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bstract

he effect of the Ar or N2 sintering atmosphere on the oxidation behaviour of pressureless liquid-phase-sintered (PLPS) �-SiC was studied. PLPS
-SiC specimens processed under Ar or N2 atmospheres were isothermally oxidized at 1100–1450 ◦C in air for up to 500 h, and their oxidation
inetics, activation energy, and rate-controlling mechanisms were compared. It was found that, regardless of the sintering atmosphere, the oxidation
s passive due to the formation of oxide scales. In addition, below 1350 ◦C the oxidation is protective, with a kinetics that follows initially the
rctan-rate law and then the parabolic-rate law. However, from 1350 ◦C onwards the oxidation becomes only semi-protective, with a kinetics that
beys the arctan-rate law briefly and then the paralinear-rate law. Furthermore, the activation energies and rate-controlling mechanisms are similar
or the arctan and paralinear oxidations, but different for the parabolic oxidation. It was also observed that the N -processed material oxidizes more
2

lowly than the Ar-processed material below 1200 ◦C due to a greater crystallization of its oxide scale, whereas above 1200 ◦C the Ar-processed
aterial is more oxidation-resistant due to greater viscosity of its oxide liquid. Implications concerning the optimization of the processing route of
LPS SiC for high-temperature applications in air are discussed.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Many technological applications at high temperatures require
he use of refractory ceramics that can operate safely in hos-
ile environments, retaining sufficiently their room-temperature
ngineering properties. Currently, pressureless liquid-phase-
intered (PLPS) SiC is being investigated extensively as

high-temperature ceramic for structural and functional

pplications because it combines a very attractive set of physico-
hemical propertiesa[1–13, and references therein] with the
conomy and ease of pressureless liquid-phase processing.b

∗ Corresponding author.
E-mail address: alortiz@unex.es (A.L. Ortiz).

a For example, as a structural material, LPS SiC is innately hard, stiff,
nd lightweight, moderately tough, highly refractory, very resistant to wear,
reep, and thermal-shock, a good thermal conductor, and dimensionally very
table[1–10, and references therein]. As a functional material, it is a semicon-
uctor with a wide bandgap11–13.
b Firstly, pressureless sintering facilitates the fabrication of components with
ear-net shape without limitations on morphology and size. Secondly, the liquid
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owever, the moderate oxidation resistance of PLPS SiC – a
on-oxide ceramic – can limit its use at high temperature in air.
hus, the challenge in this area is to develop PLPS SiC compo-
ents with an adequate oxidation resistance to withstand high
emperatures in oxidizing atmospheres.

Very few studies have investigated the oxidation behaviour of
LPS SiC,14–18 and, except for the work of Liu16 on the role of

he content intergranular phase, they have not correlated sinter-
ng variables with oxidation resistance. In addition, the oxidation
tudies on other LPS SiCs19–29 (i.e., hot-pressed, hot-isostatic-
ressed, or gas-sintered) lack a common experimental platform

i.e., the starting materials, processing procedures, and oxida-
ion conditions are very diverse), thus hindering the extraction
f guidelines for the design of highly oxidation-resistant PLPS

hase-assisted sintering enables dense components to be fabricated at lower tem-
eratures and in shorter times. Since sintering of complex-shaped components
an thus be performed more rapidly using ordinary high-temperature furnaces
nstead of hot-presses or hot-isostatic presses, there is a considerable saving in
roduction costs.

mailto:alortiz@unex.es
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.004
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iC. Consequently, there remains a need for systematic investi-
ations aimed at elucidating the role of the rest of the sintering
ariables on the oxidation behaviour of PLPS SiC.

One of the critical processing variables is the sintering atmo-
phere. Generally, PLPS SiC is fabricated in an atmosphere
f pure Ar or N2 to avoid oxidation during sintering. It has
een demonstrated that while Ar gas is totally inert at the sin-
ering temperatures, N2 gas is not,30 and approximately 1 wt%
itrogen dissolves in the liquid-stage intergranular phase mak-
ng it highly refractory, viscous, and rigid which has been
ttributed to the replacement of twofold-coordinated oxygen
y threefold-coordinated nitrogen in the crystal structure.30 As
uch, the N2 sintering atmosphere has been used to design
LPS SiC with coarsening-resistant microstructures,30 and
igh internal friction,30 sliding-wear31 and plastic-deformation
esistances,3,32 and hardness.33 Surprisingly, despite the bene-
cial effect of the N2 sintering atmosphere on some relevant
roperties of PLPS SiC at room and high temperatures, its
ffect on oxidation resistance – a highly desirable attribute in
high-temperature non-oxide ceramic – has never before been

