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Abstract—Rheological properties of the polystyrene (PS) and poly(methyl methacrylate) (PMMA) blends were
studied by Advanced Rheometric Expansion System (ARES). Storage modulus and loss modulus of the PS and PMMA
blends were measured, and the interfacial tension of the PS and PMMA blends were obtamed with various emulsion
models by using the storage modulus and loss modulus of the blends. The value of interfacial tension estimated from
the Palieme emulsion model was found to be 2.0 mN/m. Also, the interfacial tension between PS and PMMA was cal-
culated by a theoretical mode]. The values of interfacial tension of the PS and PMMA blends obtained by the experi-
ment and theoretical model were found to be in good agreement.
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INTRODUCTION

Polymer blends provide an economic alternative to synthesizing
new polymers. The mecharical properties of immuscible blends can
be optimized by controlling the blend morphology which 1s cre-
ated m processmg [Larson, 1999, Vinckier et al. 1996; Kim et al,
1994; Hara and Sauer, 1998, Kim and Chun, 1999]. Not only are
the properties of the fmal polymer blends a function of the compo-
nents, but they also depend on the characteristics of the imterface
that appears at the separation between the components [Vignaux-
Nassiet et al., 1998].

To charactenize the mnterface properties between the blend com-
ponents under the flow condition, the rheological behavior of mm-
muscible polymer blends has been widely studied [Lee and Denn,
1999, 2000, Kim and Derm 1992, Everaert et al., 2000, Grizzuti et
al., 1997, 2000; Liang et al.,1999]. Measurement 1 the linear vis-
coelastic domain, such as small ampltude oscillatory shear flow,
can yield very useful mformation on the blends characteristics. Emul-
sion models take mto account the deformation and relaxation of the
shape of dispersed droplets in a polymer blend system. Especially,
comparison of these models with many expermmental results proved
that it 1s very useful for predicting the unknown mterfacial tension,
determimng particle size distribution, and analyzing the deforma-
tion of droplets under shear and elongational flow [Friedrich etal,
1995; Grabling et al., 1990, 1991, 1993, 1994].

Interface properties of immiscible polymer blends have been stud-
1ed extensively by theoretical models [Helfand et al., 1971, 1972,
1975, 1989, 1992, Leiber, 1980, Broseta et al,, 1990, Tang and Freed,
19914, b] based on thermo- and molecular-dynamics. With the help
of various theoretical models [Helfand et al, 1972; Broseta et al,
1990; Tang and Freed, 1991b), the mterfacial tension of polymer
blends, such as PS/PMMA,, can be estimated. There are various the-
ories, such as self-consistertt field theory, mean field theory, Lan-
dau expansion method, which described the mterfacial properties
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of two mmmiscible polymers.

In thus study, the emulsion model is used to determine the mnter-
facial tension of the PS/PMMA blend Also, we compared the m-
terfacial tension obtamed by the theoretical model and from the ex-
permmental data obtamed by the measurement using a rotation rhe-
ometer. In calculating the mterfacial tension from the theoretical mod-
el, we studied the effect of molecular weight and composition de-
pendence of the polymer-polymer mteraction parameter m theoret-
ical model, which might lead to sigmficant theoretical errors.

EXPERIMENTAL

1. Polymers

The polymers used m this study were obtaned from commer-
cial sources. The PS (GP 150), which was used, was provided by
Hamnam Chemical Co. The PMMA used was IH 830, provided by
LG Chemical Co. The characteristics and sources of the polysty-
rene (PS) and poly(methy] methacrylate) (PMMA) are shown m
Table 1. In Table 1, the weight average molecular weights and num-
ber average molecular weights were measured by Gel permeation
chromatography (GPC).
2. Blend Preparations

