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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 obtained with various emulsion
models by using the storage modulus and loss modulus of the blends. The value of interfacial tension estimated from
the Palierne emulsion model was found to be 2.0 mN/m. Also, the interfacial tension between PS and PMMA was cal-
culated by a theoretical model. 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 of two immiscible polymers.
In this study, the emulsion model is used to determine the inter-
Polymer blends provide an economic alternative to synthesizindacial tension of the PS/PMMA blend. Also, we compared the in-
new polymers. The mechanical properties of immiscible blends carterfacial tension obtained by the theoretical model and from the ex-
be optimized by controlling the blend morphology which is cre- perimental data obtained by the measurement using a rotation rhe-
ated in processing [Larson, 1999; Vinckier et al. 1996; Kim et al.,ometer. In calculating the interfacial tension from the theoretical mod-
1994; Hara and Sauer, 1998; Kim and Chun, 1999]. Not only areel, we studied the effect of molecular weight and composition de-
the properties of the final polymer blends a function of the compo-pendence of the polymer-polymer interaction parameter in theoret-
nents, but they also depend on the characteristics of the interfadeal model, which might lead to significant theoretical errors.
that appears at the separation between the components [Vignaux-
Nassiet et al., 1998]. EXPERIMENTAL
To characterize the interface properties between the blend com-

ponents under the flow condition, the rheological behavior of im-1. Polymers
miscible polymer blends has been widely studied [Lee and Denn, The polymers used in this study were obtained from commer-
1999, 2000; Kim and Denn 1992; Everaert et al., 2000; Grizzuti etial sources. The PS (GP 150), which was used, was provided by
al., 1997, 2000; Liang et al.,1999]. Measurement in the linear visHannam Chemical Co. The PMMA used was IH 830, provided by
coelastic domain, such as small amplitude oscillatory shear flowL.G Chemical Co. The characteristics and sources of the polysty-
can yield very useful information on the blends characteristics. Emulyene (PS) and poly(methyl methacrylate) (PMMA) are shown in
sion models take into account the deformation and relaxation of th&able 1. In Table 1, the weight average molecular weights and num-
shape of dispersed droplets in a polymer blend system. Especialliaer average molecular weights were measured by Gel permeation
comparison of these models with many experimental results provedhromatography (GPC).
that it is very useful for predicting the unknown interfacial tension, 2. Blend Preparations
determining particle size distribution, and analyzing the deforma-

tion of droplets under shear and elongational flow [Friedrich et al.,Table 1. Characteristics of polymer samples used in the PS/

1995; Grabling et al., 1990, 1991, 1993, 1994]. PMMA Blend
. Interfacg properties of |mm|SC|bIe polymer blends have been stud- Zero shear Melt
ied extensively by theoretical models [Helfand et al., 1971, 1972, M2 M2 MWD T, . . .

) a a o, Viscosity density
1975, 1989, 1992; Leiber, 1980; Broseta et al., 1990; Tang and Freed, (°C)

d
19914, b] based on thermo- and molecular-dynamics. With the help (Pa-s) (glem)
of various theoretical models [Helfand et al., 1972; Broseta et al., 2.1x10 6.9x10 305 100 3.2x10 0.95
1990; Tang and Freed, 1991b], the interfacial tension of polymerp'\/”\/""\f 7.8x10 3.8x10 205 105 1.1x10 1.07
blends, such as PS/PMMA, can be estimated. There are various ttideasured in our laboratory by GPC.
ories, such as self-consistent field theory, mean field theory, Lan®Measured in our laboratory by DSC.
dau expansion method, which described the interfacial propertie3vieasured in our laboratory by ARES.
“Calculated from Van Krevelen [1990].
To whom correspondence should be addressed. ‘Supplied by Hannm Chem. Co.
E-mail: kimwn@korea.ac.kr 'Supplied by LG Chem.Co.
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Blends with weight fraction of PMMA from 0.1 to 0.9 in incre- 21 —
ments of 0.1 were prepared by using a 20 mm diameter laborator
scale screw extruder, with a 24 : 1 length to diameter screw. The po R
ymer samples were dried under vacuum (<1 mmHg) tCLedr = e, o piL"
24 hours and extruded at an apparent shear raeR2@f 189 §. i b aemea, *
The temperature of the extruder was set aP@&ghd 200C in : :
feeding zone and barrel zones, respectively. Samples were compre
sion molded by using a hot press at I®a&nd 40 psi for 5 min. a8
3. Scanning Electron Microscopy S L

