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Abstract

With reference to sintering of SiC with Li,O-
AL, OSiO, (LAS) melts, equilibrium partial pres-
sures of SiO, CO and Al,O resulting from reactions
of SiC and LAS have been thermodynamically esti-
mated by taking carbon activity and temperature
into account. Experimental work involving various
LAS compositions and different powder beds showed
that SiC/40 v% LAS (65-2 wt% SiO,, 150 wt%
Al,0,, 19-8 wt% Li,O or 55-0 wt% SiO,, 22-5 wt%
ALO;, 22:5 wt% Li,O) can be densified in carbon
rich powder bed to above 95%. The sintering tem-
perature (100°C above m.p. of LAS) of these
were the lowest of all. Thermodynamic estimations
were used to explain the results. XRD, optical
microscopy and SEM studies also supported the
explanation. Copyright © 1996 Elsevier Science Ltd

1 Introduction

The difficulties with the sintering of silicon carbide
ceramics have been attributed to the covalent
nature of its chemical bond, particularly to the
low surface energy and the low self diffusion
coefficient resulting from the covalent bond. Suc-
cessful sintering of silicon carbide has been
reported and liquid-phase promotion or additives
to improve diffusivity and surface energy were
usually needed for the sintering. The most promising
additives for liquid-phase sintering are metallic or
oxide forms of aluminium,'? mixtures of alumina
and yttria,’ and carbon and boron.* Aluminium or
alumina, and alumina and yttria form a liquid
phase during sintering of SiC. Carbon and boron
were believed to improve the diffusivity of the
components of SiC. Most of these sinterings had
to be done on hot press and at high temperature
(= 1900°C), which has, to some extent, limited the
application of these technologies.

The Li,0-AlL,0O+-SiO, (LAS) system has been
successfully used as a binder of silicon carbide
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fibre and the composite made in this way had
bending strength and fracture toughness as high as
1380 MPa and 17 MPa m2, respectively.’ LAS has
also been used as part of the matrix of a 55 wt%
SiC—45 wt% (LAS/MAS/TiO,) composite. The glass
matrix was molten at the processing tempera-
ture playing a role of sintering aid of SiC.® Since
liquid-phase-forming temperatures in the LAS
system are relatively low, low-temperature liquid-
phase sintering of silicon carbide with LAS melts
as sintering aids could be a feasible method to
widen the application of silicon carbide ceramics,
for example, in cases where high-temperature
strength is not important. Moreover, most LAS
glasses can be crystallised through proper heat
treatment, and therefore, the final parts could
have satisfactory properties for some applications.
Reported in this paper is an exploration of
liquid-phase sintering of SiC with LAS melts with
eight different compositions. The first problem
encountered was not the problem of the liquid-
phase sintering on its own, but the problem caused
by reactions of silicon carbide and LAS components.
Systematic thermodynamic analysis of the reac-
tions of silicon carbide with SiO,, Li,O and Al O,
in LAS melts has been done and is here reported.

2 Chemical Equilibrium of SiC and LAS Melts

Chemical equilibrium of SiC and LAS melts
involves the reactions of SiC with the SiO,, the
Li,O and the Al,O, in LAS glass. These reactions
usually produce evaporating phases, such as SiO,
Al O and CO, and solid phases, such as Li,C, and
Al,C;. Understanding and controlling these reac-
tions is of great importance in liquid-phase sinter-
ing of SiC/LAS. Thermodynamic analyses of this
system may start with the following reaction

SiC(s) + 2 SiO4(1) = 3 SiO(g) + CO(g) (1)

At certain equilibrium temperature 7 and certain
activity of SiO,, Ago, in LAS melts, the equilibrium
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partiai pressures of SiO and CO, P, and P are
related by

3In Pso +1In Peo = fi(T) +21In A5, (2)

where f,(T) = 4,G%(-RT), A, is the standard free
energy change of reaction (1), R is the gas constant
and T the absolute temperature.

