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Abstract

Recently, the authors develope@$j, Al,Oz; and mullite ceramics with good self-crack-healing abilities. It was shown that the optimized
crack-healing condition to get high temperature strength was: 1573 K, 1h, in air, and the healed zone exhibited the same strength as the base
material up to about 1573 K (N, and ALO3) and 1473 K (mullite), respectively. Using this good crack-healing ability, a new methodology

to guarantee the reliability of ceramic components [crack-healipgoof test] was proposed. It was shown that reliability could be guaranteed
before service by this technique, using about 200 samples. However, if a crack initiated during service, reliability would be severely impaired.
Therefore, if a material can heal a crack during service, and if the healed zone has enough strength at the temperature of healing, it would
be very desirable for structural integrity. From the above points of view, a new methodology to guarantee the structural integrity of ceramic
components using in situ crack-healing ability was proposed and the usefulness is discussed using the test results in terms of crack-healing
behavior and proof test theory by the authors.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction member-11714 (d) the cyclic and static fatigue strength of
the crack-healed member at elevated temperafuré, (e)

Structural ceramic§ are prittle and sen;itive to flaws. As a 5 new methodology to guarantee structural integrity of the
result, the structural integrity of a ceramic component may -aramic component using the crack-healing abRity.

be seriously affected. The followings can be the excellent Systematic studies were made on the above subjects
methodology to overcome these problenéa) toughen  py the authors. As a result, in the case of most ceramics
the ceramic by fiber reinforcement, etc., (b) activate the gpqye, the crack-healed zones exhibited excellent mechan-
crack—heahng ab|I|ty. and heal a crack after machining. If ical properties almost up to the heat-proof temperature
a crack-healing at?"'&_G was used on structural cOompo- ¢4 the strength of the base material, if the ceramics were
nents for engineering use, considerable advantages can bRegjed at the optimized conditions. The temperature where
ar_1t|C|p7ated._WE|;t2 this _mo(;“l’f‘t'on' t_hez authors developed penging strength starts to decrease rapidly with increasing
SigNa,” muliite,>® alumina®!t and SiC? with very strong  testing temperature is defined as heat-proof temperature.
crack-healing abilities. To use these materials with a high these test results suggest that the crack-healing ability can
degree of efficiency, the following topics should be stud- o sed as a method to guarantee the structural integrity
ied systematically: (a) the effect of the healing condition ¢ 5 ceramic component. However, oxygen is necessary
on the strength of the crack-healed zdr&.>121 (b) the 5 e crack-healing proce$s® Thus, embedded flaws
maximum crack size which can be healed completély, ang micro-structural flaws such as abnormally large grains
(c) the high temperature strength of the crack-healed capnot be healed. This fact was confirmed many times by
examining the crack initiation sites using SEM2 These
* Corresponding author. Fax:81-45-339-4024. facts suggest the importance of a proof test to ensure higher
E-mail address: andokoto@ynu.ac.jp (K. Ando). reliability.2127
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There is much useful research on proof tests for ceramic
component& 26 based on linear fracture mechanics, and
on probabilistic fatigues-N curves that can be guaranteed
by Fhe pro_of test> 27 However, .engineering ceramics ex- Crack healing Many surface
hibit non-linear fracture behaviéf=° so a new theory under the induced
related to proof testing and based on non-linear fracture optimized —
mechanics is required. Moreover, ceramic components are condition were healed
not used just at the proof-tested temperature, so a theory to completely
explain the temperature dependence of proof stress based on
non-linear fracture mechanics is also neces$#y.From
the above points of view, a hew method of [crack-healing
+ proof testf! was proposed, recently. And the usefulness
of this technology for the bending strength at elevated tem-
perature was proved using about 200 samples (if one counts (c) erack mitiaton
the total samples that were fractured by the proof test and In-situ
used to evaluate fracture strength of the smooth sample crack-healing
and K¢, a total of 350 samples was uséd)Using this
technology, the reliability of ceramic components can be
well guaranteed before service. However, if a crack initiates 719 1. Flow chart of a new methodology to guarantee the structural
during service, the reliability of ceramic components will integrity qf ceramic components using in situ crack-healing ability and

