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Abstract: Two types of fatigue tests, a rotating bending fatigue test and a three- or four-point bending fatigue test, were carried out 
on a fine grained WC−Co cemented carbide to evaluate its fatigue crack growth behavior and fatigue lifetime. From successive 
observations of the specimen surface during the fatigue process, it was revealed that most of the fatigue lifetime of the tested WC−Co 
cemented carbide was occupied with crack growth cycles. Using the basic equation of fracture mechanics, the relationship between 
the fatigue crack growth rate (da/dN) and the maximum stress intensity factor (Kmax) was derived. From this relation, both the values 
of the threshold intensity factor (Kth) and the fatigue fracture toughness (Kfc) of the material were determined. The fatigue lifetime of 
the WC−Co cemented carbide was estimated by analysis based on the modified linear elastic fracture mechanics approach. Good 
agreement between the estimated and experimental fatigue lifetimes was confirmed. 
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1 Introduction 
 

WC−Co cemented carbides have been widely used 
for cutting tools, die tools, and machine parts because 
they have excellent wear resistance superior to that of 
tool steels. To use them effectively without fracture 
failure, it is important to understand their fatigue crack 
growth behavior and fatigue lifetime. 

FUJIWARA et al [1] clarified the fatigue fracture 
properties of hot-isostatic sintered WC−Co cemented 
carbides by comparing with those of conventionally 
sintered cemented carbides. OTSUKA et al [2] studied 
the effect of the stress ratio on the fatigue lifetime of 
cemented carbides. SAKAGAMI et al [3] clarified the 
effects of the WC grain size and Co content on the 
fatigue characteristics of cemented carbides. 
SCHLEINKOFER et al [4] investigated the fatigue 
behavior of hard metals and cermets under cyclic 
mechanical loading. Although many studies on the 
fatigue lifetime of WC−Co cemented carbides have 
already been reported as indicated above, the number of 

papers that describe the quantitative analysis of the 
fatigue behavior of these materials is limited. Thus, more 
detailed studies are required to predict their fatigue 
lifetime and clarify their fatigue mechanism. 

A few investigations have focused on the fatigue 
crack growth behavior of WC−Co cemented carbides. 
TORRES et al [5,6] studied the effects of the WC grain 
size and Co content on the fatigue crack growth  
behavior. They found a relationship between the fatigue 
limit and the threshold level for the fatigue crack growth 
(Kth). They also pointed out that the cyclic crack growth 
behavior is significantly determined by the maximum 
stress intensity factor (Kmax). ISHIHARA et al [7] carried 
out the fatigue tests using the WC−Co cemented carbide 
to investigate the effect of the stress ratio on its short 
fatigue crack growth behavior. They [8] also performed 
the repeated thermal shock tests on this material to study 
the thermomechanical effects on its fatigue crack growth 
behavior. It was clarified that the rate of fatigue crack 
growth in the material was mainly determined by Kmax at 
high Kmax values , and that this feature was enhanced at 
high temperatures. HIROSE et al [9] performed the fatigue 
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tests using WC−Co cemented carbides to investigate the 
effects of the stress ratio and Co content on their fatigue 
crack growth behavior. They found a clear effect of the 
stress ratio on the fatigue crack growth behavior of these 
materials. It was concluded that the Co binder-phase 
transformation induced by cyclic fatigue loading 
significantly affects the fatigue crack growth behavior. 
Despite the summary of the reviews given above, the 
effect of the stress ratio on the fatigue lifetime of 
WC−Co cemented carbides is still unknown. Thus, 
further studies are required to resolve the above issue. 

In this work, two types of fatigue tests were carried 
out on the fine-grained WC−Co cemented carbides to 
evaluate its fatigue crack growth behavior and fatigue 
lifetime. Furthermore, from the obtained results, its crack 
growth behavior was analyzed on the basis of the 
modified linear elastic fracture mechanics approach. The 
analysis method used in this work was developed by 
MCEVILY et al [10,11], who showed the effectiveness of 
the method for the evaluation of fatigue lifetime of 
ductile materials, such as aluminum alloy [10] and  
magnesium alloy [12], and also high-strength materials, 
such as high-speed steel [13]. In the present study, the 
modified linear elastic fracture mechanics approach was 
employed to estimate the fatigue lifetime of the WC−Co 
cemented carbides. 
 
