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Different types of weakly segregated block copolymers are investigated with respect
to the influence of chain architecture and miscibility on tensile properties.
Poly(styrene-b-butylmethacrylate) diblock copolymers (PS-b-PBMA) as well as
poly(butylmethacrylate-b-polystyrene-b-butylmethacrylate) triblock copolymers
(PBMA-b-PS-b-PBMA) show synergistic effects on tensile properties. The triblock
copolymers show a higher tensile strength and stiffness compared to that of the diblock
copolymers. In addition, the triblock copolymers exhibit a larger composition range for
which the tensile strength exceeds that of the respective homopolymers. In order to
investigate the influence of block miscibility on tensile properties,
poly(methylmethacrylate-b-butylmethacrylate) diblock copolymers (PMMA-b-PBMA) are
compared with PS-b-PBMA diblock copolymers. C© 2000 Kluwer Academic Publishers

1. Introduction
A vigorously evolving and highly interdisciplinary area
of research in last decades has been the emerging field
of block copolymers. Much efforts has been made to
optimize polymer properties to design materials for a
specific use. To provide particular mechanical proper-
ties, the use of block copolymers opens a wide field
of possibilities due to different available microphase
separated morphologies.

The enhancement of toughness in rubber modified
materials or polymer blends depends on their morphol-
ogy. It is well known that the impact properties of ho-
mopolymers can be improved by the incorporation of
a dispersed elastomeric phase which is due to multi-
ple crazing or multiple cavitation with shear yielding,
macroscopically shown by the phenomenon of stress-
whitening [1, 2].

In contrast to polymer blends, block copolymers
form various ordered morphologies in a size scale of
typically 10–100 nm. Block copolymers show usu-
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ally a macroscopic grain structure in the size scale
of 1–10 µm. Such materials exhibit isotropic prop-
erties in the absence of macroscopic orientations. In
poly(styrene-b-isoprene), (PS-b-PI) diblock copoly-
mers the following morphologies have been reported:
BCC-spheres, hexagonally packed cylinders, ordered
bicontinuous double diamond (OBDD) and lamellar
structures [3–6]. In the weak segregation limit the perfo-
rated layer and the cubic bicontinuous structures (“gy-
roid”) have been found [7–9]. Recently, Stadleret al.
[10–12] have reported new morphologies in ABC block
copolymers consisting of three different components
(e.g. PS-b-PB-b-PMMA), demonstrating the complex-
ity of structure formation of block copolymers com-
pared to other polymeric systems.

Most block copolymer studies have been focused on
morphology and phase behavior. Many authors investi-
gated the phase behavior, morphologies, and mechan-
ical properties of block copolymers consisting of PS
and PB or PI. PS-b-PB-b-PS triblock copolymers, such
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as Kratons®, are commonly used thermoplastic elas-
tomers (TPE) [13]. TPE’s consist of a hard block (crys-
talline or glassy) and a rubbery soft block. The TPE
Kraton® (Shell Oil Co.) is such a material consisting
of a glassy PS block and a rubbery PB middle block
[13, 14]. It is best known for the unique thermomechan-
ical properties associated with a phase morphology of
PS domains dispersed in a continuous rubbery PB ma-
trix. Whereas PS-b-PB diblock copolymers show only a
very small tensile strength, the presence of bridged mid-
block conformations in PS-b-PB-b-PS (SBS) triblock
copolymers provide an improved mechanical strength.
The deformation behaviour of the PS-cylinders in SBS
triblock copolymers at higher strains has been inten-
sively investigated by various methods [15–18, 19].

In contrast to many other block copolymers, PS-b-
PBMA shows a weak segregation at higher molecu-
lar weights which allows us to investigate the correla-
tion between phase behavior and mechanical properties
in the molecular weight range ofMn> 200 kg/mol
[20] where the mechanical properties do not show a
molecular weight dependence. Russell and co-workers
[21, 22] have reported the existence of an upper criti-
cal order transition (UCOT) and a lower critical order
transition (LCOT) in PS-b-PBMA diblock copolymers.
Recently, Ruzetteet al. [23] have shown that dPS-b-
alkylmethacrylate diblock copolymers with long side
chain methacrylatesn≥ 6 reveal an UCOT behavior.
In contrast, diblock copolymers with short side chain
methacrylatesn< 5 reveal a LCOT behavior.