The morphology of the cross-section of the extrudate preparet .
by cryogenic fracturing was examined by Hitachi Field emission 04 ; y :
scanning electron microscofiylodel S-4300) at 20 kV accelerat- I 14 Il LI b0 a0 &d
ing voltage after platinum sputter coating (500 A). The volume-aver- Er'x 10 (Po 5]
ng Sg:g%g{ec:ﬁﬂ:;sﬁ:%ng:ti)riraz\éez‘%:lay;aec:Ilz;ﬂg;gr?rgfgi_Fig. 2. Cole-Cole plot of dynamic viscosities at 19C. PS @), 9/1
Pro Plus). PS/PMMA (4A), 8/2 PSIPMMA (@), 7/3 PS/IPMMA (@).
4. Rheological Properties

Dynamic measurements were carried out on an Advanced Rhe
ometric Expansion System (ARES) in oscillatory shear at 8% strair
in the parallel-plate arrangement with 25 mm plate. The sample use
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 19!
220°C. Since the morphology of the blends was stable during the
time of measurements for these experimental conditions, the con
plex modulus G' and G" measured at 190, 200, antiC22@re
superimposed into a master curve at’f@8ccording to the time-
temperature superposition principle [Ferry, 1980]. For all measure
ments, it has been verified that the behavior of the sample was linei
viscoelastic.
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RESULTS AND DISCUSSION
Fig. 3. SEM micrographs for 8/2 PS/PMMA blend prepared at

1. Interfacial Tension from Emulsion Model 190°C.
Fig. 1 shows the storage (G') and loss modulus (G") as a func-
tion of frequency for the pure PS and PMMA at 1®0in Fig. 1, For the immiscible blend system, zero shear viscosity of the blends

the PS and PMMA melts show the characteristic behavior of thecan be obtained from the Cole-Cole plot of the PS/PMMA blend
low frequency terminal zone. However, a very weak secondary plawith various compositions (Fig. 2). In Fig. 2, the two relaxation mech-
teau zone is observed, which can be seen in many polymer melts ahisms in emulsions were clearly observed in the 8/2 PS/IPMMA
low frequency region. Therefore, the components of the blends cahlend. In Fig. 2, high-frequency relaxation of the matrix represents
be considered as weak viscoelastic liquids at low frequency regionPS and low-frequency relaxation of droplets represents PMMA.

Zero shear viscosity of 8/2 PS/PMMA blend was obtained by ex-

trapolation at zero frequency of Fig. 2 and founded to be 5.6x10

10’ Pa-s [Graebling et al., 1990]. The morphology of the 8/2 PS/IPMMA

10° | Bnuggggg?,SSSZ blgnq by scanning electron microscopy is shown in Fig. 3. In Fig.
g ooosgew“ga ::.::::::... 3, it is observed that the PS and PMMA are the matrix and dro-
S o oooooggnnj.,= g’ plets, respectively, in the 8/2 PS/PMMA blend.
g 1 00°° nugf.o::--' As mentioned in the introduction, dynamic interfacial tension of
= 10° 4 00° a.99".,-' polymer blends can be obtained by fitting of emulsion model to
O .;aﬁ .- the experimental results. From Fig. 4 and Eq. (1), the interfacial ten-
@" 10° o ._-' 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-
102 A " ological behavior of semidilute emulsion of two Newtonian liquids
102 10'_1 150 16‘ 102 leads to the establishment of a constitutive equation.
Frequency [rad/sec] G'(w) _nw’(h, =h,) )

