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Abstract

The structure and phase formation of porous liquid phase sintered silicon carbide (porous LPS-SiC), containing yttria and alumina additives
have been studied. The present paper is focused on the system Al-Si—C-O, which is part of the system describing the interactions with
sintering additives.

The influence of different sintering atmospheres, namely argon and Ar/CO, and different temperatures on structure and composition was
investigated by XRD and SEM. Additionally, reaction products were calculated from thermodynamic data and correlated with experimentally
determined reaction products. Alumina and SiC reacted at X@%®an argon atmosphere, forming a metal melt of aluminium and silicon.

No reduction of A}Os; was observed in a CO-containing argon sintering atmosphere.

In the second and third parts of this paper the interactions betwges-$%iC and %0;—Al,05—SiC are analysed [J. Eur. Ceram. Soc. (in
press), parts Il and Il1].
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of porous LPS-SiC:° Fig. 1shows the structures of porous
LPS-SiC.

Silicon carbide is a prevalent ceramic material for many  The sintering process in combination with the resulting
applications in harsh environmental conditions because of liquid phase has a critical influence on structure, phase com-
its stability at high temperatures, resistance to degradationposition and subsequently the properties of the material.
by aggressive chemicals and abrasidrhese are important  Beside the formation of yttrium—aluminium—garnet (YAG)
properties for materials that find application as filters for as intergranular phase between the SiC-grains a reduction

abrasive suspensions, acids, ®tc. o of the oxides by the silicon carbide can ocdr° The
The solid phase sintering of SiC (S-SiC) is usually per- properties of LPS-SiC were investigated and published by
formed at very high temperatures up to 22@with small several authord’-10-14 Groebnet® performed a thermo-

additions of boron and carbon or boron, aluminium and car- dynamic assessment of the Gibbs energy functions for the
bon. In the case of LPS-SiC the additives®4 and Y203 phases in the system Y-AI-Si-C—O. A complete Gibbs en-
or other rare earth oxide additions form a liquid phase, ergy data set for the condensed phases was established for
which accelerates the sintering in comparison with S-SiC. thermodynamic calculations in this five-component system.
Consequently, the sintering temperature can be reduced to The decomposition of SiC due to interaction with,®k
1800-2000C 378 and other oxides such as®s during sintering was anal-
A high degree of open porosity, narrow pore size distribu- ysed by numerous authof$%111416 A common technique
tion and an adjustable pore size are an advantage for filtersfor reducing the decomposition is the implementation of a
powder bed. In most cases a mixture of SiC angOhlare
used for the powder berf 1217
msponding author. Tel+49 351 2553 682; The ma]or \_Neigh'F-Ioss during sintering of SiC-zgg
fax: 149 351 2554 128. ' compositions is mainly caused by the formation of CO,
E-mail address: Jan.Ihle@ikts.fraunhofer.de (3. Ihie). SiO, AlO and Al. The gaseous species formed, their

0955-2219/$ — see front matter. © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.04.015
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Fig. 1. Micrograph of porous LPS-SiC.

