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Abstract

Structure development through the softening/melting compounding regime is investigated for very-low-viscosity-ratio model miscible
blends consisting of poly(styrene-co-acrylonitrile) (SAN)/poly(methyl methacrylate) (PMMA) and polyethylene (PE)/polyethylene. Blends
with viscosity ratios of 1.12, 0.11, 0.03, 0.003, and 0.00015 are pigmented, compounded, and visually interrogated. These experiments
reemphasize both the importance of the softening/melting regime to the development of morphology in low-viscosity-ratio, miscible blends,
and the dynamic similarity between the behavior of these miscible blends and their immiscible counterparts at short mixing times.
Additionally, these experiments reveal the presence of a phase-inversion-like process in the lowest viscosity-ratio blends, as evidenced
by both local and global maxima in the mixer torque traces. This is the first such observation in a miscible polymer blend. We postulate a
mechanism of morphology development that incorporates the Scott/Macosko lacing/sheeting mechanism, as well as the observed phase-
inversion-like process. Finally, we confirm that the presence of a low-viscosity additive significantly delays the onset of mixing, even when
thermodynamically miscible with the major component. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The issue of mixing of low-viscosity, miscible additives
into polymer matrices is of particular interest to the polymer
processing community. A wide variety of commercial poly-
mers are actually complex formulations that involve the
incorporation of low-viscosity, miscible additives, includ-
ing thermal stabilizers, processing aids, organic dyes, anti-
oxidants, and plasticizers, into a high-viscosity polymer.
Common examples include the compounding of plasticizers
into poly(vinyl chloride) and cellulose esters, sometimes in
concentrations approaching 50%, in order to convert these
materials from stiff, hard materials into soft and rubbery
ones.

While polymer—polymer mixing is never a trivial task
because of the high viscosities and extremely low diffusiv-
ities of the materials involved, the problem is further exacer-
bated when one of the components has a significantly lower
viscosity than the other(s). In polymer mixing operations it
is crucial to achieve the desired level of mixing as rapidly as
possible, with as little energy input as possible, in order to
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minimize thermal and shear degradation of the polymer
matrix. However, the large mismatch between the additive’s
viscosity and that of the molten polymer greatly magnifies
the difficulties associated with compounding these materi-
als. This increased difficulty is due to the tendency of the
low-viscosity component to segregate to the high shear rate
regions in the mixing equipment, where it can actually
retard mixing [1-3]. Clearly, there is a long-standing need
for improved understanding of the mixing process in order
to design more effective mixing equipment and to develop
more efficient mixing protocols for the incorporation of low-
viscosity miscible additives into polymers.

The problem of shear segregation is particularly insi-
dious; in addition to the obvious obstacles to achieving a
homogeneous mixture, this migration further hinders
mixing because of its lubricative effects. While most experts
agree that shear migration occurs because of the thermody-
namic tendency to minimize the rate of viscous dissipation,
and hence entropy production, [4,5] the phenomenon of
shear migration also diminishes the rate of mixing. Tadmor
and Gogos estimate that 80—-90% of the energy used to
transform solid polymer pellets to a molten fluid is gener-
ated by viscous dissipation [3]. Since viscous dissipation is
directly proportional to viscosity and proportional to the
shear rate squared, the presence of a low-viscosity fluid
acting as a lubricant in the high-shear rate regions of the
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Table 1
Key physical properties of the SANs and PMMASs used in this study

Material Grade Melt flow index Viscosity at 180°C, Glass transition
(g/10 min) 80s~' (Pas) temperature (°C)
SAN Tyril® 100 8.0 (at 230°C) 3.5%x10° 106
MRY 5003c - 8.2x 107 104
MRY 5003e - 2.6x 107 101
PMMA VM 14.5 (at 190°C) 3.9%10° 92
V825 3.7 (at 190°C) 7.6 % 10° 109

? Not determined for this material.

equipment, where viscous dissipation should be maximized,
dramatically decreases the energy available to transform the
high-viscosity, major phase material from a solid to a fluid,
and hence, decreases the rate of mixing.

The academic community has largely overlooked the
problem of mixing low-viscosity, miscible additives into
polymeric matrices, along with the associated issues of
additive migration and its effects on the evolution of
structure in the resulting blend. Mixing and morphology
development in immiscible polymer blends of similar vis-
cosity have been addressed by a variety of researchers
[6—8], but similarly extensive treatments of miscible mixing
are lacking. There are several theoretical works that deal
with mixing in miscible systems [2,9—12], but these works
have dealt almost exclusively with mixing in the fluid state.
There have been a few experimental investigations into
miscible blends [13—15], but these are by no means compre-
hensive or conclusive and they have likewise largely
subverted the softening/melting regime, shown to be of
particular importance to morphological evolution in immis-
cible blends by several researchers [6,8,16]. Recent efforts
in our laboratory have endeavored to correct this deficit [17]
by examining the evolution of structure in miscible blends
with viscosity ratios near one through real softening/melting
regime processes. The goal of this work is to extend our
understanding of miscible polymer mixing by performing
the first systematic study of low-viscosity-ratio, miscible
blends compounded through the softening/melting regime
and the effects of the viscosity ratio of such a system upon
its morphology.

