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1.	 Introduction
Among the many parts that make up a railway vehicle, axles are 

considered the most important safety-related items because a broken 
axle can directly lead to derailment. The fatigue damage of axles has 
long been studied since A. Wöhler1) worked out the Wöhler diagram 
(S-N diagram) in the 19th century. Securing sufficient strength reli-
ability of axles is still an important challenge for mechanical engi-
neers.

Because of their construction, axles are provided with press-fit-
ted seats with wheels; these seats are subject to fretting fatigue un-
der certain circumstances. Therefore, studies on axle fatigue have 
focused on the phenomenon of axle fatigue due to the fretting of 
press-fitted seats.

This technical report first outlines the axles for railway vehicles 
and describes the salient characteristics of fretting damage—a phe-
nomenon that often occurs with axles. Then, concerning the fatigue 
properties of axles, especially the fretting fatigue property, the report 
explains the prediction of axle fatigue strength made by one re-
searcher by applying fracture mechanics. Finally, it presents the re-
sults of our recent fatigue test using full-scale axles.

2.	 Outline of Axles
At Nippon Steel & Sumitomo Metal Corporation, axles for rail-

way vehicles began to be manufactured as steel castings around 
1901 when the former Sumitomo Casting Works was established. 
They were eventually replaced by steel forgings in 1917. According 
to the company’s history, the materials used for these axles were 
purchased from the former government-managed Yawata Steel—the 

predecessor of the company. Since around 1955, they have been 
supplied by Wakayama Works. In the meantime, the efficiency of 
axle production improved dramatically thanks to the introduction of 
a high-speed precision forging machine, special heat-treatment line, 
etc. In the early 1960s, sometime before the opening of the Shinkan-
sen, the company developed induction-hardened axles having a 
larger load bearing capacity than conventional ones through a joint 
research project with the Japanese National Railways. These axles 
were first employed in electric locomotives and were later adopted 
in large quantities for the Shinkansen, established in 1964. However, 
the influences of shapes of press-fitted parts and induction hardening 
conditions on the fatigue strength of axles were not completely 
known. In fact, the induction hardening conditions and shapes of 
press-fitted parts have been continually improved through energetic 
research activities.

For the axles used in Japan, JIS E 4502 2,3) and JRIS J 0401 4) 
specify the axle classes, material chemical compositions and me-
chanical properties, manufacturing processes, representative shapes, 
etc. The axle specifications in JIS E 4502 are described in a separate 
article5) of this issue. In this technical report, we focus on the induc-
tion-hardened axles for high-speed railway vehicles specified in 
JRIS J 0401. The mechanical properties and heat treatment process 
specified for induction-hardened axles are shown in Table 1. As 
shown, the material is JIS S38C steel, and the mechanical properties 
are obtained after quenching and tempering (before induction hard-
ening).

Figure 1 shows induction hardening region in an axle.4) It can be 
seen that the entire axle surface is induction hardened, except for the 
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central part of each wheel seat to which a wheel is press fitted. For 
points A and B in the figure, JRIS J 0401 specifies that the effective 
core depth (i.e., the region exceeding HV400) before finishing 
should not be less than 2.5 and 4.0 mm, respectively.4) The reason 
why the central part of each wheel seat is not induction hardened is 
that a different method of induction hardening is applied to the gear 
side of wheel seat (stationary IH) and the counter-gear side of wheel 
set (scanning IH). Since a wheel is press fitted to each wheel seat, 
the stresses that occur in this part are sufficiently small to pose any 
problem of strength.

Figure 2 shows the distributions of Vickers hardness and axial 
residual stress in the hardened layer in the neighborhood of a wheel 
seat after induction hardening.6,7) As shown in Fig. 2 (a), the surface 
hardness is in the range HV500 to HV550, and the effective core 
depth is 4-5 mm. The hardness distribution was measured at a point 
corresponding to point B in Fig. 1, and hence, the above specifica-
tion (4.0 mm or more at point B) is met. According to Fig. 2 (B), the 
residual stress at the surface is a compressive stress of about −600 
MPa, and the depth at which the residual stress changes from com-
pressive to tensile is 10-20 mm.

