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Abstract

The oxidation behavior of novel electrically conductive o/ SIAION composites with a continuous network of 2.5-10 vol% TiCN particulates was
investigated. Composites, produced by coating spray dried granules with nano TiCN particles by a simple blending method, were gas pressure
sintered at 1990°C for 1h under 10MPa N, pressure. Oxidation tests were carried out between 800 °C and 1200 °C in air for 2 and 48h in
atmosphere of dry air. Below 1000 °C, the formation of TiO, crystals on the surfaces of TiCN particles was observed. Before the glass transition
temperature of intergranular phase (7, <1000 °C), it was revealed that oxidation is controlled by the diffusion of oxygen into pre-formed TiO,
particles. Above Ty, liquid glass dissolves the intergranular phase elements such as Ti, Y, and Si at the interface between TiCN and SiAlON particles.
Migration of Ti towards the (opening point of the TiCN network) surface was found to be the main reason for the formation of subsurface porosity
that slows down Ti diffusion through the surface. Moreover, it was detected that at high temperatures surface porosity filled by the intergranular

glassy phase. Consequently, the oxidation rate was found to be decreased due to the slower oxygen diffusion.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Si3Ns and SiAION ceramics are important structural
materials due to their superior mechanical, thermal and chem-
ical properties both at room and high temperatures. While
wear resistance, hardness, toughness and creep resistance of
Si3N4/SiAION can be improved considerably by the dispersion
of the secondary carbides, nitrides or borides,'™7 electrical prop-
erties can also be improved by the addition of some functional
phases.®13 Conductive Si3N4/SiAION based composites are
candidate materials for the applications such as heat exchangers,
heaters, ignitiors that operates at high temperatures contain-
ing oxygen and/or oxidant substances (water vapor and carbon
dioxide oxygen atmosphere). Therefore, the behavior of these
composites against to oxygen at high temperatures is critical and
has been subjected to a series of studies.!#20

TiN and TiCN particulates are the most preferred rein-
forcing phases to make Si3zN4/SiAlON ceramics electrically
conductive due to not only low electrical resistivity but also
unique combination of mechanical properties. There are vari-
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ous approaches to produce such composites. The most common
method is the direct dispersion of TiN/TiCN particles in SizNgy
matrix by conventional powder processing routes.”” In these
types of composites, homogeneous dispersion of minimum
amount of secondary phase without degrading densification and
mechanical features is very critical, since it affects the electrical
conductivity. However, the dispersion of a secondary phase is a
difficult task to achieve. Therefore, in situ formation of homo-
geneously distributed nano conductive particles is an alternative
method to this approach.?!=23 Obtaining good electrical conduc-
tion by this method is also challenging, since process parameters
must be controlled precisely to avoid the grain growth and
accordingly separation of conductive particles from each other.
A new method to obtain a continuous network in these types
of composites has been developed by Ayas and Kara.2* In this
method, spray dried SiAION granules with an average diameter
of 100 pm were coated with nano-TiCN particles by dry mixing
of these two components. Consequently, low resistivity values
(1072 m) were achieved with the incorporation of as low as
5vol% of TiCN after gas pressure sintering.

For such ceramics, it is important to evaluate the thermal sta-
bility and degradation of mechanical and functional properties
of such composites at high temperatures. In the present work,
oxidation behavior of a/B SiAION composites with different
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Fig. 1. Back-scattered SEM images of the composite containing 5 vol% TiCN oxidized at (a) 800 °C, (b) 900 °C, (c) 1000 °C, (d) 1100 °C and (e) 1200 °C for 2 h.

amounts of segregated network of TiCN particles was investi-
gated by soaking the materials in air at different temperatures
for short and long terms. The results are based on the thickness
measurement of oxide scale from the surface and mass gain per
unit area as a function of oxidation temperature.

