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ABSTRACT: On the basis of an online sampling microscopy method, the morphological evolution of a metallocene polyethylene/metal-
locene ethylene—propylene copolymer system (80/20 vol %) across various mixing regimes was investigated and treated statistically.
The size distributions of the minor-phase metallocene ethylene—propylene (mEP) droplets were described with principles of irreversi-
ble thermodynamics. Such an approach allowed us to find two superimposed statistical ensembles involving primary (broken) and
secondary (coalesced) mEP particles. The mean size and relative number of both broken and coalesced mEP particles were calculated.
The evolution of these characteristics across melt mixing, static coalescence, and flow-driven coalescence was analyzed. © 2013 Wiley
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INTRODUCTION

There has been a long-standing interest from polymer researchers
in understanding the formation and evolution of blend morphol-
ogy, which has a significant influence on mechanical properties.'”
> During the past few decades, many research groups have carried
out studies to gain a better understanding of the morphological
development of polymer blends across mixing."™"” It is well
known that the morphology of polymer blends is mainly deter-
mined by two dynamic processes, breakup and coalescence. A
stable structure is obtained when the dynamic equilibrium
between the breakup and coalescence of dispersed phase is
approached under shear. Plochocki et al.” studied the dependence
of the domain morphology on industrial mixing processes carried
out on low-density polyethylene/polystyrene (PS) mixtures; they
proposed that an abrasion mechanism is responsible for the early
stage of the dispersion process and that the final domain size is
controlled by a breakup—coalescence equilibrium. Scott and co-
workers®!*!"!* proposed a mechanism for the initial morpholog-
ical development of polymer blends that involves the formation
of sheets or ribbons of the dispersed phase in the matrix, which
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are drawn out of a large mass of the dispersed phase. Because of
interfacial and flow forces, holes form in the ribbon and grow
until a lace structure is formed. This lace is then broken down
into irregularly shaped particles and finally into nearly spherical
particles. This mechanism results in the generation of very small
particles in very short timescales.

Along with blending processes, the dispersed domain size
becomes increasingly smaller, and thus breakup is suppressed;
furthermore, a shear stress decrease in the late mixing stage indu-
ces coalescence because of an increase in the effective collision
probability between the dispersed particles. So, the final morphol-
ogy and interfacial properties are particularly sensitive to coales-
cence phenomena, which can be divided into two broad
categories: static coalescence and dynamic coalescence. In the for-
mer, the aggregation of dispersed particles can be caused by a
multiphase polymer’s annealing under molten status. The ther-
modynamic reason responsible for this coarsening is a reduction
in the interfacial area or interfacial energy.'® Traditionally, the
coarsening behavior can be described by the Ostwald ripening
mechanism'®*° and the Brownian coagulation mechanism.*"**

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39373

3421


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

3422

ARTICLE

Both mechanisms yield the same relation between the mean par-
ticle radius (R) and the annealing time (¢):

RP=Rj+Kt

where R, is the initial radius at = 0 and K is the rate constant. It
is believed that during coarsening, both Brownian-particle
motion-driven coalescence and molecular-diffusion-driven Ost-
wald ripening can operate at the same time, and their relative im-
portance depends on the hydrodynamic and thermodynamic
conditions. In fact, predictions often give values two or three
orders of magnitude lower than experimentally observed coarsen-
ing rates.”” Hu et al.'® developed a model that considered for the
first time that coarsening is driven by van der Waal’s forces and
that there is slippage at the interfacial boundaries between the
moving particles and the matrix. Fortelny and coworkers®* 2’
considered another coalescence mechanism that could be divided
into four stages: particle approach, film draining, film rupture,
and neck relaxation. They took the film-drainage time as the coa-
lescence time between two particles. This mechanism predicts a
coalescence that is substantially quicker than the mechanism
determined experimentally. In the real coalescence processes, the
rate-control step may not be the same for different systems.
Therefore, Zhou et al.*** combined all factors to propose a new
coalescence model describing the coarsening behavior of immisci-
ble polymer blends. The predictions of the model were in good
agreement with the experimental data.

