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Abstract

The present paper demonstrates the applicability of a lasasatic procedure to improve the
performances of train axle ultrasonic inspection. The methodiexploair-coupled ultrasonic probe
that detects the ultrasonic waves generated by apugeenergypulsed laser. As a result, the
measurement chain is completely non-contact, from generatiogtdotion, this making it possible
to considerably speed up inspection time and make the set-up eadbtefl The main advantage of
the technique developed is thatstwerkingvorks in thermo-elastic regime andtherefore can be
considered ssanon-destructive method.

The laser-ultrasonic proceduresestigatechas been applierte the inspection of a real high speed

train axle provided by the Italian railway company (Trenijal@ which typicattandardfatigue

defects have been expressly created according to standaificgpions.
A dedicated test bench has been developed so as to rotate thdthxleewangle controland to

speed up the inspection of the axle surfathe laser-ultrasonic procedure proposed can be

automated and is potentially suitable for regular inspectidrawmf axles.

The main achievements of the activity described in thigmpare:

- the study of the effective applicability of laser-ultrasorimsthe diagnostic of train hollow

axles with variable sections by means of a numerical FEemod

- _the carrying out of an automated experiment on a realdrdén

- the analysis of the sensitivity to experimental paramelies|laser source — receiving probe

distance and receiving probe angular position,

- the demonstration that the technique is suitable for the demienftisurface defects purposely

created on the train axle.

Keywords: Laser-ultrasonics, NDT, air-coupled ultrasound, traie a<E model
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1. Introduction

Safety and reliability are two key issues in the railii@/d. Wheelset components, i.e. axle and
wheels, are often the main responsible for breakdowns and accitteys)eing most subjected
either to static stress or fatigue. Although designed for umldniife, they occasionally collapse
during operation because of the propagation of incipient cracks.f@reetieeir periodic inspection is
crucial. An open problem is, however, the estimation of thenaptinspectionfrequencyintervals
(according to the concept of damage tolerance) [1] so as wasesafety without shortening the
periods between controls, this making it possible to reduce maiertosts [2]. Currently periodic
inspection of axles is carried out by ultrasonic techniques usingxéonple, a number of rotating
contact probes, phased arrays or bore probes (for hollow axle diagh{s 4, 5].

Ultrasonic techniques, which aseleng-established-methodll known in the state of the atiave

the disadvantage of requiring the probes to be in contact véatolifect to be investigated, which
lengthens the inspection time necessary to prepare the abjdchpply the coupling medium.
However, the typical problems of conventional techniques can ieamne by using a hybrid laser-
ultrasonic system based on the detection of ultrasonic wavesatgzhdyy a higlpoweenergy
pulsed laser via air-coupled ultrasonic transducers. Air-couglteglsound inspection has already
been successfully used in many industrial applications e.g. NDT tntbick [6] and thin [7]
composites, NDT on light thin historical vaults [8], density meament of ceramic tiles [9], wood
detection [10], and thin metallic laminated [11, 12].

The hybrid systerhereproposed is completely non-invasive and it makes it possible t

- overcome shape and accessibility problems,

- avoid the application of the coupling medium,

- shorten the inspection time for large surfaces.
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Laser-ultrasonics has been applied in the aeronautical fietafoage detection on thick composite
materials [13] and honeycombs [14] and in the railway field fibfX8,16], rail wheels [17] and axle

inspection [18]. Gonzales et al. [18] presented a Laser Air-Hyliitrasonic Technique based on air

coupled ultrasounds. The lirattons of the technique ardue to the facthat it is~werkingvorksin

ablative regime and it exploitbe Rayleigh waves reflected by the crakace that technique works

in ablative regime which damages the surface it cannot coedidenon-destructive methothe use

of Rayleigh wave reflection makes extremely difficult towerkdeal with complex geomeisy,
adike hollow axles with several section variations. In fact, riféections due to the geometry can
overlap with the one induced by the crack and thus the desired signbé buried intéhe-noise. In

a very recent work the suitability of laser-ultrasonicstifer inspection of wheelset flaws was proved
by means of a numerical study [19]. A numerical simulation with eilyni@xplicit integration was
presented, showing that the perturbation produced by the defect altrés®nic propagation, and
specifically on the surface or Rayleigh wave, is evidentthadefore the technique is suitable for
diagnostic purposes.

