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Abstract

Liquid-phase-pressureless-sintered SiC—AIN-Y, 03 composites were coated by means of modified pack cementation process (OXPAC, OXidation-
assisted-PAck Cementation) using rare-earth oxides, RE, O3 (RE = Sc, Er, Sm, Lu, Ho), as reactive powders. The coatings, composed by the oxidation
products of SiC, AIN and rare-earth silicates, were adherent to the substrate, without porosity and with a thickness of 10 wm. The oxidation resistance
of the coated SiC—AIN-Y,0; ceramics was also investigated at 1500 °C for a period of 200 h. The coated samples showed specific weight gain
lower than the uncoated and pre-oxidised samples. Furthermore, the specific weight gain linearly increased with the rare-earth cationic radius.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Monolithic silicon carbide (SiC) based-ceramics are cur-
rently the primary ceramic material used in oxidising conditions
at high temperature. High temperature properties of monolithic
SiC ceramics or SiC-based composites have been extensively
studied. In particular, several studies were focused on the prop-
erties of the solid solution silicon carbide-aluminium nitride
composites (2H SiC—AIN)!~!! displaying improved high tem-
perature properties when SiC/AIN weight ratio is greater than
80/20 and sintering temperature above 1850 °C.!-2

In addition, oxidation resistance of SiC—AIN ceramics
depends greatly on the sintering aid used. In fact, rare-
earth oxides like Y,03,> Er03,%® Ho0,03,* Lu,03,4079
SC203,6’9’10 Sm, 03,4 Yb203,4’5’11 CeOr* were tested
as sintering-aids for liquid-phase-pressureless-sintered
(LPS) SiC-AIN ceramics and the oxidation resistance of
SiC-AIN-RE;O3 ceramics was strongly influenced by the
cationic radius of the rare-earth.* However, further improve-
ments are needed to extend the lifetime of the ceramic
components in oxidative and corrosive environments. An
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approach that has been investigated is to protect the ceramics
applying an environmental barrier coating (EBC) on the surface
of the material. Coating methods that have been used to produce
EBCs on silicon-based ceramics include dip coating,'? plasma
spray,'> CVD!* and pack cementation.'>

The pack cementation process is of particular interest because
it does not require special equipment, it is a simple batch process
allowing the simultaneous coating of multiple parts and it allows
the formation of a uniform coating on all surfaces of simple or
complex-shaped parts. In this process the part is packed in a
reactive powder bed inside a container. The part is then heated to
a temperature sufficient to cause a reaction between the reactive
components of the powder bed and the substrate material.

The pack cementation technique was used to improve
oxidation resistance of silicon nitride ceramics,!®> while it
has never been used with monolithic SiC-based materials.
In this work a modified pack cementation process (OXPAC,
OXidation-assisted-PAck Cementation) was proposed to obtain
a protective EBC on SiC—AIN-Y,0s3 using rare-earth oxides
(Ery03, Ho2 03, LuyO3, Smy0O3, Scy03) as reactive powders.

2. Experimental procedure

Sintered samples of SiC-AIN-Y,03
(48%wt-48%wt—4%wt) were produced by means of a
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pressureless sintering methodology based on the process
already described elsewhere.?

Samples, characterized by dimensions of
15 mmx3 mmx3 mm, were obtained by the bulk specimens
employing a diamond saw.

After grinding to reduce superficial roughness, the sam-
ples were cleaned in an ultrasonic bath and degreased washing
them using acetone and ethanol. Dried samples were put inside
alumina crucible completely covered by the reactive powder.
Rare-earth oxide powders of Erp O3 (99.9% Cerac Inc., USA),
Ho,03 (99.9% Cerac Inc., USA), LuyO3 (99.9% Cerac Inc.,
USA), SmyO3 (99.9% Cerac Inc., USA) and Sc,03 (99.0%
Treibacher Industrie AG, Austria) were used for the different
tests. Oxidation-assisted-pack cementation tests were carried
out at 1300 °C for 5h in flowing air in a furnace with molyb-
denum disilicide heating elements. After the thermal treatment,
the excess of the reactive powder was removed in an ultrasonic
bath, then, the coated SIC—AIN-Y,0O3 samples were oxidised at
1500 °C over a period of 200 h in air.

The microstructures of the samples were observed using scan-
ning electron microscopy (SEM-LEO 438 VP). Compositions
were determined by EDS analysis (Oxford Link ISIS 300), while
X-ray patterns (XRD) were collected with a Philips powder
diffractometer with a Bragg—Brentano geometry and equipped
with a copper anode operated at 40kV and 30 mA (step 0.02°,
time 6 s). The phase analysis was carried out with the PC X pert
High Score software Version 2.2a (PANalytical B.V., Almelo,
The Netherlands).

