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SYNOPSIS

In this article, symmetrical, narrow distribution P (S-6-MMA ) block copolymers are char-
acterized rheologically, using a dynamic spectrometer and a stress rheometer. The shear
induced morphology changes are investigated by off-line electron microscopy and SAXS.
We tried to correlate the results of dynamics and long-time creep experiments with mor-
phological and rheological features. Summarizing, one can point out that the examined
block copolymers reveal the well-known low frequency behavior of phase separated blends.
Additionally, we observed a significant shear influence on the morphology, i.e. a shear
induced structuring and alignment of lamellae. This considerable change in morphology is
also reflected by characteristic rheological properties (retardation time, yield stress).
Therefore, problems concerning the validity range of linear viscoelastic behavior arise,
which are discussed in brief. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Recent developments in the polymer industry lead
to more and more concern about polymer blends,
block copolymers, composites, filled polymers, LC-
polymers, or, generally speaking, about polymeric
materials possessing more complicated structures as
compared to homopolymers. Most of these materials
show unusual rheological behavior (long relaxation
times, yield behavior, significant strain dependence)
and, therefore, even traditional rheometrical tech-
niques are of doubtful value (e.g., concerning the
initial equilibrium state ) and should be improved or
supplemented by other investigations. Therefore, it
is important to perform morphology studies in ad-
dition to rheometry.

This article focusses on the rheological behavior
of block copolymers. They are mainly used as com-
patibilizers in incompatible blends,'? toughening
agents in brittle polymers, or, due to their regular
equilibrium morphologies, as polymers with special
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properties (e.g., triblock copolymers as thermo-
plastic elastomers,®* bicontinuous, anisotropic
materials®). Numerous articles deal with S-B-S or
S-I-S triblock copolymers,®* but little is known
about pure thermoplastic diblock copolymer sys-
tems.® In spite of several works concerning the
rheology of block copolymers, as well as the dynam-
ics of morphology changes during shear experiments,
some questions remain open (at least in part):

e Does a suitable (structural ) reference state ex-
ist and how should it be reached?

® What are the measuring conditions in order to
ensure linear viscoelastic behavior, if shear in-
duced morphology changes occur, especially in
creep tests?

e In which way do morphology changes occur in
lamellar diblock copolymers?

e Is the yield behavior influenced by shear in-
duced morphology changes?

This article describes the comprehensive rheological
and morphological characterization of three narrow
distribution symmetrical P{S-6-MMA) block co-
polymers. The main task of the work does not consist
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in a presentation of numerous experimental data,
but rather in an explanation of some significant re-
sults, as well as in the discussion of problems arising
from rheometry and a rheological interpretation.
In the first section of the article, the materials
used, the rheometrical devices (dynamical spec-
trometer, stress rheometer) and the techniques for
investigation of the morphology [electron micros-
copy and small angle X-ray scattering (SAXS)] are
described in detail. The experimental results are
given in the second section. An extensive discussion,
including a comparison with literature data, follows
in the third section. We tried to correlate the results
of dynamic and creep experiments, to compare block
copolymers with corresponding blends, to give a
physical explanation of the unusual flow mechanism
observed, and to correlate the shear modified mor-
phology with characteristic rheological quantities,
such as yield stress and retardation time. Addition-
ally, theoretical descriptions are briefly reviewed.

EXPERIMENTAL

Materials

Three symmetrical P (S-b-MMA) block copolymers
were investigated. In order to obtain narrow distri-
bution samples, they were synthesized by anionic
polymerization at —85°C in THF with sec-butyl
lithium as an initiator.” The materials were purified
by precipitation of a solution in THF (10 wt %)
with methanol and were dried at 60°C under vacuum
for at least two days. In order to suppress the thermal
decomposition of PMMA, 2,6-di-t-butyl-4-methyl-
phenol (0.1 wt %) was added.

