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Abstract

During the sintering of porous liquid phase sintered silicon carbide (porous LPS-SiC) a strong interaction with the atmosphere takes place,
influencing the composition and stability of porous LPS-SiC components. The present paper is focused on the intera€ipwiti BiC,

which is part of the common used sintering additives for LPS-SigDg¥-Al,0s—SiC). The interaction of AD; and SiC has been studied in

a previous paper [J. Eur. Ceram. Soc. (in press)].

The reaction products of the interaction of05 with SiC and the resulting microstructures were analysed using model experiments. The
effects of the influence of different sintering atmospheres, namely Argon and Ar/CO, as well as vacuum and different temperatures have
been investigated. The phase formation was determined by X-ray diffraction (XRD) and can be explained on the basis of thermodynamic
calculations. Depending on the sintering conditions, silicides or yttrium carbides can be formed in addition to stable oxides, which can result
in the decomposition of the samples after sintering. Reactions between SiG@gdliting sintering can be suppressed successfully if an
Ar/CO atmosphere is used.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The properties of LPS-SiC have been observed and pre-
sented by several authots® Groebnet has provided a ther-
The solid state sintering of SiC (S-SiC) can be performed modynamic assessment of the Gibbs energy functions for
at very high temperatures up to 22@with small additions the phases in the system Y-AI-Si—C-0O. A complete Gibbs
of boron and carbon or boron, aluminium and carbon. In the energy data set was established for thermodynamic calcula-
case of LPS-SiC there is liquid phase formation due t@4l| tions in this quinary syster.
and Y>0g3 or other rare earth oxide additions, which subse-  The decomposition of SiC during sintering by >8i3
quently accelerate the sintering in comparison to S-SiC. Theand AbO3/Y,03 mixtures was analysed by numerous
sintering temperature can be decreased to 1800-2D@0 authors!-256.10 The weight losses during sintering of SiC
the composition of the additives is close to the eutettic. with AloO3-Y203 additives result mostly from the evapo-
The sintering conditions and the presence of a liquid phaseration of Al and Si suboxides. The sintering atmosphere in-
during sintering have an essential influence on structure andfluences the composition of the gas phase and consequently
phase composition, and subsequently the properties of thethe extent of weight lossés>>® A common practice is the
material. Beside the formation of yttrium—aluminium—garnet use of powder beds containing&); and SiC for minimis-
(YAG) as intergranular phase between the SiC grains, a re-ing the mass loss by gas forming reactions during sintering
duction of the oxides by the silicon carbide can occur. Re- of LPS-SiC34.6
actions between oxides and silicon carbide that result in the Baud et af described the evaporation of a SiC»@k/
evolution of gases are associated with mass loss. Y203 mixture. They suggest a very similar behaviour in
comparison to a pure SiC—D3 mixture. In their thermo-
mspondmg author. Tels49 351 2553 682: dynamic caIcuI_ations gaseous CO, Sin@Iapd Al are the
fax: +49 351 2554 128. main gas species. Additionally, there is a minor presence of
E-mail address: Jan.Ihle@ikts.fraunhofer.de (J. Ihle). gaseous Y and YO. AD3; and Y>O3 would react during
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sintering to form either aluminates or a liquid oxide phase. ter evaporation of AlOs resulting in carbide or oxy-carbide

In both cases the activity of 203 would be less than one  formation. By using EDS, the authors detected lower oxy-
resulting in even smaller partial pressures of gaseous Y andgen content in heat treated samples than that expected, by
YO0.5 considering the amount of2D3 in the green samples. They

Cordrey et af* investigated the sintering behaviour of considered the formation of oxy-carbides as the most prob-
silicon carbide with an yttrium oxide addition of 2 and able reaction, due to the indicated release of gaseous SiO
5wt.%. During sintering the samples were surrounded in and CO after AJO3 evaporatiorf.

a coarse alumina and silicon carbide powder bed and con- Consequently, no conclusive information is available for
tained within a carbon crucible. The authors observed thatthe interaction of SiC and 203 and therefore thermody-
aluminium containing gas species react with the yttria to namical and experimental investigations are necessary for
form a reactive liquid phase. The XRD analysis was incon- the understanding of the interactions during sintering.
clusive for identifying the resulting phases due to the small  The present paper is a study of the phase formation due
amount of additives. They concluded with the aid of en- to the dependence of the interaction of SiC arngD¥ on
ergy dispersive spectroscopy (EDS) that Al, Y, Si and O are temperature and gas atmosphere, and a comparison of the
present in the secondary phase after sintering. The ratio ofresults with thermodynamic calculations.

