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Abstract 

    Ultrasonic testing of axles is an important issue regarding the integrity assessment of railway vehicles. 

In this study, several aspects of the ultrasonic evaluation of fatigue cracks in an axle are examined 

experimentally. Namely, the effects of (i) the bending load applied to the axle, (ii) the presence of a wheel 

fitted to the axle, and (iii) the nominal frequency and the type of an ultrasonic probe, on the measured 

ultrasonic echo height of a crack are examined. To this aim, two fatigue cracks of different depths were 

developed at the wheel seat of a miniature wheelset test piece by rotating bending, and inspected using 

angle probes and grazing SH-wave probes under bending loads. The echo height of the cracks varied 

remarkably with the bending stress due to its crack opening/closing effect, accompanying some hysteresis. 

A possible reason for this is discussed qualitatively based on the ultrasonic wave transmission across the 

crack surfaces as well as the axle–wheel interface. The performances of different probes in detecting echo 

signals as well as estimating crack depths are compared and discussed. As a result, it is found that (i) the 

use of grazing SH-wave probes may be useful for the crack detection, and (ii) the application of bending 

load to the wheelset will be advantageous in highlighting the echo signal. The observed effect of the 

nominal frequency of the probe on the echo-height level is examined in a qualitative manner. Finally, the 

applicability of the present results to full-sized axles is discussed. 
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1.  Introduction 

On railway vehicles, wheel seats have been a potential site for axle failures due to the growth of a 

fatigue crack initiated by the effect of the fretting between an axle and a wheel. To prevent such damages, 

the axles are inspected periodically [1] and the effort to optimize the inspection interval of the axles has 

been made from the viewpoint of POD (probability of detection) [2, 3]. There are many ways to detect the 

flaws ultrasonically in railway axles [4], and the inspection method and system using normal probes has 

been deeply studied from the viewpoint of both of the theoretical and practical aspects [5]. In Japan, recent 

ultrasonic axle inspection techniques, using normal or angle beams, have enabled the testing of axles in the 

state of a wheelset, i.e., with the wheels being fitted on them [6–8]. Such inspection techniques are also in 

use in Germany for example [9]. As a result, the axle breakage events caused by such a crack have been 

reduced substantially. When an axle is inspected in the state of a wheelset, however, there is a concern that 

the signal-to-noise ratio might be deteriorated due to the reduction in a crack signal and the generation of 

the press-fit echo [10, 11]. 

In the axle inspection, the sensitivity of an ultrasonic flaw detector is usually adjusted on the basis of 

the echo height of an artificial flaw. With respect to most of fatigue cracks, however, the crack tip is closed 

and the crack faces are in partial contact with each other. Accordingly, there could exist some differences 

between the echo height of a fatigue crack and that of an artificial flaw even if they have the same depth 

and length [12]. 

There have been many reports focusing on the echo-height difference between a fatigue crack and an 

artificial flaw depending on the stress condition at crack faces by applying the angled shear wave [13, 14] 

or the surface acoustic wave [15]. However, most of foregoing investigations employed the test pieces in 

the form of flat plates on which fatigue cracks were developed by e.g. a three-point bending test. There 

appear to be few reports that treated an ultrasonic testing of fatigue cracks developed in an axle by a 

rotating bending fatigue test which would better simulate more realistic service conditions [16]. Moreover, 

no reports seem to be available on an ultrasonic testing of fatigue cracks when they are located at an axle 

surface covered by a wheel, and subjected to the bending load which can cause their opening or closure. 

In addition to conventional angle probes, the authors have investigated the use of a grazing 

shear-horizontal-wave (SH-wave) probe for the axle testing [17]. Since the vibration mode of the ultrasonic 

beam generated by this probe does not change by the reflection at a surface crack, there exists a possibility 

that the sensitivity of the crack detection would become higher with this probe. In this regard, it is 

important to compare the performance for the crack detection between angle probes and grazing SH-wave 

probes, especially in the situation when a crack in an axle lies under a fitted wheel and is subjected to a 

compressive stress by the bending load. 

