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Abstract

Morphology of reactively compatibilzed polymer blends was discussed in terms of particle asphéjiegtiz¢ &) map. Reactive melt
blending of polysulfone (PSU) with polyamide 6 (PA) was carried out at 20/80 (PSU—PA) wt ratio by adding a few wt% of reactive PSUs;
maleic anhydride-grafted PSU (PSU-MAH) or phthalic anhydride-terminated PSU (PSU—-PhAH). Morphology development was investi-
gated by light scattering, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM picture was analyzed by a
new digital image analysis (DIA), based on the effective ellipse method. The new DIA allows us to analyze the particle size, the shape
(asphericity) and their distributions, which are reminiscent of size reduction process and shape relaxation during melt blending. In in situ
graft copolymer-forming (PSU-MAH) systems, tfiea map shifted rather vertically to higher asphericity and smaller particle sides as the
loading amount of reactive PSU increased, suggesting an emulsifying effect of the in situ-formed graft copolymer. By contrast, in in situ
block copolymer-forming (PSU—PhAH) systems, fhiiea map shifted rather horizontally to the smaller particle-side with an increase in the
loading amount of reactive PSU. The difference in {h@ map between the in situ graft copolymer- and block copolymer-forming systems
was interpreted by the “pull-out or not” of the in situ-formed copolymers from the interfacial region by shear forces during mixing. The pull-
out of in situ-formed block copolymer was confirmed by TEM: tiny domains (20—40 nm in diameter) coexisted with the bigger particles
(rnm) with low ¢ (probably, “naked particles™not or less covered with the copolym@&s)000 Elsevier Science Ltd. All rights reserved.
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1. Introduction control, and thus more frequently used for industrial
applications [6].

Vast majorities of polymer pairs are thermodynamically = The presence of copolymers (either added or created in
immiscible and, when blended, usually display poor proper- situ by coupling reaction) at the interfaces is believed to
ties, owing to their unstable morphology and poor adhesion play dual roles in promoting mixing [7—10]. One is to
between the phases. Such problems have been alleviated byeduce the interfacial tension and so promotes droplet
the introduction of a proper interfacial modifier. The process breakup. The other is to provide the steric hindrance
is often called compatibilization. A traditional com- between dispersed particles and thus suppresses droplet
patibilization strategy is the addition of a pre-made block coalescence. In other words, the copolymer is believed to
copolymer composed of the blocks, which are identical with play the role of an emulsifier.
or miscible with the component polymers [1,2]. Another = The decrease in the interfacial tension by the presence of
strategy is the reactive processing or the reactive blending,copolymer has been observed experimentally in several
in which the block or graft copolymer can be in situ-formed studies [11-13]. In general, it was found that by adding a
at the interface between phases by the coupling reaction ofsmall amount of the block copolymer the interfacial tension
functionalized components [3-5]. The latter approach is is dramatically reduced, while at the higher concentration it is
generally more effective and less expensive for morphology not reduced further. Lately, several experimental and theore-

tical works [14—17], however, have suggested that the main
mpon ding author. Tel.++ 81-3-5734-2439; fax: + 81-3-5734- contribution of the copolymers to finer parti'cles and stable
2876. morphology, may be a suppression of particle coalescence
E-mail addresstinoue@o.cc.titech.ac.jp (T. Inoue). under flow fields rather than a reduction of interfacial tension.
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Table 1 2. Experimental section
Characteristics of polymers used
Nomenclature ~ M,? M2 7P Functionality 2.1. Materials
PA 13,000 25,000 3400 1.00 The PSU and PA used were commercial polymers of
PSU 14,500 41,000 85,000 0 BASF AG, Ultrason S2010 and Ultramid B3, respectively.
PSU-MAH 7600 19,300 2400 1.05 ; ; ;

X PSU i ndensation pr f bisphenol-A and 4,4-
pSU_PhAH 5,300 20,660 2300 0.88 SU is a condensation product of bisphenol-A and 4,

dichlorodiphenylsulfone. PA is polyamide 6. Two different
2 By GPC, g/mol. types of reactive PSUs, PSU-MAH and PSU-PhAH, were
® Complex melt viscosity at 26C corresponding to shear rate in mixer, prepared by following synthesis procedures given in the
poise. . literatures [22,23]. The detail of the synthesis method has
Reactive site per chain
' been reported elsewhere [18,24]. Characteristics of the
materials used are summarized in Table 1.

