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Liquid-phase sintering of SiC in presence of CaO
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Abstract

Two SiC samples S1 and S2 containing constant amount #9AlY,03 (7 and 2wt.%, respectively) and different amount of CaO (1
and 3 wt.%) as sintering aids were sintered to >95% of theoretical density (TD) at temperature between 1750 d@drt@0@ensification
occurred by a liquid phase formed among®4, Y,0; and CaO. A fine elongated and equiaxed grained (average grain size<dliyuin)
microstructure was obtained. The mechanical properties in terms of hardness (HV), elastic ni)caridSi@cture toughnesk¢) were also
measured. Their amounts are also affected by the firing temperature and the obtained microstructure, i.e. by increasing the firing temperature,
it is found that, the mechanical properties increase in S1 and S2 after firing up t6CL&D@ then decrease again at 1900These results
confirm the results of densification, i.e. the maximum valu&gf HV and E were for the samples sintered at 1800 Densification
characteristics and microstructural development of the liquid phase-sifie®éd are described.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction may be densified to high density by either a solid-state or
liquid-phase sintering mechanism. Sintering of SiC with B
Silicon carbide (SiC) is one of the promising candidate ce- and C aids is regarded to take place by solid diffusion pro-
ramics for high temperature structural components becausecesg6]. This technology usually requires sintering temper-
of its excellent mechanical properties. SiC ceramics are be-atures higher than 210€ and easily results in exaggerated
ing used in industry because they have several favorablegrain growth which is detrimental to mechanical properties.
properties such as high elastic modulus, fracture strength,In contrast, the liquid-phase sintering process can be carried
toughness and hardness, good thermal and chemical stabilout at temperatures between 1850 and 2@A wide vari-
ity, low thermal and electrical conductivities as well as rel- ety of rare-earth oxides, usually in combination with@4
atively low thermal expansion coefficierts-3]. and/or boron compounds, could be used as sintering aids for
There are two kinds of SiC powders, noncubic 8HEIC SiC to accomplish a liquid-phase sintering process in which
and cubic 3C8)-SiC, which have different crystallographic  the oxides forms a liquid phase at a temperature as low as
structures or polytypegl]. The mechanical strength of SIC  2000°C. It was recently shown that-SiC powder with the
ceramic from 6H powder is not as good as that of 3C-SiC. addition of ALO3 and Y>O3 could be sintered at lower tem-
This is because sintered 6H-SiC consists of spherical or peratures (about 1850-2000) than the conventional sin-
polyhedral grains, whereas the 3C-SiC consists of elongatedtered boron- and carbon-doped SiG-9]. Mulla and Krstic
grains forming an interlocked structure. This interlocking [10] obtained dense SiC with equiaxdjrains by pressure-
structure increases the fracture toughness of the cerfiiifics  less sintering of3-SiC powder with the addition of AD3
The densification of SiC powders always needs sintering and Y,O3 at a temperature as low as 18%D), where the3
aids because of low sinterability of the covalent SiC itself. to o transformation of SiC was suppressed. The sintering
Depending on the kinds of the doped sintering aids, SiC mechanism in these systems was attributed to liquid-phase
sintering via the formation of an eutectic melt of 8k
and Y203 [7-10]. The objective of the present work is to
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Table 1

Chemical impurities and physical properties as well as batch compositions of SiC starting powders

Impurities content Physical properties Batch composition (wt.%)
Element wt.% or ppf Materials S1 S2
C 1.58 Surface area @fy) 16 SiC 20 88
o) 0.51 Sinter density (g/cth 3.14 AbO3 7 7
N 0.10 Green density (g/cth 2.9 Y,03 2 2
Fe 246 wt. loss (%) 3.8 CaO 1 3
Ca 29¢ Mean particle sizep(m) 0.634 - - -
Al 1052 - - - - -
B 63 - - - - -
Mo 3¢ - - - - -

aValues given are in ppm.

