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Abstract

In this study, a laser ultrasonic system is proposed for nondestructive evaluations of both the
residual stress depth profile and grain size in titanium alloy materials (grade Ti-6Al-4V) processed
by warm shot peening (WSP). The method utilizes a pulsed laser to generate a surface acoustic
wave (SAW) along the cross-section of the sample, and a laser interferometer to detect the SAW
signals. The uniqueness of the proposed system includes the followings: (i) the capacity to measure
and locate the maximum compressive residual stress (CRS), (ii) a high spatial resolution of 30 um,
which facilitates precise extraction of the residual stress profile and grain size, (iii) a more effective
approach for estimating grain size through the frequency shift model developed and (iv) the ability
to analyze both residual stress and grain size in a single measurement. A theoretical model for
measuring the residual stress profile is described, along with a model built to correlate the center
frequency shift and mean grain size of the sample. Laser ultrasonic measurements were performed
in samples treated by WSP at different temperatures (32 °C, 100 °C, 200 °C and 300 °C). The
results obtained by the laser ultrasonic method are compared to those obtained by X-ray stress

measurement, center-hole drilling (CHD), and electron backscattering diffraction (EBSD).
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1. Introduction

Titanium alloys are commonly used in aerospace applications due to their excellent properties
such as good ductility, high strength and excellent corrosion resistance [1-3]. However, due to
stress concentration, the mechanical/thermal cyclic loading can accelerate the initiation rate of
fatigue cracks and thereby leads to a premature failure of material. Studies have shown that fatigue
cracks typically begin in the surface layers of the components and are very sensitive to
microstructure [4, 5]. In engineering, it is possible to effectively suppress the initiation and
propagation of fatigue cracks by introducing residual stress and grain refinement (GR) [6] [7].

Surface treatment techniques, such as shot peening (SP) [8, 9], laser shot peening [10], waterjet
peening [11], and hammer peening [12], extensively employed to introduce compressive residual
stress (CRS) and GR in the near-surface regions of materials. Among these techniques, SP is the
most well-established and cost-efficient approach [13, 14]. The surface treatment is performed by
blowing a huge number of small and hard particles (shots) onto the surface of the component, thus
causing the plasticization of the surface layer [15, 16]. As a result of this process, CRS is introduced
and the micro-structure in the surface region of the components is refined. CRS on the surface
effectively closes any short cracks formed during SP, thereby enhancing fatigue life. In addition to
CRS, uneven plastic deformation on the surface and sub-surface can give rise to GR to a certain
depth [17]. Studies have shown that the GR is another important factor in improving component
fatigue performance, as it restrains crack initiation and hinders crack propagation [18-20].

Conventional SP typically improves fatigue performance to a depth of 150-250 um. To increase
the depth of plastic deformation and enhance the properties of the surface layer, SP has been
attempted at elevated temperatures for spring steel [21] and Ti64 alloys [22] with some success,

and has been termed as warm-shot-peening (WSP). By subjecting the component's surface to WSP,



plastic deformation is induced near the surface, resulting in the generations of CRS and GR. The
CRS and GR generated by WSP play an important role in the improved fatigue performance and
hardness of the peened components [23]. Therefore, it is of great significance to investigate the
residual stress profile and grain size distribution to estimate the mechanical strength and to assess
the fatigue performance of the components.

Various methods can be utilized to determine the microstructure features of materials,
including X-ray diffraction (XRD) [24], neutron diffraction [25, 26], electron backscatter
diffraction (EBSD) [27, 28], center-hole drilling (CHD) [29], and ultrasonic [30, 31]. XRD and
neutron diffraction, popular non-destructive methods, involve scanning the sample at multiple tilt
angles to calculate residual stress based on d-spacing changes [32]. However, these methods have
limitations such as low penetration depth (<10 um, depending upon materials) and high cost of
measurement. Recent studies have demonstrated that using x-ray diffraction and layer removal
(e.g., via electropolishing) can provide an accurate estimation of residual stress [33-35].
Nevertheless, stress calculation can be affected by errors stemming from stress relaxation due to
the chemical etching step utilized in the layer removal process. EBSD [36-38] is the most well-
known characterization method, due to its high resolution, both spatial (< 10 nm) and angular (<
1°) [39]. Despite its advantages, the method is associated with a high cost of system, operation and
maintenance. Additionally, the samples are subject to stringent restrictions on size and surface
finishing. The CHD method involves using a strain gauge sensor to measure through-thickness
residual strain via incremental hole drilling across depth [40, 41] . In many research works, the
CHD method is combined with the other methods to reliably estimate the residual stress [42-45].
For instance, the combination of CHD and XRD is employed to determine the residual stresses in

ultrafine-grained laminated metal composites [46].