2. Materials and methods
2.1. Production of composites

o/ SiAION-TiCN composites were prepared by follow-
ing a process>* which is based on the dry mixing of different

amounts of nano TiCN particles ranging from 2.5 to 10 vol%
(60nm APS, Merck) with spray dried SiAION based granules
of around 100 wm in diameter in a rotary plastic container.
Coated granules were then uniaxial pressed in hardened steel
die (50 mm x 50 mm x 4 mm) under ~220 MPa pressure. Sin-
tering of the pellets was carried out in a BN crucible using a GPS
furnace (FCT Anlagenbau GmbH, Germany), capable of oper-
ating at temperatures of up to 2000 °C in an inert atmosphere
of up to 10 MPa pressure. A two-stage sintering schedule was
employed, which included a first stage at a sintering tempera-
ture of 1940 °C for 60 min under a low nitrogen gas pressure
of 0.2-0.5MPa and a second stage at a sintering temperature
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Fig. 2. Back-scattered SEM images of the composite containing 5 vol% TiCN oxidized at (a) 800 °C, (b) 900 °C, (c) 1000 °C, (d) 1100 °C and (e) 1200 °C for 48 h.

of 1990 °C for 60 min under a high nitrogen gas pressure of
10 MPa. The heating and cooling rates were kept at 10 °C/min.

2.2. Oxidation tests

After sintering, surface of the samples was ground using a dia-
mond grinding wheel to remove sintering defects and to make the
both surfaces parallel to each other. Samples were then cut in to
rectangular bars (10 mm x 5 mm x 4 mm) and polished through
aseries of abrasives and polymer bounded disks followed by pol-
ishing with 6 wm and 1 wm diamond grinding pastes and finally

ultrasonically cleaned in distilled water. Oxidation tests were
carried out in a laboratory furnace in air at temperatures of 800,
900, 1000, 1100 and 1200 °C for 2 and 48 h.

2.3. Characterisation of the oxidized samples

The samples were carefully weighed before and after oxida-
tion tests using four digit scale to follow the mass change resulted
by the oxidation reactions. Phase identification of the samples
was performed by X-ray diffractometer (Rigaku Rint 2200,
Japan) with Ni-filtered Cu Ka radiation of wavelength 1.5418 A.
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Fig. 3. Representative XRD spectra of the 10 vol% TiCN containing composite
oxidized at 800-1200 °C for 2 h.

In order to identify the oxidation products and their penetration
zone from the surface to inner parts, surfaces and the cross-
sections of the oxidized samples were examined by scanning
electron microscopy (FESEM, Supra 50 VP, Zeiss-Germany)
equipped with an energy dispersive X-ray spectrometer (EDX,
Oxford Instruments). The weight gain and loss AW/S (mg/cm?)
of the samples exposed to oxidation were recorded after every
oxidation test.

3. Results and discussion
3.1. Surface analysis

Back-scattered scanning electron microscopy (BE-SEM)
images of the 5vol% TiCN containing samples oxidized at
800-1200°C for 2 and 48h given in Figs. 1 and 2, respec-
tively. These micrographs reveal the surface morphology which
is changed as a result of the oxidation reactions. Brighter regions
in the images show the formation of TiO; crystals on the surfaces
of the TiCN particles at 800 °C according to the reaction:

TiCN(S) + ZOQ(g) — TiOz(s) + COQ(g) + Nz(g) (1)

However, there are still some unreacted particles which are seen
as darker regions on the surfaces. It was determined that the
types of the phases formed on the surface of the samples as a
result of the oxidation are independent from the TiCN amounts.
XRD analysis of the 10 vol% TiCN coated sample also supports
both the TiO, formation and the presence of the retained TiCN
particles (Figs. 3 and 4). When the soaking time was extended to
48 h, the population of the TiO; crystals increased; however, the
crystal size maintained almost the same (Fig. 2a), which means
that the grain growth of the TiO, crystals is mostly controlled
by the temperature rather than time.

At 900 °C, it is obvious that TiO, crystals start to grow in
their faceted low energy morphology as in agreement with the
relevant study.!” Especially in the long term oxidation, some
crystals show exaggerated grain growth while SIAION matrix
surface still remains unchanged (Figs. 1b and 2b).
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Fig. 4. Representative XRD spectra of the 10 vol% TiCN containing composite
oxidized at 800-1200 °C for 48 h.

