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High Temperature and Fatigue Strength of crack-healed

Mullite/Silicon Carbide Ceramics
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1. INTRODUCTION

Structural excellent in

heat resistance,

Ceramics are
corrosion registance and wear
registance. And it will be the most indispensable
material of new millennitm.
chine ability is bad and fracture toughness is

However, the ma

low, therefore, the application region hag been
its low reliability. It is
important to increage the reliability, i other fo

Iimited because of

widen the application area. There are two ways

to increase reliability of ceramics; one 18 fo
improve fracture toughnessg in ceramics and the
other is that the self crack healing ability is

given to the material. It is known that silicon

carbide [1], alumina [2,3,6] and silicon nifride
[4 6] show very interesting crack healing
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behavior. However, the maximum size of which
crack can be healed, the optimum crack healing
condition and heat resistance of the crack healed
zone of the crack healed zone have been not vyet
investigated

Recently, the authors have clarified the relation
between crack healing ability and the chemical
We have also
reported that madmum size of a crack can be
healed, the best crack healing condifion and
gtrength characteristics of the crack healed zone
at high temperatures for Si3N4/SiC composite
[8 13] and silicon carbide [14].

On the other hand, we discovered that the
mullite/SiC showed the inferesting crack healing
behaviour [15,16]. And, we succeeded in
mmproving  the bending strength up to the
POMPa level by utilizing crack healing beha
viour and grain growth suppression effect which
is resulted by addition of SiC [17]. However, in
case of Mullite/SiC, the maximum size of a
crack can be healed, the best crack healing

composificn of silicon nitride [7].

condition and strength characteristics of the
crack healed zone at high temperatures are



K Ando, M. C Chn

fatigue not yet investigated.
The above three aspects are investigated in
thig study.

2. MATERIALS AND TEST METHOD

2.1 Matenal and sirtering method

The mullite powder used is KMI101l (average
particle size (.2pum, Al203 content  7L8WtS,
KIORITZ Co, Ltd, Japan) and the SiC powder
is  Ultrafine (average particle size 0.27um,
IBIDEN Co, Ltd, Japan). Manufacturing proce
The
mullite powder and SIC powder (20vol% by

sges of test gpecimens are as follows.

volume of mullite powder) were wet blended for
24 hours using nyvlen balls in alcchol. Then
powder was dried in a vacumwm furnace, until all
the solvent had evaporated. The resulting powder
was hot pressed (35MPa at 16507T) for 4 hours
in mnifrogen gas and it produced a sintered
material with the dimensiong of 90=<90x5 mm.

22 Specimen and axperimental method

The bending strength was evaluated by 4
point bending test on 3x4x40mm specimens in
accordance to the JIS Standard [13] as shown in
Fig. 1. The test specimens were surface ground
and polished before testing. A pre crack was
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Fig. 1 Specimen dimension and loading system

introduced onto the specimens by indentation
method  using  Vickers indenter. Semi elliptical
crack length (2C) of the surface were about 100
um or 200nm, and Vickers load was 98N or
20.4N. The shape of the crack has been shown
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Fig. 2 A 5EM photograph

in Fig.Z. The cracks were semi elliptical with
aspect ratio of (.8~0.9 The specimens were
heat freated in air at 10007 for 20h, 1100T for
10h, 12007 for Sh and 13007C for 1h in order to
heal the crack. The heafing rate wag 10T/min
and cooling was done spontaneously in the
furnace. The bending test was carried out at
R.T, 800T, 10007T, 11007, 1200TC and 13007T.
The cross head of the fest wasg
(0.omm/min. Fafigue test was conducted at room
temperature at a stress ratio R 02 and a
frequency 5 Hz using sine wave.

Crystal phases of
gurface oxides were investigsated by X ray
diffraction method. The X ray diffraction
analysis condition was cooke radiation (30kV
accelerated voltage and 30mA electric current)
and detector scanning speed of 05deg/min. The
elevated temperatire was
observed directly using ultrahigh temperature
(1LMZ21H LKI1500

gpeed

gintered material and

crack Thealing at

gcanning laser microscope
LASER TECH Co., Ltd. Japan).

3. RESULT AND DISCUSSION

3.1 Crack healing behaviour

Fig.3 shows the experimental data of crack
healing behavior of the mullite/SiC composite
ceramics. This is a result of the bending test
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carried out at room femperature. The svmbols
(O)
received

in the figure is the result of the as

gpecimens which did not conduct the
heat freatment and the bending strength was
about 340MPa. The symbol (&) shows the
hending strength of the as cracked sgpecimens
which are infroduced the crack of surface length
about 100um. By cracking, the bending strength
has decreased up to about 140MPa Next, the
symbols (@A) illustrate the bending strength
of heat ftreated smooth specimens and cracked
and heat freated specimens. The heat treatment
was done in air at temperature 1300T for 1 L
After the heat freatment, bending strength of
as received specimens and as crack specimens
(2C 100mm) have increased significantly to
about 520MPa. Both of them show a bending
strength higher than that of the as recerved
smooth specimens.
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Fig. 3 The effect of heat treament on room
temperature bending strength of mullite
/S1C complgite

Fig. 4 schows the surface condition of the
heat treated specimens. As shown in the Fig. 4,
the marks like water droplet can be seen on the
surface of the specimens. These deposits were
removed by polishing the surface longitudinally
using the abrasive paper of #1000 and #2000
The thege poligshed

bending  strengths  of

specimens have shown in Fig. 3 by the inverted
golid frianglegs. After polishing the bending
strength decreased up fto 460MPa, that is
gomewhat legs than un polished heat treated
but higher than
as cracked (A) specimens. The marks of * in
Fig. 3
accurred from outside the Vickers indent. All

specimens, considerably

indicate specimens that fracture was

specimens of cracked and heat treated specimens
had heen falled from outside of the pre crack
Zome.

