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Abstract

Additive manufacturing of alloys enables low-volume production of functional
metallic components with complex geometries. Ultrasonic testing can ensure the
quality of these components and detect typical defects generated during laser pow-
der bed fusion (LPBF). However, it is difficult to find a single ultrasonic inspection
technique that can detect defects in the large variety of geometries generated us-
ing LPBF. In this work, phased array ultrasonic testing (PAUT) is suggested to
inspect thick LPBF components, while guided waves are explored for thin curved
ones. PAUT is used to detect cylindrical lack of fusion defects in thick LPBF
rectangular parts. Practical defects are generated by reducing the laser power at
prespecified locations in the samples. The defects’ shape and density are verified
using optical microscopy and X-ray computed tomography. Partially fused defects
down to 0.25 mm in diameter are experimentally detected using a 10 MHz PAUT

probe with the total focusing method post-processing. The experimental results
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are compared to defect images predicted by finite element simulations. For thin
components with curved geometry, guided waves are used to detect powder-filled
cylindrical defects. The waves are generated using piezoelectric transducers, and
the spatiotemporal wavefield is measured using a scanning laser Doppler vibrom-
eter. Using root-mean-square imaging of the wavefield, defects down to 1 mm are
clearly detected despite the complex internal features in the samples.

Keywords: Additive Manufacturing, non-destructive testing, ultrasonic phased

arrays, laser Doppler vibrometry, guided waves




1. Introduction

Additive manufacturing (AM) enables the production of parts with complex
geometry in a cost and energy-effective manner [1]. The flexibility offered by AM
is attracting attention from both industry and academia, advancing its use from
rapid prototyping to larger-scale manufacturing. Several additive manufacturing
processes have been developed and applied in biomedical, aerospace, and auto-
motive fields [2, 3]. One of the most prevalent processes for AM of metals is
laser powder bed fusion (LPBF) [4, 5, 6], in which a piece is formed by locally
melting powder layers via a laser beam. Several factors affect the local melting
process in LPBF, including beam velocity, shape, and power [7, 8, 5]. An incom-
patible parameter, such as insufficient beam power, can lead to defect creation in
the manufactured component [9]. These defects might form internally in the part
(e.g., internal porosities caused by entrapped gases or lack of fusion) making them
difficult to detect and compromising the structural integrity [10, 11, 12].

Several non-destructive testing (NDT) techniques have been leveraged for in-
specting AM parts, ranging from conventional NDT, such as visual testing (VT),
radiographic testing (RT), and ultrasonic testing (UT) to advanced NDT tech-
niques, including X-ray computed tomography (XCT), phased array ultrasonic
testing (PAUT), and laser ultrasonics (LU) [13]. In general, XCT is the foremost
technique used to inspect additive manufactured parts due to its ability to image
part internals accurately with high resolution. However, X-rays are heavily atten-
uated in dense alloys, such as Inconel 625, which leads to low-quality scans for
large samples [14]. On the other hand, UT offers a lower resolution alternative

suited for the quality control of AM parts at a low cost with higher accessibility.



Recent work has investigated adapting UT techniques to detect defects in AM
parts [13]. The inspection technique varied depending on the AM technology and
the size and complexity of the AM part. Wire-arc AM (WAAM) is commonly used
to generate large-scale components (typical layer height 1-2 mm compared to tens
of um in LPBF) with typical defects on the order of a few millimeters [15]. This
scale is close to what is commonly encountered in the UT inspection of welds,
and thus UT [16], LU [17], and PAUT [18, 19] techniques have shown promising
results in the inspection of WAAM parts. On the other hand, LPBF parts tend
to be smaller with finer details and typical defects on the order of hundreds of
microns [11], which is challenging for conventional UT.