3.	 Fretting Damage to Press-Fitted Seats of Axle
3.1	Characteristic of fretting damage

Each axle is used with a wheel press fitted to each of the two 
wheel seats, the larger-diameter portions near both ends of the axle, 
as shown in Fig. 1. (The axle press fitted with wheels is called a 
wheel set.) Unless otherwise specified by the client, the interference 
for wheel press-fitting (i.e., difference between wheel seat diameter 
and hub bore diameter) is so controlled that the press-fitting ratio 
(i.e., ratio of press-fitting interference to axle diameter) becomes 
1.4/1,000 for standard and 1.5/1,000 for maximum.8) As a result, the 
nominal contact pressure between the axle and wheel is 50-70 MPa.

Figure 3 shows the external forces that act upon a wheel set.9) 
As shown, a vertical force is applied near each end of the axle via a 
bearing, while a reaction force (also in vertical direction) is applied 
to the surface of contact between the axle and rail. In addition, in a 
curved railway section, a lateral force produced by the contact be-
tween the wheel and rail is applied toward the outer rail. At this mo-
ment, the wheel set is put under the typical rotational bending stress.

On the other hand, fretting refers to repeated occurrence of a mi-
croslip between contact surfaces. When fretting continues for a long 
period of time, a brown powder called cocoa gradually accumulates 

at the contact surfaces, from which the powder is then partly dis-
charged. This phenomenon is called fretting corrosion. Since fret-
ting causes the wear to progress and the fatigue strength to decline, 
the damage induced by fretting is called fretting damage.

Under no load, the axle and press-fitted wheels look like a com-
pletely solid thing. However, when they are put under a rotational 
bending load as shown in Fig. 3, the wheel deformation fails to 
completely follow up the axle bending deformation, and as a result, 
a micro relative slip induced by the difference in deformation occurs 
near the end of the press-fitted part as shown in Fig. 4. Therefore, 
the press-fitted parts are highly susceptible to fretting. Figure 5 
shows the fretting corrosion region of a press-fitted part of axle ob-
served under an optical microscope. The microphotographs were 
taken after the fretting corrosion was removed by buffing from an 
actual-size axle subjected to a fatigue test. They reveal microscopic 
surface irregularities, pits, stuck wear debris, and fine fatigue cracks.

Fig. 1   Induction hardening region in an axle 4)

Fig. 2	 Distributions of Vicker’s hardness and axial residual stress at 
wheel seat after induction hardening 6, 7)

Table 1   Mechanical properties and heat treatment of induction hardened axles for high speed vehicle 4)

Class Material Application
Mechanical properties before induction hardening

Heat treatmentYield
strength

Ultimate
tensile strength

Elongation
Reduction of 

area
Induction 
hardened 

axle
JIS S38C

Powered and 
non-powered axles for 

high speed vehicle
≥ 294 MPa ≥ 539 MPa ≥ 25 % ≥ 45 %

Firstly quenching & tempering, 
secondly induction hardening and tempering
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3.2	Influence of induction hardening
In the preceding section, we explained that the axles for Shin

kansen vehicles that are put under large loads during operation are 
subjected to induction hardening as a measure to prevent fretting 
damage to them. From the standpoint of preventing fretting damage, 
induction hardening is very effective, since it increases the hardness 
of the axle and produces a large compressive residual stress in it. In 
particular, the compressive residual stress helps restrain the propa-
gation of fretting fatigue cracks by keeping them from opening.

