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Abstract 

This scientific paper focuses on the application of an advanced non-destructive technique for an 15 

effective inspection of railway axles. The method pertains to ultrasonic techniques, which are 

widely used in the railway field. The experimental investigation was carried out on simulated 

defects tooled near the cross section reduction of the axle, in order to simulate fatigue cracks which, 

due to notch effect, can trigger crack propagation and axle failure. 

The aim of this research activity is to evaluate how efficiently the proposed technique detects 20 

defects and to verify its applicability to axles with a black coating for protection. In view of the 

experimental setup, comprising a pulsed laser for ultrasonic waves generation and a continuous 

beam laser plus an interferometer as the receiving unit to measure surface displacements, the 

presence of a black coating represents a major challenge in terms of signal detection. Nonetheless, 
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defects were detected by collecting all the waves in a B-scan map and data were processed by cross-25 

reading A-scans and B-Scans in correspondence of each defect analysed. Results of the analysis 

show how very promising and robust the application of the proposed laser ultrasonics technique is 

in defect detection on painted railway axles. 

 

1. Introduction 30 

In the railway field, non-destructive evaluation techniques, even non-conventional ones, are a 

fundamental tool for on-service inspection of components, such as wheels [1–4], axles [5–8], bogies 

[9,10], rails [11–14] and turnouts [15].  

Taking into account the nature of axle-related derailments (i.e. not related to human factor) which 

have occurred within the last few years [16–18], the scientific community has focused its attention 35 

on the detectability of corrosion- [19], fretting-fatigue crack [20] and fatigue-induced cracks [7,21] 

on axles. Fatigue cracks can initiate on the axle surface, due to the intense mechanical loads during 

operation. Both static and fatigue loads lead to high magnitude torsional and bending stresses. The 

latter ones can generate transversal surface-opened cracks which can cause stress intensification 

(i.e. notch effect) in specific sections of the axle (where a diameter reduction occurs), triggering 40 

fatigue crack initiation and propagation [22]. Thus, one of the main aims of the Euraxles research 

project [23] has become minimizing the risk of axle failure either by improving available non-

destructive techniques, or by developing new ones also. The project mainly focused on ultrasonic 

techniques (UT) [24], which are the non-destructive techniques most widely used in the railway 

field [25–29]. In this regard, when visual testing (VT) reveals small defects on the surface, such as 45 

paint damage (peeling) or corrosion pits, magnetic particles testing (MT) and ultrasonic testing 

(UT) are the recommended inspection techniques, according to the adopted maintenance standard 

procedure [30]. Moreover, since ultrasonic testing is a volumetric technique, it further allows to 

detect internal defects and measure their effective sizes. In agreement with the aforementioned 

direction undertaken by the scientific community [21], in this paper the authors propose a non-50 
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conventional ultrasonic technique for defect detection on a painted solid axle, that was already 

successfully applied on a train wheel [31]. The main advantage of this technique lies in the use of 

non-contact transducers which allow more flexibility in the inspection setup (i.e. the distance 

between source and detector) based on the geometry of the inspected part and on the type of defect. 

Considering that, under a train, accessibility to the collar is very small (about 10 mm) and 55 

inspections of a train underbelly are currently performed with the train stationary in a maintenance 

pit line, the authors’ idea is to carry out the inspection of the axle during wheelset maintenance 

instead, using an underfloor lathe, thus making it possible to move the train at a very low speed 

without any need of dismounting the wheelset. This would drastically reduce inspection time by 

UT. On top of that, thanks to the non-contact probes, it is not necessary to prepare the surface 60 

before inspection or to use any couplants (such as glycerine, water or gel). The proposed technique 

is based on a pulsed laser for ultrasonic waves generation coupled to a laser interferometer for their 

detection; more details can be found in [31]. The experimental campaign was carried out on a solid 

railway axle of the Italian Railway Company, Trenitalia SpA, coated with a new protective black 

paint to prevent corrosion and impact damage due to flying ballast. It is worth mentioning that 65 

several types of surface protection systems can be applied on axle surfaces [32]. The presence of a 

black coating represented a major challenge in using the laser – laser ultrasonics technique for 

inspection. Furthermore, a fine tuning of both the generating and receiving optical unit is required, 

the former to prevent coating damage (during ultrasonic waves generation), the latter due to the low 

reflectivity of black surfaces, that renders them harder to investigate by optical interferometry 70 

(during signal reception).  Specifically, to ensure a negligible coating damage during ultrasonic 

generation, a laser line focalization was adopted (instead of a pointwise one), without multiple shots 

for each acquisition (no averaging) to reduce the power density injected in the sample and the 

number of laser strikes.  

