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ABSTRACT

Achieving controlled nanoparticle dispersion through melt processing has been challenging
as processing-structure rules for polymer nanocomposites are still not well-defined. This
work focuses on developing a quantitative understanding of the filler-matrix compatibility
and melt mixing parameters on the dispersion of nanoparticles. Filler-matrix compatibility
was varied by surface modification of silica nanoparticles. A twin screw extruder was used to
prepare the nanocomposites and TEM imaging and image analysis were used to quantitively
characterize the microstructure. It was found that matrix-filler compatibility strongly affected
the method of agglomerate breakdown and dispersion. Under similar conditions, compatible
systems tended to disperse via rupture of agglomerates while incompatible systems were
found to disperse via erosion. A map was created to predict the dispersion mechanism as a
function of processing conditions and system compatibility and systems from this study and
literature were found to be in good agreement with the map.
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Introduction article aims to improve the quantitative under-
standing of the relationship between enthalpic
compatibility and the processing parameters to
achieve good dispersion.

The mechanisms that control agglomerate size as

Polymer nanocomposites have the potential to
improve efficiency and resilience of materials used
in applications ranging from high voltage cable

insulation to LED encapsulants [1-5]. However,
commercial acceptance is limited because of poor
control over nanofiller dispersion using commercial
melt processing equipment. It is well-known that
filler

enthalpic compatibilization and kinetic trapping

dispersion can be controlled

through

after mixing, but the high surface area of nanofil-
lers makes implementation challenging [6,7]. This

a function of shear rate and shear stress are well-
understood [8-10]. Initially, the polymer melt wets
the surface of the fillers and infiltrates the agglomer-
ate. Shear generated due to the extrusion process
breaks the agglomerates apart via rupture and/or
erosion [11-14]. The failure of an agglomerate
through the bulk is characterized as rupture.
Breakdown of agglomerates through rupture leads
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Figure 1. Monofunctional silane surface modifiers used to
vary the compatibility of the nanoparticle with respect to
the polymer matrix.

to similarly sized smaller agglomerates. Erosion is
defined as surface removal of nanoparticles from the
agglomerate. In contrast to rupture, erosion leads to
a size distribution of small and large agglomerates.
Rupture occurs when the hydrodynamic shear stress
exceeds the cohesive strength of the agglomerate
and results in rapid de-agglomeration. Erosion
occurs when the hydrodynamic shear stress can
only pull one particle at a time from the agglomer-
ate and de-agglomeration is slow. After de-agglom-
eration, the nanoparticles are distributed throughout
the polymer matrix. Although these steps have been
listed sequentially, they occur simultaneously.

In this study, the processing parameters (extruder
screw speed, mechanical energy input from the
extruder) and filler/matrix compatibility are system-
atically altered to better understand quantitatively
how to achieve good dispersion. The effect of the
infiltration of the polymer matrix on the cohesivity
of the nanoparticle agglomerates is also investigated
and a mechanism for determining the dominant
deagglomeration mechanism is proposed. The sur-
face of the nanoparticles (and thus the propensity
for matrix infiltration of the agglomerates) is tuned
using silane coupling agents. A twin screw extruder
is used to process the nanocomposites. TEM imag-
ing and image analysis is used to quantify the
microstructure using a recently developed method
for extracting quantified microstructure descriptors

Table 1. Compatibility of different surface modifications.

Polymer Particle Surface modification Wor/Wee

PMMA Octyl silane 1.14
Chloro silane 1.05
Amino silane 0.96

PS Octyl silane 1.15
Chloro silane 1.04
Amino silane 0.95

from the nanocomposites. The analysis is first car-
ried out for PMMA nanocomposites with surface
modified silica nanoparticles and then extended to
PS nanocomposites, with the same nanoparticles
and surface chemistries.

