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Abstract

A SizNy/SiC composite was hot-pressed. Using this material, fatigue tests on crack-healed and proof-tested specimens were
conducted at 1000-1400 °C. A surface elliptical-crack of about 110 um in diameter was introduced on the specimens using a Vickers
hardness indenter. The crack-healing was performed at 1300 °C for 1 h in air, mainly. The fatigue limit of the crack-healed and
proof-tested specimen (C.P specimen) decreased slightly with increasing test temperature. However, the crack-healed specimen is
not sensitive to low-cycle fatigue up to 1400 °C, and the fatigue limit is almost equal to the minimum bending strength at each
temperature. To investigate the reason, the crack-healing behavior under cyclic stress was carried out systematically at 1200 °C in
air. A 110 pm surface crack could be healed perfectly at 1200 °C in air under cyclic stress with a frequency of 0.001-5 Hz. From
this, it can be concluded that [crack-healing + proof test] and crack-healing during service are useful techniques for maintaining

structural integrity of these ceramic components.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Structural ceramics are brittle and sensitive to flaws.
As a result, the structural integrity of a ceramic com-
ponent may be seriously affected. However, some engi-
neering ceramics have the ability to heal a crack.!=20 If
this ability is used on structural components for engi-
neering use, considerable advantages can be anticipated.
To use materials with high crack-healing ability, fol-
lowing items should be studied systematically: (a) a
method to evaluate a crack healing ability of a mate-
rial,> 101116 (b) crack-healing mechanism,”-1%-2223 (¢) effect
of chemical compositions on the crack-healing ability of
ceramics,!"1315 (d) effect of healing condition on the
strength of crack-healed zone,!011:14-16.21.23 (e) maxi-
mum crack size which can be healed completely,!!-!3-2!
(f) high temperature strength of crack-healed mem-
ber,!0-1L13.15.18 (o) cyclic and static fatigue strength of
crack-healed member at high temperature,!'410-19:21.22
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(h) crack-healing behavior under stress and crack-heal-
ing force!®-21:23

SizN,4/SiC!' and mullite/SiC'3 composite ceramics
with high crack-healing ability were developed by the
authors, and systematic studies were made on the crack-
healing behaviors of both ceramics. If crack of these
specimen were healed at the best conditions, the crack-
healed zone has higher bending and fatigue strength
than those of base material up to 1300 and 1200 °C,
respectively.!416:17:19.20 Thys most of these specimens
failed outside the crack-healed zone. However, embed-
ded flaws 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. 13720 These facts suggest the importance of proof
test for higher reliability.>*?> There are many useful
researches on proof test for ceramic components?¢—33
based on linear fracture mechanics, and on probabilistic
fatigue S-N curves that can be guaranteed by proof
test.?3! However, engineering ceramics exhibit non-lin-
ear fracture behavior,’*3 so a new theory related to
proof testing and based on non-linear fracture mechanics
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is required. Moreover, ceramic components are not used
just at the proof-tested temperature, so a theory to
explain the temperature dependence of proof stress
based on non-linear fracture mechanics is also neces-
sary. From the above points of view, a new method of
[crack-healing + proof test]>>—3? was proposed, recently.
And the usefulness of this technology for the bending
strength at elevated temperature was proved using
about 200 samples.?®> Using this technology, reliability
of ceramic components can be well guaranteed before
service. However, if a crack initiated during service,
reliability of ceramic components will decrease con-
siderably depending on the crack size. Therefore, a
material being able to heal a crack during service!%-21-23
with crack-healed zone having enough strength at the
service temperature will be very desirable for structural
integrity as reported by the author!'®2!:22 However,
crack-healing behavior under cyclic stress is not well
understood yet. Thus, the following two objectives were
settled in this paper: (a) Crack-healing behavior under
cyclic stress at 1200 °C, (b) Fatigue strength of crack-
healed and proof-tested sample in temperature ranges
where the material can heal a crack by itself.

2. Experimental procedure
2.1. Material and specimen

The silicon nitride powder used in this investigation
had a mean particle size of 0.2 pm, and a volume ratio
of a-Si3Ny of 95% (the rest is B- Si3Ny). The SiC pow-
der used had a mean particle size of 0.03 um, and the
sample contained 18.5% SiC powder. Y,05 8 wt.% was
added to Si;N,4 powder with SiC powder as a sintering
additive. The powders were then mixed in alcohol for
48h using a nylon ball mill. Subsequently, the mixture
was placed in an evaporator to extract the solvent and
then in a vacuum desiccator to obtain a dry powder
mixture. The mixture was next hot-pressed at 1850 °C
and 35 MPa for 2 h in nitrogen gas.