. . . proof-testing.
decrease considerably depending on the crack size. There
are two ways of overcoming this problefh(a) a periodic
proof test to remove the components with non-acceptable However, for the crack-healing of the above ceramics,
flaws; (b) activating the in situ crack-healing ability and 0Xygen is necessary. Consequently an embedded crack can-
heal the crack which initiated during service. Recently, the not be healed at all. This fact means that structural integrity
following interesting test results were obtained by the au- before service cannot be guaranteed only by crack-healing
thors: (1) SiN4 and mullite showed excellent crack-healing technology. Thus a proof test is necessary. Recently, a new
ability even under constant and cyclic stress at temperaturegheory to explain the temperature dependence of proof stress
from 800 to 1200C1%20 gnd from 1000C to 1200°C,14 based on non-linear fracture mechanics was propdséte
respectively; (2) the healed sample exhibited almost the outline of this theory is explained @ection 5 Thus, before
same mechanical properties as the base material at theservice, the structural integrity of ceramic components can
temperature of healint:141° Namely, it can be said that be confidently guaranteed using the concept; crack-healing
both ceramics have excellent in situ crack-healing ability. + proof test. After service, if a crack initiated, structural in-
However, the systematic study has not been made on in situtegrity will decrease considerably depending on the crack
crack-healing behavior. In this paper, in situ crack-healing Size. However, if a material can heal a crack in service (that
behavior of mullite/SiC composite has been made systemat-is to say, if a material has an in situ crack-healing abil-
ically, and a new concept; [crack-healirgproof test+ in ity), it would be very desirable for structural integrity. Thus,
situ crack-healing] is proposed. The usefulness of the newfor the whole lifetime, a new concept which may be called
concept is discussed using these and previous test results ificrack-healing+ proof test+ in situ crack-healing] will be

terms of Crack-hea"ng and proof test theory by the authors. very desirable. In situ crack-healing ability of the structural
ceramics is explained iSection 4

Before service

Embedded
cracks, pores,
impurities can not
be healed

After
service

2. A new concept of [crack-healing + proof test + in
situ crack-healing] 3. Basic crack-healing behavior of structural ceramics

Flow chart of a new methodology to guarantee the struc- 3.1. Effect of environment on the crack-healing behavior
tural integrity of a ceramic component is shownHiy. L
This new concept consisted of the following three stages; (a) Fig. 2 shows the standard surface crack used for evalu-
crack-healing under optimized conditions, (b) proof testing, ating the basic crack-healing behavior. The specimens used
and (c) in situ (in-service) crack-healing. in this paper were made according to JIS standrthe

By machining, many surface cracks will be induced summary of chemical compositions, sintering conditions and
and reliability will decrease considerably. However, by optimized crack-healing conditions of the materials used is
crack-healing under optimized conditions, surface cracks listed in Table 1 The details of the above information of
can be healed completely and reliability will be increased. mullite/SiC**36 used mainly in this paper were as follows:
The basic crack-healing behavior of the structural ceramics The mullite powder used has a mean particle size ofitn2
at optimized temperature is discussed in detaéction 3 and an alumina content of 71.8%. The SiC powder has a
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Vickers
Indentation

Vickers
(b) Indentation

Fig. 2. (a) Pre-crack and indentation, and (b) standard crack shape.

mean particle size of 0.2¢m. The quantity of SiC powder
added is 15 mass%, in contrast to mullite powder. The mix-
ture is hot-pressed at 923 K, 4 h and 35 MPa in nitrogen. The
sintered material has an average grain size of @mpand
SiC particles are located in grain boundary and distributed
uniformly.