Materials and methods

Spherical nanoparticles of colloidal 14nm silica dis-
persed in methyl ethyl ketone were procured from
Nissan Inc. The matrices were polystyrene (PS)
powder from Goodfellow Corporation and poly
(methyl methacrylate) (PMMA) powder from
Scientific Polymer Products Inc. As the polymer
powders used were polydisperse in nature, this study
did not look into the role of the molecular weight
of the polymer matrix. Three monofunctional silox-
anes (shown in Figure 1) were purchased from
Geleste Inc. and used as received for particle modifi-
cation. These were aminopropyledimethylethoxysi-
lane (APDMES), chloropropyledimethylethoxysilane
(CPDMES) and octyldimethylmethoxysilane
(ODMMS) chosen for their varying compatibility
with the matrix polymer. The compatibility was
quantified by the metric of the ratio of the work of
adhesion between the polymer-filler and the work
of the adhesion between the filler-filler [4] (Table
1), where the filler represents the modified filler.
Natarajan et al. [4] have determined these compati-
bility metrics using the Owens-Wendt model for
estimating surface energies. Previous work using
solvent mixing has shown that this ratio accurately
predicts the tendency of a nanocomposite system to
disperse or agglomerate [4]. When this ratio is less
than one, the system is incompatible and the result-
ant nanocomposite has large agglomerates. When
the ratio is greater than or equal to one, the individ-
ual nanoparticles are dispersed. The ratio of the
work of adhesion also indicates the wetting behavior
between polymer matrix and nanoparticle. It can
also be considered as a ratio of the affinities of the
polymer to filler and filler to filler.

Nanoparticle surface modification was carried out
using the method elucidated by Natarajan et al. [4]
0.5ml of monofunctional siloxane was mixed with
50ml of tetrahydrofuran (THF) and 16 ml of silica
nanoparticles in MEK solution and refluxed at 70°C
under a nitrogen atmosphere for 24h. The solution
was poured into 500 ml of hexane, kept in an ice
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Figure 2. SEM image of 2wt% (a) chloro-modified silica in PMMA, (b) octyl-modified silica in PMMA and (c) amino-modified
silica in PS. The microstructure is filled with large agglomerates as the sample has only been hot pressed and not be sub-

jected to extrusion processing.

bath, leading to precipitation of the nanoparticles.
The resulting mixture was centrifuged at
10,000 rpm, 10°C for 10 min. The supernatant was
discarded, and the precipitate was re-dispersed in
THF and the washing was repeated three times. The
modified particles were re-dispersed in THF. Surface
coverage of ~1 chain/nm* as determined from ther-
mogravmetric analysis (TGA) was achieved. A small
amount of DI water was added to the nanoparticle
solution, leading to the precipitation of the nanopar-
ticles. About 50% of the solvent was removed by
heating the solution at 70°C, following which, a
small amount of polymer powder was added. The
remaining solvent was removed in a roto-evapor-
ator. The resulting polymer-particle powder was
dried in a vacuum oven at 70 °C for 12h and tested
for the particle loading using TGA. Extra polymer
powder was added to achieve a 2wt% particle

loading and the mixture was passed through a jet
mill to reduce the size of large macro agglomerates.

An FEI Versa 3D Dual Beam Focused Ion Beam/
Environmental Scanning Electron Microscopy
(SEM) was used to characterize the prepared nano-
composite  before  extrusion and  mixing.
Nanocomposite powder was hot-pressed into rect-
angular shaped samples and fractured to expose the
cross section. The exposed face was sputter coated
to reduce the build-up of charge. To limit damage
to the sample, the SEM was operated at 10kV accel-
erating voltage and a back scatter detector was used
to achieve contrast between the nanoparticle
agglomerates and the matrix.

A Thermo Haake Minilab twin screw extruder
was used to compound the composites. This
extruder has a backflow channel for recycling of the
polymer  melt, allowing for independent
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Figure 3. TEM images showing dispersions state for different PMMA-nanocomposite systems with filler loading of 2 wt%:
(a-c) PMMA SiO, O; (d-f) PMMA SiO, Cl; (g—i) PMMA SiO, N. All scale bars are 200 nm.

manipulation of the residence time and screw speed.
PMMA based composites were prepared at a tem-
perature of 180°C and PS based composites were
prepared at 150°C. The extruder was operated at
different screw speeds (50,10,02,00,300 rpm). The
specific mixing energy [15-17] for a mass m of sam-
ple was calculated using the torque (t), screw speed
(N) and time spent (f) in the extruder using
Equation (1). Nanocomposites were created with
different levels of energy input between 100 and
4000 kJ/kg by varying the residence time of the melt
in the extruder.

T XNXt
m

Energy Input = (1)

Using the aforementioned screw speeds, samples
were created at with specific mixing energies rang-
ing between 100 and 12,000k]J/kg by varying the
residence times between 10s and 33 min.