As the temperature is increased to 1000 °C, small TiO, crys-
tals disappear and the larger TiO; crystals continue to grow. The
oxidation begins to occur not only by the diffusion of oxygen
through the inner TiCN particles, but also by the dissolution of
TiO; in grain boundary viscous liquid. Oxidation of SiAION is
controlled by oxygen diffusion through SiO,.!® In addition to
growth of the TiO crystals, Figs. 1c and 2c show some glassy
bubble-like SiO, and oxynitride formations around the SIAION
grains. This is due to the oxidation of intergranular phase in

SiAION composition according to the reactions'®:

Si3Na(s) +302g) = 38iO25) + 2Nog) 2)
SiNxOys) +(1/2)O2(g) = SiNy—10y415) +(1/2)Nog)  (3)

EDX analysis indicated that this glassy region consists of Y,
Si, O and additional Ti which probably diffused through the
grain boundary phase during sintering. This EDX result is also
in agreement with the work done by Bracisiewicz et al.!®

At 1100 °C, the growth of the TiO; crystals progresses fur-
ther. Moreover, the oxidation of grain boundary phase around
the SiAION particles becomes more significant in the case of
48 h oxidation (Fig. 2d). Some small crystals in dendritic shape
are also formed as a result of a possible reaction between SiOy
induced by the oxidation of SiAION and Y,O3 given in (4):

28i09¢s) + Y2035y = Y2S81207(s) “4)

Dissolution of TiO» into the grain boundary glassy phase causes
to the formation of Y,Ti»O7 in the same manner. The XRD
spectrum in Fig. 3 show the peaks of SiO; (cristobalite) and
Y2Si;07/Y,TioO7 as in agreement with the SEM and EDX
results.

At 1200 °C, needle-like Y,Si,07/Y>TioO7 crystals become
apparent on the surface of the SiIAION grains which are covered
by equiaxed cristobalite grains (Fig. le and 2e). The inten-
sities of (1 10) peak of rutile and (10 1) peak of cristobalite
increase due to the increasing amount of these phases, as shown
in Figs. 3 and 4. Moreover, some cracks are observed at the
interface between the TiO; crystals and the surface oxides of
the SiAION particles due to the thermal expansion coefficient
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Fig. 5. Back-scattered SEM images of 10 vol% TiCN containing composite oxidized at (a) 800 °C, (b) 900 °C, (c) 1000 °C, (d) 1100°C and (e) 1200 °C for 2 h.

mismatch of the phases and the volume expansion induced by
the transformation of TiCN to TiO,.

3.2. Cross-sectional analysis

The cross-sections of the composites were carefully char-
acterised by SEM and mapping technique of EDX analysis to
clarify the oxide scale thickness and the phase changes through
the sample from the surface to the inside depending on the oxida-
tion temperature. Figs. 5 and 6 show the cross-sectional BE-SEM
micrographs of the 10 vol% of TiCN containing SiAION com-
posites oxidized for 2 and 48 h, respectively. The graph, shown

in Fig. 7, summarizes the oxidized scale thicknesses of the com-
posites for short and long term oxidation treatments.

After 2 h oxidation at 800 °C, no surface oxide scale could
be observed. Since TiCN particles start to oxidize partially
from the surfaces, it is difficult to recognize submicron scale
thickness (Fig. 5a). Longer soaking time, however, causes an
increase in the transformation of TiCN to TiO,. Therefore,
a light gray TiO; scale connected to the inner TiCN net-
work (brighter region) was formed in an approximately 10 pm
thickness.

At 900 °C, TiO, scale thickness is 3—5 wm for short term
oxidation (Fig. 5b) whereas 15-20 wm for long term treatment
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Fig. 6. Back-scattered SEM images of 10 vol% TiCN containing composite oxidized at (a) 800 °C, (b) 900 °C, (c) 1000 °C, (d) 1100 °C and (e) 1200 °C for 48 h.

