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Abstract

The densification and phase formation of liquid phase sintered silicon carbide (LPSSiC) with 10 wt.% additives were investigated. The ratio
of the Al,03/Y,03-additives was changed between 4:1 and 1:2. Densification was carried out by hot pressing and gas pressure sintering. The
different densification routes result in different major grain boundary phases—aluminates in gas pressure sintered materials and silicates in
hot pressed samples. Thermodynamic calculations were carried out to determine the amount of liquid phase during densification and for the

interpretation of the results.
© 2005 Published by Elsevier Ltd.
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1. Introduction

Silicon carbide is a preferred ceramic material for many
applications in harsh environmental conditions because of
its resistance to high temperatures, aggressive chemicals and
abrasion.! The sintering of SiC (SSiC) is usually performed
at very high temperatures up to 2200 °C in the solid state, with
small amounts of boron, carbon, or aluminium as additives.
In the recent years, liquid phase silicon carbide LPSSiC has
been developed as a material with a higher fracture toughness
than the SSiC but with a similar hardness. The use of yttria
or other rare earth oxides and Al,O3 or AIN as sintering
additives, which form, together with the SiO; existing on the
surface of the starting SiC-powder, a liquid phase during the
sintering, reducing the sintering temperature to values less
than 2000 °C,"? in comparison to 2100-2200°C for solid
phase sintered SiC (SSiC).

However, a major problem associated with sintering of sil-
icon carbide in the presence of oxide additives is the reaction
between the silicon carbide and the oxides.’® The major
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weight loss in the SiC-Al,03-Y,03-system during sinter-
ing is a result of the formation of gaseous CO, SiO, Al,O and
A].3:56

The sintering conditions influence the composition of the
gaseous phases formed and consequently the extent of the
mass losses.> 1011 If not properly controlled, the resultant
mass loss can significantly affect the final properties of the
materials. Therefore, it is a common practice to use a powder
bed to minimise the mass loss by gas forming reactions during
the sintering of LPSSiC. In most cases a mixture of SiC and
Al O3 are used for the powder bed.®!%!! In most previous
investigations the influence of the SiO, on the densification
and properties is neglected after the statement that the SiO; is
the less stable component and will evaporate at low tempera-
tures. They then focus more on the decomposition reactions
of ALO3 and Y,03.98 Therefore, the influence of the SiO»-
content on the amount of liquid and hence on the densification
is not yet studied in detail. Also most of the research work in
the literature!' %13 has focused on only a few parameters, such
as the polytype and grain size of the starting silicon carbide
powders. The aim of this paper is to show the influence of
the SiO; and the Al,O3/Y,03 ratio, based on a comparison
of the densification of hot pressed and gas pressure sintered
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samples. Thermodynamic calculations of the amount of liq-
uid phase, which depend on temperature and SiO;-content of
the materials, were carried out as part of the explanation of
the results.

2. Experimental

The samples were prepared starting from «-SiC (UF15)
and 10 wt.% mixed Al,O3 (Alcoa A16 SG) and Y,03 (H.C.
Starck grade C) additives. The SiO, content in the start-
ing powder was 1.7 wt.%. The composition of additives was
changed in a systematic way varying the mol ratio from 4
AlyO3/1 Y,03 to 4 Y,03/1 Al,O3 (Table 1). The powders
were first mixed in isopropanol in a planetary ball mill for
2 h. The isopropanol used contains 0.5 wt.% triethylene gly-
col and 3.0 wt.% Triton-X100 for better dispersing and shap-
ing. Samples (dimensions: 100 mm x 20 mm x 20 mm) were
cold isostatically pressed at 250 MPa for gas pressure sinter-
ing experiments.

Burning out prior to hot pressing was done in an air fur-
nace at 450°C for 1h (with a ramping cycle of 5°C/min)
in porcelain crucibles. In the case of the cold-isostatically
pressed bars, used in gas pressure sintering, organic additives
were removed at 1100 °C in an Ar atmosphere.

The hot pressing of the samples was carried out at
1975 °C for 30 min, under 30 MPa (HPW200/250, company
KCE/FCT), using ramp rate of 10 K/min and an Ar pressure
of 1bar. The final dimension of the samples was @ 80 and
6 mm height.