Dispersed particles would be aggregated because of the poly-
mer’s shear flow under certain flow conditions. Flow-driven co-
alescence actually is simpler to model than static coalescence;
moreover, it is more practical to consider the flow-driven coa-
lescence, which concurs with dispersed particle breakup. Conse-
quently, about the coalescence during shear are
attracting more interest from both academic and commercial
institutes. Vinckier et al.*® reported a flow-driven coalescence
with a polybutadiene/polydimethylsiloxane system. Kim et al.’'
studied coalescence in poly(styrene-co-acrylonitrile)/poly(cyclo-
hexyl methacrylate) blends compatibilized with PS-block-poly
(methyl methacrylate). Lyu et al.”>* reported studies of a PS/
high-density polyethylene system. Rusu and Peuvrel-Disdier’*
and Borschig et al.’ also reported investigations of particle coa-
lescence. Li et al.’® studied the shear-induced coalescence of par-
ticles in polypropylene/PS blends with different compositions.
All of these researchers used similar methods: coalescence was
monitored after a step down in shear rate. These blend samples
were presheared at higher rates to form smaller and relatively
uniformer particle morphologies. This ensured that the flow-
driven coalescence was separated from breakup. In addition, all
of these investigations reached two common conclusions: the
coalescence rate increased with increasing particle concentration,
and coalescence efficiency decreased with increasing shear rate.
These could be qualitatively explained, in the former case by an
increased number of collisions according to ideal collision
mechanism®” and in the latter case in terms of particle deforma-
tion that caused a greater resistant force to coalescence in refer-
ence to matrix film-drainage theory.”® Furthermore, Lyu et al.>?
found that the coalescence efficiency decreased when the particle

studies
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sizes differed. This result directly confirmed the importance of
hydrodynamic interactions between particles due to trajectories,
as proposed by Zeichner and Schowalter’® and Wang et al.*’

Theoretical studies of blend morphology mainly involve the
establishment of numerical models to predict the variation of
particle size as a function of blending time and the mathemati-
cal behaviors during blending. Experimental studies concerning
the morphology of particles during blending make it more con-
venient to verify the theories of morphology evolution and
improve those models further. Unfortunately, some results are
not consistent because of differences in the polymer blends
studied; these indicate that the mechanism of morphological
evolution might depend greatly on the specific blend system,
such as immiscible and compatible blend systems. Thus, it is
meaningful to further study the morphological evolution in
other polymer blends that are different from those discussed
earlier.

In this study, the phase formation and evolution of a metallo-
cene polyethylene/metallocene ethylene—propylene copolymer
(mPE/mEP) system were investigated. Polyethylenes are plastic
materials with the most diversified uses in industry, and the
newest member of this family is a polyethylene synthesized by
constrained geometry metallocene catalyst technology. This new
class of polyethylene exhibits a molecular structure with a nar-
row molecular-weight distribution and a uniformity of comono-
mer distribution and often offers unique mechanical and
rheological properties. However, polyethylene
(mPE) has poor processability because of its high viscosity,
whereas metallocene ethylene—propylene (mEP) is an elastomer
that can be widely used to toughen olefinic polymers, such as
polypropylene and polyethylene.'”

metallocene

On the basis of the image analysis of scanning electron micros-
copy (SEM) patterns, the phase formation and evolution of the
mPE/mEP system were investigated. The statistical size distribu-
tions of the minor-phase particle size during melt mixing and
their consequent analytical description with principles of irre-
versible thermodynamics allowed us to find ensembles of bro-
ken and coalesced particles, estimate their mean diameters, and
plot their evolution with mixing time. Furthermore, the static
coalescence and flow-driven coalescence were also studied as
functions of time, respectively, to understand the evolution of
the morphological development under quiescent annealing and
low-shear-rate flow conditions.

EXPERIMENTAL

Materials

mPE (Exxon-2018CA) was a commercial polymer from Mobil
Oil Corp. [density = 0.918 g/cm’® and melt index = 2.0 g/10 min
(2.16 kg, 230°C)]. The elastomer, a copolymer of ethylene and
propylene synthesized with a metallocene catalyst (mEP, VMX-
6202), was a commercial material from Mobil Oil Corp.
[density = 0.861 g/cm’ and melt index = 7.4 g/10 min (2.16 kg,
190°C)].

