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ABSTRACT 
Delamination failure of ball and roller bearings, often characterized by white 

structure flaking (WSF), is a critical problem for assuring the structural integrity of 
automobile components, wind turbine gearboxes, etc. The WSF is intimately related to 
a shear-mode (mode II and mode III) fatigue crack subjected to cyclic shear stress in 
the presence of compressive stress. Also, WSF could occasionally be facilitated by 
invasion of hydrogen generated during operation. There are many reports that the 
hydrogen affects the mode I fatigue crack growth behavior and in addition, the lower 
the cyclic frequency, the higher the fatigue crack growth rate. This result implies that 
the similar frequency dependence would appear also for a shear-mode fatigue crack. 
However, the effect of frequency on the shear-mode fatigue crack growth in a hydrogen 
environment has not previously been clarified. The objective of the present study is 

therefore to investigate the frequency dependence oｆ the growth behavior of a small 

shear-mode fatigue crack. The material investigated was a bearing steel with a Vickers 
hardness of about 800. A torsional fatigue test was carried out for a round-bar 
specimen with a coaxially-introduced through-hole, circulating hydrogen-charging 
solution inside the specimen while testing. The statically-applied axial compressive 

stress was −1200 MPa and the cyclically-applied shear stress amplitude was 1000 
MPa. The testing frequencies were 0.1 Hz and 10 Hz. Consequently, it was found that 
shear-mode fatigue crack growth rate was accelerated in the presence of hydrogen and 
in addition, it increased significantly with decrease in cyclic frequency. 
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1. INTRODUCTION 
 
A rolling-element bearing, such as ball and roller bearings, is essential for the current 
industries, which is widely used for automobiles, aircrafts, wind turbines, etc. One of 
prevalent failure patterns are white structure flaking (WSF) or white etching crack 
(WEC) observed within bearings (Evans 2012, Evans 2013, Tanimoto 2011, Kino 2003, 
Tamada 1996, Fujita 2010). Some studies suggest that hydrogen generated by 
decomposition of lubricant due to cyclic shear under heavy pressure spreads into 
bearings. Hydrogen can easily penetrate and diffuse into material, and it facilitates the 
fatigue crack growth and degrades the mechanical properties. Also, it is known that 
WSF (WEC) is intimately related to a shear-mode (mode II and mode III) fatigue crack 
subjected to cyclic shear stress in the presence of compressive stress. Therefore, it is 
necessary to clarify the effect of hydrogen on the shear-mode fatigue crack growth 
behavior. However, only few investigations were conducted into this issue. 
There are many studies on the effect of cyclic frequency on Mode I fatigue crack growth 
behavior in a hydrogen environment. Tanaka (2007) investigated the effect of hydrogen 
on the fatigue properties of JIS-SCM435 using round bar specimens into which a small 
artificial defect was introduced. According to their results, Mode I fatigue crack growth 
rate, da/dN, of hydrogen-charged specimens was greater than that of uncharged 
specimens, and additionally, it increased with decreasing cyclic frequency. The cause 
of the acceleration of Mode I fatigue crack growth rate was interpreted by a mechanism 
that a crack extends its front forward without causing significant crack blunting in 
association with localization of slip bands enhanced by hydrogen (the HESFCG model) 
(Murakami 2008, Matsuoka 2008, Murakami 2012). Yamabe (2012) conducted Mode I 
fatigue crack growth tests using WOL (wedge opening loading) specimens of bearing 
steel and also observed the similar frequency dependence for hydrogen-charged 
specimens. Unlike the HESFCG model, they modelled another mechanism that the 
acceleration of growth rate was attributed to the initiation and successive coalescence 
of secondary cracks produced by hydrogen-induced deformation twins. Taking the 
results obtained for Mode I fatigue cracks into consideration, it is expected that the 
shear-mode fatigue crack growth rate, da/dN, could also depend on cyclic frequency in 
a hydrogen environment. However, there is little understanding for the effect of cyclic 
frequency on the growth behavior of a shear-mode fatigue crack.  