(Fig. 6b). Oxidation still occurs by means of diffusion of oxygen
atoms through the previously formed TiO,.!3-16

When the temperature is increased to 1000 °C, penetration
zone still increases for both short and long terms. Due to the
softening of the grain boundary phase, TiO, particles start to
migrate through the channels open to the surface. At the tem-
perature above the glass transition temperature, dissolution and
transportation process of Ti in the intergranular glass plays an
important role on the oxidation. Chemical potential gradient of
oxygen (1O;) on the grain boundary glass causes to formation
of an oxygen flux along the grain boundaries. TiCN particles,
which are connected to the SIAION grain boundaries, are oxi-

dized by the oxygen transported in liquid glass. Moreover, this
chemical potential gradient of oxygen acts also as driving force
for the diffusion of components of liquid towards to the surface,
where the £O; is high. Among the components of grain bound-
ary phase (Y, Sm, Ca, Al, Si and Ti), Ti is the fastest element
so that the surface is covered by TiO,. Migrated TiO, particles
leave porosity on the oxidation zone.!”

At 1100 °C, Ti migration towards the surface is severe. The
oxidation of TiCN particles starts to be controlled by oxy-
gen diffusion through TiO; and porosity towards inner TiCN
particles.!® Oxidation scale also increases considerably up to
20 pm for short term (Fig. 5d) and higher than 100 pwm for long
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Fig. 7. Change in thickness of oxidation layer of 10vol% TiCN containing
composites for 2 and 48 h.

term oxidation (Fig. 6d). It is proposed that the structure of
TiCN particles which are in contact, creates a path for oxy-
gen diffusion to the inner particles. Therefore, TiO, migration
from the deeper regions occurs (up to 100 wm) in the case of
the segregated network composites in comparison to the parti-
cle dispersed counterparts (up to 50 um).!>!8 Thus, there are
large TiO, crystals easily clustered at the opening points of the
network on the surface.

At 1200 °C, the activity of Ti decreases in comparison to the
initial temperature (1000 °C) due to the depletion of TiCN
and the formation of viscous liquid which reduces the oxygen
flux by filling the pores in segregated channels and the surfaces.
Oxidation is determined by the diffusion of oxygen into this
continuous oxide layer, which is slower than that of in TiO».
Therefore, the oxide scale thickness in Fig. 6e does not show
a considerable change due to the growth of rather compact and
protective surface oxide scale.

3.3. Mass change

2 h soaking time, for which the short term oxidation test was
carried out, is not sufficient to cause any detectable mass gain in
the samples. On the other hand, for the long term oxidation test
(48h), due to the significant oxidation reactions from (1)-(4),
a considerable amount of oxides was formed. Fig. 8 shows the
mass gain per unit area of the composites depending on the
oxidation temperature.

It could be noted that between the temperatures of 800 and
1000 °C, all the composites show similar linear mass gain behav-
ior because of the TiO, formation as a result of the diffusion of
oxygen through the TiO» crystals and unreacted TiCN particles.
Above 1000 °C, in addition to the reaction (1), contribution of
reactions (2) and (3) takes place. Due to the mechanism change
above 1000 °C, mass gain diagrams for 7.5 and 10 vol% TiCN
coated composites show an exponential increase rather than a
linear behavior.
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Fig. 8. Mass change per unit area of the composite materials oxidized for 48 h.
depending on the oxidation temperature.

3.4. Oxidation kinetics

The oxidation of Si3N4/SiAION?3-2 and TiCN/TiN3%-3! is
diffusion controlled processes and therefore, the oxide scale
thickness and the weight change can be expressed by the
parabolic rate law:

(W or d)? =kt

where, ¢ is the oxidation time and equals to 48 h, k is the oxida-
tion rate constant. W and d are the mass gain per unit area and
oxide scale thickness, respectively. Parabolic rate constants were
calculated in two different ways;one is from the oxidized scale
thicknesses and the other is from the weight changes of 10 vol%
TiCN containing samples given in Figs. 7 and &, respectively. By
plotting the natural logarithm of oxidation rate constants (In K)
vs T~ (K), the temperature coefficients of oxidation rate (Ea)
were obtained from the slope of Arrhenius plots which are given
in Fig. 9.