Ultrasonic method for evaluating the microstructures is considered the most feasible
nondestructive method [47, 48]. Laser-based ultrasonic methods, in particular, offer advantages
such as non-contact, high-speed, and cost-effective [49-51]. Sanderson et al. [52] investigated the
relationship between the velocity of laser-induced surface acoustic wave (SAW) and the
distribution of residual stress. However, this approach is not suitable for estimating stress profiles
within the thickness of materials. Duquennoy [53] utilized laser ultrasonic measurements to
analyze residual stress in steel samples subjected to different heat treatments. The acoustoelastic
theory was employed to calculate residual stress in aluminum samples treated with low plasticity
burnishing [54]. Ruiz et al. [55] discussed the dispersion of SAW caused by residual stress and
developed a diffraction correction approach to improve the accuracy of SAW measurements.
However, current applications of laser ultrasonic methods primarily focus on measuring the
average residual stress of materials. There is a lack of studies that measure the depth profile of
residual stress in materials using laser ultrasonics.

Besides providing information about residual stress, SAW can also be used to probe materials’
microstructure at the same time, as their propagation characteristics within a particular material
are influenced by the material’s microstructure [56]. The ultrasonic velocity [57], the
backscattering [58] and the ultrasonic attenuation [59] methods have been widely used to evaluate
grain size of the material. The accuracy of grain size determination using the ultrasonic velocity
method may be limited due to its low sensitivity to changes in grain size. The backscattering
method determines the average grain size based on the correlation with the backscattering
coefficient [60]. However, it becomes less effective for materials with large grain sizes. The
attenuation method compares the amplitudes of successive back-wall echoes to determine grain

size feasibility [61]. However, it is challenging to identify the contribution of grain scattering and



other factors like dislocation and absorption, which can affect the accuracy of grain size estimation
[62]. Recently, spectral analysis methods have shown promise for improving grain size evaluation
in materials with strong scattering or coarse grains due to its insensitivity to reflection,
transmission effects, and ultrasonic signal accuracy [63, 64]. However, only a few studies [63, 65]
have explored the correlation between grain size and the center frequency of SAW.

Therefore, the GR and grain size as a function of depth are evaluated based on laser ultrasonic
method in this study. The uniqueness of the proposed method includes the followings: (i) capability
for measuring and locating the maximum CRS, (ii) a high spatial resolution of 30 um, allowing
for precise extraction of the residual stress profile, (iii) more effective estimation of gran size
through the frequency shift model developed and (iv) analyzing both residual stress and grain size
at a single measurement. Experimental-wise, the SAW signals were firstly collected by laser
ultrasonics from the cross-sections of the samples shot peened at different temperatures (32 °C,
100 °C, 200 °C and 300 °C). The relative velocity change and center frequency shift of the SAW
were then calculated to evaluate the residual stress profile and grain size, respectively. Finally, to
validate the performance of the laser ultrasonic method, the surface microstructures were

benchmarked against the results from X-ray stress measurement, CHD, and EBSD.

2. Material and methods

2.1 Sample preparation and warm shot peening process

The five test samples used in this study were made of commercial-grade Ti-6Al-4V (Ti64). No
heat treatment was performed on the intact sample prior to the SP. Each sample had a dimension
of 50 mm x 30 mm % 10 mm as shown in Fig. 2(a). The pictures of Ti64 before and after SP at 32,
100, 200 and 300 °C are shown in Fig. 2(b). Shot peening was carried out using a duckbill nozzle

set 4" above the sample surface with high-hardness cast steel as shot balls (average diameter of



340 um). The compress air was set at 241.3 kPa. The nozzle was swiped at a speed of 0.0254 m/s
for 7 strokes across the entire surface to achieve a coverage of 125% and a target intensity between
6 and 9 A. 3 ~ 5 pieces of type A Almen strip were used to verify that the intensity was stabilized
prior to peening on the samples. Ti64 coupons were placed on top of a hotplate and heated to the
target temperature (100 °C, 200 °C and 300 °C) before the shot-peening started. The entire hotplate
was covered by a protective box, which together with other design details can be found from our

earlier publication [22].

