Based on Composition Dependent y
Parameter), and Morphology (TEM) for PS-b-PBMA
Diblock Copolymers Used in This Study

10~3Mp2 @ps morphology
sample copolymer block? (TEM) xN
series 1
P17 100.8 0.17 disordered 17.46
P27 75.9 0.27 disordered 10.38
P37 123.0 0.37 ordered 14.23
P47 123.0 0.47 lamellae 11.92
P57 98.4 0.57 lamellae 10.60
P67 94.0 0.67 disordered 11.55
P77 110.8 0.77 disordered 14.02
P90 100.1 0.9 disordered 21.55
series 2
SBM72 71.8 0.68 disordered 8.84
SBM94 94.0 0.67 disordered 11.55
SBM120 121.2 0.69 lamellae 14.94
SBM130 130.0 0.70 lamellae 16.10
SBM270 270.0 0.70 lamellae 33.45
SBM315 315.0 0.70 lamellae 39.03
SBM450 450.0 0.67 lamellae 55.28

a Total molecular weight and polydispersity determined by size
exclusion chromatography (SEC); values are based on the PS
standards. The polydispersity is less than 1.1 for all samples.
b Volume fraction of PS determined by 'H NMR.

Figure 5. HVEM micrograph of craze structure in PS with

M, = 313 kg/mol; strain direction is parallel to craze fibril
direction.

i

Figure 6. HVEM micrograph of craze structure of sample P57
(®ps = 0.57, M, = 98.4 kg/mol) with lamellar morphology;
strain direction is parallel to craze fibril direction.

It is shown in Figure 6 that many of the thicker craze
fibrils span over the entire craze. Furthermore, many
cross-tie fibrils can be observed in this block copolymer,
stabilizing the craze structure. The thickness of the
craze fibrils seems to be quite large at values up to 50
nm. To confirm that these thicker craze fibrils arise from
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Figure 7. Higher magnification of a craze structure of a
lamellar PS-b-PBMA diblock copolymer P57 (®ps = 0.57, M,
= 98.4 kg/mol); strain direction is parallel to craze fibril
direction.

dered PS-b-PBMA diblock copolymer P67 (®ps = 0.67, M, =
94 kg/mol); strain direction is parallel to craze fibril direction.

a coalescence of thinner ones as well as from a overlap
of fibrils, a higher magnification of craze structure in
sample P57 is shown in Figure 7. Many fibrils with
different orientations are visible in Figure 7, resulting
in a network-like craze structure. Furthermore, many
of the thinner craze fibrils with greater variety of
orientations exist in the craze. This craze structure
indicates that the sample is deformed via cavitation of
lamellar morphology with small grains at different
orientations. The poor long-range order of this sample
is due to their high miscibility.

Figure 8 shows a representative deformation struc-
ture in a disordered block copolymer (sample P67). The
deformation structure changes significantly when com-
pared to that of block copolymers with lamellar struc-
tures. As shown in Table 3, the diameter of the craze
fibrils is about 10 nm for samples with 67—90% PS. This
value is close to that of PS as observed by other
authors®%3! and shown in Figure 5. Furthermore, the
distance between the craze fibrils of about 10—50 nm
is comparable with PS. The pattern of deformation
structure does not change during in-situ tests starting
from an initial undeformed state. This means that the
mixed phase in sample P67 is not deformed by the two-
step mechanism of cavitation but shows a crazing
mechanism. The absence of a microphase-separated
morphology avoids the deformation of the PBMA phase
as a first step of the cavitation. Therefore, the deforma-
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Table 3. Deformation Mechanisms, Diameter of Craze
Fibrils, and Craze Lengths in PS-b-PBMA Diblock
Copolymers Depending on Volume Fraction of PS

(Sample Series 1 in Table 2)

sample diameter of craze
series 1in deformation craze fibrils length
Table 2 mechanism [nm] [m]
PS crazing 2.5-10 10-50
P90 crazing max 10 max 100
P77 crazing max 10 max 150
P67 crazing max 10 max 150
P57 cavitation max 50 max 500
P47 cavitation max 50 max 300
P37 homogeneous/ 20-50 20-50
cavitation
P17 homogeneous
PBMA homogeneous

tion of the mixed phase occurs via crazing.

From these results, we can conclude that a transition
from cavitation to crazing occurs at 67% PS content, and
the reason for the observed transition from cavitation
to crazing mechanism is the disordered state at of this
sample.

