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hybrid composites

Y.-H. CHOA
ISIR, Osaka University, Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan
E-mail: choal5@sanken.osaka-u.ac.jp

A. NAKAHIRA
Faculty of Engineering and Design, Kyoto Institute of Technology, Matsugasaki Sakyo-ku,
Kyoto 606-8585, Japan

K. NIITHARA
ISIR, Osaka University, Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan

SiC-platelet reinforced Al,03/SiC-particle nanocomposites were fabricated by hot-pressing
the mixture through the conventional powder mixing process. The mechanical properties
of Al,03/SiC-particle/SiC-platelet hybrid composites were evaluated. Fracture toughness
and work of fracture were increased by the incorporation of SiC-platelets into
Al,03/SiC-particle nanocomposites. The typical rising R-curve was shown during crack
growth for these hybrid nanocomposites, whereas Al,O3/SiC-particle nanocomposites
showed the constant Kg value and no rising R-curve. The further improvement of
Al,O3/SiC-particle nanocomposites in the creep resistance was observed by the addition
of SiC platelets. The relationship between the microstructure and mechanical properties
for Al,03/SiC-particle/SiC-platelet hybrid composites was discussed.
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1. Introduction One possible solution of overcoming this disadvan-
Many studies have been reported about the use of ceage is to add a third phase into nanocomposites. It
ramic composites for the high-temperature structuralvas shown that the addition of reinforcement with high
components, which demand the high fracture toughaspect ratio leads to a large increase in the fracture
ness, strength, wear resistance and deformation resigughness, in agreement with the theoretical model [9,
tance [1-3]. In most of them, various micro meter 10]. Whiskers, platelets and short or long fibers as the
size second phase dispersions, such as particles arginforcement phase are thought to be effective for pro-
whiskers, have been used [2]. These micro meter se@ucing a high performance ceramic nanocomposite. In
ond phases were usually located at the grain boundargddition, the phase transformation mechanism is at-
of matrix (these composites are named “micro-compotractive to obtain the tougher ceramic nanocomposites.
sites”) and their main purpose was to increase the fracin our previous work [11], the mechanical properties,
ture toughness by crack deflection and/or bridging [3].especially toughness, of ADs/SiC-particle nanocom-
Recently much attention have been focused on ceposites were found to be improved by the addition of
ramic nanocomposites, ADz;-based, MgO-based and ZrO,(3Y-TZP) and SiC whiskers. However, the addi-
SisN-based nanocomposites and so on [3-6], in whicttion of ZrO, degraded the high-temperature mechanical
the nanometer size particles, such as SiC agtls5i  properties. The use of SiC whisker also brings to the
were dispersed mostly within the matrix grains be-serious health problems, although it possesses strong
cause they possess the good mechanical properties gotential for the achievement of good mechanical prop-
room temprature and high-temperature. The additiorerties.
of nanometer size non-oxide ceramic particle, for ex- There have been many recent reports on ceramics
ample fine SiC particles, within ADs; matrix grains composite reinforced by SiC platelet as a second phase.
had been found to achieve the remarkable improveThe addition of SiC platelets has a great potential for
ment in the fracture strength [3—-6], reliability [7] and toughening the ceramic based composites. Therefore,
high-temperature deformation resistance (for examplein this study, SiC platelet was selected as the rein-
creep resistance) of the AD; matrix [8]. However, the forcement phase for the hybrid nanocomposites. From
significant increase in fracture toughness was difficulthe point of the view of high-temperature applications,
to achieve by the dispersion of nanometer size SiC parthe addition of SiC platelet into ADs/SiC-particle
ticle into matrix. nanocomposites will be also expected to improve their
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mechanical properties at high-temperature. The pri
mary purpose of the present paper is to fabricate SiC
platelet reinforced AlOs/SiC-particle nanocomposites B'aﬁ

and evaluate their mechanical properties. The second
to clarify the relationship between the microstructure
and properties for the further improvement of ceramicW ,5..,;’.'.'; ----------------------- "
based nanocomposites. R

U.

