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Conventional LUT methods often struggle with significant noise in low-
intensity waveforms, which compromises measurement accuracy.
Instead of generation pulse, reflection pulses which are affected by low
velocity waves after back reflection are normally used to calculate the
time of flights. Accuracy obtained about 10%, 0.100, 0.050 mm etc. This
paper presents a combined numerical/experimental effort to accurately
measure thickness in case of plane aluminium plate experimentally using
Laser Ultrasonic Technique (LUT) and find suitable time of flight
methods and investigate the wave propagation characteristics using
simulations. Lower generation laser power is used therefore no visible
ablation spot on the material surface which is highly expected, and the
phenomena is referred to as thermoelastic regime. Comparatively higher
amplitudes of waveforms are produced which is easy for obtaining
precise peaks with curve fitting methods which includes also the
generation pulse. Time dependent multiple waveforms data are averaged
to get waveform with less noise and stable pulse from which better
method of time of flight is evaluated. Variation of time of flights occur
which is revealed by simulation results. The inclusion of generation pulse
for calculating the time of flight using -6dB method would be the better
method for thermoelastic regime.

1. Introduction

contact method for thickness measurement is essential
[3]-[4]. Non-contact measurement is highly suitable

Non-contact thickness measurement is essential in
situations where direct access is difficult or
environmental conditions are unfavorable. Precise
thickness measurements are often required, and
conventional contact methods, like micrometers, are
limited to objects edge measurements and prone to
alignment errors. Contact ultrasonic gauges struggle
with irregular or inclined surfaces due to their flat
measurement head [1]-[2]. Its working also effected
by surrounding conditions etc. In such cases, a non-

with better accuracy and all environment conditions.

In this study, Laser Ultrasonic Testing (LUT) offers a
non-contact and non-destructive method for material
characterization, including thickness measurement, by
utilizing the thermoelastic regime. In our previous
studies reasonable accuracy is obtained using
thermoelastic regime [5]-[6] and ablation regime [7].
Thermoelastic regime of LUT has been studied
experimentally [8]-[9] and using simulation [10]-[13].
In those previous studies waveforms with sinusoidal
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shapes and having significant amount of noise. The
presence of noise necessitates advanced processing
techniques, such as waveform averaging or filtering,
to enhance precision, particularly in the thermoelastic
regime using Laser Ultrasonic Testing (LUT).
Reducing noise and obtaining clearer waveforms are
critical for improving the reliability of the
measurement data. In the current study, different
methods have been used to get better one with
reasonable accuracy.

Much research has been conducted experiments and
simulations on LUT thickness measurements. Pure
sinusoidal waveform is not observed. For that reason,
different filtering techniques etc. are applied to the
waveforms for getting accuracy [14]-[18].

Since measuring the thickness of plane plates, the
method should be clear. Several researchers have
applied different procedures to process data as well as
to modify the waveforms etc. to find representative
time. Those previous studies show waveforms with
low intensity and not sinusoidal or sharp pulse [19].
Accuracy is also affected by different parameters such
as ablation, temperature as well as thickness variation.
If we can use the thermoelastic regime to predict the
thickness it will be a advanced technique to measure
thickness remotely and non-destructively. There will
be no ablation spot due to generation laser hitting.

To the best of the author's knowledge, no research has
yet been reported on the use of time-of-flight methods
to enhance the accuracy of thickness measurements by
averaging multiple waveforms in the thermoelastic
regime using Laser Ultrasonic Testing (LUT). The
present study describes a time of flight measurement
technique of aluminium alloy specimens by using
LUT at thermoelastic regime and finding better
representative times for the time of flight methods
using experimental and simulation approach.

In this study we present new approaches to enhancing
the accuracy of non-contact, non-destructive thickness
measurements of aluminum alloy specimens using
LUT in the thermoelastic regime. Our methodology
focuses on refining time-of-flight measurement
techniques by averaging multiple waveforms to
mitigate noise and improve precision. Inclusion of the
generation pulse for time of flight calculation offers a
effective method. We employ both experimental and
simulation  approaches to identify  optimal
representative times for time of flight calculations,
aiming to establish a reliable and innovative technique
for remote thickness measurement without the
drawbacks associated with ablation. This study
contributes to the advancement of LUT applications in
material ~ characterization,  offering  potential
improvements in measurement reliability across
various environmental conditions.