The present paper shows the experimental application of udisesonicge-for the inspection of a
real high speed train axlgrovided-suppliedby the Italian railway company (Trenitalia), where
standard fatigue defects have been expressly created acctirditandard specifications.

The first aim of this work is to demonstrate that the tectenigorks inthe-termo-elastic regime.

Furthermore-it has-been-shovehowsitsfunctionality-alsthat the technigue can be applied dtso

the inspection of complex geomesy using direct Rayleigh waves. Has-beenprovguovesthat
the technique can be applied also when the distance betweendass and ultrasound probe
exceeds 200 mm. Consequentlysitpessible-to-apphrdan be appliedor the diagnostics of flaws
located in the fretting surface byeatingpositioningthe laser source and the ultrasound proipat
the opposite sides of the wheel press fitted area. That holdengptentials of such technique for the

application to wheelsets are quite evident, as demonstrated bgsihles of the numerical model



98 presented in [19]. This would be the next step of the experim@entstigation performed by the
99  authors.

100 The paper is structured in four Sections. Section 2 presentmarical feasibility study performed
101 with the aim to verify the suitability of the technique proposedtde flaw diagnostics. Such study
102  has been carried out by means of a numerical FE model simulaéngeheration of the thermo-
103 | elastic displacement by a higliweenergypulsed laser impinging on the material surface and the
104  propagation of the ultrasonic wave produced by the thermo-eldfgat within the material. The
105 numerical simulation has been used by the authors to design the exysriamd optimize the
106  diagnostic procedure for flaw identification. The experimentglupeand the sensitivity analysis to
107  experimental parameters are reported in Section 3, and thts re@istdined in the tests are discussed
108 | in Section 4.

109

110 2. Feadbility study of the Laser Ultrasonic technique by means of a numerical FE model

111 In this section the finite element model developed for the desigimeoéxperiments based on laser
112 ultrasonics for the detection of flaws in a train axle is diesdr A coupled thermo-stress analysis
113  was exploited to simulate the generation and the propagation of gtaylaves and to drive the

114  experiments, by identifying the optimal testing parameters.

115 2.1. Simulation of the elastic wave generation

116  For the generation of the ultrasound wave from the pulsed lasitaten, a 2D axisymmetric model
117  simulating the half cross section of a steel disk withdsusaof 20 mm and thickness of 3 mm was
118  developed.

119  Such undersized model makes it possible to optimize the numeresdl and the input parameters
120 for an accurate simulation of the Rayleigh waves generatioricapdt the basis for the complete

121  model of the train axle.
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Fig. 1. Schematic view of the numerical model.

Two different physics need to be considered in laser-ultrasaihiermo-elasticity, for the ultrasonic
wave generation due to the thermo-stress induced by thangsdse [20, 21], and acoustics, for the
ultrasonic wave propagation within the material [22]. Comsol ighysics software was used to
carry out the numerical simulation. An implicit analysishnatgeneralized-(alpha) time dependent-
solver was implemented.

A convective cooling boundary conditidgvas—beewas used on the top and bottom surface. Other
boundaries were assumed to be thermally insulated. The body reeatitlo@ the steel disk is given

by the following expression:

2

Qun(r,2,0) = QO ~R) (£5) e i) -t (1)
where ¢; is the standard deviation of the Gaussian laser beamvalte assumed-f ¢ in the
model is 1.5 mm (for a laser beafwith a diameter of &nm). The steel thermal, mechanical and
optical properties appearing in equation (1) and in the following emsafl) and (3) are reported in

Table 1. The variatiowith temperature wothe material propertiesvith-temperaturavais assumed

to be low when considering a thermo-elastic model with a heatlflwer than 16.9 MW/cf

We-assumeThe absorption of the laser pulgeat the surface of the steel samplas assumed to

occuss without phase change and therefore the thermal propertiege ohdalal are independent of
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temperature [23]. The Young modulbsis—beewas consideredto be varying linearly withthe

temperature (about 0.15 GPa/K).