F‘ S

2. Experimental procedure

2.1. Materials fabrication

Starting powders of AlO3; and SiC-particle were se- %
lected asy-Al,0O3 from Asahi Chemical Co. Japan

and g8-SiC from lbiden Co. Japan. The average par-
ticle size ofy-Al,0O3 and g-SiC were approximately
25 nm and below 100 nm, respectively. SiC platelei '
as the reinforcement phase wasSiC single crystals
from C-axis Corp. Canada, 10-20m in diameter
and 3-6um in thickness. One composition, contain- }_a
ing 17vol%SiC-particle, was chosen for the@k/SiC-
particle nanocomposites in this study. The mixture ol <T>|
Al,0O3/17vol%SiC-particle was ball-milled in ethanol

with Al,O3 balls for 12 h and then 20vol% SiC platelet Figure 1 Schematic drawing of a CN specimen.

was added into the mixture. This slurry was again wet-

ball milled for 6 h. The slurry was completely dried

by microwave and then mixed by dry-ball milling with For the former method, the indentation load of 98 N
Al, O3 ball for 6 h. The mixed powder of ADs/SiC-  was applied for 15 s and the fracture toughné&s,
particle/SiC-plate was hot-pressed at 1600 to 2600 Vvalues were calculated by using be following empirical
in N, atmosphere with an applied pressure of 30 MPagguation for median crack [13].

In the present study, monolithic D3 and ALO3/SiC-

particle nanocomposite was fabricated for comparison Kic c\ 7
with the ALOs/SiC-particle/SiC-platelet hybrid com- T = 0203(—) (2)
posites Hy az a

wherec and a are the lengths of median crack and
half of the diagnoal of the indentation, respectively.

2.2. Mechanical testing and observation Indentation with a load of 98 N was carried out on

The hot-pressed samples were ground with #400 dia; : . .
mond wheel and cut with a diamond blade into rectana-’[he polished surface perpendicular to the hot-pressing

gular bars (3< 4 x 36 mm). The tensile surface of all axis. The Chevron-notch was cut with a thin diamond

bend specimens was perpendicular to the hot—pressinf%lijl(;:iij1 (sI%t 61 ngm)%ﬁz Sl?goxégt%?é;a%:éﬁ r:r:r:eci
1=—9O. . -

axis. The edges of specimen were beveled. The den- .
X : ; ; . en was approximately 3.3 nfoFracture energy and
sity was determined using Archimedes displacemen .
-curve behavior were also measured by CN method

method in toI_uen(_e. Young’s modulus was measured byatthe crosshead speed of 0.005 mm/min and calculated
resonance-vibration method [12] as follows. The spec

imens were coated by a carbon paint on one side irﬁrom the load-displacement curve.
y P The intensity factorK,, can be determined from the

order to act as an electrode and then suspended 4 , : ) )
. e method using Bluhm’s synthesized numerical slice
two thin tungsten wires in correspondence of the noda .
; o model [14] as follows:
points. Flexural vibrations were generated by electro-

static force and reasonance frequencies were deter- ) :
mined by using an oscilloscope. Young’s modulks, K, = [( E )(d)“ﬂ ’ p 3)

was calculated by using the following equation: 2B /\ da
0.9468L3P {$) wherex is the dimensionless complianee=a/W is
- (d3w) (1) the crack length related to the widW, P is the load,

E’ is the elasticity for the plane strain condition. The
wherelL is the length of the specimethis the thickness, crack length corresponding to a load can also be calcu-
w is the width,P is the weight andfy is the resonance lated from the change in specimen compliance. Then,
frequency. the variation of fracture resistance with crack extension

