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bstract

he liquid phase formation in the system SiC–Al2O3–Y2O3 was investigated via differential thermal analysis (DTA) combined with thermo-

ravimetry (TG). For this purpose mixtures of various alumina and yttria mol ratios and 10 and 20 mol% silicon carbide were densified and heat
reated at different temperatures. It was shown that silicon carbide in the examined amounts has low influence on the melting temperature of the
xide phase. The compositions and microstructures formed were studied by SEM, EDX and XRD. The results were compared to thermodynamic
alculations.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) is the most deployed non-oxide ceramic
n the world.1 Its high temperature stability, the high hardness
nd the excellent resistance against oxidation and corrosion are
ome of the advantages of silicon carbide ceramics in technical
pplications.

The classical way of solid phase sintering of SiC (SSiC) is
erformed at high temperatures up to 2200 ◦C where additions
f small amounts of boron, aluminium and carbon make the
roduction of dense SiC technically manageable.2,3 SiC aris-
ng from this process is quasi single phase with all the above

entioned properties. Alternative sintering methods have been
eveloped to lower the sintering temperatures and to improve
racture toughness and mechanical strength. The use of rare
arths together with alumina and AlN, respectively, allows a
iquid phase sintering (LPS) of SiC.4 These additives form a
iquid phase at temperatures above 1850 ◦C allowing the reduc-
ion of the sintering temperature. During cooling the liquid

hase solidifies to crystallised phases such as rare earth alu-
inates or oxynitrides (in the case of AlN). These additives

trongly change the mechanical properties of the material in
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omparison to the solid phase sintered ceramics. An increase
f fracture toughness up to 100% and an increase of flexural
trength up to 70% in comparison to SSiC can be achieved.2

lso the electrical properties5 and the chemical resistance6 are
nfluenced.

Thus for the liquid phase sintering of SiC the phase relations
n the SiC–Al2O3–Y2O3 system and melting temperatures at
ifferent ratio of components are of interest. The publications
ddressing this system are rare and mostly deal with the interac-
ion of the oxides and SiC with the sintering atmosphere.7–9 No
eliable data exist concerning the composition of the liquid phase
nd the eutectic or peritectic temperatures. The observed liquid
hase sintering mechanism requires some dissolution of SiC in
he liquid phase. The observed incorporation of small amounts
f alumina into the SiC grains and the fast phase transformation
rom �- to �-SiC during liquid phase sintering are evidences of
uch a solution. In work of Hoffmann and Nader10 it was esti-
ated, that the solubility of the SiC at sintering temperatures

hould be in the range of 10 mass%. However no experimental
ata concerning the solubility and the liquidus formation in the
ystem SiC–Al2O3–Y2O3 exists. Therefore, the aim of present
ork is a detailed investigation of phase equilibria in the system

iC–Al2O3–Y2O3 including melting behaviour.

The liquid phase formation in the system SiC–Al2O3–Y2O3
as investigated by simultaneous thermal analysis (STA), cer-

mographic and XRD methods. Additionally the experimental

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.002
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Table 1
Samples and corresponding compositions.

Sample SiC [mol%] Mol ratio Y2O3/Al2O3

YAlSiC-
208000 0 20/80
208010 10 20/80
208020 20 20/80

YAlSiC-
455500 0 45/55
455510 10 45/55
455520 20 45/55

YAlSiC-
604000 0 60/40
604010 10 60/40
604020 20 60/40

YAlSiC-
802000 0 80/20
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802010 10 80/20
802050 50 80/20

ata of this paper are compared with thermodynamic calcula-
ions of the quasi-ternary system SiC–Al2O3–Y2O3.11

. Experimental

Specimen with silicon carbide contents of 10 mol%, 20 mol%
nd one with 50 mol% were produced (Table 1 and Fig. 1). The
igh oxide content leads to significant effects in the DTA and
lso the solubility of SiC in the liquid melt is assumed to be
ess than 10 mass%10. High SiC contents are assumed to have
o effect on melting temperatures. Compositions without sili-
on carbide were additionally prepared to be able to compare
he results to literature data and to study the effect of the SiC
n the melting temperatures. The ratio of yttria/alumina was
hanged from 20/80 over 45/55 and 60/40 to 80/20, according
o the eutectic- (and one intermediate, 60/40) compositions in
he pseudo binary phase diagram Al2O3–Y2O3. All specimen

nd their corresponding compositions are shown in Table 1. The
owders used to produce the mixtures were SiC (grade UF15,
.C. Starck Germany, oxygen concentration < 1.5%), �-Al2O3