Extruded samples were embedded in epoxy for
ultramicrotomy using a diamond knife. Sections of
50nm thickness were cut from the sample and
deposited on a copper grid for microstructure exam-
ination under a TEM. A JOEL 2010 transmission
electron microscope was operated at 200kV and 30
images were taken for each sample to assess the dis-
persion state of the nanoparticles.

For extracting quantitative microstructure infor-
mation, gray scale TEM images were binarized. A
Niblack algorithm [18] was employed for the binar-
ization, which uses a local thresholding technique to
accurately identify polymer and particles. Binarized
images were analyzed for key microstructural
descriptors such as interfacial area (Igp..), average
cluster size and distribution of cluster sizes. Igjer
was calculated by taking the ratio of the number of
pixels that make up the boundary of the nanopar-
ticle cluster and polymer interface to the total num-
ber of filler pixels in the image. Higher values of
Ifner signify greater amounts of nanoparticle-poly-
mer interface.

Results

In this section, the results from the image character-
ization and analysis of the nanocomposite systems
are presented. PMMA based nanocomposites results
are presented first, followed by the results of PS
based nanocomposites and a discussion on the
model used to explain these results.

Pre-extrusion microstructure

Figure 2 shows SEM images of hot pressed samples
of PMMA S§iO, Cl, PMMA SiO, O and PS SiO, N.
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Figure 4. Nanoparticle size distributions at (a) 100 rpm and 200Kkj/kg processing energy and (b) 300 rpm and 4000 kJ/kg proc-
essing energy for different PMMA composites. All samples are at 2 wt% filler loading and have similar processing conditions.

These samples were created using the unmixed poly-
mer nanocomposite power mixtures and represents
the state of the nanocomposite before extrusion
mixing. As these are pre-extrusion, the microstruc-
tures are characterized by agglomerates as large as
several hundred microns across.

PMMA nanocomposites post extrusion
microstructure characterization

Figure 3 shows the TEM images obtained for the
PMMA systems after the nanocomposite powder was
processed through the extruder. The images pre-
sented are representative of the dispersion state for
the different surface modifications. Qualitatively, the
TEM images show that for the octyl modified silica,
the nanoparticles are well-dispersed with few clus-
ters. In contrast, the chloro and amino modified sil-
ica exhibit more clustering. The chlorosilane
modified silica is characterized by few singly dis-
persed nanoparticles and many small clusters. The
amino modified silica shows some large agglomerates
and very few singly dispersed particles and many
small clusters. Hence, there is a stark difference in
the microstructure and dispersion state of the nano-
particles depending on their surface modification.
The distribution of the nanoparticle cluster sizes
from 30 images is shown in Figure 4. The bin size
for the plot is in multiples of the 14nm particle

diameter. Figure 4a shows the distribution of nano-
particle clusters for PMMA systems at low screw
speed (100 rpm) and low energy input (200k]J/kg for
amino and chlorosilane silica sample and 100Xk]J/kg
for the octylsilane silica sample). Figure 4b shows
the distribution at high screw speed (300rpm) and
high energy input (4000Kk]J/kg). At the lower proc-
essing energy and low screw speed (Figure 4a), the
distribution depends strongly on compatibility. For
octyl modified silica (compatible), ~98% of nano-
particle clusters are 0-42nm (1 to 3 base silica par-
ticle diameters) and the distribution is narrow. For
the chloro modified (compatible) ~95% are in the
size range of 0-42 nm. For the amino modified sam-
ple (much less compatible), only ~73% of nanopar-
ticle clusters are within 3x of the base particle
diameter there is a long tail in the distribution in
Figure 4a.

By increasing the screw speed and the energy
input from the extruder (Figure 4b), the distribution
for the octyl modified system remains narrow with
~99% of clusters in the first three bins of the histo-
gram. Additionally, the distribution for the chloro
modified system also becomes narrow with ~99% of
clusters in the initial three bins. In contrast, only
~80% of the clusters are 0-42nm for the amino
modified silica. While this is an improvement over
the low processing energy sample, a significant por-
tion of large clusters remain.
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Figure 5. Nanoparticle cluster distribution for (a) amino modified silica samples, (b) chloro-modified silica samples and (c)
octyl-modified silica samples. All samples have 2 wt% filler loading and have been processed at 200 rpm screw speed.