Conventional UT has been suggested for the online [20, 21, 22] and offline
[23, 14, 24, 25, 26] monitoring of LPBF properties during and after manufactur-
ing. Online monitoring is suitable for verifying the bond quality as the layers are
deposited, while an offline approach is more appropriate for further defect detec-
tion and material characterization. Kim et al. [25] suggested using offline ultra-
sonic phase velocity measurements to predict the presence of porosity in 316L
stainless steel components. Song et al. [23] used a 15 MHz focused immersion
transducer on a positioning system to scan a thick rectangular sample with inten-
tional defects. Individual defects down to 153 wum were detected using this ap-
proach. Allam et al. [14] suggested using PAUT for detecting clusters of defects
(porosity) in LPBF parts. A defect region generated by reducing the laser power in
a cylindrical sample was detected using a 40 element 5 MHz phased array. Honar-
var et al. [24] used PAUT in an immersion water tank to detect deliberate defects
filled with entrapped unmelted powder in a rectangular sample. A 256-element

50MHz PAUT probe was used to generate 3D defect images capable of detecting



the edges of defects down to 0.75 mm. Marmonier ef al. [26] used a 2D PAUT
probe to generate 3D images for 0.8 mm spherical defects in LPBF stainless steel
parts.

Laser ultrasonics has also been investigated for the inspection of LPBF com-
ponents [27, 28, 29, 30]. In LU, a laser excites or detects ultrasonic waves in the
part, making it suitable for complex geometries since it is completely contactless.
A laser-induced phased array (LIPA) can image the internal features of the sam-
ple using PAUT imaging algorithms such as B-scan or C-scan [31, 32], synthetic
aperture focusing techniques [33], or the total focusing method (TFM) [34, 35].
Cylindrical defects down to 0.5 mm in diameter were imaged in a rectangular
sample using LIPA [34].

The UT and LU efforts mentioned so far tested samples at least 5 mm thick.
These dimensions are suitable for bulk ultrasonic wave propagation and phased
array imaging; however, practical AM parts might have thinner dimensions where
many propagation modes exist in the form of guided waves (Lamb waves). Ul-
trasonic guided waves have been exploited to detect various defect types in thin
structures [36]. They have been reliably used to detect delamination and internal
cracks in composite materials [37, 38, 39, 40, 41], mainly for structural health
monitoring applications [42]. However, their use in the inspection of AM compo-
nents has been limited so far [43].

Lamb waves are dispersive by nature, and many modes with different prop-
agation velocities might exist at the same frequency. Special attention must be
given to excite the fewest modes possible in the structure [44, 45, 46] and filter
the received signal to isolate a specific mode [47, 48, 49]. Piezoelectric transduc-

ers are commonly employed to excite guided waves [50, 42, 51]. More specifi-



cally, piezoelectric patches are bonded to the surface of the inspected component
to provide excellent mechanical coupling. Scanning laser Doppler vibrometry
(SLDV) can be used to perform contactless measurements of Lamb waves. SLDV
enables spatiotemporal measurement of waves propagating through the scanned
thin part, which provides information about its internal structure, such as de-
fects [52, 53, 54, 55].

In the present work, we explore using ultrasonic techniques for detecting typ-
ical lack of fusion defects generated in LPBF parts due to improper laser beam
power. Two techniques are investigated to cover a large subset of the various
geometries that can be generated using LPBF. PAUT is based on bulk ultrasonic
waves and is well suited for the inspection of thick parts. Using the TFM, PAUT
data is converted to 2D images for detecting defects intentionally generated inside
a thick LPBF part. The defects are generated by varying the laser power at spe-
cific locations inside the sample to cause lack of fusion. The nature of the lack of
fusion defects is investigated using optical microscopy and XCT. The experimen-
tal measurements are compared to 2D finite element method (FEM) simulations
to identify the minimum detectable defect size. PAUT is not well suited for thin
shell structures due to the presence of the dead zone, and interface distortions of
the image. For thin structures, we investigate using Lamb waves excited using a
piezoelectric transducer and captured using an SLDV. Root mean square (RMS)
averaging of the frequency-wavenumber filtered data generates images of the de-
fects inside the LPBF parts. The minimum detectable defect size is characterized

for both techniques, highlighting the limitations preventing its detection.



Table 1: The laser power and power density used at the defect regions of the thick samples. The

power density was calculated from the formula in Ref. [14].

Sample # Laser power Energy density
(core region) [W] [J/mm?’]
1 50 18.5
2 100 37.0
3 200%* 74
4 300 111

*Recommended power by the LPBF system manufacturer.

2. Testing of thick LPBF components

The ability of ultrasonic waves to detect defects in thick LPBF components
was tested by printing four 50 mm X 25 mm X 15 mm rectangular samples with in-
ternal pin-shaped intentional defect regions (i.e., seeded defects) of varying sizes,
as shown in the schematic in Fig. 1a. A Renishaw RenAM 500Q system was
used to fabricate the samples. The laser power was varied from the normal value
of 200 W to cause a heightened concentration of pore formation in the “pin” re-
gions. The laser power used in the defect regions of each sample is summarized
in Table 1, while the standard power of 200 W was used throughout the remainder
of the rectangular samples. All other key process parameters were maintained at

normal settings.