Figure 6 shows the relationship between surface residual stress 
and fretting fatigue limit.10) The figure plots both fatigue limit σw1 for 
crack initiation and fatigue limit σw2 for crack propagation or frac-
ture obtained with several small-diameter to full-scale axles. It can 

be seen that the larger the compressive residual stress, the higher the 
value of σw2, although it depends more or less on the axle diameter 
and residual stress distribution. On the other hand, σw1 is lower than 
σw2 and almost unaffected by the residual stress. The fact that σw2 is 
considerably higher than σw1 suggests that the compressive residual 
stress is really effective in restraining the propagation of fretting fa-
tigue cracks.
3.3	Influence of shape of press-fitted parts

The shape of the axle portion near the end of each press-fitted 
part significantly influences the axle fretting fatigue. As the main 
parameters of the shape of that portion, diameter ratio D/d and over-
hang distance δ are shown in Fig. 7. The diameter ratio is the ratio 
of diameter D of the press-fitted portion to the diameter d of the 
non-press-fitted portion, and overhang refers to the state of the 
wheel seat edge shifting inward from the wheel edge. Also, δ is de-
fined as the distance covered by the said shift.

Figure 8 shows the influences of diameter ratio D/d and over-
hang distance δ on the fatigue strength of small-diameter press-fitted 
axles.11-13) In addition to σw2, the figure shows σw1, mag for the occur-
rence of flaws detected by magnetic particle inspection and δw1, mic 
for the initiation of fine cracks confirmed under an optical micro-
scope. They form nearly the same curve. It can be seen from the fig-
ure that high fatigue strength can be secured by equating D/d to 1.1 
or more and by equating δ to a positive value. These influences of 
the shape of press-fitted parts are considered owing to the changes 

Fig. 3   Forces subjected to a wheel-axle assembly

Fig. 4	 Schematic illustration of bending deformation at press-fitted 
part of an axle

Fig. 5	 Photos of optical microscope of fretting corrosion region inspect-
ed on press-fitted surface of axle

Fig. 6	 Relationship between surface residual stress and fretting fatigue 
limit 10)

Fig. 7   Definition of diameter ratio and overhang distance
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in stress concentration, contact surface pressure distribution, and 
relative slip. Although the contribution of each of these factors is not 
completely clear, we consider that the improvement in fatigue 
strength is attributable largely to a decrease in stress concentration 
and relative slip. It is difficult to make the D/d of Shinkansen vehi-
cles sufficiently large because they are subjected to induction hard-
ening, as mentioned earlier. To compensate for this effect, an over-
hang is given to them.

4.	 Prediction of Fatigue Strength Applying Fracture 
Mechanics14)

As described so far, the fretting fatigue strength of the press-fit-
ted parts of axles depends on whether the fretting fatigue cracks 
propagate. Since the propagation limit of a fatigue crack can be pre-
dicted by a technique that employs the principles of fracture me-
chanics, it should be possible to apply a similar technique to predict 
the fretting fatigue strength of press-fitted parts of axles. Therefore, 
we apply fracture mechanics to evaluate the propagation character-
istics of fretting fatigue cracks in small-diameter press-fitted axles 
and establish a method of predicting the fretting fatigue strength of 
press-fitted axles.
4.1	Fatigue characteristics of small-diameter press-fitted axles

To obtain the basic data required to establish a prediction method 

mentioned above, we conducted a fretting fatigue test using press-
fitted axles that are 38-40 mm in diameter. Each of the test pieces 
was composed of a shaft and a boss, which was press fitted to the 
center of the shaft with an interference that would produce nearly the 
same surface pressure as that in an actual axle. The materials used 
were JIS S38C steel for the shafts and wheel steel for the bosses. As 
shown in Table 2, three types of test pieces were used—the QT axle 
that was quenched and tempered, the IH04 axle that was induction-
hardened to a comparatively small depth, and the IH20 axle that was 
induction hardened to a comparatively large depth.

The three types of test pieces mentioned above were subjected to 
a three-point rotational bending fatigue test. As a result, the fatigue 
limits for fracture (σw2) shown in the rightmost column of Table 2 
were obtained. Then, with each of the test pieces that withstood 
stresses under σw2 up to 2 × 107 cycles, the condition of occurrence 
of fretting fatigue cracks in the surface of the press-fitted part was 
observed. Figure 9 shows the relationship between confirmed sur-
face crack length and test stress. We can draw the following conclu-
sions from the figure: 1) the crack length increases with the rise in 
test stress, 2) the stress required for crack propagation to a certain 
length for the IH04 and IH20 axles is higher than that for the QT 
axle, and 3) induction hardening increases the resistance to propaga-
tion of microcracks.
4.2	Stress state in press-fitted axles and evaluation thereof ap-

