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Abstract

This study aimed to fabricate zirconia-alumina composites via powder injection molding and
investigate the effects of alumina addition on microstructure as well as physical properties of the
composites. Zirconia-alumina composites were prepared using polyethylene glycol (PEG) and
polyvinyl butyral (PVB) as binders. The powder loading was fixed at 38 vol%, and PEG: PVB binder
weight ratio was fixed at 80:20. Alumina content within ceramic component was varied at 0, 10, 20, 30,
40 and 50 vol% to observe the effect of alumina on the composite structures and properties. The injection
molding was done at 190°C followed by water debinding of PEG at 40°C. Thermal debinding of PVB
at 450°C was performed prior to sintering at 1450°C. From the density measurement via Archimedes’
method, the relative density of sintered samples was found to be highest at 10 vol% alumina and gradually
lower at higher alumina content. The condition with highest density yielded the highest flexural
modulus and flexural strength. XRD indicated that tetragonal zirconia phase coexisted with alumina
when alumina was added. Above 20 vol% alumina, monoclinic zirconia was also detected. The increased
porosity in samples with high alumina content, as confirmed in SEM morphological observation,
correlated with lower flexural strength and lower flexural modulus. The results illustrated the feasibility
of powder injection molding in the production of zirconia-alumina composites and the optimum

1. Introduction

Powder injection molding (PIM) is a fabrication process that
allows metallic and ceramic materials to be molded into complex
shapes. Metallic or ceramic powders are mixed with polymeric binder
to create flowability when the mixture is heated above binder melting
temperature. In the injection process, the mixture is heated and injected
into amold. Variables of considerations include powder size, powder-
to-binder ratio, type of binder, injection temperature. Various metallic
and ceramic powders have been fabricated into complex architecture
via the powder injection method [1].

Zirconia is a high-performance ceramic with high strength and
toughness. Its exceptional toughness is due to phase transformation
toughening. To improve other mechanical properties of zirconia
such as Young’s modulus and hardness, alumina can be added into
zirconia matrix to form zirconia-alumina ceramic composite or
alumina-toughened zirconia (ATZ) with potential applications in
dental restorative materials or implants [2-5]. Studies on the system
have been done using simple fabrications such as tape casting and
pressing. These studies showed that variation of constituent ratio
leads to changes in mechanical properties [6-12]. None of the past
studies has utilized PIM for the fabrication of alumina-toughened
zirconia. Powder injection molding of zirconia [13-21] have been
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condition in this study was 10 vol% alumina.

explored in a number of studies. Previous studies of zirconia powder
injection molding illustrate that the molding method can shape zirconia
into complex shapes such as micro gears and optical sleeves [14-18].
Most of zirconia PIM employed binders such as wax, polypropylene,
polyethylene, and stearic acid that need to be debinded using organic
solvents [19-21]. Fewer studies have investigated zirconia-toughened
alumina PIM [22-24].

This work explored the feasibility of powder injection molding
on fabrication of zirconia-alumina composites with zirconia as major
component, and studied the effect of alumina addition on microstructure
and physical properties of the injection molded samples.

2. Experimental
2.1 Sample preparation

Zirconia-alumina composite samples were prepared via powder
injection molding. The feedstock was made up of zirconia powder
(3 mol% yttria stabilized zirconia (TZ-3YE) obtained from TOSOH
Cooperation), alumina powder (A32 from Nippon Light Metal Co., Ltd.)
and polymeric binders. The powder-to-binder ratio was fixed at 38:62
by volume. This ratio was preliminarily tested to assure flowability
of the majority phase, zirconia. The binders consisted of 80 wt% of
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polyethylene glycol (PEG) and the 20 wt% of polyvinyl butyral (PVB).
PEG enabled the powder to flow smoothly in the mold cavity and
can be removed with water. PVB functioned as backbone binder to
keep the shape of molded piece firm [25]. The density information
for the precursors are in Table 1. For this study, we varied alumina
content at 0, 10, 20, 30, 40 and 50 vol% of the ceramic powder
content such that the sample names were AO, A10, A20, A30, A40
and A50. The comparison between weight composition and volume
composition of the powder component is provided in Table 2,
as some studies might refer to composition as weight ratio. Prior to
mixing, the ceramic powders were sieved and dried at 100°C for 10 h
to get rid of moisture. The powders mixture was prepared through
the following steps. First, zirconia and alumina powders were mixed
in ball mills at 200 rpm for 20 min. The combined powders were mixed
with PVB using ethanol. The mixture paste was dried overnight on
an aluminum foil at the room temperature. The dried paste was then
crushed and then melted over a hotplate at 60°C for 8 min before
mixing thoroughly with molten PEG. To homogenize the feedstock,
the whole mixture was injected repeatedly for 9 times for mixing
purpose before final injection into a mold. Injection molding process
was performed using a plunger-type machine. The shape of the mold
was a rectangular bar with dimension 5 x 5 x 56 mm?&. The injection
temperature was set at 190°C. To remove polymeric binders, PEG
was leached out in 40°C water bath for at least 1 day. The leaching
experiment was also performed at different time intervals from 30 min
to 6 h to observe how leaching progressed. After each time interval,
the samples were dried at room temperature for 1 day before they
were weighed to obtain PEG removal percentage. The thermal
treatment of the specimens combined thermal debinding of PVB
and sintering step into one process. The heat treatment profile is
depicted in Figure 1. The samples were held at 450°C for 1 h for
thermal debinding followed by sintering at 1450°C for 2 h.