2. Materials and methods
Plain plate specimens

The plain plate specimen is shown in Figure 1. The
thickness of specimen is 2.709 mm. Measurement
locations are near the middle of the specimen. Surface
finishing process such as milling and polishing are
done to get super surface finish. Material of Al 6061T6
[20] is wused as the specimen for thickness
measurement.  The selection of  aluminium,
specifically AI6061T6, as the material for LUT
thickness measurement is well-justified due to its
widespread  industrial ~ applications,  excellent
mechanical properties, and good thermoelastic
response under laser excitation. Aluminium has
relatively high thermal conductivity, moderate
density, and isotropic behaviour make it an ideal
candidate for exploring the capabilities and limitations
of LUT techniques.

Materials like steel or titanium may require higher
laser power for equivalent ultrasonic generation due to
their higher melting points and lower thermal
diffusivity, increasing the risk of ablation. Polymers
and ceramics often have lower thermal conductivities,
which could lead to localized heating and uneven
wave generation.

() ~50 mm
Point of measurement L
A 4
i h
«— 100mm ——»p

Figure 1. Points of measurement on same material divided into
two.

Compression test and Mechanical properties
The specimen with length, width and height of 18.022
mm, 10.019 mm, 10.019 mm respectively are used in
the compression test. The material constant found
from the compression test and density test of the
specimen is shown in Table 1.

Table 1. Material Properties by compression test.

Parameters Value
Yong Modulus (MPa) 70700
Poisson’s ratio 0.35
Density (Kg/m®) 2700

The material properties listed above are used to
compare with the one used for calibration of
simulation results.

Method of thickness measurement using LUT

The experimental set-up of the LUT is shown in
Figure 2. The AC voltage is recorded from the
oscilloscope, which is generated in the receiver unit.
This occurs as the receiver sensor detects the surface
movement caused by the generation laser, and the
signal is then processed.
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Figure 2. Thickness measurement using LUT.

When wave generated at the front surface and after
reflection at the back surface, it comes to the front
surface the time required for such single step is called
the time of flight ¢, or round trip time. The time of
flight ¢ using thickness is calculated using equation

3 as follows.
hXx2

tr=— @
where, h is the thickness of the is the thickness of the
plane plate specimen and V is the theoretical velocity
(~6392 m/s) of a laser-generated longitudinal wave in
AB061-T6. The resolution of time measurement is 1
ns.
When determining the thickness measurement, a
longitudinal wave is taken into account. This is
because longitudinal waves propagate more quickly
than shear waves [21]. In the thermoelastic regime
strong edge generated shear wave produced which
overlaps the longitudinal wave hence effect round trip
time which is needed to investigate. The primary and
admirable aspect of this research is that the producing
and receiving lasers operate simultaneously on the
same side and at the same spot. In order to improve the
accuracy of thickness assessment using this method,
wave overlapping can be reduced.

Table 2 lists the parameters for the lasers used in the
generation and reception. The primary and admirable
aspect of this research is that the producing and
receiving lasers operate simultaneously on the same
side and at the same spot. In order to improve the
accuracy of thickness assessment using this method,
wave overlapping can be reduced.

Table 2. Specifications of the Laser UT device.

Generation laser Receiving laser

Wavelength: Q-switched Nd:  Wavelength: Single-frequency
YAG at 1064 nm fiber laser at 1550 nm

Pulse width: 10 ns Continuous wave

Pulse energy~ 40 mJ. Power: 2 W

Focus diameter: ~2 mm Focus diameter: ~0.2 mm

We used only around 19.2 mJ laser power and in this
condition, LUT is harmless to the material.

Experiment using different power of the LUT

Figure 3. Spots of thermoelastic regime.

The generation laser spots for different laser energy is
shown in Figure 3. We can see at low laser power
ablation spot is not visible. It is very important if we
can measure thickness with LUT without any
scratches on metal surface. It is defined as
thermoelastic regime. The feasibility of thickness
measurement using thermoelastic regime is needed to
investigate.

Methods and representative points for time of
flight
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Figure 4. lllustration of representing time for time of flight
calculation.
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Table 3. Methods and corresponding representative points for
time of flight calculations.

