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Abstract

The intergranular film of self-reinforced SiC ceramics prepared by hot pressing and further annealing witfi,&and SiQ-Al,O; as
sintering additives was observed by high-resolution transmission electron microscopy. The film thickness of SiC ceramicg-MHDSiO
was~1.2 nm whereas that of ceramics with $i@\Il,0; was~0.8 nm. Based on the refined continuum model, an explanation on the variation
of thickness with sintering additives is given. It seems that the behavior of intergranular glassy film of SiC ceramics is akin todNat of Si
ceramics.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction repulsive steric force. The attractive force originates from
the electromagnetic interaction between fluctuating dipoles
Many covalently bonded ceramics including SiC and in the different phases (i.e., grain and IGF). The origin of
SisN4 are densified by liquid phase sintering using metal the repulsive force is the structure of IGF that resists disor-
oxides as sintering additives. The oxides form a melt at dering. This model successfully predicts that the IGF has an
relatively low temperature and remain at the grain bound- “equilibrium thickness” in the order of several nanometers.
aries as an intergranular glassy film (IGF) after sintering. However, the model could not explain the effect of sinter-
Therefore, the existence of IGF is a common feature of ing additives on the behavior of IGF since it assumes that
these materials-12 Recent studies have revealed that the the IGF is a pure Si@phase:’ The important consequence
thickness of IGF has a characteristic equilibrium value of this assumption is that only the structural properties (i.e.,
in the order of 0.5-2nm, as observed by high-resolution correlation length) of the IGF can be considered to evalu-
transmission electron microscopy (HRTERT)-2 ate the effect of sintering additives on the behavior of IGF.
The behavior of IGF in SN4 ceramics has been ex- However, the physical properties as well as the structural
tensively studied by many investigators such as Kléébe, properties of the IGF by the incorporation of cations or an-
Tanaka et al%;1* Wang et al1® and Burger et al® These  ions in the sintering additives affect on the behavior of IGF.
studies indicate that the behavior of IGF irlSi ceramics In the previous study, we refined the continuum model
is dominated by the composition of the sintering additives based on the bond strength between cation and anion in the
and the radius of cationic ions of sintering additives. Squeez- IGF since it controls the electromagnetic interaction of fluc-
ing out IGF under moderate applied pressure (20—40 MPa)tuating dipoles in the IGF and the force to resist disordering
at some grain boundaries has also been observed. It has alsof the glass phas¥. The refined model indicates that both
revealed that the behavior of IGF is affected by the addition the attractive van der Waals and repulsive steric forces will
of anion (e.g., F). be changed with the incorporation of additive ions in the
Clarkée!” proposed a continuum model to explain the be- IGF. Moreover, the charge, size and amount of ions are im-
havior of IGF based on an attractive van der Waals and aportant to the force balance and behavior of the IGF. The
refined model successfully explained the variation of IGF
msponding author. Fax:82-2-958-5500. thicl_<r_1ess of SNy ceramic_s doped with different sintering_
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boundaries in hot-presseds8iy ceramics under moderate 3. Results and discussion
external pressure (e.g., 25 MPa).

As compare to SN4 ceramics, the behavior of the IGF The hot-pressed and annealed SCY and SCA showed 97.2
in liquid-phase sintered-, self-reinforced SiC ceramics has and 95.7% of relative densities. Typical microstructures
not been studied in detail. Considering the potential of for SCY and SCA before- and after-annealing are shown
self-reinforced SiC ceramics as room- and high-temperaturein Fig. 1L Both the as hot-pressed materials show the mi-
structural materials, the understanding of the origin and crostructure consisted of equiaxed grains with similar grain
behavior of IGF is important to improve their properties in size. However, SCA showed large grain growth with elon-
applications. In this study, we prepared self-reinforced SiC gated grains during annealing whereas SCY showed a little
ceramics with Si@-Y,03, and SiQ-Al,O3 as sintering grain growth with equiaxed grains. Faster growth rate of
additives, observed the thickness of IGF, and discussed theSiC in SCA may be due to lower viscosity of AD3—SiO
variation of thickness of IGF based on the refined contin- liquid at the annealing temperature. 283—SiQ, system
uum model. Since the continuum model deals with equi- forms a liquid at 1593C whereas ¥YOs3—SiO, system
librium intergranular states of ceramics, we only analyzed forms a liquid at 1660C. Furthermore, At can sub-
densified and further heat-treated SiC ceramics that havestitute Sft in SiOs* network structure and seriously
equilibrium microstructures for a given system. Limited ex- lower the viscosity of IGF at high temperature. However,
perimental evidence for the change of IGF thickness in SiC Y3+ cannot substitute Si in the network structure, there-
ceramics is coincident with the calculation of equilibrium fore, it does not lower the viscosity of IGF seriously like
thickness of IGF by the refined continuum model. Though AI3+ 1819 Fyrther annealing longer than 1 h did not change
the IGF behavior of SiC ceramics can be more accurately the macrostructures. Thus, the microstructure obtained in
addressed by further considering other factors contribution this study could be an equilibrium microstructure for each
such as the liquid phase composition and/or annealing ef-given system and, thus, suitable to address the equilibrium
fects, our preliminary result indicate that the behavior of IGF behavior of SiC ceramics. Since the continuum model
IGF with sintering additives in liquid-phase sintered SiC deals with equilibrium intergranular states of ceramics,
ceramics is akin to that of liquid-phase sinteregNgi we only analyzed densified and further heat-treated SiC
ceramics. ceramics.