Sample Preparation
Before blending, both materials were heated at 80°C in vacuo
for 24 h to remove any volatiles. The selected composition for
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Table I. Chosen Coalescence Times of the mPE/mEP (80/20 vol %) Blend
Coalescence category Coalescence time (min)
Static coalescence 0 10 120 180 240 360 420 480 540 600
Flow-driven coalescence 0 1 2 5 10 60 120 180 240 300

the mPE/mEP blending was 80/20 vol %. The binary blending
of mPE and mEP was done by melt-mixing the components in
a mixing apparatus (SU-70 internal mixer, Zhangjiagang Lan-
hang Machinery Co., Ltd., China) at a temperature of 180°C
with a rotational speed of 36 rpm; the volume of material in
the mixer at the operating temperature was kept at 60 cm®. A
sample of around 2g was taken from the indents of the mixer
blades at different mixing time intervals (0.5, 0.75, 1, 1.5, 2, 3,
4, 6, 8, and 10 min) and was immediately quenched in liquid
nitrogen. This allowed us to study the evolution of the blend
morphology over time during melt mixing.

In addition, two regimes of coalescence, namely, static coalescence
and flow-driven coalescence, were studied in this work. To probe
the size of the dispersed phase during the coalescence, a flow pro-
cedure corresponding to a step down in shear rate was applied.
An mPE/mEP (80/20 vol %) blend was first mixed in the afore-
mentioned batch internal mixer at 180°C with a rotational speed
of 36 rpm for 10 min to obtain a fine morphology. Subsequently,
the rotor speed was stopped and reduced to 1 rpm, respectively,
to induce coalescence; this corresponded to static coalescence and
flow-driven coalescence. This lower shear rate (I rpm) ensured
that the subsequent morphological development was dominated
by a coalescence mechanism. To examine the morphological de-
velopment during coalescence, samples at different coalescence
times (shown in Table I) were taken out of the mixer and were
then rapidly quenched in liquid nitrogen to freeze the original
structure for SEM observation.

Morphological Characterization

The morphologies of the blends were observed under a scan-
ning electron microscope (6390 LV, JEOL JSM, Japan) at an
accelerating voltage of 20 kV and a magnification of 5000. The
cryofractured surface of each specimen was etched by cyclohex-
ane at room temperature for 30 min to remove the mEP phase.
Then, the fracture surfaces of the specimens were coated with a
thin layer of gold for microscopic observation to ensure that the
etched surface structure of the blends was intact.

The SEM images obtained were subsequently segmented and
subjected to digital analysis with our homemade processing
software'™'"” to elucidate the statistical size distribution of the
minor-phase particles. To analytically describe the resulting his-
tograms and find the mean diameter of the dispersed-phase par-
ticles, we used the model of reversible aggregation.

MODEL

The model of reversible aggregation*"** is inspired by applica-

tion of irreversible thermodynamics. It gives a generalized char-
acterization of microstructure in liquids. According to the
model, a stationary microstructure is developed by the linking
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of the energy-equivalent units in metastable clusters called
aggregates. The aggregates are permanently composed and
decomposed under thermal fluctuations; this is a condition of
their reversibility. The universality of the model has been dem-
onstrated by its application to statistical ensembles of morpho-
logical entities of different nature (polymers, liquid crystals,
carbon black, bacteria, yeast, etc.) across their transformation in
chemical and physical processes (see refs. 41-43 and references
therein). Recently, the model has been successfully applied to
the analysis of polymer blend morphology.**~*°

According to the model, the stationary statistical distribution
[h(s)] of the planar size (s) of the microstructural entities can

be calculated as follows:*"*?

o, sAuy
h(s)=as"exp ( W) (1)
where a is the normalizing factor, Au is the aggregate energy, k
is the Boltzmann constant, and T is the absolute temperature.
The Auy parameter can be interpreted as a potential barrier to
be overcome to form a statistical ensemble. As the process is
controlled by thermal fluctuations, Au, should rather be com-
pared with the energy of the thermal fluctuation (k7).