Methods Name Representative points T;;Pgeh?f
-6dB at rising pulse (Generation
1 6rgl and 1st reflection) diérgl
Positive to negative peaks
2 npgl (Generation and 1st reflection) dtnpgl
3 6r12 -6dB at rising pul_se (1stand dt6r12
2nd reflections)
Negative peaks (1st and 2nd
4 np12 reflections) dtnp12
5 2012 Averagg-cross (Aver_age value dtzc12
of positive and negative peaks)
6 op12 Positive peaks (1st and 2nd dtpp12

reflections)

The calculation methods of time of flight with
corresponding representative time are shown in
Figure 4 and Table 3. For finding the peak of curve the
negative part of the generation pulse and both the
negative and positive part of the reflection pulses
polynomial curve fitting of third order are used. The
bound of the curve is about half of the bare maximum
voltage of the generation pulse for both rising and
falling side of the negative generation and both
negative and positive reflection pulses. The equation
of the curve fitting is given below-

Vi) =at> +bt>+ct+d (2
Where, tis time and a, b, ¢, d are constants.
For finding the maximum value i.e. peak point it is
needed to differentiate equation and the results should
be zero and the corresponding time value is shown in
the in equation 5.

av

=0
dt

__ —2b*y4b%-12ac

t=—— 3)
For finding the time of flight using zero cross method,
linear fitting is used. For calculating the time of flight
using -6dB method, the rising side (left side) of both
generation pulse and the reflection pulses are used.
The line bounded by 40% and 60% of the maximum
voltage point (peak point) of the polynomial curve
fitting is used. The half of the maximum voltage of the
fitting curve is used as the voltage Vt1 as shown
below to calculate the representative time t1 for the -
6dB method. In case of zero-cross method, both Vt1
and line range (40% and 60%) is taken as the average
values of the maximum voltage of the fitting curve of
the negative and positive part of the reflection pulses.

Vtl =ctl +d
t1 = (Vtl —d)/c @)
Simulation method for the plane plate

specimens

Heat-flux are used as load in the simulations which is
defined as the thermoelastic regime simulations to
calibrate the experiments. Modelling, boundary

conditions, calibration procedure etc. are discussed in
this section.

Modeling of the simulation. The simulation model
with necessary dimensions is shown in Figure 5.

w

Lae. ' | h
I‘ rl*
Axisymm No x-direction
etric movement
condition y\

Z 11l Receiving area

Loading (heat-flux) area
X

Figure 5. Simulation model with dimensions and boundary
conditions.

Due to limitations of the number of elements in the 3D
simulation, an axisymmetric model of the plane plate
is used. To reduce calculation time the width (w) of
the simulation model is taken 9 mm and the thickness
(h) is 2.709 mm which is exactly same as the
experiment. The loading area is taken as 1 mm wide as
radius which is measured from ablation spot radius in
the LUT experiments. The receiving area is taken as
0.1 mm wide as radius.

Meshing for the model. Fine mesh of size 3 um are
used to capture the wavefront properly and within
short interval of time up to nano second order.
Illustration of mesh distribution is shown in Figure 6
and others meshing parameters are shown in Table 4.
Abaqus explicit solver is used for calculation.

Solver: Abaqus explicit

Figure 6: Fine meshing.

Table 4. Meshing of the simulation model.

Element type CAX4R

Maximum number of elements 7524699

Maximum number of nodes 7533936
Element size 3um

Calibration of the material constant in simulation.
The flow chart for the calibration of material constant
is shown in Figure 7.
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The contact gauge is used to initially measure the
thickness three times and are averaged. Time of flights
then calculated using averaged waveforms data
obtained from LUT experiments. And finally, FEM
simulation is constructed to calibrate the experimental
time of flight. By keeping one material property
constant others are varied and width of the Gaussian
amplitude curve are varied to get similar time of fight
between generation to 1% reflection pulse with the
experiment. After conducting numerous simulations
time of flight is matched with the experimental time of
flight.

Setting a reference specimen.