2.2 Characterization

Sample characterizations included density measurement, x-ray
diffraction, mechanical tests and microstructure analysis.

Density. Density of sintered samples were measured using
Archimedes’ method, which allowed bulk density and porosity to be
calculated.

X-ray diffraction analysis. Phase composition of zirconia-alumina
composites samples were probed under Bruker AXS model D3
Discover. The sintered samples with different alumina content were
cut into thin square pieces. The analyses were performed using Cu
radiation with generator voltage (current) of 40 kV (40 mA). The scan
angle ran from 20 to 100 degrees, at 0.002 degree/step.

Mechanical test. Three-point bending flexural test of sintered
samples was performed using a universal testing machine (Instron
5882) according to ASTM C1161-02C, with a span of 25 mm.

Microstructure and chemical composition analysis. Fracture
surface of sintered samples were characterized by scanning electron
microscope (JEOL, JSM-IT300 Oxford X-Max20). The microscope
was equipped with energy dispersive spectroscopy (EDS) mode that
provided chemical composition of the viewed areas.
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Table 1. Powders and binders used in sample fabrication and their densities.

Precursor substances Density (g-cm®)

Zirconia 6.05
Alumina 3.90
PVB 1.10
PEG 1.10

Table 2. Alumina content in ceramic component shown in volume%
compared with weight%.

Sample name
A0 Al10 A20 A30 A40 A50

Alumina content in ceramic 0 10 20 30 40 50
component (vol%)
Alumina content in ceramic 0.0 6.7
component (wt%)

139 217 301 392

1450°C 2h
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Figure 1. Heat treatment profile for thermal debinding and sintering process.
3. Results and discussion

Zirconia-alumina composites were fabricated from zirconia
powder, alumina powder, PEG and PVB into rectangular pieces.
Figure 2 depicts as-received ceramic powders and an injection molded
specimen. After injection molding, the subsequent processes included
water debinding and thermal debinding followed by sintering.

3.1 Water debinding of PEG and leached microstructure

The injected specimens which contained both ceramic particles
and binders were first debinded in water. PEG, which can be dissolved in
water, was leached out and eliminated in this step. To ensure the removal
of PEG, leaching experiment was performed at different time durations.
The plot of PEG removal vs. leaching time is shown in Figure 3.
For all sample conditions, PEG was removed at high rates initially.
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Figure 2. As-received alumina powder (a), zirconia powder (b), and an as-injected
zirconia-alumina composite specimen (c).
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Figure 3. PEG removal vs. leaching time for composite samples with various
alumina content.

PEG diffusion off from the samples tended to be fast in the initial
stage because PEG at sample surface directly interacted with water.
With longer leaching time, the removal rates became lower, because
the remaining PEG within the samples took longer path to diffuse
out. After 24 h of leaching time, PEG was completely eliminated from all
the samples. PEG removal step would leave pores in the sample such that
PVB could escape out in the thermal debinding process through
these pores [26-28].

Figure 4(a) and 4(b) illustrate surface evolution of the six specimen
conditions, A0 to A50, before and after leaching, respectively. As-injected

specimens, as shown in Figure 4(a), displayed smooth surfaces with
wave-like textures as they were covered up by polymeric binders. In
the specimens with high alumina contents, e.g., A30 to A50, islands of
particulate features can be observed on the surface, and were confirmed
by EDS to be alumina. After leaching, the specimens displayed rough
surfaces with particulate textures as shown in Figure 4(b). It is noted
that leached specimens with low alumina content appear more planar.
Those with high alumina contents reveal scattered surface pits.

