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Zirconia-alumina ceramics: A study of their
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10.1556,/606.2025.01253 The currer.1t 1nve§t1gat10n shed light on examining the Propertles of.ceramlc based compgsues manu-
© 2025 The Author(s) factured with various percentages of alumina and zirconia. Compressive strength, volumetric shrinkage,
apparent porosity, and apparent density of the ceramic composites were the most significant outputs
that impacts the composites quality. Therefore, this paper aims to evaluate the resulted composites
according to these outputs’ response. It was noted that the dominant peaks in the X-ray diffraction
results is tetragonal zirconia in spite of using monoclinic zirconia during the composites manufacturing.
The optimum compressive strength of 370 MPa was emerged with specimens after sintering produced
with 70 wt.% zirconia and 30 wt.% alumina. Moreover, the zirconia-alumina composites findings
ORIGINAL RESEARCH revealed a remarkable improvement when compared with ceramics made from these materials
PAPER individually.
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1. INTRODUCTION

Ceramics have been the subject of intense study in materials science and engineering due to
the growing need for these materials with improved characteristics for a wide range of
application [1, 2]. Zirconia (ZrO,) and alumina (Al,0;) ceramics have become popular
materials for various applications due to their unique properties when compared with other
ceramics [3]. The addition of zirconia in the fabricated zirconia-alumina composites im-
proves fracture toughness, whilst alumina contributes to increased compressive strength.
Zirconia and alumina ceramics, when combined, could improve each material’s character-
istics, leading to higher-quality composites [4-8]. Nonetheless, challenges related to
processing and material homogeneity emerge when attempting to attain a dense and uniform
distribution of these components in a compressed form. The mixing of various material
powders was mostly accomplished via ball milling [9-15] and magnetic stirrers [16-20].
Magnetic stirring can occasionally be a simpler and quicker option since it does not need as
complicated of equipment. There are fewer moving components and less labor-intensive
procedures involved in its setup, cleaning, and maintenance compared to ball milling.
Generally, magnetic stirring is more energy-efficient than ball milling. The ball mill neces-
sitates more energy for moving the substantial grinding balls. Ultimately, using a magnetic
stirrer for mixing ceramic powder results in reduced operational costs and mitigates
environmental harm. The magnetic stirrer ensures that the powder particles remain intact
and unchanged in form throughout the mixing process, protecting the ceramic material’s
characteristics. Unlike ball milling, which may introduce impurities from metal or abrasive
wear into the ceramic powder via the grinding media, magnetic stirring mitigates this risk by
limiting direct contact between the stirring elements and the powder. This is of the highest
fj significance, particularly when dealing with high-purity or specialist ceramics, because
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This study used inexpensive and easy procedures to
fabricate a zirconia-alumina ceramic structure with
enhanced characteristics. The process begins with mixing
zirconia and alumina powders with distilled water and
deflocculant. The mixture is then cast into a sheet, dried, and
finally crushed into fine particles. Following this, a universal
compacting apparatus was used to compress the fine
ceramic particles. Analysis of the prepared samples is carried
out to determine their compressive strength, microstructure,
volume shrinkage, apparent porosity, and apparent density.
This study aims to explore the effectiveness of utilizing
stirring and compacting methods in the production of high-
density zirconia-alumina ceramic composites.

2. MATERIALS AND EXPERIMENTAL
METHODS

Magnetic stirring and compacting techniques were used to
produce densely structured ceramic composites containing
varying concentrations of zirconia and alumina. The zirco-
nium oxide powder (ZrO,) used in this research was
monoclinic zirconia from Interkeram Ltd., a distributor. It
has a density of around 5.71 g cm > and a purity level of
99.99 wt.%. Zirconia particles had an average size of 0.1 pm,
as it is shown by the Scanning Eelectron Mmicroscopy
(SEM) analysis. Alumina (Al,05;), from Interkeram Ltd., a
distributor, was used as an additional oxide to improve the
characteristics of zirconia. The purity of alumina is around
99.99 wt.%, whereas its density that determined using a
pycnometer, yielding about 3.04 g cm . The average size of
alumina particles was around 0.29 pm. Dolapix CE64 (pre-
pared by Zschimmers and Schwartz in Germany) was used
as a deflocculant to disperse ceramic particles in the solution
and to inhibit their agglomeration. To prepare dense-
structured composites, various concentrations of raw
ceramic powders were combined using a magnetic stirrer
along with a suitable quantity of deflocculant and distilled
water. The numerous structure mixed compositions used for
this investigation are listed in Table 1. Suspension concen-
tration expresses the solid to liquid ratio.