2. Experimental

Two model miscible blends were chosen for this work.
The first was composed of poly(methyl methacrylate)
(PMMA) and poly(styrene-co-acrylonitrile) (SAN), while
the other consisted of two miscible polyethylenes (PE).

2.1. PMMA/SAN blend materials characterization

The PMMASs used in the first series of blends were
AtoHaas Plexiglas® VM and V825 resins, while the
SANs were Dow Tyril® 100 and two custom-synthesized

SANs from Bayer Corporation. Traditionally, mixing in
miscible systems has been studied using the same fluid for
both phases, then differentiating them by pigmentation.
However, previous work in this laboratory [17] utilized a
PMMA/SAN blend, which also provided for mixture char-
acterization using infrared spectroscopy, so it was chosen
for comparison purposes.

In a limited range of acrylonitrile content, typically cited
as 10-30 wt%, SAN is completely miscible with PMMA
across the composition range [18]. The acrylonitrile content
of all the SANs was approximately 25 wt%; in the case of
the Tyril® 100 SAN, this was verified by elemental analy-
sis, and in the case of the custom-synthesized material, the
SAN content was known a priori. Differential scanning
calorimetry (DSC) was used to determine the glass transi-
tion temperature of each of these amorphous polymers.
Results are given in Table 1, along with other key properties.

2.2. PE/PE blend materials characterization

The PEs selected for the second series of blends were
Epolene® waxes available from Eastman Chemical
Company. Specifically, Epolene® C-14 was blended with
either Epolene® C-15 or Epolene® N-11, all of which are
low-density PEs. The miscibility of polyethylene blends is
not guaranteed a priori; however, Hu and co-workers, as
well as Norton and Keller [19,20] maintain that the presence
of a single melting endotherm in DSC is indicative of
cocrystallization in polyethylene blends. Furthermore,
cocrystallization of PEs is considered a powerful indicator
of melt miscibility [21,22]. DSC was performed on all the
pure C-14, C-15, and N-11, as well as 50 wt%/50 wt%
blends of the C-14 with the C-15 and the N-11. Based on
the appearance of a single melting endotherm for both the
C-14/C-15 and C-14/N-11 blends in these experiments, it
can be concluded that these blends are indeed melt-miscible.
Key material properties are given in Table 2.

2.3. Rheological characterization

The SANs, PMMAs, and C-14 PE were rheologically
characterized in a Rheometrics ARES mechanical spec-
trometer operating in the parallel-plate dynamic strain
mode. Measurements were taken at small enough strains,
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Table 2
Key physical properties of the Epolene® polyethylenes used in this study
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Grade Ring and ball Molecular Molecular Melt index Viscosity at 180°C,
softening point weight, M, weight, M, (g/10 min at 190°C) 80s ! (Pas)
O

C-14 > 133 143,000 18,000 1.6 7.6 % 10?

C-15 102 17,000 6700 4200 2.1°

N-11 108 6000 2000 = 0.02°

* Not determined for this material.
® Determined in steady-shear at 100s™".

depending on the material, to insure that the material’s
response was in the linear viscoelastic regime. Viscosities
at 180°C and 80 s~ ' were chosen as representative of the
actual conditions experienced by the material during drag
flow in melt compounding. Dynamic strain experiments
revealed the C-15 and N-11 PEs to be Newtonian at
180°C, so their viscosities were determined in steady
shear at a shear rate of 100 s~ '. Based on these experiments,
viscosity ratios, defined as A = Npinor/ Mmajor» OF 1.12, 0.11,
and 0.03 were obtained using the SAN/PMMA blends,
while the PEs blends had viscosity ratios of 0.003, and
0.00015. Key material properties are given in Table 2, and
specific blend compositions as a function of viscosity ratio
are given in Table 3.

For all of the experiments discussed here, the blend
composition is 90 wt% major component/10 wt% minor
component. This composition is representative of additive
concentrations used in commercial formulations. Further-
more, in some cases the feed material was mixed, with the
major component in pellet form, and the minor component
in powder form. Details of this are given in Table 3. This is
characteristic of industrial compounding formulations,
which typically incorporate powdered additives, such as
antioxidants and pigments. The physical form of the consti-
tuents is known to influence processing behavior [23]. The
powder feeds were prepared by grinding either pigmented
chunks (VM PMMA), as-received pellets (VM PMMA), or
as-received flake (MRY 5003¢ and MRY 5003e SAN) in a
water-cooled IKA Universalmiihle M20 ceramic powder
mill. The VM PMMA powders was prepared by grinding
50 g batches of pellets/chunks for 5 min each, while the
MRY SAN powders were prepared by grinding 50 g batches
for 30 s. Due to the inherently smaller initial particle size of

Table 3
Blend compositions and contrasts as a function of viscosity ratio

the SANs, the resulting powders had approximately the
same particle size.