The semi-elliptical surface crack was induced by an in-
dentation technique using a Vickers indenkeg. 2(a)shows
cracks and indentation, aifily. 2(b)shows the surface crack
shape obtained for mullite/SiC. A surface crack lengih=2
100pm was induced by controlling the Vickers indentation
load, and the crack depth was aboutb. This crack was
defined as the standard craékg. 3 shows the effect of en-
vironment on the crack-healing behavior of mullite/3iC
and AbOs/SiC1° The contrast between bending strength
(o) of smooth and cracked samples was shown by the
left-most column ofFig. 3. The sintering process and the ba-
sic properties of these samples were described in detail in the
Table 1 In these tests, the following three types of fracture
were observed:(1) crack initiation from a pre-crack as shown
in Fig. 4(a) This type of fracture usually occurred when
crack-healing was incomplete. (2) Crack initiation from the
base material, and the crack-healed zone did not fracture, as

Table 1

Chemical composition of ceramics, sintering condition, maximum crack size that can be healed completely, reduction ratio of bending strengalibyuthecrack and optimized crack-healing conditio

Reduction ratio of bending Optimized crack-healing conditions
strength by the crack with

2Cmax (%)

CrRax

(rm)y?

Sintering conditions

Composition

Sample

for 2C = 100p.m surface crack

Environment

Temperature Time

(K)

Hot-pressing

(MPa)

Environment

Temperature Time

(h)

(h)

K)

Air, N Ar, vacuum

Air
Air

1
1

1773
1773
1573
1573
1573

84
70

50
83

200
450
200
200
200

Al»,0O3
SiC

35

1923
1873
2123

Mullite 4+ 15vol.% SiC(p)
Al,0O3 + 15vol.% SiC(p)

Mullite/SiC
Al,O3/SiC
SNC-Y8

Air

35

Air

60

35

(SEN4 + 20wt.% SiC)+
5wt.% Y03 + 3wt.% Al,O3

Air

1573

60

200

35

2123

(SkN4 + 20Wt.% SiC)+

8wt.% Y203
8 2Cmax. maximum crack size that can be healed completely.

SNC-Y5A3

551



552 K. Ando et al. / Journal of the European Ceramic Society 25 (2005) 549-558

Mullite/SIC: C®AA (Batc;'n:E), Alzosiéic: moo.
T 0 ¢:Smooth specimen. Vickers
1 @ :Healed smooth specimen. Indentation
(Healing condition: 1573K x1h)
T An:As-cracked specimen. (2C=100um)
| am:Crack-healed specimen.
© (Healing condition: 1573K x1h, 2C=100um)
o
> 1100 + | T T T
- 1 P * * ! Fracture initiated outside
= 1000 (FARa * i the crack-healed zone.
T 900 | (660MPa [ ]
©
%, 800 + LY "
[=
§ 700 + ° .
k7 Q| A
> 600 T @y & A N (847MPa) (378MPa)
= <&
B 5004 CR (686MPa) | (aaqypg) | 1OMPE) £
2 (562MPa) \‘
400 + " r
g wF
WL+ A‘ ’ %
200 + x
wA P # ,MP (276MPa)| (299MPa)
4 200
100 (149MPa) ¢ 2
0 — -
in Air  inVacuum in N, in Ar

Crack-Healing environment

Fig. 3. Effect of environment on the crack-healing behavior of mullite/SiC
and alumina/SiC.

Vickers
Indentation

shown inFig. 4(b) Fig. 4(c)shows the crack initiation site

of Fig. 4(b)and no special flaw can be seen on the site. (3)
The sample fractured into many pieces and the crack initi-
ation site could not be found. In the case of high bending
strength ¢g), most samples showed this type of fracture.
The symbol (*) indicates that samples fractured outside the
crack-healed zone as showrFig. 4(b) All samples of both
ceramics healed in air recovereg completely, and showed
that the cracks were healed completely. Especially, healed
smooth specimen and crack-healed sample exhibited higher
bending strength than that of smooth sample, because either
small cracks on smooth sample and standard cra€k=£2
100pm) were healed completely. Samples of both ceram-
ics healed in vacuum, Ar gas angd igas indicated that the
strength recovery was insufficient, and all samples fractured
from the crack-healed zone a; ShOW!1FIg. 4(a) These t.eSt Fig. 4. SEM images of the crack path of mullite/SiC. (a) Crack initi-
results showed that a crack in mullite/SiC anc:@4/SiC ation from the crack-healed zone. (b) Crack initiation from outside the
can be healed completely only in an air environment similar crack-healed zone. (c) Crack initiation site with no flaw.

