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High temperature oxidation behavior of electroconductive TiN/O’-Sialon
ceramics prepared from high titania slag-based mixture
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Abstract: The oxidation behavior of electroconductive TiN/O'’-Sialon ceramics prepared using high titania slag as main starting
material was studied at 1 200—1 300 °C in air. The isothermal and non-isothermal oxidation processes were investigated by DTA-TG.
Phase compositions and morphologies of the oxidized products were analyzed by XRD, SEM and EDS. The results indicate that the
oxidation of TiN and O'-Sialon occurs at about 500 °C and 1 050 °C, respectively. After oxidation at 1 200—1 300 °C, a protective
scale that consists of Fe;MgTi;04, SiO, and TiO, is formed on the surface of the materials, which effectively prevents the oxidation
process. The formation of a protective scale is relative to TiN content and apparent porosity of the samples, the amount of SiO, and
amorphous phase in the oxidation product. At the initial oxidation stage, the oxidation kinetics of the materials follows perfectly the
linear law with the apparent activation energy of 1.574x10° J/mol, and at the late-mid stage, the oxidation of the samples obeys the
parabolic law with the apparent activation energy of 2.693x10° J/mol. With the increase of TiN content, mass gain of the materials

increases significantly.
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1 Introduction

O'-Sialon (Si;-,Al, O, N,_,, 0<x<0.3) has excellent
oxidation stability, low thermal expansion and excellent
mechanical properties in a wide temperature range [1, 2],
but the poor strength and hardness restrict its application
as engineering materials. In order to further improve the
comprehensive performance of O’-Sialon, O'/f'-Sialon
[3, 4], ZrOyO'-Sialon [5], TiN/f'-O'-Sialon [6],
TiN/O’-Sialon [7], etc, multiphase ceramics are prepared
by different methods to improve the strength and
toughness of O'-Sialon through granule dispersion
strengthening and phase transformation toughening. All
of these materials show better mechanical, physical and
chemical properties than single-phase O’-Sialon.
However, these composites are hard, brittle and cannot
be machined efficiently by conventional diamond tools.
As a result, electric-discharge machining (EDM) would
be an attractive alternative technique. Although EDM has

higher efficiency, higher machining accuracy than
traditional machining and can process complex shape of
parts, decrease material wastage and processing cost, it
requires materials with electrical conductivity higher
than 100 Q-cm, which is usually not obtainable for most
ceramics. To match this requirement, considerable work
has been conducted to improve the electrical
conductivity of ceramics. One of efforts is through the
composite approach, i.e., by adding a conductive second
phase into ceramics. As a reinforcing material, TiN offers
several unique advantages such as high melting
temperature (2 950 °C), excellent stiffness (600 GPa),
high hardness, good chemical durability, high electrical
conductivity (4.6x10° Q"m™") [8], and the chemistry
compatibility with O'-Sialon ceramics. As a result, the
addition of TiN to O’-Sialon ceramics is expected to
increase not only the toughness but also their electrical
conductivity. Electroconductive TiN/O’-Sialon ceramics
which are modified by TiN can be processed
by EDM and are expected to be used as electrode or
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heating materials.

Although O'-Sialon has excellent oxidation
resistance, TiN as a nitride is readily oxidized at high
temperature. So, it is important to investigate the high
temperature oxidation behavior of TiN/O'-Sialon for
achieving their application. Recently, the oxidation
behaviors of O'-Sialon [9], f'-Sialon [10], Si3N4[11] and
TiN/Si3N, [12] were studied. But there were no reports
about TiN/O’-Sialon ceramic. Therefore, the oxidation
behavior of TiN/O’-Sialon ceramics prepared using high
titania slag as the staring material in air at high
temperature and the effect of TiN content on the
oxidation process are studied in this work.