nvestigated. To address this deficiency, in the present study we
ompare the long-term isothermal oxidation behaviour of two
LPS SiC ceramics fabricated under identical conditions with

he exception of the sintering atmosphere that was either Ar or
2. We show that the oxidation resistance of PLPS SiC is very

ensitive to the sintering atmosphere, which is explained based
n the corresponding oxidation mechanisms and features of the
xide scales. Implications for optimizing the processing route
f PLPS SiC for high-temperature applications in air are also
iscussed.

. Experimental procedure

A powder batch was prepared, containing 86.40 wt% �-
iC powder (UF-15, H.C. Starck Inc., Newton, MA, USA),
.84 wt% Al2O3 (AKP-30, Sumitomo Chemical Company, New
ork, NY, USA), and 7.76 wt% Y2O3 (Fine Grade, H.C. Starck

nc., Newton, MA, USA). This batch composition is expected
o yield LPS SiC ceramics with 90 vol% SiC and 10 vol%
rystalline Y3Al5O12 (YAG) after sintering. After successive
teps of powder mixing, drying, and deagglomeration, already
escribed in detail elsewhere,34 the powder blend was cold-
niaxially pressed into pellets at a pressure of 50 MPa (C,
arver Inc., Wabash, IN, USA), which were subsequently cold-

sostatically pressed (CP360, AIP, Columbus, OH) at a pressure
f 350 MPa. The individual green pellets were first embedded in
owder beds (coarse SiC plus Al2O3 powders) inside graphite
rucibles with screwable lids to avoid mass loss during sin-
ering, and were then pressureless sintered (1000-3560-FP20,
hermal Technology Inc., Santa Rosa, CA, USA) under the fol-

owing conditions: peak temperature of 1950 ◦C, heating and
ooling rates of 600 and 1200 ◦C/h, respectively, hold time
t peak temperature of 1 h, and flowing atmosphere of Ar

r N2 gas. The resulting ceramics, which will be referred to
s PLPS SiC–Ar and PLPS SiC–N2, were cleaned and sur-
ace layers were ground off. The density of the as-processed
aterials was measured using Archimedes’ method with dis-
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illed water as the immersion medium, and their microstructure,
esidual porosity and phase composition were examined by
canning electron microscopy (SEM; S-3600N, Hitachi, Japan)
nd X-ray diffractometry (XRD; PW-1800, Philips Research
aboratory, Eindhoven, The Netherlands), respectively. The
RD patterns were obtained using Cu-K� incident radiation

nd a graphite secondary monochromator, whereas the SEM
bservations were made with secondary electrons on cross
ections (polished to 1-�m finish). The nitrogen content in
LPS SiC–N2 was measured using the inert gas (helium)
usion (IGF) method (TNT-414, Leco Corporation, St. Joseph,

I).
As conventionally done in non-oxide advanced ceramics,

ong-term isothermal oxidation behaviour of PLPS SiC–Ar and
LPS SiC–N2 was evaluated by furnace oxidation. To this
nd, cubes 1 cm × 1 cm × 1 cm were cut out from the two as-
rocessed materials, and all cube faces were diamond-polished
o a 1-�m finish. Oxidation tests were performed in a bottom-
oading furnace (Interbil, Spain) carefully cleaned to prevent
rom contamination, under the following conditions: atmosphere
f ambient air, temperatures in the interval 1100–1450 ◦C, and
xposure times in the range 0–500 h, with the PLPS SiCs rest-
ng on high-purity CVD SiC plates to avoid contact with the
urnace parts. The long-term oxidation curves were constructed
y repeating successive steps of removing the cubes from the
urnace at predesigned time intervals to be cold-weighed to
0.0001 g and then returning them to the furnace for further oxi-

ation, until a maximum oxidizing time of 500 h was reached.
o preclude a zero-point shift in the oxidation curves, the fur-
ace was heated empty up to oxidizing temperature and then the
LPS SiCs were placed in its interior.

