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Abstract
Uniaxial warm pressing was used to align alumina platelet-filled polyethylene-based
copolymer blends. The solids loading (30-40 vol.%) and platelet diameter (1.2 and
11 μm) were varied to compare effects on viscosity, percent reduction, and final
alignment. All ceramic-filled thermoplastic polymer blends exhibited pseudoplastic behavior. Crystallographic alignment of green body samples was quantified by
the orientation parameter (r) and grain misalignment angle (full width at half maximum, FWHM) obtained from rocking curve analysis. Blends with 11 μm diameter
platelets displayed a higher temperature sensitivity constant, better flow properties,
and higher alignment compared to blends with 1.2 μm diameter platelets. Optimal
samples produced with blends containing 30 vol.% of 11 μm diameter platelets demonstrated an alignment of r = .251 ± .017; FWHM = 11.16° ± 1.16°. A sample with
optimal alignment was hot-pressed to transparency and obtained an in-line transmission of 70.0% at 645 nm. The final alignment of this pre-aligned hot-pressed sample
(r = .254 ± .008; FWHM = 11.38° ± 0.54°) improved when compared to a non-prealigned sample (r = .283 ± .005; FWHM = 13.40° ± 0.38°).
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IN T RO D U C T ION

As discussed in our previous work,1 transparent alumina is
an ideal material for ballistic protection applications where
visible or infrared wavelength transmission is required.2‒4
However, to achieve these favorable properties, alumina must
be sintered to high densities (>99.99%TD) to eliminate light
scattering due to porosity.5 Even at high densities, the transparency of alumina is limited due the rhombohedral crystal
structure being inherently birefringent.6 Birefringence causes
light scattering at misaligned grain boundaries due to differences in refractive index and is detrimental to the transparency
of polycrystalline alumina.2,6‒8 Fundamental equations developed by Apetz and Van Bruggen8 related the transparency of
alumina to the refractive index difference and grain size. It has
J Am Ceram Soc. 2020;00:1–13.