Table 1. Characteristics of polymer samples used in the PS/

PMMA Blend
Zero shear  Melt
My M MWD R Cg)b viscosity  density
(Pa-sy¥  (gfem®)
pPSs* 2.1x10° 6.9x10* 3.05 100 3.2x10* 0.95
PMMA’ 7.8x10" 38x10" 205 105 1.1x10° 1.07

“Measured in our laboratory by GPC.
*Measured in our laboratory by DSC.
‘Measured in our laboratory by ARES.
Calculated from Van Krevelen [1990].
“Supplied by Hannm Chem. Co.
/Supplied by LG Chem.Co.
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Blends with weight fraction of PMMA from 0.1 to 0.9 in incre-
ments of 0.1 were prepared by using a 20 mm diameter laboraory
scale screw extruder, with a 24 : 1 length to diameter screw: The pol-
ymer samples were dried under vacuum (<1 mmHg) a 100 °C for
24 hours and extruded at an apparent shear rate (4Q/nR%) of 189 57
The temperature of the extruder was set at 160 °C and 200°C in
feeding zone and barrel zones, respectively. Samples were compres-
sion molded by using ahot press at 190°C and 40 psi for 5 min.
3.Scanning Electron Microscopy

The morphology of the cross-section of the extrudate prepared
by cryogenic fracturing was exammed by Hitachi Field emission
scanning electron microscopy (Model S<4300) at 20 kV accelerat-
ing voltage after platimum sputter coating (500 A). The volume-aver-
age radius of droplets (R,) and number-average radius of droplets
(R,) were determined by ING Co. image analyzer (Model Image-
Pro Plus).
4.Rheological Properties

Dynamic measurements were caried out on an Advanced Rhe-
omeiric Expansion System (ARES) in oscillatory shear at 26 strain
in the parallelplate arangement with 25 mm plate. The sample used
in this study was fabricated in a disk with 2 mm in thickness. The
frequency sweeps from 0.01 to 100 rad/sec were carried out at 190-
220 °C. Since the morphology of the blends was stable during the
time of measurements for these experimental conditions, the com-
plex modulus G and G" measured & 190, 200, and 220 °C were
superimposed nto a master curve at 190 °C according to the time-
temperature supetrposition principle [Ferry, 1980]. For all measure-
ments, it has been verified tha the behavior of the sample was lmear
viscoelastic.

RESULTS AND DISCUSSION

1. Interfacial Tension from Emulsion Model

Fig. 1 shows the storage (G') and loss modulus (G"} as a func-
tion of frequency for the pure PS and PMMA at 190°C. In Fig. 1,
the PS and PMMA melts show the characteristic behavior of the
low frequency terminal zone. However, a very weak secondary pla-
teau zone is observed, which can be seen in many polymer melts at
low frequency region. Therefore, the components of the blends can
be considered as weak viscoelastic liquids & low frequency region.
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Fig. 1. Dynamic modulus vs. frequency for the PS and PVIVIA at
190°C.PS: G' (W), G” (@); PMMA: G’ (L), G" (O).
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Fig. 2. Cole-Cole plot of dynamic viscosities at 190°C. PS (H), 9/1
PS/PMMA (A ), 8/2 PS/PMMA (@), 73 PSPMMA (9).

lum

Fig. 3. SEM micrographs for 822 PS/PMIVIA blend prepared at
190 °C.

For the inmiscible blend system, zero shear viscosity of the blends
can be obtained from the Cole-Cole plot of the PS/PMMA blend
with various compositions (Fig. 2). In Fig. 2, the two relaxation mech-
anisms in emulsions were clearly observed in the 8/2 PS/PMMA
blend. In Fig. 2, high-frequency relaxation of the matrix represents
PS and low-frequency relaxation of droplets represents PMIMA,
Zero shear viscosity of 8/2 PS/PMMA blend was obtamed by ex-
trapolation @ zero frequency of Fig. 2 and founded to be 5.6x10°
Pas [Graebling et al, 1990]. The morphology of the 8/2 PS/PNMMA
blend by scannmg electron microscopy is shown m Fig. 3. In Fig.
3, it is observed that the PS and PMMA are the matrix and dro-
plets, respectively, in the 8/2 PS/PMMA blend.

