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The rheological behaviour of miscible blends of poly(methyl methacrylate) (PMMA) with poly(styrene-co- 
acrylonitrile) (PSAN) and with poly(vinylidene fluoride) (PVDF), in the molten state, was investigated. For 
this study, both steady and oscillatory shear flow measurements were made for PMMA/PVDF and 
PMMA/PSAN blends, which were prepared by melt blending in a twin-screw compounding machine. The 
following observations were made from the experimental results obtained: (1) plots of the logarithm of the 
zero-shear viscosity (log r/ob) versus blend composition show positive deviations from linearity for the 
PMMA/PSAN blend system, but negative deviations from linearity for the corresponding PMMA/PVDF 
system, under isothermal conditions; (2) plots of log ~/ob versus blend composition for the PMMA/PVDF 
blend system show minimum values at certain blend compositions as the viscosity ratio of the constituent 
components becomes smaller than a certain critical value and; (3) logarithmic plots of the dynamic storage 
modulus (G') versus the dynamic loss modulus (G") for all of the blend compositions lie between those 
obtained for the constituent components in both of the PMMA/PSAN and PMMA/PVDF blend systems. 
The experimental results are interpreted by using a molecular viscoelasticity theory recently developed by 
Han and Kim. 
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I N T R O D U C T I O N  the experimental results using the molecular theory of 
Han and Kim 2°'zl. Earlier, Wu 9'1° had reported experi- 

Over the past two decades a number of polymer pairs mental results of only the oscillatory shear flow properties 
have been found to be miscible. As there are far too many of PMMA/PSAN and P M M A / P V D F  blend systems. It 
to cite here, interested readers are therefore referred should be mentioned here that various other research 
to the relevant literature 1'2. During the past decade groups have also investigated the miscibility of PMMA/  
measurements of the rheological properties of these P S A N  22-27 and P M M A / P V D F  blends 28-34. 
miscible polymer blends have been reported 3 19. Recently, 
Han and Kim 2°'2~ developed a molecular viscoelasticity 
theory, which enables one to predict the linear viscoelastic EXPERIMENTAL 
properties of miscible polymer blends, and showed that 

Materials 
plots of the logarithm of zero-shear viscosity versus blend 
composi t ion under i so thermalcondi t ionsexhib i tnegat ive  The materials used in this study were commercial 
deviations from linearity for binary blends having large, grades of PMMA, PSAN and PVDF. Table 1 gives a 
negative values of the interaction parameter Z, and summary of the molecular weights of the polymers that 
positive deviations from linearity for blends having were employed. The molecular weight and molecular 
extremely small, positive values of )~. weight distribution of PMMA were determined via gel 

In this paper we shall report on our recent experimental permeation chromatography (g.p.c.) using tetrahydro- 
study of both the steady and oscillatory shear flow furan as the solvent, and with a monodisperse PMMA, 
properties of miscible blends of poly(methyl methacrylate) obtained from the American Standards Company, being 
(PMMA) with both poly(styrene-co-acrylonitrile) (PSAN) used as a standard. The amount  of acrylonitrile (AN) in 
and poly(vinylidene fluoride) (PVDF), and then interpret PSAN, which was determined by elemental analysis, was 

found to be 25.3 wt%. The molecular weight of PSAN 
*To whom correspondence should be addressed. Present address: was  also determined by g.p.c., using various mono- 
Department of Polymer Engineering and Institute of Polymer Engineer- disperse polystyrenes as standards. Information c o n -  
ing, The University of Akron, Akron, OH 44325, USA cerning the molecular weight of PVDF was supplied by 
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Table 1 Molecular characteristics of the polymers investigated PVDF blends decreases monotonically with increasing 
amounts of the less-elastic component, PMMA. 

Mw Mn 
Polymer/copolymerAbbreviation (×10 -s) (×10 -4) Source Recently, Han 37 reported that for binary blends 

consisting of nearly monodisperse homopolymers with 
Poly(methyl PMMA 1.05 4.82 R o h m  identical chemical structures, the logGy, versus log G~ 

methacrylate) and Haas plots at certain blend compositions lie above those 
Poly(vinylidene PVDF 1.46 6 . 3 0  Pennwalt 

fluoride) obtained for the constituent components. However, as 
Poly(styrene-co- PSAN" 1.50 7.20 Dow the polydispersity of the constituent components in- 

acrylonitrile) Chemical creases, thus leading to a considerable overlapping of 

"Copolymer contains 25.3 wt% acrylonitrile 

iO 5 10 5 

the manufacturer. Each grade of PMMA was melt- 
blended, using a twin-screw compounding machine, with 
PSAN and PVDF yielding the (a) P M M A / P V D F  and ,d ,o' 
(b) PMMA/PSAN blend systems, respectively. For  each ~ - 
blend system, four blend compositions, namely 20/80, .~ "o 
40/60, 60/40, and 80/20 (by weight) were prepared. ~ ~- 