Table 1 Steel mechanical/thermal/optical properties.

p Density 7900 kg/rh
E Young Modulus (@ 273.15 K) 200 GPa
C Specific heat capacity 480 J/(kg K)
k Thermal conductivity 50 W/(m K)
a Coefficient of thermal expansion 10.7 & K™
R Reflection coefficient 0.3

A Absorption coefficient 387&m?

The time-dependence of the thermal po@wé) irradiated by the laser pulse is taken into account in
equation (1) using a triangular function [24] with 12 ns of tilomaand an energy of 82 mJ. An
integration time step of 4 ns was considered, thus leadingseompling frequency of 250 MHz.
Equation (4) expresses the power densityhefimpinging laser beam absorbed by the material,
depending on the reflectivity properties of its surface. Theatafiyy was calculated analytically

[23] according to the following equation:

2-28+¢&2
=t 2)
2428+¢
where& = pgocd, andc = 300m/s is the speed of light in vacuupn = 4210 Hm™tis themagnetic
permeability in vacuumg is the steel conductivity anilis the skin depth. The skin depth can be

sestimated from the following equation:

8 = (moppuev) )
with . the relative magnetic permeability amd2.82x16* Hz the radiation frequency at the IR

wavelength of 1064 nm.
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For the steel given in Table} = 1900 and=7.04x16 (@m)~, thuss = 0.258 nm£=0.68 and
R=0.3.
The heat flux Q) was estimated by knowing the laser enefgy the pulse duratiorr)and the area

of the laser beamAj corresponding to a laser beafwith a diameterof 6 mm, according to the

following equation

0 E 1-R) 0.082 0.7 = 16.9 MwW
T4 (12 - 10—9)(%. 0.62) cm? (4)

For a metallic material in the near infrared/visible wargth region, the transition between the
thermo-elastic regime and ablative regime is governed byattee power density absorbed by the
material [23]. For the steel given in Table 1 the transitialue was calculated to be about 20
MW/cm? Since the value of the thermal heat flux calculated with texju#4) is lower than 20
MW/cm? it can be statethatthe ultrasound waves are generated in the thermal-elegtine.

In order to investigate the effect of thermo-elastic expansn terms of ultrasound wave
propagation, the solid-acoustic interaction was added. The aconetlel makes it possible to
connect the elastic wave propagation with the thermal defmmatraluated in the thermal stress
module. A prescribed displacement (imndz directions, see Fig.1) boundary condition was set in
order to impose the thermal displacement, output of the thestness module, as the input of the
acoustic one.

A structured quadrilateral mesh with variable size wr@sited. The element size varied between a

minimum value of 0.1 nm and a maximum of 1 um. The minimum e&lerize was set with the aim

to have some elements within the penetration area of thedasere. The penetration depth was

0.258 nm. The maximum element size was in agreement withlthefi,/10 [25, 26], e.g. 0.29 mm

considering a frequency of 1 MHz and the shortest wavelerartiesponding to Rayleigh wave

which travels at the speed of 2905 m/s.
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An attenuation of ultrasonic waves of 4 neper/m was coregida the numerical model.

The simulation time was 5 us, to detect all the phenomepkeninin the process. The test sample
made for the model is shoviaig. 2, where the propagation of the different bulk wavessible.

