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Abstract. Fully reversed torsional fatigue tests were conducted to elucidate the behaviour of
shear-mode crack initiation and propagation in one martensitic and two bainitic steels. The 
relationship between the crack initiation site and microstructure was investigated by means of an
electron backscatter diffraction (EBSD) technique. From the S-N diagram, two notable results 
were obtained: (i) the shear-mode crack was initiated on the prior austenitic grain boundary in 
martensitic steel, while in bainitic steels, the crack was initiated along the {110} plane; one of the 
slip planes of bcc metals, and (ii) the torsional fatigue limit of lower bainitic steel with finer grains 
was 60 MPa higher than that of upper bainitic steel with coarser grains even though the 
hardnesses were nearly equivalent. The mechanism determining the torsional fatigue strength in 
these steels is discussed from the viewpoint of microstructure morphology.

1 Introduction  
Rolling contact fatigue (RCF) is one of the critical 
failure modes in the components with Hertzian contact 
surfaces such as ball bearings, back-up rolls and rail and 
wheel systems in trains. With the aim of improving the 
RCF strength, considerable efforts have been made 
especially in improving the cleanness of material [1, 2].
However, the improvement of cleanness does not result 
in the improvement of the strength in case that non-
metallic inclusions no longer affect the crack initiation in
RCF process [3, 4]. In other words, there is a threshold
inclusion size at which the fracture origin changes from 
inclusions to microstructural features. Namely, to 
improve the RCF strength effectively, two factors should 
be considered: the threshold size of detrimental inclusion
for each microstructure, and an alternative fracture origin 
when cleanness is below the threshold. 

Several studies have focused on the transition point 
of the fracture origin from the defect to the matrix. For 
example, Murakami et al. [3] documented that the 
fatigue limit increases with a decrease in the size of
defect (e.g. hole and inclusion). The defect smaller than 
a certain size is no longer detrimental to the strength,
below which the reduction of defect size does not lead to 
the improvement of strength. Most of the existing studies
have targeted the opening-mode (mode I) crack. By 
contrast, number of studies on shear-mode (modes II and 

III) crack is limited, though shear-mode crack growth 
plays a significant role in the RCF process [5-8].
Allegedly, such a transition of the crack initiation site 
also occurs in the shear-mode cracking; however, the 
phenomenon is still unclear. Therefore, the first purpose 
of this study is to elucidate the transition behaviour of
the initiation site in the case of shear-mode cracking. 

Elucidating potential initiation sites in the matrix – 
except the inclusions – are also important when the 
cleanness exceeds a certain point. For martensitic and 
bainitic steels, several researchers have pointed out in 
the case of uni-axial loading that crack initiation site is
dependent on the material type and microstructure. For 
example, prior austenitic grain boundary in martensitic 
steels [9, 10], {110} slip planes or bainitic lath/block 
interface in bainitic steels [11] and martensite-austenite 
constituent [12] have been reported as crack initiation 
sites. However, it has not yet been clarified which 
microstructural feature dominates the shear-mode crack 
initiation in each case. To improve the RCF strength of 
materials, a better understanding of the role of 
microstructure on the shear-mode initiation is necessary; 
and is therefore the second purpose of this study.

In this study, in order to reveal the initiation behavior 
of shear-mode crack, torsional fatigue tests were 
conducted using a martensitic steel and the two types of 
bainitic steel with or without drill holes. In addition,
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shear-mode crack initiation sites, except for the inclusion 
or defect, are discussed employing the EBSD technique.

2 Experimental  
Three types of material were prepared. The first material
is JIS-SKD61, called “back-up roll steel” (BR), whose 

chemical composition is 0.45C-5Cr-0.8Mo-0.3V. The 
second material is called “alloy steel for marine shaft” 
(MS), whose chemical composition is 0.4C-1Cr-0.5Mo.
The BR was heat-treated at 1030 °C for 0.5 hours, then 
subsequently oil-quenched and tempered at 515 °C to 
obtain a martensitic microstructure. The MS was heat-
treated to obtain two types of microstructure: upper 

bainite (MS-U) and lower bainite (MS-L). The 
microstructure and mechanical properties of each 
steel are shown in Fig. 1 and Table 1, respectively. 
In Figs. 1 (a), (c) and (e), crystal orientations are
shown. In Figs. 1 (b), (d) and (f), red lines 
represent the high-angle grain boundaries on which 
the crystal misorientation is 15° or greater. The 
density of the high-angle grain boundary is higher 
in MS-L than in MS-U, meaning that MS-L has 
smaller grains. It is noted that MS-L occasionally
includes coarse-grains as indicated by yellow 
arrows in Fig. 1 (f).

Cylindrical specimens were machined from 

Fig. 1 Crystal orientation (a, c and e) and high-angle grain boundary traces (b, d and f) of martensitic steel SKD61 (a and b), upper 
bainitic steel (c and d) and lower bainitic steel (e and f). Yellow arrows indicate coarse grains.

