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Rail steel flaw inspection based on laser ultrasonic method

Nan Gangyang, Wang Qiwu, Zhang Zhenzhen, Guo Rui, Song Jiangfeng, Sun Jihua
(Nondestructive Testing Lab, Laser Institute of Shandong Academy of Sciences, Jinan 250103, China)

Abstract: To meet reliability of rail steel flaw inspection and signal acquisition, a nondestructive testing
(NDT) system based on laser ultrasonic technique (LUT) was established. The system was mainly
composed of high energy pulse laser, electromagnetic ultrasonic transducer (EMAT), embedded data
acquisition system and P60 rail specimens with artificial cracks. Based on analysis of Rayleigh wave
detection principle, this paper focuses on impedance matching method of EMAT probe coil. Besides,
working flow path and signal processing of embedded signal acquisition system were introduced.
Moreover, system based LUT was used to locate the rail steel surface crack with depth no less than
0.5 mm. Finally, relationship between EMAT probe lift—off distance and signal amplitude was given.
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0 Introduction

With development of high —speed railway, rail
steel inspection based on NDT technique plays an
important role in normal safety operation. Many rail
flaws such as cracks, holes or other defects may occur
unexpectedly and impact potential safety hazards to
human life ™. One of the fatal flaws is surface crack,
so related inspection and research are indispensable>™!.

To inspect and locate these surface cracks,
traditional inspection methods have been used, such as
piezoelectric ultrasonic, magnetic particle and eddy
current. Nevertheless, these methods need couplant to
match the acoustic impedance between transducer and

2-4]

rail steel =", Moreover, when couplant is mixed with

lubricant on railhead, the echo intensity descends,
which increases error rate of detections™ ™.

In recent years, laser ultrasonic technique (LUT)
has been developed rapidly; it can overcome those
disadvantages of traditional inspection . Now system
based LUT can help manufactures to examine
equipments quality, also it can work properly without
couplant or highly smooth surface. Furthermore, it is
capable to work under harsh conditions, such as high
temperature, high pressure and poisonous air'®.

When pulse laser beams irradiate on rail steel
surface, several types of ultrasonic waves are excited,
including shear waves and

longitudinal ~waves,

Rayleigh waves. These ultrasonic waves can be
received by EMAT method. However, the signal —
noise ratio (SNR) for EMAT signals was not good,
and flaw signals were not clear in ultrasonic frequency
domain which is about 50 kHz—4 MHz.

So the aim of this work is to realize a better
SNR for flaw signals with proper design of EMAT
coils. To achieve the aim, EMAT probe coil model
and method for coils impendence matching would be
researched. Also, Rail steel flaw inspection system is
established with Q —switched Nd: YAG pulse laser,

embedded signal acquisition system DAQO600 and P60

rail steel specimens. Through receiving ultrasonic
waves by EMAT probe, the ultrasonic signals were
sampled by DAQ600, and cracks can be located in

real time on local computer.

1 Laser ultrasonic wave inspection and
EMAT probe coil model

1.1 Laser ultrasonic wave inspection

Generally, pulse laser can excite point beams and
line beams using round lens and cylindrical lens
respectively. According to ultrasonic wave generation
theory, inspection can be divided into thermo -elastic
mode and ablation mode. When irradiated by laser
beams, rail steel specimen surface is heated based on
thermo elastic effect, and several types of ultrasonic
waves are generated simultaneously with different
frequency bands and propagation speeds, including
shear waves, longitudinal waves, and Rayleigh waves.

Figure 1 indicates Rayleigh wave propagation
direction. Via cylindrical lens, laser pulses are focused
line beams on the rail steel surface. At the same time,
Rayleigh waves are generated and their energy is

mainly concentrated in normal direction of the focus

Laser pulse
< ) ( > Cylindrical lens

7]

line beam.

Line focus beam

[?l Rayleigh wave

Rail steel surface

Fig.1 Rayleigh wave propagation direction
This directivity characteristic is available to

inspect the rail steel surface flaws. Formula (1)™ can

be utilized when calculating wave propagation
direction.
_ sin(mwlv/CR)sin6)
R, (wlv/CR)sinb) L)

Where [ is laser pulse length; v represents ultrasonic

wave frequency; 6 is angle between Rayleigh wave
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propagation direction and normal line of the focus
beams, and CR represents Rayleigh wave speed. When
Rayleigh waves propagate in the material with Poisson
[10]

ratio range at about 0-0.5, CR is given by

CR~ 0.87+1.120 ct (2)
l+o

Where o means Poisson ratio; its value is about 0.29
for P60 rail steel; ct is shear wave speed in normal
atmospheric temperature.
1.2 EMAT probe coil model

Figure 2 indicates model of inspection system
based on LUT for P60 rail steel specimen. The
EMAT probe mainly consists of coils, NdFeB magnet,
carbonyl iron powder sheet, SiC ceramic plate, pre—
amplifier circuit and an oxidation—resisting shell. Once
pulse laser beams irradiate on rail steel surface,
Rayleigh waves are generated and propagate forward
in the central axis direction, and they can be reflected
and converted into shear waves when transmitting
through area with different acoustic impedance, such

as cracks or interior holes.