Similarly to the as-processed materials, the oxidized mate-
ials were also characterized by XRD and SEM, plus SEM
xaminations on plane views (without additional preparation)
nd X-ray energy dispersive spectrometry (XEDS; XFLASH
etector 3001, Röntec GmbH, Germany) analysis. The XEDS

pectra were interpreted using the ZAF-factor technique for ele-
ental chemical analysis.35

. Results

.1. Microstructure of the as-processed samples

Fig. 1 shows representative SEM images of the microstruc-
ures of PLPS SiC–Ar and PLPS SiC–N2 in the as-processed
ondition. It can be seen that the two ceramics are fully dense
s there are no pores, which is consistent with the densities that
ere measured by Archimedes’ method that indicated complete
ensification. In addition, it can also be observed that the two
eramics have nominally the same microstructure. In particular,
n both cases the average size and aspect ratio of the SiC grains
dark phase) determined by image analysis are ∼0.6 �m and
.4, respectively, and the grains are embedded in an oxide inter-

ranular phase (bright phase). The major difference between the
wo materials is that PLPS SiC–N2 contains ∼0.5 wt% nitrogen,
hich has been incorporated from the N2 sintering atmosphere.
ote that, although IGF does not provide information on the
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Compared in Fig. 3 are the specific mass-change curves
for PLPS SiC–Ar and PLPS SiC–N2 isothermally oxidized in
air at 1100–1450 ◦C. As can be seen, there exist appreciable
ig. 1. SEM micrographs of polished and plasma-etched microstructures of
LPS SiC processed using sintering atmospheres of (A) Ar and (B) N2.

ocation of the dissolved nitrogen, internal friction measure-
ents performed on other PLPS SiCs have demonstrated that

t resides mostly in the intergranular phase.30 Thus, the inter-

ranular phase in PLPS SiC–N2 is YAG with nitrogen in solid
olution.

Shown in Fig. 2 are the XRD patterns of the as-processed
LPS SiC–Ar and PLPS SiC–N2. It can be seen that the two

ig. 2. XRD patterns of PLPS SiC processed using sintering atmospheres of Ar
nd N2. The phase identification is shown only up to about 50◦ 2θ.
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eramics are only composed of various �-SiC polytypes (i.e.,
H, 6H, and 15R) and of YAG. Nevertheless, two differences can
e deduced from the XRD patterns. First, PLPS SiC–Ar contains
greater proportion of 4H, less of 6H, and similar of 15R than
LPS SiC–N2. This result can be explained considering that the
-SiC starting powders are composed of 87 wt% 6H and 13 wt%
5R, and that the N2 sintering atmosphere inhibits the phase
ransformations between polytypes30 while the Ar-sintering
tmosphere promotes the 6H → 4H transformation.36,37 Sec-
nd, the nitrogen solutes have introduced structural defects into
he lattice of the YAG crystals because their peaks in PLPS
iC–N2 exhibit additional Gaussian broadening with respect

o PLPS SiC–Ar, and the XRD theory establishes that lattice
efects introduce Gaussian broadening whereas the nanocrys-
allites induce Lorentzian broadening.38

.2. Oxidation kinetics
ig. 3. Oxidation curves of PLPS SiC in air at temperatures in the intervals
A) 1100–1300 ◦C and (B) 1350–1450 ◦C. The points are the experimental data
closed symbols for PLPS SiC–Ar and open symbols for PLPS SiC–N2). The
olid lines are generated by combining two oxidation kinetics models (discussed
n the text).
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Fig. 4. Square of the oxidation curves of PLPS SiC–Ar and PLPS SiC–N2 in air
at temperatures in the intervals (A) 1100–1300 ◦C and (B) 1350–1450 ◦C. The
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kinetics after t0 will satisfy a parabolic-rate law of the form39:

�ms =
√

k0
pt + b0 (2)
oints are the experimental data (closed symbols for PLPS SiC–Ar and open
ymbols for PLPS SiC–N2). The solid lines are generated by combining two
xidation kinetics models (discussed in the text).

ifferences between the oxidation kinetics of the two mate-
ials. Nevertheless, mass gain is always observed, indicating
hat the oxidation is in all cases passive because active oxida-
ion is accompanied by mass loss.39 Furthermore, the oxidation
inetics is curved, revealing that the long-term oxidation is not
ontrolled by the speed of an interface reaction which would lead
o linear oxidation kinetics.39 It thus follows that the passive oxi-
ation of the two ceramics has to be controlled necessarily by
iffusion alone, or by the competition between diffusion and an
nterface reaction.