To be a good emulsifier and play either role, the copolymers 2-2. Melt mixing
are required to locate at the interfacial region. In other words,
the emulsifying effect of the copolymers should be determined
by the ability of copolymer chains to locate at the interface
between the two phases.

Recent studies [18—20] have shown that the behavior of

To remove absorbed moisture, PA pellets were dried
under vacuum (10 mmHg) at 80C over night before
blending. A mixture of non-reactive PSU and reactive
PSU was melt blended with PA at 20/80 (PSU/PA) wt
the copolymer in situ-formed during melt processing are ratio using a miniature one gram-scale mixer (Mini—Max

Molder, CS-183 MM, Custom Scientific Instruments Inc.)

more intricate and rather versatile. Their interfacial activ- [25] at 260C. Two different procedures for polymer blend-
ities may depend on several factors such as molecular;

. L ing were used. One was the one-step mixing, in which all
architecture of in situ-formed copolymer (graft or block), .

: ) - . o component polymers (PA, PSU and reactive PSU) were
coupling reaction kinetics, and processing conditions. In a

. : simply put together in the mixer. The other was two-step
previous work [18], we have demonstrated experimentally a mixing. In this case, PSU and reactive PSU were dissolved
difference in interfacial behavior between in situ-formed 9. ’

i . . firstly and then blended in methylene choride. Then, the
block and graft copolymers under shear fields in reactive
. . . . solvent was evaporated at room temperature and 4t 40
melt blending of polyamide 6 (PA) with reactive poly-

o under vacuum for two days. The dried sample was melt-
sulfone (PSU). The in situ-formed graft copolymers prefer : . )
to stay at the interface and seem to play the role of an pressed and cut to pellet size. This pre-mixed PSU pellet

7 . : : was then melt-blended with PA.
emulsifier to render finer dispersion (of sum) than the . o ;
. S During the mixing, a small amount of mixed melt (40 mg)
non-reactive system. By contrast, the in situ-formed block

; ; was picked up by pincette at appropriate intervals and was
copolymers are easily peeled or pulled out from the inter- uicklv quenched in cool-water to freeze the two-phase
face by external shear forces to form micelles in the PA q y a P

. : . . structure in the melt. Thus, we prepared a series of mixed-
matrix and eventually yields the 10 nm-level dispersion. and-auenched specimen with various mixing times. These
Note that in the study, 100% reactive PSUs were used. 4 P 9 ’

The difference in interfacial behavior between the in situ- oo ens Were analyzed by using LS and SEM.
fqrmed graft and block_cqpolymers may be expected even in 2.3. Morphology analysis
diluted systems containing small amounts of the reactive
component. In this study, we carried out a series of melt  The quenched specimen was placed between two cover
blending of reactive PSU, non-reactive PSU with PA at 20/ glasses and melt-pressed to a thin film (caub® thick) at
80 weight ratio containing a few wt% of reactive PSU. Two 26(°C on a hot stage set on light scattering apparatus. After
types of reactive PSUs were used; maleic anhydride- melt pressing, the time-resolved measurement of scattering
grafted polysulfone (PSU-MAH) and phthalic anhydride- profiles (angular dependence of scattered light intensity)
terminated polysulfone (PSU-PhAH). Thus, one can expectwith a time slice of 1/30 s started. The scattering apparatus
the in situ-formed graft and block copolymers, respectively. consisted of a highly sensitive CCD camera with %76
The morphology development was investigated by light 382 pixels, a He—Ne laser of 632.8-nm wavelength apd V
scattering (LS), scanning electron microscopy (SEM), (parallel polarization) optical alignment [26]. Since the two-
and transmission electron microscopy (TEM). To phase structure in the melt is at a non-equilibrium state, it
analyze SEM picture, we applied a new digital image may coarsen with time after the re-melt. A scattering profile
analysis (DIA) method [21]. This new method allowed just after the re-melt provides information on the two-phase
us to analyze the particle size, the shape (aspheridity  structure in the mixed-and-quenched blend.
and their distributions, which are reminiscent of the size  The morphology was observed with a scanning electron
reduction process and the shape relaxation during meltmicroscope (model JSM-T220, JEOL Ltd) at the acceler-
blending. ating voltage of 15 kV. The quenched specimen was stained
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Fig. 1. Representation of real particle images by effective ellipses.

with RuQ, at room temperature for 4 h to render better

contrast between PSU and PA phases. A stained specimen
was cryomicrotomed at 65°C to make a flat surface. After ]
the deposition of a carbon layer, SEM observation was I l

performed under backscattered electron mode. Note that 04 ' ' ' ' '
the mentioned technique for SEM observation provides a 0 2 4 6 : 10 12
nice contrast and reliable results on the two-phase morphol- (@ Mixing time, t,/ min

ogy with the domain size of a few to sybm [27,28].

