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Processing high-purity and liquid-phase-sintered
alumina ceramics using locally synthesized
alumina powders

B. A. LATELLA* , B. H. O’CONNORt
Materials Research Group, Department of Applied Physics, Curtin University of Technology,
Perth, WA 6845, Australia

The feasibility of using locally synthesized powders in the development of high-purity and
liquid-phase-sintered (LPS) aluminas, for potential use as ceramics in erosive wear
environments, was explored. The principal purpose of the project was the development of
processing philosophies for alumina-based ceramics that meet the dual, and usually
conflicting needs, for improved properties at lower cost, with special attention to the
Western Australian mining industry. The incorporation of glassy grain-boundary phases via
sintering additives makes the achievement of low-cost LPS aluminas possible, but also
threatens to compromise properties. Sintering behaviour, phase assemblage,
microstructural evolution and mechanical properties were explored as key variables in this
goal. The results indicate that the locally sourced alumina and mineral additives can be
combined to produce LPS aluminas which are comparable in mechanical performance to
currently-available commercial LPS alumina ceramics.  1998 Chapman & Hall
1. Introduction
The use of high-grade technical ceramics for engineer-
ing applications, where enhanced mechanical proper-
ties and wear-resistance are required, has seen
continued growth. The usage of these materials
specifically as wear-resistant linings covers a wide
range of product forms of which alumina-based cer-
amics have the most widespread use. Accordingly, the
synthesis of low-cost alumina powders, and improve-
ments in the understanding of processing, have
created new opportunities for the manufacture of
cost-competitive alumina ceramics as wear-resistant
components for mineral processing environments.

Alumina-based ceramic oxides are the most versa-
tile and widely-used, traditionally having an Al

2
O

3
content ranging from 85—99.9 wt% [1—3]. Materials
at the lower end of this range are often categorized
as debased aluminas or liquid-phase-sintered (LPS)
aluminas. These are obtained by sintering milled
alumina powder with moderate amounts of liquid-
forming sintering aids, principally comprising a blend
of SiO

2
, CaO and MgO [1, 2]. The sintering-aid com-

ponents remain in the cooled product mainly at the
grain boundaries, often as a continuous glassy phase,
but may also be distributed as intergranular and/or
intragranular minor crystalline phases [4]. The use of
a liquid phase favours easy and economical processing
of LPS aluminas by allowing sintering at lower tem-
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peratures and also less-pure aluminas and sintering-
aid components to be used [2].

The wear-resistant properties of ceramics have been
utilized for many years by the minerals industry to
achieve reductions in operating costs. The ease and
low cost of processing have made LPS aluminas
a popular choice as wear-resistant liners in pipes,
chutes, valves, hydrocyclones and pumps [5]. They
have also enabled maintenance costs and downtime to
be reduced in particular applications by their im-
proved service performance compared to steels and
polymers. Ceramic components are now being
produced for specialized functions, due to an increas-
ing awareness of the links between processing and
microstructure, and between microstructure and
properties. This increased specialization has resulted
in more careful compositional control and in the de-
liberate use of microstructural design.

Western Australia is recognized as a region with
substantial untapped potential raw materials for the
development of advanced ceramic materials through
value-added mineral processing. The motivation for
this study was that Western Australia had no
commercially-exploitable alumina powder sources for
use in structural ceramics prior to the study. Ceramic
grade alumina powders used in technical ceramics and
refractories had been imported even though 15—20%
of the Western World alumina is produced locally.
stralia.
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Accordingly, work was conducted in our laboratories
to investigate the characteristics of low-soda aluminas
produced in Western Australia by Alcoa of Australia
Ltd, along with designing a processing protocol to
fabricate alumina-based ceramics for use pre-
dominantly in high-wear environments. Controlling
starting material properties, in order to control
reproducibly the sintered microstructures and proper-
ties of the end product, was considered to be of vital
importance.

The specific aims of the present study were to (i)
characterize the synthesized alumina powders (termed
A13), (ii) design and develop processing procedures to
produce both monolithic and LPS alumina ceramics
with appropriate oxide additives from selected raw
materials, and (iii) evaluate microstructure and
mechanical properties.

