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Abstract

The rheological properties of polystyrene/poly(vinylmethylether) (PS/PVME) blend near the critical region and in the homogeneous
region were investigated. The blend had a lower critical solution temperature (LCST) @ abfained by a turbidity experiment using a
light scattering (LS) apparatus at a heating rate°@f/fi. Four different blend compositions (critical (30/70 PS/PVME by weight) and three
off-critical (10/90, 50/50, and 70/30) as well as neat PS and PVME were prepared. For the critical composition, logarithmic plots of shear
modulus G') versus loss modulus(’) showed temperature dependence even in the homogenous region determined by LS, while those plots
become temperature independent in the homogeneous region for off-critical compositions.

Logarithmic plots of blend viscosity versus composition exhibited a negative deviation at constant temperature; however, these showed a
maximum at a certain composition when the reference temperature is taken &sfixgdunder approximately iso-free volume condition).
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction fluctuation in the homogeneous regime close to the LCST,
while off-critical composition does not exhibit the concen-
The polystyrene (PS) and poly(vinylmethylether) tration fluctuation. These behaviors are consistent with
(PVME) blend has been extensively investigated by poly- results given in Ref. [7]. In addition, we showed that the
mer scientists [1—-19], after this blend was found to exhibit a extent of the concentration fluctuation in a blend near the
lower critical solution temperature (LCST) [9]. Some critical temperature is inversely proportional to the absolute
research groups have studied the phase-separation kineticgalue of the temperature coefficie®)(in the Flory inter-
and its morphology [9—-12], while others have investigated action parameter)(= A + B/T, whereT is the absolute
the rheological properties of PS/PVME blends near the temperature) [18]. It is shown that the rheological properties
critical temperatures as well as in the homogeneous regimeof the blend in the phase-separated regime vary quite
[2-7]. complicatedly with blend composition, as rheological prop-
A phase diagram of the PS/PVME blend was obtained by erties depend upon the phase-separated morphology [7].
a light scattering and/or a small angle neutron scattering Very recently, we investigated the change in the rheological
method [7,10—14] with the aid of the random phase approx- properties of PS/PVME blend with phase-separation time,
imation based on Flory—Huggins mean field theory. Kapnis- depending upon the blend composition and the quenching
tos et al. [7] showed that the spinodal temperature of PS/depth [19].
PVME blend could be obtained by rheological methods of  Semi-empirical or theoretical predictions have long been
temperature sweep experiments of storage shear modulusought which allow one to calculate the zero-shear viscosity
(G") and logarithmic plots oG’ versus loss shear modulus of a miscible polymer blendryy) in terms of the zero-shear
(G"). Recently, Kim et al. [18] found that the critical viscosities of constituent componentg, in the blend [20—
composition of PS/PVME blend exhibits a concentration 25]. It is reported that at isothermal conditions, plots of
log nop VErsus composition exhibit a positive deviation for
*Corresponding author. Tel.= 82-562-279-2276; fax:+ 82-562-279- blends with Sm_a” difference in the glass tran5|t|o'F1,)(
8298, between constituent components, such as poly(methyl-
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(PSAN) blend [21,23-25], and PS/poly(cyclohexyl compositions in the homogenous regime as well as near
methacrylate) blend [22], whereas these plots show a nega-the critical regime. The emphasis is placed on investigating
tive deviation for blends with large difference (sa3p(°C) whether or not the changesiin, with blend composition at

in the Tgs between constituent components, such asisothermal conditions are different from those at iso-free
PS/PVME blend [3,26], PMMA/poly(vinylidene fluoride) volume conditions.

(PVDF) blend [20,23-25], PSAN/poly{caprolactone)
blend [27]. However, the above speculation does not always
lead in the right direction. For instance, plots of lgg,
versus composition at isothermal conditions for PS/poly- 2 1 Materials
(2,6-dimethyl-1,4-phenyleneether) (PPE) blend [28] and ~
1,2-polybutadiene/1,4-poly(butadine) blend [29] show a
positive deviation or linear relationship, even though
the difference in thel s of two components is very large
(e.g.~10CC).