3.2 Density measurement

In thermal debinding and sintering process, PVB was eliminated
from the specimens and the remaining ceramic components fused
together. Bulk density data of the sintered samples are plotted as
percentage of theoretical density against alumina content in Figure 5(a).
Sample porosity data are also depicted in the same plot. Bulk density
of A0 and A10 were the highest at 91% of theoretical value. As
the alumina content was increased, the bulk density values gradually
declined. This is in agreement with porosity result; A0 and A10
were the least porous, and the porosity increased with increasing
alumina content. A50 yielded the lowest bulk density and the highest
porosity. The porosity and density of sintered specimens also reflected
in the specimen dimensions after sintering. Given that all as-injected
specimens were of the same size, A0 and A10 shrank down the most
and became denser than other conditions as shown in Figure 5(b).
The other specimens with high porosity remain large after sintering.

The high porosity values of the specimens with large alumina
addition could be attributed to hollowing morphology after leaching
(Figure 4(b)) and the powder size difference. The median value of
particle size distribution (D50) of zirconia and alumina powders,
characterized by a laser particles size distribution analyzer, were 3.2 um
and 1.28 um, respectively. At high alumina content, this size contrast
could affect the sintering of each constituent. Another factor might be
the sintering temperature. To accommodate the majority zirconia
phase, the composite specimens were sintered at 1450°C, which
was lower than typical alumina sintering temperature, around 1600°C.
In the specimens with high alumina content, the alumina portion
might not have been sintered fully such that more porosity remained.

3.3 Microstructure and surface chemical composition

Microstructural observation as well as surface chemical composition
were performed on fracture surfaces of sintered specimens using
SEM and EDS. The morphology images are shown in Figure 6(a).
The images of fracture surfaces of A0 and A10, ceramic particles
appeared to be compacted and fused well together, creating large
unified areas. With more alumina content in A20, the ceramic particles
appeared partly isolated and small pores scattered throughout the
surface. In A30, A40 and A50 images, ceramic particles were mostly
isolated and appear not fully sintered. The higher the alumina content,
the more porosity observed on the surfaces. This result is in agreement
with the density measurement. The EDS analyses of the fracture
surfaces are depicted in Figure 6(b). The specimens contained zirconium,
aluminum and oxygen. As expected, the aluminum content detected
via EDS increased proportionally to the amount of alumina added
in the prepared specimens.

J. Met. Mater. Miner. 31(1). 2021
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(b)

Figure 4. (a) Surface morphology of as-injected zirconia-alumina composite specimens, A0 to A50. (b) Surface morphology of water-debinded zirconia-
alumina composite specimens, A0 to A50.
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Figure 5. (a) Bulk density and porosity of sintered zirconia-alumina composite samples versus alumina content. (b) variation of specimen size after sintering.

J. Met. Mater. Miner. 31(1). 2021



Microstructure and properties of zirconia-alumina composites fabricated via powder injection molding

7

b 80 —
® 7,
70 o [ - - ;
60
—~ 3504 W Oxygen
o\o ® Aluminium
~ A Zirconium
L 40
£
=]
<< 304
s s ¢
20 - A
n . ¢
[ ]
10 - é I
4 L 1
04 e
T T T ¥ T ¥ T
0 10 30 40 50

Alumina content (vol%)

Figure 6. Morphological SEM images of the fracture surfaces for sintered composite specimens with varying alumina content (a), and chemical composition

obtained from EDS of the fracture surfaces (b).
3.4 X-ray diffraction analysis (XRD)

Phase composition of the composite specimens were characterized
using XRD. XRD patterns of sintered specimens with varying alumina
are shown in Figure 7(a). The phases that could be identified include
tetragonal zirconia (ICSD 066787), monoclinic zirconia (ICSD
062993) and aluminum oxide (ICSD 60419). A0 specimen which
contained no alumina exhibited only tetragonal zirconia phase with
prominent peaks corresponding to (101), (112) and (211) and reflections.
With alumina added, in A10 to A50, small aluminum oxide peaks
could be detected. In A10 the alumina peaks are very small such
that the pattern of A10 is amplified in Figure 7(b) to make the alumina
peaks more noticeable. Evident alumina reflections included (104),
(113), (024) and (116). With more alumina addition, the alumina
peaks became higher. The composite system did not form any new
zirconia-alumna phase. Each component, alumina and zirconia, existed
as separate phases, conforming to the phase behavior of zirconia

alumina system. With alumina addition of at least 20 vol%, in A20
to A50, monoclinic zirconia phase also existed, as monoclinic (111) and
(111) peaks became more apparent with increasing alumina content.
It was found that with enough alumina addition, tetragonal zirconia
phase was no longer stabilized completely. From the microstructure
analysis, the composite samples with 20 vol% alumina and above
contained large porosity. These porous structures could lead to early
tetragonal to monoclinic transformation. This result is similarly to
what observed in previous study by Kern et al. [8]

