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ABSTRACT: Through measurement of phase dimension
via laser scattering, phase morphology development in im-
miscible blends of polyamide 12/poly(ethylene glycol)
(PEG) with an extremely high viscosity ratio was investi-
gated. The blends were prepared by melt blending in a
batch mixer. The objective was to examine the influence of
mixing time, rotor speed, as well as blending temperature
on the size distribution of the minor phase. It is of interest
that the breakup process of the dispersed PA 12 phase was
observed for the blend systems even for extremely high vis-
cosity ratios of < 10°-10°. Mixing time had a significant
effect on the development of dispersed phase size distribu-
tion. It was found that the bulk of particle size reduction
took place very early in the mixing process, and very small
droplets with a diameter of 0.1-10 pm were produced. The

number of small particles then decreased, resulting in a
larger average particle size. With further prolonged mixing,
the particle size levels off. The particle size and its distribu-
tion were also found to be sensitive to the rotor speed. The
average particle size decreased with increased rotor speed.
The effect of blending temperature on size and size distribu-
tion, which has seldom been studied, was also examined in
this work. When the blending temperature altered from
190°C to 220°C, the size and its distribution of the dispersed
phase varied considerably, and the change of viscosity ratio
was found to be the key factor affecting the dispersed phase
size. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 3201
3211, 2006
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INTRODUCTION

Blending of two or more polymers has proved a useful
and important alternative method of developing new
materials with improved properties. Optimization of
properties that is hard to obtain in a single homopoly-
mer or copolymer can be achieved in polymer blends.
When two polymers are mixed together, the minor
phase tends to form spherical drops dispersed in the
major matrix phase. It is commonly established that
the final property of an immiscible polymer with
spherical morphology is controlled by the size and size
distribution of the dispersed phase."? Therefore, it is
very important to study the relationship between the
processing conditions and the multiphase morphol-
ogy. The morphology development of the blend phase
has been studied in many articles. The steady-state
morphology is generally considered as the result of
dynamic equilibrium between the breakup of droplets
and their coalescence.®>* Further understanding of the
process of drop breakup and coalescence is also neces-
sary for better design and control of morphology of
immiscible polymer blends.
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During the processing of polymer blends, several
factors are critical in determining the final size and size
distribution of minor phase: composition, interfacial
tension, viscosity ratio, elasticity ratio, and processing
conditions, including time of mixing, speed of rotor or
screw, and type of mixer. Many investigations®'® have
been undertaken to understand the dependence of the
phase size of polymer blends on the processing condi-
tions. Several models were also proposed to simulate
the dispersion process and predict the size of the dis-
persed phase.

Taylor'®!” conducted an in-depth investigation of
the breakup and disintegration of a Newton fluid.
According to his theory, a relationship was put for-
ward to predict the maximum drop size that could be
stable in Newtonian blends system under simple shear
flow. The equilibrium drop size will be reached when
the shear forces deforming the drops are equal to the
interfacial forces stabilizing the drops:
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where Drayior is the predicted diameter of dispersed
phase according to Taylor’s theory, o is the interfacial
tension, 7 is the shear rate, 1, is the viscosity of matrix
phase, and n, is the viscosity ratio.
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However, the extension of Taylor’s theory to a visco-
elastic system such as polymer blends under an exten-
sion flow is difficult. This is because the elasticity of
components will also have considerable influence on
the dispersion process, and an elongational flow field
has proved more effective than a shear flow field."®
After studying eight blends of nylon or PET/Ethylene-
propylene rubber, Wu'' came to the conclusion that
the closer the viscosities of the components, the smaller
the particles that would be generated. In addition, a
master curve between the Webber number and the vis-
cosity ratio was fitted; hence, the influence of viscosity
ratio and interfacial tension on the dispersed phase
size was obtained in the following empirical equation:
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where Dy, is the predicted diameter of dispersed
phase according to Wu'’s theory. When n, is > 1, the
exponent is positive, and it is negative if n, is < 1. The
Wu equation takes into account the coalescence pro-
cess, but not the composition effect, although it was
developed for blends with a fixed composition at
15wt % of the disperse phase.'""'*!” In fact, a dispersed
phase content of 0.5-1 wt % was found to be adequate
to induce coalescence.>* Nevertheless, both equations
indicated that the diameter of dispersed particles was
inversely proportional to the shear rate as long as the
variation of viscosity ratio with shear rate could be
neglected.