The relatively easy, reproducible methodology of
the powder processing strategy and the sintering
schedules employed to fabricate both the high-purity
and LPS aluminas from the locally-synthesized A13
alumina, to accomplish high-density materials with
controlled microstructures, are described. Near full
densification in the LPS alumina was achieved at
lower temperatures than the high-purity alumina due
to the influence of the grain-boundary liquid phase. It
is shown that the degree of densification and micro-
structural evolution for both materials depends
critically on the sintering temperature and time regime
employed. Importantly, the high-purity and LPS
aluminas demonstrate equivalent, and in some cases
improved, mechanical properties compared to
commercially available alumina-based ceramics. The
results have important implications for development
of low-cost material components using A13 alumina,
particularly in the manufacture of debased alumina
wear tiles for use as wear-resistant liners in the
minerals-processing industry. Opportunities for
commercial exploitation of A13 alumina appear to
be quite attractive for structural and refractory
applications.

2. Experimental procedure
2.1. Materials processing
2.1.1. High-purity alumina
Batches of the starting A13 alumina powder (Alcoa of
Australia Ltd, Kwinana Alumina Refinery, Western
Australia) doped with 0.03 wt% MgO were prepared.
The powders were mixed with deionized water and
attrition milled for 4 h in a water-cooled teflon jar
containing high-purity alumina grinding media. A
combination of 3 wt% polyethylene glycol (PEG) and
0.25 wt% stearic acid were added as binders 0.5 h
prior to completion of milling to aid compaction and
improve green strength on subsequent pressing. Res-
ultant slurries were separated from the milling media
by sieving through a 45 lm sieve. In some instances,
portions of slurry were extracted for particle-size anal-
ysis during the course of the milling procedure. The
slurry mixtures were oven dried for 12 h at +110°C
and then the dried powder cakes were crushed and
passed through a 125 lm sieve to break up any hard
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agglomerates. In a separate trial, a batch of A13
alumina powder was packed in a high-purity alumina
crucible and calcined at 1200°C for 5 h in a Kanthal
A resistance-heated box furnace. The heating and
cooling rates used were 300 and 480 °Ch~1, respec-
tively. The calcined batch was then prepared using the
same milling procedure.

2.1.2. LPS alumina
These materials were processed in a similar fashion,
using the A13 starting alumina with a blend of mineral
additives. Formulations comprising a mixture of 84
wt% alumina, 9 wt% kaolinite, 5 wt% talc and 2 wt%
calcite powders in deionized water were prepared. The
resulting slurries were then attrition milled for 3 h.
A 3 wt% addition of PEG was added as a binder 0.5 h
prior to completion of milling. The contents were then
sieved through 45 lm into a stainless steel bowl from
which portions were extracted for particle-size analy-
sis, with the remainder being oven-dried. The resulting
powder cakes were crushed and then screened through
a 150 lm sieve.

Individual batches of the high-purity and LPS alu-
mina powders were placed in a hardened steel die,
lubricated with a mould-release agent (sodium stear-
ate) to lessen sidewall friction and uniaxially
dry-pressed at 200 MPa to form pellets 15 mm dia-
meter by 3—7 mm thick. Some larger specimens were
also pressed at 50 MPa to form discs 30 mm diameter
by 3 mm thick. All pressed green-body specimens were
placed in high-purity alumina boats packed with loose
bedding alumina powder of the same composition to
minimize possible contamination from the furnace
atmosphere. Sintering trials were performed in air in
a MoSi

2
resistance-heated box furnace (Model 46200,

Thermolyne). The protocols employed in each case
were system-specific, based on thermal analysis data,
as summarized below:

(i) High-purity alumina: 120 °Ch~1 to 450 °C,
dwell 1 h
180 °Ch~1 to1000—1650 °C,
dwell 0.25—6 h
480 °Ch~1, cool to room
temperature.

(ii) LPS alumina: 120 °Ch~1 to 450 °C, dwell 1 h
300 °Ch~1 to 1200 °C, dwell 5 min
180 °Ch~1 to 1200—1500 °C, dwell
0.25—12 h
480 °Ch~1, cool to room
temperature.

An isothermal sintering rate study of the LPS
alumina involved soaking specimens at 1350 °C for
1 min to 4 h in a custom-made drop bottom furnace
(Model HT 06/17, Ceramic Engineering). The
specimens were then rapidly quenched on a thick steel
plate which was forced-air cooled using a fan.

2.2. Materials characterization
The volume median particle size and particle-size
distribution of select powders were measured using
laser scattering (Model MS1, Malvern Master Sizer).



Differential thermal analysis (DTA) (Model STA-780,
Stanton Red-Croft) measurements were performed on
as-received and processed powders. Chemical analysis
measurements for the as-received powders were
conducted by a National Association of Testing
Authorities registered service laboratory, SGS Austra-
lia Pty Ltd, using X-ray fluorescence spectrometry
and atomic absorption spectroscopy.