In this paper, the implications of the above-mentioned issues for the ultrasonic evaluation of fatigue 

cracks in an axle are examined. Namely, the effects of the presence of a fitted wheel as well as the bending 

load on the ultrasonic echo signal of a fatigue crack at the wheel seat are investigated using a specially 

prepared miniature wheelset test piece. We compare the echo heights and the waveforms when a fatigue 

crack is placed in crack opening or closure situations under the tensile or compressive stresses, respectively, 

at the wheel seat subjected to the axle bending load. We also compare these features when the miniature 
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axle is fitted with a wheel or not, and when the axle is inspected by angle probes or grazing SH-wave 

probes, both with different nominal frequencies. In addition, an estimation of the depth of a fatigue crack is 

attempted by comparing the echo height of a fatigue crack to that of an artificial flaw, and the influences of 

the wheel fitting as well as the axle bending load on the estimated crack depth are examined. 

 

2.  Test method 

2.1.  Test piece 

A miniature wheelset test piece as shown in Figure 1 was specially prepared and used in the present 

study, since the use of this miniature wheelset instead of a full-sized one enables the ultrasonic 

measurements to be performed more readily under the bending loading with an ordinary test machine as 

described below. A miniature wheel was shrink-fitted on a miniature axle, in contrast to full-sized wheelsets 

which are usually press-fitted. The length of a test piece was 432 mm, the diameter of a grip section was 55 

mm and that of a wheel seat was 57 mm. The clearance of shrink fit was approximately 40 µm in diameter 

and the contact pressure was estimated as approximately 85 MPa, which are similar to those for full-sized 

wheelsets. The maximum height of profile Rz at the surface of the axle was 3 µm and that at the inner 

surface of the wheel was 10 µm. 
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Figure 1.  A schematic view of the test setup for a miniature wheelset. 

 

The miniature axle and wheel were manufactured from a full-sized axle and wheel for railway vehicles 

by machining them. The materials used for the axle (SFA 60A [18]) and the wheel (SSW-QS [19]) are the 

carbon steel, whose chemical and mechanical properties described in JIS (Japanese Industrial Standards) 

are presented in Table 1. The axle material SFA 60A is close to EA1N described in EN 13261. There exists 

no material which is equivalent to the wheel material SSW-QS, although the tensile strength is close to ER7 

in EN 13262 and the carbon content is close to Class B in AAR (Association of American Railroads). 
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Table 1.  Chemical and mechanical properties of the materials. 

C Si Mn P S
SFA 60A
(for axle)

0.35–0.48 0.15–0.40 0.40–0.85  0.035  0.040

SSW-QS
(for wheel)

0.60–0.75 0.15–0.35 0.50–0.90  0.045  0.050

(a) Chemical properties

(Weight %)  

Yield point

 s (MPa)

Tensile strength

 B (MPa)
Elongation
  (%)

Reduction in area
  (%)

Sharpy absorbed energy
E  (J)

SFA 60A
(for axle)

 295  590  20  30  31

Tensile strength

 B (MPa)
Hardness H B

(Counter-flange rim face)

Hardness H S

(Center of tread)
SSW-QS
(for wheel)

 770 246–307 HB 37–45 HS

(b) Mechanical properties

 

 

2.2.  Development of fatigue cracks 

A schematic view of the test setup is also shown in Figure 1. To develop fatigue cracks on the surface 

of the wheel seat, a four-point rotating bending fatigue test machine was used. The nominal stress 

amplitude at the wheel seat was 165 MPa and the rotating speed was 400 rpm. To make sure that fatigue 

cracks were initiated at the wheel seat, the grip section, which was an alternative site for the crack initiation, 

was reinforced by a hydrostatical ball point tool. Whether a fatigue crack had been developed or not was 

checked by using a grazing SH-wave probe during the fatigue test in every 5 × 105 cycles of rotation. The 

total number of rotation cycles was 2 × 106. As a result, two fatigue cracks were initiated by the effect of 

the fretting at the axle–wheel interface, and developed on the surface of the wheel seat as ordinary fatigue 

cracks under bending. Their presence was also clarified by the destructive test performed after finishing all 

the ultrasonic test menus. 