The CIPed samples were gas pressure sintered using two
cycles with different heating rates. For cycle I a heating rate
of 5 K/min up to 1875 °C was used. At 1875 °C there was a
holding time of 30 min. During the subsequent 5 K/min ramp
up to 1925°C the Ar pressure was raised from 1 to 80 bar.
The final sintering was carried out at 1925 °C for 60 min, un-
der a gas pressure of 80bar (8 MPa). The cycle II differed
from cycle I in the heating rate, in this case it was 10 K/min.
Graphite crucibles were used for the sintering of all the sam-

Table 1

ples. No powder bed was used. The densities were measured
by the Archimedes method. After sintering the samples were
cut into slices with dimensions of 20 mm x 20 mm x 5 mm
for further investigations. All investigations were made on
20mm x 20 mm cross sectional faces. The phase compo-
sition of the samples was determined by X-ray diffrac-
tion analysis (XRD 7; Seifert-FPM; Cu Ka), using JCPDS
standards.'® The theoretical density was determined using
the density of the starting components and the equation:

100
Y omi/p;

where m; is the mass fraction in wt.% and p; density of the
starting components.

The microstructures of polished surfaces were examined
using both an optical microscopy and a scanning electron
microscopy, with an attached EDX (Leica Stereoscan 260).

The Young’s modulus was determined by standard ultra-
sonic run time measurements.

The FactSage® software package was used for thermody-
namic calculations.!” The necessary thermodynamic data for
the calculations were taken from the SGTE (Scientific Group
Thermodata Europe) pure substance database (SGPS)18 and
the solution database (SGSL),' as well as the special data
set of the system Y—-Al-Si—C—O from SGTE?? based on the
data set of Groebner.?! For the modelling of the melt a partial
ionic liquid model was used.?! The oxide phases, oxycarbide
phase and carbide phases were used for the calculation. The
quartz and tridymite phases were all excluded because the
automatic extrapolation of the data outside the stability area
(in the area of higher temperatures) results in some troubles.
The gaseous species were taken into account up to a pressure
of 10770 atm. The amount of the gas phase was less 1 wt.%
of the overall mass. Therefore no significant change in the
composition of the condensed phases takes place. The cal-
culations were carried out at constant pressure of 1 atm. The
calculated phase diagram?! is in good agreement with the
experimental data.?

0

The composition, phase content and measured density (p) observed after hot pressing and gas pressure sintering

Material Hot pressed at 1975 °C Gas pressure sintered at 1925 °C

Name Al,O3/Y,03 Phases formed at T Density o/ pth Crystalline grain Density o/ pn Crystalline grain
(mol/mol)? equilibrium (calculated) (g/cm3) (%) boundary phaseb*C (g/cm3) (%) boundary phaseb’C

4A11Y 4:1 YAG; mullite, Y,Si;O7 1400 3.27 100 Y;Siz07, Al,03 3.26 97.6 YAG, Al,03

5A13Y 5:3 YAG; mullite, Y»Si, Oy 1400 3.26 99.4 YAG (s) 3.30 98.6 YAG

1A11Y 1:1 YAG, Y2Si;O7; mullite 1400 3.27 99.4 Y;Si07, YAG 3.32 98.8 YAG/YAM

1A12Y 1:2 Y,SiOs, Y2Si,07, YAG 1425 3.30 100.3 Y,SiOs, YAG 3.27 97.0 YAM, YAP, YAG (s)

1A14Y 1:4 Y,SiOs, YAM, YAG 1727 3.31 100.3 Y;SiOs 3.05 90.5 Not measured

The theoretical density pg, of the hot pressed samples was calculated under the assumption that all the SiO, remains in the sample; the theoretical density of
the gas pressured materials were calculated under the assumption, that all SiO, was evaporated, T,—temperature of melt formation from the phase diagram

calculated after [21].
4 Initial SiO, content 1.7 wt.%.

b YAG- compound composition Y3Al5012; YAM-compound composition Y4Al2Og; YAP-YAIO3; (s) observed only small amounts.

