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Wetting behaviour of SiC ceramics
Part 1. E;O3/Al,O5 additive system
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Abstract

Wettability is the most important phenomenon in SiC liquid phase sintering. This paper discusses the ceramic—ceramic wetting of E;O3/
Al,O5 additives on SiC, where E,Oj3 is a mixture of rare earth oxide. A sphere-shaped sample of additive was put on a SiC plate and the set
placed in a graphite resistance furnace and heated to the additive sphere melting point at a rate of 10 °C/min. The behaviour of the additive on
the SiC plate was observed by means of an imaging system using a CCD camera, while the contact angle was measured and analyzed using
QWin Leica software. The tests were performed in argon or nitrogen atmospheres. The wettability curves displayed a fast decline and good
spreading. The E,O5/Al,05 system, which approached a eutectic composition when compared with the phase diagram of the Y,05/Al,05
system, displayed better spreading. Measurements of the contact angle could not be made when the test was conducted in a nitrogen
atmosphere because of the bubbles that formed in the liquid during the test, damaging the interfacial zone between E,O3/Al,0; and SiC. The

results of these tests indicate that the best sintering atmosphere for this additive system is argon.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Silicon carbide, SiC, is a well-known and important
ceramic material with interesting properties such as low
density, low porosity, and good wear resistance in sliding
and abrasive environments, excellent corrosion resistance in
chemical environments, low thermal expansion and high
thermal conductivity that provide excellent thermal shock
resistance [1].

High densification of SiC compacts is possible only at
extremely high sintering pressures and/or temperatures
exceeding 2100 °C due to the low self-diffusion coefficient.
Therefore, liquid phase sintering is normally used to in-
crease the density of SiC.

Metal oxides can be used as additives in liquid phase
sintering. Negita [2] studied the probability of chemical
reactions between SiC and several oxides at 2127 °C,
demonstrating that the most stable of the 23 oxides
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investigated were Al,O3;, BeO, HfO,, ThO,, Sm,0s;,
Y,03;, La,O3, Ce,05. This indicates that most of the
oxides that remain stable in the presence of SiC are
composed of rare earth. For this reason, the additive used
in this work was E,0O3/Al,05. E,O3 is a mixture of rare
earth oxide from Xenotime, an yttrium-rich phosphate ore
(E, Y)PO,. This process is based on the alkaline fusion of
the ore with NaOH, followed by aqueous and acid leach-
ing, precipitation by oxalic acid and subsequent calcina-
tion. The final product is a solid solution of rare earth
(Y3 * Er’ * Yb? * Dy3 * Ho® ™). This additive system,
which is relatively new in the literature, especially in SiC
ceramics, has been used successfully in SisNy liquid phase
sintering [3-5].

The most important phenomenon observed in liquid
phase sintering is wettability. Wettability has most com-
monly been studied in metal-metal and metal—ceramic
joining [6—8]. Wettability is based on the interfacial ener-
gies of the solid—liquid—vapour system.

Fig. 1(a) shows two independent interfaces: a solid—
vapour interface (4gy) and a liquid—vapour interface (Ary);
each surface has both 95V and y™ energies.
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Fig. 1. Representation of wetting (a) before adhesion, and (b) after
adhesion.

When a liquid drop touches the solid phase, Fig. 1(b), the
individual solid and liquid areas disappear, giving place to a
new solid—liquid area (45%) and the respective interfacial
energy 7°". Based on Fig. 1, the system’s free energy
equation can be deduced mathematically.

Gy = Ay + Asvy®Y (1)

Gy = Asvy®Y + Apyy"Y + dg St (2)

where G; and G, are Gibbs free energies before and after
wetting, respectively, as shown in Fig. 1.
Which implies that 4g; =1, so:

Go = (Asy — D)7V + (ALy — 1)y + 9% (3)
Thus, the change in free energy can be calculated as:

AG = G2 — G] = (ASV — 1)’}/SV + (ALV — 1)’))LV
4 ,))SL _ALV,VLV _ ASVVSV (4)

AG = St — 8V LV (5)

The variables y°" and yV are difficult to determine but,
based on Fig. 1(b), AG can be calculated as a function of
9™V, In equilibrium, Fig. 1(b) yields:

SL SV

SV oSL o Weosh s Sty

=7 = —y"Veos0 (6)
Replacing Eq. (6) for Eq. (5):
AG = —y™V(1 + cos0) (7)

where AG is the Gibbs energy change in system and 0 is the
contact angle of systems.