 

2.3.  Ultrasonic testing 

Two types of special ultrasonic probes manufactured by Japan Probe Co., Ltd. were employed, namely, 

shear-wave angle probes with the angle of refraction of 45 degrees, and grazing SH-wave probes. Probes 

with different nominal frequencies were used for each type, i.e. 2 and 5 MHz for angle probes and 2, 3 and 

5 MHz for grazing SH-wave probes. The transducer sizes of these probes were all 5 mm × 5 mm. Each 

probe was attached to the curved surface of the test piece by aid of a special holder to fix its orientation, as 

shown in the side view of Figure 1, and the ultrasound was transmitted through the flat surface of the probe 

in a contact mode with acoustic couplant. 

Two fatigue cracks as described above were examined in ultrasonic testing. When angle probes were 

used, the echo height was measured at the position where the path length was approximately 78 mm and the 

echo height was at the maximum. This path length can be readily obtained as (r1 + r2)/cos 45˚, where r1 and 

r2 are the outer radii of the axle body and the wheel seat, respectively. When grazing SH-wave probes were 

used, the echo height was measured at the position where the path length was approximately 15 mm. The 

same four-point rotating bending fatigue test machine employed to develop fatigue cracks was used to 
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apply the crack opening and closure stresses at the time of an ultrasonic testing. In performing ultrasonic 

measurements for each crack, the axle was positioned in the test machine so that the crack to be examined 

was located farthest from the neutral plane and subjected to the maximum stress amplitude. 

The measurements were performed in the following procedure. At first, we carried out the ultrasonic 

measurements with a wheel being fitted as a wheelset. The applied load cycle varied the nominal stress at 

the wheel seat from 0 up to +165 MPa, then reversely down to –165 MPa, and back to 0. The echo height 

was measured in every increment of 15 MPa. The measurements were performed after two times of 

pre-loading to attain the stabilized data at a fatigue crack. Next, we removed the wheel by cutting it, and 

performed the same menus of ultrasonic testing for the axle without a wheel. After all ultrasonic 

measurements, the fatigue cracks were opened destructively to obtain the actual crack depths. 

An ultrasonic flaw detector AD-3212 (A&D Co., Ltd.) was used for the measurement. The frequency 

range was 0.5–10 MHz and the maximum amplifier gain was 84 dB. The pulser was the square wave: the 

pulse voltage was 200 V, the damping was 180 Ω and the pulse width was 250 ns for 2 MHz probes and 

100 ns for 3 and 5 MHz probes. The low-pass filter was set as 2 MHz when we used 2 MHz probes, and as 

5 MHz when we used 3 or 5 MHz probes. In order to normalize the echo height, the reflections at the axle 

edge, he(angle) and he(SH), were measured for the same test piece as shown in Figure 2. The measured echo 

height h was divided by he to obtain the normalized echo height. 

 

(a) Measurement with an angle probe (b) Measurement with a grazing SH-
wave probe
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Figure 2.  Measurements of the edge reflection for the normalization of the echo height. 

 

2.4.  Estimation of crack depth 

As the cracks at the wheel seat were expected to have developed as ordinary fatigue cracks, we 

attempted to examine the possibility of sizing their depths in comparison to artificial flaws. Six artificial 

flaws were machined by the electric discharge machining (EDM) on a miniature axle test piece shown in 

Figure 3, which had almost the same dimensions as those of the axle in a miniature wheelset shown in 

Figure 1, but did not have a wheel fitted on it. The target depths for these flaws were 0.15, 0.3, 0.6, 1, 2 and 

3 mm, respectively. 

We carried out the ultrasonic testing of these artificial flaws using the same probes, and constructed 

the calibration curves between the flaw depth and the echo height. These calibration curves were used to 

estimate the depths of fatigue cracks from the echo height obtained. We then compared the estimated 
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depths to the actual depths of the fatigue cracks by the destructive examination. 

