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Abstract

Si3N4/SiC composite ceramic specimens, made to JIS standard, were sintered and subjected to three-point bending. Semi-ellip-
tical surface cracks of 50–400 mm in diameter were made on the tensile side of each specimen. Crack-healing behavior as a function
of environment, temperature, time, and crack size, and oxidation behavior as a function of temperature and time were studied. The
main conclusions are as follows: (1) Cracks healed completely in air, but did not heal in Ar gas, N2 gas nor in a vacuum. (2) This
Si3N4 ceramic has the ability to heal a crack at temperature from 900 to 1400

�C completely. (3) The maximum surface crack size
that can be healed completely was 200 mm in diameter. (4) The activation energies for crack-healing and oxidation were 150 and

131KJ/mol, respectively.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride has superior strength at elevated tem-
perature however, its fracture toughness is not high,
thus it is sensitive to flaws. Some silicon nitride ceramics
have the ability to heal a crack.1�13 If this ability is used
on structural components in engineering use, great
merits can be anticipated in the following areas: 4,10,11,14

(1) increases in the reliability of structural ceramic
components, (2) decreases in the inspection, machining
and polishing costs of ceramic components, and (3)
reduced maintenance costs and prolongation of the
lifetime of ceramic components. To use this healing
ability in structural engineering, the authors have
already studied the following items on several ceramics
systematically: (a) a methodology for evaluating the
crack-healing ability,4�8 (b) the effect of the chemical
composition on the crack-healing ability,7,9 (c) the effect
of healing conditions on the strength of the healed-zone,
4,6,8,9 (d) the maximum surface crack size that can be
healed completely,15 (e) knowledge of the high-tem-
perature strength of crack-healed zones,4�6,9 (f) the
crack-healing mechanism,9,14 (g) assessment of the cyc-
lic fatigue and static fatigue strengths of crack-healed
ceramic components,8,10�12,15�17 (h) a methodology for
guaranteeing the reliability of ceramic components,14,16

and (i) crack-healing behavior under constant or cyclic
stress and subsequent strength at the healed tempera-
ture (namely in-situ crack-healing ability).8,10,11,16,18

As to (b) above, two of the authors sintered many
kinds of Si3N4, however, they concentrated on the fol-
lowing four kinds of Si3N4, because these ceramics
showed high performance;7,9 (1) SNC–Y8, (2) SN–Y8,
(3) SNC–Y5A3 and (4) SN–Y5A3. Where, SN, C, Y
and A mean that SN=silicon nitride, C=20 mass% SiC
was added to SN, Y8 or Y5=8 or 5 mass% Y2O3 was
added to SN or SNC as a sintering additive, and A3=3
mass% alumina was added to SN or SNC as a sintering
additive, respectively. In the systematic study, it was
found that the crack-healing ability of these Si3N4 was
SNC–Y8 >> SN–Y8 > SNC–Y5A3 ffi SN–Y5A3 and
SNC–Y8 emerged as having excellent crack-healing
ability.9 The SNC–Y8 can heal cracks only in an air
environment but there is no healing in Ar gas, nitrogen
gas nor in a vacuum.4 These facts showed that crack-
healing of SNC–Y8 was an oxidation reaction.4 Thus,
the oxidation behavior of the above four Si3N4 at
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1300 �C up to 2000 h was investigated systematically,19

where 1300 �C is almost the best temperature for crack-
healing of these samples. It was found that the resis-
tance to oxidation was SNC–Y8 > SN–Y8 >> SNC–
Y5A3 > SN–Y5A3 and SNC–Y8 exhibited excellent
resistance to oxidation at 1300 �C. To understand this
paradoxical behavior, SNC–Y5A3 was picked as a
sample and the following three research subjects were
settled in this paper. (a) crack-healing behavior as a
function of crack-healing environment, time, tempera-
ture and crack size, (b) oxidation behavior as a function
of time and temperature, (c) activation energy for crack-
healing and oxidation.
2. Material, specimen and test method