been shown experimentally that the crystallographic alignment of equiaxed alumina powders with a high magnetic field
prior to densification reduces birefringent light scattering.6,7,9
However, this method may be limited in terms of scalability.
Ultimately, there is a need to develop a forming method that
will allow for large-scale and cost-effective production of
transparent alumina with high crystallographic alignment.
In our previous work,1 we discussed the effects of
hot-pressing parameters on the densification behavior and optical performance of platelet morphology alumina. This work
was performed with the hypothesis that alternative processing methods that use shear or elongational stresses could be
used to pre-align these platelet alumina powders. Textured
or oriented ceramics have increasingly gained interest due
to the enhanced properties they offer in magnetic, structural,
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piezoelectric, and optical materials.7,10‒14 Due to the demand
for highly oriented ceramics, several methods have been used
to develop textured ceramics. Initial investigations on techniques such as hot working (compression or tensile)15‒17 led to
the development of general texture in electronic and structural
materials. Shear forming techniques using anisotropically
shaped particles have resulted in highly textured electronic
and composite materials.18‒21 One of the most commonly
used methods to fabricate highly textured technical ceramics is templated grain growth (TGG).10‒12,22‒24 Typically, this
process disperses 1-15 vol.% (of the total solids content) of
morphologically anisotropic powders (seeding particles) in
an equiaxed submicrometer powder matrix.10‒12,22‒24 Shear
forming techniques, such as dry forming,22 screen printing,10
and slip or tape casting,10,23‒25 are used to physically align the
anisotropic powders within the matrix. During the pressureless sintering process, the anisotropic single crystal powders
grow and develop a high-volume fraction of crystallographic
texture. This process, when paired with tape casting, is able to
obtain highly textured (FWHM ≤ 10°) alumina samples.10,26,27
However, TGG is not a feasible processing method for transparent alumina due to the liquid phase formers (typically aluminosilicates) required to promote anisotropic grain growth
and preserve particle anisotropy.10‒12,22,24 The addition of
these sintering aids causes the formation of secondary phases
that result in degradation of the optical transmission.8
We propose using a forming process that utilizes shear and
elongational stresses to align platelet alumina such that after
subsequent hot-pressing, a dense, highly textured sample with
improved optical properties is obtained.1 Tape casting is one
of the most frequently used and successful shear forming processes for obtaining microstructural and crystallographic texture.18‒21,23,28‒35 This process could be a possible candidate for
the development of texture in transparent alumina. However, a
bulk of the literature focuses on seeding an equiaxed matrix with
a small amount of aligned anisotropic powders. Unfortunately,
few articles report on the fabrication of tape cast samples consisting of entirely platelet morphology powders.18,29,35
Watanabe et al18 successfully tape cast slurries with
solids loading ranging from 15 to 33 vol.% BiTiO3 (4 μm
diameter) platelets. This study performed a combination
of XRD and SEM texture analysis to characterize their
green body and sintered samples. They obtained a maximum orientation degree (f) of roughly 0.9.18 The methods
that were used to characterize these samples are considered
semiquantitative at best and have been known to inflate
the data when f ≥ 0.9.12,26,27 Therefore, it is difficult to
compare this data to values of strong texture and to assess
the extent of texture. Other studies performed by Fu and
Roosen29 on tape casting of alumina produced green body
samples of 20 vol.% platelets (8.7 µm). However, they did
not report the quantitative alignment of the samples since
the primary focus was on binder burnout defects. A more
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recent study by Wonisch et al35 tape cast 28 vol.% alumina
platelets (2.2 µm) to compare experimental and simulated
data. They used image analysis software on optical micrographs of cross-sections to determine an orientation angle
with respect to the casting direction. Their results showed
that anisotropic particles showed a higher degree of particle orientation when compared to equiaxed. However,
the highest value reported was roughly 32°, with 0° being
the maximum aligned state in the casting direction.35 Even
though this study was able to obtain a relatively high solids
loading for the tape casting process, the orientation values that they calculated were low when compared to other
shear forming processes.10,12,22 At the current moment, it
is not clear if tape casting is capable of processing highly
aligned samples from entirely platelet alumina powders
while maintaining a suitable solids loading (>30 vol.%).
However, ceramic-filled thermoplastic polymer blends have
been used by the fibrous monolith and coextrusion community
for some time.13,14,36‒44 Many of these processes have taken advantage of the shear and elongational stresses developed during
forming to align anisotropic powders. One study by Trice and
Halloran14 used a simple process termed warm pressing to develop qualitative alignment in systems consisting of a 50 vol.%
hexagonal boron nitride and polymer additives mixture. They
found that warm pressing the ceramic-filled polymer blends
before hot-pressing led to a qualitative increase in the grain
alignment, which contributed to an increase in crack deflection during flexure testing.14 This warm pressing technique
was also used to fabricate silicon carbide and oriented boron
nitride multilayered composites to investigate crack deflection
and propagation mechanisms.45 In both of these studies, they
did not quantitatively characterize the alignment of the sample
but argued that other studies showed highly textured samples
through similar processes.46 Other studies on the coextrusion
of silicon nitride and boron nitride fibrous monoliths claimed
that the shear stresses developed during the coextrusion process lead to the alignment of anisotropically shaped boron nitride and β-silicon nitride powders.46 However, the alignment
developed in these studies is also not fully understood as only
a simple qualitative XRD texture analysis was performed instead of a pole figure analysis due to limitations associated
with boron nitride basal plane intensities. Regardless, it is apparent that the shear and elongational stresses produced during
processing influence the alignment of the final microstructure,
yet investigation on the texture development is needed to determine if methods such as warm pressing or coextrusion can
obtain highly aligned microstructures.
What is apparent from the literature on ceramic-filled thermoplastic processing is that warm pressing may be ideal for the
axisymmetric alignment of platelet alumina powders for improved transparency. This simple process uses heated platens
to apply a compressive load to a ceramic-filled thermoplastic
blend. Upon compression, the blend flows and elongates in
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the non-constrained directions. It is expected that this flow behavior will induce elongational stresses via biaxial extensional
flow47,48 as well as shear stresses via capillary flow.18,49,50
These flow stresses should lead to velocity gradients that can
preferentially align high aspect ratio platelets parallel to the
direction of flow according to Jeffery's analysis on orientation
dynamics.50,51 Pre-aligned alumina brown bodies produced via
warm pressing of a well-developed rheological blend will yield
increased particle alignment and hence increase the in-line
transmission when compared to previous studies on hot-pressed
platelet alumina.1 We believe this method will be a strong candidate for producing large sheets of textured alumina over magnetic alignment methods.6,7,9
The present study aims to produce axisymmetric-aligned
platelet alumina in ceramic-filled thermoplastic polymer
sheets via uniaxial warm pressing. The blends were modified from compositions of poly(ethylene-co-ethyl acrylate)
(EEA) found in the literature.36,44 This was done via plasticizer additions and acrylate reductions, resulting in desirable flow properties and greater formability. The developed
blends have a platelet alumina loading ranging from 30 to
40 vol.% and a constant amount of polymer additives, with
a balance of base polymer (EEA). This study assesses the
effects of alumina platelet diameter and solids loading on the
rheological properties, percent reduction in thickness, and
final platelet orientation of ceramic-filled polymer sheets
produced via warm pressing. Finally, a sample with the best
pre-alignment conditions was hot-pressed to transparency
and compared to a non-pre-aligned sample hot-pressed under
the same conditions.
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E X P ER IME N TA L P RO C E D URE

2.1 | Mixing of ceramic-filled polymer
blends
The platelet powders used in this study were RonaFlair
White Sapphire alumina (Merck KGaA) with a manufacturer-reported purity of 99.8% and grade YFA02050 Serath
alumina (Kinsei Matec Co., Ltd) with a manufacturerreported purity of 98.0%. Both powders have a platelet
morphology, as seen in Figure 1. The RonaFlair or large

