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The purpose of this of study was to investigate the confined vibration method to produce alumina beads
for the study of stress wave propagation in granular media. The method produces beads with desirable
shape (i.e. oblate, prolate, and tri-axial ellipsoid), microstructure (level of porosity), and size (5 mm to 3 cm
in diameter). This environmentally friendly approach to process beads involves preparing a slurry with
vailable online 17 June 2015

eywords:
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a small amount of PVA binder and dispersant. After drying, the pre-formed material is a shear-reversible
soft-solid, which flows under applied stress with limited strain recovery. This rheological behavior is
sufficient for the alumina paste to be processed into rounded shapes with a confined shaker table and to
maintain the shape for sintering of the alumina beads.

© 2015 Published by Elsevier Ltd.

lumina beads

. Introduction

Early work by Hertz [1] to understand the contact interaction
etween granular media motivated a series of publications [2–4]
ocusing on theoretical and numerical predictions. The problem
as extended to 1D granular chains to observe the formation of

olitary waves and it was found that solitary waves occur when
ve or more beads are in contact [5,6]. While, some experimental
ork [7,8] was conducted to understand stress wave propagation

n granular media, a limitation [9] to further the research was due
o the limited amount of choices in terms of bead size and bead
omposition.

In terms of bead size, forming methods such as single and
ultiple needle systems [10–12], rotating atomizer for viscous liq-

ids [13], perforated plates [14], a nozzle mounted in a rotated
ylinder [15,16], rotating disc atomization [17] and electrostatic
ripping [18–20] have been used to make ceramic beads. However,
hese methods only produce beads with diameters below 5 mm
12,21–27].

This motivated our team to design a new processing technique

o make ceramic beads using a modified version of the vibration

olding method. The colloidal vibration molding method was pre-
iously introduced by Franks et al. [28] where it was demonstrated

∗ Corresponding author. Tel.: +1 217 333 5258; fax: +1 217 333 2736.
E-mail address: kriven@illinois.edu (W.M. Kriven).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.05.018
955-2219/© 2015 Published by Elsevier Ltd.
that saturated ceramic paste, consolidated by either centrifuga-
tion or pressure filtration, could be fluidized by vibration and
made to flow into a die to produce complex green body shapes
[28–31]. Though this approach was successful in producing com-
plex shapes, information about producing spherical beads using
this technique has not been reported in the current literature
[28,32–34]. A modified version of the colloidal vibration molding
method was introduced by our labs to produce ceramic beads ran-
ging from 0.5 mm to 3 cm in diameter. During an attempted slip
casting using a plaster of Paris mold [35,36], it was observed that
small drops of solution had dripped directly onto the vibrating table
being used to vibrate the alumina mixture into the mold. When this
occurred, the small drops of alumina solution formed themselves
into small spheres.

The vibration kept the material sufficiently soft enough to
deform and hard enough to cause the spheres to bounce around
randomly, helping to round them out. As the beads slowly dried,
they retained their spherical shape. In an effort to improve the
quality and reproducibility of alumina beads, processing param-
eters were optimized for the original forming process. This work
demonstrates how different parameters such as the slurry formula-
tion and processing variables of paste rheology affect the formation
of the alumina beads. More specifically, this work focuses on:
1.1 Optimizing the alumina slurry formulation by changing the
amount of binder.
1.2 Evaluating the rheological behavior of the paste to understand
the bead shape evolution from non-spherical to spherical.

dx.doi.org/10.1016/j.jeurceramsoc.2015.05.018
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.05.018&domain=pdf
mailto:kriven@illinois.edu
dx.doi.org/10.1016/j.jeurceramsoc.2015.05.018
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ig. 1. Bead forming process showing the four main steps (mixing, drying, forming,
nd calcination/sintering) to make alumina beads.

1.3 Standardizing the vibration process to make beads repro-
ducibly.
1.4 Evaluating the performance of the alumina beads in terms of
breaking force and number of rotating cycles.