2.4. Preparation of pigmented materials

Pigmentation of one or both blend components was used
to provide contrast for visual analysis of the mixing process.
Details of the contrast scheme as a function of viscosity
ratio are given in Table 3. The pigmented major-component
materials used were prepared by dilutions of masterbatches.
The Tyril® 100 SAN, V825 PMMA, and C-14 PE were
pigmented at 0.1 wt% titanium dioxide with DuPont R103
TiO, by first compounding the TiO, into the respective
resins at 1.0 wt% using the batch intensive mixer. The
mixtures were thoroughly compounded at 50 rpm before
being pressed into 3.18 mm thick plaques, which were
then cut into 3 mm cubes with either a saw (SAN,
PMMA) or scissors (PE). Then, the masterbatch pellets
were premixed in buckets with sufficient virgin resin to
dilute the pigment to 0.1 wt%, before being compounded
in the single-screw extruder and repelletized.

The minor-phase VM PMMA was pigmented at 0.1 wt%
carbon black by compounding N339 carbon black into VM
PMMA at that concentration using the batch intensive
mixer. The mixture was thoroughly compounded at
50 rpm before being pressed into a 3.18 mm thick plaque,
which was then cut into 6 X 6 X 3 mm chunks with a saw.
These chunks were then ground into powder using the
Universalmiihle M20 ceramic powder mill.

The pigmentation of the C-15 and N-11 PEs was accom-
plished using a dispersion of carbon black in a liquid hydro-
carbon matrix, in this case ColorFlo’s CK-1201. Due to the
exceptionally low melt viscosities of these two PEs, these

Viscosity ratio Major component

Minor component Contrast mechanism

(Major/Minor)
1.12 Tyril® 100 SAN Pellets VM PMMA Powder White/Black
0.11 V825 PMMA Pellets MRY 5003¢ SAN Powder White/Clear
0.03 V825 PMMA Pellets MRY 5003e SAN Powder White/Clear
0.003 Epolene® C-14 PE Pellets Epolene® C-15 PE Pellets White/Black
0.00015 Epolene® C-14 PE Pellets Epolene® N-11 PE Pellets White/Black
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materials were melted separately in beakers submersed in a
temperature-controlled silicone oil bath, rather than in a
batch mixer. Then, the carbon black dispersion was added
to each at a concentration of 1 wt% with external stirring.
After the mixtures were thoroughly blended, they were
poured into heated 3.18 mm thick picture-frame molds
and maintained at temperature for 5 min to remove any
entrained air bubbles. The molds were cooled to room
temperature, then the materials were cut into approximately
3 mm cubes using a papercutter and scissors.

These pigment concentrations were chosen because they
afforded the best compromise between color saturation and
lack of rheological impact. Additionally, the contrast
mechanisms (white/black, white/clear) were chosen to
provide the optimum visual contrast without losing precious
amounts of the custom-synthesized MRY SANSs to extruder
hold-up during repelletization.

2.5. Blend preparation

All the compounding runs were performed in a Haake
Rheomix 600 batch intensive mixer utilizing roller blades
at 50 rpm. Batch masses were calculated based on material
densities to give a constant batch size of approximately
50 cm®, corresponding to a 72% degree of fill. The
PMMAs and SANs were dried overnight at 60°C under
vacuum before processing, while the PEs, which are signif-
icantly less hygroscopic, were used as is. Prior to
compounding, the feed materials were mixed in the chosen
90 wt% major phase/10 wt% minor phase proportions in a
cup. For the SAN/PMMA blends (those with viscosity ratios
of 1.12, 0.11, and 0.03), the feed material consisted of
pellets of the major phase and powdered minor phase,
while for the PE/PE blends (those with viscosity ratios of
0.003 and 0.00015), the feed materials were both pellets;
however, a pellet/pellet blend with a viscosity ratio of 1.12
was also prepared for comparison purposes. The salt-and-
pepper mix was then added to the mixer, which had been
preheated to 180°C, and was compounded for the desired
length of time. For A = 1.12, samples were prepared at 30,
45, 60, 90 s, 2, 3 and 4 min mixing, at which time the blend
appeared homogeneous to the naked eye. For A =0.11,
samples were prepared at 30, 45, 60 and 90 s mixing in an
effort to ascertain the early stages of morphological evolu-
tion in a median-range viscosity-ratio blend. For A = 0.003
and A =0.00015, sample times were chosen based on the
torque profile of long-mixing time runs, which will be
discussed in more detail later. However, for A = 0.003,
samples were prepared at 16, 24, 32, 46, 60 s, and 5 min
mixing time. For the A =0.00015 blend, samples were
prepared at 20, 30, 36, 60, 80 s, and 5 min mixing time.
At the cessation of mixing, depending on the state of
the molten blend, it was either quenched in liquid nitrogen
or pressed to 3.18 mm thick in a picture-frame mold
between 180°C platens for 30 s before being cooled in situ
to room temperature using cooling water (~10 min). The
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Fig. 1. Normalized Haake batch intensive mixer torque traces for A = 1.12,
A =0.03, A =0.003, and A = 0.00015 blends. The torque is normalized by
the steady-state mixing torque for each viscosity.