Fortelny et al.'? took into account both the influence
of coalescence and blend composition and modified
the precedents” work. By taking the final size of the
minor phase as the results of the equilibrium built
between the process of breakup and coalescence, For-
telny’s group established a new relationship to predict
the steady-state drop diameter:
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where Dgoreelny is the predicted diameter of dispersed
phase according to Fortelny’s theory. The first term on
the right represents the critical droplet diameter calcu-
lated from critical capillary number. P, is the proba-
bility that droplets will coalesce after their collision, f;
is the slope of the function describing the frequency of
breakups of droplets at the critical value of Weber
number for the droplet breakup, and ¢, is the volume
fraction of the dispersed phase. It is difficult to quan-
tify some of the parameters for the polymer blends con-
tained in this equation, so its application is somewhat
limited.

Many investigations on the morphology develop-
ment have been carried out,'” 2 but these works have
focused primarily on binary blends with a viscosity
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ratio of 0.01 ~ 20, and have only put forward limited
quantitative analysis of the relationship between mor-
phology development and processing conditions. For
the case of an extreme viscosity ratio, few discussions
have been reported.

In our study, a blend with an extremely high viscos-
ity ratio, Nylon 12/PEG is investigated as a model sys-
tem. The objective is to present a quantitative analysis
of the phase morphology development in Nylon 12/
PEG blends as a function of the mixing time, rotor
speed, and blending temperature. The good water dis-
solvability of PEG enables us to separate nylon from
the blends conveniently, and a new method is used to
perform measurement of phase dimension. This blend
system with extremely high viscosity ratio is found to
behave differently from that reported in previous liter-
ature during morphology development. The obtained
results are compared with the existing models, and
some modification is made.

EXPERMENTAL
Materials

Commercial-grade Nylon 12 was purchased from UBE
Industries (Yamaguchi, Japan), and used as received.
Poly(ethylene glycol) (PEG) with a molecular weight
Mw of 20,000 was provided by Beijing Huiyou Chemi-
cal Corporation (Beijing, People’s Republic of China).

Preparation of blends

Before a typical mixing experiment Nylon 12 was dried
at 80°C for 12 h and PEG was dried under vacuum at
40°C for 8 h to minimize hydrolytic degradation of the
polyamide during processing. The Nylon 12 pellets
and PEG powder were then pre-mixed and melt-
blended in a ThermoHaake Rheomix 600p. The total
weight of the materials in the chamber was kept con-
stantat56 g.

When the specified mixing process was finished,
the melt was rapidly poured into cold water to quench
it and eliminate any further morphology change of ny-
lon droplets. After the PEG was dissolved in the
water, Nylon 12 particles were separated and ready
for analysis.

Morphological analysis
Optical microscopy

The sample was quenched by cool water, and the PEG
was then dissolved. The particles of Nylon 12 was sus-
pended in the PEG solution and observed under
brightfield conditions. The microscope used was
Olympus BH-2. Images was photographed and re-
corded by the B/W CCD camera (Sanyo, Osaka, Japan)
connected to the computer.
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Figure 1 Shear viscosity of Nylon 12 at different temperature.