. Experimental procedures

The experimental procedure to make alumina beads involves
our main steps: preparation of the slurry, drying of the slurry, for-

ation of the paste, and calcination/sintering of the beads as shown
n Fig. 1.

.1. Materials

The experimental procedure to make ceramic beads started with
he procurement of alumina powder (A 152 SG Almatis Premium
lumina, Bauxite, AR) with particle size of 1.2 �m and surface
rea 4.3 m2/g, polyvinyl alcohol (PVA) binder, 80% hydrolyzed with
W = 9000–10,000, (PVA binder, Sigma-Aldrich, Saint Louis, MO),

nd D-3005 dispersant of MW ∼ 2400 (Rohm and Haas, Philadel-
hia, PA).

.2. Preparation of alumina paste

An alumina slurry was prepared in two steps. First, 55 vol%
82 wt%) of alumina powder was dispersed in 45 vol% (17.3 wt%)
istilled water using a 0.8 wt% of ammonium salt dispersant (Dura-
ax 3005) and was mixed for 15 min with a magnetic stirrer. All

f the additives in the suspension, which included the dispersant
nd binder, were measured as a function of wt% alumina added.
econd, 0.1, 0.3, and 0.5 wt% of PVA binder was added to the alu-
ina suspension using a magnetic stir plate at room temperature

or a period of 30 min, or until all of the binder was fully dissolved

n the suspension. The prepared slurry was poured onto a slip-
asting platform for partial dehydration before forming. The partial
ehydration process of the alumina slurry created alumina paste
ith ∼9 wt% water content. Table 1 shows an example of the slurry
eramic Society 35 (2015) 3587–3594

formulation before and after dehydration. It is important to clarify
that after partial removal of the water, the alumina slurry become
a paste. The moisture in the alumina slurry was measured by recor-
ding the weight before and after the slurries were poured onto the
slip-casting platform.

2.3. Rheology of the alumina slurry

The rheological behavior of the suspensions was analyzed to
gain an insight into the slurry characteristics, which eventually
helped to obtain reproducible, consistent behavior. The rheologi-
cal behavior of the suspensions was measured with a controlled
stress (CS) rheometer (CS10, Bohlin Gemini, Worcestershire, UK),
in which the apparent viscosity was measured as a function of shear
rate. The controlled stress rheometer was fitted in a concentric
cylindrical geometry (CS 25, Bohlin Gemini, Worcestershire, UK).

2.4. Rheology of the alumina paste

The rheological behavior of the alumina paste was analyzed to
evaluate the material response and to gain a better understanding
of the bead forming evolution. In order to probe the viscoelastic
properties, alumina paste samples were subjected to simple shear
deformation with an AR-G2 rotational rheometer (TA Instruments,
New Castle, DE). A 40 mm diameter, parallel plate geometry was
used for all testing. All stresses reported were apparent stress from
direct mapping to the total torque. Temperature was controlled at
25 ◦C via a Peltier plate. Adhesive-backed 600 grit sandpaper was
attached to the parallel plate and Peltier plate to minimize slip.
With sandpaper attached, steady shear viscosity measurements at
different gaps were in agreement (the difference between 1000
and 800 �m gaps were within the precision error of reproducibility
tests at 1000 �m), thus indicating that slip was not significant.

The alumina paste was poured onto the bottom plate and the
top plate was lowered to make contact with the sample. The top
plate was then slowly lowered while being slowly rotated by hand
so that the sample would completely fill the gap. The sample was
trimmed with a spatula around the end of the plate for proper fill-
ing. A solvent trap with distilled water was loaded over the top plate
to prevent evaporation from the sample. For consistent results,
samples were subjected to a prescribed deformation history after
loading and before rheological characterization: A shear stress of
100 Pa was applied for 120 s, then removed for 30 s to reset the
deformation history.

To identify the range of strains for which a linear viscoelastic
response would be observed, an oscillatory strain amplitude sweep
was performed at the highest frequency to be tested. The subse-
quent frequency sweeps were then performed at a strain which
fell within the linear viscoelastic regime of the initial strain sweep.
Shear creep and recovery experiments were also performed using
the same experimental setup to determine the steady state viscos-
ity as well as the recovery response. After the loading procedure, a
particular shear stress was applied for 120 s after which the strain
recovery was recorded for 30 s.