The ranges of variation of Py, and P, are
confined by possible reactions taking place as the
carbon activity A and the silicon activity Ag in
silicon carbide are unity, respectively. For A- = 1,
a reaction taking place is:

C(s) + SiO,(1) = CO(g) + SiO(g) 3)
and
In Pgo + In P = f5(T) + In A0, 4
For Ag = 1, another reaction taking place is:
Si(1) + SiO,(1) = 2 SiO(g) (5
and

2In Pgo = fi(T) + In Agp, (6)

In Fig. 1, in which Pco and Pg are related by
eqn (2) at different temperatures, the upper limits of
Pgo and Pco, A, are determined by eqn (2) and
eqn (4), and the lower limits, A4', are determined by
eqn (2) and eqn (6). Between the two limits, P and
Po are determined by taking A or Ag; in eqn (3)

1: E§7
: /7]
s ATAD,
5 A I( 427 Q
. T NS ‘V,'" Pd
) VYV
; Y
" ] “7%\/\/ A
§ ! r*v /}B
g /A AA
/ N A
4 / 7
: / é A'// st 5 1
) / )4
s L Y
o
-10 s
. B 827 C
‘9 -8 -7 -6 5 -4 -3Lo»: i;(1Sioo’ (;a)z 3 4 5 6 7 8

Fig. 1. Relationship between equilibrium partial pressures of

CO and SiO in the reaction of SiC with LAS at different tem-

peratures: AA' for reaction (1), BB' for reaction (9), O crossed

points by A4’ and BB at temperatures 1027, 1127, 1227, 1327

and 1427°C. Bold lines refer to the predominant reactions at
each temperature.

and (5) into consideration. 4- and Ag are not
independent of one another, since the following
equations will always be held at any temperature:

SiC(s) = Si(1) + C(s) N
and
In Ag; + In Ac = f5(T) 3

P as well as P is thus a function of T and A.

Another possible reaction taking place in the
system SiC-LAS is the reaction of SiC with Li,O,
which may be expressed as follows:

3 SiC(s) + 2Li,0(s,]) + CO(g)
= 3 L,C,(s) + 3 SiO(g) ©)

and
3In Pgo-In Po = fo (1) +21n A0 (10)

where A4, is the activity of Li,O in LAS. Equa-
tion (10) is also shown in Fig. 1. The varying
ranges of Pgqo and P are also determined by the
Ac in SiC. At A = 1, the upper limits of Pg, and
Pco, B, in Fig. 1 are determined by eqn (10) and
the following equations:

3 C(s) + Li,O(s,]) = Li,Cy(s) + CO(g) (11)
and

In Peo = f11 (T) + 1In Ayp (12)

The lower limits B' are located by eqn (10) and the
following:

2 SiC(s) + Li,O(s,l) = Li,Cy(s) + SiO(g) + Si (13)
and

In Pgso = f13(T) +1In Ay 0 (14)

AA' has a negative slope of 3 and BB' has a posi-
tive slope of 3, which are determined by eqns (1)
and (9) in double logarithm scale (Fig. 1).

f(T) = AG%-RT) for each equation can be
estimated by using thermodynamic data in JANAF
Thermodynamical Tables.” As activities of SiO,
and Li,O are not considered, 4-4' as well as B-B'
at temperatures from 827°C (1100 K) to 1727°C
(2000 K) have been estimated and the 4-A4' and
B-B' in Fig. 1 are the results of these calculations.

