JOURNAL OF MATERIALS SCIENCE35(2000)1257—- 1268

Mechanical properties of weakly segregated
block copolymers
Part IV Influence of chain architecture and miscibility

on tensile properties of block copolymers

R. WEIDISCH*
Max-Planck-Institut flir Polymerforschung, Postfach 3148, D-55021 Mainz, Germany
E-mail: RolandWeidisch@aol.com

G. H. MICHLER
Martin-Luther-Universitat Halle-Wittenberg, Institut fiir Werkstoffwissenschatft,
D-06099 Halle, Germany

M. ARNOLD
Martin-Luther-Universitat Halle-Wittenberg, Institut fiir Technische und Makromolekulare
Chemie, D-06108 Halle/Saale, Germany

H. FISCHER
TNO Institute of Applied Physics, P.O. Box 595, Eindhoven, The Netherlands

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. © 2000 Kluwer Academic Publishers

1. Introduction ally a macroscopic grain structure in the size scale
Avigorously evolving and highly interdisciplinary area of 1-10 um. Such materials exhibit isotropic prop-
of research in last decades has been the emerging fietdties in the absence of macroscopic orientations. In
of block copolymers. Much efforts has been made tgpoly(styrene-b-isoprene), (PS-b-Pl) diblock copoly-
optimize polymer properties to design materials for amers the following morphologies have been reported:
specific use. To provide particular mechanical properBCC-spheres, hexagonally packed cylinders, ordered
ties, the use of block copolymers opens a wide fieldbicontinuous double diamond (OBDD) and lamellar
of possibilities due to different available microphasestructures [3—6]. Inthe weak segregation limitthe perfo-
separated morphologies. rated layer and the cubic bicontinuous structures (“gy-
The enhancement of toughness in rubber modifiedoid”) have been found [7—-9]. Recently, Stadédral.
materials or polymer blends depends on their morpholf10-12] have reported new morphologies in ABC block
ogy. Itis well known that the impact properties of ho- copolymers consisting of three different components
mopolymers can be improved by the incorporation of(e.g. PS-b-PB-b-PMMA), demonstrating the complex-
a dispersed elastomeric phase which is due to multity of structure formation of block copolymers com-
ple crazing or multiple cavitation with shear yielding, pared to other polymeric systems.
macroscopically shown by the phenomenon of stress- Most block copolymer studies have been focused on
whitening [1, 2]. morphology and phase behavior. Many authors investi-
In contrast to polymer blends, block copolymersgated the phase behavior, morphologies, and mechan-
form various ordered morphologies in a size scale ofcal properties of block copolymers consisting of PS
typically 10-100 nm. Block copolymers show usu-and PB or PIl. PS-b-PB-b-PS triblock copolymers, such
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as Kraton®, are commonly used thermoplastic elas-With diphenyllithium and butyl methacrylate was added
tomers (TPE) [13]. TPE’s consist of a hard block (crys-dropwise as second monomer as for the diblock copoly-
talline or glassy) and a rubbery soft block. The TPEMers. In contrast to diblock copolymers a bicunctional
Krator® (Shell Oil Co.) is such a material consisting Start of anionic polymerization occurs.

of a glassy PS block and a rubbery PB middle block

[13, 14]. Itis best known for the unique thermomechan- 2. Sample preparation

ical properties associated with a phase morphology of|| samples were cast from toluene. The solvent was
PS domains dispersed in a continuous rubbery PB mggjiowed to evaporate slowly over 5-7 days at room tem-
trix. Whereas PS-b-PB diblock copolymers show only aperature. The films were then dried to constant weight
very small tensile strength, the presence of bridged midy, 3 vacuum oven at 12C for 3 days for the block
block conformatl_ons in _PS—b-PB—b—PS (S_BS) t“b|00kcopolymers of PS and PBMA. An annealing temper-
copolymers provide an improved mechanical strengthgtre 140C was used for the PMMA-b-PBMA block
The deformation behaviour of the PS-cylinders in SBS¢opolymers because of the higher Tg of the PMMA
triblock copolymers at higher strains has been intenygck. The sample preparation method is designed to

sively investigated by various methods [15-18,19].  rjve these systems towards equilibrium.
In contrast to many other block copolymers, PS-b-

PBMA shows a weak segregation at higher molecu- L.

