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Abstract

The oxidation in air of Si3N4-based ceramics containing 35 vol.% of TiN secondary phase and different amounts of sintering additives
has been studied at different temperatures up to 1400◦C in dry or humid environment. The oxidation starts by crystal growth of TiO2 at the
surface, then a multilayered scale develops under the rutile layer from 1000◦C. This subscale is composed of silicon nitride in which TiN
particles are oxidized to agglomerates of rutile, glass and pores. The oxidation process is controlled by the matter transports, which take
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lace in the intergranular phase. These transport phenomena are affected by the changes in distribution and composition of the
nd by humidity which modifies the glass network structure and thus the in-diffusion rate. From 1200◦C, Si3N4 grains are also oxidized, t
dditional glass formed closes the residual porosities yielding scales more compact and developing an autoprotective behavior.◦C,
lass phase crystallizes into cristobalite and the rutile top layer becomes discontinuous. Only composites with low amounts of sint
eep an autoprotective oxidation mode.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Compared to silicon nitride materials, silicon nitride–
itanium nitride composites have improved mechanical prop-
rties, higher fracture toughness and stiffness, and are
achinable by electric discharge providing thereby the real-

zation of ceramic parts with very complicated shape. These
roperties make the composite a suitable high temperature
tructural material, however, its corrosion resistance at tem-
eratures above 1000◦C is reported to be poor compared

o pure silicon nitride ceramics. For silicon nitride ceram-
cs, the oxidation resistance depends strongly of quality and
uantity of the sinter additives and can be tremendously im-
roved by carefully designing the microstructure. Since sili-
on nitride–titanium nitride composites are also processed
ith sinter additives, optimization of their chemistry and
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distribution may also lead to an important improvemen
their corrosion resistance. Therefore, for high-tempera
applications, a precise knowledge of the oxidation be
ior in the working environment is needed. In the past,
eral studies showed that the oxidation mechanism is
plex and multilayered oxidation scales form on Si3N4–TiN
composites.1–5 Oxidation of the composites starts at 600◦C;
only TiN particles at the surface suffer oxidation and fo
islands of TiO2 nanocrystals.5 At around 1000◦C, these
nanocrystals start to grow laterally. In parallel, oxidation p
gresses in subscales. Mechanism and kinetics in this tem
ture range are of particular importance for the high temp
ture performance of this class of materials and are ne
for lifetime prediction possibilities of materials improv
ment.

In the present work, we studied the microstructural ev
tion of TiN particulate reinforced silicon nitride composite
dry and humid air in the range 1000–1400◦C. Special atten
tion is attributed to the role of the intergranular glass ph
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Fig. 1. As-sintered composite A: (a) bright-field image showing micrometer-sized TiN grains embedded in a fine-crystalline silicon nitride matrix, (b) dark-field
image showing the distribution of the intergranular phase by the bright contrasts.

during oxidation, its distribution and changes in chemical
composition.

2. Experimental

The oxidation behavior of two distinct Si3N4–TiN com-
posite ceramics was studied in the temperature range 25–1400
◦C under humid and dry atmospheres. The composite ma-
terials were manufactured by hot-pressing (HP) and hot-
isostatically-pressing (HIP).2,6 They are made of Si3N4 ma-
trices containing different amounts of Al2O3 and Y2O3 as
sinter additives. The composites A prepared by HP contains
a high amount of additives (2.5 wt.% Al2O3, 5 wt.%Y2O3)
and the second type of composite (B) was prepared by HIP
with a low amount of sinter additives (0.25 wt.% Al2O3,
0.5 wt.%Y2O3) corresponding to 10 times less than the com-
posite A. The second phase in both composites consists of
35 vol.% of TiN.

Specimen were cut in the form of bars (10 mm× 4 mm
× 2 mm). The bars were exposed in flowing air, and isother-
mal tests were carried out for 4 h, 24 h and 100 h at 1000◦C,
1200◦C and 1400◦C for each time. A heating rate of
50◦C min−1 was used to bring the specimens to temperature
in order to minimize oxidation during the heating period. Dry
air and air saturated with water vapor at 18◦C (vapor pressure
2
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was achieved by ion-milling with Ar+ using a GATAN ion-
miller.

