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Abstract

Polycrystalline titanium silicon carbide (Ti3SiC2) samples with grain size of 20–50�m were synthesized from 2Ti/2Si/3TiC powder at
1300◦C for 60 min through the pulse discharge sintering (PDS) technique. Compressive tests were conducted on the Ti3SiC2 specimens
at temperatures up to 930◦C in vacuum. The results showed that the TiSiC specimens displayed obvious shear fracture behavior and
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monotonically decreasing fracture strength from 935 MPa (25◦C) to 640 MPa (930◦C). On the macro-scale, the shear fracture surfaces
an angle of 23–31◦ with respect to the stress axis. In micro-scale, the main deformation and damage modes consist of sliding, buc
fracture of grains, kinking and intergranular cracking. The macro-shear fracture mechanism of Ti3SiC2 is quite analogous to other brit
materials, such as polycrystalline ice and bulk metallic glasses (BMGs). Based on the results available, the shear fracture me
Ti3SiC2 is discussed and related to the behavior of other brittle materials.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium silicon carbide (Ti3SiC2) is one of several
novel materials with properties unique to both metals and
ceramics[1]. Recently, Ti3SiC2- or Ti3SiC2-based mate-
rials were synthesized by a number of different tech-
niques [2–8] and were widely investigated to determine,
for example, indentation hardness[2,4,6,9–12], compres-
sion [4,6,8,10,13–17], bending[4,6,8,10,16,18]and tension
properties[8,10,19,20]. Normally, Ti3SiC2 can display sev-
eral deformation and damage mechanisms, such as sliding,
kinking, buckling or delamination and intergranular crack-
ing under different loading modes[9–20]. Barsoum and El-
Raghy[1,9,10,13,14,19,20]systematically investigated the
compressive, flexure and tensile deformation behavior of fine
and coarse-grained Ti3SiC2 with high purity (∼98 wt%) fab-
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ricated from Ti/SiC/C powders by a hot isotropic press
(HIP) technique. They found a brittle-to-ductile transit
at 1200◦C with significant plasticity (20%) prior to fai
ure [19]. Above 1200◦C, Ti3SiC2 can deform in a pseud
plastic manner with significant ductility. At 1300◦C, its
“yield” strengths in flexure and compression were foun
be 100 MPa and 500 MPa, respectively. When some la
grained (1–3 mm), oriented, polycrystalline Ti3SiC2 sam-
ples were subjected to compression at room tempera
substantial plasticity (>20%) occurred by a combina
of the delamination of individual grains and the form
tion of shear and kink bands[13,14]. Recently, Sun et a
[17] found an anomalous positive temperature depend
of flow stress for the first time in polycrystalline Ti3SiC2
samples with low purity (87 wt% and 93 wt%) fabrica
from Ti/Si/C powders through reactive sintering techniq
They attributed the anomalous flow stress to the chan
the deformation mechanisms with increasing testing
perature. Apparently, the mechanical properties of Ti3SiC2
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depend strongly on the starting powders (such as Ti/Si/C and
Ti/SiC/C), synthesis method, purity and microstructure in
detail.

On the other hand, Ti3SiC2 is typical brittle material in
the low temperature range and is comparable to materials,
such as polycrystalline ice[21–29]and bulk metallic glasses
(BMGs) [30–39]. There are abundant mechanical property
data for these two types of materials. Barsoum et al.[29]
compared the brittle and ductile failure behavior of poly-
crystalline ice and Ti3SiC2 samples for the first time. They
summarized that, to some extent, the deformation responses
of Ti3SiC2 and ice are quite similar, i.e. strain-rate sensitive.
At high strain rate, they are brittle, however, become quite
plastic at low strain rate. Meanwhile, there exists key differ-
ence in the deformation and fracture mechanisms between the
two materials. BMGs and their composites are newly devel-
oped and have attracted extensive attention in recent years
[30,31]. They often display shear fracture with extremely
high strength and the existence of ductility or not strongly
depends on compositional or microstructural details[32–39].
However, the deformation and shear fracture mechanisms of
these three types of brittle materials have never been com-
pared.