In some cases, the aggregates were shown to form not a single but
rather multiple statistical ensembles.*>*® This may be caused by
the consolidation of primary entities into a novel superstructure
(i.e., coalescence). In this way, eq. (1) should be written ag? A0

N siAup;
h(s)zz a;stexp (* : 1) (2)
i=1 kT

where index i accounts the number of a statistical ensemble and
N is the total number of statistical ensembles of the entities.
Equation (2) allows the determination of the mean entity area
({s;)) related to the ith statistical ensemble as a normalized
mathematical expectation:

sTexp (— Sii;m) ds;
_3kT

 Aug;
iAug; o
sTexp (— i > ds;

kT
The relation between the linear (diameter (d;)) and planar area

((s;)) mean size of the entities of a circular shape in the ith en-
semble is then given by a simple geometrical regulation:

(di)=2 ) (4)

If the entities have a noncircular shape, both (d;) and (s;)
should be treated rather as the effective mean parameters.
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The ratio R between the numbers of entities involved in the
mth and nth statistical ensembles (N,, and N,, respectively)
can be estimated with a relation between the integral

characteristics:
i A
s
Jsfnexp <— mk;()m) dsy,
0

= - (5)
2 _SnAuOn
anexp ( T ) dsy,
0

where s,, and s, are the mean entity areas related to the m"
and n™ statistical ensembles, respectively.

R_

z| &

h

RESULTS AND DISCUSSION

Evolution of the Phase Morphology During Melt Mixing

The typical morphologies of the mPE/mEP (80/20 vol %) blend
at different melt-mixing times are shown as examples in Fig-
ure 1. The etching of the microscopically fractured surfaces of
the alloys with cyclohexane removed the elastomer (mEP) com-
ponent and left “black holes” surrounded by the mPE matrix.
This is shown directly in Figure 1(a), where large and irregular
shaped particles of the dispersed phase were formed at the be-
ginning of mixing. Along with the blending progress, the dis-
persed particle size gradually decreased and the shape of
particles also became uniform [Figure 1(b)]. After 2 min of
mixing, spherical and ellipsoidal cavities were observed to dis-
tribute uniformly throughout the sample; meanwhile, the parti-
cle size became stable basically [Figure 1(c)]. The results
illustrate qualitatively that the change in the phase structure
mainly occurred in the initial stage of polymer blending, and
this corresponded to the mechanism for the initial morphologi-
cal development in polymer blends proposed by Scott and co-
workers.*'®!! For sea-islands structure in multiphase polymer
blends, the dispersed particle size plays a significant role in the
characterization of the phase morphology.

Figure 2 shows histograms resulting from the statistical analysis
of the SEM micrographs. To analytically describe the histo-
grams, we used the model of reversible aggregation.

To quantitatively estimate the analytical description adequacy,
we calculated the error parameter (A) as follows:

|Am_Ae|
A=10m el
Ae

where Ae=z;:1 hjs; is the total area of the experimental statisti-
cal bars in a histogram (hj and s; are the height and the width of
the jth bar, respectively, and # is the total number of bars), that
is, the total area of the minor phase in a micrograph found exper-
imentally, and A,,= [, h(s)ds is the area under the curve h(s), that
is, the total area of the minor-phase particles in a micrograph
computed analytically with eq. (1) or (2). Of course, A could be a
reliable criterion when the maximum position is the same for
both the experimental histogram and analytical function.

(6)

Our attempt to describe the statistical size distributions shown
in Figure 2 with a one-component version of the model
[eq. (1)] failed because A was as large as 35-47%. However, we
succeeded when we applied a bicomponent version [eq. (2),
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Figure 1. SEM images of the mPE/mEP blend during melt mixing at (a)
0.75, (b) 2, and (c) 8 min.

N =2] with the fitting parameters listed inside the boxes, along
with the mean droplet diameters computed with egs. (3) and
(4). The low A values (0.5-12%) also shown in the boxes is a
criterion of eq. (2) applicability for the analytical description of
the histograms and the accurate position of two statistical
ensembles in a histogram. In Figure 2, the thin lines represent
individual ensembles, whereas the thick lines represent the sum
over two ensembles according to eq. (2). A successful analytical
description indicated that the particles of the mEP phase
formed two superimposed thermodynamically optimized statis-
tical ensembles of primary and secondary particles all across the
mixing of the mPE/mEP components. We attributed the
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Figure 2. Statistical area distributions of the mEP phase particles of the
mPE/mEP blend during melt mixing at (a) 0.75, (b) 2, and (c) 8 min.