AKP 50, Sumitomo Chemical Co.) and Y2O3 (grade C, H.C.

ig. 1. Ternary system SiC–Y2O3–Al2O3. Lines assign the mol ratios yttria
o alumina (20/80, 45/55, 60/40 and 80/20). Points mark the compositions of
amples produced.
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tarck Germany). The powders were mixed in isopropanol in a
lanetary ball mill (200 rpm, 2 h) and then dried in a rotary evap-
rator. Afterwards the silicon carbide containing powders were
ensified via spark plasma sintering (SPS, device: HP D 25/1
f FCT Systeme GmbH) for 5 min at 1400 ◦C in vacuum with a
ressure of 50 MPa. The heating rate was 100 K/min. As a result
he materials were compacted to dense samples with 40 mm
iameter and 5 mm height. The achievement of full density at
ow temperatures ensures a strong reduction of the decomposi-
ion of the materials taking place at higher temperatures due to
he interaction with the atmospheres (see e.g. 8). These samples
ere the basis for all further heat treatments and the DTA/TG

nalysis.
In order to check if the fast SPS process produces equilibrium

hases an additional heat treatment of the materials containing
0 mol% SiC was carried out for 1 h at 1700 ◦C in Argon. This is
elow the expected melting temperatures. The experiments were
one in a graphite heated furnace having the samples embedded
n powder mixtures of the same composition as the samples to
educe reactions with atmosphere. In addition the silicon carbide
ontaining samples were molten to reveal the phases and the
icrostructure after melting and solidification. This was neces-

ary because the DTA samples had a mass of only some mg. The
elting was carried out in a graphite heated furnace (Thermal
echnologies GmbH) at 1850 ◦C for samples YAlSiC-2080x and
t 1950 ◦C for samples YAlSiC-4555x, -6040x, -8020x for 5 min
n preconditioned graphite crucibles. The heating and cooling
ate was 20 K/min and the atmosphere was a mixture of Argon
nd CO. The preconditioning was done to minimise reactions
f specimen with the graphite crucible in the subsequent experi-
ent. For this conditioning the crucibles were filled with powder
ixtures of the same composition as the samples and were heat

reated in a graphite heated furnace up to 1950 ◦C in Argon
tmosphere.

The powders without silicon carbide were heat treated in a
uffle furnace up to 1400 ◦C in air with a dwelling time of
h. Here also the contained phases were checked. It was in
greement with the phases expected by the phase diagram. The
eat treatment in air was used, because no decomposition of the
aterials is expected. In contrast the interaction with the graphite

uring SPS could change the composition slightly (formation of
ome carbides or formation of carbon inclusions).

Melting temperatures were determined using differential
hermal analysis (DTA) combined with thermogravimetry (TG),
lso known as simultaneous thermal analysis (STA). Measure-
ents were carried out in the device STA 429 of Netzsch
erätebau GmbH Selb under static helium atmosphere with
eating and cooling rates of 20 K/min in tungsten crucibles
sing no reference substance. A tungsten heating element and
thermocouple of WRe (3%) and WRe (25%) were used. The

emperature was calibrated by the melting points of alumina
NIST SRM 742) and sampling was done from the bulk of the
ensified samples. The absolute uncertainty of measurement is

stimated to be 16 K and the relative one to be 5 K. Since the
pecimen showed a mass loss when melting began, the maxi-
um heating temperatures were set to a few degrees above the
elting temperature.



R. Neher et al. / Journal of the European Ceramic Society 31 (2011) 175–181 177

Table 2
Phases identified by XRD measurements of the materials after densification with the SPS at 1400 ◦C and after heat treatments at 1700 ◦C in graphite furnace. And
comparison to phases expected by thermodynamical calculations (YAG – Al5Y3O12, YAP – AlYO3, YAM – Al2Y4O9).

