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Subsurface defect detection using phase evolution of line laser-generated Rayleigh waves
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ABSTRACT

An unreported phenomenon of phase evolution of Rayleigh waves with subsurface defects is observed and systematically ex-
plored for detection of subsurface defects using non-contact line laser ultrasonic technique and numerical simulation. The mecha-
nism of phase evolution of Rayleigh wave signals is explained by the interference of the reflected Rayleigh wave and direct Ray-
leigh wave, explored by finite element analysis. Both experiments and simulation show distinct peak evolution of the Rayleigh
wave signals with the width and depth of subsurface defect. A dimensionless parameter ([Neg|/Pos), defined by the ratio of abso-
lute negative peak to positive peak of Rayleigh wave, is proposed to evaluate the phase evolution of Rayleigh wave with defect
width and depth, which is further used to quantify the subsurface defects. The phase evolution of Rayleigh waves can act as a ro-
bust and sensitive feature to detect subsurface defects using laser-generated ultrasound, which has promising applications in life

prediction and health monitoring of various engineering structures.
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1. Introduction mo-elastic or ablation mechanism to generate ultrasonic
The subsurface defect hidden beneath the surface of waves and using interferometer to detect surface displacement
structure is detrimental to the strength, performance and life- of structures[19-21]. LU with the advantages of non-contact
time of critical structure and may cause catastrophic accidents generation and detection, broad bandwidth reception, accessi-
if not detected in advance[1-3]. In particular, for the additive bility for harsh environments and complex structures, has
manufactured structures, the interlayer defects, such as pores, been implemented for inspecting structural materials with
inclusions and cracks, are inevitably introduced and difficult various defects[20, 22-25]. The laser-generated Rayleigh
to be detected in-situ by conventional detection methods[4-6]. waves that propagate along the surface of structures are more
A reliable nondestructive evaluation (NDE) technique that sensitive to detect surface-breaking cracks or subsurface de-
enables the detection and evaluation of subsurface defects in fects than bulk longitudinal wave and shear wave[26-29].
safety-critical structures is therefore highly demanded. Ultra- The interaction of laser-generated Rayleigh wave with
sonic inspection has received considerable attention for iden- surface-breaking cracks has been studied using thermoelastic
tifying internal and subsurface defects of various model, numerical simulation and scanning laser source (SLS)
structures[7-10]. However, conventional ultrasonic NDE technique, and the signal characteristics, such as transmission
techniques are generally contact-based and require additional and reflection coefficients[20], amplitude and frequency con-
coupling agent, fixtures for generation and detection of ultra- tent[30] of the Rayleigh waves were used to detect defects.
sonic signals[11-18], which are not applicable in harsh envi- The laser generated ultrasonic waves were also reported to
ronment (high temperature, serious radiation, etc.) and for detect internal or subsurface surface defects by analyzing the
complicated structures. features of velocity dispersion[31] time-of-flight, time-domain
Laser ultrasound (LU) is a technique that based on ther- signal amplitude, spectrum distribution[32]. The above men-
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tioned laser ultrasonic methods have limitations in low detec-
tion sensitivity, weak robustness, and require reference pa-
rameters for comparison, therefore are difficult to be applied
in real applications.

This paper presents a systematic study of the interaction
of pulsed line laser-generated Rayleigh waves with subsurface
defects, and a new method to detect subsurface defects is
proposed. The phase evolution, an unreported phenomenon,
which shows the transformation of Rayleigh wave peak with
the presence of subsurface defects are explored experimental-
ly and numerically. A dimensionless parameter |Neg|/Pos is
proposed to quantitatively describe the relationship between
phase evolution and defect depth and size. The phase evolu-
tion of Rayleigh waveforms can be adopted as a reliable and

