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ARTICLE INFO ABSTRACT

Keywords: Inconsistency of equipment and inappropriate design in the laser powder-bed fusion additive manufacturing
Laser powder bed fusion (LPBF-AM) process are not tightly related to the technology development and are more challenging to avoid.
Ti64

Those processing-related factors can introduce sudden changes in the products’ local mechanical properties by
internal flaws or microstructure variation. The different property zones and their interfaces will accumulate
stress and decrease lifetime. In this work, we applied ultrasound elastography and density profile to evaluate an
LPBF Ti6Al4V sample with three property zones induced by different laser speeds to represent equipment errors
or inappropriate designs. The elastography clearly distinguished three zones and their corresponding dynamic
properties. The ultrasound estimated density profile conforms with profilometer-determined values. The in-
terfaces in the Ti64 sample between the zones were further discerned experimentally by ultrasound to determine
the spatial and contrast distributions with a subwavelength resolution based on numerical simulations. The
spatial profile and the contrast ratio on the upper boundary of the interface showed the correlation between the
interface thickness and the cooling condition during the manufacturing process. These interfacial contrasts in
mechanical properties within the bulk 3D printed material are challenging to detect by conventional non-

Non-destructive evaluation
Elasticity mapping

Finite element analysis
Interface acoustics

destructive techniques.

1. Introduction

Laser powder bed fusion (LPBF) based additive manufacturing (AM)
is one of the most widely used metal 3D printing methods since it
manufactures optimized geometries, complex features, and intricate
designs [1]. Ti6Al4V is a BCC + HCP lattice titanium alloy with low
density. Due to its high strength, good fracture toughness, outstanding
corrosion resistance, and exceptional biocompatibility [2], it has been
widely used in aircraft structures [3], aerospace [4], automobile, marine
[5], and biomedical engineering [6]. However, due to its poor thermal
conductivity [7], the tendency to strain hardening [8], and aggressive
chemical reactivity to oxygen [9], the fabrication of Ti6Al4V products is
challenging. Traditional manufacturing processes inevitably result in
significant waste material and higher manufacturing costs. Under such
considerations, additive manufacturing is more suitable for fabricating
Ti6Al4V products.

Nevertheless, due to its rapid thermokinetics nature, LPBF inevitably

encounters the issue of porosity control, residual stress, and hot cracking
[10,11]. Although adjusting process parameters can alleviate these ef-
fects, traditional mechanical tests, such as tensile tests and hardness
tests, are destructive during tests or sample preparation, which leads to
some limitations since AM products are not easy to machine as a
“dog-bone” shape tensile specimen due to high strength and the complex
geometry. Advanced material characterization instruments like X-ray
diffraction, scanning electron microscope (SEM), and electron back-
scattered diffraction (EBSD) have strict size limitations. All require
extensive sample preparation steps involving machining and polishing
that are time-consuming and could affect the inherent structure of the
AM sample. Moreover, due to the microstructure heterogeneity, even a
slight sample motion under high SEM magnification can lead to a
distinct conclusion. Therefore, a deep understanding of the physics
behind the process and a proper evaluation method for the final prod-
ucts help increase the quality of additively built items and offer reliable
feedback on production processes for enhancing product quality [12].
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Based on the above situations, non-destructive evaluation (NDE) is
necessary to investigate the AM component’s bulk elastic properties.
Ultrasound NDE is a well-developed quality control and monitoring
technique in aerospace [9,10], nuclear power industries [11], and ma-
terials research and development. It has been utilized to detect discon-
tinuities and evaluate microstructure [13], grain size [14], porosity
[15], and even residual stress [16]. The broad spectrum of process pa-
rameters in LPBF-AM enables the diagnostics of the bulk properties of
the printed components under different settings [17,18]. It facilitates the
understanding of the mechanisms that lead to the formation of internal
flaws dictating the mechanical properties of AM material [19,20].