plying fracture mechanics
In this subsection, we analyze the stress state in press-fitted axles 

using the finite element method (FEM). The finite element mesh 
used in the analysis is shown in Fig. 10. As schematically shown in 
the figure, the boss model is partly rounded at the press-fitted end. 
The reason is as follows. In a separate study,15) it was found that the 
part that experienced a stress concentration coincided with the part 
that experienced a crack, during the FEM analysis of a model that 
faithfully reproduced the surface profile of the part near the press-
fitted end. Figure 11 shows the axial stress distribution obtained 

Fig. 8	 Effect of diameter ratio and overhang distance on fatigue limit of 
small-scale press-fitted axles 10-12)

Fig. 9	 Relationships between surface crack length inspected on run-out 
axle and test stress amplitude and their comparison with predict-
ed values 14)

Table 2   Classification of tested press-fitted axle and fatigue limit

Class.
Axle 

diameter
(mm)

Case
depth
(mm)

Surface 
hardness

HV

Peak of 
compressive 

residual stress

Faigue 
limit σw2 

QT 40 - 200 - 110 MPa
IH04 38 0.4 520 - 600 MPa 270 MPa
IH20 40 2.0 600 - 820 MPa > 320 MPa
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from the FEM analysis in comparison with the crack initiation 
points observed in the fatigue test. As shown in the figure, the maxi-
mum stress increases as the point of occurrence of maximum stress 
shifts from the press-fitted end inward owing to the effect of round-
ing, and the point of maximum stress corresponds to the crack initia-
tion point observed in the fatigue test.

The basic concept of the fracture-mechanics-based evaluation in 
the present study is that a crack is assumed to exist in the part being 
evaluated and the possibility of propagation of that crack is judged 
by using the stress intensity factor, which is one of the parameters of 
fracture mechanics. First, on the assumption that there were cracks 
of varying depth in the press-fitted part, their stress intensity factors 
were obtained by using the above FEM analysis results and conven-
tional formula16) and the range of variation during the fatigue test 
was taken as ΔK. The range of stress intensity factor that represents 
the non-propagating limit of crack is called the threshold stress in-
tensity factor range ΔKth, which is based on the assumption that the 
cracks of dimensions plotted in Fig. 9 remain non-propagating. The 
relationship shown in Fig. 12 was obtained from the stress intensity 
factor range. Surface crack length was converted to depth a in Fig. 9 
on the basis of the crack aspect ratio confirmed experimentally. It 
can be seen from Fig. 12 that ΔKth of microcracks depends on crack 
size and residual stress. Taking this characteristic of ΔKth into con-
sideration, the values of ΔKth plotted in Fig. 12 were approximated 
by the following equation.

When a < acr ,
	 ΔKth = ΔKth∞ ( a/acr ) α			   (1)

Here ΔKth∞ denotes the threshold stress intensity factor range for 
long cracks (value obtained by a crack propagation test carried out 
separately, at stress ratio 0, it is 5 MPa√m for QT axle and 3 MPa
√m for IH04/20 axles); acr is the critical crack length (0.26 mm for 
QT axle and 0.09 mm for IH04/20 axles), and α is a constant (0.55; 
inclination against a of ΔKth, obtained by least square approximation 
of QT axle data). Concerning the residual stress dependency of 
ΔKth∞, we derived an approximate equation showing that the value 

of ΔKth∞ increases with the increase in compressive residual stress. 
However, it has been omitted owing to space constrains.

As schematically shown in Fig. 13, the values of ΔK and ΔKth 
obtained above were compared with each other to predict the propa-
gation and non-propagation behaviors of cracks. Namely, it is pre-
dicted that the crack propagates when ΔK is larger than ΔKth, as well 
as when they are equal to each other (i.e., at the point of intersection 
in Fig. 13). In Fig. 9, the predicted sizes of non-propagating cracks 
are shown by solid lines. It can be seen that they agree well with the 
plotted experimental values. In Fig. 13, when the stress increases to 
a certain point, ΔK and ΔKth no longer intersect. This critical stress 
is expected to be the fracture fatigue limit σw2. Table 3 shows the 
experimental and predicted values of σw2 for the three types of test 
pieces. They agree fairly well, suggesting that our fatigue strength 
prediction method described above is valid.