lar weights which allows us to investigate the correla-2-3 Characterisation , S

tion between phase behavior and mechanical propertiddolecular weights were determined via Size exclu-
in the molecular weight range d¥l, > 200 kg/mol ~ Sion chromatography (SEC) using a Knauer-SEC with

[20] where the mechanical properties do not show & RI/Viscodetector and a PS standard linear column.
molecular weight dependence. Russell and co-workers

[21, 22] have reported the existence of an upper criti-TABLE | Characterizatic_)n_datas of PS-b-PBMA diblock copolymers
cal order transition (UCOT) and a lower critical order (42t reproduced from Weidiset al. [25])

transition (LCOT) in PS-b-PBMA diblock copolymers. M, [kg/mol?  @p-  Morphology

Recently, Ruzettet al. [23] have shown that dPS-b- sample  Ww/My) block (TEM) xN
alkylmethacrylate diblock copolymers with long side
chain methacrylates > 6 reveal an UCOT behavior.

PBMA  2850(1,03) 0 — —

g . ; . SBM15 406,8(1,05) 0.15  PS-spheres 38.3
In contrast, diblock copolymers with short side chainggy, 55 5779 ELOS§ 023 PS_CSHnder 270
methacrylates < 5 reveal a LCOT behavior. SBM35 270,0(1,08) 0.35  PS-cylinder 27.2
Whereas in our previous studies the correlation beseBM39 254,0(1,05) 0.39  Bicontinuous 25.9
tween morphology, phase behavior, and mechanicgiBM40 212,1(1,05)  0.40  Perforated lamellae 217
SBM50 278,0(1,07) 0.51 Lamellae 29.5

properties of PS-b-PBMA diblock copolymers were SBM70 2860(105) 070 Lamellac 321
discussed [24-26], inthe present study differentweaklyg,, 75 4260 (1104) 072 Lamellae/PBMA-cylinder 481

segregated block copolymer systems are compared Witkev 76 459,0 (1.09) 0.76  PBMA-cylinder 524
respect to the influence of chain architecture and missBM 83 383,1(1,04) 0.83  PBMA-spheres 44.6
cibility on tensile properties. PS 3150(1,02) 1 — —

Molecular weight M), volume fraction $psg) and polydispersity
(Mw/Mp), x N values at 120C and morphology (TEM) for PS-b-PBMA
2. Experimental diblock copolymers used in this study.
2.1 Polymerization procedure aTotal molecular weights and polydispersity determined by size exclu-
o N~ - . sion chromatography (SEC), values are based on the PS standards.
All polymerizations were carried out in carefully b, me fraction of PS determined BYA-NMR.
flamed glass reactors in THF at78°C under an ar-
gon atmosphere using syringe techniques. After SEeVFABLE 11 Molecular weight M), volume fraction ®ps), poly-
eral cycles of degasing the monomer over calcium hydispersity Mw/Mn), morphology (TEM), andxN values at 140C
dride, the monomer was introduced into the reactofx =0.062[27]) for PMMA-b-PBMA diblock copolymers

by condensation under reduced pressure. For PS-b- 103 x M2
PBMA and PMMA-b-PBMA diblock copolymers the copolymer Morphology
desired amount of initiator was added at once and afsample Mw/Mn) Ppuma®  (TEM) %N

ter 15 min the living polystyrene or methylmethacry-

late anions were end-capped with diphenylethyleneZEMA 2850(1,03) 0 - -

BMAMMA19 387,6 (1.09) 0.19 PMMA-spheres ~ 182.7
Butyl methacrylate as the second monomer was addeg\javmazs 4263 (1.10) 033 PMMA-cylinder 210
dropwise very slowly with a syringe. The living an- smamma4s  429,7 (1.13) 0.48 Lamellae 225.4
ions were terminated by adding methanol after anotheBMAMMA64  277,4 (1.13)  0.64 Lamellae 153.6
30 min. Then, the polymer was precipitated in a 7/32m2mm;é ;iig 83 8-;; ;%TA‘Z”%I, . 11223-;
H o H y . . -cylinaer .
_methanol/water mixture at30°C, washed and dried BMAMMAT? 2267 (L08) 0.7 PBMA_J”nder 130.9
in vacuum for several days. BMAMMA79 2142 (1.10) 0.79 PBMA-cylinder ~ 124.5
For PBMA-b-PS-b-PBMA triblock copolymers 1,4- pMAaMMASO 202,6 (1.13)  0.80 PBMA-cylinder ~ 118.2
diphenyl-1,4-dilithium was used as bifunctional ini- BMAMMA90 226,3(1.11) 0.90 PBMA-spheres  136.1
tiator. After dagasing the styrene was introduced intd®MMA 205,0(1.04) — - -