Size and size distribution analysis

Primarily scanning electron micrographs (SEMs) and
Image Analysis Software were used in the morphologi-
cal analysis. Since SEMs only provide information on
limited numbers of particle morphology perpendicular
to the microtoming direction, this method is not precise
enough to wholly reflect the size and size distribution of
the minor phase. Although various solutions to the
problems of the determination of the size and size distri-
bution of spherical particles from measurements made
on random plane sections have appeared in the litera-
ture, in many cases the solutions have an unrealistic par-
ticle model or a mathematically complex one. Different
from the previous methods for the size measurements, a
Particle Characterization System, Malvern Mastersizer
(produced by Malvern Co. British, Worcestershire,
United Kingdom) was used in our study to measure the
size and size distribution of Nylon 12 particles. Samples
were put into water, and the PEG phase was selectively
dissolved, leaving the Nylon 12 particles suspended in
the water. The suspension was analyzed directly by the
Malvern Mastersizer. Using the laser-scattering princi-
ples and refractive index difference between the various
substances, this instrument can produce a quick and
precise measurement of the size and size distribution of
particles suspended in water or other solvents. The vol-
ume average particle diameter and uniformity can be
conveniently obtained, and the results exhibit good

reproducibility.
Volume average diameter is described as follows:
Z Vid,‘
D, = 4
= |5 @

where V; is the relative volume in class i with a mean
diameter of d,.

Uniformity is used to characterize the broadness of
the size distribution, calculated by using the following
equation:

Untormity = 2SI o

where d(x, 0.5) is the median size of the distribution,
and d; and V; are, respectively, the mean diameter of,
and relative volume of class i. This coefficient can char-
acterize breadth of size distribution and degree of par-
ticle uniformity.

Rheological measurements

Rheological measurement of Nylon 12 was carried out
in an Rh-2000 Rheometer with an L/D ratio of 16 and
an entry angle of 90°. The Bagley correction was made.
Viscosity measurement of PEG was performed in a
coaxial cylinder rheometer MCR 300 with a temperature
of 80-100°C. The internal rotor radius was 13.33 mm,
and the stationary cylinder radius was 14.46 mm. The
shear rates were set within the range of 0.1-100 S~ .
As it is difficult to heat the sample to a temperature of
> 100°C in the MCR 300 rheometer used, the viscosity
of PEG at a higher temperature was obtained by cal-
culation with the Arrhenius equation: n = Ae**/ T,

RESULTS AND DISCUSSION
Rheological properties

The melt viscosities of the Nylon 12 are plotted as a
function of shear rate at 190°, 200°, 210°, and 220°C in
Figure 1. In the double logarithmic plot, Nylon 12 gives
approximately straight lines between the entire shear
rates from 20 s~ ' to 10,000 s~ . The curves for Nylon 12
may be roughly expressed by the power law

n =ne?" (6)

where 1 is the melt viscosity, V is the shear rate, and n
and o are constants. The fitting results of the data from
the capillary rheometer were used to estimate the shear

TABLE I
Nylon 12 Viscosity at 190-220°C and Different
Shear Rate Calculated

Rotor speed Na (P s)

(rpm) y(s7')  190°C  200°C  210°C  220°C

50 37.4 1528 1292 1199 1081

75 56.0 1247 1062 977 879

100 747 1079 923 845 759

125 93.4 965 8289 755 677

150 112 880 7589 689 617

175 131 815 704 637 571

200 149 762 660 596 533
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Figure 2 Viscosity of PEG at different temperatures.

viscosities of Nylon 12 at specific shear rates in the
ThermoHaake Rheomix, which are listed in Table I.
The expression used to estimate shear rate from the
rotor speed is illustrated in the Appendix.

The shear viscosity of PEG at five temperatures (80°,
85, 90°, 95°, and 100°C) is shown in Figure 2. The vis-
cosity remained at almost the same value when the
shear rate increased from 0.1 s™' to 100 s ' at a fixed
temperature, so we can rationally presume that PEG
performed as a Newtonian liquid in our experiment.
The plotted results of viscosity at a shear rate of 0.1 s
versus temperature in Figure 3 show that they were in
a strict agreement to the Arrhenius equation:

n= AeAEW/RT (7)

25 —
24 —

2.3 —

Inn

2.2 —

21 —

2.0 —

1.9
LA DL LA DL |
0.00268 0.00272 0.00276 0.00280 0.00284
/T (1/k)

Figure 3 Fitting of the PEG viscosity vs. temperature.
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TABLE II
Calculated PEG Viscosity at Higher Temperature
T (°C) Viscosity (Pa s)
190 1.275
200 1.093
210 0.947
220 0.824

where 1 is the melt viscosity, T is the temperature, AE,,
is the flow activation energy reflecting the flowing abil-
ity of polymers, and A is a constant. Therefore, the vis-
cosity of PEG at a higher temperature can be predicted
by using the equation obtained from the linear fitting
result. Its viscosity at a higher temperature is listed in
Table II.