To mvestigate the reagson of the recovery in
strength, the was
directly during the heat freatment process usng

mre crack zone obgerved
a laser microscope. The result is shown in Fig.
5 At 10007, see Fig. 5 (a), the crack ig clearly
observed, and any change iz not vet recognized
However, when it passed 10 minutes after it
reached at 13007T, see Fig. 5 (¢}, the crack can
not be clearly distinguished. And then, when it

passed 1 hour at 13007, see Fig. 5 (d), the

Fig. 4 A SEM photograph of surface of which
specimen was heat treated at 13007 for
1 hr in air

crack can not be hardly observed because the

surface 18

phases.

diffraction method in order to investigate what

covered with sgome new created

It was investigated by the X ray
these material has been composed. The X ray
patterns are shown in Fig. 6. Fig 6 (a) and (b)
show result of ag received and heat treated
specimens, respectively. In comparison with Fig.

6 (a) and (b), it can be geen that mullite and
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K Andp, M. C. Chu , K Tsuji and 5. bato

Ol &

130070 hald time 10min

Fig. 5 Observation of crack healing process
using a lager microscope
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Fig. 6 X ray diffraction patterng of (a) no
heat freated
treated specimen

specimen and (b} heat

SIC were only detected and any  difference did
not discovered from the figures. And, another
crystalline phase has not been observed From
this fact, it seems that the new phases are
non crystalline phases and contribute to heal the
pre crack. From Fig. 3 to 6, it 18 concluded that
the improvement of strength is resulted in
healing of the pre crack and a surface crack due

to pre oxidation process.

3.2 Effect of
strength

healing condition on  bending

The effect of the crack healing condition on
bending strength was investigated. The test
result is shown in Fig. 7.

The bending strength of cracked and
heat treated sgpecimen ig not dependent on the
condition in  this experimental
cracked and  heat treated
gpecimens showed higher bending strength than
that of the i
considered that there are two reasons for this

crack healing
range, and all
as received specimens. It ig
One iz a residual stress due to mismatching of
the thermal expansion coefficient and the elastic

modulug between matrix and the surface oxides
that have been created during heat treatment in

- g]_ -
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air. As mentioned in the section 3.1, see Fig. 3,
the strength of the specimen removed surface
oxides is higher than that of the as received
gpecimen. So, thig i not a reagson for that. The
other ig healing of both a pre crack and another
cracks that would be made in the specimen
surface during machining. This material has a
low fracture toughness of about 2.8MPav/m. So,
it I8 easy to create crack during machining and
it seems that the cracks affected to strength of
the as received specimen. From this fact, it is
comsidered that the in  strength 1g
regulfed in healing the cracks that was created
by machining.

On the other hand, the bending strength
gshowsg the highest value of about 520MPa when
a pre cracked specimen has been heat tfreated at
1300T for 1 hour in air. So, that condition was
applied in this study as the standard crack
healing condition of this material.

increage
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3.3 Maximum crack size can be healed under
the standard crack healing condition

It 1s important to determine the maximun size
of crack that can be healed perfectly. The
maximum crack size was Investigated using
specimens with a surface pre crack, which was
introdiced by a Vickers indenter. The test result

i¢ shown in Fig. 8 The bending strength of

as received specimen 1s  about 340MPa. By
heat treating, the strength is increaged and
showed a value of 520MPa. It seems that this
improvement m strength 18 caused by healing a
which
cagse of
as cracked specimens, the bending strength is
1400MPa and 100MPa at 100pm and 200pm in
crack diameter, respectively. By heat treating,

crack presented the specimen surface,

wag introduced in  machining. In

the strength ig increased and showed a wvalue of
5200MPa and 4200MPa, respectively. And, all of
the two case, the strength is higher than that of
as received smooth specimen. However, in case
of 200u3m, the sgtrength showed ag low as
100MPa in compare with that of heat treated

gmooth gpecimen. In this case, all of three
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Surface crack length, 28 {em)
Fig. 8 Effect of pre crack size on room tem
perature bending strength of cracked and
heat treated specimen

gpecimens have been failed from the Vickers
indentation. The indentation size iz about &0m
and this is enough to decreage the strength of
heat treated pre cracked sgpecimen. From these
facts, it can be concluded that this material hasg
an ability to heal the surface semi elliptical
crackg with 200pm in diameter.

