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Abstract

For the SiC specimens prepared with Al2O3, Y2O3, and CaO (AYC-SiC), it was observed that the intergranular films and triple-junction
phases were completely crystallized without subsequent heat-treatment after sintering. The intergranular films were determined to have
hetero-epitaxially grown (Al,Si)OC of a 2H-type wurtzite structure, with partial substitution of Al by Si. Segregation of Ca and Y at the grain
b of the triple
j SiC grains
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oundaries was also detected by energy-dispersive X-ray spectroscopy (EDS). On the other hand, the composition and structure
unction phases were different from those of intergranular films. It showed hexagonal structure and topotactic relationships with
aSiC//ajunction, cSiC//cjunction, andaSiC = 2ajunction).

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Densification of silicon carbide (SiC) is usually achieved
y the liquid forming additives such as Al2O3–Y2O3

1–5 or
l–B–C,6 and it has been reported that the properties of

iquid-phase sintered SiC depend critically on the size and
hape of the SiC grains as well as the amount and chemistry of
he grain boundary phase.6–9 Materials with an equiaxed and
ne-grained microstructure show a high room-temperature
trength, while materials with a platelet and coarse-grained
icrostructure exhibit a high fracture toughness.5

Although the densification of SiC is greatly enhanced by
he liquid forming additives, they are also responsible for the
egradation of mechanical properties at high-temperature.
ote that the glassy phase remaining at the grain bound-
ries of SiC becomes soft at above a certain temperature.
herefore, several strategies have been sought to amend

he high-temperature mechanical properties of SiC: (1)

∗ Corresponding author. Tel.: +82 2 2210 2760; fax: +82 2 2215 5863.
E-mail address: ywkim@uos.ac.kr (Y.-W. Kim).

the crystallization of the amorphous grain boundary p
by a post-sintering heat-treatment;10–13 (2) the formation
of a transient liquid-phase;14 (3) the reduction of th
overall additive content by colloidal processing;15 and (4)
the use of refractive additives, such as AlN and Y2O3.16

Among them, the crystallization of the grain bound
phase by post-sintering heat-treatment at 1100–130◦C
is known10–13,17,18to be quite effective for increasing t
high temperature strength and creep resistance of
However, the inconvenience is that the process requir
extensive heat-treatment up to 500 h.10–13 It is, therefore
worth searching the sintering additives, which lead to
crystallization of grain boundary phase without prolon
heat-treatment.

For this purpose, we used Al2O3, Y2O3 and CaO, fo
the densification of�-SiC (AYC-SiC). Note that the eu
tectic liquids19 of the system Al2O3–Y2O3–CaO appear a
lower temperature (∼1400◦C in 32 mol% Al2O3, 7 mol%
Y2O3 and 61 mol% CaO) than those obtained with traditio
Al2O3 and Y2O3 (AY-SiC). In this regard, the viscosity of
liquid appeared during sintering of AYC-SiC is expecte
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.01.050
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be lower compared to that in AY-SiC. Since the low viscosity
liquids exhibit small activation energy for diffusion,20,21 the
crystallization process during cooling would to be faster in
AYC-SiC. With AYC-SiC specimens, therefore, we exam-
ined the possible crystallization of the grain boundary phase
without subsequent heat-treatment after sintering.

2. Experimental procedure

Commercially available two kinds of�-SiC powders were
used (A-1 grade, Showa Denko, Tokyo, Japan and FCP-15c,
Norton AS, Lillesand, Norway) with Al2O3 (99.9% pure,
Sumitomo Chemical Co., Tokyo, Japan), Y2O3 (99.9% pure,
Shin-Etsu Chemical Co., Tokyo, Japan), and CaO (99.9%
pure, Kojundo Chemical Laboratory Co., Sakado, Japan)
powders. The mean particle sizes of the A-1 and FCP-15c
�-SiC powders were 0.45 and 0.50�m, respectively. A mix-
ture of 90 wt.%�-SiC, consisting of 80 wt.% A-1 and 10 wt.%
FCP-15c, with 5.7 wt.% Al2O3, 3.3 wt.% Y2O3, and 1 wt.%
CaO was milled in ethanol for 24 h using SiC media. The
powder mixture was dried, subsequently sieved through a
60-mesh screen. The powder compacts obtained were sin-
tered at 1900◦C for 4 h under a pressure of 25 MPa in an
argon atmosphere. The specimens were furnace-cooled and
the applied pressure was removed at 1200◦C. The heating
r
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Fig. 1. SEM micrograph of AYC-SiC in as prepared specimen.