With the viscosity of Nylon 12 and PEG obtained, we
acquired the viscosity ratio of the system at a different
temperature and shear rate, as shown in Figure 4. The
viscosity ratio of our system was in the magnitude of
10> ~ 10°, and it was lower at 190°C than at 200 ~ 220°C.

Effect of mixing time on minor phase
size and distribution

The morphology development of a binary immiscible
polymer blends has been studied and is crudely
described in Figure 5 as discussed in some investiga-
tions.**!® Under shearing or extensional flow, the ini-
tial molten pellets undergo transient affine deforma-
tion to form sheets or threads. The latter will break up
into small particles due to the interfacial instability.
These particles may coalesce with each other because
of the interfacial tension and grow into larger particles.
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Figure 4 Viscosity ratio of Nylon 12 to PEG at different
temperature and shear rate.
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Figure 5 Process of morphology development in a binary
immiscible polymer blends.

To lower the melting rate of the dispersed phase and
make it possible to observe the morphological develop-
ment, a low blending temperature of 190°C and low
rotor speed of 50 rpm were selected. Figure 6 depicts
the evolution of the phase size distribution as a func-
tion of the mixing time for the blend containing 25 wt %
of Nylon 12. It shows that the nylon phase particles
exhibited a triple-peak distribution. Even at the initial
stage of mixing, about 3 min, in addition to particles of
> 100 pm, a number of very small particles with a size
of 0.1-10 pm were also produced in the system, as con-
firmed by the small droplets observed in Figure 7.
Actually, according to the typical temperature curve
with the time given in Figure 8, it took ~ 3 min to heat
the sample to 180°C. Since the melting point of Nylon
12 is 178-180°C, at the end of 3 min Nylon 12 was just
beginning to melt. From the sample obtained when the
mixing time was only 3 min, we found, unexpectedly,
that all the nylon had been dispersed in PEG and that
that there was no nylon in the form of sheets or fibrils.
Our result confirms the conclusion made by other
investigators®'%?* that the most important deforma-
tion/disintegration processes took place within the
first several minutes of mixing. Hence, even at an
extremely high viscosity ratio of > 100, significant
disruption of particles had occurred, unlike the
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Figure 6 Size distribution of nylon phase at different
blending time.
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Figure 7 Optical micrograph of the nylon phase particles
obtained after 3 min blending.

Newtonian system in a shear flow field, which did not
show breakup when the viscosity ratio was > 4.'® This
can be attributed to the fact that the elongation flow is
much more effective in droplet breakup. Since the
melting rate of nylon is very rapid, it remains difficult
for us to trace the exact process by which the nylon
pellets changed to small dispersed particles.

In addition, with increased mixing time, the number
of very small particles (< 20 pm) decreased gradually,
while the number of larger particles (> 20 pm)
increased, and the peak on the right rose and became
narrower; that is, as the mixing continued, the very
small droplets would coalesce with each other and
become larger ones, and the larger droplets produced
in the early stage might also break up into smaller
droplets. Through coalescence and the breakup pro-
cess, the diameter difference between the particles in
the system became smaller, and the distribution graph
tended to be a single peak. Clearly there was an equi-
librium size. Particles of that size would be stable in
the system.

It should be mentioned that the peak of small par-
ticles with a diameter of 0.1-3 pm did not disappear
even after 15 min. This might be attributable to the
reduced efficiency of coalescence due to the greater
hydrodynamic interaction of small particles.'®*

The reason for the triple peaks on the observed size
distribution of the dispersed Nylon 12 particles
remains unclear. It could have resulted from the effect
of melting, breakup, and coalescence. It appears that
the particles were formed according to more than one
type of mechanism, which merits further investigation.