In our recent work, Ti3SiC2 samples with high purity
(∼99 wt%) were synthesized from Ti/Si/TiC powders
through a pulse discharge sintering (PDS) technique in
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Fig. 1. (a) X-ray diffraction profiles and (b) microstructure of Ti3SiC2 sam-
ples sintered from 2Ti/2Si/3TiC powder mixture at 1300◦C for 60 min
through pulse discharge sintering (PDS) technique.

40 mA to show the composition phases.Fig. 1(a) gives the
X-ray diffraction profile of the sintered bulk Ti3SiC2 sam-
ple scanned at 2θ = 32–44◦. It can be seen that both main
and second peaks of the TiC impurity show a low diffrac-
tion intensity even at a slow scanning rate of 0.02◦ s−1.
Other than this, all the peaks correspond to the Ti3SiC2
phase. By the standard additive method[41], the purity of
Ti3SiC2 in the sintered samples was calculated to be about
99 wt% with residual TiC impurity from its XRD data in
Fig. 1(a). Microstructure observations by scanning electron
microscopy (SEM) showed that the Ti3SiC2 grains have a
lath-like structure with a length range of 20–50�m, as shown
in Fig. 1(b). This microstructure is similar to the duplex-
phase grains fabricated by El-Raghy and Barsoum[5]. The
compressive specimens were cut by an electron-spark cut-
ting machine from the sintered bulk Ti3SiC2 disk with a
dimension of 50 mm and 3 mm in thickness. Then, all the
specimens were mechanically polished to a dimension of
2.5 mm× 2.5 mm× 6 mm with smooth surfaces for micro-
scopic observation. The compressive tests were performed
with an Instron 8562 servo-hydraulic testing machine under
a constant strain rate of 6× 10−4 s−1 in a temperature range
of 25–930◦C in vacuum. After failure, all specimens were
observed by SEM to reveal the deformation and damage fea-
tures.
temperature range of 1250–1300◦C, which is abou
00–300◦C lower than the sintering temperature by H

rom Ti/Si/C or Ti/SiC/C powders[40–42]. These Ti3SiC2
amples displayed very high plasticity at temperatures
200◦C when subjected to bending loads[40]. In the presen

nvestigation, compressive tests of Ti3SiC2 specimens wil
e carried out in a relatively low temperature range (be
000◦C), so that a typical brittle failure mode is expect
s in BMGs and polycrystalline ice. We will further rev

he compressive deformation and shear fracture beh
f Ti3SiC2 samples as well as polycrystalline ice a
MGs.

. Experimental procedure

Commercially available Ti (10�m and 99.9%), Si (10�m
nd 99.9%) and TiC (2–5�m and 99%) powders with a mol
atio of 2:2:3 were selected for the present research.
olar ratio 2:2:3 of Ti:Si:TiC powder mixture was employ

or optimizing the Ti3SiC2 purity, as reported elsewhere[41].
efore sintering, the powder was mixed by a Turbula sh
ixer in Ar atmosphere for 24 h, then was compacted
graphite mold (50 mm in diameter) and sintered in

um (10−4 Pa) at 1300◦C for 60 min using the PDS tec
ique. The heating rate was controlled at 50◦C/min and the
pplied pressure was maintained constant at 50 MPa d
intering. After sintering, the surfaces of the samples w
round to remove the graphite layer and analyzed by X
iffractometry (XRD) with Cu K� radiation at 30 kV an
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Fig. 2. (a) True compressive stress–strain curves below 1000◦C and (b)
dependence of fracture strength on the testing temperature for the Ti3SiC2

specimens.