Original SEM pictures were manually transformed to
black-and-white images. Then, the images were digitized I
using a scanner. These binarized SEM pictures were 16 | b) Two-step mixing
analyzed with the help of a custom-designed DIA computer L
program based on the method of effective ellipse (MEE)

[21]. The main idea of MEE consists of the substitution of

a real particle image by an effective ellipse. The effective

ellipse is characterized by its semi-axis lengthglonger) § 12
andb (shorter). The effective ellipse parameters are chosen E

so that it represents the shape of the real particle in the bestq‘"‘ B .
way (see Fig. 1). The details of the algorithms are given ;
elsewhere [21]. Then, the particle shape can be discussed 08 | .
in terms of the particle asphericity parametér: a/b — 1. L o SUMAH
Plotting the asphericity against the ellipse larger semi-axis PSU-PhAH
length, one can discuss the size reduction and shape relaxa-
tion processes during melt blending. Note that the special
procedure of the DIA program was worked out to distin-
guish partially overlapping particle projections.

For TEM observations, the quenched specimen was cryo- Mixing time, t, / min
microtomed at—45°C by ultramicrotome (Reichert Ultra- ‘ _ _ - -

. . . . . Fig. 2. Typical examples of time variation of PSU particle diam&gg
CUI_lesel)' The ultrathin section of (?a' 60 nm thickness was during melt mixing. Loading amount of reactive PSU in reactive system
mounted on a 200 mesh copper grid and exposed t0,RUO \as 1 wt%: (a) one-step mixing and (b) two-step mixing.
vapor for 20 min. The two-phase morphology was observed
by transmission electron microscope, JEM-100CX (JEOL), the increase in scattering angle. The mean diameter of the

T T T T T T T T T

non reactive

0.4 ! 1 n 1 L 1 L 1 " 1
0 4 8 12

at an accelerating voltage of 100 kV. dispersed PSU particlBg.; was obtained by the Debye—
) ] Bueche plot [29,30]. More details on data analysis have
2.4. Melt viscosity been given elsewhere [3,5]. Fig. 2a and b shows represen-

tative plots of the mean PSU particle size as a function of
mixing (reaction) time in one-step and two-step mixings,
respectively. The loaded amount of reactive PSU was
1 wt%. One sees that the reactive systems, PSU-MAH
and PSU-PhAH systems, yield finer particles via faster
size reduction processes than the non-reactive system. The
3. Results and discussion reactive systems may generate the PSU-PA graft and
PSU—-PA block copolymers as shown in Fig. 3. The copoly-
For all the quenched-and-remelted blend specimens, themers are expected to play the role of an emulsifier to reduce
intensity of scattered light monotonically decreased with the interfacial tension and to prevent particle coalescence.

The complex dynamic viscosity;” was measured at
260C by Rheometric Dynamic Spectrometer (Model
RDS-7700) at parallel-plate mode (plate radius 12.5 mm,
gap 1.0 mm) and 10% strain amplitude.
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(a) Graft copolymerization between PSU-MAH and PA
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Fig. 3. In situ-coupling reactions between reactive PSU with PA to form graft and block copolymers.

In Fig. 2, there is no essential difference in the size reduc- size, clearly demonstrating the emulsifying effect of the in
tion process between the one- and two-step mixings. situ-formed graft copolymer. However, the emulsifying effect
However, there is a certain difference between PSU- levels off at 2 wt%; i.e. there is no further decreas®ig,
MAH and PSU-PhAH systems: PSU-PhAH is more effec- with more PSU-MAH loading. By contrast, tH&,., of
tive for the rapid size reduction to yield smaller particles in situ-block copolymer forming system (PSU-PhAH)
than PSU-MAH, though the reactive site per chain of both continuously decreases with the increase in the amount
reactive PSUs is quite comparable (see Table 1). The differ-of PSU-PhAH. This may suggest a dissimilarity in size
ence was observed for all blends of various loading amounts
of reactive PSU (0.5, 1, and 3 wt%).