sensitive feature to evaluate and monitor the structure integri-

ty.
2. Pulsed-laser ultrasonic experiment

2.1. Experimental details

The experimental setup is shown in Fig. 1(a). ANd: YAG
pulsed laser (Centurion+) with wavelength of 1064 nm, pulse
duration of 12 ns is used to generate Rayleigh wave under
thermoelastic mechanism, which is focused to a line laser
source with length of 15 mm and width of 0.5 mm. The dou-
ble-wave mixed interferometer (TEMPO 2D) with an operat-
ing wavelength of 532 nm and a bandwidth of 20 MHz is ap-
plied to receive the out-of-plane displacement of Rayleigh
ultrasonic waves. A band-pass filter of 532 nm is combined
with the interferometer to avoid the generation of disturbance
signal by the pulsed laser. For defects with sizes much smaller
than the line laser source and far away from the detection
point, the effect of orientation and shape of defects to the re-
ceived Rayleigh wave signals can be ignored[33]. For sim-
plicity, a series of rectangular-shape slits (ARSSs) of fixed
height (H) of 1.0 mm, different depth (D) of 0.5, 1.0, 1.5 mm
and various width (W) of 0, 0.5, 1.5, 3 mm, are therefore arti-
ficially fabricated as subsurface defects for this study.
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Fig. 1. The Rayleigh ultrasonic waves generated by a pulsed laser in stainless-steel specimens. (a) The configuration of experimental setup. H, D
and W are abbreviations of the height, depth and width of subsurface defect, respectively. (b) The schematic of the experimental setup for de-

tecting subsurface defects with ultrasonic waves excited by pulsed laser and detected by a double-wave mixed interferometer. (c) The repre-

sentative Rayleigh ultrasonic waves from specimen without defect. DS, SL, R and Lr are abbreviations of disturbance signal, skimming longitu-

dinal wave, Rayleigh wave, and reflected longitudinal wave, respectively. (d) The Rayleigh wave signals received from specimen with defect

dimension H, D, W of 1.0, 0.5 and 1.5 mm, obtained from 10 different positions along the y-axis. (e¢) The zoomed signals in (d) (identified by the

dash line) shows excellent consistency of Rayleigh wave signals. (f) The representative frequency spectrum of Rayleigh wave from (e).

Both the pulsed line laser source and the interferome-
ter are kept at 5 mm away from the center of defects, with a
distance of 10 mm in x direction for all specimens. The
acquired signals are digitized by a high-resolution data ac-
quisition card (DAC) with 12-bit sampling depth, and av-
eraged 200 times to improve the signal-to-noise ratio [Fig.
1(b)]. To exclude any effect from surface roughness, the

front surface of all specimens is milled to about 0.8 pm.
The representative time-domain signal from specimen free of
defect is shown in Fig. 1(c). Under thermoelastic mechanism,
three type of waveforms, including, skimming longitudinal
wave (SL), Rayleigh wave (R) and reflected longitudinal
wave (L;) from the bottom of specimen are identified by the

calculated wave velocity. The disturbance signal (DS) is at-



tributed to the system interference.

Fig. 1(d) shows 10 signals obtained from ten different
positions along the y-axis, with fixed ARSS dimension H, D,
Wof 1.0, 0.5, and 1.5 mm, respectively. The zoomed Rayleigh
waves in Fig. 1(e) show that the 10 signals have excellence in
consistency, indicating the received signal is stable and unaf-
fected by the signal acquisition position. The representative
frequency spectrum of Rayleigh wave signal is shown in Fig.
1(f). The central frequency of the generated Rayleigh wave is
3.0 MHz, and the acoustic energy is mainly concentrated in
the range of 2-4.5 MHz, with the estimated wavelength from
0.844 to 1.9 mm.

To study the interaction of Rayleigh waves with subsur-
face defects, a series of specimens with ARSSs at a fixed de-
fect width (W) of 1.0 mm and various depths (D) of 0.5, 1.0,
1.5 mm are prepared for the experiment. For specimen free of
subsurface defect, a strong negative peak is observed (pointed

by green arrow), with a negligible positive peak (pointed by

red arrow), shown in Fig. 2(a). With the occurrence of an
ARSS with depth (D) of 0.5 mm, a strong positive peak oc-
curs, shown in Fig. 2(b). However, the positive peak decreases
when the depth of ARSS increases to 1.0 mm, and it reduces
substantially as the depth increased to 1.5 mm, shown in Fig.
2(c-d). In contrast, the negative peak deceases at defect depth
of 0.5 mm but increases with defect depth. The result indicates
that the phase evolution of Rayleigh waves (an obvious posi-
tive peak) can act as a robust and sensitive feature to detect
subsurface defects, as shown in Fig. 1 (a)-(b). The explanation
for the evolved positive peak with defect depth will be ana-
lyzed by finite element analysis in the next section. It should
be point out that the phase evolution of Rayleigh waves with
subsurface defects is unique in line laser source generation
and interferometer reception, which is not feasible to be ob-
served using piezoelectric ultrasonic transducers, due to their
bandwidth limitations[10, 14].
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Fig. 2. Phase evolution of Rayleigh wave with defect depth. (a) Without defect. (b-d) Subsurface defects depths of 0.5, 1.0, 1.5 mm. The height

