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ABSTRACT The linear viscoelastic behavior of two-phase polymer blends in the melt hae been analyzed 
by an emulsion model, with takes into account the viscoelasticity of the phases. In this paper, we have studied 
two types of blends: PS/PMMA and PDMS/POEDO. For PS/PMMA blends, the model leads to values 
of relaxation times and secondary plateau modulus in accordanca with experimental data. This supports the 
assumption that long-time relaxation mechanisms are due to geometrical relaxation of the dropleta of the 
dispersed phase. For a quantitative comparison, further experimenta have been carried out on PDMSI 
POEDO blende for which the distribution of size of the dispersed POEDO inclusione may be wily determined. 
The data conf'ii the validity of the model and show that dynamic shear measuxementa can be uaed as a 
method to determine the interfacial tension between two polymer melta. 

I. Introduction 
The rheological behavior of multiphase polymer melts 

hae become a subject of great interest owing to the 
increasing use of polymer blende. If the melt rheology of 
incompatible polymer blende is compared to that of 
individual phaees, it is quite generally observed that 
m u l t i p h  polymer melta show pronounced elastic prop- 
ertiea and very long relaxation time processes. This is 
well illuetrated in Figure 1, showing the curves of dynamic 
moduli versus frequency for a two-phase polymer blend 
compared to the same curves for the phases. The values 
of the storage modulus at low frequencies for the blend 
are more than one decade above those for the phaees. It 
iathe purpoee of the preeent paper to show that for polymer 
blenda forming a dispersion, the deformability of droplets 
of the minor phase during the macroscopic deformation 
can give riee to mechanical relaxation times of the same 
order of magnitude as the long relaxation times ohrved 
experimentally. With this aim in view, it will be shown 
that quantitative agreement between predictioDB of emul- 
sion-type models and linear viscoelastic data on selected 
polymer blende can be found. 

The rheology of hetarophase media hae been extensively 
studied from a theoretical point of view for several 
decades.'-12 Palierne recently considered the linear vis- 
coelastic behavior of concentrated emulsions of incom- 
p r d b l e  viscoelastic materiale in the presence of an 
interfacial agent.13 He worked out a linear viscoelastic 
constitutive equation for the emulsion as a function of the 
linear viscoelastic behavior of the phases, the aim distri- 
bution of the dispersed dropleta, and the interfacial 
tension. 
Thie reeult is of particular intemt for heterogeneous 

polymer blende in the melt, and it wil l  be used aa the 
theoretical framework to analyze rheological testa on PS/ 
PMMA and PDMS/POEDO blende. All data of the 
p r w n t  study have been obtained in the oscillatory shear 
mode at  mall strain amplitudes, which allows direct 
comparison with the theoreticalexpnweion of the complex 
modulw G* = G' + iG", and prevent the morphology from 
being affected by the rheological experiment (like, for 
instance, droplet breakup in steady shear or extensional 
fl~~).s*'J' 

I 

h 3 1  
2 -  

A 
A 

0- 

-2 -1 0 1 2 
Log (a in Ids) 

Figure 1. Dynamic moduli MI frequency. Comparison between 
two-phase polymer blend and the phases. 

11. Theoretical Exprerrion of Gw for a Blend 
The systems that are considered in ref 13 and to which 

belong the polymer blende i n v ~ t i g a t d  here are emulsions 
of viecoelastic incompreeeible materials, where the droplets 
forming the dispersed phase are spherical in equilibrium. 
A distribution of size and composition of the dispersed 
phase can be taken into account, as well as the dependence 
of interfacial temion on local shear deformation and 
variation of area during deformation of dispereed dropleb. 

The main assumption leading to the constitutive equa- 
tion of the emulsion is that the droplet deformation 
remains emall. Thia means that the theory only predicta 
linear viscoelastic behavior BO that comparieon with 
experimental data is only valid if the latter have actually 
been obtained in the linear range (Le., small strain 
amplitudes for oecillatory measummenta). 

If the interfacial tension between the matrix and the 
dispersed phaee is assumed to be independent of local 
shear and variation of interfacial area, the following 
simplified expression for the complex shear modulus of 
the emuleion is obtained: 

(Q 1993 American Chemical Society 
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where G*i(w), G*m(w), and G*(u) are respectively the 
complex moduli of the dispersed phase, matrix, and 
emulsion at frequency o, u is the interfacial tension, and 
4i is the volume fraction of inclusions of radius Ri. It 
appears that comparison of eq 1 to experimental G* data 
on two-phase blends is straighfforward, if data for the 
dynamic moduli of the pure phases are available in the 

interfacial tension are known. Equation 1 can also be used 
together with viscoelastic measurementa to estimate the 
interfacial tension as the value of u leading to the best fit 
between the above expression and experimental data. The 
precision of this estimation ie then directly related to that 
on the morphology, eince one determines in fact the ratio 
ulR. 

