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Abstract: In this study, self-healing capability of 5 vol% Ni/Al2O3 and 5 vol% SiC/Al2O3 composites 
were investigated at temperatures ranging from 1000 to 1300 ºC for 1 to 24 h.  Disappearance of 
surface cracks of those composites before and after heat treatments was investigated.   
Microstructure of the composites was observed by scanning electron microscope, and phase 
identification was conducted by X-ray diffraction analysis.  Results of the investigation indicated that 
self-healing of Ni/Al2O3 composites occurs earlier than that of SiC/Al2O3 composites.  For example, 
complete surface crack disappearance could be obtained by heat treatments at 1200 ºC for 6 h for 
Ni/Al2O3 and 1300 ºC for 1 h for SiC/Al2O3 composites.  The roles of Ni and SiC dispersoids in self-
healing performance of the composites are then discussed from the oxidation kinetic point of view. 
Keywords: Self-healing, High-temperature Oxidation, Ceramic-composites, Al2O3. 
 
 
1.  Introduction 

 Engineering ceramics are potential materials 
for the next generations of gas turbine or jet 
engines.  Nowadays, the turbine blades that are 
made of Ni superalloys and operated in the hot 
sections of gas turbine engines have to work 
under severe environments that combine both 
high temperatures and high stresses.  The 
current engines can be operated at temperatures 
near the melting points of component materials.  
Accordingly, the turbine blades made of Ni 
superalloys are no longer suitable for the next 
generations of gas turbine engines which are 
required to operate at higher temperatures for 
higher efficiency.  There is a strong demand for 
the development of novel materials that are able 
to withstand at such severe environments. 
 Engineering ceramics have many suitable 
properties for high-temperature applications; 
however, they also have some weaknesses. 
Engineering ceramics in general have low 
bending strength, fracture toughness and poor 
reliability, which narrow their application areas.  
In order to overcome these weaknesses, 
dispersion of non-oxide phases in ceramic matrix 
composites (CMCs) was proposed [1-2].  Over 
the last few decades, a massive number of 
studies have been conducted to fabricate CMCs 
with incorporation of platelets [3], fibers or 
whiskers [4], particulates [5], and nanotubes or 
nanosheets [6] for toughening the matrices.  One 
of the most recent approaches for improvement 
of their fracture toughness and reliability is self-

healing function via thermal oxidation of some 
CMCs such as MgO/Si3N4 [7] and SiC/mullite [8].  
During operation at high temperatures, the non-
oxide phases dispersed in CMCs oxidize, leading 
to the formation of oxidation products that fill up 
surface cracks.  This effect results in reduction of 
stress concentrations at crack tips and 
consequently involves in recovery of bending 
strength.  Ceramics-based composites with the 
self-healing functions could become promising 
materials for the applications. 
 Self-healing in engineering ceramics has 
been developed with an increasing number of 
studies over the past decades.  The term of self-
healing in ceramics was firstly reported by Gupta 
in 1970’s [9].  The idea was to heal the surface 
cracks caused by machinery processing such as 
grinding and cutting.  In the study, monolithic 
alumina samples were heat-treated up to 1900ºC 
in order to gain its strength recovery by re-
sintering process.  Because of the less 
effectiveness and complex requirements for 
crack-healing, this approach has limited work 
attributed to it today.  Self-healing in ceramics 
only has been rapidly developed since 1992 
when Choi et al. reported the self-healing 
function of silicon nitride (Si3N4) [7].  Following 
the idea, Chu et al. developed the self-healing 
function of SiC/mullite in 1995 [8].  Oxidation of 
SiC phase at high temperatures induced the 
formation of oxidation products associated with 
volume expansion that caused the closure of 
surface cracks and resulted in strength recovery.   
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Lately in 2009, our research group firstly 
reported the self-healing function of Ni/Al2O3 
composites (metal/ceramic composites) [10-16].  
At high temperatures, oxygen can penetrate into 
the CMCs and oxidize the Ni particles within the 
matrix.  The oxidation of Ni particles induces 
formation of a top surface layer composed by 
oxidation product due to an outward diffusion of 
metal cations. The formation of the top surface 
layer caused the closure of surface cracks.  
Unlike the volume expansion caused by 
oxidation induced crack-healing of SiC/ceramic 
composites, the diffusion of metallic cations plays 
the major role in self-healing performance of 
metal/ceramic composites.  Although many 
studies have been conducted to investigate the 
self-healing function of both SiC/ceramics and 
Ni/ceramics, no study has been managed to 
explain the differences in self-healing of those 
composites. 
 In this study, self-healing functions of 5 vol% 
Ni/Al2O3 and 5 vol% SiC/Al2O3 composites were 
investigated at temperatures ranging from 1000 
to 1300 ºC for 1 to 24 h.  Effectiveness of self-
healing via thermal oxidation is estimated by 
observation of surface cracks (in same length for 
both composites) before and after heat 
treatments in air.  The roles of Ni and SiC 
dispersoids in self-healing performance of the 
composites are then discussed from the point of 
view on oxidation kinetics. 
 