concentration and consequently the extent of weight loss ispowders and the carbon activity is assumed to be the reason
determined by the sintering atmosphéf@.111618 Based  for this behaviour. The measured partial pressures of Al and
on thermodynamic calculations, the analysis of the interac- Al,O did not change in any appreciable wWay.
tions of SiC and AJOs by Misral® shows that liquid Al can The gas forming reactions are more intensive in the case
be formed, in the absence of free carbon, at sintering tem-of porous liquid phase sintered silicon carbide than for dense
peratures in the range of 2223 and 2423 K. The composition materials. The high open porosity associated with the large
of the liquid phase depends on the content of free carbonspecific surface area, which does not decrease significantly
which also interacts with AlO3 and results in gas formation  during the sintering process, is the cause for this behaviour.
reactions. Mulla et al® reported that extent of the reaction Therefore, the control of the decomposition reactions is
between SiC and AD3 during sintering at 2050C could much more essential for reproducible material production
be reduced if a pure CO gas atmosphere is used. In thisthan in the case of dense materials.
case, the liquid Al-Si alloy formation could be suppressed Decomposition and the phase formation in porous
and the formation of the gaseous reaction products, SiOLPS-SIiC has not been thoroughly investigated and under-
and ALO decreased so that the mass loss was reduced to &tood. The results for dense materials are not unequivocal.
quarter of that expected in a non-CO atmosphere. Therefore, model experiments were performed to detect
Baud et all® analyzed the vaporization behaviour of the mechanism of the phase formation and the influence
SiC-AlL,Os mixtures by thermodynamic calculations and of the oxides A}Os and Y»03.12 The present paper is a
mass spectroscopy in closed and open systems. They destudy of the interaction of SiC and AD3 as a function of
tected that a mixture of SiC and ADsz evaporates congru- temperature and gas atmosphere. The experimental results
ently up to 2150K. This is in disagreement with the data were discussed on the basis of thermodynamic calcula-
of Mulla et all® who suggest an incongruent evaporation tions.
with the formation of a Si—Al liquid metal. Using mass
spectrometry with a multiple Knudsen cell method, Baud
et al>?% identified the gaseous species Al,@, SiO and 2. Experimental
CO and measured their relative pressures as a function of
alumina content, crucible materials and excess of C or Si. Samples with a higher content of oxides than original
The evaporation and condensation coefficients were alsocompositions of porous LPS-SiC were produced for a better
determined. However, Baud et%f° state, that equilibrium  detection of minor phases and for the improvement of the un-
conditions were not reached in all experiments since the derstanding of phase formation. A composition of 50 wt.%
vaporization reactions are kinetically hindered. This could «-SiC (ESK F1200 green) and 50 wt.% 283 (Alcoa Al6
be a reason for the discrepancy of the results of Baud SG) was chosen. The mixed powders were pressed to tablets
et al>1020 agnd Mulla et alt® with a thickness of 5 mm and a diameter of 25 mm. All sam-
Baud et af detected that the partial pressures of SiO ples were sintered in graphite crucibles at 1 bar gas pressure
and CO changed drastically if different SiC powders for in a graphite heater-furnace. The sintering conditions are
the powder bed were used. The oxygen content of the SiCshown inTable 1
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(Redlich—Kister—-Muggiano polynomial) from the special

Sintering temperatures, dwell time, atmospheres and phase compositionsygtg set of the system Y—-Al-Si—-CZDwas used.

Temperature Dwell Atmosphere Phase composition

(°C) time (h) of sintered samples

1850 1 Argon -SiC, AlO3 3. Results and discussion

1925 1 Argon a-SiC, Si, Al, Al,O3

1925 1 Argon+CO  a-SiC, AlO3 3.1. Thermodynamic calculations
1950 1 Argon a-SiC, Si, Al

Preliminary calculations, using the SGTE databfas|g-
gest the presence of AD4C in addition to AbO3 and SiC.
The evaluation of this data shows, thaG° (2200 K) for
the reaction

Graphite foil was placed between the crucibles and the
samples to prevent a bonding of samples to the crucible by
the formation of liquids during sintering. It was not possible
to measure exactly the mass loss because some graphite fod Al,05 + Al4Cz < 3A1404C Q)
remained bonded to the samples after sintering. No mass
loss results are therefore presented_ is —122kJ/mol. AlSO, the data from different phase

The phase composition of the samples was determinedstudies®28 show that A4O4C is not stable at tempera-
by X-ray diffraction analysis (XRD 7; Seifert-FPM; Cuok tures above 187(C (2143K) and has to decompose to
and using JCPDS standarisRietveld analysis (AutoQuan ~ Al20C and an oxide rich melt. We have therefore taken
software) was used for the quantitative determination of the the thermodynamic data for 4D4C from the original lit-
phase Composition from XRD measurements. erature SOUrCéﬁ. USing this data we find a much lower

The analysis of the microstructure of polished surfaces AG” (2200K) for reaction (1) of-35kJ/mol and conse-
of the materials was performed using optical and scanning quently this phase was no longer present in the calculated
electron microscopy with attached EDX (Leica Stereoscan equilibrium composition.

260). The calculations result in different compositions depend-

The FactSad%software package was used for thermody- Ing on the C a..nd CO activities or the amount of argon used
namic Ca|cu|atior§ and the partia| pressure of gas phases in the calculationsTable 2shows some of the results. The
and phase formation in the system Al-Si-O—C—Ar were cal- effective amount of free carbon and the effective volume in
culated. The necessary thermodynamic data for calculationsthe sintering experiments can not be properly predicted, due
were taken from the SGTE (Scientific Group Thermodata t0 different transport reactions, temperature gradients and so
Europe) pure substance database (S&Pahd solution on. Therefore, for the interpretation of the results it is nec-
database (SGSB} as well as the special data set of the €ssary to take into account the Gibbs’ phase rule
system Y-Al-Si-C—O from SGT& based on the data set F=C—P+2 )
of Groebnet® The data for the AJO4C phase were taken
from Lihrmann et aP® in accordance with Qiu et &f. and
Yokokawa et a8 For the metallic melt the RKMP model

with F, degrees of freedon€, number of components (in
our system 5)P, number of phases in the equilibrium.

