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Abstract

Silicon carbide ceramics are very interesting materials to engineering applications because of their properties. These ceramics are produced by
liquid phase sintering (LPS), where elevated temperature and time are necessary, and generally form volatile products that promote defects and
damage their mechanical properties. In this work was studied the infiltration process to produce SiC ceramics, using shorter time and temperature
than LPS, thereby reducing the undesirable chemical reactions. SiC powder was pressed at 300 MPa and pre-sintered at 1550 °C for 30 min.
Unidirectional and spontaneous infiltration of this preform by Al,03/Y,0; liquid was done at 1850 °C for 5, 10, 30 and 60 min. The kinetics of
infiltration was studied, and the infiltration equilibrium happened when the liquid infiltrated 12 mm into perform. The microstructures show grains
of the SiC surrounded by infiltrated additives. The hardness and fracture toughness are similar to conventional SiC ceramics obtained by LPS.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Microstructure-final; C. Mechanical properties; D. SiC

1. Introduction

It is well known that the bonds between silicon and carbon
atoms in SiC (silicon carbide) are very strong. As a
consequence, SiC has a low self-diffusion coefficient. This
property limits the production of high density SiC ceramics
without additive. In order to get a high density ceramic, some
metallic oxides (additives) can be added to SiC in liquid phase
sintering (LPS), which results in a material with an
homogeneous microstructure and therefore suitable to achieve
good mechanical properties, such as a high toughness and
hardness, 3-5 MPa m'’? and 15-20 HV, respectively [1-4].

The mix SiC plus additive can be produced by infiltration
process. This process has grown to become one of the most
significant methods of composite production, mainly ceramic—
metal composites. There are many works on ceramic—metal
materials obtained by infiltration but there are only few works
on ceramic-ceramic. The spontaneous process of infiltration is
very attractive because in this process external pressure is not
used, and it is more economical than the process in which
external pressure is used [5-15].
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The capillarity pressure is driving force of the spontaneous
infiltration of the liquid into packed particulate preforms, and
depends strongly on the shape and size of the interconnected
pores, and wettability between liquid and solid of the preforms.
The wettability between Al,O3/Y,03 and SiC is very good [16].
Theoretical treatments are based on the assumption that pores
are a bundle of parallel capillaries forming a complex pore
structure in the preforms. It makes very difficult to apply simple
capillarity rise and viscous flow equations to infiltration, but
some experimental results illustrated that the infiltration
kinetics depends on the viscosity and density of the liquid
[11,14,15]. Usually, the kinetics infiltration curve (infiltration
height versus time) presents exponential behavior [17-19].

The objective of this work was to study the infiltration
behavior of Al,03/Y,05; mix in SiC, aiming the SiC ceramic
production at temperature and times smaller than in liquid
phase sintering.

2. Experimental

The 3-SiC powder (H.C. Starck, type BF-12) was pressed at
30 MPa in the disks shape of 10 mm diameter and pressed
isostatically at 300 MPa. The SiC preforms were pre-sintered in
argon atmosphere, at 1550 °C for 30 min. These preforms were
machined to the dimension of Fig. 1(a). This shape was used to
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Fig. 1. Schemes of: (a) SiC perform and (b) Al,03/Y,0; disc used in the
infiltration tests.
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Fig. 2. Schemes of SiC/Al,03/Y,05/crucible used in the infiltration tests: (a)
before Al,03/Y,0; melting and (b) after Al,03/Y,05; melting.

the “indirect infiltration” that describes the unidirectional
infiltration.

The Al,03/Y,05; mix, with 64.35 wt.% of Al,O; and
35.65 wt.% of Y,O5; was mixed in an attrition mill for 1 h, at
1000 rpm, in pure isopropyl alcohol, and dried at 80 °C. The
Al,O5/Y,03 mix were pressed at 30 MPa, Fig. 1(b), and
sintered at 1500 °C for 1 h in air atmosphere.