As mentioned m the mtroduction, dynamic interfacial tension of
polymer blends can be obtamed by fitmg of emulsion model to
the experimental results. From Fig. 4 and Eq. (1), the interfacial ten-
sion of the PS and PMMA blend has been calculated and found to
be 1.0 mN/m. The work by Choi and Schowalter [1975] on the rhe-
ological behavior of semidilute emulsion of two Newtonian liquids
leads to the establishment of a constitutive equation.
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Fig. 4. Comparison of the experimental data (A ) for G' to the
Choi-Schowalter model (—) predictions for the 82 PS/

PMMA blend.
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where 1), 15 the viscosity of the suspending medmum, k is the ratio
of the droplet phase viscosity to the suspending medum viscosity,
o 1s interfacial tension, R is the radius of the droplet phase and ¢
1s the volume fraction of the droplet phase.

Fig. 4 shows the storage modulus versus frequency of experr-
mental data and theoretical curve calculated from Chor-Schowalter
model. The effect of a size distribution 1s more difficult to take mito
account m the case of a Choi-Schowalter model. Hence, R was taken
as the radius of the largest particles, because n polydisperse emul-
sion the contribution of the smaller domains to the storage modu-
lus can be neglected m the termmal zone [Scholz et al., 1989]. Note
that loss modulus 1s almost unaffected with droplet radius and m-
terfacial tension m fittmg Chor-Schowalter model to expermmental
curves; it was not represented m Fig. 4. With a largest radius of about
0.28 um for the PMMA and dynamic mterfacial tension of about
1.0 mN/m, a good agreement between emulsion model and experi-
mental curves 1s obtamed over the whole frequency range for the
82 PS/PMMA blend.

The model by Palieme [1990] accounts for the linear viscoelas-
tic behavior of a dispersion of viscoelastic mclusions i a viscoelastic
matrix, where the mclusions formmg the dispersed phase are spher-
ical m equilibrium.

1+3Y ¢,H

G'(w) =G,(w) m €))
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Fig. 5. Comparison of the experimental data () for G* to the
Palierne model (—) predictions for the 82 PS/PMMA
blend.

The number average radius (R;) and volume average radius (R,)
of the 8/2 PS/PMMA blend were determined from SEM micro-
graph by using an image analyzer. The R, and R, of the 8/2 PS/
PMMA blend were found to be 0.10 and 0.13 lum, respectively. Fig.
5 shows the storage modulus versus frequency of the experimental
data and theoretical curve calculated from Palierne model [Eq. (3)]
of the 82 PS/PMMA blend. The mterfacial tension is directly related
to the secondary plateau m G' [Graebling et al,, 1993]. Therefore,
as m Fig. 4, the loss modulus (G") was not represented m Fig. 5. In
Fig. 5, the theoretical curves are m good agreement with experimen-
tal values when the value of dynamic interfacial tension 1s 2.0 mIN/m.

It 1s worthwhile to compare these results to data obtained on the
same system with the results of other research groups [Friedrnich et
al, 1995; Graebling et al,, 1990, 1993; Gramespacher and Meiss-
ner, 1992] and different transient methods, e.g. deformation drop
retraction method, mbedded disk retraction method, transient re-
covery method ete. The values of mnterfacial tension for the PS/
PMMA blend have been estimated by deformation drop retraction
method [Luciani et al., 1997] and found to be 1.0mN/m. Also, from
the 1mbedded disk retraction method [Rundqvist et al., 1996] and
transient recovery method [Gramespacher and Meissner, 1997], the
mterfacial tensions were found to be 0.9-1.3 and 1.5-2.2 mN/m, re-
spectively. Although the values of interfacial tension between the
melts of the PS and PMMA differ from each other according to the
emulsion mode] and experimental methods, values of the mterfacial
tension can be found from 0.9 to 2.2 mN/m for the PS/PMMA blend,
which is reasonably consistent with results obtained m this study.
2. Interfacial Tension from Theoretical Model