It is interesting to note that eq 1 includes several results 
of the literature as special cases. For rigid spheres 
disperaed in a viscoelastic matrix (G*i(w) 4 m), Hi(o) 
0.6 and 

frecluency m e  and if the mdrphology (4i, Ri) and 

If the matrix is a Newtodm liquid (G*,&) ioqm), eq 
2 amounta to Einstein’s For a dispersion of 
viscoelastic materials without interfacial tension (CY = 0) 

which 1egitimat.a Dickie’s resultll Ifthe phases are elastic 
d d s  (G*i(w) Gi, G*m(o) = GA, Kemer’s expression8 
for incompreeeible materials (v = 0.5) is obtained. 

Since we focus here on polymer blends in the melt, we 
now examine the ability of the model to predict experi- 
mental phenomena in emulsiona of viscoelastic liquids like, 
for inatance, the data in Figure 1. For the sake of 
eimplicity, we fmt write out the expression of the complex 
modulus of an emulsion of two Newtonian liquids with 

interfacial tenaion. If vi and qm are the viscosities of the 

(w)  

uniform eize (Ri R) of diapreed droplets and constant 

diaperaed phase and matri., then G*i(w) 3 iwqi, a d  G*m- 
iusm, and eq 1 amounta to 

1 + iox, 
G*(u) = bq0- 1 + i d ,  (4) 

where 

(5) 
1O(K + 1) + 34(6K + 2) 

3m 1O(K + 1) - 24(6K + 2) ” 
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Figure 2. Dynamic moduli ve frequency; theoretical behavior 
for a blend of two Newtonian liquids. 

RIIm (19K + 16)(2K + 3 + 34(K- 1)) 
4u (,) A, = - 

10(K + 1) + 34(5K + 2) 
qo is the zero-shear viscosity of the emulaion, which is found 
to be always above that of the matrix liquid, A1 a relaxation 
time, and A2 a retardation time; K = qi/qm is the viecoeity 
ratio. 

The spring-and-dashpot analog for eq 4 is a Jeffreys 
model consisting of a Maxwell element (GI, ql) in parallel 
with a dashpot 72. The following relations hold between 
Gi,vi,tl2 and ~o,xi,xs: 

It appears that the model predicta viscoelastic behavior 
for an emulsion of purely viscous liquids. Figure 2 shows 

Pes, R = 1 pm, u = 10 mN/m, and I$ = 0.2. The high- 
frequency plateau observed for G’ is equal to GI and can 
be written as a function of the emulsion parametera: 

the calculatd G’(u) and G’’(o) CUWM for qm vi = 106 

1 G, = 20a 
RY(2K + 3 - 24(K - 1))2 

Relaxation time A1 corresponds to the time required for 
a deformed droplet to recover ita epherical equilibrium 
ehape. With typical values of emulsion parametere for 
blends of molten polymers, this time can be of the order 
of seconds to minutee. The above expreeeions for A1 and 
GI show that the interfacial tenaion between two New- 
tonian liquids can in principle be determined from dynamic 
mechanicalmsaeurementaprovidedtheviecoeitiee,vohune 
fraction, and droplet radius of the diaperaed phaee are 
knOWli.  

Since polymer melta are viscoelastic liquids, the above 
Newtonian analysis is only valid at very low frequencia 
where G’, << G”, a d  G’i << C”i. TO account for the 
frequency dependence of a polymer blend over the whole 
frequency range, we have to consider the blending law in 
the case of viscoelastic phasea. It wil l  be poasibleto define 
characteristic relaxation times and moduli for eiuch a 
system in the most simple case where all diepened dropleta 
have the same radius R and where both phasea are 
described by eingle relaxation time Maxwell modeb: 
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(10) 

qm, Am, Gm = qm/Xm, Ti, Xi, and Gi = qi/Xi are the viscosities, 
relaxation times, and moduli for the matrix and dispersed 
phase, respectively. The ratios of viscosities K = TJqm, 
moduli k Gi/Gm, and relaxation times x = XJXm satisfy 
the relation K = kx. 

A typical G' vs frequency curve calculated from eq 1 
and using expression 10 of the complex moduli of the 
phases is shown in Figure 3. The emulsion parameters R, 
4, a, Vi, and qm are the same 88 in Figure 2 and Xi = Am 
0.1 8. Four frequency zones and three characteristic 
relaxation times can be distinguished on the curves in 
Figure 3 a plateau zone for G' (G' = C) at frequencies 
higherthanl/AM. Intherange [l/Xp, l/Xd,thefrequency 
dependence of the moduli is very close to G' a 02, G" a 
w. A secondary plateau in G' (G' = Gp) appears for 
frequencies in the range W A D ,  l/hpl. Finally, at fre- 
quencies lower than  AD, the terminal zone of the emulsion 
is reached. 

AM can be thought of as some mean relaxation time of 
the phases; it wil l  in general be of the order of Am, the 
relaxation time of the matrix. AD is the longest relaxation 
time of the emulsion and corresponds to the relaxation of 
the shape of the droplets. 