3. Experimental results

3.1. Compressive stress–strain curves

Fig. 2(a) shows the true compressive stress–strain curves
of the Ti3SiC2 specimens at various temperatures. For com-
parison, some curves are shifted a strain of 1% to the right. It
can be seen that the Ti3SiC2 specimens display elastic defor-
mation behavior, and consequent abrupt brittle fracture at
testing temperatures below 800◦C. Over 850◦C, the com-
pressive plasticity increases with increasing temperatures.
This indicates that the brittle-to-ductile transition tempera-
ture for the present Ti3SiC2 specimens occurs near 850◦C.
However, for the TSCZ610and TSCZ510specimens fabricated
from Ti/Si/C powder[15–17], the plastic deformation could
only be observed at temperatures above 1050◦C, which is
distinctly higher than the present transition temperature. For
the Ti3SiC2 samples fabricated by Ti/SiC/C powder[10],
the brittle-to-ductile transition temperature occurred around
1100–1200◦C. Fig. 2(b) demonstrates the dependence of
compressive fracture strengthσF on the testing temperature
for the present Ti3SiC2 specimens. The fracture strengthσF
shows a high value of 935 MPa at room temperature, but
decreases to 640 MPa at 930◦C. This fracture strength is

Fig. 3. Shear fracture feature of Ti3SiC2 specimens at: (a) room temperature
(25◦C) and (b) 900◦C.

comparable to the data of Li et al.[8], El-Rahgy et al.[10]
and Zhou and Sun[15–17]. However, the anomalous positive
temperature dependence of flow stress in the present tests was
not observed as reported by Sun et al.[17].

3.2. Macro-scale shear fracture features

After failure, it is noted that most Ti3SiC2 specimens frac-
tured in a shear mode and were broken into two parts, as
shown inFig. 3(a and b). The fracture surfaces make an angle
θC with the stress axis, as marked inFig. 3. Over the testing
temperatures (25–930◦C), the shear fracture angleθC was
found to be in the range of 23–31◦, which deviates from the
maximum shear stress plane (45◦). This macro-scale shear
fracture behavior has been widely observed in some brit-
tle materials, such as polycrystalline ice[21–27] and bulk
metallic glassy materials[32–39], as listed inTable 1. This
indicates that the shear fracture behavior of these three types
of brittle materials does not obey the Tresca fracture criterion
[32]. In comparison with the fully metallic glasses[32–36],
the fracture surfaces of Ti3SiC2 specimens are relatively
rough and are quite similar to polycrystalline ice[22–24]and
metallic glassy composites[37–39]. Meanwhile, it is noted
that the shearing did not penetrate through the whole Ti3SiC2
specimen at room temperature, but changes its path to a plane
basically parallel to the stress axis, as shown inFig. 3(a).
A h the
w
T ts the
f plane
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m es. A
t high temperature, the shearing can well pass throug
hole section of the Ti3SiC2 specimen, as shown inFig. 3(b).
his demonstrates that testing temperature also affec

ailure process and the orientation of the shear fracture
or Ti3SiC2 specimens.

.3. Micro-scale deformation and damage features

At temperatures below 800◦C, no obvious plastic defo
ation can be observed on any of the specimen surfac
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Table 1
Comparison of the compressive fracture angleθC for different brittle materials

Material types Investigators Compositions Microstructure Fracture angle (◦)

Ice Schulson[25] H2O (ice) Polycrystalline ∼30
Renshaw and Schulson[26] H2O (ice) Polycrystalline ∼30
Kirchner et al.[27] H2O (ice) Polycrystalline 28–30

