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Abstract

Structural ceramics are brittle and sensitive to flaws. As a result, the structural integrity of a ceramic component may be seriously
affected. To overcome this problem, there are three ways: (a) inspect carefully and repair the unacceptable flaws, (b) toughen the

ceramics by fiber reinforcing, (c) heal the flaws and recover strength. At the moment, there is no technique to heal embedded flaws.
Therefore, a new technique to guarantee the reliability of ceramics components is demanded and so we proposed new technique:
(crack-healing+proof test). For this technique, the mechanical behaviour of the crack-healed zone is very important for the struc-
tural integrity. Bending strength and fatigue strength test results of the crack-healed zone at high temperature are described. Using

a process zone size failure criterion, an equation for the temperature-dependence of proof stress (�P
T) is derived. The accuracy of the

equation has been verified for monotonic loading tests up to 1300�C. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Generally speaking, structural ceramics are superior
in strength than metal at high temperature. However,
they are brittle and sensitive to flaws. As a result, the
structural integrity of a ceramics component may be ser-
iously affected. To overcome this problem, there are three
ways: (a) inspect carefully and repair the unacceptable
flaws, (b) toughen the ceramics by fiber reinforcing, (c)
heal the flaws and recover strength. For method (a),
allowable flaws in ceramics are so small that it is almost
impossible to detect the flaws. Moreover, structural
ceramics are so brittle that repair is almost impossible.
For method (b), many studies have been made around
the world. However, very few studies have been made of
method (c). Some engineering ceramics have the ability
to heal a crack.1�22 If this ability is used on structural
components in engineering use, considerable advantages
can be anticipated in the following fields:12,17 (1) increa-
ses in the reliability of structural ceramic components;
(2) decreases in the machining and inspection costs of

ceramic components; and (3) decreases in the main-
tenance costs and prolongation of the lifetime of ceramic
components.
From the above points of view, systematic study of the

following items are desired: (i) a method to evaluate a
crack-healing ability of a material,5,10,12,17 (ii) effect of
chemical compositions on the crack-healing ability of
ceramics,11,14,16 (iii) effect of healing condition on the
mechanical behaviours of crack-healed zone,10�12,14�17,19

(iv) maximum crack size which can be healed com-
pletely,12,14,22 (v) high temperature strength of crack-
healed member,10,12,14,17,19 (vi) cyclic and static fatigue
strength of crack-healed member at high tempera-
ture,15,17�22 (vii) crack-healing behaviour under static or
cyclic loading and crack-healing potential.17,20,21

The ceramics developed by authors which show excel-
lent crack-healing ability are Si3N4/SiC

10 and mullite/
SiC14 composite ceramics. The crack-healing behaviours
of both ceramics have been studied systematically. Most
of these specimens failed outside the crack-healed zone
even for a fatigue test using a three-point bending load,
15,17,18,22 these specimens have a Vickers indentation
which acts as a stress concentration. Then, it can be
concluded that the crack-healed zone of the Si3N4/SiC
has higher bending strength and fatigue strength than
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that of a base material up to 1300�C,10,12,17,20,22 and
1200�C, 20,22 respectively. However, embedded cracks
and micro-structural flaws such as abnormally large
grains cannot be healed. This fact was confirmed many
times by examining the crack initiation sites using
SEM.12,14�22 These facts suggest the importance of a
proof test for higher reliability. There are many useful
researches on a proof tests for a ceramics component23�27

based on linear fracture mechanics, and on a probabilistic
fatigue S–N curve which can be guaranteed by a proof
test.28�30 However, engineering ceramics show non-linear
fracture behavior, as shown in Fig. 5. Therefore, a new
theory is required, which is related to the proof test and
based on non-linear fracture mechanics. Moreover,
ceramics components are not used only at proof-tested
temperature. Thus, a theory to explain the temperature
dependence of proof stress based on non-linear fracture
mechanics is necessary. From the above point of view,
recently we proposed the new method, that is (crack-
healing + proof test).31 However, the usefulness was
not yet proved. It is a purpose of this paper to prove the
usefulness of (crack-healing + proof test).
In this paper, firstly, the usefulness of the technology

(crack-healing + proof test) is considered, using high
temperature and fatigue strength data of the crack-healed
zone. Secondly, the equation which describes the effect of
temperature on proof stress (�P

T) is derived. Finally, using
a sintered rod made of silicon nitride specimen, the accu-
racy of the equation is confirmed.