Intact 200°C WSP @ 300 °C

(b)
Figure 1. Sample details: (a) the dimension of the sample and (b) pictures of Ti64 samples before
and after peening at different temperatures.

In the current study, a hotplate-based in-situ heating system was developed for performing shot-
peening in a traditional booth at different temperatures (32 °C, 100 °C, 200 °C and 300 °C). Two
adaptors were designed in order to fix the samples to the hotplate during peening process, as
described in [22]. The adaptors were designed to reduce the heat transferred from the hotplate to
the surrounding protective cover through the samples. It is important to securely hold the samples
while they experience strong impacts from the shot metals introduced by compressed air at a
pressure of 241.3 kPa. Prior to carrying out the WSP process, the temperature of the sample surface
was measured using a thermocouple and observed for 5 minutes to ensure stability. Peening was

performed on only one side of the sample at temperatures ranging from 32 to 300 °C.



2.2 SAW measurements

The experimental setup of laser ultrasonic system for SAW measurement is demonstrated in
Fig. 3. A pulsed Nd:YAG laser (NL301G, Ekspla, Lithuania) was used to generate SAW waves
on the cross-section of the sample. The laser operated at a wavelength of 1064 nm, with a repetition
rate of 20 Hz and a pulse duration of 5.4 ns. A pulsed laser energy of 5 mJ is incident on the sample
surface to generate SAW in the thermoelastic regime using a neutral filter [66]. The laser pulse
was focused into a spot with a diameter of about 10 um by using a focus lens. The size of the laser
spot determined the bandwidth of the SAW [67]. The generated broadband SAW was detected
using laser interferometer system (TEMPO, Bossa Nova Technology) with a bandwidth of DC-
1GHz. The interferometer system operates at a wavelength of 532 nm with a maximum power
output of 1500 mW. The pitch-catch mode was employed for generating and detecting the SAW
on the same side of the sample. To scan the sample in the vertical direction, a linear mechanical
stage with a minimum step size of 1 um was used. A digital oscilloscope (Tektronix Dpo4102)
with a sampling rate of 4 GS/s, was used to store the signals obtained from the laser interferometer

system. In order to improve the signal-to-noise ratio, 512 signals were averaged.
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Figure 2. (a) Schematic and (b) actual photographic of the laser ultrasonic system for generation
and detection of SAW.

2.3 Laser acoustic measurement strategy

The laser excitation source moves with a resolution of 30 um along the cross-section from
near-surface layer to the bulk layer. At each position E; (E{, E, ....E,), a SAW is produced, and its
corresponding detection points are measured at S; (S4,S; ....S,) and D; (D4, D5 ....D,) as shown
in Fig. 4. To measure the propagation time of the SAW between two positions (from S to D), the
SAW is initially measured at position S;, with the laser interferometer system then moved
sequentially at position D;. In this way, the residual stress profile and grain size are estimated by

measuring the variation of SAW velocity and frequency centroid as a function of depth.
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Figure 3. Positions and scanning directions of the laser ultrasonic measurements.

2.4 Other experimental details

The samples were further analyzed to investigate various properties, including the surface
roughness. For metallography characterization, the JEOL 7600F field emission scanning electron
microscope (FE-SEM) equipped with an EBSD detector was utilized. EBSD analysis was
performed on the cross-sectional surface of the sample to determine the grain orientations and
analyze the depth of deformation resulting from WSP. The residual stress on the surfaces of
samples was determined using the sin2y method with Cu Ko X-ray (A = 1.54 A) and Ni filter in
X-ray stress measurement (Stresstech Xstress G3). This method provides a fast and non-
destructive evaluation of the residual stress at the surface to compare the effectiveness of warm
shot peening at different temperatures. The CHD method utilized strain gauges to identify residual
stress at different depth of the samples upon drilling inside the samples [22]. To determine the
elastic constants of the Ti64 samples, a nano-indentation system (Agilent G200 Nanoindenter XP)

was utilized. Indentations were made on cross-sectional samples using a Berkovich diamond tip,
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reaching depths of up to 1 um. Each line scan started with an initial indentation point located 20-
35 um away from the surface, followed by four indentation points spaced 30 um apart, and then

ten points spaced 100 um apart.