F I G U R E 1 SEM micrographs of (A)
RonaFlair (large) alumina platelets with a
reported average particle diameter of 11 µm
and (B) Serath (small) alumina platelets
with a reported average particle diameter of
1.2 µm
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platelet powder has a reported diameter of 11 μm and a
thickness of approximately 0.5 μm while the Serath or small
platelet powder has a reported diameter of 1.2 μm and a
thickness of approximately 0.07 μm. BET surface areas of
2.00 ± 0.02 m2/g and 11.47 ± 0.05 m2/g were obtained for
RonaFlair and Serath powders, respectively, using a TriStar
II 3020 gas adsorption analyzer (Micromeritics Instrument
Corporation). To have a comparison between platelet and
equiaxed powders, AA-03 (Sumitomo Chemical Co., Ltd.)
alumina was used. This powder has a manufacturer-reported purity of 99.99%, diameter of 0.44 μm, and BET
surface area of 5.2 m2/g.
A thermoplastic binder system was modified and adapted
from previous work on the coextrusion of fibrous monoliths13,14,37‒42,52,53 and green machining.43 The development
of the system and individual functions of each component
is described in detail in the literature.36,44 A four-component polymer blend consisting of EEA (MFI = 6.0 g/10 min,
poly[ethylene-co-ethyl acrylate], Dow Elastomers, Midland,
MI), PiBMA (poly[ethylene-co-butyl acrylate], Acryloid
B67, Rohm and Haas), poly ethylene glycol (PEG1300,
Mw = 1300 g/mol, Sigma-Aldrich), and HMO (heavy mineral oil, Fischer Chemical, Hampton, NH) was selected.
Typically, a wax-based component (stearic acid) is added
to act as a lubricant during shear mixing; however, this
component was removed due to negative effects associated
with polymer stability during mixing, pressing, and binder
removal.
A Brabender high-shear torque rheometer (PlastiCorder PL 2100 Electronic Torque Rheometer, C. W.
Brabender) was used to initially mix the ceramic-filled
polymer blend. A detailed schematic of this setup with
geometrical data is presented in other literature.42 During
mixing, the shear mixer was equipped with a banbury blade
geometry. Initial mixing parameters of 130°C and 20 RPM
were selected. The total amount of EEA was added and
allowed to thoroughly blend. Once mixed, small increments of the selected powders were continuously added to
the system. Throughout the entire mixing process, PiBMA
and PEG1300 were slowly introduced. After all the powder
was added to the system, the roller speed was increased to
60 RPM and the remaining HMO was added. The blend was
mixed at these parameters until the torque value stabilized
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(approximately 15 minutes). It was then removed from the
mixer and chopped into roughly 1 cm2 pieces for further
processing. The compositions of the ceramic-filled polymer blends are listed in Table 1.

2.2 | Torque viscometry of ceramic-filled
polymer blends
The viscosity-shear rate dependence of the mixed blends
was measured using the torque rheometer. Examples in
the literature42,54‒59 have shown that mixers equipped with
a torque meter and relatively small chamber are viable
tools when used to obtain the viscosity-shear rate behavior from the torque-RPM data in polymer-based systems.
However, Xu and Hilmas42 and Santi et al59 showed that
this type of analysis is not entirely accurate when large
amounts of ceramic powder are introduced to the system
but is still a feasible method to use as a comparative analysis between similar systems.
For the analysis, the torque rheometer was equipped
with a roller-type mixing head with the same dimensions shown in the literature. 42 The sample chamber
was loaded to 70% of the total volume (60 cm 3) with
the ceramic-filled polymer blend and mixed at an initial
temperature of 130°C with a roller speed of 20 rpms for
20 minutes. Once the torque and temperature were stable, the rotor speed was decreased to 10 rpm and mixed
for an additional 5 minutes. Torque data were collected
at 120°C, 130°C, 140°C, and 155°C for 10 minutes to
characterize the torque-temperature dependence. An exponential fit of the torque vs temperature graph was used
to obtain the viscosity temperature sensitivity constant
(b). This constant was used to account for temperature
increases due to viscous dissipation and to correct the
measured viscosity in future measurements through the
following equation:
(1)

[ (
)]
Γ (T) = Γ (T) exp −b T − To
TABLE 1

where Γ (T) is torque as a function of temperature, b is the viscosity temperature sensitivity constant, T is the set temperature,
and To is the measured temperature of the blend.59 After the
torque-tperature analysis, the temperature was set to 130°C and
the roller speed was decreased to 5 RPM. Torque data were collected at 5, 10, 20, 30, 50, and 70 RPM in 5 minute intervals
to obtain the torque-RPM dependence of each blend. To obtain the shear-rate and viscosity data, the analysis suggested by
Bousmina et al56 was applied. In their analysis, they introduce
a universal quantity that they termed the effective equivalent
internal radius or Ri. This internal radius is useful because it is
insensitive to the rheological behavior of the blend and is only
dependent on the geometrical dimensions and gear ratio of the
torque rheometer.42,56,59 Calculating Ri is essentially a means
of calibrating the torque rheometer. In the current study, a
Newtonian silicone oil was used to obtain Ri from the following
equation:

Rc
Ri = [
(
)] n ,
2
1+gn+1
4𝜋N
2
1 + n 2𝜋 ⋅ mLRc ⋅ Γ

(2)

where Rc is the chamber radius, N is the roller speed per second,
n is the power law index, m is the melt consistency index, L is
the roller length, Γ is the torque exerted on the roller shaft, and g
is the gear ratio.42,56,59 Once Ri was obtained, it was used in the
following equations to calculate the shear rate (Equation 3) and
viscosity (Equation 4) for each ceramic-filled polymer blend.

𝛾̇ ≈

2𝜋N
( ),
R
ln Rc

(3)

( )2

(4)

i

R

c
−1
Ri
Γ
𝜂=
(
).
N 8𝜋 2 LR2c ⋅ 1 + g2

A linear fit of the log(viscosity) dependence on the
log(shear rate) was used to obtain the power law index (n)
and melt consistency index (m) for each blend.

Ceramic-filled thermoplastic blend compositions and measured viscosity data

Powder type
RonaFlair 11 µm (large)

Serath 1.2 µm (small)
AA03 0.44 µm (equiaxed)

Al2O3
[vol.%]

EEA
[vol.%]

PiBMA
[vol.%]

HMO
[vol.%]

PEG
[vol.%]

b [°C−1]

R2

n

log(m)