2.1. Optical microscopy and XCT scanning results
To verify the presence of a higher concentration of print defects in the pin

regions, a set of specimens was imaged using optical microscopy and XCT. XCT
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Figure 1: (a) Schematic of the thick sample showing the intentional pin defect area where the laser

power was varied. (b) Sections in the XCT 3D image showing the defects generated in Sample 1

and (c) Sample 2. The 2 mm and 1 mm defects highlighted in Sample 2 were faintly visible.

images were obtained for Samples 1, 2, and 4 through the commercial services
of Yxlon Inc. The images were generated using a Yxlon FF85 CT scanner with
a (283 kV, 0.35 mA) X-ray beam, five integration frames, and a resolution (voxel
size) of 46.3 um. Two internal cross-sections at the center of Samples 1 and 2
are shown in Fig. 1b and Fig. lc, respectively. The XCT images of Sample 1
(50 W) show the defects down to 0.25 mm, with the 0.25 mm defect being faintly
visible. For Sample 2 (100 W), the 2mm and 1 mm defects were faintly visible
while smaller defects were not detected. The results for Sample 4 (300 W) did not
show any visible defects.

To obtain microscope images, the samples were sectioned, exposing the pin
region, and polished. Standard polishing down to 0.1 um colloidal silica was com-
pleted, followed by etching using Alders reagent and imaging at 100x magnifica-
tion. Images for 50 W and 100 W laser power (Samples 1 and 2, respectively) are
shown in Figs. 2 and 3, while Samples 3 and 4 (laser power settings of 200 W and

300 W) showed defect concentrations in-line with the bulk material, and hence are



Figure 2: Optical microscope images of Sample 1 (50 W) showing cross-sections in the (a) 2 mm,

(b) 1 mm, (c) 0.5 mm, and (d) 0.25 mm defect regions.

not shown. While a high concentration of defects attributed to lack-of-fusion was
observed in Samples 1 and 2 at the 2 mm, 1 mm, 0.5 mm, and 0.25 mm pin loca-
tions, the 0.125 mm pin region could not be definitively located in any samples,
which is expected given the small size.

All the defects detected by optical microscopy appeared in the XCT images
except for the 0.5 mm and 0.25 mm defects in Sample 2 (Fig. 3¢ and Fig. 3d).
These defect regions showed a sparse defect density with sub 100 um pores which
presented a challenge for XCT given the large size of the samples, and the signif-

icant X-ray attenuation present in dense Inconel alloys.
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Figure 3: Optical microscope images of Sample 2 (100 W) showing cross-sections in the (a) 2 mm,

(b) 1 mm, (c) 0.5 mm, and (d) 0.25 mm defect regions.
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2.2. PAUT imaging

With the microscope and XCT images as a baseline, next a 64-element 10 MHz
linear PAUT probe is developed to image the defects in the thick samples. The
probe was composed of elements of width 0.2 mm with 0.25 mm pitch and a total
length (aperture) of 16 mm. The frequency of the probe was selected to offer a
balance between high imaging resolution and low attenuation. The longitudinal
wave speed in Inconel 625 (¢;) was measured using pulse-echo to be 5711 m/s,
yielding a wavelength of 4 = 0.57 mm at 10 MHz. The 10 MHz probe can resolve

defects down to its diffraction limit Lg given by Rayleigh criterion [56]:

A
Lp =0.61—— (1)
sin @

where sin 6 is the numerical aperture of the array, 6 = arctan (D/2z), D is the aper-
ture of the probe (16 mm), and z is the depth of the defect. For defects 12.5 mm
deep, the resolution of the probe is limited to Lz = 0.645 mm. Defects separated
by distances smaller than 0.645 mm is expected to appear as a single object in the
image.