Figure 9 shows deformation zones in diblock copoly-
mers with different compositions observed at low mag-
nification. Most of the crazes reveal a thickness of about
1-2 um, with some crazes showing a larger thickness
of up to 4 um. With increasing PS content, the craze
length increases from 20 to 50 um for sample P37 up to
about 500 um for sample P57. At 57% PS, a maximum
of craze length can be observed (Figure 10). For block
copolymers with higher PS contents the craze length
decreases and shows almost the value of homopolysty-
rene. It was found that crazes in PS are large in number,
but short, and randomly distributed.3233 Comparing this
with block copolymers having 47 and 57% PS, it is found
that crazes in PS-b-PBMA are fewer but much longer
than observed in PS. A similar result was found by
Koltisko3? for SBS triblock copolymers and by Weidisch
and co-workers!? for PS-b-PBMA with M,, > 200 kg/mol.
It was already discussed that block copolymers in the
composition range of 0.37 < gps < 0.57 are ordered and
samples with other compositions are disordered. There-
fore, the craze length shows a maximum for block
copolymers with lamellar structures.

Our investigations have shown that the transition
from cavitation to crazing at 67% PS is attributed to
the order—disorder transition with increasing PS con-
tent. While ordered block copolymers show a cavitation
mechanism, disordered diblock copolymers with high PS
contents reveal a crazing mechanism. This result al-
lowed us to correlate the deformation behavior with
tensile properties shown in Figure 11. The values of
craze initation stress, o, in Figure 11 are obtained from
stress—strain curves where a deviation from their linear
slope may be found.'? Therefore, the values of o, are
correlated with tensile properties and are shown to have
a maximum of o, for block copolymers at 57% PS. For
block copolymers with ¢ps > 0.57, the craze initiation
stess decreases due to the disordered state of these
samples. The maximum of . at 57% PS corresponds to
a lamellar morphology3* which provides reasons for the
maximum in tensile stength at this composition, be-
cause the plastic deformation occurs at a higher level
of stress. Samples with PS contents higher than 57%
are brittle, and their tensile strength is smaller than
that of PS.34

2.2. Influence of Molecular Weight. To investigate
the influence of yN on deformation behavior, a second
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Figure 9. Lower magnifications of crazes in PS-b-PBMA
diblock copolymers: (a) P47 (Pps = 0.47, M, = 123 kg/mol),
(b) P57 (®ps = 0.57, My = 98.4 kg/mol), and (c) P77 (Pps =
0.77, M, = 100.1 kg/mol); strain direction is perpendicular to
craze growth.

series of PS-b-PBMA diblock copolymers with an ap-
proximately composition of 65—70% PS and different
molecular weights (71—450 kg/mol) are investigated
(sample series 2 in Table 2).

Figure 12 shows a craze structure within sample
SBM71 with 71 kg/mol. The craze structure is almost
the same as PS, which demonstrates that the deforma-
tion in this block copolymer occurs via crazing. Using
the Flory—Huggins interaction parameter, y, it is pos-
sible to correlate the phase behavior with deformation
mechanism. For sample SBM71, yN is 8.8, indicating
that this sample is disordered. The order—disorder
transition occurs only at yN = 14.9 for a asymmetric
diblock copolymer with 70% of one component according
to Leibler theory,® which was also found by TEM and
DMA 34 This explains the crazing mechanism shown by
this block copolymer, confirming our previous discussion
of deformation behavior of PS-b-PBMA diblock copoly-
mers in the disordered state. For sample SBM71 a
crazing mechanism can be observed, while for sample
SBM130 (130 kg/mol) a transition from crazing to
cavitation mechanism occurs. This is shown in Figures
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Figure 10. Dependence of craze length on composition for
PS-b-PBMA diblock copolymers in Table 2 (sample series 1)
after applying a 2% strain.
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Figure 11. Dependence of craze initiation stress, o, on

volume fraction of PS for PS-b-PBMA diblock copolymers
(sample series 2 in Table 1).

S

Figure 12. HVEM micrograph of craze structure of a PS-b-
PBMA diblock copolymer at yN = 8.8 (SBM72, ®ps = 0.68,
M, = 71.8 kg/mol, disordered); strain direction is parallel to
craze fibril direction.