2. Theory

2.1. Fracture and fatigue strength of crack-healed
member at high temperature

For the technique (crack-healing + proof test), the
mechanical behaviour of crack-healed ceramics mem-
bers is very important because, firstly, crack-healing is
made to avoid a fracture from surface flaws such as
grinding cracks. In Figs. 1–3, the temperature depen-
dence of the bending strength and fatigue strength of
the crack-healed Si3N4 members are shown.

12,16 Mate-
rial A is Si3N4 with SiC 20 vol.%, Y2O3 5 wt.% and
Al2O3 3 wt.%. Material B is also Si3N4 with SiC 20
vol.% and Y2O3 8 wt.%. Material A (in Figs. 1 and
Fig. 2) and material B (in Figs. 1 and 3) were both hot
pressed and not proof-tested and material A in Figs. 1
and 3 are different batches. Then, bending strength at
room temperature of both samples showed a little dif-
ferent value. The crack-healed member of silicon nitride
A showed the almost constant bending strength up to
1000�C. However, above 1000�C, bending strength
decreased with increasing testing temperature. In con-
trast, the crack-healed member of silicon nitride B
showed the almost same bending strength up to 1400�C.

In Fig. 2, the cyclic and static fatigue strength of crack-
healed Si3N4 (A) is shown.

18,22 From this figure, cyclic
and static fatigue limit at Nf=2�10

6 cycles or tf=10
6 s

are given as 600 and 650 MPa, respectively. These
values are just a little lower than the bending strength of
the smooth specimen at room temperature. However,
the crack-healed zone is very weak at 1000�C, 18 and the

Fig. 1. Effect of test temperature on the bending strength of crack-

healed specimen.

Fig. 2. Cyclic and static fatigue strength of crack-healed Si3N4(A)

specimen at 800�C.
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static fatigue limit is only 300 MPa. In Fig. 3, the tem-
perature dependence of cyclic fatigue strength in silicon
nitride B is shown.22 From this figure, it can be seen that
the crack-healed member has same cyclic fatigue limit at
1000 and 1200�C, and the value is almost the same as
the bending strength of the smooth specimen at room
temperature. Moreover, in Fig. 1 (sample A: below
1000�C, sample B: below 1300�C) and in Fig. 2, most
samples fracture outside the crack-healed zone.12,17,18

The healed zone is very narrow. Then if fracture occur-
red outside the crack-healed zone, it can be concluded
that the healed zone has higher strength than the base
material. From the above facts, it can be concluded that
the crack-healed member has the same level strength as
the base material. Then, it can be concluded that crack-
healing is a very useful technique for the structural
integrity of the ceramics member.
The estimated crack-healing reactions of the silicon

nitride A and B are:10,12,14

Si3N4 þ 3O2 ¼ 3SiO2 þ 2N2

SiCþ 2O2 ¼ SiO2 þ CO2

2SiCþY2O3 þ 4O2 ¼ Si2Y2O7 þ 2CO2

Silicon nitride A and B cannot heal a crack in a
nitrogen or argon gas environment or in a vacuum
condition,10,12 however, it can heal a crack in an air
environment. From these facts, most oxygen for healing
reaction is assumed to come from air. It was observed
that fracture initiated from embedded flaws in many
crack-healed samples and, also, many embedded flaws
were observed on the fracture surface.12,14�22 From

these facts, it can be concluded that embedded flaws can
be healed hardly. Consequently, for higher reliability, a
proof test is necessary even for the crack-healed element.