Hardness values were determined using Vickers inthus can be obtained.
dentation on the polished surface perpendicular to the The K¢ value was calculated aByayx the top of
hot-pressing axis with a load of 98 N. Fracture tough-the load-displacement curve, from which tke val-
ness was measured using two methods: the indentatiares for the successive crack extension (rigtigurve
method (IM) and chevron-notch beam (CN) method.behavior) were also obtained.
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The work of fracture was calculated by integrating of Al,O3/SiC-particle/SiC-platelet hybrid composites
the load-displacement curve and dividing by twice thehot-pressed at 190Q. SiC platelets were homoge-
fractured area (Equation 4). For comparisdrg; values  neously dispersed in AD3 matrix and their agglom-
were also calculated from the work of fracture usingeration was not observed by the optical microscopy.
Irwin’s similarity Equation 5 [15] (i.e. under the as- TEM observation showed that nano-sized SiC parti-
sumption of the perfectly linear elastic material.). In cles were dispersed in the A); matrix grains and the
the calculation, the Young’s modulus as calculated bySiC platelets were dispersed at the grain boundary of
Equation 1 was used. Al,O3 matrix for the ALOs3/SiC-particle/SiC-platelet
Wivor " hybrid composites, as shown in Fig. 3. Furthermore,

2A

Ki = (2E'yer)? G) | (a)

Veff =

whereWyor is the energy under the load-displacement
curve, andA is the area of the specimen web portion.

Fracture strength test was carried out in three-point
bending (span of 30 mm) at the crosshead speed ¢
0.5 mm/min. The creep test was performed in air atmo-
sphere at 1300C by four-point bending test (4PBT;
inner span of 10 mm and outer span of 30 mm) with
an applied stress of 10 to 200 MPa as following by
designation: JIS-R1612).

The composition of the hot-pressed specimens wa ¥ a
analyzed by X-ray diffraction with Cu-K radiation. '\'
Microstructure was observed by optical microscopy,
scanning electron microscopy (SEM) and transmissio
electron microscopy (TEM). The observation of frac- =
ture surface after mechanical testing was done by SEM = 4 = Interface
Polished surfaces of specimens were thermally etche 8 =
in vacuum and the grain size of the,8l3 matrix was
determined by the intercept method [16] on the etchec
composites.

3. Results and discussion
3.1. Microstructure f
The results of X-ray diffraction analysis indicated that =
the components of all sintered specimens ofJSiC-
particle/SiC-platelet hybrid composites weré\l ,03,
B-SiC particle andx-SiC platelet without any reac-
tion phases. Fig. 2 shows the optical micrograph

Glassy Phase &

Figure 3 Transmission electron micrograph of (a) low magnification
Figure 2 Optical micrograph of AlO3/SiC-particle/SiC-platelet com- and (b) the A}O3/Al,O3 grain boundary structure for ADs/SiC-
posite. Photograph showed the surface perpendicular to the pressirgarticle/SiC-platelet composites, and (c) the®d/Al,03 grain bound-
direction of hot-pressing. ary structure for monolithic AlO3.
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little glassy phase and reaction phase between thefthe theoretical density) when hot-pressed at 1800
SiC-platelets and the AD3; matrix was observed by so the densification of AD3; matrix was found to be
TEM for the ALOs/SiC-particle/SiC-platelet hybrid significantly inhibited by the addition of SiC platelets
composites. due to the difficulty of particle rearrangements in the
Recent work by Ohjet al.[8] demonstrated a good initial stage in sintering, similar to whisker reinforced
example of direct bonding of AD3/SIiC interface composites.
for Al,03/SiC-particle nanocomposites, which is ex- The results of SEM observation of etched sur-
plained by the factors determining the equilibrium faces showed that grain size of ,8l3 matrix grain
thickness of glassy film, the combination of internal of Al,O3/SiC-particle/SiC-platelet hybrid composites
thermal force and the forces of van der Waals, structurahot-pressed at 1800C was approximately 2zm. On
disjoining, capillary and applied forces. The attractivethe other hand, AlO3/SiC-particle nanocomposites
van der Waals force arising at the,8l3/SiC interfaces  hot-pressed at 180@ showed a grain size of approxi-
was greater than that at the »8l3/Al,03 interfaces. mately 2.5um for the ALO3 matrix. Monolithic Al,O3
This high van der Waals force plus the externally ap-hot-pressed at 180C was composed of equi-axis grain
plied force with accompanying the hot-pressing (atleasof 22 um. Therefore, these results suggested that the
30 MPa) and the internal thermal force (due to ther-addition of nanometer size SiC particle and SiC-platelet
mal expansion mismatch between the@d and SiIC  have the significant role on the inhibition of densifica-
during the cooling down process) overcome the struction and the grain growth in the AD3z matrix.
tural disjoining force and removed glassy films at most
of the ALOs/SiC interfaces. Thus, it is believed that
the AlO4/SiC interfaces were almost free from glassy3 2. Mechanical properties
phase and reaction phase as observed inthe TEM obs&fickers hardness (Hv) and Young's modulug)(
vation in this study. Furthermore, theR3/SiC inter-  of Al,04/SiC-particle/SiC-platelet hybrid composites
faces were more rigid, which was due to residual stresgjith hot pressing temperature are shown in Fig. 5.
generated by thermal expansion mismatch during theyy, and E are 18.5 GPa and 370 GPa for monolithic
cooling down process, than AD3/Al 205 grain bound-  A|,05 and 22 GPa and 383 GPa for,8l;/SiC-particle
ary. On the other hand, large amount of glassy phasganocomposites, respectively.
which due to the impurities and Si@rom the surfaceé  The addition of SiC platelets into ADs/SiC-particle
oxygen of SiC particles and platelets were observed ihanocomposites increased the hardness and Young's
the triple junction and even the grain boundaries for thenodulus. ApO4/SiC-particle/SiC-platelet hybrid com-
Al,04/SiC-particle/SIC-platelet composites (Fig. 3b), posites had the constant and maximum hardness value
while the glassy film in the monolithic ADs was al- (25 GPa) and Young’s modulus (400 GPa) at hot-
mostobserved in the triple junction of ADz grainsand  pressing temperature 1900 °C, which was in good