The interfacial tension is directly related to the sec- 
ondary plateau in G'. It is the purpose of the following 
discwion to find the conditions for which this plateau 
acatallyexietsandcanbedeterminedexperimentelly.This 
will lead us to discuss the influence of the emulsion 
parameters on the plateau modulus Gp and on the 
relaxation time AD. Clearly the secondary plateau wil l  be 
defined if the relaxation times AD, XP, and AM are not too 
close: 

AD >> Xp >> a, 
and 

Gp > lowest measurable value on the instrument 
(typically above 1-100 Pa, depending on 

the type of instrument used) (1 1) 

Estimation of Chpmteristic Relaxation Times and 
Moduli. Figure 3 shows that parameters XD and G p  for 
the emulsion of viecoelastic liq* are very close to A1 and 
GI for the emulsion of Newtonian liquids in Figure 2. This 
can be understood by comparing the magnitudes of XI, 
which is of the order of RqJa (for K of the order of l) ,  
to W of the relaxation time of the matrix Xm = qJG,. 
For @lends of molten polymers, typical values are R - 
1 P m  and a - 10+-10-2 N/m; if G, is taken aa the plateau 
modulus of the entanglement network (Gm - 105-108 Pa), 
it i~ found that usually A1 >> Am. This means that if the 
secondary plateau exists, it occura in a frequency range 
where G*m - iwqm and G*i - iovi. T ~ U E  the contribution 
to the storage modulus of the emuleion arising from the 
geometric relaxation of the droplets can be calculated as 
if the pheses were Newtonian liquids of viscosities qm and 
Vi.  We take therefore to a fiit approximation: 

(12) 
R q m  (19K + 16)(2K + 3 - 24(K- 1)) A, = A, = - 4a 1O(K + 1) - 24(5K + 2) 
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Figure 3. Dynamic maduli vs frequency; theoretical behavior 
for a blend of two viscoelastic liquids compared with a blend of 
two Newtonian liquids. 

Calculation of the high-frequency plateau modulus G, is 
straightforward 

G, = Gm ji:m -(10(K + 1) + 34(5K + 2)) + 

(19K+16)(2K+3+34(K-l)) / -(lO(K+ 1)- ] {i:m 

24(6K + 2)) + (19K + 16)(2K + 3 - 24(K - 1)) (14) 1 
which, if a/R << Gm, amounts to 

= GJ(K,4> (15) 
!2K + 3 + 34(K - 1) 

Gm2K + 3 - 24(K - 1) Gm 

As indicated previously, this will most often be the case 
of polymer blends. 

To estimate AM and XP, we assume that Xp >> AM and 
compute the storage modulus of the emulsion in the 
frequencyrange [l/Ap, 1/XM]. "his amountatoneglecting 
interfacial tension (since droplet relaxation e f f d  occur 
at lower frequencies) and taking the zero-frequency limit 
of eq 1. The following result is obtained for the storage 
modulus: 

3(1-  4M1- XI + 

+ 3 - 24(K - 1) 
G' = w 2 q m & L  

1 (2K + 3 + 34(K - 1)" + 3 x  - 24(K - x)) 
(2K + 3 - 24(K - 1))2  

which is the terminal behavior of the matrix modified by 
some function g of K, x, and 4. In the particular cases 
where inclusions and matrix have either the same relax- 
ation time or the same viscosity, g(K ,x ,4 )  takes the 
following simple expreeaions: 
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i f x = l  
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i f K = l  

The particular frequencies for which the quantity 
w2qmXd(K,X,$) is respectively equal to G p  and G, define 
the relaxation times Xp and AM; thus 

Equations 12,13,15,19, and 20 allow us to estimate the 
characteristic relaxation times and moduli of the emulsion 
from the viscoelastic parameters of the phases and to 
predict if a secondary plateau exists in the experimentally 
accessible frequency range. 

Influence of Emulsion Parameters. From the above 
analysis, it is easy to discusa the influence of the viscoelastic 
parameters of the matrix and dispersed phase and of the 
emulsion parameters (a, R ,  $1 on the secondary plateau 
and characteristic relaxation times of the emulsion. 

Viscosity Ratio. Figure 4 shows the influence of the 
viscosity ratio K (K = 0.1, 1, 10, loo), at constant matrix 
viscosity (qm = 10s Paas) and constant relaxation times of 
the phases (Am = Xi = 0.1 9). It is found that both AD and 
Xp increase with increasing K, whereas the ratio h ~ / X p  
remains almost constant: This means that the width of 
the secondary plateau is not affected by the viscosity ratio. 
On the other hand, as is obvious from eq 13, the plateau 
modulus G p  scales as Km2 for values of K larger than unity 
and is almost constaut for K lower than unity. This means 
that for highly viscous inclusions, experimental measure- 
menta in the secondary plateau zone are not easy since 
they involve low frequencies and low values of G'. 