The suspensions were stirring for two hours at room
temperature with 600 rpm as the stirring speed. The pro-
duced slurries were placed onto the plastic sheet and left to
dry at room temperature for duration of two days. Upon
completion of the drying process, a thin layer of well-

Table 1. Mix compositions for dense-structured samples (in wt.%)

m-ZrO, Al O3 Deflocculant Suspension Conc.
85.0 15.0 1.5 60
82.5 17.5 1.5 60
80.0 20.0 1.5 60
77.5 22.5 1.5 60
75.0 25.0 1.5 60
72.5 27.5 1.5 60
70.0 30.0 1.5 60
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blended ceramic powders is produced, which may be readily
crushed and refined to acquire particles that can be com-
pressed. The ceramic powder mixtures that had been pro-
duced were compressed into a cylindrical form using a
universal compacting machine, with a diameter of about
8.5 mm and a height of about 17 mm. The specimens were
fabricated via a heat-treated metal mold, applying a
compressive force of roughly 100 MPa (equivalent to
5600 N), and a displacement speed of 2 mm min". Figure 1
shows some of the prepared compacting ceramic
composites.

3. PRE-SINTERING AND SINTERING
PROCEDURE

The laboratory furnace was set to 500 and 1,100 °C to pre-
sinter the ceramic samples. Every temperature was held
for two hours with the samples. The pre-sintering
technique included heating the samples to 1,100 °C at a rate
of 2°C min~'. Following the pre-sintering process, the
samples were subjected to a continuous cooling cycle in
the furnace until they reached room temperature. Figure 2
displays the dense specimens’ pre-sintering profile.

Fig. 1. The prepared compacted ceramics
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Fig. 2. The pre-sintering profile
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After the ceramic samples were pre-sintered, they were
subjected to a slow sintering procedure in the lab furnace.
The sintering procedure was carried out at heating rates of
2°C min~" and temperatures of 300, 500, and 1,600 °C.
First, the samples were heated to 300 °C and 500 °C for one
hour each. Then, they were heated to 1,600 °C for two hours.
After the sintering process had been completed, the speci-
mens were left in the furnace to cool down to room tem-
perature. Dense structured specimens’ sintering profile is
shown in Fig. 3.

4. CHARACTERIZATION METHODS

The particles’ morphology of zirconia and alumina ceramic
was evaluated using SEM. Due to the non-conductive nature
of ceramic, a conductive gold coating must be added to the
ceramic powder to mitigate charging effects. Prior to
entering the SEM chamber, the ceramic powders were
meticulously affixed to adhesive tape and then covered with
a coating of gold. The phase composition of the synthesized
ceramics was determined by means of an X-Ray Diffraction
(XRD) analysis with Cu Ka radiation in the 26 range of
3-90°. The step width was 0.01, and the exposure duration
each place was 2 s. Utilizing the universal testing equipment,
the compressive strength of the produced ceramics was
evaluated. The sintered samples used for this evaluation
measure 17 mm in length and 8 mm in diameter. Under
room temperature conditions, the loading rate used in this
experiment was 2 mm min . Using a micrometer caliper
and weighing equipment, the length and weight of both pre-
sintered and sintered samples were measured. In order to
determine the samples’ apparent densities, these measure-
ments were conducted three times. A ceramic composite
sample’s apparent porosity was determined using the water
absorption technique. Following this, the volume of the
samples was measured before pre-sintering and sintering
(Vo) and the volume of the samples after pre-sintering and
sintering (V; ) and used the following equation to determine
the volume shrinkage of each sample after pre-sintering and