2
Measuring the thickness of the reference
specimen using a contact gauge.
k2
Measuring the time of flight of the reference
specimen using Laser UT.
k2
Simulating the model with the same
thickness as the reference specimen.
k2
Comparing the time of flight between the
simulation and Laser UT.
2
Adjusting simulation parameters (elastic
constants, density, pulse width) until the
results match.

Figure 7. Flow chart for calibration of material constant.

Amplitude chart for thermoelastic simulations.
For thermoelastic regime (temperature) simulations
Gaussian function is used as below

(e=tg)*
p) =e & )
Where, t,, k are the controlling parameters for
pulse length (time) and pulse width respectively of the
amplitude curve for ablation simulation. The values
are 1.85x 1077sand 5 x 1071° s2 respectively.
The equation 5 is used to get amplitude curve for
thermoelastic simulations.
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Figure 8. Input pulse shape for thermoelastic simulations.

0

The amplitude curve is constructed to match with the
shape as well as representative points of time of flight
with the experimental waveforms. The representative
points of npgl of the experiment is used as reference
for representative points of amplitude curve as shown
in Figure 8.

Temperature dependency of the material
properties in thermoelastic simulation.

Several researchers [22]-[25] have done
thermoelastic simulation with temperature dependent
material properties. The summarized relations are
shown in the following equations -

p=—-022T+2769 -300<T <T, (6)
292.6 - T <200
K(T) = {249.45 —0.085T - 200<T <730 (7)
198.47 — 0.0148T —» 730 < T,
3.971T - T < 200
Co(T) = {780.27 +0488T 5200<T<T, &
Where p, K and C, are the density, thermal
conductivity and specific heat capacity used as the
material properties. T is the temperature in Kelvin.
The others material properties are used as same as used
in compression test and calibrated parameters.

Method of wave propagation velocity calculation
in thermoelastic simulation. Wave propagation
velocities are calculated for thermoelastic simulation
for comparison. Wave propagation velocity is
calculated dividing the average value of representative
points difference (Z coordinate) by the time difference
among there successive pulse as shown in Figure 9.
Two representative points pp, and 6r, are used.

0.0008

PPz1 PPz2 PD3
0.0006 | far] \tzz2| |23 Propagation
- direction
v
£ L
> 0.0004 r
£ I
o
g 6er 61"22 6TZ3
.%_j 0.0002
<
D- -
0 £ L\
00002 Lo v e

0 0.0005 0.001 0.0015 0.002

Axial Distance, Z(m)

Figure 9. Propagation velocity calculation from successive pulses
along Z-axis.
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+
1st Average, ppayg1 = M
+
2nd Average, PPavg2 = w
t,y, +t
1st Average, tq,q1 = =5
tz2 lz3

2nd Average, tgyg, = .

Thus, propagation velocity using 1st and 2nd
positive peaks =
2nd Average, PPapg2 — 1St Average, DPavg1

ABS( 9)
2nd Average, tqygz — 1st Average, tapg1
In a similar way, propagation velocity are calculated
using successive -6dBr rising points and pp
representative points.

3. Results and discussion
Time dependence of the waveforms

—9.5 min
—8.5 min
—7.5 min
——6.5 min
1:5.5 min
- ——4.5 min
—3.5 min
—2.5 min
1.5 min
——0.5 min

3333114

ﬁ

Signal intensity (A.U)

:J\ 19.2mJ

1 Time [us]2
(a)

——10 min
—9 min
—8 min
—7 min
——6 min
—5min
—4 min
i —3 min
:IL\ 19.2 mJ 2 min

——1 min

cerer

Signal intensity (A.U)

0 1 Time [us] 2
(b)

Figure 10. Waveforms for thermoelastic (a) for reflection pulses
and (b) for generation pulses.

Time dependent (1 minute interval) waveforms for
reflection pulses (19.2 mJ) are shown for thermo-
elastic regime in (a), (b) respectively in Figure 10.
Initially, no reflection pulses until around 2 min. After
that, regular reflection pulses with initially negative
and then positive peaks are produced.

At first vertical scale of the Oscilloscope is kept small
(~100 mV) to get better amplitude of the reflection
pulses (1st and 2nd reflection). In this case, generation
pulse is saturated (no sharp peak) as shown in (a). As
high voltage is produced in case of generation pulse;
to get sharp peak, the vertical scale of the Oscilloscope
is kept high around 1 V and the resultant pulses are
shown in b. The amplitude of the generation pulse
gradually decreases over the time as shown in (b). But
reflection pulses initially increase and then gradually
decrease.

