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Abstract

The effect of the temperaiure and the conditions of
the reducing atmosphere on the sintering behavior of
pressureless-sintered Al,03/SiCy, composites was
studied by SEM, XRD and density measurements
and analyzed throughout a thermodynamic study of
the system. Different partial pressures of oxygen
were estimated for two ways of arrangement of the
samples, between graphite disks or packed in an SiC
bed, the former being lower. A higher amount of
glassy phase was observed when pressureless sinter-
ing was conducted with samples between graphite
disks and at the highest sintering temperature stu-
died (1800°C). Taking into account the reactions
that can occur at the partial oxygen pressures ther-
modynamically estimated, the formation of a high
amount of liquid was explained throughout two
mechanisms: formation of a melt with the composi-
tion of the eutectic of the Al,O03Al,C; binary
system and liquid production by reaction of SiC
and AL, OC. The higher densities reached at 1800°C
than at 1700°C were attributed to a liquid-phase
assisted mechanism of sintering. © 1997 Elsevier
Science Limited.

1 Introduction

SiC whisker-reinforced Al,O3 composites (Al,O5/
SiCw) have been extensively studied in recent years
because of their improved mechanical proper-
ties.!"1® Due to the presence of whiskers, which
makes densification difficult, great effort was dedi-
cated to the study of hot pressing, in order to obtain
high densities.>~> However, this process of sintering
presents several limitations in size and geometry of
the samples, together with a high cost.!!-12
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Other sintering routes have been studied result-
ing in a possible alternative: the pressureless sin-
tering, in an atmosphere with low oxygen partial
pressure in order to avoid SiC oxidation, and
optimizing raw materials, processing steps and sin-
tering conditions.

Barclay et al.!® studied the sintering of Al,Os/
SiCw composites in a graphite furnace in Ar at
1500 and 1800°C, using graphite crucibles. They
observed a significant inhibition of densification
caused by the whiskers resulting in densities as
low as 63% in SiCw(13 vol%)/Al,0; composites.
However, an improvement in densification was
achieved through the incorporation of yttrium
oxide. Kim and Lee'* studied the densification of
materials with 15vol% of SiC whiskers by hot
pressing and pressureless-sintering, achieving rela-
tive densities of 98 and 95%, respectively. Densifi-
cation of Al,O3 reinforced with SiC platelets
sintered in an SiC bed under Ar at 1700°C was
studied by Belmonte et al.,!> obtaining a relative
density of 96% when the SiC content was 5 vol%.
These authors reached the same relative density for
12 vol% of SiC using gas pressure sintering.!

On the other hand, it has been reported that, in
conditions of high temperature and low oxygen
partial pressure, several reactions like aluminium
oxide decomposition, formation of carbides and
oxycarbides and formation of liquid phase can
be produced.!¢?* Al,OC can be formed by reac-
tion between carbon monoxide and gaseous
aluminum.!® Moreover, a permanent melt with the
composition of the eutectic in the Al,0;-Al,Cs
system?®?! or a silicate glass due to the reac-
tion between Al,Os;, Al4C; and SiC?? can be pro-
duced.

The analysis of the results given above leads to
the affirmation that a control of the sintering
atmosphere is essential in this kind of system. The
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objective of this work is the study of the pressure-
less sintering of Al,O3/SiCyw composites in differ-
ent conditions of atmosphere and temperature, and
the interpretation of the observed results through-
out a thermodynamic analysis of the system.

2 Experimental

Samples with 0, 5, 10 and 15vol% of SiC whiskers
were prepared from Al,O; powder (Reynolds RC-
HP DBM, average particle size 0-35 um) and SiC
whiskers (Tateho SCW-1, 35um in length and
0-5 um in diameter) added as the reinforcing phase.
Chemical analyses of both Al,O3 and whiskers are
given in Table 1.

Green samples of both Al,O; and Al,O3/SiCw
composite materials were prepared by slip casting
of aqueous suspensions of Al;O3; powders and SiC
whiskers, drying the compacts at room tempera-
ture and precalcining at 950°C for 90 min before
sintering. In order to improve the green densities of
the compacts, some of the samples were impregna-
ted with AI(NO3); following a procedure described
in a previous work.?>

Samples were pressureless-sintered in a graphite-
element resistance furnace (ASTRO Group 1000),
in He atmosphere during 220 min. Two series of
experiments were conducted: samples pressureless-
sintered at 1800°C packed in an SiC bed or arran-
ged between graphite disks, and impregnated
samples pressureless-sintered at 1700 and 1800°C,
between graphite disks.