As mentioned above, SNC–Y5A3 was chosen for this
study. The silicon nitride powder used in this investiga-
tion has the following properties: mean particle size is
0.2 mm, the volume ratio of a-Si3N4 is about 95% and
the rest is b-Si3N4. The SiC powder has 0.27 mm mean
particle size.
The sample was prepared using a mixture of silicon

nitride powder, 20 mass% SiC, and 5 mass% Y2O3, 3
mass% Al2O3 as additive powder. To this mixture,
alcohol was added and blended thoroughly for 48 h.
The mixture was placed into an evaporator to extract
the solvent, and then put into a vacuum to produce a
dry powder mixture. The mixture was subsequently hot-
pressed at 1850 �C and 35 MPa for 1 h in nitrogen gas.
The sintered material was then cut into test pieces mea-
suring 3�4�22 mm made according to JIS standard.20

Only the sample length is changed to 22mm as shown in
Fig. 1. A semi-elliptical crack was made at the center of
the tension surface of the test piece using a Vickers
indenter. The surface crack length (2C) was varied from
50mm to 400mm, by changing the indentation load. The
semi-elliptical crack of 2C590 mm (aspect ratio50.9,
the indentation load of about 20N) was chosen as a
standard crack in this study, as shown in Fig. 2. The
indentation and crack length are shown in Fig. 2 (a).
Crack shapes were confirmed on the fracture surfaces of
cracked specimens as shown in Fig. 2(b).
The effect of environment on the crack-healing beha-

vior was tested in the following four conditions: in air,
vacuum, N2 gas, and Ar gas. The crack-healing beha-
vior in air was studied systematically to evaluate the
activation energy for crack-healing by changing the
healing temperature (TH=800–1500

�C) and time (tH :1
h, 10 h, and 100 h). The heating rate was controlled as
10 �C/min, and cooled down in the furnace. To under-
stand the relationship between crack-healing and sur-
face oxidation behavior, the oxidation behavior of
crack-healed samples was investigated systematically
Fig. 1. Three-point loading system and geometry of test specimen;

dimensions in mm.
 Fig. 2. SEM images of (a) indented crack and (b) crack shape.
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using X-ray analyzer and SEM, and the activation
energy for the surface oxidation was evaluated.
The maximum crack size that can be healed com-

pletely were also studied systematically. The bending
strength of the crack-healed specimens was tested at
room temperature in air environment using a three-
point bending test (bending span=16 mm), as shown in
Fig. 1. The crosshead speed was 0.5 mm/min.
3. Results and discussion

3.1. Effect of healing environment on crack healing
behavior

It is very important to define the crack healable
environment. Thus, four healing environments were
tested: air, vacuum, N2 gas and Ar gas. One standard
crack (2C 5 90 mm) is introduced in the sample. The
healing temperature (TH) and healing time (tH) are
1200 �C and 10 h, respectively. Fig. 3 shows the bending
strength (�B) of specimens healed in each environment.
The contrast between �B of smooth specimens (*) and
cracked specimens (~) is shown by the left-most col-
umn of result. The symbol (*) indicates a specimen that
fractured outside the crack healed zone as shown in
Fig. 4(b). All samples healed in air recovered �B com-
pletely, and showed that the cracks were healed com-
pletely. One sample fractured from outside the crack
healed zone as shown in Fig. 4(b). Fig. 4(c) and (d)
show the crack initiation site of Fig. 4(b). Fracture
initiated from a small pore. The other two samples were
broken into many pieces, so the crack initiation sites
could not be found. Specimens healed in vacuum, Ar
gas and N2 gas indicated that the strength recovery was
insufficient, and all samples fractured from the crack-
healed zone as shown in Fig. 4(a). The average �B of the
specimens healed in vacuum is 730 MPa, which is a little
higher than that of the other two conditions (Ar gas and
N2 gas). This insufficient strength recovery was caused
by the removal of residual stress ahead of the crack, that
was introduced by Vickers indentation.21,22 These test
results showed that a crack in SNC–Y5A3 can be healed
completely only in an air environment similar to SNC–
Y8,4 Al2O3/SiC