In Fig. 1, it can be seen that, at 827°C (1100 K)
and 927°C (1200 K), B-B' are on the left side of
A-A', which means that the reaction between SiC
and SiO, takes place, but the one between SiC and
Li,O will not, or that the interface between SiC
and SiO, is' not stable but the interface between
SiC and Li,O is. Above 1427°C (1700 K), B-B' are
on the right side of 4-4', which means that the
interface between SiC and SiO, is stable and the
interface between SiC and Li,O is not. At 1027°C,
1127°C, 1227°C, 1327°C and 1427°C (1300, 1400,
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1500, 1600 and 1700 K, respectively), 4-4' and
B-B' cross. The crossed points correspond to the
following equilibrium

4 SiC(s) + 2 SiOy(s.l) + 2 Li,O(s.1)
= 6 SiO + 2 Li,C, (15)

in which A is fixed for each temperature (degree
of freedom is reduced by one), and the Py and
P at the crossed points, O, calculated accordingly.

Since Al,O; is also an important component in
LAS melts, the following equilibrium may also be
established:

AL Os(s) + SiC(s) = ALO(g) + SiO(g) + CO(g) (16)
and
In Ppo + In Pgo + In Peo = f16 (T)  (17)

Therefore, P, is also a function of T and Ac.
Oxygen partial pressure can be also estimated, but
it is very low (<107 Pa according to calculation)
so that it is neglected hereafter.

Psi0, Pco and Py, 0 as functions of T and Ac are
plotted in Figs 2a, 2b and 2c, respectively. In these
figures, A i1s varying from unity to Ac = A(T) at
which Ag; = 1 and T = 8§27, 927, ...1727°C. Pgp,
Pco and P, o shown in Fig. 2 are those produced
by thermodynamically most possible reactions. This
means that, for 7 = 827°C and 927°C, they are
produced by reaction (1), for T = 1527°C and above,
they are produced by reaction (9), for T = 1027,
1127, 1227, 1327 and 1437°C, they are, in the carbon-
rich side, produced by reaction (9) and in the silicon-
rich side, produced by reaction (1). The inflections
on these curves are corresponding to the alternatives
chosen for the reactions. The partial pressures at
these inflections are the same as the cross points O
in Fig. 1.

The total pressure of evaporating phases, P =
Pgio + Pco + Pao 18 also plotted against 4¢ at
different temperatures in Fig. 3. Besides the inflec-
tion resulting from Py versus A, Peg versus A¢
and P, o versus A in Fig. 2, it can be also seen
that the total pressures are above 10° Pa at temper-
atures above 1277°C as A = 1 or at temperatures
above 1527°C as Ag; = 1. At each temperature, P
is decreased with reducing A, but below 1527°C
the minimum total pressure is not at Ag; = 1 and
is somewhere in between but close to Ag = 1.
They may be picked up and are listed in Table 1.

In LAS melts the activities of SiO,, Li,O and
AL O, are reduced. The reduced activities will affect
the partial pressures of evaporating phases. But
these effects are not taken into account because
many factors affecting them are unknown. Thermo-
dynamic and kinetics of reactions of SiC and
AlL,O; and SiC and SiO, have been studied by
Misra® and Jacobson et al® but the sight angles

were different from that of this paper. Some results
can be translated to one another.

High total partial pressure is produced by consum-
ing SiC and LAS melts, which, besides decomposing
SiC, is harmful to the sintering process. Bloating
bubbles filled with these high-pressure evaporating
gases hinder shrinkage and leave large volume
fractions of voids. Successful sintering has to be
conducted in such conditions that the total partial
pressure is as low as possible. According to Misra®
and Jacobson, et al.,’ the total pressure has to be
lower than ambient in order to keep SiC stable.

3 Experimental

The starting materials used in this work are: a-SiC
powder, produced by H. C. Starck, Germany, the
BET specific surface of which is 5600 m*kg and the
carbon content of which is 28-8 wt%, lower than
that of stoichiometric silicon carbide (29-2 wt%);
lithium carbonate produced by M&B, England; silica
precipitated and acid washed produced by BDH,
England; and aluminium oxide also produced by
BDH, England.

