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Abstract

Alumina reinforced by SiC whisker, called here “alumina(w)” was developed with the objective of improving fracture toughness and crack-
healing ability. The composites were crack-healed at 220f@r 8 h in air under elevated static and cyclic stresses. The bending strength at
1200°C of the crack-healed composites were investigated. The threshold static stress during crack-healing of alumina(w) has been determined
to be 250 MPa, and the threshold cyclic stress was found to be 300 MPa. Considering that the crack growth is time-dependent, the threshold
stress of every condition during crack-healing of alumina(w) was found to be 250 MPa. The results showed that the threshold stress intensity
factor during crack-healing was 3.8 MP&tThe same experiment conditions were applied to specimens cracked and annealed@fa800
1hin Ar, to remove the tensile residual stress at a tip of the crack. Thus, the threshold stress intensity factor during crack-healing was found to
be 3.2 MPariH? for the specimens crack-healed with annealing. The threshold stress intensity factor during crack-healing of alumina(w) was
chosen to be 3.2 MPa'fA to facilitate comparison with the values of the threshold stress intensity factor during crack-healing. The residual
stress was slightly larger than the intrinsic value.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction “nanocomposite ceramics”. Somex8l3/SiC hanocompos-
ites exhibit excellent strength afigr. The increased ofyg,
Alumina (Al,03) has three weak poinfs{1) low bending for alumina whose value is 130C, was achieved by uni-
strength g ~ 400 MPa), (2) low heat-resistance limit tem- formly distributing nanosize SiC particles in alumina grains.
perature for strengthT(jr ~950°C), and (3) low fracture  Related to above weakness (3), two possibilities to overcome
toughnessKc ~ 4.0 MPant?). These weaknesses restrict low fracture toughness are (a) increase in fracture tough-
the application of AJO3 for important components. If these ness by reinforcing whiskers and fibers, and (b) endowing
weaknesses were satisfactorily overcomeyGilwould be a strong self-crack-healing ability to heal the cracks. As to
a leading candidate material for advanced gas turbine andthe above (b), monolithic ADs and AbO3/SiC compos-
engine, because alumina exhibits much greater resistance tites have very interesting crack-healing abifitf.1°That the
oxidation than silicon nitride. crack-healing behavior of monolithic #Ds was induced not
For the weakness (1) above, the grain growth ofGY| by intrinsic crack-healing but by the secondary sintering, is
during sintering was retarded and strength was increasedreported by the previous study3 By contrast, AYOs/SiC
by the Hall-Petch effect similar to mullite/Si®y adding composite has been crack-healed by reaction of SiC and the
15-20 mass% nanosize SiC particles. Considering item (2),0, in the atmosphere. The crack-healing behavior of the pre-
Niihara and coworkefs® have proposed the concept of vious ALOs/SiC composite is assumed to be insufficient to
overcome weakness (3) above. However, the good self-crack-
* Corresponding author. healing ability was introduced as for mullite/Si€2?°and
E-mail addresswnakao@ynu.ac.jp (W. Nakao). S|3N4/S|C21_29by addlng 15-20 mass% nanosize SiC partl-
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of a-Al203 was 5-6um. The SiC whiskers were located at
grain boundaries betweenAl ,O3 grains and were preferen-
tially oriented within the plane perpendicular to the pressing
axis. The density of the sintered plate was 3.83 §/chine
sintered plate was cut into the 3 mod mmx 23 mm rect-
angular specimens bar that were polished to a mirror finish
on one face and the edges of specimens were bevete 45
reduce the likelihood of edge initiated failures.