Table 1

Chemical composition of the E,O3

Oxide wt. % Oxide wt. %
Y203 43.90 Sm203 0.41
Yb,05 17.00 Pr,O5 0.27
Er, O3 13.60 CeO, 0.18
Dy,03 11.00 Nd,O3 0.18
H0203 3.10 EUZ03 0.06
Tm,0;3 2.50 La,05 0.04
Tb,03 2.41 710, 1.06
Lu,O3 2.00 SiO, 0.09

Gd,03 1.73 Insoluble 0.56
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Fig. 2. Phase diagram of the Y,03/AL,0; system [15].

Eq. (7) shows that, when the contact angle approaches
low values, AG decreases, thus causing the wetting to
increase. The atmosphere interferes in the wettability and
viscosity of liquid [9—11].

According to a review of the literature [12—14], no work
has been done on the E;03/Al,05 system. This work presents
the ceramic—ceramic wetting of this system of additives on
SiC.

2. Experimental

The materials used for the wettability study were silicon
carbide, SiC, plates (10.0 X 10.0 x 4.0 mm?) having 98.9%
T.D., manufactured by Wacker-Chemie, Germany. The
plates were polished with 1-pm diamond paste.

The additives used were Al,O; (CR6, AS 250 KC
supplied by Baikalox) and the rare earth oxide E,O;,
produced by the Department of Materials Engineering of
the Faculty of Chemical Engineering of Lorena. Table 1
shows the composition of the rare earth oxides.

Table 2
Compositions of the E;O3/Al,05 system
Code E203 A1203

wt.% mol% wt.% mol%
EAl 20.0 8.17 80.0 91.83
EA2 30.0 13.25 70.0 86.75
EA3 40.0 19.19 60.0 80.81
EA4 50.0 26.26 50.0 73.74
EAS 60.0 34.82 40.0 65.18
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Fig. 3. Scheme of the wettability testing system.

Because Y,0j3 is the major component of E,O3, five
compositions of E,03/Al,05 additives were chosen, using
the Y,05/Al,05 diagram phase for comparison (Fig. 2) [15].
One of these additives is a eutectic composition with a low
melting point, while the other compositions are rich or poor
in E;O3. Table 2 shows the additive mixtures.

The mixtures of additives were weighed on a 1 x 10 *
precision scale and mixed in isopropyl alcohol in an attrition
mill for 1 h at 1000 rpm. The suspension was dried at 80 °C
in a rotating drier.

The mixtures were compacted into 4.0 mm diameter
spheres and pressed in a semi-isostatic press (Monostatic
50 Powder Press—Simac) at a pressure of 90 MPa.

An additive sphere was then put on the SiC plate and
the set placed in a graphite resistance furnace (Astro) heat-
ed to the additive sphere melting point at a heating rate of
10 °C/min. The behaviour of the additive on the SiC plate
was analyzed by means of an imaging system with a CCD
camera. The wetting test ended when the contact angle
remained constant, and/or the highest experimental temper-
ature applied was 2000 °C. The tests were performed in argon

or nitrogen atmospheres. Fig. 3 shows the scheme of the
experiment. The contact angle was measured and analyzed
using QWin Leica software. The presence of crystalline
phases of melted additive was identified by X-ray diffraction
analysis (XRD, Rich Seiferst & Co. Isso-Debeyeflex 1001)
with Cu ka radiation. The samples were then cut transversally
and their microstructure characterized by scanning electron
microscopy (SEM).