r_eactor terther _With naphthyllithium'n( SitL_j . re_ac- aSize exclusion chromatography (SEC), values are based on the PS stan-
tion of naphthylithium to 1,4-diphyenyl-1,4-dilithium). 4ards.

Then the living polystyrene anions were end-capped!H-NMR.
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TABLE Il Molecular weight Mp), volume fraction ¢ps) and poly- I T T T T T T T T T 1
dispersity My/Mp), x N values at 120C and morphology (TEM) for ]

PBMA-b-PS-b-PBMA triblock copolymers used in this study 10° - N
1073 x M2
copolymer Morphology —_ -
Sample  (w/Mn) opP-block  (TEM) %N S 084 | O PBMA i
&7 3| —m—33%PMMA 3
PBMA  2850(1,03) O — — &)
Tri9 334,0(1.07) 0.09 PS-spheres 30.8
Tri25 312,3(1.12) 0.25 PS-cylinder 30.5 107 4 I
Tri37 275,1(1.08)  0.37 Lamellae 27.9 ] 3
Tri52 201,1 (1.10) 0.52 Lamellae 21.4 1 LI
Tri65 305,3(1.06)  0.65 Lamellae 33.8 6 ] i
Tri72 3246 (1.09) 0.72 PBMA-cylinder  36.6 10 T T T T T T T T T T 1
Triso 325,5(1.12)  0.80 PBMA-spheres  37.6 150 -100  -50 0 50 100 150
Trioo 299,2 (1.11)  0.90 PBMA-spheres  35.5 i R B B S EEL N A
PS 3150(1,02) 1 — — 1

aSize exclusion chromatography (SEC), values are based on the PS sta 108 4
dards. ]
bIH-NMR.

[Pa]

The volume fraction of the diblock copolymers were 7
estimated by*H-NMR. The molecular weights, com- 10’
positions, morphologies, angN for each sample are
summarized in Tables I-lll. The dynamic elastic and

loss shear moduliG’ andG”, were determined with a ] ]
Rheometrics RDAII using the temperature step mode 1068 +———F————F——————7—
and a frequency of 1 Hz. Ultrathin sections (50 nm) -150  -100  -50 0 50 100 150
were cut at room temperature in a Ultramicrotome (Re- T[C]

ichert) equipped with a glass knife. The polystyrene

blocks were stained with Ru@vapour. Electron mi-  Figure 1 Dependence of storage modulu’Y and loss modulus
croscopic observations were performed with a BS50QG") on the temperature for a PBMA-b-PMMA diblock copolymer
transmission electron microscope (TEM) operated afBMAMMASS: ®pyma =0.33, My =426 kg/mol) and pure PBMA
80 kV. Tensile tests were performed using a univer-28° ko/mol) measured atafrequency of 1 Hz.

sal testing machine (Zwick 1425) at a strain rate of
1.6x l(T‘?s*l or 5.5>(< 10251 T)ensile specimens shows the dependence of shear stor&g/¢ 4nd shear

. ssmoduli G”) ontemperature fora PMMA-b-PBMA
had a thickness of about 0.5 mm and a total length ot(i)iblock copolymer with 33% PMMA and 426 kg/mol.

50 mm. The toughness of the block copolymers waj is shown that only the Tg of the PBMA block, in-

determined as absorbed energy from the stress-stra \cated by the maximum i6” modulus, is shifted to-

curves. For each sample and strain rate at least 10 sam- . . .
ples were investigated. wards higher temperatures. This leads to the conclusion

that also PMMA-b-PBMA diblock copolymers show a
partial miscibility.

r sl

3. Experimental results and discussion Small angle neutron scattering (SANS) and neutron

3.1. Influence of miscibility: PS-b-PBMA and reflectometry (NR) can be used to determine the inter-
PMMA-b-PBMA diblock copolymers action parametely, and interfacial width for both sys-