To identify the nature of the oxidation of the two materials,
he oxidation data are plotted as (�ms)2-versus-t charts in Fig. 4.
t can be observed that the (�ms)2–t relationship is not linear
ver the entire t range, indicating that the oxidation kinetics in
ig. 3 does not obey completely the typical parabolic-rate law of
aterials with constant diffusion cross-sectional area.c Instead,

he (�ms)2–t relationships are first concave with respect to the

axis and then linear (called Type I oxidation curves hereafter)
elow 1350 ◦C, or slightly non-linear (called Type II oxidation
urves hereafter) from 1350 ◦C onwards. In addition, it is also

c This conclusion was corroborated also using (�ms)2/t-versus-t or �ms-
ersus-t0.5 charts.
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oted that the duration of the concave stretch decreases from
arious tens of hours to only a few hours as the oxidizing tem-
erature increases. These types of passive oxidation behaviour
n two regimes are characteristic of non-oxide ceramics in which
he oxide scale crystallizes progressively during oxidation,39–44

nd indicate that a combination of kinetics models is needed to
xplain the oxidation curves. Briefly, it is well established that
f oxide scale devitrifies gradually during the first moments of
he oxidation, then the effective diffusion rate is time-dependent
ue to the progressive reduction in the amorphous cross section
vailable for diffusion because the crystalline precipitates act
s a barrier against diffusion.39 In this scenario, the oxidation
inetics will initially obey an arctan-rate law of the form39–44:

ms = β
√

kp(1 − f )
3
√

(β − 1/t0)2
arctan

√
(β − 1/t0)t

+
√

kp(βf − 1/t0)

β − 1/t0

√
t + b (1)

here �ms is the specific mass variation (weight change per
urface area), kp the parabolic-rate constant, β the rate constant
or the decrease of the area, f the fraction of original area that
till remains amorphous, t0 the time at which the crystallization
rocess stops, and b an additive constant (ideally equal to zero)
hat accounts for the possible mass change at the beginning of
he isothermal oxidation test (t = 0). At t0 the oxidation kinetics
hanges, and is no longer given by the arctan-rate law because the
ross section available for diffusion, although reduced, becomes
onstant and consequently so does the effective diffusion rate.
n particular, if the oxide scale is protective, then the oxidation
ig. 5. The Arrhenius plot of the rate constants for the arctan, parabolic, and
aralinear oxidations of PLPS SiC–Ar and PLPS SiC–N2 in air in the tempera-
ure range 1100–1450 ◦C. The solid lines are linear fits to the point data (closed
ymbols for PLPS SiC–Ar and open symbols for PLPS SiC–N2). For clarity, the
ifferent regimes are indicated with boxes.
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SiC–N2: (i) in the arctan regime, 504 ± 32 and 521 ± 48 kJ/mol;
(ii) in the parabolic regime, 310 ± 47 and 593 ± 68 kJ/mol; and
(iii) in the paralinear regime, 320 ± 14 and 315 ± 12 kJ/mol for
Fig. 6. Macrographs of (A) PLPS SiC–Ar and (B) PLPS SiC–N2 before a

here k0
p is the parabolic-rate constant and b0 is related to the

ass change before t0. However, if the oxide scale is only semi-
rotective because it simultaneously grows and recesses, then
he oxidation kinetics after t0 will follow a paralinear-rate law
f the form28,39:

ms =
√

k′
pt − klt + b′

0 (3)

here k′
p and kl are the parabolic and linear rate constants,

espectively, and b′
0 has the same meaning as b0.