Although the relationship between process parameters and the
physical properties of LPBF-AM products has been extensively studied
[1,16,17], the effect of varying printing parameters in a single block and
the information about the interfaces barely exists. Studying unexpected
equipment flaws using the NDT/E methods for practical applications is
important. Those instantaneous inconsistencies in the printing condi-
tions can lead to a local zone with variations in the physical properties
and interfaces relative to the surrounding materials. The laser scan
speed was chosen as a variable factor to construct a layered cubic
Ti6Al4V sample. It enables us to explore the relationship between
manufacturing process parameters induced defects/microstructures
difference in the LPBF sample and the effective density and dynamic
elastic constant. A non-destructive ultrasound elastography technique,
effective density, and dynamic bulk modulus elastography (EBME) [21]
were used as the experimental NDE method. Much literature showed
that acoustic wave propagation in metal/alloy mediums highly depends
on the microstructure and micropores [22-24]. Even though the size of
the features is much smaller than the acoustic wavelength, the overall
effective changes in the bulk properties deviate from the sound wave
behavior according to the effective medium approximation [25]. The
EBME used acoustic wave propagation behavior to estimate bulk prop-
erties with local variation, including effective density and dynamic
elastic constant, which overcame the conventional ultrasonic NDT lim-
itation. In addition, we characterized the interface position and transi-
tion sharpness between the property zones using acoustic waves. At the
interfaces, the microstructure changes in conventional microscopic im-
aging [26] is gradient and smooth. Furthermore, conventional
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mechanical testing observed the interference from stress concentration
[27]. Hence, both approaches cannot provide clear observation of the
interface between the property zones. Ultrasound NDT can overcome
the difficulty characterizing interfaces in laser powder bed fused sam-
ples in a mild observation scale.

2. Methods and materials
2.1. Laser powder-bed fusion additive manufactured Ti6Al4V block

The Ti6A14V cubical block sample (26 mm x 26 mm x 26 mm) was
printed in the AconityMIDI system shown in Fig. 1 (A). This system has a
continuous wave Nd: YAG laser (Gaussian energy distribution) with a
wavelength of 1070 nm and a laser diameter of around 80 pm. The
Ti6Al4V powders were unimodal, extra-low interstitial Grade 23, with
an average size of 15-45 pm. The composition of the powder is shown in
Table 1.

The build chamber was maintained under an ultra-pure Argon gas
atmosphere (O < 50 ppm) throughout the LPBF-AM process. A single
cubical block was printed using three sets of process parameters listed in
Table 2. The power density of the laser is calculated according to
equation = prd , where P is laser power, v scan speed, h hatch distance,
and d layer thickness. Each set of process parameters printed 1/3rd of
the cube and the configuration of three distinct property layers (top,
middle, bottom) are shown in Fig. 1(B). The laser scanning direction was
bidirectional (reversed after each track), and the scanning pattern was
rotated by 90 ° between two successive layers, as Fig. 1 (C) on the left
shows. The variation of scanning speed while maintaining the rest of the

Table 1
Composition of Ti6Al4V Grade 23 powder.
Titanium  Balance Aluminum  5.50-6.50 Vanadium 3.50-4.50
% %
Iron max 0.25 Oxygen max 0.130 Carbon max 0.080
% % %
Nitrogen  max Hydrogen max 0.013 Other, max 0.40 %
0.050 % % Total
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Fig. 1. Illustrations of the methods. (A). Laser melting powder-bed additive manufacturing. (B). Parameter selection is based on the summary from the literature
[29]. (C). A bi-directional laser scan was performed in the printing process. The printed sample was shown in the photograph. Zones 1, 2, and 3 were vertically
arranged along the building direction (Z). (D). Monostatic immersional raster scan setup for effective ultrasound density and dynamic Bulk modulus elastography.
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Table 2
Processing parameter of Ti6Al4V block.
Power Speed Hatch Layer Power
w) (mm/s) distance thickness Density (W/
(pm) (pm) mm®)
Top 150 800 120 30 52.08
Layer
Middle 150 500 120 30 83.33
Layer
Bottom 150 200 120 30 208.33
Layer

parameters in three distinct regions is expected to affect the micro-
structure/phase formed in these regions significantly. The printed
cubical block (Fig. 1C right) was detached from the circular build plate
using electrode discharge machining for the post-process NDT and
microstructural analysis. Each region of the printed block was analyzed
using an optical microscope and scanning electron microscopy (SEM) by
Thermofisher.