3.1.1. Phase behavior tems. Recently, the temperature dependencge fufr

In order to discuss the influence of miscibility on me- PS-b-PBMA diblock copolymers was determined by
chanical properties two systems with different interac-SANS to y =(0.02434-0.0004) — (4.56+0.169)/T
tion parameters between the components were usefR7]. x increases with increasing temperatures indicat-
The first system is PS-b-PBMA where a partial mis-ing a LCOT behavior. The UCOT, observed by Russell
cibility is observed. Second, PMMA-b-PBMA diblock et al. [21] can be only found upon heating and will be
copolymers were used which show a stronger incomeliscussed in ref. [28]. It was shown [29] that between
patibility. the weak and strong segregation limits an intermedi-
In our previous papers [24—26] we reported the mor-ate segregation regime (ISR) betweerbl2 y N < 95
phology, phase behavior, and tensile properties of PS-kexists where the interface is relatively broad and the
PBMA diblock copolymers. Here, a partial miscibility junction points are not completly localized in the in-
is observed by DMA for different compositions. It was terfacial region [30]. It is obvious in table | that PS-b-
shown that only the glass transition temperature (TgPBMA diblock copolymers are intermediately segre-
of the PBMA block is shifted towards higher temper- gated which was already discussed previously [26, 27].
atures and the Tg of the PS block remains approxiAs shownin Table Il, PBMA-b-PMMA diblock copoly-
mately at 100C [25]. This means that an essentially mers show a larger incompatibility expressed by the
pure PS phase exists together with a PS/PBMA mixedelatively large values o N (xpmma /pema =0.062
phase. Also for PMMA-b-PBMA a partial miscibility at T =140°C [31]). While symmetric PMMA-b-
is found with asymmetric phase compositions. Fig. 1IPBMA diblock copolymers are strongly segregated, for
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Figure 2 TEM micrograph of hexagonal structure of a PBMA-b-PMMA diblock copolymer (BMAMMA®8:mma = 0.33, M, =426 kg/mol
(stained with Ru@: PMMA appears light due to electron beam demage).

asymmetric compositiong (N ). increases which leads It was shown [3-6] that HPL and gyroid structures
to the conclusion that these block copolymers are interexist near the order-disorder transition where the mi-
mediately segregatedk N — (x N). < 100); Table Il).  crophases are only weakly segregated.

For strongly segregated block copolymers the theory The investigation of the morphologies of PMMA-
of Helfand and coworkers [32] assumes that the interb-PBMA diblock copolymers was difficult due to the
face between A and B domains is narrow compared t@ensivity of both blocks to decomposition in the elec-
the domain size. This was confirmed for PS-b-PI di-ton beam. Fig. 2 shows a hexagonal morphology of a
block copolymers where an interfacial width of about PMMA-b-PBMA diblock copolymer with 33% PMMA

2 nm was observed [33]. For the intermediately segreand 426 kg/mol. It is obvious in Fig. 3 that the PMMA
gated PS-b-PBMA diblock copolymers a large interfa-cylinder are hexagonally packed. Further, it is ap-
cial width of 8.4 nm was determined by NR [27, 34]. parent that the PMMA block appears light mainly
In contrast, for PMMA-b-PBMA diblock copolymers due to electron beam demage which is well known
a smaller interface width of about 3.5 nm was observedor PMMA. A lamellar morphology for a PMMA-
[31]. These results shows clearly that PMMA-b-PBMA b-PBMA diblock copolymer with 48% PMMA and
diblock copolymers show a larger incompatibility than 429 kg/mol is shown in Fig. 4. Lamellar structures were

PS-b-PBMA diblock copolymers. found for PMMA contents up to 71% and hexagonally
packed PBMA cylinders in the composition regime 75—
3.1.2. Morphology 80% PMMA. A morphology consisting of hexagonally

Our previous investigations [24—26] have shown thatpacked PBMA cylinders is shown in Fig. 5 where the
PS-b-PBMA diblock copolymers with high molec- cylinders appear to be dark confirming our assumption
ular weights microphase separate into morphologiethat the PMMA phase is more affected by the electron
with spherical, hexagonal (HEX), lamellar, perforatedbeam than the PBMA block.