Test direction

Laser pulse

/“ s @/cmyc

Rayleigh wave

Fig.2 Rail steel surface flaw detecting model

On the other hand, only when EMAT probe is
vertical above the cracks, the wave signal amplitude
reaches maximum. Through locating the maximum
value, cracks can be inspected.

The EMAT probe coil was designed as four layers
Printed Circuit Board (PCB) with butterfly structure as
illustrated in Fig.3(a). When ultrasonic waves propagate
below EMAT probe,

induction lines in perpendicular magnetic field, and then

the probe coils cut magnetic

coils generate differential signals contained the rail steel
crack information.

After amplified and filtered by analog circuits,

the ultrasonic wave signals are sampled by data

acquisition system. At last, the rail steel crack
information can be extracted via data processing and
analysis. By this design, the common mode noise can
be decreased, and the Signal —to—Noise Ratio (SNR)
index would be improved.

Figure 3 shows EMAT probe coil structure and
its equivalent circuit. Adopting this coil, ultrasonic
waves can be coupled effectively and converted to
differential current signals, which indicate position and
size of the cracks. For coil design, many parameters
can affect EMAT probe coil impedance and its
response frequency characteristic, such as material

type and coil structure.

(b) Equivalent coil circuit

| = -ﬂf_&

(a) Coil butterfly structure

(c) Coil impedance match

Fig.3 EMAT probe coil butterfly structure

Figure 3(b) indicates the equivalent circuit of EMAT
probe coil. To maximize amplitude of ultrasonic wave
signal, impedance matching capacitor C, is used to
parallel with the probe coils as Fig.3(c) shows. The

admittance for this parallel circuit is given by:

R L
Y, =t tj(@,(C,+C,, ) —“’u> 3)
R +( 0 fq) ( 0 cq)
Where w, is center an gular frequency of laser pulse

signal; ¥,

., 1s the matched circuit admittance; L, is
equivalent inductance; R,, is equivalent resistance and
C,, is equivalent capacitance.

When the capacitance matched circuit is in

parallel resonance, Y,

., reaches minimum, and its

imaginary part equals to zero.

L
0, (C,+C, )=o) (4)
R, +(w,L,)
So C, value is given by
Cmy fe _c. (5)
R ,Ho L, )
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After impedance matching, the ultrasonic wave
signal bandwidth becomes narrow and signal amplitude
can achieve maximum. This is conducive to improve

SNR of the EMAT signal.

2 Introduction for DAQ600 system

"ARM +FPGA +ADC"
DAQ600 framework is depicted in Fig.4. With 16 bit
pipeline ADC, DAQG600 system supports 125MSPS

sampling. Also the system supports state monitoring,

Based on architecture,

digital I/O port expansion and 100 Mbps Ethernet.
Furthermore, DAQ600 has high power efficiency and

excellent  electromagnetic ~ compatability  (EMC)
performance.
Dual
Storage|| RAM/FIFO|| 16-bit
orage [RAMFIFO]l 1bY
bus A/D Analog|
N V A N
FPGA -
Al Vconverter<;:| input
N— V|
GPIO REGs

Power supply

~

GPIO [_I/O

Fig.4 DAQG600 system framework

To synchronize with laser excitation, a
photodiode module is used to generate trigger signal.
After receiving a rising edge of the trigger, FPGA
ADC to

convert the received signals into 16 bit data, and then

starts finite state machine and controls

these data are filtered and stored in on—chip dual—port
RAM of FPGA. Then the data are fetched by ARM
through a parallel bus via a SROM controller with
transmission speed of 133 Mb/s. After uploaded via
Ethernet, the ultrasonic data can be processed and

analyzed effectively by computer on line.

3 Experiment setup

Figure 5 illustrates the overall system of a rail
steel experiment based LUT method. It
includes Q—switched Nd:YAG pulse laser

mainly
(1 064 nm,

45 mJ, 10 ns, 20 Hz), optical cylindrical lens, trigger
module, P60 rail steel specimen, EMAT probe and
computer as well as DAQ600 system. To measure
accurately and conveniently, some cracks were carved
artificially on rail steel specimen surface, while
EMAT probe liftoff distance is 3 mm relative to the

specimen surface.

Laser pulse

Nd:YAG
pulse

Lens H P60 rail steel |

Ultrasonic wave

EMAT probe

Analog signal

Trigger module

Fig.5 Overall architecture of experiment setup

Terminal Data
computer

When laser beams irradiate on rail steel specimen
surface via cylindrical lens, Rayleigh waves are
generated and spread along specimen’s surface. When
met with cracks, Rayleigh waves are reflected and
converted into shear waves, which would be coupled
into current signals by EMAT probe coils, according
to Faraday electromagnetic induction law. After
adjusted by preamplifier circuit, the coupled current
signals are converted to voltage signals.