2.2. Effective density and dynamic Bulk modulus Elastography (EBME)

The EBME tests were performed in an acrylic water tank (500 mm x
400 mm x 300 mm) filled with deionized water, as shown in Fig. 1 (D).
The printed sample and the ultrasound transducer were immersed in the
water. An Olympus Panametrics V316-N-SU planar emersion pencil-
style transducer with a 0.125-inch diameter at 20 MHz frequency was
used to excite a broadband pulse from 13 to 27 MHz with a repetition
rate of 200. The transducer was connected to the three-axis translation
stages and controlled by the three-axis motion controller. A JSR Ultra-
sonic DPR 500 Pulse/Receiver is also adopted to control the pulse source
and time trigger internally. A Tektronix MDO 3024b was applied to the
collected testing data. The scanning process involved automated
movement sequences of a transducer and data acquisition using a pro-
grammed MATLAB® script. The signal reflected from the sample during
the raster scan was collected from 1281 locations, and at each location,
the 512 signals were averaged to 1 recorded waveform in the oscillo-
scope. The scanning rate of each block was 512 signals in 20-s intervals.
The resulting image area was 10 mm x 4 mm at a 0.25 mm interval for
both the building and filing axes. Further details about the EBME theory
and calculation can be located in the literature [28].

2.3. Numerical simulation for the sensitivity of ultrasound to detect
interface

In order to understand the sound wave propagation behavior at the
interface of the distinct regions produced by the different sets of process
parameters, finite element analysis (FEA) based on numerical simula-
tions was performed. The acoustic module in COMSOL Multiphysics was
used in this study. In the numerical model, the computational domain
was divided into three regions: zone 1, interface, and zone 2. Zone 2 was
assigned a 5 % higher bulk modulus (K3) than tn Zone 1 (K;). The bulk
modulus at the interface region was arranged to vary linearly from K; to
K, along with the thickness of the interface. The model was solved using
two parametric sweep studies. Firstly, by changing the interface thick-
ness for fixed values of K; and Ky, 2. And secondly, by varying the K
contrast (K; and K, difference) with a constant interface thickness. The
height-dependent K profile of the gradient change interface was
considered using the expression Kin(x) = K1 + (x — x1)(K2 — K1) /(%2 —
x1), where x indicates the position along the wave propagation direc-
tion, x; and x, were referred to as the position of the upper boundary of
the K; zone and the lower boundary of the K, zone. The outer bound-
aries of the domain were assigned to impedance-matched conditions to
eliminate the reflection sidewalls. The analytical equation of the
acoustic source was a narrow pulse source emitted, in which the pulse
envelope x(t) could be represented as a function by time & x(t) =
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sin(2zf,t)e Hot=0T0’  where fo, T, and § was the fundamental frequency
(20 MHz), period (40 f; 1), and delay of the pulse signal, where § was 1.
The studied temporal interval was 0.125 Tj. To represent the monostatic
setup in experiments, a boundary probe detecting acoustic pressure on a
linear scale was placed on the transducer to collect the reflection signals.
In the results section, the acoustic intensity in the dB scale was refer-
enced to the amplitude of the source pulse.

3. Result and discussion

Fig. 2A shows the EBME-generated contour plot of the dynamic bulk
modulus of the LPBF-AM Ti6Al4V sample. These contour maps were
measured from the YZ plane of the printed cube parallel to the build
direction (Z-axis). The macroscopic elasticity variation of using different
process parameters in a single block was established in the EBME con-
tour plot (Fig. 2A). The dynamic bulk modulus in the bottom region was
within a range of 101.5-103 GPa with an average modulus of 102 GPa.
The corresponding bulk modulus for the middle region was higher in the
range of 104-106 GPa, with an average value of 106 GPa. The dynamic
bulk modulus further increased to 106-108 GPa in the top region, with
an average value of 107.5 GPa. It can be noticed from Table 2 that laser
energy density was increased linearly from the top to the bottom region
of the printed cube. However, the dynamic bulk modulus did not change
linearly, corresponding to the energy density. The softening effects re-
flected by dynamic bulk modulus values were around 1.5 GPa from the
top to the middle layer and 4 GPa from the middle to the bottom, with a
constantly increasing energy density. The non-linear variation of elastic
modulus indicates the microstructure, phase transformation [32, 33],
and porosity effect [34] due to changing process parameters. According
to the effective media theory [25], the impedance mismatch from
different porosity regions is more significant than grain boundaries and
phase changes. Microstructural analysis was conducted at various levels
to evaluate its rationale for contributing to elastic bulk modulus
changes.