A semi-elliptical surface crack of 1Qm in surface
length, as shown ifrig. 2 was made at the center of the
tensile surface of specimens with a Vickers indenter, using a
load of 19.6 N. The aspect ratia/¢) of the pre-crack which is
depth @) to half the surface lengtle was 0.9. In this investi-
gation, the pre-crack was healed in air while applying tensile
static or cyclic stresses by the three-point loading system
shown inFig. 3 The pre-crack was subjected to tensile stress
Fig. 1. Microstructure of the SiC reinforced alumina composite, alumina(w). before the crack-healing was started by heating the furnace to

avoid the crack-healing under no-stress. Then, the specimen
was kept at the above condition for 8 h to finish completely
cles. However, oxygen is necessary for the crack-healing, sothe crack-healing process. The applied cyclic stress was sinu-
embedded flaws cannot be healed. soidal with a stress ratio, maximum stress/minimum stress,
In conclusion, for higher structural integrity, both high of 0.2 and a frequency of 5Hz. Moreover, the crack-healing
fracture toughness and crack-healing ability should be satis-hbehavior under stress was also investigated for specimens
factorily achieved. From this perspective, aluminareinforced annealed at 1300TC for 1 h in Ar after pre-cracking so as to

by 20 mass% SiC whisker, abbreviated alumina(w), was sin- remove the residual stress introduced during pre-cracking by
tered and the mechanical properties of alumina(w) were in- ysing the indentation method.

vestigated in the previous studi¥s® Alumina(w) exhibited
large fracture toughness (6.5 MP&& and excellent crack-

healing ability. However, the basic crack-healing behavior as £ R Y 2L
afunction of crack-healing temperature and time was not well

investigated. Moreover, crack-healing behavior under stress
and the critical stress condition were not investigated at all.
Therefore, alumina(w) has been subjected to crack-healing
under elevated static and cyclic stresses at 220Qorre-
sponding to the limiting temperature for the bending strength
of alumina(w). The bending strength of alumina(w) crack-
healed under stress has been measured at the crack-healing
temperature. From the results, an upper limiting stress that
can be applied during crack-healing has been determined for
alumina(w).

2. Experimental

Thea-Al,03 powder (AKP-20, Sumitomo Chemicals Co.
Ltd., Japan) used in this study has a purity of 99.999% and a
mean particle size of 0.4—0p8n. The SiC whiskers (SCW,
Tateho Chemical Industry Co. Ltd., Japan) used have diame-
ters between 0.8 and 1u0n and lengths from 30 to 1Q0m.

The mixture ofx-Al 203 powder and 20 mass% SiC whiskers
was blended well in isopropyl alcohol for 12 h using alumina
balls and an alumina mill pot. Then, the slurry was dried. ’
Rectangular plates of 50 mm50 mmx 9 mm were sintered ib)
via uniaxial hot press in Ar at 185 for 1 h at 40 MPa.

Fig. 1shows the microstructure of the sintered SiC whisker Fig. 2. SEM images of (a) surface shapes and (b) cross-sectional shapes of
reinforced alumina composite, alumina(w). The grain size the crack and indentation.
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Fig. 3. Dimensions of the specimen and the three-point loading system used ¢ 200 y ‘] 200 1500
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for this investigation.

. Fig. 5. Temperature dependence of the bending strength of the specimens
All fracture tests of the Specimens crack-healed were PEr- crack-healed at 130 for 2h in air, with the room temperature bending
formed on a three-point loading system with a span of 16 mm strengths of the specimens as-received and as-cracked and the specimen
at 1200°C, corresponding to the crack-healing temperature. without the pre-crack heat-treated at 13@for 2h in air so as to heal

The cross-head Speed in the monotonic test was 0.5 mm/mlnCFaCkS introduced during machining { CraCk'healed;Q ) heat-treated,;
(A) as-cracked;) as-received.

fractured with plastic deformation at 1300. Thus, the lim-
iting temperature for the bending strength of alumina(w) was
determined to be 120@.