to experience with silicon nitridé.This test result clearly
shows that crack-healing needs oxygen in the air, thus an
embedded crack cannot be healed.

left-most column. The symbol (*) indicates that fracture oc-
curred from outside the crack-healed zone, as mentioned be-
3.2. Effect of temperature and time on the crack-healing fore in Fig. 4(b) The symbol @) indicates therg obtained
behavior by healing timey = 1 h at each healing temperatures. Note
thatog does not recover belo@y = 1223 K, but it recov-
Crack-healing behavior depends on both healing temper-ers considerably &y = 1373 and 1473 K. However, when
ature {Ty) and time ). To find this relationship, 14 kinds  considering that many fractures occurred from a pre-crack,
of healing conditions were tested, using mullite/$fCThe as shown irFig. 4(a) the strength recovery is not sufficient.
test results are shown Fig. 5. The bending strengttig of On the other hand, & = 1573 K, the averageg of the
smooth () and cracked4) specimens are compared in the healed specimen is higher than that of the smooth specimen.
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900 +

Mullite/SiC, Batch: E.
o

[ ]
EW < : Crack-healed specimen. (2C=100um), * : Fracture initiated outside the crack-healed zone.

: Smooth specimen. A : As-cracked specimen. (2C=100um)
: Healed smooth specimen. (Healing condition: 1573Kx1h)
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Crack-healing temperature (K)

Fig. 5. Effect of temperature and time on the crack-healing behavior of mullite/SiC.

In conclusion, the lowest crack-healable temperature for 1h, Ty = 1473K is fortym = 10h, and7y = 1373K
thim = 1his Ty, = 1573 K. In the same way, the lowest is for ryy = 100 h. Where, the minimum healing time for
crack-healable temperature conditions fgiyn = 10h @) complete strength recovery is denoted by, since this
andiym = 100h ©) areTy. = 1473 K andly. = 1373K, expression is convenient for the Arrhenius graph. The Ar-

respectively.
From theop versus healing temperature curveHigy. 5, Fig. 6. Symbol (0) indicates the result on mullite/Si€used

rhenius plots of four kinds of ceramics are also shown in

the lowest temperature3}{ ) were selected, where the av- mainly for this study, symbolsY), (®) and @) show the re-
erageop of the crack-healed sample exceeded the averagesults for monolithic alumina, AlOs/SiC?? and SNC-Y&%°

og of smooth specimens, for each healing timgy( = 1, respectively. The crack sizes of these three specimens are
10, 100 h), and th&y_ were plotted in the Arrhenius graph  2C = 100p.m, and they are healed in an air environment.
as shown irFig. 6.1033 |n short, 7. = 1573 K is fortyw = Symbol () shows that the crack can be healed within this

(1/h)

10

0.1

0.01

0.001
5

time period. With respect to these four kinds of ceramics,
both (ThL~1) and (1tyw) are in closely proportional rela-

0: Al,O. @ ALOy/SIC. ] tion. Therefore, the crack-healing behavior of these ceram-

O: Mullte/SiC, Batch:E . ] ics follows theEq. (1)10,33
W Si NJSICY,0,. !

| 1 _ QaH
<m> = Ay X exp(——R » THL> (1)

whereAy is a proportionality constant (1), QaH is the ac-
tivation energy of crack-healing (kJ/moR,is the gas con-
stant (kJ/mol K) andy, is the lowest absolute temperature
of the healing (K). TheQay and Ay of each of the ceram-

ics are shown iMable 2 A crack-healable condition of the

1 standard crack can be evaluated easily as a function of tem-
] perature and time, usingg. (1)andTable 2

3.3. Effect of pre-crack size on the crack-healing

7 & o 10 11  benavior

x10000/ %y (VK) A surface crack (2 = 100-250um, aspect ratie= 0.9)