2.  Experimental procedures 

 Powder preparation of 5 vol% Ni/Al2O3 
nanocomposite was conducted in the following 
procedures.  A slurry mixture containing 
Ni(NO3)2.6H2O (Kojundo Chemical Laboratory 
Co. Ltd), α-Al2O3 (Taimei Chemicals Co. Ltd, TM-
DAR, d = 0.14 μm) and distilled water was 
prepared by using ball-milling for 24 h.  The ball-
milling process was conducted by using a plastic 
bottle containing alumina balls (5 mm in 
diameter).  The slurry mixture was dropped into a 
glass tube which was pre-heated at 400 

o
C.  The 

dried powder mixture then was dry ball-milled in 
a plastic bottle with Al2O3 balls for 3 h.  A 
reduction process was conducted at 600ºC for 12 
h in a stream of Ar-1%H2 gas mixture to obtain 
metallic Ni particles.  After reduction, the powder 
mixture was ball-milled again with Al2O3 balls and 
ethanol for 24 h in order to lessen the 
agglomeration of the powder. Finally, the powder 
mixture was desiccated at 80 ºC for 12 h by 
using a drying oven. 
 Powder preparation of 5 vol% SiC/Al2O3 
nanocomposites was carried out as following 
steps.  The α-Al2O3 powder was mixed with SiC 

powder (IBIDEN Co. Ltd, d = 0.27 μm) in ethanol 
by the ball-milling process for 24 h.   The powder 
mixture was then desiccated at 80 ºC for 12 h by 

the drying oven.  After drying, the powder mixture 
was carefully crashed in an alumina mortar. 
 Specimen consolidation was completed by 
using pulsed electric current sintering technique 
(PECS).  Consolidation of Ni/Al2O3 specimens 
was done by PECS with a graphite die in 
vacuum at 1200 ºC for 5 min holding time and 

under 50 MPa in uniaxial pressure. As for 
SiC/Al2O3, the specimen consolidation was done 
with the same condition except that sintering 
temperature was 1300 ºC, higher than that of 
Ni/Al2O3 ones.  The relative density of all the 
specimens (including Ni/Al2O3 and SiC/Al2O3) 
fabricated by these procedures attained at least 
99 % of the theoretical ones.  Fig. 1 shows the 
scanning electron microscope (SEM) images 
observed on fractured surfaces of Ni/Al2O3 and 
SiC/Al2O3 specimens.  The fabricated specimens 
were then cut and ground by a grinding wheel 
with diamond grains (30 µm) and polished with 
diamond particles slurry (2 µm). 
 

 
 

Fig. 1. SEM images of fractured surfaces of 
consolidated specimens for (a) Ni/Al2O3  