2 Experimental 
 
2.1 Material and test specimens 

In this work, a commercially available fine-grained 
WC−Co cemented carbide was used as the test specimen. 
Tables 1 and 2 show the chemical composition and 
mechanical properties of the WC−Co cemented carbide, 
respectively. Its microstructure is shown in Fig. 1. The 
average diameter of WC grain is approximately 0.8 μm. 
 
Table 1 Chemical composition of test specimen (mass 
fraction, %) 

Co Cr W, C 
13.0 0.51 Bal. 

 
Table 2 Mechanical properties of test specimen 

Parameter Value 
Elastic modulus/GPa 550 

Fracture toughness/(MPa·m1/2) 12.1 

Bending strength/GPa 4.1 

Vickers hardness, HV 1480 

 
2.2 Experimental procedure 
2.2.1 Fatigue test 

To evaluate the fatigue lifetimes, some types of 
fatigue tests, a rotating bending fatigue test at a stress 

ratio of −1 (R=−1), a four-point bending fatigue test at 
R=0.1, 0.2, and a three-point bending fatigue test at R= 
0.5 were conducted at 10 Hz in laboratory air at room 
temperature. For all fatigue tests, the hourglass-shaped 
specimen with a minimum diameter of 3 mm shown in 
Fig. 2(a) was used. The specimen surface was ground to 
a surface roughness (Ra) of 0.1 μm or less. 
 

 
Fig. 1 Microstructure of WC−Co cemented carbide showing 
average WC grain diameter approximately of 0.8 μm 
 

 
Fig. 2 Dimensions of test specimens used for fatigue test (Unit: 
mm): (a) Plane specimen (unnotched specimen); (b) Notched 
specimen 
 
2.2.2 Short surface crack growth test 

To evaluate the crack growth rate of a short surface 
crack, a rotating bending fatigue test was conducted 
under the same conditions as above. A notched specimen 
was used to determine the fatigue crack growth behavior. 
Figure 2(b) shows the notched specimen. For the notched 
specimen, the artificial notch with a length of 80 μm, a 
width of 20 μm, and a depth of 40 μm was introduced 
into the specimen by laser beam machining. 

The fatigue test was interrupted at constant intervals 
to obtain a replica of the specimen surface. The crack 
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length recorded on the replica was determined using an 
optical microscope. To calculate the maximum stress 
intensity factor (Kmax), the following expression was 
used: 

 

aYK πamax σ=                                                            (1) 
 
where σa is the stress amplitude; a is the half crack  
length; and Y is a crack-shape correction factor. A value 
of 0.73 was used for Y assuming that the crack shape is 
semi-circular [14]. 
2.2.3 Long through crack growth test 

In addition to the crack growth behavior of a short 
surface crack, the crack growth behavior of a long 
through-thickness crack was evaluated using the compact 
tension specimen shown in Fig. 3. The crack length was 
measured using the replication technique as mentioned 
above. To calculate the stress intensity factor (K), the 
following expression was used [15]: 

 

)(2/1 αf
tW

PK ⋅=                                                           (2) 

 

W
a

=α                                                                           (3) 

 
and 
 

−+−++= 32 72.1432.1364.4886.0)(2[()( αααααf  
2/34 )1/()]6.5 αα −                                              (4) 

 
where P is the applied load; t is the specimen thickness; 
W is the specimen width; and α  is the crack length. 
 

 

Fig. 3 Dimensions of test specimen used for CT test (Unit: 
mm) 
 

The crack opening stress intensity factor (Kop) 
during a loading cycle was determined with the 
unloading elastic compliance method [16] by affixing 
strain gauges ahead of the crack tip. 