The PAUT was first simulated numerically using a 2D FEM constructed using
COMSOL Multiphysics® [57]. An elastic domain was used to model the samples.
The domain was meshed using at least five elements per wavelength at the highest
simulated frequency. The optical microscopy images (shown in Fig. 2 and Fig. 3)
were used to construct the defect geometry in the FEM model. The defects were
modeled as free internal boundary conditions in the elastic domain to simulate
the air inclusions (pores). The PAUT probe was modeled as an external boundary
load to the elastic domain. A time-domain analysis was used to simulate the prop-

agation of elastic longitudinal waves in the samples and their reflection from the
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defects. A total of 64 simulations were performed to capture the full matrix (R;;)
of the array. In each simulation, one element of the PAUT probe was excited, and
the response (displacement) of all elements was recorded. The rows of the full
matrix (i) represent the excited element, and the columns () represent the receiv-
ing element. The full matrix was then used to generate the simulated TFM image
of the PAUT probe. The TFM image I(x, z) was generated using the relation [58]:

ZN:ZN:R [\/(x,—x)2+z2 \/(xj—x)2+zz]

C

2)

where x and z are the spatial coordinates parallel to the surface of the probe and
perpendicular to it, respectively, R;;(¢) is the in-phase/quadrature (Hilbert trans-
form) of the full matrix, x;, x; are the locations of the transmitting and receiving
elements, and ¢; = 5711 m/s is the longitudinal wave speed in Inconel 625.

Figure 4 shows the simulated TFM image for Sample 1 and Sample 2 when
the PAUT probe was placed at two different locations along the side of the sam-
ples, as shown in the inset of each figure. The dead zone near the surface of the
probe was not calculated to simplify the figures and highlight the defects. All the
defects were visible in the TFM images of Sample 1 (Fig. 4a and Fig. 4b), with
the 0.125 mm being faintly visible. For Sample 2, the spacing between the defects
extracted from the optical microscopy results was larger than 0.125 mm, so the
0.125 mm defect was not modeled. The defects larger than 0.25 mm were clearly
visible in the TFM images for Sample 2 (Fig. 4c and Fig. 4d). The 0.25 mm defect
was very faintly visible, as shown in Fig. 4c.

The accuracy of the FEM model is evaluated by comparing its predictions to
experimental images obtained using a Verasonics Vantage-64 phased array system

with a 64-element PAUT probe supplied by Imasonics. The probe had a center
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Figure 4: TFM image generated using the FEM for the defect density extracted from (a&b) Sample
1 and (c&d) Sample 2. The location of the PAUT probe with respect to the sample is shown in the

insets.
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Figure 5: (a) Experimental TFM image showing the 0.25 mm and the 0.5 mm defects in Sample 1.
(b) TFM image for Sample 1 when the array is moved to image the 1 mm and 2 mm defects. (c)
TFM image for Sample 2 showing the 2 mm defect. (d) Experimental setup used for imaging the

defects using a PAUT system.

frequency of 10 MHz, a bandwidth of 60%, an element width of 0.2 mm, a pitch
of 0.25 mm, a total length of 16 mm, and an elevation of 6 mm. One side of the
samples was machined on a milling machine to reduce its surface roughness, and
was used as the scanning surface, as shown in Fig. 5. An ultrasonic gel (Olympus
D12) was used to ensure good ultrasonic coupling between the PAUT probe and

the samples.
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Figures 5a and 5b show the experimental TFM images for Sample 1 when the
probe was placed at two different locations, as shown in the insets. The 0.5 mm
and larger defects were clearly detected in the images, while the 0.25 mm defect
was barely visible. The noise generated due to the scattering of the ultrasonic
waves from the internal structure of the sample prevented the detection of the
0.1 mm defect. The experimental TFM image for Sample 2 is shown in Fig. 5c.
Only the 2 mm defect was clearly visible in the images, and the smaller defects
were not detected.

By comparing the TFM images obtained using the FEM (Fig. 4) to the ex-
perimental images (Fig. 5), it is clear that the 2D FEM models overpredict the
reflections from the defects. The 2D simplified FEM models assume that the de-
fects are elongated in the out-of-plane direction; however, in reality, the defects
are spheroidal in nature. Moreover, the models do not account for the noise gener-
ated from the microstructure of the AM samples, which hindered detecting smaller
and lower density defects. The deviation was more significant for the low defect
density Sample 2. Only the 2 mm defect was detected experimentally, whereas
the defects down to 0.5 mm were clearly visible in the FEM results. The smaller
defects might be experimentally detected by employing signal denoising [59] or

super-resolution imaging techniques [56, 60].