Room-temperature X-ray powder diffractometry
(XRPD) data were acquired with a Siemens D500
Bragg-Brentano instrument using CuKa radiation
(k"0.15418 nm), produced at 40 kV and 30 mA, over
the 2h range 5°—130°. Crystalline phases in the
as-received powders and powdered sintered specimens
were identified by a computer-based search-match
analysis procedure using the International Centre for
Diffraction Data (ICDD) database.

Rietveld analysis [6—8] was used to assay
concentrations of the crystalline phases in the starting
A13 Al

2
O

3
powders and the sintered LPS aluminas.

In all cases, absolute values were obtained using data
from a reference pure a-Al

2
O

3
(UCAR, Union Car-

bide) powder which served as an external standard.
Rietveld refinements were performed with a PC ver-
sion of the Hill—Howard software [9]. The crystal
structure models adopted for the phases present in the
starting alumina powders and the sintered materials,
namely a-Al

2
O

3
, h-Al

2
O

3
, spinel (MgAl

2
O

4
) and

anorthite (CaAl
2
Si

2
O

8
) were those published by Lewis

et al. [10], Zhou and Snyder [11], Megaw [12] and
Kempster et al. [13], respectively. The parameters
adjusted were the phase-scale factors, unit-cell para-
meters, overall temperature factors, pseudo-Voigt
peak profile parameters, third-order polynomial back-
ground parameters, and 2h-scale offset. The final
Rietveld scale factors were converted to phase
composition (wt%) values using the relation
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where s, Z, M, » and l denote the phase-scale factor,
number of formula units per unit cell, formula weight,
unit-cell volume and mass attenuation coefficient
[14], respectively, of the analyte phase (ap), the ex-
ternal standard (ex) and the bulk material (t).

The green density of compacts was determined by
recording the mass and measuring the dimensions of
the discs. Shrinkage was determined by the per cent
reduction in diameter of the green-body compact to
the sintered specimen. The bulk density of the sintered
materials was determined using Archimedes’ principle
[15]. The apparent porosity was determined directly
from density measurements. True porosity was
calculated from the relative density and theoretical
true density values (estimated by rule of mixtures in
the LPS alumina).

For preparation of polished surfaces, sintered speci-
mens were cut in half with a diamond saw, mounted in
an acrylic thermosetting resin and then routinely
polished to 1 lm using diamond paste on silk cloths
(oil lubricant). Selected specimens were removed from
the mounting resin by heating on a hot plate, placed in
high-purity alumina boats and then thermally etched
at 1200—1400 °C for a prescribed time based on the
composition and sintering temperature of the mater-
ial. After thermal etching, specimens were gold
sputter-coated and microstructures examined with
a Philips Jeol JSM-35C scanning electron microscope
(SEM). A lineal intercept technique was used to
measure grain sizes [16].

2.3. Mechanical property evaluation
Various mounted and polished specimens were
indented at a load of 150 N using a Vickers diamond
pyramid in order to determine Vickers hardness and
fracture toughness (Model 6406, Avery). The lengths
of residual impression diagonals and well-defined
radial cracks produced from at least five indentations
were measured using a calibrated microscope. Hard-
ness was evaluated as the load per contact area [17],
and toughness was calculated using the expression
developed by Anstis et al. [18]. Flexure strength of
selected polished specimens were tested in a three-
point bend fixture mounted on a universal screw-
driven testing machine (Model 1122, Instron). A
minimum of four discs were broken in each instance to
obtain mean strength values. Elastic properties were
derived from pulsed ultrasound measurements of
longitudinal and transverse velocities in the materials
(HF400, Ultran).

3. Results and discussion
3.1. Raw material characteristics
The measured chemical composition, median particle
size and particle-size distribution of two synthesized
alumina powders (designated A13-A and A13-B) and
selected raw mineral additives used in the LPS
alumina composition, are listed in Table I. Slight
differences in the levels of impurities were detected in
A13-A and A13-B. The mineral additives kaolinite,
talc and calcite show higher and moderately different
levels of minor impurities, particularly the oxides of
Sodium, Iron, Potassium and Titanium. The major
cations silicon, calcium and magnesium are of
considerable importance as these are the chief con-
stituents for developing a glassy phase. The oxide
impurities in the A13 aluminas are considered to be
potentially detrimental in the manufacture of a
high-purity alumina body as the impurities may
(i) segregate to grain boundaries to weaken them, or
(ii) combine to form an intergranular liquid film ad-
versely affecting microstructure development by fa-
vouring the growth of elongate or plate-like grains
[19]. By contrast, the minor impurities from both A13
aluminas in combination with the various mineral
additives were expected to have little influence on the
processing of LPS aluminas as it allows for less exact-
ing powder preparation so that minor impurities can
be tolerated. The particle size and particle size distri-
bution indicate that both alumina powders were
coarse, consisting predominantly of weak spherical
agglomerates (70—100 lm) made up of individual
blocky crystallites in the size range 1—5 lm [20].
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TABLE I Chemical composition and particle-size data of the as-received alumina powders and mineral additives