Fig. 6. Arrhenius diagram and activation energy of crack-healing behavior. was introduced on the mullite/SiC samﬁf‘eand healed
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Table 2
Activation energy Qan) and proportionality constanf(;) of crack-healing
behavior

Sample name Qan (kJ/mol) Ay (7Y
1 SNC-Y5A3 150 5.3x 10
2 SNC-Y8 277 2.7x 10°
3 Al,03/SiC 334 7.3x 1010
4 Mullite/SiC 413 4.7x 1013

under the standard condition of mullite/SiG4(= 1573 K,

tH 1h, air environment). Subsequently the bending
test was carried out at room temperature. The relation-
ship between the crack length@pand bending strength
(o) is shown inFig. 7. The symbols @) and (A) shows
the og of the heat-treated smooth and crack-healed sam-
ple, respectively. Therg of crack-healed sample regains
the same levebg as the heat-treated smooth specimens,
when Z is smaller than 20Q.m. But theop decreases
suddenly, when @ is over 20Qum. Therefore, the maxi-
mum crack size to be healed completely & 2 200um.

The critical parameter for the complete crack-healing
is not crack-length but crack-depth. If a crack is deep

K. Ando et al. / Journal of the European Ceramic Society 25 (2005) 549-558
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Fig. 8. Effect of testing temperature on the bending strength of
crack-healed sample.

3.4. Bending strength of the crack-healed sample at

enough, oxygen cannot supplied well, thus the crack cannotelevated temperature

be healed completely. SNC-Y8, SNC-Y5A3, 58)3/SiC
and SiC were also tested in the same wagble 1lists
the maximum crack size to be healed completely for
six kinds of structural ceramid$:343> Only SiC could
heal a large crack of @ = 450um by itself3 The
other materials can heal a crack up t@ 2= 200um,
completely.

Mullite/SiC, Batch:E
O: Smooth specimen. A: As-cracked specimen.
@ : Crack-healed smooth specimen. 4
A : Crack-healed specimen.
(Healing condition: 1573Kx1h, in Air)
700 ‘ # . Crack-healed zone was not fractured, ‘
Dﬂz . #* % #
2 600 A A _
S » X
o o A
A
% 500 I
- *
2 o)
@ 400 4
» ON
o
£
T 300
@
m
200 | .
AN A
.
A A
100
(Tested at 3PB)
0 1 1 1 1 1 1
0 50 100 150 200 250

Surface crack length, 2C (um)

Fig. 7. Effect of crack size on the crack-healing behavior of mullite/SiC.

For the practical use of the crack-healing technology,
the bending strengthog) of the crack-healed sample at
elevated temperature is very important. The temperature
dependence of theg in six crack-healed ceramics is shown
in Fig. 8 Monolithic Al,O3 was healed at 1723K, 1h in
air. For this case, crack-healing is a re-sintering mechanism,
and the heated sample showed the same valuegoés
that of the base material up to 1573 K and numerous sam-
ples fracture outside the crack-healed zéhMullite/SiC36
and ALO3/SiC0 were healed at 1573K, after 1h in air.
Crack-healed mullite/SiC and #03/SiC showed high
heat resistance up to 1473 and 1573K, respectively and
most samples fractured outside the crack-healed zone up
to 1573 K. The SiC was healed at 1773 K, after 1 h in air.
The base material showed a higl up to 1673 K, how-
ever, the heat-proof temperature of the crack-healed sample
was about 873K and considerably lower than that of base
material®* Recently, SiC having a heat-proof temperature
of 1473K of the crack-healed zone has been develdped.
The crack-healed zone of SNC-Y5A3 is a glassy phase,
so its heat-proof temperature is moderate, being about
1273 K, however, the crack-healed zone of SNC-Y8 healed
at 1573 K, after 1 hin air is crystalline Sj0Othus the healed
zone showed a higher heat-proof temperature of 16¥3K.