12 and 13 which confirm our previous results. The
transition from a disordered to an ordered state by
increasing molecular weight is clearly associated with
the change of deformation mechanism from crazing to
cavitation as yN is increased from 8.8 to 16.1. With a
further increase of molecular weight, no change in the
deformation mechanism occurs such that a cavitation
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Figure 13. HVEM micrograph of craze structure of a weakly
segregated PS-b-PBMA diblock copolymer at yN = 16.1
(SBM130, ®ps = 0.70, M, = 130 kg/mol, lamellae); strain
direction is parallel to craze fibril direction. A transition from
crazing to cavitation mechanism can be observed.
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Figure 14. Dependence of diameter of craze fibrils on
strength of segregation yN for PS-b-PBMA diblock copolymers
with approximately 70% PS (sample series 2 in Table 2).

mechanism is observed for all block copolymers in the
ordered state.

Figure 14 shows the correlation between craze struc-
ture and strength of segregation, yN, which gives us the
possibility to correlate the deformation structure in
block copolymers with phase behavior. It is obvious from
Figure 14 that the diameter of the craze fibrils changes
significantly at the phase transition. Both deformation
mechanism and craze microstructure are strongly in-
fluenced by phase behavior. It is interesting to note that
the shear modulus as well as the scattering intensity
shows a strong change at the phase transition,36-38 but
Figure 14 also characterizes the deformation structure
of block copolymers. This confirms that the phase
behavior of block copolymers has a pronounced influence
on deformation behavior which explains the reported
correlation between phase behavior and tensile proper-
ties.?134 An increase in the thickness of craze fibrils is
also associated with improved tensile properties because
thicker fibrils can sustain a higher stress level. It is
obvious in Figure 14 that the diameter of craze fibrils
shows a further increase in diameter as yN is raised. It
was shown by various authors3949 that between the
weak (WSL) and strong segregation limits (SSL) an
intermediate segregation regime (ISR) exists between
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Figure 15. HVEM micrograph of deformation zones of an
intermediately segregated PS-b-PBMA diblock copolymer at
xN = 39 (SBM315, ®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.

12.5 < yN < 95 (crossover between ISR and SSL at yN
~ 50). In the ISR the chains are stretched due to the
coarsening of the density profile as yN is increased from
the WSL. Within the ISR the interface is broadened,
and the junction points are not completly localized
within the interfacial region. While samples SBM71 (yN
= 8.84) and SBM94 (yN = 11.55) are disordered and
sample SBM120 (yN = 14.94) is weakly segregated,
block copolymers with higher yN (Table 2) are inter-
mediately segregated. A further change of craze struc-
ture in the ordered state can be attributed to the
increase of long period with increasing molecular weight.
It was shown from bulk samples that a significant
increase of strain at break can be observed as yN
increases.3* At the phase transition, a change of fracture
mode from brittle to tough was observed corresponding
to the transition from crazing to cavitation.3* The tensile
strength and strain at break achieve their maximum
in the ISR.2334 The strain at break increases from 12%
at yN = 16.1 (sample SBM130) up to about 30% at yN
= 33.45 (sample SBM270) in the ISR. For an interme-
diately segregated diblock copolymer with yN = 39
(SBM315), large deformation zones can be observed
(Figure 15). This was also found for a sample with yN
= 55.3 as reported in our previous study.? Crazes with
a thickness up to 5—6 um arise from a coalescence of
thin deformation zones not observed in weakly segre-
gated block copolymers with lower molecular weights.
Furthermore, mechanisms such as termination of crazes
and diversion of crazes are also observed in intermedi-
ately segregated block copolymers. It is obvious in
Figure 15 that the crazes do not propagate perpendicu-
lar to external stress field in all cases. This arises from
the influence of morphology on craze propagation as
discussed in detail.1? It was shown in one of our previous
papers3* that the long-range order significantly in-
creases as yN increases from 16.1 (sample SBM130) to
33.45 (sample SBM270). The grain size increases with
increasing incompatibility from about 500 nm up to 3—5
um. Therefore, mechanisms such as diversion and
termination of crazes are only effective if the grain size
is large enough. These deformation mechanisms are
associated with the formation of stable crazes as shown
in Figure 15. A higher magnification of this process is
shown in Figure 16 where stacks of lamellae oriented
perpendicular to external stress field are highly de-
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Figure 16. Higher magnification of a deformation structure
of a lamellar PS-b-PBMA diblock copolymer (SBM315, ®ps =
0.70, M, = 315 kg/mol).