5.	 Fatigue Characteristics of Full-scale Axles
The fatigue characteristics of full-scale induction-hardened axles 

of the current specifications have been evaluated by Motomatsu et 
al.,17) Ishizuka et al.,18) and Isomura.19) It has been found that the fa-
tigue limit σw1, mic of those axles is 70 MPa. On the other hand, as for 
σw1, mag and σw2, a study has established that neither fractures nor 
magnetic particle flaws occurred during a fatigue test of up to 2 × 
107 cycles under 177 MPa. The permissible design stress for induc-

Fig. 10   FE analysis model for press-fitted axle 14)

Fig. 11	 Comparison between axial stress distribution obtained from 
FE analysis and crack initiation points inspected after fatigue 
test 15)

Fig. 12   elationship between ΔKth and crack depth 14)

Fig. 13	 Schematic illustration indicating how to predict non-propaga-
tion crack size and fatigue limit

Table 3   Comparison between experimental and predicted σw2
14)

Class. Experimental σw2 (MPa) Predicted σw2 (MPa)
QT 110 110

IH04 270 310
IH20 > 320 540
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tion-hardened axles is specified to be 147 MPa in JIS E 45019)—the 
standard for strength design methods for axles. Therefore σw1, mag and 
σw2 for the above axles are about 1.2 times the permissible stress. 
However, the true margin against fatigue fracture has not yet been 
clarified because of limitations on the loading capacity of conven-
tional fatigue testers.

Under this condition, a fatigue test was conducted with full-scale 
induction-hardened axles by using a newly introduced fatigue 
tester 20) exclusive for full-scale railway wheels and axles.
5.1	Axle tested and fatigue test method

The tested axle was induction hardened and intended for simu-
lating an axle for Shinkansen T vehicle. The shape of the axle is 
shown in Fig. 14. The wheel seat diameter is 166 mm and the diam-
eter ratio (D/d) is 1.038. The test piece faithfully reproduces the ac-
tual axle shape from the wheel seat to the axle body. The wheel seat 
on one side of the test piece is press fitted with a member corre-
sponding to a wheel in such a way that the overhang becomes equal 
to that of the actual axle.

Figure 15 shows the structure of the fatigue tester used.20) On 
the tester, the test piece is set in vertical position with the wheel 
member facing down. The test piece is repeatedly subjected to a 
bending load by a resonance produced by rotating eccentric masses 
at the axle end opposite to the end fitted with the wheel member.

5.2	Fatigue test results
The fatigue test was conducted by using two different stress lev-

els, with the nominal wheel seat stresses being 150 and 220 MPa—
the maximum capacity of the tester. Under both conditions, the test 
piece did not fracture in the test that was completed after the load 
was applied 2 × 107 cycles. Figure 16 shows the test results on an 
S-N diagram for comparison with test results obtained in the 
past.17,19) It can be seen from the figure that the higher test stress 
used in the present test is still higher than the maximum stress ever 
tested in the past. After the fatigue test, the wheel member was 
pulled out from the axle, and the wheel seat surface was subjected 
to a magnetic particle inspection. As a result, the test pieces revealed 
no magnetic particle flaws. Therefore, the values of σw1, mag and σw2 
for the induction-hardened axle were 220 MPa or more, i.e., 1.5 
times or more that of the permissible design stress.

In Europe, for high-speed railway vehicles, low-alloy steel axles 
called EA4T, specified in the European Standards EN13261,21) are 
most commonly used. Concerning the fatigue strength of press-fitted 
parts of EA4T, the evaluation data of Murawa have been published. 
According to the data, σw2 is 110 MPa or more when D/d = 1.03 and 
145 MPa or more when D/d = 1.08.22) Therefore, with a given D/d 
ratio, the fatigue strength of the induction-hardened axle is more 
than twice that of the EA4T axle.

