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Quantitative analysis of laser-generated ultrasonic wave
characteristics and their correlation with grain size

in polycrystalline materials
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Zhuangzhuang Wan(万壮壮), and Chaoqun Wang(王超群)

Laser Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250104, China
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Quantitative relationship between nanosecond pulsed laser parameters and the characteristics of laser-generated ul-
trasonic waves in polycrystalline materials was evaluated. The high energy of the pulsed laser with a large irradiation spot
simultaneously generated ultrasonic longitudinal and shear waves at the epicenter under the slight ablation regime. An
optimized denoising technique based on wavelet thresholding and variational mode decomposition was applied to reduce
noise in shear waves with a low signal-to-noise ratio. An approach for characterizing grain size was proposed using spectral
central frequency ratio (SCFR) based on time-frequency analysis. The results demonstrate that the generation regime of
ultrasonic waves is not solely determined by the laser power density; even at high power densities, a high energy with a
large spot can generate an ultrasonic waveform dominated by the thermoelastic effect. This is ascribed to the intensification
of the thermoelastic effect with the proportional increase in laser irradiation spot area for a given laser power density. Fur-
thermore, both longitudinal and shear wave SCFRs are linearly related to grain size in polycrystalline materials; however,
the shear wave SCFR is more sensitive to finer-grained materials. This study holds great significance for evaluating metal
material properties using laser ultrasound.

Keywords: laser-ultrasonics, polycrystalline materials, ultrasonic time-frequency characteristics, grain size
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1. Introduction

Laser ultrasonic technique, as a rapidly evolving nonde-
structive testing (NDT) method, primarily utilizes a pulsed
laser to generate ultrasonic waves and employs either a contin-
uous or sufficiently long pulsed laser for detection.[1] Laser-
generated ultrasound involves converting a portion of laser
energy into thermal energy, resulting in localized tempera-
ture rise near the irradiated area and subsequent rapid ther-
mal expansion. The commonly used laser source for ultra-
sonic wave generation is the Q-switched nanosecond pulsed
Nd:YAG solid-state laser. Compared to traditional piezoelec-
tric ultrasound techniques, laser ultrasound offers advantages
such as long-distance and broadband detection capabilities
even at high temperatures.[2–4] It is suitable for offline inde-
pendent nondestructive testing of materials and especially on-
line quality monitoring during metallurgical processes.[5–7]

Two distinct regimes for laser-generated ultrasonic waves
are typically considered: a thermoelastic regime at low power
densities and an ablation regime at high power densities. The-
oretical models for laser-generated ultrasonic waves under
the thermoelastic regime have been extensively studied. Re-
searchers early assumed a tangential force source on the sur-
face and obtained an analytical solution for the displacement
field.[8] However, this assumption neglected the influence of
thermal expansion effects and failed to account for how the

size of the laser spot affects ultrasonic wave signals. Doyle et
al.[9] pointed out that thermal expansion acted as a body force
source, resulting in the precursor, i.e., longitudinal waves, due
to the combined effect of tangential and body forces. McDon-
ald et al.[10] discovered that the precursor was attributed to
specific spatial scales of laser sources, indicating that an ideal
point source would not generate the precursor. Nevertheless,
quantitative analysis of the precursor could not be achieved us-
ing the body force source model alone. Furthermore, Sander-
son et al.[11,12] proposed a model comprising a thermal dipole
and a surface center of expansion, validated through finite ele-
ment (FE) simulations and experimental findings. This model
is the prevailing source model utilized in the context of the
thermoelastic effect.

The application of higher incident laser power density
leads to the generation of ultrasonic waves in the ablation
regime, resulting from phenomena such as melting, vaporiza-
tion, and plasma. The force source is commonly approximated
as a time-varying force normal to the surface.[13] Hutchins et
al.[14] have highlighted that the thermoelastic effect often ac-
companies the ablative regime. Therefore, the laser source
comprises both a tangential force caused by the thermoelas-
tic regime and a normal force caused by the ablative regime.
Despite causing surface damage to the material, the ablation
mechanism can generate ultrasonic signals with a high signal-
to-noise ratio (SNR). This feature holds significant importance
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for the online detection of metal processing in complex envi-
ronments. For instance, the high SNR of laser ultrasonic sig-
nals under the ablation mechanism enables high-resolution de-
tection of metallurgical defects during additive manufacturing,
since the subsequent printing layer conceals any slight damage
in the current one.[15]

The intermediate regime, also known as the slight ab-
lation regime,[16] is characterized by a weak melting of the
solid surface accompanied by a relatively noticeable thermoe-
lastic effect. The force source in this regime consists of a nor-
mal force, thermal dipoles, and a surface center of expansion.
Under this regime, the ultrasonic waveform exhibits similari-
ties to that observed under the thermoelastic regime; however,
there is a significant increase in the longitudinal wave ampli-
tude.

The regimes mentioned above provide valuable insights
into the intricate physical phenomena of laser-induced ultra-
sonic waves from the perspective of effective force sources.
However, previous theoretical studies have not fully accounted
for the effects of internal heat conduction and laser optical pa-
rameters on ultrasonic wave characteristics. Recently, Krylov
et al.[17] proposed a more comprehensive theoretical model
that integrates acoustics, optics, and material heat conduction.
This model revealed that the previously used thermal dipole
model has significant limitations in characterizing laser ultra-
sonic longitudinal waves. According to Krylov’s model, the
amplitude of these longitudinal waves was highly sensitive to
the material’s thermal properties and the reflectivity of its free
surface under normal laser irradiation. However, to simplify
calculations, the model omitted the small thermal expansion
term associated with the material’s elastic constants, limiting
its ability to predict mechanical displacements accurately.

With the significant progress in computer technology, re-
searchers have increasingly turned to FE simulation to bet-
ter understand the characteristics of laser-induced ultrasonic
waves.[18,19] In the thermoelastic mechanism, absorbed laser
energy is typically converted into a heat source. Alternatively,
in the ablation mechanism, a normal reaction force source ex-
hibiting a spatial and temporal Gaussian distribution is often
applied to the surface of the sample.[20] This simplification
enables a thorough exploration of ultrasonic wave field direc-
tivity and propagation characteristics under different mecha-
nisms. Furthermore, researchers are actively engaged in ex-
ploring how various pulsed laser parameters, including laser
spot size,[21] penetration depth,[21] and laser beam profiles,[22]

impact the ultrasonic wave field within materials. Their find-
ings indicated that the directivity of laser-generated waves was
influenced by the profile and size of the laser beam within the
thermoelastic regime. Larger laser spots tended to narrow the
main lobe of the wave field while having minimal effects on
the side lobe. Moreover, researchers[23,24] have dedicated their

efforts to elucidating the ultrasonic wave propagation charac-
teristics. Their studies revealed that skimming longitudinal
(SP) and skimming shear (SS) waves were particularly robust
in the near field, distorting the surface wave’s waveform.

The aforementioned research holds paramount impor-
tance for gaining a profound understanding of the generation
and propagation of laser ultrasound. However, the intricate
coupling between thermal and force sources remains under-
explored. This coupling effect, particularly under the slight
ablation mechanism, becomes increasingly complex and the
analysis of ultrasonic shear wave characteristics in such sce-
narios remains inadequate. More importantly, previous exper-
imental studies[25,26] have demonstrated that it is possible to
modify the laser power density by adjusting the laser energy
or irradiation spot diameter. It allows for generating an ul-
trasonic waveform dominated by thermoelastic effects at low
power densities or an ablation-dominated ultrasonic waveform
at high power densities. The ultrasonic generation mecha-
nism has been demonstrated to be determined by the power
density of the incident pulsed laser, as evidenced by numer-
ous studies.[27,28] However, our preliminary experimental in-
vestigations have revealed that varying combinations of laser
energy and irradiation spot diameter can generate ultrasonic
waves under distinct regimes even when maintaining a con-
stant power density. This observation may be attributed to the
previously mentioned coupling effect between the thermal and
force sources. Consequently, a thorough investigation of the
mechanisms underlying laser-induced ultrasonic waves is im-
perative to achieve a more precise comprehension.