LAS glasses were prepared by making and firing
the mixtures with various compositions shown in
Table 2 in platinum crucibles. The amount of
lithium carbonate in the mixture is 5 wt% higher
than the designed composition so that the loss of
lithium oxide during melting may be compensated.
The firing temperature of each glass was about
200°C above the liquidus of the corresponding
composition in the LAS phase diagram'® and the
dwell time at this temperature was more than one
hour. The LAS melts were quenched into cold water
to become transparent glasses, which were subse-
quently broken and milled by attrition milling into
powders of sub-micron size. Some larger pieces of
transparent glasses were chosen for the measure-
ment of the ‘theoretical’ density of these glasses.
Part of each glass was crystallised through heat
treatment and the phases identified by XRD were
all in agreement with the LAS phase diagram'’
being listed in Table 2. Eight different LAS sys-
tems listed in Table 2 were used as candidates of
sintering aids of SiC ceramics.

Since this paper is focused on the effects of evapo-
rating phases produced by the reaction of SiC and
LAS melts on the sintering behaviour of SiC/LAS,
the experimental work mainly covered the following:

a-SiC powder and each of the LAS glass pow-
ders listed in Table 2 were mixed and ball milled
for 8 h in deionised water using an agate container
and agate balls. The pH value of the suspension
was adjusted in advance to 11 according to the sug-
gestion of Almeida et al.'”> The good suspensions
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obtained were dried and powders were screened
through 200 mesh. Samples with different LAS glasses
were made exactly in the same way. The relative
amount of LAS in all samples was the same, i.e. 40
v% which guaranteed enough liquid phase for
rearrangement of silicon carbide particles during
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liquid-phase sintering. The samples were all first
uniaxially pressed under 150 MPa and then cold iso-
static pressed under 300 MPa into pellets of 10 mm
diameter and 4-6 mm thickness. Sample number
was the same number of the glass list in Table 2, for
example, Sample 3 means SiC/40 v% glass 3. The
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Fig. 2. (a) Carbon activity dependence of equilibrium partial pressure of SiO produced by predominant reactions at diff-
erent temperatures. (b) Carbon activity dependence of equilibrium partial pressure of Al,O produced by predominant reactions at
different temperatures. (c) Carbon activity dependence of Al,O produced by predominant reactions at different temperatures.
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heating rate was 50°C/min, the sintering tempera-
ture was the temperature 100°C above the melting
point (liquidus) of the glass in the sample and the
dwell time was always 0-5 h. In cooling, the power
supply to the sintering furnace was turned off and
cooling water kept running. Three kinds of powder
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Fig. 3. Carbon activity dependence of total equilibrium partial
pressure of evaporating phases produced by predominant
reactions at different temperatures.

bed were chosen: PD1 was the same powder as the
samples in which reaction of SiC with different
components is assumed approximately stoichiomet-
ric, PD2 was an equimolar mixture of carbon black
and each sample powder, in which carbon activity
is unity, PD3 was an equimolar mixture of pure
silicon and each sample powder, in which silicon
activity is unity. Sintering processes were conducted
in a furnace (Thermal Technology Inc., USA) with
graphite heating element. Samples and powder
beds were put in a closed alumina crucible so that
they were isolated from the carbon atmosphere of
the furnace. Inert gas (argon) was always used and
the sintering process was always in a well-closed
chamber, which means that argon was flowing
through the furnace until 600°C and the furnace
then tightly closed until the sintering was over,
during which argon was over-pressured by 75 kPa.
Weight, density and dimension of samples before
and after sintering were carefully measured. XRD,
SEM and optical microscopy were used for charac-
terisations. Relative density and weight loss shown
in this paper are the average of 12 samples of
the same sort of composition in three runs in the
same conditions.