The quantitative assessment of the microstructure
also allows for investigation of the development of
the microstructure at the same screw speed. The
evolution of the microstructure at 200 rpm screw
speed and different energy inputs is shown in
Figure 5. The energy input is varied by changing
the processing time of the nanocomposite in the
extruder (Equation (1)). For the amino modified
system (incompatible), all samples show a broad dis-
tribution of nanoparticle clusters. With increasing
energy input from the twin screw extruder, the
number fraction of agglomerates between 1 and 2x
silica diameters significantly increases. This is seen
to be at the expense of larger agglomerates.
However, these large agglomerates are not com-
pletely broken down and the tail of the histogram
persists even at higher energy inputs, suggesting that
the process of formation of small clusters from the
large agglomerates is slow, typical of erosion. In
comparison, for the chlorosilane modified silica sys-
tem (compatible), there is a narrow distribution of
agglomerate sizes that becomes narrower with
increased energy input. Similar to the amino modi-
fied system, the increase in small clusters is at the
expense of the larger agglomerates. The fraction of
clusters up to 2x nanoparticle diameter (28 nm) in
size increases from 0.76 to 0.93 while the fraction of
clusters between 4 and 5 times the nanoparticle
diameter decreases from 7% to less than 1%. Hence,

these large agglomerates are broken down at a faster
rate, suggesting that the process of agglomerate size
reduction is typical of rupture. The octyl modified
silica system (compatible) (Figure 5c) shows a very
narrow distribution of nanoparticle agglomerates
even at very low processing energy, suggesting that
the size reduction of agglomerates also occurred via
rupture. Increasing the energy input by a factor of
10 does not affect the dispersion state.

To further quantify the results, we monitored
interfacial area normalized by volume fraction
(Inner) and average cluster radius as a function of
mixing energy as calculated using Equation (1).

Figure 6 shows the evolution of Igy., at different
screw speeds for the PMMA SiO, N, PMMA SiO,
O and PMMA S§iO, Cl samples. The range of values
of Igyer depend on the surface modification. For the
amino modified silica I, is between 0.06 and 0.09,
while for the chloro modified silica and octyl modi-
fied silica, Igjper is between 0.15 and 0.24 and
between 0.15 and 0.23, respectively. Over the proc-
essing energy range investigated, the PMMA SiO, N
samples show a slow rate of increase in Igye,. At all
screw speeds, the Igye, is essentially flat. This sug-
gests that there is not adequate hydrodynamic force
for effective breakdown of agglomerates. The
agglomerate size reduction is slow and does not
reduce below ~54nm for all processing conditions.
For the same processing conditions, the PMMA



SiO, Cl samples show higher values of Igy., and
lower values of average cluster radius. For all screw
speeds, Igyer increases rapidly  (Figure 6).
Agglomerates are also broken down at a faster rate
and the final average cluster radius is ~13nm
(Figure 7). This corroborates the distribution of
agglomerate sizes presented earlier as majority of
the clusters were in the 0-28 nm diameter range.
For the PMMA SiO, O samples, we observe a very
narrow distribution of nanoparticle clusters sizes for
all processing conditions. Even at low screw speed
(100 rpm) well-dispersed systems are observed. With
increased time spent in the extruder at higher
energy input, a minor deterioration of the disper-
sion state is observed at 100rpm (Igy., decreases
with time spent in the extruder and average cluster
radius increases). This suggests prolonged time
spent in the extruder can lead to re-agglomeration.
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Figure 6. Iger Vs processing energy for PMMA samples. All
samples have a 2wt% filler loading.
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The results from the analysis of the PMMA sys-
tems can be summarized as follows:

1. The higher the enthalpic compatibility between
the polymer matrix and the nanoparticle sur-
face, the more quickly the agglomerates break
up (the more likely rupture is to occur) and
good dispersion is achieved. If the fillers are too
incompatible, good dispersion is never achieved.

2.  Amino-modified silica systems show a broad
distribution of nanoparticle agglomerates. The
dispersion state can be qualitatively described as
having many large agglomerates along with
smaller clusters. The quantified microstructural
descriptors also indicate that the dispersion
state is poor and improvement of the dispersion
state is slow with increased screw speed and
increased mixing energy input which is suggest-
ive of primarily an erosion based process.