Furthermore, there has been insufficient research on laser-
generated shear waves due to the lower SNR than longitudinal
waves. Nevertheless, theoretical studies have confirmed that
shear waves exhibit greater sensitivity towards microstructures
in polycrystalline materials, particularly at lower frequencies.
Therefore, the objective of this article is to comprehensively
investigate the influence of various pulsed laser parameters,
such as laser energy, irradiation spot diameter, and laser power
density, on both the generation regime and time-frequency
characteristics of laser ultrasonic waveforms. Special atten-
tion is devoted to analyzing shear wave characteristics. Addi-
tionally, we aim to elucidate the correlation between ultrasonic
time-frequency characteristics and the grain size in polycrys-
talline materials.

This paper is organized as follows: The experimental
methods are described in Section 2, and the denoising ap-
proach in Section 3. The time-frequency characteristics of ul-
trasonic signals under different incident pulse laser parameters
are shown, and the quantitative relationship between them is
established in Section 4. Subsequently, a grain size character-
ization method based on the downshift of ultrasonic spectral
central frequency in the time-frequency domain is proposed,
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and the corresponding experimental results are discussed in
Section 5. The main conclusions are given finally.

2. Materials and experiments
The commercially pure titanium plate (99.5 wt% Ti) with

dimensions of 200 mm× 100 mm was selected. Two spec-
imens, varying in thickness, were prepared through a dou-
ble annealing process involving an initial high-temperature
annealing to achieve a fine-grained microstructure at the re-
crystallization temperature, followed by a subsequent low-
temperature annealing.[29] Among these specimens, a 5-mm-
thick one was designated for exploring ultrasonic longitudinal
and shear wave characteristics. On the other hand, a 10-mm-
thick specimen was chosen for studying surface wave proper-
ties, as this thickness helps to avoid interference from com-
plex Lamb wave modes that can potentially occur in thinner
plates.[23] Furthermore, four specimens with a thickness of
10 mm underwent heat treatment at 800 ◦C below the β -trans
phase transition temperature for different durations of 0.5 h,
1.0 h, 2.0 h, and 8.0 h,[30] followed by air cooling to room tem-
perature. Microstructural observations were conducted using
electron backscatter diffraction (EBSD). The results revealed
that the grains exhibited a nearly equiaxed morphology, and
the average size was expressed as the mean grain diameter,
yielding approximate values of 26 µm, 33 µm, 39 µm, and
49 µm. These results will be used for the correlation analysis
between mean grain size and laser-ultrasonic characteristics.

Computer
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Fig. 1. Schematic diagram of laser ultrasonic inspection system.

The schematic diagram of the laser ultrasonic inspection
system is depicted in Fig. 1. A pulsed laser beam, emitted by
a Quantel Ultra 50 Nd:YAG solid-state laser with wavelength
of 1064 nm and pulse width of 8 ns, is transmitted through
an energy transfer fiber. Subsequently, it is transformed into a
focused laser spot via collimating and focusing lenses before
being incident onto the specimen’s surface. The collimating
and focusing lenses are combined to form a fiber head for ul-
trasonic generation (FHG), fixed on the two-dimensional mo-
tion controller. The power density of the pulsed laser exhibits

a spatial Gaussian distribution with its amplitude at the cen-
ter of the irradiation spot expressed by I0 = E/(τA).[31] E and
τ denote the incident laser energy and pulse width, respec-
tively. A is the irradiation spot area. It should be noted that
the absorbed power density Ia by the material is determined
by multiplying the incident power density I0 with the mate-
rial’s optical absorption coefficient γ [32] and can be expressed
as Ia = I0γ . An AIR-1550-TWM receiver based on two-wave
mixing (TWM) interference provided by Intelligent Optical
Systems, Inc., equipped with a detection bandwidth ranging
from 20 kHz to 125 MHz, is utilized for laser-ultrasonic wave
detection.
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Fig. 2. Interrelation of spatiotemporal modulation parameters of the
pulsed laser: (a) corresponding to the relation between the incident laser
energy (E) and FLQS delay time with its linear fitting, (b) correspond-
ing to the relation between irradiated spot diameter (D) and the distance
(L) between the specimen and the focus point of FHG, which is captured
through a polynomial fitting.

The ultrasonic surface wave is detected on the same side
as the laser incident surface. A detection distance of at least
5 mm from the incident point is advisable for accurate sur-
face wave detection to eliminate any interference from SP and
SS waves.[23] In contrast, the ultrasonic longitudinal and shear
waves are received at the epicenter on the opposite side with
collinearity between the incident and detection points. It is
imperative to attain the shortest arrival time of the initial lon-
gitudinal pulse to ensure the precision of the collinearity. The
ultrasonic signal in the time domain is stored after averaging
128 times to reduce high-frequency electrical noises.
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Fig. 3. The overhead (upper) and side (lower) view sections of the laser irradiation spot at different distances of L, obtained by the
BC106N-VIS/M beam quality analyzer from Thorlabs.
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Fig. 4. Typical laser ultrasonic waveforms under the thermoelastic,
slight ablation, and ablation regimes: (a) ultrasonic longitudinal and
shear bulk waves detected at the epicenter, and (b) ultrasonic surface
waves detected 51 mm away from the incident point.

The experiments are designed based on the principle of
manipulating a single variable to investigate the impact of var-
ious laser parameters, such as laser energy, irradiated spot di-
ameter, and laser power density, on the characteristics of ultra-
sonic waves. The laser energy is controlled by manipulating
the flashlamp-to-Q-switch (FLQS) delay time. The Labmax
top laser power meter from coherence measures the laser en-
ergy at different FLQS delay times. The relationship between

laser energy and FLQS delay times is illustrated in Fig. 2(a),
demonstrating a strong negative linear correlation with a high
goodness of fit (R2 > 0.99). The linear slope is −0.25 mJ/µs,
indicating that the laser energy decreases by 0.25 mJ for ev-
ery 1 µs increment in FLQS delay time. Notably, as the de-
lay time increases from 140 µs to 315 µs, there is a corre-
sponding decrease in laser energy from 41 mJ to 1 mJ. On
another note, the irradiated spot diameter D is controlled by
the distance of the specimen to the focus of FHG, denoted
as L. The spot diameters at different distances are measured
using an BC106N-VIS/M beam quality analyzer from Thor-
labs. The relationship between D and L is depicted in Fig. 2(b),
which can be accurately described by a quadratic polynomial
D = 8.23(L+ 6.44)2 + 321.88. This suggests that the irradi-
ated spot diameter exhibits an approximate square correlation
with the distance from the FHG focus to the workpiece. In
particular, an increase in L from 0 to 20 mm leads to a corre-
sponding increase in D from 0.71 mm to 6.27 mm.

The cross-sectional images of the laser irradiation spots
at various distances, obtained using the beam quality analyzer,
are presented in Fig. 3. The top-view cross section reveals that
the irradiated spot exhibits an approximately circular shape
for distances less than 4 mm. Radially, the intensity distribu-
tion follows a Gaussian-like pattern with maximum intensity
at its center. As we move the specimen away from FHG’s fo-
cus, aberrations occur in both the spot shape and the Gaussian
intensity distribution, decreasing intensity at the spot center.
These aberrations become more pronounced as the distance L
increases.