Relaxation Time of Matrix. On Figure 5, we show 
the influence of the relaxation time of the matrix at 
constant relaxation time of the inclusions (Xi = 0.1 a, x = 
0.01, 0.1, l), all other parameters remaining constant. It 
appear% that Xp and XD become very close and the secondary 
plateau ill-defined when Am increases above a certain value 
(XD/Xp - 3 for Am around 10 sand the parameters in Figure 
5). The C o l d o l e  diagrams (~''(0) vs q'(w)) of the same 
data in Figure 6 clearly show the two relaxation mecha- 
nism in the emulsion: the high-frequency relaxation of 
the p h  and the low-frequency relaxation of the 
droplets, the two b e i i  well separated for low values of Am. 

Interfacial Tenrion and Particle Radius. The 
influence of interfacial tension is represented in Figure 7. 
The plateau modulus G p  increases whereas the droplet 
relaxation time decreases with increasing a ,  as predicted 
by eqs 12 and 13. It also appears that the width of the 
secondary plateau decreases with increasing u. The 
opposite effede would be obtained for the influence of 
particle radius R since only the ratio alR is involved in the 
conetitutive equation. 

Vollune Fraction of Dispened Phase. Figure 8 shows 
that increasing the volume fraction t$ increases both Gp 
and the width of the eecondary plateau by increasing 
slightly AD a d  d"hg Xp. 

Log (a, in rads) 

Figure 4. Dynamic moduli vs frequency; theoretical curvea for 
blends of two viscoelastic liquids. Effect of the zero-shear 
viscosity of the dispersed phase. 
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Figure 5. Dynamic moduli v8 frequency; theoretical curvea for 
blends of two viscoelastic liquids. Effect of the terminal relaxation 
time of the matrix. 
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Figure 6. Cole-Cole diagrams; theoretical curves for blends of 
two viscoelastic liquids. Effect of the terminal relaxation time 
of the matrix. 

Distribution of Particle Radius. Real blende are 
most often characterized by a nonuniform distribution of 
particle size. If the distribution is known, it may be taken 
into account for the calculation of the complex modulus 
of the emulsion, as shown by eq 1. However, it would 
make the model even more straightforward to use if the 
summation of the Hj terms over the distribution could be 
replaced by a single term involving some average radius. 

1' in Pas  
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Figure 7. Dynamic moduli VB freewnv, theoretical curves for 
blendsoftwovkdaeticliquida Effect of the interfacial tension 
between the phases. 
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Figure 8. Dynamic moduli VB frequenw theoretical mea for 
brsndr of two viecoeleatic liquids. Effect of the volume fraction 
in inclusions. 

To determine what average should be taken, let us consider 
the zero-frequency limit of Hi(w) for the case of Newtonian 
phaeee. The firet-order expausion in w is 

Hi(0)  = 

It appeara that in the terminal zone of an emulsion of 
Newtonian liquids 

CdFi(uJzi) = W(W$J (22) 

where 4 = Cdr is the total volume fraction of the dispersed 
phaee and R, = (Ct#&)/d is the volume-average particle 
radius. To eatimate the error made by using eq 22 over 
the whole frequency range, the sensitivity of the model 
predictions W t  polydirpersity at constant &has been 
tc#tsd for varioue distributiom repreemtad in Figure 9 
and tbe fobwing v a l w  of &&her parametera (corre- 
epondinerwghly to one of the PDMS/FQEDO blends of 
eection III.2): % = 200 Pa*, vi = 160 Pa*, Am 0.02 8, 
Ai = 0.001 8, d = 0.2, and a = 10 mN/m. Distributions I 
and IV are uniform; for I, 11, and 111, R, = 20 pm whereae 
for IV, V, and VI, R, = 30 pm. Table I lista the valuea of 

DIR I1 Numbn ' , V o l u m e - - - - -  
' Dtsl IIINumbcr ,Volume-.- . - -  

n * .  

Dlrl IV - 
DISI V Number : , ValYne--- 1 

L V I  Numbcr Volume ----- 

Radius in m Radius in m 

Figure 9. Number of volume fraction of particlee VB radiue for 
five theoretical distributions. 
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Figure 10. Dynamic moduli VB fiequenw, theoretical m e a  for 
blends of two Viscoehtic liquids. Effect of the polydiapereity 
of particle size. 

Table I 
distribution Rv Otm) Rn WN WRn 

I 20 20.00 1.00 
I1 20 18.06 1.11 
111 20 16.86 1.26 
Iv 30 30.00 1.00 
V 30 19.79 1.52 
VI 30 12.99 2.31 

the number- and volume-average radii and of the poly- 
dispersity RdR,. Distributions III and V are typical for 
those determined experimentally for the PDMS/POE 
DO blends considered in section III.2. For m e  of theee 
blends (containing POEDO inclusions without interfacial 
agent; we- section III.21, a bimodal distribution haa been 
foundwithapolydiepereitycloeeto1.2andvolum~verage 
radius around 20 tun (distribution III). For the other 
blends (with interfacial agent) a Bomewhat broader die- 
tribution with higher R, is found (distribution V). 