ALY:O in the secondary phase was determined by scanning

Auger spectroscopy. In addition to the detected different ra-

tios of Al:Y:O they assumed that an Al-Y—C—-O compound 2. Experimental

and a Y—-C—0O compound may have formed.

The presence of yttrium silicates was detected by Her- Samples with a higher content of oxides than the usual
manutz et al! for hot-pressed SiC sintered with yttria. compositions of porous LPS-SiC were produced to enable a
Y 2SiOs, Y467(Si04)30 and Y2Si,O; were formed in the better detection of minor phases. A composition of 50 wt.%
bulk. Falk’ observed a formation of %8iO7 as well as a-SiC (ESK F1200 green) and 50 wt.%®3 (H.C. Starck
Si-O-rich glass pockets and graphite in capsulated hot iso-grade C) was chosen. The samples were green pressed into
static pressed SiC samples with 1 wt.%04. The SiG and tablets with a thickness of 5 mm and a diameter of 25 mm or
carbon are likely constituents of the starting SiC powder and bending bars with dimensions of 6 nx8 mmx 60 mm. All
do not decompose due to the reduced decomposition ratesamples were sintered at 1 bar gas pressure or under vacuum
under these conditions in comparison to normal sintering. (4 x 10~°bar) in a graphite-heater furnace. The sintering
Grande et af. and Nagano et aF concluded reaction (1) conditions are shown in Table 1.

- ; All samples were sintered in graphite crucibles. Graphite
SICE + Y2039 — Y20(9) + SI0(@) + COQ @) foil was placed between the crucibles and the samples in or-
as a decomposition reaction ob®3 beside the main de-  der to prevent adhesion of the samples to the crucible bottom
composition during sintering involving AD3. Because of by liquid formation during sintering. It was not possible to
a lack of data the thermodynamics of reaction (1) could not measure exactly the mass loss after sintering because some
be appraised by Grande et%They did not measure a sig- graphite foil was bonded to the samples after sintering. No
nificantly reduced yttrium content in the secondary phase in mass loss results are therefore presented.

LPS-SiC samples, and therefore have proposed that reaction The phase composition of the samples was determined by
(1) is not important for the weight loss. X-ray diffraction analysis (XRD 7; Seifert-FPM; Cudj,

Groebnet investigated the system Y—Si—C and has shown using JCPDS standard®Rietveld analysis (AutoQuan soft-
the silicides YSi and Y3Sis to be stable phases after syn- ware) was used for the determination of thgSC, phase
thesis at 1200 and 150C. The carbon solubility of the  from XRD measurements. Optical microscopy and scanning
silicides is low enough so that no alteration of the lattice electron microscopy with attached EDX (Leica Stereoscan
constants was observed with an increase of cafbon. 260) were used for an analysis of the microstructure of pol-

In addition to the SiC lines, Grande et%alound several ished surfaces.
weak diffraction lines in LPS-SiC samples maintained for ~ The FactSad® software package was used for thermo-
6h at 1820C, which could not be attributed to a known dynamic calculation$? The necessary thermodynamic data
phase. They proposed that a reduction 80X occurred af- for calculations were taken from the SGTE (Scientific Group

Table 1

Sintering temperatures, dwell time, atmospheres and resulting phase composition

Temperature°C) Dwell time (h) Atmosphere Phase composition of sintered samples
1850 1,35 Argon ¥03, a-SiC, Y3SihCo, YSi, (Y.Cy)

1925 1 Vacuum ¥Si>Cy, YCz, a-SiC

1925 1 Argon+ CO Y203, a-SiC

1950 1 Argon %03, a-SiC, Y3SiCy, YSi, (YCy)
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Thermodata Europe) pure substance database (3&&8)  argon, the main gas species in the atmosphere in the tem-
solution database (SGSI®)as well as the special data set of perature range of 1950-2250K is CO. The partial pressure

the system Y-Al-Si—-C-O from SGtEbased on the data  Of SiO is very low in comparison to the CO partial pressure.
set of Groebnet. The partial pressures of CO and SiO as a function of carbon

content and temperature are plotted in Fig. 1a and b where
it is shown that the partial pressure of CO increases with