3. Results

3.1 Residual stress profile distributions

In the initial experiment, both intact and peened (WSP @ 300 °C) samples were investigated
at a propagation distance (between S to D, Fig. (4)) of 30 mm from laser excitation. The difference
in amplitude induced by the residual stress is difficult to discern directly from the time-domain
responses (Fig. 5(a)). The wavelet spectrum was performed on a narrow time window with a
duration of approximately 3.3 us (Fig. 5(a)) using a Gaussian model as shown in Fig. 5(b). The
SAW exhibited a broadband frequency range spanning from 1 to 50 MHz, with a central frequency
component around 20.5 MHz. Furthermore, the amplitude of the central frequency component is

larger for the peened sample than for the intact sample due to the nonlinearity of residual stress.
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Figure 4. Results of laser ultrasonic showing (a) Time-domain responses and (b) wavelet spectra
of SAW from both intact and peened (WSP @ 300°C) samples.
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Figure 5. Time-domain responses of SAW as a function of layer depths. (a) intact and (b) peened
samples (WSP @ 300 °C).

Figure 6 depicts the time-domain responses for different layer depths (50 um, 100 um, 150
um, 200 um, 250 um and 300 um) in intact and peened samples. The results indicate that in the
intact sample, the time of flight remains constant regardless of layer depth. However, the time of
flight in the peened sample initially decreases as the layer depth increases up to 100 um, but then
increases between 100 um and 150 um. This suggests that the change in SAW velocity is primarily
influenced by the layer with CRS in the peened sample. Beyond 150 pm, the time of flight remains
approximately constant suggesting no significant contribution from residual stress. Figure 7 shows
the relative variations of SAW velocity (A V;, /V{;) with different warm-shot-peened Ti64 samples,
after measuring SAW’s propagation time (similar in Fig. 6). It reveals that although peening took
place at different temperature from room temperature (32 °C) to 300 °C, the SAW velocity profiles
with depth exhibit similar patterns. They increased from 0 to a peak value of 0.025 ~ 0.030 around

100 um (corresponding to CRS), before they lowered down to negative value of —0.005 ~ —0.008
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(corresponding to tensile residual stress) around 200 ~ 350 um and eventually returned back to

zero stress state in the bulk (> 400 um). However, the magnitude of SAW increases from 0.022 to

0.031 as the WSP temperature increases from 32 °C to 300 °C. Furthermore, the relative variation

of SAW velocity demonstrates an almost linear relationship with increasing WSP temperature.

This finding suggests that SAW velocity can potentially be used as an indicator for determining

the residual stress depth profile of engineering structures. According to Fig. 7, the maximum

magnitude of SAW velocity is observed at depths ranging from 40 to 80 pum.
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Figure 6. Relative variations of SAW velocities versus the layer depths for the sample shot-peening
at 4 temperatures. The inset shows a zoom-in of the maximum SAW velocity for the 4 samples.
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Figure 7. Comparison of maximum compressive residual stress (CRS) at the surface measured by
X-ray, CHD and laser ultrasonic methods after warm shot peening treatment at 100, 200 and 300°C.
The CRS values from as-received Ti64 and after shot peening at room temperature have also been

included for reference
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After converting the maximum SAW velocity into residual stress using Eq. (B6), the peak
residual stress determined by the laser ultrasonic method for the 4 samples can be seen in Fig. 8.
The peak residual stresses measured by CHD method as well as the surface residual stress by X-
ray stress measurement from earlier study [22] for each sample were also included for comparison.
Although X-ray stress measure only picks up surface residual stress, while CHD and laser acoustic
present the maximum CRS value, the overall stress profiles obtained by these three methods are
considered to be consistent (Fig. 8): the residual stresses were maximum after peening at room

temperature and decreased monotonically with an increase of WSP temperature.

Table 1. The compressive residual stress of various peened samples for each method.