3. Chloro-modified silica systems show a narrower
distribution of nanoparticle agglomerates as
compared to the amino-modified system. The
dispersion state is significantly better and also
shows further improvement with higher screw
speed and mixing energy input. Thus with
increase  screw speed, rupture becomes
more prominent.

4. Octyl-modified silica systems show a very nar-
row distribution of clusters and a very uniform
dispersion even at low screw speeds and low
energy input. However, with prolonged process-
ing of the material at the lower screw speed, the
average cluster size was observed to increase
and the dispersion deteriorated. This indicates
that rupture dominates initially.
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Figure 7. Average cluster radius vs processing energy input for PMMA samples. Filler loading of all samples is 2 wt%.
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Figure 8. TEM images showing dispersions state for different PS-nanocomposite systems at 2 wt% filler loading: (a—c) PS SiO,

0; (d-f) PS SiO, Cl; (g-i) PS SiO, N. All scale bars are 200 nm.

PS nanocomposites post extrusion
microstructure characterization

Figure 8 shows TEM images of PS based nanocom-
posites with silane modified silica nanoparticles.
Similar to the microstructure of the PMMA systems,
it is observed that the amino modified silica is not
very well-dispersed in PS. This is to be expected as
the surface chemistry is incompatible with PS. The
agglomerates are large and few small nanoparticle
clusters are visible. The SiO,-Cl and SiO,-O sys-
tems, which are compatible surface modifications
with PS, are much better dispersed in comparison,
with an even distribution of nanoparticle cluster.
However, qualitatively, it is difficult to tell the dif-
ference between the dispersion quality of these
two systems.

Histogram charts for systems processed at
200rpm screw speed and 4000k]J/kg energy input
are shown in Figure 9a. The nanoparticle size distri-
bution is narrower than all the PMMA system coun-
terparts. This is possibly due to the lower
temperature of processing of the PS compared to
the PMMA (despite similar glass transition tempera-
ture), which leads to higher hydrodynamic stress.
The PS SiO,-N (less compatible) system has a rela-
tively  large  distribution of  nanoparticles.
Additionally, there is a steady decline in the number

of large nanoparticle clusters. In comparison, there
are very few clusters larger than 42 nm for both the
compatible systems (PS SiO,-Cl and PS SiO,-0).
The distribution for the incompatible system is indi-
cative of an erosion process and the compatible sys-
tem is indicative of a rupture dominant process of
deagglomeration, similar to the PMMA systems.
Figure 9b-d shows the evolution of the micro-
structure at 200rpm screw speed for the octyl,
chloro and amino modified silica-PS systems
respectively. The PS SiO,-O samples have a narrow
distribution of nanoparticle clusters. Increasing the
energy input from 1000 to 4000kJ/kg marginally
increases the fraction of small clusters from 85% to
93%. In comparison, the PS SiO,-Cl also has a nar-
row distribution of cluster sizes, but the low energy
sample has ~75% of clusters in the 0-28 nm range.
However, with increasing the energy input, the frac-
tion of small clusters reaches comparable values of
97%. The narrow distribution and fast deagglomera-
tion is indicative of a rupture dominant process.
The PS SiO,-N samples show a significant tail in
the nanoparticle cluster distribution for the low
energy input. With higher mixing energy, there is a
reduction in the larger clusters, but they are
observed to persist. For the highest energy input,
~16% of clusters are present outside of the 0-28 nm
range. The distribution is narrower than the PMMA
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Figure 9. Nanoparticle cluster size distributions for (a) different surface modified nanofillers in PS at 200 rpm, 4000 kl/kg proc-
essing energy; (b) PS SiO,-0 at 200 rpm screw speed; (c) PS SiO,—Cl at 200 rpm screw speed; (d) PS SiO,—N at 200 rpm screw

speed. All samples are at 2 wt% filler loading.

SiO,-N systems, but less uniform than the other
PS systems.

Figure 10a shows the Igj, Vs energy input plots
for the various PS samples and Figure 10b shows
the evolution of the average cluster radius with
time. For the incompatible amino system, the Igye,
values are similar to the amino-modified PMMA
systems. However, much higher values of Iy, are
achieved with the very high energy input of
12,000k]/kg. Looking at the time spent in the
extruder, at low screw speed of 50rpm, the Igye,
increases more slowly than at screw speeds of 100
and 200rpm, suggesting that there is a transition
from erosion to more rupture dominant response.
This is supported by the fast average cluster size
reduction at the high screw speeds shown in Figure
10b. At the lower screw speed, the cluster size levels
to ~40 nm. PS SiO, Cl samples show a fast, efficient
increase in Igp., at all screw speeds. The samples
reach a maximum Igy., value of ~26 at low and
high processing speeds. Combining the histogram
data (Figure 10), Igye, (Figure 10a) and average clus-
ter radius trends (Figure 10b), we can say that the
process for the compatible chloro modified system
is rupture dominant.