R2

40

44.9

4.6

0.5

10.0

0.012

.991

0.38

3.981

.995

35

49.9

4.6

0.5

10.0

0.012

.976

0.46

3.806

.996

30

54.9

4.6

0.5

10.0

0.015

.963

0.56

3.539

.997

40

44.9

4.6

0.5

10.0

0.006

.921

0.14

4.745

.999

30

54.9

4.6

0.5

10.0

0.008

.998

0.38

4.357

.980

40

44.9

4.6

0.5

10.0

0.016

.999

0.65

3.867

.997

Notes: The viscosity data were collected on a torque rheometer, where b is the viscosity temperature sensitivity constant, n is the power law index, and m is the flow
consistency index.
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2.3 | Uniaxial warm pressing of ceramicfilled polymer blends
A modified version of the process referred to as warm pressing13,14,45 was used to align the platelet alumina. The blend was
placed in a 7.6 × 3.8 cm stainless steel die and held in a continuous load (250 kg) at 150°C for 1 hour to form a preform. The
preform, roughly 17.9 mm thick, was removed from the die and
placed between two metal plates coated with polytetrafluoroethylene (PTFE). Universal mold release (Smooth-On, Inc) was
added to the surface of the PTFE to aid with lubrication and sample removal. For all blend compositions, a hydraulic press was
used to apply a load of 4500 kg to the assembly at 150°C and
held for approximately 15 minutes to form a sheet. Each sheet
was shimmed to (2.0, 1.5, or 1.0 mm) obtain a homogenous
thickness. Due to the PTFE layers, the expected target thicknesses were roughly 1.4, 0.9, and 0.4 mm. The ability for a blend
to reach the target thickness was dependent on the rheology of
the system and the final thickness was reported in percent overall
reduction. The ceramic-filled polymer sheets were cooled under
load to room temperature at which point, the load was removed
and the sheets were separated from the metal plates.

2.4

|

Texture distribution analysis

A texture analysis was performed to gain an understanding of
the effect of processing conditions on the alignment. A rocking curve analysis was conducted on the (000.12) plane using
a Panalytical Empyrean Diffractometer (Malvern Panalytical
Ltd). The machine was equipped with a bent Ge incident
beam monochromator that is tuned to transmit CuKα1 radiation. For both scans, incident slit geometry was fixed to
0.5° or 0.75 mm while the detector active length was set to
0.715 mm. A high-resolution 2θ scan was collected at the
Bragg's peak of interest (2θ = 90.6°, the basal plane that is
perpendicular to the orientation plane). The data collection
range was ± 1.24° with a step size of 0.005° and a dwell
time of 1.0 second. This scan was used to accurately locate
the (000.12) plane and the 2θ axis was locked on the center
of this peak for the following omega scan. The omega scan
or rocking curve tilt range was ± 43.13°, with a step size of
0.25° and a dwell time of 1.0 s. Preliminary analysis showed
no repeatable treads in regard to alignment and sample position. Therefore, 10 separate rocking curve analyses were performed on the 10 green body samples collected from random
locations on the pressed sheets to obtain an average value for
the different processing conditions. For sintered samples,
three separate rocking curve analyses were performed on
both sides of the samples in different locations.
The data were corrected for defocusing and absorption
phenomena in TexturePlus,60 a software package developed at the National Institute of Standards and Technology,

|
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through explicitly determining the intensity distribution
of the high-resolution 2θ scan (Bragg's peak).27 Following
this correction, the obtained texture profiles were fit to the
March-Dollase equation displayed below:

F (f ,r,𝜔) = f

(

sin2 𝜔
r cos 𝜔 +
r
2

2

)− 3
2

+ (1 − f ) ,

(5)

where f is the volume fraction of textured grains (f = 1), r is the
orientation parameter, and ω is the specimen tilt angle or the
angle between the texture axis and x-ray scattering vector.12,26,61
The orientation parameter is obtained from the curve fit and is
used to access the alignment of the samples. An average orientation parameter was obtained from the 10 green body samples
and was used to characterize each sheet. For sintered samples,
an average orientation parameter (r) was obtained from the
six total scans from both sides of the samples. It is important to note that a lower orientation parameter corresponds to
a higher alignment (r = 0; prefect alignment, r = 1; random
orientation).12,26,61

2.5

|

Binder burnout and hot-pressing

Multiple 2.5 cm diameter disks were punched from the ceramic-filled polymer sheets and individual disks were stacked
on a crucible. The polymer was removed by heating at a rate
of 1.5°C/h to 500°C in flowing air, followed by an isothermal
hold for 1 hour. To mimic the procedure by Schlup et al,1 6 g
of the brown body disks was heat treated at 1100°C for 1 hour
in air prior to being placed in the graphite hot-press die. The
exact details of the die assembly and hot-pressing process can
be found elsewhere.1 Samples were hot-pressed with a preload pressure of 0 MPa, a maximum temperature of 1800°C,
an isothermal hold time of 7 hours, and a maximum pressure
of 10 MPa. A vacuum atmosphere was maintained from room
temperature to 1550°C, then backfilled with flowing nitrogen
for the remainder of the hot-press run. For comparison, loose
RonaFlair powder was poured into a graphite die and hotpressed under the same parameters described above.

2.6

|

Optical analysis

Hot-pressed samples, as well as a sapphire standard, were
ground and polished to a 1 µm diamond suspension ultimate surface polish. Optical measurements over the visible
spectrum (200-800 nm) were performed with a PerkinElmer
Lambda 950 UV-VIS-NIR spectrophotometer equipped with
an integrating sphere. Total transmission, in-line transmission, reflection, and absorption were measured and from
this, forward and backward scattering values were derived.
All optical values are normalized to a thickness of 0.8 mm

6
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and reported at a wavelength of 645 nm, similar to the literature.8,62,63 The exact details of this analysis are given in the
previous publication.1

3

|

R ES U LTS A N D D IS C U S S ION

To take advantage of shear and elongational stresses, it is
desirable to have blends that exhibit thermoplastic polymerlike properties or behave more like the base polymer (EEA).
Blends made with greater than 40 vol.% platelet powders
(both RonaFlair and Serath blends) produced samples with
processing defects and were considered unworkable. Many
of these samples would crumble during removal from the
warm pressing surfaces. However, samples made with equiaxed (AA03) powders were able to reach higher solids loading and maintain polymer-like properties, which is similar
to what is observed in the literature for EEA-based systems.14,36,39,41,42,44‒46 The use of platelet morphology powders is clearly influencing the behavior of the blends. As will
be shown in a later section, blends, where the polymer characteristics dominate, resulted in higher alignment. Therefore,
it is important to quantify the rheological behavior and connect it to the processing parameters and particle alignment.