existence of two statistical ensembles of the minor phase to two
compulsory regimes of the minor-phase evolution: breakup and
coalescence, both of which are typical for the mixture of incom-
patible polymers.***¢

Figure 3 shows evolution of the mean diameters of the minor-
phase particles belonging to both statistical ensembles with
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mixing time. The whole melt-mixing process could be divided
into three regions, which were interpreted as follows. At the be-
ginning of mixing (within 1 min), the mean diameters of the
particles belonging to both statistical ensembles decreased
sharply (region I). According to Elemans et al.,” the particles of
the dispersed phase were broken up and converted to smaller
particles during this initial stage of the mixing. From a thermo-
dynamic point of view, a decrease in the particle mean size
indicated an increase in the potential barrier (Au,) to be over-
come for the formation of a statistical ensemble [see eq. (1)].
We concluded that at the beginning of mixing, the formation of
the statistical ensembles of both broken and coalesced particles
was hindered over the course of time. In region II, a short in-
termediate mixing stage, the mean size of the dispersed phase
particles in both statistical ensembles increased slowly with
increasing mixing time. In this mixing stage, there was an
increased probability of effective collision between particles as
the number of the broken particles increased significantly (see
the discussion of Figure 4 later). Thermodynamically, this re-
gime can be interpreted as a decrease in the potential barrier
[Aug (see eq. (1)]. In the late mixing stage (after 3 min), both
the breakup and coalescence of the dispersed phase particles
came to a dynamic equilibrium gradually (region III). Thus, the
morphology of the dispersed phase was almost unchangeable in
region III. These results imply that the phase morphology
mainly formed at the initial stage, that is, within 2 min after
the beginning of melt mixing.

The ratio between numbers of particles involved in the first
(N;) and in the second (N,) statistical ensembles was computed
with eq. (5) and is depicted in Figure 4. This demonstrated a
general decreasing tendency of the number of broken particles
because of their coalescence with time. A detailed analysis of
Figure 4 allowed us to find a short intermediate regime
(between 1 and 2 min) where the number of broken particles
increased significantly because of effective mixing. This regime
can also be seen in Figure 3.

1,2

4  ensemble 1
1,0 4 = ensemble 2

0,8 4

0,6

<d>, um

0.4

0,2 +

00+ T T T T 1 ¥
o 1+ 2 3 4 5 6 7 8 9 10 M

time, min

Figure 3. Variation of the mean diameter of the broken and coalesced
mEP phase particles with mixing time during the melt mixing of the
mPE/mEP blend.
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Figure 4. Variation of the ratio R between the numbers of broken and

coalesced mEP phase particles with mixing time during the melt mixing
of the mPE/mEP blend.

Particle Size Evolution During Quiescent Coalescence

Figure 5 shows the SEM micrographs of the mPE/mEP (80/20
vol %) blend at different quiescent coalescence times. We
observed qualitatively from the SEM micrographs that the size
of the dispersed particles increased gradually with coalescence
time; at the same time, the number of dispersed particles
decreased by degrees. The blend maintained a sea-islands mor-
phology during the whole coalescence process, whereas the
shape of the dispersed particles ranged from spherical to ellip-
soidal or irregular. Meanwhile, particle size uniformity became
poorer; there was the coexistence of large particles and much
smaller particles because of different coalescence efficiencies
between particles of different sizes.’>*” Neighboring particles
aggregated and merged into larger particles under the effect of
interfacial tension (I'). However, the coalescence efficiency
between similar sized particles was superior to that between
particles with distinct differences in size. Consequently, these
large particles with prior coalescence abandoned circumambient
small particles and continued to merge with counterparts of
their size as a result of the discontinuity of particle size
distribution.

Figure 6 depicts histograms resulting from a statistical analysis
of the SEM micrographs. We successfully described the histo-
grams with a bicomponent version [eq. (2), N=2] within the
time interval between 0 and 420 min. This allowed to find two
compulsory regimes of the minor-phase evolution: breakup and
coalescence. However, the histograms obtained at 420 and 600
min could be fairly described with a one-component version of
the model [eq. (1), A= 17%] rather than with a bicomponent
version [eq. (2), A =38%]. This means that the primary (bro-
ken) particles disappeared because of their total coalescence.