3.5. Crack-healing behavior under constant and cyclic
stress

The crack-healing behavior under constant or cyclic stress
was investigated systematically. First stress was applied to
the sample to prevent unexpected crack-healing under no
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T Mullite/Sic, Batch: D.
QO : Smooth specimen.
-+ A:As-cracked specimen (2C=100um). g
A Crack-healed specimen (2C=100um).

(Healing condition: 1573Kx1h)
T W Crack-healed specimen under no-stress (2C=100um).
[J: Crack-healed specimen under constant stress.
il iy (2C 100um, Pre stress : 88MPa)
4 :Crack-healed specimen under cyclic stress.

(2C =75um, Pre stress :6,,, =88MPa, R=0.2, {=0.5H;)
800 Fracture initiated outside il

the crack-healed zone. *

700 + Static tested at R.T m] ]

Bending strength at R.T, oz (MPa)

Crack length under stress

A * slress. ®
# u}
500 + A & “___‘“:7 -
o E/’/-% L Vickers
00T o g i Indentation
Under no-bending
=61 O i Fig. 10. Fracture surface of crack-healed mullite/SiC under constant stress.
100 + e Fractured: i Batch: D. Applied constant stress: 88 MPa. Healing condition: 1233 K
Rising temperature. 10 h O'B: 326 MPa
0 L |‘\|H|I 1 L1 il 1 L1l 1 L1 11l
10° 10’ 10° 10°
Healing time at 1273K, t (h) The crack size was@ ~ 250um, thus the pre-crack en-

Fio. 9. Effect of anplied st (constant and cyelic) and c-heal larged considerably during heating up and the enlarged crack
1g. 9. ecCt or appliea stress (constant ana cyclic) and crack-nealing
was healed at 1273 K for 10 h.

time on the bending strength of mullite/SiC at room temperature.

Fig. 11 shows the effect of frequency of applied stress

on the crack-healing behavior of the mullite/Si€For this
stress condition. Subsequently power was supplied to in-tests, a smaller crack 2= 75pm) than standard crack
crease the furnace temperature at a rate of 10 K/min and holdwas used, so as to avoid the unexpected fracture during
it for an arbitrary time. After the time, power was turned crack-healing as mentioned above. The crack was healed at
off. After the furnace had completely cooled, the stress ap- 1273 K for 80 h in air. Therg of crack-healed sample under
plied to the sample was removed, and bending strength wasstress (88 MPa) showed considerably large scatter. However,

measured at room temperature.

Fig. 9 shows the crack-healing behavior of mullite/SiC
at 1273K as a function of healing tin¥€.The symbol ()
shows therg of cracked sample. The symbd@) shows the
og of crack-healed sample under no stress condition. The
op increased with increasing healing time and above 80 h
the og was saturated to about 450 MPa. The symia) (

shows therg of crack healed samples under constant stress 3 444 |

of 88 MPa. For this case, about 50% of the samples fractured 2
during heating up, because applied stress was so high com
pared with bending strength of the cracked sample.dge

of the surviving samples increased with increasing healing
time and reached about 600 MPa at 80 h healing time. This
op is a little higher value than that of samples healed under
no stress condition. However, the reason was not well un-
derstood yet. The symbo#) shows therg of crack-healed
sample under cyclic stress. For this case, the pre-crack size g
was reduced to 7am, thus no sample fractured during heal-

ing and exhibited a high levelg (=600 MPa) at 80 h heal-

ing time. These test results show that mullite/SiC is able to
heal a crack even under stress at 1273 K.

Fig. 10shows the fracture surface of the sample that was
healed at 1273 K for 10 h and fractured at room temperature.
The bending strength of the sample was 326 MPa and frac-
tured from the crack-healed zone. The dark arekiof 10

nding strength at R.T, og

shows the cracked zone that was healed slightly after 10 h.Fig.

O: Smooth specimen
+ A: Crack-healed specimen under no stress. e
(2C=100um,Healing condition : 1573Kx1h, in Air )
4 <:As cracked specimen (2C=75um, Tested at R.T . 4
& : Crack-healed specimen under cyclic stress.