3. Optimized SWT-VMD signal denoising
The typical laser ultrasonic waveforms in titanium al-

loy plates under the thermoelastic, intermediate, and ablation
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regimes are depicted in Fig. 4 as the black, magenta, and blue
curves, respectively. Ultrasonic longitudinal (P), shear (S),
and surface waves (R) are denoted. The initial and secondary
longitudinal pulse echoes transmitted from the bottom surface
are represented by 1P and 2P. In Fig. 4(a), under the thermoe-
lastic regime, 1P and 2P pulses exhibit relatively low ampli-
tudes with a prominent negative step-like feature after the ar-
rival of 1P, followed by an evident positive shear pulse. The ul-
trasonic waveform under the slight ablation regime resembles
the thermoelastic regime but with an increased amplitude for
1P and 2P. However, the ultrasonic waveforms exhibit notable
distinctions in the ablation regime as compared to previous
regimes. The emergence of a significant positive pulse, known
as the 1P pulse, elicits a positive step-like response instead of
a negative one. The 2P pulse shows a good SNR, while shear
wave pulses only appear as simple slope changes.[33] Com-
pared to ultrasonic longitudinal and shear waves, ultrasonic
surface waves show significant polarity variations depending
on the generation regime.[34] It can be observed in Fig. 4(b)
that, under the thermoelastic and slight ablation regimes, they
exhibit unipolar behavior, while under the ablative regime,
they become bipolar.

3.1. SWT-based initial signal denoising

Since a broadband TWM interferometer is utilized, the
acquired signals typically contain grain scattering-induced
noises and high-frequency electrical noises resulting from the
generation process of laser ultrasound. Therefore, it is cru-
cial to denoise the signal effectively. The stationary wavelet
transform (SWT) possesses time-frequency local adaptability,
making it particularly suitable for non-stationary and nonlin-
ear laser ultrasonic signals. Three steps for SWT denoising
are described as follows: (1) Selecting the Daubechies’ least-
asymmetric wavelet, referred to as SymN, as the basis function
for decomposing the ultrasonic signal. Here, N represents the
number of vanishing moments. It is imperative to consider
several crucial factors, including its regularity, support width,
and similarity to the signal for the selection of the vanishing
moment. After weighing all these factors, it is selected to be
7 to guarantee optimal performance in signal denoising and
reconstruction. This choice of wavelet helps mitigate phase
distortion caused by signal denoising and reconstruction pro-
cesses. The decomposition level, denoted by m, is critical to
distinguishing noise components from actual signals. The de-
composition yields approximation coefficients (low-frequency
components) and detail coefficients (high-frequency compo-
nents). (2) Employing soft thresholding technique to eliminate
detail coefficients smaller than a given threshold value. (3) Ob-
taining a noise-reduced signal through wavelet reconstruction
using approximation coefficients from level m and detail coef-
ficients from levels ranging from 1 to m processed by the soft
thresholding method. Figures 5(a) and 5(b) illustrate the de-

composition results of an ultrasonic waveform at the epicenter,
dominated by thermoelastic effects, with a level m equal to 4
and 5, respectively. It is evident that when m = 5, significant
longitudinal wave components are captured in detail coeffi-
cients at the fifth level while the approximate component loses
part of effective signals accordingly. Henceforth, an optimal
decomposition level is set to 4.
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Fig. 5. The decomposition results of laser ultrasonic waveform at
the epicenter using the SWT with different decomposition levels m:
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The continuous wavelet transform (CWT) based on a
complex Morlet (Cmor) wavelet is applied to the denoised
signal to capture the frequency components at each moment.
The optimal bandwidth and central frequency of the Cmor
wavelet are determined by Shannon wavelet entropy[35] as 2.6
and 0.4, respectively. Figures 6(a)–6(c) exhibit the wavelet
time-frequency images for ultrasonic longitudinal, shear, and
surface waves, respectively, acquired with the laser energy
of 24 mJ and the spot diameter of 0.71 mm. Their spec-
trum curves at the arrival time of the pulse peak are plot-
ted in Figs. 7(a)–7(c). The spectra of longitudinal and sur-
face waves show approximately the Gaussian distribution, in-
dicating that SWT denoising effectively suppresses their high-
frequency noise components. However, the spectrum of shear
waves has deviated considerably from the Gaussian distribu-
tion, and there are high-frequency noises exceeding 10 MHz.
This indicates that the SWT method has failed to effectively
reduce noise in shear wave signals. Actually, the SNR of the
ultrasonic shear wave (2.3 dB) is significantly lower than those
of the initial longitudinal waves (34.8 dB) and surface waves
(25.5 dB). This highlights the necessity for further denoising
techniques to enhance shear wave signals with a low SNR.
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amplitudes: (a) IMFs in the time domain, (b) spectral amplitudes of
IMFs.

3.2. VMD-based further signal denoising

Variational mode decomposition (VMD) is an adap-
tive and fully non-recursive technique suitable for signal
denoising.[36] Based on the VMD, the signal is decomposed
into multi-order intrinsic mode functions (IMFs). The k-th
order IMF is denoted as IMFk, where k = 1, 2,. . . ,K. The
IMFs with the highest order K of 5 are depicted in Figs. 8(a)
and 8(b), showcasing their results in both the time and fre-
quency domains, respectively. It can be observed that VMD
aims to decompose signals into components with varying cen-

ter frequencies, wherein the central frequency decreases as
the order of IMF increases. The lower-order IMFs repre-
sent high-frequency noise components, while the higher-order
IMFs mainly capture practical signal components. The key
to VMD-based denoising is identifying and eliminating high-
frequency noise components across all IMFs. Previous re-
search has demonstrated that there exists a constant relation-
ship between the product of energy density (Edk) dominated
by noises in an IMF and its mean period (Tk),[37] which can be
defined by

Edk =
1
J

J

∑
j=1

(IMFk j)
2, (1)

Tk =
2J

Optimak
, (2)

where J is the length of an IMF, and Optimak denotes the total
number of extreme points within IMFk.

Figure 9(a) illustrates the variation of the product EdkTk

concerning the order k. Considering that the energy from noise
components is significantly smaller than the signal’s energy,
we can identify the order in which the product exhibits rapid
growth as a demarcation between noise and signal compo-
nents. Expressly, IMF1–IMF3 represent noise components,
while IMF4 and IMF5 correspond to practical signal com-
ponents. Consequently, a further denoised signal can be ob-
tained through reconstruction based on IMF4 and IMF5. The
time-frequency image of the shear wave obtained through the
SWT-VMD combination denoising approach is presented in
Fig. 9(b). Comparing the result in Fig. 6(b), it becomes evident
that high-frequency noises have been substantially eliminated,
thereby highlighting the detailed features of shear waves.
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Fig. 9. Results of shear wave denoising by the SWT-VMD combina-
tion approach: (a) corresponding to the product of energy density and
its mean period in an IMF, EdkTk , concerning the order k, and (b) cor-
responding to the CWT time-frequency image of the denoised shear
wave.

4. Results and discussions on laser-generated ul-
trasonic wave characteristics

4.1. Effects of pulsed laser energy on ultrasonic character-
istics

To explore the impact of the pulsed laser energy on ul-
trasonic characteristics, the distance between the FHG and the

test specimen is set equal to the focal length, ensuring a con-
sistent irradiation spot diameter of D = 0.71 mm. This guar-
antees that the sole variable is the pulsed laser energy, which
gradually increased in 1 mJ increments within the range of 1–
41 mJ. The surface diagrams of the ultrasonic waveforms are
presented in Fig. 10, illustrating the variation of laser energy
from 1 mJ to 41 mJ. Specifically, Figs. 10(a) and 10(b) depict
ultrasonic bulk waves, encompassing both longitudinal and
shear waves, and surface waves, respectively. Enlarged views
of ultrasonic longitudinal and shear waves can be observed in
Figs. 10(c) and 10(d), respectively. These three wave modes
exhibit notably different trends in both amplitude and polarity.
The longitudinal pulse remains positive, exhibiting an ampli-
tude increase of around 62 times from 1.1 mV to 68.5 mV.
The shear pulse transits from a positive step-like waveform
due to thermoelastic effects to a pattern characterized by a
slope change in the ablation regime. Its maximum amplitude
reaches as high as 29.2 mV, approximately 17 times higher
than its minimum counterpart. Meanwhile, the ultrasonic sur-
face wave transforms from unipolarity in the thermoelastic
regime to bipolarity under the ablation regime, with an am-
plitude increase of around six times from 1.7 mV to 11.2 mV.