X-ray CHD Laser ultrasonic

Samples CRS  Depth  CRS Depth CRS Depth

(MPa) ~ (um)  (MPa) (nm) (MPa)  (um)
Intact @ 30°C  —148.05 12  —130.62 8 ~127.11 30
SP@32°C ~775.02 12  -877.66 24  —820.59 30
WSP @ 100°C  -746.31 12  -747.84 24 —790.97 30
WSP @ 200°C  -661.01 12  —707.52 24  —730.33 30
WSP @ 300°C  -556.37 12  —638.19 24  —698.03 60

The residual stress obtained from the laser ultrasonic method for WSP samples at 32 °C, 100 °C,
200 °C, and 300 °C are —820.59 MPa, —790.97 MPa, —730.33 MPa, and —698.03 MPa, respectively
(Table 1). The values show some degree of variation among different methods, mainly due to
differences in their measurement depths. Specifically, the proposed method measures the peak
residual stress at a depth of 50 um, which is deeper compared to the CHD method (40 um). The
peak residual stress values of the peened sample are significantly larger than the residual stress of
the intact sample (—127.11 MPa), which was measured using the laser ultrasonic method. The

residual stress in the intact sample was generated due to the grinding process [22]. When the
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samples were subjected to SP at 32 °C, the CRS increased substantially to —820.59 MPa. However,
as the temperature increased to 100 °C, there was a slight decrease in residual stress to —790.97
MPa, indicating stress relaxation when the sample was heated up. The stress relaxation became
more pronounced as the WSP temperatures rose to 200 °C and 300 °C, with the residual stress

decreasing monotonically to —730.33 MPa and —698.03 MPa, respectively.

3.2 Microstructural investigations

The time-domain response and its wavelet spectrum at different propagation distances of 30
and 40 mm for the peened sample (WSP @ 300°C) are shown in Fig. 9. The results show a
reduction in the magnitude of the SAW and a marginal shift in the spectrum towards lower
frequencies as the propagation distance increases. The results also indicate that the center
frequency of the signal for the propagation distance of 30 mm is 20.5 MHz and that of propagation
distance of 40 mm is 19.2 MHz. This input frequency shift is attributed to the presence of GR in
the wave propagation path. A higher average grain size is associated with increased attenuation at

high frequencies, resulting in a larger downward shift in the centroid of the signal's spectrum as it

propagates.
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Figure 8. Laser ultrasonic measurements at different propagation distances for a peened sample
(WSP @ 300°C). (a) Time-domain responses at propagation distances of 30 mm and 40 mm, (b)
its corresponding frequency spectra.
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The SEM images of sample surfaces after different peening processes were shown in Fig.
10. All the four surfaces were decorated with craters, indicating plastic deformation at the surface
layer after peening. The surface roughness was determined using surface profiler and found to
increase from 1.34 um at 32 °C to 2.93 um at 300 °C. The higher roughness can be attributed to a
decrease in flow stress and a greater degree of plastic deformation as the samples were subjected

to higher temperatures.

Figure 9. Surface morphology of various peened samples: (a) SP @ 32 °C (1.34 um), (b) WSP @
100 °C (1.77 um), (c) WSP @ 200 °C (2.67 um) and (d) WSP @ 300 °C (2.93 um). The inset in
(a) shows a higher magnification image of the peened surface.

Table 2. Mean grain size estimation by the proposed method compared to EBSD measurement
results.

Samples EBSD (um) Laser ultrasonics (um)
Intact 15.0 40.5
32°C 20.8 38.6
100 °C 16.7 32.0
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200 °C 17.8 315
300 °C 18.9 28.7

Figure 10. EBSD grain orientation maps (1% row - inverse pole figures and 2" row - Kernel
average misorientation figures) of the samples with different peening processes. (a) Intact and
peening at (b) 32, (c) 100, (d) 200 and (e) 300 °C.

