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ABSTRACT: Studies on the morphologies and rheologi-
cal characteristics of two styrene-butadiene-maleic anhy-
dride block copolymers (SBMa) have been performed. The
transmission electron microscopy micrographs show that
the morphologies of SBMa change from matrix—island
structure to co-continuous structure. Curves for dynamic
modulus varied with frequency (®) show obvious solid-
like behavior in the low ® region, which is typical for or-
dered block copolymers or networked materials. Van
Gurp-Palmen plots have been used to exploit the thermo-
rheological complexity of two copolymers. The master
curves of two copolymers have been acquired through

time—temperature superposition principle, and the plateau
modulus (G%) have been obtained from G’ at ®, where the
loss tangent (tan §) approaches a minimum. Meanwhile,
Williams-Landel-Ferry equation has been used to evalu-
ate the free volume parameters. The relaxation time spec-
tra of two copolymers have been calculated and fitted
with modified Baumgaertel-Schausberger-Winter model.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123: 3234-3241,
2012
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INTRODUCTION

Introducing a compatibilizer is an effective way to
achieve good compatibilization for immiscible
blends. Generally, block, graft, and random copoly-
mer with reactive functional groups are usually used
as an effective compatibilizer to reduce the interface
tension between immiscible components and obtain
the polymer blends with good mechanical proper-
ties."” The styrene block copolymers (styrene-buta-
diene-styrene copolymer, styrene-isoprene-styrene
copolymer [SIS], and styrene-ethylene-butylene—sty-
rene copolymer) are an important kind of compati-
bilizer to img)rove the compatibilization of immisci-
ble blends.>™ To obtain good compatibilization, it is
necessary to investigation the viscoelastic behavior
of compatibilizer because rheological measurements
provide an effective approach to characterize the
structures and properties of polymer materials.®”
The viscoelastic behaviors of the styrene block
copolymers are related closely with block compo-
nents and their morphologies and have attracted
ever-increasing interest of researches. Yoshida and
Christian® reported the rheological behavior of
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hydrogenated styrene-butadiene copolymers
(HSBC). The entanglement molecular weights (M,)
calculated for HSBC with 49.5-68.9 wt % styrene
blocks are 2380-3270 g/mol, which is closed to that
of polyethylene, and M, depends on temperature.
Chen et al.”'" reported the creep and relaxation
behaviors of ethylene-styrene block copolymer in
the glass transition region. The linear and large am-
plitude stress relaxation measurements show the
complex relaxation behaviors, which are related
closely to molecular structure. The plateau modulus
of blend composed of block copolymer and polyeth-
ylene is corresponding to the volume mixing equa-
tion. Widmaier et al.'* investigated the dependence
of microstructure of SIS on temperature. SIS block
copolymer shows lamellar structure and has high
molecular weight. The long range order structure is
destroyed when the temperature increased, which
can be exhibited obviously by the melting rheologi-
cal behavior. The order-disorder temperature (Topr)
is approximately 225°C, which is also investigated
by other authors. Stangler and Abetz reported the
orientation behaviors of styrene-isoprene and sty-
rene—isoprene-methyl methacrylate block copoly-
mers under large amplitude oscillatory shear.'” The
results show that diblock copolymer can orient along
the perpendicular and parallel directions but triblock
copolymer only along perpendicular direction. The
analysis of dynamic rheology demonstrates that
shear can accelerate the microphase separation of
methyl methacrylate blocks. Thunga et al.'* reported
the influence of molecular architecture of S-S/B-S
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TABLE I
The Molecular Characteristics of Two Block Copolymers

PS/PB Maleic anhydride MFI (g/10 min,
Sample (weight ratio) content (wt %) 220°C x 10 kg) M, (g/mol) M,, (g/mol) PDI
SBMal 55/15 10 5 37,900 86,700 2.290
SBMa2 45/15 7 3 23,400 83,000 3.547

triblock copolymers on rheological properties. The
rheological properties are observed to be strongly
influenced by the relative composition of the S-SB-S
triblock copolymers. Increasing the S/B ratio from
1:1 to 1:2 in the middle block has lead to a change in
morphology from wormlike to lamellar.