The SiC preforms and Al,03/Y,05 discs of each infiltration
test were placed in a graphite crucible, as shown in Fig. 2(a),
and they were heated in argon atmosphere, at 1870 °C for 5, 10,
30 and 60 min. This temperature was chosen on the basis of the
wettability test results, made by Taguchi et al. [16]. This
temperature is approximately 100 °C above the melting point,
where the Al,O3/Y,0j3 discs were completely melted, Fig. 2(b),
in which the contact angle presented lowest value. After heating
the samples were cooled at a rate of 40 °C/min. The mass
quantities of Al,O3/Y,03 were enough to infiltrate completely
all preforms, but the Al,03/Y,0;5 liquid did not touch the
unidirectional section of the SiC during the test. The submerged
section was not analyzed.

After infiltration, the samples were cut longitudinally,
ground and polished up to 1 wm of diamond suspension. The
infiltration advances in the samples were analyzed using a
scanning electron microscope (SEM) with energy dispersive
spectrometer (EDS), mapping the elemental composition on the

Fig. 3. SiC preform infiltrated with Al,O3/Y,0; at 1870 °C for 5 min (at left), when the x and y axes determine the directions of the EDS point-mapping.
Microstructures obtained by SEM in backscattering mode (at right), of (a) SiC non-infiltrated region, (b) SiC/infiltrated interface and (c) infiltrated region.



S.P. Taguchi et al./Ceramics International 34 (2008) 625-629 627

infiltrated cross sections of the samples. The analysis used a
LEO1450VP SEM with Oxford INCA Energy EDS system.

The Vickers hardness (H,) of infiltrated region of sample
was analyzed using a Micromet 2004-BUEHLER machine, at
20 kN load and 30 s loading time. The fracture toughness (Kjc)
was measured by indentation crack length (ICL) method using
Antis et al. equation [20], Eq. (1):

0.5
5) P(c) (1)

v

Kic = 0.016(

where E is Young modulus, P is the force and c is the length of
crack obtained after indentation.

3. Results and discussion

The driving force for the spontaneous infiltration of the
liquid into packed particulate preforms is the capillarity
pressure that depends strongly on the shape and size of the
interconnected pores and wettability between liquid and solid
phases of the preform. The behavior of the liquid on the solid
surface is generally indicated by the contact angle 6, which is
expressed as a function of the surface energies [4,16]. The work
about wettability of SiC by Al,03/Y,0; liquid, made by
Taguchi et al. [16], showed contact angle around 4° at 1870 °C.
At this temperature, Al,O5/Y,03 had completely melted and
the wetting of system is enough to enable spontaneous
infiltration to take place, because the contact angle is smaller
than the critical contact angle (6 < 90°).

Fig. 3 (at left) shows the photo of SiC preforms infiltrated
with Al,O3/Y»0j3 at 1870 °C for 5 min, when the x and y axes
indicate the directions of the EDS point-mapping. This
mapping show the composition as a function of sample
position, point by point with 0.5 mm steps along x and y axes
(around 450 points). The dark sections indicated by “ds”
presents the infiltrated region of sample, and the bright sections
indicated by “bs” is SiC preform that was not infiltrated by
Al,03/Y,05. Fig. 3 (at right) shows the microstructures,
obtained by SEM in backscatter mode, of three different points
of sample. Micrographs, EDS mapping and microstructural
analysis were made for all samples.

Fig. 3(a) indicates the microstructure in the non-infiltrated
region where only weakly linked SiC particles are present, i.e.,
with characteristic structure of preforms. Letter (b) represents
the region where the infiltration stopped, composed only of SiC
grains and SiC grains surrounded by an intergranular phase.
Letter (c) indicates the microstructure in the infiltrated region,
composed of SiC grains (dark regions) surrounded by
intergranular phase (bright regions). This intergranular phase
is the product of Al,O5/Y,05 reaction, and it can be Y3Als04,
(YAG phase), according phase diagram of Al,O3/Y,03 system
[21].