large grains were determined to always exhibit well devel-
oped basal planes. By the indentation, on the other hand, the
cracks were observed to propagate mainly along the grain
boundary phase as can be noted from the figure. Phase anal-
ysis by XRD showed that the major phase of the specimen
was�-6H SiC and the minor phase was�-4H SiC.

Fig. 2 shows a detailed microstructure of the specimen;
the upper grain is abnormally grown large one and the
interface formed at basal plane was examined. From this,
it is noteworthy that no amorphous films were observed at
the boundaries even though the specimens were just furnace
cooled. Instead, hetero-epitaxially crystallized intergranular
films were always detected between SiC grains. The lattice
image of crystallized intergranular film shown inFig. 2was
taken at [2̄1 1̄ 0] zone axis. For SiC specimens prepared
with Al, B and C (ABC-SiC), on the other hand, it has
been reported that the crystallization of the intergranular
phase was only possible by prolonged heat-treatment
(1100–1500◦C/85–840 h) after sintering.10–13

F ared
A

ate was 20◦C/min, and the cooling rate was∼40◦C/min
rom 1900 to 1200◦C. The relative density of the specim
as determined by the Archimedes method using deion
ater as an immersion medium. X-ray diffraction (XRD)

ng Cu K� radiation was performed on ground powder
he specimens.

For HREM observation, SiC disks with a 3 mm-diame
nd∼100�m-thick were prepared by grinding and cutti
hey were mechanically thinned by dimpler (VCR gro
p to ∼20�m thickness and perforated by Ar ion milli
PIPS: Gatan). HREM characterization was performed u

300 kV field emission transmission electron microsc
JEM 3000F) with a resolution of 1.7 nm. The grain bou
ry chemistry was analyzed using energy-dispersive X
pectroscopy (EDS) equipped with atmospheric tin win
ATW) detector. In the present study, 2.5 nm spot size
sed for EDS point analysis. The software program of q

itative or qualitative EDS analyses was an INCA sys
Oxford Instruments), where an internal standard was
n determining Cliff–Lorimer factors (k-factors).

. Results and discussion

The AYC-SiC specimens obtained by sintering at 190◦C
nder pressure were almost fully dense and its relative
ity was∼99.0%.Fig. 1 is the microstructure of the spe
en obtained. It showed a typical bimodal size distributio
rains with abnormally grown large-elongated�-SiC grains
nd relatively small-equiaxed�-SiC grains. The elongate
ig. 2. HRTEM micrograph of the crystallized grain boundary in as prep
YC-SiC.



J.-H. Lee et al. / Journal of the European Ceramic Society 26 (2006) 1267–1272 1269

Fig. 3. Magnified HRTEM micrograph of rectangulary enclosed area in Fig.
2.

Fig. 3 is a detailed image of the boundary area marked
by a rectangle inFig. 2. From the circles corresponding to
the lattice points, the crystallized boundary layer is well dis-
cerned. Interesting point is that there is an abrupt change
of the atomic arrangement from 6H-type (ABCACBA. . .)
to 2H-type (ABA. . .). Nanobeam diffraction (NBD) with a
probe size of∼1 nm on this intergranular films showed only
6H-type diffraction pattern, where (0 0 0 3)spot of 6H-SiC
could be overlapped with (0 0 0 1)spot of 2H-type hetero-
epitaxially crystallized films at [2̄1 1̄ 0] zone axis. The film
thickness shown inFig. 3was 0.75 nm but others varied from
0.5 to 1 nm.