Oxide component
(wt%) A13-A A13-B Kaolinite Talc Calcite

Al
2
O

3
99.2 99.2 25.7 0.76 0.24

SiO
2

0.03 0.03 58.4 59.8 1.03
CaO 0.07 0.07 0.027 0.45 52.2
MgO 0.017 0.017 0.80 31.6 2.0
Na

2
O 0.14 0.17 0.27 0.06 0.013

K
2
O 0.012 0.012 2.72 0.01 0.024

Fe
2
O

3
0.07 0.10 0.99 1.26 0.13

TiO
2

0.02 0.02 1.43 0.03 0.017
P
2
O

5
(0.01" (0.01 0.05 0.29 0.02

LOIa 0.14 0.26 9.6 5.3 44.3
H

2
O 0.31 0.29 2.24 0.13 0.2

Total 100.0 100.2 102.2 99.7 100.2

Median particle size, (d
50

)
(lm) 86 97 3.6 11.5 1.8
Particle-size distribution (lm)# 100 116 35 38 4.9

! Loss on ignition.
" Indicates minimum level of detection. Precision of analysis is 0.005%.
# Determined from the difference between the 90th percentile and the 10th percentile (d

90
—d

10
).
TABLE II Absolute crystalline phase compositions (wt%) for the
as-received alumina powders, as determined by Rietveld analysis of
the XRPD data

Crystalline phase A13-A A13-B CA13-B!

a-Al
2
O

3
87.5(1.6)" 93.4(1.7) 97.5(2.0)

h-Al
2
O

3
11.5(0.3) 6.4(0.4) —

Total 99.0(1.6) 99.8(1.8) 97.5(2.0)

! A13-B calcined at 1200°C for 5 h.
"Concentration values are per cent by weight. Standard deviations
are given in parentheses for most significant figures of value.

The phase composition of A13-A and A13-B from
Rietveld analysis indicated that both powders were
incompletely calcined, consisting of a-Al

2
O

3
and

a low concentration of h-Al
2
O

3
. Table II lists the

calculated absolute phase compositions of the two
aluminas along with A13-B calcined at 1200 °C for
5 h (denoted CA13-B). The A13-A alumina contains
11.5 wt% h-Al

2
O

3
as opposed to 6.4 wt% in the

A13-B. The calcined material showed no evidence of
h-Al

2
O

3
consisting solely of a-Al

2
O

3
(97.5 wt%).

3.2. Processing
The loose alumina agglomerates in the starting A13-A
and A13-B powders and the calcined material (CA13-
B) resulted in rapid particle-size reduction on attrition
milling for 4 h yielding sub-micro metre sized pow-
ders (+0.5 lm) with narrow size distributions. The
A13-B alumina was used for processing the high-
purity and LPS aluminas. Phase homogeneity was
a major issue in the processing of the LPS alumina as
incomplete mixing of the powders may adversely
affect the sintering behaviour and microstructural
homogeneity. It was found that milling the alumina
and mineral additives concurrently was the most
efficient method in producing homogeneous, well-dis-
persed narrow sized powder distributions to give
880
Figure 1 Bulk density of (h) A13-B, (d) CA13-B and (m) LPS
alumina as a function of sintering temperature. (— — —) The
theoretical density of a-Al

2
O

3
(3.986 g cm~3).

optimum fired bulk densities as compared to separate
milling of the constituents or only milling alumina. In
this instance, the bulk density of the sintered materials
proved to be a reliable measure of dispersion and an
indirect indicator of particle-size distribution [21].

Fig. 1 shows bulk density versus sintering temper-
ature for A13-B and CA13-B (fixed dwell time of 3 h)
along with the LPS alumina (fixed dwell time of 4 h).
The theoretical density of a-Al

2
O

3
(3.986 g cm3) has

been included as the horizontal dashed line represent-
ing the limit to densification for the high-purity
aluminas. Both A13-B and CA13-B exhibit a mono-
tonic increase in densification above 1200 °C with
matching sintering response at 1400 °C and above.
The diametrical shrinkage of the A13-B specimens was
higher over the entire temperature range compared to
the CA13-B material due to the presence of h-Al

2
O

3
in

the starting powder and the lower green density of
pressed compacts. These factors had little influence on
densification with relative density values '97% of
the theoretical being achieved above 1500 °C for both



Figure 2 Calculated viscosity profile of the LPS alumina glass
phase composition using the model developed by Urbain et al. [23].

