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bstract

he resistance of Ti3Si(Al)C2-based materials to strength-impairing contact damage was investigated using the Hertzian indentation method.
icrostructural analysis indicated that for the three types of testing materials the contact damage was governed by multiple grain slip, crushed

rains, and intergranular shear failure. No cone cracking or other macro-cracks were visible on or beneath the contact damage surfaces. Bending
ests on the specimens containing single-cycle contact damage revealed that the resistance of Ti3Si(Al)C2 to strength degradation was significantly

mproved by incorporating SiC particles into the matrix. The mechanism of the improvement is ascribed to the increased shear resistance and the
act that the hard SiC particles inhibit the downward extent of the contact damage through restricting the slip and deformation of the Ti3Si(Al)C2

rains.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The surfaces of structural ceramic components in service,
uch as contact bearings, extrusion modes, and turbine blades,
re commonly subjected to concentrated loads. The stress from
uch contacts can introduce localized contact damage, which in
urn can degrade the strength or erode the surface.1–3 Depend-
ng on the contact loads, the retained strength may be governed
y the pre-existing flaws or the “plastic deformation” induced
y the contact damage. An important consideration in the stress
oncentrating applications is the retention of strength after the
ntroduction of contact-related damage. From the viewpoints of
ervice lifetime and safety design, it is interesting and necessary
o study the resistance to strength degradation for the structural

omponents. The layered ternary ceramic Ti3SiC2 is a promis-
ng structural material because of its unique combination of the

erits of both metals and ceramics, such as low density, high

∗ Corresponding author at: Shenyang National Laboratory for Materials Sci-
nce, Institute of Metal Research, Chinese Academy of Sciences, 72 Wenhua
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lastic modulus, good oxidation resistance below 1100 ◦C, high
exural strength and fracture toughness, and good resistance to

hermal shock.4–9 However, few investigations on the resistance
o strength degradation by contact loads for Ti3SiC2, to the best
f our knowledge, can be found in the literature. El-Raghy et
l.10,11 measured the retained four-point flexural strength after
he Vicker’s indentations for the fine-grained and coarse-grained
i3SiC2. Their results suggested that the resistance of Ti3SiC2

o strength degradation might be poor. Thus, there is a strong
eed to improve this resistance of Ti3SiC2 in order to widen its
se in structural applications.

Ti3SiC2 has a hexagonal crystallographic structure with pla-
ar Si layers linked by TiC octahedrals. It has been demonstrated
hat Ti3SiC2 has a high Young’s modulus (E ≈ 320 GPa), but
ow hardness (Hv ≈ 4 GPa).4,6,9 The low H/E value indicates
hat this material is more reminiscent with soft metals and
eveals a quasi-plasticity character. Lawn et al. pointed out that
he subsurface damage responsible for the ductility originated
rom local shear-driven deformation processes,12 as has been

roven for a coarse-grain Ti3SiC2.13 The subsurface damage in
uasi-plastic ceramics like Ti3SiC2 must be induced by shear
tresses, which in turn result in the strength degradation. Pre-
ious studies on the electronic structure of Ti3SiC2 disclosed

mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2006.07.018
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hat the low shear resistance originated from the weak bond-
ng between the Ti C Ti C Ti covalent bond chain and the Si
ayer, which resulted in a low shear modulus C44.14,15 Hence,
he poor resistance to contact damage could be related to the
ow shear resistance in Ti3SiC2. It is known that incorporating
ard particles, like SiC, can enhance the shear resistance, and
hus the resistance to contact damage of the layered ceramics.
ecently, Ti3Si(Al)C2/SiC composites have been prepared by

n situ hot pressing/solid–liquid reaction process to improve the
ardness, wear, and oxidation resistance of Ti3SiC2.16 Despite
any superior properties having been obtained, it is further

xpected that these Ti3Si(Al)C2/SiC composites would exhibit
nhanced resistance to strength degradation.