DSC measurements on the block copolymers in-
dicate two glass transition temperatures related to
the components: T,(PS) = 102°C and T,(PMMA)
~= 130°C. The elevated T, of the PMMA component
is caused by its special tacticity (80% syndiotactic
and 20% heterotactic triads), resulting from the
special polymerization conditions. The tacticity and
the content of PMMA in the block copolymer was
determined by 'H-NMR spectroscopy. A summary
of the block copolymers’ characteristics is given in
Table 1.

For rheometry, sample discs were pressure-
molded under vacuum at 180°C and were then dried,
as described above. Gel permeation chromatography
(GPC), before and after the rheological measure-
ments, did not indicate any changes in molecular
weight distribution, hence decomposition can be ex-
cluded under the conditions applied.

The upper critical solution temperature system,

Table I Characteristic Data of Block
Copolymers (U = M,/M,)

SMs8 SM43 SM78
M7 (g/mol) 7600 43,000 78,000
Urse 1.05 1.09 1.09
ME**® (g/mol) 13,000 73,000 126,000
Ueess 1.18 1.12 1.17
wt % MMAP 53.5% 52.2% 52.8%

® GPC: CHCY;, PS standard.
»IH_NMR: CDCl;, 80 MHz.

PS-PMMA, has an interaction parameter of X
= 0.028.% Taking into account the symmetry of the
block copolymer, as well as the relation (XN)
= 10.5 (N 1s the degree of block copolymer poly-
merization, system P (8-b-MMA): N, ~ 375) for
the microphase separation transition {MST), from
Leibler’s theory,? one expects that SM43 and SM78
should be phase separated with a lamellar mor-
phology. On the other hand, SMS8 is not supposed
to separate in the temperature range between glass
transition and the decomposition, which is sup-
ported by our additional temperature-dependent
SAXS measurements, showing a hypothetic MST
temperature of —53°C for SMS8.

Rheometry
Dynamical Spectroscopy

The dynamical measurements were carried out on
a Rheometrics Mechanical Spectrometer (RMS-
800) at temperatures between 150 and 230°C. For
temperatures above 170°C, an inert N, atmosphere
was used. Disc-and-plate fixtures (radius 12.5 mm)
were adjusted with a gap of about 1 + 0.2 mm, which
varied from sample to sample. Due to the expected
violation of the time-temperature superposition
principle, the frequency range was extended as much
as possible (w = 100-0.001 rad/s). The strain was
varied hetween v = 1 ... 30% in order to obtain a
measureable signal with respect to the transducer.
It was difficult to determine the range of linear vis-
coelasticity, because no characteristic critical strain
Yerit €Xists, as known from homopolymers. Instead,
a weak strain dependence is observed, even at low
strains. It is much more pronounced for low fre-
quencies and high measuring temperatures.

Stress Rheometry

The Rheometrics Stress Rheometer (RSR) was used
to obtain the creep function (input: constant stress)



and yield stress (input: stress ramp) data. Shear
induced morphology changes were expected, but the
results obtained from experiments using 25-mm-di-
ameter cone-and-plate (homogenous shear rate
v), as well as disk-and-plate fixtures [y = f(r)],
were nearly identical. Therefore, the latter was used
for most of the measurements. All of the creep ex-
periments explained below were carried out under
an N, atmosphere at 200°C.

Some attention was paid to the drift behavior with
respect to the measured quantities, because we in-
tended to perform long-time creep and creep recov-
ery investigations. The drift was relatively small, as
compared to the absolute values (for creep < 1%,
for recovery < 10%). Another problem arose con-
cerning the desired long-time experiments: The RSR
limits the maximum creep and recovery times each
to about 36.4 h. This fact, as well as the transducers
lower torque limit (required signal-to-noise ratio),
made it impossible to decrease the shear rate in order
to detect the terminal flow range. Nevertheless, the
feasible one-and-a-half day experiments enabied us
to extend the observation window up to one decade
below the dynamical spectrometer’s limits (up to
v~ 1073 s71).

Samples for morphology analysis (electron mi-
croscopy) were quenched below glass transition
temperature for about 3 min controlling constant
normal force and retaining the applied shear stress.
This ensures a minimum destruction of the shear-
induced morphology during quenching.