A13-B and CA13-B. The highest bulk density for the
LPS alumina was achieved at 1350 °C with a slight
reduction occurring at higher temperatures. The
decrease in density for the LPS alumina is most likely
due to the formation and evolution of gaseous species
caused by pore coarsening [22] as evinced by bloating
and blistering in some of the materials.

DTA revealed that the melting temperature of the
mineral additives comprising kaolinite, talc and
calcite, was 1190 °C. Estimates were made of the glass
viscosity profile as a function of temperature for the
LPS composition using a model developed by Urbain
et al. [23]. The composition of the glass phase was
based solely on the mineral additives, with impurities
and any solution effects from the starting alumina
being ignored. The viscosity of the glass as a function
of temperature is shown in Fig. 2 illustrating a typical
exponential decline in viscosity with increasing
temperature. The internationally recognized viscosity
reference values for the softening and working points
used in glass manufacture, 107.65 and 104 P, respec-
tively, are marked on the plot. The estimated softening
and working temperatures obtained from these refer-
ence values are 710 and 1110 °C, respectively. The
calculated softening point is lower in contrast to the
measured value obtained for a similar aluminosilicate
glass composition (915 °C) [24]. Yet, the working
point estimated is in agreement with the aluminosili-
cate glass (1190 °C) and the DTA data for the glass
composition which showed an endotherm at 1190 °C
to signal the onset of melting. The model, although
simplistic in nature, gives an indication of the glass
viscosity profile with temperature which can be
applied to ascertaining changes in densification rates
along with providing an indication of the melting
conditions and estimates of the working and softening
points of a glass.

Fig. 3a shows bulk density as a function of sintering
time at various sintering temperatures for A13-B. The
characteristic features of the 1550 and 1600 °C firings
are the near-theoretical densities achieved after short
sintering dwell times with an ensuing decrease at
longer times. Specimens sintered at 1500 °C displayed
a rapid increase in densification and then a tendency
Figure 3 Bulk density as a function of sintering time for (a) A13-B
alumina at (d) 1500, (h) 1550 and (n) 1600 °C and (b) LPS alumina
at (d) 1250, (n) 1300, (r) 1350 and (h) 1400 °C.

towards saturation with longer dwell time. The same
trend was observed in the shrinkage rates as a function
of time. The diametrical shrinkages ranged from
20%—22% and the apparent porosities were (1%.

Sintering of the LPS alumina composition in the
range 1250—1400 °C at times of 0.25, 1, 4 and 12 h is
illustrated in Fig. 3b. A large step between the 1250
and 1300 °C curves confirmed that a lower viscosity
liquid phase improves densification with time (refer to
Fig. 2). The curves for the 1350 and 1400 °C firings
remained essentially constant with sintering time and
diametrical shrinkages being consistently 20%.
Apparent porosities ranged from as high as 30% at
1250 °C for 0.25 h to much less than 1% for the speci-
mens sintered at 1350 and 1400 °C. An estimate of
theoretical density for the LPS alumina computed by
rule of mixtures gave q

5)
+3.65 g cm~3. Therefore,

the estimated true porosity values for specimens sin-
tered at 1250 and 1400 °C for 4 h were 18% and 2.5%,
respectively.

A plot of diametrical shrinkage as a function of
dwell time at 1350 °C in the isothermal sintering
kinetics analysis of the LPS alumina is shown in Fig. 4.
The shrinkage rate increases rapidly and subsequently
declines as the density of the material increases until
the curve reaches a saturation point, corresponding to
optimum densification. The controlling mechanisms
for the LPS alumina composition were evaluated from
calculations of the sintering rate (gradients of the
881



Figure 4 Diametrical shrinkage as a function of sintering time for
the LPS alumina at 1350 °C showing three distinct regions related
to the densification processes.