TEM investigations by bright- and dark-field imaging (BF,
DF) and selected area diffraction (SAD) were performed at
200 kV in a JEOL 2000EX. High-resolution electron mi-
croscopy (HREM) studies were conducted at 200 kV on a
TOPCON 002B microscope that provides a point resolution
of 0.18 nm.

3. Results

The TEM bright field image inFig. 1a shows the mi-
crostructure of composite A consisting of Si3N4 grains (light
grey contrast) with a much smaller size than TiN grains (dark
contrast). The size of TiN grains ranges from 500 nm to sev-
eral micrometers. The TEM image inFig. 1b reveals in DF
contrast a glassy intergranular phase between the faceted

F hous
p

0 mbar) were used as oxidizing atmospheres.
The surface of oxidized composites was analyzed b

ay diffraction (XRD) using Co K� radiation on a Philip
W1830 diffractometer. Surfaces and cross-sections
putter-coated with an Al–Pd alloy and examined in a fi
mission scanning electron microscope (FEG-SEM) o
odel Leo Gemini 1530. The latter was equipped with

erent electron detectors (SE, BSE) and with an ene
ispersive X-ray detector (EDXS). For transmission elec
icroscopy (TEM) obsevations, cross-sectional thin foil

he corrosion scales were prepared from oxidized sam
y wedge-polishing slices of 500�m on a tripode dow

o zero thickness at the thinner part of the wedge. Th
al thinning and cleaning step of the wedge-shaped sa
ig. 2. HREM image of the as-sintered composite B showing amorp
hase between grains of silicon nitride.
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Fig. 3. Cross-section of the oxidation scale on composite A after oxidation
in humid air for 24 h at 1000◦C.

Si3N4 grains that completely fills all triple pockets, even those
of 50 nm or more in diameter. Thus locally, the width of the
intergranular phase is larger than the diameter of the small-
est matrix grains. The smallest width of the grain boundary
films is about 5 nm. In composite B (with less sinter additives)
the glass phase consists of a film between Si3N4 grains. The
HREM image inFig. 2 reveals the typical width of about
2 nm. In both composites the intergranular phase forms an
continuous network between Si3N4 and TiN and plays the
role of a matrix. It will be shown in this paper its crucial
influence in the oxidation process.

After several hours of oxidation at 1000◦C, layered oxi-
dation scales developed and completely covered all faces of
the specimen. The typical microstructure of these scales is
shown inFig. 3. The surface oxidation layer is a relatively
dense continuous scale of TiO2 crystals (in rutile structure)
which adopted different morphologies, varying with both,
the additive content and atmosphere (dry or humid air). In
the case of composite A, TiO2 crystals at the surface dis-
play a needle-like morphology frequently observed for rutile
(Fig. 4a). These grains are often heavily faulted and their fast
growth direction revealed by electron diffraction is [1 0 0].
After the same thermal treatment the surface of composite B
is more uniform and exhibits more equi-axe grains (Fig. 4b).

Under this coverage, a sub-scale is observed (Fig. 3), con-
taining within the silicon nitride matrix mainly small rutile
c ite of

Fig. 5. Composite A—detail of a part of the subscale-layer after 24 h at
1000◦C in humid air (TEM image).

the former TiN particles. At this temperature silicon nitride
remained almost unaffected by oxidation. The interface be-
tween the polycrystalline outer layer and the sub-scale layer
shows remarkable roughness on the micrometer scale and it
is marked by micrometer-sized pores. In this way we can
consider two oxidation fronts: the Si3N4 phase one which
corresponds to the boundary between the outer layer and the
sub-layer and the TiN one, deeper, corresponding to the in-
terface between the sub-layer and the sound material.