IO 5 10 3 

Rheological measurements 

A cone-and-plate rheometer (Weissenberg Rheogonio- 
meter, Model R16) was used to measure (1) the steady 
shear flow properties, namely, the shear viscosity (r/), the ,,,I , ~,,H,I ~ ,,~,,,,I ~ , , , ,~, ,I  J ~J~,, ,e 2 
shear stress (a), and the first normal stress difference (N1), .o -2 ,~' ,o ° ~o' 4 
as functions of the shear rate (i), and (2) the oscillatory ~ o, ~ ~-', 
shearing flow properties, namely the dynamic storage Figure 1 Plots oflogr/ and logNl versus log ~ (open symbols), and 
modulus (G') and the dynamic loss modulus (G") as plots of log r/' and logG' versus logo (filled symbols), for PMMA at 
functions of the angular frequency (e)). Rheological different temperatures: (Q,O) 200; (A,A) 210; and ([],m) 230°C 

measurements were made at various temperatures, in 
order to investigate the temperature dependence of the 
rheological properties. So as to ensure that the measured 4 - 
viscoelastic properties would be in the linear region, a ~ : _ ~  A ^ ^ ^ ^ . 
strain sweep was first made. Based on this measurement, 
a strain of ~ 0.005 was used for all of the measurements 
of G' and G". ~ ,d 

RESULTS 

Figure 1 gives plots of log r/and log N 1 versus log i, plus ~o~_ 
plots o f  log tl' and log G' versus log oo, at three different ~JJ~ , l  J , J , , J ~ , r  ~ , , , , , , , I  ~ ,,,,~,,1 r ~ j j ~ j l p  

temperatures for PMMA. It can be seen from the figure ,o -~ ,~' 4 ,0' ,d 
that at low values of i and e), r/' is very close to r/, while ~ o, ~ ~-'~ 
the values of G' are about one half of the value of N~. Figure2 Plots oflogrlb versus log)  (open symbols), and plots oflogrl'b 
Figure 2 gives plots of log tlb versus log i, and log q'b versus versus log o (filled symbols), for the PMMA/PSAN blend system at 
log co, for the PMMA/PSAN blend system at 200°C, while 200°c: (A, A) PMMA; (Q, O) PSAN; (G, O) 80/20 PMMA/PSAN 

blend; (~,  0 )  60/40 PMMA/PSAN blend; (~7, Y) 40/60 PMMA/PSAN 
similar plots for the P M M A / P V D F  blend system at blend; and (IS], i )  20/80 PMMA/PSAN blend 
200°C are given in Figure 3. It can be seen in Figures 2 
and 3 that values of t/b and r/~, for the blend system lie 
between those of the constituent components. However, 
when we plot log qb versus the blend composition using '°~- 
the data given in Figure 3, we obtain plots for the ~ - ~ - - - ' - "%t~  
PMMA/PSAN blend system having positive deviations 
from the linear relationship and plots for the PMMA/  
PVDF blend system having negative deviations from the ~ ,o" 
linear relationship. These observations will be discussed 
in greater detail below. 

Figure 4 gives plots of log G'b versus log Gi~ for the 
P M M A / P V D F  blend system at 210°C. For  the sake of ,o ~ 
clarity, we chose not to include in Figure 4 data points q~J,I i i i i[llll i i iiilllJ i i /llllll i i  t l l l J r  

which were obtained at other temperatures. It should be ,0 -2 ,0-' ,o ° ,o' ,# 
noted that such plots are virtually independent of ~°r~'-'~ 
temperature35-39. It can be seen in Figure 4 that plots of Figure 3 Plots of log qb versus log ~ (open symbols), and plots of log q~, 
log G'b versus log G~ for all of the blend compositions lie versus logo (filled symbols), for the PMMA/PVDF blend system at 
between those of the constituent components, PMMA 200°c: (A,A) PMMA; (Q), 0 )  PVDF; (G, O) 80/20 PMMA/PVDF 