Figure 7 shows variation of the mean diameters of the minor-
phase particles of the mPE/mEP blend computed with egs. (3)
and (4) at different quiescent coalescence times. As shown, the
mean diameters of both the broken and coalesced particles
increased with the extension of the quiescent coalescence time
up to 300 min but at different rates; the mean diameter of the
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broken particles increased a bit (from 0.30 to 0.56 um), whereas
the mean diameter of the coalesced particles increased three
times (from 0.45 to 1.52 um). However, in the late stage of coa-
lescence (after about 350 min), the coalesced particle size
decreased, and broken particles disappeared completely. The
mean-diameter variation tendency could be explained via a
static coalescence mechanism proposed by Fortelny et al.**" At
the beginning of coalescence, the small size and large number of
primary (broken) particles, large interfacial area (or high inter-
facial energy), and high probability of collision between the pri-
mary particles resulted in fast coalescence and hence a great

—_—

Figure 5. SEM images of the mPE/mEP blend during quiescent coales-
cence at (a) 60, (b) 240, and (c) 420 min.
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Figure 6. Statistical area distributions of the mEP phase particles of the
mPE/mEP blend during quiescent coalescence at (a) 60, (b) 240, and (c)
420 min.

increment in the coalesced particle size. Coalesced particles were
produced through adjacent broken particle merging, which
increased the coalesced particle size and decreased the broken
particle number (see later discussion). Thus, the critical matrix
film thickness (h.) between two particles increased; this
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corresponded to an increase in the time required for the drain-
age of the matrix films; this was considered the control step. So,
the coalescence efficiency decreased, and the coalesced particle
size increased slowly in the middle stage of coalescence; this was
demonstrated by an observation of dumbbell-like particles from
the SEM micrographs. Noticeably, a declining tendency after
about 350 min was observed, which was probably due to the
mPE crosslinking at a high temperature for a heating time that
was too long (600 min) in the mixer.

An increase in the mean diameter of the broken particles with
time in the absence of a strong flow field seemed at first to be a
surprising phenomenon. However, we needed to take into
account a dramatic decrease in the relative number of broken
particles with time (see later discussion) because of their coales-
cence. Presumably, the smallest broken particles coalesced
exceptionally. After coalescence, they left the ensemble of broken
particles and came to the ensemble of coalesced particles. That
is why the mean size of broken particles increased with time
slowly up to 350 min. However, finally, all of the broken par-
ticles disappeared because of their intensive coalescence.

Figure 8 depicts the variation of R during static coalescence. R
rapidly decreased (presumably in a linear manner) because
more and more primary dispersed particles coalesced, and
finally, above 400 min, all of the particles of the minor phase
were coalesced.

Particle Size Evolution During Flow-Driven Coalescence

Figure 9 shows typical SEM micrographs of the mPE/mEP (80/
20 vol %) blend at different shear-induced coalescence times. As
expected, the dispersed particles size increased, and, in other
words, the number of particles decreased during the coalescence
process. The blend presented a matrix particle morphology with
mEP being the dispersed phase, whose morphological changes
from spherical particles in the initial stage (0-10 min) to ellip-
soidal or irregular particles in the later stages (60-300 min). At
the same time, the structure of broken and coalesced particle
coexistence was observed. We also observed that dumbbell-like
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Figure 7. Variation of the mean diameter of the broken and coalesced
mEP phase particles of the mPE/mEP blend with time during quiescent
coalescence.
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Figure 8. Variation of the ratio R between the numbers of broken and

coalesced mEP phase particles with time during quiescent coalescence.

particles appeared in the later coalescence stages; this illustrated
the drainage of matrix films between neighboring particles,
which indirectly indicated that the coalescence rate decreased in
the later stages.

Figure 10 presents the histograms obtained from statistical analy-
sis of the SEM micrographs. They were successfully described
with a bicomponent version [eq. (2), N=2] within the entire
time interval studied. This means that two statistical ensembles of
primary (broken) particles and secondary (coalesced) particles
coexisted all across the flow-driven regime corresponding to a
rotor speed of 1 rpm. This speed did not seems to be great
enough to suppress the coalescence of the minor-phase particles.