1600
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Time (hr)

Fig. 3. The sintering profile
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sintering. The samples’ volumes (VS) are determined by
averaging three readings from a digital Vernier caliper,

Vo — Vi

0

VS = -100%. (1)

5. RESULTS AND DISCUSSION

SEM was used to analyze the particle morphology of the
ceramics. As can be seen in the scanning electron micro-
graph presented in Fig. 4a, pure zirconia powder was found
to be a combination of spheroidal, narrow-sized particles
with a range diameter of approximately 0.1 pm. Figure 4b
illustrates that the particles of pure alumina powder exhibit
approximately longitudinal forms with a diameter range of
around 0.29 pm.

Density and porosity are critical characteristics influ-
encing mechanical characteristics. Composites exhibiting
increased density and reduced porosity provide superior
mechanical characteristics [23]. Porosity may diminish the
resistance to fractures by decreasing the resistive surface due
to stress concentration effects in the pores. The reduction of
the porosity and the development of composites with
increased density are crucial for achieving superior me-
chanical characteristics. Possible densification enhancements
could result from a more uniform distribution of the mix-
ture’s phases, like lumina and zirconia. As a result of thermal
assistance, powdered particles densified during the sintering
process. Thermal energy accelerates the diffusion of atoms,
hence establishing bonding between neighboring particles.
The ongoing provision of heat energy increases the number
of contact sites among particles, while the intervening
porosity disperses from the contact zone. Consequently, a
significant rise in density occurred, leading to a reduction in
the porosity of the composite. Additionally, the present
grains inside the particle might increase to reduce the sys-
tems’ total energy. Consequently, densification and grain
growth transpire concurrently. Figure 5 illustrates the cor-
relation between apparent densities and alumina content
following the pre-sintering and sintering of ceramic
composites.

Results show that both the pre-sintered and sintered
samples’ apparent densities are inversely correlated with
their alumina concentration. The apparent density of the

Mog= 2500KX
G Wo =500 mm

Fig. 4. SEM micrograph of a) zirconia powder, b) alumina powder
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Fig. 5. Apparent density via Al,O; content for compacted ceramics
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samples diminishes as the alumina percentage increases.
Alumina has a lower density than zirconia, at about 3.04 g cm ™,
hence as the alumina concentration increased, the density
decreased. Zirconia’s density is around 5.71g cm™>. Pre-
sintering and sintering heating at a low rate of 2°C min~"
allowed for excellent particle diffusion and binding, leading
to pore minimization. The calculated apparent density of
pre-sintered compacted samples ranges from approximately
2.88 g cm > for a sample prepared with 15 wt.% alumina to
about 2.34g cm™> for a sample prepared with 30 wt.%
alumina. While the calculated apparent density of sintered
compacted samples ranges from approximately 4.72 g cm >
for a sample prepared with 15 wt.% alumina to about 4.47 g
cm > for a sample prepared with 30 wt.% alumina. The
findings indicated that the tiny pores of uniform dimensions
underwent higher densification in the fine-particles matrix
with a greater concentration of zirconia, compared to the
coarse-particles matrix with a higher content of alumina.
These findings suggest that the process of densification was
influenced by both thermodynamic and kinetic factors. The
kinetic factors were more favorable in the fine-particles
zirconia-rich matrix compared to the coarse-particles matrix
containing higher concentration of alumina. The density of
the ceramic composite samples is directly proportional to its
porosity; few pores in a structure can result in approximately
complete densification. The increased porosity of the pro-
duced samples is causing a reduction in their density. As it is
shown in Fig. 6, the produced ceramic composites’ apparent
porosity test results are shown after pre-sintering and
sintering.