2 Experimental

Electroconductive TiN/O’-Sialon ceramics were
prepared by two-step method in this work. First,
TiN/O'-Sialon powder was synthesized using high titania
slag, silica fume and bauxite chamote as the starting
materials by carbothermal reduction—nitridation in a
nitrogen atmosphere with a N, flow rate of 400 mL/min
at 1400 °C for 7 h. The phases of the products are
composed of O'-Sialon, TiN, small amounts of #’-Sialon
and the unreacted TiO,. Subsequently, the powder was
pressed into pellets with 15 mm in diameter at 200 MPa,
then put into the graphite crucible and buried with
powder (the mole ratio of SizN; to SiO, is 1:1).
TiN/O’-Sialon ceramics were prepared by pressureless
sintering at 1500 °C for 2 h. The samples were marked
with Tig, Tp, Tz0, T4 and the number indicated the
content of TiO, in the starting materials. Phase
compositions and properties of TiN/O'-Sialon ceramics
are shown in Table 1.

Setsys Evolution16 comprehensive thermal analyzer
was employed to investigate the starting temperature and
reaction course of the oxidation of the samples in air. The
heating rate was 10 °C/min to confirm the oxidation
temperature. Specimens with regular shape were cut
from the sintered pellets, wet polished, ultrasonically
cleaned, dried, and then measured the surface area.
Oxidation experiments were conducted using a MoSi,
resistance furnace at different temperatures in air. The
mass gain was measured by MettlerA04 type electronic
balance whose precision was 0.1 mg. In the whole

oxidation process, the air with a flow rate of 80 mL/min
was continuously blown into the furnace. After oxidation
at 1200, 1260 and 1300 °C for 2 h, the samples were
removed and cooled to the room temperature.

Phase identification of the oxidized layers was
performed by D/MAX-RB X-ray diffractometer (XRD)
using nickel-filtered Cu K, radiation, and the
morphologies of surface and cross section were observed
by SSX—550 scanning electron microscope (SEM). The
element analysis of characteristic grain on the oxidized
surface was carried out by energy dispersion
spectroscopy (EDS).

3 Results and discussion

3.1 Oxidation process analysis

The oxidation processes of TiN/O’-Sialon ceramics
are composed of TiN and O’-Sialon. The oxidation
reactions are as follows:

TiN(s)+0,(g)=TiO(s)+0.5Nx(g) (1)
AG1® =-604.700+0.084317T , 298—1943 K [13]

pOAS
AG, = AG? + RTIn=

Po,
Si1 7Alp3013N17(s)+1.2750,(g)=

1.7810,(s)+0.15A1,05(s)+0.85N,(g) 2)

AG2® =(-1164.454+0.21573T , 298—1685 K [14]

pOASS
AG, = AGS + RTIn— 2

Po,

Thermodynamic analysis results show that the
variation in the Gibbs free energy of reactions (1) and (2)
is far less than 0 at room temperature up to 1673 K in air,
which implies that the oxidation of both TiN and
O'-Sialon is thermodynamically favorable. Therefore,
thermal-analysis tests are necessary to determine the
exact starting temperatures of the two reactions.

Figure 1 shows the DTA-TG curves of TiN/O'-
Sialon in air. There are four obvious exothermic peaks in
DTA curve for TiN/O'-Sialon, in the meanwhile the
obvious mass change in TG curve. The beginning
temperature of the first exothermic peak is 500 °C and

Table 1 Phase compositions and properties of TiN/O’-Sialon prepared at 1 500 °C for 2 h

Sample Phase composition Apparen(;) porosity/ Bu(lél; ;i;lr}g;ty/ Flexurl\ej[ sl,)tarlength/ reSiStl;:\l};atcyt/r(i!c2 e
Tho O'-Sialon>>§'- Sialon TiN 30.2 2.2 64 6.3x10°
Tao O'-Sialon>TiN>>f"-Sialon 8.20 2.8 100 2.1x10’
T30 O'-Sialon~=TiN>>f"-Sialon 1.60 3.1 169 5.3x10°°
Tao TiN>O'-Sialon>>p"-Sialon 16.9 2.5 87 1.3x107°
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Fig. 1 DTA-TG curves for oxidation of TiN/O’-Sialon in air

the forth one is 1050 °C. According to Ref. [15], the first
peak is exothermic peak of TiN and the forth one is
O'-Sialon. The other two peaks could come from the
oxidation of impurity phases. According to the analysis
results of DTA-TG the isothermal oxidation
experiments were carried out at 1200, 1260 and 1300 °C
for 2 h.