3. Testing of thin LPBF components

For the ultrasonic inspection of thin parts, conventional PAUT techniques fail
due to the proximity of defects to the part surface and repeated reflections from
each surface. By contrast, Lamb waves propagating within the plane of the thin

part can travel over long distances without reflections while maintaining sensi-
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tivity to defects within the part thickness [61]. Unlike bulk longitudinal or shear
waves in metals, there are multiple Lamb wave modes excitable at any given fre-
quency, and each Lamb wave mode is highly dispersive. For an isotropic medium
with longitudinal wave speed c¢;, shear wave speed c;, and thickness d, Lamb wave

modes satisfy

tanh(Bd/2)  4apk®

tanh(ad/2)  (k* + B?)? )
for symmetric modes, and
tanh(Bd/2)  (k* + %)
tanh(ad/2) _  4aBk? @)
for asymmetric modes, where
azzkz-‘;’—;, ,BZ:kZ—C:—; s)

where w and k are the frequency and wavenumber of the wave, respectively. Sym-
metric and asymmetric Lamb waves exhibit through-thickness deformation that is
symmetric or asymmetric about the mid-plane of the waveguide, respectively.
We consider two relatively thin (2 mm thick) curved LPBF components with
identical external geometry, a functional part with an internal channel and a sim-
plified one without the channel. Both parts have five intentionally introduced
internal defects of thickness 1 mm, and diameter 8 mm, 4 mm, 2 mm, 1 mm, and
0.5 mm to characterize which feature sizes are detectable using Lamb waves. The
defects were generated by disabling the LPBF laser at the defect location, and as
a result, they are filled with unfused powder during manufacturing. The geometry
of the thin samples is shown in Fig. 6a, and the front side of the fabricated samples

is shown in Fig. 6b, with the back side shown in Fig. 6¢ for the functional sample.
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Figure 6: (a) The geometry of the thin samples showing the location and size of the defect regions
and the internal channel. (b) The front side of the thin sample showing the 3 mm diameter piezo-
electric disc used for exciting Lamb waves in the sample. (c) SLDV setup for imaging the thin

samples showing the backside of the functional thin sample with the channel.

Scanning laser Doppler vibrometry is a contactless measurement technique
that uses a laser beam to measure surface velocity v via the Doppler effect at
multiple scan points (x,y). The full wavefield v(x,y, ) can be measured experi-
mentally by synchronizing repeated measurements at each point. This data is then
processed using the 3D fast Fourier transform (FFT) [62] to obtain its spectral
representation, V(k,, k,, w), where k, and k, are the x- and y-components of the
two-dimensional wavevector k. Energy localization in the spectrum |V(k,, k,, w)|
denotes the experimentally measured Lamb waves, which are then compared to
numerically predicted dispersion curves to identify each measured wave mode.
For simplicity, it is assumed that the part is isotropic, flat, and has a uniform

thickness, and only propagation in the x-direction of the scan is considered.
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3.1. Lamb wave characterization

The Lamb wave dispersion curves of the components are evaluated experi-
mentally using the setup shown in Fig. 6c. Lamb waves were excited using a
3 mm diameter by 0.4 mm thick piezoelectric disk (SMD03T04S311 supplied by
STEMIiNC) bonded to the surface of the part using an epoxy adhesive and excited
with a 3-cycle tone burst centered at 850 kHz. The surface velocity of the sample
was measured using a Polytec PSV-500 SLDV, and the corresponding spectrum
|V(k,, w)| is shown in Fig. 7, together with the numerically predicted dispersion
curves and labeled Lamb wave modes. Several Lamb wave modes are excited by
the piezoelectric transducer, including the fundamental modes A0 and SO, and the
higher-order A1 and S1 modes. A good agreement between the experimental and
numerical results is observed for all the detected modes, with some noticable mis-
match in the SO mode. The discrepancy in this symmetric mode is likely caused
by the anisotropy generated during LPBF printing, and there might be potential

contribution from the out-of-plane geometric features of the sample as well.

3.2. Lamb wave-based detection of defects

Similar to the measurement of Lamb wave dispersion curves, internal features
can be imaged using the full wavefield obtained through SLDV measurements [63,
64]. Wave reflection and mode conversion near defects result in a local increase in
the RMS surface velocity, allowing the SLDV to image defects across the entire
scanned area, given a sufficient incident wave energy. The thin LPBF parts with
and without an internal channel were excited using a piezo disk (as in Sec. 3.1),
and the velocity field was measured using a spatial resolution of 0.5 mm and a
sample rate of 12.5 MHz. The measured time signal for each point was averaged

500 times to minimize the noise level. A total of 12835 points were scanned with
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Figure 7: Experimental (heatmap) and numerical (solid lines) frequency-wavenumber dispersion

results.