Figures 10 and 11 clemly show that there is very little 
influence of particle eize distribution at constant R, on 
themodelpredidioneintheeecondaryplateauuptovaluee 
of polydispereity of the order of 2.3 (which is higher than 
for the blende considered in the preaent paper). As 
expected,polydiepereityreeultequalitativelyina~well- 
defined eecondary plateau aa the consequence of a 
distribution of relaxation times. On the other hand, the 
behavior in the terminal zone only depend0 on R, aa 
predicted by the Newtonian analysis in eq 21. 
As a consequence, eq 22 is a good approximation ovw 

the whole frequency range provided the polydiopedty is 
not too high (typically lower than 2). 

The next section wi l l  be devoted to a comparhn of the 
model to experimental data The main problem in 
applying the above discueeion on characteristic relaxation 
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Figure 11. Cole-Cole diagrams; theoretical curves for blends of 
two viscoelastic liquids. Effect of the polydispersity of particle 
size. 

Table I1 

M ,  M" M../M. .. .. 

PS 92 000 88000 1.01 
PMMA 45 000 43 000 1.05 

PS block PS-b-PMMA 
M, M .  M J M .  % P S  M ,  M .  M J M .  

times and moduli to the case of real blends arises from the 
distribution of particle sizes, which results in a less well- 
defined secondary plateau. Nevertheless, we will try to 
defme these parameters byusinganaverageparticle radius. 
Moreover, eq 1 shows that if the distribution of particle 
radii is known, it may be taken into account for the 
calculation of the complex modulus of the emulsion. 

111. Experimental Results 
The present section is devoted to a comparison of the 

model to experimental data. According to the above 
diacuasion, wedonottakeintoaccount thetruedistribution 
of particle size but use only the volume-average radius 

26000 24000 1.06 52 50000 47030 1.06 

and apply eq 22. 
1. PSIPMMA Blends. Products. PS and PMMA 

homopolymers and a PS-PMMA diblock copolymer were 
synthesized via anionic polymerization. The polystyrene 
sample was prepared by polymerization of  styene in 
benzene at  45 "C with butyllithium as the initiator. The 
PMMA homopolymer was obtained by polymerization in 
tetrahydrofuranat -70 "C using (diphenylmethy1)sodium 
as the initiator. The copolymer was prepared by first 
polymerizing the styrene in THF at -70 OC with (phe- 
nylisopropy1)potassium as the initiator. To avoid the 
attack of the ester group of MMA by the PS carbanion, 
1,l-diphenylethylene was introduced prior to the addition 
of MMAto decrease thenucleophilicity ofthe active site^.'^ 
All polymerizations were conducted under high-purity 
argon in glass vessels equipped with Teflon valves. 

Polymers were precipitated from solution by methanol 
and dried for several days in a vacuum oven at 40 "C. 
Polymer samples were characterized by means of size 
exclusion chromatography (GPC) coupled on line with 
viscosimetry, UV spectrometry, low-angle laser light 
scattering, and refractometry. The results are given in 
Tables I1 and 111. 

The Blends. Freeze-drying was used to prepare the 
blends: First, the homopolymers and the copolymer are 
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Figure 12. Morphologyofthe PS1PMMA blends bytransmission 
electron microscopy. Reference 41580 blend MA PSIPMMAI 
COPO 78119.512.5. Reference 41595: blend MB PSIPMMAI 
COPO 19.517812.5, 

solubilized separately in benzene at 5% in weight of 
polymer. After solubilization, given amounts of the three 
solutions are mixed to obtain the desired composition of 
the blend. The solution is agitated for 24 h. Finally, the 
solvent is removed by freeze-drying. Two blend compo- 
sitions were prepared: MA, PSIPMMAICOPO 78119.51 
2.5 in weieht: MB. PSIPMMAICOPO 19.5/78/2.5 weieht. 

Specimens for the rheological tests and morpholo&cal 
analysis were obtained by melting the obtained powder in 
a vacuum mold with a controlled thermal history: After 
30 min at  70 OC, the temperature is increased at  a rate of 
300 "C/h to 180 "C and maintained at this value for 30 
min. Return to room temperature takes about an hour. 

Figure 12 gives an idea of the morphology of the blends 
after the rheological measurements as observed by TEM 
onaPhilipsEM 30microscope. Cutsofthickneea between 
60 and 90 nm were prepared by microtoming at room 
temperature; this induces a slight elongation of the sample 
inthedirectionofthecut. SelectivedegradationofPMMA 
under the electron beam gives the observed contrast. 