It can be seen that the styrene block copolymers
show the complex viscoelastic behaviors, which is in-
evitable to influence the degree of compatibilization
when the styrene block copolymers act as a kind of
compatibilizer. Thus, the purpose of this article is to
investigate the rheological characteristics of two new
compatibilizers, styrene-butadiene-maleic anhydride
(SBMa) triblock copolymers and discuss the influence
of molecular parameters on the dynamic viscoelastic
behaviors and relaxation behaviors.

EXPERIMENTAL
Materials

SBMa triblock copolymer was provided by Shanghai
Sunny New Technology Development Co. (Shanghai,
China). The information about two copolymers has
been listed in Table I. The antioxidant (B215) was
supplied by Ciba-Geigy Co., Switzerland. The rela-
tive molecular weight was 647, T,, = 453-458 K.

Preparation of samples

Copolymers and antioxidant were blended in a
Haake torque rheometer (Rheoflixer Polylab) at 473
K for 3 min. The samples were compressedly
molded at 200°C into disks of approximately 25 mm
diameter and 1.2 mm thickness.

Dynamic rheological measurements

Melt rheological tests were conducted on an ARES
Rheometer (Rheometrics, USA) in parallel plates os-
cillatory mode. The dynamic strain sweeps were per-
formed from 0.01 to 100% to determine the linear
viscoelastic region. The dynamic time sweep (the
strain amplitude is 3%, the frequency amplitude is 1
rad/s, and the measure time is 3600 s) at different
temperatures shows almost straight lines, demon-
strating that the sample in the range of measure
time is under equilibrum condition. The dynamic
frequency sweep was from 0.01585 to 100 rad/s, the
strain amplitude was maintained as 3% to ensure

that rheological behavior is located in the linear
viscoelastic region, and the test temperatures were
443, 453, 463, 473, 483, and 493 K.

Transmission electron microscopy

Transmission electron microscopy (TEM) was per-
formed in the bright-field mode on a Tecnai G220
transmission electron microscope operating at 200
kV. Ultrathin sections of the block copolymers were
obtained using an RMC ultramicrotome equipped
with a diamond knife. The rigidity of the samples
was sufficient to prepare high-quality ultrathin sec-
tions at room temperature. The ultrathin sections
were picked on copper grids and stained using gase-
ous osmium tetroxide (OsOy) reacting preferentially
with polybutadiene (PB) in the SBMa sample.

RESULTS AND DISCUSSIONS
Morphologies of SBMa copolymers

Figure 1 shows the TEM micrographs of SBMal
sample stained with OsO,. In the case of staining
with OsQOy, the polystrene (PS) phase appears gray
on the TEM micrograph, the PB phase is dark, and
the maleic anhydride (MA) phase is white. It can be
seen that the PB phases disperse in the PS phases
and exhibit irregular shapes, showing the character
of microseparation phase structure. The sizes of PB
phases are less than 1 pum. The TEM micrograph
with higher magnifications shows that the MA
phases disperse with good distribution in the PB
phases and the shapes of MA phases are spherical
or elliptical. With the PB content increasing, the PB
phases agglomerate gradually and form the bigger
phases (Fig. 2). The morphologies of SBMa have a
transition from matrix—island structure to co-contin-
uous structure. However, MA phases of SBMa2 still
keep the spherical or elliptical morphologies, but the
sizes of MA phases enlarge with the MA content
increasing. The complex morphologies of two sam-
ples should be attributed to the thermodynamic
compatibility of blocks and polydispersity.

Dependence of viscoelastic behaviors on frequency

and temperature

Figure 3 shows frequency dependence of dynamic
storage modulus (G'), dynamic loss modulus (G"),

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 TEM micrographs of SBMal sample stained with osmium tetroxide.

and phase angle (5) for two block copolymers at 473
K. It can be seen that the viscoelastic behaviors of
two block copolymers show some deviation from
those of homopolymers in the low frequency ()
region (ie., G' o o’ G’ o« o at low 0)."> As for
SBMa2, the slopes of G’ and G” curves in the low ®
region are 1.19 and 1.23. The G’ and G” curves show
two intersections, where 6 passes through 45°. One
critical frequency is 2.52 rad/s, showing an obvious
transition from solid-like viscoelastic behavior to lig-
uid-like behavior; the other one is 0.32 rad/s, exhib-
iting another transition from liquid-like behavior to
solid-like viscoelastic behavior. Between these critical
frequencies, G’ and G” enclose a lens-shaped region,
and its greatest separation is corresponding to a
maximum in the phase angle (8max = 47.3°). This
low-frequency solid-like behavior is typical for or-
dered block copolymers or networked materials
where structure interferes with large-scale relaxa-
tion.'®1® SBMa1l exhibits similar curves in shape, but
the separation of G’ and G” between the two critical
frequencies (o, = 4.98 rad/s and o, = 0.12 rad/s) is
high, and 6.« is 49.4° higher than that of SBMa2,
consistent with its higher molecular weight. How-

ever, the dependence of G’ and G” on ® is almost
equivalent. These differences are attributed to the
relative low molecular weight and high polydisper-
sity index of SBMaz2.