3. Results and discussion increasing temperature. The partial pressure of CO reaches
_ _ 100 mbar at 2250 K without carbon additions and 176 mbar
3.1. Thermodynamic calculations with a 0.5 mol carbon addition, i.e. only small changes takes

place. The pressure of SiO is less than 10 mbar under these
Table 2 shows the calculated equilibrium compositions of conditions, i.e. much lower than the CO pressure. If there
the Y203-SiC-Ar mixtures at 2223 K with different carbon  is a deficit of carbon the SiO pressure is higher than for
contents or with additional CO, respectively. The calcula- compositions with additional carbon and it increases up to
tions result in different compositions depending on the C, 2100 K. At higher temperatures the SiO pressure decreases.
CO activity or the amount of argon used in the calculations. The reason for this behaviour is the existence 805 up
In all cases (excluding the high CO and low argon content) to 2100K in equilibrium if there is a deficit of carbon. At
at least small amounts of condensed decomposition prod-higher temperatures no yttrium silicate was observed and
ucts of Y203 and SiC were found. The degree of decom- therefore the partial pressure decreases (Figs. 1 and 2). The
position increases with increasing volume of the gas phase.partial pressures of yttrium containing species are less than
In the case of a high CO content in the atmosphere some10-6bar at 2250 K. Therefore no drastic change of the yt-
additional carbon is formed. trium content in the samples can be expected.
In the experiments, the amount of carbon and the effec- | there is an excess of carbonygphase consisting of yt-
tive volume can not be properly predicted. Further detailed trium, carbon and oxygen would be present already at lower
calculations were therefore carried out using compositions temperatures in the calculated equilibrium composition, be-
of 1 mol Y203, 5.6 mol Si, 5.4-6.1mol carbon in steps of sjdes ¥,03 and SiC. Depending on the carbon content and
0.1 and 1 mol argon. This correspond to a composition of the temperatures, the Composition of ﬂ]ﬁphase Changes
1.0 mol Y>03 and 5.6 mol SiC with a range of a deficit of petween:
qarbon up te-0.2 mol for the low carbon cpntent and a addi- 0.3383mol Y 0.3440 mol Y
tional carbon content of 0.5 mol for the high carbon content.
The calculations were performed using a pressure of 0.1 MPao'0006 mol O and 0.0011mol O
P Jap 0.6611mol C 0.6549 mol C
and a temperature range of 1950-2250 K. The results of the
calculations are given in Figs. 1 and 2. The existence of a Under conditions where liquid metal,-phase, ¥0O3 and
liquid metal C-Y-Si and/or a gamma phase consisting of SiC are present (low deviations of the SiC stoichiometry),
Y—C-0 was indicated under these conditions in a tempera-the composition of the gas phase and the composition of the
ture range of 1950-2250K (further calculations, which are condensed phase do not depend on the carbon content (zero
not presented here, show similar results at 1850 K). Besidesdegrees of freedom).

Table 2
Results of thermodynamic calculations of equilibrium concentrations of the starting composition (5.6 mel10@nol Y,03) with different carbon or
CO content and different amount of argon at 2223 K (195p

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) 5.589 5.489 4.486 5.599 5.592 5.126 5.598 5.595 4.632
Y503 (mol) 0.997 0.974 0.745 0.983 0.854 0.745 1.000 0.998 0.778
C (mol) - - - 0.886 - - 0.003 - -
v-Y—=C-O (mol)  0.001 0.012 0.120 0.033 0.292 0.355 - 0.003 0.107
Liquid metal (mol) 0.015 0.161 1.619 - - 0.645 - - 1.395
C (mol fraction) 0.102 0.102 0.102 - - 0.102 - - 0.102
C (activity) 0.017 0.017 0.017 - - 0.017 - - 0.017
Si (mol fraction) 0.657 0.657 0.657 - - 0.657 - - 0.657
Si (activity) 0.265 0.265 0.265 - - 0.265 - - 0.265
Y (mol fraction) 0.241 0.241 0.241 - - 0.241 - - 0.241
Y (activity) 0.001 0.001 0.001 - - 0.001 - - 0.001
Ar (bar) 0.929 0.929 0.929 0.667 0.696 0.929 0.500 0.905 0.929
CO (bar) 0.066 0.066 0.066 0.327 0.299 0.066 0.491 0.090 0.066

