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Abstract

Cyclic fatigue properties of Ti3SiC2 were investigated. When the crack was shorter, it was always arrested due to

rapidly increasing crack-tip shielding. Multiple energy dissipative mechanisms including crack deflecting, branching,

delamination and grain bridging are responsible for the observed stable crack propagation and high crack growth

resistance in this material.
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1. Introduction

Ti3SiC2 is a ternary carbide which has many

properties common to ceramic materials, such as

high oxidation resistance, refractory and lack of
macroscopic plasticity [1]. Besides, it is relatively

soft with Vickers hardness as low as about 4 GPa

and readily machinable using commonly available

cutting-tools [2–4]. In the past decade, many ef-

forts have been devoted to the fabrication of

Ti3SiC2 with high density and purity. Dense and

pure polycrystalline Ti3SiC2 has been fabricated by

some techniques, e.g. relatively hot-pressing tech-
nique from Ti/SiC/graphite powders [1] and pulse

discharge sintering (PDS) technique from Ti/Si/

TiC powders [5]. A contact damage study [2] has

shown that Ti3SiC2 deformed by slipping along

basal plane in individual grains and intergranular

cracking mode. Fatigue and fracture properties of
Ti3SiC2 were first studied by Gilbert et al. [6].

Compression tests at low temperature have shown

that Ti3SiC2 exhibited ductility by a combination

of delamination and kink-band formation in in-

dividual grains [7,8]. The effect of temperature,

strain rate and grain size on the mechanical

properties of Ti3SiC2 in tension has been charac-

terized [9]. The principal goal of the present study
is to study the shielding ability of grain bridging

zone in the wake to crack growth rates in different

stages of crack growth, specifically at small crack

region, and investigate further the cyclic fatigue

crack propagation behavior of Ti3SiC2 fabricated

by PDS technique. The dependence of fatigue
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crack growth rates on Kmax and DK is investigated
in order to disclose the salient mechanisms for

fatigue crack propagation and fracture.

2. Experimental procedure

Ti3SiC2 in the present study was fabricated by

PDS technique. The optimized sintering tempera-

ture in the range of 1250–1300 �C produced a du-
plex grain microstructure with both relative density

and purity higher than 99% [5]. Such duplex struc-

ture consists of both elongated and equiaxed grains.

Grains with elongated morphology were embedded

in the equiaxed matrix grains, showing a hetero-
geneous duplex microstructure. The elongated

grain was typically �50 lm long and �15 lm wide,
while the average size of equiaxed grain was�5 lm.
Characteristic microstructures are shown in Fig. 1a.

Layered nature of Ti3SiC2 grains can be clearly seen

in Fig. 1b in an elongated grain.

Cyclic fatigue tests were performed on a Shi-

madzu testing machine with a load capacity of 1
kN. Compact-tension (CT) specimens of 2.6 mm

thick, 19.5 mm width were fabricated by means of

electrical discharging machining. Specimen sur-

faces were mechanically polished down to �1 lm
diamond paste. Specimens were cycled at a fre-

quency of 20 Hz (sine wave) under load control at

a load ratio R (ratio of minimum to maximum

applied load) of 0.1 and 0.5. All tests were con-
ducted at room temperature (�20 �C) and relative
humidity of �50%. The crack length was measured
by an optical microscope under a magnification of

500 by stopping the test and removing the speci-

men from the machine. The difference in crack

length on the two surfaces of the specimen was less

than 10%. This difference remained unchanged

during the crack propagation and the average
crack length was quoted to calculate the stress

intensity factor.

Tests began at an applied maximum cyclic load

of 300 N. Load was increased by 10 N every 105

cycles until a fatigue pre-crack was initiated from a

straight-through notch. Cracks were always found

to decelerate first and to be arrested finally with

the number of cycles. The load was then increased
by 10 N to restart the crack until the crack length

increased steadily with the number of cycles at a

certain load amplitude. Crack growth rates were

controlled under load-decreasing conditions to

approach to the fatigue threshold stress intensity

range, DKth. The value of DKth, below which long
cracks are presumed to be dormant, was opera-

tionally defined at a maximum growth rate of
10�10 m/cycle. After finishing threshold measure-

ments the load amplitude was kept constant until

the specimens failed. An experiment at constant

Kmax with decreasing-Kmin (R is variable) was per-
formed in order to elucidate the contribution of

DK and Kmax to the crack growth rate and corre-
sponding mechanisms.