and (b) SiC/Al2O3. 
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 To evaluate the self-healing performance, 
surface cracks were introduced on the polished 
surfaces of specimens by Vickers indentations 
with a loading of 49 N for 10 s.  As shown in Fig. 
2, four cracks with 65 µm in average length were 
induced from each corner of the Vickers 
indentation.  The dashed black squares indicate 
the Vickers indentations, which are 
approximately 75 µm in size.  The specimens 
with introduced cracks were then heat-treated in 
air, at investigated temperatures ranging from 
1000 to 1300 ºC for 1 to 24 h, and with a heating 
rate of 400 ºC/h.  The surface crack-
disappearance was evaluated by the fraction 
(∆C) of surface crack length before and after 
heat treatments.  The details of this evaluation 
method have been reported elsewhere [11].  
Phase identification and microstructure 
observation of specimens were carried out by 
using X-ray diffraction (XRD) and SEM, 
respectively.  Evaluations of mechanical 
properties for both the composites such as 
hardness (Hv) and fracture toughness (KIC) were 
conducted via Vickers hardness method 
following JIS R 1610 standard, and Indentation 
fracture method [17].  To evaluate the influence 
of Ni and SiC dispersoids on mechanical 
properties of the composites, monolithic Al2O3 
specimens were also fabricated and investigated. 

3. Results and Discussion  

  Table 1 shows the mechanical properties 
investigated at room temperature of Ni/Al2O3, 
SiC/Al2O3, and monolithic Al2O3.  All the materials 
have a comparable Vickers hardness (Hv).  Both 
the Ni and SiC dispersions show positive effects 
to increase fracture toughness.  Dispersion of Ni 
in Al2O3 matrix seems to give more effectiveness 
on improvement of fracture toughness (KIC) than 
that of SiC.   According to Jiao et al., the fracture 
mode in SiC/Al2O3 system is the transgranular 
fracture [18].  In other place, Chen et al. argued 

that the fracture mode in Ni/Al2O3 system should 
follow the intergranular one [19].  Taking account 
of the fracture modes, dispersion of SiC 
dispersoids should give more effectiveness on 
improvement of fracture toughness of the 
composites.  However, fracture toughness of SiC 
itself is comparable with that of the Al2O3 matrix.  
In contrast, Ni dispersoids have higher fracture 
toughness than the Al2O3 matrix.  Nevertheless, 
contribution of Ni dispersoids on improvement of 
fracture toughness of the composites might have 
some limits due to the intergranular fracture 
mode. 

Table 1. Mechanical properties at room 
temperature of 5 vol% Ni/Al2O3, 5 vol% SiC/Al2O3 

and monolithic Al2O3. 

Specimens 
Grain Size/ 

µm 
Hv/ 

GPa 
KIC/ 

MPam
1/2

 

Ni/Al2O3 0.5 20 6.1 

SiC/Al2O3 1.2 21 4.2 

Al2O3 0.5 20.8 3.3 

Ni/Al2O3 [15] 1.1 20 5.8 

 Figure 3 show the surface cracks on the 
SiC/Al2O3 and Ni/Al2O3 samples heat treated at 
various conditions.  After heat-treatment at 1200 
ºC for 12 h in air, SiC/Al2O3 samples achieved 
40 % of crack disappearance, as shown in Fig. 
3(a).  At 1300 ºC, completed crack 
disappearance of SiC/Al2O3 samples can be 
obtained with a short heat treatment time such 
as 1 h, exhibited in Fig. 3(b).  As for Ni/Al2O3 
samples, the disappearance of surface cracks 
occurs with lower heat treatment temperatures 
and shorter duration than that of SiC/Al2O3 
samples.  For example, completed crack 
disappearance of Ni/Al2O3 can be obtained by 
either heat treatments at 1100 ºC for 12 h or 
1200 ºC for 1 h, as seen in Fig. 3(c) and (d), 
respectively. 

 

 

 

 

 

 

 

(b) 

20 µm  

2 µm 

200 µm 

Vickers indentation 

 

 

 

 

 

 

(a) 

20 µm  

2 µm 

200 µm 

Crack 

Fig. 2. SEM images of the Vickers indentations introduced on the polished surfaces of  
(a) Ni/Al2O3 and (b) SiC/Al2O3 specimens. 