In Fig. 4, the particle size after 8 min mixing is plotted as
a function of the loaded amount of reactive PSU. The open
and close symbols represeBt.,; from the one- and two-
step mixings, respectively; showing again no significant
difference between the one- and two-step mixings. The
higher amount of PSU-MAH leads to the smaller particle

() 4

14

I T T T T T T

L\L: = non-reactive PSU

D8 min /”m

u PSU-PhAH _|

0 1 2 3 4 .

Content of reactive PSU / wt%

Fig. 5. TEM micrographs of PA/(PSW PSU—-PhAH) (= 80/20) blend
Fig. 4. Effect of the loading amount of reactive PSU on the mean PSU after mixing at 260C for 8 min. PSU-PhAH content: (a) 3 wt% and (b)
particle size; ©) one-step mixing, ®) two-step mixing. 4 wt%.
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Fig. 6. (a) Typical example of a binarized black-and-white SEM picture; two-step mixing of PA{PBEU-PhAH)= 80/(19+ 1) blend after mixing at
260C°C for 8 min. The scale bar is for 0m. (b) Particle asphericityssize plot obtained from (a) with the help of the DIA-MEE. The loop curve embraces the
distribution core of 68% data points.

reduction processes between the graft copolymer- and blockeasily pulled out by shear forces to form micelles in PA
copolymer-forming systems. matrix and eventually yielded 10 nm-level dispersion with
In the previous study using 100% reactive PSU, we have narrow particle size distribution. By contrast, the in situ-
found obvious differences in size reduction process and formed graft copolymers appeared to be hardly pulled out;
attainable particle size between the two reactive systems;they stayed at the interface to play the role of an emulsifier.
10 nm-level particles in PSU-PhAH (block copolymer- Such difference, pull-out or not, may be expected also in the
forming system) and supm in PSU-MAH (graft copoly- present systems (with much lower amount of reactive PSU).
mer-forming system) [18]. The block copolymers in Fig. 5a is a TEM micrograph of PA/(PSY PSU-
situ-formed by the coupling reaction at the interface were PhAH)= 80/(17+ 3) blend after mixing for 8 min. In this
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Fig. 7. Particle asphericity vs size correlation for the two-step mixing 80/20 PA/(P88U—-MAH) blends after 8 min mixing. Numbers indicate content of
PSU—-MAH.

block copolymer-forming system, one sees clearly tiny (I') and hindered by the viscosity of the particle and the
domains of PSU (20—40 nm in diameter). The tiny domain matrix (nq, mm). The relaxation timer for the drop shape is
may correspond to the micelles of in situ-formed PA—PSU given by

block copolymers. When the higher amount of PSU-PhAH D1

was loaded, the higher was the population of the tiny 7~ 1K T @

domains (Fig. 5b). Such tiny domains were never observed, nherek is the viscosity ratick = 1g/nm, f(K) a function ofk,
in the graft copolymer-forming (PSU-MAH) systems. 544D the particle diameter [31].
Thus, the pull-out of in situ-formed copolymer took place  |nterfacial effects dominate over bulk effects when the
also in the diluted block copolymer-forming systems, while paticle size is small enough, and vice versa. Then, once
it did not in the graft copolymer-forming systems. The ihe plend is quenched, the shape relaxation process is
presence of tiny domains should significantly affect the yiryally frozen, and all particles remain more or less asphe-
decrease in average particle size. The higher loading amountica| This leads to a correlation between particle size and
of PSU-PhAH leads to the higher population of tiny domains agphericity, both parameters having a rather wide distribu-
and then to the smaller average particle si2g4in Fig. 4). tion. To study the effect of compatibilizer type, content, and
The results in Figs. 4 and 5 imply that the in situ-formed block way of mixing on the blend morphology, thé-a maps
copglymers are pulled out from the intgrface and the l?igger obtained for corresponding SEM pictures should be
particles (of more than subm; much bigger than the tiny  compared. Every pictures has hundreds to more than a thou-
domains) sho_uld_be “naked” (not or less covered with the COPO- sand particles on it (Fig. 6a), every particle yielding a point
lymers). The in situ-formed copolymers should stay at the inter- 5t the /—amap (see Fig. 6b that includes 1107 points). To
face for a while and help the size reductio_n; however, later they ake the trends in the map changes visible and tractable, we
could be pulled out to render “naked” particles. If so, the naked p|otted a loop curve that embraced the distribution core. In
particles of suxm topm should have high interfacial tension so - ggsence, this curve is a 68% line for two-dimensional distri-