XRD analyses (Philips) were made using Ni-fil-
tered Cu K, radiation.

The densities were determined by the Archi-
medes method in water and the relative density
values were calculated using the theoretical densi-
ties of a-Al,03 (3-98 gcm—3), SiC (3-20 gcm—3) and
}/-A1203 (3-50 gcm_3).

Table 1. Chemical analyses (wt%) of Al,O; powder and SiC

whiskers

Compound ALO; SiCw
Si0, 0-170 0-100
Fe;03 0-020 0-080
TiO, 0-001 0-008
Ca0 0-020 0-200
MgO 0-047 0-030
Na,O 0-060 0-008
K,0 0-017 0-004
Al,O4 99.235% 0-230
SiC — 99.340*
W.L. (1000°C) 0-430 —

*Values calculated by difference.

A quantitative determination of the amount of
silicate glass in the sintered specimens was made by
leaching. Powdered samples were treated with 20%
HF (1 g powder 10ml~! HF) at room temperature
during 15min, with agitation. Powders were fil-
tered, washed and dried. After firing at 900°C for
1 h, the weight losses were measured.

The microstructure of the samples was examined
on fracture surfaces by scanning electron micro-
scopy (Philips 505).

3 Results

3.1 Effect of the arrangement of the samples
Figure 1 shows the microstructures of the samples
containing the lowest and the highest SiCw
amounts pressureless-sintered at 1800°C arranged
in an SiC bed (a and c) or between graphite disks
(b and d).

In both series of samples, a glassy phase can be
observed. However, the amount of the glassy phase
is higher in the samples sintered between graphite
disks. This is in agreement with the results of the
quantitative analysis of the glass (1-5% in SiC bed
and 3-2% in graphite disks for 15vol% of SiC)
performed by HF leaching.

A progressive increment in the amount of liquid
with the increment in SiCy content was also
observed (Fig. 1) for each series. Thus, in SiCy
(15vol%)/Al,05 samples sintered between graphite
disks, Al,O5 grains cannot be clearly distinguished,
and just a little amount of SiCyw is observed. A
chemical etching with boiling H3PO,, which dis-
solves the melt and the Al,O; matrix, revealed the
SiC whiskers (Fig. 2).

Additionally, both series of samples (arranged in
an SiC bed or between graphite disks) show a pro-
gressive diminution in Al,Oj3 grain size as the SiCw
content increases (Fig. 1).

An XRD study was made on the surface of the
samples in order to analyze the area of the materi-
als directly exposed to the atmosphere. In all the
samples sintered between graphite disks, Al,OC
was observed, and those containing whiskers also
showed Al4SiC,4 phase.

Final apparent and relative densities of Al,O;
and SiCw/Al,O; composites without impregnation,
pressureless-sintered at 1800°C in SiC bed and
between graphite disks, are given in Table 2. It can
be observed that density values diminish with the
increment in whiskers content in both series. On
the other hand, for all the SiCy contents used,
densities achieved on samples pressureless-sintered
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Fig. 1. SEM micrographs of SiCy/(5 and 15vol%)/Al,03 samples pressureless-sintered at 1800°C in SiC bed (a and c) and between
graphite disks (b and d).

Fig. 2. SEM micrograph of SiCw(15vol%)/Al,0; sample
pressureless-sintered at 1800°C between graphite disks etched
with boiling H;PO,.

between graphite disks were higher than those
obtained using SiC bed.

Table 3 shows the weight losses measured after
sintering. These weight losses increase with the
increment of whiskers content, and higher values
for samples sintered betwecen graphite disks were
registered.

3.2 Effect of the temperature

This part of the study was made on impregnated
samples arranged between graphite disks. In these
conditions, an improvement in densification is
achieved resulting in microstructures with lower
porosity and homogeneous grain size.?

Figures 3(a) and 3(b) show the SEM micrographs
of the microstructure of 15vol% SiCw/Al,O; com-
posite pressureless-sintered between graphite disks
at 1700 and 1800°C, respectively. Differences in the
amount of liquid phase present in the two samples
are observed. At 1800°C, there was a more exten-
sive formation of liquid than at 1700°C, in agree-
ment with the results of the quantitative analysis
of glass in which the same trend was determined
(3-2 and 1-6% at 1800 and 1700°C, respectively).