All PS SiO,-O samples show a high degree of
dispersion with large values of Igje, and small values
of the average cluster radius. Similar to PS SiO,-Cl,
we observe that at higher screw speeds, a greater

value of Igp., is achieved. Additionally, the average
radius of nanoparticle clusters is smaller for the
higher screw speed processing. Based on the obser-
vations of the cluster size distributions and the effi-
cient dispersion process, we can conclude that the
dominant mechanism for the compatible PS SiO,-O
system is rupture.

The results from the analysis of the PS systems
can be summarized as follows:

1. Similar to the PMMA systems, nanoparticles
with surface modifications compatible to the PS
matrix achieved good dispersion, characterized
by a high interfacial area, narrow cluster size
distribution  and  low  cluster  radius.
Agglomerates of incompatible fillers could not
be effectively broken down even with high
screw speeds and long extrusion times, leading
to poor dispersion.

2. The maximum shear force generated during
mixing for PS systems at low screw speeds
was less than the cohesive strength between
the nanoparticles, even for compatible sys-
tems. At higher screw speeds, the ratio of
shear force to cohesive strength was found to
be greater than 1 for compatible systems, and
these exhibited efficient deagglomeration. The
incompatible system, good dispersion was
never achieved.
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Figure 10. (a) ler Vs processing energy for PS samples. All
samples have a 2wt% filler loading. (b) Average cluster
radius vs processing time for PS samples. Filler loading of all
samples is 2 wt%.

Discussion

Effect of wetting behavior on dispersion of
nanoparticles

The cohesive strength, g, of an agglomerate is given

by the Rumpf equation [19]:
1—€) F
(1-¢) F 2

€ a?

where € is the porosity of the agglomerate, F is the
adhesive force and a is the particle diameter.

Van der Waals forces make up the adhesive force
between the particles in the cluster and can be cal-
culated as follows [20]:

—H [ RR
F=_—— (2122 (3)
6D?> \R; + R,
where H is the Hamaker constant, D is the interpar-
ticle distance and R; and R, are the radii of the two

particles. For the system under study, the average
diameter of nanoparticles is 14nm. Interparticle

distance of 0.165 nm has been reported in the litera-
ture [21,22].

The wetting and incorporation of the polymer
into the agglomerate changes the effective Hamaker
constant and hence alters the adhesive force between
the nanoparticles. The effective Hamaker constants
for nanoparticles before and after incorporation of
polymer are calculated using the following equation
[23], and presented in Table 2:

2
A = (\/A_u - \/Xz;) (4)

where A;; and A,, are the Hamaker constants of
the particles and media, respectively, and A;,; is the
effective Hamaker constant.

The hydrodynamic shear stress on the spherical
nanoparticle agglomerates is given by the following
equation [24]:

op=25n7 (5)

where § is the shear rate and 5 is the viscosity of
the polymer nanocomposite melt. The maximum
shear developed in a co-rotation twin screw extruder
can be estimated from the following equation
[21,25]:

. m(D—-20).N

y = 5
where } is the shear rate, D is the screw diameter, 0
is the screw clearance with the barrel, and N is mix-
ing speed. Viscosity of the nanocomposite systems
was determined in the twin screw extruder by meas-
uring the pressure drop across the length of the
backflow channel at different screw speeds [26,27].
The data was fit to a power law model for shear
thinning melts [28], to determine the viscosity at
the higher shear rates present in the barrel of the
extruder:

(6)

n= my"! )

where m is the consistency index and # is a measure
of the non-Newtonian behavior of the melt.

Based on the above calculations, the maximum
hydrodynamic shear for the two systems at different
screws speeds is given in Table 3.