Electron Microscopy

Ultrathin cuts in two normal directions (radial and
azimuthal) were always prepared from the sample
bulk using a Leica Ultracut-E microtome with a dia-
mond knife. The thickness of the specimens, indi-
cated by their interference color, was about 60~70
nm. In order to improve contrast, the ultrathin sec-
tions were treated with RuQ, vapor.

Transmission electron microscopy (TEM) mea-
surements were carried out with a Zeiss CEM 902,
operated with 80 kV. An 90 mm objective diaphragm
was used, corresponding to an 17.3 mrad aperture
in the back focal plane. All images were obtained
from loss energy electrons.

Small Angle X-ray Scattering (SAXS)

A Kiesig camera was used in order to determine the
lamellar dimensions, as well as the degree of ori-
entation. Analyzing the SAXS patterns with Bragg’s
eq. (1), one obtains the lamellar periodicity (i.e.,
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the distance between the centers of neighboring lay-
ers of the same polymer) of the nearly symmetrical
block copolymer. The lamellar periodicity roughly
equalled the thickness of both the PS and PMMA
layer together.

nh = 2dsin 8 (1)

Here, n is the reflection order, A is the CuK, wave
length (0.154 nm), and 4§ is the scattering angle.
The degree of orientation can be determined from
the azimuthal intensity distribution of the SAXS
pattern. Unfortunately, the quality of our scattering
patterns was insufficient for quantitative analysis,
but sufficient to qualitatively reflect the orientation.

EXPERIMENTAL RESULTS

Mechanical Spectroscopy

The dynamic measurements are summarized in
three master curves for the moduli (Figs. 1-3),at a
reference temperature of about 180°C. The exact
values and the appropriate shift factors ar are listed
in Figures 1-3. The three materials yield different
behaviors with different aspects.

The SM8 sample behaves as a homopolymer be-
low its entanglement molecular weight. This means
that it is characterized by terminal flow, with a low
frequency dependence of G’ o« w? and G” « w?, as
well as a Rouse behavior at high frequencies (G’ «
%), This is not surprising, because the so-called
Leibler rule (see Materials) only predicts long range
structuring (forming lamellae) for a molecular
weight higher than about 37,500 g/mol.

SM43 (Fig. 2) and SM78 (Fig. 3) reveal different
behavior, because of their tendency to form a la-
mellar morphology. In spite of an extended mea-
suring range (up to 1072 rad/s), no terminal flow
region occurs, and a terminal relaxation time could
not be determined (even for the highest tempera-
ture). Instead, one observes the well-known depen-
dencies, G’ o« »®® and G” o« w®® (G' =~ G”) at low
frequencies, which are typical for phase separated
block copolymers.!%!

On the other hand, the high frequency behavior
seems to be nearly unaffected by the lamellar struc-
ture. In order to analyze the entanglement behavior
in the lamellar structured block copolymer melt, we
tried to apply the Marvin—Oser equation,'? which
was primarily derived for homopolymers:

M —-0.8
)

(tan &) mm = 1.04( (2)
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Figure 1 Master curves of the dynamic moduli G’ and G” (T = 177°C) for P(S-b-

MMA ) sample SM8.

Taking into account the critical molecular weights
of the components (PMMA: M, =~ 3 X 10* g/mol,
PS: M, = 3.3 X 10* g/mol), one obtains the M,
values of the appropriate single blocks only, but not
of the whole block copolymer molecule. This means
that the single blocks are responsible for the entan-
glement plateau measured. This seems reasonable,
in view of the incompatibility of the different blocks,
as well as the lamellar morphology.

Sample SM43 displays some pecularities as com-
pared to SM78. In contrast to the former, the in-
dividual frequency sweeps of SM78 can be shifted,
that is, the time-temperature—superposition (TTS)
principle holds true (at least approximately).
Therefore, it is concluded that, in spite of an existing
phase separated structure, no significant shear-in-
duced morphology changes occur. On the other hand,
the failure of the TTS principle for SM43 indicates
a shear influence. The dynamic data cannot be
shifted throughout the whole frequency range. For
that reason, only the high frequency range, which
was assumed to be nearly unaffected by morphology

changes, was used as a reference to derive master
curves (Fig. 2). The low frequency part of these
curves is successively lowered for increasing tem-
perature. In this way, the little shoulder disappears
and the final dependencies of G’ and G” o« w®® are
approached step by step. The observed shear effect
is more pronounced for G’ than for G”, which con-
firms the known fact that the storage modulus is
more sensitive to morphology changes.!’