3.2 Oxidation behavior at high temperature

Figure 2 shows the XRD pattern of the oxidized
surface of the sample T;, at 1260 °C for 2 h. The
oxidized layer mainly consists of Fe,MgTi;0,9, TiO, and
Si0,. The morphologies of the surface and the
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cross-section of the sample Ts, which is oxidized at
1200 and 1260 °C for 2 h are shown in Fig. 3. Large
amounts of lath-shaped Fe,MgTi;O,( grains are observed
and confirmed by XRD and EDS analysis (Fig. 4). The
Fe elements mainly derived from impurity phases of the
starting materials. As shown in Figs. 3(a) and (c), these
lath-shaped grains are covered by a layer of SiO, and
glass phases and no obvious pores can be observed. With
the temperature increasing, the lath-shaped grains grow
continually. Three obvious layers can be observed on the
cross-section of the sample T, after oxidation at 1200
and 1260 °C (Figs. 3(b) and (d)). The outer layer is a
protective scale layer formed by molten oxide, and its

* — Fe,MgTi;0,
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Fig. 2 XRD patterns of oxidized sample T3y at 1 260 °C for 2 h
in air
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Fig. 3 SEM images of surface and cross-section of sample Ts, after oxidation for 2 h in air: (a) 1200 °C, surface; (b) 1200 °C,

cross-section; (¢) 1260 °C, surface; (d) 1260 °C, cross-section
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Fig. 4 EDS spectrum of lath-shaped grain in oxidation layer of

sample T3g

thickness is about 90 um. The protective scale formed at
1200 °C is more compact than that formed at 1260 °C.
The middle layer is solid-phase oxide layer and part of
which has been oxidized before the outer protective scale
formed. Many pores caused by the diffusion of metal
ions to the outside layer were observed. The inner layer
is unoxidized TiN/O'-Sialon matrix.

Figure 5 shows the isothermal TG curves of the
sample T3p at 1200, 1260 and 1300 °C. As shown in Fig.
5, the mass gain increases obviously at the initial
oxidation stage, which indicates that on the sample
surface, an effective protective scale cannot form. At this
stage, the chemical reaction is the rate-limiting step of
the oxidation process and the oxidation of the samples
follows the linear law with the apparent activation energy
of 1.574x10° J/mol (Fig. 6(a)). With the oxidation time
prolonging, the thickness of protective scale increases
and closes the surface pores and prevents the oxygen
from diffusing to the interior of the sample through the
oxidation layer. In that case, the oxidation kinetics of the
materials can be described by a class parabolic law
with an apparent activation energy of 2.693x10° J/mol
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Fig. 5 Isothermal TG curves for sample Tz, at different

temperatures
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Fig. 6 Oxidation kinetic curves of samples: (a) Initial stage;
(b) Late-mid stage

(Fig. 6(b)), which means that the diffusion of O, through
the oxidized layer to the reaction layer or the diffusion of
metal ions through the product layer to the outer layer is
the rate-limiting step of the oxidation process. The
researches have shown that the oxidation kinetics of
Si3N4 and Si,N,O matrix ceramics at high temperatures
also followed the parabolic rule [16—18].