Amorphous materials Donovan[32] Pd40Ni40P20 Amorphous 41.9± 1.2
He et al.[33] Zr52.5Ni14.6Al10Cu17.9Ti5 Amorphous 40–45
Lowhaphandu et al.[34] Zr62Ti10Ni10Cu14.5Be3.5 Amorphous 41.6± 2.1
Wright et al.[35] Zr40Ti14Ni10Cu12Be24 Amorphous ∼42
Zhang et al.[36] Zr59Cu20Al10Ni8Ti3 Amorphous ∼43
Zhang et al.[37] Zr52.5Ni14.6Al10Cu17.9Ti5 Amorphous ∼42
He et al.[38] (Zr0.55Cu0.30Al0.10Ni0.05)1–95Ta5 BMG + Ta particles ∼32
Zhang et al.[39] Ti50Cu22Ni20Sn3Si2B3 BMG + dendritic phase ∼32
Zhang et al.[37] Ti56Cu16.8Ni14.4Sn4.8Nb8 BMG + dendritic phase ∼27

Ceramic Present results (25–930◦C) Ti3SiC2 Polycrystalline 23–31

few cracks and local damage are shown inFig. 4(a and b).
The fracture has localized into one main crack and failed
in a shear mode. Normally, the deformation and damage
of the Ti3SiC2 specimens consists mainly of intergranular
cracking (Fig. 4(a)), fracture of grains and local cracking
(Fig. 4(b)). Therefore, there is little contribution to plasticity
during compressive deformation at low testing temperatures.
This is consistent with previous reports in other Ti3SiC2 test-
ing [5,6,8,10,16].

Over 900◦C, the deformation and damage are observed to
be relatively homogenous after failure of Ti3SiC2 specimens.
As shown inFig. 4(c), multiple micro-cracks and local defor-
mation are much more homogeneously distributed on the
specimen surface. Sliding, intergranular cracking, kinking,
buckling and fracture of grains prevail within the defor-
mation and damage regions. Therefore, the obvious plastic
deformation over 900◦C can be attributed to a relatively
homogenous distribution of sliding, intergranular cracking,
Fig. 4. Surface deformation morphology of Ti3SiC2 specimens at differ
ent temperatures: (a and b) room temperature and (c and d) 900◦C.



68 Z.F. Zhang, Z.M. Sun / Materials Science and Engineering A 408 (2005) 64–71

Fig. 5. Fracture surface morphology of the Ti3SiC2 specimens at different temperatures: (a and b) room temperature and (c and d) 900◦C.

kinking, buckling and fracture of grains. Another interest-
ing feature is that kink bands can be frequently observed at
high temperature (seeFig. 4(d)). Although these kink bands
themselves cannot accommodate much plastic strain, they
can change the orientation of Ti3SiC2 grains, and in turn,
play an important role in coordinating the plastic deforma-
tion process at high temperature. Therefore, the plasticity
observed in stress–strain curves can be explained by the
action of multiple deformation and damage modes, which is
obvious pseudo-plastic behavior, as pointed out by Radovic
et al.[19].

3.4. Fractography observations

Fractography observations showed that the shear fracture
surfaces are relatively rough, as shown inFig. 5(a and c). At
high magnification, some flat steps or facets can be clearly
seen (Fig. 5(b)). These flat steps or facets are attributed to
the local cleavage fracture of Ti3SiC2 grains or intergranu-
lar cracking. At high temperature, the fractography shows a
similar feature with those at low temperature (seeFig. 5(c)).
However, kinking is still frequently observed on fractogra-
phy, as indicated by the arrow inFig. 5(d). This is identical
with the surface deformation morphologies inFig. 4(d), pro-
viding further evidence for the kinking of Ti3SiC2 at high

temperatures. While, for other brittle materials, such as poly-
crystalline ice and BMGs, shear fracture surfaces are always
accompanied by melting[22–24,32–39], Ti3SiC2 shows no
sign of melting during shear fracture. For fully amorphous
alloys, shear fracture surfaces are always very smooth or
flat with the formation of a vein-like structure[32–36]. In
polycrystalline ice, Ti3SiC2 and BMG composites[37–39],
relatively rough fracture surfaces can be attributed to the
deviation of local shear cracking across grain boundaries or
grains.