 

Artificial flaw No. 1 2 3 4 5 6
Depth (mm) 0.15 0.31 0.61 1.01 2.00 3.02
Length (mm) 6.2 8.8 10.0 10.0 10.0 10.0

No. 3–6D

L = 10

No. 1, 2D

L (< 10)

Flaw shape
432

193193 47


55


55

.5

5.5
Artificial flaws,
No. 4–6

5.5
Artificial flaws,
No. 1–3

No. 1, 4

No. 3, 6

No. 2, 5

 

Figure 3.  A drawing of a miniature axle with artificial flaws in different depths. 

 

3.  Results and discussions 

3.1.  Actual features of fatigue cracks 

Before discussing the ultrasonic test results, the features of the two fatigue cracks which lied on the axle 

are noted. Figure 4 shows the faces of two fatigue cracks which were forcibly opened after finishing all the 

ultrasonic test menus. The deeper crack shown in Figure 4(a) is referred to as the fatigue crack No. 1, 

whose actual depth was 3.5 mm, and the shallower crack in Figure 4(b) is the fatigue crack No. 2, whose 

actual depth was 1.3 mm. The distance of the fatigue cracks from the edge of the wheel seat was around 0.7 

mm. 

 

(a) Fatigue crack No. 1
Depth: 3.5 mm

(b) Fatigue crack No. 2
Depth: 1.3 mm

Fatigue
crack

Axle surface

Crack tip

2 mm

Fatigue crack

Crack tip

Axle surface

2 mm

 

Figure 4.  The faces of two fatigue cracks. 

 

3.2.  Recorded waveforms 

The ultrasonic waveforms as to the crack No. 1 recorded when the nominal stress at the wheel seat 

was –165 and +165 MPa are shown in Figure 5, when two types of probes with the nominal frequencies of 

2 and 5 MHz were used (the waveforms with the 3 MHz grazing SH-wave probe are omitted here). The 

arrow in each waveform indicates the estimated position of an echo reflected at this crack. To ease the 

visualization, the displayed echo is adjusted to the height of 80 percent against the full scale of the vertical 

axis, except in the situation where the echo signal was so small and noisy signals were dominant. The shape 



– 7 – 

of the test piece, the wave propagation paths and typical waveforms are shown in Figure 6 for an angle 

probe and in Figure 7 for a grazing SH-wave probe. 

In Figure 5(a) and (b), showing the results obtained by angle probes, it is noted that the crack echo is 

associated with another clear echo in the waveforms of the wheelset at a path length of approximately 92 

mm, which is not present in the waveforms of the axle only. This echo is considered to be a reflection from 

the outer edge of the wheel through the interface of the axle and wheel, which is described as (2) in Figure 

6. The path length 92 mm corresponds to the geometric distance which is calculated from this figure. The 

presence of this echo indicates that the transmission coefficient at the axle–wheel interface would be 

relatively high. In addition, since the shape of the outer edge of the wheel itself is, in a sense, considered to 

be a large flaw, it is expected that the reflection from the edge is somewhat larger than that from the cracks 

even after the ultrasound travelled forward and backward through the axle–wheel interface. 

In Figure 5(c) and (d) for grazing SH-wave probes, it is noted that the crack echo is associated with 

another clear echo at a path length of approximately 44 mm. This echo is considered to be a reflection from 

the opposite edge of the wheel seat. When the tensile stress was applied, the height of this echo decreased 

since the ultrasound reflected at the crack, that is, the crack opened by the tensile stress blocked the 

ultrasound from going through it and arriving at the opposite edge. This mechanism is explained in Figure 

7. 
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Figure 5.  The waveforms as to the crack No. 1. 
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Figure 6.  The shape of the test piece, the wave propagation paths and typical waveforms for an 

angle probe. 
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Figure 7.  The shape of the test piece, the wave propagation paths and typical waveforms for a 

grazing SH-wave probe. 