blend; (O, 40 60/40 PMMA/PVDF blend; (V,V) 40/60 PMMA/ 
and PVDF, and that the melt elasticity of the PMMA/  PVDF blend; and (El, i )  20/80 PMMA/PVDF blend 
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io 5 - this figure that some of the plots obtained for certain 
- ~ blend compositions are not distinguishable from those 
F- of the pure PSAN component, and that the general spread 
- of the plots for PSAN and PMMA is much smaller than 
- O that obtained for PVDF and PMMA (see Figure 4). 
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Figure 4 Plots of log G'b v e r s u s  log G~ for the PMMA/PVDF blend 
system at 210°C: (A) PMMA; (Q) PVDF; (@) 80/20 PMMA/PVDF I0 I 1 I I I [ I [ I [ I I I l ] 
blend; (<)) 60/40 PMMA/PVDF blend; (~7) 40/60 PMMA/PVDF 4xlO z i03 iO 4 
blend; and (E]) 20/80 PMMA/PVDF blend 

G b (Pc]) 

F i g u r e  5 Plots of log Nlb v e r s u s  log~r b for the PMMA/PVDF blend 
molecular weight values between the two, the dependence system at 210~'C: (A) PMMA; (C)) PVDF; (@) 80/20 PMMA/PVDF 

, blend; (~)) 60/40 PMMA/PVDF blend; (~7) 40/60 PMMA/PVDF of the log G b versus log G~ plot on the blend composition blend; and ([]) 20/80 PMMA/PVDF blend 
is suppressed. This observation is relevant to the 
interpretation of the results given in Figure 4, because 
when dealing with binary blends consisting of com- io s _  
ponents having dissimilar chemical structures, one usually _- ~,~ 
finds two distinct curves in the log G'o versus log G~ plot, Z 
i.e. one for each constituent component. The extent of the _ ~, 
spread of the two curves in the log G'b versus log G;; plots _ z~ 
for a given polymer pair would depend on, among other _ z~ 
factors, the extent of miscibility, polydispersities and 
plateau moduli of the constituent components. Therefore, 
the plots of logGy, versus log G~ for binary blends Io4- --_ AV 
consisting of components having dissimilar chemical - (~ 
structures lie between those of the constituent com- ~ - 
ponents. However, it is possible that for certain polymer ~ - ~ dx~ 
pairs consisting of monodisperse components with .~  - ,,~O ~" 
dissimilar chemical structures, the plots of log G'b versus " 6  

log G~ at certain blend compositions may lie above those v % 
of the constituent components. 

Let us now examine the dependence of the melt I ° s -  --- 
elasticity on the blend composition for binary blends of - o 
PMMA and PVDF under steady shear flow conditions. - 
For this, plots of 1ogNlb versus logab are given in _ ~ O 0  
Figure 5 for the P M M A / P V D F  blend system. Previous 
studies 38 +a show that plots of logN~ versus log~ for 
homopolymers are virtually independent of temperature. 
We conclude from Figure 5 that the melt elasticity of io I l l l ~  I I I I III1[ I I I I ~ t l  
PM MA/P VDF  blends decreases monotonically with in- Io 3"+ Io 4 ~o 5 
creasing amounts of the less-elastic component, PMMA. G" b (po) 
This conclusion is consistent with that made above using 
the plots of log G'b versus log G; (see Figure 4). Figure 6 Plots of log G'b v e r s u s  log G{; for the PMMA/PSAN blend 

system at 210°C: (A) PMMA; (G) PSAN; (@) 80/20 PMMA/PSAN 
Figure 6 gives plots of logGy, versus logG~ for the blend;(~)60/40PMMA/PSANblend;(~Z)40/60PMMA/PSANblend; 

PMMA/PSAN blend system at 210°C. It can be seen in and (El) 20/80 PMMA/PSAN blend 
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THEORY G~,(~o)= 4 G ° ~ 
In dealing with the viscoelastic properties of two ~5 N.--wll i = l j = l t .  D'/ 

polydisperse polymers, which are relevant to the PMMA/ [ ~ HII'P 1 ~ (dot u s) z 7 ~_~ 
PVDF and PMMA/PSAN blend systems used in our x . . . . . .  2- + G~v2 
experimental study, Han and Rim 2' assumed that the Lp~l p2 Zl/s = 1  l+(09rli,s) J 
relaxation modulus Gb(t ) of the blend is given by [-oo 