34 Effect of testing temperature on the bending
strength of pre-crack healed specimen

Fig. 9 shows the effect of testing temperature

on the bending strength In the experiment
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ranging from room temperature to 13007, the
gtrength  of
specimens({ Q) 18

bending as received  smooth

independent  of  festing
temperature. In case of cracked and heat treated
specimen(d), the bending strength decreased
glightly with increasing festing temperature up
to 1200C. And, at 13007T, the strength is
decreased dramatically and showed a value of
290MPa. The value is approximately same fo
that of ag received smooth specimen ag well as
the heat treated one. On the other hand, the
heat treated
specimen(@) was similar to that of cracked and
heat treated thig

gtrength  behaviour of smooth

specimen  in experimental
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Fig. 9 Effect of festing femperatures on room

temperature  bending strength  of the
heat freated specimen
range. In the as cracked specimen(4), the

iz 140 MPa at RT and
decreased slightly at 800C. However, above it
the strength is increagsed with increasing test
temperature, and showed a value of about 310
MPa, which iz the same one of as received

bending strength

specimens.

The schematic illustration of heat treatment
and festing process are shown in Fig 10 In
case of process A, Fig. 10 (a), the specimen
was tested in bend at each temperature after
heat treatment (crack healing process). By
contrast, in case of process B, Fig. 10 (b), the

. K Tawji and 3. Sato

gspecimen was fested in bend without any
pre heat freatment. In results of Fig. 9, both the
symbols of A& and @ indicate test results that
were carried out using the process A, On the
one hand, both the symbols of &,  and O in
Fig.9 show datum that test was performed by
the process B. The difference of & and & is
duration fime at fest temperatire and the fime
m case & and <,
regpectively. In Fig. 9, the bending strength of
as cracked specimen at 1300T () recovered

is 20 min and 60 min

perfectly to that of ag received smooth
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Fig. 10 Schematic dlustration of crack healing
and festing process

gpecimen. From this result, it seems that a
gurface crack could be healed in service in this
material, if a condition would be satisfied.

In Fig. 9 in comparison with the bending
strength of the as recerved smooth specimens
(O) and cracked and heat freated specimens
(A) , the strength of heat treated specimen is
higher than that of as received one up to 1200
T. At 13007, however, both specimens is the
game In strength. Therefore, it can be seen that
a crack healing effect iz remarkable up to 120
0T in this material Matrix of mullite does not
degrade in strength up to 1300T[24]. From this
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fact, it is considered that the degradation above
1200T is resulted in the crack healing material
composed of glassy phases to be weaken at that
temperature.

On the other hand, the crack healing material
in silicon nitride/silicon carbide composite iz a
crystalline phase. In that reason, the bending
strength of pre crack healed specimens was
equal to that of the matrix up to 1400T[78].

35 Fatigue healed

specimen

strength of  pre—crack

The relationship between maximum stress, @
max, and number of cvcles to failure, Nf, is
shown in Fig. 11. The bending test results
indicated in the left side of Fig. 11, and symbol
of — in the figure indicates data that specimen
did not failed during the fatigue testing till cycle
numbers of 2x106. The stress value of these
of(} . In the
cage of ag received sgpecimen, symbols of O, a
f} is about 200MPa. On the other hand, of0 of
heat treated smooth specimen shows 350MPa

data designated in this study as

and ig higher than that of ag received specimen
by 150MPa. It is  suggested that pre heat
treatment is useful to improve fafigue strength
of thig material.
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Fig. 11 Relationship between maximum bending

stress(omax) and number of cycles to
failure(NT)

The fatigue strength of as cracked specimen,
gymbols of £, i much lower than that of
as received gpecimen. However, in the case of
cracked and heat freated specimen, symbols of
A the fatigue strength is improved compare to
that of
ag received sgpecimen by pre heat treatment in
air. And the of¢ iz about 300MPa which is
higher than that of ag received specimen by
100MPa and is about three times value ag high
And five of six
specimens have been failed from outside of the
crack healed zome(symbols of * in Fig. 11). It
is congidered that this improvement in fatigue

as cracked specimen as well as

as as creaked specimens.

strength results in healing both pre crack and
gurface crack would be produced while test
pieces was machined From this result, it can be
concluded that crack healed zone has enough the
fatigue strength in comparison with the matrix
zone,

4. CONCLUSIONS

Using the hot pressed mullite/S3iC composite
ceramicsg, crack healing behavior, high fempera
ture strength and fatigue characteristics were
Ag the result, this
material shows a very interest of crack healing

investigated systematically.

behavior. The man results of this experiment

are as follows:

1) The strength of pre cracked specimen was
recovered die fo healing the pre crack by a
pre oxidation at elevated temperature in air.

2} The optimum crack healing condition in this
experiment range I at 13007 for 1 h in air.
In this conditions, a semi ellipfical crack of
200um In diameter could be healed perfectly.

3) The crack healed zone has a sufficient in
bending strength in compared with that of
matrix up to about 12007T.

4) The pre heat treatment in air is wuseful to
improve fatigue strength of this material and
crack healed zome has enough the fatigue
strength in comparigon with the matrix zone.
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