Therefore, for calculation of time flights 1st five
waveforms (until 5 minutes) are not considered. That
is, Average values of the stable waveforms are
considered. In reflection cases 5.5 to 9.5 min
waveforms data are averaged whereas for generation
pulse 6 to 10 min waveforms data are averaged for
making time dependent similarity.

Energy dependence of the waveforms

For different laser energies, using same vertical scale
increment (0.5 V), the waveforms for reflection pulses
are shown in Figure 11 (a) and using same vertical
scale increment (1 V), the waveforms for generation
pulses are shown Figure 11 (b). As a definition,
waveforms for 23.55 mJ laser energy is the transition
waveform and the waveforms for the 19.2 mJ to
minimum laser energy 14.85 mJ are called the thermo-
elastic regime. Signal intensity increases gradually in
thermoelastic regime.

=)
NS
z 14.85mJ
5
B=!
=
@ 19.2 mlJ
wl
23.55m]J
0 1 2
Time (us)
(@
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Figure 11. Waveforms of average data for thermoelastic (a) for
reflection and (b) for generation.
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Figure 12. Waveforms for generation and reflection pulses in
thermoelastic-regime.

Waveforms for thermoelastic regimes are shown in
Figure 12. As already have mentioned before,
waveform for the generation pulse and reflection
pulses are at different vertical scale of the oscilloscope
to get sharp peaks (not saturated).

The second reflection signal intensity is higher than
the 1st reflection signal intensity. The are two
downward peaks in case of the second reflection. The
1st peak is taken as representative point for time of
flight calculations.

Relation between time of flights and laser power
Variations of time of flights corresponding to the
different laser energies in thermoelastic regime are
shown in Figure 13. Reduction in the time of flight

occurs when laser energy is reduced from ~23.55 mJ
to ~14.85 mJ except dtnp12 which increases. The time
of flight dt6r12 shows the less variation hence better
method compared to other time of flight of calculation.

086

— | dtnp1
B >
2085 o 12\/’
o | T .
2 084 Fdtze12--7
= _dt6rg1--"7\/
0.83 F
dtppl 7
dtnpgl.
0.82 [ POty
C——
081 H—Hr—————F————————1—
12 17 22

Laser energy [mJ]

Figure 13. Laser energy vs time of flight for different
representative time.

The deviation occurred mainly in case of thermo-
elastic regime with lower laser energy. In thermo-
elastic regime, the generation pulses are not so sharp
at peak points and apparent time of flight between the
generation and first reflection (dtnpgl, and dt6érgl) are
shorter than the time of flights betweenlst to 2nd
reflections for other methods.

Simulation results of plane plate with
thermoelastic regime
Comparison between experiment (red curve) and
simulation waveforms (black curves) for thermoelastic
regime are shown in Figure 14. Difference in time
between generation negative peak to the 1st reflection
negative peak (npgl) of the experiment is taken as
reference. We can see that all the pulse shapes between
experiment and simulation are similar. The pulse
width in case of experiment is slightly larger than that
of the simulation. The reason lying behind this is that,
the saturation occurs i.e. edge of the generation signal
mixed with next signal.
We can see that the value of the npgl in thermoelastic
simulation is similar to the experiment as shown in
Table 5. Other values are gradually increases in both
simulation and experiments although some variations
occur in case of 6r12, pp12 and zc12.
-6dB method is a widely utilized technique in
ultrasonic testing, including laser ultrasonic testing for
determining the time of flight of ultrasonic waves.
Using this method, the onset of a reflection or pulse is
accurately pinpointed. Therefore, variation of time of
flight using this method is less specially when using
generation pulse to 1% reflection pulse which has been
mainly focused on this study.
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Table 5. Comparison between experimental and Simulation time
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Repeatability of the experiments
Laser power depended variability has been shown in
Figure 15. Two laser energy levels of 19.2, 14.85 mJ
have been used in the thermoelastic regime.
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Figure 15. Power dependent repeatability of time of flights.