SiO (bar) 0.005 0.005 0.005 0.006 0.006 0.005 0.009 0.005 0.005
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Fig. 1. Results of thermodynamic calculations of partial pressures as a function of carbon content and temperature in the calculated systemA8i—Y—-C-O
Composition: 1.0 mol Ar, 1.0mol ¥O3, 5.6 mol Si and 5.4,.., 6.1 mol C. (a) Partial pressure of CO (b) partial pressure of SiO and (c) calculated
condensed phases (the arrow indicates the stoichiometric composition of SiC,@3l Y

The expected formation of a liquid metal and a gamma 3.2. Experimental determination of the interaction

phase has to result in a different composition efO§—SiC

in samples of the model experiments after sintering. In the As shown in Table 1 different condensed phases were
thermodynamic calculations the Si@xisting on the sur-  observed depending on the sintering conditions. Sintering
face of the SiC-starting powder was not taken into account. in vacuum instead of in argon atmosphere was used for
From previous investigations it is known that it evaporates some experiments to accelerate the interaction. There was
nearly completely at 1750-1950K, e.g. below the tempera- a rapid degradation of the vacuum sintered samples on ex-
ture range considered in the calculations discussed here. posure to air. In water, a heavy reaction accompanied by
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Fig. 2. Calculated partial pressures of gas species of the system
Si—-C-Y-O-Ar as a function of the inverse temperatyg £ 0.1 MPa).

(a) Results of calculations with deficit 6f0.2 mol carbon (condensed
phases SiC, ¥Os, liquid metal for 16/T < 4.78; above SiC, ¥Os,

Y 2SiOs, liquid metal). (b) Results of calculations with 0.5 mol added car-
bon (condensed phases SiC;04, y-Y-C-O for 16/T < 4.60; above
SiC, Y203, C, y-Y-C-0).
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Table 3

Measuredd-values of the phase 36i,C;, in comparison to thel-values
calculated from the lattice constants and atomic parameters by Jeitschko
et.all®

Measured values of 35i,Cp Calculated values of ¥Si,Cp

d-Value (A) Intensity d-Value (A) Intensity
4.236 3 4.221 3
3.726 10 3.710 17
3.103 90 3.099 52
2.874 34 2.867 55
2.805 100 2.800 100
2.615 40 2.605 38
2.503 16 2.498 23
2.433 6 2.428 8
2.214 6 2.216 3
2.179 8 2.178 2
2.109 24 2.106 33
1.925 25 1.928 19
1.759 11 1.757 26
1.748 13 1.744 25
1.641 12 1.640 18

The samples sintered in argon consist of0¢, SiC (6H,
4H), Y3SibCo and a small amount of YSi after decomposi-
tion in water. Yttrium carbide decomposed during exposure
to water and therefore could not be detected (Fig. 5). The
XRD analysis of samples not having been exposed to water
before the measurement is very difficult. This is because of
the expansion of the samples during the measurement caused
by the reaction of the yttrium carbide with moisture in the
air. The diffraction lines of Y@ in the samples sintered at
1950°C measured immediately after sintering are weak but
could be detected clearly in sealed samplegCyas a sec-
ond possible stoichiometry of yttrium carbide is assumed,
because there are further weak diffraction lines matching the
main lines of ¥.Cgs. No diffraction lines of yttrium carbides

the evolution of gas was observed, resulting in a complete were observed after exposure to water.

decomposition after only few seconds. In sealed samples
YC2 was determined as one of the major phases. After de-
composition YG disappears. The powder diffraction file of
Y3Si>C, is not available in the JCPBE and consequently

a diffraction pattern for ¥Si>C, was generated from the
structure data of Jeitschko et&lfor a XRD analysis of the
unknown phase. Table 3 shows thevalues of the phase

Y 3SirC, measured for a sintered sample after decomposi-
tion in water in comparison to the calculatdd/alues and
intensities from the lattice constants and atomic parameters
of Y3SiC,18 Some of the lines show a superimposition
with SiC and YSi diffraction peaks. Beside ¥CY3Si,C,

is a main phase of samples sintered in vacuum (Fig. 3). In
vacuum the YOz was seen to be completely decomposed
(Fig. 3).