thin layer between the ADs grain boundaries (Fig. 3¢). agreement to that expected by the rule of mixtures with
The dependence of hot-pressing temperature on th@e SiC volume fraction.

density of AbO3/SiC-particle/SiC-platelethybrid com-  Fig 6 shows the effect of hot-pressing temperature on
posites is shown in Fig. 4. The density of@/SiC-  toughness of AlO/SiC-particle/SiC-platelet compos-
particle/SiC-platelet hybrid composites hot-pressed aftes by the IM method. Fracture toughness of monolithic
1800 °C was neal’ly 98% of the theoretical denSity. A|203 and A|203/Sic_partic|e nanocomposites were
Fully dense AJOs/SiC-particle/SiC-platelet hybrid 32 Mpa nd/? and 4.6 MPa H? respectively. Frac-
composites were farbicated at hot-pressing temperayre toughness of AD3/SiC-particle/SiC-platelet com-
ture >1900°C. However, in previous studies [3-5], posites increased with hot-pressing temperature. The
Al,O5/SiC-particle nanocomposites with 17-33 vol% |gwer fracture toughness of #Ds/SiC-particle/SiC-

of SiC volume showed the almost full density (0Ver99%platelet hybrid composites hot-pressed below 1850

100 Y ' T v T
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- pa— .e___..--O 30 | O®; for ALO,/SiC p'anicle nanocorn'posite ] "-34
3\.:/ 99 ‘--@..-"' - g 26 | CIM; for AL O, monolith J430 g
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Figure 5 Variation of hardness and Young’s modulus of,®4/SiC-
Figure 4 Variation of density of A}O3/SiC-particle/SiC-platelet hybrid  particle/SiC-platelet hybrid composites with the hot-pressing tempera-
composites with the hot-pressing temperature. ture.
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platelet hybrid composites showed an improvement in
9 T ! T T T fracture toughness over 2 times of monolithic.@4.
However, the fracture toughness of hybrid compos-
i .@ ite measured by CN test shows significantly different

.--"é' value, 5.8 MPa 2 from that of IM method.