23 and Mullite/SiC. 24,25 Therefore, it is
assumed that the crack-healing is due to oxidation. The
estimated crack-healing reactions are the following.14,19

Si3N4 þ 3O2 ! 3SiO2 þ 2N2 ð1Þ

SiC þ 2O2 ! SiO2 þ CO2 COð Þ ð2Þ

2SiC þY2O3 þ 4O2 ! Si2Y2O7 þ 2CO2 COð Þ ð3Þ

On the other hand, it was already shown that the
monolithic Al2O3 specimen could recover its strength
over 1450 �C, under the above four environments.23 In
this case, oxidation is not necessary, because this
strength recovery was caused by re-sintering at high
temperature.23 Surface of specimens healed in each
environment was analyzed with XRD. The only speci-
men healed in air diffracts the SiO2 peaks intensely.

3.2. Effect of healing temperature and time on
crack-healing behavior

Crack-healing behavior depends on both healing
temperature (TH) and time (tH).

24,26 To investigate this
relationship, 15 kinds of healing conditions were tested.
The test results are shown in Fig. 5. The bending
strength �B of smooth (*) and cracked (~) specimens
are compared in the left-most column. The (*) mark
indicates that fracture occurred from outside the crack-
healed zone, as mentioned before in Fig. 4(b). The
symbol (^) indicates the �B obtained by healing time
tH=1 h at each healing temperatures. Note that �B does
not recover up to TH=1100

�C, but it recovers con-
siderably at TH=1200

�C and 1300 �C. However, when
considering that many fractures occurred from a pre-
crack, as shown in Fig. 4(a), the recovery is not suffi-
cient. On the other hand, at TH=1400

�C, the average
�B of a healed specimen is higher than that of a smooth
specimen. Moreover, all of the specimens fractured
from outside the healed zone, as shown in Fig. 4 (b). At
1500 �C, �B decreases slightly. In conclusion, the desir-
able crack-healing temperature for tH=1 h is
TH=1400

�C. In the same way, the desirable crack-
healing temperature conditions for tH=10 h (&) and
tH=100 h (*) are TH=1100–1300

�C and TH=900–
1100 �C, respectively.
Fig. 3. Effect of crack-healing environment on the strength recovery

behavior.
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To understand the effect of crack-healing condi-
tions on �B, SEM observation and X ray analysis are
applied to the surface of healed samples. Fig. 6 shows
the SEM images and XRD profiles. Fig. 6 (a) shows
TH=800

�C, tH=100 h. Under this condition, the crack
was not healed at all, as shown by the symbol (*) in
Fig. 5. The surface is almost smooth, as shown in the
SEM image. When looking at the XRD profile, only �-
Si3N4 and �-SiC peaks diffract the same as non-healed
specimen. Other crystalline products are not found.
Fig. 6(b) shows TH=1200

�C, tH=10 h condition. The
average �B of samples healed in this condition has
the highest value. As shown in the SEM image, very
small particles are observed on the surface. As the
results of XRD analysis, this product consists of SiO2
and a small amount of Y2Si2O7. As mentioned before,
the production of crystalline SiO2 has a large effect on
�B and the fatigue strength at elevated temperatures, so
the healing condition (TH=1200

�C, tH=10 h) was
selected as the standard healing condition for this
material.
Notably, as shown in Fig. 6(c) TH=1200
�C, tH=100

h, the bending strength decreases considerably. When
looking at the SEM image, the surface is very rough,
and many holes like craters of about 10 mm in diameter
are observed. While Si3N4 and SiC are oxidized, N2 gas,
CO or CO2 gas are produced, as represented in Eqs. (1)–
(3). These holes seem to be made by the produced gas.
As the results of XRD, large amounts of SiO2 and
Y2Si2O7 are detected. Therefore, it is clear that the
decrease of �B is responsible for the over oxidation of
base material. In Fig. 6(d) TH=1300