3.1

|

Viscosity dependence on temperature

The torque-temperature dependence for RonaFlair (large) and
Serath (small) blends is shown in Figure 2 at different solids loading. These curves reveal that each blend experiences
a decrease in torque as temperature increases at a constant
roller speed. This behavior is common for thermoplastic polymers and can be related to the weak intermolecular forces
between polymer chains.42,56,64 The solid lines correspond to
an exponential fit of the data with all curve fits having an R2
value > 0.92. The measured viscosity temperature sensitivity
constant (b) for each blend is shown in Table 1. These values
were used to determine the extent of the polymer-like properties of each blend and to correct the torque vs roller speed
data to a reference temperature of 130°C by Equation 1.
Table 1 shows that an increase in solids loading decreases
the temperature sensitivity constant for both platelet types. A
higher b corresponds to higher viscous dissipation, which is
typically explained by the thermal motion of polymer chains,
chain flexibility, and the degree of chain entanglement.59,65
Therefore, in ceramic-filled blends with higher b, polymer
interactions will dominate. To keep the total batch volume
constant, a decrease in platelet solids loading was balanced
with an increase in EEA. Adding more polymer to the system
should increase the amount of polymer chain interactions,
allowing polymer interactions to dominate over the mechanical interactions of the ceramic powders.42 It is also possible

F I G U R E 2 Torque vs temperature dependence of large platelets,
small platelets, and equiaxed blends at different solids loading
measured on a Brabender torque rheometer at a constant rotor speed of
10 RPM. These curves reveal that each blend experiences a decrease in
torque as temperature increases. The viscosity temperature sensitivity
constant (b) for each blend is shown in Table 1

that increasing powder content leads to an increase in particle-particle and particle-polymer interactions. These interactions could lead to a decrease in polymer entanglement which
will result in less viscous dissipation.
In Table 1, blends made with large platelets have a higher
b than blends made with small platelets, regardless of solids
loading. As stated above, polymer interactions will be more
dominant in ceramic-filled blends with higher b. Blends
made with large platelets have fewer individual particles than
blends made with small platelets (at a constant vol.%) due to
the difference in particle size. Fewer particles could lead to
the polymer interactions dominating over the particle-particle interactions in large platelet blends. Likewise, an increase
in the total amount of particles in small platelet blends leads
to more particle-polymer interactions and decreases chain entanglement.42,65 These mechanisms may explain why b and
the viscous dissipation are greater for large platelet blends,
and smaller for small platelet blends. However, this behavior
is not observed in the equiaxed blend, which has the highest
b (0.016°C-1) of all blends and lowest particle size (0.44 µm).
This behavior must be a characteristic feature of platelet morphology powders. As stated earlier, it is desirable to have
blends where the polymer interactions dominate. Therefore,
blends with the highest b (large platelet) were considered
ideal for forming processes to achieve particle alignment.
Figure 2 shows that an increase in the solids loading led to an
increase in the measured torque for the different platelet blends.
This trend is commonly observed in similar ceramic-filled
polymer blends developed for coextrusion39,42,55 and green
machining processes.36 A study focusing on the rheological

COSTAKIS et al.

behavior of BaTiO3/EEA blends found that an increase in solids
loading increased the torque and viscosity values at a constant
temperature.42 They claimed this behavior was due to an increase in the mechanical interparticle interactions between the
ceramic powders. In the literature, it is typical to have solids
loading greater than 50 vol.% in EEA-based blends and still
have workable samples,14,36,39,41,42,44‒46 which is not the case
for the blends produced in the current study. Blends produced
with greater than 40 vol.% platelets had measured torque values lower than or equal to observed torque values for 55 vol.%
equiaxed powder blends from the literature,42 and were still
considered unworkable. Clearly, the use of platelets vs equiaxed
powders is influencing the behavior of the blends.

3.2

|

Rheological measurements

Figure 3 shows the log(viscosity) dependence on log(shear
rate) at 130°C for large and small platelet blends at different
solids loading. A 40 vol.% equiaxed blend is added for comparison. The solid lines correspond to linear curve fits with all
R2 > 0.98. The powder law index (or shear thinning exponent,
n) and melt consistency index (m) were calculated from the fits
and are shown in Table 1. All ceramic-filled polymer blends
exhibited a pseudoplastic or shear thinning behavior with n < 1.
It is important to note that the shear thinning exponent obtained
by a torque rheometer has been found to not be in agreement
with the data obtained on a parallel plate rheometer, as described by Xu and Hilmas.42 They claimed that this deviation
from the expected behavior is probably due to the blends having