In humid atmosphere, after oxidation at 1000◦C for up
to 2 h, we observed that kinetics of initial lateral growth of
rutile on the surface were slowed down compared to oxidation
under dry air. Moreover, a similar effect was revealed for
subscales that were generally thinner in humid air than in dry
air.

After 24 h at 1000◦C, a continuous film of several hun-
dred nanometers (up to 3�m) in thickness formed directly
under the outer layer. It is composed of a SiO2 glassy phase
with numerous crystalline precipitates with a size ranging
from 10 nm to 100 nm. The larger precipitates correspond to
TiO2 and the smaller ones are complex oxides (especially
for composite A) containing cations from the sinter additives
(yttrium and aluminium) (Fig. 5). This intermediate subscale
developed more slowly in the case of composite B. It was not

4 h at
rystals and a high density of pores developed at the s

Fig. 4. Plane view of Si3N4–TiN composites after
 1000◦C in dry air: (a) composite A, (b) composite B.
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Fig. 6. TEM dark-field of oxidation scale formed on composite B after ox-
idation for 4 h at 1000◦C in dry air.

observed after a 4 h thermal treatment at 1000◦C, however an
intergranular glass film wider than the as-sintered composite
was revealed by TEM in the sub-layer (Fig. 6).

In order to study oxidation kinetics at 1000◦C, we have
followed evolution of the oxidation scales thickness for both
composites materials at 1000◦C. In Fig. 7, thickness of the
surface scale (TiO2), of sub-scale and the total scale thickness
(sum of both) are presented as a function of the square root of
time for experiments in dry air (hollow markers) and in humid
air (full markers). Only the composite A, seems affected by a
humid oxidizing atmosphere in the first hours of the thermal
treatment. The thickness of every scale is lightly higher in
humid air, and particularly for the sub-layer. After 100 h this
effect has disappeared. These phenomena could be caused
by the influence of water on the transport properties of the
intergranular glass and will be discussed further in the text.

Fig. 8. Composite B—BSE image of oxidation scale under the cover layer
after 100 h at 1000◦C in dry air (light grey: TiO2, medium grey: Si3N4, dark
grey: glass, dark: porosity).

In case of Composite A, kinetics of all subscales follow
approximately a parabolic law for the entire investigated time
scale suggesting reaction control by diffusion. For compos-
ite B, almost the same kinetics is observed for treatments up
to 24 h. For longer time (100 h) the subsurface scale growth
exhibits slower kinetics than expected from an extrapolation
of the parabolic law. This result can be explained from SEM
studies which show that composite B, after a 100 h oxidation,
displays a stronger glass formation than composite A. Con-
sequently, by filling the microporosity that had developed in
the scale, glass closes the channels for fast in-diffusing oxy-
gen via the gas phase and an autoprotective oxidation mode
is reached (Fig. 8).

Oxidation scales formed at 1200◦C exhibited a similar
sequence as those formed at 1000◦C. The subsurface scale

F f time: dia,
d ir).
ig. 7. Thickness of oxidation scales as a function of the sqare root o
iamonds: sum of both, empty markers: dry air, full markers: humid a
(a) composite A, (b) composite B (boxes: cover layer, circles: intermete layer
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is broader because upon 1100◦C oxidation of silicon nitride
and associated glass formation are more important and it only
consists of glass containing oxide precipitates (TiO2 for both
composites and Y2TI2O7 in more in the case of composite
A). Nevertheless, if we consider the microporosity observed
at 1000◦C, the scales formed at 1200◦C, were much more
compact and protective. After 24 h of oxidation scales were
generally thinner at 1200◦C than at 1000◦C.

At this temperature humidity does not modify growth ki-
netic of the outer-layer and of the sub-layer for both compos-
ites. Results are similar to experiments in dry air.

After 24 h of oxidation at 1400◦C, a dense cristobalite
(SiO2) containing surface scales had developed. Its thickness
was about 15�m for composite B and 50�m for composite
A. Thus, an autoprotective oxidation mode was only con-
served for the composites containing a low amount of sinter
additives.