It follows from the above discussion that Type I and II oxi-
ation curves both satisfy first the arctan-rate law, although then
ype I curves obey the parabolic-rate law whereas Type II curves
bey the paralinear-rate law. Included in Fig. 3 are the model
urves obtained by nonlinear least-squares fitting the combina-

ion of the arctan plus parabolic-rate laws to Type I oxidation
urves and the combination of the arctan plus paralinear laws to
ype II oxidation curves. It can be seen that the fits captured the
xidation kinetics remarkably well, hence supporting the valid-
ty of the proposed combinations of rate laws. Indeed, the intents
o model the oxidation kinetics with the rest of the simple rate

p
e
a

er oxidation in air for 500 h at temperatures in the interval 1100–1450 ◦C.

aws or their possible combinationsd did not lead any to satis-
actory fits. The rate constants determined by curve modelling
or the arctan (kp), parabolic (k0

p), and paralinear oxidation (k′
p

nd kl) regimes are shown in the Arrhenius-type plots of Fig. 5.
The activation energies (Q) for the oxidation of PLPS SiC–Ar

nd PLPS SiC–N2 can be then determined by fitting the Arrhe-
ius equation39:

n k = ln k∗ − Q

RT
(4)

o the rate constants kp, k0
p, k′

p, and kl in Fig. 5, where k* is the pre-
xponential factor, R the universal gas constant (8.314 J/mol K),
nd T the absolute temperature. The best fits lines are included in
ig. 5, from which the following activation energies are obtained,
espectively, for the oxidation of PLPS SiC–Ar and PLPS
d That is, the arctan, parabolic, and paralinear laws, as well as the
arabolic + arctan, parabolic + paralinear, paralinear + parabolic, and paralin-
ar + arctan laws, plus the arctan + paralinear laws for Type I oxidation curves
nd the arctan + parabolic laws for Type II oxidation curves.
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he growth of the oxide scale, and 90 ± 10 and 81 ± 12 kJ/mol
or its recession.

.3. Microstructure of the oxidized samples

Shown in Fig. 6 are low-magnification macrographs of PLPS
iC–Ar and PLPS SiC–N2 before and after oxidation in air for
00 h. As can be observed, the oxidized samples exhibit oxide
cales on their surfaces, which is the sole condition required
or the oxidation to be classified as passive.39 The presence of
xide scales was further confirmed by SEM observation of cross
ections (not shown). It is also observed in Fig. 6 that the sam-
le surface starts degrading dramatically at 1350 ◦C. Unlike the
amples oxidized at lower temperatures, whose oxide scale is
at, smooth, and compact, the oxide scale of the samples oxi-
ized from 1350 ◦C onwards is blistered and rough, and has
elted and flowed out partially, indicating that the long-term

xidation is paralinear at these temperatures due to the concur-
ence of mass gain and loss processes. This is entirely consistent

ith the modelling of the oxidation kinetics.
Shown in Fig. 7 are representative plane-view SEM images

f PLPS SiC–Ar and PLPS SiC–N2 oxidized in air at 1200 ◦C
or 500 h. As can be observed in Fig. 7A, the oxide scale of

ig. 7. SEM micrograph of the surface of (A) PLPS SiC–Ar and (B) PLPS
iC–N2 after oxidation in air at 1200 ◦C for 500 h. The regions marked with 1,
, 3, and 4 in (A) correspond to the Y2Si2O7 crystals, Al2Si2O7 crystals, SiO2

rains, and vitreous matrix, respectively.

Fig. 8. SEM micrograph of the subsurface region of PLPS SiC–N2 after oxida-
tion in air at 1200 ◦C for 500 h. To explore the inner oxide scale, the outermost
l
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ayer of Y2Si2O7 crystals has been removed. The regions marked with 1, 2, 3,
nd 4 in (A) and (B) correspond to the Y2Si2O7 crystals, Al2Si2O7 crystals,
iO2 grains, and vitreous matrix, respectively.

LPS SiC–Ar consists of a mixture of two types of crystals and
quiaxed grains embedded in a matrix that seems to be vitreous.
he XEDS analysis indicated that the crystals have the Al2Si2O7
nd Y2Si2O7 stoichiometries, respectively, that the equiaxed
rains are SiO2, and that the matrix contains various aluminium
ilicates and complex yttrium aluminium silicates or yttrium
ilicates in smaller amounts. These stoichiometries have been
onfirmed by XRD, as will be shown later. However, as can be
een in Fig. 7B the oxide scale in PLPS SiC–N2 contains appar-
ntly only one type of crystals, identified as Y2Si2O7 by XEDS.
evertheless, as shown in the SEM images of Fig. 8, beneath the
2Si2O7 layer there is another layer that contains Al2Si2O7 crys-

als, SiO2 grains, and the Al–Si–Y–O matrix. Thus, compared
o PLPS SiC–Ar the feature of interest is that the oxide scale of
LPS SiC–N2 has a two-layered structure whose top Y2Si2O7

ayer is markedly crystalline and covers almost completely the
ample surface.