lamellar (HPL) and gyroid structures depending on

composition. In contrast to PS-b-PI diblock copoly- 3.1.3. Mechanical properties

mers, which show HPL and gyroid structures at bothFor PS-b-PBMA diblock copolymers a strong increase
sides of the phase diagram, for PS-b-PBMA diblockin tensile strength with increasing PS-content was
copolymers these structures are completely missing dound. In contrastto other diblock copolymers we found
the PS-rich side of the phase diagram where a coexat 76% PS a maximum in tensile strength, which is
istence of ordered areas of lamellae and hexagonallgbout 40% higher than that of pure PS [26]. This syn-
packed PBMA cylinders (LAM/HEX) exist instead. ergism in tensile strength was found in the compaosition
This indicates an asymmetrical phase diagram for PSrange between 70% and 80% PS where LAM/HEX and
b-PBMA diblock copolymers as discussed elsewherdHEX structures were observed. As shown in Fig. 6
[28]. In contrastto PS-b-PBMA diblock copolymers for PMMA-b-PBMA diblock copolymers show a maxi-
PMMA-b-PBMA block copolymers HPL, LAM/HEX mum in tensile strength at 75% PMMA where a hexag-
and bicontinuous structures are not observed. PMMA®onal structure can be observed. However, in contrast to
b-PBMA diblock copolymers show spherical, hexago-PS-b-PBMA diblock copolymers the tensile strength
nal and lamellar structures depending on the composiexceeds the value of PMMA by only about 15%.
tion. The reason for this observation is the decreasedlso the strain at break as well as the absorbed en-
miscibility of PMMA-b-PBMA diblock copolymers ergy are generally smaller for PMMA-b-PBMA diblock
compared to that of PS-b-PBMA diblock copolymers. copolymers. It is obvious in Fig. 7 that the maximum
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Figure 3 Higher magnification of PBMA-b-PMMA diblock copolymer BMAMMAS33 shown in Fig. 2 (stained with RuO
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Figure 4 TEM micrograph of lamellar structure of a PBMA-b-PMMA diblock copolymer (BMAMMA4Bps= 0.48, M, = 429 kg/mol; stained
with RuQy. The PMMA lamellae appears light).

of absorbed energy is observed at 19% PMMA where anorphology is present. Fig. 8 shows the stress-strain
morphology consisting of PMMA spheres in a PBMA curves for PMMA-b-PBMA diblock copolymers with
matrix exists. The absorbed energy at this composidifferent compositions at a strain rate of k@0~4s2.

tion exceeds the value of the homopolymers. As alAta PMMA content of 75% a transition to brittle behav-
ready shown in a previous study [25, 26], PS-b-PBMAior occurs corresponding to a transition from lamellar
diblock copolymers also show a synergistic effect into hexagonal structures as observed by TEM. In con-
absorbed energy at different strain rates. The absorbedast, the transition to brittle behavior for PS-b-PBMA
energy shows a maximum in the composition range otopolymers occur ata PS content of 83% corresponding
30-40% PS, where hexagonally packed PS-cylinderto PBMA spheres [25].

were found by TEM [25, 26]. This means that the max- It was shown that most of the important tensile prop-
imum of absorbed energy for PMMA-b-PBMA can be erties such as tensile strength, Young's modulus, and
observed at smaller PMMA contents where a sphericahbsorbed 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 (BMAMMA7®ppma = 0.75, M, = 214 kg/mol; stained
with RuOy: The PBMA phase appears dark).
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Figure 6 Dependence of tensile strength on volume fraction of PMMA for PMMA-b-PBMA diblock copolymers at a strainsatelds x 10~4s 1,
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Figure 7 Dependence of absorbed energy on volume fraction of PMMA for PMMA-b-PBMA diblock copolymers at a straireraté.6fx 10-4s 1.
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Figure 8 Stress-strain curves for PMMA-b-PBMA diblock copolymers depending on volume fraction of PMMA at a strainsatd @ x 10~ s,

copolymers compared to that of PMMA-b-PBMA. Our at much higher stresses compared to PS-b-PB diblock
results show that an increasing miscibility leads to im-copolymers.