Gb(t)=~,~ [ ~  G°n,--WliFli(t)Ru(t) v x~ p2 Z2S,=, l+(~oz2/,,)2jJ 
i =  1 t j =  I L  m a~(f.o)~-~ a~rl~)lwi, 

i = 1 j = 1  [. m q-G°N2~)2w2jF2'~t)R2"t)I}n ( 1 )  

[ ~= nli,p 1 ~ (OTli,s -]_t_Go ~)2 
- -  2 / N2 - -  × 1 p2 Zlis=l l - [ - ( t O ' C l i , s  ) J n where the upper limit n (or m) in the summation notation p 

denotes thenumberoffractions, chosen for computational L ~  HEj,v 1 ~ o)%j,, ]'~ (12) 
purposes, in the constituent component 1 (or 2), with x w2j p2 
each having the molecular weight Mli (or M2j ) and = 1  Z2j,=I l+(e)%s,s)2jj 
weight fraction Wa~ (or w2j), and ¢1 and ¢2 are the volume where 
fractions of the constituent components. It should be 
noted that Fkt and Rkl in equation (1) are given by the 1 p2 2s,k i - + (k  = 1 ,2)  ( 1 3 )  
following2 x: Tki,s Tki,p 27~ w 

4 ~ ~exp(_pEt/Zkt,p ) (2) In order to minimize the computational time required 
Fkl(t)=~i for calculating the values of Zw, which is defined 

p = l  
by equation (37) in ref. 21, we use the following 

zk, approximation: Ru(t) = 1 ~ exp(-  2, ut/2%) (3) 
Zkl s= 1 / vw(Z = 0;poly) 

"x 

(k= l, l= 1,2 ..... n) Zw(Z;p°ly)=Zw(Z;m°n°)[ ] (14) \Zw(X=O;mono)] 
(k = 2, l = 1, 2 .... , m) where 'poly' and 'mono' denote polydisperse and mono- 

disperse components, respectively. 
where Zkt,p , Hkl,p , and 2s.k~ (with k = 1, 2 in all three cases) It should be noted that Zw(Z = 0; poly) in equation (14) 
are defined by: for z=3 can be obtained from equation (41) of ref. 21: 

Zki,. = L~,k, l + \ ( -- Z)¢*,Zk,pn / 2 J 2 (4) Zw(Z = 0; poly) = \~Sj  1 : 1  j : 1  k : l  ' u = 1 ,  = 1  

{1 + [(-- Z)¢*,Zkt/pn]2} 2 WiiWs"Wk" ~ p2 q2 r 2 Hkl,p 

. & &,=lo~, 
and 

2, kt = 4 sin2[ns/2(Zkt + 1)] (6) + . + (15) 

0*t is given by where 

~)~l=~)2W2j/r~)aWai-t - (~2W2j] (7) N ' = { :  for i=1. N " = { :  for j = l .  
P2 / k  Pa P2 d for i=2'  for j = 2 '  

¢~l= 1 - ¢ *  l (8) N,,,=~n for k= 1 
(16) 

tm for k=2  where pi is the density of component i. rw in equation (3) 
is given byg2: and Zak,~ in equation (15) is given by 

Zw = (Pl WliFli(t)+¢2 wziFzj(t ) dt (9) Zak,i(Mk,i)=Zdk(Mw,k)[ "~k'il (17) 
i= 1 j = I \ mw.k) 

Z is a constraint release parameter which governs the where 
strength of the constraint release contribution. It should • {12'X t/o k 
be noted that for z=3, Zw is given by equation (37) of r ~ k ( M w , k ) = | 5 / ~  (18) 
ref. 21. kn ,/ON, k 

Using the expression for Gb(t ) given by equation (1), (k=l ;  i=1,2 . . . . .  n) 
we can calculate the values of t/ob, G~,(CO), a~d G~(co) from 

m t  ~ ° H l i p l Z "  ] (k=2; i=1,2 .... ,m) 
4 ~  Ca [ Z  " ZTli ,s  r/oh= ~5 ~ G~,, wa~ in which Mw k and t/ok are the weight-average molecular 

i = ~ = l t  m Lp=l p~ zl~ s=a weight and zero-shear viscosity, respectively, of com- 

° ~ 9 2 [  ~--H2J'~plz2/ 1} ponentk. Equation (17) implies that we used an rather than the tube 
q-GN2~W2j p2 Z Z2j,s (10) relationship, i . e .  tl~Za~ M3. 