Shown in Fig. 9 are representative plane-view SEM images
f PLPS SiC–Ar and PLPS SiC–N2 oxidized in air at 1350 ◦C

or 500 h. As can be observed, the two oxide scales contain
ome large crystals, identified as Y2Si2O7 by XEDS, and glassy
hases. Nevertheless, the important difference is that the oxide
cale in PLPS SiC–N2 has a much more glassy appearance. In
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4. Discussion
ig. 9. SEM micrograph of the surface of (A) PLPS SiC–Ar and (B) PLPS
iC–N2 after oxidation in air at 1350 ◦C for 500 h.

ddition, the XEDS analysis revealed that the glassy phase in
LPS SiC–N2 was richer in Y and Al.

Fig. 10 shows representative plane-view SEM images of
LPS SiC–Ar and PLPS SiC–N2 oxidized in air at 1400 ◦C
or 500 h. As can be seen, the two oxide scales exhibit a coarse
rop-like structure that is likely to have originated from the solid-
fication of a liquid, and also contain some pores that are likely
he bubbles created by gaseous oxidation products. Neverthe-
ess, the oxide scale in PLPS SiC–N2 is clearly more degraded,
evealing that the liquid formed had lower high-temperature
iscosity.

Shown in Fig. 11 are the XRD patterns of PLPS SiC–Ar
nd PLPS SiC–N2 after oxidation in air at 1200, 1350, and
400 ◦C for 500 h, from which several distinct features can
e noted. Firstly, compared to the as-processed conditions (see
ig. 2), there are extra peaks attributable to the oxidation prod-
cts already detected by XEDS, whose intensity decreases
ubstantially at 1350 ◦C and above. Secondly, the intensity of
he SiC peaks decreases continuously as the oxidizing tempera-
ure increases, becoming hardly visible from 1350 ◦C onwards.
hirdly, a few peaks from the Y2Si2O7 phase become strongly

avoured over the rest at 1350 ◦C. And finally, the background

evel increases with increasing oxidizing temperature, and in par-
icular from 1350 ◦C onwards. From these observations it can be
oncluded that: (i) the oxidation is passive as condensed phases s
ig. 10. SEM micrograph of the surface of (A) PLPS SiC–Ar and (B) PLPS
iC–N2 after oxidation in air at 1400 ◦C for 500 h.

crystalline and amorphous) formed on the sample surfaces, (ii)
he thickness of the oxide scale increases with increasing oxida-
ion temperature, (iii) the Y2Si2O7 exhibits texture at 1350 ◦C,
nd (iv) the oxide scales becomes almost completely glassy from
350 ◦C onwards. These conclusions are in excellent agreement
ith those from modelling the oxidation kinetics and the SEM

nalysis.
The comparison between the XRD patterns of PLPS SiC–Ar

nd PLPS SiC–N2 is also very interesting. It can be observed
hat at 1200 ◦C the intensity of the oxidation product peaks is
igher and the background lower in PLPS SiC–N2, indicating
hat its oxide scale is more crystalline. This is consistent with
he SEM observations of Fig. 7. At 1350 ◦C it is noted that the
ackground level is lower and the intensity of the oxidation prod-
cts peaks higher in PLPS SiC–Ar, revealing that its scale is
ore crystalline. This is consistent with the SEM observations

f Fig. 9. Finally, at 1400 ◦C the two XRD patterns are very
imilar, although the background level is lower and the intensity
f the SiC peaks higher in PLPS SiC–N2, thus indicating that its
xide scale is thinner.
The results presented above reveal that the choice of the
intering atmosphere (Ar or N2) has significant practical impli-
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Fig. 11. XRD patterns of (A) PLPS SiC–Ar and (B) PLPS SiC–N2 after oxi-
dation in air at 1200, 1350, and 1400 ◦C for 500 h. The phase identification is
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hown only up to about 45◦ 2θ, whereas the patterns are plotted up to 80◦ 2θ to
bserve the background more easily. M is Y and/or Al. The diffracted intensities
re plotted in logarithmic scale to facilitate the observation of the weakest peaks.

