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Abstract 

Oxidation behavior and subsequent mechanical properties of Ti3SiC2 were studied. The oxide 

scale has significant effect on strength and hardness, which is mainly attributed due to the 

mismatch of coefficient of thermal expansion (CTE) of substrate and oxide phases. The 

improved flexural strength ( 650 MPa) could be noticed at 1000 °C; however, at elevated 

temperature the ductility of Ti3SiC2 was predominant and reduced the strength. 
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through adopting this phenomenon and showed moderate
. Introduction

ecently, Ti3SiC2 is identified as a new class of thermody-
amically stable nanolaminate ductile ceramic exhibiting

eatures of both metallic and ceramic materials (Barsoum and
l-Raghy, 1996). Some of the key properties of Ti3SiC2 include
xcellent resistance to oxidation up to 1400 ◦C, high modulus
∼320 GPa), high thermal shock resistance, relatively low
ardness (4–5 GPa), high fracture toughness (7–9 MPa m1/2)
nd good machinability (El-Raghy et al., 1999; Sarkar et al.,
006a,b). Additionally, room temperature compressive and
hree-point bending strengths of TiC containing Ti3SiC2 are
120 and 350 MPa, respectively (Rudnik and Lis, 1997). The
igh temperature compressive strength behavior of Ti3SiC2

nder vacuum exhibits interesting aspects. The shear fracture
nd fracture strength of Ti3SiC2 decrease monotonically from
35 MPa (25 ◦C) to 640 MPa (930 ◦C) (Zhang and Sun, 2005).
oreover, Ti SiC is also a damage-tolerant material and has
3 2

brittle-to-ductile transition at 1200 ◦C (Radovic et al., 2000).
i3SiC2 is one of the most potential materials for high temper-
ture structural component though it starts oxidizing in air.
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In this context, Racault et al. (1994) pointed out that oxidation
of Ti3SiC2 initiate at 400 ◦C with formation of TiO2 (antase)
film. The process of oxidation is activated above 1050 ◦C with
the formation of rutile and cristobalite. Oo et al. (in press)
illustrated that the oxidation of Ti3SiC2 starts at around 750 ◦C
to form rutile (TiO2), which reaches a maximum content of
∼75 wt% at 1100 ◦C, where the oxide scale on Ti3SiC2 is strat-
ified as an outer layer of TiO2 and an inner layer of TiO2 and
SiO2. The bending strength (∼180 MPa) of the developed oxide
scale is lower than that of Ti3SiC2 substrate (Bao et al., 2007).
The observed variation of oxidation behavior could be due
to the presence of second phase and processing parameters.
Interestingly, the coefficient of thermal expansion (CTE) value
of these oxide phases is different, which may govern the
strengthening behavior through development of compressive
residual stress on surface (Manoun et al., in press). In a recent
work, alumina has been (∼60%) strengthened and/or healed
mechanical and tribological properties (Chu et al., 2005,
in press; Sarkar et al., 2007a,b). Different schools are also
engaged to study the effect of oxidation on strength behavior
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Fig. 1 – Optical microscopic image of cross-sectioned T4 surface (a). Schematic of cross-sectioned surface of oxidized
Ti3SiC2, where ‘h’ is thickness of oxide scale, ‘H’ and ‘B’ are the height and width of unoxidized Ti3SiC2 surface, respectively
(b). Typical dimension of as-received Ti3SiC2 specimen was 3 mm (height) × 4 mm (width) × 40 mm (length).
for different non-oxide ceramics like WC-Co and SiC (Casas
et al., 2001; Chu et al., 2006). However, studies of the effect
of oxidation on the mechanical properties of Ti3SiC2 are
relatively scarce, and hence the prime objective of the present
report is to optimize the oxidation temperature to improve
the strength behavior of Ti3SiC2.