On theepicentriepicentersurface of the disk, see Fig. 2c, the surface skimming lafigdl (sP)
and shear (sS) waves are visible as wskt 1.2 us. Those waves mark the intersection with the

epicentriepicentersurface of the disk with the longitudinal and shear waw{22].

sP (t=1.2 ps)

Longitudinal wave (P) sS (t=1.2 ps)
(t=0.2 ps)

---------- P wave arrival at the epicenter
face (t=0.5 ps)

Shear wave (S)

(@) (®) (©)
(d (e)

Fig. 2. 3D visualization of the propagation of the elastic waves: dapitudinal (P) wave at=0.2

1s. (b) P wave arrival at the epicemticer face (t=0.5u8) together with the arrival of thehear

wave Q) at the disk half thicknesgc) Surface skimming longitudinal (sP) and shear (sS) waves

(t=1.2 1s). (d) ultrasound propagation at 0,3s, the P wave direction is evidenced by the dashed

line. (e) ultrasound propagation at 0/, the S wave is evidenced by the dashed line.
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The model was validated with experimental datawéhg correspondence in terms of propagation
mechanisms. The wave propagation was measured bgsar Doppler Interferometer with a

frequency bandwidth of 20 MHz (Fig. 3).

Pulsed Laser Laser Doppler

NJ-YAG Vibrometer
 1--H [
] L

Q-switch *
Epicenter J Laser demodulator
o Computer
Scanning line — |
Sample

Fig. 3. Experimental set-up.
Fig. 4 shows the numerical and experimental B-sgaspectively, i.e. the waterfall plot of the
surface displacement in the z-direction with respedime (in abscissa) and spatial position along

the scanning line, reported fing. 3.

Position [mmm]
Pasition [mm]

Fig. 4. Waterfall of the numerical (a) and experimental digplacement in the z-direction.
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2.2. Simulation of the elastic wave propagation on a 2D axle section
The model developed for the Rayleigh wave generation from thedplalser source shown in the
previous section was exploited on a more complex model, where al@Bextion was simulated.
The propagation of the elastic waves was modeled followindghérental diffusion and thermo-elastic

displacement equations [22]:

oT
pCEﬂqﬂuNT=V&WU+Q )

Zu1

A+ wV(Vu,) —uVxVxu, — P oz == a(3A + 2u)VT (6)

whereT is the temperature rise in the metals the thermal conduction coefficieptjs the density,

C is the constant specific he&)(r, z, t)is the power density of the heat source created by laser
irradiation expressed in twadimensional cylindrical coordinates, (z), « is the linear thermal
expansion coefficient, andu are the Lamé constants angdis the displacement vector due to the
thermo-elastic effect.

The elastic wave equation is obtained from Newton’s secavid la

azuz

P>z —Vs=F, ()

whereu; is the displacement vector due to the elastic effaistthe stress tensor afig represents
the volume force vector. To study the propagation of Rayleigh waitle$requency components up
to 1 MHz the shortest wavelength is given by

¢, 2905103
Ay 7 T 106 2.90 mm (8)

The Rayleigh velocity was measured experimentally, iltieg in 2905 m/s.
A quadrilateral mesh was usetlhe size of the finite elements was chosen in order to-have
sufficiensuitablespatial resolution of the propagating waves. In [25, 26]ié¢é®@mmended to have

at least 10 nodes per wavelength and therefore the elememhsst be at least 1/10 of the shortest

11
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wavelength to be analsed, i.e. smaller thar=.4/10=0.29 mm,where 4 is the Rayleigh
wavelength