It is expected that the activation energies calculated from
weight change and scale thickness between 800 and 900°C
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Fig. 9. Influence of temperature on the rate constants (K) obtained from weight
change and oxidized scale thickness of 10 vol% TiCN containing sample.
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should ideally be equal to each other since the only mechanism
is the oxygen diffusion through TiCN particles. This is true in an
ideal case at which the TiCN particles cover the SiIAION granules
almost in a uniform thickness without forming large agglomer-
ates. For 5vol% TiCN containing composite which shows the
most ideal segregation around the granules, the activation ener-
gies calculated from Figs. 7 and 8 are very close to each other
between 800 and 1000 °C (between 800 and 900 °C, 145 kJ/mol
from oxide thickness and 156kJ/mol from weight change;
between 900 and 1000 °C, 139 kJ/mol from oxide thickness and
107 kJ/mol from weight change). However, the Ea between 800
and 900 °C calculated from weight change is approximately dou-
ble of Ea calculated from oxide scale thickness for 10 vol%
TiCN due to large TiCN clusters (see Fig. 6) that cause higher
formation of rutile phase in a certain oxygen penetration zone.
Therefore, the differences between Ea values calculated from
oxide scale thickness and weight change are directly related
to the quantity of agglomeration in the zone that oxygen can
penetrate. Between 900 and 1000 °C, the Ea values are equal.

Between 1000 and 1100°C, the oxidation mechanism
becomes complicated, since more than one oxidation processes
take place. In addition to the oxygen diffusion through rutile, Ti
starts to dissolve in softened glassy phase and migrate through
the surface quickly. This mechanism causes to a sharp increase in
oxidized scale thickness. The activation energies for this process
were calculated as 305 kJ/mol. The sample weight is changed
by both TiO, formation and oxide products resulted by Eqs. (2)
and (3). The temperature coefficient of oxidation rate was found
to be 215 kJ/mol for this temperature range.

At the final stage of the oxidation between 1100 and 1200 °C,
the oxidized scale thickness is almost constant due to the protec-
tive viscous liquid formed by the oxidation of SiAION matrix.
The oxidation is mainly controlled by diffusion of oxygen
through the glassy phase formed around the SiAION particles
and Ea value is 115 kJ/mol between this temperature ranges.

4. Conclusions

o/ SiAION composites with a segregated network of TiCN
particulates were oxidized at 800-1200 °C for 2 and 48h in
air. It was found that the oxidation for 2h does not cause any
detectable weight change due to the insufficient oxidation reac-
tions. Since the amount of TiCN is lower (between 2.5 and
10 vol%) in comparison to the particulate reinforced compos-
ites (generally 2040 vol%), it becomes also difficult to follow
the weight changes in the investigated composites. In long term
oxidation, up to 1000 °C, the samples gain weight due to the
transformation of TiCN to TiO,. After 1000 °C, in addition to
the formation of TiO;, oxide phases are formed as a result of
the oxidation of the SIAION matrix and these phases change the
mass gain plot from linear to exponential.

Surface and cross-sectional investigation of the composites
under SEM revealed that the oxidation is controlled by the dif-
fusion of oxygen through rutile phase up to 1000 °C and the
scale thickness increases gradually. After formation of a liquid
phase, oxidation mechanism changes to Ti diffusion via disso-
lution into the glassy phase and precipitation on the surface.

At the beginning of this stage, at 1000 and 1100 °C, Ti migra-
tion through the surface is very fast and causes a rapid increase
in oxide scale thickness and in the amount of porosity. After
1100 °C, in addition to the formation of rutile crystals, cristo-
balite and Y>Si»O7/Y,Ti;O7 phases crystallize on the surface
of the SiAION matrix. Since these crystals behave as a protec-
tive layer against to oxygen penetration towards the inner part of
the composite, the oxide scale thickness does not change much
between 1100 and 1200 °C.

Oxidation rate constants obtained from mass change and
oxidation thicknesses are almost equal to each other at tem-
peratures lower than 1000 °C. However, agglomerates of TiCN
particles around spray-dried granules during mechanical mix-
ing process cause some deviations in Ea values. Between 1000
and 1100 °C, more than one oxidation mechanisms are active
so that the calculated Ea values are equal to the sum of these
different oxidation mechanisms. Above 1100 °C, oxidation pro-
cess is mainly controlled by the oxygen diffusion through the
glassy phase around the SiAION particles and the Ea value of
this process is 115 kJ/mol.
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