Whereas in our previous studies the correlation be-
tween morphology, phase behavior, and mechanical
properties of PS-b-PBMA diblock copolymers were
discussed [24–26], in the present study different weakly
segregated block copolymer systems are compared with
respect to the influence of chain architecture and mis-
cibility on tensile properties.

2. Experimental
2.1. Polymerization procedure
All polymerizations were carried out in carefully
flamed glass reactors in THF at−78◦C under an ar-
gon atmosphere using syringe techniques. After sev-
eral cycles of degasing the monomer over calcium hy-
dride, the monomer was introduced into the reactor
by condensation under reduced pressure. For PS-b-
PBMA and PMMA-b-PBMA diblock copolymers the
desired amount of initiator was added at once and af-
ter 15 min the living polystyrene or methylmethacry-
late anions were end-capped with diphenylethylene.
Butyl methacrylate as the second monomer was added
dropwise very slowly with a syringe. The living an-
ions were terminated by adding methanol after another
30 min. Then, the polymer was precipitated in a 7/3
methanol/water mixture at−30◦C, washed and dried
in vacuum for several days.

For PBMA-b-PS-b-PBMA triblock copolymers 1,4-
diphenyl-1,4-dilithium was used as bifunctional ini-
tiator. After dagasing the styrene was introduced into
reactor together with naphthyllithium (in situ reac-
tion of naphthylithium to 1,4-diphyenyl-1,4-dilithium).
Then the living polystyrene anions were end-capped

with diphenyllithium and butyl methacrylate was added
dropwise as second monomer as for the diblock copoly-
mers. In contrast to diblock copolymers a bicunctional
start of anionic polymerization occurs.

2.2. Sample preparation
All samples were cast from toluene. The solvent was
allowed to evaporate slowly over 5–7 days at room tem-
perature. The films were then dried to constant weight
in a vacuum oven at 120◦C for 3 days for the block
copolymers of PS and PBMA. An annealing temper-
ature 140◦C was used for the PMMA-b-PBMA block
copolymers because of the higher Tg of the PMMA
block. The sample preparation method is designed to
drive these systems towards equilibrium.

2.3. Characterisation
Molecular weights were determined via Size exclu-
sion chromatography (SEC) using a Knauer-SEC with
a RI/Viscodetector and a PS standard linear column.

TABLE I Characterization datas of PS-b-PBMA diblock copolymers
(data reproduced from Weidischet al. [25])

Mn [kg/mol]a 8PS
b- Morphology

Sample (Mw/Mn) block (TEM) χN

PBMA 285,0 (1,03) 0 —- —
SBM 15 406,8 (1,05) 0.15 PS-spheres 38.3
SBM 25 277,0 (1,05) 0.23 PS-cylinder 27.0
SBM 35 270,0 (1,08) 0.35 PS-cylinder 27.2
SBM 39 254,0 (1,05) 0.39 Bicontinuous 25.9
SBM 40 212,1(1,05) 0.40 Perforated lamellae 21.7
SBM 50 278,0 (1,07) 0.51 Lamellae 29.5
SBM 70 286,0 (1,05) 0.70 Lamellae 32.1
SBM 72 426,0 (1,04) 0.72 Lamellae/PBMA-cylinder 48.1
SBM 76 459,0 (1.09) 0.76 PBMA-cylinder 52.4
SBM 83 383,1 (1,04) 0.83 PBMA-spheres 44.6
PS 315,0 (1,02) 1 — —

Molecular weight (Mn), volume fraction (8PS) and polydispersity
(Mw/Mn),χN values at 120◦C and morphology (TEM) for PS-b-PBMA
diblock copolymers used in this study.
aTotal molecular weights and polydispersity determined by size exclu-
sion chromatography (SEC), values are based on the PS standards.
bVolume fraction of PS determined by1H-NMR.