Table 2 Mechanical properties of martensitic steel JIS-SKD61 (BR), 
upper bainitic steels (MS-U) and lower bainitic steel (MS-L). 

BR MS-U MS-L

Vickers hardness, HV 560 329 334

0.2% proof stress, σ0.2 1384 MPa 0895 MPa 0943 MPa

Tensile strength, σB 1823 MPa 1064 MPa 1059 MPa

Reduction in area, φ 33.6% 56.0% 66.0% 
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these materials. The dimensions of the parallel part are 
6.5 mm in diameter and 13 mm in length in BR 
specimens, and 5 mm in diameter and 21 mm in length 
in the MS specimens. The specimen surface was buffed 
with a diamond paste after emery polishing. In some BR
specimens, a drill hole of 100 μm or 200 μm in diameter 
and depth was introduced onto the centre of parallel part. 

Torsional fatigue tests were conducted at stress ratio, 
R, of −1 and test frequencies of 45 ~ 50 Hz. In the test of 
BR specimens, a static axial compression of 1000 MPa 
was superimposed on cyclic torsion to facilitate the crack 
growth in shear-mode direction by supressing the 
opening-mode crack branching. Fatigue tests were
periodically halted to observe crack growth behavior by 
means of the plastic replica method. 

The crystal orientation and misorientation angles of 
grain boundaries in each microstructure were analysed 
before and after the fatigue tests by using EBSD. 
Surface of all the samples was finished with buff 
polishing using colloidal silica. Step size for the EBSD 
analysis was 0.5 μm and the acceleration voltage was 15 
kV.

3 Results and discussion  

3.1. Results for back-up roll steel  

In Fig. 2, S-N data of BR are presented. Black circles 
denote the results of smooth specimens, and red 
rectangle and green diamond denote those of holed 
specimens. It seems that both the holes of 100 μm and 
200 μm led to no significant degradation of the fatigue 
life of BR. In the case of 100 μm hole, no crack initiated
from the hole, whereas in the case of 200 μm, opening-
mode cracks propagated from the hole in the directions 
oblique to the specimen axis, demonstrating that a defect
smaller than 100 μm in size does not degrade the fatigue 
strength of BR.

Fig. 3 (a) shows a crack after the fatigue test at stress 
amplitude τa of 540 MPa. Considering the directions of 
crack branching, any point in the region surrounded by 
red broken line was assumed to be the crack initiation 
site. Fig. 3 (b) presents the crystal orientation around the 
crack initiation site. The microstructure around the crack 
can clearly be divided into two regions: the upper region, 
coupled with the colours blue, red and orange, and the 
lower region, coupled with the colours green, yellow and 
orange. The difference in colours represents the different 
prior austenite grains, meaning that the crack initiation 
site was the prior austenite grain boundary.  

3.2. Results for alloy steel for marine shaft  
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Brue triangles and red reversed triangles in Fig. 2 show 
the S-N data of MS-U and MS-L, respectively. Two 
notable results were obtained. Firstly, the fatigue
strength of MS-L had a large scatter. Secondly, the 
fatigue strength of MS-L was more than 60 MPa as high 
as that of MS-U. Fig. 4 shows the fracture surfaces of 
MS-L and MS-U, where no defect (e.g. inclusion) was
found at crack initiation sites. The result inferred that the 
cracks were initiated in the matrix. 

Fig. 5 (a) presents the crack growth behaviour in an
MS-U specimen tested at τa = 280 MPa. Firstly, a fatigue 
crack was initiated and grew in shear-mode in the 

matrix, and subsequently branched into opening-mode. 
To investigate the initiation site of the shear-mode crack, 
crystal feature was investigated employing EBSD. Fig. 5 
(b) shows the crystal orientation around the crack 
initiation site in MS-U, indicating that the shear-mode 
crack was initiated and propagated transgranulary. In 
Fig. 5 (c), red lines represent the high-angle grain 
boundaries (misorientation of 15° or greater), whereas 
blue lines represent the {110} planes. The result clearly 
exhibits that the shear-mode crack was initiated along 
{110} plane, which is one of the slip planes in bcc 
metals.

Fig. 2 S-N diagram of martensitic steel JIS-SKD61 (BR), 
upper bainitic steels (MS-U) and lower bainitic steel (MS-L). 

Fig. 3 Mopholorgy of shear-mode fatigue crack (a), 
and cristal orientaion mapping around the crack initia-
tion site (b) on the JIS-SKD61 (BR) martensitic steel.
The region surrounded by red broken line was assumed 
to be the crack initiation site. 

Fig. 4 Initiation site of shear-mode crack on fracture sur-
face. MS-U tested at τ

a
= 240 MPa (a), and MS-L tested at 

τ
a

= 310 MPa. 
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In MS-L, non-propagating cracks were observed in 
unbroken specimens as demonstrated in Fig. 6 (a). Fig. 6 
(b) presents the crystal orientation around the non-
propagating crack, exhibiting that the shear-mode crack 
was transgranulary initiated also in MS-L. In Fig. 6 (c), 
the high-angle grain boundaries and {110} planes were
presented, exhibiting that the shear-mode crack was 
initiated along the {110} plane, as was the case with
MS-U. The microstructure around the crack was coarser
than surroundings, and the crack was arrested in the 
region with finer grains.