Fig. 6shows the relation between the applied stress during
the crack-healing treatment for the specimens as-cracked and
the bending strength at the crack-healing temperature of the
specimens crack-healed under static and cyclic stress. The
gray colored and open triangle indicate the bending strength

3. Result

In terms of basic knowledge, the crack-healing behavior
of alumina(w) under no-stre¥s!° is now reviewed below.
Fig. 4 shows the specimen surface crack-healed at 1800
for 2 h. The pre-crack after crack-healing cannot be observed
in this figure Fig. 5shows the temperature dependence of the
bending strength of the specimens crack-healed at 1300 : -
for 2 hin air, with the room temperature bending strengths of of the specimen crack-healed under static stiegss and

. ) . cyclic stresspap ¢ respectively, where the values &%y c
the specimens as-received and as-cracked and the speume{ﬁl - ap, . . P,
: o re the maximum of each applied cyclic stress. The bend-
without the pre-crack heat-treated at 13@for 2 h in air so PP Y

as to heal cracks introduced during machining. The bending ing strength of 0 MPa indicates the specimen fractured dur-

. ing crack-healing. Alumina(w) with the pre-crack of 1,0t
strength of alumina(w) was reduced from 1000 to 500 MPa were never fractured during crack-healing treatment under

by cracking, and then that was recovered to the same Strengtr%tatic stresses below 250 MPa, and the crack-healed specimen

as the as-received specimen by crack-healing at 1GG6r . . i
1h. Itis, therefore, confirmed that crack-healing is complete had the same bending strength as the specimens crack-healed

after holding the specimen at 1300 for 1 h. Moreover, the
bending strength of the crack-healed specimen was slightly
decreased by temperature increase from 400 to 1000
but decreased with increasing temperature above 4000
The specimens were fractured elastically below 1ZDGand
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Fig. 6. Relation between the applied stress during the crack-healing treat-

ment for the specimens as-cracked and the bending strength at the crack-
healing temperature of the specimens crack-healed under static and cyclic
Fig. 4. Surface shapes of the crack and indentation crack-healed &t300 stress. & ) Crack-healed under static stresg) crack-healed under cyclic

for 2 hin air. stress; @ ) crack-healed under no stress.




3652 W. Nakao et al. / Journal of the European Ceramic Society 25 (2005) 3649-3655

700 T

= " Critical Equivalent Crack Length
& e -
¥ s ‘ ‘
& < % = O s < Oupse Oapc <050

. 500 %
14 L o 5
g = R
& 4001~ < S
8 i 2 K g
£ 3001 I i \ g
. | s - \ £
2 = ! \ )
@ 2001 = 1 =
0 3 i \
s I = : X

&
g 100 : \‘
B an.S' I \ A
b o v o PR i \ \
0 100 200 300 400 500 i 1 \
1
Applied Stress, G (MPa) : =

Time
Fig. 7. Relation between the applied stress during the crack-healing treat- o ) ) ]
ment for the specimen annealed after pre-cracking and the bending strength19- 8- Schematic diagram of the crack growth and healing behavior during
at the crack-healing temperature of the specimens crack-healed under statié"® crack-healing under stress. (—) Crack-healed under static stress; (---)
stress.¢) Crack-healed under static stress) €rack-healed under nostress. ~ crack-healing under cyclic stress.

under no-stress at 120Q. Crack-healing under static stress the temperature that the crack-healing rate becomes non-
of 300 MPa, a few cracked specimens were fractured dur- negligible compared with the crack growth rate. Moreover,
ing the crack-healing treatment. All cracked specimens were the crack starts healing when the crack-healing rate becomes
fractured during crack-healing under static stress of 350 MPa.larger than the crack growth rate. The threshold stress im-
Therefore, the threshold static stress during crack-healingposes an upper limit to the crack growth rate thereby limiting
of alumina(w) having the pre-crackgp s was found to be  the crack length to less than the critical crack length before
250 MPa, where the threshold stress during crack-healing iscrack-healing starts. From a comparison with the values of
defined as the upper stress limit not to fracture the specimenoe‘fpysando;:p’O it may be confirmed that the crack growth be-
during crack-healing. Also, the threshold cyclic Str‘ﬂgﬁ:s havior of alumina(w) is time dependent rather than cyclic de-
was found to be 300 MPa. The details of the reasorarfprs pendent. Itis, therefore, concluded that applying static stress

. c . . . ' is the most fracturable condition for crack-healing behavior
being smaller than, -~ are discussed in Sectign :

; ap,C . . under stress and that the threshold stresses of every condi-
Fig. 7shows the relation between the applied stress during .. . . . c
. . tion during crack-healing of alumina(wy,;s, has been de-
the crack-healing treatment for the specimen annealed after, :
. . . termined to be 250 MPa.

pre-cracking and the bending strength at the crack-healing
temperature of the specimens crack-healed under static stress.