influence of diffusion during pressing should be virtually
nonexistent, as the diffusivity of the SAN/PMMA blend is
on the order of 10~ cm?%/s at 180°C [24] and that of the PE/
PE blend ranges from 5 X 10 ¥ to 1 X 10~'° cm%s at 175°C,
depending on the molecular weights of the materials
involved [25].

Optical microscopy was performed on pigmented
samples that were cut from a larger sample plaque,
embedded in epoxy, and polished using a rotary polisher.
The final level of polishing was 0.05 pwm alumina powder.
The polishing regimen provided an excellent flat surface
with minimal scratches on which to conduct optical micro-
scopy investigations. A Zeiss microscope equipped with
a 35 mm camera was used to capture the micrographs.
Additional micrographs were obtained on a Zeiss micro-
scope equipped with a digital camera and screen-capture
software.

3. Results
3.1. Mixing torque traces

Mixing torque traces from the Haake batch intensive
mixer are shown in Fig. 1 for the A =1.12, A =0.03,
A =0.003, and A =0.00015 polymer blends. Due to the
differences in absolute viscosity, which directly affect the
mixing torques, the mixing torques were normalized by
their respective long-time mixing torques. The A =0.11
curve, which is largely concurrent with the A =0.03
curve, has been omitted in the interest of brevity.

This figure clearly shows an inverse relationship between
the viscosity ratio and the time required to achieve the
maximum mixing torque. Specifically, in the A =1.12
blend, the maximum torque peak is achieved at 12 s mixing
time, while for the A = 0.00015 blend, the maximum torque
is not reached until 84 s mixing. Additionally, the torque
traces for the A = 0.003 and A = 0.00015 blends show both
a local and a global maximum.
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Fig. 2. Low magnification photographs of A = 1.12 miscible polymer
blends composed of 90% white SAN pellets/10% black PMMA pellets at
30 s mixing time.

3.2. Photographic observations

Representative low-magnification photographs of these
low-viscosity ratio, miscible polymer blends are shown in
Figs. 2—-5. For the A = 1.12 blend, only the 30 s mixing time
sample is shown, while for A = 0.03 blends, the 30 and 45 s
mixing time samples are shown. Longer time samples for
these blends appear homogeneous at this magnification.
This is not the case, however, for the A =0.003 and
A = 0.00015 blends, so they are shown over a longer mixing
time. These photographs clearly reveal that at a given
mixing time the amount of undeformed major-phase pellets
increases as the viscosity ratio decreases. They also demon-
strate that undeformed pellets persist to longer times as the
viscosity ratio decreases.

The photographs of the A =0.003 and A =0.00015
blends, shown in Figs. 4 and 5, are of particular interest.

Fig. 3. Low magnification photographs of A = 0.03 miscible polymer blend
composed of 90 wt% white PMMA pellets and 10 wt% clear SAN powder
at 45 s mixing time.

These photographs reveal two remarkable facts about the
evolution of morphology in very-low-viscosity-ratio misci-
ble blends. First and foremost, Fig. 4(a) shows that the
initial morphology consists of largely-undeformed (white)
major-phase pellets embedded in or encapsulated by a
continuous matrix of molten (black) minor-phase material.
These two early-time samples were not pressed into flat
squares because that operation would have destroyed this
granular texture. Second, as Fig. 4(b) and (c) demonstrate,
the transition from this early, granular, dispersed-major-
phase-pellet morphology to one that is largely molten and
amalgamated happens very quickly. In the case of the
A =0.003 blend shown here, at 46 s mixing time the
blend morphology is dispersed pellets; by 60 s mixing
time, the blend is consolidated into a melt, necessitating
that it be pressed into a square sample. For the
A =0.00015 blend, this same transition occurs between
36 and 60 s mixing time, although to a slightly lesser extent,
as a comparison of Figs. 4(c) and 5(a) reveal. By 5 min
mixing time, the blend is fully homogeneous, as shown in
Fig. 5(c).