It is worth noting that a transient local temperature rise
occurs in the material at low incident laser energy, resulting
in no damage to the material’s surface [Fig. 11(a)]. A gradual
increasing of the incident laser power leads to surface melting
of the material, causing white marks to appear in the laser
irradiation area [Fig. 11(b)]. Further increase in incident laser
power causes some materials to vaporize and ionize, generat-
ing plasma and exhibiting strong ablative effects [Fig. 11(c)].
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Fig. 10. Surface diagrams of the ultrasonic waveforms versus incident laser energy from 1 mJ to 41 mJ: (a) ultrasonic bulk waves,
(b) ultrasonic surface wave, (c) enlarged view of initial longitudinal pulses, (d) enlarged view of shear pulses.

087801-7



Chin. Phys. B 33, 087801 (2024)

The laser shot causes approximately a maximum of 0.15 mm
of surface damage under this regime, advancing by no more
than 0.05 µs in the arrival time of longitudinal pulses [as
shown in Fig. 10(c)].

The spectral surface diagram of three wave modes, ob-
tained by Fourier transform as a function of laser energy, is
illustrated in Fig. 12. As the laser energy increases, the max-
imum amplitude of longitudinal and surface waves continu-
ously rises, while the amplitude of shear waves initially in-
creases, then decreases, and eventually increases again. At a
given laser energy level, all three wave modes exhibit Gaus-
sian distribution shapes with goodness-of-fit values exceeding
0.85. However, the center frequencies of longitudinal, shear,

and surface waves differ significantly at 22 MHz, 3 MHz, and
1 MHz, respectively. The −6 dB bandwidth for longitudinal
waves is 29 MHz, considerably higher than that for shear and
surface waves.

(a) (b) (c)

Fig. 11. Sample surface after the pulsed laser incident under different
mechanisms: (a) thermoelastic mechanism, (b) slight ablation mecha-
nism, (c) ablation mechanism.
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Fig. 13. CWT-based time-frequency diagrams of laser ultrasonic bulk
waves under (a) thermoelastic and (b) ablation regimes, as well as sur-
face waves detected 51 mm away from the incident point under (c) ther-
moelastic and (d) ablation regimes. The waveforms under the thermoe-
lastic and ablation regimes were obtained by the incident laser energies
of 6 mJ and 23 mJ.

Time-frequency analysis can effectively describe the sub-
tle characteristic changes due to the broadband, transient, and
nonlinear nature of laser ultrasonic signals. Taking the ex-
amples of laser energies of 6 and 23 mJ (corresponding to
thermoelastic and ablation regimes, respectively), figure 13
presents time-frequency diagrams of laser ultrasonic wave-
forms. The horizontal axis represents time, the vertical axis

represents frequency, and the color indicates wavelet coeffi-
cients. The central frequency of the spectrum corresponds to
the frequency at which the maximum wavelet coefficient oc-
curs. Regarding the ultrasonic bulk wave in the thermoelastic
regime, figure 13(a) demonstrates that the maximum wavelet
coefficient occurs at the arrival time of the shear pulse peak
and its spectral central frequency of 3 MHz. Conversely, the
ablation regime shown in Fig. 13(b) reveals that the maximum
wavelet coefficient occurs at the arrival time of the longitudi-
nal pulse peak and its spectral central frequency of 21 MHz. It
suggests that shear waves have higher energy than longitudinal
waves in the thermoelastic regime, and vice versa for the abla-
tion regime. For ultrasonic surface waves under thermoelastic
and ablative regimes, maximum wavelet coefficients appear at
their respective surface wave peaks with a spectral central fre-
quency of 1 MHz. Nevertheless, the maximum value achieved
under the ablation regime is seven times greater than that ob-
tained from the thermoelastic regime.

Compared to the amplitude analysis, ultrasonic wave en-
ergy analysis demonstrates robustness against random noises
and transient fluctuations. Figure 14 presents the varia-
tions of ultrasonic wave energy concerning laser energy in
time, frequency, and time-frequency domains for three wave
modes. Additionally, it showcases the piecewise linear fit-
ting of the average results across these three domains by
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the magenta solid lines. The energy of a wave mode in
the time domain is calculated by summing up the squared
amplitudes at each sampling time within [t0, t1], defined by
EU = {∑n=N

n=1 [x(tn)]2∆t}/R′, where x(t) and ∆t denote the
time-domain signal and the sampling time interval. Here t0
and t1 denote the arrival and ending times of the pulse echo,
and R′ represents the impedance. The wave energy in the fre-
quency domain is expressed as EU = {∑n′=N′

n′=1 [x( fn′)]
2∆ f}/R′,

where the spectrum of x( f ) is based on Fourier transform, ∆ f

denotes the frequency interval; f1 and f2 denote starting and
end cutoff frequencies corresponding to the−6 dB bandwidth.
The wave energy in the time-frequency domain is determined
by summing up squared wavelet coefficients within [t0, t1] and
[ f1, f2], given by EU = {∑n′=N′

n′=1 [∑n=N
n=1 [W (tn, fn′)]

2∆t]∆ f}/R′.
Each curve in Fig. 14 is normalized by its maximum energy
value. For a given wave mode, consistent variation trends be-
tween laser energy and ultrasonic wave energy are observed
across different domains.
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Fig. 14. The variations of ultrasonic wave energy concerning laser energy with the piecewise linear fitting for three different wave
modes: (a) longitudinal waves, (b) shear waves, (c) surface waves.

As the incident laser energy increases, longitudinal and
surface waves exhibit a piecewise linear growth trend in ul-
trasonic wave energy. The ultrasonic wave energy gradu-
ally increases with a linear growth slope of approximately
0.0047 mJ−1 for laser energies below 12 mJ. In compari-
son, it undergoes a rapid escalation with a slope of around
0.034 mJ−1 when the incident laser energy exceeds 12 mJ.
The physical interpretation of a slope equal to kslope is that the
generated p-wave energy increases by 100kslope percent rela-
tive to its maximum value for every 1 mJ increase in the in-
cident laser energy. Obviously, for both the longitudinal and
surface waves, the growth slope of ultrasonic energy under the
ablation mechanism is significantly higher than that under the
thermoelastic mechanism. Nevertheless, the underlying rea-
sons for these two wave modes are not identical.

In the case of longitudinal waves [Fig. 14(a)], this phe-
nomenon can be attributed to variations in the directivity of
the ultrasonic p-wave across different regimes. Specifically,
at lower incident laser energies, the generation of ultrasonic
signals primarily stems from thermoelastic effects. The maxi-
mum amplitude of the p-wave is observed at an angle approx-
imately equal to 50◦ and propagates outward in a single lobe
form. Its amplitude at the epicenter is minimal. There is a
gradual shift in directivity towards the normal direction during
the transition from thermoelastic to ablative regimes. Under
ablative conditions, the maximum amplitude of the p-wave oc-
curs at the epicenter, resulting in a rapid increase. Regarding
the surface wave [Fig. 14(c)], the energy distribution exhibits

no significant directivity in the case of a pulsed laser source
with a point-like configuration. It is approximately uniform
along the circumference regardless of whether it is generated
under thermoelastic or ablative regimes. Unlike p-waves, the
change in polarity leads to an increase in the energy growth
slope.