¢ Determined by XRD.
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3. Results

The densification and the densification rates during hot
pressing of the samples are given in Fig. 1. As can be
seen with decreasing Al,O3/Y>03 mol ratio the densification
starts at higher temperatures. Note that for the sample with
1:4 Al,03/Y,03 ratio the first peak of the densification rate is
only a shoulder of the main peak of the densification rate. The
start of the rapid densification of all samples correlates well
with the temperature at which the melt is formed (Table 1).
The melting point of the grain boundary phase could be de-
termined from the phase diagram (Fig. 2). For convenience
the starting compositions of the grain boundary phases are
shown in the phase diagram. These were calculated assum-
ing the SiO, content to be 1.7 wt.%, of the starting mixture.

The density and phase composition of the samples is given
in Table 1. In spite of the differences in the densification be-
haviour, all samples were almost completely densified us-
ing hot pressing. The densities higher than 99.5% theoretical
density could be confirmed by the analysis of polished cross
sections. The relative densities of the hot pressed samples
in Table 1 were calculated assuming, that no SiO, evapo-
rated as SiO and CO during the densification. Evidence, that
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Fig. 1. Densification (a) and densification rate (b) during hot pressing for
the different compositions. (1Y 4Al means a sample with additive mol ratio
4 Al,03/1 Y,03).
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Fig. 2. Liquidus surface of the Y,03-Al,03-SiO, phase diagram [25]. In-
cluded are the starting compositions of the sintering additives (including the
SiO; content of the SiC-powder 1.7 wt.%).

most of the SiO; remains in the sample is confirmed by a
XRD analysis of the hot pressed samples. Silicates as well as
aluminates are formed. Not all of the predicted silicates are
detected (compare columns 3 and 7, Table 1), which can be
explained by the formation of amorphous phases, which are
typical for the Si02-Y203-Al,03 system.

The density and the weight losses for the two different
sintering cycles are shown in Fig. 3, while only the densities
and phase composition of the samples sintered using cycle I
are given in Table 1. The samples with the high Al,03/Y,03
additive ratio showed the higher weight losses. Nevertheless
these samples could be sintered to densities higher than 98%
theoretical density. The samples with an Al,03/Y;0j3 ratio
less than 1:1 could not be completely densified independent
of the sintering cycle (A or B).

It should be noted that for the GPS samples, with high
Al,O3 contents, the absolute values of the densities are higher
than those of the hot pressed samples, with the same starting
compositions. This is due to the evaporation of the SiO, in
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Fig. 3. Dependence of the relative density and of the mass loss of LPSSiC-
materials with 10 wt.% additives and different ratios for sintering cycles I
and II.
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Fig. 4. Dark field image of hot pressed (a) and gas pressure sintered (b) and detailed SEM figure with the resulting EDX analysis of the gas pressure sintered
(c) materials with a Al,03/Y,03 additive mol ratio of 1:2.
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Fig. 5. E-modulus of the gas pressure sintered and hot pressed materials.

the gas pressure sintered materials and the formation of only
aluminates at the crystalline grain boundaries (Table 1). The
theoretical density for these samples was calculated under the
assumption that all SiO, evaporated. Therefore the calculated
relative densities for the gas pressure sintered samples are at
the lower bound. Indeed, the analysis of the polished section
showed, the samples with Al,O03/Y,03 ratio >1 had porosi-
ties of less than 1%. Large areas, enriched with Y03, were
found in the gas pressure sintered sample, with an additive
ratio Al03/Y;03 of 1:2, using SEM. The hot pressed sam-
ples of the same composition showed no such segregation
(Fig. 4). The reasons of the segregations will be outlined in
another paper.?

The same ratios of the a-SiC polymorphs were found in
the hot pressed and gas pressure sintered samples with the
different additive ratios.

The results of ultrasonic measurements are given in Fig. 5.
Differences between hot pressed and gas pressure sintered
samples were observed. For the samples, which could be den-
sified with both methods to a density higher than 98%, the
E-modulus of the gas pressure sintered materials are higher
than those of the hot pressed ones. This could be explained
by the higher elastic constants of the aluminates compared
with that of the silicates and the glassy grain boundaries ex-
isting in hot pressed samples. This is additional evidence for
the different nature of the grain boundary phases in the hot
pressed and the gas pressure sintered materials.