2.5. Fabrication of spherical green bodies

The alumina paste was placed on the vibrating table and a series
of dividers were used to contain individual pastes to keep them
from sticking together and also to make a large quantity of beads

simultaneously (Fig. 2). The divider matrix was moved in a circular
motion throughout the process until the spheres were firm enough
to hold their shape. The beads were rolled around on the vibrating
table for about 5 min, or until they achieved handling strength.



C.J.E. Santos et al. / Journal of the European Ceramic Society 35 (2015) 3587–3594 3589

Table 1
An example of the alumina formulation before and after dehydration.

Component Alumina powder Dispersant (Duramax 3005) DI water Binder (PVA 80% hydrolyzed)

Alumina slurry (before dehydration)* 55 vol% (82.7 wt%) 0.8 wt% (of alumina) 45 vol% 17.3 wt% 0.2 wt% (of alumina)
Alumina paste (after dehydration)** 91.5 wt% 0.8 wt% (of a

Percentages of the alumina slurry* and paste** are not the same because water is remove
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Fig. 2. Experimental setup to make alumina beads.

.6. Calcination and sintering

Calcination (thermal treatment process) was conducted on the
reen bodies (beads) to remove the unwanted organic materials
hat were introduced during the forming process of the beads. Ther-

ogravimetric analysis (TGA) using a Netzsch STA 409 CD (Netzsch
nstruments, Selb, Germany) was conducted to observe the water
volution and decomposition of the organic materials during the
alcination stage. These studies were conducted at a temperature
anging from 25 ◦C to 800 ◦C at 10 ◦C/min for heating and cooling.
s a result, calcination was conducted at 700 ◦C for 1 h with heating
f 0.5 ◦C/min and cooling down of 5 ◦C/min because lower heating
nd cooling rates helped with avoiding thermal shock during the
hermal treatment process.

Sintering was conducted to fuse the particles and create a solid
eramic body [37]. During the process, the atoms in the material
iffused across the grain boundary of the particles [37]. Sintering

n the alumina beads was conducted at temperatures ranging from
400 ◦C to 1650 ◦C for 4 h. A constant time with increasing tem-
erature during sintering was selected to optimize the sintering
rocess of the beads and to observe the changes in density and
icrostructure evolution. Optimal sintering conditions such as the

nes that will be discussed in this paper can enhance properties in
he alumina beads resulting in higher density and strength [37].

.7. Characterization of the alumina beads

The density, breaking force, and number of rotating cycles with
icrostructure analysis were used to analyze the mechanical prop-

rties and performance of the beads. First, the density of each
ample was measured following the Archimedes method [38]. In
ddition, the microstructure of the ceramic beads was observed to
onfirm the density measurements. Images were taken with a scan-
ing electron microscope (JSM-6060LV, JEOL USA, Inc., Peabody,
A) using excitation energy of 20 kV. Prior to imaging, the sam-

les were Au–Pd sputter-coated for 25 s to prevent charging of
pecimens. Moreover, the breaking force of the alumina beads was
easured on a universal testing machine (Model 4502, Instron
orp., Canton, Mass.). A total of 5 beads per sample condition were
nalyzed under compression.

Comminution of the ceramic beads was performed in a tumbler
o observe the loss of material and reduction of the bead diameter
lumina) 8.5 wt% 0.2 wt% (of alumina)

d from slurry using a porous medium.

as the number of rotating cycles was increased. This test provided
the mass and diameter wear rate of the sintered alumina beads pre-
pared by the vibration method. Friction between the alumina beads
during ball milling causes wear in the material when the beads are
rolling and sliding over each other [39,40]. The test was conducted
for one month at 220 rpm and a total of 32 sintered beads were
measured at different time intervals. The mass wear rate (˝t) was
evaluated based on linear wear theory, where a gradual consump-
tion process takes place by grinding beads inside a tumbler. The
mass wear rate (˝t) in the ceramic beads was calculated using the
following equation:

˝t = d(mb)
d(t)

= −kmAb (1)

where d(mb)
d(t) is the mass wear rate as a function of time, Ab is the

exposed ball area, and Km is the mass rate constant of the bead.
Similarly, the diameter wear rate d(D)

d(t) in the ceramic beads was
calculated using the following equation:

d(D)
d(t)

= −2
km

�b
= −Kd (2)

where �b is the ceramic bead density and Kd is the wear rate con-
stant of the bead.