To investigate the strength degradation resistance and to char-
cterize damage accumulation of Ti3Si(Al)C2 and Ti3Si(Al)
2/SiC composites, spherical indentation tests (Hertzian test)
ere performed using various loads. The Hertzian test has
roven to be a useful method for identifying and quantify-
ng damage in ceramics.17–19 In this paper, we investigate the
ontact deformations of Ti3Si(Al)C2-based materials and the
elationship between the retained strength after single-cycle con-
act damage and Hertzian indentation loads. The results will be
eneficial for the promotional application of Ti3Si(Al)C2 and
i3Si(Al)C2/SiC composites as candidates for structural compo-
ents and for understanding the effects of SiC on the resistance
o strength degradation of Ti3Si(Al)C2-based materials.

. Experimental procedure

Bulk Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.% SiC, and Ti3Si(Al)
2/30 vol.% SiC materials were fabricated by in situ hot
ressing/solid–liquid reaction synthesis, which was also
escribed elsewhere.16 Briefly, the materials were made by
he following procedure. Elemental powders, Ti, Si, Al, and

raphite, were precisely weighed according to the target com-
ositions and mixed for 15 h in a wet medium. After milling and
rying, the mixtures were screened through a 60-mesh (about
21 �m) sieve and cold compacted into a � 50 mm graphite

t
a
m
t

able 1
easured average grain size of the Ti3Si(Al)C2 and SiC grains in the Ti3Si(Al)C2/Si

amples Ti3Si(Al)C2

Grain length (�m) Grain w

i3Si(Al)C2 16.1 ± 9.3 4.2 ± 1
i3Si(Al)C2–10 vol.% SiC 12.8 ± 7.9 4.0 ± 1
i3Si(Al)C2–30 vol.% SiC 10.9 ± 4.7 4.1 ± 1

able 2
ummary of the typical properties of the monolithic Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol

roperties Ti3Si(Al)C2

elative density (%) 98.7
lastic modulus (GPa) 312

v (GPa) 4.02
lexural strength (MPa) 418.8
racture toughness (MPa m1/2) 6.24
ramic Society 27 (2007) 2069–2076

old coated with boron nitride (BN). The green compacts were
hen hot pressed at 25 MPa in a flowing Ar atmosphere at
550 ◦C for 60 min, and subsequently annealed at 1400 ◦C for
0 min. All of the as-prepared samples are fully dense (97–99%
f the theoretical density). Table 1 shows the measured average
rain size of the Ti3Si(Al)C2 and SiC particles in the composites.
he typical properties of the Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.%
iC, and Ti3Si(Al)C2/30 vol.% SiC composites are listed in
able 2.

Specimens with a size of 3 mm × 4 mm × 36 mm were
lectrical-discharge machined from the bulk samples, and the
urfaces of the specimens were ground and polished up to 1200#
iC grits. Hertzian contact tests were made on the polished sur-
aces of the testing samples to determine damage characteristics.
n these tests, a tungsten carbide (WC) ball with a radius of
mm was used at various loads and the indents were made at

he center of 4 mm × 36 mm surface of the samples. The loading
peed was 0.5 kN/min and the holding time at the maximum load
as 20 s. Acoustic emission (AE) counts were recorded during

he loading, holding, and unloading processes of these Hertzian
ndentation tests.

Measurements of the contact radius, a, at each given load
and sphere radius, r, enabled calculation of the indentation

tress, P0 = P/πa2, and the indentation strain, a/r, for the con-
truction of an indentation stress–strain curve.12,20 The degree
f yield was determined from the indentation stress–strain curve
s a deviation from Hertzian linear elastic response. The indent
ize was measured by optical microscopy (OM), and the tensile-
ractured sections around the Hertzian indents were examined
y means of scanning electron microscopy (SEM) (S-360, Cam-
ridge Instruments Ltd., UK).