The incorporation of the polymer between the
silica particles greatly reduces the Hamaker con-
stant between the silica nanoparticles. However,
the reduction depends on the quality of wetting
and incorporation which is determined by the
ratio of work of adhesions. For octyl-silica modi-
tied nanoparticles, the compatibility between the
polymer melt and the nanoparticles is good and
hence, the polymer melt is easily incorporated
between the nanoparticles, reducing the adhesive
force. This leads to a fast and effective deagglom-
eration process. For the amino-silane modified



Table 2. Calculated Hamaker constants and agglomerate
cohesive strengths.

Effective Hamaker
Constant (x 1072 J)

Cohesive strength (kPa)

Silica 6.19 1.13 x 10*
Silica-PMMA 179 x 1072 86
Silica-PS 156 x 107" 675

Table 3. Hydrodynamic shear stress developed in the
extruder for the PMMA and PS systems.

Maximum hydrodynamic shear stress (kPa)

Extruder screw speed (rpm) PMMA systems PS systems
300 523 809
200 476 731
100 406 615
50 346 518

nanoparticles, the compatibility is poor and hence,
the polymer melt does not effectively wet the
agglomerate. The removal of nanoparticle clusters
is slow and from the surface of the agglomerate,
leading to a broad distribution of cluster sizes.
Boyle et al. [29] had observed similar results for
fumed silica in PDMS and characterized the
agglomerate failure mechanism into two catego-
ries- cohesive failure and adhesive failure. The for-
mer occurs when the fluid infiltration is minimal
while the latter occurs when there is effective infil-
tration leading to lowering of the cohesive strength
of the agglomerate.

Figure 11 (with data from this study and from
the literature) shows a plot of the ratio of shear
stress (calculated by Equation (6)) developed
through mixing to the cohesive stress (calculated by
eqn. 2) of the agglomerate vs. the ratio of work of
adhesions of the polymer-filler to filler-filler. The
left side of the plot shows incompatible systems
which have a ratio of work of adhesions less than
one. For such systems, the cohesive strengths of the
agglomerates are high and infiltration of the
agglomerate by the polymer is difficult. The right
side of the plot shows compatible systems. These
systems benefit from the infiltration of the nanopar-
ticle agglomerate by the polymer. The upper and
lower halves of the plot are demarcated as rupture
and erosion dominant deagglomeration regions
respectively. As rupture and erosion are processes
that take place simultaneously [25], the regions are
only marked by the dominant mechanism. When
the shear stress ~ cohesive strength of the agglomer-
ate, both rupture and erosion occur simultaneously
and neither mechanism is dominant. On moving
away from the center of the plot, shear
stress > cohesive strength, rupture provides for a
greater part of the deagglomeration, while for cases
where the shear stress < cohesive strength, erosion is
the dominant mechanism.
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The data in Figure 11 represent a range of nano-
particle-polymer compatibilities and processing con-
ditions. The PMMA systems from this study,
represented by the (@) marker, are shown as three
sets of data points dependent on the surface modifi-
cation of the nanoparticle surface. The PMMA
SiO,-Cl and PMMA SiO,-O systems are present in
the compatible-rupture dominant region of the map
and the PMMA SiO,-N is present in the incompat-
ible-erosion dominant region of the map. The mul-
tiple data points at the same Wpp/Wgr for a specific
system represent the processing condition at differ-
ent screw speeds. The PS systems have also been
mapped on the plot and are represented by the (@)
marker. The compatible PS systems (chloro and
octyl silane modified silica) experience shear stress
values similar to the cohesive strength of the infil-
trated agglomerate. At higher screw speeds, the
processing is in the rupture dominant regime and at
the lowest screw speed, the processing is in the ero-
sion dominant regime. However, as these processing
conditions are close to the boundary, both rupture
and erosion are significantly active during the deag-
glomeration. Consequently, we see good dispersion
for these samples. The incompatible PS system is in
the erosion dominant regime for all processing
speeds and the microstructure for these systems is
characterized by large agglomerate, wide agglomer-
ate size distributions and low values of Igjje,-

Two systems from the literature have also been
added to the plot. He et al. [24] worked on the dis-
persion of graphene nanoplatelets in a polypropyl-
ene matrix and used different screw configurations
to develop variable levels of shear in the melt. The
graphene-polypropylene system is plotted in Figure
11 by the (®) marker. The system is highly incom-
patible (Wpg/Wgr = 0.61). Additionally, processing
conditions for the high shear screw configuration
and low shear screw configuration are plotted.
Cohesive strength values for large, medium sized
and small agglomerates and shear values for the
screw configurations were taken from the study. He
et al. presented that based on agglomerate size dis-
tributions and shear values calculated for the differ-
ent configuration, the high shear configuration lead
to greater rupture of the nanoplatelet agglomerates
and reduced the number of large agglomerates.
Additionally, the low shear configuration had a
broad range of nanoparticle agglomerate sizes. As
the system had incompatible surface energetics, the
final dispersion state for all systems still had micron
sized agglomerates.