4. Discussion

The results of the densification experiments showed that
the densification of the hot pressed and gas pressure sintered
materials are very different as are the resulting compositions
and microstructures of the materials themselves. The main
reason for this is, that during hot pressing the evaporation
of the formed oxide liquid phases will be minimised. The
reduced evaporation is connected with two facts: first, it is
caused by the faster densification due to the additional driv-
ing force (30 MPa applied mechanical pressure). The second
reason is that the mould which is used for hot pressing is
nearly closed resulting in small amount of gas phase. There-

fore, only few amounts have to evaporate to reach the local
equilibrium. A more extensive evaporation of the SiO, dis-
solved in the liquid phase takes place during gas pressure sin-
tering due to the larger effective volume of the furnace and the
much longer period up to the moment where no open poros-
ity exist. The compositions of the gas phase over a LPSSiC
material with 10 wt.% additives and a Al,O3/Y,0O3 additive
mol ratio of 4:1 were calculated for better understanding of
the evaporation. The calculations showed, that both the CO-
and SiO-partial pressure were highest in materials with large
amounts of SiO, (Fig. 6a), indicating a large evaporation ac-
cording reaction:

SiC(s) + 2510, (I) < 3SiO + CO(g) (1)

These calculated partial pressures increase by more than
a factor of 10 when the temperature increases from 1500 to
1700 °C. Similar behaviour was determined by the determi-
nation of the weight loss during the heating®* and by mass
spectroscopic measurements of the composition of the gas
phase during the sintering of SiO» rich LPSSiC materials.!?

-10 L L L
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10 . .
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Fig. 6. Calculated partial pressures (P;/Pg; Po=0.1 MPa) over LPSSiC ma-
terial with 10 wt.% additives mol ratio of the additives Al,03/Y,03 =4:1
and additional 2 wt.% SiO (a) and without remaining SiO; (b) as a func-
tion of temperature (changes in the slope are connected with appearing or
disappearing of condensed phases).
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Fig.7. Calculated amount of liquid phase in a LPSSiC material with 10 wt.%
additives depending on the temperature and on the amount of existing SiO;
in the material. The change of the amount of the liquid phase during sintering
due to the evaporation is shown schematically.

In the investigation,'? a maximum SiO-pressure was found at
1670-1700 °C. The data in 12 indicates that the evaporation
of SiO; takes place predominantly in the temperature range
1500-1800 °C. The thermodynamic calculation and the ex-
perimental data'? (Fig. 6a and b) showed that the SiO and
CO partial pressure reduces after evaporation of the SiO».

The complex evaporation reaction of SiO, will also have
an influence on the amount of liquid phase remaining during
the densification process. This fact was not previously dis-
cussed in detail in the literature because the amount of liquid
phase is difficult to determine. However, a thermodynamic
calculation of the processes taking place during sintering can
give a qualitative understanding of the processes. The net
result is different grain boundary phases, which influence
the density (Table 1), elastic constants (Fig. 5) and electrical
properties of the GPS and HP materials.>

In Fig. 7, the thermodynamically calculated amounts of
liquid phase, as a function of temperature, are given for
different SiOj-contents for the LPSSiC material with the
Alp03/Y,03 ratio 5:3. The calculations show that a change
of the SiO, content from 2 to 0.1 wt.% results in a more
than 10 times decrease of the amount of liquid phase in the
temperature range below 1800 °C. However, near the isother-
mal sintering temperatures, above 1900 °C, the amount of
the liquid phase tends to the same value independent on the
SiO;-content. Due to the rapid decomposition of the SiO,
at 1500-1750°C the amount of liquid phase in the sample
will change as schematically shown in Fig. 7, i.e. the amount
of liquid phase decreases strongly during the heating of the
sample from 1550 to 1800 °C. The vaporisation of the SiO;
at relatively low temperatures results in the precipitation of
the initially dissolved yttria alumina garnet (Y3Al;017) atin-
termediate temperatures during the heating cycle. Only near
the isothermal sintering temperature (i.e. at the end of the
heating cycle) does the YAG dissolve again in the liquid
phase. The calculations also show that the amount of the lig-
uid phase due to the SiO,-content, strongly depends on the
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Fig. 8. Calculated amount of liquid phase in a material with 10 wt.% addi-
tives depending on the Al,03/Y,03 additive mol ratio at 1600 °C (a) and
1925°C (b) for different SiO, content (amount in wt.%) in the additives
(calculations were performed without any loss of matter by the gas phase).