2. Experimental

The PS was synthesized via anionic polymerization using
a high vacuum apparatus. Cyclohexane was used as the
solvent withsecbutyl lithium as the initiator, and the reac-
) ) tion temperature was 35. The PVME in water solution
. Accorc_hn_g to Ouglz_awa _and_ coworkers [30,31], a nega- was purchased from Aldrich Chemical Co. After water
tive dev_|gt|on f_rom linearity in _pIOtS of 10gje versus was completely removed, PVME was dissolved into toluene
composition at isothermal condition can be expected for a (5wt % of solute) and precipitated using hexane. The

blgr)d (e.0. PMMA/PVD,'_:) with a p_ositive excess volume of weight average molecular weights and molecular weight
mixing; whereas a positive deviation was found for another distributions were 117 000 and 1.06 for the PS. and

bler.‘d (e.9. PS/PPE) W.ith a negative excess volume ,Of 94 300 and 1.82 for the PVME. The molecular weight of
mixing. However, there is no comprehensive theory avail- pg a5 determined from a calibration curve of monodis-

ablle at the p.rr-.fsent timedtp mEIUde th(;S kind (.)f an excess perse PS standards, while that of PVME was obtained by
volume of mixing to predict .t € blen viscosity [32,]' In 3 low-angle laser light scattering with the value ofdt =
order to predict the blend viscosity from the constituent 0.063 ml/g

viscosities, some researchers [20—22] have developed a
mixing rule that is a quadratic form with respect to the 22 Sample preparation for rheological measurement
volume fraction. This kind of the mixing rule, however,
contains one additional (or adjustable) parameter that Four blend compositions (10/90, 30/70, 50/50, 70/30 PS/
cannot be obtained without measuring the viscosities of PVME by weight) as well as neat PS and PVME were
the entire blend compositions. Han and Kim [23,24] devel- prepared by dissolving a predetermined amount of polymer
oped a molecular viscoelastic theory that enables one toin benzene (10 wt % solute in solution) in the presence of an
predict the linear viscoelastic properties of miscible poly- antioxidant (Irganox 1010, Ciba-Geigy Group). The solu-
mer blends. They showed thgtplays a very important role  tion was freeze-dried at room temperature for 3 days under
in determining the blend viscoelastic properties [23— vacuum and further dried &y + 40°C for 2 days under
25,28,33], and that theoretical predictions of the linear vacuum. The dried sample was compression-moldégl &t
viscoelastic properties of the several blends, such as70°C, except for the 70/30 PS/PVME blend which was
PMMA/PVDF, PMMA/PSAN, PS/PPE, and poly(ethylene molded at 10€C, into a sheet of~1 mm in thickness. As
oxide) (PEO)/poly(vinylacetate) and PEO/poly(vinylace- the molding temperatures for all blends are lower than the
tateran-ethylene) blends, are qualitatively consistent with turbidity temperature, all blends are transparent.
experimental data. But except for PS/PPE and PMMA/ ) . . )
PSAN blends, all blends have at least one semi-crystalline 2-3- Differential scanning calorimetry (DSC)
polymer or very broad molecular weight distribution. In
addition, a PMMA/PSAN blend has a random copolymer
and very broad molecular weight distribution. As the study
of the viscoelastic properties of an amorphous polymer
blend with similar Ty of the constituent component has
been reported [22], in this study we employed another amor-
phous polymer blend of the PS/PVME system, as this has a
large difference inT, between constituent components.
Also, this system might be a supplement to the PS/PPE
blend system [28]. Although some have recently investi-
gated the rheological properties of PS/PVME blends near
the critical temperatures as well as in the homogeneouss 4 Turbidity temperature measurement
regime [2—6], a few blend compositions were considered.

In this study, we have investigated in detail the rheologi-  Eight blend compositions for the turbidity temperaturg) (
cal properties of PS/IPVME blends covering entire blend measurement were prepared by dissolving a predetermined

The glass transition temperaturdg) of each blend
sample was measured by differential scanning calorimetry
(Perkin-Elmer DSC 7 series). Prior to measurement, the
baseline was established using two empty pans. To prevent
thermal degradation, nitrogen gas was circulated around the
sample pan. Each sample of about 15 mg was first heated to
Ty + 50°C, at a heating rate of 2G/min, annealed there for
3 min and quenched ff, — 50°C at a cooling rate of 20C/
min. The second heating was used to determind §lod the
specimen.
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Fig. 1. Composition-dependent cloud poin®g determined from light scattering and glass transition temperalyr€s), Tym (A), andTy (O) for PS/PVME
blend employed in this study. The solid line (—) is a binodal curve calculated from curve-fitting experimental data to the Flory—Huggins theanbdlhe sy
( %) denotes temperatures at which rheological properties are measured.