F I G U R E 3 Log(viscosity)-log(shear rate) dependence of
large platelets, small platelets, and equiaxed blends at different
solids loading measured on a Brabender torque rheometer at 130°C.
Increasing the solids loading resulted in an increase in viscosity for
respective platelet type. All polymer blends exhibited a uniform
shear thinning behavior with n < 1
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yield stresses, as well as the relationship between log(torque)
and log(shear rate) being non-linear at lower shear rates.42
However, they did find that the melt consistency indexes and
the overall trends obtained by a torque rheometer and parallel
plate rheometer were in agreement.
From Figure 3 it was found that an increase in solids loading led to an increase in the viscosity for a given shear rate,
regardless of powder type. This behavior is commonly observed in the literature for ceramic-filled polymer blends and
could be attributed to the increased polymer-particle interactions, interparticle interactions, and collisions.42 It was also
found that an increase in solids loading led to a decrease in
the shear thinning exponent (n) and an increase in the flow
consistency index (m) for both platelet powders, as shown in
Table 1. Both trends are observed in the literature for blends
that were developed for coextrusion.39,42,55
Blends made from large platelets exhibited lower viscosity values than blends made with small powders, regardless
of solids loading and shear rate. Recall in Section 3.1, blends
made with large platelets will have fewer individual particles
due to the difference in particle size. Fewer particles could
lead to fewer particle-particle interactions. Additionally, it is
known that geometrical characteristics of ceramic powders
have a significant effect on particle packing density, particle
arrangement, and rheological properties.19 Anisometric particles with the ability to freely rotate will readily orient due to
imparted shear stresses.50,51 Since the large platelet blends experience less particle-particle interactions, the platelets should
be able to rotate more freely and eventually orient parallel to
the direction of shear. Xu and Hilmas42 claimed that particle
orientation can result in laminar flow and lead to a reduction
in the resistance to shear. It is possible that the large platelet
blends have lower viscosities because there are fewer particles and the morphology of the particles is more susceptible
to orientation.
Figure 3 shows that the 40 vol.% equiaxed blend has a
higher viscosity than the large platelet blends and a lower viscosity than the small platelet blends. According to previous
logic on particle size and particles per volume, the equiaxed
powder should have a higher viscosity than both platelet blends,
which is not the case. This is most likely due to the difference
in particle morphology, specifically, the surface area. Recall
in Section 2.1, the surface area of the equiaxed powders being
higher than the large platelets and lower than the small platelets.
These differences in surface area could explain the viscosity behavior. It is well understood in the field of colloidal processing
that increasing the specific surface area leads to increases in the
number of particle-particle interactions and thus increases the
viscosity.66,67 Additionally, the flow behavior of the equiaxed
blends is different than the platelet blends. The 40 vol.% equiaxed blend had the highest shear thinning exponent (n = 0.65)
and the lowest flow consistency index (log(m) = 3.867) of all
blends, as shown in Table 1. It is well understood that anisotropic
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powders will be susceptible to shear stresses and align, decreasing the resistance to shear, resulting in significantly more
shear thinning when compared to spherical powders.42,66 Even
though the equiaxed blend has a higher viscosity than all the
large platelet blends and experiences less shear thinning than
all blends, it was the most workable blend. This behavior could
be due to the equiaxed blend experiencing more viscous dissipation and dominating polymer interactions. It may be possible
to use mixtures of equiaxed and platelet powders to develop
blends with more optimized rheological properties or behaviors
similar to the base polymer (EEA) in future studies.
As stated above, blends made with platelet solids loading greater than 40 vol.% were considered unworkable.
They also may have experienced issues with polymer degradation. This behavior was most apparent in blends produced with 40 vol.% small platelets. At higher shear rates,
the viscosity values are lower for the 40 vol.% small platelet blends than the 30 vol.% small platelet and 40 vol.%
equiaxed blends. This behavior was not expected. During
the analysis, the roller speed, which is proportional to the
shear rate, is slowly increased from low to high RPM over
the course of 180 minutes. Visual inspection showed that
the behavior of the 40 vol.% small platelet blend changed
from the beginning of the analysis to the end. After the
rheological test, this blend had a chalk-like appearance and
behaved more as a dry powder blend (crumbled apart) than
a polymer blend. The shear thinning exponent (n = 0.14)
was the lowest in this study and lower than blends produced in the literature,39,42,55 indicating that this blend is
more prone to degradation than the other blends in this
study.
TABLE 2

3.3
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Texture analysis of pressed sheets

The orientation parameter (r) and grain misalignment angle
(full width at half maximum [FWHM]) were obtained from
a rocking curve analysis and these values are listed in Table
2. A lower orientation parameter (r) and lower FWHM are
associated with higher alignment. For this analysis, the alignment reference plane was normal to the pressing direction.
As mentioned earlier, 10 samples were analyzed from each
pressed sheet to obtain an average r and FWHM. Each blend
(solids loading and platelet type) was pressed to a target
thickness of roughly 1.4, 0.9, and 0.4 mm (accounting for
the PTFE coating) to obtain a percent reduction of 92.2, 95.0,
and 97.8%, respectively. The final pressed sample thickness
was measured and is reported in Table 2 as percent reduction.
Figure 4 shows the average orientation parameter vs percent reduction for large platelet blends made with different
solids loading. For all large platelet solids loadings (30, 35,
40 vol.%), each blend was able to reach the target reduction
of 92.2% (within ~0.5%); however, this is not true for other
target reductions. An example of this is shown in Table 2
where both the 40 and 35 vol.% blends were not able to reach
a target reduction of 97.8%. Instead, these samples reached
a final reduction of 94.8 and 95.4%, respectively. For these
samples, the metal plates did not fully seat on the shims under
the applied load (4000 kg). It was evident that these blends
required a higher load to reach larger reductions. However,
preliminary tests showed that forcing the sample to flow at
higher loads may be negatively impacting the alignment,
which could be due to particle jamming.68 Additionally,
blends with 30 vol.% large platelets were able to reach all the

Texture distribution data for ceramic-filled thermoplastic blends uniaxially pressed to varied thicknesses

Powder type

Shim (mm)

vol.%

Reduction (%)

