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The influence of the stress ratio on fatigue crack

growth in a cermet
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The fatigue crack growth behavior in a cermet was investigated as a function of the stress
ratio, R. At the higher Kmax values the fracture path was through the cermet particles as well
as through the binder phase. At low growth rates the fracture path was primarily through
the binder phase. As a result the fatigue crack growth process, at a growth rate of
l0−7 m/cycle the rate was influenced by Kmax, and to a lesser extent by the R value, whereas
at a growth rate of 10−11 m/cycle the growth rate depend upon 1K as well as the R value.
C© 2000 Kluwer Academic Publishers

1. Introduction
A combination of high strength properties and good
wear resistance together with adequate fracture tough-
ness makes cermets attractive for applications such as
high-speed machining. However, these applications of-
ten involve high steady stresses coupled with superim-
posed vibratory stresses, a combination can result in
fatigue failure. Therefore the fatigue characteristics of
cermets at highR ratios are of interest (R is the ratio
of the minimum to the maximum stress in a fatigue cy-
cle). However there is a limited amount of information
available about the fatigue behavior of cermets and the
closely-related cemented carbides in the literature. For
example, Kitsunaiet a1.[1] found in a failure analysis
that fracture occurred in a cemented carbide when the
stress intensity factor associated with a fatigue crack
reached the value of the fracture toughness. Satoet al.
[2] examined the influence of particle size and binder
content on compressive fatigue strength of cemented
carbides, and Ishiharaet al.[3–7] investigated thermal-
shock-induced fatigue crack growth behavior in cer-
mets and cemented carbides. The present study was
undertaken in order to provide additional information
about the fatigue crack growth process in cermets. In
this study fatigue crack growth behavior as a function of
theRvalue was investigated in a modern, complex cer-
met which was produced by the Nachi-Fujikoshi Cor-
poration of Toyama, Japan.

2. Specimens and tests
2.1. Specimens
The chemical composition of the TiCN cermet used in
the test program is given in Table I. The cermet con-
tained 78 w/o particles of 0.9µm average diameter, and
22 w/o binder phase. During the processing of the cer-
met, the powders were degreased, pressed, pre-baked,
formed into specimen shape and baked again. The spec-
imens were rectangular bars, 8 mm in width, 4 mm in

depth and 25 mm in length. The mechanical properties
of the cermet are listed in Table II. Prior to fatigue test-
ing a transverse, 250µm long, crack in the center of
the test surface was created by making a Vickers hard-
ness indentation at a load of 147 N. To facilitate the
observation of fatigue cracks as well as to minimize
any residual stresses that may have been induced by
the indentation process, 40µm were removed from the
specimen test surface with emery papers and diamond
paste. The resultant finish was mirror-like in quality.
During the fatigue crack growth tests the crack varied
in length from 250µm to 600µm.

2.2. Experimental method
The fatigue studies were carried out in laboratory air
(293 K and 60–70% relative humidity) using a servo-
hydraulic testing machine. The specimens were sinu-
soidally loaded in four-point bending at 10 Hz at stress
ratios of 0.1, 0.7 and 0.9, with 2–3 specimens being
used at eachR value. A decreasing1K procedure was
used in the determination of the threshold level, and
an increasing1K procedure was used at the higher
fatigue crack growth rates. Fatigue crack growth tests
were interrupted at periodic intervals to determine crack
lengths as well as to study crack morphology by opti-
cal microscopy or by SEM. Stress intensity factors were
determined using the Newman-Raju [8] expression for
a surface crack in bending. This determination depends
on the crack shape factor,a/c, wherea is the crack
depth andc is the half-crack length at the surface. A
value for thea/c ratio of 0.74 was used based upon the
examination of the fracture surfaces after testing.

3. Experimental results
3.1. Fatigue crack growth
The rate of fatigue crack growth, dc/dN, as a func-
tion of 1K is shown in Fig. 1 for each of the three
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TABLE I Chemical composition of the material wt(%)

Tic TiN WC TaC Mo Ni Co

26 26 15 11 6 8 8

TABLE I I Mechanical properties of the material

Young’s modulus (GPa) 442.38
Fracture toughness (MPam1/2) 10.8
Bending strength (MPa) 2000
0.03% Yield strength (MPa) 1600
Poisson’s ratio 0.230

Figure 1 Relationships between dc/dN and stress intensity factor range,
1K , at several stress ratios.

R values, 0.1, 0.7, and 0.9. The slopes of the lines
through the data increase withR value from 13 for
R= 0.1 to 30 forR= 0.7, and to 60 forR= 0.9. These
high slopes, particularly at the higherR values indicate
that the fatigue crack growth behavior of the cermet is
more like that of a ceramic than a metal. From these re-
sults the rate of fatigue crack growth for eachR value
can be approximated by

a. ForR= 0.1,
dc

dN
= 10−16.51K 13 (1a)

b. ForR= 0.7,
dc

dN
= 10−161K 30 (1b)

c. ForR= 0.9,
dc

dN
= 1051K 60 (1c)

Further, when the data are plotted as a function ofKmax
as in Fig. 2, it is seen that at growth rates of the order of
10−7 m/cycle the rate of fatigue crack growth is more
dependent uponKmax than uponR, another indication
of non-metallic like behavior.