amount of polymer into toluene (10 wt % in solute) and 0.05, while that for the temperature sweep experiment was
evaporating solvent slowly for 8 h at room temperature. 0.07. Both values o¥, lay in a linear viscoelastic range.
The sample thickness was10 um. The turbidity tempera-

ture of each specimen was first estimated by the temperature

at which the scattering intensity at the scattering angle of
30 increased abruptly upon heating at a rate &/iin.
Then, theT, of the specimen was determined by the thresh-
old temperature above which the scattering intensity at 30

could be detected, as temperature was increased stepwise Fig. 1 gives composition-dependent cloud poin®) (

with an interval of 2C from a temperature of G lower determined by LS, composition-dependent glass transitions
than the above estlmated value. (e.g. “@dFor 30/70 of the onset pointTy), the midpoint Ty, and the final
blend). As the specimen was annealed for 1h at eachqint (Ty0), and the temperatures (x) where the rheological
temperature, the maximum error in the values Bf  hroperties were measured, for PS/PVME blends employed
determined would be less thanl°C. in this study. From Fig. 1, the blend had a lower critical
solution temperature (LCST) of 112 1°C, and the critical
2.5. Rheological properties measurement weight faction of PS in the blend was 0.3. The interaction

, p . energy density ) in mol/cm® was obtained by Flory—
G’ and G" were measured at various temperatures as Huggins theory and given by [18]:

functions of angular frequencyw( using an Advanced

Rheometric Expanded System (ARES) covering the range o = 0.478x 1073 — (0.176 + 0.0062pp<)/T (1)

of o from 0.01 to 100 rad/s with 25 mm parallel-plates.

Before rheological properties measurement the samplewheredpsis the volume fraction of PS in the blend, ahds
was soaked for at least 30 min at each temperature.the absolute temperature. The theoretically predicted
Temperature sweep experiments@fandG” for various binodal curve obtained by Flory—Huggins theory with the
blend compositions were carried out using an ARES at a aid of Eq. (1) is given as a solid line, from which one notes
heating rate of 0.%/min andw = 0.5rad/s. The strain  that the theoretical binodal curve is in good agreement with
amplitude ,) for the frequency sweep experiment was turbidity results.

3. Results and discussion

3.1. Turbidity curve
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Fig. 2. Temperature sweep 6f (symbols) ands” (lines) atw = 0.5 rad/s and/, = 0.07 for the 30/704 and —), the 50/50@ and ....) and 10/90 and ---)
PS/PVME blends. The onset temperature for the turbidity,(@bove which the turbidity of the sample through the window in a rheometer (RDS-II) could be

observed visually, is marked as the arrqW(in eachG'.

3.2. Miscibility of the blend determined by rheological
properties

3.2.1. Temperature sweep experiment

Fig. 2 shows temperature sweep ®f andG” at w =
0.5rad/s andy, = 0.07 for 30/70, 50/50, and 10/90 PS/
PVME blends. The onset temperature for the turbidity
(Tin), above which the turbidity of the sample through the
window in a rheometer (RDS-I11) could be observed visually
during shearing, is marked as the arrop) {n eachG'’. The
values of theT;, for 30/70, 50/50, and 10/90 PS/PVME
blends are 10Z, 116C, and 113C, respectively. When
we consider the experimental errors in measufipgand
Ty, the values of thd;, for the 50/50 and 10/90 PS/PVME
blends are essentially identical to those of TgeHowever,
the T;, for the 30/70 PS/PVME blend is smaller than the
LCST (112 = 1°C) measured by the turbidity method.