Al,03-Y203-Ca0 as a liquid phase. Elastic modul&s, ( cally pressed at 350 MPa. The specimens were packed in
Vicker's hardness (HV) and fracture toughneksc) and graphite crucible with a screwable lid. The inside packing
their relationship with phase composition and microstruc- powder sequences are graphite, SiC angDAl Specimens
ture are also studied. were isothermally sintered at 1750, 1800 and 19D0n a
graphite furnace (Astro Industry, Senata Rose) with flow-
ing argon atmosphere to obtain dense ceramics. The outer
2. Materials and experimental skin of the specimens was removed using gu60 dia-
mond impregnated net. Bulk density was measured by the
The starting silicon carbide powders were HSC 059 SiC Archimed’s method. The relative density of sintered ma-
(Superior Graphite Co., USA), with characteristics listed in terials was calculated using the theoretical density of the
Table 1 Ultra pure fine chemicals ADs, Y203 and CaO Al>,03-Y203—Ca0-doped SiC materials according to the
(Alfa Co., USA) were mixed with SiC powder as sintering rule of mixtures. The phase composition of the sintered
aids. The batch compositions of the two prepared ceramic SiC was examined by X-ray diffraction (XRD) with CuoK
bodies S1 and S2 are also givenTiable 1 The powder radiation (Norelco/Philips Diffractometer).
batches were ball-milled in methanol for 24 h. The result-  The microstructure of the polished selective surfaces
ing slurry mixtures were carefully dried and crushed by a were observed by a scanning electron microscope (SEM:
roller in order to eliminate agglomerates in the powders. GEOL, XL30). Fracture toughnesK¢) was measured by
Ten grams of the mixed powder was uniaxially pressed at the Vicker's indentation methods on specimens polished by
50 MPa using a 1in. diameter die and then cold isostati- 1-wm diamond paste; a 98-N load was appli&Ge was
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Fig. 1. Relative density of silicon carbide ceramics S1 and S2 sintered at different firing temperatures.
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calculated from the following equatidi1]: approaches the melting point of Zb3—Y203 (YAG) [24],
12 suggesting that sintering occurs thanks to formation of YAG
Kic = 0.016<£> P liquid phase. S1 sample appeared to be more sintered than
H c3/2 S2. The higher relative density of S1 than S2 is related to

the higher CaO content in S2 which seems to increase the
volatilizing of SiO, AbO and CO gases and consequently
decrease relative density. In both samples, the relative den-
sity is generally increase after firing up to 18@ with a
maximum relative density of about 97 and 96%, respec-
tively and then decreases after firing up to 19G0 This
phenomena seems to be due to increasing of volatilizing

i . _ of SiO and CO with raising the firing temperature up to
3.1 Snterablllty of SC 1900°C.

where the raticE/H of Young’s modulus to hardness was
obtained by the Knoop indentation methfi®], P is the
peak load andC is the radial crack dimension.

3. Results and discussion

The difficulties with the sintering of silicon carbide ce- 32, Phase composition and microstructure
ramics have been attributed to the covalent nature of its
chemical bond, particularly to the low surface energy and Fig. 2 shows X-ray diffraction patterns of sintered sil-
low self-diffusion coefficient resulting from the covalent icon carbide S1 and S2 after firing at 1750 and 18D0
bond. Successful sintering of silicon carbide has been From this analysisp-SiC peaks with relatively higher in-
reported and liquid-phase promotion or additives to im- tensity in S2 than S1 are evidenced. Both samples exhibit
prove diffusivity and surface energy were usually needed a peak of AyY3012 (YAG). By increasing the amount
for the sintering. The most promising additives for liqguid of CaO as going form S1 to S2, a new oxide phase
phase sintering are metallic or oxide forms, such as alu- (CaY,O,4) appeared. Also, few amounts @fSiC were de-
minum, mixtures of alumina and yttria, and carbon and tected in both samples. Their amount is higher in S2 than
boron[13-23] However, a problem here is that the oxides S1 and increases with increasing sintering temperature.
react with SiC in volatilizing SiO, AIO and CO gases. This amount ofa-SiC is produced from transformation of
Complete densification is difficult by normal sintering with  B-SiC.
oxide additivesFig. 1 shows the relative density of sintered The existence of AlY 3012 and Ca¥%0O; as liquid phases,
SiC samples (S1 and S2) at different firing temperature. seems to enhance the sintering at 180y activation of
It can be seen that densification occurs at 1°0which a rapid diffusion path at the grain bound46y.
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Fig. 2. XRD of silicon carbide ceramics S1 and S2 sintered at 1750 and°C300
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Fig. 3. Microstructure of silicon carbide ceramics S1 and S2 sintered at Fig. 4. SEM of the fracture surfaces of silicon carbide ceramics S1 and
1800°C. S2 sintered at 180CC.

