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ABSTRACT

The advancement of additive manufacturing has
significantly transformed the production process of metal
components. However, the unique challenges associated with
layer-by-layer manufacturing result in anisotropy in the
microstructure and uneven mechanical properties of additive-
manufactured metal products. Traditional testing methods often
fall short of providing the precise mechanical performance
evaluations required to meet industry standards. This paper
introduces an innovative approach that combines a
nondestructive Lamb wave sensing system with a wavenumber
analysis method to characterize the mechanical properties of
3D-printed metal panels in multiple directions. Our method
employs piezoelectric actuators (PZT) to generate Lamb waves
and utilizes a laser Doppler vibrometer (LDV) for non-contact,
two-dimensional grid acquisition of the wavefield. The
anisotropic properties of the metal 3D-printed structure will be
captured in the wavefield, offering an informative dataset for
wavenumber analysis. The proposed analytical method includes
multi-directional frequency wavenumber analysis and a least-
squares-based dispersion curves regression. The integration of
the above advanced analytical tools allows for the accurate
characterization of the shear wave velocity and Poisson's ratio
of the plate structure. This precise characterization is crucial for
ensuring the structural integrity and consistent mechanical
properties of 3D-printed metal components. We validated our
method using a 3D-printed stainless-steel plate, demonstrating
its capability to effectively characterize the multi-directional
mechanical properties of additively manufactured metal plates.
We expect that our method can provide a nondestructive, time-
efficient, and comprehensive quality control solution for additive
manufacturing across various industries.

Keywords: additive manufacturing, 3D-printed metal,
wavenumber analysis, dispersion curve regression, mechanical
properties characterization

1. INTRODUCTION

Over the past few decades, additive manufacturing (AM)
technology has made significant strides, reshaping production
methods in numerous industries such as aerospace,
transportation, energy, and biomedicine [1-5]. Its benefits,
including reduced development costs, high design flexibility, and
the elimination of traditional machining tools, have contributed
to its widespread industrial adoption [6]. Among AM
technologies, metal laser powder bed fusion (L-PBF) is a rapidly
advancing manufacturing technique that offers excellent
mechanical properties for final end-use parts [3,7,8].

As additive manufacturing continues to evolve, it has
become increasingly apparent that the variation of mechanical
properties in its products is becoming more complex. Various
factors, such as different process parameters, scanning and build
strategies, raw materials, and changes in deformation and
temperature during manufacturing, can cause global or localized
changes in the mechanical properties of AM products[9].
Therefore, accurately characterizing the mechanical properties
of 3D-printed metal parts is essential to ensure the reliability and
safety of produced parts [10]. Traditional testing methods, such
as tensile, compression, and bending tests, often fall short. These
conventional techniques face challenges related to porosity,
microstructural inconsistencies, and the anisotropy of additively
manufactured metals [11]. Additionally, these methods are
typically destructive, leading to increased costs for high-value,
small-batch components.

This paper proposes an innovative method that combines
nondestructive Lamb wave sensing with multi-directional
frequency wavenumber analysis to characterize the multi-
directional mechanical properties of 3D-printed metal plates.
Compared to traditional methods, this non-destructive approach
covers a broad measurement area and can measure multi-
directional (360-degree) and multi-type mechanical properties
(e.g., shear wave velocity and Poisson's ratio) from only one test.
The effectiveness of this method has been validated on a 3D-



printed stainless-steel plate, demonstrating the potential of this
study for accurate and comprehensive mechanical properties
characterization of additively manufactured metal structures.

In this paper, Section 2 describes our Lamb wave sensing
system and the method for characterizing mechanical properties
based on the collected data, including multi-dimensional
frequency-wavenumber analysis and least-squares regression of
dispersion curves. Section 3 presents the proof-of-concept
experiments conducted on a 3D-printed 316L panel. Finally,
Section 4 briefly summarizes the findings and outlines the future
expectations of this study.