Fig. 1 shows a scanning electron microscopic (SEM)
photograph of the microstructure of the sintered mate-
rial. The sample was heavily etched by immersing it in
boiling NaOH liquid for about 1 min. The average Siz;Ny
grain size was 0.5 pm, and the mean aspect ratio was
about 4.4. Most SiC grains were located at grain bound-
aries. However, SiC particles were not all distributed uni-
formly, and SiC aggregations could be found, as shown in
Fig. 1. These aggregations acted as flaws and reduced
bending strength. To prove the usefulness of our concept
[crack-healing + proof test], many embedded flaws should
be purposely introduced into a sample. In our previous
study, the SiC powder having mean particle size of 0.27
um'®2° was used. SiC powder of mean particle size 0.27
pm distributed uniformly and did not aggregate. In our
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Fig. 1. Microstructure of Si3N4/SiC composite ceramics.

previous study,?’ an organic binder was used to form
many embedded flaws. This time, however, the very
small SiC particles were used to introduce more realistic
flaws. The sintered plates (90x90x5 mm) were cut into
specimens to the dimensions of 40x4x3 mm, Surfaces
of the test specimens were ground and polished before
testing in accordance with Japanese Industrial Stan-
dards (JIS).3” A pre-crack was made at the center of the
specimen’s tensile surface using a Vickers hardness
indenter. A load of P=19.6 N was used to introduce a
semicircular crack about 110 pm in diameter. A SEM
photograph of the crack profile is shown in Fig. 2.

2.2. Crack-healing process

The following two types crack-healing processes were
used in this study, mainly. (1) Crack-healing process A:
healing temperature of 1300 °C, healing time of 1 h, in
air and under no stress. (2) Crack-healing process B:

Fig. 2. SEM photograph of crack shape.
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healing temperature of 1200 °C, healing time of 70 h, in
air and under stress. The healing process B is divided
into four stress types; Type B-I has constant stress =160
MPa; type B-II has cyclic square wave stress with fre-
quency (/)=0.001 Hz, maximum applied stress
(0max) =160 MPa, stress ratio (R)=0.5; type B-III has
cyclic sine wave stress with f=1 Hz, o, =160 MPa,
R=0.5; and type B-IV has cyclic sine wave stress with
f=5Hz, o,.x=160 MPa, R=0.5. The average fracture
stress of the indented sample was about 240 MPa. The
applied stress of 160 MPa during crack-healing was
about 67% of the fracture stress, so the stress was very
severe. Crack-healing process A was applied to samples
subjected to bending tests and low-cycle fatigue tests at
elevated temperature (1000-1400 °C). Crack-healing
process B was applied to the sample for investigating
the crack-healing behavior under cyclic stress at 1200 °C.
The schematic illustration of this crack-healing process
B is shown in Fig. 3. In this case, firstly stress was applied
to avoid unexpected crack-healing under no stress condi-
tion, subsequently power was supplied to increase the
furnace temperature at a rate of 10 °C/min and hold it for
70 h. After 70 h, power was turned off. After the furnace
was completely cooled down, the stress applied to the
sample was removed.

2.3. Fatigue and bending test

All tests were carried out by a three-point loading
system with 30 mm bending span. Four kinds of tests were
carried out altogether. (a) Bending test on as-received
smooth samples to measure the scatter level of bending
strength and to decide the proof test stress, also on
indented specimens. (b) Bending test at elevated tempera-
ture on crack-healed sample, and on crack-healed samples
that survived the fatigue test. (c) Low-cycle fatigue test
on crack-healed and proof-tested samples at elevated
temperature. (d) Bending test related to crack-healing
behavior under cyclic stress. The bending strength of the
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Fig. 3. Schematic illustration of loading and temperature process for
the crack-healing test under cyclic stress at 1200 °C.

sample was measured at a crosshead speed of 0.5 mm/
min at room or elevated temperatures. When the test
was carried out at elevated temperature, the furnace
temperature was increased to testing temperature at a
rate of 10 °C/min and kept for 20 min before testing.
The proof test was performed by stressing up to 525
MPa at a crosshead speed of 20 mm/min. The loading
pattern of the cyclic fatigue test is illustrated in Fig. 4.
All cyclic fatigue testing were carried out by the follow-
ing conditions; stress ratio (R) of 0.5, stress pattern of
square wave and at temperatures ranging from 1000 to
1400 °C in air, and the loading system was also a three-
point bending system.