4 Results and Discussion

After several runs of closed-chamber sintering, some
fine powder deposits on the furnace wall could

Table 1. Total partial pressure of evaporating phases in the equilibrium of SiC with LAS

Temp. P X 1’ Pa Poin X 10° Pa Ac P X 10° Pa Ac
(OC) as AC =1 at Pmin as ASi =1 as ASi =1
827 3-70E-06 1-19E-08 0-010328 2-64E-08 0.000956
927 5-99E-05 3-02E-07 0-010328 5-99E-07 0-001665
1027 0-00176 4-74E-06 0-014716 8-33E-06 0-002919
1127 0-042209 5-03E-05 0023875 7-93E-05 0-004723
1227 0676196 0-000382 0-023875 0-000554 0-007168
1327 7-799071 0-00229 0-036792 0-003073 0-010328
1427 114-1237 0-012685 0-023875 0-013293 0-014716
1527 1409-583 — — 0-205525 0-023875
1627 12054-54 — — 3-819429 0-036792
1727 77309-13 — — 51-075 0-054274
Table 2. LAS glasses used as SiC sintering aids in this paper
No Composition (wt%) Point in LAS phase diagram'® Liquidus Melt at Densi?z
Sio, AlL,0, Li,O O () (g/cnm’)
1 65-2 150 19-8 Eutectic of LS&(L.A4S) 1027 1227 2:33
2 55-0 22-5 22:5 Triple point at 1050°C 1050 1257 2:23
3 64-8 21-5 13-7 Hyper-eutectic of LS*&LA4S 1250 1427 2-40
4 652 250 9-8 Hyper-eutectic of LS*&LA4S 1327 1527 2-46
5 47-6 40-5 119 Li,0AL,0,2Si0,(LA2S) 1400 1607 2-50
6 64-5 27-4 81 Li,0A1,0,4Si0, (LA4S) 1425 1627 2:48
7 400 50-0 10-0 (LA2S + LA* + L5A* + AL,Oy)'"! 1577 1777 2-80
8 10-0 77-8 122 Eutectic of LiAlO,&Al,0O, 1650 1877 2-81

Note: *LS = Li,08i0,, LA = Li,0 ALO;, L5A = Li,05AL,0;.
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always be found and XRD analyses of these powders
often gave Si, SiC and SiO,, which are believed to
be the products of low-temperature condensations of
evaporating phases produced at high temperature
by the reactions of SiC and LAS. This kind of reac-
tion and the effects of these reactions on the sin-
tering behaviour of SiC/LAS are the focal point of
this. paper.

Wettability of LAS glasses listed in Table 2 to
SiC used in this study was proved by simply melting
LAS on the top of SiC pellets. It has been found
that all these glasses spread on the surface of SiC
pellets and infiltrated into the pellets at the temper-
atures 100°C higher than the melting point, i.e. the
sintering temperatures. The driving force of liquid-
phase sintering is the capillary pressure between
solid particles exerted by the liquid phase, which
is dependent on the wettability of the liquid on the
solid.”* The resistance of liquid-phase sintering
is from the viscosity of the liquid phase."® Since
the sintering temperature was always 100°C higher
than the LAS melting point, viscosity of these glasses
should not be very different. Sintering time was
kept to 30 min, which has been thought long
enough for the completion of rearrangement of
solid particles in LAS melts. It may be reasonably
assumed that the controlling factor of the liquid-
phase sintering of SiC in LAS is only the reactions
of SiC with the components in LAS. These reactions
consumed the materials within the samples and the
evaporating phases produced permeated and filled
voids inside the samples, strongly hindering centre-
to-centre approaching and rearrangement of SiC
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Fig. 4. Relative densities and weight losses of the samples in
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to the sintering temperatures, 100°C higher than the liquidus
(melting point) of LAS composition inside the samples.

particles in liquid phase. High partial pressure of the
evaporating phases is apparently harmful to sintering.