2. Experimental

Ti3SiC2 specimen was prepared through hot pressing method.
Detail processing procedure could be found elsewhere (Sarkar
et al., 2005, 2006a,b). Disks were then machined into flexural
specimens of 3 mm × 4 mm × 40 mm and separately heat-
treated at 700, 1000 and 1200 ◦C for 2 h in air and the samples
were designated as T , T and T , respectively; whereas orig-
Please cite this article in press as: Sarkar, D., et al., Oxidation-indu
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inal sample was denoted as T1. Heating rate was 5 ◦C min−1

and cooling was done by turning off the electric power of the

Fig. 2 – SEM-EDX analysis of inner layer (a) and outer layer (b) of
analysis indicate the content of Si and O is higher in inner layer
composed of TiO2, whereas inner layer is mixture of TiO2 and Si
furnace. Specimens were placed on a holder in such a manner
that width of the specimen was oriented along the perpen-
dicular to the tensile stresses applied during the strength
measurement. Subsequently, the oxidized samples were cut
down by diamond saw along the cross-section and analyzed
through optical microscope (ZEISS, Axiotech) and scanning
electron microscopy (JEOL-JSM840) equipped with Energy Dis-
persive X-ray (EDX) spectroscopy. For SEM analysis, the oxide
scale was coated with a thin film of Au. Phase analyses of
oxidized surfaces were carried out using X-ray Diffraction
(Cu, K�, PHILIPS PW1830) technique. The specimens were
also heated in a dilatometer (NETZSCH DIL402C) with heat-
ing and cooling rate of 5 ◦C min−1 using high grade quartz
as reference up to 1200 ◦C. Flexural strength (Hounsfield H10
KS) of oxidized specimens was determined by standard 3-
pt bending method in an instrument with 30 mm span and
ced strength behavior of Ti3SiC2, J. Mater. Process. Tech. (2008),

cross-head speed of 0.5 mm min−1. The elastic modulus (E) of
oxidized specimens was measured using an ultrasonic tester

cross-sectioned surface of T4 specimen. Qualitative element
with compare to outer layer. The outer layer is mainly
O2.
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Fig. 3 – The thickness of oxide scale varies with respect to
temperature. All the specimens are heat-treated for 2 h at
c

e
P
s
p

3

F
s
a
p
s
s
t
h
t

F
a
o
T

Fig. 5 – Dilatometric curve of Ti3SiC2 at heating rate of
5 ◦C min−1, where CTE increases up to 1000 ◦C.
orresponding peak temperatures.

mploying the pulse-echo technique (Sarkar et al., 2007a,b).
rior to Vickers hardness determination at 98 N load, the
pecimens were polished down to mirror finish by diamond
aste.

. Results and discussion

ig. 1(a) illustrates the optical microscopic image of cross-
ection of T4. A significant color difference could be noticed
cross the outer to inner oxidized surface because of the
resence of different oxide phases. To determine the fracture
trength of oxide scale, a schematic view of cross-sectioned
urface of oxidized Ti3SiC2 specimen with a constant oxide
hickness of ‘h’ mm is illustrated in Fig. 1(b), where width and
Please cite this article in press as: Sarkar, D., et al., Oxidation-indu
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eight of the specimen are represented as ‘B’ and ‘H’, respec-
ively. Fig. 2 shows the EDX analysis along the cross-section

ig. 4 – XRD analysis represents the different phase of
s-received and oxidized specimens. With formation of
xide phase, minute peak shifting could be observed for
i3SiC2 phase (1 0 4), which is represented as mark.

Fig. 6 – Room temperature 3-pt flexural strength of
as-received and after heat-treated specimens at
corresponding peak temperature for 2 h.
of the oxide scale for the sample oxidized at 1200 ◦C for 2 h,
where the oxygen content of inner surface is higher than that
of the outer region (Fig. 2(a) and (b)). The outer 60 m oxide layer
is predominately composed of Ti and O. The elemental analy-
sis suggests the inner layer is probably composed of TiO2 and
SiO2 (thickness ∼100 �m). The SiO2 in the inner layer may be
cristobalite phase as suggested by Racault et al. (1994) during
oxidation of Ti3SiC2. Fig. 3 reveals the variation of oxide scale
thickness at different temperatures. Two layers are formed (an
inner and outer layer) with different thickness during oxida-
tion from 700 to 1200 ◦C for 2 h. The thickness of oxide strata
varies from ∼75 to 160 �m with respect to temperature. XRD
analysis of T2 exhibits the presence of anatase (Fig. 4). After
heat treatment at 700 ◦C for 2 h, the peak (2� = 39.28) shifting
of the T1 specimen arises due to the development of residual
compressive stresses. The transformation of anatase to rutile
phase (∼60 vol.%) is observed when temperature reaches to
ced strength behavior of Ti3SiC2, J. Mater. Process. Tech. (2008),