3.3 Effect of TiN content on oxidation process

Figure 7 shows the XRD patterns of the oxidized
surfaces of the samples T;;—T4 at 1260 °C for 2 h. As
indicated in Fig. 7, Fe,MgTi;04y, TiO, and SiO, are
found in all the samples, but their contents are different.
The SiO, content of the oxidation layer of sample T} is
high and contains large amounts of amorphous phase.
The SiO, content in sample Ty, obviously decreases, but
the product still contains large amounts of amorphous
phases. The SiO, content of sample T3y and amorphous
phase are little, but the TiO, content obviously increases.
Fe,MgTi;0y is only phase in sample T4, and SiO, and
amorphous phase do not exist.

Figure 8 shows the isothermal TG curves of the
samples Tj;—T4 at 1 260 °C. As shown in Fig. 8, with
the increase of TiN content, the mass gain per unit area
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Fig. 7 XRD patterns of samples T(—T, after oxidation at
1260 °C for 2 h

8
"— T
e — Ty
— 4 — Ty
G 6r v—T
£ 40
S
o
g
T 4 ‘
<
n
8
= 2t
>
0 20 40 60 80 100 120

t/min
Fig. 8 Isothermal TG curves of samples T;;—Ty4 at 1 260 °C

increases obviously in the initial stage of the oxidation
process, which is due to the fact that TiN is easier to be
oxidized at lower temperature. Although the porosity in
samples Tjo is high (see Table 1), large amounts of
molten SiO, formed at the initial oxidation stage close
the pores on the surface rapidly and prevent the oxygen
from diffusing into the interior of the sample. So, the
passive oxidation occurs and the mass gain is little in the
initial oxidation stage. The molten SiO, is reserved as the
amorphous phase in the following cooling processes.
Although the molten SiO, of sample Ty on the surface
decreases obviously in the initial oxidation stage, the
pores on the sample surface still are closed rapidly due to
lower porosity compared with sample Tyy. TiN content of
sample T, is higher than that of sample T, so the mass
gain of the oxidation process is higher. Although the
content of SiO, generated on the sample surface is little,
its porosity is very low and the large amounts of TiO,
generated on the sample surface reduce the liquid phase
formation temperature, which effectively leads to
formation of the protective scale. The mass gain in the
initial oxidation stage is obvious caused by the high TiN
content in the sample T3o. There is an effective protective

scale formed on the surface of sample T4 due to high
porosity of the material and no molten SiO, and TiO,
produced, so the oxidation process aggravated. As a
whole, the amount of SiO, and TiO, formed by O'-Sialon
and TiN oxidation and apparent porosity of the
materials have a great influence on the formation of a
protective scale, but the effect of Fe,MgTi;0y is not
significant.

4 Conclusions

1) The oxidation processes of TiN/O'-Sialon
ceramics are composed of TiN and O'-Sialon oxidations
which begin at about 500 °C and 1050 °C, respectively.

2) At 1200-1300 °C, the oxidation kinetics of the
materials at the initial stage follows a linear law and no
effective protective scale is formed and the apparent
activation energy is 1.574x10° J/mol. The oxidation
kinetics at the late-mid stage obeys a parabolic law and
an effective protective scale is generated on the specimen
surface. In that case, the diffusion of the oxygen through
gradually closed pores is considered to be the rate-
limiting step and the apparent activation energy of the
oxidation is 2.693x10° J/mol, exhibiting good oxidation
resistance.

3) The formation of a protective scale is connected
with the amounts of SiO, and amorphous phases
generated on the oxidized surface and apparent porosity
of the materials. With the increase of TiN content, mass
gain of the materials increases significantly.
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TiN/O’-Sialon S B EZEN S EFIKITA

£ OBV AL SR AT
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2. RIEKZ WBEIRS I TR, L 110819
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P, HIERFEEEMES TIN S8, S0P Sio, FlaEmARER DL A B2 S ARG 6. MRS TS
TR R, S REIE P 2 e, LRI AL AE 251 1.574x10° J/mol Fl 2.693x10° J/mol. 4 nkHkl TiN
{1925 1 AT TS0 B TR S T S 3 1
FK4#iF: TiN/O'-Sialon; FikkiE; SrRIME; FAIiTHh

(Edited by LI Xiang-qun)