Although the Al,O; grain size was smaller in
samples treated at 1700°C than in those sintered at
1800°C (Figs 4(a) and 4(b)), the microstructure
that resulted was more homogeneous at the higher
temperature. Samples sintered at 1700°C show a
bimodal distribution of grains with sizes of 10 and
2-3 um, while those sintered at 1800°C exhibit a
very uniform grain size (15 um). The last samples
show a microstructure characteristic of a liquid
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Table 2. Apparent and relative densities of non-impregnated alumina samples with different contents of whiskers, pressureless-
sintered at 1800°C in an SiC bed or between graphite disks

SiCy content (vol% )

Arrangement of the samples

SiC bed Graphite disks
Apparent density (gem™3)  Relative density (%)  Apparent density (gecm™3)  Relative density (%)
0 3-50 88 3-70 93
5 2-84 72 3-36 85
10 2.67 68 3.10 79
15 2-48 64 272 70

phase-assisted sintering®>>233 with faceted grains
and tabular alumina, which supports the above
analysis.

Table 4 shows apparent and relative densities for
impregnated samples sintered at 1700 and 1800°C
between graphite disks.

At the sintering temperatures studied, a decrease
in the densification of the samples with the incre-
ment of SiCw content was observed. The density
values measured after sintering at 1800°C are
slightly higher than those obtained at 1700°C.

At 1800°C, the density values of impregnated
samples (Table 4) are higher than that of the non-
impregnated ones (Table 2).

4 Thermodynamic analysis of the system

In order to better understand the complex system
under study, a thermodynamic analysis of the
atmosphere and the reactions that could take place
in the present sintering conditions has been done.

4.1 Oxygen partial pressure

The equivalent oxygen partial pressures have been
estimated from the curves of oxygen pressure as a
function of both the CO,/CO pressure ratio and
the temperature (Fig. 5). In order to draw these
curves, the JANAF thermochemical tables data?®
were used. The pressures of the present species
were determined by the following equilibrium
reactions:

2 CO(g) = C(graphitc) + COz(g) (1)

2CO;yg <= 2CO0O) + Oyy) (2)

According to the phase rule, this system, with two
components {carbon and oxygen) and two phases,
has two degrees of freedom. The bold curve in

Fig. 5 represents the divariant equilibrium situa-
tion, showing the CO,/CO pressures ratios of the
gaseous phase in equilibrium with graphite as a
function of the temperature at a total pressure of
1 atm.

When samples are arranged between graphite
disks, the system is graphically situated on the left
of the bold curve in Fig. 5 (shaded area represents
metastable conditions with excess of precipitated
graphite). The oxygen partial pressures are lower
than those corresponding to the equilibrium with
precipitated graphite at each temperature (about
3-10~ 3 atm at 1800°C and 1-10~ 13 atm at 1700°C).

On the other hand, when an SiC bed is used to
pack the samples, the conditions of the sintering
atmosphere are those of a system without precipi-
tated graphite. Thus, the situation is represented in
Fig. 5 on the right of the bold curve (unshaded
area represents conditions under which a gaseous
phase is in stable equilibrium without precipitation
of carbon). The system has now an additional
degree of freedom because the number of phases
has decreased by one with respect to the situation
previously analyzed.?” The oxygen partial pressure
is at least higher than that corresponding to the
equilibrium pressure.

According to the above analysis, an SiC powder
bed, used to modify the sintering atmosphere leads
to lesser reducing conditions than those corre-
sponding to the system with excess of carbon (disks
of graphite), in agreement with literature.??

Table 3. Weight losses of alumina samples with different
contents of whiskers, after pressureless-sintering at 1800°C in
a SiC bed or between graphite disks

Weight loss (%)

SiCw content (vol% )

SiC bed Graphite disks
0 — 4.6
5 04 53
10 09 6-4
15 1-6 73
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Fig. 3. SEM micrographs of impregnated SiCw(15vol%)/
AlO; samples pressureless-sintered between graphite disks at
1700°C (a) and. 1800°C (b).