1 Z2~ ,= 1 model 43 which predicts q 
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In addition, ZwC(=0; mono) in equation (14) for z = 3  predicted the values of ~ob, G~,(eo), and G~(m) for the 
can easily be obtained from equation (15) by setting P MMA /P V D F  and PMMA/PSAN blends, where each 
N' = N" = N" = 1 and w, = wj, = Wk~ = 1. Finally, Zw( X = 0; consisted of polydisperse constituent components. Figure 
mono) in equation (14) for z = 3 can be obtained from 7 gives plots of log G~(~o)versus log~o, and Figure 8 gives 
equation (12) of ref. 21: 

//4"~3[ 2 ~ ,  

± ± . l × \  p2 1 \  q2 / / \  r E / /  i0 s 

( 2  2 rZQR,~)~ 
P Qi,p -t- q Qj'q + - -  (19) - o 

\ "~di "~dj Td k / I )  
i o  4 _ 

COMPARISON OF THEORY WITH EXPERIMENT -~ _ 

Lo s _ In order to offer a theoretical interpretation of the .~ 
experimental results presented above, we calculated, o 
using equations (10)-(12), values of qob, G~, and G£ by 
dividing each component into seven fractions (i.e. 
n = m = 7), for which the log-normal distribution function I°z 
was assumed to represent the molecular weight distri- 
bution of the pure components. It should be borne in 
mind that the PMMA, PVDF and PSAN materials 
employed in this study are polydisperse (see Table 1). We t°m 
were well aware of the fact that the larger the number 
of fractions for each component, the more accurate the 
predicted values. However, we found that the compu- mo a 
tational time increased very rapidly with increase in the Io -z io -m mo ° mo m mo 2 s× Io 2 
number of fractions for each component and thus we had w /red/s) 
to balance the accuracy of prediction against the 
computational time that was required. Figure 7 Comparison of predicted (continuous curves) with experi- 

mentally determined log G'b versus log co plots for the PMMA/PVDF 
In the computations, we used the following numerical blend system at 210°C: (Q) PMMA; (Q) PVDF; (•) 80/20 PMMA/ 

values for the plateau modulus G~v: 6.0 x 105 Pa for PVDF blend; ([]) 60/40 PMMA/PVDF blend; (~7) 40/'60 PMMA/ 
PMMA, 4.0 x 105 PA for PVDF, and 2.28 x 105 Pa for PVDF blend; and (~) 20/80 PMMA/PVDF blend. ;(= -0.3 and z= 3 
PSAN 44. We also used (i) z = 3 for both PMMA/PSAN were used in the calculations of the predicted curves 

and P M M A / P V D F  blend systems, (ii) Z = - 0 . 3  for 
P M M A / P V D F  blends 29'33, and (iii) Z = -0.01 for 1°6EI 
PMMA/PSAN blends 45. It should be noted that z may 
be regarded as an adjustable parameter 42. However, in 
this present study we chose not to vary the value of z. It 
has been reported in the literature 46'47 that the value of ~°5 

va s om to 0 pndngonthebends tem hat i 
is being studied. 

We found that the predicted values of qo for the io 4 
polydisperse and pure components, when using equations 
(10) and (14)-(19), did not agree with the experimental v 
results. Therefore, in order to match the predicted values ..~ 
of qob with the measured ones we employed the following ,oSl=_ / / / / / ~  v 
procedures. First, the values of ~ob were calculated using 
equation (10) with the aid of equation (17) and secondly, 
the calculated values of %b were compared with the 
experimental results. Where there was discrepancy be- moZ~-Sf / 
tween the two, an iterative procedure was employed to 
improve the values of rdk(Mw.k) using 

(J+ 1) ,~ A, ] = z~(Mw'k)~,u, / (20) t°I ,o-' ,oO ,o' ,o2 
\ ' l o k , c /  

where -tJ) is the calculated value of the zero-shear w /~od/s) 'lok,c 
viscosity at the jth iteration. In the final stage the first Figure 8 Comparison of predicted (continuous curves) with experi- 
two steps were repeated until convergence was obtained mentally determined log G'~ versus logto plots for the PMMA/PVDF 
wi th  the  tolerance, I~ok,c-- t lokl / l lok~ 10 -7.  blend system at 210°C: (Q) PMMA; (G) PVDF; (z~) 80/20 PMMA/ 

PVDF blend; (IS]) 60/40 PMMA/PVDF blend; (~7) 40/60 PMMA/ 
Using the  va lues  o f  75dk(Mw,k) (k = 1, 2) that were  PVDF blend; and (~) 20/80 PMMA/PVDF blend. Z= -0.3 and z=3 

calculated with the procedures described above, we were used in the calculations of the predicted curves 
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io6[._ from Figures 7-10 that the predictions are in good 

P 
agreement with the experimental results at small values 
of co (i.e. in the terminal region), but they deviate 

)o 5 appreciably from the experimental results at large values 
of o. 