 
3 Results 
 
3.1 S−N curves 

Figure 4 shows S−N curves of specimens at stress 
ratios of R=−1, 0.1, 0.2 and 0.5. The results in Fig. 4 
were obtained from rotating bending fatigue tests at 
R=−1, from four-point bending fatigue tests at R=0.1 and 
0.2, and from four-point bending fatigue tests at R=0.5. 
The vertical axes in Figs. 4(a) and (b) are the stress 
amplitude σa and the maximum stress σmax, respectively. 
It can be seen from Fig. 4(a) that the fatigue limits are 
estimated to be 1.7 GPa (R=−1), 1.35 GPa (R=0.1), 1.25 
GPa (R=0.2) and 0.9 GPa (R=0.5), respectively. 
Furthermore, from Fig. 4(a), it is evident that the stress 
amplitude (σa) at a constant fatigue lifetime increases 
with a decrease in the value of R. On the other hand, in 
Fig. 4(b), the maximum stress (σmax) at a constant fatigue 
lifetime decreases with a decrease in the value of R. 
 

 

Fig. 4 S−N curves for test specimens: (a) Relationship between 
σa and Nf; (b) Relationship between σmax and Nf 
 
3.2 Crack growth behavior 

Successive observations of the specimen surface 
during the fatigue process of the unnotched specimen 
were performed. It was found that the fatigue crack 
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initiates early during the fatigue process. Thus, most of 
the fatigue process was found to be occupied with the 
crack growth period. 

Figure 5 shows the relationship between the crack 
growth rate (da/dN) and the maximum stress intensity 
factor (Kmax) for both the short surface fatigue crack and 
the long through fatigue crack. The experimental data are 
approximated well by the dotted curve, which represents 
the basic equation of fracture mechanics (Eq. (5)). From 
the relationship, the threshold stress intensity factor (Kth) 
and the fatigue fracture toughness (Kfc) of the material 
are estimated to be 4.7 and 10 MPa·m1/2, respectively. 
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Fig. 5 Relationship between da/dN and Kmax 
 
4 Discussion 
 
4.1 Derivation of S−N curves using parameter M 

MCEVILY et al [10,11] proposed a method of 
analyzing the crack growth behavior based on the 
modified linear elastic fracture mechanics approach. This 
approach includes the consideration of elastic-plastic 
behavior, the development of the crack closure, and the 
relationship between the threshold for fatigue crack 
growth and the endurance limit. To derive the S−N 
curves for the test specimens, this analysis was also 
performed. In this approach, the crack growth rate 
(da/dN) is expressed as 
 

2/dd AMNa =                                                                (6) 
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effthminopmax ))(e1( KKKk Δ−−− − λ
                       (7) 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
= 1

2
π

sec
2
1

y

max

σ
σ

F                                                (8) 

where re is the effective length dimension; λ is the length 
of the newly formed crack; Kopmax is the maximum crack 
opening stress intensity factor; Keffth is the threshold of 
the effective stress intensity factor range, and σy is the 
bending strength in substitution for the yield strength. 
The first term on the right side of Eq. (7) reflects the 
elastic-plastic behavior near the crack tip as well as the 
relationship between the threshold for fatigue crack 
growth and the endurance limit. The second term on the 
right side of Eq. (7) defines the development of crack 
closure. The last term on the right side of Eq. (7) is the 
threshold of the effective stress intensity factor range, 
below which the crack cannot propagate. 

Figure 6 shows a log−log plot of the relationship 
between the crack growth rate (da/dN) and the modified 
linear elastic fracture mechanics parameter (M). The 
values of the parameters used for the calculation of M are 
listed in Table 3. In Fig. 6, the data for the short surface 
fatigue crack obtained from the rotating bending fatigue 
tests performed at R=−1 are plotted. In accord with   
Eq. (9), the slope was set at 2. As can be seen from the 
figure, the relationship between da/dN and M for the 
cemented carbide can be expressed as 
 

210101/dd MNa −×=                                                       (9) 
 