3.3. Mechanical properties

The microstructures of silicon carbide ceramics (S1 and o ] )
S2) sintered at 1800 are shown irFig. 3. The use of low It has been reported thKjc of liquid-phase-sintered SiC

sintering temperatures and short sintering times allows sub-ere generally higher than that of boron- and carbon-doped
micron grain size to be retained with moderate grain growth. SIC due to the toughening effects of crack deflection that
Both S1 and S2 show a fine grain size of abeu0 and  "esulted from a weak interfa¢@5-27} _
<5um, respectively. The micrographs show also the pres- S0me authorg10] showed that the presence afSiC
ence of fine elongated grains in S1 and equiaxed grains in S2YPe weaken the material. Also the fraction toughness of SiC
each covered with a very thin layer of grain-boundary phase. c€ramic depends on its typp-(or a-) and grain morphol-

The fractographsFig. 4) show that the fracture mode ©9Y: i-€. main grain size and porosny of thg sintered spec-
of specimens S1 and S2 was a mixture of intergranular !men_s[28,29]. Table 2summarizes mechanical properties,
(majority) and transgranular (minority) fracture due to a I-€- Vickers hardness (HV), Young's modulus)(and frac-
weak interface resulting from thermal expansion mismatch ture toughnessc) of S1 and S2 sintered at different firing
between liquid phase and matrix on cooling after sinter- temperatures. It appears generally that the mechanical prop-
ing [25,26] As shown inFig. 3, the sintering additives
(Al,03-Y,03—Ca0) seem to reside at the grain boundaries Table 2
and constitute the grain boundary phases. It is knowr{6jat Fracture_ toughn(—:‘_ssK(C),_hardness (HV) as well as elastic modul& (
the difference in the grain boundary chemistry (oxide versus of the sintered SIC at different temperatures
non-oxide) would lead to the differences in the thermoelas- Properties Firing temperatureQ)
tic properties of the grain boundary phases themselves and 1750 1800 1900
the chemical bonding strength between the SiC grains and
the grain boundary phases, which results in different inter-
facial strength. A strong interface would hinder the occur- Kic (MPan¥?) 41 39 57 42 45 40
rence of interfacial debonding, which is a basic premise for HV (GPa) 207 192 232 2212 226 200
the crack bridging process. E (GPa) 290 280 410 380 330 310

S1 S2 S1 S2 S1 S2
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erties are more elevated for a firing temperature of T&0)0 [8] M. Omori, H. Taki, Preparation of pressureless-sintered
then decrease at 1900. This agrees with the densification - f‘g‘g,'Z?:Y;O?’kIJ- l';"at‘ér- S/C'; 23t(19§38) 37]‘4i'4_354?1. e
. . . _ .S. Slgl, R.-R. Kleebe, Core/rim structure of liquid-phase-sintere

trenq, suggesting that_the mechqnlcal properugs depend es silicon carbide, J. Am. Ceram. Soc. 76 (3) (1993) 376-773.
sentially on the. porosity Of_ the sintered ceramics. Also the (1) m.A. Mulla, V.D. Krstic, Low-temperature pressureless sintering of
overall mechanical properties (hardness and fracture tough-  g-siC with aluminum oxide and yttrium oxide addition, Am. Ceram.
ness) of S1 are higher than those of S2 in spite of the rela- ~ Bull. 70 (3) (1991) 439-443. N
tively higher grain size of S1. This can be attributed, again, [11] G-'t?- A”?“_S’dp- tcr;?”t"iu"hB-_R- LaV]Y”' DB. M?“Sh?”' ? C”t'tca' e':’a"