After SP treatment, the grain sizes of the surface layer have significantly reduced, as indicated
by the black un-indexed regions below top surface of each sample. The black regions imply that
the grains in the top surface region have been fragmented into size far less than the step size of
EBSD analysis (1 um, Fig. 11) and unable to be indexed. Furthermore, the grain size is distributed
along a gradient from the surface layer to the matrix with a trend of increasing grain size with
depth. According to our results, increasing the severity of the peening process by increasing
temperature enhances the depth of the deformed layer as measured from the surface. Based on the
Kernel average misorientation images, the cross-section of the Ti64 material can be divided into
three layers: a top layer with very fine grains shown as the black region in EBSD, a middle layer
(green regions) with refined grains, and a bulk layer (blue region) with the original grain size. The
first two layers are formed due to the peening process. The temperature during the peening process

influences the thickness of the fine grain layer. At a temperature of 32 °C, the fine-grained layer
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measured approximately 24.4 um, calculated from the EBSD image (Fig. 11). As the temperature
for WSP increased to 300 °C, the thickness of the black layer and fine-grained layer expanded to
around 83.2 um. The comprehensive phase composition and grain size of the sample at the four

shot-peening temperatures can be found in our earlier publication [22].
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Figure 11. (a) Relationship between the center frequency ratio and mean grain size and (b)
comparison of estimated grain size of the proposed method and EBSD.

Furthermore, the center frequency ratio (f' = f.1/f.>) analysis was conducted using Eq. (C4)
to assess the mean grain size between successive propagation distances. Figure 12 shows the
relationship between the center frequency shift ratio and the mean grain size. The error bars
indicate standard deviations from five repeated measurements on the same sample. The findings
reveal that samples with larger mean grain sizes demonstrate higher center frequency ratios.
Additionally, larger mean grain sizes correspond to increased attenuation at high frequencies,
leading to a more pronounced frequency shift in the center frequency with increasing propagation
distance. These results demonstrate the effectiveness of the center frequency shift ratio for
evaluating grain size with laser ultrasonics. We further compared results with our proposed method
to metallographic measurements taken through SEM-based EBSD analysis (Table 2). This

comparison yields a minimum error of 38.1% in grain size for the intact sample. By contrast, the

18



experimental error for the peened sample (SP @ 32 °C) with a smaller mean grain size increased

significantly to be greater than 60%.

4. Discussion

Although much progress has been made in the accuracy of nondestructive evaluation (NDE) of
residual stress and grain size, there are still many difficulties, especially with non-contact
characterization ultrasonic methods [68, 69]. Most ultrasonic methods can only estimate the
average residual stress [70-72]. Measuring depth profile of stress in peened samples is still
challenging due to the maximum stress typically being within 100 um of the surface. Furthermore,
the classical power law relationship of attenuation with grain size does not take into account the
effect of grain size distribution on ultrasonic attenuation [64, 73]. For example, log-normal
distribution of grain sizes, which would reduce the frequency dependence of attenuation. These
factors may lead to low accuracy when estimating residual stress and grain size using ultrasonic
waves. Taking all factors into account, the accurate estimation of residual stress profile and the
low error of grain size evaluation in this study are attributed to the following points. The centroid
frequency shift approach for grain size characterization is advantageous as it is insensitive to wave
diffraction, reflection, transmission, and the laser ultrasonic system's stability. The attenuation
coefficient due to grain scattering can be estimated without the influence of geometric spreading.
Moreover, the effects of grain size distribution on ultrasonic wave attenuation were quantitatively
examined when two critical parameters were evaluated: (1) the power law dependence of the
attenuation on frequency and (2) the linear proportionality coefficient. Accurately evaluating these

two parameters ensured the accuracy of grain size evaluation in this study.

When the in-situ WSP temperature was raised from room temperature to 100°C (Fig. 8), the

CRS measured by proposed laser ultrasonics, CHD and X-ray stress measurement, immediately
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decreased in the top 52 um layer. Further increasing the temperature of the WSP to 200 and 300°C
caused a significant decrease in the CRS (Fig. 8), even though 300°C is much lower than the
recrystallization temperature of Ti64. The surface CRS was slightly relieved by the in-situ WSP
at 100°C, but the WSP at room temperature resulted in a larger CRS at a depth of 56 um onwards.
The CRS decreased to zero at a depth of around 350 um compared to 210 um after SP at room

temperature (Fig. 8).