Fig. 4. EDS profile across SiC grain boundaries.

EDS analysis across the grain boundaries was performed
with a 2.5 nm-diameter electron probe and the result is shown
in Fig. 4. As can be noted, the boundary phase is composed
of additives (Al, Y, Ca, and O) elements in which Si and C
are dissolved. High concentrations of Si and C are likely to
be due to the probe size which is still much larger than film
thickness. Since the ionic sizes of Ca2+ (0.1000 nm) and Y3+

(0.0900 nm) are quite different from that of Al3+ (0.0390 nm),
substitution of Al by Ca or Y is not expected to occur. In con-
trast, the ionic size of Si4+ (0.0270 nm) is similar to that of Al.
Thus, Si is expected to substitute Al in the crystallized films,
as identified by Zhang et al.13 The HREM image (Fig. 3) and
the EDS results (Fig. 4) suggest that the crystallized intergran-
ular films are (Al,Si)2OC with a 2H-type wurtzite structure,
where Al is partially substituted by Si. The (Al,Si)2OC with
a 2H-type wurtzite structure in AYC-SiC is the same with the
grain boundary structure obtained in ABC-SiC.13

Fig. 5(a) is the bright field image of triple-junction phase
bounded by large elongated SiC grains andFig. 5(b) shows
EDS results along the dotted line marked inFig. 5(a). The

F d to the ted li
(

ig. 5. (a) TEM micrograph of (Al,Y,Ca,Si)(O,C) liquid phase attache
a).
SiC and (b) EDS profile across liquid/SiC interface according to dotne in
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Fig. 6. Selected area diffraction pattern showing relationships between
(Al,Y,Ca,Si)(O,C) liquid phase and 6H-SiC: (a) [2 11̄ 0̄] zone axis (four
times enlarged image), (b) [2 1̄12̄] zone axis, and (c) [̄8 5 1 3 6]zone axis.

triple-junction phase was also composed of Al, Y, Ca, Si,
O and C. Although its composition showed some fluctua-
tion depending on the position, the average was estimated
to be (Al1Y0.2Ca0.19Si0.08)(O0.95C0.33) when normalized to
Al. Note that the chemical composition of junction-phase is
different from that of intergranular phase.

Fig. 6 shows typical selected area diffraction patterns
(SADP) simultaneously taken from the junction phase and
the �-6H SiC. The diffraction pattern and Kikuchi map
analyses suggest that the crystallized junction phase has a
hexagonal structure. The orientation relationship between
the junction phase and the adjacent SiC grain is obvious
in the overlapped diffraction pattern ofFig. 6(a), where
the (0 0 0 3)reflection of 6H-SiC correspond to (0 0 0 2)
reflection and (0 1̄1 0) reflection to (0 2̄2 0) of the junction
phase. When 4H-SiC contacts with (Al,Y,Ca,Si)(O,C)
phase, both of (0 0 0 1) reflections are identical, which
meanscSiC = cjunction. Therefore, the axes in the two phases
are parallel (c-axis//c-axis anda-axis//a-axis) and lattice
parameter relationships ina-axis is 2aSiC = ajunction. The
HREM image inFig. 7also shows the relationship between
the triple-junction phase and SiC. However, the structure of
junction phase is different from the crystallized intergranular
films as already reported13,22 in the as-sintered materials.