 

In Figure 5(a) to (d), remarkable effects of the bending load on the echo signals can be observed when 

the axle is with or without the wheel. For example, from the left-top waveform in Figure 5(a) obtained by 

the 2 MHz angle probe, it is difficult to identify the crack No. 1 if it exists under the wheel (as a wheelset) 

and the stress condition is in compression. Figure 5(b) shows the waveforms tested by the 5 MHz angle 

probe. From the left-top waveform, it is also difficult to identify this crack, the situation being basically 

similar to that with the 2 MHz angle probe. The waveforms except the left-top, however, are very clear 

compared to those obtained by the 2 MHz angle probe. 

Figure 5(c) shows the waveforms tested by the 2 MHz grazing SH-wave probe. From these waveforms, 

it is also difficult to identify the crack No. 1 unless sufficient tensile stress is applied, since the 
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signal-to-noise ratio is not high enough. Figure 5(d) shows the waveforms tested by the 5 MHz grazing 

SH-wave probe. As compared to Figure 5(c), the left-top waveform in Figure 5(d) is clearer and the 

signal-to-noise ratio is higher to some extent. This result suggests some superiority in using this probe for 

the flaw echo detection when a fatigue crack at the wheel seat is closed under a compressive stress 

condition. 

Similar tendency as described above was observed when we tested on the crack No. 2, although the 

signal-to-noise ratios were somewhat more deteriorated than those obtained for the crack No. 1. 

 

3.3.  Echo heights 

The echo heights of the fatigue cracks No. 1 and 2 are plotted in Figures 8 and 9, respectively, against 

the nominal stress at the wheel seat. The vertical axis in each graph corresponds to the normalized echo 

height in dB in terms of the above-mentioned edge reflection he, and the horizontal axis is the nominal 

stress applied to the wheel seat. In each figure, the left two graphs show the results when we used angle 

probes, and the right two graphs show those when we used grazing SH-wave probes. The top two graphs 

show the results when the axle was fitted with a wheel as a wheelset, and the bottom two graphs show those 

after a wheel was removed. 

From Figure 8 for the echo height of the crack No. 1, one can readily find that there is a hysteresis in 

the echo-height variation according to the load history. The curve when the nominal stress was increased 

was lower than that when the nominal stress was decreased. This phenomenon could be explained by the 

contact interaction between the inner surface of a wheel and the (outer) surface of an axle as well as the 

interaction between the opposite faces of a crack, which was previously observed for contacting interfaces 

between solid bodies [20–24]. 
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Figure 8.  The echo-height variation in the crack No. 1. 
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Figure 9.  The echo-height variation in the crack No. 2. 

 

In addition, the echo height in Figure 8 saturated when the tensile stress was higher than 

approximately 50 MPa. This fact indicates that the state of a fatigue crack with a relatively large depth (3.5 

mm for the crack No. 1) approaches that of an open flaw when the crack is subjected to sufficiently high 

tensile stresses. Saka and Akanda [13] reported that the crack opening stress which made a crack 

ultrasonically open was approximately 70 MPa when they measured a fatigue crack in a stainless-steel test 

piece by using a probe with the nominal frequency of 5 MHz and a shear-wave refraction angle of 50 

degrees, which was a similar tendency to our result. 

When the echo height was measured with angle probes, the normalized echo heights with the 5 MHz 

probe were comparable to or lower than those with the 2 MHz probe. Moreover, when grazing SH-wave 

probes were used, the normalized echo heights were apparently lower when the nominal frequency was 

higher: the reason for this is discussed later. 

Next, we explain the results as to the crack No. 2 shown in Figure 9. In the top two graphs in this 

figure, the plots by 2 MHz probes are not shown since it was not possible to identify flaw echoes with these 

probes. For the crack No. 2, there is also a hysteresis according to the load history. The echo height did not 

show saturation even when high tensile stress was applied. The echo height increased gradually according 

to the increase in the tensile stress, which was a different tendency from that in the crack No. 1. This fact 

indicates that it was difficult to let this small crack completely open under the tensile stress condition from 

the viewpoint of the ultrasound transmission. 

