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Abstract

Recovery of mechanical strength as a function of heat-treatment temperature and time was investigated in a-Al2O3-based hybrid

materials containing with 5 vol% dispersed Ni nanoparticles (nano-Ni/Al2O3) via fraction of surface crack disappearance. Surface

cracks introduced by Vickers indentation disappeared completely because of the oxidation product NiAl2O4. Bending strengths of

as-sintered and as-cracked samples were 490758 and 180715 MPa, respectively. Heat-treatment at 1000 1C for 1 h resulted in recovery

of bending strength up to 5507190 MPa with 10% fraction of crack disappearance. The bending strength of samples heat-treated at

higher temperatures or for longer durations was comparable with that of the as-sintered samples. Bending strength reached and

remained at approximately 604 MPa when the fraction of surface crack disappearance was over 55%. As-recovered samples did not

fracture at the surface cracks during the three-point bending test. Thus, recovery of mechanical strength was achieved by partial

disappearance of the surface cracks.

This observed recovery of mechanical strength was caused by a reduction in stress concentration at crack-tips covered with NiAl2O4

formed from Ni2- along grain boundaries of the Al2O3 matrix.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina ceramics have high mechanical strength and
chemical stability, excellent high-temperature resistance and
low production cost among structural engineering ceramics.
They have been widely applied as cutting tools and high-
temperature gas filters. However, their ductility and fracture
toughness are insufficient for structural materials owing to a
high susceptibility to surface cracking [1]. These disadvantages
cause the mechanical strength to be sensitive to surface cracks.
Surface finishing for removing surface cracks such as polishing
is consequently required, resulting in high production cost for
these ceramic materials. In addition, sensitivity to surface
cracks reduces the mechanical reliability of alumina ceramics.
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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Thus, the potential of alumina ceramics cannot be utilized
to compensate for the lowest mechanical strength. Surface
cracks may form during high-temperature operation,
leading to catastrophic fracture. Management of surface
cracks of importance increase the potential applications of
alumina ceramics.
Crack-healing function in ceramic-based composites was

discovered by Ando and his co-workers [2]. Non-oxide
dispersoids in such ceramics are oxidized within surface
cracks by heat-treatment, and the resulting oxidation
product fills the cracks. As a result, the mechanical
strength is recovered up to the level of polished samples.
This crack-healing function extends the life time of ceramic
components and results in easy maintenance. SiC disper-
soid is typically used for crack-healing function in ceramic-
based composites [2–13]. Takahashi et al. [10] reported the
crack-healing function of 20 vol% SiC whiskers dispersed
in Al2O3 matrix. The samples were heat-treated at tem-
perature ranging from 1000 to 1300 1C for 1 h in air after
ll rights reserved.
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Fig. 1. SEM image of fractured surface of as-sintered sample.
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introducing pre-cracks approximately 100 mm in length by
Vickers indentation. The obtained three-point bending
strength of the composite was approximately 1000 MPa after
heat-treatment, while the bending strength of the as-cracked
sample was as only as 440MPa. However, bending strength of
crack-healed specimens increased with heat-treatment tem-
perature and reached 970 and 980MPa similar to that of as-
polished specimens, after heat-treatment at 1200 and 1300 1C
for 1 h in air, respectively. Osada et al. [11] reported the crack-
healing effectiveness of 15 vol% dispersed SiC particles in
Al2O3 matrix after machining. Samples prepared for bending
tests were machined to create semicircular groove at the center
of each smooth sample and heat-treated at 1300 to 1400 1C for
1 and 10 h in air. As a result, while the bending strength of as-
machined samples ranged from 200 to 400MPa, bending
strength was increased after heat-treatment to up to 845MPa
comparable with that of as-received samples. The healed
cracks indicated that they had been filled with SiO2.

Crack-healing function has also been investigated for
NiAl in Al2O3 matrix [14]. With respect to Al2O3 matrix
containing TiC or ZrO2 dispersoids, mechanical strength
was not recovered completely by thermal oxidation [15].