The decrease in uniformity with mixing time (Fig. 9)
demonstrates that the size of the particles became more
and more uniform. After 12-min processing, the value
of uniformity remained nearly unchanged. From
Figure 6 it can also be seen that the size distribution
graphs at 12 min and at 15 min differ insignificantly
from each other. Probably at this time the rates of
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breakdown and coalescence of droplets were balanced
and the equilibrium between breakup and coalescence
was established.

Figure 10 shows that the volume average size of the
particles first increased quickly with time, but then lev-
eled off to a nearly constant value for the remainder of
the mixing time. Apparently, this was because many
small droplets that were produced during the early
stage would coalesce with each other in the later pe-
riod. This finding is contrary to the effect of mixing
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Figure 9 Size distribution of the minor phase at different
mixing time at 190°C, 50 rpm and 25% weight fraction.
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Figure 10 Volume-average diameter of the minor phase
vs. mixing time at 190°C, 50 rpm and 25% weight fraction.

time on domain size reported in most studies,”**% in

which the particle size either decreased gradually or
remained practically unchanged with mixing time.

With respect to the dispersion process of the minor
phase, some investigators considered the final mor-
phology to be determined to a significant extent by the
very early stage of mixing and observed that further
mixing often had no or little impact on the morphol-
ogy;”’ others reported that although significant
changes in morphology occurred in the initial mixing
stage, the final morphology of the minor phase
depended mainly on the later mixing conditions after
both components were molten.® Our results suggest
that although increasing time had little effect on the av-
erage size of the minor phase after ~ 8 min, the size dis-
tribution still reduced and tended to be a single sharp
peak over time. Evidently it takes more time to obtain a
stable size distribution than to acquire a stable average
size. Our experiments demonstrate that further mixing
after the early stage also played an important role in
the determination of final phase morphology, espe-
cially on the phase size distribution.

The main mechanism governing the morphology de-
velopment is believed to be the dynamic equilibrium
between the droplet breakup and coalescence; how-
ever, specific properties of these blends and processing
conditions contribute to the difference in their morpho-
logical development. Li and Hu® studied the morphol-
ogy development process of PP/PA6 blends and pro-
posed that those different observation results in litera-
tures were due to the different melting rate in those
experiments. The higher melting rate caused by the
more severe thermomechanical conditions employed
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Figure 11 Effect of rotor speed on the size distribution of nylon phase in the blends containing 10 wt % nylon. (a) Change
in size distribution; (b) magnified left small peak in the size distribution curve.

would make it more difficult to observe the coarsening
process. In our results, it is of particular interest that
the coarsening process was clearly observed even in
the blend systems with the viscosity ratio of < 102—103,
which could be attributed to the relatively low melting
rate and the relatively low interfacial tension between
the matrix and the dispersed phase. We calculate the
surface free energy with the data reported in the litera-
ture. The surface free energy of polyethylene oxide
(PEO) and PA 12 is 42.9 and 40.7 mN/m at 20°C,*

8 — 100rpm
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3
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0.1 1 10 100 1000
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respectively. The temperature coefficient of the surface
free energy is —0.076 mN/(m K) for polyethylene ox-
ide. We did not find the temperature coefficient of PA
12, so that of PA66, —0.065 mN/(m K) is chosen for our
calculation. The calculated surface free energy of both
PEO and PA 12 at 220°C is 27.7 mN/m. Since the two
components exhibit equal surface free energy, it is rea-
sonable to obtain a very low interfacial tension. This
should aid the breakup process and help to observe the
detailed morphology development of Nylon 12 in the
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Figure 12 Effect of the rotor speed on the size distribution of nylon phase in the blends containing 25 wt % nylon. (a)
Change in size distribution; (b) magnified left small peak in the size distribution curve.
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Figure 13 Effect of rotor speed on the uniformity of nylon particles. (a) Nylon 12, 25 wt %; (b) Nylon 12, 10 wt %.