�C, tH=100 h,
very large crystals of Y2Si2O7 are observed. The oxida-
tion reaction became more intense. From the XRD
results, the peak of Y2Si2O7 is diffracting remarkably,
and it has also exceeded the Si3N4 peaks, while the SiO2
peak is slight. This oxidation reaction reduces the �B,
because of the production of many pits inside the base
material.19 Considering the above-mentioned facts, it
can be easily understood that the conditions and pro-
ducts on the surface have a large effect on the �B of
crack-healed sample.
Fig. 4. Fracture pattern of crack-healed sample: (a) crack initiated from crack-healed zone, TH=900
�C, tH=100 h, �B=896 MPa, (b) crack

initiated from the outside of crack-healed zone, TH=1100
�C, tH=100 h, �B=889 MPa, (c) fracture surface of sample (b), (d) in detail of (c).
2332 K. Houjou et al. / Journal of the European Ceramic Society 24 (2004) 2329–2338



3.3. Activation energy for the crack-healing

The crack-healing behavior depends on both the
healing temperature and the healing time, as mentioned
in Section 3.2. And, the crack-healing is caused by the
oxidation as shown in Eqs. (1)–(3). The oxidation rates
of Eqs. (1)–(3) obey Arrhenius law. Thus, it is expected
that the crack-healing rate obeys the Arrhenius law.
Moreover, if the minimum crack-healing time for suffi-
cient strength recovery were expressed as a function of
temperature, it would be very convenient for engineer-
ing use. Then, whether the crack-healing rate of this
sample obeys Arrhenius law or not was investigated.
From Fig. 5, the lowest temperatures (TH) that the

average �B of the crack-healed sample exceeded the
average �B of smooth specimens were determined. For
each healing time (tHMin=1, 10, 100 h), TH was deter-
mined and the tHMin versus TH relationship were plotted
in an Arrhenius graph as shown in Fig. 7. In short,
TH=1400

�C is for tHMin=1 h, TH=1100
�C is for

tHMin=10 h, and TH=900
�C is for tHMin=100 h,

where the minimum healing time for the complete
strength recovery is denoted as (tHMin). The Arrhenius
plots of four kinds of ceramics were also shown in Fig. 7.
Symbol (*) indicates the SNC–Y5A3, used for this
study. Symbols (~), (&) and (^) show the results for
SNC–Y8,27 Al2O3/SiC

24 and mullite/SiC,25 respectively.
Crack size of these three materials are 2C 5100mm, and
they are healed in an air environment. Symbol (")
shows that the crack can be healed within this time
period. With respect to these four kinds of ceramics,
both (TH

�1) and (1/tHMin) are in the good proportional
relation. Therefore, the crack-healing behavior of these
ceramics may be described by the Eq. (4).24,26
1=tHMinð Þ ¼ AH � exp -QaH =R � THð Þ ð4Þ

Where AH is proportionality constant (h
�1), QaH is

the activation energy for crack-healing (kJ/mol), R is a
gas constant (kJ/mol.K) and TH is the absolute tem-
perature of the healing (K). The QaH and AH of each
ceramics are shown in Table 1. The sensitivity of crack-
healing rate on temperature increases with increasing
QaH. The calculated QaH value of SNC–Y5A3 (*) is
150 (kJ/mol). This QaH is almost equal to the activation
energy of SiC (135KJ/mol) for oxidation from 1000–
1400 �C.27 The value for SNC–Y5A3 is rather smaller
than that of SNC–Y8 (277 kJ/mol).26 These results of
QaH indicate that the crack-healing behavior of SNC–
Y8 is more sensitive to the healing temperature (TH)
than that of SNC–Y5A3. Crack-healing in mullite/SiC
is most sensitive to temperature,26 and its activation
energy (QaH) is 413 (kJ/mol). The tHMin of SNC–Y8 is
the shortest for the temperature range (900–1300 �C),
thus it can be concluded that SNC–Y8 (~) is a very
interesting material in terms of crack-healing ability.
The minimum crack-healing time (tHMin) for the suffi-
cient strength recovery can be calculated as a function
of crack-healing temperature using Eq. (4) and the
activation energy (QaH).