formed. The shape of this deformation zones is similar
to a “breastbone”, indicating the formation of a stable
deformation zone which can sustain a high level of
stress. Formation of these deformation zones is ac-
companied by a large plastic deformation of the PS
lamellae. The PBMA lamellae cavitate, followed by a
large deformation of stacks of PS and PBMA lamellae
in the stress direction by a drawing process. This is
indicated by the large distances between the lamellae
arising from a plastic deformation of more than 400%.
This drawing process can be discussed in addition to
the already reported mechanisms of diversion of crazes
and rotation of lamellae.1? These processes explain the
sharp increase of strain at break for block copolymers
in the ISR. The high tensile strength of this PS-b-PBMA
diblock copolymers can be explained by their broadened
interface width and increased craze initiation stress.'?2!

The phase behavior has a pronounced influence on
deformation behavior as well as on deformation struc-
ture. While disordered PS-b-PBMA diblock copolymers
at high PS contents show a crazing mechanism, a
change to cavitation mechanism occurs at the order—
disorder transition. Both the deformation mechanism
and deformation structure strongly change at the phase
transition. Disordered block copolymers show the de-
formation mechanism of the corresponding homopoly-
mers which clearly shows that the microphase-separat-
ed morphology of block copolymers is the reason for the
observation of a cavitation mechanism. With increasing
incompatibility mechanisms of termination and diver-
sion of crazes, rotation of lamellae'24! and drawing of
stacks of lamellae (Figure 16) can be observed which
are associated with a growth of large deformation zones.
While the phase transition to ordered state is the reason
for the change of deformation mechanism to cavitation,
the discussed deformation mechanisms for intermedi-
ately segregated PS-b-PBMA diblock copolymers can be
attributed to the increase of long-range order with
increasing incompatibility. The increasing incompat-
ibility is associated with a change of morphology which
is responsible for a change in the local stress field and
stress concentrations in the domains. Stress concentra-
tions lead to plastic deformations and may enhance the
toughness of the block copolymers. This holds true if
the craze fibrils can sustain a high level of stress while
yielding. The broadened interface in intermediately
segregated block copolymers is associated with an
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increase of craze initiation stress which is responsible
for an improvement of tensile properties.?123

Conclusions

It was possible to correlate the phase behavior of PS-
b-PBMA diblock copolymers with deformation mecha-
nism and deformation structure. This correlation is
based on the investigation of phase behavior which
depends on molecular weight and composition. It was
shown that the Flory—Huggins parameter, y, depends
not only on temperature but also on composition.

Our investigations have shown that the phase behav-
ior of block copolymers has a pronounced influence on
deformation mechanisms as well as deformation struc-
ture. The deformation structure of block copolymers
arises from their microphase-separated morphology, and
the order—disorder transition is associated with a
change from cavitation to crazing. Both studies, depend-
ing on composition and on molecular weight, confirm
that disordered block copolymers show the same defor-
mation mechanism as the corresponding homopolymers.
The investigation of deformation mechanisms and craze
structure may be used to understand the influence of
phase behavior on tensile properties. The maximum
tensile strength corresponds to a maximum in craze
initation stress and craze length.

Clearly the deformation behavior has a dependence
on the strength of segregation, yN. An interesting
feature is that, in addition to shear modulus and
scattering intensity, the craze microstructure undergoes
a sharp transition as shown in Figure 14.

We have also demonstrated how the phase behavior
influences the deformation behavior and the craze
structure of block copolymers. Within the WSL, a
cavitation mechanism is observed, while the ISR is
associated with additional deformation mechanisms
such as diversion and termination of crazes, in addition
to rotation and drawing of lamellae.

The correlation between phase behavior and deforma-
tion mechanisms indicates the existence of a unified
scheme for deformation behavior in diblock copolymers
depending on strength of segregation. Investigation of
other block copolymer systems should confirm this
correlation. While a crazing mechanism may found in
disordered block copolymers, the deformation occurs via
cavitation in the WSL. In the ISR, mechanisms of
diversion and termination of crazes are both observed
in addition. On the basis of these observations, it then
becomes possible to predict the deformation behavior
of a block copolymer system from the strength of
segregation (yN) and morphology. This correlation,
however, should be proved by using different block
copolymer systems, since it is only discussed for PS-b-
PBMA diblock copolymers in the present study.
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