Strain and time sweep experiments, on our SM43
sample, confirm that the shear-induced morphology
changes reach a saturation level and that they are
most significant at the highest measuring tem-
perature (230°C) and the lowest frequencies.
In contrast to other materials (e.g., SIS-block
copolymers?®), the shear structuring of the SM43
sample does not lead to a terminal flow range and,
secondly, it seems that it achieves sufficient mobility
for structuring only at extreme measuring condi-
tions.

Summarizing the results obtained from dynamic
spectroscopy, the SM43 sample seems to be suitable
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Figure 2 Master curves of the dynamic moduli G' and G” (T,s = 179°C) for P(S-b-

MMA) sample SM43.

to investigate morphology changes in further detail.
In oscillatory shear flow, it behaves like a yield stress
fluid and shows significant shear influence. Conse-
quently, stress rheometry and electron microscopy
studies have been performed.

Stress Rheometry

Is it possible to draw conclusions from stress
rheometry concerning shear-induced morphology
changes? We tried to analyze characteristic times
(creep and recovery experiments), as well as yield
stresses (stress ramp experiments). We selected
some typical examples for this article.

First, we carried out a set of successive creep and
recovery measurements, using the same sample. An
applied stress of 50 Pa and a temperature of 200°C
were chosen (see Rheometry, above). Figure 4 shows
the first set of measurements, including four exper-
iments. In this experiment, the creep time was varied
from 10%to 102, 10*, and 10° seconds. The recovery
time was extended up to about one and a half days
in some cases. The separate plots of the recoverable

strain [ normalized to the measured or extrapolated
maximum recoverable strain vz = Y (t = ©)],
dependent on time, are shown in Figure 5.

What are the characteristic features of the first
set of creep and recovery experiments?

The reproducibility of the curves is relatively
poor, as compared to investigations of homopoly-
mers, for example. We assume that the undefined
initial morphology may be responsible for this.
However, the creep curve can be divided into two
power—law sections, with slopes to the logarithmic
plot (Fig. 4) of about 0.58 and 1, respectively. The
logarithmic slope of 1 indicates that the block co-
polymer sample behaves like a fluid at strains larger
than about 5-8 units, corresponding to a creep time
of about 5 X 10* s. A quantitative comparison be-
tween the creep flow (RSR) and the low frequency
dynamic (RMS) experiments also confirms the Cox—
Merz rule [7(y) =~ n* (@ = v)] within the limits of
experimental error.

The recovery also shows some interesting fea-
tures. Nearly the whole creep deformation (up to v
= 0.2) recovers, if the creep time does not exceed
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Figure 3 Master curves of the dynamic moduli G’ and G” (T, = 184°C) for P(S-b-
MMA) sample SM78.
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Figure 4 First set of creep and recovery experiments for P (S-b-MMA ) sample SM43 at
T = 200°C, creep times: 102, 103, 10*%, and 10® s; PS (A, = 10° g/mol) for comparison.
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Figure 5 Normalized recoverable strain curves [reference y.(t = c0)] of P{S-b-MMA)
sample SM43 from the first set of creep experiments (creep times before recovery: 1 —
10%s,2 - 10%s,3 = 10*s, and 4 — 10° s; T = 200°C).

102 seconds. However, it is not an instantaneous,
but rather a delayed, recovery. Further increasing
of the creep time also increases the recoverable
strain up to about vz ~ 2 (compared with an ap-
propriate PS (M, ~ 10%) vz ~ 0.03'%), but an ir-
reversible deformation remains. A more significant
power—~law behavior is also observed for the recovery
zone (Fig. 5) with a slope of about 0.46 in the log-
arithmic plot. Flow behavior, characterized by such
a power-law slope, has been already discussed in
literature, ® albeit in another context. It is assumed
that this is caused by cooperative phenomena. This
also seems to apply to our lamellar-oriented block
copolymers.