3.4. Oxidation behavior

The oxidized layer thickness (TO) on the sample sur-
faces were measured, using an SEM, as a function of
crack-healing temperature and time, and shown in
Fig. 8. Fig. 8(a) shows the TO on the fracture surface
under the condition of TH=1100

�C, tH=100 h. The
oxidized zone looks like a glassy phase, so it can be
distinguished from base material easily. The TO is
almost uniform and about 1 mm in thickness. Fig. 8(b) is
the SEM image of the fracture surface, and Fig. 8(c) is
the SEM image of the polished surface. The TO was
measured systematically using these SEM images, and
the relationship between the healing time (tH) and oxi-
dized layer thickness (TO) is shown in Fig. 9. The oxi-
dation behavior of four kinds of Si3N4 followed
parabolic-law kinetics up to 2000 h at 1300 �C.19 Thus
following parabolic-law was assumed for this case.
Fig. 5. Effect of crack-healing temperature (TH) and time (tH) on the

crack-healing behavior.
Table 1

The activation energy QaH and proportionality constant AH for the

crack-healing
Sample name
 QaH (kJ/mol)
 AH (h
�1)
1
 SNC–Y5A3
 150
 4.9�104
2
 SNC–Y8
 277
 4.2�1011
3
 Al2O3/SiC
 334
 1.7�1011
4
 Mullite/SiC
 413
 5.4�1013
K. Houjou et al. / Journal of the European Ceramic Society 24 (2004) 2329–2338 2333



TO ¼ kOX � t
1=2ð Þ

H ð5Þ

Where, TO is the thickness of the oxidized layer (mm),
tH is the crack-healing time (namely oxidation time; h)
and kOX is a oxidation rate constant. The kOX of
TH=1300

�C (^) is the largest one, having a value of
0.6 (mm/h1/2). The kOX of TH=1200 �C (*) is one-half
of TH=1300

�C and the kOX of TH=1100
�C (&) is
one-fourth that of TH=1300
�C. The solid lines are

drawn using Eq. (5) and the rate constant (kox) indi-
cated in the graph.
By the same method of crack-healing activation

energy, the activation energy (QaO) and proportionality
constant (AO) for the oxidation were evaluated. The
relationship between healing temperature (TH) and oxi-
dation rate constant (kOX) are plotted in an Arrhenius
Fig. 6. SEM images and XRD results of healed sample surface: (a) TH=800
�C, tH=100 h, (b) TH=1200

�C, tH=10 h, (c) TH=1200
�C, tH=100 h,

(d) TH=1300
�C, tH=100 h.
2334 K. Houjou et al. / Journal of the European Ceramic Society 24 (2004) 2329–2338



graph, as shown in Fig. 10. SNC–Y5A3 is denoted by
the symbol (*), and SNC–Y8 by the symbol (~). The
activation energies (QaO) of SNC–Y5A3 and SNC–Y8
are 131 kJ/mol and 24 kJ/mol, respectively. The values
of QaO and AO are shown in Table 2. It can be seen that
the oxidation rate of SNC–Y5A3 is considerably larger
than that of SNC–Y8. However the crack-healing abil-
ity of SNC–Y5A3 is slower than that of SNC–Y8, as
shown in Fig. 7. It is very interesting that the orders of
activation energy of both samples for crack-healing and
oxidation are reversed. If one focused on the both
behaviors at 1100 �C, the oxidized layer thickness of
SNC–Y5A3 for 1 h is larger than that of SNC–Y8, on
the contrary, the minimum crack-healing time for the
sufficient strength recovery of SNC–Y5A3 is longer
than that of SNC–Y8. The exact answer to this para-
doxical behavior is very difficult, however the possible
reasons for the behavior are summarized as follows; (1)
oxygen can be supplied sufficiently on the sample sur-
face, however, oxygen cannot be supplied sufficiently to
the crack inside. Thus there is a possibility that the oxi-
dation mechanisms are different between the sample
surface and crack surface. (2) More oxygen products are
formed on the SNC–Y5A3 surface than that of SNC–
Y8, and these oxygen products probably disturb the
supply of oxygen into the crack surface. (3) The rough-
ness of the crack surface of both sample are different,
the roughness of SNC–Y5A3 is larger than that of
SNC–Y8, thus the thickness of the oxidized layer
required for sufficient crack-healing of SNC–Y5A3 is
larger than that of SNC–Y8. (4) The materials for
crack-healing are somewhat different in both samples,
thus the thickness of the oxidized layer required for
sufficient crack-healing of both samples are different.
3.5. The maximum crack size to be healed completely