Compared to longitudinal and surface waves, the energy
of shear waves exhibits a complex variation trend [Fig. 14(b)].
It can be divided into three stages: (1) For laser energy be-
low 12 mJ, a more prominent amplitude component can be
detected at the epicenter due to the thermoelastic effect. The
wave energy increases gradually with a slope of 0.034 mJ−1 as
the laser energy increases. (2) When the laser energy ranges
from 12 mJ to 25 mJ, along with shear wave generation pre-
dominantly driven by the slight ablation regime, the wave en-
ergy at the epicenter gradually weakens, and its directivity
shifts towards angles 30◦–60◦. Therefore, it is observed that s-
wave energy decreases linearly with a slope of −0.027 mJ−1.
(3) The ablation effect gradually intensifies for laser energies
exceeding 25 mJ, resulting in an incremental increase in the
energy of shear waves with a slope of 0.058 mJ−1.

4.2. Effects of irradiation spot diameter on ultrasonic
characteristics

In order to investigate the impact of laser irradiation spot
diameter on ultrasonic characteristics, a fixed incident laser
energy of 36 mJ is taken as an example. The ultrasonic wave-
forms are obtained by varying the distance L between the spec-
imen and the focus point of FHG in equal intervals of 1 mm

087801-9



Chin. Phys. B 33, 087801 (2024)

within the range of [0, 20 mm] [Figs. 15(a)–15(c)]. Conse-
quently, the corresponding laser power density decreases from
1144 MW/cm2 to 15 MW/cm2. The normalized ultrasonic

energy for each wave mode, relative to its maximum ampli-
tude, is plotted against the diameter of the laser irradiation spot
[Figs. 16(a)–16(c)].
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Fig. 15. Time-domain ultrasonic signals concerning the laser irradiation spot diameter for different wave modes: (a) longitudinal
waves, (b) shear waves, (c) surface waves.
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frequency) concerning the laser irradiation spot diameter for three wave modes, and their non-linear fitting results: (a) longitudinal
waves, (b) shear waves, (c) surface waves.

When L exceeds 6 mm, the irradiation spot’s diameter
exceeds 1.74 mm, while maintaining a laser power density
below 236 MW/cm2. As the diameter of the irradiation spot
decreases, there is a slight increase in ultrasonic energies for
longitudinal and surface waves. In contrast, the energy of
ultrasonic shear waves initially increases and then stabilizes.
Within the range of [1.0, 1.74] mm for D (corresponding to an
increase in L from 2 to 6 mm), the slight ablation becomes the
dominant regime for ultrasonic generation, resulting in a grad-
ual rise in energies for both longitudinal and surface waves
but a rapid decline in transverse wave energy. At L = 0, i.e.,
when the focus of FHG is located on the incident surface of
the specimen, an instantaneous increase in laser power den-
sity up to 1144 MW/cm2 leads to significant ablation on the
surface material. The energy of the three wave modes in-
creases, with the longitudinal and surface waves exhibiting
more pronounced increments. Notably, within laser spot diam-
eters ranging from 0.71 mm to 6.27 mm, variations in longitu-
dinal wave energy are more pronounced with a maximum-to-
minimum ratio reaching up to 80. However, this ratio reaches
only up to approximately 15.5 and 23.8 for shear and surface
waves, respectively. It should be emphasized that maximum

energies are achieved by longitudinal and surface waves when
L = 0, whereas the shear wave attains its maximum value at
L = 6 mm. A sixth-degree polynomial fitting provides rela-
tively accurate curves describing variations in shear wave’s en-
ergy levels, while power-function fitting yields relatively accu-
rate curves for longitudinal and surface waves with the power
exponent of approximately −3.3 and −2.0, respectively.

4.3. Effects of laser power density on ultrasonic character-
istics

Based on the above-mentioned points, it appears that ul-
trasonic characteristics are determined by pulsed laser power
density when either laser energy or irradiation spot diame-
ter changes independently. However, various combinations
of laser energy and irradiated spot diameter may exist for a
given laser power density, such as high-energy/large-spot and
low-energy/small-spot. Ten different laser power densities are
used for conducting laser ultrasonic experiments to investi-
gate their effects on ultrasonic characteristics. Each power
density considers two configurations associated with higher-
energy/larger-spot and lower-energy/smaller-spot. The param-
eters for the pulsed laser are presented in Table 1.
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Table 1. Parameters of the incident pulsed laser. Ea and Da denote the combination of high-energy/large-spot, Eb and Db denote the
combination of low-energy/small-spot.

I0 (MW/cm2) 20 40 60 80 100 120 140 160 180 200
Ea (mJ) 26 41 21 36 41 24.4 28.4 40 36 41

Da (mm) 4.6 4.0 2.4 2.7 2.6 1.8 1.8 2.0 1.8 1.8
Eb (mJ) 2.8 6 6 11 14 16 21 26 26 24
Db (mm) 1.5 1.5 1.2 1.5 1.5 1.5 1.5 1.5 1.5 1.4
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Fig. 17. The laser ultrasonic bulk waves obtained at four different laser power densities: (a) 20 MW/cm2, (b) 120 MW/cm2, (c) 160 MW/cm2,
(d) 200 MW/cm2.
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Fig. 18. The laser ultrasonic surface waves detected 47 mm away from the incident point at four different laser power densities:
(a) 20 MW/cm2, (b) 120 MW/cm2, (c) 160 MW/cm2, (d) 200 MW/cm2.

The laser ultrasonic bulk waveforms obtained at four
different laser power densities (20 MW/cm2, 120 MW/cm2,
160 MW/cm2, and 200 MW/cm2) are illustrated in Fig. 17. As
depicted in Fig. 17(a), when the incident laser power density
is set to 20 MW/cm2, both high-energy/large-spot and low-
energy/small-spot configurations generate ultrasonic wave-
forms predominantly governed by the thermoelastic regime.
However, the shear wave amplitude generated by high-
energy/large-spot is greater. With increasing power density,
the distinction between ultrasonic waveforms generated by
these two configurations becomes more pronounced. At an
incident laser power density of 120 MW/cm2 [Fig. 17(b)],
the ultrasonic waveform produced by the low-energy/small-
spot configuration exhibits a significant increase in longitudi-
nal amplitude, indicating a typical waveform characterized by
the slight ablation regime. At an incident laser power density
of 160 MW/cm2 [Fig. 17(c)], the shear amplitude of ultrasonic
waveforms generated by the low-energy/small-spot configura-
tion decreases significantly with a slope tendency, suggesting
typical ablation-dominated waveforms. At an incident laser
power density of 200 MW/cm2 [Fig. 17(d)], the shear wave
stimulated by low-energy/small-spot shows a change in slope
trend with an increasing amplitude, which indicates a strong
ablation regime accompanied by plasma. In contrast, for laser

power densities below or equal to 160 MW/cm2, the high-
energy/large-spot configuration consistently generates typical
thermoelastic waveforms. Only when reaching an incident
laser power density of 200 MW/cm2 does it become evident
that there is a noticeable increase in longitudinal wave ampli-
tude stimulated by highenergy/largespot, indicating the gener-
ation regime changes to the slight ablation.