In the present study, the effect of cyclic frequency on the shear-mode fatigue crack 
growth behavior in a hydrogen environment was investigated by utilizing the continuous 
hydrogen-charging method developed in the previous study (Akaki 2017). 
 
2. EXPERIMENTAL METHOD 
 
2.1 Material and specimen 

The material used in this study was a bearing steel, JIS-SUJ2, which was almost 
the same material as used in commercial ball and roller bearings. The Vickers 
hardness was about 800. The shape and dimensions of specimen are shown in Fig.1. 
To circulate hydrogen-charging solution, a through-hole of 2 mm in diameter was 
introduced in the direction of specimen axis. Furthermore, a shallow notch with a radius 
of 6.5 mm and a depth of 0.75 mm was introduced in order to localize the crack 



  

initiation. The elastic stress concentration factors of the notch were Kt = 1.16 for axial 
loading and Kt = 1.06 for torsion. The notched region was finished by buffing with 
emery paper up to #2000. After that, electro-polishing was performed to remove a 
surface layer of about 50 m in thickness. The residual stress that was measured at 
notch root by the X-ray diffraction method before fatigue test was within ± 20 MPa. 

 
Fig. 1 Fatigue test specimen. (in mm) 

 
2.2 Continuous hydrogen-charging 

The mechanism of continuous hydrogen-charging is shown in Figs. 2 and 3 (Akaki 
2017). Hydrogen-charging was performed by circulation of an aqueous solution of 20 
mass% NH4SCN in a specimen. This procedure was started 48 hours prior to the actual 
fatigue test. The hydrogen-charging solution was exchanged within 3 days monitoring 
the pH value to maintain a sufficient hydrogen supply to the specimen during fatigue 
test. In this paper, the specimens fatigue-tested with and without hydrogen-charging 
are hereafter termed H-charging specimen and non-charging specimen, respectively. 
The measurement of hydrogen content in a specimen was performed based on thermal 
desorption analysis (TDA). 
 

 
Fig. 2 Cross section diagram of fixture    Fig. 3 3D illustration of fixture (Akaki 2017).  
with H-charging circulation mechanism  
(Akaki 2017). 
 
 



  

2.3 Fatigue test procedure 
Fatigue tests were carried out in air at room temperature using a servo-hydraulic 

combined axial/torsional fatigue testing machine. The nominal shear stress amplitude in 
cyclic torsion was a = 1000 MPa (the true shear stress amplitude was Kt a = 1060 

MPa). A nominal static compressive axial stress of s = −1200 MPa (the true static 
compressive axial stress was Kt s = −1390 MPa) was simultaneously applied to 
suppress a possible Mode I fatigue crack growth that causes kinking and branching. 
The test frequency, f, was either 0.1 Hz or 10 Hz. The stress ratio of cyclic shear stress 
was R = −1. Measurement of surface crack length was made by the replica method by 
halting the testing machine at every scheduled number of cycles. 
 
3. EXPERIMENTAL RESULTS 
 

Just after fatigue testing, the hydrogen content in the notched region of a specimen 
was measured with TDA up to 300 °C. Consequently, H-charging specimens tested at f 
= 0.1 Hz and f = 10 Hz contained hydrogen of 0.40 and 0.47 mass ppm, respectively. 

In the previous study (Akaki 2017), the fatigue test was carried out with non-
charging and H-charging specimens at a test frequency of f = 2 Hz under the same 

mechanical conditions of a = 1000 MPa, s = −1200 MPa and R = −1. From this 
result, it was found that both Mode I and shear-mode (Mode II on the surface) fatigue 
crack growth behaviours were greatly affected by hydrogen and thereby their rates 
were accelerated. In the present study, to investigate the effect of frequency in a 
hydrogen environment, fatigue tests of shear-mode cracks were carried out using H-

 
Fig. 4 Effect of frequency on Mode II crack growth behavior in H-charging and  

non-charging specimens subjected to a = 1000 MPa, s = −1200 MP at R = −1. 