From this figure, the threshold stress during crack-healing 4.2, Stress intensity factor of the stress limiting during
was found to be 350 MPa. crack-healing treatment

The stress intensity factor for the tip of the pre-crack dur-

4. Discussion ing the crack-healing treatmeitys, was estimated. Since a
tensional residual stress was introduced during pre-cracking
4.1. Mechanism of crack growth and crack-healing by using the indentation method, it is necessary for the esti-

mation to consider the stress intensity factor of the residual
Fig. 8 shows the schematic diagram of the crack growth stressKg, as expressed by the following equation:

and healing behavior during the crack-healing under stress.
The solid lines indicate the equivalent crack length change Kys = Kap+ Kr Q)
during the crack-healing under static stress. Also the dash
lines indicate it under cyclic stress. The driving force for whereKgp is evaluated by Newman—Raju equafiduising
crack growth, which is called the “crack driving force” by the stress applying during the crack-healing treatmeg,
Irwin, 30 increases with increasing applied stress and crack Moreover, ceramics having small flow show non-linear frac-
length. Thus, the crack growth rate increased with increas- ture mechanics. Therefore, the residual stress was evaluated
ing the time applied stress to the crack. On the other hand,by the following procedure.
the driving force for crack-healing, called for short “crack- The stress intensity factor of the residual strégs, was
healing force®”-31is not affected by the applied stress. The evaluated by subtracting the critical stress intensity factor of
crack-healing rate increased simply with the temperature in- the specimen as crackdly, from the value of the specimen
creasing. Crack-healing starts preventing crack growth abovecracked and annealed at 13@for 1 h in Ar to remove the
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o equivalent crack length,c2according Eq(6):
C 7 (Kic\?
Dc=—|—
¢ 8( 0o )
r Kc . 1/2
=0.2 2 — | == -1
0236 2¢ Sec{zao(o.z%xz(;)
5 - (6)
De— ™ Kim
<= 8( 0o )

[ Km b 12 |
— 0.236x 2 LY (L _1
x e Sec{ 200(0.236><2c)

T BT AT B R TY BEERT AT B R
{00 101 10? 109 104 105
Crack Length, 2¢ (m) Each data set dKc andKy was subjected to the least

square fitting by using E@6). Both curves are approximately
Fig. 9. Critical stress intensity factoisc andKy, as a function of surface constant at crack lengths abov@lﬁn, and the values df|c
length of pre-crack, € for the specimen as-cracked and annealed after pre- andKy, corresponding to the constant valuegig. 9, were
cracking. () As-cracked; ¢ ) annealed after pre-cracking. determined to be 6.5 and 4.0 MP&# respectively. From
the obtained values, the stress intensity factor of the tensional
residual stress resulting from the introduction of a pre-crack
- ; /
Kr = Ke — Ky @ of 2c=100pm was determined to be 1.6.M.Pa1ﬁ1 _
By adding the obtained value &R, it is possible to
In the previous study, the bending strength of the speci- ~ calculate the value dfys for the specimen as-cracked from
mens as-cracked and annealed after pre-crackip@ndoc, Eq. (1). On the other hand{us for the specimen annealed
had been measured. From the results, the critical stress intenafter pre-cracking was equal #dap. Fig. 10 shows the
sity factorsKc andKy, were evaluated by the Newman—Raju  relation between th&ys for the specimens as-cracked and
equation.Fig. 9 shows theKc andKy as a function of &, annealed after pre-cracking and the bending strength at the
where the gray colored diamond and open triangles indicatecrack-healing temperature of the specimens crack-healed
the values ofKc andKy, respectively. The difference be- under static stress. The gray colored triangle and the open
tweenKc andKy indicateskg. The crack size dependence diamond indicate the results for the specimens as-cracked
of Kr can be obtained by determining the formula between and annealed after pre-cracking, respectively. The threshold
crack size andy or K¢c. One of the present authdfs3® stress intensity factors during crack-healings, have
has proposed non-linear fracture mechanics for engineeringbeen determined to be 3.8 and 3.2 MP#nfor the speci-