Figure 4 shows G’ and G” curves for two copoly-
mers at 463, 473, and 483 K. G’ and G” curves of two
copolymers for three temperatures show two inter-
sections and seem merely shifted along the fre-
quency axis as the temperature changes, indicating
no change for ordering degree. However, it is noted
that G’ curves at 473 K for two copolymers exhibit a
relatively obvious second plateau in the low o
region. In rheology, this phenomenon is believed to
be responsible for the emergence of phase separation
and the existence of ordered structures to some
extent such as agglomeration, skeleton, network, etc.
In addition, the molecular weight distribution is an
important factor to affect the dynamic rheological
behavior in terminal region.'” In these cases, the pol-
ydispersity of copolymers is perhaps the main rea-
son for the emergence of second plateau. The areas
of a lens-shaped region increase with the tempera-
ture increasing, which is accompanied with the
change of entropy and energy. Based on the

Figure 2 TEM micrographs of SBMa2 sample stained with osmium tetroxide.
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Figure 3 Frequency dependence of dynamic storage modulus G’ (open square), dynamic loss modulus G” (open circle),
and phase angle § (black square) at 473 K for two kinds of block copolymers.

molecular kinetic theory, the viscoelastic behaviors
between the two crossovers are mainly controlled by
the configurational rearrangement of relative short
chain segment, but the entanglement and ordered
structure with long relaxation time have little effect
on these changes. In the low © region, the topology
restrains of entanglement have great effect on the
change of long-range configuration. With the tem-
perature increasing, the heat motion of macromole-
cules become strong, which weaken the topology
restrains of entanglement and make the change of
long-range configuration happen in the high o.

Evaluation of viscoelastic behavior using Van
Gurp-Palmen plots

To evaluate the more obvious dependence of the
viscoelastic behavior on temperature, Van Gurp-Pal-
men plots have been used to exploit the thermorheo-
logical complexity.20'21 In this method, the phase
angle, (6 = atan(G"/G')) of the measured dynamic
rheological data is plotted against the corresponding
absolute value of the shear complex modulus
((IG*| = (G + G")'/?)). Where the time—temperature
superposition (TTS) principle holds, curves for dif-
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ferent temperatures will overlap. However, when
TTS does not hold (as generally to be expected in
systems with phase segregation), this presentation
facilitates comparison of data taken at different tem-
peratures, free from any uncertainty associated with
shifting curves along the frequency axis. Such plots
have been applied in studies of polydispersity, blend
miscibility and copolymers.?*>*

Figure 5 shows Van Gurp-Palmen plots for two
block copolymers. As for SBMal, the curves of Van
Gurp-Palmen plots exhibit maxima in §, with clear
superposition at higher and lower values of |G*|
but less clean overlap at intermediate values. The
slight shift in & at these intermediate values is
inferred to arise from gradual alignment of the block
copolymer domains because little change is seen at
lower values of |G*| to indicate the system is
becoming less ordered. Furthermore, the 6 values of
peaks increase with the temperature increasing,
which is consistent with this copolymer becoming
less microphase segregated at higher temperature
and thus displaying more liquid-like behavior. In
addition, the curves at 493 and 443 K exhibit min-
ima, which are corresponding to the first and second
plateau moduli. Although the curves of SBMa2
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Figure 4 Frequency dependence of G’ and G” at various temperatures for two block copolymers.
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Figure 5 Van Gurp-Palmen plots for two block copolymers.

show similar change trend, it is noted that the curve
of 493 K does not overlap completely with those of
other temperatures at lower values of |G*I, which
can be attributed to the relatively wide molecular
weight distribution.