4 (Pre stress: 6,,,x =88MPa R=0.2 (2C =75 um) 4

(Healing condition : 1273Kx80h, in Air )

#: Fracture initiatled outside the crack-healed zone.

900 + - * i

*
800 + .

* *

700 + A *
600 T A * * * -

Aca 8 .
500 + A (735MPa) * ]
400 + Cg (678MPa) (698MPa) .

(615MPa)
300 + b
200 + &® r; .
100 + St?tic testled atR.T .
0 1 | 11 \ 11l 1 1 | 1 1 I T 1
0 0.1 1 10

Frequency,f (Hz)

11. Effect of frequency on the crack-healing behavior of mullite/SiC.
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the minimumog was about 400 MPa and thg was almost Mulito/SiC. Batch: D.
equal to thesg of a smooth sample. Moreover, the average Tested at 3PB, R=0.2, f=5Hz

_ . _ (Crack-healed specimen (2C=100um))
op Of a crack-healed sample under stress was almost inde B 1673K healed specimen.

pendent of the stress frequendy, @nd the value was con- fa 1 (Healing condition: 1573Kx1 ) ]
siderably larger than that of a crack-healed sample under no ng 0: 1273K healed specimen.
stress condition. This fact showed that this mullite/SIiC can 5 700 4 —eing condiion: 12781340) 1
heal a crack completely even under cyclic stress of §Hz. 3 - * sCrack-healed zone was not fractured.
. . . = 500 T mye .
4. In situ crack-healing behavior and resultant strength o I
at the temperature of healing ® 400 +" O %
B
4.1. In situ crack-healing behavior of mullite/SC E 300 T 1
3
Fig. 12shows therg of crack-healed sample at the tem- = 2007 \ |
perature of healing® This behavior was defined as in situ 100 L [StaticaPB tests | ]
crack-healing behavior. The symbal) shows therg of the
sample crack-healed under the optimized conditions (1573 K 0 ot s i s
for 1h in air). The symbolsi) and (1) show theog of in 10° 10" 10° 10° 10° 10° 10° 107
situ crack-healed samples under no-stress and cyclic stress Number of cycles to failure, Ny

condition, respectively. For example, the crack was healed Fig. 13. Effect of crack-healing temperature on the fatigue strength of
at 1273 K and thesg was also measured at 1273 K. When mullite/Sic.
looking first, all samples show almost the saaie except
a single sample that fractured from the base material and is
shown by the symbol&*). This test results show that the
mullite/SiC developed by the authors exhibits excellent in
situ crack-healing ability?

Fig. 13shows the cyclic fatigue strength of mullite/SiC at ) ) ) ]
1273K32 The symbols M) and (1) indicate that the stan- 42 N Situ crack-healing behavior of S3Na/SC
dard cracks of mullite/SiC were healed at 1573 K, 1h, and ) ) )
1273K, 340 h, respectively. For this test, Batch D was used, F19- 14 shows the cyclic fatigue strength at 1273 and

and the samples showed a little lower strength. Both samplest473 K of sample, that were crack-healed under the cyclic
stress at 1273 and 1473K, respectiv®lyThe crack

healed under the very severe condition (5Hz cyclic stress

showed the same fatigue limit (400 MPa). From this test re-
sults, it can be concluded that the mullite/SiC exhibits ex-
cellent in situ crack-healing ability even for fatigue strength.