AlyO3/Y,03-ratio. In Fig. 8, the changes of the amount of
the liquid phases for different Al,O3/Y,03 ratios are given
at both 1600 and 1925 °C. For the Al,O3 rich samples the
dependence of the amount of liquid on the SiO;-content is
much less pronounced than for the samples with a higher
Y;,03-content. This is one of the reasons for the bad den-
sities observed for these GPS compounds. Therefore, slight
changes in the weight loss of the materials by evaporation of
SiO; and Al,O3, with a lower Al,O3/Y,0O3 ratio, results in
large deviations in the density and properties of the sintered
body (Fig. 3).

The segregation observed during gas pressure sintering
(Fig. 4) also reduces the densification. The fact that such
segregations were observed only in the gas pressure sintered
materials and not in the hot pressed materials suggest, that the
segregation is also caused by the decrease of SiO;-content.
Details of this phenomenon are described in.>?

The evaporation of the SiO,, and therefore the decrease
of the amount of liquid phase, will not take place homo-
geneously in the component, as it starts from the surfaces
exposed to the sintering atmosphere. This can result in dif-
ferent shrinkage rates in different parts of the sintered body
resulting in variations of the shape. This process is especially
detrimental in samples with complicated shapes with large
variations in the cross-sections. The dependence of the mass
loss as a function of the Al,03/Y,03 ratio, shown in Fig. 3,
is due to additional decomposition reaction i.e. the decom-
position of the Al,O3. This reaction can be schematically
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written as:3-0

4SiC(s) + 2A1,05 (s, 1) — 4CO(g) + SiO(g)
+ALO(g) + 0.5Al(g) + 3Si(l) + 1.5A1() ©2)

At temperatures discussed (>1500° C) here Si and Al form
one metallic melt. The amount of different products formed
depends on the carbon activity caused by the residual carbon
in the samples, the crucibles, C-heater and isolation, CO-
activity and the ratio of the effective volume of the gas in the
furnace to the sample volume during sintering. These reac-
tions were investigated in several papers>>° and are also re-
sponsible for the high SiO-pressure in materials with little or
no SiO; (compare Fig. 6a and b). An additional consequence
of this decomposition is the shifting of the composition of
the grain boundary towards the more rich Y,03-side, which
has a lower sintering activity due to formation of a reduced
amount of liquid phase at low temperatures (see Figs. 3 and 8).
These results show that a tight control of the interaction of
the samples, with the surrounding atmosphere is a must for a
reproducible sintering.

5. Conclusions

The densification of LPSSiC materials with a constant
10 wt.% of additives by conventional hot pressing and gas
pressure sintering resulted in materials with very differ-
ent grain boundary phases and physical properties. The hot
pressed materials predominantly contain silicate and SiO;-
rich amorphous phases, whereas the gas pressure sintered ma-
terials have mainly yttrium aluminates as the grain boundary
phase, indicating the evaporation losses of SiO; during gas
pressure sintering in the temperature range 1500-1800 °C.
The density and elastic constants of the dense hot pressed
materials are somewhat lower than those for the porous free
gas pressure sintered materials, due to the vaporisation of the
SiO; and Al,O3 during gas pressure sintering.

Thermodynamic calculations of the composition of the
gas phase formed during the sintering support the conclusion
that there is extensive vaporisation of SiO, and changes in
the precipitation process. Furthermore, the thermodynami-
cally calculated amounts of the liquid, as a function of tem-
perature, show that small changes in the SiO,-content cause
a strong reduction in the amount of liquid phase during sin-
tering at 1500-1800 °C. The influence of the SiO, content on
the amount of liquid formed is found to be more pronounced
for low Al,O3/Y,03 additives mol ratios.
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