3. Test results and discussion

3.1. Bending strength and proof test at room
temperature

The bending strength of as-received smooth speci-
mens at room temperature was plotted in a Weibull
diagram as shown in Fig. 5. The mean bending strength is
608 MPa and scale parameter (o) is 672 MPa. The bend-
ing strength at room temperature exhibited significant
scatter as expected, and its shape parameter (m) is as low
as 3.91. It was assumed that a large SiC agglomeration in
the sample causes the scattering of bending strength (see
Fig. 1). Specimens that showed a low bending strength
failed from a large embedded flaw (SiC agglomeration) as
shown in Fig. 6. Oxygen from air is necessary>® for the
crack-healing process. So the embedded flaws can’t be
healed. And so, proof test to remove defective samples is
necessary for higher structural integrity. A proof stress of
525 MPa is adopted in this study, which is equivalent to
3 1.7% of the failure probability.
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Fig. 4. Schematic illustration of loading pattern for cyclic fatigue test
at elevated temperature.
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Fig. 5. Weibull plot of bending strength of as-received smooth sample.

3.2. Crack healing behavior under cyclic stress

The crack-healing behaviors under cyclic stress were
studied systematically using the crack-healing process B.
Three test specimens were used in each experimental
condition. No specimens fractured during crack-healing
process under stress. Three-point bending test was per-
formed at room temperature on the healed samples. The
test results are shown in Fig. 7. The symbol * shows
crack-healed zone was not fractured as shown in Fig. 8.
The crack-healed zone did not fracture in the ten of twelve
samples indicating crack-healing was complete. All sam-
ples completely recovered bending strength, and their
average bending strength was 836 MPa. The minimum

Fracture initiation

0.5 mm

Fig. 6. SEM photograph of fracture surface on as-received specimen
(fracture initiated from embedded flaw).
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Fig. 7. Bending strength of crack-healed sample under cyclic stress at
1200 °C in air.

bending strength was about 550 MPa and was a little
higher than that of proof stress (525 MPa). The average
bending strength was 24% higher than that of the
proof-tested smooth sample. In many cases, the sample
crack-healed under stress possessed higher strength than
that of the sample healed without stress.?"?> However,
the reason is not yet well understood. In conclusion, the
bending strength of cracked samples recovered com-
pletely during static or cyclic loading at 1200 °C. Of
course, this strength recovery was achieved by self

Vickers indentation

-

Fracture

0.2mm

Fig. 8. SEM photograph of the crack path (fracture initiated from
outside the crack-healed zone).
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crack-healing. The estimated crack-healing reactions of
this sample are following.?%?>

SisN4 +30, = 3Si0, + 2N, ()
SiC + 20, = Si0, 4+ CO,(CO) Q)
2SiC + Y053 + 402 = Y,Si,07,2C0,(CO) &)

The SiO, has two phases: one is a glassy phase and
another is a crystal phase. In reactions (2) and (3), gases
generated during healing are CO, or CO depend on
healing temperature. At 1200-1400 °C. healing reac-
tions (2) and (3) are dominant and both SiO, and
Y,Si,O; show a crystal phase, if enough SiC particles
are added.??25:3 However, at 1000 °C, most SiO, shows
glassy phase, if special healing process is not
applied.?>3¢

This result agrees well with the following four pre-
vious test results concerning ceramics with very high
crack-healing ability. (1) SizN4/SiC composite ceramics
exhibited considerable strength recovery under constant
stress at 1000 °C.1® The healing conditions were: a ratio
of applied constant stress to fracture stress of the
cracked sample of about 80%, temperature of 1000 °C,
and healing time of about 280 h in air environment. (2)
SizNy4/SiC composite ceramics demonstrated complete
strength recovery under cyclic stress at 1000 °C.?2-3¢ The
healing conditions were: a ratio of applied maximum
stress to fracture stress of its cracked sample of about
70% (R=0.2, frequency =1-10 Hz), a temperature of
1000 °C, and a healing time of 20 h in air. (3) Cracked
mullite/SiC showed considerable strength recovery
under very slow strain rate testing at 1200 and 1300 °C.'3
(4) Mullite/SiC showed complete strength recovery
under static fatigue testing at 1000 °C.?> The healing
conditions of the test were: a ratio of applied constant
stress to fracture stress of the cracked sample of about
53%, temperature of 1000 °C, and healing time of 80 h
in air. About 50% samples fractured during static fati-
gue test. However, surviving samples completely recov-
ered bending strength.