However, the received waves are mixed with
spurious signal sources, such as echo wave signals,
random ambient noise , power supply noise and thermal
noise. So a w type analog filter and digital band pass
filter are used to decrease these noises. With good
repeatability, averaging algorithm is taken to improve

SNR for the received waves.

4 Results and analysis

For comparison, Figure 6 (a) shows ultrasonic
wave with four times average; Figure 6 (b) is wave
without any averaging algorithm. In these two
figures, x axis indicates time, the scale is 10 ps; y
axis indicates ultrasonic signal amplitude; the scale is
50 mV. By comparison, the difference for SNR
between these two figures is clear; and Fig.6 (a)
has a better SNR than Fig.6 (b). Also, the former

has more accuracy maximum.
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Fig.6 Ultrasonic wave acquisition and displaying

While EMAT probe is vertical above cracks or

holes, the received signal amplitude could reach
maximum, so the time point in x axis for signal
maximum appearance can represent the crack position
information. Through calculating time gap Az between
irradiating point and EMAT probe, the crack positions
can be measured automatically.

To acquire the ultrasonic signal maximum value,
data acquisition software based LabVIEW software has
been developed. After starting a maximum searching
algorithm, the peak point can be found at 36.16 ps
point, and Ar is 36.16 ws. Figure 7 (a) shows the
inspection system. The Rayleigh wave path s can be
obtained with Formula (6).

s=CRAt (6)
Where CR is Rayleigh wave speed, which is about 2 890 m/s
in P60 rail. According to Formula (6), s=104.5 mm, and

this is in accordance with verification result as Fig.7(b).

(b) Crack is located
Fig.7 Rail steel flaw detection with DAQ600

Also spectrum of the ultrasonic signal can be
analyzed by FFT algorithm; it is depicted in Fig.8.
From the spectrum, the major energy of ultrasonic
wave signal is concentrated in the frequency band of
0.65-0.85 MHz. Based on this characteristic, digital
band pass filter is used to filter noise which is outside
the ultrasonic frequency range, and SNR for the

ultrasonic signal will be improved.

1.5E-5

[Curve 0JM]
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Fig.8 Ultrasonic wave signal spectrum

4.1 Influence of crack size

When artificial surface crack depth becomes
larger, amplitude of the received ultrasonic waves
increases. That is because the reflected waves are
enhanced when Rayleigh waves meet artificial surface
cracks, and then reflected waves are converted to
shear waves, which are received by EMAT probe.
From Tab.1, rail steel #1 with defect size 60 mmx0.2 mmx
0.15 V

amplitude, while rail steel #3 with defect size 60 mm x

05 mm can generate ultrasonic ~ signal
0.2 mmx1.5 mm can generate 0.28 V ultrasonic signal
amplitude.

Also, rail steel with 0.4 mm surface crack depth
is tested; however, the signal maximum is not clear.
So this rail steel flaw detection system can inspect
and locate the surface crack with depth no less than

0.5 mm.

Tab.1 Relationship between EMAT signal amplitude

and surface crack size

: Defect size/mm .
I t Defect EMAT 1
Specimen fispection elee lengthxwidth x . signa
wave type depth amplitude/V
Rail steel Rayleigh  Surface 60x0.2x0.5 0.15
#1 wave crack
Rail steel Rayleigh  Surface
60x0.2x1.0 0.22
#2 wave crack
Rail steel Rayleigh  Surface 60x0.2x1.5 0.98
#3 wave crack
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4.2 Influence of lift—off distance

Figure 9 shows normalized amplitude of the
received ultrasonic wave when the EMAT probe is
lifted up from the rail steel specimens. It shows that
the ultrasonic wave amplitude deceases as the distance
between EMAT probe and rail steel specimen
increases. And their relationship is according to an
exponential function. That is because the magnetic
field inside the EMAT probe attenuates fast to make
coupling efficiency descend when the lift—off distance
increases.

When the lift —off is above 3 mm,the signal
amplitude attenuates largely. After a series of test, the

best value of lift—off is about 1-3 mm.

1

Normalization
e e e
i 2 %
T T T

(=1
[\S}
T

0 1 2 3 4 5 6 7
Lift-off distance/mm

(=]

Fig.9 Ultrasonic wave amplitude against EMAT probe

lift—off distance
5 Conclusion

This experiment uses Rayleigh wave as the major
inspection wave for rail steel surface flaw. Through
impendence matching, EMAT coils can receive the
Rayleigh wave effectively.  According to the
experiment result, rail steel flaw can be effectively
detected by LUT method and the flaw signals can be

acquired by DAQ600 system. After processed and

analyzed by LabVIEW software, Rayleigh wave
signals containing flaw position can be measured
automatically online. This method provides a good

solution for rail steel life evaluation.
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