3. Results and discussion
3.1. Microstructure and composition of the coating

The XRD analysis of the samples (Fig. 1) show the presence
of mullite, rare-earth silicates (RE>Si»O7, RE;Si309) and «-
cristobalite. The formation of these compounds on the surface
of the pressureless-sintered SIC—AIN-Y,03 ceramics can be
ascribed to the following chemical reactions:

SiCs) +(3/2)02(g) & SiOas) + CO(g) )
SiC(s) + (1/2)02(g) © SiO) + Crg) )
4AIN(g) + 3055 € 2A103() + 2No(g &)
28i0x(s) + 3A1, 055 & 3A103.28i0x) ©)
28i0x(s) + RE203(5) © RE2Si2O7) Q)
3Si0y(s) + RE203(5) & RE1Si309(s) (6)

Reactions (1) and (2) represent the passive and active oxida-
tion of silicon carbide, respectively. Reaction (3) is the result of
the oxidation of aluminium nitride, while reactions (4)—(6) lead
to the formation of mullite and rare-earth silicates. The coating
is therefore formed by the oxidation products of SiC and AIN
(a-cristobalite and mullite) and the rare-earth silicates due to
the reactions between a-cristobalite and rare-earth oxides (reac-
tive powders). OXPAC always requires an oxidative atmosphere:
the tests performed in a oxygen-free atmosphere demonstrated
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Fig. 1. XRD patterns of SiC—AIN-Y,Oj3 sintered samples coated by the OXPAC
process with (a) Sc203, (b) ErpO3, (c) Ho203, (d) LuO3 and (e) SmpO3 as
reactive powders.

that the formation of the protective coating is not possible with-
out oxygen. The SEM images of the coated samples surface,
showing the morphology of the crystalline phases, are reported
in Fig. 2. The coatings appear compact without porosity and
well-developed crystals of rare-earth silicates are also detectable
with the EDS microprobe. SEM analysis of the cross-sections
allowed to evaluate the thickness of the coatings which is always
less than 10 wm (Fig. 3). These images show a thin and adherent
layer without porosity at the coating/substrate interface. Further-
more, a crystalline phase containing the rare-earth cation was
detected in the bulk underneath the coating. This was common
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Fig. 2. SEM-EDS analysis of the surface of SiC—AIN-Y,03 sintered samples coated by the OXPAC process with (a) Luy O3, (b) Er; O3, (¢) Ho203, (d) SmpO3 and
(e) Scp03 as reactive powders. EDS spectra are referred to the white grains shown in the corresponding image.
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Fig. 3. SEM images and oxygen X-ray maps of the cross-section of SiC—AIN-Y,0Oj3 sintered samples coated by the OXPAC process with (a) Lu; O3, (b) Er,03, (c)
Ho,03, (d) Smy0O3 and (e) Sc,03 as reactive powders.
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Fig. 4. SEM-EDS analysis of the cross-section of SiC—AIN-Y,0O3 sintered sample coated by the OXPAC process with Ho,O3 as reactive powder.
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Fig. 5. Specific weight gain as function of the oxidation time for uncoated,
pre-oxdised and coated SiC-AIN-Y,03 ceramics (7= 1500 °C).

for all types of the reactive powders used in the pack cementation
process and any correlation between the amount of inclusions
and the rare-earth cation size has been found. The SEM image
reported in Fig. 4 shows a well-developed Ho-contained grains.
The EDS analysis of these grains confirmed that they are com-
posed by holmium silicate (Fig. 4). It is likely that these grains
fill the pores left by gaseous SiO, which is produced by the
active oxidation of silicon carbide. In fact, in a previous paper
it has already been demonstrated that the active oxidation in
SiC—AIN composites shows the first effect at 1300 °C,'° even if
the effects of the passive oxidation of the SiC grains still remain
with formation of SiO; (see Fig. 1).

Direct consequence of the active oxidation is the formation
of the graphite inclusions!®; an example of that is reported in
Fig. 4 where a graphite inclusion is clearly shown. Therefore,
it could be argued that the open porosity left by SiO allow the
diffusion of the rare-earth oxides from reactive powder into the
bulk; here they react with SiO; to produce rare-earth silicates.

3.2. Oxidation behaviour

The oxidation tests were performed for a period of 200 h and
the weight gain per unit surface area as a function of the oxidation
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Fig. 6. Specific weight gain of the coated SiC—AIN-Y,O3 ceramics as function
of RE?* radius of the reactive powder used in the OXPAC process.
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Fig. 7. Square of the specific weight gain as function of the oxidation time for
uncoated, pre-oxidised and coated SiC—AIN-Y,0O3 ceramics (7= 1500 °C).
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Fig. 8. SEM images and oxygen X-ray maps of the cross-section of the coated SiC—AIN-Y,03 samples after oxidation at 1500 °C for 200 h with (a) Er,O3, (b)
Luy03, (c) Ho203, (d) Sc203 and (e) SmpO3 as reactive powders.
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Table 1

Cationic radius of the rare-earth oxides used in the OXPAC process, specific weight gains and rate constants of the uncoated, pre-oxidised and coated SiC-AIN-Y,03

ceramics after oxidation at 1500 °C for 200 h.