Figure 6 shows that alumina has significant impacts on
the sample porosities, which in turn affects the densities of
ceramics. When alumina was added to all the samples, the
apparent porosity increased. Pre-sintered samples with 15
wt.% alumina have an estimated computed apparent
porosity of around 19%, whereas samples with 30 wt.%
alumina have an apparent porosity of about 30%. While
sintered samples made with 15wt.% alumina has an
apparent porosity of about 7% and samples prepared with
30 wt.% alumina have an apparent porosity of around 11%.
Figure 7 shows that the volume shrinkage, in relation to
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Fig. 6. Apparent porosity via AL,O3 content for compacted
ceramics

sample density, decreases as the fraction of ceramic alumina
powder in the solution rises. Figure 7 shows that compacted
samples after pre-sintering have values of volume shrinkage,
ranging from 8% for the sample made with 15 wt.% alumina
to 5% for the sample made with 30 wt.% alumina. While the
volume shrinkage of the sintered samples was ranges from
20% for the sample contain 15 wt.% alumina to 11% for the
sample contain 30 wt.% alumina. With a rise in alumina
concentration, the total volume shrinkage of the composite
may diminish. This is owing to alumina’s reduced suscep-
tibility to shrinkage compared to zirconia during sintering,
attributable to its elevated melting point and diminished the
ability to sintering. Higher alumina concentration may serve
as a barrier to shrinkage, diminishing the overall volume
contraction.

Figure 8 illustrates the XRD pattern of a sintered zirco-
nia-alumina composite, comprising 70 wt.% monoclinic
zirconia and 30 wt.% alumina, which confirming the crea-
tion of a multi-phase composite.

After sintering process, three phases namely monoclinic
zirconia (m-ZrO,), tetragonal zirconia (t-ZrO,), and
corundum alumina (x-Al,O;) were produced. There were
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Fig. 7. Volume shrinkage via Al,O; content for compacted
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Fig. 8. XRD pattern of sintered zirconia-alumina composite

noticeable peaks of t-ZrO, even though m-ZrO, was
employed to produce the composite. Figure 9 shows the
compressive strength of dense-structured ceramics following
the pre-sintering and sintering processes, with different
concentrations of alumina.

The compressive strength increases, from ~100 to 127
MPa for pre-sintered samples and from ~279 to 370 MPa
for sintered samples, with the increase in alumina content
from 15 to 30 wt.%. The strength was significantly very high
owing to the considerable high density and low porosity.

The enhancement in the strength of the zirconia-alumina
composite is due to the shear strain and volume expansion
caused by the transformation of ZrO, from tetragonal to
monoclinic. In the situation that a stress fracture attempts to
develop, each tetragonal particle releases energy and expands
to a stable size in monoclinic form. A combination of t-ZrO,
and m-ZrO, makes the composite stronger and more
resistant to wear and tear. The hardness of the composite is
affected by several factors, including AL,O; and ZrO, par-
ticle sizes, the volume percentage of ZrO, kept in the
metastable tetragonal phase, and the relative distribution of
the two oxides in the matrix [24]. Decreasing the particle
size of AlLLO; and ZrO, would enhance their uniform
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Fig. 9. Compressive strength via alumina content wt.%
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distribution and increase the likelihood of ZrO, being
retained in a metastable tetragonal phase [25].

6. CONCLUSION

The primary objective in this research was to determine how
different amounts of alumina affected zirconia ceramics
made utilizing a simple and inexpensive method of prepa-
ration. The X-ray diffraction evidence reveals the presence of
tetragonal zirconia peaks, even though the composite was
made from monoclinic zirconia and alumina. This signifies
that alumina functions as a stabilizer for the tetragonal phase
of zirconia. Because zirconia is denser than alumina, the
apparent density test results indicate that the samples seem
to have less density as the alumina content rises. As a result
of the alumina content lowering the density, the findings of
the apparent porosity test indicate that the amount of
alumina has a positive correlation with the apparent
porosity. The volume shrinkage test results show that the
volume shrinkage, in relation to sample density, decreases as
the alumina content increased. The compressive strength
rises with the increase of alumina concentration, attributed
to the shear strain and volumetric expansion resulting from
the change of ZrO, from tetragonal to monoclinic.
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