there was no shear, the turbidity temperature of a thick
sample judged by the naked eye was almost the same as
the LCST of a thinner sample measured by LS method.
This implies that the effect of the oscillatory shear on the
turbidity temperature (or shear-induced demixing or phase-
separation) was not neglible for the critical composition.
Mani et al. [4] reported that a shear-induced mixing and
demixing for a PS/PVME blend depended upon the shear
rate, shear stress and the blend composition. They found that
a shear-induced demixing occurred at temperature as much
as 40C below the LCST. However, the flow type employed

in their study was a steady shear. Recently, investigating the
effect of oscillatory shear on the demixing process of the
blend of polyisoprene and polybutadiene using a large oscil-
latory shear amplitudey, = 0.8), Matsuzaka et al. [34]
showed that the oscillatory shearing might induced the
phase demixing and mixing alternately depending on the

This is not because of the thickness of the specimensphase angle. However, in this study, although a small

(3 mm) employed in rheometry compared with that
(10 wm) employed in LS method. We found that when

v, (0.07) andw = 0.5 rad/s were applied to the critical
composition of the PS/PVME blend, the shear-induced
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than 10 s to reach this temperature; thus the morphology
was successfully fixed as described in a previous paper
[19]. Finally, the PVME rich phase in the blend was etched
out by methanol for 10 min, then coated with a thin layer of
gold.

Fig. 3 gives the SEM image of the 30/70 PS/PVME blend
showing clearly the co-continuous structure with a domain
spacing of~0.3 um, which is similar to phase-separation
structure found in the early stage of spinodal decomposition.
Previously, we reported that for the 30/70 PS/PVME blends
having co-continuous structure with large interdomain
spacing (say~2 um), the PS-rich phase appeared to be
dispersed-phase [19]. However, in this study, the PS-rich
phase seemed to be matrix phase. But, the SEM image as
shown in Fig. 3 was the overlap image of many layers
consisting of PS-rich and etched-out PVME-rich phases
having small domain spacing~Q.3um). Thus, the PS-
rich phase in Fig. 3 should be considered as dispersed-phase.

On the basis of the results given in Figs. 2 and 3, we
concluded that the turbidity judged visually was not because
Fig. 3. Field emission SEM image of the 30/70 PS/PVME blend at@05 OT the concentration ﬂuc.tuation its:_alf, butto the existence of
while imposing successive oscillatory shearingvat= 0.5 rad/s andy, = distinct phase-separation resulting from the enhanced
0.07. concentration fluctuation. This kind of co-continuous struc-

ture from the phase-separation definitely increased the
phase-separation (or demixing) was observed even atmodulus. We also found that the sample in the edge of the
temperatures as much as°@CObelow the LCST obtained plates was most turbid because the parallel-plate fixture was
without shearing flow. This is attributed to the fact that employed. However, when the oscillatory shearing stopped
the concentration fluctuation in the blend found at tempera- at 105C, the turbid sample returned to be transparent after
tures corresponding to the homogeneous state but close tal h. Interestingly, th&,, was dependent upon the frequency.
the LCST can be accelerated by the oscillatory shearing, For instance, th&, obtained undew = 50 rad/s andy, =
thus a shear-induced phase-separation might occur. Onc#.07 was~106C, which is 4C higher than that obtained
the phase-separation took place, the viscoelastic propertiesindero = 0.5 rad/s and/, = 0.07. The above results led us
were increased as shown in Fig. 2. As the concentration conclude that the oscillatory shearing also induced a phase-
fluctuation is the largest for the critical composition, the separation for the critical composition of PS/PVME blend.
oscillatory shear-induced phase-separation would be small It can be also seen in Fig. 2 that for the 30/70 PS/PVME
for off-critical compositions such as the 10/90 and 50/50 PS/ blendG’ decreased up to 100 upon heating, as this regime
PVME blends. was indeed in the homogenous state. Théh,and G”