As a last characterization step, the eccentricity of the ceramic
beads was measured. The eccentricity [41] is associated with how
much something deviates from being circular. The eccentricity of
the ceramic beads was measured in three mutually orthogonal
planes xy, xz, and yz using the following equation:√

1 − b2

a2
(3)

where a and b are the radii in any plane of the alumina bead. When
the result of Eq. (3) is 0, the plane is circular. However, when the
result of Eq. (3) is 1, the plane is an ellipse. The 3D construction of
the three planes measured in the xy, xz, and yz give either a perfect
sphere or an ellipsoid. Eq. (4) provides the graphical representation
of the ellipsoid.

x2

a2
+ y2

b2
+ z2

c2
= 1 (4)

Based on Eq. (4), any of the bead geometry types can result: a
sphere is when radius a = b = c, an oblate ellipsoid is when radius
a = b > c, a prolate ellipsoid is when radius a = b < c, and a tri-axial or
scalene ellipsoid is when a > b > c.

3. Results and discussion

3.1. Formation of green bodies

One of the advantages of the bead forming method is the abil-
ity to recycle the dry material, so this method is environmentally
friendly because it requires only a small amount of binder and dis-
persant. The original formulation previously used for slip casting
was modified by changing the amount of binder added to the sus-

pension. To improve the formulation, three different amounts of
PVA binder were used: 0.1, 0.2, and 0.5 wt% of PVA. To observe
the variation in terms of rheology, viscosity measurements were
performed in each suspension. It was observed that by increasing
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difficulty in obtaining reproducible data across multiple samples,
the elastic storage modulus in this case would sometimes vary by
over an order of magnitude. However, in the linear viscoelastic
ig. 3. Viscosity as a function of shear rate of alumina slurries with 0.1, 0.2, and
.5 wt% polyvinyl alcohol (PVA) binder.

he amount of binder, the viscosity increased as shown in Fig. 3.
ll three suspensions showed shear thinning behavior for shear
tresses above 1 Pa (Fig. 3 inset). The lower PVA concentrations
0.1 and 0.2 wt%) approached a high-rate plateau viscosity for shear
tress above 10 Pa.

To test each formulation, all of the alumina slurries went
hrough the same dehydration process (water removal) to form
astes. Through physical observations of the alumina paste when
xposed to the vibrating table, the following were determined: (a)
ith 0.1 wt% PVA binder, the spherical green bodies did not hold

heir shape well enough; (b) with 0.5 wt% PVA binder, the alumina
aste did not flow and the texture of the paste was too sticky; (c)
ith 0.2 wt% PVA binder, the spherical green bodies retained their

hape and had good flowability when the intensity of the vibrating
able was increased; (d) the paste that was dried was recycled for
ew batches. In addition, samples with 0.2 wt% PVA binder were
ood for making green bodies with a semi smooth surface. Hav-
ng a smooth surface on the green bodies helped to measure the
reen body density. The rest of the experiments in this paper were
onducted using an alumina paste with 0.2 wt% PVA binder.

.2. Rheology of the alumina paste

High quality ceramic green (body) beads were formed with
he modified vibration molding method with the 0.2 wt% PVA for-

ulation. An important aspect of the research was focused on
nderstanding the type of rheology associated with the ability
o form the paste into round shapes with the confined vibration
rocessing method. The first observation while forming the beads
as that the alumina paste required flowability under applied

tress. Second, the alumina paste needed to be moldable, but with
he ability to retain its shape. During rheological measurements of
he paste, shear thickening at high stress was observed. Previous
iterature reported shear thickening in high loading slurries [42].
owever, it was unclear whether the formation of green body beads
as purely dependent on a specific type of rheological behavior
uring the formation process. To understand the forming process
f the green body beads using the alumina paste, several oscillatory,
hear creep and recovery measurements were conducted.