matrix of PEG. In the early stage, under the complex
shear field, the breakup of nylon pellets dominated the
dispersion process. At this time many very small par-
ticles had been produced in the system, but the tempo-
rarily low coalescence rate made it possible to observe
the particles of small size and the later coarsening pro-
cess. As the number of small particles with a diameter
less than equilibrium value increased, the rate of coa-
lescence began to rise, and the process of coarsening
replaced the breakup to be the dominant factor. There-
after, the average size of droplets would increase grad-
ually until a constant value was reached.
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Everaert et al.'* and Potschke et al.?* concluded from

their study that higher viscosity ratios hampered the
droplet breakup process and that the flow field of the
low viscous matrix was unable to transfer the applied
shear stresses sufficiently to the highly viscous dis-
persed phase. In our experiments, although breakup
could occur rapidly during the initial period, it was
soon retarded and coalescence was facilitated as a con-
sequence of the high mobility of dispersed domains in
a low viscous matrix along with a higher coalescence
probability. The equilibrium was set up rapidly due to
the low viscosity of the matrix.
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Figure 14 Effect of the rotor speed on the volume average size of nylon particles. (a) Nylon 12, 25 wt %; (b) Nylon 12,

10 wt %.
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Effect of rotor speed on particle size
and size distribution

The influence of rotor speed on the size distribution of
the two blends of 10% and 25% weight fraction is
shown in Figures 11 and 12, respectively. The rotor
speed was varied from 50 rpm to 200 rpm with an
interval of 25 rpm. It is evident that in both systems the
increasing rotor speed led to narrower size distribu-
tion. At the same time, the small peak on the left was
found to be larger with the increased rotor speed. It
can be understood that increased shear rate would
result in both higher deforming forces and faster flow
rate, thereby decreasing the collision time. Conse-
quently, more and more small droplets were pro-
duced, while their coalescence probability was
reduced. Figure 13 shows that the uniformity of the
particle size was also reduced with the increasing rotor
speed. This result might be due to the greater stress
and increased energy input. When the rotor speed
increases, the torque, which is considered to be propor-
tional to the shear stress, increased as well. A blend
subjected to a higher shear stress during the same pe-
riod of mixing receives more energy input, so it is pos-
sible to reach the equilibrium between breakup and co-
alescence more rapidly and more closely, and for the
particles obtained to be more uniform.

Influences of rotor speed on the particle size of two
blends at 10% and 25% weight fraction were studied,
and the results are shown in Figure 14(ab), res-
pectively. From both results, the average size of the
particles decreased gradually with rotor speed. Also,
the rate of size reduction slowed down as the rotor
speed increased, especially when the rotor speed ex-

ceeded 100 rpm or so. These results are in agreement
with Taylor’s equation, which suggests a critical value
of the Weber number below which no particle defor-
mation takes place and, as a result, a critical particle
size.

For most systems, droplet size was found to decrease
with the increasing intensity of mixing,11'22'34'35 while
Favis® reported that the droplet size was independent
of intensity of mixing. Fortelny et al.'* observed that in
the polyamide/[poly(phenylene oxide)-+polystyrene]
blend system the droplet size grew with the mixing
rate at first and then began to decrease. These investi-
gators attributed the different results to the dynamic
equilibrium between breakup and coalescence of drop-
lets; they concluded that the dependence of droplet
size on rate of mixing was not necessarily a monotonic
function for the blends with a high content of the dis-
persed phase. The relationship between shear rate and
final droplet size has been theoretically proposed by
Taylor, Wu, and Fortelny, who held that the size was
inversely dependent on the shear rate. So we plot the
phase size against the reciprocal of shear rate. The
shear rate was estimated from the rotor speed. We find
that both the results of 25% and 10% blends fit on linear
curves very well, and the two lines paralleled with
each other (Fig. 15). The difference in the weight frac-
tion of nylon phase does not alter the slope of the fitted
line, but only affects the value of the intercept of the
line. This result demonstrates that Fortelny’s equation
[eg. (3)] is a good predictor of the relationship between
the dispersed phase size and shear rate for our system.
In his equation, when the temperature and the compo-
nents of the system are fixed, the coefficients in the first
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Figure 16 Size distribution of nylon phase in the blends
containing 25 wt % nylon at different temperature with
rotor speed at 100 rpm.
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item on the right will remain constant, so the particle
diameter will be inversely proportional to the shear
rate. The concentration of the minor phase influences
only the second item on the right.