Fig. 2 shows typical IGF of SCY and SCA observed
by HRTEM. The thicknesses of IGF of SCY and SCA
2. Experimental procedure are about 1.2 and 0.8 nm, respectively. Although the lim-
ited number of grain boundaries have been observed in this
a-SIC (A-1 grade, Showa Denko, Tokyo, Japan), £iO study (three grain boundaries in each materials), it is be-
Y203 (99.9% pure, Shin-Etsu Chemical Co., Tokyo, Japan), lieved that the thickness of IGF in SCY is wider than that
and AbOs3 (AKP 30, Sumitomo Co., Tokyo, Japan) were of SCA.
used as the starting powders. The mean particle size and the According to the continuum model, the force balance in

specific surface area of the-SiC powders were 0.45m IGF can be expressed &5:
and 15 /g, respectively.
Two batches of powder were mixed: one batch con- [T+]]+e=0 1)

taining 88wt.% SiC, 7.8wt.% ¥Os, and 4.2wt.% SiQ disp st
(composition corresponding to SiC»Si,O7 tie-line, de-
noted as SCY) and the other batch containing 88 wt.% SiC,
7.8wt.% AbO3, and 4.2wt.% SiQ (denoted as SCA). In-
dividual batches were milled in ethanol for 24 h using SiC
grinding balls. The milled slurry was dried, sieved, and
hot-pressed at 185@ for 1 h under a pressure of 25 MPa H
in Ar atmosphere. The hot-pressed materials were furtherdisp
annealed at 1950 for 1 h under an atmospheric pressure
of Ar. and
The hot-pressed and annealed samples were cut, polishe _ 2 h
and then etched by a plasma of L£€ontaining 7.8% . dl—[ = —4am exp(—g> 3)
The microstructures were observed by scanning electron mi-
croscopy (SEM). Thin foils for high-resolution transmis- where Hpgg is the Hamaker constant, the subscipind
sion electron microscopy (HRTEM, Philips CM30, Eind- g denotes the matrix (i.e., grain) and the IGF, respectively,
hoven, The Netherlands) were prepared by the standard proh is the IGF thicknessan% corresponds to the free energy
cedures of grinding, dimpling, and argon-ion-beam thinning difference between IGF liquids with and without structural
followed by carbon coating to minimize charging during ob- ordering,no is the degree of epitaxy corresponds to the
servation. heat of melting, ang is the structural correlation length. In

where[4isp is the attractive van der Waals fordg, is the
repulsive steric force and is the local compressive stress.
[ aisp @nd[ [ are expressed as:

Hggp
S 2
67h3 2)
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Fig. 1. Microstructures of (a) as-hot-pressed SCY, (b) as-hot-pressed SCA, (c) hot pressed and annealed SCY, and (d) hot pressed and annealed SCA.

Eq. (2) the[]gsp can be calculated from the approximation to the refined model, the dielectric constant and refractive

of the Hggg, Which is expressed as: index of IGF, which determine the Hamaker constant and
attractive force of IGF, can be estimated as follows:
Hgs = KT (83 " 59>2 L (4) £Si0y
PP 4T \ep t e 8v2 (n3 +n3)3/? £Si07Re = (T 1 xFm) (%)

wherekT is the Boltzmann constant times the absolute tem- whereesio,-rc andesio, are the dielectric constants of the

perature,s andn are the low-frequency dielectric constant |GF with Rc-containing Si@ glass and the IGF with pure

and refractive index, respectivelyjs the Planck’s constant  SjO, glass, respectively. Rc indicates the cation of sintering

divided by 2r, andve is the absorption frequency. additives incorporated in the IGFR is the relative field
By usingEqgs. (1)—(4) one can calculate the thickness of strength which can be expressed as follows:

IGF. However, the change of attractive and repulsive force

of IGF with physical properties of IGF (i.e., dielectric con- _ Freo  (Rsi+ R0)?ZRe (6)

stant and refractive index for Hamaker constant, and heat of R= Fsio  (Rrc+ Ro)?Zsi

melting for steric force), due to the incorporation of cation L . i
of sintering additives to IGF, cannot be addressed in this WNereRsi, Rrc andRo are the ionic radii of Si, Re, and O
calculation. ions, respectively, ands; andZg are the charge of Si and

The refined continuum model estimates the effect of sin- RC 10nS, respectively. In a same procedure, the refractive
tering additives by introducing field strength between cation 'ndex could be given as follows:
and anion in the IGF since it dominates the physical prop- nsio,
erties of IGF and, in turn, the behavior of I&FAccording ~ "'Si%Re = (" iy )
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to the field strength of the bond, the repulsive steric force
of IGF with Rc-containing Si@ glass can be estimated by
introducingFR in Eqg. (3)as follows:

[T =11 Fr= —4FRa3iozn§eXp<—L) ®

Slsio,-Re  Slsio, &sio,

whereasjo, andésjo, are the heat of melting and structural
correlation length of the pure Si@lass, respectively. Then,
by usingEgs. (1)-(8)one can calculate the thickness of IGF
with consideration of the effect of sintering additives on the
physical properties of IGF.