The recovery times, A; [ which are the times after
which the transient quantities (e.g., strain) achieve
about 95% of the steady state value] increase with
increasing creep time and reach a maximum value,
if steady shear is achieved in the creep before re-
covery. A significant difference between character-
istic times in creep and recovery is observed. Thus,
the creep retardation time during creep (A, ~ 5
X 10* s, measured in the longest creep experiment),
obtained from the purely elastic contribution (i.e.,

creep curve minus viscous flow), is much smaller
than the corresponding extrapolated (!) recovery
time (X =~ 108 s), indicating different structuring
processes in the two phases of the experiment. This
means that the destruction of an initial morphology
(e.g., grains of the pressure-molded sample or the
partly oriented domains after the first short creep
experiments), and the shear structuring, occur much
faster than the equilibration or the restructuring
during the recovery.

After a sufficiently long annealing time, the four
experiments described above are repeated in a sec-
ond set. For clarity, only the two experiments with
a creep time of 1000 s are presented in Figure 6. In
principle, similar creep and recovery behavior was
observed qualitatively. However, two remarkable
points should be emphasized (cf. Fig. 6), which re-
sult from the flow history (first set of measure-
ments):

e The fluidity of the sample is increased ( power—
law slope of the creep curve is now about 0.7-
0.8 and the irreversible strain is increased).

e The characteristic recovery times are much
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Figure 6 Comparison of two creep and recovery experiments (from the 1st and 2nd set
of measurements) of P(S-b-MMA ) sample SM43 with a creep time of 102 s at T = 200°C.

longer than before (significant especially for
experiments with the shorter creep times up to
103 s), that is, the recovery is delayed.

In spite of the unexpected fluidlike behavior, the
results obtained by stress rheometry correlate well
with the observations made in the dynamic exper-
iments (RMS) at low frequencies (especially the
decreasing elastic contributions, due to flow-induced
morphology changes). This means that the supposed
morphology changes are also reflected in creep and
recovery experiments. However, the question re-
mains open: which are the characteristic structuring
processes responsible for the rheological behavior
observed? To answer this question, three samples
were prepared for electron microscopy; one after
pressure molding and the others quenched during
steady flow and after recovery (see below).

The stress rheometer (with stress ramp mode)
was also used to determine yield stresses. Such mea-
surements were always carried out between the creep
experiments described above. Taking into account
the final results from creep tests, that is, the fact
that the block copolymer behaves like a fluid, one
does not expect a classical yield stress. Is it possible
to verify it and does a yield stress occur in the pres-
sure-molded block copolymer before any viscous flow
is induced?

Indeed, a yield stress 7, of about 5-11 Pa is mea-
sured, if a stress ramp with 7 = 0.2 Pas ! is applied
on an unsheared sample and 7, vanishes after viscous
shearing. In contrast to usual yield stress, a tem-
perature dependence of 7, was observed (7, decreases
if T increases). Variations in the stress ramp con-
ditions (7 = 0.02, 0.2, 2 Pas !) reveal this interesting
behavior: The faster the ramps are, the higher the
7, values that are observed. Furthermore, the strain
behavior for = < 7, is surprising, but may be due to
transducer drift'*: A deformation occurs in the op-
posite direction and seems to be compensated for
before the expected behavior is observed for r > 7.
This “negative overshoot” depends also on the ramp
conditions (the overshoot is more pronounced for
decreasing 7). Effects of a previous experiment (e.g.,
an uncompleted recovery) can be excluded, because
this behavior is not observed in such experiments
carried out after the first viscous flow of the sample.
It is interesting to note that the surprising strain
effects have never been observed with PS.