2.2. Temperature dependence of proof stress

In most ceramics, a process zone is developed ahead
of the crack tip, as shown in Fig. 4. In this process zone,
innumerable micro-cracks occur, or the volume increa-
ses as a result of phase transformation induced by
stress.32 Therefore, the stress in the area decreases to the
level of process zone forming stress �0, and ceases to
show the 1/

p
r singularity. The stress distribution in the

process zone is sometimes thought to evolve character-
istics due to work hardening or softening materials
similar to AO or CO, respectively, in Fig. 4.32 This
process zone is quite similar to the yield zone of metals.
This paper assumes for simplicity, however, that the
stress �0 is constant, i.e. BO in Fig. 4.
When the process zone size D is small compared with

both crack length and ligament width, D is expressed by
Eq. (1) using the stress intensity factor K and �0.

D ¼ �=8� ðK=�0Þ
2

ð1Þ

However, when D is relatively large in comparison
with the crack length, D is expressed by Eq. (2) using
the Dugdale33 model.

D ¼ ae sec ��=2�0ð Þ � 1½ � ð2Þ

Assuming that fracture occurs when the process zone
size D reaches a certain limit, the fracture condition can
be expressed asD=DC. This is a process zone size failure
criterion.34�36 Therefore, the relationship between the
fracture stress �C of a cracked sample and the equivalent
crack length ae can be expressed as follows:

34�36

�

8

K1c
�0

� �2
¼ ae sec

��c
2�0

� �
� 1

� �
ð3Þ

Fig. 4. Process zone ahead of crack tip and stress distribution.

Fig. 3. Effect of test temperature on the cyclic fatigue strength of

crack-healed Si3N4(B) specimen at high temperature range.
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where K1C is plane strain fracture toughness,
�C=K1C(�ae)

�1/2 and �0 is the process zone forming
stress and is equal to the fracture stress of the plain
specimen.34�36

The relationship between fracture stress �C and the
equivalent crack length ae is shown in Fig. 5.

34 The
broken line and full lines show the relationship between
�C and ae based on K1C and the process zone size failure
criterion, respectively. The experimental relationship
between �C and ae in the 0.001�0.2 mm range agrees
very well with Eq. (1). It is shown that Eq. (3) based on
the process zone size failure criterion shows good
agreement with experimental data for Si3N4, SiC, Al2O3
and sialon.34�36 Moreover, the effects of notch root
radius on the plane strain fracture toughness K1C(�) of
Si3N4 and Al2O3 were well described using the process
zone size failure criterion, as a function of �0 and
K1C.

34,36 In Fig. 6, a schematic relation between �C and
ae is shown to explain the relationship between proof

stress and maximum residual equivalent crack size. The
dotted line and solid line show the relationship between
�C and ae at room temperature and high temperature,
respectively. If the proof test is made at room tempera-
ture, a maximum residual equivalent crack size ae

R can
be expressed as follows using Eq. (3);

aRe ¼
�

8

KR1c
�R0

� �2
sec

��RP
2�R0

� �
� 1

� ��1

ð4Þ

where, K1C
R , �0

R and �P
R are the plane strain fracture

toughness, the process zone forming stress (fracture
stress of plain specimen) and the proof stress at room
temperature, respectively.
Assuming that embedded flaws cannot be healed even

at high temperature, then the maximum residual
equivalent crack size ae

R is not changed even at high
temperature. The proof stress �P

T at high temperature T
can be expressed as follows based on Eqs. (3) and (4).

�TP ¼
2�T0
�

arccos
KT1c
KR1c

� �2
�R0
�T0

� �2
sec

��RP
2�R0

� 1

� �
þ 1

" #�1
8<
:

9=
;

ð5Þ

where K1C
T , �0

T and �P
T are the plane strain fracture

toughness, the process zone forming stress (fracture
stress of plain specimen) and the proof stress at high
temperature T, respectively. �P

T is to be interpreted as
the calculated minimum fracture stress for the high
temperature service.