Figures 4, 5 and 6 show the results (relative
density and weight loss) of closed-chamber sinter-
ing of SiC with different LAS in PDI1, PD2 and
PD3, respectively. The numbers in these figures are
the sample numbers. From these figures, it can be
seen that, when the sintering temperature was
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increased from sample 1 to 8, the relative density
decreased. For samples sintered in PD1, the fastest
relative density decrease appeared at temperatures
from 1427°C (sample 4) to 1507°C (sample 5)
(Fig. 4), and for samples sintered in PD2, density
drop occurred from 1177°C (sample 2) to 1327°C
(sample 3) (Fig. S5). This could be explained by the
following:

In Fig. 4, since PD1 has the same composition
of embedded samples, the reactions taking place in
PD1 and inside samples should be thermodynam-
ically the same. Higher relative density obtained at
lower sintering temperature may be attributed to
the lower partial pressures of evaporating phases
resulting from these reactions taking place at these
lower temperatures. It is suggested in Fig. 1 that,
at any temperature from 1027 to 1427°C, A4’ and
BB' are crossed and a three-component reaction,
reaction (15) may be dominant, particularly during
the sintering at 1427°C (sample 4 in PD1). The
total equilibrium partial pressure of evaporating
phases produced by reaction (15) at 1427°C is rela-
tively low (O in Fig. 1 and inflection points in Fig. 3)
since the raw SiC powder used in this study was
carbon-poor (28:8 wt% of carbon instead of
29-2 wt% for stoichiometric SiC). But at the tem-
peratures above 1427°C, BB' is on the far right side
of AA', and reaction (9) is dominant. The total partial
pressure of the evaporating phases is thus orders of
magnitude higher than at temperatures of 1427°C
and below (Fig. 3). The big jump of total equilib-
rium partial pressure from 1427 to 1507°C may be
responsible for the fastest relative density decrease
occurring in the same temperature range. The sud-
den increase in weight loss in Fig. 4 from 7-5% to
14% in the same range also supports this explana-
tion. The sintered samples were X-rayed and Li,C,
was not found in sample 4 (PDI, 1427°C) and
samples sintered below 1427°C, but was detected
in sample 6 (PD1, 1527°C) (see A and C in Fig.
7). Li,C, is the product of either reaction (9) or
reaction (15). For low partial pressure (low tempera-
ture) samples, Li,C, may be too small to be found.
The Li,C, detected in sample 6 (PD1 1527°C) was
most likely produced by reaction (9) because only
this reaction is predominant and gives higher pres-
sure gas phases as well as a large amount of Li,C,.

In Fig. 5, sample 1 (PD2 1127°C) and sample 2
(PD2 1177°C) gave the highest relative densities and
a negative weight loss (weight gain). A quick density
decrease was found from sample 2 (PD2 1177°C)
to sample 3 (PD2 1327°C) and the weight loss
started to be positive after sample 2. As has been
said, PD2 is carbon-rich, and therefore the highest
total partial pressure of evaporating phases is
expected (Figs 1 and 3). However, total equilibrium
partial pressures of evaporating phases through

reactions inside the samples are much lower because
A, inside the samples was reduced (SiC powder
used was carbon-poor, 28-8% instead 29-2% for
stoichiometric SiC; see also Fig. 3). Therefore, the
reactions in PD2 prevailed over the possible reac-
tions inside samples 1 and 2. Moreover, Pgo and
Pco by PD2 (A. = 1) at 1127°C and 1157°C may
even make reaction (1) inside the samples proceed
from right to left. No in-situ evaporating phases
could be generated and no mass consumption
could occur, and thus no sintering resistance
existed. The weight gain found in these samples
may also partially be caused by these. As sintering
temperature was increased (from sample 3 PD2,
1327°C onwards), since the total partial pressures
are above 0-1 MPa (Fig. 3), evaporating gases from
PD2 may diffuse into the sample and tiny amount
of carbon may be formed inside the samples
through the reversible reaction (3), making 4. inside
the samples change from less stoichoimetric towards
1 and initiating the reactions with high A. between
SiC and the LAS inside the samples. Partial pres-
sure of evaporating gases higher than 0-1 MPa due
to high carbon activity, may start to be created and
high amount of mass consumption may occur, thus
giving much lower relative density and positive
weight loss (Fig. S). This situation may be defined
as an equilibrium between powder bed and sample.
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Fig. 7. X-ray diffraction results of sintered samples:

A:  Sample4 PD1 1427°C LiC not found
B: Sample3 PD2 1327°C LiC found
C: Sample6 PDI1 1527°C LiC found
D: Samplel PD2 1127°C LiC not found
E: Sample7 PD3 1677°C LiC found.
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The establishment of this equilibrium certainly needs
higher temperature and higher gas pressure. Sam-
ple 1 (PD2 1127°C) and sample 3 (PD2 1327°C)
were also examined with XRD. Li,C, was detected
in sample 3 (see Fig. 7B), but not seen in sample 1
(see Fig. 7D). Li,C, was also found in higher-tem-
perature samples in PD2. This supports the presump-
tion that gas-generating reactions really took place
inside the sample 3 (PD2 1327°C) and other higher-
temperature samples, but may not exist in low-
temperature samples (e.g. sample 1 PD2 1127°C).
Weight gain found in samples 1 and 2 (PD2)
could also possibly result from the condensation
inside the samples of the evaporating phases gener-
ated by PD2 — mass transport from carbon-rich
powder bed to sample during cooling. This conden-
sation may also exist in other samples, and the weight
loss in these samples was probably the net result of
the condensation and gaseous phase evaporating
(materials consuming). Samples 1 and 2 (PD2) in
Fig. 5, which were 95-8% and 96-2% dense, respec-
tively, were polished and photographs taken from
optical microscopy are shown in Figs 8§ A and B,

B

Fig. 8. Optical micrographs of polished samples
A: Samplel PD2 1127°C
B: Sample2 PD2 1177°C.

respectively. They were also examined under SEM
using back-scattering, shown in Fig. 9. They were
basically close porosity. SiC particles were regularly
arranged in the glass matrix (bright particles are
SiC and dark background is glass). X-ray results
(Fig. 7) show that the glass phase was crystallised
even without post-sintering heat treatment.
Sample 7 (PD2 1677°C) was also examined
under SEM (Fig. 10), B-SiC whiskers were found
inside a hole of this sample. SiC whiskers are usually
formed through gas reaction which has been dis-
cussed by many researchers, typically referred to
Miller.'* The appearance of SiC whiskers provides
more evidence that evaporating phases were gen-
erated during sintering and the evaporating phases
could be condensed to become secondary carbide,
e.g. SiC whiskers. SEM observation was also done
on sample 4 (PD2 1427°C); small particle agglom-
erates between SiC grains shown in Fig. 11 could

IMAT23 25.

B
Fig. 9. SEM back-scattering micrographs of polished samples
A:  Sample 1 PD2 1127°C
B: Sample 2 PD2 1177°C.
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Fig. 10. SEM secondary electron micrographs of sample 7 sin-
tered in PD2 at 1677°C. (SiC whiskers were found in a hole).

Fig. 11. SEM secondary electron micrographs of sample 4
sintered in PD2 at 1427°C. (Carbide agglomerates were found
between SiC particles).

also be a newly formed secondary carbide by the
reversible reactions inside the sample.

Samples sintered in PD3 were never well densified
and weight losses were relatively large as shown in
Fig. 6. Since PD3 was Si-rich (4g; = 1), A¢ in PD3
was the least. The total equilibrium partial pressure
inside PD3 should be always lower than that inside
the samples, where A is slightly less than stoichio-
metric (Fig. 3). Materials inside samples may be
transferred to powder bed (PD3) by an expansion
of the gases inside the samples. Even for samples 1
and 2 sintered in PD3, the sintering temperatures
were relatively low, and the relative densities were
lower than those sintered in PD1 and PD2. At
higher sintering temperatures, above 1507°C, e.g.
samples 5-8, the predominant reaction both inside
the samples and inside PD3 is reaction (9) instead
of reaction (1). The gas pressure by reaction (9) is
higher than that by reaction (1) in the whole range