.3. Oscillatory measurements

During oscillatory measurements, strain amplitude sweeps

emonstrated that on time scales of ten seconds or less, alumina
aste with 0.2 wt% PVA is a viscoelastic solid with non-linear soft-
ning upon the application of large strains or stresses. Fig. 4 shows
he results of strain sweeps performed at a frequency of 10 rad/s.
Fig. 4. Strain amplitude sweep of the alumina paste with 0.2 wt% PVA binder at
10 rad/s.

Due to the material’s sensitivity to water content, there was much
difficulty in obtaining reproducible data. As such, it can be seen that
across multiple samples, the linear viscoelastic moduli may vary up
to a half order of magnitude. Even with this variability, the qualita-
tive trend clearly shows a linear viscoelastic plateau at low strain
(and stress), followed by reversible yielding near an apparent stress
amplitude of 2 Pa (Fig. 4 inset).

The results of linear viscoelastic frequency sweeps performed
at a strain amplitude of 0.1% can be seen in Fig. 5. Due to the
Fig. 5. Linear viscosity frequency sweep of the alumina paste with 0.2 wt% PVA
binder at 0.1% strain amplitude.
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ig. 6. The nonlinear creep and recovery (after 120 s) of the alumina paste 0.2 wt%
VA binder at 100 Pa and 10 Pa.

egime of small strains, the elastic storage modulus, G′, always
ominated the viscous loss modulus, G′′, as seen by the loss ratio
an(ı) = G′′/ G′, the ratio of the viscous loss modulus to the elastic
torage modulus, always being less than 1 and as low as 0.2. The
ample shows a weak frequency dependence with slightly lower
oduli at lower frequencies and slightly higher tan(ı) at lower

requencies, but no crossover frequency was observed. During the
ead formation process, the frequency of impact was found to be
pproximately 60 rad/s. This frequency fell within the tested range,
ndicating that during processing, the material was behaving as a
hear-reversible, visco-elasto-plastic solid. The application of large
train amplitudes was limited by instrumental inertia eventually
ominating the torque response, but the initial nonlinear response
t all tested frequencies universally showed both G′ and G′′ initially
ecreasing as a function of applied strain amplitude.

.4. Shear creep and recovery

The creep and recovery responses of alumina paste containing
.2 wt% PVA are shown in Fig. 6 for shear stresses of 10 and 100 Pa.
ere it can be seen that the nonlinear response was predominantly
lastic, as there was little recovery of the accumulated strain. For
tresses in the range of 10 to 100 MPa on time scales of the order of
0 s, the maximum recoverable compliance was always less than

%. Responses within the linear regime could not be verified with
reep tests due to poor reproducibility (water evaporation).

The steady state viscosity data for stresses in the range of 10 to
000 Pa can be seen in Fig. 7. Within this range, shear thickening

ig. 7. Shear thickening in steady shear of the alumina paste with 0.2 wt% PVA
inder. Inconclusive measurements were obtained from 1 to 10 Pa and shear thick-
ning behavior was observed from 10 to 1000 Pa.
Fig. 8. Thermogravimetric analysis of alumina slurry with 0.2 wt% PVA showing 10%
weight loss from 25–100 ◦C and 1.1% weight loss from.
100–300 ◦C

was observed as the steady state viscosity increased by a factor
of 100. Although the material displayed shear thickening, it was
unclear how important this was to enabling bead processing.