A profilometer image from the YZ-plane of the printed Ti6Al4V cube
is presented in Fig. 2 (B). This high-resolution optical image clearly
showed three distinct property regions by the porosity distribution,
which was well-matched with the EBME effective bulk modulus contour
plot in Fig. 2(A). The bottom region of the printed cube showed the
highest fraction of porosity. The distribution was notably reduced in the
middle region, and the top region rarely presents porosities. In Fig. 2(C),
we calculated the horizontally averaged effective density values along
the building direction (Z-axis) from the profilometer imaging and EBME
effective density profile. The profilometer density profile presented
along a vertical direction was obtained by horizontal pixel-counting in
pre-prepared MATLAB codes. The 1D dark pixel fraction was then
translated to 3D density values, assuming a sphere-shaped void. The
comparison showed the agreement of zones’ positions and density
values. The EBME estimated effective density values had slightly more
significant variations than the profilometer. Especially in Zone 3, the
EBME effective density values are higher than the profilometer values
relative to Zones 1 and 2. The slight overestimation can be attributed to
the smaller grain size-induced acoustic energy loss in Zone 3 compared
to Zones 1 and 2. Fig. 2(D) shows the magnified profilometer images of
three layers, and the scale bar was set as 300 ym. Table 3 summarizes the
corresponding area porosity fraction and average size for each layer
calculated by Image J software. With the increasing area porosity frac-
tion from the top layer to the bottom layer, we expect a density decrease
from the top layer to the bottom layer in confirmation with the EBME
estimated effective density value. Moreover, it should be noted that as
the laser density increased, the bottom regions fell into an over-melting
zone that resulted in a much larger porosity size (Fig. 1(B)).

Fig. 3 presents the EBME contour plots obtained from the XY plane of
the printed cube collected from various depths corresponding to the
bottom region (Figure 3A), middle region (Fig. 3(B)), and top region
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Fig. 2. Elastography and profilometer scan from the side view. (A). EBME scanned the dynamic bulk modulus map of the printed sample under as-built con-
ditions. (B). Profilometer image of a central cut-out cross-section of the printed sample. (C). The estimated density comparison between the profilometer and EBME
provided effective density along the building direction. (D) Magnetified images from the profilometer for each layer.

Table 3
Porosity fraction and average size for each layer.

Area fraction of Porosity Average Porosity Size(nm)

Top Layer 0.28 % 32.87
Middle Layer 1.84 % 104.17
Bottom Layer 5.43 % 422.32

(Fig. 3(C)). From the top view of ultrasound scans, the wave propagation
is affected by more extended grain boundaries, which are contributed by
the columnar grain structure along the built direction [30]. Hence, the
dynamic bulk modulus from the top view presented slightly lower values
than the side view (Fig. 2 (A)). The contrasts between the zones still
agreed with the side view EBME (Figure 2(A)) and profilometer image
(Fig. 2(B))). In the dynamic bulk modulus maps, we noticed the exis-
tence of 45° anisotropic property distribution, which was more signifi-
cant in zones 2 and 3.

In the laser powder AM process, the transition between the two zones
is microscopically gradual and smooth due to the higher melting depth
with respect to the layer thickness [26]. It limits the evaluation of the
interface using conventional observation techniques. Especially in a

single material-based interface, the lack of transient composition
introduced more challenges in the characterization due to the low
contrast of the physical properties. Fortunately, conventional
time-of-flight ultrasonic discontinuity detection methods offer an alter-
native plan to locate the material interface and evaluate the transient
sharpness. An additional reflection from the interface is necessary to
obtain information about a material’s interface adequately. However,
the characterization capability of the time-of-flight methods regarding
interface thickness and property change degree is unclear. Therefore, we
conducted numerical simulations on the ultrasonic detection of the
gradient changes of the property interfaces to understand and verify the
sensitivity of the detection methodology.