3.3. Microscopic observations

Representative and illustrative optical micrographs of the
A =1.12,0.11, and 0.03 blends at 30 s mixing time, as well
as the A =0.003 blend at 16s mixing time and the
A =0.00015 blend at 60 s mixing time, are shown in Figs.
6-10. Figs. 6, 7(a), (b), and 8(b) show sheets of material in
which holes are nucleating, as well as small droplets of
material that have been formed. Figs. 7(b) and (c), as well
as Fig. 8(a), illustrate the dichotomy of characteristic size
scales present in these blends at short mixing times, with
largely undeformed pellet cores of approximately 3 mm in
size coexisting alongside droplets 100 wm or less in
diameter. Furthermore, Fig. 7(a) depicts the rather-exten-
sive interstitial morphology that is seen in these low-
viscosity-ratio blends. The amount of this interstitial
morphology increases as mixing time increases. Fig. 9
depicts two largely-undeformed major-phase pellets
dispersed in a matrix of molten, minor-phase material,
while Fig. 10 shows that, for extremely low-viscosity-ratio
blends, by 60 s mixing time, there are very few resolvable
morphological features. This may be due to either the limit
of size resolution of optical microscopy or the limit of reso-
lution of the contrast scheme. That is, at 60 s mixing time,
the features may be too small to be seen with an optical
microscope, or the pigment particles may be so well-
dispersed that individual morphologies, while large enough
to be seen, cannot be resolved due to lack of contrast.

4. Discussion

Previous research in this laboratory [17] has demon-
strated the remarkable short-time similarities between the
morphological development of immiscible polymer blends
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Fig. 4. Low magnification photographs of A = 0.003 miscible polymer blend composed of 90 wt% white C-14 PE pellets and 10 wt% black C-15 pellets.

(a) 16 s mixing time. (b) 46 s mixing time. (c) 60 s mixing time.

and that of miscible polymer blends for viscosity ratios of
approximately one, namely the importance of the softening/
melting regime to the development of the morphological
features, and the operation of the Scott/Macosko lacing/
sheeting mechanism, which rapidly generates a dichotomy
of characteristic size scales. Previous investigations into
low-viscosity ratio immiscible blends [23,26], have shown
the paramount importance of the softening/melting regime
in determining the morphology of these immiscible blends.
Current work, which extends these investigations to very-
low-viscosity-ratio miscible polymer blends reveals that this
similarity persists to even very low viscosity ratios.

The continued importance of the softening/melting

regime to the morphological development is the first key
similarity between miscible and immiscible low-viscosity-
ratio polymer blends. At 30 s mixing time, at which the
micrographs shown in Figs. 6—8 were taken, these blends
are well within the softening/melting regime of the
compounding operation. This can be confirmed by previous
work in the case of the A = 1.12 blend, [17], and by Fig. 1
for the other blends, which shows that at 30 s mixing time,
the torque has not begun to approach the steady-state values
characteristic of the fluid—fluid mixing regime, where
viscosities and hence, torques, are relatively constant.
These micrographs demonstrate the dramatic decrease in
the characteristic morphological size scale that occurs in
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(a)

Fig. 5. Low magnification photographs of A = 0.00015 miscible polymer blend composed of 90 wt% white C-14 PE pellets and 10 wt% black N-11 pellets.

(a) 60 s mixing time. (b) 5 min mixing time.

the softening/melting regime. Figs. 7(a), (b) and 8(a), in
particular, show the dichotomous nature of size scales that
arises due to the softening/melting regime. These micro-
graphs show largely-undeformed pellet cores of approxi-
mately 3 mm coexisting alongside droplets, holes, and
striations with characteristic size scales of 50 wm or less.
This reconfirms the previous work, which demonstrated the
importance of the softening/melting regime for A =1
miscible blends, and extends the known importance of this
regime to viscosity ratios on the order of 10~* (micrographs
of these blends showed principally the same features but
were omitted in the interest of brevity). This further

Fig. 6. Optical micrograph of a polished region of the A = 1.12, 30 s mixing
time blend composed of 90% white SAN pellets/10% black PMMA
powder. Note the presence of the holes in the sheet of material.

strengthens the conclusion that a dynamic similarity exists
between miscible and immiscible blends at short mixing
times.

Another observation that re-emphasizes both the impor-
tance of the softening/melting regime and the dynamic simi-
larity between miscible and immiscible blends is the
operation of the Scott/Macosko lacing/sheeting mechanism
in these low-viscosity-ratio miscible blends. Previously
thought to be active only in immiscible blends due to its
reliance upon interfacial tension [6,16], previous work with
miscible blends has shown that this mechanism does indeed
operate in miscible blends, at least for viscosity ratios of
approximately one [17]. However, Figs. 6, 7, 8(a) and (b)
show morphologies of largely-undeformed pellets coexist-
ing with large sheets of material in which holes are nucleat-
ing, as well as with very small-scale droplets. These are the
hallmark morphologies of the mechanism, confirming its
operation in blends with viscosity ratios as small as 10~*.
It is interesting to note that this morphological mechanism is
largely unaffected by the use of the powdered SAN as the
minor-phase component in the A =1.12, 0.11, and 0.03
blends. It appears that as long as the major phase is in pellet
form, the Scott/Macosko mechanism will be operational.