We conjecture that the primary rheological requirement for
vibration processing is to behave as a solid at low stress on the
relevant timescales to retain shape and behave as a nonlinear plas-
tic material exhibiting limited strain recovery at higher stress to
enable formation into rounded shapes. A yield stress would char-
acterize this transition, and the required/target yield stress would
need to lie within a particular range, depending on processing con-
ditions and desired final shape of the bead. If shear-thickening is
relevant, it may serve the secondary role of limiting the deforma-
tion of the paste during the largest impacts during processing. This
may reduce the statistical variability of strains induced by vibration
impacts and result in smoother beads. Here we have characterized
what rheology is sufficient for processing, for the 0.2 wt% PVA for-
mulation. The minimum rheological requirements, such as range of
yield stress and presence of shear thickening, are beyond the scope
of this work but could be tested by formulating a range of samples
with deliberately different rheology.

3.5. Calcination and sintering of beads

Thermal analysis for calcination and sintering of the beads were
conducted: First, TGA results confirmed that there was an initial
∼9% weight loss decrease at 100 ◦C corresponding to the evolution
of H2O. This large amount of mass loss was due to the entrapped
water within the outer dry shell of the green body. A ∼2% at 425 ◦C
mass loss was also observed, which corresponded to the burnout of
the binder, dispersant, and any other organics (Fig. 8). The calcina-
tion was carried out at 700 ◦C for 1 h to complete decomposition of
all volatile matter [43]. A slow calcination rate of 0.5 ◦C/min during
calcination prevented thermal shock when the evaporation of the
volatile matter occurred [43].

During sintering, the ramp-up rate was increased to 5 ◦C/min
and the samples were sintered at various temperatures from
1400 ◦C to 1650 ◦C with increments of 50 ◦C to induce den-
sification. The samples sintered at 1400 ◦C/4 h gave a density
of 3.25 + 0.14 g/cm3, but when the samples were sintered at
1650 ◦C/4 h, the density was 3.78 + 0.06 g/cm3. There was a 14%
increase in density when the temperature was incremented by
250 ◦C. To visually corroborate these results, the micrographs using
SEM (Fig. 9(a)) reveal the porosity network of samples sintered

at 1400 ◦C/4 h. Moreover, when looking at the average grain size
of the samples sintered 1400 ◦C/4 h, two different features in
the microstructure were observed: large agglomeration of grains
(∼20 �m in size) and small grains ranging between 1 and 3 �m
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Table 2
Properties of alumina-sintered beads as a function of sintering temperature.

Sintering conditions Bulk density (g/cm3) Theoretical density (%) Bead diameter (mm) Compressive load (N)

1400 ◦C/4 h 3.25 ± 0.14 83.4 8.50 ± 0.10 1122 ± 240
1450 ◦C/4 h 3.31 ± 0.15 84.9 8.50 ± 0.08 1712 ± 300
1500 ◦C/4 h 3.49 ± 0.14 89.4 8.50 ± 0.06 2161 ± 315

◦ 8.50 ± 0.08 2716 ± 79
8.50 ± 0.07 3948 ± 13
8.50 ± 0.08 3954 ± 93
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1550 C/4 h 3.60 ± 0.08 92.3
1600 ◦C/4 h 3.67 ± 0.07 94.1
1650 ◦C/4 h 3.78 ± 0.06 97.0

n size with a dense network of porosity (Fig. 9(b)). In the oppo-
ite case, where the samples were sintered at 1650 ◦C for 4 h, the
icrostructure revealed large grains (x > 20 �m in size) and a few

arge pores with ∼15 �m in size.

.6. Characterization of the alumina beads

The samples (five beads were measured and tested per condi-
ion) sintered at 1650 ◦C for 4 h had a compressive load strength of
954 + 93 N, which was 71.6% higher than the samples sintered at
400 ◦C/4 h. Table 2 summarizes breaking force, density, and bead
iameters of tested samples.

The comminution results as a function of milling time provided

ore information (i.e. mass and diameter wear rate) on the per-

ormance of the alumina beads. Fig. 10 shows the bead diameter
eduction and bead weight loss due to the milling of the beads. The

ig. 9. SEM micrographs of the microstructure of alumina beads sintered for 4 h at
a) 1400 ◦C and (b) 1650 ◦C.
Fig. 10. Diameter and weight profiles of the alumina beads as a function of milling
time, with the first (0–50 h), second (50–300 h), and third (300–800 h) stages of the
bead evolution over milling time.

slopes in Fig. 10 are the diameter d(mb)
d(t) and mass d(mb)

d(t) wear rate
from Eqs. (1) and (2).