Muliesc sach e of 210 MPa). The stress 210 MPa is the fatigue limit of
+ O:if_”;;g;(;ges?;";;en_ ik . this sample with 2 = 100um surface crack at room
| A:Crack-‘heaied ggecimsn. 1 temperaturé.6 At 1273 K, the 15 h'healed Samp|e eXhib'
S e e ited a rather low fatigue limit of 550 MPa, however, the
. c‘,‘liEﬁi:ié?i;iﬁl“:ﬂii?;";Z?fﬁ.‘,‘i’s_ ' 50 h-healed sample exhibited the very high fatigue limit of
+ (Healed at test temperature, . 650 MPa. At both temperatures, samples crack-healed un-
TP i i o der cyclic stress exhibited a high fatigue limit of 650 MPa.
s * Fracture inifated outside the crack-healed zone. Thus, it can be concluded that thisSi; developed by the
o S0T B 1 authors also exhibits excellent in situ crack-healing ability
g’ 700 + : even under cyclic stress. Finally, froRigs. 13 and 14the
2,600 1 C;‘ 8, | f_oIIovx_/ing two.conclusio.ns can be dray\(n; (a) these mul-
5 e " E‘D a . f & Ilte/Sl_C and $3N4 matfa'rlals have an ability to heal a crac!< .
@ 500 ¢ 2 Lo, |R 5| o ] even in service conditions, and (b) these samples exhibit
400 + i . o 1 excellent fatigue strength at the temperature of healing.
300 + " J
20T 1 5. Proof test theory and temperature dependence of
100 1 4 1 minimum fracture stress
RT " | 1273 ‘K | 1373 IK ]1473 IK
’ Test temperature, (K) As mentioned before, oxygen is necessary for the

Fig. 12. In situ crack-healing behavior of mullite/SiC at 1273, 1373 and crack-heallng, thus emb?ddEd (_;raCk cannot be h_ealed-
1473K. Consequently, proof test is very important for the higher
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reliability. This proof test should be done before service as WhererC, géi’ and 05 areKic, the fracture stress of the

shown inFig. 1 _ _ _ N _ smooth sample and the proof test stress at room temperature,
Unexpectedly, engineering ceramics exhibit non-linear respectively. Thus, the minimum guaranteed fracture stress

fracture behaviof?>° so a new theory related to proof (5T ) at temperaturd was given by the following Eq. (3}

2 2 -1
207 KT of o R
ol ="Carccos| { [ =€) (2] [sec—=£ —-1)+1 (3)
mf b4 Kfc ag 205

testing and based on non-linear fracture mechanics wasyhere K{c and Ug are K¢ and the fracture stress of the
proposed:’ Moreover, ceramic components are not used smooth sample at the temperatuf®, fespectively. The va-

just at the temperature proof-tested, so a theory to ex-|idity of this equation was proved using about 200 samples.
plain the temperature dependence of proof stress based on

non-linear fracture mechanics was also propddedhe
theory gives the retained maximum effective crack si2e
as inEq. (2) if proof test was made at room temperattte.

7 (KR 2 ok -
ak = 3 (a_lclfc> {sec(ﬁ) - 1} )

6. Conclusion

A new methodology to guarantee the structural integrity
of ceramic components which may be called “[crack-healing
+ proof test+ in situ crack-healing]” was proposed and
the flow chart was shown. During machining, many sur-
face cracks may be induced in ceramic components. By
the crack-healing under the optimized condition, the sur-

1200 L face cracks can be healed completely and strength recov-

& i[Cyclicfatiguetestcondition: R=0.2, £=5 Hz} ered completely. However, oxygen is necessary for the
=S 1000 o* | A crack-healing, thus embedded cracks cannot be healed at
= - i*‘A ] all. Proof test is very useful to reject the member that
E 800 a ! ‘ - has unacceptable flaws. Thus, the structural integrity of
= LA M ] a ceramics component before service can be guaranteed
2 600 A At - by [crack-healing+ proof test]. However, if a crack ini-
s rieg tiates during service, the reliability of the component will
E 400 Tested at 1273K i decrease considerably depending on the crack size. If the
E Crack-healing conditions matgrlals used hfave_ excellent cra_ck-heg!mg aplllty during
§ 200 - A :1273K, 5D, inair i service (namely; in situ crack-healing ability), this problem
A P 02,15 11 will be overcome easily. Then a new concept [crack-healing
ol v + proof test+ in situ crack-healing] is a very useful tech-
Morotonic 107 10 10° lf:li";gﬁgl‘; nology to guarantee the structural integrity of a ceramic
@) Number of cycles to failure, N; component over all its lifetime, if the material used has
large crack-healing ability.
1200 T T T T T 7T 1T T
E r : Cyclic fatigue test condition: R=0.2, f=5 Hz)'
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