3. Results and discussion

3.1. Small crack behavior

Cyclic fatigue crack length versus number of

cycles at different load amplitudes after pre-

Fig. 1. Optical micrographs of pulse discharge sintered Ti3SiC2. (a) Microstructure after etching, (b) layered nature in an elongated

grain.
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cracking is shown in Fig. 2. Cracks were often

observed to propagate and arrest completely dur-

ing the first applied �105 cycles until a higher load
amplitude is applied. This behavior is presumably

caused by a faster increase in crack resistance as

compared to the increase in driving force for crack

growth based on the applied stress intensity. Such

a phenomenon is often observed in the small crack

region in the fatigue of metals and this may be

regarded as ‘‘small crack’’ behavior. This is pre-

sumably caused by the principal role of crack
bridging by single or clusters of grain in the wake

of crack tip. Such bridging zone may produce

shielding stress intensity, Ksh. It is assumed that the
applied stress intensity, Kappl must exceed the sum
of the intrinsic toughness, K0, and Ksh, i.e.:

Kappl PK0 þ Ksh

in order for a crack to propagate. Here Ksh gen-
erally increases during crack propagation if the

shielding bridging zone is not fully evolved.

Therefore it is presumed that the shielding stress

intensity, Ksh, increase with the crack length faster
than the applied stress intensity, Kappl, and this
results in a decrease in stress intensity experienced

at the crack tip, and therefore in a reduced crack

growth rate. When a certain crack length is ex-
ceeded, Kappl increases faster than Ksh and, thence,

crack length may begin to increase monotonically

with the applied stress intensity.

3.2. Cyclic fatigue crack growth rate behavior

The contribution of cyclic and static fatigue to

crack growth rate in Ti3SiC2 is shown in Fig. 3.

The maximum load remained the same of 525 N in

the two loading modes, i.e. cyclic fatigue and static

fatigue. The experimental results indicated that

crack growth rates under cyclic fatigue were sig-

nificantly faster than that under static fatigue. The

cracks can be arrested under static loading, im-
plying that the contribution to the crack growth

from static loading could be ignored compared to

that from cyclic loading.

Cyclic fatigue crack growth rates, da=dN ,
plotted as functions of the applied stress intensity

range, DK, and the maximum applied stress in-

tensity, Kmax, is shown in Fig. 4. It can be seen that
Ti3SiC2 is more sensitive to the applied driving
force than ductile metals or bulk amorphous al-

loys. A marked dependence of crack growth rate

on load ratio R is also observed in Fig. 4a, where
crack growth rates are accelerated and the thresh-

olds DKth reduced with increasing R at a fixed DK.
Whereas, in Fig. 4b, the influence of R on the crack
growth rate is obscure and the slope of crack

growth rate decreased slightly with increasing
R. These behaviors of high exponents m and
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Fig. 2. Cyclic fatigue crack length, a, is plotted as a function of
number of cycles at a load ratio R of 0.1 in Ti3SiC2 at a rela-
tively shorter crack length. The maximum applied loads are

indicated in the figure.
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Fig. 3. Crack length, a, is plotted as a function of time, t,
showing the contribution of cyclic and static fatigue to crack

growth rate in Ti3SiC2.
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dependence of crack growth rate on R have been
observed in the fatigue crack growth of many

typical ceramic materials, such as alumina [10],

silicon nitride [11], yttra-stabilized zirconia [12],

in situ toughened silicon carbide [13] and fine-

grained alumina [14]. These behaviors indicate a

strong dependence of the crack growth rate on

Kmax and weak dependence on DK.
In order to discern the contribution to crack

growth rates from DK and Kmax, a modified Paris
power-law relationship

da=dN ¼ C0ðKmaxÞnðDKÞp ð1Þ

is used which is often utilized to elucidate the fa-

tigue mechanism of some structural ceramics. Here

C0, n and p are experimentally determined pa-
rameters.

Eq. (1) can be written in the more traditional

form of the Paris power-law expression of the form

[15]:

da=dN ¼ CðDKÞm ð2Þ

by using Kmax ¼ DK=ð1� RÞ.
From Eqs. (1) and (2) the following relationship

is obtained:

nþ p ¼ m

C0 ¼ Cð1� RÞn

For a fixed Kmax, Eq. (1) becomes:

da=dN ¼ DðDKÞp;

here D ¼ C0ðKmaxÞn.