In order to investigate whether the shear-induced phase-increased up to 128 with increasing temperature. Interest-
separation indeed occurred at temperatures lower than thengly, the temperature of 1068 above whichG’ increases
LCST, we observed the morphology of the 30/70 blend by for the first time was very close to tAg,, which is definitely
using a scanning electron microscope (Field Emission SEM; lower than the LCST measured by LS method. This is
Hitachi 301). The sample preparation for SEM was as caused by the shear-induced phase-separation resulting
follows. First, the blend was loaded at”@in the rheometer  from the enhanced concentration fluctuation in the homo-
and maintained at this temperature for 30 min. At this genous regime near the critical temperature, as described
moment, the blend was transparent, which was judged already. The increase in moduli with temperature in the
visually through the window in the rheometer. Then, the range from 1080C to 118C is attributed to the formation
temperature inside the rheometer was increased t6C105 of phase-separated morphology. In addition, the tempera-
at a rate of 0.8C/min while successive oscillatory shearing ture whereG' increases for the first time is6°C lower than
with @ = 0.5rad/s andy, = 0.07 was imposed to the that forG”, and the increase i’ is more evident than that
sample. When the temperature reached °COZnamely in G”. This suggests tha®’ becomes more sensitive to the
T.), the sample became turbid for the first time. Then, the existence of phase-separation th&f does, which was
sample became more turbid as the temperature increasewften found for microphase-separated block copolymers
further. When the sample temperature reached@0the [35—38]. Finally, at higher temperatures where the mobility
oscillatory shearing stopped and the sample was rapidly effect for reducing modulus becomes dominant over the
quenched to a temperature lower than Tyeof this blend phase-separation effect for increasing modutssand G”
by flowing liquid nitrogen into the rheometer. It took less decreased again. Applying the concentration fluctuation
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Fig. 4. (a) LogG’ versus logw plots and (b) logs” versus logw plots of the 30/70 PS/PVME blend at various temperatures.

concept for a block copolymer developed by Fredrickson  However, the moduli change with temperature for the 10/
and Helfand [39] in a homogenous state near the critical 90 PS/PVME blend is quite different from that for the 30/70
point to polymer blend, the spinodal temperature of the and 50/50 blends. For instance, the moduli steadily
blend can be determined by the plot§6f/G'T]?® versus decreased with temperature even if phase-separation
1/T [7,40]. The spinodal temperatur&y of the 30/70 PS/  occurred. But the slope of' versus temperature plots
PVEM blend obtained from this plots was T00) may change at 1%&, although the blend becomes turbid
For the 50/50 PS/PVME blend, the moduli change with for the first time at 113C. The steady decrease in the modu-
temperature is very similar to that for the critical blend, lus with temperature is as a result of the highly asymmetric
namely, the moduli first decrease, then increase, and finallyblend composition where the rheological properties of the
decrease upon heating. Thgof this blend was estimated to  blend with phase-separated morphology are very similar to
be 135C from the plots o G"%/G'T1?* versus 1T [7,40]. those of the blend without phase-separated morphology
The estimated was 22C higher than thd, (114C). The [19].
difference between the two seems to be too large even if we
consider that the former of an off-critical composition 3.2.2. Frequency sweep experiment
should be larger than the latter. Thus, theobtained from Log G’ versus logG” plots have been widely used for
this method for a critical composition can be estimated more polymer blends, block copolymers, and liquid crystalline
reliably than that for off-critical compositions, as this polymer [35-37,41]. It is generally known that the blend
method was originally derived for the critical composition under investigation becomes homogenous at a specific
of a blend. temperature where these plots do not depend on temperature
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Fig. 5. LogG' versus logG” plots of the 30/70 PS/PVME blend. Symbols are the same as those in Fig. 4.

any more. Fig. 4 gives loG’ versus logw plots and logG” this temperature is still in the homogeneous state based on
versus logw plots for the 30/70 PS/PVME blend measured Fig. 1. Therefore, log’ versus logG” plots depend on
from 70°C to 130C. Using the data given in Fig. 4, we temperatures in the miscible region, as determined from
prepared logs’ versus loga” plots, which are given in  cloud point measurements (see Fig. 1), at temperatures as
Fig. 5. It can be seen in Fig. 4 that with increasing tempera- far away as approximately°C below the LCST (112+
tureG’' andG” at lower values ofv (or at terminal regions)  1°C). One interesting thing to be found in Fig. 5 is that
decreased up to 100, while the slopes of lo@’ versus log G’ versus logG” plots do not change much with
log w plots and logG” versus logw plots are close to two  temperatures ranging from 143to 130C, even when the
and one, respectively. The@, andG” at lowerw increased phase-separated morphology in this regime would be differ-
and these slopes became smaller. BuandG” at higherw ent with temperature. However, as mentioned in our
are smaller than those at lower temperatures. These resultprevious paper [19], the phase-separation morphologies at
imply that there is no homogenous state at temperaturesthese temperature ranges would be co-continuous morphol-
larger than 108C, when judged by rheological properties. ogy when phase-separation time is less than 2 h. Further-
This is consistent with the temperature sweep experiment ofmore, as long as co-continuous morphology is maintained,
G’ given in Fig. 2. the rheological properties do not change much [19].