Table 2
Results of thermodynamic calculations (2.5mol SiCL.0 mol AbOs) with different additional amounts of carbon and different amounts of argon in
calculations at 2223 K (195()

Phases C=0.001 mol C=1mol CO=0.1mol
Ar =0.1mol Ar=1mol Ar=10mol Ar=0.1mol Ar=1mol Ar=10mol Ar=0.1mol Ar=1mol Ar = 10mol
SiC (mol) 2.465 2.140 0.244 2.447 2.384 1.131 2.492 2.238 0.267
Al,03 (mol) 0.984 0.841 - 0.883 0.691 - 0.994 0.874 -
C (mol) - - - 0.536 - - - - -
Al4SiCy (mol) - - - 0.047 0.083 - - - -
Liguid metal (mol) 0.049 0.502 3.085 - 0.014 2.175 - 0.334 3.026
Al (mol fraction) 0.445 0.441 0.436 - 0.682 0.518 - 0.451 0.437
Al (activity) 0.338 0.334 0.329 - 0.614 0.420 - 0.344 0.330
C (mol fraction) 0.012 0.012 0.012 - 0.054 0.018 - 0.012 0.012
C (activity) 0.009 0.009 0.009 - 0.023 0.011 - 0.009 0.009
Si (mol fraction) 0.543 0.547 0.552 - 0.264 0.464 - 0.537 0.551
Si (activity) 0.490 0.495 0.501 - 0.197 0.395 - 0.482 0.499
Ar (mbar) 666.1 666.1 757.8 217.2 504.5 754.7 450.2 665.9 751.9
CO (mbar) 237.2 236.7 168.3 711.6 396.3 175.9 482.3 238.0 172.7
SiO (mbar) 55.8 56.9 41.5 12.4 15.1 27.0 32.0 54.4 42.3
Al,0O (mbar) 25.5 25.1 17.5 38.3 56.5 23.5 21.9 26.1 18.1
Al (mbar) 15.1 14.9 14.6 20.4 27.4 18.7 13.5 15.3 14.7
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For a stable result of the calculation, i.e. no change in the Ar, CO, SiO, AbO and Al. All other gas species have a
composition of the gas phase with changing starting com- partial pressure which is several orders of magnitude lower
position, the degrees of freedom must be 2 (one degree of(Fig. 3). Gaseous Al has a pressure less than half of the
freedom is connected with a free change of temperature andpressure of AlO at high temperatures and in presence of
one degree with the free change of the overall pressure,the liquid metal. At low temperatures the Al pressure is of

which was taken as 0.1 MPa). If only two condensed phases
Al>03 and SiC exists beside the gas phase, than the degrees
of freedom in the system becomes 4. This means that for a
given temperature and overall pressure the gas phase has two
degrees of freedom, i.e. even small changes in the starting
composition changes the composition of the gas phase. In
the calculation Table 2 an additional liquid metallic phase
with a large area of homogeneity was observed under differ-
ent conditions. Therefore, a given composition of the liquid
metallic phase in equilibrium with AD3 and SiC will re-

sult in a fixed composition of the gas phase. The composi-
tion and amount of the liquid metal change with increasing
amount of carbon in the system.

The amounts of elements used for the thermodynamic cal-
culations were 2.0 mol aluminium, 3.0 mol oxygen, 2.5 mol
silicon, 2.3,..., 3.0mol carbon in steps of 0.1 and 1 mol ar-
gon. This corresponds to a composition of 1.0 mel@d and
2.5mol non-stoichiometric Si with a range of a deficit
of carbon up to-0.2 mol (e.g. 2.3 SiC mol and 0.2 mol free
silicon) for the low carbon content and an additional carbon
content of 0.5 mol for the high carbon content.

The existence of a liquid metal Al-Si with some C solved
in it was indicated under these conditions in a temperature
range of 1700-2250K depending on the amount of addi-
tional carbon Eig. 2). Baud et alt® calculated a liquid metal
at temperatures higher than 2150 K. Mulla et&dlescribed
the formation of liquid Al-Si alloy at 2323 K. The calcu-
lations show that these different temperatures of formation
depend mostly on the gas volume, the carbon and the CO
content of the starting compositioRi¢. 2).

The calculationsKig. 3) show that the main gas species
of the system at temperatures between 1950 and 2250K are
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Fig. 3. Calculated partial pressures of gas species of the system
Si—-C—Al-O-Ar as a function of the inverse temperatyg € 0.1 MPa).