Figures 18(a)–18(d) demonstrate the evolution of ultra-
sonic surface waveforms across various laser power densi-
ties. The polarity of the surface wave is consistent with
the generation regimes for both configurations mentioned in
the above analysis. Notably, at the lowest power density of
20 MW/cm2 [Fig. 18(a)], both configurations produce unipo-
lar waveforms, indicating the dominance of the thermoelas-
tic mechanism. Conversely, at the highest power density
of 200 MW/cm2 [Fig. 18(d)], both configurations exhibit
bipolar waveforms, signifying the transition into the strong-
ablation mechanism. However, when considering the power
densities of 120 MW/cm2 [Fig. 18(b)] and 160 MW/cm2

[Fig. 18(c)], the two different configurations exhibit distinct
regimes despite the same power density. Specifically, the low-
energy/small-spot combination undergoes a transition from
the slight ablation to the ablation mechanism, marked by a
significant increase in amplitude and a shift towards a bipolar
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waveform. In contrast, the high-energy/large-spot combina-
tion maintains the thermoelastic waveform, primarily exhibit-
ing an increase in amplitude.

The ultrasonic energies in the time-frequency domain as a
function of laser power density for three different wave modes
are depicted in Figs. 19(a)–19(c). The solid line with squares
represents the results for high energy/large spot, while the
solid line with circles corresponds to those of low energy/small
spot. The results for each wave mode have been normalized by
their respective maximum values.

Regarding longitudinal waves [Fig. 19(a)], when the in-
cident power density is below 120 MW/cm2, they mani-
fest as precursors with low amplitudes. As the laser power
density increases, the ultrasonic energy remains stable, and
there is no discernible distinction in the wave energy ex-
cited by high-energy/large-spot and low-energy/small-spot.
In the range of laser power densities from 120 MW/cm2

to 180 MW/cm2, the ultrasonic energy generated by high-
energy/large-spot excitation remains steady due to thermoelas-
tic effects. It shows an increasing trend at an incident power
density exceeding 180 MW/cm2, indicating a shift in the gen-
eration regime. On the other hand, ultrasonic energy produced
by low-energy/small-spot excitation starts to increase at a laser
power intensity of 120 MW/cm2, suggesting a transition from
thermoelastic to ablative regimes. It exhibits continuous rapid

growth in ultrasonic energy corresponding to an intense abla-
tion regime accompanied by plasmas for incident power den-
sities exceeding 180 MW/cm2.

The ultrasonic surface wave [Fig. 19(c)] exhibits an
increasing trend in ultrasonic energies with the rise of
laser power density for both high-energy/large-spot and low-
energy/small-spot generations. A careful comparison reveals
that at incident power densities below 100 MW/cm2, the
high-energy/large-spot generation yields a more incredible ul-
trasonic energy. However, when the incident power densi-
ties exceed 100 MW/cm2, high-energy/large-spot and low-
energy/small-spot generations produce equally matched ultra-
sonic energies.

Regarding shear waves [Fig. 19(b)], as the laser power
density increases, the overall ultrasonic energy stimulated by
high-energy/large-spot generation surpasses that stimulated by
low-energy/small-spot generation. It is primarily due to the
dominance of the thermoelastic regime in generating relatively
significant amplitude at the epicenter when the laser power
density is less than 180 MW/cm2. However, contrary to the
variation trend in Fig. 16(b), the shear wave energy exhibits
irregular fluctuations for both configurations. Simultaneous ir-
regular variations in laser energy and irradiation spot diameter
may explain the irregular fluctuations.
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Fig. 19. Ultrasonic energies in the time-frequency domain as a function of laser power density for three different wave modes:
(a) longitudinal waves, (b) shear waves, (c) surface waves.

Based on the above analysis, it is observed that high-
energy/large-spot excitation leads to a characteristic waveform
in the thermoelastic regime. In contrast, low-energy/small-
spot excitation produces a typical waveform in the abla-
tive regime within a laser power density range of 120–
180 MW/cm2. This phenomenon will be elucidated from the
perspective of the thermoelastic generation regime. When
a pulsed laser irradiates a localized surface area of a metal
sample, part of the laser energy elevates the temperature at
a specific depth beneath the irradiated surface. This tran-
sient increase in local temperature induces thermal expansion
and generates an elastic wave under the thermoelastic effect.
Within this thermoelastic regime, we can consider the source
as a central expansion source consisting of three equal orthog-

onal force dipoles given by[11,12]

D11 = D22 = D33 = BδV, (3)

where B = λ +2/3µ is the bulk modulus of elasticity with λ

and µ denoting the material’s Lamé constants, and δV denotes
the change in solid volume. The resulting strain field is defined
as

ε11 = ε22 = ε33 =
1
3

δV
V

, (4)

δV
V

= 3βδT, (5)

δT =
γI0

ρCδ z
. (6)
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Here, β is the linear expansion coefficient, and δ z de-
notes the depth of the region where temperature rises beneath
the surface. Here ρ and C denote the material’s density and
specific heat capacity; δT signifies the temperature increase
when subjected to an incident laser power density I0 and irra-
diation area A. V denotes the total volume of the temperature
rise area, given by V = Aδ z. Therefore, by substituting Eq. (6)
into Eq. (5), we obtain

δV =
3βγI0A

ρC
. (7)

According to Eq. (7), it is evident that the thermoelastic ef-
fect induces a volume change in the expansion source, which
is directly proportional to the radiation area at a specific laser
power density. It implies that the thermoelastic effect becomes
more pronounced for a given laser power density as the laser
irradiation spot area increases. This observation elucidates
why high-energy/large-spot generation results in a waveform
dominated by the thermoelastic effect. It should be noted that
the strain caused by the thermoelastic effect, i.e., δV/V , re-
mains constant for identical laser power densities. This re-
search holds significance in generating ultrasonic longitudinal

and shear waves simultaneously through higher laser energy
with larger irradiation spots, thereby facilitating precise de-
tection of metallurgical characteristics such as defects through
superimposing ultrasonic longitudinal and shear waves.

5. Laser ultrasonic characterization for grain
size in polycrystalline materials

5.1. Correlation between ultrasonic characteristics and
grain size of materials

Further analysis is conducted on the correlation between
the time-frequency characteristics of laser ultrasonic signals
and the grain size of material microstructures. The aim is
to provide an empirical foundation for characterizing mate-
rial microstructure. Previous studies have demonstrated that
when an incident ultrasonic signal has an amplitude spectrum
conforming to a Gaussian distribution, its amplitude spectrum
maintains a Gaussian shape after propagation for a certain dis-
tance. However, due to the more significant attenuation of
high-frequency components compared to low-frequency com-
ponents, the central frequency of the power spectrum shifts
downwards.
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Fig. 20. Calculation of central frequency downshift based on time-frequency analysis.

Actually, the attenuation induced by grain scattering,
quantified by a scalar coefficient, α , is assumed to be propor-
tional to the (n−1)th power of the mean grain size d and to the
n-th power of the frequency f . The power index n is dependent
on the ratio of the mean grain size d to the wavelength λ . No-
tably, within the practical and frequently utilized ranges of ul-
trasonic wavelength and grain size, the Rayleigh-to-stochastic

scattering transition region, characterized by n≈ 2, is a partic-
ularly common occurrence. Under this assumption, the atten-
uation can be expressed by α = α0 f 2, where α0 = bd denotes
the frequency-independent attenuation coefficient. It has been
shown that α0 is proportional to the grain size, where b repre-
sents the linearly proportional coefficient relating to the elastic
constants and density of materials. Consequently, the spectral
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central frequency ratio (SCFR) between successive two pulse
echoes exhibits a linear relationship with the mean size d of
microstructure grains:[38]

fr1/ fr2 = 2σ
2
r1zα0 +1 = 2σ

2
r1zbd +1, (8)

where fr1 and fr2 are the center frequencies of the first and
second pulse echoes, z is the propagation distance, and σ2

r1 is
the spectrum variance of the first pulse echo. This method
demonstrates less sensitivity towards wave diffraction, reflec-
tion, and transmission effects than traditional ultrasonic atten-
uation methods. The accuracy in measuring spectral central
frequency shift is crucial. However, standard deviations in
multiple measurements based on Fourier transform spectra can
be significant, resulting in reduced accuracy in characterizing
grain size.