[Mass%]

Sample SiC Al2O3 YAG YAP YAM Y2O3 Al4SiC4

YAlSiC-208010 SPS 3.8 38.6 57.7
Thermodyn. calc. 3.4 36.3 60.3

YAlSiC-208020 SPS 9 36.0 55.1
1700 ◦C 7.9 36.3 55.8
Thermodyn. calc. 7.3 34.8 57.9

YAlSiC-455510 SPS 2.5 35.4 57.2 4.9
Thermodyn. calc. 2.7 36.6 60.6

YAlSiC-455520 SPS 6.5 35 53 5.3
1700 ◦C 6.6 52.6 35.2 5.4
Thermodyn. calc. 6.0 35.4 58.6

YAlSiC-604010 SPS 1.9 42.5 55.7
Thermodyn. calc. 2.2 35.7 61.8 0.34

YAlSiC-604020 SPS 4.6 43.0 52.4
1700 ◦C 5.7 42.6 51.7
Thermodyn. calc. 5.1 34.6 59.8 0.33

YAlSiC-802010 SPS 3.5 52.6 44.0
Thermodyn. calc. 2.0 53.5 44.3 0.25
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h
SiO2 containing glasses or crystalline phases. This was to be
expected, because the SiO2 content introduced by silicon carbide
is less than 0.15 wt% for the samples with up to 20 mol% SiC.
From earlier experiments it is known, that during the SPS SiO2 is
AlSiC-802050 SPS 15.7
Thermodyn. calc. 16.4

The phases occurring in the samples after the different ther-
al treatments were determined by X-ray diffraction (XRD 7,
eifert FPM, CuK� 10–90◦ 2Θ). The quantitative analysis was
arried out using Rietveld method (Autoquan, GE Inspection
echnology). The R values of the calculations were in the range
f 5–7%. Afterwards the structure and composition of selected
amples was examined by FESEM (device: LEO 982 of Carl
eiss SMT) and EDX (device: Oxford Instruments).

.1. Thermodynamic modelling

The thermodynamic database derived by Cupid et al.9 com-
ining description of Fabrichnaya et al.12 with data of Gröbner13

as modified to calculate phase relations in the Si–C–Y–Al–O
ystem. A detailed description of this modified database is given
y Pan et al.11. All thermodynamic calculations of this work use
his description. Calculations were performed by THERMO-
ALC computer program.14

. Results and discussion

.1. Subsolidus compositions

From liquid phase sintering experiments15–18 it can be con-
luded that Al2O3 and the yttria–aluminates have to be in
quilibrium with SiC. Therefore the observed formation of the
ifferent aluminates and SiC in the subsolidus area after the
PS was expected. The low sintering time in the SPS reduces

he interaction with the graphite die and thus a shift of the

omposition of the materials was not expected. The results of
he XRD-measurements after SPS and after heat treatment at
700 ◦C in comparison with the calculated phase equilibrium
sing thermodynamic database is shown in Table 2. The results

F
c

50.2 34.1
45.6 37.7 0.21

how, that the phases are formed in amounts, which would
e expected under equilibrium conditions. An exception is the
ample group YAlSiC-4555x, which is not completely in equi-
ibrium. The monoclinic phase (YAM, Al2Y4O9) was detected.
robably this phase has not been entirely converted to the equi-

ibrium phases with garnet (YAG, Al5Y3O12) and perovskite
YAP, AlYO3) during the SPS.

A careful EDX analysis of the microstructure of the SPS- and
eat treated samples does not result in the observation of some
ig. 2. Phase relation in the ternary system SiC–Al2O3–Y2O3 at 1400 ◦C cal-
ulated in present study.
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Fig. 3. Result of STA-measurement of YAlSiC-208010 against time. Continuous
l
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not corrected. At heating-up the DTA-signal shows an exother-

F
a

ine shows the DTA-signal, the dashed one the mass change and the dotted one
he temperature.

ven partially reduced to SiC. Therefore a remarkable influence
n the phase composition and the DTA/TG investigation was not
xpected.