4.2 Decomposition of Al,O);

From the Ellingham diagram for the formation of
oxides,?’ it was concluded that, at 1800°C, decom-
position of Al,O3 can occur if the oxygen partial
pressure is lower than 10~17 atm, according to the
following reaction:

3)

Taking into account the O, partial pressure
values estimated in Section 4.1 for systems with
SiC bed or graphite disks, Al,O; decomposition
could only be expected in the second condition.

A1203(s) = 2Al(l,g) +3/2 Oz(g)
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Fig. 4. SEM micrographs of impregnated Al,O; samples
pressureless-sintered between graphite disks at 1700°C (a) and
1800°C (b).

4.3 Formation of Al,C;
Other reactions thermodynamically feasible in
atmospheres with low oxygen pressure have been
considered. In order to analyze the conditions for
the formation of aluminum carbide from alumi-
num oxide, free energy variation vs temperature
was calculated using data from JANAF tables®
for the following reaction:
2/3 A1203(s) + C(S) > 1/3 A14C3(s) + OZ(g) (4)
The obtained values (bold curve) and the curves
that represent the equilibrium among CO, O, and

Table 4. Apparent and relative densities of impregnated alumina samples with different whisker contents, pressureless-sintered
between graphite disks at 1700 and 1800°C

SiCy content (vol% )

Sintering temperature

1700°C

1800°C

Apparent density (gcm™3)

Relative density (%)

Apparent density (gcm™3)  Relative density (% )

0 3-69
5 339
10 3-15
15 3-07

3-86 97
343 87
3-24 33
3.07 79
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Fig. 5. Curves of partial pressure of oxygen as a function of
CO, and CO pressures ratio and temperature at a total pres-
sure of 1atm, based on data of JANAF tables.?6

precipitated graphite calculated for three partial
pressures of CO: 1, 0-1 and 0-01atm (dashed
curves) are shown in Fig. 6. The oxygen partial
pressure in presence of excess of carbon is given by
the following equilibrium:

2CO( <= 2C + Oy (5)
By substraction of eqn. 4 and eqn. 5:
2/3 A1203(s) + 3C(S) —=1/3 A14C3(S) + 2C0(g) (6)

The intersections of the solid curve and the
dashed ones represent the lower temperature at
which aluminum carbide can be formed by reaction
(6) at each CO pressure. This temperature dimin-
ishes from 1993°C (pco =1 atm) to 1775 and 1583°C
(pco=0-1 and 0-01 atm, respectively). In our sin-
tering conditions, the CO partial pressure is at least
lower than 0-33 atm (the value which corresponds
to a closed system with precipitated graphite, in
presence of air). This affirmation is supported by
the results of a study performed in a similar sys-
tem, in which a partial pressure of CO as low as
0-003 atm at 1800°C was determined.!®

From the above analysis, it can be inferred that,
at 1800°C, the formation of Al4C; from AlL,O5 is a
feasible reaction. However, from Fig. 6 only if the
CO partial pressure is lower than 0-1atm, could
Al4C; be formed at 1700°C.

4.4 Formation of A1,OC

In the sintering conditions of this work, Al,OC can
be formed. It can be affirmed taking into account
the results of Lefort et al.'® These authors deter-
mined the existence of a range of CO partial pres-
sures in which the Al,OC can be formed from CO
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Fig. 6. Differences in free energy of formation between Al4Cs

and Al,O; as a function of the temperature. CO/O,/graphite

equilibria at three CO pressures (1, 0-1 and 0-01 atm) are also
shown. (Based on data of JANAF tables).26

and gaseous aluminum produced by decomposi-
tion of Al,Os according to the following reaction:

2Al(g) + CO(g) <~ AleC(s) (7)

The Al-CO-AlL,OC equilibrium is shifted towards
the decomposition of oxycarbide if the partial
pressure of CO is lowered.!®

4.5 Formation of a melt

In our sintering conditions, the formation of a melt
can be possible at low oxygen partial pressure and
high temperature (1800°C). Two mechanisms pro-
posed in the literature are considered adequate to
explain the presence of a melt in these conditions:
(a) the formation of a melt with the composition of
the eutectic in the Al;03-Al,C; system,?%2! and (b)
a liquid produced simultaneously with the AlSiCy4
formation.??

(a) Larrére et al.?! reviewed and modified the
phase equilibrium diagram of the ALO3-AlCs
binary system, which was first established by
Foster et al?® This system shows an eutectic
point with the composition 90mol% Al,O3-
10mol% Al,C; whose melting temperature is
slightly lower than 1815°C. Moreover, a meta-
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stable phase-equilibrium diagram for this system,
which lowers the eutectic melting point down to
1800°C was presented.?!