- Recently, in investigating the effect of polydispersity 
- on the linear viscoelastic properties of entangled homo- 
- polymers, Wasserman and Graessley 48 used a quadratic 

1°4 __---- blending law 49 for the stress relaxation modulus Gb(t): 

~ _ Gb(0 = G~r wi[Fi(t)] 1/2 (21) 
O_ -~ ,°3___ , 

- where 

8 ~ 1 2 
IO 2 f i(t )-- ~-~ p ~ exp(-- p t/Zdi) (22) 

odd 

o in which "Cdi is the tube disengagement time for fraction 
i. In doing so, Wasserman and Graessley modified Fi(t) 

Io t using the approach of des Cloizeaux 5°, which neglects 
the contribution of constraint release, and calculated the 
values of G'(og) and G"(og), which agreed reasonably well 

I° o ~ with the experimental results, for a polydisperse homo- 
io -2 io -~ Jo ° rd I° 2 3xl° a polymer. It should be mentioned that due to the 

non-linear nature of equation (21), a numerical method 
(rod/s) must be used to calculate the values of qo, G'(o9) and 

Figure 9 Comparison of predicted (continuous curves)with experi- G"(fo), while in the present study we used analytical 
mentally determined log G'b versus logto plots for the PMMA/PSAN expressions, i.e. equations (10)-(12). 
blend system at 210°C: (O) PMMA; (®) PSAN; (/:x) 80/20 PMMA/ 
PSAN blend; (rq) 60/40 PMMA/PSAN blend; (~7) 40/60 PMMA/ Figure 11 gives a comparison of prediction with 
PSAN blend; and (<)) 20/80 PMMA/PSAN blend. Z = -0.01 and z = 3 
were used in the calculations of the predicted curves 

z ,  los I 
,o~ _I= A ~ / /  ,o') - • 

, o / 7  '°~ =_7 ,# _ 

- -- . ~  /7 
,o"  - /7 

I ' ]  A 

: ,o  ~ _ / ."  
.~ "~ = / /  

10 5 -~ : / /  
- /.7 

,d = /'7/~2 

'°2i - ovo P ~ / / I - - / /  ,o, , , , , , , i  ~ ~,,,,~1 , ,,,,1111 , I,,,,,,I ~ ,o, % / /  
~o -z ,o-' ,o ° ,o' ,o z sx ,o 2 7,~.... 

PMMA 
CO (rod/s) / /  

Figure 10 Comparison of predicted (continuous curves) with experi- 
mentally determined log Gg versus log m plots for the PMMA/PSAN 
blend system at 210°C: (O) PMMA; ((9) PVDF; (A) 80/20 PMMA/ I0 0 
PVDF blend; (E3) 60/40 PMMA/PVDF blend; (~7) 40/60 PMMA/ I02 IO 5 104 IO 5 3 × IO 5 
PVDF blend; and (4)) 20/80 PMMA/PVDF blend. Z = -0.01 and z = 3 G" ( Po ) 
were used in the calculations of the predicted curves 

Figure 11 Comparison of predicted with experimentally determined 
log G'b versus log G~ plots for PMMA and PVDF: (A) data for 

plots of log G~(og) versus log 09, for  the  P M M A / P V D F  PMMA at 200°C; (A) data for PMMA at 210°C; (O) data for PVDF 
at 200°C; and (O) data for PVDF at 210°C. Continuous curves represent 

blends at 210°C, in which the continuous curves represent the predicted values for the polydisperse components, while the broken 
the predictions. Similar plots are given in Figures 9 and curves represent the predicted values for the monodisperse components; 
10 for the PMMA/PSAN blends at 210°C. It can be seen z= -0.3andz=3wereusedinthecalculationsofthepredictedcurves 
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L 1, ~ PMMA/PVDF blends, at temperatures of 200 and 2 0 C. 
Io 5 ~ A b x  It can be seen in Figure 13 that agreement between 

I--- ~ prediction and experiment is very good for the PMMA/ 
- PSAN blends, in which the value of Z= -0.01 was used 
- . . in the prediction. We find, however, (see Figure 14) that 

• / the extent of agreement between theory and experiment 
i°4 E-- z i g / ~ ,  for PMMA/PVDF blends depends on the value of 7~, i.e. 