ations for the design of oxidation-resistant PLPS SiC. In
articular, it can be concluded from the rate constants (Fig. 5)
etermined for the arctan (kp), parabolic (k0

p), and paralinear
xidation (k′

p and kl) regimes that: (i) PLPS SiC–N2 is more
xidation-resistant than PLPS SiC–Ar up to 1200 ◦C because
p and especially k0

p are both lower; (ii) from 1200 ◦C onwards
he previous trend changes, and PLPS SiC–N2 becomes less
xidation-resistant as up to 1350 ◦C kp and especially k0

p are
ow both greater and at 1350 ◦C and above PLPS SiC–N2 loses
ass faster than PLPS SiC–Ar because kl is always greater. It

hould be mentioned that the trends described below 1350 ◦C
an also be deduced from the mere observation of the oxidation
urves in Fig. 3 because these oxidations are arctan + parabolic
nd therefore the specific mass gain correlates inversely with the
xidation resistance; however, this correlation breaks down for
he arctan + paralinear oxidation due to the concurrence of gain

nd loss of specific mass, and thus the trends described from
350 ◦C onwards cannot be reached from the simple examina-
ion of Fig. 3, but require necessarily the determination of the
xidation-rate constants k′

p and kl as has been done here.
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The sintering atmosphere, on the contrary, does not affect the
ature of the oxidation of PLPS SiC, which is always passive
t temperatures in the range 1100–1450 ◦C due to the forma-
ion of oxide scales. These oxide scales are protective below
350 ◦C because the oxidation is arctan + paralinear, and only
emi-protective from there onwards because the oxidation is
rctan + paralinear. With respect to the oxidation mechanisms,
he SEM, XEDS, and XRD analyses suggest that the oxidation
eactions are the same in both cases. Specifically, SiC would
eact first with O2 via the following reaction:

SiC(s) + 3O2(g) → 2SiO2(s) + 2CO(g) (I)

hen, part of the SiO2 formed from reaction (I) would react with
AG (Y3Al5O12) to form Al2Si2O7 and Y2Si2O7 according to

he following reaction:

16SiO2(s) + 2Y3Al5O12(s)

→ 5Al2Si2O7(s) + 3Y2Si2O7(s) (II)

The formation of these silicates results in a zone depleted
f Y3+ and Al3+ cations immediately below the oxide scale.
he compositional gradient of Y3+ and Al3+ between the oxide
cale and the unoxidized material thus induces the migration of
hese cations to their interface. It is well established that these
ations favour further the crystallization of the oxide scale while
educing the viscosity of the silicate liquid.39,40,45 Since the crys-
allization slows down the oxidation kinetics and the reduced
iscosity speeds it up, the overall diffusivity will thus be deter-
ined by the resulting balance of these opposing tendencies.
t the high oxidizing temperature, pores can be formed in the
xide scales due to the gaseous products generated by the car-
othermal reduction of the YAG intergranular phase through the
ollowing reaction:

Y3Al5O12(s) + 4CO(g)

→ 3YAlO3(s) + Al2OC(g) + 3CO2(g) (III)

here the CO(g) reactant is a product of reaction (I). The absence
f its peaks in the XRD patterns indicates that YAlO3 is in
morphous state.

The oxidation behaviours of PLPS SiC–Ar and PLPS
iC–N2 are also similar in the sense that both are characterized
y two distinct stages at all temperatures: (i) initial arctan
xidation, followed by (ii) parabolic oxidation below 1350 ◦C,
r paralinear oxidation from there onwards. Therefore, the
rincipal distinction between their oxidation behaviours is in the
ate-controlling mechanism of the parabolic oxidation regime,
s concluded from the Arrhenius plots in Fig. 5. First, the acti-
ation energies of the arctan oxidation are similar and as high
s 504 ± 32 kJ/mol for PLPS SiC–Ar and 521 ± 48 kJ/mol for
LPS SiC–N2, indicating that the rate-controlling mechanism

s in both cases outward diffusion of Y3+ and Al3+ cations from
he intergranular phase into the oxide scale.21,22 Second, the