Summarizing the yield stress measurement re-
sults, some significant peculiarities were observed,
which are difficult to explain, even by advanced
theoretical descriptions, including so-called dura-
bility effects.!® Nevertheless, it seems that the pres-
sure-molded sample has a morphology with yield
stress properties and that a build-up of flow struc-
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Figure 7 TEM image of an unsheared P (S-b-MMA ) sample SM43.

tures (highly oriented lamellae) occurs during shear,
resulting in a vanishing yield stress in subsequent
creep experiments. Finally, the question concerning
a stable reference state remains open. It should be
emphasized that the yield stress behavior, described
above, was observed in most, but not all of our ex-
periments. In one case, the peculiar yield behavior
remained also after viscous flow of the sample.

Electron Microscopy and SAXS

Some characteristic electron microscopy images are
selected for the present article. They correspond to
a pressure-molded, unsheared sample (Fig. 7), and
to RSR samples, which were quenched during vis-
cous flow (Fig. 8) and after recovery (Fig. 9). It
should be mentioned that there was no significant
difference between the radial and azimuthal cuts in
all three cases. Therefore, no distinction in terms
of cut orientation is made. For the unsheared, pres-
sure-molded sample, we find an isotropic morphol-
ogy with well dispersed block copolymer grains of
about 0.1-0.2 um in size. This is not surprising.
However, the block copolymer should have a la-

mellar structure, corresponding to the thermody-
namic equilibrium. Therefore, one expects that the
equilibration may be facilitated by a shear-induced
activation process. Indeed, one can see from Figure
8 that an enormous shear alignment, that is, a highly
ordered lamellar structure, is obtained by creep. The
characteristic lamellar periodicity distance was
found to be about 33 nm. In contrast to the lamellar
distance determined by electron microscopy, the
SAXS measurements yield about 26 nm and a model
prediction € yields about 50 nm, according to eq. (3).

d = 0.024 M?/3 (3)

Here, d is the periodicity of the lamellae and M,, is
the number average molecular weight of the block
copolymer. The deviation from the model prediction
may be explained by the use of a different block
copolymer composition (our block copolymer con-
sists of two amorphous polymers, in contrast to block
copolymers with one elastomeric component, as in
Ref. 16). However, the large difference between
electron microscopy and SAXS results is hard to
understand.



496 BRAUN, GLEINSER, AND CANTOW

Figure 8 TEM image of P(S-b-MMA) sample SM43, quenched during steady creep

after about 10 strain units, at T = 200°C.

Figure 9 shows the morphology after recovery,
where we find a so-called onion pattern. This is un-
expected, with respect to the highly ordered lamellae
under shear before, but it is confirmed by numerous
images. On the other hand, it would explain the dif-
ference observed between the characteristic retar-
dation times in creep and recovery, respectively. One
can see that the equilibrium morphology under shear
does not correspond to the one in recovery. Healing
internal stresses, possibly caused by some defects,
may be considered as a driving force.

DISCUSSION

Before we discuss the main features, which were ob-
served on the block copolymers, they are listed in a
brief summary once more. Our block copolymers
show (i) a shear induced morphology change from
a disordered nonequilibrium grain structure to an
equilibrium lamellar structure, (ii) a deformation-
dependent yield stress behavior, (iii) extremely long
characteristic times, high viscosities, and large re-

coverable strains, as well as (iv) an asymmetry be-
tween recovery and the elastic part of creep. Finally,
various problems concerning the validity range of
linear viscoelasticity are obvious, which generally
arise for complex polymeric materials.

Different mechanisms, responsible for the un-
usual rheological behavior of polymeric materials
with a complicated structure, are known. With re-
spect to the block copolymers considered, processes
such as (i} constraint reptation of polymer chains
with one end fixed, (il) cooperative reptation, due
to thermodynamical forced alignment of chains, and
(ii1) healing of structural (lamellar) defects, are im-
portant at low frequencies {or long measuring
times), in addition to the well-known high frequency
behavior. The following discussion is mainly re-
stricted to the low frequency (long time) behavior.