TABLE I I Molecular weight (Mn), volume fraction (8PS), poly-
dispersity (Mw/Mn), morphology (TEM), andχN values at 140◦C
(χ = 0.062 [27]) for PMMA-b-PBMA diblock copolymers

10−3×Mn
a

copolymer Morphology
Sample (Mw/Mn) 8PMMA

b (TEM) χN

PBMA 285,0 (1,03) 0 — —
BMAMMA19 387,6 (1.09) 0.19 PMMA-spheres 182.7
BMAMMA33 426,3 (1.10) 0.33 PMMA-cylinder 210
BMAMMA48 429,7 (1.13) 0.48 Lamellae 225.4
BMAMMA64 277,4 (1.13) 0.64 Lamellae 153.6
BMAMMA71 212,5 (1.11) 0.71 Lamellae 120.4
BMAMMA75 214,0 (1.12) 0.75 PBMA-cylinder 122.8
BMAMMA77 226,7 (1.08) 0.77 PBMA-cylinder 130.9
BMAMMA79 214,2 (1.10) 0.79 PBMA-cylinder 124.5
BMAMMA80 202,6 (1.13) 0.80 PBMA-cylinder 118.2
BMAMMA90 226,3 (1.11) 0.90 PBMA-spheres 136.1
PMMA 205,0 (1.04) — — —

aSize exclusion chromatography (SEC), values are based on the PS stan-
dards.
b1H-NMR.
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TABLE I I I Molecular weight (Mn), volume fraction (8PS) and poly-
dispersity (Mw/Mn), χN values at 120◦C and morphology (TEM) for
PBMA-b-PS-b-PBMA triblock copolymers used in this study

10−3×Mn
a

copolymer Morphology
Sample (Mw/Mn) 8PS

b-block (TEM) χN

PBMA 285,0 (1,03) 0 — —
Tri9 334,0 (1.07) 0.09 PS-spheres 30.8
Tri25 312,3 (1.12) 0.25 PS-cylinder 30.5
Tri37 275,1 (1.08) 0.37 Lamellae 27.9
Tri52 201,1 (1.10) 0.52 Lamellae 21.4
Tri65 305,3 (1.06) 0.65 Lamellae 33.8
Tri72 324,6 (1.09) 0.72 PBMA-cylinder 36.6
Tri80 325,5 (1.12) 0.80 PBMA-spheres 37.6
Tri90 299,2 (1.11) 0.90 PBMA-spheres 35.5
PS 315,0 (1,02) 1 — —

aSize exclusion chromatography (SEC), values are based on the PS stan-
dards.
b1H-NMR.

The volume fraction of the diblock copolymers were
estimated by1H-NMR. The molecular weights, com-
positions, morphologies, andχN for each sample are
summarized in Tables I–III. The dynamic elastic and
loss shear moduli,G′ andG′′, were determined with a
Rheometrics RDAII using the temperature step mode
and a frequency of 1 Hz. Ultrathin sections (50 nm)
were cut at room temperature in a Ultramicrotome (Re-
ichert) equipped with a glass knife. The polystyrene
blocks were stained with RuO4-vapour. Electron mi-
croscopic observations were performed with a BS500
transmission electron microscope (TEM) operated at
80 kV. Tensile tests were performed using a univer-
sal testing machine (Zwick 1425) at a strain rate of
1.6× 10−4 s−1 or 5.5× 10−2 s−1. Tensile specimens
had a thickness of about 0.5 mm and a total length of
50 mm. The toughness of the block copolymers was
determined as absorbed energy from the stress-strain
curves. For each sample and strain rate at least 10 sam-
ples were investigated.

3. Experimental results and discussion
3.1. Influence of miscibility: PS-b-PBMA and

PMMA-b-PBMA diblock copolymers
3.1.1. Phase behavior
In order to discuss the influence of miscibility on me-
chanical properties two systems with different interac-
tion parameters between the components were used.
The first system is PS-b-PBMA where a partial mis-
cibility is observed. Second, PMMA-b-PBMA diblock
copolymers were used which show a stronger incom-
patibility.