Zhan et al.23 have examined the AYC-SiC specimen but
they detected an amorphous intergranular film with a thick-
n ete
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p tion
( ’s

Fig. 7. High-resolution lattice image between crystallized liquid phase and
SiC.

sample whereas 5.7 wt.% Al2O3, 3.3 wt.% Y2O3, and 1 wt.%
CaO for the present); they did not detect the presence of Ca at
amorphous intergranular films, (2) the difference in polytype
of starting SiC powders (97%�-SiC and 3%�-SiC for Zhan’s
sample whereas 100%�-SiC for the present); the difference
in polytype of starting SiC powders may lead to the differ-
ence in� → � phase transformation during sintering,5 (3) the
difference in impurity contents (2 wt.% C and 1.24% oxygen
for Zhan’s�-SiC whereas 0.46% C and <0.85% oxygen for
�-SiC in the present), and (4) the possible difference in cool-
ing rate (Zhan et al. did not describe the cooling rate). Note,
however, that the cooling rate (∼40◦C/min) of the present
sintering process would not be faster than that adopted Zhan
et al.23

On the other hand, from the SiC specimens prepared
with Al2O3–Y2O3 additive with the same Al2O3:Y2O3 ra-
tio used in this study, the presence of amorphous intergran-
ular films with a thickness of∼1 nm was detected.24 Sigl
and Kleebe25 and Kim et al.26 also fabricated SiC specimens
with Y3Al5O12 and they observed amorphous intergranular
films and crystallized secondary phase in ternary junctions.
In this regard, the complete crystallization of the boundary
phase obtained in this study can be attributed mainly to the
difference in the chemical composition of sintering additives.
The chemical composition of the present additives (5.7 wt.%
Al O , 3.3 wt.% Y O , and 1 wt.% CaO) might be a key fac-
t ace
c

o ase
o CaO.
T rm-
i s
t more,
g sub-
s

ess of∼1 nm with Y-ion segregation. In contrast, compl
rystallization of both triple-junction phases and interg
lar films has been observed in the present study. The

erences between Zhan’s experiment and the present c
ointed out as the followings: (1) the additive composi
7 wt.% Al2O3, 2 wt.% Y2O3, and 1 wt.% CaO for Zhan
2 3 2 3
or for the crystallization of boundary phase during furn
ooling.

Comparing the results obtained previously24 with those
btained in this study, the crystallization of boundary ph
nto facets of SiC grains is expected to become easier by
he effective catalysts which induce nucleation in glass fo

ng medium are known27 to exhibit a small lattice misfit (les
han 10–15%) between nucleus and substrate. Further
ood molecular (or atomic) match between nucleus and
trate is important factor for an epitaxial nucleation.28 It can
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be postulated that the substitutional solid solution is formed
when Ca is introduced into the junction phase. When Ca goes
into a Y site, the lattice becomes expanded because the ionic
radii of Ca2+ and Y3+ are 0.1000 and 0.0900 nm, respec-
tively. This would decrease the lattice misfit between nucleus
and substrate. We believe therefore that Ca (or CaO) has en-
hanced the crystallization of intergranular films. Note indeed
that CaO is known29 to be the effective nucleating agent in
the glass-ceramics.

Previous results30 on oxidation resistance of SiC ceramics
showed that AYC-SiC have a better oxidation resistance than
SiC with Y3Al5O12 at 1400◦C, though the softening temper-
ature in the Al2O3–Y2O3–CaO system is lower than that in
Al2O3–Y2O3 system. The amorphous intergranular films in
SiC with Y3Al5O12 provide a rapid diffusion path for oxida-
tion whereas crystalline nature of the intergranular films in
AYC-SiC makes the ceramics oxidation-resistant.

4. Conclusions

1. Completely crystallized intergranular films, typically less
than 1 nm in thickness, were observed in polycrystalline
SiC without prolonged heat-treatment in the presence of
Y2O3, Al2O3, and CaO as sintering additives. HREM im-
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age combined with EDS analyses confirmed that the
tallized films were hetero-epitaxially grown (Al,Si)2OC
with 2H-type wurtzite structure. The Y and Ca segre
tions were also observed at grain boundaries.

. Crystallized ternary junction phase had a topotactica
lationship with SiC grains asaSiC//ajunction, cSiC//cjunction,
andaSiC = 2ajunction. The composition and structure of t
ternary phase were different from those of intergran
films.

. CaO addition is considered to be effective for the c
tallization of intergranular film without prolonged he
treatment.
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