A rather broad size distribution is obtained, with radii 
of inclusions between 1.5 and 0.05 pm. The precise 
determination of the volume-average radius was more 
readily performed on the PDMS/POE-DO blends in 
section 111.2, and the discussion of model predictions for 
the PSIPMMA blends will remain on a qualitative level. 
However, Figure 12 shows that the morphology is very 
close for MA and MB, which will allow us to illustrate the 
influence of the viscosity ratio. 

Rheological Measurements. The dynamic measure- 
ments were carried out on a Rheometrics RMS 605 
mechanical spectrometer using a parallel-plate geometry 
(radii of the specimens: 12.5 and 25 mm for each phase 
and 12.5mmforthehlends). Theexperimentswerecaied 
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Table IVa 
PS PMMA 

m (Pa4 4760 220 000 
A (8) 0.03 0.63 

a At 180 O C .  

. 
'WooO- 
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Figure 13. Dynamic moduli w frequency. Blend MA PS/ 
PMMAICOPO 78119.512.5 at 180 OC. 
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Figure 15. Cole-Cole diagrams. Blend MA PS/PMMA/COPO 
78119.512.5 at 180 "C. 
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Figure 16. Cole-Cole diagrams. Blend MB PSIPMMAICOPO 
19.517812.5 at 180 "C. 

Table V. 
MA ME 

PS/PMMA/COPO PS/PMMA/COPO 
781 19.512.5 19.6/70/2.6 

270 OOO 
56 
7 
0.6 
2000 1 ,  _ i l , ,  , , I  . ,  , , , , ,  , I ,  ;, ~~~,~~ 0" P M M A  

2 Gh4B 
6 G"MB 

MB Model - 
1 
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Figure 14. Dynamic moduli WI frequency. Blend MB PS/ 
PMMA/COPO 19,517812.5 at 180 OC. 

out in the temperature range 14Cb200 OC, and data at 
different temperatures were reduced to 180 O C  wing time- 
temperature superposition. The temperature is measured 
with a precision of f0.1 O C  within the metallic plate in 
contact with the polymer melt. Depending on the tem- 
perature and frequency, the strain amp€itude was taken 
between 2.5 and 20% to obtain a high enough value of the 
torque. It was alwaye verified that the behavior of the 
sample was in the range of linear viscoelasticity. 

Rerultr and Maauraion. The zero-shear viscosities 
and the terminal relaxation times of the phaeee (PS and 
PMMA) at 180 O C  are given in Table Iv: the ratio qdqm 
of the zero-shear viecosities is 46 for MA and 0.022 for 
MB. Figures 13-16 compare the rheological behavior of 
the blends to that of the matrix polymer, i.e., blend MA 
and PS on Figures 13 and 16, and blend MB and PMMA 
on Figures 14 and 16. 
The data show that the secondary plateau in G' only 

appears for blend MB. By assuming that eq 22 holds, eq 

1 dows us to estimate the ratio a/R, as the value leading 
to the best agreement between experimental and theo- 
retical curves in the low-frequency range (the other 
parameters, volume fraction and the dynamic moduli of 
the phases, are experimental quantities). The value of 
alR, used for the calculatad curves in Figures 14 and 16 
is 5880 Pa. 

If the same value of a/R, is used to describe the behavior 
of the blend MA, the calculated curves in Figures 13 and 
15 are obtained. The model clearly accounta for the fact 
that no secondary plateau exbta for thie blend in the 
experimentally a d b l e  range of frecluency and modulus. 

The characteristic relaxation times and secondary 
plateaumoduliwereeatimstedforbothblen~byassumins 
that the phasee can be deecribed by ejngle relaxation time 
Maxwedl models with parametere of Table IV and by taking 
a/R, = 5880 Pa. The values are given in Table V. 
Relaxation times AD and Xp are of the same order of 
magnitude for both blende, indicating that the eecondary 
plateau for MA and MB occurs in the same frequency 
range. On the other hand, the value of the secondary 
plateau modulus G p  ie about three decadw lower for blend 
MAfhanforblendMB. Withthetranaducerandgsometry 
wed, this value (4 Pa) is out of the experimentally 
acceasible range. 
The estimation of interfacial tension from thew via- 

coelaetic data would require a pr& knowledp of the 
volumaaverege particle radius. Aa already indicated, this 
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Table VI* 
PDMS 

POEDO 36 OOO 47V30 OOO 47V125 OOO 47VMw) OOO 
minPa.8 169 13.6 91 212 
A h l a  0.001 0.002 0.01 0.02 

a At 70 O C .  

wil l  be much easier for PDMS/POE-DO blends (for which 
an original method of morphological analysis has been 
p r o p a d )  than for the PS/PMMA blends. Nevertheless, 
a range of values for interfacial tension can be estimated 
from the ratio u/R - 6000 Pa and the distribution of 
particle radii (0.06-1.6 pm). The obtained range for a 
(0.3-9 mN/m) covers the right order of magnitude (for 
PS/PMMA without copolymer at 180 OC, a = 1.12 mN/ 
m16). The main interest of the blends MA and MB is that 
they have very close morphologies and contain the same 
amount of copolymer, the only difference being that they 
have inverted matrix and dispersed phase. The obtatnsd 
agreement between experimental data and the emulsion 
model for both blends supporta the idea that the long- 
time relaxation mechaniims are due to geometrical re- 
laxation of suspended droplets. 