The process of fatigue crack propagation as viewed
on a micro-scale was highly erratic, particularly at the

Figure 2 Relationships between dc/dN and the maximum stress inten-
sity factor,Kmax, at several stress ratios.

lower growth rates underR= 0.1 loading, due to the
interaction of the crack with particles. In fact the local
growth rate could decrease by as much as three orders
of magnitude below the average growth rate over a dis-
tance of 25µm. These dramatic decreases in growth
rate occurred where the crack tip was blocked by a par-
ticle. With further cycling the crack would either pro-
ceed in the binder-particle interface or perhaps appear
in the binder phase beyond the particle either due to the
re-initiation of the crack or to emergence of the sub-
surface crack. When a crack appeared beyond a parti-
cle an unbroken ligament was left behind at the surface.
Until this crack-bridging ligament failed it served to re-
duce the rate of crack growth by reducing the crack tip
opening displacement, as in the case of ceramics. At
the higher crack growth rates, the arrest of a crack at
a particle was less pronounced since particle cracking
occurred more frequently.

Fig. 3 shows the appearance of a fatigue crack which
was developed underR= 0.1 loading atKmax levels
of 3.5 MPa m1/2 and at 5.0 MPa m1/2. The cor-
responding crack growth rates were 3.3× 10−9 and
4.2× 10−8 m/cycle, respectively. An examination of
the fracture profile which was developed atR= 0.1 in-
dicated that at the lowest crack growth rates the crack
usually propagated in a zig-zag manner in the binder
phase in order to bypass the particles. However, with
increase in crack growth rate the crack became some-
what straighter due to the cracking of particles in the
crack path. For example, due to zig-zagging, at a growth
rate of 6× 10−12 m/cycle underR= 0.1 loading the ac-
tual crack path as compared to a straight path was 25%
longer, whereas at a growth rate of 2× 10−7 m/cycle the
crack path was only 15% longer. A similar decrease in
total crack path with increase in crack growth rate was
noted atR= 0.9. It was also observed that the number of
cycles spent in getting a blocked crack to re-propagate
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Figure 3 Typical examples of the morphologies of a propagating crack at a stress ratio of 0.1.

increased with increase inRvalue, and that forR= 0.7,
an increase in1K with Kmax held constant, i.e., a de-
crease inR value, resulted in a decrease in the number
of cycles needed for re-propagation.

4. Discussion
Prior research on fatigue crack growth in particle-
strengthened material has shown that the plastic zone
size, Rp, is an important parameter affecting fatigue
crack growth behavior. For example, Shanget al. [9]
found that when a fatigue crack was blocked by a SiC
particle in a SiC reinforced aluminum composite, the
crack would only continue to propagate if the crack-tip
plastic zone size was larger than the particle size,dm.
Li et al.[10] came to a similar conclusion in the case of
Al2O3 reinforced aluminum composite. It is therefore
of interest to compare this parameter with fatigue crack
growth behavior of the cermet under consideration. For
this purpose the monotonic plastic zone size was calcu-

TABLE I I I Plastic zone size atKmax,th

R Kmax,th (MPa m1/2) Rp (µm) Rp/dm

0.1 2.9 1.04 1.12
0.7 3.5 1.52 1.64
0.9 4.1 1.98 2.14

dm: diameter of hard particle.

lated using the following standard relation due to Irwin
[11]:

Rp = 1

π

(
Kmax

σYS

)2

(2)

where σYS is the yield stress, which in this case is
1600 MPa. Table III lists the values ofRp at thresh-
old for eachR ratio, and it is seen that the Shang-Li
criterion for propagation was satisfied for allR val-
ues. In fact atR= 0.9 the plastic zone size was twice
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the particle size, and this may be why at thisR value
both particle failure at low growth rates as well as a
steep slope to the dc/dN plot were observed. In ad-
dition consideration should be given to the possibility
of humidity-induced stress corrosion cracking at high
Kmax values.

At threshold, the rate of fatigue crack growth was
dependent upon both the mean stress and the range of
stress as shown in Fig. 1. However at rates of growth
above 10−7 m/cycle, the rate of growth became inde-
pendent ofR and dependent onKmax, Fig. 2. In this
range the monotonic plastic zone size was four times
the particle size, and particle fracture was frequently
observed at allR levels.

A summary ofKmax and1K values as a function of
R is given in Fig. 4 for the threshold condition and for
a growth rate of 10−7 m/cycle.

A prediction of the fatigue lifetimes of smooth spec-
imens was made based upon the integration of Equa-
tion 1. To make the predictions it was assumed that in

Figure 4 Variation of Kmax and1K values at constant crack growth
rates as a function of the stress ratio,R.

Figure 5 A comparison of predicted (solid and dashed lines) and exper-
imental fatigue lives at twoR values.

a smooth specimen the size of the initial defect,2c,
was 0.006 mm, and that the critical crack size,2c, was
1 mm. The results of such calculations for twoR val-
ues are shown in Fig. 5 where they are compared with
the experimental results. It is seen that the agreement
between the predicted and the experimental results is
quite good.

5. Conclusions
The effects of the stress ratio on the fatigue crack growth
behavior of small cracks in a cermet were investigated.
The following conclusions were reached:

1. At fatigue crack growth rates near the threshold
the crack growth rate depended upon both1K and the
R value.

2. The strong dependence of the crack growth rate on
1K was more ceramic-like than metal-like in nature.

3. At growth rates above 10−7 m/cycle the fatigue
crack growth rate becameKmax dependent and inde-
pendent of theR value.

4. At low rates of crack growth atR= 0.1 the crack
propagated primarily in the binder phase. At the higher
R values and low rates of growth the crack propagated
in the binder phase as well as through the particles.

5. With increase inKmax an increasing fraction of
the crack propagation path was through the particles.

6. An excellent correlation between experimental
and calculated fatigue lifetimes was obtained.
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