- . the use of y = - 0 . 5  gives a better agreement with / /  
/ •  experiment than the use of ~ = - 0 . 3 .  It should be 

~ .//~. mentioned that in obtaining the predictions given in 
Figure 14 we used a single value of X for all blend 

I°3---_ ' compositions. There is, however, experimental evidence 
-~ ,. to suggest that the value of ;( for the PMMA/PVDF 

"~ - , blend system may vary with blend composition 33. 
- ,', For blends, such as the PMMA/PVDF blend system, 

- ~ exhibiting a lower critical solution temperature (LCST) 
10' __---PSAN PSAN / /  / (  behaviour, the value of - Z  will increase with decreasing 

- " ~ " / ~ 2  temperature. In view of the fact that theoretical predic- 
/ /  •/z tions of r/o b are very sensitive to y~, the discrepancies in 

qob between the predictions and the experimental results, 
k"'PMMA observed in Figure 14, may be attributable, at least in 

I 0  [ - /~. PMMA part, to the use of constant values of Z in the predictions. 

F • _ / •  We conclude, therefore, that there is an urgent need for 

f 
- an accurate determination of X for miscible polymer 

blends, especially for those blends that have strong 
qo ° h I I l lbl[ [ L I L L I Ill [ 11 II1[ I interactions between the constituent components. 

Lo 2 Lo 3 jo 4 Lo 5 3xlo 5 As discussed elsewhere 2~, the Han Kim theory gives 
G ° (Po) only a poor prediction of the composition dependence 

Figure 12 Comparison of predicted with experimentally determined of zero-shear viscosity for the PMMA/PVDF blend 
log G'b versus  log G~ plots for PMMA and PSAN: (~)  data for system, even if we include a polydispersity effect. For the 
PMMA at 200°C; (&) data for PMMA at 210°C; (Q) data for PSAN PMMA/PVDF blends, we found that the re  are  large 
at200°C;and(O)dataforPSANat210°C. Continuous curves represent differences in the temperature dependence of viscosity 
the predicted values for the polydisperse components, while the broken between PMMA and PVDF (see Figure 15). It should be 
curves represent the predicted values for the monodisperse components; 
7. = -0.01 and z = 3 were used in the calculations of the predicted curves noted that for the PMMA/PSAN blends, there is little 

experiment for plots of log G' versus log G" for PMMA I° ~ 
and PVDF. Similar plots are given in Figure 12 for 
PMMA and PSAN. For clarity, neither the experimental 
data nor the predictions for the blends are given in Figures 
11 and 12 because we have found that they lie between 
the values of the constituent components• According to 
Han and coworkers 6'7'1v'18, the effect of blend composi- 
tion on the melt elasticity in polymer blends can best be 
examined by using plots of logG'b versus logGy. The 
following observations are worth noting concerning the 
theoretical predictions given in Figures 11 and 12. 

g 
(1) Plots of logG' versus logG" for the polydisperse ~ io4~_ 

PVDF lie slightly above those for the polydisperse 
PMMA, whereas plots of log G' versus log G" for the 
monodisperse PVDF lie significantly above those of 
the monodisperse PMMA. In other words, the 
polydispersity of PMMA and PVDF smears out 
the difference existing in the melt elasticity between 
the two components. We can now understand why the 
experimentally determined plots of logGy, versus 
log G~ for various blend compositions in the PMMA/ 
PVDF blend system (see Figure 4) and in the 
PMMA/PSAN blend system (see Figure 6) lie very 
close to each other• IJ 1 [ I t I I J l 1 

0.0 0.2 0.4 0.6 0.8 1.0 
(2) Plots of logG' versus logG" for the polydisperse PSAN (w'~ f r a c t i o n )  

components lie above those of the monodisperse 
Figure 13 Comparison of predicted (continuous curves) with experi- 

components, as shown p r e v i o u s l y  21. mentally determined log qob versus  blend composition plots for the 