To investigate the subsurface indentation damage, sectional
iews of the damage patterns were obtained using bonded inter-
ace specimens.12 These samples were prepared by bonding

ogether two polished half-bars with a thin layer of adhesive,
nd then polishing the top surfaces. Hertzian indentations were
ade at the top surfaces symmetrically along the surface trace of

he bonded interface. Finally, the adhesive was dissolved in ace-

C composites

SiC

idth (�m) Grain length (�m) Grain width (�m)

.4

.8 16.2 ± 6.5 8.2 ± 3.1

.3 17.3 ± 7.2 8.6 ± 2.9

.% SiC, and Ti3Si(Al)C2/30 vol.% SiC

Ti3Si(Al)C2/10 vol.% SiC Ti3Si(Al)C2/30 vol.% SiC

98.2 97.5
328 363

6.99 12.70
356.9 339.4

6.49 6.97
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one, and the top and side surfaces of the separated half-blocks
ere examined by OM.
Retained strength tests were made on series of Ti3Si(Al)C2-

ased materials containing single-cycle contact damage to
valuate the degrading effect of the contact damage. Three-
oint bending tests were carried out at a crosshead speed of
.5 mm/min on polished and chamfered bars with the indented
urfaces on the tensile side. The contact damage was created
y applying loads in the range of 0–1200 N. For each condi-
ion, three to five specimens were tested to ensure the verac-
ty. After testing, the fracture surfaces of the samples with
ingle-cycle contact damage were examined by means of SEM.
ince Ti3Si(Al)C2-based materials are promising candidates for
igh temperature applications, the high-temperature retained
trength of samples with single-cycle contact damage was also
nvestigated.

To shed light on the mechanism for the effect of SiC on the
trength degradation of Ti3Si(Al)C2-based materials, the shear
trength was also measured. Samples for shear strength tests
ere thin slices with 20 mm × 30 mm in size and 0.1–0.2 mm in

hickness. They were clamped between two square steel fixtures
ith through-holes that permitted the punch to pass through
ithout friction. The shear strength was given as21:

= PC

πdh

here PC is the critical load, d is the punch diameter, and h is
he thickness of the samples. The cross-section micrographs of
he punched disks were also examined via SEM.

. Results

.1. Indentation stress–strain curves
The indentation stress–strain curves (Fig. 1) for the materi-
ls with different compositions deviate distinctly from linearity
t high stress. The yield stress is highest for the Ti3Si(Al)

ig. 1. Hertzian indentation stress–strain curves for monolithic Ti3Si(Al)C2 (a),
i3Si(Al)C2/10 vol.% SiC (b) and Ti3Si(Al)C2/30 vol.% SiC (c) composites.
ata points are taken from experiments using a tungsten carbide sphere with a

adius of 2 mm. Inclined dashed line is Hertzian elastic response.
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2/30 vol.% SiC composite, and lowest for monolithic Ti3Si(Al)
2, consistent with the apparent tendency of increasing hard-
ess with increasing SiC content in the composites. The crit-
cal indentation stress (at yield) is about 2.5 GPa, 4.0 GPa,
nd 5.8 GPa for Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.% SiC, and
i3Si(Al)C2/30 vol.% SiC composite, respectively. Fischer-
ripps et al.22 showed many typical indentation stress–strain
urves of quasi-plastic materials including steel, glass–ceramic,
ilicon nitride, and tungsten carbide (soft → hard). Compared
ith those curves, it was found that the character of Ti3Si(Al)C2
as very similar to that of steel, while the behaviors of the com-
osites resembled that of glass–ceramic. These results demon-
trate that Ti3Si(Al)C2-based materials belong to the class of
uasi-plastic materials, and the critical indentation stress is
ncreased with increasing SiC contents due to the contribution
f the hard SiC particles.

Fig. 2(a–c) compare the surface views of the retained contact
ites on each of the Ti3Si(Al)C2-based materials after loading
o 1000 N, along with corresponding acoustic signal traces over
he full loading–holding–unloading cycle. For each material, an
bvious plastic spherical indent is found, and no indentation
nduced cracks are found around the indent. At the given load,
he indent size decreases with increasing SiC content, which
s in agreement with the fact that the hardness of Ti3Si(Al)C2
s greatly enhanced by incorporating SiC particles.16 It is also
ound that the corresponding acoustic signatures are very weak
the maximum intensity is less than 55), suggesting that no
bvious cracks were formed during the whole testing pro-
ess. With increasing SiC content, the acoustic signals from
he Ti3Si(Al)C2/SiC composites decrease, but the maximum
ntensity increases. It is demonstrated that Ti3Si(Al)C2-based

aterials become hardened with the increment of SiC content,
hich is in agreement with the results shown in Fig. 1.