Effect of temperature on particle size

Blending experiments were conducted at four temper-
atures; the dependence of the dispersed phase size on
temperature is shown in Figures 16 and 17, respec-
tively. It can be seen in Figure 17 that the size at 190°C
is smaller than the value at the other three tempera-
tures, and when the temperature is 200-220°C, the val-
ues of particle size are nearly constant. The distribution
curve in Figure 16 shows that differences exist in the
size distribution at selected four temperatures and the
size distribution at 210°C is more uniform, as reflected
in the values of the uniformity of the size distribution
at the four temperatures in Figure 18. The experiments
were repeated, and the same results were obtained.
Since the temperature coefficient of surface tension
is very low at tested temperatures for Nylon 12 and
PEG, the surface tension of the two components
changes very little at these temperatures, and their
interfacial tension, determined by their surface tension
and polarity, will also remain nearly unchanged. Thus,
temperature will only influence the viscosity of the two
components and their viscosity ratio. The change of
viscosity will be responsible for all the difference in
size and size distribution. The variation in the viscosity
ratio of Nylon 12/PEG with the temperature is shown
in Figure 4. At 190°C, the viscosity ratio is relatively
low, and the viscosity ratio at 200°C is slightly higher
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Figure 17 Volume-average size of nylon particles vs. tem-
perature at 100 rpm and a mixing time of 8 min.
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Figure 18 Size distribution at different temperature at 100
rpm and a mixing time of 8 min.

than that at other temperatures. We can observe in
Figure 15 that the average size is low at 190°C, reaches
the highest value at 200°C, and remains almost the
same at 210°C and 220°C. The variation in the average
size corresponds exactly to the change in the viscosity
ratio. A lower viscosity ratio will lead to smaller parti-
cle size, which is in good agreement with the theory of
Wu'l and Everaert et al.,'* who indicated in their theo-
retical equations that the viscosity ratio will signifi-
cantly affect the average size of the minor phase and
that the closer viscosity of the components will lead to
a smaller minor phase size.

CONCLUSION

The phase morphology development in the Nylon 12/
PEG blend with an extremely high viscosity ratio was
investigated. Laser scattering was applied to measure
the size and size distribution of the minor phase as
functions of mixing time, rotor speed, and mixing tem-
perature. Nylon 12, as the minor phase, was found to
form spherical particles in the PEG matrix. Many small
particles of 0.1-10 pm were observed in the initial stage
of processing, which demonstrated that the major
breakdown of pellets occurred at the very beginning.
The volume average size increased with the time in the
initial period and then leveled off. The size distribution
of the dispersed phase narrowed with prolongation of
the mixing time and tended to be a single narrow peak.

The dispersed phase size was significantly affected
by the rotor speed within the range of 50-200 rpm. The
fitting results showed that the diameter of the dis-
persed particles was inversely proportional to the
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shear rate, with the slope of the fitted line independent
of the volume ratio of the dispersed phase. The phe-
nomenon is in good agreement with the equations pro-
posed by Taylor, Wu, and Fortelny, and others. By
affecting the viscosity ratio, the temperature also had a
considerable effect on the size and size distribution of
the dispersed phase. Lower viscosity ratio led to
smaller particle size.

Mixer chamber radius
Maximal radius of rotors
Minimal radius of rotors
Maximal slot

Minimal slot

U1

(%]

Maximal shear rate
Minimal shear rate
Average shear rate

APPENDIX: ESTIMATION OF SHEAR RATE
IN HAAKE RHEOMIX 600p MIXER

R, = D,;/2 = 19.65 mm

r1 = 18.2 mm

7, = 11.0 mm

11 = 8.6 mm

Y2 = 1.4 mm

Tangential velocity at the
radius of r;

Tangential velocity at
the radius of 7,

V1 =01/y1 = 2nmn/y
Yo = 02/y2 = 2ramn/ys
=011 +7)/2
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