In comparison, Kasaliwal et al. [25] (plotted using
the (M) marker in Figure 11) worked on the proc-
essing of carbon nanotube-polycarbonate nanocom-
posites in a twin screw extruder at different screw
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sents CNT-polycarbonate systems from [29] and (@) represent graphene platelets-polypropylene systems from [28].

speeds. The system was compatible with a Wpg/Wgg
ratio of 1.03. Based on the calculations made, the
shear stress exceeded the cohesive strength of the
agglomerates for the condition of high screw speed
(300rpm) but was less at the medium and low
speeds (200 and 100rpm, respectively).
Hence, one condition is present in the rupture dom-
inant regime and the latter two are in the erosion
dominant regime. This suggests that the high screw
speed condition led to deagglomeration due to rup-
ture while the slow screw speed condition was an
equal share of rupture and erosion. It is also inter-
esting to note that the agglomerate size distributions
in the rupture regime from the Kasaliwal study were
narrower than the He study. This was observed in
spite of the shear stress to cohesive strength ratio
being greater for the latter system. This shows that
infiltration of the polymer into the agglomerate is
crucial for efficient deagglomeration and dispersion
of the nanoparticles.

SCrew

Conclusions

Nanocomposites of surface modified silica nanopar-
ticles in PMMA and PS matrices were prepared
using a twin screw extruder with different process-
ing parameters. The silane surface modification of
the silica resulted in a range of compatibilities
between the nanoparticle and the matrix polymer,
characterized by the Wpp/Wgp ratio. TEM imaging
along with image analysis was done to determine
quantified descriptors of nanoparticle dispersion.

It was found that nanoparticle—polymer compati-
bility was the most important characteristic in deter-
mining the dispersion state and the dominant
deagglomeration process. For incompatible systems,

the breakdown of nanoparticle clusters was slow
and the distribution of cluster sizes revealed a mix
of large clusters and small clusters, indicating an
erosion dominant process. For compatible systems,
the process of nanoparticle cluster size reduction
was found to be very fast and efficient. High values
of Igper were achieved and the distribution of nano-
particle clusters was narrow. Hence, the surface
energetics between the nanoparticle and polymer
were leading to a transition from erosion to rupture.

The role of the incorporation of the polymer
matrix the agglomerate was quantitatively
assessed and was found to greatly reduce the cohe-
sive strength between the nanoparticles. For PMMA
systems, the resultant cohesive strength was less
than the shear produced in the polymer by the
extruder. Hence, for the compatible surface modifi-

in

cations, the favorable wetting of the agglomerate led
to a rupture dominant process of agglomerate
breakdown. For the incompatible surface modifica-
tion (amino-silane), the cohesive strength of the
agglomerate exceeded the shear developed in the
extruder and the agglomerate breakdown was slow.
Increasing the shear in the extruder by increasing
the screw speed did speed up the deagglomeration
process, but the average cluster sizes and amount of
interfacial filler remained large and small respect-
ively. For the PS nanocomposites, the incorporation
of the polymer into the agglomerate greatly reduced
the force between the nanoparticles. However, in
the PS system, the shear produced in the extruder
exceeded the cohesive strength of the agglomerate
only at high screw speeds. At the lower screw speed
(50rpm), the shear stress was considerably lower.
This resulted in

comparatively slower



even when the
modified

deagglomeration
between the
was favorable.

The analysis was also applied to two studies in
the literature and found to be in good agreement
with the results presented. The highly incompatible
system of graphene nanoplatelets in polypropylene
exhibited a dispersions state with micron sized
agglomerates, even when the shear stress from the
extruder exceeded the cohesive strength of the
agglomerates. In contrast, the compatible system of
carbon nanotubes in a polycarbonate matrix exhib-
ited better dispersion and deagglomeration took
place by a rupture dominant mechanism at the
higher processed screw speed.

compatibility
nanoparticle and PS
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