Surface cracks (2C=90–300 mm) were introduced,
and healed under the standard condition (TH=1200

�C
tH=10 h in air). Subsequently the bending test was
Fig. 8. SEM images of oxidized layer: (a) TH=1100
�C, tH=100 h,

(b) TH=1200
�C, tH=100 h, (c) TH=1300

�C, tH=100 h.
Fig. 7. Arrhenius plots of crack-healing behavior of four kinds of

ceramics.
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carried out at room temperature. The relationship
between the crack length (2C) and bending strength (�B)
is shown in Fig. 11. The symbols (*) and (~) indicate
the �B of smooth specimens and cracked specimens
(non-healed), respectively. Moreover the symbols (^)
show the �B of specimens which were cracked and
annealed in N2 gas environment. The �B of annealed
sample is higher by about 150–200 MPa than that of
non-healed specimens (~) because of annealing of the
tensile residual stress ahead of crack tip. The �B (*) of
crack-healed sample regains the same level �B as the
smooth specimens (*), when 2C is smaller than 200 mm.
But the �B decreases suddenly, when 2C is over 200 mm.
Therefore, the maximum crack size to be healed com-
pletely is 2C=200 mm. SNC–Y8, Al2O3/SiC, mullite/SiC,
and SiC were also tested in the same way. Table 3 lists the
maximum crack size to be healed completely for five kinds
of structural ceramics.15,23,26 Only SiC could heal a large
crack of 2C=450 mm by itself.28 The other materials can
heal a crack up to 2C=200 mm, completely.
Fig. 9. Relationship between crack-healing time (tH) and thickness of

oxidized layer (To).
Table 2

The activation energy QaO and proportionality constant AO for the

oxidation
Sample name
 QaO (kJ/mol)
 AO (mm/h1/2)
1
 SNC–Y5A3
 131
 1.5�104
2
 SNC–Y8
 24
 0.98
Fig. 11. Relationship between crack length 2C and bending strength

�B at RT.
Fig. 10. Arrhenius plots of the oxidation behavior of two kinds of

silicon nitride ceramics.
Table 3

The maximum crack size that can be healed, of five different ceramics
Sample name
 Maximum crack

size (mm)
1
 SNC–Y5A3
 200
2
 SNC–Y8
 200
3
 Al2O3/SiC
 200
4
 Mullite/SiC
 200
5
 SiC
 450
2336 K. Houjou et al. / Journal of the European Ceramic Society 24 (2004) 2329–2338



4. Conclusions

Using silicon nitride (SNC–Y5A3), a fundamental
study on crack-healing and oxidation behavior was car-
ried out. A crack was introduced; also the effect of
healing temperature and time on the bending strength of
healed samples was investigated. Moreover, the effect of
crack size on the crack-healing behavior was investi-
gated. The main conclusions are as follows:

1. This ceramic could heal a crack in an air envir-

onment, but could not heal in N2 gas, Ar gas nor
in a vacuum environment. Crack-healing needed
the oxygen in air to produce SiO2.

2. The crack-healing behavior was studied as a

function of crack-healing temperature and time,
systematically. The activation energy for crack-
healing (QaH) was evaluated as 150 kJ/mol. The
value was compared with QaH of other ceramics,
and it was shown that this material has the
relatively low value.

3. The surface oxidation behavior of the crack-

healed sample was studied systematically, and the
activation energy for the oxidation was evaluated
as Qa0=131 kJ/mol. It was found that this value
is much greater than that of SNC–Y8 ceramics.

4. The maximum crack size that could be healed

completely was studied systematically, and the
maximum crack was found to be a 2C�200 mm
surface crack of 0.9 aspect ratio. The value was
almost equal to that of other ceramics except SiC
for which the 2C was 450 mm.
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