The relation between the mean diameter and dynamic coales-
cence time is also studied as shown in Figure 11. We observed
that the mean diameters of dispersed particles involved in two
statistical ensembles increased with increasing dynamic coales-
cence time. However, there were differences in the incremental
amplitudes of the mean particle diameter at different coales-
cence moments. In the initial stage (0—10 min), the mean diam-
eters of the particles involved in both statistical ensembles
increased rapidly from 0.28 um (the first ensemble) and 0.54 um
(the second ensemble) at 0 min to 0.67 and 1.42 um, respec-
tively, at 10 min. This indicated that both the breakup and coa-
lescence rates were fast in the initial stage, whereas in the later
stage, the mean diameters in both ensembles increased slowly.
The matrix film-drainage theory proposed by Chesters®® and
Janssen and Meijer*® could be used to explain the variation
tendency of the mean diameter of the dispersed particles. We
assumed that coalescence occurred when the gap between two
particles reached h,, at which time the matrix film between the
particles automatically ruptured. Theoretical research shows that

he=(AD/162T)"/?

where A is the Hamaker constant and D is the average particle
diameter. In the initial stage, D was small, and this led to a
small h.. Moreover, the collision probability was high because of

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39373
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the large number of primary (broken) particles. The two factors
determined a faster coalescence rate in the initial stage. As the
coalescence process continued, neighboring primary particles
aggregated with other and merged into larger particles; this
resulted in increases in the dispersed particle diameter and h,
and a reduction in the collision probability because of a
decrease in the particle numbers, so the coalescence rate
decreased in the later stages.

Again, an increase in the mean diameter of the broken droplets
with time could be explained by the exceptional coalescence of

Sum
—

Figure 9. SEM images of the mPE/mEP blend during dynamic coalescence
at (a) 1, (b) 60, and (c) 240 min.
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Figure 10. Statistical area distributions of the mEP phase particles of the
mPE/mEP blend during dynamic coalescence at (a) 1, (b) 60, and (c)
240 min.

the smallest broken particles, their transference to the ensemble
of coalesced particles, and therefore the exhaustion of small par-
ticles in the ensemble of broken particles.

The behavior of the minor-phase particles across flow-driven
coalescence is also reflected in Figure 12, which shows the

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1
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variation of R between N; and N, with time. In the initial stage,
R decreased because of the intensive coalescence and achieved a
minimum value at about 60 min. In the later stage, R increased
and achieves a maximum value at about 130 min. However, in
the latest stage, R decreased again because of intensive
coalescence.

CONCLUSIONS

In this study, the morphological evolution of an mPE/mEP (80/
20 vol %) blend across various mixing regimes was investigated
with an online sampling microscopy method. Statistical image
analysis and consequent thermodynamic description allowed us
to find two superimposed statistical ensembles involving pri-
mary (broken) and coalesced (secondary) particles of the minor
component (mPE) and to analyze the evolution of their mean
size and the relative number of particles across mixing, static
coalescence, and dynamic coalescence.

In the regime of intensive mixing, the mean size of both the
broken and coalesced mEP particles initially (<1 min) decreases
sharply, then (between 1 and 2 min) increased slowly, and
finally (>3 min) achieved a dynamic equilibrium. In the regime
of static coalescence, the mean size of both broken and coa-
lesced mEP particles increased, achieved a maximum (at about
300 min), and decreased a bit; across the regime, the relative
number of broken particles decreased dramatically, and after
about 400 min, they disappeared. In the regime of dynamic coa-
lescence, the mean size of both broken and coalesced mEP par-
ticles first (<10 min) increased rapidly, whereas later, it
increased slowly. The observed morphological evolution was

8,10,11

explained with the mechanism of phase evolution, static

coalescence,”*” and matrix film-drainage theory.*®*®

Generally, we concluded that the evolution of the minor-phase
particles across various regimes of the mPE/mEP (80/20 vol %)
blend mixing was a result of interplay between their breakup
and coalescence.
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Figure 11. Variation of the mean diameter of the broken and coalesced

mEP phase particles of the mPE/mEP blend with time during dynamic
coalescence.
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Figure 12. Variation of the ratio R between the numbers of broken and coalesced mEP phase particles with time during dynamic coalescence.
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