  

charging specimens at two cyclic frequencies of f = 0.1 Hz and 10 Hz in addition to 
previous f = 2 Hz (Akaki 2017) under the same mechanical condition. 

Fig. 4 represents the relationship between fatigue crack length and number of 
cycles for the H-charging and non-charging specimens tested under the same 
mechanical conditions of a = 1000 MPa, s = −1200 MP and R = −1 but for 
different frequencies, f, of 0.1 Hz, 2 Hz and 10 Hz. In this figure, I, II and I+II indicate 
Mode I, Mode II and mixed Mode I and II fatigue crack growths observed on the surface 
of specimen, respectively. As shown in Fig. 4, the crack length, 2a, was defined by the 
length measured in the axial direction regardless of irregular crack path. From this 
figure, it is found that: 
(1) Hydrogen environment accelerated the crack growth rate. 

 

 
Fig. 5 Mode II crack growth behavior in H-charging specimens subjected to a = 

1000 MPa and s = −1200 MPa at R = −1 and different frequencies of (a) f =10 Hz 
and (b) f = 0.1 Hz (replica method). 



  

(2) H-charging specimen tested at f = 2 Hz and 0.1 Hz fractured by load cycling of 
approximately 1/4 or smaller number of cycles, Nf, compared to f = 10 Hz. 

(3) Nf for H-charging specimen tested at f = 10 Hz was comparable to that for non-
charging specimen tested at f = 2 Hz. 
Fig. 5 shows that the crack growth behavior at f = 0.1 Hz and 10 Hz observed in H-

charging specimens by the replica method. For H-charging specimen tested at f = 10 
Hz, the cracks that initiated from two collinear inclusions propagated in the axial 
direction and coalesced with each other. Subsequently, the crack continued to 
propagate in the form of shear-mode crack repeating small branching. Finally, the crack 
caused a large branching and steadily continued Mode I propagation in the 
approximately 45º direction with respect to the axial direction, leading to specimen 
fracture. The number of cycles to failure was 1.50×105 cycles. In contrast, for H-
charging specimen tested at a low frequency of f = 0.1 Hz, the number of cycles to 
failure was 3.06×104 cycles, i.e., about 1/5 smaller than at f = 10 Hz. A visible inclusion 
was not present at the crack initiation site but alternatively, a number of parallel cracks 
initiated closely in a specific area on the smooth surface. These multiple shear-mode 
cracks coalesced with each other and grew into a major shear-mode crack. The nearly 
pure shear-mode fatigue crack growth was confirmed at least until 3.05×104 cycles. 
Thereafter, the crack was branched and the specimen fractured immediately by a 
fatigue loading of only 80 cycles. At this low frequency, Mode I crack growth rate was 
thus markedly accelerated after branching in a hydrogen environment, despite the 
heavy compressive stress acting on the crack surface. 
 
4. DISSCUSION 
 

The average growth rate of shear-mode cracks, (da/dN) II, ave, from the crack 
initiation to complete Mode I branching was calculated to be (da/dN) II, ave = 1.24×10-9 
m/cycle for H-charging specimen tested at f = 10 Hz, while for f = 0.1 Hz, it was (da/dN) 

II, ave = 1.01×10-8 m/cycle, which was approximately 8 times greater than for f = 10 Hz, 
i.e., the effect of hydrogen became pronounced with decreasing frequency. In addition, 
Figs. 5(a) and 5(b) show the whole processes of fatigue crack growth behaviors in H-
charging specimens at f = 10 Hz and 0.1 Hz, respectively, which were observed by the 
replica method. In Fig. 5(a) for f = 10 Hz, a shear-mode crack propagated almost solely 
and after it reached a length, 2a, of 108 , many branched cracks were intermittently 
generated forming a multiple forked crack. This may be because a mechanical 
condition of branching was satisfied although the static compressive stress ( s = 