To achieve a more quantitative comparison between 
model and experimental data, another series of meas- 
urementa have been carried out on PDMS/POE-DO 
blends.l7J8 

2, PDMS/POE-DO Blends. Products. The POE- 
DO sample was a commercial polymer (Hoechst PEG 
35000) with a melting point of 62 OC and a weight-average 
molecular weight of 36 OOO. The three PDMS samples 
were also commercial producta (Rh8ne Poulenc Rhodorsil 
47V30 OOO, 47V126 OOO, and 47VMH) OOO). The zero-shear 
vismities and relaration times of all phases at 70 OC are 
given in Table VI. For the second series of blends, we 
used an interfacial agent with the following chemical 
structure (Lutensol AP9 from BASF): HtgCg(CsHd)O(CHe 
CH20)eH. 
The Blends. With this pair of polymers, we can 

separate the fabrication of the POE-DO inclusions from 
the blending itself. 

First Step (Fabrication of the Inclusions). Inclu- 
sions with interfacial agent: In a double-walled reactor, 
comprising a system of agitation, we placed 680 g of a 
low-viscosity PDMS (Rhodorsil 47V2000,rlo - 2 P e s  at 
20 "C), 68 of POE-DO 36 OOO, and 6.8 g of interfacial agent. 
The mixture was kept for 1 h at 70 "C and then refrozen 
under agitation. 

Inclusions without interfacial agent: In this case, we 
placed in the reactor 980 g of a silicone oil (Rhodorsil, ~0 - 20 Pa-s at 20 OC) and 20 g of POE-DO 36 OOO. The 
blend was kept under agitation for 1 h at 80 OC and then 
refrozen quickly without agitation. 

For the two processes, the oil was removed by washing 
with n-hexane. The particles thus obtained were dried at 
40 OC and then kept at 20 OC at reduced pressure to prevent 
the absorption of water. 

Second Step (Blending). After a crude mixing, 
following removal of gas, the blends were homogenized 
with the help of continuous shearing at ambient temper- 
ature in the rheometer. POE-DO is a solid at room 
temperature (T < T,,J and the continuous shearing does 
not modify the size and the polydipereity in size of the 
inclusions. The temperature is then increased to the 
temperature of measurement (70 OC) without any further 
steady shear flow. It can be expected that the dynamic 
measurementa do not alter the distribution in size of the 
particles. This waa verified by characterizing the particle 
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Figure 17. Dynamic moduli v8 frequency. POE-DO 35 OOO and 
PDMS 47V30 OOO at 70 OC. 
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Figure 18. Dynamic moduli w frequency. PDMS 47V126 OOO 
and PDMS 47V500 OOO at 70 OC. 

size distribution in the blends after the rheological 
measurements. The blends were realized with the fol- 
lowing values of volume fraction of POE-DO inclusions: 
6,10,16, and 20% (for the blends with interfacial agent); 
7.6 and 16% (for the blends without interfacial agent). 

Morphology. It is possible to characterize the mor- 
phology at  room temperature of the dispersed phase by 
direct observation of the inclusions before blending. The 
size and the polydispersity in size of inclusions were studied 
by optical microscopy. For the inclusions without inter- 
facial agent, a bimodal type distribution is found; the 
number- and volume-average radii determined from 
several photographs are respectively about 16 and 20 pm. 
For the inclusions with interfacial agent, a monomodal 
but somewhat broader distribution is obtained with a 
volume-average radius of about 40 pm. The rheological 
behavior is calculated from eqs 1 and 22 by using the above 
values of R,. 

Rheological Measurements. The dynamic viecoelae- 
tic meaaurementa were carried out on a controlled-streas 
rheometer (Carrimed CSL 100) with a cone-and-plate 
geometry (cone angle 4 O ,  radius 30 mm). The maximal 
torque on this apparatus is 1V2 N m, and the frequency 
range is from 10 to le3 Hz (63-0.0063 rad/s). The 
temperature of the fluid during the experiment is 70 f 0.1 
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Figure 19. Dynamic moduli w frequency. Blende PDMS 
47V30 OOO + POE-DO 35 OOO without interfacial agent at 70 "C. 
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Figure 20. Dynamic moduli w frequency. Blende PDMS 
47V125 OOO + POE-DO 35 OOO without interfacial agent at 70 
O C .  

OC. Depending on the frequency, the strain amplitude 
waa taken between 1 and 6% to obtain a high enough 
value of torque. For all msaeuremente, it WBB verified 
that the behavior of the aample waa linear viecoelaatic. 