FWHM (°)

r

R2

RonaFlair 11 µm
(large)

1.4

40

92.40 ± 0.05

23.28 ± 1.20

.401 ± .013

>.99

35

92.62 ± 0.03

19.53 ± 1.01

.360 ± .012

>.99

30

92.77 ± 0.04

14.32 ± 0.52

.295 ± .007

>.98

40

94.16 ± 0.08

21.59 ± 1.40

.383 ± .015

>.98

35

95.09 ± 0.04

19.80 ± 0.94

.363 ± .011

>.99

30

95.25 ± 0.03

15.34 ± 0.48

.309 ± .006

>.99

40

94.79 ± 0.13

21.80 ± 1.43

.384 ± .015

>.99

35

95.41 ± 0.52

19.26 ± 1.43

.356 ± .018

>.98

30

97.01 ± 0.10

11.16 ± 1.16

.251 ± .017

>.99

40

91.30 ± 0.08

25.39 ± 0.89

.420 ± .009

>.98

30

92.47 ± 0.03

20.24 ± 1.06

.368 ± .012

>.98

40

91.72 ± 0.32

25.99 ± 1.35

.429 ± .013

>.98

30

95.09 ± 0.28

20.99 ± 0.98

.379 ± .006

>.98

40

97.04 ± 0.20

–±–

–±–

–

0.9

0.4

Serath 1.2 µm
(small)

1.4
0.4

AA03 0.44 µm (equiaxed)

0.4

Notes: Orientation parameter (r) obtained from curve fits of the March-Dollase equation. The 95% confidence interval of the reduction, FWHM, and orientation
parameter are shown for each sample having a data population of 10.
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F I G U R E 4 Orientation parameter (r) vs percent reduction
dependence of large platelet blends at different solids loading. The
95% confidence interval for both the orientation parameter and percent
reduction is shown for each sample having a data population of 10

target percent reductions under the applied load. It seems that
the ability of each blend to reach the target percent reduction
is connected to the extent of the polymer behavior (temperature sensitivity constant [b]) and flow properties (shear thinning exponent (n) and flow consistency index [m]), which is
related to the solids loading (ie, polymer content) and leads to
differences in the final alignment. To support this claim, the
40 vol.% equiaxed blend was pressed to a target reduction of
97.7% and was able to reach an average reduction of 97.04%
(reported in Table 2). This value is similar to the percent reduction obtained from the 30 vol.% large platelet blend when
pressed to the same target percent reduction. Both of these
blends had higher temperature sensitivity constants and shear
thinning exponents.
It was found that decreasing the solids loading resulted in
sheets that were able to undergo more reduction and obtain
lower orientation parameters. As mentioned above, decreasing
the ceramic solids loading led to an increase in the temperature sensitivity constant (b) and increased the flow properties
(higher shear thinning exponents (n) and lower flow consistency indexes (m)), which resulted in pressed sheets with higher
percent reductions. Decreasing the ceramics solids loading may
have allowed the polymer interactions to dominate, resulting in
blends that reach higher reductions and undergo more biaxial
extensional flow during warm pressing. It is expected that this
increased amount of flow allows for higher velocity gradients
that will induce alignment of platelets.50,51 It is also possible
that decreasing solids loading decreases particle-particle interactions,42 allowing the platelets to rotate more freely and align
parallel to the direction of flow.50,51
Also observed in Figure 4 is that the pressed sheets tend
to reach a characteristic minimum orientation parameter
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for different solids loadings. Further increases in the reduction do not result in further alignment, which is apparent in
the 40 and 35 vol.% large platelet blends. Sheets produced
with 40 and 35 vol.% solids loading had a characteristic
minimum orientation parameter of roughly 0.39 and 0.36,
respectively. It seems that this minimum alignment was obtained at a target reduction of 92.2%, and further alignment
was not obtained with an increase in percent reduction.
However, sheets produced with 30 vol.% solids loading
did experience further alignment after pressing to target
percent reductions higher than 95.0%. It appears that the
30 vol.% blend experiences a characteristic minimum orientation parameter at higher percent reductions, (>97%).
As suggested above, decreasing the solids loading will lead
to a decrease in the particle-particle interactions, allowing
the platelets to rotate and further align. This could explain
why the lower solids loading blends are able to reach a
higher alignment.
Figure 5 shows the average orientation parameter vs percent reduction for sheets developed from small and large
platelet blends. From the plot, it is clear that blends developed
with small platelets experience far less alignment when compared to the large platelet blends with the same solids loading.
For small platelet blends, the same trends with solids loading,
temperature sensitivity constant, flow properties, and target
percent reduction that were observed in large platelet blends
are present. However, blends produced with small platelets
experience inferior rheological properties when compared
to large platelet blends. All small platelet blends had lower
temperature sensitivity constants and poorer flow properties

F I G U R E 5 Orientation parameter (r) vs percent reduction
dependence of large platelet and small blends at different solids
loading. The 95% confidence interval for both the orientation
parameter and percent reduction is shown for each sample
having a data population of 10
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when compared to large platelet blends. Due to the poor rheological properties, small platelet blends were not able to reach
the target percent reductions, which leads to less biaxial extensional flow during warm pressing. As discussed earlier,
the small platelet blends will have more individual particles
per volume leading to an increase in particle-particle interactions, which results in inferior rheological properties and less
final alignment.
It was determined that the 30 vol.% large platelet
blends produced the highest average alignment. This blend
was able to reach a higher percent reduction due to the

COSTAKIS et al.

rheological properties and experienced more biaxial elongational flow. Pressing this blend to a target percent reduction of 97.8% had a final alignment of r = .251 ± .017, with
FWHM = 11.16° ± 1.16° commonly observed in lowest
alignment of r = .429 ± .013, with FWHM = 25.99° ± 1.35°
being produced with 40 vol.% small platelet blends at a target
percent reduction of 97.8%. It is possible to develop blends
with a lower solids loading (<30 vol.%), which may be able to
achieve higher alignment. However, blends with lower solids
loading were not investigated in this study because the resulting brown body densities would lead to samples that are too
fragile for handling during hot-press die preparation. Also,
it is important to note that the addition of more polymer necessitates slower binder burnout rates and longer processing
times, therefore, the 30 vol.% large platelet blend pressed to
0.4 mm was chosen to produce a final pre-aligned hot-pressed
sample.