Specific weight gain (mg/cm?) Parabolic rate constant (KgZ m—*s~1)

Substrate Pack composition Cationic radius of RE** (10~! nm)
SiC-AIN-Y,03 Uncoated

Pre-oxidised

SC203 0.87

Luy03 0.977

EI‘203 1.004

Ho,03 1.015

Sm203 1.079

7.77 8.29 x 10~
7.44 7.67 x107°
4.30 2.62x107°
4.64 297 x107°
4.79 3.21x 1077
5.07 3.61 x 107
6.81 6.46 x 1072

time at 1500 °C are reported in Fig. 5. The same oxidation tests
were also carried out on the uncoated and pre-oxidised samples.
This last sample was obtained after oxidation at 1300 °C for 5h
of the as-sintered SiC—AIN-Y,03 sample without any reactive
powder. The uncoated and pre-oxidised samples were prepared
in order to evaluate the effect of the rare-earth oxides on the
improvement of the oxidation resistance. In Fig. 5 it is clearly
shown that the uncoated and pre-oxidised samples present the
highest specific weight gains, while the coated sample with scan-
dium oxide shows the best oxidation resistance. The oxidation
resistance of the coated materials is higher than uncoated and
pre-oxidised SiC—AIN-Y;,0O3 composites; it is demonstrated by
the values of specific weight gains of Table 1. This effect can
be attributed to the thermodynamic stability of the crystalline
phases (rare-earth silicates), that minimizes the rare-earth cation
diffusion.

In addition, a greater refractory nature of the amorphous grain
boundary phase is normally expected for those materials sintered
with the oxide additives having a smaller cationic radius.!” The
same behaviour can be expected with the ceramics coated by
the oxidation-assisted-pack cementation process and contain-
ing a small amount of rare-earth silicates in the bulk. In fact,
in this case it was observed that the specific weight gains of
the coated specimens during oxidation were dependent on the
cationic radius of the rare-earth oxide used for the modified pack
cementation process (Fig. 6 and Table 1).

High temperature oxidation resistance of rare-earth silicates
are well-known. In particular, scandium disilicate, Sc;Si;0O7,
has already been tested in water vapour and experimental results
confirmed its high corrosion resistance up to 1400 °C.!® In this
work, coated SiC—AIN-Y,03 samples were simply oxidised in
dry air, while future efforts will have to be focused on the study
of the high temperature resistance in corrosive environments.

The oxidation always follows a parabolic rate, as the follow-
ing equation:

AW? = kt @)

where AW is the specific weight gain, k is the kinetic constant
of parabolic oxidation and 7 is the oxidation time. AW? as a
function of the oxidation time at 1500 °C is reported in Fig. 7.
According to Eq. (7), the slope of the straight lines corresponds
to parabolic oxidation rate constants.

The parabolic oxidation rate constants for each of the rare-
earth oxides used in the modified-pack cementation process (as
well as the values of the uncoated and pre-oxidised samples),

and the total specific weight gains after 200 h are also reported
in Table 1.

The parabolic oxidation behaviour of the coated ceramics
indicates a diffusive process with the rate-limiting step associ-
ated with the migration of rare-earth cations (RE3*) from the
bulk towards the surface oxide layer.

After oxidation, surface oxide layers showed the porosity
left by the gaseous products formed due to the active oxida-
tion of SiC. The SEM micrographs and the oxygen X-ray map
of the cross-section of the coated samples reported in Fig. 8
clearly illustrate the effects of reaction (2). These micrographs
also show that the rare-earth silicate inclusions shown in Fig. 4
disappeared and consequently we can assume that the diffu-
sive migration of rare-earth cations from the bulk towards the
surface oxide layer is the rate-limiting step of the oxidation
process.

4. Conclusions

Oxidation-assisted-pack cementation process can be
used to obtain a protective coating on pressureless-sintered
SiC-AIN-Y,03 composites. When rare-earth oxides RE>Oj3
(RE =Er, Lu, Ho, Sm, Sc) are used as reactive powders, EBCs
are composed by mullite, silica and rare-earth disilicates.
Rare-earth silicates are also detected in the bulk underneath
the coating due to the diffusion of the rare-earth oxides into
the bulk and to the active oxidation of silicon carbide. In fact,
volatile SiO causes the formation of open porosity which is
filled by rare-earth oxides or graphite inclusions (by-product of
the active oxidation of silicon carbide).

The coated samples show an higher oxidation resistance
than uncoated and pre-oxidised ones at 1500 °C. The cationic
radius of the rare-earth oxides used as reactive powders is the
key factor influencing the oxidation resistance of the coated
SiC-AIN-Y,03 ceramics.

Oxidation always follows a parabolic rate law with migration
of RE** ions from the bulk towards the surface as rate limiting
step.
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