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Al2O3-Ni-P composite powders with Ni-P contents of 10.9, 14.4, and 20.4 wt.% were synthesized via the Ni-P electroless deposition
process. �e as-received Al2O3-Ni-P composite powders were composed of Ni-P particles and Ni-P coating layer. Some Ni-P
particles randomly adhered to the Al2O3 powders, and their particle diameter ranged from 5 nm to 20 nm.�e thin Ni-P layer had
about 5 nm thick amorphous structure and directly bonded with Al2O3 powders. Using the Ni-P-coated Al2O3 powders, a dense
Al2O3-Ni-P composite can be successfully obtained using the hot press process at 1,350∘C for 1 hour in an Ar atmosphere under
an applied pressure of 30MPa. �e hot-pressed Al2O3-15 wt.% Ni-P composite showed excellent material properties. Its relative
density, Vickers hardness, and fracture toughness were comparatively high: about 99.1%, 2,360Hv, and 6MPa⋅m1/2, respectively.
�e fracture surface of the hot-pressed Al2O3-Ni-P composite showed a semiductile mode due to the mixed intergranular and
transgranular fracture mode. In particular, the fracture toughness of the hot-pressed Al2O3-15 wt.% Ni-P composite was strongly
enhanced by the combined action of the crack branching and the crack de�ection.

1. Introduction

Aluminum oxide has been used in structural components in
the last 100 years [1]. Due to its intrinsic properties such as
its high chemical stability, corrosion stability, wear resistance,
and elastic modulus, it has also been recently used in bio-
ceramics as a dental material and in various body and bone
replacement parts and augmentation parts [2–4]. However,
its use was limited because of its inherent brittleness and poor
impact strength. �erefore, the improvement of its mechan-
ical properties has been considered a toughening mech-
anism though the microstructures control approach. �e
microstructural improvement of aluminum oxide, such as its
ne particle and grain size, is expected to enhance its fracture
strength according to the Hall-Petch equation [5]. Further-
more, a toughening mechanism using a second phase addi-
tion of metallic materials such as Ni, Co, Mo, and Ag can e�-
ciently reduce the crack propagation because the dispersion
of the ductile metals caused the plastic deformation [6, 7].

�ere were many reports on the fabrication of metal-
ceramic composites using a conventionalmethod such as ball
milling [8], attrition milling [9], sol-gel [10], and electroless
deposition [11–13]. Among them, electroless deposition is
regarded as a good method of synthesizing a homogeneous
metal-ceramic composite.�is method allows easy control of
coating thickness, even dispersion of the metal coating, and
homogeneous distribution of all the components.

An electroless deposited Ni-P composite has a great
potential for industrial applications due to its high degree
of hardness, excellent corrosion, and wear resistance [14,
15]. An amorphous Ni-P composite is transformed to the
nanocrystalline state during heat treatments, a�er which its
mechanical properties are further improved [16].

In this study, homogeneous Ni-P-coated Al2O3 powders
were prepared via electroless deposition. Al2O3-Ni-P sintered
bodies were obtained via hot pressing which simultaneously
applied heat and pressure. Hot pressing has several benets
such as the achievement of a high density, the minimization
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Figure 1: A schematic diagram (a) and sintering conditions (b) of the hot pressing.

of the grain growth and the heterogeneous grain growth,
and the high accuracy of shaping the production [17]. To
understand the formation of hot-pressed sintered bodies
from Al2O3 powders prepared via Ni-P electroless depo-
sition, the microstructure and the crystal structure were
investigated using the Ni-P-coated Al2O3 powders, which
were produced at di�erent concentrations. �e material
properties and fracture mode of the hot-pressed Al2O3-Ni-
P composites were also investigated.

2. Experimental Procedure

Ni-P-coated Al2O3 powders were synthesized via Ni-P
electroless deposition. Electroless Ni-P deposits were
produced using nickel sulfate hexahydrate (NiSO4⋅6H2O)
as the nickel source, sodium phosphinate monohydrate
(NaH2PO2⋅H2O) as the reducing agent, sodium acetate
trihydrate (CH3COONa⋅3H2O) as the complexing agent,
and sodium dodecyl sulfate as the stabilizer.�e composition
of the Ni-P plating solutions used was as follows: 9 g/L of
NaH2PO2⋅H2O, 5 g/L of CH3COONa⋅3H2O, and 0.005 g
of sodium dodecyl sulfate. And then the concentration
of NiSO4⋅6H2O was varied from 15 g/L, 25 g/L to 35 g/L.
A�erward, 30 g of �-Al2O3 powders (Sumitomo Chem.
Co.) with an average diameter of 200 nm added to the
Ni-P plating solution. �e temperature of the coating bath
was kept at 85∘C, and the pH of the bath was kept at 5.0
through the addition of acetic acid. �e Ni-P electroless
deposition time on �-Al2O3 powders was increased by
2, 4, and 6 hours. According to the reaction time, the Ni
concentrations of the synthesizedNi-P depositsmeasured via
ICP-AES were about 10.9%, 14.4%, and 20.4%, respectively.
To eliminate the residual organic component of the coating
process, the Ni-P-coated Al2O3 powders were washed using
a diluted hydrochloric acid solution and deionized water.
To neutralize the acidic solution, the Ni-P-coated Al2O3
powders were washed repeatedly using ammonia water and
rinsed with deionized water. �en the Al2O3-Ni-P powders
were centrifugally separated and dried at 80∘C for 6 hours.