Figure 17 shows an optical microphotograph of a fretting corro-
sion region on the surface of a wheel seat of axle observed after a 
fatigue test under 220 MPa. The photo reveals cracks up to 0.53 mm 
in length. The implication is that the fatigue test ended at the time 
when the above crack length was reached. Considering that the 
number of test cycles had reached 2 × 107, it is estimated that the 
cracks had stopped propagating. Therefore, it should be possible to 

Fig. 14   Configuration of a tested full-scale axle assembly

Fig. 15	 Structure of fatigue testing machine for full-scale wheel and 
axle assembly 20)

Fig. 16   S-N diagram for full-scale axles

Fig. 17	 Photo of optical microscope of fretting corrosion region in-
spected on wheel seat of axle after fatigue test (σ = 220 MPa, N 
= 2 × 107)
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apply the fatigue strength prediction method based on fracture me-
chanics discussed in the preceding section to full-scale induction-
hardened axles as well. We plan to intensively study the prediction 
method in future.

6.	 Conclusion
In this technical report, we outlined the axles for railway vehi-

cles and described the characteristics of fretting damage—a phe-
nomenon unique to these axles. To secure the desired fretting fatigue 
strength of axles, it is effective to introduce an appropriate compres-
sive residual stress to them by induction hardening and provide the 
axle press-fitted parts with a suitable overhang. As part of the results 
of continued R&D, those methods are employed for axles of Shin
kansen vehicles. Since the fretting fatigue strength of axles is gov-
erned by the propagation behavior of fatigue cracks, it can be pre-
dicted by applying fracture mechanics. Therefore, we developed a 
method for predicting the fretting fatigue strength of small-diameter 
induction-hardened axles and verified the usefulness of the method.

Concerning full-scale induction-hardened axles, a newly intro-
duced fatigue tester was employed to test their fatigue strength un-
der conditions more rigorous than those used in previous fatigue 
tests. As a result, although neither magnetic particle flaws nor frac-
tures could be generated, we could clarify that the fatigue limit to 
fretting damage was 220 MPa or more, i.e., 1.5 times or more of the 
permissible design stress. This means that the induction-hardened 
axles are much higher in fatigue strength than the European EA4T 
axles with proven performance.

An induction-hardened axle having a large difference in diame-
ter between the wheel seat and the axle body may be cited as a fu-
turistic axle. If such an axle could be developed, it would become 
possible to significantly reduce the diameter of the axle body (at 
present, this can hardly be done because of the limitations set by the 
induction hardening process), which in turn would make it possible 
to reduce the axle weight appreciably. In addition, as mentioned ear-
lier, increasing the difference in diameter (i.e., diameter ratio) 
should help improve the fatigue strength of press-fitted parts. At 
present, however, in addition to the above limitations set by the in-
duction hardening process, there are several problems to solve, such 
as the limited capacity of fatigue testers and the absence of the per-
missible design stress variables for each diameter ratios (i.e., we use 
a fixed permissible design stress regardless of the diameter ratios). 
We consider it necessary to tackle those problems in earnest.

As pointed out in a separate article5) in this issue and by Hirakawa 
et al.,23) another step toward the future is to conduct an in-depth 
study of the way the railway operators use, inspect, and maintain the 
axles and thereby develop rational new methods of axle design and 
inspection and decide optimum periods of axle inspections. To this 
end, it is indispensable to accumulate relevant data through the 
measurement of stresses occurring in the axles during revenue oper-
ation of trains24) and the simulation of railway vehicle dynamics25) 
and develop techniques to estimate the actual load spectrum, predict 
the axle life, and judge the safety against fatigue damage.

In either case, the above challenge calls for long, strenuous ef-
forts of not only the design, manufacturing, and R&D departments 
of Nippon Steel & Sumitomo Metal but also the railway operators, 
universities, and public research institutes. In this respect, we think 
we should take this initiative.
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