proved tensile properties. The broadened interfacial To explainthe improved strains atbreak and absorbed
width of PS-b-PBMA diblock copolymers is respon- energy of PS-b-PBMA diblock copolymers the discus-
sible for their improved tensile strength. It was alreadysion of micromechanical deformation behavior is of
discussed in one of our previous papers [27] that amgreat importance. It was shown that in PS-b-PBMA
increasing interface width leads to an decreasing strestiblock copolymers deformation mechanisms such as
concentration at the interface resulting in enhanced indiversion of crazes and craze stop exist which are re-
terfacial strength which is then responsible for the im-sponsible for the improvement of absorbed energies of
proved tensile strength. Our results are in accordancBS-b-PBMA diblock copolymers [24, 36]. In the case
with observations of Bfiler [35] who recognized thata of an broadened interface a large energy dissipation
broadened interface in block copolymers can enhanceccours at the interface during diversion and stop of
the tensile strength. A statistical PS-co-PI copolymercrazes and provide reasons for the improved strains at
was introduced as a middle block in PS-b-PI diblockbreak compared to that of PMMA-b-PBMA diblock
copolymers which leads to an increasing interfacialcopolymers. For PMMA-b-PBMA diblock copolymers
width and a decrease of domain size. For PS-co-Pl corat high strain rates of 5.%5102s™! the transition
tents of about 20% the tensile strength exceeds the valifeom ductile to brittle behavior occurs already at 64%
of unmodified PS-b-PI diblock copolymers by about PMMA where a lamellar morphology is present. This
30% which confirms our result found for weakly segre-is shown in Fig. 9 for PMMA-b-PBMA where a strong
gated block copolymers. It is discussed elsewhere thatecrease of strain at break occurs compared to the prop-
the partial miscibility of PS-b-PBMA can enhance the erties at small strain rates. In contrast, for PS-b-PBMA
craze initiation stress compared to PS [36]. This highdiblock copolymers at the same strain rate this tran-
values of craze initiation stress provide reasons for thaition was observed at higher PS contents of 76% PS
improved tensile strength because crazes are formg@6]. This means that the properties of PS-b-PBMA

(o2
(=]
1

PMMA

<
g
w 40 -
|
w2
0 T T T T T T v
0 20 40 60 80

strain [%]

Figure 9 Stress-strain curves for PMMA-b-PBMA diblock copolymers depending on volume fraction of PMMA at a straingat&d x 1072 s L,
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diblock copolymers are also improved at higher strain3.2. Influence of chain architecture:
rates compared to PMMA-b-PBMA and the phase be- PBMA-b-PS-b-PBMA triblock
havior and interface formation have a pronounced in- copolymers

fluence on mechanical properties of block copolymers3.2.1. Phase behavior

over a wide application range.

T
-150 -100

107 1

T+ T T T T 1
-50 0 50 100 150

T [°C]

T
-150 -100

Figure 10 Dependence of storage modul@) and loss modulus®”)

on the temperature for a PBMA-b-PS-b-PBMA triblock copolymer
(Tri37: ®ps=0.37, M, =275 kg/mole) and PBMA (285 kg/mol) mea-
sured at a frequency of 1 Hz.

awr ¥ '

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 5¢°C whichis about 7C 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
(x N)c =10.5, for triblock copolymersx N). 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 ). for triblock copoly-
mers one can determine the strength of segregation,
x N — (xN), for a triblock copolymer with 52% PS
(Table IIl) to 3.5. This means that the triblock copoly-
mers are weakly segregated. For asymmetric composi-
tions (x N)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

0,5um

Figure 11 TEM micrograph of lamellar structure of a PBMA-b-PS-b-PBMA triblock copolymer (TriBgs= 0.37, M, = 275 kg/mol) with small

long range order (stained with RuO4. The PS phase appears dark).
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Figure 12 Dependence oftensile strength on volume fraction of PS for PBMA-b-PS-b-PBMA triblock copolymers at a strainalefok 104 s 1.
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Figure 13 Stress-strain curves for PBMA-b-PS-b-PBMA triblock copolymers depending on volume fraction of PS at a straineafiesot 102 s 1.