�e sintering was carried out using the hot press. �e
as-received Al2O3-Ni-P powders were sintered at 1,350∘C for
1 hour in an Ar atmosphere under an applied pressure of
30MPa. �e pressure and temperature were raised simulta-
neously, and the applied pressure a�er 1,200∘C was achieved
at 30MPa, which was maintained for 1 h. �e diagram
and experimental conditions of the hot press are shown in
Figure 1. Each side of the hot-pressed samples was polished
to remove the surfaces in contact with the graphite mold
and the BN powders. �e crystal structures of the Al2O3-
Ni-P powders and the hot-pressed composite were identied
via X-ray di�raction (D/MAX250, Rigaku, Japan) with CuK�
radiation (� = 1.54056 Å). FE-SEM (JSM6335F, JEOL, Japan)
andTEM(JEM2010, JEOL, Japan)were used to observe crack
propagations and fracture surfaces. �e relative densities
of hot-pressed samples were measured using Archimedes’
method. Vickers hardness was measured by indenting with
500 g load. �e fracture toughness was calculated via the
indentation method [18] using 20 kg load.

3. Results and Discussion

Figure 2 shows the TEM (a) and HRTEM (b) images of the
raw �-Al2O3 powders. �e raw �-Al2O3 particles showed
a spherical shape with a diameter of about 200 and were
agglomerated each other due to the mutual attraction among
the particles. In the HRTEM image in Figure 2(b), the two-
dimensional lattice images clearly appeared in the inner
region and the surface regions of the raw �-Al2O3 powders.

Figure 3 shows the TEM (a) and HRTEM (b) images of
the Al2O3-10 wt.% Ni-P powders synthesized via Ni-P elec-
troless deposition. Ni-P particles with 5 nm to 20 nm diam-
eters were attached to the �-Al2O3 powders and randomly
dispersed around the�-Al2O3 powders. In Figure 3(b), which
shows the cross-sectional image of the Al2O3-10 wt.% Ni-P
powders, the �-Al2O3 powders were homogeneously coated
with about 5 nm amorphousNi-P coating, that is, with a core-
sell structure. Ni-P coating layer directly bonded with the �-
Al2O3 powders without defects at the interface.
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Figure 2: TEM (a) and HRTEM (b) of images of the raw �-Al2O3 powders.
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Figure 3: TEM (a) and HRTEM (b) of images of the Al2O3-10 wt.% Ni-P powders synthesized by Ni-P electroless deposition process.
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Figure 4: XRD proles of the (a) as-received Al2O3-10 wt.% Ni-
P powders and (b) Al2O3-10 wt.% Ni-P powders calcined at 450∘C
a�er electroless Ni-P coating process.

Figure 4 shows the XRD proles of (a) the as-received
Al2O3-10 wt.% Ni-P powders and (b) the Al2O3-10 wt.%

Ni-P powders calcined at 450∘C a�er the electroless Ni-
P coating. �e as-received Al2O3-10 wt.% Ni-P powders
were not detected at the Ni-P and Ni peaks a�er the Ni-P
electroless deposition. A�er such powders were calcined at
450∘C, the strong intensity of Ni3P peaks was detected and a
small amount of Ni5P2 peaks was also detected. �ese results
indicate that initial state of the coating layer existed in an
amorphous Ni-P phase due to the nondetection of the Ni
peaks and that a�er the burn out the amorphous Ni-P phase
was crystallized to intermediate phases such as Ni5P2 and
Ni3P.

To clearly understand the microstructure of the hot-
pressed Al2O3-Ni-P composites, TEM observation was car-
ried out. Figure 5 shows the TEM micrographs of the hot-
pressed Al2O3-10 wt.% Ni-P composite. In Figure 5(a), the
white and dark regions correspond with the �-Al2O3 and Ni-
P grains, respectively. Ni-P particles with a wide particle size
distribution of 100–800 nm were dispersed homogeneously
in �-Al2O3 and were located at the grain boundary and triple
junction.�e grain size of �-Al2O3 was evaluated to be about
300 nm to 1.2 �m and a small amount of pores was observed.
Figure 5(b), the enlargedTEM image, shows thatmicrocracks
were not found on the interface and theNi-P particles directly
bonded with �-Al2O3 matrix.
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Table 1: Ni contents and material properties of Al2O3 and hot-pressed Al2O3-Ni-P composites.