3. Results and discussion

The images of the wettability tests of all the compositions
were captured by a CCD camera in argon or nitrogen
atmosphere. Fig. 4 represents the evolution of liquid of
the EA3 composition spreading on SiC: (a—d) in argon
atmosphere, and (e—h) in nitrogen atmosphere. The EA3
composition is shown here to represent all the samples
because it produced the best contact angle results.

It can be observed that the additive did not spread
uniformly in the nitrogen atmosphere, which was attributed

Fig. 4. Sequential images of wettability tests of EA3 on SiC: in argon atmosphere at temperatures of (a) 1760 °C; (b) 1770 °C; (c) 1780 °C; and (d) 1800 °C;
and in a nitrogen atmosphere at temperatures of () 1760 °C; (f) 1770 °C; (g) 1800 °C; and (h) 1810 °C.



2808 FV. Motta et al. / Materials Letters 58 (2004) 2805-2809

120

100

®
(=)
1

Contact Angle (°)
& 3
1 1

(3]
(=]
1

0 T T T T T T T T T
1750 1800 1850 1900 1950 2000
Temperature (°C)

Fig. 5. Variation of contact angle with temperature.

to the formation of bubbles during the test, rendering it
impossible to measure the contact angle. The formation of
bubbles was caused by the nitrogen dissolved in the liquid,
which increased its viscosity [1, 9—12].

The contact angle behaviour as a function of temperature
of the additives on SiC is illustrated in Fig. 5. The contact
angle values decreased as the temperature rose and the area
of adhesion between the liquid and SiC increased.

According to Young’s equation, Eq. (6), when the contact
angle decreases, the yV/SE ratio increases. Therefore, the
solid/liquid interfacial energies decrease, resulting in greater
wettability. All the compositions presented 6 smaller than
15°, indicating that the E,O3/Al,03 system has good
wettability on SiC, in agreement with Eq. (7).

The EA3 composition presented a better contact angle
rate than the other samples and its melting point was close to
the eutectic temperature (1760 °C) of the Y,03/Al,0;
system. Then, EA3 composition is probably similar to the
eutectic composition of the Y,05/Al,03 system (20Y,03/
80A1,05, mol%) [15]. The contact angle results obtained for
the eutectic composition were the best due to the complete
formation of liquid as soon as the melting point had been
reached and no solid phase remained.

In cases of compositions very dissimilar from the EA3
composition, the initial spreading temperature increases, to
higher percentages of E,O5 than of Al,O;.

The EA1 composition showed a smaller decrease in the
contact angle rate than the other samples, i.e., the high
alumina content caused slow wetting of the liquid phase on
SiC.

A comparison with the Y,03/Al,05; phase diagram and
JCDD/JCPDS files reveals that the EA3 sample was a
compound of E;AlsO,, and Al,O; phases. Fig. 6 shows
the micrograph of AE3 after the wetting test and its
interface with SiC sample in argon or nitrogen atmosphere.
As can be seen, the AE3 sample shows a lamellar
microstructure characteristic of eutectic compositions, but
is not exactly eutectic due to the appearance of primary
E;AlsO,, precipitate.

4. Conclusions
(a) The contact angle of E,0;/Al,O3 additive on SiC

decreases with increasing temperature, improving the
wetting.
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Fig. 6. EA3 micrograph of the additive after the wetting test and its interface with the SiC sample, (a—b) in argon, (c—d) and in a nitrogen atmosphere.
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The best spreading result in the E;O3/Al,0;5 system was
achieved by sample EA3, which approached a eutectic
composition, as indicated by a comparison with the
Y,03/Al,05 system.

It was impossible to measure the contact angle when the
test was conducted in a nitrogen atmosphere because of
the formation of bubbles in the liquid during the test.
The nitrogen atmosphere gave rise to a damaged zone
at the E;O3/Al,05—SiC interface. The results indicated
that the best sintering atmosphere for this additive
system is argon.

The wettability curves displayed a sharp decline,
indicating good spreading. The only exception was
sample EA1, which spread more slowly than the other
samples, indicating that excessive amounts of Al,O3
decrease the spreading velocity.
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