3.4

F I G U R E 6 XRD rocking curves of hot-pressed non-prealigned and pre-aligned large platelet powders (30 vol.% large
platelets blends). Pre-alignment through uniaxial warm pressing
is increasing the final alignment of the transparent sample. Curves
are March-Dollase fits of the data

|

Analysis of hot-pressed samples

The rocking curves of hot-pressed pre-aligned and non-prealigned samples are shown in Figure 6. From the data, it can
be seen that the pre-aligned sample has a higher peak intensity than the non-pre-aligned sample, therefore having higher
alignment. The pre-aligned sample had an average alignment
of r = .254 ± .011 and a FWHM = 11.38° ± 0.75°, while
the non-pre-aligned sample had an average alignment of
r = .283 ± .007 and a FWHM = 13.40° ± 0.53°. It seems
that pre-aligning platelets with uniaxial warm pressing is
improving the final alignment of the sintered samples. It is
expected that this 14.5% decrease in the grain misalignment
angle (FWHM) over non-pre-aligned samples will lead to an

F I G U R E 7 UV-Vis analysis of dense non-pre-aligned, pre-aligned, and single crystal sapphire. A, In-line transmission as a function
of wavelength, normalized to t = 0.8 mm and (B) light transmission at 645 nm for each sample. Samples are placed 2 cm above the text. Prealignment of the 30 vol.% large platelet alumina blends leads to an increase in the in-line transmission when compared to non-pre-aligned alumina
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improvement in the transparency.8 In the previous study, it
was found that the hot-pressing procedure is affecting the
alignment of the samples.1 However, there is no significant
change in the alignment when comparing the green body
sheet to the pre-aligned hot-press sample.
Figure 7A. shows the in-line transmission as a function of
wavelength for the hot-pressed samples, as well as a single crystal sapphire standard. The pre-aligned sample has a higher in-line
transmission compared to non-pre-aligned sample. This indicates
that pre-aligning the platelets with the uniaxial warm pressing procedure is improving the optical properties. To the knowledge of
the authors, this is the second highest in-line transmission reported
for transparent polycrystalline alumina in the literature.6‒8,62,63
Figure 7B shows the light transmission at 645 nm for the different
optical loss mechanisms. The pre-aligned sample has less forward
scattering losses than the non-pre-aligned sample, which indicates
lower birefringent scattering due to crystallographic alignment.8
Both hot-pressed samples have approximately 4% absorption
losses, which is indicative of trapped secondary phases.8 As explained in previous work,1 this absorption was minimized by
performing a heat treatment at 1100°C prior to hot-pressing. The
non-pre-aligned sample has effectively no backward scattering
losses, while the pre-aligned sample has approximately 1% backward scattering losses. According to Apetz and Van Bruggen,88,
backward scattering is indicative of residual porosity. In this
case, it was found that the pre-aligned sample has a lower density
(99.48%) than the non-pre-aligned sample (99.89%TD), which is
in agreement with the backscattering data as well as a density gradient as can be seen in the outer perimeter of the pre-aligned sample in Figure 7A. The specimens with pre-aligned platelets may
have a higher packing density than those that are non-pre-aligned
as the oriented platelets will have a higher packing factor.19 This
lower packing density may result in a lower effective stress during
hot-pressing suggesting that pre-aligned platelets may require a
higher hot-pressing pressure than non-pre-aligned platelets to ultimately eliminate residual porosity and improve the final optical
properties.69 The effect of different hot-pressing pressures on prealigned samples will be explored in a future publication.

4 | S U M M ARY A N D
CONC LU S IO N S
Uniaxial warm pressing was used to align platelet alumina
in polyethylene-based copolymers. The effects of alumina
platelet solids loading and platelet diameter on viscosity,
percent reduction, and final alignment were investigated.
For both platelet types (large and small), decreases in the
solids loading led to increases in the temperature sensitivity constant (b) and flow properties (higher shear thinning
exponents (n) and lower flow consistency indices (m)).
The use of small diameter platelet powders had a negative impact on the flow properties. Blends that exhibited
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higher temperature sensitivity constants and flow properties resulted in pressed sheets with higher percent reductions and higher final alignment. It was determined that
the 30 vol.% large platelet blend was ideal for final alignment and demonstrated an average orientation value (r)
and grain misalignment angle (FWHM) of 0.25 ± 0.02 and
11.16° ± 1.62°, respectively. This blend was further processed and used to produce a transparent sample that demonstrated increased optical properties when compared to
non-pre-aligned samples. This sample exhibited a final orientation parameter of r = .254 ± .011, a grain misalignment
angle of FWHM = 11.38° ± 0.75°, and an in-line transmission of 70.0% at 645 nm. It is expected that the addition of equiaxed powder to the platelet blends will improve
the rheological properties and increase the final alignment.
Future analysis will investigate the use of equiaxed and
platelet powder mixtures on the sinterability and alignment
with the hope of increasing the final in-line transmission.
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