that they have a small asphericify Consequently, the aspheri- 1, ;tion® Then, the 68% curves for thé—a maps may be
city—particle size {—a) map of the block copolymer-forming easily compared.

system should be different from those of the non-reactive and
graft copolymer-forming systems, as will be discussed below. ! To obtain the above 68% line, we considered tha,(In ¢) distribution
During melt mixing of immiscible polymers, in general,  and found the distribution center. Then we plotted a straight line through the
the dispersed particles are alternatively subjected to sheadistribution center at a certain angleand found the projections of all the
stress and left to relax (see Appendix). The Iarger the parti- points on this line. This yielded_a one—dimensio_nal distribution. The amgle
cle, the more it is deformed during shearing and the less it "33 Vanied from 1 to 180at I' interval. The points corresponding tol
! . S . standard deviations were kept for every angléhus giving the above loop
recovers to the sphencal shape dur'ng rest” time. The relaxa- curve. Note that “+ 1 standard deviations” mathematically correspond to
tion to the spherical shape is driven by the interfacial tension “sg%".
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Fig. 8. Particle asphericity vs size in PA/(PSUreactive PSU}= 80/(19+ 1) blends, comparing in situ-graft copolymer (GCP) forming and in situ-block
copolymer (BCP) forming systems.

In a reactive system, the in situ-formed graft copolymer systems. The results of the DIA-MEE analysis of PSU-
would reduce the interfacial tension [32] and lead to more MAH systems are shown in Fig. 7. One sees that the larger
aspherical shape of particles. Then the distribution core amount of reactive component rendered somewhat finer and
would be shifted upwards, compared with the non-reactive considerably more aspherical particles, as expected. More-
system. This has been shown to be actually realized in a PA/over, the {—a distribution becomes more narrow and
PSU—-MAH system [21]. uniform in line with increase in the PSU-MAH content.

Such a trend is also expected for the present (diluted) In Fig. 8, the 68% lines for PSU-PhAH and PSU-MAH

0.9 T T T — T T ]
: 1 Wt% '
ke ! e - RN i
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N /
= I
f:: \
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Fig. 9. Particle asphericity vs size for the two-step mixing of 80/20 PA/(RREU-PhAH) blends after 8 min mixing, showing a horizontal shift of the
distribution core to the direction of smaller particle side as the loading amount of PSU-PhAH increases. Numbers indicate content of PSU-PhAH.
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Fig. 10. Particle asphericity vs size of PA/(PSUeactive PSU)= 80/(19+ 1) blends after mixing for 8 min; comparing the one-step mixing (1) and the two-
step mixing (2): (a) PSU-PhAH and (b) PSU-MAH systems.

systems, containing the same amount of reactive component All data discussed so far (Figs. 7—9) are for the two-step
(1 wt%), are shown to compare the asphericity—particle size mixing. In Fig. 10, the data points for the one-step and two-
maps of the block copolymer- and graft copolymer-forming step mixings after mixing for 8 min, containing the same
systems. The block copolymer-forming system has smaller amount of reactive component (1 wt%), are compared. It
particle size and wider distribution over than the graft can be seen that there is no significant difference in the
copolymer-forming system. Note that the map was created average particle size between blends prepared by the one-
on the basis of SEM observation and then, in the block step and two-step mixings, as expected from the LS results
copolymer-forming systems, the tiny domains in Fig. 5 (Fig. 3). However, one can see a slight difference in the
(by TEM) are missing. If such data points were added by location of the 68% line between the two-step and one-
TEM observation, the 68% line would move somewhat left- step mixings. The difference between the one-step and
ward. The difference in th&—a map between the block two-step mixings is bigger in the block copolymer-forming
copolymer- and graft copolymer-forming systems may be inter- system (Fig. 10a) than in the graft copolymer-forming
preted by the “pull-out or not” of the in situ-formed copoly- system (Fig. 10b). The 68% line of the in situ block copo-
mers, as has been discussed above. That is, the in situ-formetymer-forming system appears at the higieregion in the
block copolymers will be pulled out from the interface to render blends by the one-step mixing than by the two-step mixing.
the naked particles with high interfacial tension that could relax The higher population of the highi particles may imply
much faster to more spherical shape than the particles covereanore uniform surface coverage of individual particles
with the stable (non-pull out) graft copolymers. with the in situ-formed copolymers. The uniform coverage