Log G’ versus logG” plots given in Fig. 5 showed Fig. 6 gives logG’ versus logG” plots for the 50/50 PS/
temperature independence up to AW0and the slope is PVME blend measured from 80 to 145C. The tempera-
two in the terminal region. However, these plots at°@5 ture independence was observed up to°Cl2nd the slope
deviate slightly from those at lower temperatures, although was two in the terminal region, whereas temperature
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Fig. 6. LogG' versus logG” plots of the 50/50 PS/PVME blend.

dependence on these plots is first seen at’@l&hese fluctuations themselves, rather it is caused by the shear-
results imply that there is no homogenous state at tempera-induced phase-separation (or demixing) at temperatures
tures higher than 1€, when judged by rheological prop- below but close to the LCST, and this effect was the largest
erties. This is well consistent with the turbidity result that for the critical composition.
phase-separated morphology is expected at temperatures Fig. 7 gives logG’ versus loga” plots for the 10/90 PS/
higher than theT,, (114C). This temperature is essentially PVME blend measured from 70 to 130C. Interestingly,
the same as th&, given in Fig. 1. log G’ versus logG” plots given in Fig. 7 do not depend on
The above observations given in Figs. 5 and 6 are consis-temperatures up to 130, which is quite different compared
tent with the results studied by Kapnistos et al. [7]. They with results given in Figs. 5 and 6. Previously, we [19]
reported that logs’ versus logG” plots for a 20/80 PS/  reported that when temperature jumped from °0%a
PVME blend, which was the critical composition, showed homogenous regime) to 122 (a phase-separated regime)
temperature dependence 6€£3-13C below LCST (98C), for this blend composition, there was no increase (or maxi-
whereas these plots for an off-critical composition (70/30 mum) in G’ and G” even if phase-separation proceeded.
PS/PVME blend) did not show temperature dependence.Moreover,G’' andG” did not change with phase-separation
They ascribed the temperature dependence of these plotsime. Even though the phase-separation occurred signifi-
of the critical composition (20/80 PS/PVME blend) to cantly, thus significantly changing morphology at larger
dynamic concentration fluctuations (see Fig. 7 in Ref. [7] phase-separation times, this change does not affect the
near the LCST). But, as described previously, we concluded modulus much, as rheological properties of 10/90 PS/
that this behavior is not because of dynamic concentration PVME blend are mainly influenced by the matrix of PVME.
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Fig. 7. LogG' versus logG” plots of the 10/90 PS/PVME blend.

Based on the results given in Figs. 5—7, we can conclude 3.3. Rheological properties in the homogeneous region
that theT, for a polymer blend can be unambiguously deter- . ) . ) ) )
mined by logG’ versus logG” plots, only when the viscoe- Fig. 8 gives the change in zero-shear viscosifyp(with
lastic properties in the phase-separated region are quitet®mperature for PS/PVME blends in the homogenous region
different from those in the homogeneous region. However, 8 Well as neat PS and PVME determined by the turbidity
these plots are not powerful in determining hdor ablend ~ Curve based on Fig. 1. All data points for a given composi-
where the viscoelastic properties of constituent componentstion are well predicted by shift factoe{) given in Eq. (2)
are similar and/or a highly asymmetric blend composition. Pased on the WLF equation [43] whose constant§,aind
For instance, for a blend with similar viscoelastic properties Cz are given in Table 1.
of constituent components, effects of the existence of the —Cy(T — Tyer)
interface or interfacial tension resulting from the phase- l0gar = G+ T Tl
separation orG' and G” would not be large. Bates and 2 ref
coworkers [42] reported th&' andG” for 50/50 poly(ethy- The solid lines in Fig. 8 are predictions based on Eq. (2).
leneran-propylene) (H-PEP which is the hydrogenated 1,4- Log a; versus temperature plots for all blend compositions,
poly(isoprene))/deuterated PEP (D-PEP) blend do notwhen the reference temperatuigef is fixed at 96C, are
change with the phase-separation time for up to 5 days atgiven in Fig. 9(a), while those plots, when thig; is taken as
70°C. This is attributed to the fact that the rheological prop- Ty, + 50°C, are given in Fig. 9(b). Note that the state
erties of H-PEP are essentially the same as those of D-PERemployed in Fig. 9(b) (namely, at fixed value Bf— Tyy)
at a given temperature, although these two polymers canis usually regarded as the iso-free volume condition,
phase-separate because of the slight positive interactionalthough this does not necessarily guarantee the iso-free
parameter between the two. volume condition for a blend consisting of polystyrene