 

3.4.  Discussion on the effect of tensile stress on echo heights 

The results in Figures 8 and 9 have revealed that the tensile stress acts to open the crack and increase 

its echo height. To quantify this increase, the ratio of the echo height under the maximum tensile stress to 
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that in the no-load condition was computed in each case as shown in dB scale in Table 2 for the crack No. 1. 

When the test piece was fitted with a wheel as a wheelset, the average value of the increase was 7.7 dB, and 

when without a wheel, i.e. "axle only," the value was 10.9 dB. The dispersion of the increase values was 

wider when the test piece was fitted with a wheel. The reason for this dispersion is considered to be due to 

the variation of the contact condition around the crack in each measurement, since the crack opening is 

interfered by the contact pressure by the wheel and the friction generated in consequence. 

 

Table 2.  The echo-height increase in the crack No. 1. 

Crack
No.

Probe
type

Freq.
(MHz)

Increase in
echo height

(dB)
2 4.7

5 6.2

2 14.2

3 6.8

5 6.6

1

Angle

Grazing
SH

Crack
No.

Probe
type

Freq.
(MHz)

Increase in
echo height

(dB)
2 9.0

5 10.0

2 14.4

3 10.4

5 10.6

1

Angle

Grazing
SH

(b) Without wheel (axle only)(a) With wheel (as wheelset)

Average value of increase: 7.7 dB Average value of increase: 10.9 dB
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The reason why the echo-height increase was relatively small when a wheel was fitted on the axle can 

be explained as follows, by examining the ultrasound transmission and reflection at the crack as well as the 

axle–wheel interface. The attention is now given to the case with angle probes, although a similar 

discussion may be applicable to the case with grazing SH-wave probes. A schematic illustration of the 

angle beam reflection is given in Figure 10. It is first noted that the ultrasound is partially transmitted into 

the wheel (as represented by T1 in the drawing), in contrast to the situation when the axle surface is 

traction-free as shown in Figure 10(a) (T1  0). In the bending-free state of the wheelset as shown in Figure 

10(b), the central part of the opposite crack faces tends to be expanded (opened) by the effect of the contact 

pressure by the wheel, although the surface-breaking part and the tip of the crack faces could remain in 

contact with each other. Then, when the tensile stress is applied by the bending load, the friction of the 

axle–wheel interface may resist against the opening of the crack faces as shown in Figure 10(c) (it is also 

likely that the contact pressure at the axle–wheel interface changes to a certain order). It is considered that 

this relatively complicated effect of the axle–wheel contact yielded, as a whole, the reduction in the 

echo-height increase. 
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Figure 10.  The behaviour of the ultrasound around a fatigue crack at the wheel seat. 

 

3.5.  Results of crack depth estimation 

We measured the echo heights of 6 artificial flaws on the test piece in Figure 3 without applying 

bending load, and constructed the calibration curves for angle probes and grazing SH-wave probes. Figure 

11 shows the calibration curves for the miniature axle without a wheel. We estimated the depth of two 

fatigue cracks by applying their echo height to this calibration curve. The crack depth estimation was 

performed with the data of the fatigue cracks acquired when they were under the maximum tensile stress 

condition. 
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Figure 11.  Calibration curves for the crack depth estimation. 

 

Table 3 shows the actual depths of cracks by the destructive examination and the estimated depths 

obtained by the ultrasonic testing. When we used the probes with the nominal frequency of 2 MHz, as 

shown in Table 3(a), the actual and estimated values of the crack depths were relatively close to each other 

when a wheel was not fitted above the cracks. For example, the estimated depth of the crack No. 1 was 

deeper than 3.0 mm by using an angle probe and 2.2 mm by using a grazing SH-wave probe, respectively, 
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which were relatively close to the actual depth, i.e. 3.5 mm. 

When the nominal frequency of a probe was 5 MHz, the depths of the fatigue cracks were 

underestimated to the actual depths. As it will be suggested in the following section, one reason for this 

might be that for higher frequency, the echo height can be influenced more severely by the local inclination 

and roughness of the fatigue crack, which reduces the detected echo height and thus becomes a source of 

underestimation of the crack depth when the echo height is applied to the calibration curve for artificial 

flaws with more ideal surfaces. 