Another significant observation that reinforces this idea
of dynamic similarity between miscible and immiscible
blends at short mixing times is that of an apparent phase
inversion behavior in the A =0.003 and A = 0.00015 PE
blends. The normalized mixing torque traces for these two
blends, shown in Fig. 1, exhibit both a local and global
maximum. This is reminiscent of the torque traces seen during
the compounding of low-viscosity-ratio, phase-inverting
immiscible polymer blends [23,27,28]. In immiscible
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(a) (b)
(c)

Fig. 7. Optical micrographs of polished regions of the A =0.11, 30 s mixing time blend composed of 90% white PMMA pellets/10% clear SAN powder.

(a) (b)

Fig. 8. Optical micrographs of polished regions of the A = 0.03, 30 s mixing time blend composed of 90% white PMMA pellets/10% clear SAN powder.
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Fig. 9. Optical micrograph of a polished region of the A =0.003, 16
mixing time blend composed of 90% white C-14 PE pellets/10% black
C-15 PE pellets.

blends, the small torque peak is associated with the feeding
stage, while the larger, global maximum in torque has been
shown to correspond to the melting and attendant phase
inversion that results in the more-viscous major component
becoming the continuous phase. Visual confirmation of this
phase inversion-like behavior is found in the early-mixing-
time photographs and micrographs shown in Figs. 4 and 9.
These pictures show a morphology of solid, major-phase
pellets dispersed in a matrix of molten minor-phase material
at short mixing times, followed by a largely-molten, conso-
lidated morphology at approximately 60 s mixing time.
These observations are consistent with the observation of
both a local and a global maximum in the torque trace,
reminiscent of phase inversion in immiscible blends. In
phase-inverting immiscible blends, the low-viscosity
minor component melts readily and initially becomes the
continuous phase, corresponding to the first local torque
peak. This low-viscosity component acts as a lubricant

Fig. 10. Optical micrograph of a polish region of the A =0.00015, 60 s
mixing time blend composed of 90% white C-14 PE pellets/10% black
N-11 PE pellets.

and delays the softening of the major-phase pellets for
some time, until they eventually melt and coalesce, resulting
in the second, global torque peak [23]. In the case of these
miscible blends, the timing of the appearance of the molten,
consolidated morphology corresponds quite well to the
timing of the maximum torque peaks shown in Fig. 1.

It is important to note that these observations constitute
only a phase-inversion-like behavior, not a true phase inver-
sion, because in miscible blends, the final morphology is a
single-phase system, rather than droplets of the minor phase
dispersed in a major-phase matrix, as in immiscible polymer
blends. Additionally, this phase-inversion-like behavior in
miscible blends differs slightly from that seen in immiscible
blends in its initial onset viscosity ratio. Previous workers in
this laboratory have observed phase inversion in immiscible
polymer blends beginning around viscosity ratios of 0.3,
while onset for these miscible blends is not seen until
A =0.003, a difference of two orders of magnitude
[23,26]. This is most likely due to the fact that this phase-
inversion-like process occurs so rapidly in the A = 0.11 and
A =0.03 that it cannot be visually observed; that is, it
happens so quickly that the global torque maximum is coin-
cident with the local torque maximum due to feeding, and
the first obtainable visual data point is too late to capture
visual evidence of the phase inversion [23,26,27]. Scott and
Joung, working with immiscible blends of similar absolute
viscosity, did not observe the global torque maximum
signifying phase inversion until approximately 3 min
mixing time for a A =0.05 blend and approximately
10 min for a A =0.003 blend [23]. In this work, the
A = 0.003 miscible blend takes 84 s to achieve the global
torque maximum, so based on the work by Scott and Joung,
the comparable time-to-phase inversion for the A =0.03
blend should be approximately 25 s, making the torque
global maximum and feeding peaks coincident and indis-
tinguishable. Additionally, this transition occurs before the
first sampling point at 30 s mixing time, thus subverting any
visual evidence of the phase-inversion-like process. Using
the mechanism proposed for phase inversion in immiscible
blends proposed by Lazo [29], the enhanced rate of the
phase-inversion-like process in miscible blends versus
their immiscible counterparts is attributed to a decreased
energetic penalty for sheet formation and spreading due to
the decreased interfacial tension. (For a discussion of inter-
facial tension vis-a-vis miscible systems, please see Refs.
[17,30].)

It is likewise worthwhile to mention that this phase-inver-
sion-like process is not due to manipulating differences in
transition temperature via a temperature-ramping protocol,
as was shown by previous investigators for phase inversion
in immiscible blends [31-34]; these materials all have
essential the same transition temperature of approximately
100°C.