ctivation energy of the parabolic oxidation is about two times
igher in PLPS SiC–N2 than in PLPS SiC–Ar (593 ± 68 kJ/mol
ersus 310 ± 47 kJ/mol, respectively), revealing a difference
n the rate-controlling mechanism. The moderate value of the
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ctivation energy in the former is ascribed to inward diffusion
f oxygen through the oxide scale,39 while again the much
igher activation energy in the latter is ascribed to outward
iffusion of metal cations from the intergranular phase into the
xide scale. Third, the activation energies for the growth and
ecession of the oxide scale in the paralinear oxidation are very
imilar (320 ± 14 and 90 ± 10 kJ/mol for PLPS SiC–Ar versus
15 ± 12 and 81 ± 12 kJ/mol for PLPS SiC–N2). Therefore, it
s proposed that in both cases the oxide scales grow controlled
y inward diffusion of oxygen, and recess controlled by viscous
ow and escape of gases.

Let us consider now the effect of the Ar or N2 sintering atmo-
phere on the oxidation resistance of PLPS SiC. As demonstrated
n this study, PLPS SiC–N2 oxidizes more slowly than PLPS
iC–Ar below 1200 ◦C. Considering the SEM (Figs. 7 and 8)
nd XRD (Fig. 11) analyses, this is attributed to the greater
rystallinity of its oxide scale at these temperatures, since the
iffusion rate through crystalline phases is various orders of
agnitude slower than through amorphous phases.39 The origin

or the greater crystallinity in PLPS SiC–N2 is not totally clear,
nd requires further investigation in the future. At this stage, the
ost likely explanation is that the structural defects in the YAG

attice produced by the nitrogen solutes make it more reactive
ecause defects can raise its free energy or destabilize it, thus
peeding up the formation of the protective crystalline oxides.

On the contrary, above 1200 ◦C PLPS SiC–N2 becomes less
xidation-resistant than PLPS SiC–Ar. As revealed by the SEM
Figs. 9 and 10) and XRD (Fig. 11) analyses, this is attributed to
he lower viscosity of its oxide liquid, and the attendant various
rders of magnitude increase in the diffusion rate.38,44 In turn,
uch a reduction in the viscosity is due to a combination of
he poorer crystallinity,39,45 the higher Y3+ and Al3+ content
n the glassy phase,39,45 and the lower eutectic temperature in
he presence of nitrogen (1282 ◦C in the system Y–Si–Al–O–N
ersus 1371 ◦C in the system Y–Si–Al–O).46,47

. Conclusions

The effect of the sintering atmosphere (Ar or N2) on the long-
erm oxidation behaviour of PLPS SiC in air was investigated in
he temperature range 1100–1450 ◦C. Based on this study, the
ollowing conclusions can be drawn:

1) Regardless of the sintering atmosphere, the oxidation of
PLPS SiC at these temperatures is passive and has a two-
stage kinetics that first obeys the arctan-rate law and then
the parabolic-rate law below 1350 ◦C or the paralinear-rate
law from there onwards. This complex oxidation kinetics
reflects the initial crystallization of the oxide scales, and
their protective character below 1350 ◦C but only semi-
protective at and above 1350 ◦C.

2) The sintering atmosphere does not affect the activation
energy for the arctan and paralinear oxidation regimes,

which are controlled by outward diffusion of Y3+ and Al3+

cations and by the competition between inward diffusion
of oxygen and viscous flow/escape of gases, respectively.
However, the sintering atmosphere does influence the acti-

1

ean Ceramic Society 30 (2010) 119–128 127

vation energy for the parabolic oxidation regime, which
is controlled by inward diffusion of oxygen in the Ar-
processed material and by outward diffusion of Y3+ and
Al3+ cations in the N2-processed material.

3) The sintering atmosphere conditions the oxidation resis-
tance of PLPS SiC. Thus, the N2-processed material is
more oxidation-resistant up to 1200 ◦C, which is due to the
greater crystallization of its oxide scale at these moderate
temperatures. In contrast, above 1200 ◦C the Ar-processed
material becomes more oxidation-resistant, which is due to
the greater viscosity of its oxide scale.

4) The sintering atmosphere is another approach to tailoring
the oxidation resistance in PLPS SiC ceramics.
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