In our previous papers [24–26] we reported the mor-
phology, phase behavior, and tensile properties of PS-b-
PBMA diblock copolymers. Here, a partial miscibility
is observed by DMA for different compositions. It was
shown that only the glass transition temperature (Tg)
of the PBMA block is shifted towards higher temper-
atures and the Tg of the PS block remains approxi-
mately at 100◦C [25]. This means that an essentially
pure PS phase exists together with a PS/PBMA mixed
phase. Also for PMMA-b-PBMA a partial miscibility
is found with asymmetric phase compositions. Fig. 1

Figure 1 Dependence of storage modulus (G′) and loss modulus
(G′′) on the temperature for a PBMA-b-PMMA diblock copolymer
(BMAMMA33: 8PMMA = 0.33, Mn= 426 kg/mol) and pure PBMA
(285 kg/mol) measured at a frequency of 1 Hz.

shows the dependence of shear storage (G′) and shear
loss moduli (G′′) on temperature for a PMMA-b-PBMA
diblock copolymer with 33% PMMA and 426 kg/mol.
It is shown that only the Tg of the PBMA block, in-
dicated by the maximum inG′′ modulus, is shifted to-
wards higher temperatures. This leads to the conclusion
that also PMMA-b-PBMA diblock copolymers show a
partial miscibility.

Small angle neutron scattering (SANS) and neutron
reflectometry (NR) can be used to determine the inter-
action parameter,χ , and interfacial width for both sys-
tems. Recently, the temperature dependence ofχ for
PS-b-PBMA diblock copolymers was determined by
SANS toχ = (0.0243± 0.0004)− (4.56± 0.169)/T
[27]. χ increases with increasing temperatures indicat-
ing a LCOT behavior. The UCOT, observed by Russell
et al. [21] can be only found upon heating and will be
discussed in ref. [28]. It was shown [29] that between
the weak and strong segregation limits an intermedi-
ate segregation regime (ISR) between 12.5<χN< 95
exists where the interface is relatively broad and the
junction points are not completly localized in the in-
terfacial region [30]. It is obvious in table I that PS-b-
PBMA diblock copolymers are intermediately segre-
gated which was already discussed previously [26, 27].
As shown in Table II, PBMA-b-PMMA diblock copoly-
mers show a larger incompatibility expressed by the
relatively large values ofχN (χPMMA/PBMA= 0.062
at T = 140◦C [31]). While symmetric PMMA-b-
PBMA diblock copolymers are strongly segregated, for
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Figure 2 TEM micrograph of hexagonal structure of a PBMA-b-PMMA diblock copolymer (BMAMMA33:8PMMA = 0.33, Mn= 426 kg/mol
(stained with RuO4: PMMA appears light due to electron beam demage).

asymmetric compositions (χN)c increases which leads
to the conclusion that these block copolymers are inter-
mediately segregated (χN− (χN)c< 100); Table II).
For strongly segregated block copolymers the theory
of Helfand and coworkers [32] assumes that the inter-
face between A and B domains is narrow compared to
the domain size. This was confirmed for PS-b-PI di-
block copolymers where an interfacial width of about
2 nm was observed [33]. For the intermediately segre-
gated PS-b-PBMA diblock copolymers a large interfa-
cial width of 8.4 nm was determined by NR [27, 34].
In contrast, for PMMA-b-PBMA diblock copolymers
a smaller interface width of about 3.5 nm was observed
[31]. These results shows clearly that PMMA-b-PBMA
diblock copolymers show a larger incompatibility than
PS-b-PBMA diblock copolymers.

3.1.2. Morphology
Our previous investigations [24–26] have shown that
PS-b-PBMA diblock copolymers with high molec-
ular weights microphase separate into morphologies
with spherical, hexagonal (HEX), lamellar, perforated
lamellar (HPL) and gyroid structures depending on
composition. In contrast to PS-b-PI diblock copoly-
mers, which show HPL and gyroid structures at both
sides of the phase diagram, for PS-b-PBMA diblock
copolymers these structures are completely missing at
the PS-rich side of the phase diagram where a coex-
istence of ordered areas of lamellae and hexagonally
packed PBMA cylinders (LAM/HEX) exist instead.
This indicates an asymmetrical phase diagram for PS-
b-PBMA diblock copolymers as discussed elsewhere
[28]. In contrast to PS-b-PBMA diblock copolymers for
PMMA-b-PBMA block copolymers HPL, LAM/HEX
and bicontinuous structures are not observed. PMMA-
b-PBMA diblock copolymers show spherical, hexago-
nal and lamellar structures depending on the composi-
tion. The reason for this observation is the decreased
miscibility of PMMA-b-PBMA diblock copolymers
compared to that of PS-b-PBMA diblock copolymers.