.2. Retained strength tests

Fig. 3(a) shows the relationship between the retained flexu-
al strength and Hertzian indentation loads. The retained flexural
trength of Ti3Si(Al)C2 remains roughly constant up to a load of
50 N, and then decreases rapidly when the load is beyond this
alue, which indicates that the critical indentation load control-
ing the fracture is about 250 N. For the composites containing
0 vol.% SiC and 30 vol.% SiC, the critical loads are about 400 N
nd 1000 N, respectively. The retained strengths fluctuate within
narrow range and are quite close to the initial strength as a result
f natural flaws before the critical indentation load. Beyond the
ritical indentation load, the retained strength decreases rapidly
ith increasing indentation load. The flaws induced by con-

act damage should have controlled the measured strengths and
esulted in the strength degradation. In another word, the dele-
erious effect of the indentation loads could be neglected when
he applied loads are lower than the critical indentation load.
ig. 3(b) represents the retained flexural strength as a function

f Hertzian indentation size. The corresponding critical inden-
ation size (2a) for Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.% SiC, and
i3Si(Al)C2/30 vol.% SiC composites are 350 �m, 372 �m, and
98 �m, respectively. Both the critical indentation load and the
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Fig. 2. Hertzian contact sites in Ti3Si(Al)C2 (a), Ti3Si(Al)C2/10 vol.% SiC (b), and Ti3Si(Al)C2/30 vol.% SiC (c) materials caused by loading a WC sphere with
a radius of 2 mm to 1000 N. Left column: optical micrographs showing surface views. Right column: the corresponding acoustic emission signals for the full
loading–holding–unloading process.

Fig. 3. (a) Strength degradation for Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.% SiC, and Ti3Si(Al)C2/30 vol.% SiC materials due to the contact damage made by a WC sphere,
r = 2 mm. Vertical dashed lines indicate the critical loads for the onset of strength-degrading damage. (b) The retained strength of Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.%
SiC, and Ti3Si(Al)C2/30 vol.% SiC materials as a function of the Hertzian indentation sizes corresponding to the applied loads.
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ig. 4. SEM backscattered electron images of the fracture surfaces of the
i3Si(Al)C2 (a), Ti3Si(Al)C2/10 vol.% SiC (b), and Ti3Si(Al)C2/30 vol.% SiC
c) materials with contact damage after bending tests. The contact damage was
ade at a fixed load of 1200 N for all three materials.

ritical indentation size are increased with increasing SiC con-
ent. It is demonstrated that the resistance of Ti3Si(Al)C2 to
trength degradation after single-cycle contact damage is greatly
nhanced.

Fig. 4 compares the characteristic fracture surfaces of
i3Si(Al)C2 (Fig. 4a), Ti3Si(Al)C2/10 vol.% SiC (Fig. 4b), and
i3Si(Al)C2/30 vol.% SiC (Fig. 4c) composites with contact

amage made at a load of 1200 N after bending tests. For each
aterial, the damage zones are made up of multiple grain slip,

rushed grains, and intergranular shear failure. The Hertzian
ndent zone is the largest for Ti3Si(Al)C2 and the smallest for

e
t
h
t

ig. 5. Flexural strength of the Ti3Si(Al)C2 (a), Ti3Si(Al)C2/10 vol.% SiC (b),
nd Ti3Si(Al)C2/30 vol.% SiC (c) materials with the same indentation size
498 ± 7 �m) as a function of testing temperatures.

he Ti3Si(Al)C2/30 vol.% SiC composite. No cone cracks or
ther macro-cracks occur around the Hertzian indents, which
s attributed to the good damage tolerance shown in previous
orks.4,8,9,16