TABLE III Experimentally determined gradients from shrinkage
data for the isothermal sintering trial of the LPS alumina compared
with the mechanism and exponents of time from the Kingery model
[25] for liquid-phase sintering

Mechanism Model Experimental

Rearrangement 1#y 0.9(1)!
Diffusion-controlled 1/3 0.32(6)
Phase boundary-controlled 1/2 —
Coalescence (final) 0 0.003(5)

! Standard errors (95% confidence interval) of the least squares
gradient given in parentheses are for the least significant digit.
882
experimental curve), based on comparisons with
a model developed by Kingery [25]. Three definite
regions were observed in the experimental shrinkage
data and linear regression of each gave slopes
characteristic of the sintering mechanism. The gradi-
ents attained are given in Table III along with the
associated mechanism and the exponents of time from
the Kingery model.

Ignoring experimental uncertainty, there is slight
disagreement in the time exponents between the
model and the experimental data for the initial re-
arrangement stage which depends on the volume
fraction of liquid present. This discrepancy may be
due to the generally non-spherical particle shape of
the starting processed material compared to the ideal
spherical particles used in the Kingery model [26].
A substantial portion of the shrinkage curve is best
represented by a slope of 0.32, in agreement with the
model value of 1/3 confirming that diffusion is the
rate-controlling step in the solution—precipitation
process. Likewise, a slope which tends towards zero
for the final stage (coalescence process) matches the
model for the cessation of sintering.

3.3. Phase assemblage
XRPD analysis of selected sintered high-purity
alumina specimens fabricated from the A13-B alumina
powder showed that the materials were composed
almost entirely of corundum (a-Al

2
O

3
). Some low-

level reflections were evident which seemed most likely
to be b-Al

2
O

3
. All LPS alumina specimens were found

to be composed of corundum, amorphous glass phase
Figure 5 X-ray diffraction patterns (k"1.5418 nm) of the high-purity alumina (1500 °C; 3 h) and the 1250 and 1400 °C LPS aluminas, both
sintered for 4 h. The peaks are labelled either A (a-Al

2
O

3
), S (MgAl

2
O

4
), An (CaAl

2
Si

2
O

8
) or C, for ‘‘instrumental contaminant’’, and the

associated numbers given in the patterns are the powder diffraction file intensities. The C features correspond to WLa radiation. Patterns are
offset for clarity.



Figure 6 SEM (secondary electrons) microstructures of polished
and thermally etched sections of high-purity alumina specimens
sintered at 1500 °C for (a) 3 h and (b) 6 h. Specimens were thermally
etched at 1320 °C for 0.5 h.

and several minor crystalline phases. The presence of
the minor crystalline phases, namely, spinel (MgAl

2
O

4
)

and anorthite (CaAl
2
Si

2
O

8
) were detected over the

entire sintering temperature range. These materials
had an alumina content +86 wt%, with +4 wt%
spinel, +2 wt% anorthite crystalline phases and
+8 wt% glassy phase. Specimens sintered at 1450
and 1500 °C portrayed a diminishing presence of
spinel and anorthite concentrations [21]. XRPD plots
of the high-purity alumina fired at 1500 °C for 3 h and
the LPS alumina fired at 1250 and 1400 °C for 4 h, are
presented in Fig. 5.

3.4. Microstructural development
Fig. 6a and b show representative microstructures of
high-purity alumina specimens sintered at 1500 °C for
3 and 6 h, respectively. The 3 h firing resulted in speci-
mens having a relative density of +98%, the few
pores observed being predominantly at grain-bound-
ary triple points. The grain morphology is generally
equiaxed of mean size +2 lm and with some larger
uniform grains (+5 lm) scattered throughout the
fine-grained material microstructure. Continued
growth and further coarsening of the microstructure
occurred following the 6 h firing, showing the presence
of large elongated grains (+10 lm wide and +40 lm
long) and irregular-shaped grains within the matrix of
fine-grained material 2—5 lm in size. Specimens sin-
Figure 8 Scanning electron (secondary electrons) micrograph of
polished and thermally etched section of the high-purity alumina
specimen sintered at 1600 °C for 3 h. The specimen was thermally
etched at 1320 °C for 0.5 h.

Figure 7 Grain size of the high-purity alumina as a function of
sintering time at (d) 1500, (h) 1550 and (n) 1600 °C.

tered at 1550 and 1600 °C for different times showed
similar trends in terms of microstructural evolution,
except that the scale of coarsening increased much
more dramatically, as demonstrated in Fig. 7, which
displays alumina grain size versus sintering time at
each temperature.