Iheologicd Buulto and Diradon.  The rheological 
data for the d&rent blends are ahown respectively in 
Figures 19-22 for the blends without interfacial agent, 
and Figures 23 and 24 for the blends with interfacial agent. 
In the fmt case (without interfacial agent), all param- 

eters of the emulaion model are known: The dynamic 
moduli of the phesea are experimental data (Figwee 17 
and 18) and we take & = 20 pan. The experimental value 
of C Y ~ D M ~ / ~ O E - D ~  obtained from direct meaauremnte1° ia 
10.8 mN/m at 20 OC and 10.2 mN/m at 100 OC, and -(Sa/ 
S T )  = 0.0078 mN/m OC-l; at 70 OC the value would be 10.4 
mN/m. 

Figurea 19-21 show that a good agreement between 
theoretied and experimental curves b obtained over the 
whole frequency range for diffemnt valuea of the ratio of 
zero-ahear Viecoaitiee (between 0.8 and 13) and volume 
fraction of diapereed phase. The CobCole diagrmm 
(Figure 22) provide another way to represent these data 
and c o n f i i  the excellent overall agreement with the 
emulsion model. 
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Log (m in mdk) 

Figure 21. Dynamic moduli WJ frequency. B l e d  PDMS 
47VSOO OOO + POEDO 35 OOO without interfacial agent at 70 
O C .  
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Figure 22. Cole-Cole diagram. Blends PDMS 47VM30 OOO + 
POEDO 35 OOO without interfacial agent and matrix at 70 O C .  
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Figure 23. Dynamic moduli VB hquency. Blende PDMS 
47V125 OOO + POEDO 35 OOO with interfacial agent at 70 O C .  

The characteristic parametere AD, Ap, AM, and C p  of the 
six blende without compatibikr were eetimated by uaing 
eq 12, 13, 19, and 20. The zero-shear viacositiee and 
relaxatim times of the p b  that appear in these 
expreesiow were determined from the rheologicai data in 
Figurea 17 and 18 and are lirted in Table VI. The particle 
size waa taken m the volumaaverege radiua. 

Table VII ahowe that for all blende AM ia much d e r  
(at leaat one decnde) than AD and Ap, the c m  'C 
relaxation timea of the eecondary plateau. Although the 
ratio between AD and Ap ia lower (of the order of 3 for all 
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titatively the linear viscoelastic properties of two-phase 
polymer blends in the melt. 

In the case of the PS/PMMA blends, we have shown the 
major effect of the viecosity ratio of the phases on the 
storage modulus in the low-frequency range. This result 
supports the assumption that the long-time relaxation 
mechanisms are due to geometrical relaxation of the 
droplets of the dispersed phase. 

The secondary plateau for G’b) can be characterized 
by three parameters (two relaxation times, AD and AP, and 
a modulus (Gp) which may be estimated from the 
viscoelastic properties of the phases, the volume fraction 
and volume-average particle size of the dispersed phase, 
and the interfacial tension. From the values of these 
parameters one can predict if the secondary plateau is 
accessible experimentally, depending on the frequency 
range and minimum torque value available on the rhe- 
ometer. 

In this case, an estimation of the interfacial tension from 
viscoelastic data is possible, provided the volume-average 
radius of the die ersed particles is known and the 

The results for the PDMS/POE-DO blends, for which the 
morphology could be precisely determined, show that 
dynamic shear measurements can be used as a new and 
original method to determine the interfacial tension 
between two polymer melts. 
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Figure 24. Dynamic moduli va frequency. Blends PDMS 
47V126 OOO + POEDO 36 OOO with interfacial agent at 70 ‘C. 

Table VI1 
PDMS 

47V30 OOO 47V126 OOO 4 7 v m  OOO 

,$(!%I 7.6 15 7.6 16 7.6 16 
a(Pa.e) 16 19 105 122 240 271 
AD (8 )  0.36 0.36 0.60 0.60 0.86 0.91 
Ap(E) 0.17 0.12 0.22 0.16 0.32 0.22 
AM (E) 0.002 0.002 0.009 0.008 0.017 0.016 
&(Pa) 1.1 2.6 18 37 36 71 

blende), the data in Figures 19-21 show that the secondary 
plateau is well defined. Figure 19 showa that the calculated 
values of AD, Ap, and Gp are in good accordance with the 
experimental G’(w) curves. The existence and the position 
of this plateau may therefore be predicted by the values 
of theae three parameters. 

For the blends with interfacial agent, the only unknown 
parameter is the interfacial tension between the phases. 
By taking alwaye the volume-average radius in the 
theoretical expreeeion of G*(w), the value of interfacial 
tension leading to the best agreement between calculated 
and experimental curves is close to 4 mN/m (Figures 23 
and 24). Because of the addition of an interfacial agent, 
the expected value of a should indeed be smaller than 10.4 
mN/m. 

IV. Concluoion 
The experimental data obtained for the PS/PMMA and 

PDMWPOEDO blends confirm that the emulsion model 
discuseed in the present paper is able to describe quan- 