+ 21,2
Fig. 1. Dynamic modulus vs. frequency for the PS and PMMA at Lrwh;
190°C.PS: G' (@), G" (@®); PMMA: G' ( [1), G" (O). with
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requency [rad/s] Fig. 5. Comparison of the experimental dataQ) for G' to the
Fig. 4. Comparison of the experimental data &) for G' to the Palierne model (—) predictions for the 8/2 PS/PMMA
Choi-Schowalter model (—) predictions for the 8/2 PS/ blend.
PMMA blend.

The number average radius)@d volume average radius)R
of the 8/2 PS/PMMA blend were determined from SEM micro-

na=no[1+(2?t:i;\p +5£§(5kk++12))2 (pz} graph by using an image analyzer. Thail R of the. 8/2 PSI
PMMA blend were found to be 0.10 and Qub3, respectively. Fig.
b, =NeR(19k*16)(2k +3)r, | 5(19k+16) } 5 shows the storage modulus versus frequency of the experimental
"o 40(k+1) LT 4(k+1)(2k+3) data and theoretical curve calculated from Palierne model [Eq. (3)]
H _NR(19k+16)(2k +3)|—1Jr 3(19k+16) } of the 8/2 PSIPMMA blend.. The interfac?a] tension is directly related
2 40(k+1) |~ 4(k+1)(2k+3) to the secondary plateau in G' [Graebling et al., 1993]. Therefore,

. ) ) ) ) ) . asin Fig. 4, the loss modulus (G") was not represented in Fig. 5. In
wheren, is the viscosity of the suspending medium, k is the ratio g 5 the theoretical curves are in good agreement with experimen-
of the droplet phase viscosity to the suspending medium viscosity,| yajues when the value of dynamic interfacial tension is 2.0 mN/m.
a'is interfacial tension, R is the radius of the droplet phas@and |t g worthwhile to compare these restilts to data obtained on the
is the volume fraction of the droplet phase. 'same system with the results of other research groups [Friedrich et
Fig. 4 shows the storage modulus versus frequency of experiy| 1995: Graebling et al., 1990, 1993; Gramespacher and Meiss-
mental data and theoretical curve calculated from Choi-Schowaltef, o 1992] and different transient methods, e.g. deformation drop
model. The effect of a size distribution is more difficult to take into retr’action method. imbedded disk retractioln method. transient re-
account in the case of a Choi-Schowalter model. Hence, R was takelyery method etc. The values of interfacial tension for the PS/
as the radius of the largest particles, because in polydisperse emiy;\a blend have been estimated by deformation drop retraction
sion the contribution of the smaller domains to the storage modug,athod [Luciani et al., 1997] and found to be 1.0 mN/m. Also, from
lus can be neglected in the terminal zone [Scholz et al., 1989]. Notge impbedded disk retraction method [Rundquist et al., 1996] and
that loss modulus is almost unaffected with droplet radius and inansient recovery method [Gramespacher and Meissner, 1997], the
terfacial tension in fitting Choi-Schowalter model to experimental jarfacial tensions were found to be 0.9-1.3 and 1.5-2.2 mN/m. re-
curves; it was not represented in Fig. 4. With a largest radius of aboWoeiively. Although the values of interfacial tension between the
0.28um for the PMMA and dynamic interfacial tension of about ejts of the PS and PMMA differ from each other according to the
1.0mN/m, a good agreement between emulsion model and experisy sion model and experimental methods, values of the interfacial
mental curves is obtained over the whole frequency range for thgygjon can be found from 0.9 to 2.2 mN/m for the PS/PMMA blend,
8/2 PSIPMMA b'em?'- i ) which is reasonably consistent with results obtained in this study.
The model by Palierne [1990] accounts for the linear viscoelas— |nterfacial Tension from Theoretical Model
tic behavior of a dispersion of viscoelastic inclusions in a viscoelastic  The interfacial tension between the PS and PMMA can be cal-
matrix, where the inclusions forming the dispersed phase are sphegyjated by using a theoretical model based on thermo- and molec-