Besides introducing residual stress and GR, the peening process also tends to increase the
surface roughness of a material (Fig. 10), a phenomenon commonly observed in steel [21] and Mg
alloy [74]. This increase in roughness can be attributed to the thermal softening effect, which
results in a reduction of hardness. Thermal softening, in turn, facilitates deformation by slip, as
well as dislocation migration and dislocation annihilation at elevated temperatures. Consequently,
dynamic recrystallization occurs, allowing small grains to grow into larger ones (Fig. 12(a)),
provided that the WSP temperature surpasses the recrystallization temperature of the metal [75].
For instance, when subjecting Mg AZ31 to WSP at 240 and 360 °C, it led to the formation of larger
grains measuring 9.2 and 13.2 pm, respectively, in contrast to the grain size after SP at room
temperature (3.6 um) [74]. The observed increase in grain size following WSP of Mg AZ31 alloys

strongly indicates significant dynamic recrystallization during the WSP process.

The high estimation error (Fig. 12(b)) of mean grain size from the proposed laser ultrasonic method
is likely due to three possible reasons. The primary source is attributed to the limitations of SAW
frequency. To address this issue, future study aims to improve grain size estimation accuracy by
combining high-frequency SAW generation with an optical interferometer system. The secondary
source is attributed to different direction of measurement. The SAW measures grain size parallel

to the surface, while our current sample preparation for EBSD detects grain size perpendicular to
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the surface plane. The third source likely arises from the limited numbers of grains within EBSD
scans to provide a representative grain size information. Due to the large grain size in these samples,
each EBSD scan can only catch less than 20 grains. Nevertheless, the grain sizes are in the same
order measured by both techniques. Considered the long sample preparation time (~ 2-4 hours)
including cutting, setting in epoxy, grinding and polishing before the samples are ready for EBSD
analysis, laser acoustic measurement therefore can serve as an alternative to provide a fast (1-5
minutes), NDT preliminary analysis of samples’ grain sizes. Such fast analysis would shorten the

turn-around-time to evaluate the effectiveness of surface treatment for process optimization.

5. Conclusions

In this study, a laser ultrasonic method was developed to measure residual stress profile and grain
size in titanium alloy (Ti64) samples. The samples were subjected to shot peened at different
temperatures ranging from 32 °C to 300 °C. Using the acoustoelastic constant, ultrasonic wave
velocity approach was employed to measure the residual stress profiles. The in-depth distributions
of residual stresses in the surface treated layer were investigated by the proposed method, X-ray
stress measurement and center-hole drilling (CHD). The microstructures of the samples were

investigated by using electron backscattering diffraction (EBSD) analysis.

The maximum CRS has increased from —127.11 MPa in the as-received sample to —698.03 after
shot peening (300 °C). For the peened sample at 300 °C, the laser ultrasonic method estimated the
CRS value as —698.03 MPa, while the X-ray and CHD methods yielded values of —=556.375 MPa
and —667.03 MPa, respectively. Additionally, a linear relationship between the centroid frequency
ratio of two successive propagation distances and the mean grain size was observed. Although the
grain size calculated by the proposed method has some degree of discrepancy (38 ~ 60%)

compared to the results from EBSD measurement, it detects the grains size at the same order of
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magnitude as that by EBSD and there is certainly a room for further improvement. Being able to
extract both residual stress and grain size information from a single measurement, the proposed
laser ultrasonic method remains very promising for industrial applications as it is rapid,

nondestructive, non-contact and ready for wide deployment.
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Appendix A. Damage model of shot-peening treated sample

The impact of shots on the sample causes plastic deformation, resulting in CRS, GR, dislocation,
and other types of damage [76]. The formation of residual stress and grain size due to the peening
process can significantly alter the elastic modulus [77]. The crystal lattice arrangement beneath
the treated surface layer remains unchanged, and the elastic modulus is assumed to be unchanged.

The cross-section of surface layers consists of plastic deformation, elastic deformation followed
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by the bulk material (left side of Fig. Al). Therefore, the damage model of the treated sample can
be simplified as a two-layer model (right of Fig. Al). We assume that the surface treated layer is

homogeneous and elastic within the measuring range.

Surface

ayer <« Surface treated
L)« Elastic deformation layer
layer

-

<«— Bulk material
+— Bulk material

(a) (b)
Figure A12. (Left) Damage model of shot-peening treated sample and (right) its simplified
model.