There are obvious indications to suggest that
coarsening and densification kinetics are intimately
linked. This connection is clearly evident in specimens
sintered at 1550 and 1600 °C which exhibit a discern-
ible increase in grain size associated with a corres-
ponding drop in bulk density. At these temperatures,
the densification rate was lower while rapid grain
coarsening occurred (refer to Figs 3 and 8). Corres-
pondingly, observations of the heavily coarsened spec-
imen microstructures, particularly those sintered at
1600 °C, exhibited a higher degree of porosity at the
grain boundaries and within grains (Fig. 8). The
presence of irregular shaped grains with flat bound-
aries was evident in many specimens which has been
attributed to the formation of a grain-boundary glassy
phase presumably arising from the impurity content
of the starting powder [27]. This proposition is
883



Figure 9 SEM (secondary electrons) microstructures of polished
and thermally etched sections of LPS alumina specimens sintered at
(a) 1350 °C for 0.25 h, and (b) 1400 °C for 4 h. Specimens were
thermally etched at 1200 °C for 1 h. The black regions in the micro-
structures represent etched glass, porosity and/or grain pullout.

supported by the reduced effectiveness of MgO addi-
tions in suppressing the onset of abnormal grain
growth [28].

Microstructural observations of the LPS aluminas
revealed only slight differences in the growth of matrix
grains and morphology for the sintering temperatures
and times examined, apart from subtle changes in the
nature and degree of porosity. The material micro-
structures contained generally small blocky, equiaxed
grains. However, no abnormal grain growth was de-
tected. The restricted amount of grain growth implied
that the solubility of Al

2
O

3
in the glassy phase is

limited. Correspondingly, the pores remain attached
to the grain boundaries, presumably due to the
stabilizing influence of MgO. Some elongate and
plate-like grains were observed in specimens sintered
at 1400 °C for 12 h, but the average grain size re-
mained quite small, in the vicinity of 3—5 lm, but with
a somewhat broader grain-size distribution at longer
dwell times. Fig. 9a and b show SEM images of speci-
mens sintered at 1350 °C for 0.25 h and 1400 °C for
4 h, respectively. The glassy intergranular phase was
not evident from the scanning electron micrographs as
a result of the thermal etching. The orientation of the
matrix grains and the advent of some grain dislodg-
ment from the structures by the etching indicates that
the glass had completely wet the alumina grains.
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Figure 10 (a) Hardness as a function of sintering time and (b)
hardness as a function of grain size for the high-purity alumina at
(d) 1500, (h) 1550 and (n) 1600 °C. The solid curve is an empirical
fit through the data.

3.5. Mechanical properties
Hardness versus sintering time for the high-purity
alumina is shown in Fig. 10a. Two main features were
evident: (i) a slight increase in hardness for the speci-
mens sintered at 1500 °C reaching a maximum at 1 h,
and (ii) a dramatic fall in hardness as a function of
sintering time at each temperature, with the rate of
decrease being the most substantial in the specimens
sintered at 1550 °C. Hardness versus grain size, shown
in Fig. 10b, revealed that hardness of the fine-grained
aluminas is sensitive to grain size, but insensitive to
grain size for the coarser materials. The critical grain
size at which this transition occurs is about 4 lm. The
data follow a similar trend to that shown by Xu and
Jahanmir [29] who proposed a critical grain size
between 3 and 9 lm. Hence, grain size has a control-
ling influence resulting in hardness being sensitive to
the scale and heterogeneity of the microstructure.

Fracture toughness measurements made at a load
of 150 N were generally restricted to specimens
sintered at 1500 °C with fine-grained material micro-
structures. The measured crack-size values varied
considerably (+30%) for individual indents of each
specimen, but the overall average K

IC
computed

was 3.3$0.3 MPam1@2. SEM examinations of
the residual impressions made by the Vickers dia-
mond pyramid indentor showed that cracking was



Figure 11 Hardness as a function of sintering time for the LPS
alumina composition at (d) 1250, (n) 1300, (r) 1350 and (h)
1400 °C.

predominantly intergranular with evidence of bridg-
ing in the coarse-grained specimens. A great deal of
damage and multiple cracking around the immediate
indentation sites of these coarse-grained materials was
apparent, but no evidence of such damage was ob-
served in the fine-grained specimens, particularly
those sintered at 1500 °C, where the fracture mode
was primarily transgranular. This is in agreement with
the work by Xu and Jahanmir [29] who concluded
that the grain-size dependence of hardness correlates
with the nature of the damage associated with the
indentations.

Hardness as a function of sintering time at each
specific temperature for the LPS alumina is shown in
Fig. 11. The hardness of the LPS alumina shows
a monotonic increase with time at the lower temper-
atures essentially reaching a maximum saturation
point for the 1350 and 1400 °C curves, in accord with
bulk density variations (refer to Fig. 3b). Fracture
toughness measurements were made on the same
materials yielding values ranging from 2.5—3 MPam1@2

but exhibiting no obvious trend with sintering temper-
ature or time. Toughness measurements on the more
porous materials were not measured due to problems
associated with observing the radial cracks.