The flexural strength of the Ti3Si(Al)C2/SiC composites with
he same single-cycle contact damage size (498 ± 7 �m) at room
emperature to high temperatures up to 1000 ◦C are presented
n Fig. 5 and compared with that of monolithic Ti3Si(Al)C2.
he applied loads to induce the same indentation size were
00 N for Ti3Si(Al)C2, 720 N for Ti3Si(Al)C2/10 vol.% SiC,
nd 1000 N for the Ti3Si(Al)C2/30 vol.% SiC composite. It can
e seen that the retained strengths for Ti3Si(Al)C2 and the
i3Si(Al)C2/10 vol.% SiC composite almost remain constant
or all of the testing temperatures. Since the applied loads are
igher than the critical indentation loads (250 N for Ti3Si(Al)C2
nd 400 N for the Ti3Si(Al)C2/10 vol.% SiC composite), the
nduced flaws should govern the retained strength. Hence, it
s not unreasonable to believe that the strength of testing speci-

ens with contact damage is insensitive to the temperature. For
he Ti3Si(Al)C2/30 vol.% SiC composite, the retained strengths
t temperatures above 600 ◦C are higher than those of mono-
ithic Ti3Si(Al)C2. At 1000 ◦C, the retained strength of the
i3Si(Al)C2/30 vol.% SiC composite is about 415 MPa, which

s about 40% higher than that of monolithic Ti3Si(Al)C2 at the
ame temperature. It can also be seen that the retained strength of
i3Si(Al)C2/30 vol.% SiC composite increases with increasing

emperature from room temperature to 600 ◦C, and then remains
ssentially constant when the temperatures further increase up
o 1000 ◦C. A similar trend and practically the same strength
or the Ti3Si(Al)C2/30 vol.% SiC composite without contact
amage have been reported in our previous work.23 A possi-
le mechanism for this improvement of the high-temperature
trength was also proposed. Because the applied load to induce
ontact damage (1000 N) is the same as the critical indentation
oad controlling the fracture, the retained strength should be gov-

rned by the natural flaws and the residual stress distribution in
he specimens, viz. the induced contact damage at 1000 N will
ave little effect on the high-temperature retained strength for
he Ti3Si(Al)C2/30 vol.% SiC composite.
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Fig. 6. OM micrographs showing half-surface and sectional views of
indentation sites in Ti3Si(Al)C2 (a), Ti3Si(Al)C2/10 vol.% SiC (b), and
Ti3Si(Al)C2/30 vol.% SiC (c) materials. The indentations were made at a fixed
indentation load of 1200 N using a WC sphere with a radius of 2 mm.
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.3. Observation of contact damage zones

Fig. 6 compares the half surface (upper) and bonded inter-
ace cross-sectional views (lower) of contact damage formed
t a relatively high load (P = 1200 N) for the monolithic
i3Si(Al)C2 (Fig. 6a), Ti3Si(Al)C2/10 vol.% SiC (Fig. 6b), and
i3Si(Al)C2/30 vol.% SiC (Fig. 6c), respectively. In the top
iews there are no cracks visible but obvious pileups are found
round the indents. The size of the contact zone decreased with
ncreasing SiC content in the composites due to the increased
ardness. In the cross-sectional views the plastic zone extends
ownward and outward well beyond the contact on a near-
emispherical front. A number of apparent shear-bands are also
ound for Ti3Si(Al)C2, which confirms that the shear-activated
asal slip deformation within and between grains is responsible
or the high quasi-plasticity.13 With increasing SiC content, the
mount of shear-bands is reduced and the plastic deformation
mainly the shear zone) is not serious, viz. the resistance to sur-
ace damage is enhanced with the increase of SiC content in the
omposites.

.4. Shear strength tests

To better understand the mechanism for the improve-
ent, the punch–shear method21 was introduced, which has

een demonstrated to be a simple and feasible method
or determining the shear strength of layered ceramics.24

hanges of the measured shear strengths of Ti3Si(Al)C2-
ased materials are shown in Fig. 7. The shear strengths
f Ti3Si(Al)C2, Ti3Si(Al)C2/10 vol.% SiC, and Ti3Si(Al)
2/30 vol.% SiC materials are 116.3 ± 9.4 GPa, 137.8 ±
.6 GPa, and 177.1 ± 4.9 GPa, respectively. These results
emonstrate that the shear strength of Ti3Si(Al)C2 is remark-
bly enhanced by adding hard SiC particles into the matrix.
he cross-section micrographs of the punch disks are shown