(H) and width (W) is fixed at 1.0 mm and 1.0 mm, respectively.
2.2 Numerical simulation and analysis

In order to explain the phenomenon of phase evolution of
Rayleigh wave, a two-dimensional finite element model is
established using Comsol Multiphysics 5.4. The thermal stress
module is selected to model the interaction of Rayleigh waves
with subsurface defects. The governing equations for the cou-

pled temperature and displacement fields is expressed as[34]

vr-ty_ly__d )
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where T is the absolute temperature, u the displacement vector
field, x the thermal diffusivity, ¢ the heat propagation speed
which is equal to the longitudinal wave speed, k the thermal
conductivity, £ the thermoacoustic coupling constant:
p=(32+2u)ar, A, 1 the Lamé constant, ar the coefficient of the
linear thermal expansion. ¢ is the heat source due to laser

line-source illumination, which has a Gaussian distribution in

x-z plane. The heat flow that has the same parameters as the
pulsed laser energy is applied to the top boundary of the mod-

el. The function of heat flow is expressed as
q=PR(1- r)iexp X exp(—tj 3)
T 5 T

where Py is the power amplitude, » the light reflection coeffi-
cient, 7 and ¢ the rise time and line width of the pulsed laser.
In addition, low-reflection boundaries are considered on both
sides of the model and local mesh refinement is conducted on
the top boundary. To observe the wave propagation and inter-
action between the generated ultrasonic waves and defects, the
model is solved using transient solver.

Fig. 3 shows the simulation results of the interaction of
laser generated Rayleigh waves with specimens of various
defect depths. Four types of waveforms, including the Ray-
leigh wave (R), shear wave (S), skimming longitudinal wave
(SL) and body longitudinal wave (L), are clearly identified by
the propagation direction and wave velocity, shown in Fig.
3(a). For the specimen free of defect, the Rayleigh wave has

the strongest magnitude compared with other waveforms and



mainly concentrated in the depth less than 2 mm. The Ray-
leigh wave and skimming longitudinal wave are marked with

red and white arrows in inset of Fig. 3(a).
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Fig. 3. The simulation results of the interaction of laser generated
Rayleigh waves with specimens with and without defects. (a) With-
out defect. (b) Defect depth of 0.5 mm. (c) Defect depth of 1.0 mm.
The simulated time-domain signals and the displacement field at
each depth are inserted. The height (H) and Width (W) of the defect
is kept at 1.0 and 1.0 mm, respectively.

For the subsurface defect with depth (D) of 0.5 mm, an
enhanced Rayleigh wave is observed, shown in Fig. 3(b),
which is mainly attributed to the superimposition of reflected
and direct Rayleigh waves with wavelength larger than 0.5
mm. The presence of the subsurface defect generates a strong

positive peak, pointed by the white arrow in inset, which is

consistent with the experimental results in Fig. 2(b). The
phase evolution as a result of the subsurface defect can be
explained by the interference of direct and reflected Rayleigh
wave, which can act as an obvious indicator for the presence
of subsurface defect. The phase change of Rayleigh wave has
also been studied to detect surface crack[35], but which is
generated mainly by the interaction of near-field surface wave
and bulk wave between the source and the defect. Therefore,
such method is only applicable to detect localized sur-
face-breaking defects, with limited applications.

As the energy of Rayleigh wave decays exponentially
with depth, the reflected Rayleigh wave substantially reduces
when the defect depth increases to 1.0 mm. Therefore, the
superimposition of reflected and direct Rayleigh waves is re-
duced [Fig. 3(c)], consequently with a reduced positive peak,
shown in inset of Fig. 3(c). The simulation result is consistent
well with the experimental result in Fig. 2. Both show a strong
evolved positive peak of Rayleigh wave signals at small de-
fect depth of 0.5 mm and a reduced positive peak with larger
defect depth.