It was shown [3–6] that HPL and gyroid structures
exist near the order-disorder transition where the mi-
crophases are only weakly segregated.

The investigation of the morphologies of PMMA-
b-PBMA diblock copolymers was difficult due to the
sensivity of both blocks to decomposition in the elec-
ton beam. Fig. 2 shows a hexagonal morphology of a
PMMA-b-PBMA diblock copolymer with 33% PMMA
and 426 kg/mol. It is obvious in Fig. 3 that the PMMA
cylinder are hexagonally packed. Further, it is ap-
parent that the PMMA block appears light mainly
due to electron beam demage which is well known
for PMMA. A lamellar morphology for a PMMA-
b-PBMA diblock copolymer with 48% PMMA and
429 kg/mol is shown in Fig. 4. Lamellar structures were
found for PMMA contents up to 71% and hexagonally
packed PBMA cylinders in the composition regime 75–
80% PMMA. A morphology consisting of hexagonally
packed PBMA cylinders is shown in Fig. 5 where the
cylinders appear to be dark confirming our assumption
that the PMMA phase is more affected by the electron
beam than the PBMA block.

3.1.3. Mechanical properties
For PS-b-PBMA diblock copolymers a strong increase
in tensile strength with increasing PS-content was
found. In contrast to other diblock copolymers we found
at 76% PS a maximum in tensile strength, which is
about 40% higher than that of pure PS [26]. This syn-
ergism in tensile strength was found in the composition
range between 70% and 80% PS where LAM/HEX and
HEX structures were observed. As shown in Fig. 6
PMMA-b-PBMA diblock copolymers show a maxi-
mum in tensile strength at 75% PMMA where a hexag-
onal structure can be observed. However, in contrast to
PS-b-PBMA diblock copolymers the tensile strength
exceeds the value of PMMA by only about 15%.
Also the strain at break as well as the absorbed en-
ergy are generally smaller for PMMA-b-PBMA diblock
copolymers. It is obvious in Fig. 7 that the maximum
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Figure 3 Higher magnification of PBMA-b-PMMA diblock copolymer BMAMMA33 shown in Fig. 2 (stained with RuO4).

Figure 4 TEM micrograph of lamellar structure of a PBMA-b-PMMA diblock copolymer (BMAMMA48:8PS= 0.48, Mn= 429 kg/mol; stained
with RuO4. The PMMA lamellae appears light).

of absorbed energy is observed at 19% PMMA where a
morphology consisting of PMMA spheres in a PBMA
matrix exists. The absorbed energy at this composi-
tion exceeds the value of the homopolymers. As al-
ready shown in a previous study [25, 26], PS-b-PBMA
diblock copolymers also show a synergistic effect in
absorbed energy at different strain rates. The absorbed
energy shows a maximum in the composition range of
30–40% PS, where hexagonally packed PS-cylinders
were found by TEM [25, 26]. This means that the max-
imum of absorbed energy for PMMA-b-PBMA can be
observed at smaller PMMA contents where a spherical

morphology is present. Fig. 8 shows the stress-strain
curves for PMMA-b-PBMA diblock copolymers with
different compositions at a strain rate of 1.6× 10−4 s−1.
At a PMMA content of 75% a transition to brittle behav-
ior occurs corresponding to a transition from lamellar
to hexagonal structures as observed by TEM. In con-
trast, the transition to brittle behavior for PS-b-PBMA
copolymers occur at a PS content of 83% corresponding
to PBMA spheres [25].

It was shown that most of the important tensile prop-
erties such as tensile strength, Young’s modulus, and
absorbed energy are improved for PS-b-PBMA diblock
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Figure 5 TEM micrograph of a PBMA-b-PMMA diblock copolymer with PBMA cylinder (BMAMMA75:8PMMA = 0.75,Mn= 214 kg/mol; stained
with RuO4: The PBMA phase appears dark).

Figure 6 Dependence of tensile strength on volume fraction of PMMA for PMMA-b-PBMA diblock copolymers at a strain rate of ˙ε= 1.6× 10−4 s−1.