3. Materials, specimen and test method

The silicon nitride powder used in this investigation
has the following properties: mean particle size=0.2
mm, the volume ratio of a-Si3N4 is about 95% and the
rest is b-Si3N4. The samples were made with a mixture
of silicon nitride, 5 wt.% Y2O3 and 3 wt.% Al2O3 as an
additive powder. To this mixture, alcohol was added.
Subsequently, methyl cellulose, plasticizers and alcohol
were added to the mixture as binders and solvent,
respectively. The mixture was kneaded after mixing of
the additives. After this process, the mixture was formed
into a rod via an extruder. This is a raw material for a
ceramics coil spring.37 Then, the organic binders were
burnt off. Subsequently, sintering was carried out in
0.93 MPa N2 gas for 4 h at 1850

�C. The sintered rod
was then cut into test pieces measuring � 2.4�40 mm.
To measure K1C, a three-point bend sample 3�4�40
mm were made. The relative density of K1C and the rod
is about 91%. A very sharp V notch was made on the
K1C sample and measured K1C, where the v notch shape
is: depth=2 mm, notch angle =45�, notch root radius
=0.1 mm. A cracked sample is not used because the

Fig. 5. Fracture stress versus equivalent crack length.

Fig. 6. The effect of equivalent crack length on fracture stress at room

temperature and high temperature.
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crack will be healed during heating up. It is shown that
the cracked sample and notched sample showed almost
the same fracture toughness, theoretically and experi-
mentally, if the notch root radius is smaller than 0.2
mm.36a

Usually, a small bending sample is used to measure
strength. The effective volume of such a sample is small.
Then the probability that such a sample contains the
very harmful embedded flaw is very low. However, if the
effective volume of the component is large, even though
the machine component is hot-pressed, the probability
that such a component contains the very harmful
embedded flaw is not low. To simulate this situation,
many flaws were introduced on purpose in the rod and
K1C sample during the sintering process using a binder.
Also, using pressureless sintering in N2 environment,
the disappearance or healing of the flaws during the
sintering process was avoided intentionally. As men-
tioned before, even surface flaws cannot be healed in N2
environment.
As a preliminary study, the best flaw-healing condi-

tion was investigated. It was shown that the best healing
condition for this material in terms of static strength up
to 1200�C is at a temperature of 1200�1300�C with a
healing time of 1 h in air. Some specimens were healed
under these conditions (1200�C) before the proof test.
Fig. 7 shows the surface condition of a sample before
and after healing. There are many pores before healing,
as shown in Fig. 7(a) and (b). These pores are tracks of
burned organic binders. It is the purpose of healing to
heal these pores so as to increase reliability. Fig. 7(c)
shows the surface conditions after healing treatment.
Most pores were healed completely. After healing treat-
ment, X-ray analysis has been made to examine whether
healed materials are crystal or not. It was found that
most healing material was glassy phase.
All proof tests, fracture tests of rod sample and K1C

test were made on a three point loading system. The test
system of the rod sample is shown schematically in
Fig. 8. The cross-head speed in the tests was 0.5 mm/
min. Proof tests were carried out at room temperature
and the proof stress was 598 and 700 MPa.

4. Test result

4.1. Temperature dependence of K1C, fracture strength
s0T and proof stress sPT

The temperature dependence of the plane strain frac-
ture toughness K1C and fracture stress of plain specimen
�0
T of bend specimen are shown in Fig. 9. K1C is about 6
MPa

p
m and is almost independent of temperature

from room temperature to 1300�C. Fracture stress �0
T is

determined as the average fracture stress of 10 crack-
healed specimens which showed the highest fracture

stress within about 40 specimens at each temperature.
The �0

T is almost constant up to 1000�C. However,
above 1100�C, �0

T decreases with increasing test tem-
perature. This decreasing of �0

T at high temperature is

Fig. 7. Surface conditions of specimen after and before crack-healing:

(a) before crack-healing; (b) in detail of (a); (c) after crack-healing.
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caused by the fact that the grain boundary and healing
material are not crystallized.
Temperature dependence of calculated proofed stress

�P
T is shown in Fig.10 as a function of proof test stress at
room temperature �P

R. From Eq. (3), it can be easily
understood that the temperature dependence of �P

T is
affected only by the temperature dependence of both �O

T

and K1C. The characteristic of temperature dependence
of �P

T is divided into two cases, roughly. When �P
R is

relatively large compared to �O
R (�O

R >�P
R>0.7�O

R), tem-
perature dependence of �P

T is mainly dependent on the
temperature dependence of �O

T because a structural
ceramics shows non-linear fracture behaviour as shown
in Fig. 5. In contrast, when �P