A second fundamental observation regarding mixing in
low-viscosity, miscible blends is the deleterious effect the
low-viscosity, minor-phase component has upon the rate of
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Fig. 11. Schematic representation of the morphological evolution as a function of mixing time in low-viscosity, miscible polymer blends.
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mixing. As previously discussed, low-viscosity additives
tend to migrate to high-shear-rate regions of the mixing
equipment, where they act as lubricants and retard the
mixing process. This work has shown that miscibility does
not overcome this segregation tendency. Evidence of this is
found in Fig. 1, the normalized mixing torque as a function
of time and viscosity ratio. This figure shows the forward
progression in time of the maximum mixing torque peak as
viscosity ratio decreases; that is, the smaller the viscosity
ratio, the longer it takes for the maximum mixing torque to
be reached. As the maximum mixing torque has been shown
to correspond to softening/melting of the high-viscosity,
major-phase component [23], which is obligatory if the
blend is to be thoroughly mixed, this necessarily delays
the mixing process. Visual evidence of this delay can also
be seen by comparing Figs. 3 and 4(b). Fig. 4(b), a low-
magnification photograph of the A = 0.003 blend at 46 s
mixing time, shows significantly more undeformed pellets
present than Fig. 3, which depicts the A = 0.03 blend at 45 s
mixing time. As in immiscible blends, this delay is due to
the lubricative effects of the additive: it decreases both the
amount of energy available to soften/melt the dispersed
major phase by decreasing the viscous dissipation and the
stress transfer to the major-phase pellets. Both of these
effects are controlled by the additive’s viscosity, so the
lower the viscosity, the more pronounced is the delay in
the mixing process. Once again, these low-viscosity-ratio,
miscible polymer blends exhibit a dynamic similarity to
their immiscible counterparts: the presence of the low-
viscosity additive significantly delays the mixing process.

All of these experiments and observations of the morpho-
logical development in these low-viscosity-ratio, miscible
polymer blends allow a both a time-line and a schematic
representation of morphological change to be constructed.
This schematic drawing is shown in Fig. 11. (For the
purposes of this discussion, we will confine ourselves to
the A =0.003 and A =0.00015 blends, in which this
phase-inversion-like process occurs slowly enough so that
most aspects of it may be visually observed and documen-
ted.) Initially, a salt-and-pepper mixture of pellets of the
high-viscosity, major-phase material (white) and the low-
viscosity, miscible minor-phase additive (black) are added
to the batch mixer, as shown in Fig. 11(a). At the first
sampling point, generally at the time of the local torque
maximum due to feeding, the morphology consists of a
granular mixture of solid, undeformed major-phase pellets,
most of which are encapsulated by a thin layer of molten,
minor phase material, as seen in Fig. 11(b). Some uncoated
pellets remain, however, as illustrated by the white pellets in
Fig. 11(b). There may be a few small clumps of a few pellets
that are agglomerated, but the mixture is still largely free-
flowing because the melt viscosity of the minor component
is insufficient to act as an adhesive between the major-phase
pellets.

At the next sampling point, generally taken at the local
torque minimum after the feed maximum, the size of the

pellet agglomerates has increased and the pellets themselves
have begun slight macroscopic deformation. Additionally,
some of the major-phase material has been sheared off the
pellet cores, as predicted by the Scott/Macosko mechanism,
generating a significant interstitial morphology of sheets,
striations, and droplets observed in micrographs of blends.
The characteristic size scales of this interstitial morphology
are widely dispersed, ranging between 10 and 300 wm. This
morphological state is depicted in Fig. 11(c).

The third sample, generally taken as the mixing torque
approaches approximately one-third to one-half of its global
maximum, is shown in Fig. 11(d). There is a continued
increase in the size of the agglomerated pellet clumps; addi-
tionally, the pellets themselves exhibit an increase in their
macroscopic deformation. Individual pellets and their
boundaries are still distinguishable, however. There is like-
wise an increase in the amount of interstitial morphology,
but a decrease in its overall characteristic size scale. More,
finer droplets and sheets begin to appear as the larger
droplets and sheets of the previous time step begin to
break up.

By the time the fourth time sample is taken, generally at
the global torque maximum, individual pellets are no longer
distinguishable in the macroscopic sample. In fact, at some
point between the third and fourth samples, the mixture
abruptly consolidates and becomes fully molten, with a
very limited number of regions of deformed but as-yet
undispersed major-phase material. This is represented in
Fig. 11(e). The attendant microscopic morphology appears
largely homogeneous, with only a few very fine striations/
sheets at a size scale of approximately 10 wm, and the rare
region of major-phase material. It is at this point that the
dynamic size scale problem inherent in all mixing studies
becomes apparent: while some interesting events are still
occurring on the macroscopic level, the interstitial morphol-
ogy is too fine to resolve optically because of either its size
or the nearly-uniform dispersion of the pigment particles
used to provide the initial contrast. In the case of immiscible
blends, this problem is easily resolved by selective extrac-
tion of one blend component, then interrogation of the
resulting carcass using electron microscopy; this is not
feasible with miscible blends because the nearly-equivalent
solubility parameters of the miscible components prevent
this selective extraction. Therefore, no smaller-size-scale
morphologies can be ascertained for these miscible blends.