The model made it possible to simulate the propagation of thecehleste within the axle section
and to verify that the Rayleigh wave would a¢ienuate-antury into the floor noise when traveling
long distances, like the press fitting areas where the vgitseBesides, the model aimed at proving
that the presence of a flaw in the path treadgelwould produce a perturbation on the Rayleigh wave
which could be detected by an ultrasound transducer. In Fig. firdpagation of the elastic waves
within the 2D axle section and their interference with a fEne presented. Fig. 6 shows the
ultrasound signals that could be acquired by a transducer placed on theeopigesof the press
fitting area (red arrow on the left in Fig. 5) with resptcthe pulsed laser impinging point (red
arrow on the right in Fig. 5). In the model the distance betweeiater impinging position and the
detection one has been set to 143.5 mm that corresponds to 154 mrredisvagcthe axle profile.
The two signals reported in Fig. 6 were obtained by running tieehwith and without a crack of
1.1 mm length and 1 mm depth located at 11.5 mm with respect aséreémpinging position, as
shown in Fig. 5. The waveforms calculated on the undamaged andjethrmanfigurations have
been filtered on the frequency range of the ultrasound probe ufeel @xperiments (1 MHz + 200
kHz) and they have been plotted with normalized amplitude. Téeuation produced by the flaw is
evident and it is of 7.3 dB, which was determined as the oétibe undamaged signal RMS value
and the damaged signal RMS value. The RMS was calculatadtime window centered on the
Rayleigh wave time of arrival. That window is representethleygray box illustrated in Fig. 6. An
attenuation of 7.3 dB can be detected by an ultrasound transducérwiisbe demonstrated
experimentally in Section 3, where the attenuation produced by tketdefof the same order of

magnitude as the one calculated with the model.

12
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Fig. 5. Propagation of the elastic waves in the 2D axle sectiortredinterference with the flaw.
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Fig. 6. Displacement waves with crack and without crackapbsition of detection.

3. Experimental set-up

3.1. Test item
The test item is a train axl€ig. 7a, on which typical fatigue defects were creategractice four
convex defects were machined on the external surface, ge@bi-itwo of them in the wheel fitting
area (D1 and D3) and the other two in the section transitiora(d24). The defect morphology is

reported in Table 2.

Table 2 Defect morphology.

Defects Size of defect
H (mm) L (mm) D Max depth (mm)
D1 31 11 1
D2 28 1.1 1
D3 28 1.1 1
D4 28 1.1 1

13
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Fig. 7. Test item (a) and defect positions (b).

3.2. Test bench
The train axle was mounted on a support that made it possible toldttotation, in order to be
able to scan the axle surface along a circumference. Thespaae installed on a frame where they
could move along the axial direction. Therefore the completealaserface of the axle could be
inspected by the laser ultrasonic system, see Fig. 8.
The laser ultrasonic system was made up of a pulsed laseesauNd-Yag IR laser (1064 nm),
pulses of 12 ns duration and 82 mJ energy, from Continuum, and a 1 iMétmpled ultrasound
piezoelectric probe from Ultran Group (model NCT210, with 8 mm diamof active area). The
ultrasound probe conditioning system was a DPR 300 Pulser/Received$®R@nultrasonics. The
ultrasound signals were amplified with a gain level of 69 dB andieed with a high speed Digitizer
board NI PXI-5122 (100 MHz bandwidth). The laser beam was guideddswa axle under test by

means of an arm connected to the pulsed laser castyoam in Fig. 8.

14



Pulsed Laser Cavity

Angular

Pulsed laser output

Air-coupled ultrasound

probe
268
269 Fig. 8. Scheme of the laser-ultrasonic scanning system.
o DEFECT
I» l ......
1MHz air-coupled ,
ultrasound probe r
| DPR 300 |
Acquisition board Pulsed
NI PXI-5122 laser
270
271 Fig. 9. The laser-ultrasonic experimental set-up.

272 | The laser ultrasongcsystem was installed with the laser source and receiving paokepart in
273 | order to pointeutsideout of the wheel fitting surface, as shown in Fig. 9. A collimdseskr beam
274  with a diameter of about 8.5 mm was used to keep the ultrasow@s\ganeration within a thermo-

275  elastic regime.

15



276 | The axle was made to rotate by an electric motor and the rotatigle was measured by an
277  integrated encoder. A circumferential scan was performr@tyan angle of 93 deg with an angular

278  resolution of 1.5 deg. The real setup is shown in Fig. 10.