We can see that, little variation of the time of flights
occurred when we use 19.2 mJ and 14.85 mJ. In this
case also -6dB method shows the less variation of time
of flight.

Comparative analysis
Several related research has been conducted on LUT
thickness measurement methods. Comparison with
recent work [5]-[6] is listed at Table 6.

Table 6. Comparison with literature.

Items Literature Current study
Methods Generation and Generation  and

receiving points receiving points

different same
Accuracy 0.100 mm [5] ~2um
0.05 mm [6]
Velocity 70 m/s [5] ~5m/s
difference 32 m/s [6]
Specimen type  Only plane plate Not limited to
plane plate

In the current study column of Table 6, The accuracy
is determined by subtracting the product of half the
time of flight and the theoretical velocity from the
original thickness of the plate. Velocity is obtained by
dividing the original thickness by the time of flight. In
those two cases we have used -6dB method for
reflection pulses. Therefore, the -6dB method provides
more accurate time-of-flight calculations in the
thermoelastic regime. Other methods also show
greater accuracy compared to the literature.

Reasons of variation of time of flights for

thermoelastic regime
In the thermoelastic regime experiments we can see
that, wave propagates in case of thermoelastic regime
varied. The phenomena are discussed using simulation
results here. The particle velocity along center (Z-axis)
8
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for a specific time (increment or step in simulation) as
shown in Figure 16. We can see that, significant
amount of vibration is produced as strong edge
generated wave is produced and dominates
longitudinal wave as shown in contour plots of Figure
18.We can see that the wave propagation velocities are
in case of thermoelastic regime simulation are varied
in case of different method of the time of flights as
shown in Figure 17. Some vibrations exist in which
the calculation method has some effects. Initially, the
average velocities (the middle positions of the
sinusoidal wave) are same in case of both peak to peak
and -6dB method for rising pulses. But later the wave
propagation velocity is increased before reaching to
the back surface. The pulse shape does not remain
sinusoidal  therefore getting peak to peak
representative time using curve fitting method is
difficult and we have used -6dBr method.
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Figure 16. Particle wave velocity for different coordinates for
thermoelastic and external load simulation.
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Figure 17. Wave propagation velocity for different coordinates for
thermoelastic simulation.

The propagation characteristics for longitudinal and
transverse waves for thermoelastic regime simulation

are shown in Figure 18 using contour plots. In case of
both type of wave propagation, the wave propagation
start from the edge of the loading surface. That means
that obliqgue wave (edge generated shear wave)
proceeds with higher wvelocity is in case of
thermoelastic regime. Compressional wave in case of
the transverse wave proceeds faster (as the location of
the minimum value is higher) in case of thermoelastic
simulation in Figure 18.
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Figure 18. Longitudinal (a) and transverse (b) wave propagation at
191 ns in Thermoelastic regime.

Using the laser ultrasonic method, we cannot see the
wave propagation characteristics that affect the time of
flight. Using FE simulation we can investigate wave
propagation velocities, direction etc. Therefore, causes
of variation of time of flight in practical applications
can be verified.

Due to the limitation of number of nodes (for fine
meshing) for 3D model dimensionally same with the
experiment, axisymmetric model is used. There are
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some limitations of axisymmetric model like boundary
conditions are simplified, distribution of laser
generation amplitude curve is taken as Gaussian etc.,
which do not replicate real-world experimental
conditions. To mitigate these limitations calibrations
procedure has been adopted. Although there are
some variations in the generation pulse width between
experiment and simulation, pulse shape as well as peak
point positions remain similar.

4. Conclusion
The proposed ultrasonic method using average
waveforms gives reasonable values of time of flight in
thermoelastic regime. The time of flights of -6dB at
rising pulse between generation to 1st reflection and
between the reflection pulses are the better methods
for calculating the time of flight with more stability in
thermoelastic regime. Strong edge generated shear
wave generated with velocity higher than longitudinal
wave in the thermoelastic regime. Therefore, wave
propagation velocity is higher in case of -6dB method
when calculated from the particle wave velocity
waveforms from simulation results. The findings offer
advancements in non-contact, non-destructive testing,
with potential applications across various industries
that rely on precise material characterization. The
methods can be wused to materials other than
aluminium even for multilayer thickness measurement,
modern composite materials etc.
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