Figure 7 Dependence of absorbed energy on volume fraction of PMMA for PMMA-b-PBMA diblock copolymers at a strain rate of ˙ε= 1.6× 10−4 s−1.
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Figure 8 Stress-strain curves for PMMA-b-PBMA diblock copolymers depending on volume fraction of PMMA at a strain rate of ˙ε= 1.6× 10−4 s−1.

copolymers compared to that of PMMA-b-PBMA. Our
results show that an increasing miscibility leads to im-
proved tensile properties. The broadened interfacial
width of PS-b-PBMA diblock copolymers is respon-
sible for their improved tensile strength. It was already
discussed in one of our previous papers [27] that an
increasing interface width leads to an decreasing stress
concentration at the interface resulting in enhanced in-
terfacial strength which is then responsible for the im-
proved tensile strength. Our results are in accordance
with observations of B¨uhler [35] who recognized that a
broadened interface in block copolymers can enhance
the tensile strength. A statistical PS-co-PI copolymer
was introduced as a middle block in PS-b-PI diblock
copolymers which leads to an increasing interfacial
width and a decrease of domain size. For PS-co-PI con-
tents of about 20% the tensile strength exceeds the value
of unmodified PS-b-PI diblock copolymers by about
30% which confirms our result found for weakly segre-
gated block copolymers. It is discussed elsewhere that
the partial miscibility of PS-b-PBMA can enhance the
craze initiation stress compared to PS [36]. This high
values of craze initiation stress provide reasons for the
improved tensile strength because crazes are formed

Figure 9 Stress-strain curves for PMMA-b-PBMA diblock copolymers depending on volume fraction of PMMA at a strain rate of ˙ε= 5.5× 10−2 s−1.

at much higher stresses compared to PS-b-PB diblock
copolymers.

To explain the improved strains at break and absorbed
energy of PS-b-PBMA diblock copolymers the discus-
sion of micromechanical deformation behavior is of
great importance. It was shown that in PS-b-PBMA
diblock copolymers deformation mechanisms such as
diversion of crazes and craze stop exist which are re-
sponsible for the improvement of absorbed energies of
PS-b-PBMA diblock copolymers [24, 36]. In the case
of an broadened interface a large energy dissipation
occours at the interface during diversion and stop of
crazes and provide reasons for the improved strains at
break compared to that of PMMA-b-PBMA diblock
copolymers. For PMMA-b-PBMA diblock copolymers
at high strain rates of 5.5× 10−2 s−1 the transition
from ductile to brittle behavior occurs already at 64%
PMMA where a lamellar morphology is present. This
is shown in Fig. 9 for PMMA-b-PBMA where a strong
decrease of strain at break occurs compared to the prop-
erties at small strain rates. In contrast, for PS-b-PBMA
diblock copolymers at the same strain rate this tran-
sition was observed at higher PS contents of 76% PS
[26]. This means that the properties of PS-b-PBMA
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diblock copolymers are also improved at higher strain
rates compared to PMMA-b-PBMA and the phase be-
havior and interface formation have a pronounced in-
fluence on mechanical properties of block copolymers
over a wide application range.

Figure 10 Dependence of storage modulus (G′) and loss modulus (G′′)
on the temperature for a PBMA-b-PS-b-PBMA triblock copolymer
(Tri37:8PS= 0.37, Mn= 275 kg/mole) and PBMA (285 kg/mol) mea-
sured at a frequency of 1 Hz.

Figure 11 TEM micrograph of lamellar structure of a PBMA-b-PS-b-PBMA triblock copolymer (Tri37:8PS= 0.37, Mn= 275 kg/mol) with small
long range order (stained with RuO4. The PS phase appears dark).

3.2. Influence of chain architecture:
PBMA-b-PS-b-PBMA triblock
copolymers

3.2.1. Phase behavior
As with PS-b-PBMA diblock copolymers the triblock
copolymers show a partial miscibility where only the Tg
of the PBMA-block is shifted to higher temperatures.
As shown in Fig. 10, for a triblock copolymer with 37%
PS and 275 kg/mol the Tg of the PBMA block is shifted
to 50◦C which is about 7◦C higher than observed for PS-
b-PBMA diblock copolymers at the same composition.
These observations can be explained by an enhanced
miscibility of triblock copolymers compared to that of
PS-b-PBMA diblock copolymers. While for diblock
copolymers the order-disorder transition is expected at
(χN)c= 10.5, for triblock copolymers (χN)c increases
to 17.9 [37, 38]. In triblock copolymers the presence
of two A-B junction points per chain makes the sys-
tem more compatible than diblock copolymers. Based
on the increased value of (χN)c for triblock copoly-
mers one can determine the strength of segregation,
χN− (χN)c, for a triblock copolymer with 52% PS
(Table III) to 3.5. This means that the triblock copoly-
mers are weakly segregated. For asymmetric composi-
tions (χN)c increases and the strength of segregation
is in the same order.