When the crack growth rate is plotted as a
function of the applied stress intensity range, DK,
at a constant Kmax, a much more stable crack
propagation is observed. Fig. 5 shows the rela-

tionship between the crack growth rate, da=dN ,
and the applied stress intensity range, DK, at a
constant Kmax (¼ 7.83 MPam1=2). The exponent p
from the slope of double-logarithmic plot of

da=dN versus DK in this figure is 3.4. Therefore,
we can see that n is equal to 22.6 when taking the
exponent m of 26 at R ¼ 0:1 in Eq. (2). It is pre-
sumed that the exponent p obtained in Fig. 5 de-
creases at higher Kmax, for the K-dependence of
growth rates decreases as Kmax approaches Kc.
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Fig. 4. Relationship between crack growth rates, da=dN , and (a) the applied stress intensity range, DK, (b) the maximum applied stress
intensity, Kmax, for Ti3SiC2 at load ratios, R, of 0.1 and 0.5.
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Fig. 5. Fatigue crack growth rate, da=dN , is plotted as a
function of the applied stress intensity range, DK, at a constant
Kmax ¼ 7:83 MPam1=2 in Ti3SiC2.
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As compared to DK, the experimental results
demonstrate clearly a strong dependence of crack

growth rates on Kmax. Similar to many typical ce-
ramics, these observations on cyclic fatigue of
Ti3SiC2 disclosed a fatigue mechanism controlled

predominantly by Kmax at the crack tip and weakly
by shielding through ligaments or grain bridging in

the wake of crack tip. In comparison with typical

ceramic materials, the crack growth rate in Ti3SiC2
exhibits slightly higher dependence on the stress

intensity factor range. Such a relatively stronger

dependence can be seen from the significant
change of slopes of crack growth rates from 15.1

to 25.9 in Fig. 4b when R changes from 0.5 to 0.1.
This result suggests a strong mechanical damage to

the bridging under cyclic loading. Such strong

mechanical damage presumably originates from

the existence of profuse grains bridging sites on the

crack surfaces in the wake of crack tip.

3.3. Fatigue crack path observations

Compared to many typical ceramics, Ti3SiC2
exhibits lower crack growth rates and higher
threshold stress intensity factor. This behavior

originates from its microstructural characteristics,

i.e. structural heterogeneity with elongated plate-

like grains and layered nature of grains with del-

amination along basal plane. A clear intergranular

fracture mode and intact grain bridging in the

wake of crack tip can be clearly seen from the

crack path in the region of cyclic fatigue, as shown
in Fig. 6a. Occasionally, a crack may propagate

along the grain boundary at a right angle to its

original direction. Besides, basal plane slipping

traces in isolated grains along the crack path is

frequently observed, indicating an additional en-

ergy dissipation due to friction. In addition, ex-

tensive crack deflection and branching, which are

Fig. 6. Scanning electron micrographs of the crack path morphology showing (a) the predominantly intergranular fracture and profuse

intact grain bridging. (b) cracks deflection and branching. The crack propagation direction is from left to right.

Fig. 7. Scanning electron micrographs of (a) branching crack (indicated by white arrows) and wear debris (indicated by black arrows)

caused by strong frictional traction and wear between grains, (b) basal plane slipping traces (indicated by arrows) and formation of

microfaults in grains of Ti3SiC2 in the wake of crack tip. The crack propagation direction is from left to right.
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characteristic features of high-toughness structural

ceramics, can be seen in Fig. 6b.

As shown in Fig. 7a, branching cracks and wear

debris can be observed in the wake of crack tip
indicative of considerable local frictional traction

of bridging grains. Besides, shear-induced micro-

faults are clearly observed in an individual grain,

as shown in Fig. 7b, which can reduce the fric-

tional pullout stress at the grain/matrix interface

under cyclic fatigue. All these observations reflect

the operation of multiple energy dissipative

mechanisms, which render Ti3SiC2 to exhibit a
higher threshold stress intensity and a lower crack

growth rate.

The heterogeneous and laminated structure

suggests some special toughening mechanisms, i.e.,

multi-lamellae slip along basal planes and micro-

cracking in the weak grain boundary which pro-

mote bridge formation. Similar deformation

characteristics have also been found in mica-con-
taining glass-ceramics with a heterogeneous grain

structure [16]. Such microstructure and deforma-

tion modes have been shown to be susceptible to

damage accumulation during cyclic fatigue by

providing easy fracture paths along weak inter-

faces. In Ti3SiC2, this damage by cyclic fatigue has

been demonstrated by profuse wear debris and a

distinct increase in slope of crack growth rate with
decreasing R in the plot of da=dN versus Kmax.

4. Conclusions

Ti3SiC2 exhibits a cyclic fatigue crack propa-

gation behavior similar to typical structural ce-

ramics, i.e. a much larger dependence of crack

growth rates on Kmax as compared to DK. How-
ever, a relatively higher threshold stress intensity
and lower crack growth rate reflect its higher fa-

tigue resistance. At a relatively short crack length,

crack growth rates are often seen to decrease with

the number of cycles, reflecting a faster increasing

in crack growth resistance through grain bridging

than the applied crack driving force. The high fa-

tigue resistance originates from the heterogeneous

and laminated structure typical of Ti3SiC2. Such
microstructure may lead to extensive energy dis-

sipation through microfaults, crack deflection,

branching and intact grain bridging.
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