The block copolymer in the form of the pressure-
molded, unsheared sample, and in the partly ori-
ented RMS sample, consists of nonequilibrated
grains, which are linked to each other by flexible,
reptational polymer chains. These entanglements
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Figure 9 TEM image of P(S-b-MMA ) sample SM43 two days recovered at T = 200°C

after steady creep.

on the grain boundaries seem to be dominant as
compared with the processes within the grains. This
is reasonable, because of the large internal interface
corresponding to the numerous small interacting
grains.® Therefore, a deformation and rate-depen-
dent yield stress behavior may be explained in con-
trast to a constant yield value, known from suspen-
sions of rigid particles.

Starting our creep experiment, the deformation
energy density, 7y, (7, creep stress imposed; v, elas-
tic strain), increases with time to exceed a critical
value and causes a modification of morphology
(grain configuration). But in which way? Little is
known about the structuring process, but some in-
teresting facts are obtained from knowledge of the
morphology under steady shear conditions, which
follow.

According to eq. (4), the free enthalpy density of
mixing AGr;c, which is responsible for a thermo-
dynamical forced structuring (lamellar morphol-
ogy), can be determined* for our SM43 block co-
polymer:

$pvmaln Ppvma

VPS NPS VPMMA NPMMA

Pps In
AGmix=RT[ ps 1N Ps+
X PpsPpmma (4)
(Vps Vemma) /2

Here, R is the gas constant, 7T is the temperature,
V; is a molar volume (V = M/p, M: molecular
weight, p: mass density), ®; is a volume fraction (®;
=V;/(Vps + Vpmma)), NN is the degree of polymer-
ization and X is the Flory-Huggins parameter. In
this way, one obtains AG,;; ~ 125 Pa for SM43 at
200°C. The flow energy density, in a creep experi-
ment at 50 Pa, matches this value at about 2.5 (elas-
tic) strain units, and will destroy the thermody-
namically imposed structure. However, what we ob-
serve is a highly ordered lamellar morphology in
steady flow. Therefore, one can conclude for steady
flow both that the elastic stored energy density is
lower than AG,:; and that the irreversible flow
mechanism (i.e., the reptation process of entangled
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blocks between the lamellae ), observed at the chosen
conditions, is characterized by the amount of actual
stationary stored elastic energy. As mentioned
above, the latter can be determined by subtracting
the flow term from the creep curve. One obtains a
characteristic energy density of about 18 Pa, which
can be interpreted as a flow activation energy. How-
ever, it has another meaning than the Arrhenius
activation energy for thermally stimulated processes
(E, ~ 3.6 X 10° Pa calculated for SM43).

At first sight, the existence of a highly oriented
lamellar morphology with expected flow in “homo-
polymer” layers does not seem to be consistent with
the extreme long retardation times and the enor-
mous elasticity. On the other hand, well defined flow
zones, formed in the first set of creep experiments,
would explain the vanishing yield stress behavior in
the second set of measurements. In contrast to the
nearly isotropic morphology of the pressure-molded
sample, the lamellar structure is an anisotropic bi-
continuous one. Therefore, we measure only the flow
properties between the lamellae. Compared to ho-
mopolymers, cooperative phenomena of neighboring
(block) chains, as well as constraint reptation pro-
cesses of chains with one end fixed, become domi-
nant. Indeed, these processes can be regarded as
reasons for the high melt elasticity and the corre-
sponding long retardation times. Doi and Kuzuu!’
proposed a modified tube model for the reptation of
polymer chains with a fixed end. Such reptation is
strongly hindered and, following their theory, it re-
quires an additional activation process, leading to a
retarded motion. Star-branched polymers, *® micellar
morphologies,’® as well as liquid crystal poly-
mers, 2% show similarities to the flow behavior of
block copolymers. This is reasonable, because the
shear influence on L.C polymer domains with varying
director orientations is comparable with the grain
morphology of our pressure-molded sample and, on
the other hand, the final lamellar flow layers in block
copolymers may be approximated by interacting
“micelles” of infinite diameter. As in the L.C polymer
system,? the flow layers of our oriented block co-
polymer samples have a lower viscosity as compared
to the polydomain or polygrain sample. However,
the flow mechanism between lamellae is not the
classical terminal flow, but rather a stable pseudo-
flow process, characterized by well defined depen-
dencies. Such systems have large values of relaxation
times and an exponential enhancement, rather than
a power-law dependence on the molecular weight,
as known from the homopolymers.