network-like structure. As already discussed, the tri-for diblock copolymers. The strain at break is strongly
block copolymers are weakly segregated which is themecreased with increasing PS contents (Fig. 13) and is
responsible for the small long range order of the mor-generally smaller than observed for PS-b-PBMA and
phology shown in Fig. 11. The morphologies at otherPMMA-b-PBMA diblock copolymers. This can only
compositions are also relatively less ordered and onlype understood, if one assumes that not only the phase
show small grains. In most block copoly-mers grainbehavior, but also the shape of the morphology has an
structures can be observed in a size scale of 100 influence on deformation behavior and tensile proper-
It is visible in Fig. 11 that only small grains in the size ties. The less ordered structures in triblock copolymers
scale of about 200-500 nm exist. 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
3.2.3. Mechanical properties stop and diversion of crazes can not be observed in
As for the diblock copolymers the tensile strength oftriblock copolymers in a large size scale compared to
triblock copolymers strongly increases with increasingPS-b-PBMA diblock copolymers and improved strains
polystyrene content (Fig. 12). The tensile strength ofat break are not found. Diversion of crazes and craze
polystyrene is already reached at a triblock copolymestop mechanisms was not observed in triblock copoly-
composition of 37% PS. Abps=0.72 a maximum mers by investigations of deformation behavior using
of tensile strength is found, which is also significantly an in-situ tensile device in a high voltage electron mi-
higher than that of polystyrene. The maximum of tensilecroscope (HVEM) [39].
strength is also observed for a structure consisting of This leads to the conclusion that for improved strains
PBMA cylinders in a PS matrix which is already found at break and absorbed energies a partial miscibility (in-
for diblock copolymers. This morphology seems to betermediate segregation) and quite ordered morpholo-
associated with an improved tensile strength. gies with grain structures in a large size scale of 1—
For triblock copolymers, the synergetic effect in ten- 10 um are necessary. While the high tensile strength of
sile strength exists over a wider composition range tharriblock copolymers is attributed to the large miscibility
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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 breathe Young's modulus of the bicontinuous structure is
are due to the relatively less ordered structures of themproved compared to that of other morphologies in
weakly segregated triblock copolymers. the composition range of 30-50% PS. This indicates
This results indicate that not only the phase behaviorthat different models for elastic constants of compos-
but also the long range order of morphology in blockites (for example Reuss and Takayanagi) models cannot
copolymers can be correlated to their tensile propertiegyive a reliable description of the properties of weakly
Finally, the behavior of weakly segregated blocksegregated block copolymers because they onlyinclude
copolymers also seem to have a pronounced influendie elastic constants of the respective homopolymers,
on stiffness. It was already reported for PS-b-PBMAthe volume fraction and the Poisson’s constant but do
diblock copolymers, that the Young's modulus exceedsiot consider the morphologies and chain architectur of
the value of PS by about 20% at a PS content of 76%he polymers [26, 40]. Second, we have not found neat
[26]. For triblock copolymers it is shown in Fig. 14 phases butamixed phase and a pure matrix phase which
that the Young’s modulus exceeds the value of PS byeads to problems of the determination of real Young’s
about 30% and over a larger composition range thamodulus for each phase. Further, the modulus of struc-
that for PS-b-PBMA diblock copolymers. In contrast, tures in the nm-scale could differ from those of bulk
for PMMA-b-PBMA diblock copolymers the Young's materials and the chain architecture in block copoly-
modulus does not exceed the value of PMMA. Thesamers (different chain conformations) could also have
effects are quite complex and therefore relatively lessa pronounced influence on Young’s modulus. While
understood. highly ordered structures in block copolymers are re-
First, we assume that the Young’'s modulus can besponsible for an improvement of toughness, a small
influenced by the shape of the morphology. It waslong range order associated with a network-like shape
shown for PS-b-PBMA diblock copolymers [26] that of morphology (Fig. 11) and the triblock architecture
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seems to be associated with an enhancement ®eferences

stiffness.

2.

4. Conclusions

Our investigations have clearly shown that phase be-3.

haviour, microphase separated morphologies in the nm-
scale, interface formation and chain architecture have
a pronounced influence on mechanical properties of

block copolymers. 5.

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 tc8.

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) 10.

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 influencé?

the strains at break (toughness). The stiffness of block

copolymers seems to be influenced by chain architecg,,

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 an

mers which is usually not observed for rubber tough-

ened polymers and most of polymer blends. While thels.

properties of multicomponent polymer systems fullfil
the classical correlation between toughness, strength,

and stiffness, for weakly segregated block copolymersg

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- 23.

block), and deformation mechanisms.

24.
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