3.5 Flexural properties

Flexural modulus and flexural strength data of the sintered
specimens at varying alumina content are depicted graphically in
Figure 8. Flexural modulus was about 40 GPa for pure zirconia
specimens, AQ. With small addition of alumina in A10, the flexural
modulus rose up to 46 GPa, which was the largest value among all

J. Met. Mater. Miner. 31(1). 2021



78 SAELEE, N., et al.

specimen conditions. When more alumina was added, in A20 to
A50, the modulus gradually declined to the lowest value at 50 vol%
alumina. The obtained flexural modulus values are the first reported
values for powder injected zirconia-alumina composites [3,6,11].
Compared to flexural modulus of zirconia-alumina systems formed
by other fabrication methods, the flexural modulus values from the
current study are lower since the technique allows less compaction.

The obtained current result is also different from previous studies
that employed other fabrication methods, most of which reported
enhanced modulus with increasing alumina content [3,6,7]. According
to mixture rule in fundamental composite theory, adding alumina
should enhance modulus of the composites, since alumina’s elastic
modulus is higher than zirconia’s. But from the experiment result,
this is true only at low alumina addition. At higher alumina content,
the stiffening mechanism by alumina was weakened by porous
microstructure. With scattered pores, the composite specimens were not
well integrated such that the modulus mixing rule no longer applied.
Yet, the porosity, having a direct effect on modulus, can be considered
as another component in the composites. The more the porosity the lower
the modulus.

Flexural strength varied with the alumina content similarly to
how modulus did. Flexural strength of pure zirconia specimens, A0,
was averaged to be 185 MPa. For A10, condition with 10 vol% alumina
addition, the flexural strength was about 290 MPa, the highest value
among all specimen conditions. With further addition of alumina,
in A20, A30, A40 and A50, the flexural strengths were lower, having
values ranging between 60 and 120 MPa. Similar to flexural modulus
trend, the flexural strength decreased when alumina content was high,
and were in correlation with porosity. A10 which contained lowest
porosity exhibited largest value of flexural strength. When alumina
content was more than 10 vol%, the flexural strength reduced to a lower
range. Such reduction, which was not in proportion with alumina
addition, could be attributed to the existence of pores in the specimens.
The existence of pores, regardless of porosity fraction, facilitated
crack propagation and led to failure at low strength. This contrasted to
how porosity amount proportionally affected the flexural modulus
values. Another factor that could lead to deteriorated mechanical
properties at high alumina addition was the emergence of monoclinic
phase, which could cause structural distortion and lattice strain.

The flexural strength of powder injected zirconia-alumina
composites in this study can be compared to similar systems.
Previous studies on pure zirconia and zirconia-toughened alumina
fabricated via powder injection molding reported increasing flexural
strength with increasing powder loading and varied with binder types.
The flexural strength values for the pure zirconia ranged from 20-610 MPa
[19,29] and for the zirconia-toughened alumina were around 260-330 MPa
[23]. In other forming methods, the zirconia-alumina composites prepared
by uniaxial pressing process yielded higher flexural strength, around
470-1900 MPa because the specimens could attain relative density up to
99%. Even though the flexural strength obtained in the current investigation
is not as high, the value is still superior to other materials. Moreover,
powder injection molding technique is advantageous that the specimens
can be fabricated into small, complex and near-net shape, unlike those
obtained from conventional methods [7,8].
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Figure 7. (a) XRD patterns for zirconia-alumina composite samples, A0 to
AS50, with increasing alumina content. (b) amplified XRD pattern for A10
illustrates the emergence of alumina.
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4. Conclusions

This study is the first to fabricate zirconia-alumina composites
via powder injection molding with alumina content varying from
0 to 50 vol%, using fixed powder-to-binder ratio at 32:68 by
volume. The fabrication process utilized environmental-friendly
binders, PEG and PVB, which can be removed by water and heat
respectively. The water debinding process, in which PEG was affirmed
to be completely leached out after 24 h, created porous microstructure
which allowed PVB to be removed in the thermal debinding process.
The samples with alumina content higher than 10 vol% contained
substantial porosity which led to declining flexural properties. The
condition with 10 vol% alumina yielded highest bulk density at 91%
of the theoretical value, lowest porosity and optimum flexural properties
with flexural strength of 290 MPa and flexural modulus of 46 GPa.
The small addition of alumina sufficiently reinforced zirconia matrix
without excessive modification of microstructure and constituent
phases. Despite the lower mechanical properties obtained in this study
compared to previous studies accomplished via other fabrication
techniques, the current work validates the potential of using PIM as
a fabrication of zirconia-alumina composites into specified shapes.
For future work, other factors such as powder size, powder-to-binder
ratio, and sintering temperature can be investigated to better enhance
the properties of the composites.
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