Moreover, when we focus on the left two columns in the "Estimated depth" column in Table 3(a) and 

(b), representing the results for the case when a wheel was fitted above the cracks, the estimated depths 

appear to be less than half of the actual depths. As discussed in the previous section, this is considered to be 

due to the partial transmission of the ultrasound into the wheel as well as due to the resistance to the crack 

opening by the fitted wheel, which yielded the underestimation when the calibration curves for the axle 

without a wheel were used. This effect should be taken care of properly, when we estimate the size of 

cracks on the fitting part. 

 

Table 3.  Actual and estimated depths of fatigue cracks. 

Angle
probe

Grazing
SH-wave

probe

Angle
probe

Grazing
SH-wave

probe

1 3.5 1.2 1.8 > 3.0 2.2

2 1.3 N/A N/A 1.4 1.5

Actual
depth
(mm)

Crack
No.

With wheel (as wheelset) Without wheel (axle only)

Estimated depth (mm)

(a) Nominal frequency of probes: 2 MHz

 

Angle
probe

Grazing
SH-wave

probe

Angle
probe

Grazing
SH-wave

probe

1 3.5 0.8 0.8 1.6 0.8

2 1.3 0.6 0.5 0.6 0.6

Actual
depth
(mm)

Crack
No.

With wheel (as wheelset) Without wheel (axle only)

Estimated depth (mm)

(b) Nominal frequency of probes: 5 MHz

 

 

3.6.  Remark on the influence of the nominal frequency 

In the Section 3.3, it was noted for both angle probes and grazing SH-wave probes that the probes with 

higher nominal frequency gave lower or comparable echo heights from a crack compared to those with 

lower frequency. This fact led to the underestimation of the crack depth as discussed in the previous 

section. 

Usually, the directivity angle of the ultrasonic beam is proportional to the wavelength [25], namely, 

inversely proportional to the frequency. Therefore, considering the ratio of the crack length to the 

beam-spread length in the circumferential direction, it is naturally expected that higher frequency would 
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give higher echo heights. 

In the present experiment, however, the probes were attached to the curved surface of the axle in the 

manner of a line contact. As shown in Figure 12, the ultrasonic beam is radiated through the effective 

transducer width Deff which is smaller than the nominal width D, as well as the area filled by the acoustic 

couplant. In the case of higher frequency, the beam is essentially radiated only through a smaller effective 

width determined by the interaction between the wave length and the local thickness of acoustic couplant 

[26], which tends to make its circumferential beam-spread length larger. In spite of this effect, Figure 11 

shows that for artificial flaws in the calibration test piece the probes with higher frequency still gave higher 

echo heights. It is noted in passing that the effect of a curved wedge to fit the probe to the axle surface 

would be limited for a relatively small radius of the miniature axle used here. This is explained by the fact 

that the refraction angle of the ultrasound in the circumferential direction will become higher as the 

incident point of the ultrasound becomes farther from the centre of the transducer. Therefore, the concept of 

the effective transducer width Deff as mentioned above will remain more or less valid even if such wedges 

are used. 

 

Angle probe

Deff

D

Ultrasound with consideration to
effective width of transducer

Film of acoustic 
couplant

 

Figure 12.  A schematic view of the ultrasound propagation by a probe with a flat contact surface. 

 

In the case of fatigue cracks, however, it should be taken into account that crack faces are often locally 

inclined and rough, especially for fretting fatigue cracks [27, 28]. The fatigue cracks in our experiment are 

too deep to be referred to as the “fretting” fatigue cracks, since the depth of their fretting-dominated region 

is considered to be several hundred micrometers. Nevertheless, the ultrasonic wave with higher frequency 

would be much more affected by the local inclination and roughness of the crack, and consequently more 

attenuated or scattered into a wider direction when it is reflected by the crack. This may explain the 

observed fact that the probes with higher nominal frequency gave lower or comparable echo heights of the 

crack compared to those with lower frequency. 