(a) Ni/Al2O3 (b) SiC/Al2O3 
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 Figure 4 plots the fraction of surface crack-
disappearance as a function of heat treatment 
time of Ni/Al2O3 and SiC/Al2O3 samples heat-
treated at 1200 ºC.  Apparently, Ni/Al2O3 
samples require shorter heat treatment time to 
have crack disappearance than SiC/Al2O3 
samples.   For instance, heat treatment at 1200 
ºC for 1 h provides a condition to have 90 % of 
crack disappeared for Ni/Al2O3 samples.  In term 
of SiC/Al2O3 samples, the fraction of surface 
crack-disappearance was only approximately 
10 % by heat treatment at the same condition.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. SEM images of surface cracks from the top view of   
SiC/Al2O3 samples heat-treated at (a) 1200 ºC for 12 h, (b) 1300 ºC for 1 h,  
and Ni/Al2O3 samples heat-treated at (c) 1100 ºC 12 h, (d) 1200 ºC for 1 h. 
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Fig. 5. XRD patterns obtained from the exposed 
surface of (a) Ni/Al2O3 and (b) SiC/Al2O3 

samples  before/after heat treatment. 
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 Figure 5 shows XRD patterns for phase 
identification of Ni/Al2O3 and SiC/Al2O3 samples 
before and after heat treatment at 1200 ºC for 12 
h.  As for Ni/Al2O3 samples, NiAl2O4 is the only 
oxidation product that formed on sample surface 
after the heat treatment.  In terms of SiC/Al2O3 
samples, SiO2 was attributed to the oxidation 
product formed after the heat treatment [8, 20].  
However, SiO2 peaks were not detected by XRD 
analysis due to its amorphous phase and 
insignificant amount.  The oxidation reactions of 
both the composites are given as follows: 
 

2 Ni + 2 Al2O3 + O2 = 2 NiAl2O4               (1) 
SiC + 2 O2 = SiO2 + CO2                    (2) 

2 SiC + 3 O2 = 2 SiO2 + 2 CO                 (3) 
 
 Figure 6 illustrates the self-healing 
mechanisms of SiC/Al2O3 and Ni/Al2O3 
composites.  In SiC/Al2O3 system, SiC particles 
are exposed into oxidizing atmosphere at high 
temperatures that induces the formation of SiO2.  
This formation associates with a volume 
expansion. According to the Pilling-Bedworth 
ratio, this oxidation process generates 2 times 
volume expansion.  Due to the slow diffusion of 
silicon cations in Al2O3 matrix, healing surface 
cracks were attributed to the volume expansion 
of oxidation product which was created by 
oxidation of the local SiC particles on exposed 
surface (including crack surface).  In terms of 
Ni/Al2O3 composites, oxidation of Ni particles 
within the matrix caused the formation of NiAl2O4.  
This process induced a volume expansion of 1.2 
times which is less than that of SiC/Al2O3 

composites.  In spite of the lower volume 
expansion ratio, Ni/Al2O3 composites seem to 
possess a greater self-healing ability thanks to 
the faster diffusion of nickel cations.  At high 
temperatures, oxidation of Ni particles causes 
the outward diffusion of nickel cations along 
grain boundaries to the top surface driven by a 
difference of oxygen chemical potential between 
the top surface and the oxidation front [21-24].  
The outward diffusion of nickel cations results in 
formation of a top surface layer.  Thickness of 
the top surface layer is responsible for the 
closure of surface crack.  In summary, the 
dominant factor that causes the self-healing of 
Ni/Al2O3 composites is the outward diffusions of 
cations, while that of SiC/Al2O3 composites is 
volume expansion factor. 

4. Conclusions 

Fully-densified samples of 5 vol% SiC/Al2O3 
and 5 vol% Ni/Al2O3 were fabricated to discuss 
influences of Ni and SiC dispersoids on 
mechanical properties and self-healing 
performance of their composites.  Dispersion of 
Ni particles in Al2O3 matrix shows more effective 
on both mechanical properties at room 
temperature and self-healing performance.  The 
disappearance of surface crack can be obtained 
by heat treatments in air at temperatures above 
1200 ºC for 5 vol% Ni/Al2O3 or 1300 ºC for 5 
vol% SiC/Al2O3.  Self-healing mechanisms of the 
composites were explained by the formations of 
SiO2 for SiC/Al2O3 and NiAl2O4 for Ni/Al2O3. 
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Fig. 6. Schematic illustration of self-healing mechanisms 
 in (a) SiC/Al2O3 and (b) Ni/Al2O3 composites. 
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