_@ ] Generally, the materials with risirigrcurve, the eval-
o uation ofK,c by CN testwas not available [19], because
.~ the maximum loadPay, does not occur at minimum
5 L ’,45 | crack length related to the widthgin. The Praxatomin

o is necessary value for the calculation jz. On the

@' | other hand, for the AlO3/SiC-particle nanocomposites
and monolithic ApO3 which shows flatR-curve, the
3 | . | , | Kic values measured by CN test well agreed to those

1800 1900 2000 by IM method. _
Sintering T ¢ o(" Furthermore, the work of fracture of ADs/SiC-
intering Temperature (°C) particle/SiC-platelet hybrid composites was signifi-

Figure 6 Variation of fracture toughness of ADs/SiC-particle/SiC- cantly I.arger t.han those of anOIIthIC ADs .a.nd
platelet hybrid composites with the hot-pressing temperature by IMAlI203/SIC-particle nanocomposites. The addition of
method. SiC-platelets was found to be significantly effec-
tive in the improvement of fracture resistance and
the work of fracture of AJO3/SiC-particle nanocom-
was caused by the presence of pores in the sinteregbsites. Fig. 7 shows the fracture surface after the
bodies. Above 1900C of hot-pressing temperature, CN test for AbO3/SiC-particle/SiC-platelet composite,
fracture toughness was the almost constant value ahonolithic ALO3 and AbOs/SiC-particle nanocom-
7.5 MPa n/2. Al,Os/SiC-particle/SiC-platelet hybrid posites. A}O3/SiC-particle/SiC-platelet hybrid com-
composites exhibited up to a 90% increase in frac{posites show the rough surface of intergranular SiC-
ture toughness, when compared to®@4/SiC-particle  platelet and intragranular surface of,@5 matrix. On
nanocomposite. Some researchers reported that the dtite other hand, the fracture of monolithic,8; was
dition of SiC platelet showed a large increase in fracturemainly the intergranular mode, whereas,®4/SiC-
toughness of $N4 [17] and AbOs [18]. The toughen-  particle nanocomposites shows the intragranular frac-
ing mechanism in this hybrid materials, therefore, isture of AlbO3s matrix.
thought to be the crack deflection and/or bridging by Fig. 8 showsKg curves of monolithic AJO3 hot-
the SiC platelets. pressed at 1500C, Al,O5/SiC-particle nanocompos-
The above-mentioned results suggest that the optes hot-pressed at 160@ and AbOs/SiC-particle/
timum hot-pressing temperatures were considered t&iC-platelet hybrid composites hot-pressed at 1900
be at 1900°C for Al,Os/SiC-particle/SiC-platelet hy- Al,O3/SiC-particle/ SiC-platelet hybrid composites in-
brid composites. Therefore, the following mechanicaldicated a typical risingr-curve and theiKg increased
tests were done mainly for the specimens hot-pressefiom 5.7 to a maximunKg value of 8.5 MPa 2.
at 1900°C. Monolithic Al,O3 had also a slightly risindr-curve,
CNtests were done for monolithic AD; hot-pressed whereas AJO5/SiC-particle nanocomposites showed
at 1500°C, Al,O3/SiC-particle nanocomposites hot- the constantKg values and no risindgr-curve. This
pressed at 1600 and AbOs/SiC-particle/SiC-platelet  slight increase irKg of monolithic Alb,O; was caused
hybrid composites hot-pressed at 19@0 The fracture by the grain bridging of AlIO; matrix grains as under-
toughness by CN method was calculated from the maxstood by intergranular fracture as shown in Fig. 7a.
imum load in the load-displacement curve. For compar- On the other hand, for the ADs/SiC-particle nano-
ison, Kc values were also calculated from the work of composites with flaRR-curve, steeply risingR-curve
fracture. The fracture toughness and work of fracturebehavior due to the nano-sized particles and intragan-
are summarized in Table I. ADs/SiC-particle/SiC- ular fracture shown in Fig. 7b was considered in a
several-nanometer-range rather than micrometer-range
TABLE | Fraciure touchness 4 work of fract . [20]. Therefore, the effect of nanometer size particles
racture toughness;c and work of fracture,yess for ; i
T e . e b e
particle/SiC-platelet hybrid composites . : ! . .
the R-curve is for long crack resistance in the region
Kic (MPam"?) of several hundregtm), because of their little effect of
long-crack bridging.
The great increase in fracture resistance and work
of fracture for AbO3/SiC-particle/SiC-platelet hybrid

Fracture Toughness (MPamm)
N
1
.
I

Veff IM CN By
(I/m?)  method method Irwin’s eq

Monolithic Al,O3 11.2 3.2 3.1 2.9 composites was contributed mainly by the brdiging of
Al20s/SiC-particle SiC-platelets shown in Fig. 7c and in part nanome-
nanocomposite 152 468 4.4 3.5 ter size SiC particles. Therefore, the addition of SiC-

Al,03/SiC particle-SiC

platelet composite 822 75 58 8.3 platelets was found to be greatly effective for toughen-

ing the ALO3/SiC-particle nanocomposites.