2



6798 J.K. Kim, H.W. Son / Polymer 40 (1999) 67896801

107

108

10% |

104}

Viscosity , n , (Pa-s)

10°

102 P P N A .
50 100 150 200

Temperature (°C)

Fig. 8. Zero-shear viscosity,(,) change with temperature for PS/PVME blends as well as neat PS and PVME in the homogenous®¢gieat, PVME; O)
10/90 PS/PVME; () 30/70 PS/PVME; £) 50/50 PS/PVME; ¥)70/30 PS/PVME; andl) neat PS.

and polyisoprene [44]. It can be seen in Fig. 9(b) thatdpg  fixed at 200C for all compositions [45]. The reason for
versus temperature plots vary with the blend composition the different behavior in those plots at constant distances
even if theT, is taken as the fixed value @f — Ty, This from the T, of blend composition between two blend
behavior is more evident as the measuring temperaturesystems is not clear at the present time.

moves further away from thel,, (namely, at higher Fig. 10 shows the composition dependencengf at
temperatures). We found that when tig; was taken as  constant temperatures of 110 and %20 Although all

Ty + 50°C or Ty + 50°C, these plots also varied with the blend compositions employed in this study exhibited
blend composition. Further, we speculated thatdegersus phase-separated morphology at 420, at 120C for all
temperature plots vary with the blend composition even if compositions are estimated by extrapolation on the basis of
the exact iso-free volume condition for all compositions is Fig. 8 and Eq. (2). It seems that the composition dependence
used. The behaviors given in Fig. 9(b) are consistent with of 14, under isothermal conditions shows negative devia-
results in Refs. [3] and [7]. However, the results given in tions from linearity, very similar to the previous results
Fig. 9(b) are at variance with the reports by Aoki [45]. He reported in the literature [23,27,33]. However, it should be
reported for miscible blends poly(styrense-N-phenyl mentioned that a large uncertainty can be incurred in esti-
maleimide) and poly(styrenes-acrylonitrile) that these  matingn,, of PS at 110C and 126C.

plots became independent of blend composition when the Earlier, several research groups [45—-50]suggested the use
Tt Was taken a3y, + 50°C, whereTy, was taken from the  of iso-free volume conditions (or at temperatures which are
maximum in the tard versus temperature curve obtained by at an equal distance from thg, of the respective blend

a dynamic mechanical thermal analyzer. But these plots compositions), instead of isothermal conditions, in investi-
depended upon the blend composition when The was gating composition dependence g, of miscible polymer

Table 1
The values ofC; andGC, in Eq. (2) for all blend compositions

Blend composition C, C, Tref Blend composition C, C, Tret
(PS/PVME wt/wt) (PS/PVME wt/wt)

Neat PVME 2.6 127 90 50/50 6.5 147 90
10/90 4.2 150 90 70/30 7.3 147 100

30/70 55 167 90 Neat PS 4.5 90 170
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_ e ((;)) P oME 10/00 genous blend [18]. Moreover, the maximunmjg, given in