−1200 MPa) worked to suppress the continuous growth of Mode I branched cracks. 
When the crack length, 2a, reached 181 a continuous Mode I crack growth started 
but the acceleration of its growth rate is still low due to the heavy compressive stress 
component acting on the crack surface of a Mode I crack. This is similar to the results 
that were previously obtained for non-charging specimen tested at f = 2 Hz (Akaki 
2017) as well as the other result obtained in the absence of hydrogen (Matsumaga 
2010, Endo 2015). On the other hand, at a low frequency of f = 0.1 Hz, as seen in Fig. 
5(b), a number of in-line shear-mode cracks initiated simultaneously, then they 
propagated at comparatively high growth rate as a shear-mode crack and finally grew 
into a long shear-mode crack by their coalescence. The length of shear-mode crack (2a 



  

= 351 f = 10 Hz (2a = 181  In addition, the multiple 
forked crack that was observed at f = 10 Hz was not observed at f = 0.1 Hz. After Mode 
I branching, the specimen fractured immediately by load cycling of only 80 cycles. The 
difference in those crack growth behaviors is thus responsible for a significant 
difference in fatigue life, Nf, between f = 0.1 Hz and f =10 Hz. Yamabe (2012) 
conducted a Mode I fatigue crack growth test for a bearing steel of JIS-SUJ2 at 
different frequencies of f = 0.2 Hz, 2 Hz and 20 Hz. They reported that Mode I fatigue 
crack growth rate of hydrogen-charged specimens was strongly dependent on the 
cyclic frequency. They found that the secondary cracks ahead of a primary crack 
initiated by the influence of hydrogen and the fatigue crack growth rate was accelerated 
by their coalescing with the primary crack. In the present study of shear-mode fatigue 
crack growth, a secondary crack was not observed. However, because of both the 
coalescence of many coaxial cracks and the rapid shear-mode fatigue crack growth, 
the growth rate was significantly enhanced for a low frequency of 0.1 Hz. As a result, 
the shear-mode fatigue crack growth behavior had a similar tendency as Mode I fatigue 
crack growth behavior, i.e., the effect of hydrogen became greater for low frequency. 
This is commonly interpreted to be because more hydrogen can defuse and 
concentrate at crack tip in a cycle at low frequency. 

Both for f =10 Hz and f = 0.1 Hz, debris generated along the crack. Debris was in 
red-brown and thus it is considered to be an oxide powder caused by cyclic 
reciprocating sliding contact of crack surfaces. A larger amount of debris was observed 
for f = 10 Hz than for f =0.1 Hz. Further, as seen in Fig. 5, the crack is thicker for f = 10 
Hz than for f = 0.1 Hz. These results imply that the crack face interference could be 
greater for f = 10 Hz than for f = 0.1 Hz. Therefore, in the shear-mode crack growth, not 
only the slip localization is enhanced, but the sliding-mode crack closure may be 
inhibited by hydrogen. (Tschegg 1983, Tschegg 1983, Ritchie 1985). 
 
5. CONCLUSIONS 
 

The effect of cyclic frequency on the shear-mode fatigue crack growth behavior of a 
bearing steel of JIS-SUJ2 in a hydrogen environment was investigated. The frequency 
ranged from 0.1 to 10 Hz. The following results were obtained: 
(1) The growth rate of a shear-mode fatigue crack was significantly increased with 

decreasing frequency, i.e., the shear-mode fatigue crack exhibited a strong 
dependency of growth rate on frequency as well as a Mode I fatigue crack. 

(2) At low cyclic frequency, a number of small cracks initiated simultaneously in a 
specified region on the specimen surface and shortly they coalesced each other 
forming a shear-mode crack. The growth rate for both the shear-mode crack and 
the subsequent Mode I branched crack was very high, leading to rapid failure.  

(3) The shear-mode fatigue crack produced more debris and thereby it was thicker for 
high frequency than for low frequency. Therefore, the crack growth rate is 
considered to be influenced by sliding-mode crack closure in addition to the 
localization of slip deformation. 
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