A comparison of the predictions of the composition- PMMA/PSAN blend system: (O) data at 200°C and (A) data at 210°C. 
Curve 1 represents the predicted values at 200°C while curve 2 represents 

dependent qob with the experimental results is given in the predicted values at 210°C; ;(=-0.01 and z=3 were used in the 
Figure 13 for PMMA/PSAN blends, and in Figure 14 for calculations of the predicted curves 
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I 1.8 

1.4 _ - ~ ~  

1 . 0 -  

~ 0 . 6 - -  
~ , • 
,= io 4 __-- ~ " ~  
~o _ o 

0 . 2 - -  

- - 

- - 0 . 2  - -  

-0.6 -- 

Io 3 I I 1 I I I I I - i . o  - 
0 . 2  0.4 0.6 0.8 1.0 

PVDF (wt fraction 
Figure 14 Comparison of predicted with experimentally determined - i . 4  I I I I I I I I I 
log qob v e r s u s  blend composition plots for the PMMA/PVDF blend 140 160 180 200 220 240 
system: ((3) data at 200°C and (A) data at 210°C. Continuous curve 
1 represents the predicted values at 200°C, with Z=-0.3 and z=3;  Temperature (°C) 
broken curve 2 represents the predicted values at 200°C, with Z= -0 .5  Figure 15 Plots of loga T v e r s u s  temperature for the PMMA/PVDF 
and z = 3; continuous curve 3 represents the predicted values at 210°C, blend system using a reference temperature of 190°C: (A) PMMA; ((3) 
with Z= -0 .3  and z =3; broken curve 4 represents the predicted values PVDF; (Q) 80/20 PMMA/PVDF blend; (~)  60/40 PMMA/PVDF 
at 210°C, with Z = -- 0.5 and z = 3 blend; ('~) 40/60 PMMA/PVDF; and ([53) 20/80 PMMA/PVDF blend 

1.8 
difference in the values of the shift factor a r  between 
P M M A  and PSAN (as shown in Figure 16). 

Z~ 
It has been suggested 3'14'.6 that the effect of blend 1 .4 -  

composition on the viscosity of miscible polymer blends, 
which consist of two amorphous polymers, should be 
investigated under iso-free-volume conditions, or at 
temperatures which are at an equal distance from the T_s I.o - 
of the respective blend compositions. Specifically, Aoki f6 
reported that for miscible blends of poly[styrene-co-(N- 
phenylmaleimide)] (PSPM) and PSAN, plots of log qo b 0.~ - 
versus blend composition exhibited negative deviations 
from linearity under isothermal conditions, but positive ~_ 
deviations from linearity under iso-free-volume condi- o o.~ - 
tions. Aoki 16 demonstrated for the PSPM/PSAN blend ff 
system that plots of log aT versus temperature became 
independent of blend composition when the T~ of each - o . z -  
blend composition was used as the reference temperature, 
whereas plots of log a r versus temperature varied with 
blend composition when 200°C was used as the reference A 
temperature for all blend compositions. The concept of - o . 6 -  
the iso-free volume is very useful for blend systems where 
the constituent components are amorphous  and particu- 
larly when the temperature dependence of log a r on blend -t.o - 
composition is very small, which is the case for the 
P M M A / P S A N  blends. However, when one of the 
constituent components in a miscible blend is crystalline, -I. 4 I I I I I I I I I 
as is the case for P M M A / P V D F  blends, the use of the 14o 16o lao 2oo 220 240 
iso-free volume conditions is not straightforward. In such Temperoture (*C) 
a situation, we believe that the melting point of a Figure 16 Plots of logaT v e r s u s  temperature for the PMMA/PSAN 
crystalline component  plays a more important  role than blend system using a reference temperature of 190°C: (~)  PMMA; ((3) 
the glass transition temperature in determining the PSAN; (Q) 80/20 PMMA/PSAN blend; (<~) 60/40 PMMA/PSAN 

blend; (~7) 40/60 PMMA/PSAN blend; and (D) 20/80 PMMA/PSAN 
viscoelastic properties of miscible polymer blends in the blend 

1510 POLYMER Volume 35 Number7  1994 



Rheology of PMMA/PSAN and PMMA/PVDF blends. H.-H. Yang et al 

m o l t e n  state.  F o r  a b l end  whe re  the  d e p e n d e n c e  of  l og  6 Chuang, H.K. andHan, C.D.J. Appl. Polym. Sei. 1984,29,2205 
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