Considering the superior ability of time-frequency images
to capture instantaneous spectral changes of laser ultrasonic
signals, this paper proposes an approach to characterize grain
size by evaluating the downshift in central frequency by an-
alyzing the signal spectrum at the arrival time of ultrasonic
pulse peaks obtained via time-frequency analysis. To compare
the effectiveness of longitudinal and shear waves in charac-
terizing the mean grain size, simultaneous generation of these
two wave modes is achieved with high laser energy and large
spot size. A laser energy is set at 41 mJ, and a spot diam-
eter is set at 2.96 mm, resulting in the corresponding laser
power density of 74.5 MW/cm2. The obtained laser ultrasonic
waveform is shown in Fig. 20. After denoising through the
SWT-VMD technique, the rectangular window function inter-
cepts 1P, 2P, 1S, and 2S pulses for CWT analysis to obtain

wavelet time-frequency images. Spectral curves correspond-
ing to peak arrival times (1.75 µs for 1P signal, 4.98 µs for
2P signal, 3.13 µs for 1S signal, and 9.l6 µs for 2S signal)
are plotted in Fig. 20. Nonlinear regression fitting using the
Gaussian model is employed to determine center frequencies.
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Fig. 21. The SCFR between the successive two pulse echoes, concern-
ing the average grain sizes in titanium alloys for longitudinal and shear
waves: (a) time-frequency analysis using CWT, (b) spectral analysis
employing Fourier transform.

Table 2. Comparisons in the SCFR between the longitudinal and shear waves.

Mean grain sizes (µm)

Time-frequency analysis based on CWT Spectral analysis based on FFT
SCFRs of P-wave SCFRs of S-wave SCFRs of P-wave SCFRs of S-wave

Mean Standard Mean Standard Mean Standard Mean Standard
value deviation value deviation value deviation value deviation

26 1.071 0.0123 1.089 0.0103 1.071 0.0224 1.081 0.0320
33 1.098 0.0219 1.105 0.0221 1.118 0.0312 1.116 0.0423
39 1.138 0.0117 1.109 0.0234 1.148 0.0407 1.110 0.0490
49 1.167 0.0114 1.123 0.0181 1.177 0.0264 1.149 0.0450

Ten points with a spacing interval of more than 2 mm
were selected on the surface of samples with mean grain sizes
of 26 µm, 33 µm, 39 µm, and 49 µm for laser ultrasonic
detection. The wavelet time-frequency analysis method was
used to evaluate the averaged result and standard deviation of
SCFR for both longitudinal and shear waves, as plotted against
mean grain size in Fig. 21(a). The circle and square symbols
represent the measured mean values of SCFR for longitudi-
nal and shear waves, respectively. Error bars indicate stan-
dard deviations from multiple measurements. Red and black
solid lines show linear fitting results for longitudinal and shear
waves, respectively. Results reveal that both longitudinal and

shear wave SCFRs increase linearly with grain size, with the
p-wave proportionality coefficient nearly three times of that
for shear waves based on the time-frequency analysis. How-
ever, careful comparison shows that samples with larger grain
sizes (> 32 µm) have more significant SCFRs in longitudi-
nal waves. In comparison, those with finer grains (< 32 µm)
have more significant SCFRs in shear waves. This suggests
that characterization precision based on shear wave spectra is
higher for smaller grain sizes and vice versa for larger ones.
The comparison with traditional Fourier spectrum analysis (as
shown in Fig. 21(b) and Table 2) reveals that the standard de-
viation obtained through Fourier spectrum analysis is approx-
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imately three times higher than the results obtained through
CWT analysis. Additionally, due to the low SNR, the standard
deviation of SCFRs is higher in ultrasonic shear wave pulse
echoes than those from longitudinal pulse echoes.

5.2. Grain size evaluation based on SCFR obtained by
time-frequency analysis

According to Eq. (8), the grain size can be characterized
by analyzing its linear correlation with the SCFR in the time-
frequency domain. Note that the accurate estimation of the lin-
ear coefficient b is crucial for characterizing grain size. Con-
ventionally, this coefficient can be estimated using classical
theoretical attenuation models.[39] However, these models of-
ten overlook the crucial influence of grain size distribution,
which can have a significant impact on the spatial correla-
tion function, accordingly altering the ultrasonic attenuation
level. To improve the accuracy of estimating the linear co-
efficient, this paper adopts the analytical model proposed by
Turner et al.[40] This model incorporates the log-normal dis-
tribution of grain sizes into the calculation of attenuation, pro-
viding a more realistic representation of grain size distribution
in polycrystalline materials.

According to Turner’s model, the attenuation can be de-
scribed as the summation of two components. One component
represents the attenuation caused by scattering into the same
wave mode as the incident one (indicated by αLL for longitudi-
nal waves, and αTT for shear waves), while the other signifies
the scattering resulting from mode conversion (indicated by
αLT for longitudinal waves and αTL for shear waves):

αL = αLL +αLT, (9a)

αT = αTT +αTL, (9b)

with

αLL =
k4

Lπ

4v4
Lρ2

∫
π

0
η(θps)M1(θps)sinθps dθps, (10a)

αLT =
k4

Tπ

4v3
LvTρ2

∫
π

0
η(θps)[M2(θps)−M1(θps)]sinθps dθps,

(10b)

αTL =
k4

Lπ

8v3
TvLρ2

∫
π

0
η(θps)[M2(θps)−M1(θps)]sinθps dθps,

(10c)

αTT =
k4

Tπ

8v4
Lρ2

∫
π

0
η(θps)[M3(θps)−2M2(θps)

+M1(θps)]sinθps dθps. (10d)

The subscripts L and T denote longitudinal and shear waves,
respectively; M1, M2, and M3 denote the covariance inner
product of elastic constants of the material, which are re-
lated to the incident and scattering wave modes as defined in
Refs. [40,41]. Here, vξ and kξ represent the phase velocity
and wave number, respectively, of the ultrasonic wave mode
ξ ; θps refers to the angle between the incident and scattered
waves. The spatial correlation function, denoted by η(θps),
quantifies the probability of any two points in space belonging
to the same grain. It can be expressed as an integral of the
average chord length l, formulated as

η(θps) =
∫

∞

0
P(l)

l3

π2[1+ l2(k2
i + k2

s +2kiks cosθps)]2
dl.

(11)
It is noteworthy that the correlation between l and grain size
remains undefined and is currently an active area of investiga-
tion; l can be approximated as the radius of equiaxed grains
with an assumption of Poisson statistics; ki and ks denote the
wave numbers of the incident and scattered wave modes, re-
spectively. P(l) denotes the volume fraction of each grain size
and is expressed for a lognormal distribution as follows:

P(l) =
1

lσd
√

2π
exp
(
− (ln l−µd)

2

2σ2
d

)
, (12)

where µd and σd denote the mean value and standard devia-
tion. Given the knowledge of these two parameters, the atten-
uation coefficient at a specific frequency can be numerically
estimated based on Eqs. (9)–(12).
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Fig. 22. The blue histograms depicting the grain size distribution for all samples featuring various mean grain diameters (d), and their
log-normal distribution fitting represented by the red curve: (a) d = 26 µm, (b) d = 33 µm, (c) d = 39 µm, (d) d = 49 µm.