3. Results and discussions

The phase evolution of Rayleigh wave with defect width
is further explored, conducted on specimens with fixed defect
depth (0.5 mm) and various defect width (0, 0.5, 1.5, and 3
mm). The result in Fig. 4 shows that the evolution of positive
peak of Rayleigh wave occurs at defect width of 0.5 mm, and
the positive peak increases obviously with defect width, iden-
tified by the red arrow, with the value increases linearly from
0 to 0.12 V, summarized in Fig 5. The negative peak of the
Rayleigh wave (pointed by green arrow), however, decreases
monotonically with defect width, with the value decreases
linearly from 0.15 to 0 V, shown in Fig 5. This result shows
that the phase evolution of Rayleigh wave is extremely sensi-

tive to the width of subsurface defects.
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Fig. 4. Phase evolution of Rayleigh wave with defect depth. (a) Without defect. (b) Defect width of 0.5 mm. (c-e). Defect width of 1.0, 1.5, 3.0
mm. The height (H) and depth (D) is fixed at 1.0 mm and 0.5 mm, respectively.

According to the pulse duration of Rayleigh wave (Fig.1
(e)), the length of the generated Rayleigh wave along the

propagation direction is estimated at 3 mm. Therefore, for

defect with width of 0.5 mm, part of the reflected Rayleigh
wave dissipates during propagation (shown in Fig. 3(b)), and

such dissipation effects reduce with defect width and therefore



induces a stronger superimposition of the reflected and direct
Rayleigh wave. This may explain the evolved positive peak of
the Rayleigh waves is weaker at small defect width and in-
creases with defect width. The result in Fig.4 and Fig. 5 show
that the phase of Rayleigh wave changes obviously and mon-
otonically as defect width, suggesting it can be used as a reli-

able indicator for measuring width of subsurface defects.
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Fig. 5. Variation of the [Neg| peak and positive peak of Rayleigh
wave with subsurface defect width.

In order to obtain a general law of phase evolution of
Rayleigh wave with defect depth and width, specimens with

various depths (0.5, 1.0, 1.5 mm) and widths (0.5, 0.8, 1.0, 1.2,

and ratio of absolute negative peak to positive peak
([Neg|/Pos), are proposed to describe the phase evolution of
Rayleigh wave. Fig. 6(a) shows the relationship between
Neg-peak and the defect width and depth. At the fixed defect
depth of 0.5 mm, the absolute value of Neg-peak (|Neg| peak)
decreases monotonically with defect width. However, for de-
fect depth of 1.0 and 1.5 mm, the [Neg| peak does not change
substantially with defect width.

Fig. 6(b) shows the relationship between the Pos-peak
and defect width and depth. In contrast, the Pos-peak value
exhibits a completely opposite trend to that of in Fig. 6(a),
which increases monotonically with defect width. Combined
with the numerical simulation results in Fig 3, the difference
in the slope of |[Neg|-peak curve [Fig. 6(a)] and Pos-peak
curve [Fig. 6(b)] with defect depth is attributed to the penetra-
tion depth of the Rayleigh wave. While the difference in the
slope of |Neg|-peak curve and Pos-peak curve changed with
defect width is attributed to the length of Rayleigh waves. The
comparison between Fig. 6(a) and Fig. 6(b) shows the trans-
formation between the negative peak and positive peak of
Rayleigh wave, which undoubtedly proves the occurrence of

phase evolution and implies the existence of subsurface de-

fects.
1.5, 2.0, 3.0 mm) are detected, with a total number of 21
specimens. Three characteristic parameters, including the ab-
solute negative peak (|[Neg| peak), positive peak (Pos-peak),
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Fig. 6. The relationships between characteristic parameters and defect depth and width. (a) [Neg|-peak. (b) Pos-peak. (¢) [Neg|/Pos.

The [Neg|/Pos proposed is a dimensionless parameter that
eliminates the impact of incident laser energy, material attenu-
ation, and propagation distance on the amplitude of Rayleigh
wave. As shown in Fig. 6(c), the |[Neg|/Pos parameter de-
creases monotonically with defect width at evaluated defect
depths for three defect depth cases. Therefore the |[Neg|/Pos
parameter can be acted as an important parameter to quantify
the defect width or depth.

4. Conclusion

An unreported phenomenon of phase evolution of Ray-
leigh waves with subsurface defects is observed and system-

atically explored using all-optical laser ultrasonic technique

and numerical simulation. The phase evolution or even rever-
sal of the Rayleigh wave is attributed to the superposition of
the reflected Rayleigh wave and the direct Rayleigh wave
with wavelength larger than the defect depth. A dimensionless
parameter |[Neg|/Pos is proposed to describe the phase evolu-
tion of Rayleigh wave, which presents a monotonically varia-
tion trends with defect width and depth. Therefore, [Neg|/Pos
can be used as a reliable parameter to quantify the depth and

width of subsurface defects.
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