The author’s group has previously reported the surface
crack disappearance in hybrid materials comprising 5 vol%
Ni nanoparticles dispersed in Al2O3 matrix (nano-Ni/Al2O3)
[16,17]. Nano-Ni/Al2O3 is known as a nanocomposite mate-
rials [18] that reinforces ceramics material to give improved
mechanical strength and fracture toughness [19–23]. Because
nano-Ni/Al2O3 contains metallic Ni nanoparticles, it is
expected to have additional useful properties such as magnet-
ism [24]. Surface cracks introduced by Vickers indentation
were filled with the oxidation product, NiAl2O4, and
mechanical recovery took place. Bending strengths of as-
cracked samples attained comparable values to those of
as-sintered ones when pre-cracks completely disappeared by
heat-treatment at 1200 1C for 6 h in air.

Although a crack-healing function was discovered in nano-
Ni/Al2O3, how the crack-healing function is influenced by
heat-treatment conditions such as temperature, time, atmo-
sphere and defect size have not been well-investigated. To
extend the industrial applications of such crack-healing
alumina composites, thermal oxidation at lower temperature
and for shorter duration is very important. In this study,
recovery of mechanical strength in nano-Ni/Al2O3 was
investigated at various heat-treatment temperatures and
times. Furthermore, the relationship between recovery of
mechanical strength and fraction of surface crack disappear-
ance is very important. Complete surface crack disappear-
ance may be unnecessary for complete recovery of
mechanical strength. Partial disappearance of surface cracks
until they reach the intrinsic defect size was expected to result
in the mechanical strength to as-sintered samples.

2. Experimental procedures

Specimens used in this study were 5 vol% nano-Ni/Al2O3

produced by a pulsed electric current sintering (PECS)
technique. The starting powder mixture was prepared by
drying, a distilled water slurry of a-Al2O3 (Sumitomo
Chemical Co. Ltd, AA-04, average particle size: 0.44 mm,
purity 99.99%) and Ni (NO3)2 � 6H2O (Kojundo Chemical
Laboratory Co. Ltd, purity 99.9%). After drying at 400 1C
and then milling the powder mixture with a alumina mortar
for 10 min, it was reduced at 600 1C for 12 h in a stream of
Ar-1% H2 gas mixture. The reduced powder mixture was
identified by X-ray diffraction (XRD) as being composed of
only Ni and a-Al2O3. The powder mixture was densified in a
graphite die by PECS at a die temperature of 1400 1C under
40 MPa uni-axial pressure in a vacuum for 5 min holding
time. Fabricated sintered samples with relative density of at
least 99% of the theoretical value were used in the present
study. Fig. 1 shows a scanning electron microscope (SEM)
image of the fractured surface of an as-sintered sample. Ni
particles, observed as bright contrast dots, were homoge-
neously dispersed in the sample. The average particle size of
these Ni particles was approximately 300 nm, while the
average Al2O3 grain size was approximately 1.1 mm.
As-sintered samples were cut into a rectangular shape

(3� 4� 26 mm) for bending tests. The sample surface was
ground using a grinding wheel with 30 mm-diamond grains
and then polished with 2 mm-diamond particle slurry. Fig. 2
illustrates the geometry of a sample with cracks introduced by
Vickers indentations. Three Vickers indentations were con-
ducted at 49 N for 10 s in air on each sample to introduce pre-
cracks at the center of the sample tension surface. Fig. 3 shows
a cross-sectional view of a fractured Vickers indentation. The
white arrow and dashed line indicate the Vickers indentation
and front of the semi-elliptical crack introduced by the Vickers
indentation, respectively. The crack depth was approximately
200 mm. As-cracked samples were heat-treated at temperatures
ranging from 600 to 1200 1C for 1 and 6 h in air at a 400 K/h
heating rate. Heat-treatment temperature was monitored using
an R-type thermocouple located near the sample. Surface
crack disappearance was evaluated fraction of surface crack
length remaining heat treatment, DC, as follows:
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where C1, C2, y C12 are the surface crack lengths of the 3
indentations before heat-treatment and C 01, C 02, y C 012 are
the values after heat treatment. Fig. 4 shows schematic
illustrations the method used to measure surface crack length.
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Fig. 2. Geometry of cracks introduced by Vickers indentations and the