279
280 Fig. 10. The laser-ultrasonic scanning system.
281 3.3. Analysisof the sensitivity to experimental parameters

282 The aim of the experimental technique proposed in this paperkis able to acquire a consistent
283  signal even at a long distance from the laser source and tleeteforake it possible to perform the
284  measurement by pointing the laser source and the ultrasound probe abovgoaddioe press fitted

285 zones of the axle, respectively. In order to verify the omeraif the laser-ultrasonic technique in
286 dependence of the source-probe distance, a sensitivity antly$iss particular parameter was
287 performed. In practice, the ultrasound probe was moved along theswkéee starting from a

288  distance of 32 mm up to 247 mm, with a spatial resolution of 5 ($ee, Fig. 11a) and the RMS of

289 the signal acquired plotted again the sound-probe distance (seE2&)g.The probe angle used in

16
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this analysis was of 6 deg. It is clear that theSR#i&creases with the distance but, when comparing
the ultrasound time history acquired at 32 mm #lith one acquired at 247 mm (see Fig. 13, where
the Rayleigh waves are highlighted by the dashed, libe arrival of the Rayleigh wave is still

evident: its SNR is 12.5 dB.

|
Py, 'A'\,‘, 19 de
Laser ! : Laser 3 ’
source Ultrasound source Ultrasound
probe probe

1
U

(@) (b)
Fig. 11. The laser ultrasonic experimental set-aipthe sensitivity analysis to source-probe distanc

(a) and probe angular position (b).
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Fig. 12. Ultrasonic signal RMS variation with regp¢o source-probe distance (a, probe angular

position 6 deg) and probe angular position (b, ssiprobe distance 32 mm).
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Fig. 13. Ultrasonic time history at the minimum @2n, dashed line) and the maximum (247 mm,
solid line) source-probe distance.
A sensitivity analysis to the angular position loé tultrasound probe axis with respect to the normal
of the axle surface was then performed. The proae placed at 32 mm from the laser source and,
starting from an angle of 0 deg, where the probe was normal to the axle surface, it was tilted up
to 19 deg with a resolution of 0.5 deg. As it isdewt in Fig. 12b, the optimal angular position was

at about 8 deg, accordingttee Snell’s law [27].

4. Analysisof results
For each configuration, a series of ultrasound tastories with a duration of 500 s was acquirted a
every scanning position along the arc considerdée. attention was focused on the Rayleigh wave

propagation, it being the most sensitive elastizena the presence of the defect. Moreover, because
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of the geometry complexity and of the generation of elastieway the laser-material interaction,
the Rayleigh wave is also the most efficient for surtéefect identification.

The experimental set-up (i.e. laser and probe positions), tlee saxition tested and the defect
location (D1) are shown in Fig. 14c. The time history acquingtie first scanning position is plotted
in Fig. 14a. A close up around the time of arrival of the bulk waves engiv Fig.14b: that time
history evidences the Rayleigh wave arrival time at abbyts/ However, other waves are visible in
the waveform which are reflections of longitudinal and sheaewaue to the geometry complexity
(section transitions).

The B-scan close-up around the Rayleigh wave time of arrikalyrs in Fig. 15, evidences the
presence of the defect, which produces a strong attenaatibgelayof the Rayleigh wave itself.

The same plots given for defect D1 are reported for the othectddD2, D3 and D4 respectively) in
Fig. 16. Again, the Rayleigh wavehighlighted-in-the-time-histories—and-in-thesBansevidences
the presence of the defect. It should be noticed that the erqredl set-ups of both defects D1 and
D2 are similar: the distance between the pulsed laser andribeupled ultrasound probe is the
same and therefore the Rayleigh time of arrival is egd@bout 75 us. The same occurs for defects
D3 and D4, where the distance between the pulsed laser and-toei@ded ultrasound probe is