4. Discussion

These results show that, during oxidation, important trans-
port processes take place in the intergranular phase. The tem-
perature of 1000◦C corresponds to typical glass transition
temperatures of the sintered system SiO2–Al2O3–Y2O3.7

Consequently, the constituents of the glass and the species
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the glassy phase, gas phase transport in the porous surface
scale contributes considerably to the oxygen transport.

Humidity seems to play distinct roles depending on the
advance of the oxidation reaction. For very short times wa-
ter slows down the oxidation rate at 1000◦C, then, for longer
times it favors the formation of a more compact cover layer of
rutile. In the initial steps of oxidation, the intergranular glass
phase contains only sintering additives. Its composition is
close to an yttrio-alumino-silicate with little or no titanium.
Thus, its transport properties are mainly controlled by the
trivalent yttrium and aluminium cations which are glass for-
mer and modifier. Presence of water in the glass involves for-
mation Si OH bonds in breaking SiO Si bonds and the net-
work modifier cations will be more strongly bonded toOH
groups. Consequently they will be less mobile and should
diffuse more slowly. At low concentrations, titanium ions
are usually considered as network former. They are tetrava-
lent and located in [TiO4]tetraedra, and only a low amount
of free Ti can diffuse. When the titanium concentration in-
creases in the glass (solubility can reach 20%) Ti4+ ions are
often reduced in Ti3+ and these trivalent ions are located in
[Ti III O6] octaedra.10Titanium is less strongly bonded toOH
groups and therefore is more mobile than Y3+ and Al3+ ions.
Consequently, water promotes the out-diffusion of titanium
cations in the glass. At higher temperatures, oxidation of sil-
icon nitride leads to a higher amount of glass and humidity
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issolved in this glass display an enhanced mobility. G
rally, silicate glasses represent good solvents and tran
edia for the cationic species present in our composite
i, Y, Al) and also for oxygen and nitrogen.8,9 In the course
f oxidation, the intergranular glass is subjected to a g
nt in oxygen chemical potential between the outer sa
urface and the bulk. This oxygen potential gradient acts
riving force for the in-diffusion of oxygen and the coun
iffusion of nitrogen and cationic species through the gl
hase. Thus, oxygen diffuses into the composite and
ally oxides all grains in contact with the glass film. In t

emperature field (1000–1050◦C), the oxidation rate of tita
ium nitride is higher than that of silicon nitride. Thus, oxi

ion of Si3N4 only yields a thin glassy subscale and wide
rain boundary glass films. Under the surface, titanium d

de grown from TiN dissolves into the glass. According
tudies on the oxidation of different silicon nitride ceram
t occurs in the glass a demixtion in the above-mentio
xygen chemical potential gradient. Consequently, ca

n the glass counter-diffuse to the surface, which is stro
nriched with the faster diffusing species. For these com

tes, Ti ions diffuse faster than Si, Al or Y cations. At the s
ace, titanium cations are exsoluted from the oversatu
lass to form the rutile cover layer. Microstructural ob
ations show the rounded surfaces of rutile crystals in
op layer that are in contact with the glass layer and con
his dissolution–precipitation process. The growth rate o
urface scale of TiO2 is determined by the latter multi-st
rocess. The growth rate of the subsurface scale is ta
y the in-diffusion of oxygen. In addition to the diffusion
t a low water vapor pressure has not a big influence
eriments with higher water vapor pressures (air satu
y water at 40◦C and 60◦C) are presently on way for
etter understanding of the role of humidity in oxidiz
tmosphere.

These results have shown very important role of
lass in the oxidation mechanism from 1000◦C which cor-
esponds to the glass transition temperatures for alum
ilicate glasses. It is involved in all steps of the progres
xidation of the composites. They suggest that the oxid
ehavior of such composites could be optimized and

rolled by tailoring the intergranular phase (chemical c
osition and quantity).
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