3147



€710 T T T T

g L A1203/SiC-particle/SiC-platelet -

Ay

e 8r i
= | -

84

g of .

§ I A1203/81C-part1cle i
wn

7 4r W -
Q

2 - Al O monolith 1

> 23

© 9 1 | 1 1

O’-‘ 0 200 400 600 800 1000

Crack Length (um)
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Figure 9 Variation of fracture strength of AD3/SiC-particle/SiC-
platelet hybrid composites with the hot-pressing temperature.

used.) This high strength of AD3/SiC-particle/SiC-
platelet composite was contributed to both the fine mi-
crostructure produced by the nanometer size SiC parti-
cle and the increase in fracture resistance.

The creep test at 1300C was done for monoli-
thic Al,O3 hot-pressed at 1500C, Al,Os/SiC-par-
ticle nanocomposites hot-pressed at 160D and
Al,O3/SiC-particle/SiC-platelet hybrid composites
hot-pressed at 1900C. Fig. 10 indicates the varia-
tion of strain rate with applied stress. The creep rate
of the nanocomposites was about three orders of mag-
nitude lower than that of monolithic ADs;. Further
Figure 7 Scanning electron micrograph of fracture surface of Iigament'r_m:)rovement of cr_e_ep re5|§tance was Obtam?d by the
after CN test: (a) monolithic A, (b) Al,O3/SiC-particle nanocom- ~ Simultaneous addition of SiC-platelets and SiC parti-
posite, and (c) AlO3/SiC-particle/SiC-platelet composite. cles. These results of the creep tests suggest that the

creep resistance were mainly improved by the addition
of the nano-sized SiC particles.

Variation of fracture strength of AD3/SiC-particle/ The SiC nano-patrticle is thought to have two roles;
SiC-platelet hybrid composites with hot-pressingl) some intergranular SiC particles at the grain bound-
temperature is shown in Fig. 9. The maximum strengttaries at the AlOs; matrix reduce the diffusion creep
of 700 MPa was achieved for ADs/SiC-particle/SiC- rate and, as a result, inhibit the grain boundary sliding
platelet composite hot-pressed at 19@) According  [8], and 2) the intragranular SiC patrticle inhibit the dis-
to the results by Chou and Green [21], the strength ofocation movement and growth of microcavity, which
Al,O3/SiC-platelet composites hot-pressed was aboutould be effective at high-applied pressure and high
500 MPa (when the same grade of SiC platelet wasemperature which the dislocations mainly controlled
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2. Fracture toughness and work of fracture of
Al,O3/SiC-particle nanocomposites were improved by
the addition of the SiC-platelets. The increase in frac-
ture toughness and work of fracture for,@k/SiC-
particle/SiC-platelet hybrid composites was thought to
be due to the bridging by SiC-platelets.

3. The addition of SiC-platelet into AD3/SiC-
particle nanocomposites resulted in a risiRgcurve
behavior, whereas ADs/SiC-particle nanocompos-
ites showed the constarKr value and no rising
R-curve. TheKpg increased from 5.7 to a maximum
value of 8.5 MPa 2. The strength of AlOs/SiC-
particle/ SiC-platelet hybrid composites was approxi-
mately 700 MPa.

4. The creep resistance of Abs/SiC-particle
nanocomposites was improved by the addition of SiC-
platelets. The SiC-plateletsis to inhibit the grain bound-
ary sliding of AbO3 matrix in addition to that of nano-
sized SiC particles. Itis due to the more rigid and clean
interface of the AlO3/SiC than the grain boundary of

brid composites by 4PBT.

alumina/alumina.
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