Measurement and calculation of the plateau
modulusG%,

It is well known that entanglement can be consid-
ered to be temporary or nonchemical crosslinks.
According to the theory of rubber elasticity, the pla-
teau modulus is defined by the following equation':

G = 1
N Mg’ ()

where R is the gas constant, T is the absolute tem-
perature, and M, is entanglement molecular weight.
Taking the effects of chain slippage on entangle-

ment into consideration, Doi-Edwards reptation
theory gives®:

4pRT
0o _%
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The importance of G, for polymer physics is that
it provides a direct way to measure the degree of
entanglement in a polymer melt through above
equation. The behavior of polymer melts in both the
rubbery and terminal zones is strongly affected by
M,, and it has strong consequences on both viscous
and elastic properties. M, has also been reported to
affect the micromechanisms of deformation (crazing
and shear yielding) and the failure of polymers in
the solid state.”*™"

There are many methods to determine G in dif-
ferent cases.”’® Usually, G}, for amorphous poly-
mer can be estimated from G’ at o, where the loss
tangent (tan 3) approaches a minimum®":

G?\] = [Gl]tanﬁaminimum' (3)

Figure 6 shows the master curves of G’ and G” for
two copolymers at the reference temperature of 473
K. The TTS based on the Williams-Landel-Ferry
(WLF) equation was successfully applicable.
Although the master curves extend for nearly six
decades, there are no emergence of the obvious glass
plateau and the terminal flow behavior because of
the relatively narrow temperature windows. There
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Figure 6 The master curves of two block copolymers at the reference temperature, T,.s = 473 K.
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Figure 7 Relationship between horizontal shift factors (a7) and temperature for two block copolymers and their fits using

WLF and Arrhenius equations.

are minima in the tan & curves for two copolymers;
therefore, we can obtain the value of GY according
to eq. (3). The process of determination is by the aid
of the software of TA orchestrator (version V7.1).G%,
= 1541Pa (SBMa2), GY, = 927 Pa (SBMal). According
to WLF equation, the shift factor a; follows™:

No(T) —C1(T — Threr)
log ar = lo = ’
& ar gnO(Tref) C2 + (T - Tref)

(4)

where ar is defined as the ratio of the viscosity at
temperature T relative to the viscosity at the refer-
ence temperature Ty, and C; and C, are empirical
parameters. Two constants, C; and C,, are obtained
from the fit at the given reference temperature.

The C; and C, parameters are related to the free
volume parameters o (the free volume thermal
expansion coefficient) and f; (the fractional free vol-
ume at Ty), using the following equations':

fo = B/2.303Cy, ()
o = B/2.303C;Cs, (6)

where B is an empirical constant near unity. A typi-
cal plot of log ar versus T fit to the WLF equation is
shown in Figure 7 by solid line. The curves of ar
versus T can also be simulated by Arrhenius equa-
tion, and the results are demonstrated by the dotted
line in Figure 7.

It can be seen that both methods can describe well
the variation of ar with T, and the parameters
obtained through simulation are listed in Table II.
Compared with the parameters of two copolymers,
SBMa2 exhibits the relatively high free volume frac-
tion, free volume thermal expansion coefficient, and
relatively low flow activation energy. The reasons
for these are that SBMa2 has a relatively wide mo-
lecular weight distribution and the motions of mac-
romolecular chains are difficult.

Determination and simulation of relaxation time
spectrum

In general, real entanglement polymers exhibit a
broad relaxation time spectrum because of the high
flexibility and associated interaction of many poly-
mer chains.

G (o) =G, + " H(t)o?t*/(1 + 0*t*)d In(t).  (8)
G"(w) = - H(t)ot/(1+ 0**)d In(t).  (9)

For uncrosslinked melts at T = oo, the permanent
elastic contribution G, is 0. The terminal behavior for
T —oo and ® — 0 becomes clear from egs. (8) and
(9) and shows that G” (0) ~ ©, G’ (®) ~ ®>. The cal-
culation method of relaxation spectrum has been
studied by many researchers, most are calculated by

E, /1 1 the aid of viscoelastic parameters (relaxation modu-
Inay = R\T T.) @) lus G(t), G/, and G”) varied with time scales.>*™*°
TABLE II
WLF and Free Volume Parameters for Two Block Copolymers
Samples Cq Cy (K) Ci-Cy fo/B :xf/ B x 10* (K’l) E, (kJ/mol)
SBMa?2 5.22 147.67 770.84 0.083 5.63 154.93
SBMal 12.04 291.96 3515.2 0.036 1.24 181.56

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 The relaxation time spectrum of SBMA1 and its
fitting with the mBSW model.
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The above equations are acquired based on the
second approximation method of viscoelastic param-
eters; the relationship between the relaxation time
and measurement time and frequency should be
understood. In these cases, we calculated the relaxa-
tion spectrums of two copolymers by using eq. (11).