From the above analysis, and taking in mind the
possibility of Al,C; formation at 1800°C when
graphite disks are used (Section 4.3), it was con-
cluded that a permanent melt with the composition
of the eutectic point can be formed if this compo-
sition is locally reached. At 1700°C, the eutectic
point temperature is not reached; so, even though
there was AlC; formation, a permanent melt
could not be produced in the system.

(b) The second possibility of melt formation is
the mechanism proposed by Oscroft et al.:?? alu-
minum silicon carbide and liquid are formed by the
following reactions:

Aleg(s) + A14C3(5) 3 AleC(s) (8)

AleC(S) + SiC(S) <~ Al4SiC4(s) + liquid (9)

Reaction (9) can be also produced with AlLOC
formed by reaction (7), Section 4.4. At 1700°C, this
mechanism can operate if the samples contain SiC
whiskers.

4.6 Weight losses

The partial dissociation of Al,OC at high tem-
peratures and the reaction of SiC and Al,O; at low
oxygen partial pressures giving gaseous products as
follows

SiC(s) +A1203(S) <~ SiO(g) +C0(g) + Ale(g) (10)

are responsible for the weight losses produced
during sintering, as proposed by Oscroft et al.??

The last possibility is supported by the study
performed by Misra,!” who concluded that the
predominant gaseous species in the SiC-AlLO;
system are Si0, CO, ALO and Al. This author also
determined that 0-25 is the lowest carbon activity
required for Al4C; formation at 1800°C. In the
present work, when the sintering conditions were
samples arranged between graphite disks inside a
graphite furnace, a carbon activity equal to unity
can be assumed, supporting from another point of
view the feasibility of Al,C; formation.

5 Discussion

The obtained results, including developed micro-
structures and measured densities, are discussed in

this section taking into account the previous ther-
modynamic analysis.

In both series of samples, pressureless-sintered at
1800°C arranged in an SiC bed or between graphite
disks, the observed glassy phase was expected
because of the content of impurities of the alumina
powder used in this work (0-335 wt%). It has been
reported that a silicate glass is observed in sintered
Al,O; with a content of impurities of 0-25 wt%.%°

However, the higher amount of this phase pre-
sent in the samples sintered between graphite disks
can only be explained by the presence of another
kind of melt. It is proposed that this melt can be
originated by the reactions described above that
take place in the highest reducing atmosphere
when graphite disks are used. At 1800°C, when
conditions of very low O, partial pressure and low
CO partial pressure prevail, the formation of Al4C;
from Al,O; is a possible reaction (Section 4.3).
Then, local Al,O3-Al,C; equilibria could be
reached with appearance of a melt at the eutectic
temperature.?! Furthermore, the contribution is
proposed of a liquid phase produced by reaction of
Al,OC and SiC,?? as discussed in Section 4.5(b).

The presence of Al,OC and Al4SiC, detected by
XRD and the existence of Al4Cs justified by the
thermodynamic study (reaction (6)) support that
two mechanisms of melt formation take place.
Al4C;, an intermediate in the formation of the
permanent melt, was not detected by XRD analysis
because it was totally consumed or due to its great
instability in a wet atmosphere.

The presence of a higher amount of liquid when
the SiCw content increases is also explained
throughout the mechanism proposed by Oscroft??
(reactions (8) and (9)). According to reaction (9)
SiC is a reagent in the liquid formation. The whis-
kers observed after etching with boiling H;PO,
confirm the presence of a melt and indicate that,
although they are involved in melt formation, they
are not totally consumed in the reaction.

The decrease in the densities of Al;0; and SiCyy/
Al O3 composites without impregnation, pressure-
less-sintered at 1800°C in SiC bed and between
graphite disks, reflects the same trend observed in
green densities, where the presence of the whiskers
difficults the compaction of the samples.>* How-
ever, the diminution of the values of 10 and
15vol% SiCw/Al;O3; composites is higher than
that expected only from the differences in their
green densities. This fact is associated to an addi-
tional inhibiting effect of the whiskers which inter-
fere with shrinkage in sintering by crosslinking
among themselves.3%-3!
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The higher densities achieved on samples pres-
sureless-sintered between graphite disks than those
obtained using SiC bed is a consequence of the
higher amount of melt present in the samples sin-
tered between graphite disks, which favors a
mechanism of liquid phase sintering resulting in an
improvement of densification.