Ni content (wt.%) Hardness (kgf/mm2) Relative density (g/L) Fracture toughness (MPa⋅m1/2)
Al2O3 — 1834 96.2% 2.6

Al2O3-10 wt.% Ni3P 10.9 2130 98.0% 5.1

Al2O3-15 wt.% Ni3P 14.4 2358 99.1% 5.9

Al2O3-20wt.% Ni3P 20.4 2185 98.5% 4.7
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Figure 5: TEM (a) and HRTEM (b) images of hot-pressed Al2O3-Ni-P composite.
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Figure 6: SEM images of the fracture surface of hot-pressed (a) Al2O3-10 wt.% Ni-P, (b) Al2O3-15 wt.% Ni-P, and (c) Al2O3-20wt.% Ni-P
composites.

Ni contents and material properties of the hot-pressed
Al2O3-Ni-P composites are summarized in Table 1. �e rela-
tive densities of the hot-pressed Al2O3-Ni-P composites were
over 98.0% andAl2O3-15 wt.%Ni-P composite showed a high
value of about 99.1%. In the samples hot-pressed at 1,350∘C
for 1 h under 30MPa, Vickers hardness remarkably increased
to about 2,360Hv, perhaps due to the high densication and
minimization of the grain growth. �e fracture toughness
of the hot-pressed Al2O3-Ni-P composites showed enhanced

values of about 4.7–5.9MPa⋅m1/2, about 2.0 times higher than
the value of �-Al2O3 prepared under pressureless sintering.
In general, the dispersion of the ductile phase in the ceramic
matrix grains can e�ciently reduce the crack propagation and
also tends to switch to the transgranular fracture mode [19–
21].

Figure 6 shows the SEM micrographs of the fracture
surfaces of the hot-pressed Al2O3-Ni-P composites. �e
fracture surfaces show the semiductile mode due to mixed
intergranular and transgranular fracture mode. In the case
of the hot-pressed Al2O3-15 wt.% Ni-P composite with the
highest fracture toughness, the main fracture mode was the
intergranular type, which showed the crack de�ection and
toughening mechanism.

Figure 7 shows the SEM images of the crack propagation
from the hot-pressed Al2O3-15 wt.% Ni-P composite. �e
crack branching and crack de�ection were observed in
the hot-pressed Al2O3-Ni-P composites. In Figure 7(b), an
enlarged SEM image, crack branching, and crack de�ection
were evidently found, and very ne spherical Ni-P particles
were homogeneously embedded on the surface. �e fracture
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Figure 7: SEM image (a) and enlarged SEM image (b) of crack propagation from hot-pressed Al2O3-15 wt.% Ni-P composite.

toughness of the hot-pressed Al2O3-15 wt.% Ni-P composite
was strongly enhanced due to the combined action of the
crack branching and the crack de�ection.

4. Conclusion

From the study on the microstructure of Al2O3-Ni-P com-
posite powders synthesized via electroless deposition and
from the characterization of their hot-pressed Al2O3-Ni-P
composite, the following results were obtained:

(1) In the as-received Al2O3-Ni-P composite powders,
Ni-P contents of theNi-P-coatedAl2O3 powders were
measured as 10.9, 14.4, and 20.4 wt.%. Al2O3 surface
was directly coated with the nanosized Ni-P coating
layer with an amorphous structure, and the coating
layer was about 5 nm thick. Also, the nanosized Ni-
P particles with particle sizes of 5–20 nm randomly
adhered toAl2O3 powders and existed betweenAl2O3
powders.

(2) In Al2O3-Ni-P composite powders calcined at 450∘C,
the coating layer of the amorphous Ni-P phase was
crystallized to the intermediate phases, which con-
sisted of a large amount of Ni3P and a small amount
of Ni5P2 phase.

(3) �e hot-pressed Al2O3-15 wt.% Ni-P composite
showed excellent material properties such as a high
relative density, Vickers hardness, and fracture

toughness of about 99.1%, 2,360Hv, and 6MPa⋅m1/2,
respectively.

(4) �e fracture toughness of Al2O3-Ni-P composite was
increased by two times of that of �-Al2O3 pressure-
less sintered body due to the plastic deformation
mechanism of the ductile phase like Ni-P. �e main
fracture mode showed the intergranular type ductile
fracture mode. �e microindentation results showed
that the toughening mechanism of the combined
crack branching and crack de�ection decreased the
crack propagation.
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