From this and above test results (1)—(4), the phenom-
ena occurring during the static or cyclic fatigue test were
assumed to be as follows;'®2!1-22; (i) If the crack growth
rate (Cgr) is larger than the self crack-healing rate
(Scur): a crack will grow during a fatigue test and the
sample will finally fracture, (ii) If Scyr > Cgr: the crack
will be healed and the sample will recover strength, (iii)
If Scur=Cgr: two rates will compete with each other
and the sample’s strength will decrease or increase
slightly. In this experiment, phenomena (ii) is assumed
to have occurred in the sample that recovered bending
strength completely. This fact intensely indicates that
this sample is able to heal a crack during service.

3.3. Fatigue strength of crack-healed and proof-tested
sample at elevated temperature

Samples were cracked, crack-healed by process A and
finally proof-tested. About 74% of the samples survived
this proof test of 525 MPa. These samples were referred
to afterward as C.P samples and were subjected to
bending testing or low-cycle fatigue testing at tempera-
tures ranging from 1000-1400 °C. The test results are
shown in Fig. 9 with respect to the correlation with
maximum applied stress (om.) and time to failure (ty).
In Fig. 9, symbols O, A, [, and < indicate the bend-
ing strength by monotonic loading, and symbols @, A,
B and ¢ indicate the very low-cycle fatigue strength
which is almost equal to static fatigue strength. The
fatigue tests were stopped at #=1x10° s. The samples
that did not, fracture in the test are marked by an arrow
(—). The maximum stress at which a specimen did not
fail up to 7;=1x10% s is defined as the fatigue limit and
is denoted as o;.

From Fig. 9, it can see the following three interesting
characteristics. (1) The minimum bending strength of
crack-healed and proof-tested samples (opcp) decreases
with increasing test temperature, and the minimum
opcp 18 lower than the proof stress of 525 MPa except at
1000 °C. Moreover, all samples tested above 1200 °C
fracture from the crack-healed zone as shown in Fig. 10.
(2) The fatigue limit (o,s) decreases with increasing test
temperature. (3) The fatigue limit is almost equal to the
minimum (ogcp)-

As to the characteristics (1) and (2) above; it has been
shown theoretically and experimentally that the mini-
mum bending strength of sample proof-stressed at room
temperature depends on the test temperature and

1000 — ™ T T T ™ T
. | [ O A< Monotonic test
> @ A B¢ Cyclic fatigue test
S 80010 O® 1000°C
g % A A 1200°C
5 " O I:l: 1300°C
1400°C
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% s «—>
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2 40018 A s
g | =
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£ 200 ]
S || VAs-cracked specimens at R.T. I
* Fracture occurred outside the crack-healed zone
O 1 1 a1 1 P | P | P |
1 102 10% 10°

Time to failure , t; (sec)

Fig. 9. Low-cycle fatigue strength of CP(crack-healing+ proof-test)
specimens at elevated temperature.
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Fig. 10. SEM photograph of the crack path (fracture initiated from
the crack-healed zone). (a) Crack path and indentation. (b) Fracture
surface and indentation.

decreases with increasing test temperature.>> The degree
of decrease was related to the proof stress level at room
temperature and tended to be smaller as the proof stress
level decreased. The results obtained in this study are
similar to our previous studies.?’> Generally, crack-
healed zones in SizN4 with 20% SiC and 8% Y,O;3
samples exhibited higher bending strength than did the
base material, and the fracture initiated from the base
material up to 1300 °C in most samples.!!*16-20 However,
in this test, fractures initiated from the crack-healed
zone in all samples tested from 1200 to 1400 °C. In these
samples, 18.5% SiC particles were added. However,
many SiC aggregations were purposely formed to
introduce embedded flaws. It is thus possible that not
enough SiC particles were supplied for good crack-
healing. If this happened, it can be easily understood
that the bending strength and fatigue limit started to
decrease at 1200 °C.
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Fig. 11. Relationship between minimum bending strength of crack-
healed and proof-tested sample and fatigue limit at elevated temperature.