R is small compared to �O
R

(�P
R40.5�OR ), the temperature dependence of �P

T is
mainly dependent on the temperature dependence of K1C
because fracture behaviour is controlled by K1C. When
�P
R is 700 or 598 MPa (Fig. 10) the above-mentioned first
characteristic can be observed clearly: namely, �P

T

decreases with increasing temperature similar to �O
R. In

contrast, when �P
R is 417 MPa, �P

T shows just a little

temperature dependence. This behaviour is caused by
the fact that temperature dependence of K1C is slight.

4.2. Comparison between calculated minimum fracture
stress (sPT) and experimental fracture stress

In Fig. 11, comparison between the proof stress (cal-
culated minimum fracture stress: �P

T) and the experi-
mental fracture stress is shown. Fig. 11(a) shows the
case where �P

R is 598 MPa for the rod sample. Symbol
* shows the fracture stress of the as-received rod spe-
cimens, and & shows the fracture stress of the crack-
healed rod specimens. Symbols * and & show the
average value of the fracture stress of the as-received
and crack-healed rod specimens, respectively. The low-
est fracture stress of these specimens is almost the same
value up to 1200�C and shows a little higher value than
that of calculated minimum fracture stress (�P

T) at each
temperature. By contrast, the lowest fracture stress of
these specimens at 1300�C showed a lower value. How-
ever, the lowest fracture stress is 442 MPa and the cal-
culated minimum fracture stress (�P

T) is 439 MPa. The
experimental fracture stress is a little higher than that of
the calculated �P

T.
Fig. 11(b) shows test data on rod specimen where �P

R

is 700 MPa. The symbol & shows the fracture stress of
the crack-healed rod sample. The bend test has been
made on 14 specimens at each temperature. The lowest
fracture stress at 1100�C is 647 MPa and the calculated
�P
T is 654 MPa. The experimental fracture stress of two
specimens is a little lower than the calculated minimum
fracture stress �P

T. At 1200�C, the lowest fracture stress
is 532 MPa and the calculated �P

T is 580 MPa. Two
samples showed a little lower fracture stress than calcu-
lated minimum fracture stress. For the case of high

Fig. 8. Specimen and three-point bend test system.

Fig. 9. The effect of test temperature on fracture stress �0 and plane
strain fracture toughness K1C.

Fig. 10. Temperature dependence of calculated proof stress at high

temperature as a function of proof test stress at room temperature.
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proof stress, experimental minimum fracture stress is a
little lower than the calculated one. This fact was
assumed to occur by the fact that micro-structural flaws
(such as abnormally large grain and weak grain bound-
ary) were not taken into consideration. From the above
two figures, generally speaking it can be concluded that
the calculated minimum fracture stress provides a reli-
able lower limit to the fracture stress of the crack-healed
and proof-tested specimens.

5. Conclusions

A new model and equation are proposed for the tem-
perature-dependence of the proof stress of structural cera-
mics. Silicon nitride rod with many pores was sintered.

This specimen was proof tested at room temperature
and fracture tested at high temperature. A comparison
between calculated minimum fracture stress and the
experimental lowest fracture stress has been made to
show the accuracy of the equation proposed. The main
features of this work are as follows:

1. A new model and equation are proposed to show
the temperature dependence of proof stress (mini-
mum fracture stress), using the process zone size
failure criterion by Ando32,34.

2. The temperature dependence of the minimum frac-
ture stress is calculated as a function of proof test
stress at room temperature and testing temperature,
using temperature dependence of K1C and fracture
stress of plain specimen �0. Measured fracture stres-
ses of proof tested samples are consistently greater
than the calculated minimum fracture stress in the
high temperature range from 1000 to 1300�C.

3. From the abovementioned conclusions and the
fact that crack-healed zone show excellent
mechanical behaviour, it can be concluded that the
technique (crack-healing + proof test) is a useful
one to guarantee a reliability of structural ceramics
components.
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