Some artificial defects, simulating fatigue cracks, were tooled in critical sections on the external 75 

surface of the axle, where stress intensification occurs due to diameter reduction, to the effect of 
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wheel seats and/or to the bearing press-fit [33]. The acquired data are reported after generating a B-

scan map for each defect. 

Recent studies employed laser generated ultrasonic waves to detect shallow defects in thin plates 

[34] and in polymeric composites [35], highlighting its high spatial resolution. In [36], a finite 80 

element analysis was performed to study the propagation of laser generated ultrasonic waves in 

ablation regime inside a steel specimen with internal defects. As far as the authors are aware, few 

research papers deal with the application of the proposed technique in the railway field [4,8,31,37], 

and those are especially focused on rails defect detection [38–40]. The main differences between 

this research paper and previous published research [8] are two: the sample is coated and the 85 

ultrasonic waves were recorded by a laser interferometer coupled with a laser generation system 

instead of using non-contact air coupled ultrasonic probes. Moreover, the interferometric receiving 

system is equipped with a focusing lens, which can be either adjusted or substituted, if the source-

detector-specimen distances or the setup geometry need to be changed; on the contrary, using air-

coupled probes, such distances cannot be easily adjusted nor entirely modified. 90 

It is worth mentioning that it is the first time the proposed technique is applied on a painted axle, 

whereas other non-destructive techniques are currently being developed to avoid the issue of 

wheelset dismounting and paint removing [41,42]. 

Thus, the main novelty of this research is the application of technique for defect detection on solid 

railway axle. The aim of this research activity is to evaluate whether the laser-laser ultrasonics 95 

technique is capable of detecting artificially created defects and to verify its efficacy and reliability 

in inspecting axles with a black coating for protection. 

 

2. Experiments  

2.1 Railway axle sample  100 

A portion of a railway axle, provided by the Italian railway company Trenitalia SpA, was adopted 

as benchmark to prove the efficacy of the proposed non-contact UT inspection methodology. The 
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sample axle is made in EA1N steel grade and presents a set of two reproduced superficial defects 

(A and B) spaced by an angle of π/2, with known geometries and positions. In Figure 1 a 3D CAD 

model of the axle is shown, generated by reverse engineering. The axial position of the reproduced 105 

defects fits a real case scenario of most likely locations found during worksite inspection on trains. 

The defects were obtained by means of a rotating saw-cut in order to produce a convex shape, 

which is very similar to a fatigue crack. Nevertheless, the dimensions, in terms of axial width (1 

mm) and radial depth (3 mm) were designed in Trenitalia laboratories to generate an equivalent 

defect to be used for calibration of an ultrasonic inspection system. The UT system is equipped with 110 

a rotating probe with angled transducers for defect detection in the critical areas of axles (i.e. 

geometrical transitions and press-fit seats) and it is designed for testing solid axles from end faces. 

It is worth mentioning that the position of the defects along the axle in this study (200 mm and 280 

mm) from the end face are similar to those used during the calibration of such probes (which, 

obviously, can change depending on the specific geometry of the axle). The depth of the defects is 115 

similar to what found in other studies [25,43,44]. Specifically, defect A lies on the journal of the 

axle which, in the case of an in-site inspection, would be covered by the rolling bearing, whereas 

defect B lies on the fillet between the collar and the wheel seat (see Figure 1). The axle is coated 

with a protective black paint, used to prevent corrosion and impact damage due to any flying 

ballast. 120 
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Figure 1 – Draft of the railway axle with dimensions and positions of the artificial defects (a); 3D view of the axle (b).  
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2.2 Experimental UT setup 125 

An experimental preliminary study of the setups that would allow defect inspection was necessary 

to carry out an application of the innovative full optical ultrasonic inspection system to the painted 

axle.  

Two different experimental setups were selected for the inspection of defects A and B: a 

transmission and a reflection setup, respectively. Schematics and pictures for both setups are shown 130 

in Figure 2. 