\ — — (3) PS/PVME 30/70 Fig. 11(b) is consistent with results investigated by Green
\\\\\ - g; P oo and coworkers [26], although they just employed one blend
100 £ W\ — - (6)PS c_omposmon (60/40 PS/_PVME). They attributed thl_s beha-
F S\ vior to the largest negative value gf However, even if the
effect y on n,, was not completely excluded, this effect
seems to be too small to explain this huge maximum as
the absolute magnitude of is on the order of 10°.
Although the exact explanation of the maximumy,
found at a given composition is still unclear, this can be
related to the existence of the concentration fluctuation
and this was enhanced by an oscillatory shearing flow.
Once the enhanced concentration fluctuation (or even the
shear-induced phase-demixing) occurred, the friction coef-
ficient of the blend would be larger than that in the comple-
. . . tely homogeneous state. As the oscillatory shear-induced
20 40 60 80 100 120 140 160 concentration fluctuation was the largest for the critical
Temperature (°C) composition as shown in Fig. 2, the critical composition
might exhibit the largest viscosity at the iso-free volume
condition. It is further noted that when using the tempera-
tures at an equal distance from thg we observed a milder
composition dependence gf,, as compared to that shown
in Fig. 11. Thus, itis clear from Fig. 11 that the composition
dependence of),, looks different, depending on whether
Tgi» Tgm OF Tgris used as a reference temperature for compar-
ison. This led us to conclude that the dynamics of constitu-
ent chains in a PS/PVME blend would not follow the
average mobility of the blend &Y, instead, very complex
phenomena between two chains should be considered, as
was previously suggested by Zawada et al. [51,52].
Previously, based on the reptation model with the
constraint release mechanism, Han and Kim developed a
molecular theory [24] that can predict the composition

102 3 ~ \\ similar behavior for PS/poly(-methylstyrene) in the homo-

© 10° 3

101 3

107

100 L

m'_ 107 b

102

10-3 1 1 1 1 1 1 1 1 1 1 1010 g (j)
Tom*50°C Tgm*100°C Tgm*150°C 8
Temperature (°C) 100 -
Fig. 9. Logar versus temperature plots for all blend compositions: (a) when 108 i
the T, is fixed at 90C and (b) when thd; is taken asTyy, + 50°C. A
- i
blends. However, a serious question may be raised as to & 107 3
which of theT, values (i.e.Tg, Tgm, Or Tgy) should be used :_Eg. G
when the breadth of glass transition varies significantly with 10 3
blend composition (see Fig. 1). The composition depen- § oL °
dence ofnq, is given in Fig. 11(a) affy + 80°C, Ty + g 1 a
9C0°C, and Ty + 100°C, respectively. It is of interest to Z °
observe in Fig. 11(a) that,, goes through a huge maximum 10¢ 3 L
at the 50/50 PS/PVME blend, namely about two orders of E °
magnitude larger than the constituent viscosities. When 10° E g
using Tyn as a reference temperature, we observe a slightly &
different composition dependence gf, as given in Fig. O e T e T s T s e

11(b) atTyy, + 70°C, Ty + 80°C, andTyy, + 90°C, respec-
tively. A maximum in n, is clearly seen, although the
maximum is less than that in Fig. 11(a). We reported a Fig. 10. Composition dependence %, at (O) 110°C and \) 12C°C.

weight fraction of PS
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Fig. 11. (a) Composition dependencemgf, at Ty + 80°C (O), Ty + 90°C
(A), andTg + 100°C (0). (b) Composition dependence gfy, at Ty +
70°C (O), Tgm + 8C°C (A), andTym + 90°C (O).

dependence of),, for a miscible blend at the isothermal
condition. However, as a result of many uncertainties in
estimating then, values at 118 and 120C for homo-
polymer PS, we could not apply the above theory for the
prediction of the logn, versus composition plots.

4. Concluding remarks

In this study, we have shown that the rheological proper-
ties of PS/PVME blend were dependent upon the blend [23

composition. For the critical composition, |&f versus

J.K. Kim, H.W. Son / Polymer 40 (1999) 6789—6801

of the oscillatory shear-induced phase-separation and this
behavior was most evident for the critical composition.

The logarithmic plots of blend viscosityn(,) versus
composition exhibit a negative deviation at a constant
temperature, whereas these show a maximum at a certain
composition when the reference temperature is taken as
fixed value ofT — T, (under approximately iso-free volume
condition). However, we found that the composition depen-
dence ofn, looks different, depending on whethgg, Tom,
or Ty is used as a reference temperature for comparison.
This led us to conclude that the dynamics of chains in a
PS/PVME blend would not follow the average mobility of
the blend aly,, instead, very complex phenomena between
two chains should be considered.
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