It is possible to regard the crack propagation 
lifetime (Np) as being equal to the total fatigue lifetime 
(Nf) because the initial fatigue crack was observed in the 
early stage of the fatigue process. The crack propagation 
lifetime can be estimated by numerically integrating   
Eq. (9) from the initial crack length of 2re [10] to the 
final crack length, which can be determined from the 
fatigue fracture toughness (Kfc) using Eq. (1). Figure 7 
shows a comparison between the experimental data and 
 

 
Fig. 6 Relationship between da/dN and M 
 
Table 3 Parameters used for calculation of M 
Kopmax/(MPa·m1/2) Keffth/(MPa·m1/2) A σy/MPa k/m−1

2.9 4.7 1.0×10−10 4100 6000
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Fig. 7 Comparison between experimental data and calculated 
results: (a) Relationship between σa and Nf; (b) Relationship 
between σmax and Nf 
 
calculated results. As can be seen from the figure, the 
calculated S−N curves are in good agreement with the 
experimental data for both R values. 
 
4.2 Estimation of relationship between σa and σm 

Figure 8 shows the relationship between the stress 
amplitude (σa) and the mean stress (σm), where the 
fatigue lifetime, i.e., 1×107 cycles, is taken as a 
parameter. In the figure, the experimental data and the 
results predicted using the relationship between da/dN 
and M are shown for the comparison. In addition, the 
Gerber diagram and the modified Goodman diagram are 
also shown in the figure. It can be seen that the 
predictions based on parameter M are in good agreement 
with the experimental data. Furthermore, the relationship 
between the stress amplitude (σa) and the mean stress  
(σm) closely fits the Gerber diagram [17] (Eq. (10)) rather 
than the modified Goodman diagram [17] (Eq. (11)).  

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

2

B

m
wa 1

σ
σσσ                                                   (10) 

 

 
Fig. 8 Relationship between stress amplitude (σa) and mean 
stress (σm) 
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In Eqs. (10) and (11), σw is the fatigue limit for 

R=−1, and σB is the bending strength in substitution for 
the tensile strength. 
 
5 Conclusions 
 

1) S−N curves were obtained at different stress 
ratios (R). The stress amplitude (σa) at a constant fatigue 
lifetime increases with a decrease in the value of R. 
However, the reverse is true for the relationship between 
the maximum stress (σmax) and the number of cycles to 
failure (Nf). 

2) Most of the fatigue process was found to be 
occupied with the crack growth period. The relationship 
between (da/dN) and (Kmax) expressed by Eq. (5) was 
obtained for the present material. The threshold stress 
intensity factor (Kth) and the fatigue fracture toughness 
(Kfc) of the material were evaluated to be 4.7 and 10 
MPa·m1/2, respectively. 

3) The calculated S−N curves at different R values 
of using the modified linear elastic fracture mechanics 
approach are in good agreement with the experimental 
curves. 

4) The predicted relationship between the stress 
amplitude (σa) and the mean stress (σm) based on 
parameter M is in good agreement with the experimental 
data. Furthermore, the relationship between σa and σm 
expressed by the Gerber diagram closely matches the 
experimental relationship obtained for the cemented 
carbide. 
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摘  要：通过两种疲劳试验：旋转弯曲疲劳试验和 3−或 4−点弯曲疲劳试验测试细晶 WC−Co 硬质合金的裂纹生

长行为和疲劳寿命。疲劳试验结果表明：所测试的大部分 WC−Co 硬质合金的疲劳寿命取决于裂纹生长周期。利

用断裂力学基本方程推导出疲劳裂纹生长速率(da/dN)和最大应力强度因子(Kmax)的关系。根据此关系，获得材料

的强度因子阈值(Kth)和疲劳断裂韧性值(Kfc)。基于修正的线性弹性断裂力学方程，对 WC−Co 硬质合金材料的疲

劳寿命进行计算，疲劳寿命的计算结果与实验结果吻合较好。 

关键词：WC−Co 硬质合金；疲劳寿命；裂纹生长速率；应力强度因子 
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