larger and therefore the Rayleigh time of arrival ialofut 87 ps.
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347 The RMS plots over the time axis (abscissa) of the B-soht@ned for the four defects were
348 calculated and compared in Table 3. Those plots were norchagaenst the maximum RMS value
349 of each plot. The contrast between the RMS in the damaged drelundamaged areas is presented
350 also in Table 3, which was calculated considering the minimuoesaf the RMS (in the damaged
351 area) and the floor values RMS (in the undamaged area).ldiisthat the best contrast between the
352 undamaged area and the damaged one occurs for defect D1 (6.5 di)fiveheulsed laser is close
353 to the defect. On the other hand, it is possible to seehbatantrast between the undamaged area
354 and the damaged one undergoes a drop when the defect is far frasethgolurce, which is the case
355 of defects D2, D3 and D4. The worst contrast occurred for defeetnD it is due to the fact that the
356 receiving probe is located after a very sharp transitiog,dinongly attenuating the ultrasound wave

357 propagation (e.g. it is evident that the signal minimum is latvan the other ones). Concerning
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defects D3 and D4, instead, the receiving probe is locatedafmoother transition, this reducing

the attenuation of the ultrasound waves.

The attenuation measured experimentally confirms the resultvadhigith the model exploited in

Section 2 for the feasibility study, where a 7.3 dB attenuatemacalculated. The order of magnitude

of the attenuation is comparapkthouglilespite thedifferencesexistbetweenthe numerical and

experimental data, e.g. the experimental signals are adawitte air-coupled transducers while the

numerical model does not tageopagation in ainto accounprepagationin-air

Table 3 Normalized RMS and Damaged/Undamaged RMS Contrast.

Defect D1 - Normalized RMS (5 us)
1

Defect D2 - Normalized RMS (5 us)
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5. Conclusions

The paper has shown the applicability of laser-ultrasonics, al@smdctive, non-contact technique,
for the inspection of train axles. The main advantage of the prdpgesknique with respect to the

state of the art is that it operates in thermo-elasticne@nd therefor@ can be considered a non-
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destructive methodA further advantage is that the crack produces an attenUadibtimermore—itis

based-on-thefact that the-crack-produces-an-atterrditbe direct Rayleigh wave. That wave can

be generally distinguished from the reflections produced by the ggoamel therefore it can be used

as defect classification feature also with very compleometiesy.

Four convex defects typically generated by fatigue on the eteunfaces of an axle have been
investigated. Two of the defects were on a transition sectidnttee other two on a wheel fitting
area. All the defects have been identified by observindrehdeigh wave propagation, it presenting
an evident attenuation when passing through the damaged area. Thetdmitween the undamaged
area and the damaged one made it possible to identify theletenset of defects, although it has
been evidenced that the best situation occurs when the defeaddda the laser, i.e. the ultrasound
waves source, where the contrast reaches 6.5 dB.

The good results achieved with the experimental procedure proposed papr incentivized the
authors to extend the application to axles mounted on a completeseth@gth the aim to prove its

suitability for the remote inspection of railway axles irnvaee.
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Figure captions

Fig. 1. Schematic view of the numerical model.
Fig. 17. 3D visualization of the propagation of the elasticesaa) Longitudinal (P) wave at t=0.2
ps. (b) P wave arrival at the epicenter face (t¥&ptogether with the arrival of the shear wave (S)
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471  at the disk half thickness. (c) Surface skimming longitudisB) (and shear (sS) waves (t=s).
472  (d) ultrasound propagation at Ou3, the P wave direction is evidenced by the dashed line. (e)
473  ultrasound propagation at Qus, the S wave is evidenced by the dashed line.