2. TIME-SPACE WAVEFIELD ACQUISITION AND

ANALYSIS

This section first introduces the detailed process for
collecting time-space wavefields using the PZT-LDV Lamb
wave sensing system. Next, A multi-directional frequency-
wavenumber analysis method was developed to get frequency-
wavenumber spectra in all directions from the collected data.
Subsequently, a least-squares curve regression method is applied
to the dataset extracted from the f~k spectra, and the results will
be compared with theoretical results to determine the test
sample’s mechanical properties.

2.1 PZT-LDV Lamb wave sensing system and wave-
field acquisition
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FIGURE 1: SCHEMATIC OF THE PZT-LDV LAMB WAVE
SENSING SYSTEM.

Lamb waves are capable of propagating along elongated
structures such as thin plates with minimal energy
dissipation[12]. By measuring the surface displacement of the
testing plate, it is possible to acquire a time-space wavefield of
Lamb waves. Figure 1 depicts the schematic setup for the
collection procedure of the time-space wavefield, detailing both
the equipment used and the measurement process.

This study employs a piezoelectric transducer (PZT)
combined with a laser Doppler vibrometer (LDV) to create a

PZT-LDV Lamb wave sensing system. The LDV is mounted on
a Computer Numerical Control (CNC) frame that can move
along two axes, enabling the collection of two-dimensional
Lamb wave signals with a predefined grid. The PZT actuator is
driven by an amplified chirp burst from a signal generator, which
initiates Lamb waves in the panel under examination. The CNC
system guides the LDV to sequentially capture waveforms point-
by-point along a predefined path. These waveforms are then
spatially organized according to their coordinates to construct a
two-dimensional time-space wavefield. The extensive data
contained within this wavefield will be analyzed using multi-
directional frequency-wavenumber analysis methods in the
subsequent subsection.

2.2 Multi-directional frequency-wavenumber analysis

To accurately characterize the mechanical properties of the
test plate, it is essential to measure the wavenumbers of Lamb
waves at various frequencies and analyze their dispersion
relationships. Dispersion curves are known to vary with changes
in mechanical property parameters [12,13]. Therefore, to
determine material properties inversely from the acquired
dataset, we propose a multi-directional frequency-wavenumber
analysis method to extract the frequency-wavenumber relation
from the time-space wavefields.
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FIGURE 2: DIAGRAM OF THE MULTI-DIRECTIONAL
FREQUENCY-WAVENUMBER ANALYSIS METHOD.

Figure 2 illustrates the schematic of our analysis method.
The acquired time-space wavefield u (¢, x) (Fig. 2a) is a time ¢
and position x function. It can be transformed into a
representation in the frequency-wavenumber domain U (f, k)
(Fig. 2b) by performing a multidimensional Fourier transform
[14-16]:

U(f.K)= j“; I:Ou(t, X)e /O gy, (1)
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In this study, we will focus more on how mechanical properties
are distributed in various directions. Therefore, we can reduce
the spatial variables to a two-dimensional position vector, x = (x,
»), and a wavenumber vector, k = (k. k,). The wavenumber
vector k at different frequencies can be represented as spatial
wavenumber spectra (see Fig. 2b). These spectra reveal how
wavenumber values correlate with both intensities and
amplitudes across all propagation directions for guided waves
and Lamb waves, respectively.

To measure the mechanical properties in each direction, the
frequency-wavenumber spectra shown in Fig. 2b are segmented
along various angles using radial lines originating from the
center. These segmented slices facilitate the derivation of the
frequency-wavenumber spectrum for each specific direction. By
identifying the peak wavenumber amplitude at each frequency,
an experimental dispersion curve dataset can be constructed, as
shown in Fig. 2c.

For the regression of the experimental cure dataset to obtain
the mechanical property parameters, it is necessary to calculate
corresponding theoretical dispersion curves. These theoretical
curves are derived from the Rayleigh-Lamb wave dispersion
equations[12]:

tan(gh) _ 4k*qp

Symmetric modes: 3 2)

an(ph) (i —g?)

angh) _ (€ -7')

Antisymmetric modes: antgn) _ 5 3)

tan( ph) 4k gp

with

p =@ /c)-k, 4)
g =(@"/cg)-k*, (5)

and we also have:

_. [21-v)
¢, =c 20 (6)

Here, the angular velocity w = 2xf. f'is the frequency. 4 is the half
thickness of the testing plate, £ is the wavenumber, c; is the
longitudinal wave velocity of the testing material, ¢, is the shear
wave velocity, and v is the Poisson’s ratio. Take eq. (6) to eq. (4),
then take eq. (4) and (5) into eq. (2) and (3). It can be concluded
that the Lamb wave dispersion curves are frequency-
wavenumber functions related to ¢, and v.