3.2.2. Morphology
In contrast to PS-b-PBMA diblock copolymers
for PBMA-b-PS-b-PBMA triblock copolymers HPL,
LAM/HEX and bicontinuous structures are not ob-
served. PBMA-b-PS-b-PBMA triblock copolymers
show spheres, cylinders and lamellar structures in the
investigated composition regime. Other morphologies
may exist in the not investigated composition regime.
Fig. 11 shows an example of lamellar structure for a tri-
block copolymer with 37% PS and 275 kg/mol which
is relatively less ordered and quite reminiscent of a
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Figure 12 Dependence of tensile strength on volume fraction of PS for PBMA-b-PS-b-PBMA triblock copolymers at a strain rate of ˙ε= 1.6× 10−4 s−1.

Figure 13 Stress-strain curves for PBMA-b-PS-b-PBMA triblock copolymers depending on volume fraction of PS at a strain rate of ˙ε= 5.5× 10−2 s−1.

network-like structure. As already discussed, the tri-
block copolymers are weakly segregated which is then
responsible for the small long range order of the mor-
phology shown in Fig. 11. The morphologies at other
compositions are also relatively less ordered and only
show small grains. In most block copoly-mers grain
structures can be observed in a size scale of 1–10µm.
It is visible in Fig. 11 that only small grains in the size
scale of about 200–500 nm exist.

3.2.3. Mechanical properties
As for the diblock copolymers the tensile strength of
triblock copolymers strongly increases with increasing
polystyrene content (Fig. 12). The tensile strength of
polystyrene is already reached at a triblock copolymer
composition of 37% PS. At8PS= 0.72 a maximum
of tensile strength is found, which is also significantly
higher than that of polystyrene. The maximum of tensile
strength is also observed for a structure consisting of
PBMA cylinders in a PS matrix which is already found
for diblock copolymers. This morphology seems to be
associated with an improved tensile strength.

For triblock copolymers, the synergetic effect in ten-
sile strength exists over a wider composition range than

for diblock copolymers. The strain at break is strongly
decreased with increasing PS contents (Fig. 13) and is
generally smaller than observed for PS-b-PBMA and
PMMA-b-PBMA diblock copolymers. This can only
be understood, if one assumes that not only the phase
behavior, but also the shape of the morphology has an
influence on deformation behavior and tensile proper-
ties. The less ordered structures in triblock copolymers
associated with small grains in a size scale of 200–
500 nm have a pronounced influence on tensile proper-
ties. Therefore, deformation mechanisms such as craze
stop and diversion of crazes can not be observed in
triblock copolymers in a large size scale compared to
PS-b-PBMA diblock copolymers and improved strains
at break are not found. Diversion of crazes and craze
stop mechanisms was not observed in triblock copoly-
mers by investigations of deformation behavior using
an in-situ tensile device in a high voltage electron mi-
croscope (HVEM) [39].

This leads to the conclusion that for improved strains
at break and absorbed energies a partial miscibility (in-
termediate segregation) and quite ordered morpholo-
gies with grain structures in a large size scale of 1–
10µm are necessary. While the high tensile strength of
triblock copolymers is attributed to the large miscibility
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Figure 14 Depencence of Young’s modulus on volume fraction of PS for PBMA-b-PS-b-PBMA triblock copolymers.

Figure 15 Qualitatively dependence of toughness on tensile strength and stiffness for different polymeric systems which demonstrate the non-classical
property profile of weakly segregated block copolymers with different miscibilities.

and broadened interface, the small strains at break
are due to the relatively less ordered structures of the
weakly segregated triblock copolymers.

This results indicate that not only the phase behavior,
but also the long range order of morphology in block
copolymers can be correlated to their tensile properties.