Additionally, the weight losses, higher as the
whiskers content increases and also in samples
pressureless-sintered between graphite disks, were
attributed to the possibility of Al,03; and Al,OC
decompositions (reactions (3) and inverse (7)) and
to the reaction between Al,O; and SiC to form
gaseous products (reaction (10)).

Comparing the microstructures obtained at 1700
and 1800°C, the liquid observed can be originated
by the impurities present on the starting materials
and another liquid arising by reaction of Al,OC
and SiC (reaction (9)) at both temperatures. At
1800°C, the greater amount of liquid observed can
be attributed to the simultaneous formation of a
permanent melt in the Al,03;—-Al4,C; binary system.
However, at 1700°C, this kind of melt is not
expected to be produced because of the tempera-
ture is lower than that of the invariant point,?!
despite the possible Al4C; formation (Section 4.3).

The higher densities obtained at the higher tem-
perature studied (1800°C) were attributed to a
liquid phase-assisted sintering mechanism. How-
ever, the increase is slight, probably due to an
opposite effect of weight loss only produced in the
more extremely reducing atmosphere at 1800°C.

The improvement in the densification of the
impregnated samples sintered at 1800°C is a con-
sequence of both its higher precalcined densities
and the greater reactivity of the small particles
incorporated during impregnation.?’

6 Conclusions

The oxygen partial pressures at 1800 and 1700°C
in equilibrium with precipitated graphite at a
total pressure of latm were estimated (about
3-10-5 atm and 1-10~1!5 atm, respectively). The SiC
used to pack the samples leads to lesser reducing
conditions than those corresponding to the system
with excess of graphite (samples arranged between
graphite disks). The oxygen pressures are at least
higher than the equilibrium values in the first
situation and lower in the second condition.

At 1800°C, a higher amount of glassy phase was
formed in samples sintered between graphite disks
than in samples sintered in an SiC bed. In this last

situation, the melt is attributed only to the presence
of impurities in the Al,O; powder. In the first con-
dition, the melt is due to the impurities, but also to
its formation by two mechanisms that can operate
in the used sintering atmosphere: (a) formation of a
melt with the composition of the eutectic of the
Al,O3—-Al4C; binary system, because it is possible
the formation of Al4C; from Al,O; and local
equilibria could be reached, and (b) formation of a
liquid together with A1;SiC, by reaction of SiC and
A1,OC. The oxycarbide can be formed by reaction
between CO and gaseous aluminium produced by
decomposition of Al,O3 or by reaction between
Al,O; and Al4Cs. The presence of a higher amount
of liquid when the SiCw content increases is also
explained throughout mechanism (b).

At low oxygen partial pressures estimated at
1800°C with samples sintered between graphite
disks, it was established that it is possible the Al,O;
and ALOC decomposition and the reaction of
Al,05 and SiC give gaseous products. An associ-
ated loss of material in detriment of final densities
was determined.

At 1700°C and samples between graphite disks,
the little amount of melt was attributed to impuri-
ties and to a minor contribution of liquid arising
by reaction between Al,OC and SiC. Permanent
melt with the eutectic composition cannot be pro-
duced at this temperature.

At both temperatures, the progressive diminu-
tion in Al,O; grain size and the decrease in the
densification observed as the SiCyw content increa-
ses were attributed to the inhibiting effect of the
whiskers on sintering. On the other hand, although
the Al,Oj3 grain size was smaller in samples treated
at 1700°C than at 1800°C, the microstructure that
resulted was more homogeneous at the higher
temperature. A bimodal grain size distribution was
obtained at 1700°C, while at 1800°C very uniform
grain size was observed. A microstructure charac-
teristic of liquid-phase sintering with faceted grains
and tabular alumina was developed at 1800°C in
samples arranged between graphite disks.

Higher densities were achieved at 1800°C for
samples sintered between graphite disks than those
of samples sintered in an SiC bed. Moreover, the
values were lower when the temperature decreased
(1700°C). The higher values were attributed to a
liquid-phase assisted mechanism of sintering.
Additionally, an increase in the density values in
the impregnated samples was determined. This is
due to the higher green densities of the samples and
the greater reactivity of the small particles incor-
porated during impregnation.
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