Appendix B. Residual stress profile measurement

The residual stress of the material influences the propagation characteristics of the SAW, such
as wave propagation time. Therefore, the method of calculating residual stress by measuring the
SAW velocity used is based on the acoustoelastic theory [53, 78]. Assuming that SAW propagates
through a nonlinear, homogeneous, and elastic material, the equation of SAW motion can be
expressed as follows [79]:

aO'l'j _ azui
da; P or

(B1)

where 0;; denotes the stress tensor, p is the material density, u is the particle displacement, a is
the position vector, and t is the time. The residual stresses lead to a relationship between the first
Piola—Kirchhoff stresses, 0;;, and the displacement gradients, u;, as

Ju, 1 duy 0u,,
0ij = o) + Ajru—+5

et B2
da,  2°UKM 54, da, (82)
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where ai‘} is the residual stress in the material. A;j; and A;jxmn denote the Huang coefficients
[80] and are related to the elastic constants of the material by
Aijin = 071835 + Cijia
i ) ) ) (B3)
Aijkimn = Cijkimn + CitmnOik + CijniOkm + Cinkiim
Here, & is the Kronecker delta function and C and C represent the elastic constants. Equation (B1)
illustrates that the residual stress is a complex function of SAW velocity and is influenced by the
elastic constants. Therefore, the relationship between residual stress and SAW velocity is not
practically feasible for measuring the residual stress profile. In this study, the following steps are
presented to simplify the relationship between residual stress and SAW velocity. The propagation
of one-dimensional SAW in an intact sample (i.e., without WSP) can be expressed as
p(V11)? =1+ 2u (B4)
where A and u are Lamé elastic constants and V7 represent the SAW velocity of intact sample. By
substituting Eqgs. (B4) and (B2) into Eq. (B1), the SAW velocity (V;4) of peened sample can be
obtained as [81]
V= (V1)?(K1107) + Kipop, + 1) (BS)
where K, and K, are the acoustoelastic constants related to the material properties. oy and o,
represent the residual stress in the x and y directions. When K;; > Kj,, the relationship between
the relative variation of the SAW velocity and residual stress (o;) can be expressed as follows
[70, 82]:

Vii —Viy AV
V11"1 = V1r1 =K110-101 (BG)

where
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i = 3l )+ )
31+ 2u U A+2u

(B7)

and [, m and n are the third-order elastic constants of the material. From Eqg. (B6), it is noticed that
the difference in SAW velocity is a function of the residual stress. When both the stress and the
SAW propagation velocity are calculated, it becomes feasible to determine the acoustoelastic
constants [70]. For example, if the stress is 600 MPa, the corresponding K, is approximately 108

MPa L. By measuring the SAW velocity and knowing the acoustoelastic constants of the material,

the residual stress can be computed using Eq. (B6).
Appendix C. Frequency shift-based grain size measurements

The propagation of the SAW through a peened sample causes the attenuation, which is

influenced by the grain size. Studies have shown that the amplitude of SAW deceases as 1/x,
where x is the propagation distance [42,43]. Since the power of SAW exhibits a proportional
relationship with frequency raised to the power of "n" and mean grain size raised to the power of

"(n —1)", the scattering attenuation of SAW can be expressed as [51]

a(f) = cd" ' f" (CI)
where a(f) is the attenuation in the frequency domain, n is exponential coefficient that depends
on the scattering regimes (0 < n < 4), c represents a material coefficient that depends on the
elastic constants and density of the material, and d is the mean grain size. When the SAW
propagates for a distance of x and undergoes amplitude attenuation, the spectral magnitude of the

incident SAW can be written as

(f=fo)? “n—
M) = Agel 20 T (€2)
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where A, and o2 are the amplitude and the variance of the SAW spectrum at the center frequency,
fe, respectively. b is the material constant. Assuming that the incident pulse has Gaussian shape,

Eq. (C2) can be simplified as [44,45].

_(f_fc)z]

M(f)] = Ace[ 20? €3

The ratio of the center frequencies between the two successive propagation distances is written as:

202a,(x, — x
fﬁ — c O( 2 1) (C4)
fe2 20%a,x, + 1
where f.; and f,, are the center frequencies at positions x; and x,, respectively. Based on the

linear relationship of @, = bd, the mean grain size can be derived as

fcl/fcz -1

d= 2boZ (x; — x1)

(C5)

Eq. (C5) provides an explicit formula for estimating the mean grain size based on the center

frequency ratio between the two successive propagation distances in peened samples.
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