1000 ◦C. The continuous oxidation characteristic implies that
the oxidation at 1200 ◦C for 2 h may become rate-controlled

dx.doi.org/10.1016/j.jmatprotec.2008.02.060
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Fig. 7 – SEM image of Vickers indented (98 N) on T1 (a) and T4 (b). Original Ti3SiC2 surface experiences common grain
buckling as well as absence of any radial crack from the indentation edge. A continuous but porous oxide layer and fine
microcrack could be visualized in T4. Different contrast of SEM image illustrates the presence of thick oxide layer.
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y the interface reactions. At high temperature, pores are
resent in the inner TiO2 and SiO2 layer and microcracks
ay be introduced in the outer TiO2 layer. Consequently, the

iffusion-controlled oxidation occurs through the openings of
racks and pores; and subsequent formation of oxide phases.
he tendency for the formation of cracks and pores at 1200 ◦C

or 2 h may be raised due to the residual thermal stress result-
ng from the CTE mismatch of SiO2 (12.3 × 10−6 K−1) and TiO2

0.73 × 10−6 K−1) and thicker oxide layers. Barsoum and El-
aghy (1996) revealed that there is no existence of oxidation
rotection film as SiO2 on Ti3SiC2, however, the oxide scales
ainly comprised of an external layer as rutile and an inter-

al layer of rutile and silica. In general, residual stress in the
oating or oxidized surface might vary with thickness and
emperature (Bao et al., 2007). The dilatation curve of Ti3SiC2

pecimen is shown in Fig. 5. According to the definition of
he coefficient of thermal expansion (CTE) ˛: (dL/L0) = ˛ × �T,
he value of the slope in Fig. 5, CTE varies in between 11.43
nd 12.56 × 10−6 K−1, which is higher than the reported value
8.5 × 10−6 K−1) in the literature (Manoun et al., in press). At
000 ◦C, highest level of compressive residual stress may be
ttributed due to the development of maximum thermal mis-
atch within substrate and oxide layer. Fig. 6 illustrates the

exural strength increases up to 650 MPa for heat treatment at
000 ◦C for 2 h, however, a sharp fall could be measured beyond
his oxidation temperature. At 98 N load, no radial crack is
bserved around the Vickers indented zone of Ti3SiC2 sur-
ace, whereas a continuous (different contrast from Ti3SiC2

hase) hard TiO2 layer increases the hardness up to 5.8 GPa
Fig. 7). By microscopic observation of the grains subject to
ickers indentations, the slip or shear deformation could be
isualized between the lamellae. Furthermore, the indenta-
ion produces considerable material deformation around the
ndentation zone. This type of indentation behavior was pre-
iously reported by Pampuch et al. (1989). In another work,
elaminations, deformation of individual grains, grain pull out
ave been observed in the area of indentations (El-Raghy et al.,
999).

The oxide formation and subsequent increase of flexu-
al strength up to 1000 ◦C could be observed, however, the
trength dramatically reduces at 1200 ◦C. The strength of oxi-
ized Ti3SiC2 specimen is influenced by two components;
esidual compressive stress due to the formation of oxide
hase and strength due to the oxide thickness (Sarkar et
l., 2005). The calculated residual stress of T3 and strength
f oxide phase are ∼876 and ∼173 MPa, respectively (Bao
t al., 2007; Sarkar et al., 2007a,b). However, experimental
esult reveals 657 ± 50 MPa, which is lower due to porous
tructure of oxide surface. The heterogeneous oxide scale
ncreases at 1200 ◦C and brittle-to-ductile transition mech-
nism is predominant which reduces the bending strength
Radovic et al., 2000). It is believed that the main reason for
his behavior is the ability of the atomic vibration (phonon)
ith greater frequency and amplitude with temperature. This

ncreased vibration allows the atoms under stress to slip to
ew places in the material (i.e. breaking of bonds and for-
ation of new bonds with other atoms in the material). This
Please cite this article in press as: Sarkar, D., et al., Oxidation-indu
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lippage of atoms is seen on the outside of the material as
lastic deformation, which is a common feature of ductile
aterial.
4. Conclusions

At 1200 ◦C, the oxide layer is mostly comprised of rutile,
whereas inner layer is mixture of TiO2 and SiO2. A slight peak
(1 0 4) shifting of oxidize Ti3SiC2 phase could be observed,
which is attributed due to the residual compressive stress.
Highest CTE is measured at 1000 ◦C and resultant residual
stress has significant effect on strengthening mechanism.
Vickers hardness of oxidize specimen has also been slightly
increased.
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