In both cases, a pulsed IR Nd:YAG laser is used to generate an ultrasonic signal while a continuous 

wave laser combined with an interferometer is the receiving end for surface out-of-plane 

displacements. The acquired signal is digitized by a National Instrument® A/D converter, triggered 

by the generating laser, then transferred to a PC for data storage and post-processing analysis.  135 

The axle is safely mounted in a vertical position on a motorized spindle, controlled by a PC 

interface. To perform the scan, the PC interface triggers the laser pulse and, after storing the UT 

signal from the laser receiver (by the A/D acquisition board), it moves the spindle in position for the 

next acquisition (as shown in Figure 2).  The described loop is automatic and fairly quick, being 

completed in 1 s (f = 1 Hz). 140 

In Table 1, 2 and 3 the specifications for the laser generator, the laser receiver and the acquisition 

board are summarized.  

Both laser source and receiver, along with their respective optics, are mounted on an optical bench; 

the distance between sample and generation/receiving lasers can be varied according to accessibility 

needs by adjusting the focusing lenses, thus overcoming any encumbrance issues due to equipment 145 

size.  

A cylindrical lens is adopted for the pulsed laser focus over the sample surface in both setups, in 

order to favour the UT propagation in the direction normal to the focus line (the axial direction). 

The linear focus reduces the power density injected in the sample surface, avoiding surface 
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degradation. Moreover, only one shot for each acquisition was needed to generate B-scan maps (no 150 

averaging).  

The length of the focused line is about 3 mm, way shorter than any defect lengths. The laser receiver 

was focused in a point on the sample surface, adopting a spherical lens. The low reflectivity of the 

axle matt black paint required a fine focalisation of the receiver beam in order to obtain a good 

signal/noise ratio. For this reason, the adoption of a self-centring spindle for axle movement proved 155 

fundamental to maintain the focus of the laser interferometer during the entire rotation, without 

reducing the signal amplitude.  

Regarding the inspection of defect B, in the reflection setup, a distance of 24 mm was set between 

the source and receiving (S-R) focused beams (see Figure 3b). 

The laser pulse generates longitudinal (Lw), shear, and surface (Sw) waves into the sample. A study 160 

on the UT angular propagation in the laser regimes can be found in [45]. 
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Type Pulsed IR Nd:YAG 

Wavelength 1064 nm 

Energy 100 mJ 

Pulse duration 8.5 ns 

Generated bandwidth 1 – 50 MHz 

Beam diameter 4 mm 

Max pulse frequency 20 Hz 

Table 1 –  Laser source specifications. 
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Type Continuous wave  

Wavelength 532 nm 

Power 1 W 

Optical stand-off 200 mm 

Detection bandwidth 1 – 50 MHz 

Beam diameter ~0.2 mm 

Table 2 – Laser receiver specifications. 
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 Brand National Instrument® PCI 5152 

N° of channel 2 

Memory 64 Mb/Channel 
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Real-time sampling Up to 2 GS/s 

Bandwidth Up to 300 MHz 

Impedance From 50 Ω to 1 MΩ 

Table 3 – Acquisition board specifications. 

 165 

In Figure 3 a schematic representation of the wave paths for the transmission setup (Figure 3a) and 

reflection setup (Figure 3b) is shown.  

In order to fit the strict accessibility conditions below a real train, the flexibility in the source and 

receiver positioning of the full optical laser-laser UT system (in respect to the more conventional 

UT probe) represent a unique feature. This technique could be applied in the reflection mode on the 170 

collar instead of conventional UT or rotating UT probe. In the reflection setup, both source and 

receiver are placed on the same side of the defect, on the collar free surface, which is accessible for 

inspection.  

However, for defect A inspection this condition was not applicable because the laser receiver could 

not be focused on a curved, black painted surface (the fillet). For this reason, a transmission setup 175 

was preferred instead. In Figure 3a and 3b iSw and iLw indicate the incident surface wave and 

longitudinal wave, respectively. 

In the transmission setup (Figure 3a and 3c), defect detection is based on the monitoring of the 

transmitted surface wave (iSw), as generated by the pulsed laser near the fillet between the journal 

and the collar. In particular, defect A, being in this case interposed between source and receiver, 180 

acts as a barrier for the iSw, neglecting its acquisition by the receiver (see Figure 3c). Thus, the 

transmission setup only gives information about the angular extension of the defect, not about its 

axial position.  

In the presence of a bearing (or wheel), there is an attenuation of the surface wave at the axle, in 

correspondence of the contact point between axle and bearing (or wheel), since part of the surface 185 

wave will disperse to the bearing (or wheel) [37]. In this case, it would be sensible to increase the 

wave amplitude, so that even considering the attenuation caused by the press-fit, it remains 
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distinguishable from the background noise. An experimental inspection with this boundary 

condition, adopting a laser generation and an air-coupled probe detection, can be found in [44]. 