n Fig. 8. For Ti3Si(Al)C2 (Fig. 8a), comminuted grains of

i3Si(Al)C2 are distributed in the friction area, while delami-
ation, grain-buckle, intergranular, and transgranular fractures
re observed in the unfriction region. On the other hand, for the
i3Si(Al)C2/10 vol.% SiC (Fig. 8b) and Ti3Si(Al)C2/30 vol.%

ig. 7. Measured shear strengths vs. SiC contents for Ti3Si(Al)C2-based mate-
ials.
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ig. 8. Cross-section micrographs of the punch disks for Ti3Si(Al)C2 (a),
i3Si(Al)C2/10 vol.% SiC (b), and Ti3Si(Al)C2/30 vol.% SiC (c) materials.

iC composites (Fig. 8c), the SiC particles inhibit the frac-
ure through restricting the slip and deformation of Ti3Si(Al)C2
rains. The Ti3Si(Al)C2/SiC composites show superior shear
trength because of the contribution of the SiC particles, and the
hear resistance will become stronger with the increase of SiC
ontent.
. Discussion

Our experiments confirm that shear-activated basal slip defor-
ation within and between grains resulting in shear bands is

i
S
a
g

ramic Society 27 (2007) 2069–2076 2075

he key factor for the exceptional high quasi-plasticity, which is
n good agreement with previous works.13,25 The most impor-
ant result of this work is that the resistance of Ti3Si(Al)C2 to
trength-impairing contact damage is greatly enhanced by the
ddition of SiC. As mentioned in Section 1, the improvement
n the resistance to contact damage is related to the enhanced
hear resistance. Due to the increased shear resistance, the obvi-
us shear bands and the contact damage area become less with
ncreasing SiC content in the composites at the same indentation
oads (Figs. 4 and 6), and the critical indentation load to induce
trength degradation is increased (Fig. 3a).

Although Ti3Si(Al)C2-based materials become harder and
ore brittle with the increase of SiC content,16 the threshold of

ndentation size to induce the strength degradation is increased,
hich is uncommon for quasi-plastic materials. This apparent
aradox needs to be investigated by consideration of the effect
f SiC on the microstructures and can be explained according
o the following facts. First, it is clear that the maximum depth
f the shear zone is greatly reduced with the increase of SiC
ontent at the same applied load (Fig. 6). Second, the downward
xtent of the contact damage zone in the sectional views becomes
ess with the increase of SiC content if the indentation sizes on
he surface are the same (not shown here). Finally, the indenta-
ion size measured from the top views of the samples may not
eflect the true contact damage. The shear zones in the sectional
iews should predominately influence on the measured retained
trength by three-point bending tests for the specimens contain-
ng single-cycle contact damage. Under these conditions, since
he hard SiC particles will restrict the downward extension of
lastic deformation (mainly the shear bands) of the Ti3Si(Al)C2
atrix, the critical indentation size to induce strength degrada-

ion increases with the increment of SiC content. Therefore,
he mechanism for the improvement of strength degradation
esistance of Ti3Si(Al)C2 with single-cycle contact damage by
ncorporating SiC particles, is ascribed to the increased shear
esistance and the fact that hard SiC particles inhibit the down-
ard extent of the contact damage through restricting the slip

nd deformation of Ti3Si(Al)C2 grains.

. Conclusions

The resistance of Ti3Si(Al)C2 to strength-impairing con-
act damage was significantly enhanced by incorporating SiC
articles into the matrix. Bending tests on the samples contain-
ng single-cycle contact damage indicate that both the critical
ndentation load and the critical indentation size are increased
ith the increase of SiC contents. The Ti3Si(Al)C2/30 vol.%
iC composite shows a critical indentation load of 1000 N

o induce strength degradation, which is three times higher
han that of monolithic Ti3Si(Al)C2. The corresponding crit-
cal indentation size of the Ti3Si(Al)C2/30 vol.% SiC com-
osite is about 498 �m, which is 42.3% higher than that of
i3Si(Al)C2. The enhanced resistance to strength degradation
s due to the increased shear strength and the fact that the hard
iC particles inhibit the downward extent of the contact dam-
ge through restricting the slip and deformation of Ti3Si(Al)C2
rains.
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