ical in equilibrium. ular-dynamics. There are various theoretical models which relate
the interfacial properties of two immiscible polymers, e.g., A and
N 1+3Z¢"H B, to the microscopic interactions described by the polymer-poly-
G (W) =Gy(w) 1-25 @H ©) mer interaction parameteq.§) between the corresponding mono-
' mers [Broseta et al., 1990].
) Helfand and Tagami [1972, 1975] constructed a self-consistent
with field theory of polymer interfaces. In their theory, interfacial ten-
H,(w)=40/R[2G;,(0)+5G (W)]+[(G; (W) - Gy () (16G;, (w) sion of blend, which composed by infinite molecular weight poly-
+19G (W)))/400/R[G,,(0)+G; (w)] mer, can be simply expressed to the relation of polymer-polymer
+[(2G (w)-3G;, (W) (16G;, (W) +19G (w))] interaction parameter, interfacial thickness, and monomer density.
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Y=(X/6)°*p,bkT 4) ence and Engineering Foundation (KOSEF) through the Applied
Rheology Center (ARC), an official KOSEF-created engineering

wherep, is the monomer density, b is the effective length per mon- . .
Po . gnp research center (ERC) at Korea University, Seoul, Korea.

omer unit, k is the Boltzmann constant, and T is a temperature.

If the polymer-polymer interaction parameter is known in the
Helfand and Tagami model, the interfacial tension between the blend
f:omporlents can be estimated by applying the poner‘pOIymeE;roseta, D., Fredrickson, G. H., Helfand, E. and Leiber, L., “Molecular
interaction parameter to the Helfand and Tagami model. So far, when Weight and Polvdi i Ef Pol Pol Interfaces”
the interfacial tension has been calculated by Helfand and Tagami eight and Polydispersity Effect at Polymer-Polymer Interiaces,

model, composition dependence of the polymer-polymer interac- Macromolecules_ZS, 132 (1‘?90)._ i
tion parameter has not been considered. Ignoring the compositioﬁums’ C. M. and Kim, W. N., “Soltion Blending of Polystyrene and
: Poly(Methyl Methacrylate)Polym. Eng. Sci28, 1362 (1988).

dependence of polymer-polymer interaction parameter might lea . . . .
p. o P y poly P ] 9 hoi, S. J. and Schowalter, W. R., “Rheological Properties of Nondilute
to significant theoretical errors [Broseta et al., 1990; Tang and Freed, ) . .
. . . . Suspensions of Deformable Particlesys. Fluidsl8, 420 (1975).
1991b] in the interfacial tension of the components. . . .
The interfacial tension was obtained by using the Eq. (4) and polEveraert, V., Groeninckx, G., Pionteck, J., Favis, B. D, Aerts, L., Mold-
enaers, P. and Mewis, J., “Miscible PS/PPE Compounds: An Al-

ymer-polymer interaction parameter results of previous work [Burns ) i
- ternative for Blend Phase Morphology Studies? Influence of the PPE
and Kim, 1988] of the PS/PMMA blend and found to be 1.40-1.65 Content on the Surface Tension of PS/PPE and on the Interfacial Ten-

mN/m. The composition dependen(;e of the polymer-polymer inter- sion in PP/(PS/PPE) and POM/(PS/PPE) Bich eral 1011
action parameter was considered in the calculation of the interfa- (2000) ty

cial tension in this study and the composition was 3/7, 4/6, 5/5, 6/4. . . i ”
and 7/3 PS/PMMA blend. Ferry, J. D., “Viscoelastic Properties of Polymers; John Wiley & Sons,

Inc., New York (1980).
edrich, Chr., Gleinser, W., Korat, E., Maier, D. and Weese, J., “Com-
parison of Sphere-Size Distributions Obtained from Rheology and
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