The EDS point-mapping shows that the concentrations of
Al, Y and O elements decreased severely after 4, 6, 11 and
12 mm in the preforms heated for 5, 10, 30 and 60 min,
respectively. Small quantities of Y and O diffused to the non-
infiltrated section of the preforms, around 2 wt.%. The Si and C
elements were found in all positions, mainly in the section

Fig. 4. Microstructures obtained by SEM in backscattering mode of infiltrated preforms at: (a) 5 min, (b) 10 min, (c) 30 min and (d) 60 min.
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Fig. 5. Infiltration height of Al,03/Y,0j3 on SiC perform as a function of time.

where Al, Y, and O were not found, as expected. These
compositional distributions agree with the difference of sample
grayscale shown in Fig. 3 (at left): the dark section indicated by
“ds” presents Si, C, Al, Y and O, and the bright section
indicated by “bs” presents Si and C, i.e., the bright section was
not infiltrated by the liquid.

Fig. 4 shows the microstructures obtained by SEM in
backscatter mode for all infiltrated regions studied. The
microstructure of SiC infiltrated by Al,03/Y,05 at 1870 °C
for 5 and 10 min presents the characteristic of performs with
infiltrated liquid, i.e., no evidence of solution precipitation
process, Fig. 4(a and b). In contrast, SiC infiltrated during 30
and 60 min, Fig. 4(c and d) shows some hexagonal SiC grain
formation surrounded by Al,03/Y,0;, that determine the
solution precipitation process, so important to obtain good
mechanical properties of SiC ceramics, and growth of SiC
grains.

Fig. 5 shows the infiltration height as a function of time of
Al,03/Y,05 into SiC preforms. The curve behavior is
logarithm, as shown in Eq. (2), where & is the infiltration
height (mm) and ¢ is the infiltration time (min). This equation is
the formula obtained from mathematical fitting of curve.

h=12(1-0.93) )

Initially, the liquid sucked into the preform is accelerated by
capillarity. Thereafter, the capillarity is compensated for
viscosity so that a quasi-steady state is achieved, and eventually
the rise is slowed down by gravity [17]. If infiltration time
grows, then the infiltration height tends to 12 mm, even then
additional Al,03/Y,05 liquid is able to infiltrate all SiC
perform. It means that equilibrium capillary pressure of system
is reached in 60 min infiltration. Though the higher infiltration
rate occurs before 30 min, the microstructure continues to
change, leading to good mechanical properties. It is not
necessary to increase the infiltration time beyond 60 min,
because no additional infiltration will occur; only micro-
structure will change and possible reaction between SiC and
Al,03/Y,05 will occur, promoting the weight loss during the
heat treatment.

Table 1
Vickers hardness (H,) and fracture toughness (Kjc) of SiC infiltrated with
Al,05/Y,03 at 1870 °C during 5, 10, 30 and 60 min, in argon atmosphere

Infiltration time (min) H, (GPa) Kic (MPam'?)
5 21.6 £0.7 42 +0.6

10 20.6 + 0.6 46403

30 20.1+£0.2 47+05

60 21.1+ 1.0 44 40.1

Table 1 shows the Vickers hardness (H,) and fracture
toughness (Kjc) of SiC infiltrated with Al,03/Y,05 at 1870 °C
for 5, 10, 30 and 60 min, in argon atmosphere. For all
infiltration times the hardness is around 20 GPa and the
toughness is approximately 4.5 MPa m'’?, values of mechanical
properties that are comparable to SiC ceramics sintered in
presence of Al,O03/Y,O5; liquid. This indicates that the
infiltration process can substitute the conventional process of
liquid phase sintering of this system.

4. Conclusions

The unidirectional and spontaneous infiltration process can
be used to produce SiC ceramics with properties similar to the
SiC ceramics obtained by LPS using Al,03/Y,05 additive.

The SiC grains grow as a function of the infiltration time,
and the behavior is similar to LPS, where the “Ostwald
ripping”’ phenomenon occurs.

The height of infiltration is not indefinite because it depends
on capillarity, but for the studied system the height, 4, of the
infiltration can be described by an empirical equation of the
form i = 12(1 — 0.93") where ¢ is the time.
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