The small amount of Al4SiC4 (<0.25 wt%) indicated by
alculations for samples YAlSiC-604010, YAlSiC-604020,
AlSiC-802010 and YAlSiC-802050 was not detected. The rea-
on for these small deviations is reaction of SiC with YAM and
l2O3 accompanied by formation of the Al4SiC4 phase and dis-
olution of the SiO2 in YAM in calculations. The calculated
hase diagram of the SiC–Al2O3–Y2O3 system at 1400 ◦C is
resented in Fig. 2.

m
e
s

ig. 5. FESEM micrograph (SE-mode) of YAlSiC-208010 (a and b) and YAlSiC-8020
nd 1950 ◦C (YAlSiC-802050).
ig. 4. Detail of STA-measurement of YAlSiC-208010 and YAlSiC-208020
gainst temperature. Extrapolated onsets of DTA-peaks mark the melting at
819 ◦C (YAlSiC-208010) and 1817 ◦C (YAlSiC-208020).

.2. Simultaneous thermal analysis and resulting phase
omposition

Fig. 3 shows the result of the STA-measurement of sample
AlSiC-208010. Lines are smoothed and Buoyancy effect is
al decline followed by an endothermal peak. At cooling an
xothermal peak occurs. The TG-signal shows one mass loss
tep.

50 (c and d) after heat treatment in graphite furnace at 1850 ◦C (YAlSiC-208010)
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Table 3
Melting and crystallisation temperatures and phases identified by XRD measurements for the samples after STA-measurement. Melting temperatures according to
thermodynamical calculations (YAG – Al5Y3O12, YAP – AlYO3, YAM – Al2Y4O9).

Sample [◦C] Phase identification

Tmelting Tsolidification Tmelting calc. SiC Al2O3 YAG YAP YAM Y2O3

YAlSiC-
208000 1825 1815 1806
208010 1819 1796 1800 x x x
208020 1817 1798 1796 x x x

YAlSiC-
455500 1917 1915 1903
455510 1910 1809 1842 x x x
455520 1911 1826 1842 x x x

YAlSiC-
604000 1914 1858 1912
604010 1919 1895 1845 x x x
604020 1920 1893 1845 x x x

YAlSiC-
802000 1972 1968 1950
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Fabrichnaya et al. and up-dated by Fabrichnaya et al.
The uncertainty in comparison with experimental values for
temperature of eutectic reactions and congruent melting of
compounds reaches ±40 ◦C. Experimental data obtained in
802010 1968 1950 1893
802050 n/a n/a 1893

The endothermal peak in the DTA-signal at 1819 ◦C indicates
he melting of the additive phases. This is also shown in Fig. 4,
hich gives a more detailed view on the DTA effects of YAlSiC-
08010 and YAlSiC-208020 from 1700 ◦C to 1850 ◦C. The fact
hat the additive phases were molten is confirmed by SEM anal-
sis of the sample treated in the graphite heated furnace which
hows undissolved SiC grains in a eutectic matrix of the additive
hases YAG and Al2O3 (Fig. 5). Solidification is indicated by
he exothermal peak at cooling and begins at 1796 ◦C.

With melting a simultaneous mass loss occurs which finishes
hen solidification begins. An explanation for this mass loss can
e that the phase reactions between SiC and the oxide additives
re accelerated in liquid. One of the possible phase reactions are
eactions between SiC and Al2O3 forming volatile gas species
l2O, CO and SiO.8,19 Additionally some interactions with the

rucible might take place.
The exothermal decline in the DTA-signal from 1600 ◦C to

780 ◦C is only observed in SiC containing samples (Fig. 4).
he higher the SiC content is, the more pronounced the decline

s. Samples without SiC do not show this effect.
The determined melting and solidification temperatures and

he phases identified by XRD after the STA-measurement of
ll samples are summarised in Table 3. Additionally the melt-
ng temperatures experimentally determined in present study
re compared with results of thermodynamic calculations and
iterature values in Fig. 6.

Regarding the samples with the same yttria–alumina ratio,
amples without SiC have higher melting temperatures than the
nes without. The sample group YAlSiC-6040x is an excep-
ion and the differences are close to the relative uncertainty of

easurement. But the tendency over all sample groups is appar-
nt. Thus definite influence of the SiC content on the melting

emperature can be concluded. This corresponds to the assumed
ow solubility (<10%, 10) of SiC in the oxide melt, since the
issolution of SiC would lower the melting temperature. Both
xperiments and calculations show that samples with the same

F
l
c

x x
x x

ttria–alumina ratio and SiC contents of 10 mol% and 20 mol%,
espectively, do not differ significantly in melting temperatures.

Samples YAlSiC-455510 and YAlSiC-455520 show remark-
ble differences (101 K and 85 K, respectively) in the
xperimentally determined melting and solidification temper-
tures (Table 3). Reason for this can be super-cooling of melt.