. e . uation ol indentation techniques Tor measuring fracture toughness:
to th_e hlgh,er densification Of_ S,l a”fj also to the presence of I. Direct crack measurements, J. Am. Ceram. Soc. 64 (9) (1981)
relatively fine elongated grain in this sample. It was found 533-538.
that, the combination of A3 and Y>O3 as additives have  [12] D.B. Marshall, T. Noma, A.G. Evans, A simple method for deter-
attracted particular attention in recent years because of their ~ mining elastic-modulus-to-hardness ratios using knoop indentation
ability to provide an in situ toughened material by crack measurements, J. Am. Ceram. Soc. 65 (10) (1982) C-175.

bridging or deflectior30] with a microstructure consisting -3 £ Liden, E. Carlsrom, L. Eklund, B. Nyberg, R. Carlsson, Homo-
geneous distribution of sintering additives in liquid-phase sintered

of elongated SiC grainfd7,30] silicon carbide, J. Am. Ceram. Soc. 78 (7) (1995) 1761-1768.
[14] Y. Pan, J.L. Baptista, Low-temperature sintering of silicon carbide
with Lio,O-Al,03—Si0O, melts as sintering aids, J. Eur. Ceram. Soc.
4. Conclusions 16 (1996) 1221-1230.
[15] C.J. Gilbert, J.J. Cao, L.C. De Jonghe, R.O. Rithie, Crack-growth

o : . i — behavior in silicon carbide: small versus lon
It has been found that a silicon carbide containing@y, resistance—curve g
cracks, J. Am. Ceram. Soc. 80 (9) (1997) 2253.

Y203 and Ca0 can be sintered to above 95% of theoreti- [16] Y. Zhou, H. Tanaka, S. Otani, Y. Bando, Very rapid densification of

cal density at a temperature as low as 180@ue to lig- nanometer silicon carbide powder by pulse electric current sintering,
uid phase formation. Silicon carbide ceramic containing 1% J. Am. Ceram. Soc. 83 (3) (2000) 654-656.

CaO (S1 sample) showed higher relative density than that[17]1 N.P. Padture, In situ toughened silicon carbide, J. Am. Ceram. Soc.
containing 3% CaO (S2 sample). This seems to be due to__ /7 (2) (1994) 519-523.

. . . . [18] M. Omori, H. Takei, Pressureless sintering of SiC, J. Am. Ceram.
the higher volatilizing of SiO, AIO and CO in S2 sample. Soc. 65 (6) (1982) C-92.

Doping with AbQOg3, Y,03 and CaO as additive t-SiC [19] M. Omori, H. Takei, Composite silicon carbide sintered shapes of
starting powder resulted in a fine microstructure with grain silicon carbide, US Patent No. 4502983 (1985).

size of about 1@um for the sample containing 1% CaO and [20] M. Omori, H. Takei, Method for preparing sintered shapes of silicon
5um for that containing 3% CaO. The porosity and mi- carbide, US Patent No. 4564490 (1986).

. . . [21] R.A. Cutler, T.B. Jackson, Liquid phase sintered silicon carbide, in:
crostructure of the sintered bodies affected the mechanical™ ™\, j Tennery (Ed.), Ceramic Materials and Component of Engines,

properties, namely Young’s modulus, Vickers hardness and Proceedings of the Third International Symposium, The American
fracture toughness. The maxims of such properties occurred  Ceramic Society, Westerville, OH, 1989, pp. 309-318.

at a sintering temperature of 1800. [22] L. Cordery, D.E. Niesz, D.J. Shanefield, Sintering of silicon carbide
with rare-earth oxide additions, in: C.A. Handwerker, J.E. Blendell,
W.A. Kaysser (Eds.), Sintering of Advanced Ceramics, vol. 7, The
American Ceramic Society, Westerville, OH, 1990, pp. 618-636.
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