3 ms per measurement and a total of 5.5 hours to perform the complete scan. The
number of averages and resolution was chosen conservatively to maximize the
image quality and detect the minimum defect size. Faster scans with a resolution
of 1 mm and 100 averages can be performed in 3.2 minutes with acceptable image
quality. The resulting images (i.e., RMS velocity fields) are shown in Fig. 8.

All defects except the 0.5 mm one were clearly visible for both the simpli-
fied and the functional sample with the channel. The internal channel was clearly
detected, and it did not affect the detection of the smaller defects away from the
piezoelectric disk used for the excitation. The simplified sample (without the
channel) was sanded down using a 200 grit sandpaper to reduce its surface rough-
ness, while the functional sample was scanned as manufactured. The smooth

surface helped reduce the measurement noise of the simplified sample (Fig. 8a)
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Figure 8: (a) Experimental SLDV RMS image of the part without an internal channel. (b) Ex-
perimental SLDV RMS image of the part with an internal channel. All defects except the 0.5 mm
defect are accurately imaged in both cases. The internal channel in (b) is most clearly imaged near

the excitation source.

compared to the rough surface (Fig. 8b). Nevertheless, the internal defects were

clearly detectable without additional post-processing of the samples.

4. Conclusions and Future Work

Ultrasonic testing (UT) was investigated as a quality assurance tool for AM
parts manufactured using laser powder bed fusion (LPBF). UT was successfully
implemented to detect clusters of defects generated during LPBE. However, suc-
cessful detection is contingent on selecting a suitable UT technology for the part
geometry.

Phased array UT (PAUT) was suitable for detecting deep defects in thick com-
ponents. PAUT was used to inspect thick rectangular samples with partially fused
cylindrical defects. The nature of the defects was studied using X-ray CT scan-
ning and optical microscopy. Defects down to 0.25 mm were detected when the
laser power in the defect area was 25% of the recommended level. When the

laser power was set to 50%, lower defect densities were generated, and only 2 mm
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defects were detected experimentally. Comparing experimental defect images to
images generated by the finite element method revealed that scattering from grain
boundaries (AM microstructure) obscured smaller defects and prohibited their de-
tection using the total focusing method imaging.

While PAUT is suitable for the inspection of thick parts with flat surfaces, it
is challenging to use with thin parts with curved surfaces. Multiple reflections
from the surfaces compounded with mode conversion and non uniform diffraction
and reflection from the sample surface distorts the phased array image. Current
state-of-the-art PAUT imaging techniques do not effectively address these issues.
On the other hand, guided waves were well suited for thin curved parts. They
propagate in parts with complex curvature and internal features. Piezoelectric
transducers were used to excite thin-walled functional samples with intentional
powder-filled defects, and the generated wavefield was measured using a scan-
ning laser Doppler vibrometer. Cylindrical defects with a diameter down to 1 mm
were clearly imaged using root mean square wavefield averaging. The defects
were detected despite the rough curved surface of the manufactured part and the
presence of complex internal features.

Our results show that ultrasonic techniques can be used to inspect thick parts
with flat surfaces and thin parts with complex surfaces. More work is needed to
develop a unified approach to image LPBF parts with arbitrary geometry. The
PAUT approach might be expanded to excite and receive guided waves [65] in
thin structures; however, flexible phased arrays or special immersion setups might
be required to scan parts with complex surfaces. On the other hand, Laser-induced
phased arrays (LIPA) might be used to synthesize phased arrays on complex sur-

faces enabling scanning laser vibrometry to image thick structures with complex
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surfaces [35]. In both approaches, more work is needed to tailor imaging algo-

rithms to address the complexity of imaging a part with a complex external sur-

face. These algorithms can be developed with the aid of numerical simulations

of arbitrary surfaces; however, capturing the microstructure generated by LPBF

printing is important for a realistic prediction of the ultrasonic signal. A detailed

model that captures the microstructure and anisotropy is beneficial for accurate

sizing of the defects.
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