Fig. 3ashows the calculated equilibrium thickness of IGF
in SiC ceramics with sintering additives (i.e., SCY and SCA)
by using the refined continuum model. For the calculation,
it is assumed that the correlation lengh,is constant as
0.3nm’ the fraction of Y-O or Al-O bonds in the total
bonds,x, of the IGF is 0.36 the dielectric constant and
refractive index of SiC are 10.20and 2.65'7 respectively;
ando = 0 since both materials were annealed at 1950
without applied pressuréig. 3aindicates that the addition
of Y203 or Al,O3 increases the thickness of IGF. It also in-
dicates that the thickness of IGF will be wider in SCY as
compare to SCA. This is due to the decrease in the attrac-
tive force with larger cationic radius of3% (0.090 nm) as
compared to At (0.039 nm). Both the attractive and repul-
sive forces are decreased with increasing cationic radius by
changing the physical constanis)n, anda of IGF, but the
attractive force is more affected.

Fig. 3bshows the calculated equilibrium thickness of IGF
in SiC ceramics with sintering additives by using the pre-
vious continuum model. In this calculation, it is assumed
that all the constants, n, anda are constant correspond-
ing to the value of pure Si©phase, except the correlation
length,&. The correlation length assumed to be affected by
the incorporation of sintering additives to IGF. By assuming
that SiQ glass phase follows the hard sphere modeland
is 0.36, the correlation length of IGF in SCY and SCA are
roughly estimated as 0.552 and 0.348, respectively. For ex-
ample, correlation length of IGF in SCY is estimated as fol-
lows; Escy = &sio, (1 — x) + &sio,XRy / Rsi, Whereéscy is
the correlation length of IGF with Y-containing Si@lass,
&sio, is the correlation length of the IGF with pure SiO
glass (-0.3nm),Ry andRg; are the ionic radii of ¥+ and
Si**, respectivelyFig. 3balso indicates that the addition
Fig. 2. Representative HRTEM micrographs of grain boundaries in of Y203 or Al20; increases the thickness of IGF, and the
ho%—pressedpand further annealed SiC g(l:erglmics: (g) a glass film in thethiCkness of IGF in SCY will be wider than that of SCA.
boundary in SCY; and (b) a glass film in the boundary in SCA. However, such a large increment of the IGF thickness as

shown inFig. 3bwith the addition of %Oz or Al,O3 could

not be expected in the observation of IGF in SiC ceramics.
wherensjo,-rc @and nsio, are the refractive indices of the  Although the estimation of correlation length in this study
IGF with Rc-containing SiQ glass and the IGF with pure  remains a question, the thickness variation of IGF for SCY
SiO, glass, respectively. By usiriggs. (2), (4)-(7)one can and SCA may be reasonably explained by the change of
calculate the attractive force of IGF with consideration of physical properties of IGF with sintering additives rather
the effect of sintering additives. Supposing that the repulsive than the change of structural properties of IGF since the
steric force to the disordering of glass phase is proportional calculation of the thickness based on the refined continuum
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Fig. 3. Calculated equilibrium thickness of intergranular film in SiC ceramics: (a) based on the refined continuum model; and (b) based on the continuum
model. SC indicates the equilibrium thickness of intergranular film in SiC ceramics by assuming that the film is a pupbe8i©

model shows the more consistency with the experimental mainly illustrate the effect of cationic radius, however, could

evidence. be used as starting point for further investigation. Thus, it
It is noted that the increases in IGF thickness with may helpful to understand the effect of other parameters as

cationic radius of sintering additives for SiC ceramics has well as cationic radius on the behavior of IGF in SiC ce-

also been reported in $i; ceramic$® It implies that ramics.

the effect of sintering additives on the behavior of IGF

may have a similar trends with that of 38i; ceramics

and, therefore, the general rule for the selection of sinter- 4. Summary

ing additives for S§N4 ceramics may also be true for SiC

ceramics. The self-reinforced SiC ceramics were prepared by
Finally, it should stressed that the IGF behavior of SiC ce- hot-pressing and further annealing withhG35—-SiO, and

ramics can be more precisely addressed by further considerAl,03-SiO, as sintering additives, and the intergranular

ing other factors contribution such as the liquid phase com- glassy films were observed by high-resolution electron

position and/or annealing effects. Our results presented heremicroscopy. It seems that the thickness of intergranular
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glassy film of SiC ceramics increases with the cationic 9.

radius of sintering additives, akin to that ofsNi; ceram-
ics. The refined continuum model explains the behavior of
intergranular film reasonably. 10

11.
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