Details of sintering regime, principal microstruc-
tural parameters, natural strength, toughness, Vickers
hardness number and associated elastic properties
of selected LPS materials and a fine-grained high-
purity alumina are summarized in Table IV. Included
for comparison are data from a Coors AD85 and
AD997 material [30]. The mechanical properties of
the LPS alumina are generally equivalent to the
AD85 material with the high-purity alumina being
comparable to AD997. Likewise, it is evident that,
as the level of porosity of the LPS materials de-
creases, there is an analogous improvement in the
strength, hardness and elastic moduli. In a separate
publication to be published elsewhere, other tests
such as indentation-strength, toughness measure-
ments (¹-curve behaviour) and erosive wear of
the materials examined alumina and are shown to
exhibit improved wear resistance to several commer-
cially available aluminas currently used as wear com-
ponents.

4. Conclusions
The feasibility of using newly synthesized, low-cost
alumina powders to manufacture alumina-based
ceramics has been examined. The principal con-
clusions from the study are as follows.

1. The processing regime demonstrated that high-
purity and LPS alumina ceramics of high densities
and fine grain microstructures are achievable using
a low-cost, alumina starting material.
TABLE IV Strength, hardness, toughness and elastic properties of the LPS alumina, the high-purity alumina, together with the associated
microstructural parameters. Included for comparison are typical properties of Coors AD85 and AD997 aluminas

LPS Alumina Al
2
O

3
AD85 AD997

1250 °C, 1300 °C, 1300 °C, 1300 °C, 1400 °C 1500 °C
4 h 0.25 h 1 h 4 h 4 h 3 h

Grain size (lm) +1 +1 +2 3 4 2 6.2(6) 2
Density 3.002(3) 3.20(1) 3.40(1) 3.503(3) 3.561(3) 3.91(1) 3.42(2) 3.90(2)
(% th)! (82.2%) (87.7%) (93.2%) (95.9%) (97.5%) (98.1%) (97.8%)

Hardness 5.29(5) 7.5(1) 9.8(1) 10.81(8) 11.15(5) 16.7(5) 9.1(1) 16.1(2)
(GPa)
Toughness — 2.5(2) 3.0(2) 2.62(5) 2.4(1) 2.9(2) 3.6(2) 4.3
(MPam1@2)
Strength 280(20) 310(57) 412(22) 453(43) 454(23) 594(50) — —
(MPa)
E(GPa) 110(15) 127(15) 184(15) 232(15) 268(15) 344(15) 240 372
G(GPa) 49(3) 53(3) 76(3) 96(3) 108(3) 145(3) 98 151
K(GPa) 50(13) 69(13) 108(13) 134(13) 167(13) 183(13) 144 227
m 0.14(2) 0.19(2) 0.21(2) 0.21(2) 0.23(2) 0.19(2) 0.22 0.22

! The percentage theoretical density (% th) of the LPS aluminas was based on the estimated true theoretical density of 3.65 g cm~3. The
theoretical density for alumina was taken as 3.986 g cm~3. Standard deviations/errors of the mean (95% confidence interval) for the least
significant digit(s) are given in parentheses. Standard errors are quoted for the bulk density and hardness values and standard deviations for
the strength results. Maximum possible errors are given for the elastic moduli.
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2. Near-complete densification of the LPS alumina
is achieved at noticeably lower temperatures com-
pared to the high-purity alumina.

3. Experimental observations of the isothermal
sintering kinetics of the LPS alumina have shown that
it is in satisfactory agreement with theoretical
calculations from the Kingery model [24].

4. Microstructural tailoring of the high-purity
alumina is easily controlled by sintering temperature
and time, although this was rather more insensitive in
the coarsening of the LPS alumina.

5. The physical and mechanical properties of the
high-density, high-purity and LPS aluminas with
fine-grained microstructures are comparable to
similar commercial products.

The use of the A13 alumina and mineral additives
has important implications in the current environ-
ment of manufacturing cost-effective ceramic mater-
ials whilst maintaining product integrity and quality.
Clearly, there are benefits of using these locally sour-
ced, lower purity materials in the development of
low-cost LPS aluminas and other ceramics, being
limited only by the requirements and actual applica-
tions in which they may be used. This provides an
interesting challenge for further processing studies and
product development.
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