3.3. Effect of microstructural morphology on 

shear-mode crack initiation  

As demonstrated above, the crack initiation site varied
from intergranular to transgranular, i.e. a grain boundary 
in the martensitic steel and {110} slip planes in the 
bainitic steels. In the following, the reason for the
difference is discussed. 

Overall, the intergranular fracture occurs only in a
limited number of cases. For example, it has been 
reported that intergranular fracture occurs by hydrogen 

Fig. 5 Crack growth behavior on the MS-U upper bainitic steel 
tested at τa = 280 MPa (a-1~5), crack orientation mapping (b) 
and high-angle grain boundary traces (c) around the crack 
initiation site indicated by red broken line in (a-5). The applied 
cycles are 1.7×105 cycles in (a-1), 2.7×105 cycles in (a-2), 
3.7×105 cycles in (a-3), 4.7×105 cycles in (a-4) and 5.2×105

cycles in (a-5). 

Fig. 6 Non-propagating crack observed in an MS-L specimen,
tested at 320 MPa (a-1~3), crystal orientation mapping (b) and 
high-angle grain boundary traces (c) around the non-
propagating crack. The applied cycles are 5.0×105 cycles in (a-
1), 2.0×106 cycles in (a-2) and 1.0×107 cycles in (a-3). 
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embrittlement [13], tempering embrittlement [10, 14],
intergranular segregation [15-17] and so on [18]. In 
addition, also in the case of cyclic shear loading under 
crack opening stress, intergranular cracking occurred
[19, 20].

In BR having martensitic microstructure, it is 
assumed that an intergranular segregation occurred in the 
tempering process, weakening the grain boundary, in 
which the responsible elements in BR are P and S [16].
The existence of such an intergranular segregation 
should be investigated in the future to make ensure its
role on the fracture process.  

3.4. Mechanism determining torsional fatigue 
strength  

It is well known that the fatigue limit of matrix obtained 
via uniaxial fatigue tests is well correlated with Vickers 
hardness [21]: 
  w 1.6σ = HV (1)
This correlation predicts that the fatigue limits of two 
types of MS steel with equivalent hardness (HV ≈ 330)
are the same under uniaxial loading. However, in fact,
the torsional fatigue limit, τw, of MS-L was more than 60 
MPa, as high as that of MS-U. The followings are cited 
as possible causes.

It has been reported that high-angle grain boundary 
plays a significant role as an obstacle for the crack 
growth along slip planes [11, 12]. As was shown in Fig. 
1, MS-L had a higher density of the high-angle grain 
boundary than MS-U. This can contribute to the higher 
resistance against the shear-mode initiation and growth 
of microstructurally small crack.

In addition, the sizes of crack initiation units are 
different between MS-U and MS-L. As demonstrated 
above, shear-mode cracks were initiated along slip 
planes, meaning that one grain can act as the crack 
initiation unit. In MS-L, non-propagating cracks were 
observed at the fatigue limit. Namely, the fatigue limit of 
MS-L was determined by a crack growth threshold. In 
such a case, the grains, which are preferentially oriented 
to crack initiation, can act like an initial defect in the 
fatigue process. In MS-L, coarse-grained regions were
occasionally observed (cf. yellow arrows in Fig. 1(f)), 
which were confirmed to become crack initiation sites as 
shown in Fig. 6. The result infers that such a large grain 
can preferentially initiate the shear-mode crack in MS-L. 
It is assumed that the scatter of the maximum size of the 
coarse-grain resulted in the scatter of the fatigue strength 
of MS-L (cf. Fig. 2), and the difference in the maximum 
grain size between MS-U and MS-L resulted in the 
difference in the fatigue limits, based on the weakest link 
hypothesis.

Conclusions 
To elucidate the role of microstructure on shear-mode 
fatigue crack behaviour, torsional fatigue tests were 
conducted with three types of steels with a martensite, an
upper bainite and a lower bainite. The following 
conclusions were obtained: 

(1) In the martensitic steel JIS-SKD61, the hole of 100
μm in diameter and depth did not affect the fatigue 
process. Thus, it is assumed that the defect smaller 
than 100 μm in size has no effect on the fatigue 
strength. 

(2) In the martensitic steel, shear-mode crack was 
initiated along the prior austenitic grain boundary, 
meaning that attention should be paid not only on 
increasing cleanness, but also on controlling the 
microstructure for improving the resistance of 
material against shear-mode cracking.  

(3) In both the two types of bainitic steel, shear-mode
cracks were initiated along {110} slip plane. Even 
in the lower bainitic steel with finer microstructure,
the cracks were preferentially initiated from a 
coarse-grained region. The results revealed that
controlling grain size is important to increase the 
torsional fatigue strength.
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