Based on EBSD microstructural observations, the grain

size distribution histograms for all samples are plotted as blue

bar charts in Fig. 22. Subsequently, a log-normal distribu-

tion fitting is conducted, and the fitted curve is represented

by a red solid line. The analysis indicates that the root-mean-

square errors (RMSE) of the log-normal distribution fitting for

the grain size distribution across all samples are no more than

0.02. The pertinent fitting parameters µd and σd are listed in
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Table 3. They were incorporated into Eqs. (9)–(12) to com-
pute the attenuation in various samples at a given frequency f0.
Then, the proportionality coefficients b can be approximated
at the frequency f0 by employing the linear fitting between
the predicted attenuation coefficients and the mean grain size
obtained through EBSD. Note that the linear relation assump-

tion holds approximately within a specific frequency range.
To achieve a closer alignment with this linear relationship, we
choose three frequencies that are proximate to the central fre-
quency for a specific wave mode and calculate their respective
linear coefficients b. Finally, the average value of b across
these frequencies is used for grain size evaluation.

Table 3. The microstructure data observed through EBSD analysis, along with the fitted parameters derived from a log-normal
distribution of grain sizes.

Annealed temperature/Holding time
Data obtained by EBSD analysis Best-fit log-normal distributions

d (µm) σd µd RMSE (10−2)

800 ◦C/0.5 h 26 0.42 −10.24 1.44
800 ◦C/1.0 h 33 0.50 −10.54 1.34
800 ◦C/2.0 h 39 0.46 −10.27 1.51
800 ◦C/8.0 h 49 0.48 −9.95 2.04
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Fig. 23. Linear fitting between the predicted attenuation by Turner’s model and the mean grain size obtained by EBSD for longitudinal
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Fig. 24. Linear fitting between the predicted attenuation by Turner’s model and the mean grain size obtained by EBSD for shear waves
at three different frequencies: (a) 2.8 MHz, (b) 3.0 MHz, (c) 3.2 MHz.

Specifically, for longitudinal waves, three frequencies
of 18 MHz, 19 MHz, and 20 MHz were chosen, while for
shear waves, frequencies of 2.8 MHz, 3.0 MHz, and 3.2 MHz
were selected. The attenuation coefficients at these frequen-
cies were calculated for all samples. They are then plotted
against the mean grain diameter measured by EBSD, as in-
dicated by solid squares for longitudinal and shear waves in
Figs. 23 and 24, respectively. The linear fitting results re-
veal that the goodness of fit (R2) exceeds 0.9 for both wave
modes. Based on the slopes of the fitted linear curves, the
proportionality coefficients for longitudinal waves are de-
termined to be 1.62×10−9 s2/m2, 1.07×10−9 s2/m2, and
1.25×10−9 s2/m2 at the respective frequencies, averaging
to 1.31×10−9 s2/m2. For shear waves, the proportionality

coefficients were 7.73×10−9 s2/m2, 8.24×10−9 s2/m2, and
8.71×10−9 s2/m2 at the respective frequencies, averaging to
8.23×10−9 s2/m2. Finally, the average grain size of each sam-
ple is nondestructively evaluated using Eq. (8), factoring in the
estimated linear coefficient b, as well as the SCFR outlined
in Table 2. The evaluation outcomes obtained using laser-
ultrasonic longitudinal and shear waves are presented in Ta-
ble 4.

The experimental results reveal that when predicting the
grain size of coarse-grained samples (d > 32 µm), the ac-
curacy of longitudinal waves significantly surpasses that of
shear waves. Notably, the maximum error for longitudinal
waves is merely 4.03%, whereas the maximum error for shear
waves reaches 9.85%. Both errors were observed in samples
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with a mean grain size of 39 µm. However, the situation re-
verses when predicting the grain size of fine-grained samples
(d < 32 µm), with shear waves exhibiting superior prediction
accuracy compared to longitudinal waves. In this case, the
prediction errors by longitudinal and shear waves in samples
with a grain size of 26 µm are 4.84% and 6.38%, respectively.
These experimental findings align well with the observations

detailed in Subsection 5.1, indicating that a larger downshift
in the central frequency of consecutive pulse echoes in the
time-frequency domain corresponds to greater scatter-induced
attenuation, resulting in smaller prediction errors for the
corresponding grain size. Conversely, a smaller downshift in
the central frequency is associated with larger prediction er-
rors.

Table 4. Comparison of the mean grain sizes measured by laser-ultrasonics with those observed through EBSD.

Annealed temperature/ EBSD observation
Results estimated by Results estimated by

Holding time results (µm)
longitudinal waves shear waves

Results (µm) Error (%) Results (µm) Error (%)
800 ◦C/0.5 h 26 24.34 6.38 24.74 4.84
800 ◦C/1.0 h 33 32.28 2.18 31.24 5.3
800 ◦C/2.0 h 39 40.57 4.03 35.16 9.85
800 ◦C/8.0 h 49 45.03 2.11 43.63 4.84

6. Conclusions
In summary, we have investigated the impact of nanosec-

ond pulsed laser parameters on the generation regime and
time-frequency characteristics of ultrasonic waves in metals
and alloys. The main conclusions are as follows:

(1) When maintaining a constant irradiation spot diame-
ter, the energies of ultrasonic longitudinal and surface waves
demonstrate a piecewise linear growth as the incident pulsed
laser energy increases. Notably, the linear growth rates ob-
served under the slight ablation and ablation mechanisms are
comparable and both surpass the growth rate under the ther-
moelastic mechanism. This pattern is primarily due to dy-
namic adjustments in the ultrasonic wave directivity for lon-
gitudinal waves and changes in waveform polarity for surface
waves. Conversely, the shear wave energy exhibits a more in-
tricate three-stage linear variation trend, influenced by varia-
tions in ultrasonic wave directivity and step-like feature under
different mechanisms. Specifically, there is a linear increase in
energy under the thermoelastic mechanism, a decrease during
the slight ablation stage, and a more pronounced linear growth
under the ablation mechanism.

(2) With the incident pulsed laser energy held constant,
the energy variation trends of both longitudinal and surface
waves conform to a power-law function as the irradiation spot
diameter decreases. In contrast, the behavior of the shear
wave is more intricate across different mechanisms. Its ul-
trasonic energy gradually accumulates before stabilizing un-
der the thermoelastic mechanism, dissipates rapidly under the
slight ablation mechanism, and subsequently increases under
the ablation mechanism.

(3) It is found that ultrasonic waveforms are not solely de-
termined by laser power density. Even with high laser power
density, a larger spot size may generate ultrasonic waveforms
dominated by thermoelastic effects. This phenomenon is as-
cribed to the intensification of the thermoelastic effect with the

proportional increase in laser irradiation spot area for a given
laser power density.

(4) An approach is proposed to characterize grain size
by evaluating the downshift in central frequency based on the
signal spectrum at the arrival time of ultrasonic pulse peaks
obtained via time-frequency analysis. The SCFRs of longi-
tudinal and shear pulse echoes show linear relationships with
grain size in polycrystalline materials. Consequently, grain
size in metal materials can be precisely estimated by measur-
ing the SCFR between two consecutive echoes in the time-
frequency domain. When compared to frequency domain anal-
ysis, the standard deviation of the SCFR in the time-frequency
domain is reduced by approximately 2/3. This suggests that
time-frequency domain analysis offer greater stability and re-
duced volatility. Further investigation reveals that in samples
with larger grain sizes (d > 32 µm), the SCFR of longitudi-
nal waves is more pronounced than that of shear waves, with
a grain size evaluation error below 4.03%, indicating excellent
accuracy. Conversely, in fine-grained materials (d < 32 µm),
the SCFR of shear waves is more prominent, resulting in a
slightly smaller prediction error than longitudinal waves, ap-
proximately 4.84%.

This study enhances understanding of the laser-ultrasonic
generation regime and the correlation between ultrasonic wave
properties and microstructural grain sizes. It provides support
for laser-ultrasonic detection and characterization of metallur-
gical characteristics in metals and alloys.
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