For the sample YAlSiC-802050 with a high SiC content in
omparison to the other samples melting temperatures could not
e measured because a mass loss occurred already at 1690 ◦C
ithout DTA-effect characteristic for melting. The reason for

his mass loss can be an accelerated decomposition of SiC due
o a high amount of SiC surface.

Optimisation of thermodynamic parameters in the
2O3–Al2O3 system based on all available phase equi-

ibrium data and thermodynamic values was performed by
12 20
ig. 6. Comparison of melting temperatures determined in this work with
iterature data. Values of Lysenko and Voronin23 are from thermodynamical
alculations. The others are experimentally determined.
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Table 4
Phases identified by XRD measurements after melting of samples in graphite
furnace (YAG – Al5Y3O12, YAP – AlYO3, YAM – Al2Y4O9).

Sample Tmax Phase identification

[◦C] SiC �-Al2O3 YAG YAP YAM Y2O3

YAlSiC-
208010 1850 x x x
208020 1850 x x x

YAlSiC-
455510 1950 x x x
455520 1950 x x x

YAlSiC-
604010 1950 x x x
604020 1950 x x x
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13. Gröbner J. Konstitutionsberechnungen in system Y–Al–Si–C–O. PhD The-
AlSiC-
802050 1950 x x x

resent study for Al2O3–Y2O3 system are in good agreement
ith experimental results of Mah and Petry21 and Adylov

t al.22, with calculations of Lysenko and Voronin23 and
abrichnaya et al.20 The comparison of experimental data
ith thermodynamic calculations for samples containing SiC

ndicates that temperatures of melting for samples 4555x,
040x and 8020x are up to 75 ◦C lower in calculations. This
ifference can only be explained by the fact that according to
alculations SiC decomposes forming SiO2 which dissolves
n the liquid and decreases melting temperature. It should be

entioned that the solubility of SiC in the melt has not been
odelled yet.
Phases identified in samples by XRD after the STA-

easurements and in samples heat treated in the graphite furnace
re summarised in Tables 3 and 4, respectively. All samples
reated in the graphite furnace were molten after the heat treat-

ent, and all of them consisted of SiC and the phases expected
rom the pseudo binary system Al2O3–Y2O3 (see Table 2). The
hase assemblages obtained by thermodynamic calculations of
he ternary system SiC–Al2O3–Y2O3 are the same as identified
xperimentally except for very small amount of Al4SiC4 found
y calculations for mixtures with high Y2O3 content. Addition-
lly reactions of carbide or oxycarbide formation took place at
he interface between graphite and melt.

For the samples examined in the STA the situation is differ-
nt. The YAlSiC-2080x samples show the equilibrium phases
fter heat treatment, whereas the YAlSiC-4555x samples showed
AP and alumina, which are not equilibrium phases according

o phase diagram. An explanation could be the formation of a
etastable eutectic of Al2O3 and YAP mentioned by Caslavsky

nd Viechnicki.24 The SiC content was difficult to determine.
his is because of the partial overlapping of the SiC reflections
ith the other phases occurs.
Samples were additionally analysed by SEM and EDX after

eat treatment in the graphite furnace. Fig. 5 shows, as an
xample, the micro-structure of YAlSiC-208010 (a and b) and

AlSiC-802050 (c and d) in SE-mode in different magnifica-

ions. The eutectic structures, once Al2O3 and YAG and once
2O3 and YAM with fine distributed and partially agglomerated,

mall SiC grains were observed. This confirms the assumption
eramic Society 31 (2011) 175–181

f a low solubility of SiC in the oxide melt which has already
een shown through the decrease in the melting temperatures.

. Conclusions

Melting temperatures in the system SiC–Al2O3–Y2O3 were
etermined using STA-measurements. The results for samples
f the boundary system Al2O3–Y2O3 are in good agreement
ith literature data and calculations. The new results for the

ernary system show a small influence of the SiC content on
he melting temperatures. This confirms the assumption of a
ow solubility of SiC in the oxide melt. Also the SEM analysis,
here fine distributed SiC grains in a eutectic matrix can be
bserved, supports this statement.

The phase formation in the system follows the statement that
iC and the aluminates are in equilibrium.
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