2.3 Dispersion curve regression

The least squares method is a commonly used optimization
algorithm that can quickly find the best function match for data
[17,18]. To accurately determine the shear wave velocity (cs) and
Poisson's ratio (v) from experimental dispersion curves, we
employed a nonlinear least squares optimization approach. The
least square method is used to search the theoretical database

kineo(cs, Vv, fi), obtained from the eq. (2) to eq. (6), in order to find
the theoretical dispersion curve °P'(f) that best matches the
experimental data kexp, i, as well as the shear wave velocity csand
Poisson’s ratio v corresponding to the best-match theoretical
dispersion curve. The dispersion curve comparison process can
be expressed as[14]:

N 2
e, v =arg erVn Z [kexp,ﬁ — koo (C5, Vs f, )] N
S0 =1

In the equation, the ke, is the experimental wavenumber at i
frequency, and the kineo is the calculated theoretical wavenumber
at i frequency with specific cs and v. After optimization, by
analyzing the Lamb wave’s dispersion relation using the
aforementioned method, we can characterize the shear wave
velocity and Poisson’s ratio of the tested metal panel.

3. EXPERIMENT VALIDATION

To validate our method, we fabricated a stainless-steel panel
using an SLM (Selective Laser Melting) metal 3D printer. A
proof-of-concept experiment was subsequently conducted on the
panel using our PZT-LDV sensing system to capture the time-
space wavefield of Lamb waves. To measure the mechanical
properties of the specimen, we analyzed the collected wavefields
using our frequency-wavenumber analysis method, as described
in Section 2. After that, we performed curve regression on the
resulting multi-directional frequency-wavenumber spectra.

3.1 Experiments with an additive-manufactured 3D-
printed stainless-steel plate

The test panel was 3D printed using a Renishaw AM 400
additive manufacturing system (Renishaw, USA) with 316L
stainless-steel powder. The printed size is 180 X 160 x 6 mm and
post-processed to a uniform thickness of 5 mm using a surface

grinder. The material’s density is approximately 7870 kg/m?.
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FIGURE 3: EXPERIMENTAL SETUP AND SCANNING
SCHEMATIC REPRESENTATION OF THE TEST SPECIMEN

Figures 3a, 3b, and 3c illustrate the experimental setup, a
schematic of the specimen layout, and a zoomed view of the test
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board with reflective tape, respectively. The stainless-steel panel
was fabricated with the following printing parameters: a laser
power of 350W, a layer thickness of 30 um, a travel speed of
1000 mm/min, a hatch spacing of 50 pm, and a hatch rotation
angle of 67 degrees. To non-destructively excite Lamb waves in
the test plate, a 7 mm diameter piezoelectric actuator was affixed
to the back surface of the test panel, with its center position
designated as the coordinate origin. The x-axis of the test panel
was aligned parallel to the x-axis of the printing coordinate
system. The angle 6 represents the angle between the desired
testing line and the positive x-axis.

The PZT actuator was driven by an arbitrary waveform
function generator (AFG3052C, Tektronix, USA), producing a
50-1000 kHz Hanning-windowed chirp burst. This signal was
amplified to 15 Vpp (Voltage peak to peak) using a voltage
amplifier (A075, E&I, USA) (Figures 3d and 3e). An LDV
(OFV-505, Polytec, Germany) measured the out-of-plane
displacement component of the Lamb waves to capture the time-
space wavefield over an 80 mm x 80 mm scanning grid. The grid
had a 0.8 mm interval, resulting in a total of 10,201 scanning
points (101 x 101). The acquisition sampling frequency was set
to 31.25 MHz.