4. Discussion

The deformation and fracture behavior of Ti3SiC2 have
been widely investigated by several research groups in recent
years[9–20]; however, there is no report about shear fracture.
For some brittle materials, such as BMGs and polycrystalline
ice, it is frequently observed that their shear fracture surfaces
often deviate from the maximum shear stress plane under
compression (seeTable 1) [25–27,32–39]. The present results
(θC = 23–31◦) in Ti3SiC2 specimens are identical with obser-
vations in these other materials. Therefore, the macro-shear
fracture mechanisms for these three brittle materials should,
to some extent, be quite similar and should be described using
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Fig. 6. Illustration of: (a) stress distribution on any shear plane and (b) varia-
tion of compressive fracture stressesσL

F andσH
F at low and high temperatures,

normal stressσn and shear stressτn with shear angleθ under compressive
loading.

a Mohr–Coulomb criterion[37], i.e.

τn + µ · σn ≥ τC (1)

Here,µ is a constant for a brittle material andτC is the critical
shear fracture stress. As shown inFig. 6(a), τn andσn are
shear stress and normal stress on any shear plane and can b
expressed as below:

σn = σ · sin2(θ) (2a)

τn = σ · sin(θ) · cos(θ), (2b)

whereσ is the applied compression stress andθ is the interac-
tion angle between stress axis and shear plane. Substituting

σn andτn into Eq. (1) yields the critical fracture condition
for Ti3SiC2 as

σF ≥ τC

sin(θ) · [cos(θ) − µ · sin(θ)]
(3)

whereσF is the applied compressive stress at shear frac-
ture. From Eq.(3), it is apparent thatσF depends strongly
on the shear angleθ, and can be schematically illustrated as
in Fig. 6(b). σL

F andσH
F demonstrate the variation of fracture

strength,σF, with shear angle,θ, at low and high temper-
atures. It is natural that a specimen must fracture along a
favorable shear plane at the minimum fracture stressσF,
which is taken to correspond to the measured,θC, accord-
ing to the following equation:

∂(1/σF)

∂θ
= 1

2τC
[cos(2θC) − µ · sin(2θC)] = 0 (4)

Therefore, the critical shear fracture condition can be
expressed as

µ = cos(2θC)

sin(2θC)
= c tan(2θC). (5)

Furthermore, from Eqs.(3)–(5), τC can be calculated by the
following equation:

τ = σ · sin(θ ) · [cos(θ ) − µ · sin(θ )]. (6)
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ig. 6(b), θL

C andθH
C represent the measured fracture an

C at low and high temperatures. AtT = 25◦C, θ25
C = 23◦,

nd forT = 930◦C, θ930
C = 31◦; therefore, from Eq.(5), one

an calculate the constantµ asµ25 = 0.966 andµ930= 0.532,
espectively. According to the data above and Eq.(6), we
an computeτ25

C = 198 MPa andτ930
C = 192 MPa, respec

ively. It can be seen thatτC is approximately in the rang
f 192–198 MPa at the testing temperatures. It means

he Ti3SiC2 specimen can be sheared to fracture by a
tant pure shear stress around∼195 MPa, which is obvious
igher than the critical resolved shear stress of 36 MP

he basal plane of coarse-grain (1–3 mm) Ti3SiC2 specimen
13]. The increase inτC can be attributed to a relative
maller grain size (20–50�m) in the present Ti3SiC2 speci-
ens.
For the BMG materials and polycrystalline ice, theirθC

lso shows a similar feature (seeTable 1). The difference
s thatθC in the fully amorphous alloys is around 42–4◦,
uite close to 45◦. However, in polycrystalline materia

heir shear fracture angles deviate form the maximum s
tress plane more significantly, such as in ice (θC = 30◦),
MG composites (θC = 27◦, 32◦) and the present Ti3SiC2