In addition to the porosity, microstructural/phase variation also
contributes to the ultrasound energy variation within the printed sam-
ple. Such microstructural or phase variation in each region was identi-
fied using scanning electron microscopy. Fig. 3D1-2, 3E1-2, and 3F1-2
present the SEM image

corresponding to the top, middle, and bottom regions of the LPBF-
AM Ti6Al4V. The top region with fabrication of low energy density
mainly showed the presence of martensite laths (Fig. 3F1 and 3F2). The
formation of martensite lath can be attributed to the rapid cooling rate
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Fig. 3. Elastography from the top view. (A—C). EBME scanned dynamic bulk modulus map of the printed sample (Zones 1-3) under as-built conditions. (D1 and
D2). SEM images of the printed sample at Zone 1 (bottom region) under as-built conditions. (E1 and E2). SEM images of the printed sample at Zone 2 (middle region)
under as-built conditions. (F1 and F2). SEM images of the printed sample at Zone 3 (top region) under as-built conditions.

induced during the laser powder-bed fusion process. Based on the
computational thermokinetic model developed in the earlier reports of
the authors, these cooling rates were predicted in the range of 10°~7 K/s.
With the increase in the energy density by reducing the laser scanning
speed, the middle region showed partial decomposition of the
martensite lath, leading to the nucleation of p precipitates at a few lo-
cations along the interface of the martensite (Fig. 3E1 and 3E2). With the
highest laser energy density employed in the bottom region of the cube,
the martensite appeared to decompose completely into a and p phases.
The microstructural evolution due to increased energy input leading to
the formation of the p phase will likely reduce the bulk modulus. The p
phase is a base-centered cubic (BCC) lattice structure with a relatively
open lattice structure than the hexagonal closed packed (HCP) lattice. It
increases the average interatomic spacing in the BCC lattice phase,
reducing the material’s elastic modulus.

3.1. The detection capability of the time-of-flight technique on interfaces

Due to the diffraction limit, ultrasonic diagnostics techniques cannot
detect the presence of voids with a dimension smaller than the operating

wavelength of acoustic waves. However, according to the effective
media theory, the acoustic wave has different propagation behavior in
the different physical property regions. Such behaviors are frequency-
dependent on the effective physical properties in the medium, which
was the principle of the experimental ultrasound elastography shown in
Figs. 2 and 3. Hence, a slight variation in the elastic constant or density
can be used as a generalized function to represent the distinguishable
property zones, including the influence of the microstructure and micro-
voids. Modifying the acoustic wave interaction at the interface of two
property zones provides significant information about the instability-
induced local property change in the practical AM products.

As Fig. 4 (A1-Ay) illustrates, we designed two material regions with a
5 % difference in bulk modulus. The bulk modulus of the transition zone
at the interface was designed to increase linearly from K; to K». Fig. 4A;-
A4 depict the selected bulk modulus distribution maps from a parametric
study on the interface thickness D from 0.01 operating wavelength (1) to
2 1. In Fig. 4B1-By, the identical acoustic pulse sources were injected into
the upper material layers by the transducers that propagate into the
interfaces. In Fig. 4C1-C4, we can observe that the interface-induced
reflection was visible when the interface thickness was smaller than
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Fig. 4. Numerical simulation of sound wave behavior on the interface with gradient varying property. (A). Assigned bulk modulus distribution of the model
with interface thickness sweeping. (B). Identical ultrasound pulses were emitted from the transducer propagating toward the interfaces at time point t; from the view
of acoustic pressure profiles. (C). Acoustic pressure maps demonstrated transmitted and reflected pulses at the interfaces at time point t,. (D). Interface thickness-
dependent reflection pulse amplitude, where 4 is the operating wavelength. (E). Bulk modulus contrast ratio (K2/K;) dependent acoustic intensity of the interface-

produced reflection pulse.

the operating wavelength (C; and Cy). The echo became negligible when
D was comparable with and larger than 1 (C3 and C4), where the Cum-
mer-Schurig liked acoustic cloaking [31] occurred.