3.2 LDV scanning result and frequency-wavenumber
analysis

With the LDV measurement, figures 4a to 4d show the time-
space wavefield at 40, 50, 60, and 70 ps, respectively.
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FIGURE 4: ACQUIRED TIME-SPACE WAVEFIELD IN
DIFFERENT TIMES.

Employing the method introduced in Section 2.2,
frequency-wavenumber analysis was performed on the measured
wavefields, resulting in a stack of wavenumber spectra at various
frequencies, as displayed in Figures 5a to 5d. Reference
wavenumber curves for the A0 mode (shown as a blue dashed
line) were plotted to aid in identifying variations in wavenumber
across different directions. By comparing the A0 mode’s
wavenumber spectra with these reference curves, it was observed

that the wavenumbers vary by angle 6. This variation is likely
attributed to the 3D printing orientation of the tested panel.

For extracting the frequency-wavenumber spectrum in a
specific degree from the wavenumber spectra, the coordinate
system of the spectrum was converted to a polar coordinate
system. The origin (x = 0, y = 0) was converted to (p = 0), and 0
is the desired testing direction. In this study, the common testing
angles, 8 = 0, 45, 60, and 90 degrees, were selected, and the
wavenumber amplitudes at different frequencies, ranging from
50 kHz to IMHz, were extracted and plotted as multi-directions
wavenumber-frequency spectra (Fig. Se to 5h).
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FIGURE 5: WAVENUMBER SPECTRA IN DIFFERENT
FREQUENCIES AND DISPERSION CURVE REGRESSION
RESULTS WITH DIFFERENT DIRECTIONS OF TESTED 316L
PANEL.

For regression accuracy, the metal’s Poisson’s ratio and
shear wave velocity are assumed to range from 0.24 to 0.30 and
2700m/s to 3300m/s, respectively [19,20]. After marking the AO
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mode's highest amplitude at different frequencies for each 6, the
least square regression was performed using our customized
MATLAB code worked with MATLAB Curve Fitting Toolbox,
employing theoretical equations introduced in Section 2.3 to do
regression for the experimental frequency and wavenumber data
and find all theoretical dispersion curves best matching the
experimental results, along with corresponding mechanical
material parameters (v and c;). The results for selected 6 are
displayed in Table 1.

TABLE 1: EXPERIMENTAL MECHANICAL PROPERTIES
FOR DIFFERENT 64

6C) v ¢, (m/s)
0 0.255 3060.28
45 0.260 3103.34
60 0.257 3090.73
90 0.252 3022.26

Clearly, both the shear wave velocity and Poisson’s ratio
vary with 6, with the lowest shear wave velocity observed at
6=90 degrees. This phenomenon aligns with the known
mechanical performance characteristics of 3D printed products,
where the structure typically exhibits weaker performance along
the bonding direction.

3.3 Experiments and results with a 2024 T3 Aluminum
Panel
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FIGURE 6: CURVE REGRESSION RESULT WITH DIFFERENT
DIRECTIONS OF THE 2024-T3 ALUMINUM PLATE.

Traditional tensile and compression tests are often
unreliable for 3D printed products due to their anisotropic nature
and common defects such as voids and delamination. To validate
the accuracy of our method, we tested a standard 0.75 mm thick
2024-T3 aluminum plate, which is isotropic, resulting in
minimal directional differences in properties (Fig. 6). After
averaging the mechanical properties from different directions,

Frequency (kHz)

we obtained a shear wave velocity (c;) of 3159.12 m/s and a
Poisson's ratio (v) of 0.331, very close to the value by ASTM
standards. The testing results confirm that our sensing system
and wavenumber analysis method effectively characterize the
mechanical properties of plate structures.

4. CONCLUSION

This article developed a non-destructive characterization
method that integrates the PZT-LDV Lamb wave sensing system
with a multi-directional frequency-wavenumber analysis
technique to characterize the mechanical properties (shear wave
velocity and Poisson's ratio) in multiple directions of metal plate
fabricated through additive manufacturing. The experimental
results demonstrate the precision and reliability of our method.
We hope that this approach will provide an effective solution for
enhancing the manufacturing processes and quality control in the
field of metal additive manufacturing.
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