In Fig. 9, the data for PSU-PhAH systems with different may be rarely achieved for the one-step mixing, compared
loading amounts of reactive component (0.5 and 1 wt%) are with the two-step mixing. Because when the three compo-
shown. By loading more PSU—-PhAH, the distribution core nents are put together in the one-step mixing, the reactive
shifts rather horizontally toward smaller particle dimen- PSU chains will touch directly and react with the PA chains
sions. It may suggest that higher amount of in situ-formed at an early stage of mixing to render a limited supply
copolymers yields more effective size reduction; however, (and/or shortage) of reactive chains for non-reactive
the pull-out causes the presence of the naked particles withPSU particles in the later stages. Therefore, some non-
small asphericity. reactive PSU particles may not be covered by the copo-

As can be seen in Figs. 7 and 9, there is a difference in thelymer and these particles should have high interfacial
effect of the loading amount of reactive component between tension and thus low,. Such an effect should appear
the in situ graft copolymer- and block copolymer-forming clearer in the faster coupling reaction (PSU-PhAH)
systems. The map shifts rather vertically to higher aspheri- system than the slower reaction (PSU-MAH) system
city and smaller particle as the loading amount of PSU- [18]. By contrast, in the two-step mixing, in which reac-
MAH increases, while it shifts rather horizontally to the smal- tive PSU and non-reactive PSU are premixed, the indivi-
ler particle-side in the case of PSU-PhAH. Such a difference dual particles may have rather equal probabilities to be
may be caused by “pull-out or not” as has been discussed. covered with the in situ-formed copolymer.
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Fig. 11. Schematic representation of mixing mechanism in the one-gram scale mixer, Mini—-Max molder.

4. Conclusion rotor is lowered again, (e) the rotation is continued (15 s),
and then the cycle (b)—(c) is repeated at an appropriate

Thus, the morphology of compatibilized polymer blends intervals (e.g. 6 s). During the rotation (b,e) the high shear
has been discussed in terms of particle size—ashpericityrate is produced near the periphery of the rotor. It decreases to
map. The in situ-formed graft copolymer seems to stay at essentially zero at the center. When the rotor is raised (c), the
the interface and play the role of an emulsifier and thus leadsmelt climbs up the rotating pin as a result of the Weissenberg
to the finer and more aspherical particles, compared to theeffect. When the rotor moves downwards, the positibis
non-reactive system. Larger amount of PSU-MAH gave scraped off the pin and moved radially outwards from the axis
somewhat finer and essentially more aspherical particles.of rotation (d). Consequently, the “back folding” process is
On the other hand, the in situ-formed block copolymer is accomplished, as shown by the moved positiokl@ndN in
more effective for the size reduction; however, it could be Fig. 11e. Thus, an extensive and homogenous mixing is
pulled out by shear forces from the interfacial region to form achieved by both the smearing out of the melt along circular
micelles in the matrix and then to render the “naked” parti- paths (b,c) and by the “back folding” (c—e). In this mixing
cles with high interfacial tension. Consequently, the higher procedure, the polymer melt is alternatively thrust into both
loading amount of PSU-PhAH leads to smaller average the high shear fields and the low shear fields.
particle size but has little effect on particle shape. The differ-
ence between the one-step and two-step mixings is negligi-
ble for the in situ graft-copolymer forming systems. For the
block copolymer-forming systems, the distribution slightly
shifts to smaller and more elongqtgd particles as we changed [1] Fayt R, Jerome R, Teyssiee P. Makromol Chem 1986:187:837.
from the one-step to two-step mixing. [2] Favis BD, Willis JM. J Polym Sci: Polym Phys 1990;28:2259.

[3] Okamoto M, Inoue T. Polym Engng Sci 1993;33:175.
[4] Scott EC, Macosko CW. Polymer 1995;36:461.
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