sample during three-point bending test.
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Fig. 3. Cross-sectional SEM image of fractured surface of as-cracked

sample after bending test.
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Fig. 4. Schematic illustrations of crack length measurement (a) before

and (b) after heat treatment.
Each surface crack length was measured before and after heat-
treatment using SEM.
Three-point bending tests (16-mm span length) were

carried out with a cross-head speed of 0.5 mm/min at room
temperature. Bending strength values were averaged by
measuring 5 test pieces. Phase identification and micro-
structure of sample surfaces were conducted for bending
tested specimens using XRD and SEM, respectively.

3. Experimental results

Fig. 5 shows SEM images of sample surfaces before and
after heat-treatment at 600 to 1200 1C in air. Dashed lines
outline the edges of the Vickers indentation. Well-
propagated cracks on the sample surface from each corner
of the imaged Vickers indentations can be observed in
Fig. 5(a). Surface crack length and width near the vertex of
the Vickers indentation were determined as approximately
60 and 1 mm, respectively. After heat-treatment at 600 1C
for 1 h, white contrast particles were observed on the
sample surface and cracks had partially disappeared, as
shown in Fig. 5(b). With increasing temperature to
1000 1C, oxidation product developed on grain boundaries
of the Al2O3 matrix, as shown in Fig. 5(c). Surface crack
disappearance was initially recognized at the end of each
surface crack and then the disappeared area extended to
the corner of the Vickers indentation. As-shown in
Fig. 5(d), heat-treated at 1200 1C for 1 h in air, the network-
like oxidation products developed on and mostly covered
the sample surface instead of particle-like products. After
heat-treatment at 1200 1C for 6 h in air, surface crack
disappearance was completed, as shown in Fig. 5(e).
XRD patterns of the surface of the samples are shown in

Fig. 6. Although only Ni and a-Al2O3 peaks were identi-
fied for the as-sintered sample before heat-treatment, peaks
attributed to NiAl2O4 appeared after heat-treatment in air.
The intensity of these NiAl2O4 peaks became stronger with
higher heat-treatment temperature and longer duration.
Fig. 7 shows bending strength and fraction of crack

disappearance for samples heat-treated at 600 to 1200 1C
for 1 h in air. Bending strength of the as-sintered samples
was 490758 MPa. As-cracked sample bending strengths
declined to 180715 MPa: this value was unchanged after
heat-treatment at 600 1C for 1 h in air and increased
slightly at 800 1C, while the fraction of surface crack
disappearance remained ranging from 10 to 30%. Bending
strength of samples heat-treated at 1000 1C for 1 h reached
5507190 MPa, comparable with as-sintered ones. The
fraction of surface crack disappearance was approximately
10% when samples were heat-treated at 1000 1C for 1 h in
air. This increased up to 60% at 1200 1C for 1 h in air and
the bending strength remained comparable with that of
as-sintered samples. Fig. 8 shows bending strength of
samples heat-treated in air at 1200 1C as function of heat-
treatment time. Surface crack disappearance increased to
100%, that is, complete crack disappearance, whereas
bending strength remained at approximately 550 MPa.
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Fig. 5. SEM images showing surface views of (a) as-cracked sample and samples heat-treated at (b) 600 1C for 1 h, (c) 1000 1C for 1 h, (d) 1200 1C for 1 h

and (e) 1200 1C for 6 h in air.
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Fig. 9 shows SEM images of sample surfaces after bending
tests. Dashed lines outline the edges of the Vickers indenta-
tion. As-cracked samples fractured along the Vickers indenta-
tions as shown in Fig. 9(a). The samples heat-treated at
1000 1C for 1 h in air were fractured both along the Vickers
indentation and at a different position, as shown in Fig. 9(b).
Samples heat-treated at 1200 1C for 6 h in air did not break
along the Vickers indentations as shown in Fig. 9(c).
4. Discussion