474  Fig. 3. Experimental set-up.

475  Fig. 4. Waterfall of the numerical (a) and experimental (b) dispiment in the z-direction.

476  Fig. 5. Propagation of the elastic waves in the 2D ad#ian and their interference with the flaw.
477  Fig. 6. Displacement waves with crack and without cetdke position of detection

478  Fig. 7. Test item (a) and defect positions (b).

479  Fig. 8. Scheme of the laser-ultrasonic scanning system.

480  Fig. 9. The laser-ultrasonic experimental set-up.

481  Fig. 10. The laser-ultrasonic scanning system.

482  Fig. 11. The laser ultrasonic experimental set-up for thetsatysanalysis to sound-probe distance
483  (a) and probe angular position (b).

484  Fig. 12. Ultrasonic signal RMS variation with respect to seprobe distance (a, probe angular
485  position 6 deg) and probe angular position (b, source-probe distanoen)32

486  Fig. 13. Ultrasonic time history at the minimum (32 mm, dadimed and the maximum (247 mm,
487  solid line) source-probe distance.

488  Fig. 14. Time histories (a) and (b), experimental set-tprse (c) and B-scan (d) — D1.

489  Fig. 15. B-scan close-up around the Rayleigh wave timerighar Defect D1.

490 Fig. 16. Experimental set-up scheme (a), (c), (e) and B-fza(d), (f) for defects D2, D3, D4

491  respectively.
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Fig. 1. Schematic view
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Fig. 2. 3D visualization of the propagation of the elastic waves
Click here to download high resolution image
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Fig. 3. Experimental set-up
Click here to download high resolution image
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Fig. 4. Waterfall of the numerical (a)
Click here to download high resolution image
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Fig. 4. Waterfall of the numerical (b)
Click here to download high resolution image
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Fig. 5. Propagation of the elastic waves
Click here to download high resolution image
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Fig. 6. Displacement waves
Click here to download high resolution image
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Fig. 7. Test item
Click here to download high resolution image

2180 mm
02
~—7—" ~11
T 95‘ P_@ \ 91\ Convex _H
- —-t—F— g R e S | 1 defoct |
| & & / & g + £ Rz —~. A "__ﬁ} =
| =] S 7] 2 8 2 T \ /
Pl 5 5 s 1—st—HHsHt ~— ol
~ - = o - A
] | |
275 mm
305 mm |
554 mm
665 mm ()



http://ees.elsevier.com/ultras/download.aspx?id=116071&guid=e61f62ca-5a3b-46f3-8509-a7de46c3c301&scheme=1

Fig. 8. Scheme of laser-ultrasonics scanning system.
Click here to download high resolution image
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Fig. 9. The laser-ultrasonics experimental set-up.
Click here to download high resolution image
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Fig. 10. The laser-ultrasonic
Click here to download high resolution image
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Fig. 11. The laser ultrasonics experimental set-up
Click here to download high resolution image
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Fig. 12. Ultrasonic signal RMS variation
Click here to download high resolution image
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Fig. 13. Ultrasonic time history
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Fig. 14. Time histories
Click here to download high resolution image
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Fig. 15. B-scan close-up around the Rayleigh wave.
Click here to download high resolution image
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Fig. 16. Experimental set-up scheme
Click here to download high resolution image
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Table 1

Table 1 Steel mechanical/thermal/optical properties.

P) Density 7900 kg/m®
E Young Modulus (@ 273.15 K) 200 GPa

C Specific heat capacity 480 J/(kg K)
k Thermal conductivity 50 W/(m K)
a Coefficient of thermal expansion ~ 10.7 e* K™
R Reflection coefficient 0.3

A Absorption coefficient 3.87¢e°m?




Table 2

Table 1 Defect morphology.

Defects Size of defect
H (mm) L (mm) D Max depth (mm)
D1 31 1.1 1
D2 28 1.1 1
D3 28 1.1 1
D4 28 1.1 1




Highlights (for review)

Highlights

e A laser-ultrasonics procedure for train axles ultrasonic inspection is reported.

e A FE model for the design of experiments based on laser-ultrasonics is described.
e A sensitivity analysis to the angular position and distance was performed.

e The experimental tests was able to identify the presence of defects.