All samples sintered in argon degraded completely in a
few days, with exposure to air (Fig. 4), regardless of the
sintering temperature. This indicates some decomposition of
Y03 as predicted by the thermodynamic calculations and
suggested by Grande etZal.

Kost et all® describe the decomposition of yttrium car-
bides in water as being similar to that of calcium carbide.
The structure of the Y&is the same as Cand, with the

x- 0-SiC
400+ #x +-Y,SiC,
. #-YC,
7 300- |
5 200 al# 7 | .
= ‘Ju’ ‘,4 . }L ol w
af il W Mt
R S RS- e

2
26[7]

Fig. 3. Result of X-ray diffraction analysis of vacuum sintered sample at
1925°C.
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Fig. 4. Destructed samples of SiCo(s.

reaction of water there is a formation ogld; and yttrium
hydroxide. Other yttrium carbides like YC €3 and further
compositions YC, show a similar behaviour and also de-
compose in water very quickly in a few minut£s2® Mass

spectroscopic measurements of porous LPS-SiC during the

decomposition with atmospheric moisture indicate the pres-
ence of both HO (m18) and GH» (m26)2! In accordance
with Kost et al'® this is a reference to a decomposition of
yttrium carbide.

The y-YC,O, phase and the metal melt has a large area
of homogeneity at high temperatures. During cooling differ-
ent phases can crystallise from this solid solution. The oxi-

carbides and carbides which are stable at high temperatures

decompose to yttrium carbide, yttrium silicon carbide, and
in some cases yttrium silicides were formed. Therefore, the
experimental findings agree at least qualitatively with the
results of the thermodynamic calculations.

Additionally, a small contribution to the overall weight
loss is caused by the formation of the SiO, which has a

— ” o- Y203
x- o-SiC
+ - Yasgcz

1500- #-YSi

2

&

% 1000 °

5 X
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500 - -
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o it ). ! [hk tJUMUU.}'CILﬁﬁ‘Kﬁ‘
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26[°]

Fig. 5. Result of X-ray diffraction analysis of samples sintered in argon
at 1850°C for 5h (after destruction in water).
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Fig. 6. Result of X-ray diffraction analysis of samples sintered in argon
+ CO at 1925C.

partial pressure of only 10% of that of COp® has such a
low partial pressure that a reduction of the amount of Y in
the sample does not take place, but for sintering in graphite
furnaces under an argon atmosphere a decomposition of the
oxide to silicides and carbides takes place. It is possible
to conclude from these findings that the decomposition of
Y 203 during sintering at 2223 K may be avoided with a CO
partial pressure >100 mbar. This hypothesis was tested.
The results show that a stabilization of SiC angdOg
was achieved when a mixed atmosphere of argon with a CO
partial pressure of 100 mbar was used. The samples sintered
at 1925°C in this mixed atmosphere at an overall pressure of
1 bar consist only of SiC and2D3 after sintering (Fig. 6).

4. Conclusions

Phase formation at temperatures in the range of
1850-2250 K was analysed with the aid of thermodynamic
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calculations. The main gaseous species in the sintering atmo-
sphere, beside Ar, was found to be CO. The partial pressure
of CO increases with increasing temperature, and depends ™
weakly on the carbon content of the samples within the
limits investigated. The existence of a liquid metal C-Y-Si
was indicated for a temperature range of 1950-2250K up
to an excess carbon content of approximately 0.25mol.
With increased carbon content, a formation of th¥C, O,
phase was expected from the thermodynamic arguments.

Model experiments of the interaction of SiC with®3
were performed, and these confirmed the thermodynamic 8.
findings qualitatively. These experiments have shown that,
depending on the sintering temperatures and atmospheres,
silicides or carbides (yttrium carbides) can be formed in ad-
dition to remnant silicon carbide and yttrium oxide. Two 10.
main decomposition products werg¥,Cy in samples sin-
tered in an argon atmosphere and i@ vacuum sintered
samples.

The sintering of SiC with ¥Os in an argon atmosphere

6.

7.

11.

results in a complete degradation of samples after sintering12.

during exposure to air. If the samples were sintered under
vacuum this degradation occurs more rapidly. An explana-
tion for this decomposition lies in the formation of yttrium
carbides and oxy-carbides.

The reaction between SiC ang®s during sintering can
be suppressed successfully if a CO partial pressure is used,

for which it has been shown that the post sintered samples!®:

only consist of the starting phases.

17.
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