As shown in Fig. 6, NiAl2O4 peaks intensities measured
for the surface of sample oxidized in air increased with heat-
treatment temperature and time. NiAl2O4 was the only new
phase formed after heat-treatment. According to the ternary
phase diagram of the Ni-Al-O system [25], NiO does not
coexist with Al2O3. Nanko et al. [26] reported the high-
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temperature oxidation behavior of nano-Ni/Al2O3. In that
study, a thin NiAl2O4 layer, 2–5 mm thickness, was observed
on the surface of samples oxidized at 1300 1C for 1 d in air.

Bending strength was recovered due to the formation of
oxidation product during heat-treatment in air. Brittle materi-
als, such as ceramics, fracture from the largest defect causing
the largest stress concentration. As-cracked samples were
broken along surface cracks introduced by the Vickers
indentations as shown in Fig. 9(a). Samples with cracks that
had disappeared completely fractured at different positions to
the indentation, as shown in Fig. 9(c), indicating that
mechanical strength at the cracked region was repaired to
the same level of the region without cracks. Yao et al. [27]
revealed the crack-healing behavior of SiC/Si3N4 via heat-
treatment at 1200 to 1400 1C for 1 h in air. Bending strength
was recovered due to formation of SiO2 on the sample
surface, and as a result, samples were broken in three-point
bending tests at positions different to cracks introduced by
the Vickers indentation.
Because brittle materials, such as alumina, typically break at

the largest defect, recovery of mechanical strength can occur
when remaining cracks are smaller than intrinsic defects.
As shown in Fig. 7, when the fraction of surface crack
disappearance was approximately 10% after heat-treatment at
1000 1C, bending strength increased to the level observed for
as-sintered samples. After the fraction of surface crack
disappearance reached 60% at 1200 1C for 1 h in air, the
bending strength continued to be approximately 550 MPa.
As shown in Fig. 8, this bending strength is comparable with
that observed after complete surface crack disappearance
(100%). To confirm the size of remaining cracks, Fig. 10
shows cross-sectional views of an as-cracked sample and a
sample heat-treated at 1000 1C for 1 h in air (DC¼10%)
prepared using cross-section polisher before bending tests.
Straight (A) and divided cracks (B) are shown in Fig. 10(a).
Crack (A) and crack (B) are regarded as the median crack and
the lateral crack, respectively [28]. The median crack had
160 mm total length and extended to the sample interior
surface, while the lateral crack was elongated parallel with
the sample surface with an off-set of approximately 20 mm.
The width of both cracks was approximately 1 mm. Fig. 10(b)
displays cross-sectional SEM images for samples oxidized at
1000 1C for 1 h in air. Free space in the cracks was filled by
NiAl2O4, the oxidation product of nano-Ni/Al2O3. Surface
cracks measuring a few microns still remained at the sample
surface. Micro-pores, less than 1 mm in diameter, were also
observed in the NiAl2O4 that filled the cracks. Sakai men-
tioned that bending strength of ceramic materials is inversely
proportional to grain size because of weakly-bonded grain
boundaries [29]. The smallest intrinsic defect size required for
sample fracture is as large as the grain size, thus micro-pores
and remaining surface cracks may be small enough to ignore
these failure criteria. Bending strength of sample heat-treated
at 1000 1C for 1 h showed recovery of mechanical strength
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even though the fraction of surface crack disappearance
was as low as 10%. The standard deviation of the bending
strength of sample heat-treated at 1000 1C for 1 h was large
compared with other heat-treatment conditions. This implies
that this heat-treatment condition is at a transition point
where recovery of mechanical strength begins. Crack depth
introduced by Vickers indentation had small range in this
experiment, and there were surface cracks that disappeared
both enough and not enough to recover bending strength. The
fact that the sample shown in Fig. 9(b) was fractured both
along the Vickers indentation and at a different position also
supports the large standard deviation measured for the heat-
treatment of 1000 1C for 1 h in air.