Baumgaertel et al.*' found that the relaxation spec-
trums of linear flexible polymers with molecules of
uniform length can be well represented as:

7

H(‘C) = {neGZO\] [(Tz)inx + (ﬁ)ne ) for T < Tmax (13)
0 for T > Tmax

where Tn, is the longest relaxation time, 1, and n,
are the slopes of the spectrum in the entanglement
and short time scale zones, respectively, and 1. is the
time at the intersect within the short time scale
region. The first term in the brackets of eq. (13) rep-
resents the high o region, whereas the second term
describes the entanglement and flow regions. More-
over, eq. (13) can describe the relaxation time spec-

Journal of Applied Polymer Science DOI 10.1002/app
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trums for narrowly distributed polymers well;
however, it appears more or less deviation for
broadly distributed polymers. Accordingly, Baum-
gaertel and Winter*> modified it and obtained

o= [(2) 08 5 ot
(14)

where Hg:neGON(rl /) (T1/Tmax), With 1 being the
time at which the contribution from the short time
scale and entanglement regions is the same, and P is
the shape parameter. With B value increasing, eq.
(14) gradually approaches eq. (13). Introducing expo-
nential terms and comparing with eq. (13), we find
that eq. (14) can describe relaxation time spectrum
better, especially at terminal region.

Figures 8 and 9 show the relaxation spectrums of
two copolymers and their fits by the modified
Baumgaertel-Schausberger-Winter (mBSW) model.
It can be seen that the relaxation curves have similar
shape and show valleys in the long time region, and
the whole relaxation spectrum can be divided into
three regions (glass, entanglement, and terminal
region). The exponent B controls the sharpness of
the cutoff of the spectrum. With B value increasing,
eq. (14) gradually approaches eq. (13). Because eq.
(13) can describe the relaxation spectrum of nar-
rowly distributed polymers well, it is believed that
the B value can exhibit polydispersity of polymers.
With B value increasing, the polydispersity index
decreases. The parameters of mBSW for two copoly-
mers have been listed in Table III. The results show
that the B value of SBMa2 is lower than that of
SBMal, implying the PDI of SBMa2 should be larger
than that of SBMal, which is corresponding to the
measurement results listed in Table I. On the other

hand, the relative low [ value also shows
10° SBMa2
<, O Data calculaed
104 mBSW model L
z 10°] .
& LTt - N
g ) :
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101 E % - 7 ; :f._: Trax
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Figure 9 The relaxation time spectrum of SBMA2 and its
fitting with the mBSW model.
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TABLE III
The Parameters of mBSW Model for Two Block Copolymers
Samples G, (Pa) 71 (8) 7. (8) Tmax (8) e Ny B
SBMa2 1541 55.1 30.9 122.9 0.44 0.65 0.32
SBMal 927 116.8 63.0 266.0 0.51 0.60 0.58

multirelaxation processes because of the relatively
wide molecular weight. The t,,,,x of SBMa2 is shorter
than that of SBMal, demonstrating the long time
relaxation is mainly controlled by the macromolecu-
lar chains with high molecular weight for two poly-
mers having similar structures.

CONCLUSIONS

The viscoelastic behaviors of two SBMa block
copolymers have been investigated. Curves for
dynamic modulus varied with frequency (®) show
obvious solid-like behavior in the low o region,
which is corresponding to the emergence of phase
separation and the relatively wide molecular weight
distribution. Van Gurp-Palmen plots show two
copolymers are thermorheological simple materials,
exhibiting TTS is validity in the temperature win-
dows observed. The master curves of tan & for two
copolymers show obvious valleys, which can be
used to calculate GY, = 1541 Pa (SBMa2), G, = 927
Pa (SBMal). Furthermore, the curves of ar versus T
can be simulated by WLF and Arrhenius equation
well, and the free volume parameters and the activa-
tion energy of two copolymers have been obtained.
The relaxation time spectrums of two copolymers
have been calculated according to the second differ-
ential equation of G/, and the longest relaxation
times have been acquired by simulating with modi-
fied mBSW model.
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