(a) Results of calculations with deficit 6£0.05 mol carbon (condensed
phases SiC, AlOz, liquid metal). (b) Results of calculations with 0.2 mol

added carbon (condensed phases SiGQA liquid metal for 16/T <
Fig. 2. Calculated stability area of liquid metal phase as a function of 4.61K™1; SiC, Al,Os, Al4SiCs, liquid metal for 18/T < 4.65K™1; SiC,
carbon and argon content in the system (composition: 2.5mol SiC, 1 mol Al;0s, Al4SiC, for 10T < 4.88K~1, above SiC, AJO3, C, Al4SiCy). (c)
Al203, —0.2, ..., 0.2mol additional carbon and different amount of Calculated ratio of the partial pressun@so/pco.pai,o/Pco andpai/pco
argon). as a function of temperature (calculations without added carbon).
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Fig. 4. Results of thermodynamic calculations of partial pressure of CO (a), SiO ¢f), (&) and Al (d) as a function of carbon content and temperature
and formed condensed phases (e). The arrow marks the stoichiometric compositir2iC.

the same order of magnitude or even higher than th®Al  concentrations of Al and Si in the metal melt vary in the

pressure. same way. The partial pressure of CO at 2200K is 172 mbar
The partial pressures of CO, SiO,2&l and Al as a func-  with a deficit of—0.2 mol carbon and 287 mbar with 0.5 mol
tion of carbon content and temperature are plottefign 4. additional carbon. The different carbon content also results

The calculated partial pressure of SiO is higher than the in different compositions of the liquid metargble 3.

partial pressure of CO up to a temperature of 2050K for a  Baud et aft® calculated a partial pressure of 4! 100
deficit of carbon, but is much lower than the CO partial pres- times lower than the gaseous species CO, SiO apd Adr a

sure if a higher carbon activity is assumeédg(. 4). For the closed system under vacuum. In the open system calculations
composition without additional carbon the rafigio/pco is by Baud et alC the partial pressure of A is much higher

less than 0.5 for temperatures higher 2100Hg( 3¢. The than that of AbO and the partial pressure of CO is smaller
partial pressure of A is lower than the SiO partial pres- than that of SiO. The reason for these differences may be
sure. With increasing carbon content the partial pressure ofdue to the Knudsen conditions of the calculations by Baud
Al,O rises and the partial pressure of SiO decreases. Theet al.1? without taking into account the liquid Si—Al melt.



992 J. lhle et al. / Journal of the European Ceramic Society 25 (2005) 987-995

Table 3
Compositions of the calculated liquid metal C-AI-Si at 2200K in comparison to the experimentally determined Si:Al ratio after sintering at 2198 K
(1925°C)

Components Mol fraction of components
Calculations Calculations Calculations Sintered samples
without added C with 0.2mol C with 0.5mol C
Carbon 0.010 0.025 0.047 -
Aluminium 0.443 0.599 0.685 0.6& 0.05
Silicon 0.546 0.376 0.268 0.4% 0.04

On the basis of our calculations, the net interaction reaction liquid metal can be prevented (sé€able 3. These conclu-
taking place in argon atmosphere at 1bar can be simply sions were verified experimentally.

written as: In the thermodynamic calculations the Si@xisting on
. . the surface of the SiC-starting powder was not taken into
5SiGs) + 3Al203(s) > 5CQg) + 2Simely + 3Al (mety account. From previous investigations it is known that it

+3SiQg) + Al20g +Alg  (3) evaporates nearly completely between 1750 and 1950K, i.e.
below the temperature range considered in the calculations

Whereas Al and Si form a single metallic melt. This con- jiscussed here.

firms the calculations of Mulla et &P The partial pressure of
gaseous aluminium and AD is directly correlated with the
activity (concentration) of Al in the melt, i.e. with increas-
ing carbon content in the system the Al content in the metal Sintering was performed under conditions normally used

melt INCcreases and therefore the Al ang@lpartial pres- for sintering of LPS-SiC with the exception of a higher
sure increases too. For lower temperatures the weight loss

: S additive content to investigate the relevant phase formation
due to evaporation as Al can be similar to the losses due to
Al,O evaporation, while at higher temperature000 K)
the evaporation as Al is less than that in form of@l 2000 -
Eqg. (3)has to be interpreted in the following manner:
If the CO, SiO, AbO or Al partial pressures are higher

3.2. Experimental determination of the interaction

+-ALO,
x - a-SiC

than the equilibrium pressure of ti. (3)(seeFigs. 3 and 19001
4) than the reaction is shifted to the left side, i.e. the de-
composition is reduced. In the extreme case the occurrence 1000 -

of a liquid metal can be prevented. Only when one of the
condensed phases disappears, e.g. the liquid metabOsAl
the partial pressures of the components are no longer fixed 500 +
and can therefore increase (CO, SiO@land Alg)).