Another theoretical approach, based on models
with fractional derivatives,?? should be mentioned.

Without any direct relation to the molecular quan-
tities, the description on an empirical level accounts
for the power-law behavior observed over some de-
cades in rheological measurements of the block co-
polymers.

Summarizing the elastic behavior, the following
comparison of recoverable strains vz (or recoverable
compliance oJ,,) illustrates the enormous differences
between homopolymers, blends and block copoly-
mer:

PS : PMMA : PS-PMMA blend :

P(S—b—-MMA) ~1:2:8:70

Here, the relation between the homopolymers and
the blend was derived from Ref. 23, and the PS value
(M, ~ 110,000) from Ref. 13, whereas the block
copolymer was measured by us.

Finally, the theory of linear viscoelasticity (e.g.,
Schwarzl?*) and its applicability in rheology is dis-
cussed. In contrast to homopolymers, the under-
standing of the assumptions and conditions of linear
viscoelasticity is poor for complex materials. There-
fore, some problems arise with respect to the validity
range. In order to apply the relationships of the lin-
ear viscoelasticity theory, one has to ensure defor-
mation conditions in the linear range of deformation.
What does this mean for usual experiments? It was
shown that, exceeding a critical strain in a kine-
matically controlled experiment, as well as a critical
stress in a stress controlled experiment, leads to
nonlinear effects. In other words, a creep experiment
requires the following conditions in order to yield
linear viscoelastic measurements: (i) a constant
(Newtonian) viscosity, corresponding to an exis-
tence of a terminal flow zone, (ii) the onset of flow
at a characteristic, stress independent time, (1ii) a
stable morphology, and (iv) an asymptotic growth
of the normal force during creep without any over-
shoot. Investigating complex materials, one knows
that most of these requirements are not fulfilled.
Indeed, for materials with a second shear thinning
range at low shear rates, with special scaling laws,*®
or with significant shear effects on structure, the
application of the theory of linear viscoelasticity is
not justified in transient or steady experiments such
as creep.

Nevertheless, rheological data, obtained from
complex materials, can be interpreted in some mod-
ified ways. The phenomenological Cox~Merz rule,
for example, allows a correlation of linear dynamic
data and nonlinear transient results within the lim-



its of experimental error {e.g., n(y) = n*(w)] and,
thus, a common analysis in the framework of linear
viscoelasticity is partly possible.

In spite of some restricted cases, where the linear
theory is applicable, it will be more and more nec-
essary to carry out and to analyze nonlinear exper-
iments with nonlinear constitutive theories directly.
In this way, it is easier to determine characteristic
parameters, such as retardation times, yield stresses,
and elastic contributions and to achieve adequate
descriptions and modelling.

CONCLUSIONS

Generally, to obtain reliable rheological character-
istics of block copolymers or similar complex ma-
terials was a difficult methodological problem. Due
to an inevitable shear influence on morphology, the
questions of the importance of linear viscoelastic
measurements and an extended validity range
should be analyzed once more in order to apply well-
known theoretical descriptions. In contrast to a
commonly accepted opinion, we recommend tran-
sient or steady rheological experiments, such as
creep, stress growth, and stress relaxation. Such ex-
periments yield valuable information (e.g., charac-
teristic times, threshold values, and elastic contri-
butions) in a more direct way and, sometimes, its
interpretation is facilitated. Of course, the nonlin-
earity of these experiments requires an analysis us-
ing nonlinear theories.

Our experiments also revealed some inadequacies
in the available rheometrical devices, which are de-
veloped essentially for homopolymers. Investiga-
tions of complex polymeric materials required ex-
tended measuring ranges (low frequencies, long
times), an improved drift behavior, simultaneous
morphology studies (e.g., light scattering methods),
and implemented, advanced theoretical methods for
analysis.
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