Finally, at long mixing times, (taken as 5 min in these
experiments) the blend becomes completely homogeneous
and assumes a single-phase, solid-solution morphology, as
shown in Fig. 11(f).

The transition from a morphology of largely-undeformed
pellets dispersed in a matrix of molten minor-phase material
to that of a fully-consolidated, molten blend occurs very
abruptly; in the case of the A = 0.003 blend, the transition
occurs between 46 and 60 s mixing. We hypothesize that
this transition is controlled by the softening behavior of the
major-phase pellets. That is, the blend becomes fully molten
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and consolidates when the temperature of the major-phase
pellets reaches a sufficient value that the material can flow
readily. Modeling the major-phase pellets as spheres of
equivalent radii with constant thermal properties and
neglecting the attendant phase transition, it takes approxi-
mately 38 s for a pellet with the physical properties of the
major-phase PE to reach the mixing temperature, 180°C,
from the feed temperature, 25°C. This assumes a convective
heat transfer boundary condition at the sphere’s surface and
a heat transfer coefficient of 600 J/m* s K. This heat transfer
coefficient was derived from a correlation by Deopura and
Scott [35]. If the phase transition were accounted for, and
the time required to melt the minor-phase material needed to
fulfill the heat-transfer boundary condition were added, then
the time for the sphere to reach the mixing time at its center
is certainly on the order of the observed time-to-consolida-
tion, approximately 50 s.

Ratnagiri has postulated a model for predicting the time-
to-phase-inversion in immiscible polymer systems based on
a critical accumulated strain that must be reached before
phase inversion can occur [27]. Using the Haake mixer
and roller blades to compound an immiscible blend of poly-
styrene (PS) and PE having A = 0.003, he found a critical
accumulated strain of 22 was required to bring about phase
inversion. In the corresponding miscible system, assuming a
time-to-phase-inversion of 50 s, Ratnagiri’s model predicts
that the corresponding accumulated strain is only 2. We
attribute this difference, once again, to the ease of sheet
formation and film draining facilitated by the decreased
interfacial tension in this miscible blend. It is important to
understand that in Ratnagiri’s work, and also that of Lazo
[29], the accumulated strain is directly correlateable to the
visualizable, quantifiable thinning of polymer sheets, which
facilitates phase inversion. In these miscible blends, we see
some accumulated strain vis-a-vis the increased deforma-
tion of the major-phase pellets, but we do not possess such
detailed information because of the inability of the pigmen-
tation contrast mechanism to elucidate these sheets and their
dimensions.

5. Conclusions

In this work, the effect of viscosity ratio upon the mixing
process in miscible polymer blends was investigated using
model blends of SAN/PMMA and PE/PE. This work recon-
firms the importance of the softening/melting regime to the
development of morphology in miscible blends in general,
and in low-viscosity-ratio miscible blends in particular.
Additionally, these experiments have extended the
previously-seen dynamic similarity between the short-
mixing-time behavior of miscible blends and their immisci-
ble counterparts to include even low-viscosity-ratio blends.
The torque traces for very low viscosity ratio (A = 0.003
and A = 0.00015) blends exhibit both a local and a global
maximum. Furthermore, photographs of short-mixing-time

samples for these blends reveal a morphology of largely-
undeformed major-phase pellets encapsulated by molten
minor-phase material, while longer time samples are
shown to be molten and consolidated. These are the first
such observations for a miscible polymer blend and are
compellingly reminiscent of the phase inversion process
seen in low-viscosity-ratio immiscible polymer blends.
This extends the dynamic similarity to include not only
the importance of the softening/melting regime and the
operation of the Scott/Macosko mechanism, but also the
phase inversion process as well.

We postulate a macroscopic mechanism of morphology
development in which the minor-phase component melts,
encapsulating still-solid major-phase pellets. Some of the
major-phase material undergoes the Scott/Macosko
mechanism, rapidly generating a bimodal distribution of
characteristic size scales, with largely-undeformed pellets
coexisting alongside sheets, droplets, and striations. As
mixing progresses in the softening/melting regime, the
size of this interstitial morphology decreases. Eventually,
when the major-phase pellets reach a sufficiently high
temperature so the material can flow easily, the blend con-
solidates into a fully molten mass with little distinguishable
morphology.

The presence of a very-low-viscosity, miscible compo-
nent delays the onset of mixing, as evidenced by the shift in
the maximum torque peak, as well as the presence of
increased numbers of largely-undeformed pellets present
at longer mixing times. This is due to the lubricating effect
of the low-viscosity additive component, which reduces the
stress transfer to the dispersed major-phase component and
slows its deformation and breakup.
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