Finally, the behavior of weakly segregated block
copolymers also seem to have a pronounced influence
on stiffness. It was already reported for PS-b-PBMA
diblock copolymers, that the Young’s modulus exceeds
the value of PS by about 20% at a PS content of 76%
[26]. For triblock copolymers it is shown in Fig. 14
that the Young’s modulus exceeds the value of PS by
about 30% and over a larger composition range than
that for PS-b-PBMA diblock copolymers. In contrast,
for PMMA-b-PBMA diblock copolymers the Young’s
modulus does not exceed the value of PMMA. These
effects are quite complex and therefore relatively less
understood.

First, we assume that the Young’s modulus can be
influenced by the shape of the morphology. It was
shown for PS-b-PBMA diblock copolymers [26] that

the Young’s modulus of the bicontinuous structure is
improved compared to that of other morphologies in
the composition range of 30–50% PS. This indicates
that different models for elastic constants of compos-
ites (for example Reuss and Takayanagi) models cannot
give a reliable description of the properties of weakly
segregated block copolymers because they only include
the elastic constants of the respective homopolymers,
the volume fraction and the Poisson’s constant but do
not consider the morphologies and chain architectur of
the polymers [26, 40]. Second, we have not found neat
phases but a mixed phase and a pure matrix phase which
leads to problems of the determination of real Young’s
modulus for each phase. Further, the modulus of struc-
tures in the nm-scale could differ from those of bulk
materials and the chain architecture in block copoly-
mers (different chain conformations) could also have
a pronounced influence on Young’s modulus. While
highly ordered structures in block copolymers are re-
sponsible for an improvement of toughness, a small
long range order associated with a network-like shape
of morphology (Fig. 11) and the triblock architecture
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seems to be associated with an enhancement of
stiffness.

4. Conclusions
Our investigations have clearly shown that phase be-
haviour, microphase separated morphologies in the nm-
scale, interface formation and chain architecture have
a pronounced influence on mechanical properties of
block copolymers.

It is shown that a decrease of miscibility and inter-
facial width in the case of PBMA-b-PMMA lead to
an deterioration of tensile properties compared to that
of PS-b-PBMA diblock copolymers. In contrast, for
PBMA-b-PS-b-PBMA triblock copolymers the tensile
strength as well as stiffness are improved compared to
that of diblock copolymers, demonstrating the influence
of chain architecture on tensile properties. However, for
triblock copolymers the strains at break are generally
smaller than observed for the diblock copolymers.

The large miscibility (small interaction parameter)
of weakly segregated block copolymers is associated
with a large interfacial width and asymmetrical phase
compositions which provide reasons for synergistic ef-
fects on tensile properties of weakly segregated block
copolymers. Further, it is found that the shape of mor-
phology and their long range order seems to influence
the strains at break (toughness). The stiffness of block
copolymers seems to be influenced by chain architec-
ture (type of chain conformation) and morphology.

As qualitatively shown in Fig. 15 the most of in-
teresting tensile properties of weakly segregated block
copolymers such as tensile strength, stiffness and
toughness are improved compared to that of homopoly-
mers which is usually not observed for rubber tough-
ened polymers and most of polymer blends. While the
properties of multicomponent polymer systems fullfil
the classical correlation between toughness, strength,
and stiffness, for weakly segregated block copolymers
interesting non-classical correlations are observed. This
leads to the assumption that block copolymers can show
a new combination of properties which can be con-
trolled by composition, morphology (shape and long
range order), phase behavior (state of segregation), in-
terface formation, chain architecture (diblock or tri-
block), and deformation mechanisms.
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35. F. B Ü H L E R, Doctoral dissertation, Freiburg, 1986.
36. R. W E I D I S C H, M . E Nß L E N, H. F I S C H E R and G. H.

M I C H L E R, Macromolecules32 (1999) 5375.
37. L . L E I B L E R, ibid. 13 (1980) 1302.
38. M . D. G E H L S E N, K . A L M D A L andF. S. B A T E S, ibid. 25

(1992) 939.

39. R. W E I D I S C H, M . E N E Nß L E N, G. H. M I C H L E R, ibid. in
preparation.

40. I . M . W A R D, “Mechanical Properties of Solid Polymers,” (John
Wiley & Sons Ltd., Chichester, UK).

Received 30 July 1998
and accepted 27 May 1999

1268