θC = 23–31◦). This indicates that the grain size or distri
ion can strongly affect the orientation of the shear frac
lane and the normal stressσn plays a more significant ro

n the shear fracture of brittle polycrystalline materials.
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Since the average critical macro-shear fracture stressτC is
nearly a constant, from Eq.(5), it is clear thatθL

C < θH
C leads

to µL >µH. From Eq.(7), it is easy to understand why the
fracture strengthσL

F at low temperature is always higher than
σH

F at high temperature. The decrease in the fracture strength
of Ti3SiC2 specimens can be attributed to the change inθC or
µ with increasing testing temperature. On the micro-scale,
it has been observed that not only the formation of kink-
ing, but also the homogeneous distribution of deformation
and damage tend to occur at high temperature, as shown in
Fig. 4. It is apparent that the two deformation mechanisms
will be beneficial to the plasticity of Ti3SiC2 at high tem-
perature. Meanwhile, kinking can change the orientation of
the Ti3SiC2 grains and furthermore, modify the propagation
path of shear cracking locally. In other words, the homoge-
neous distribution of deformation and damage at high testing
temperature will make shear cracking more close to the max-
imum shear stress plane.

As widely observed, the shear fracture of polycrystalline
ice and BMG materials is always accompanied by melting, as
evidenced by fractography[22–24,32–39]. Recently, Wright
et al.[35] analyzed the melting phenomenon induced by shear
fracture in BMGs. They found that the increase in temper-
ature within the shear band is as high as 900 K, which is
sufficient to melt the BMG locally. For all BMG materials,
their melting points are modest (around 1000◦C) [35]; how-
e
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two types of special materials, which can fully exhibit their
strength potential even to their melting point during fracture.
In this sense, the great difference betweenσF andσm

F indi-
cates that Ti3SiC2 still has great potential for improvement
of strength by microstructure optimization through advanced
sintering or fabrication techniques.

5. Conclusions

Based on the experimentally obtained results, the follow-
ing conclusions can be drawn:

1. Under compressive loading, polycrystalline Ti3SiC2 sam-
ples synthesized from 2Ti/2Si/3TiC powder displayed
brittle shear fracture behavior below 800◦C; however,
over 850◦C, unmistakable plasticity can be observed. The
fracture strength of the Ti3SiC2 samples monotonically
decreased from 935 MPa to 640 MPa with increasing test-
ing temperature.

2. The fracture of Ti3SiC2 originates mainly from one major
crack and propagates along it, resulting in abrupt shear
failure at temperatures below 930◦C. The macro-scale
shear fracture angle ranges from 23◦ to 31◦, indicating
that the Tresca fracture criteria is invalid for Ti3SiC2, as
for polycrystalline ice and BMG materials. There exists a
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l. [29] pointed out that polycrystalline ice fails mostly in
rittle manner even though the testing temperature is

o its melting point. By contrast, Ti3SiC2 specimens can di
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oint. It is well known that the melting point of a ma
ial correlates with hardness or strength. According to
stimation by Wright et al.[35], one can in return calc

ate the limiting fracture strength of Ti3SiC2, σm
F , which

nduces local melting during shear fracture. The me
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nown, so thatσm
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F = √

2α · E · ρ · Cp · �T . (7)

ere,�T is the temperature difference between the me
oint and testing temperature andα represents the ratio

he thickness of the shear layer to the whole specimen.
ssumingα = 1%, the same as the evaluated value in B

35]. From Eq.(7), it is easy to calculate thatσm
F for Ti3SiC2

s about 7.2 GPa, which is seven times higher than the a
racture strength (∼1 GPa). This means thatσm
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r at least difficult, to induce local melting during fractu
olycrystalline ice and BMG materials can be regarde
macro-scale critical shear fracture stress of 192–198
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. The micro-damage modes of Ti3SiC2 consist of sliding
kinking, buckling and fracture of grains and intergra
lar cracking. The “plasticity” of Ti3SiC2 above 850◦C
can be attributed to relatively homogenous distributio
deformation and damage, which include sliding, kink
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