of A (Fig. 1). Even though the equilibrium between
PD3 and the samples may also be established and
the A inside the samples may be also reduced to
approach the minimum (45 = 1), and the total
partial pressure inside the samples may be lower than
that before the equilibrium, the absolute pressure
is high, about 0-21 X 10° Pa, 3-82 X 10° Pa and
51-08 X 10° Pa for samples 6 (1527°C), 7 (1677°C)
and 8 (1777°C), respectively according to Table 1.
Silicon-rich powder beds (PD3) may never favour
the sintering. XRD for sample 7 (PD3 1677°C)
also gave Li,C, (Fig. 7E) which indicated that
reaction (9) may be predominant at 1677°C.
Weight loss in Fig. 6 was not significantly larger
than for other cases even though relative density
was lower.

It becomes necessary to recall that the calculation
results in Section 2 are all for equilibrium states;
equilibrium between SiC and LAS (in either powder
bed or in sample), and the equilibrium partial pres-
sures of evaporating phases are, according to the
calculations, very high, e.g. 77309.13 X 10° Pa for
Ac = 1 at 1727°C (Fig. 3 and Table 1). It seems,
therefore, that kinetic factors have to be considered
in most cases. Jacobson et al.? studied the kinetics
of the reaction of SiC with SiO, and showed that
the reaction from commencement to equilibrium
may need 2-3 h or longer. The sintering time of
this study was only 30 min, which probably means
that the results reported here were far away from
equilibrium. Explanation of these results on the
basis of thermodynamic calculations may be only
referred to as the tendency of these reactions.
Kinetic considerations are beyond the scope of this
paper, but it is suggested that kinetic resistance
could be used to avoid these reactions which are
harmful to sintering. Lowering the temperature of
sintering via adjusting compositions in LAS melts
not only lowered equilibrium partial pressures but
also offered a high kinetic resistance.

Another equilibrium discussed above is the equi-
librium between powder bed and sample. A inside
samples was initially almost the same (28-8 wt% of
carbon in SiC, slightly less than stoichiometric).
During the equilibration between powder bed and
sample, the A, inside the samples and the Ac
in powder beds will approach each other. This equi-
librium may also have kinetic resistance. In the
sintering of samples 1 (PD2 1127°C) and 2 (PD2
1177°C), the kinetic resistance may be too high
to increase A inside the samples to reach the equi-
librium so that the reactions inside the samples
were effectively inhibited and successful sintering was
realised. During sintering at higher temperatures,
the kinetic resistance towards equilibrium will be
reduced and carbon-rich powder beds will not
help with the densification of the samples.
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5 Conclusions

1 Thermodynamics has predicted that SiC reacts
with the components in LAS melts. The equilib-
rium partial pressures of SiO, CO and Al,O have
been calculated by varying carbon activity and
equilibrium temperature.

2 SiC/40 v% LAS (65-2 wt% SiO,, 15-0 wt% Al,O;,
19-8 wt% Li,O or 55-0 wt% SiO,, 22-5 wt% Al, O,
22-5 wt% Li,0) has been successfully sintered at
low sintering temperatures (1127°C and 1177°C,
respectively) by using a powder bed with unity
carbon activity. High carbon activity in powder
bed and low sintering temperature inhibited the
reactions producing evaporating phases inside the
samples.

3 SiC/40 v% LAS (other compositions) had to be
sintered at higher temperatures and the sintering
was less successful. This could be attributed to the
reactions of SiC with the components of LAS.
Thermodynamic explanation, XRD and SEM
observations all suggested that these reactions
were responsible for the unsuccessful sintering.

4 The reactions of SiC with LAS could be con-
trolled by changing carbon activity both in the
powder bed and in the samples and by lower-
ing sintering temperature. Advantages in kinetic
resistance should always be taken for good sin-
tering.
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