As already mentioned, for defect B detection, a reflection setup was adopted instead. In the 190 

reflection setup, the defect signature is based on the monitoring of the surface wave as reflected by 

the defect edge (RSw), see Figure 3b and 3d. The adoption of the reflection setup allows to 

characterize defect B in terms of both circumferential length and position.  

 

 195 

 

Figure 2 – Schematic representation and pictures of the experimental setup in transmission, for the inspection of Defect 

A (a) and (c) and in reflection, for the inspection of Defect B (b) and (d). 
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 200 

 

Figure 3 – Schematic representation of the surface wave paths on the axle; in (a) and (c) the transmission setup wave 

paths, in (b) and (d) the reflection setup wave paths. 
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In this section, results of data analysis are presented, by comparing the A-Scan signals acquired in 

sound and defected zone, together with a B-scan map generated by stacking up the A-scan 

acquisitions. To generate the B-scan, the axle is rotated in fixed angular steps for each acquisition.  

All the A-scan signals are post-processed by applying a time truncation window, a noise reduction 

filter (s) and an amplitude signal normalization, before being stacked up and plotted in the B-scan 210 

map. The abscissa and ordinate of the B-scan indicate, respectively, the time and laser position; 

signal amplitude is represented by a rainbow colour based scale.  

 

3.1 Defect A 

The possibility of inspecting the external part of the axle journal is created by using the 215 

transmission setup (see Figure 3c). The surface wave is generated close to the fillet radius, with the 

laser source - laser receiver distance being about 207 mm. The laser source is linearly focused on 

the axle surface, along the circumferential direction. The distance between the laser source and 

defect A is equal to 6 mm, while the circumferential length of defect A is 39 mm (see Figure 1a). 

The axle is rotated in angular steps of 4.5° degrees for each acquisition. 220 

The A-scan signals are post-processed by applying a time truncation window of 100 µs and a band-

pass filter between 1 MHz and 2 MHz to reduce any noise mainly due to the relatively high S-R 

distance (see Figure 4). 

The B-scan map for defect A is shown in Figure 4a. Considering the surface wave speed in steel 

(vs=2.8 mm/µs), the time-of-flight of the iSw is in agreement with what observed in Figure 4a, 225 

relatively to the sound zone, and equal to ~74 μs. A background noise is still visible, even though it 

does not affect the detection of the surface wave. 

The defect signature can be clearly identified by the interruption of the iSw in the map (see Figure 

4a). Actually, the defect acts as a barrier for the Sw traveling between the laser source and receiver, 

thus such an interruption is a direct proof of the defect angular position on the surface (see Figure 230 

4c). If the defect were shorter in length than the width of the laser source (3 mm), a reduction of the 
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surface wave instead of a complete interruption would be observed. Starting from the angular 

extension α of the iSw interruption, it is also possible to estimate the circumferential length of defect 

A, lA, by using the geometric formula 𝑙𝐴 = 𝛼𝐴
𝑑1

2
 , with d1 being the diameter of the journal  (d1 = 

130 mm), where defect A lies (see Figure 1a). By this formula, we obtain an estimated length of 235 

lA=30.6 mm, underestimating the real defect length of 39 mm. This difference could be due to two 

factors:  

- the resolution of the step by step acquisition (4.5°) which adds a significant instrument error, 

up to 5.1 mm (for journal diameter); 

- the linear focalization length of 3 mm which could lead to a partial interruption of the iSw in 240 

the proximity of the two defect ends (due to the partial transmission of the signal).  
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Figure 4 – B-Scan image of the defected area obtained with the transmission setup (a); A-scan signals acquired on 

sound zone (b) and over defect A (c). 
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3.2 Defect B  245 

The inspection of the collar is made by adopting the reflection setup (see Figure 3d). The pulsed 

laser simultaneously generates all the types of waves in the medium (longitudinal, superficial and 

transversal) but, for defect detection, only the reflected surface wave (RSw), needs to be monitored. 

The S-R distance is 24 mm (see Figure 5d or 3b), while the laser source is linearly focused on the 

axle surface, along the circumferential direction (with 3 mm length). The circumferential length of 250 

defect B, located on the fillet of the collar, is 54 mm (see Figure 1b). The axle is rotated in half steps 

of 4.5°/2 degrees for each acquisition. 