In addition, Fig. 10 shows the three different stages of the alu-
mina beads when they were exposed to longer milling time at a
fixed 220 rpm. During the first stage, the rotating motion refined
the surface of the beads; this step was considered as a refinement
step to improve the finishing of the beads. The first stage occurred
within the first 50 h of milling time and the average bead diam-
eter was reduced by 0.7%. During the second stage, the average
bead diameter remained constant without wear/erosion. The sec-
ond stage happened between 50–300 h of milling time. The third
stage occurred between 300 to 750 h of milling time; beads at this
point experienced excessive material loss that resulted in the mis-
shaping or fracturing of the alumina beads, similar observation was
obtained in the literature [44]. Knowing the slopes of each plot
allowed calculation of the mass (Km) and diameter wear (Kd) rate
constants for the alumina beads. Fig. 11(a) and (b) shows the mass
and diameter rate constants calculated using Eqs. (1) and (2).

As the final characterization step, the eccentricity using Eq. (3)
was calculated in the xy, xz, and yz planes. The data was divided
into four groups based on the bead diameter. It was found that in
all the planes for the four diameter groups, the eccentricity was
below 0.07. Having an eccentricity below 0.07 indicates that the

alumina beads could be produced by the vibration method, which
are spherical (Fig. 12). In addition, Table 3 shows the distribution
of the sphere-like type of beads measured.

Table 3
Selection of the type of ellipsoid for the alumina beads based on their radius in the
xy, xz, and yz planes.

Tri-axial or scalene
ellipsoid (a > b > c)

Oblate ellipsoid
(a = b > c)

Prolate ellipsoid
(a = b < c)

Sphere
(a = b = c)

53.6% 25.0% 25.4% 0
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Fig. 11. The mass and diameter wear rate contact as a function o

Fig. 12. Eccentricity in the xy, xz, yz planes for alumina beads sintered at 1650 ◦C for
hours.
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the authors acknowledge Mr. Benjamin Walusiak and Mr. Samuel
Fig. 13. Alumina beads sintered at 1650 ◦C for 4 h.

. Conclusion
The vibration method proved to be effective in producing alu-
ina beads having tailorable size (Fig. 13) and shape (i.e. oblate,

rolate, and tri-axial ellipsoid). The best slurry composition to
f rotating cycles for alumina beads sintered at 1650 ◦C/4 h.

make alumina beads was with 0.2 wt% with a PVA binder. After
the removal of water during the dehydration step, the composi-
tion changed to a workable paste with ∼9 wt% water content. In
addition, characterization of the alumina paste rheology indicated
a viscoelastic solid at low stress (<2 Pa) with nonlinear softening
upon the application of larger stress or strain. In the linear vis-
coelastic regime of small strains, the elastic storage modulus, G′,
always dominated the viscous loss modulus, G′′, and no crossover
frequency was observed. Furthermore, it was found that the fre-
quency of impact (60 rad/s) fell within the tested range of the
alumina paste. Moerover for shear stresses of 10 to 100 Pa, the
nonlinear response was predominantly plastic as there was little
recovery of the accumulated strain. For stresses in the range of 10 to
1000 Pa, the maximum recovery compliance was always less than
1%. Based on the thermal treatment process, the optimum condi-
tions were 700 ◦C/1 h for calcination and 1650 ◦C/4 h for sintering
where the density was 97% of theoretical value and the load of
the alumina beads were ∼3954 + 93 N. Furthermore, the refinement
step provided more insight into the mechanical performance of the
alumina beads. The three stages under longer milling times reveal
that during the first 50 h, the bead diameter was reduced by 0.7%;
during the second stage, the diameter remained constant; and dur-
ing the third stage the alumina bead either fractured or became
misshapen. Thus a processing method for making ceramic beads
larger than 5 mm in diameter has been developed.
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