To reveal the criteria for recovery of mechanical strength,
Fig. 11 shows relationship between sample bending strength
as a function of fraction of surface crack disappearance. The
values of bending strength were mostly scattered in the low
surface crack disappearance region from 5 to 55%, as shown
in the gray area in Fig. 11. This gray area indicates the
transition of the failure criteria from the introduced cracks to
the intrinsic defects. Bending strength remained slightly
higher in heat-treated samples compared with as-sintered
ones when the fraction of surface crack disappearance is
increased to approximately 50%. The criteria of failure
shifted to other defects such as intrinsic defects. Bending
strength was constant at approximately 604 MPa when
fraction of surface crack disappearance was over 55%.
A speculative mechanism of crack disappearance in nano-

Ni/Al2O3 systems was proposed as shown in Fig. 12. When
nano-Ni/Al2O3 is heat-treated in an atmosphere in which Ni
is oxidized, granular-shaped NiAl2O4 is formed on the
sample surface at the early stage of heat treatment, such as
that shown in Fig. 5(a) and (b). This granular NiAl2O4 is
formed by nano-Ni particles on the surface reacting with
oxygen and surrounding Al2O3. Recovery of mechanical
strength in this system occurred when crack-tips are covered
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by NiAl2O4, thus granular NiAl2O4 does not influence to the
recovery of mechanical strength, as shown in Fig. 12(b).
Network-like NiAl2O4 was also observed in Fig. 5(d). The
size of the network was approximately 1 mm, which is
comparable with Al2O3 grain size. It is obvious that the
network-like NiAl2O4 formed on grain boundaries on the
surface of Al2O3 matrix. Because a supply of Ni ions is
required to form NiAl2O4 along these grain boundaries,
outward diffusion of cations occurred during heat treatment.
According to Nanko [30], while the dominant oxidation
process in nano-Ni/Al2O3 system is inward diffusion of oxide
ions, cation diffusion also contributed. Both diffusions of
ions occurred simultaneously as shown in Fig. 12(c). Since
the crack-tip is covered by even partial crack disappearance,
recovery of mechanical strength occurs relaxation of stress
concentration at the crack-tip. Although cracks remained
after heat-treatment at 1000 1C for 1 h in air, the inside of the
crack was likely partially filled with oxidation product, which
recovered its bending strength. Finally, crack disappearance
is completed by formation of NiAl2O4 as shown in Fig. 12(d).
5. Conclusions

In this study, recovery of mechanical strength as a function
of heat-treatment temperature and time was investigated for
nano-Ni/Al2O3 via fraction of surface crack disappearance.
Bending strengths of as-sintered and as-cracked samples were



Fig. 12. Speculative illustrations of kinetic model for oxidation during crack-healing.
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approximately 490758 and 180715 MPa, respectively.
Bending strength was decreased by introduction of surface
cracks (approximately 200 mm in depth) and began to recover
to 5507190 MPa by heat-treatment at 1000 1C for 1 h in air,
which was comparable with that of as-sintered samples. The
fraction of surface crack disappearance was approximately
10%. The bending strengths of samples heat-treated at higher
temperatures or for a longer time were also comparable with
those of the as-sintered ones.

Because bending strength of as-cracked samples was
recovered by only partial crack disappearance on the sample
surface, the observed recovery of mechanical strength was
caused by a reduction of stress concentration at crack-tips
covered by the formation of NiAl2O4. The relationship
between recovery of mechanical strength and fraction of
surface crack disappearance showed that recovery of
mechanical strength for nano-Ni/Al2O3 can be expected to
be achieved when the fraction of surface crack disappearance
is over 50%, and depends on crack condition such as crack
depth and width. Network-like NiAl2O4 was observed on the
surface of samples oxidized at 1000 1C for 1 h in air,
indicating that NiAl2O4 formed mostly by diffusion of
Ni2� along grain boundaries of the Al2O3 matrix.
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