From the results of the calculations it was apparent that the
composition could be modified with different atmospheres o0 30 40
consisting of argon and CO in different mixturegable 2 (@)

Fig. 4). The formation of liquid metal is shifted to higher

temperatures or even eliminated with an increase of admix- 2500 -
ture of CO. In an argon atmosphere there is a mixture of X
SiC—-Al,O3 at 1850 K, which changes to SiC-A;3 liquid
metal at 1912 K. With a given partial pressure of 300 mbar
CO the mixture at 1850K consisting of SiC-8l—C
changes to SiC-AD3 at 2083 K and to SiC—AlO3 liquid
metal at 2238K. If a partial pressure of 400 mbar CO is
used in the calculations, the composition will change from
SiC-AlLO3-C to SiIC-ApO3 at 2110K. No liquid metal
formation is indicated under these conditions and by further 500+
calculations at higher given CO pressures.

The calculations have shown that the decomposition can 0+
be minimized effectively by controlling the CO pressure. If
the CO pressure is higher than that observed for the equilib-

rium (3) (Fig. 49, e.g. more than 0.03-0.04 MPa at 2250K, Fig. 5. Results of X-ray diffraction analysis of samples sintered in argon
depending on the carbon activiti§. 49, the formation of at 1850°C (a) and 1950C (b).

intensity [cps]

X - 0-SiC
0-Si
2000 #- Al

1500

1000+

intensity [cps]

(b) 20[7]
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(b)

Fig. 6. Optical micrographs of sintered samples. (a) Sample sintered in pure argon atmosphere (marked areas are: a, pore; b, SiC; c, Al; d, Si); (b)
Sample sintered in Ar/CO atmosphere (marked areas are: a, pore; b, SiGQg).Al

of porous LPS-SiC. The model experiments reveal that the phology of SiC grains in the sample indicates their grain
final composition of the samples sintered at various temper- growth.

atures strongly depends on sintering conditiohab{e J. Samples sintered at 1926 (2198K) in argon atmo-
After sintering at 1850C no change of phase composition sphere contain SiC, alumina and elemental silicon and alu-
in comparison with the initial composition was observed minium. The different compositions at various temperatures

by XRD (Fig. 59, whereas after sintering at 1950 in are caused by an alteration of the reaction kinetics. It may
pure argon the XRD analysis showed that the material con- be expected that a longer dwell time at 1850 and T@25
sisted of SiC and silicon and aluminiurki¢. 5b. SEM results in more complete reduction, if the same furnace is

and EDX investigations support this resuRid. 6). The used. If the ratio of sample volume to the volume of the
material exhibited regions of nearly pure silicon and pure crucible or furnace is low, thermodynamic equilibrium of
aluminium solidifying from the melt in separate phases the composition of the gas phase is not reached. Therefore,
during the cooling at the end of the sintering. This is the reaction does not stop before the complete alumina is
in agreement with the Si-Al phase diagrdfThe mor- decomposed.
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The sintered samples at 1980 (2223 K) contained only ~ The CO partial pressure at normal sintering temperatures is
SiC in addition to silicon and aluminium. at least three times higher than that for the other species and

Table 3shows the Si:Al ratio in the materials sintered at depends only weakly on the carbon content.
1925°C (2198 K) in Ar quantified by Rietveld analysis from The reaction between SiC and 283 during sintering
the XRD measurement in comparison to the thermodynam- can be successfully suppressed if an Ar/CO atmosphere is
ically calculated composition of the liquid metal C-Al-Si used. The materials sintered at 198Din such an atmo-
at 2200 K. The thermodynamically calculated amounts were sphere show no significant change in the phase composition.
similar to the experimentally observed values indicating an No metallic silicon or aluminium are formed which is con-
effective additional carbon content of 0.2 mol under experi- firmed by X-ray diffraction results and SEM analysis of the
mental conditions. Also, no AD4C was detected under all  microstructure.
sintering conditions, which is in agreement with the calcu-
lations based on the modified data for,@,4C.

The area of the graphite foil, which was used to prevent
a_bonding of samplt_as to_the .crucibles, that was in cqntact References
with the sample during sintering at 1925 had a metallic
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