In Fig. 4 (D), we summarized the collected reflection signal produced
from the interface in the simulation. When the interface thickness was
within 0.4 4, the reflection amplitude was inversely proportional to the
interface thickness. Between 0.4 and 1 4, a significant dispersion can be
observed on the pulse envelope. The dispersion-induced out-of-phase
effect further decreased the reflection signal amplitude. Beyond the 1 1
(white shadow area), when cloaking occurs at the interface, the reflec-
tion signal becomes immeasurable. In Fig. 4(E), we conducted another
parametric study on the bulk modulus contrast ratio Ko/ K; with fixed
interface thickness D' 1. In this contour, the collected reflection signal is
represented in terms of intensity to estimate the material contrast ratio-
dependent detection feasibility. As the results showed, in a thin enough
interface, the acoustic intensity of the echo approached —90 dB when K,

is 2 % higher than K;j. This signal intensity was about the minimum
detection feasibility in the experimental case when the noise level is
usually at —100 to —110 dB without any advanced signal amplifier or
signal processing techniques.

Numerical simulation reveals that the amplitude of the gradient
interface-induced acoustic reflection was proportional to the material
contrast ratio K, /K; and inversely proportional to the interface thick-
ness D. Here, we defined a dimensionless factor interface sharpness
factor y = py/po, where py is the signal amplitude of the interface
reflection, and py was the source pulse amplitude. The sharpness factor
V23 %D‘l and was applied to describe the transition sharpness on the
interfaces in our LPBF Ti64 block.

In Fig. 5, we plotted the experimentally obtained interface infor-
mation from the Ti64 sample using a long enough operating wavelength
ultrasound wave. The ultrasound wave was excited from the upper
surface (zone 3) into the block sample. The vertical axis indicates the
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Fig. 5. Experimentally estimated upper interface boundary location and contrast ratio using ultrasound on the printed sample. (A). Interface behavior

between zones 1 and 2. (B). Interface behavior between zones 2 and 3.

position of the interface provided echo along the building axis. The
rainbow color scale presents the normalized interface sharpness distri-
bution we proposed in the previous section. We noted that the 3D con-
tours showed the interface location profiles of the upper boundary of the
interfaces. The bottom boundaries of the transient regions were
considered to be horizontally flat interfaces when the processing
parameter changed along the built direction. During the diagnostics, the
acoustic wave propagates from the top surface of the sample to its bot-
tom surface, opposite the building direction of the block. The additional
reflection pulse from the interface was obtained from the near bound-
aries respected to the acoustic source.

Fig. 5(A) shows the upper interface profile between Zone 1 and 2.
The interface shows a spatial inclination along the diagonal from loca-
tion (-9, —9) to (9, 9) around 25 pm, which was possibly due to the
wrapped edge and the wrapped corner (about 0.5 mm) on the bottom of
the block (zone 3). The sharpness profile on this interface showed a
higher contrast around the central region than the corners. It is possibly
caused by a rapid transition from central zone 1 to central zone 2 in
terms of microstructure size and void fraction under better cooling
conditions. The inclined behavior can be attributed to the lower cooling
rate at the wrapped corner region, forming the microstructure and
micropores-induced transition that takes longer to approach thermal
equilibrium. The interface profile between zone 2 and 3 was plotted in
Fig. 5 (B). The spatial profile and the sharpness map of this interface
exhibit a symmetry along the central axis. The central region of the
interface was transited at a shorter distance than the corners. This
behavior further confirms the phenomenon of cooling rate-dependent
interface thickness.

4. Conclusion

In this study, we intentionally introduced three zones in an LPF AM
Ti64 cube by varying the laser scan speed. The fabricated sample was
inspected by ultrasound elastographic technique, providing the dynamic
bulk modulus distribution and effective density profile. The ultrasound-
tested effective density profile showed agreement with the laser-sourced
profilometer results, which has never been demonstrated in the existing
literature. Furthermore, the interface between the local property zones
(additional echo occurrence) was the key target for ultrasound NDT/E
detecting flaws. Hence, the two interfaces between the three physically
different characteristic layers in our cube were also studied in this work.
The experimental method was first studied by interface acoustics
simulation to estimate the technique’s feasibility and limitations. After
the verification, the methods were experimentally applied in the Ti64
cube with the property layers. The results showed that, along the
building direction, the upper boundaries of the interfaces were not as
horizontally flat as we expected. The spatial profile and the contrast
ratio on the upper boundary of the interface showed the correlation
between the interface thickness and the cooling condition during the
process.
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