Critical Stress Intensity Factor, K. and K, (MPam'?)

residual stres¥c:

ceramics by using process zone size, as shown if3q. mens crack-healed without annealing and with annealing,
respectively. From a comparison with the values of the
De T Kic\? _ sec[ °c 1 threshold stress intensity factor during crack-healing, the
T8\ o) %€ 200 ) @) residual stress is evaluated slightly larger than the intrinsic
D ™ (Km\® sec didll 1
= — = d —
¢ 8\ oo € 200 700- .
where D¢ is size limit of the process zone ang is the - Race R S 4 Ag
stress forming the process zone, corresponding to the fracture € s0ol® 4 4{‘ A
strength of the plain specimen. The equivalent crack length, ‘; 3 < ,
ae, was evaluated from the stress intensity factor by using the & 4001 ;
Newman—Raju equation. Assumigc=0.9, a/H « 1 and = 300'_ i
c/B« 1, the relation between surface length of the pre-crack g2 1 :
andae was expressed by: @ 2001 :
ae = 0.236 (2) 4) E 100 i
[ 1
Moreover, the critical stress intensity factafg; andKy, A Y T
were obtained from Ed5) usingoc, om andag: K5 (MPam'?)
Kc =oc(mae)’?, K = om(mae)"/? (5)

Fig. 10. Relation between th€ys for the specimens as-cracked and an-

. . . nealed after pre-cracking and the bending strength at the crack-healing tem-
Introducing Eqs(4) and(5) to Eq.(3), the stress intensity  perature of the specimens crack-healed under static stapag-cracked;

factors of the fracture conditionkc or Ky, related with the (¢) annealed after pre-cracking.
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value. Therefore, the threshold stress intensity factor during
crack-healing of alumina(w) is selected as 3.2 MP&nit

is, however, confirmed that both values did not differ greatly
although the applied stress changes by 50 MPa.

5. Conclusion

Alumina reinforced by SiC whisker, alumina(w) was de-
veloped with the objective of improving fracture toughness
and crack-healing ability. The composites were crack-healed
at 1200°C for 8h in air under elevated static and cyclic
stresses and the bending strength at TZDof the crack-
healed composites were then investigated. Alumina(w) with
the pre-crack of 100.m were never fractured during crack-

healing treatment under static stresses below 250 MPa, and™

the crack-healed specimen had the same bending strength
as the specimens crack-healed under no-stress at°€200

Therefore, the threshold static stress during crack-healing of14-

alumina(w) was found to be 250 MPa. Also, the threshold
cyclic stress was found to be 300 MPa. Considering that the ;¢
crack growth is time-dependent, the threshold stress of ev-
ery condition during crack-healing of alumina(w) has been
concluded to be 250 MPa. Moreover, the same experiment
is conducted on specimens annealed at L8r 1h in

Ar after pre-cracking. Thus, the threshold static stress dur-
ing crack-healing of alumina(w) annealed after pre-cracking

has been determined to be 350 MPa. From the results, thei7.

threshold stress intensity factor during crack-healing has been
evaluated as 3.8 and 3.2 MP&#for the specimens crack-
healed without annealing and with annealing, respectively. A
comparison with the values of the threshold stress intensity
factor during crack-healing shows that the residual stress is
slightly larger than the intrinsic value. Therefore, the thresh-
old stress intensity factor during crack-healing of alumina(w)
is selected as 3.2 MPalff.

20.
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