The A-scan signals are post-processed by applying a time truncation window of 25 µs and a 3 MHz 

low-pass filter of the 2nd order, to reduce the noise on the high frequency end. In Figure 5a the B-

scan of the defected B zone is shown.  255 

Considering the longitudinal and surface wave speed in steel (vl=5.85 mm/µs and vs=2.8 mm/µs), 

the time-of-flight for the Lw and Sw travelling in the S-R direction (see the blue arrow in Figure 5d) 

are in agreement with what observed in the A-scan of Figure 5b, relatively to the sound zone, and 

equal to tl = 24/5.85 = 4.1 μs and ts=24/2.8 = 8.6 μs, respectively. The same Lw and Sw are visible 

in the B-scan map of Figure 5a in terms of vertical bands for the whole length of the acquisition. 260 

Defect B signature can be clearly spotted by the generation of the reflected surface wave RSw, in 

the B-scan (see Figure 5a) or in the A-scan signal relatively to the defected zone (see Figure 5c). 

Looking at the schematic representation of Figure 5d, the distance d between defect and scanline 

can be estimated by applying Pitagora’s theorem to the triangle whose vertices are: the laser source, 

the laser receiver and the impact point A. Since the time-of-flight of the Lw and Sw are known, the 265 

cathetus can be calculated (𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∙ 𝑡𝑖𝑚𝑒), and the distance d results equal to 19.4 mm, in line 

with the one measured in the experimental setup. 

The circumferential length of defect B can be reconstructed with the same procedure as what 

explained for the superficial defect A. Starting from the angular extension α of the RSw, as 

extracted from the B-scan in Figure 5a, an estimate of the 𝑙𝐵 can be calculated using the formula 270 
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𝑙𝐵 = 𝛼𝐵
𝑑𝐵

2
 , where dB is the diameter at the defect position. Since defect B position is on the fillet of 

the collar, the real dB value is in the range d2 < dB < d3 with d2 and d3 being the diameters of the 

collar and of the wheel seat, respectively. From the measure taken on the axle and from the 3D 

reconstructed model, the real dB value is estimated to be 160 mm, and from this, the estimated length 

of defect B would be lB = 50.3 mm. The obtained lB slightly underestimates the real length of defect 275 

B, which is equal to 54 mm.  

This discrepancy could be explained with the same two factors influencing defect A length 

reconstruction:  

- the resolution of the step by step acquisition which adds a significant error equal to 3.1 mm 

(for db diameter); 280 

- the linear focalization length of 3 mm which could lead to a partial reflection of the iSw in 

the proximity of the two defect ends. 
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Figure 5 – B-Scan image of the of the defected area obtained with the reflection setup (a); the A-scan signals acquired 

on sound zone (b) and over Defect B (c); schematic representation of the inspection strategy (d). 285 

 

4. Conclusions 

In this research paper, a non-conventional ultrasonic technique is proposed for defect detection in a 
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critical regions. The experimental setup is based on a pulsed laser to generate ultrasonic waves and 290 

on a laser receiver to detect them. One of the main advantages of this technique lies in the 

possibility of performing defect detection without dismounting the wheelset, for instance by using 

an underfloor lathe, when it is possible to move the train at a low speed, reducing out-of-service 

time for the axle. Notwithstanding, the experiments in this work are conducted in a clean laboratory 

setup, pointing towards further studies to be conducted before application on a real inspection site. 295 

Indeed, the authors aim to carry out the inspection of the axle during the wheelset maintenance by 

an underfloor lathe, making it possible to move the train at a very low speed and getting rid of the 

need of dismounting the wheelset. In this case, this technique could be applied in reflection mode 

on the collar as opposed to conventional UT or rotating UT probe. 

By analysing experimental results, it is possible to see how the reflection setup used for defect B 300 

detection can also be arranged to inspect the other axle sections, whereas the same cannot be done 

for defect A detection, since the latter is located in the axle journal (under the bearing seat). For this 

reason, it proved necessary to generate a transmission signal at the axle end face. However, even in 

this case, the transmission inspection can be easily carried out after opening the axle box and 

removing the bearing retaining ring, due to setup flexibility in the laser positioning. 305 

On the other hand, during the experimental campaign, some issues arose mainly due to the presence 

of the protective black coating, which made it difficult to focus the reflected signals on the laser 

receiver. According to the authors, this aspect does not necessarily represent a limitation to the 

technique applicability, since different kinds of coating are generally found on axle surfaces.  

To sum up, the results are quite promising and reliable, even though the experiments were 310 

conducted in a laboratory environment, thus, further study in realistic conditions, with different axle 

geometries and defects need to be conducted, before the technology is moved to real inspection 

sites.  
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