The bending strength of these samples showed large
scatter as shown in Fig. 5. However, crack-healed zone
generally shows small scatter in bending strength, if
crack was healed for enough time. The reason is that the
effective volume of the healed zone is very small. In fact,
these samples relatively showed small scatter in bending
strength compared to base material at the elevated tem-
perature. The bending strength tested from 1200 to
1400 °C showed lower op than opr. However, this
behavior is very reasonable as mentioned above. Then
minimum fracture stress is well controlled by the [crack-
healing + proof-test] technology.

As to the characteristics (3) above: The crack-healing
ability depends on healing temperature. The healing
ability is  higher in the following order:
1300 1200=1400> 10000 °C.'1:1¢ As shown in Fig. 7,
this sample can heal a crack even under 5 Hz cyclic
stress. Moreover, even at 1000 °C, Si3N4/SiC composite
ceramics can heal a crack of 2C=100 pm even under 5
Hz cyclic stress.?>3% Assuming that very small fatigue
crack initiated during fatigue testing, the crack will be
healed during fatigue testing. Because, crack growth
rate (Cgr) is very small, and crack-healing rate (Scyr)
is quite large at 1000-1400 °C as mentioned above, then
Scur > Cgr realized easily. It can be conclude that a
small crack initiated during fatigue test can easily be
healed during fatigue testing, and the fatigue strength
becomes almost equal to the minimum bending strength
at each temperature. To investigate the above con-
sideration in more detail, the relationship between opcp
and o, was shown in Fig. 11. The ratio (minimum
opcp)/o.s 18 105 to 124%. This test result supports that
above consideration is reasonable.
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Fig. 12. Bending strength of unfailed samples fatigue-tested at tem-
peratures ranging from 1000 to 1400 °C in air.

3.4. Bending strength of low cycle fatigue-tested samples

Fig. 12 shows the bending strength at room tempera-
ture. Symbols O and Y show the bending strength of
proof tested smooth sample and cracked sample,
respectively. Average bending strengths of the samples
are 676 MPa (smooth) and 240 MPa (cracked). Symbol
@ indicates the bending strength of the C.P samples
that survived fatigue testing of up to 1x10° see at tem-
peratures ranging from 1000 to 1400 °C. Symbol *
means crack initiated outside the crack-healed zone.
Five of the seven samples failed from the crack-healed
zone. Bending strengths of all fatigue-tested samples
exceeded 600 MPa and the average bending strength
was 786 MPa. The average value is 16% higher than
that of the proof-tested smooth sample. The crack-
healed samples had Vickers indentations that acted as
stress concentrators. This means that the samples were not
damaged during the fatigue testing at elevated tempera-
ture, and the crack-healed zone had sufficient strength in
comparison with the base material at room temperature.

4. Conclusions

Si3Ny/SiC composite ceramics with large crack-heal-
ing ability were sintered. Many flaws were introduced
into the sample on purpose. The flaws were formed by
SiC aggregations. A surface elliptical-crack of 110 pm in
diameter was also introduced in the sample. A crack-
healing behavior under static and cyclic stress at 1200 °C
was studied, systematically. A low-cycle fatigue testing
on crack-healed and proof-tested sample was conducted
at 1000-1400 °C. The main results are as follows.

1. This SisN4/SiC material was able to heal a sur-
face elliptical-crack of 110 pm in diameter com-
pletely by a standard healing process (1300 °C, 1 h,
in air).

2. This Si;N4/SiC material was able to heal a sur-
face elliptical-crack of 110 um in diameter per-
fectly under both static and cyclic stress at
1200 °C in air. More than 80% of samples frac-
tured outside the crack-healed zone indicating
crack-healing was complete. This test result
intensely indicates that this material can heal a
crack during service.

3. The fatigue limit (o) of crack-healed and proof-
tested samples is almost equal to the minimum
bending strength of the sample at each tempera-
ture. This fact intensely suggests that fatigue
cracks initiated during fatigue testing were
healed completely during fatigue testing.

4. Before service, [Crack-healing+ proof test] is a
useful technology to guarantee the reliability of
ceramic components in the previous study.?
However, after service, crack-healing ability
under static and cyclic stress is a useful technol-
ogy to guarantee the reliability of ceramic com-
ponents, if a ceramics member has a excellent
crack-healing ability.
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