The mterfacial tension between the PS and PMMA can be cal-
culated by usmg a theoretical model based on thermo- and molec-
ular-dynamics. There are various theoretical models which relate
the mterfacial properties of two mmmiscible polymers, e.g., A and
B, to the microscopic mteractions described by the polymer-poly-
mer nteraction parameter ()f,5) between the corresponding mono-
mers [Broseta et al., 1990].

Helfand and Tagami [1972, 1975] constructed a self-consistent
field theory of polymer mterfaces. In their theory, interfacial ten-
sion of blend, which composed by mfinite molecular weight poly-
mer, can be simply expressed to the relation of polymer-polymer
Interaction parameter, mterfacial thickniess, and monomer density.
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¥Y=(3/6)"’ pobkT c))

where p, 1s the monomer density, b is the effective length per mon-
omer unit, k is the Boltzmann constant, and T is a tem perature.

If the polymer-polymer interaction parameter s known m the
Helfand and Tagami model, the interfacial tension between the blend
components can be estmated by applying the polymer-polymer
mteraction perameter to the Helfand and Tagami model. So far, when
the mterfacial tension has been calculated by Helfand and Tagami
model, composition dependence of the polymer-polymer mterac-
tion parameter has not been considered. Ignoring the composition
dependence of polymer-polymer mteraction parameter might lead
to significant theoretical errors [Broseta et al,, 1990; Tang and Freed,
1991b] 1 the interfacial tension of the components.

The mterfacial tension was obtamed by using the Eq. (4) and pol-
ymer-polymer mteraction parameter results of previous work [Burns
and Kim, 1988] of the PS/PMMA blend and found to be 1.40-1.65
mN/m. The composition dependence of the polymer-polymer mter-
action parameter was considered m the calculation of the mterfa-
cial tension 1n this study and the composition was 3/7, 4/6, 5/5, 6/4,
and 7/3 PS/PMMA blend.

From the ARES measurement, values of the interfacial tension
of the PS/PMMA blend were found to be 1.0mN/m in Chot and
Schowalter model and 2.0 mN/m m Palieme model. From the the-
oretical model, values of the mterfacial tension of the PS/PMMA
blend were found to be 1.40-1.65 mN/m with the blend composi-
tion. Mmor differences between the measured and calculated val-
ues are suspected to predominantly arise from the meonsistency of
sample m the calculations and experimental. Comparing the calcu-
lated values and experimental values measured by oscillatory the-
ometry m this study, it is observed that the interfacial tension of the
PS/PMMA blend obtaned from the theoretical model agrees qual-
tatively well with the measured transient experimental data.

CONCLUSIONS

Rheological properties of the polystyrene (PS) and poly(methyl
methacrylate) (PMMA) blend were studied by Advanced Rheo-
metric Expansion System (ARES). Storage modulus and loss mod-
ulus of the PS and PMMA blend were measured and the mterfa-
cial tension of the PS and PMMA blends was obtained by the var-
1ous emulsion models usmg the storage modulus and loss modulus
of the blend.

From the ARES measurement, values of the interfacial tension
of the PS/PMMA blend were found to be 1.0mN/m in Chot and
Schowalter model and 2.0 mN/m m Paliemne model. The mterfa-
cial tension obtaned by using the Helfand and Tagami model and
polymer-polymer interaction parameter, which considered compo-
sition dependence of the PS/PMMA blend, was found to be 1.40-
1.65 mN/m. Comparng the calculated values and expenimental val-
ues measured by oscillatory rheometry n this study, it is observed
that the mterfacial tension of the PS/PMMA blend obtamed from
the theoretical model agrees qualitatively well with the measured
transient experimental data.
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