 

3.7.  Application of the test results to the full-sized wheelsets 

In the case of applying the test results obtained by the miniature wheelset to the full-sized ones, it 

should be noted that the longer path length of the full-sized wheelset makes the echo heights smaller. 
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However, the results of the miniature wheelset were obtained for the cracks which existed in the region 

outside the near field of the ultrasound. Therefore, it is considered that the qualitative tendency will be 

similar in both cases of the miniature and full-sized wheelsets. 

In the full-sized wheelset, the bending stress is usually given by the static load of the car weight, 

which is around 50 MPa at the maximum. This is much smaller than the stress level applied in this study, 

i.e. 165 MPa. However, the stress level of 50 MPa, which was found to sufficiently open a crack in the 

miniature wheelset, will be also attainable in the full-sized wheelsets. The present results have revealed that 

applying the tensile stress to the wheelsets is advantageous to the crack detection. Therefore, in the case 

when a full-sized wheelset is inspected after dismantled from the car but still fitted with wheels, for 

example, the inspection accuracy is expected to increase if the axle is inspected ultrasonically by rotating it 

to keep the tensile stress being always applied to the inspection site. When the axles are inspected in a state 

of a train, the present results would suggest that the threshold level for the crack detection in the 

circumferential direction should be adjusted based on the echo-height variation caused by the 

tensile/compressive stress ranging –50 to 50 MPa. 

The grazing SH-wave probe was found to be effective in the crack detection at the wheel seat of a 

miniature axle. The miniature axle used here had a transition from the wheel seat to the axle body with a 

radius of 20 mm as shown in Figure 1. This radius is smaller than those of the full-sized axles. Since the 

grazing SH wave was found to pass through the transition with such a small radius, the results obtained by 

the miniature wheelset with the grazing SH-wave probes are expected to be applicable to the practical case 

with the full-sized axles. 

 

4.  Conclusions 

We can conclude our study as follows. We measured the echo-height variation and the waveforms with 

the two fatigue cracks that were developed by rotating bending fatigue test at the wheel seat of a miniature 

wheelset test piece, when the axle was subjected to bending loads which applied compressive/tensile 

stresses to the cracks. The depths of the cracks were 3.5 mm and 1.3 mm, respectively. There was a 

hysteresis in the variation of the echo height according to the load history. The state of a fatigue crack with 

a depth of 3.5 mm approached that of an open flaw when the crack was subjected to the tensile stress which 

was higher than approximately 50 MPa. 

We quantified the echo-height increase due to the crack opening effect of the tensile stress, by 

comparing the data under the maximum tensile stress and the no-load condition as to the 3.5-mm-deep 

crack. The increase value was smaller when a wheel was fitted on the axle covering the crack, compared to 

the case when it was not fitted. We explained this fact by the effect of the contact conditions of the crack 

faces as well as the axle–wheel interface. 

The crack depth estimation was also carried out based on the calibration curves between the crack 

depth and the echo height for artificial flaws machined on a similar axle. While 2 MHz probes gave 

reasonable estimated depths when the wheel was not fitted on the axle, 5 MHz probes gave underestimated 

depths due probably to the effect of the local inclination and roughness of the crack. The presence of the 

wheel was also a source of underestimation of the crack depth, as the echo height was reduced due to the 
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ultrasound transmission into the wheel and the resistance to the crack opening by the wheel. 

The normalized echo height of fatigue cracks measured with the 5 MHz angle probe was comparable 

to or lower than that with the 2 MHz angle probe. Moreover, when we used grazing SH-wave probes, the 

normalized echo height was apparently lower when the nominal frequency of a probe was higher. We 

discussed these observations in a qualitative manner by considering the beam-spread length, the 

line-contact nature of the probe attachment, and the local inclination and roughness of the crack. 

The present study has revealed the significant influence of the contact conditions at the crack faces as 

well as the axle–wheel interface on the crack echo detection as well as the crack depth estimation. This 

should be taken into account properly when axles are inspected as wheelsets, i.e. with wheels fitted. 
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