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Abstract—We present the methodology for using pulsed-echo
ultrasound to characterize the properties of additively manufac-
tured (AM) metal components and their response to changes in
the fabrication settings. We show how to accurately characterize
anisotropy in these properties and when such characterization
can be performed noninvasively. Our approach, when applied to
3D-printed stainless steel samples, reveals a significant hetero-
geneity between the surface and internal properties of the AM
part and the anisotropy in material properties in the build and
transverse directions.

Index Terms—Pulse-echo ultrasound; Nanoindentation; Laser
powder bed fusion; Anisotropy and material heterogeneity.

I. INTRODUCTION

The question of whether additively manufactured (AM)
components have the same material properties as traditionally
manufactured parts is complex. The AM process parame-
ters are known to influence such properties as density [1]–
[3], strength [3]–[5], elasticity [6], microstructure [2]–[6],
porosity [3], [5], and residual stresses [6], [7]. Therefore,
the increased degrees of fabrication freedom that additive
manufacturing introduces highlights the importance of bet-
ter understanding the influence of the selected processing
conditions on the material properties of the manufactured
components.

Ultrasonic testing is primarily used in detecting fabrication
defects and inclusions in metallic AM parts but rarely as
a primary method for quantifying their material properties,
with only a few studies using ultrasound to evaluate the
elasticity, porosity, and density. For example, a purposeful
echogenic segmentation of AL30/31 aluminum samples with
small defects to localize the spatial variability in material
properties suggested material homogeneity [8]. Homogeneity
of aluminum samples was also reported in [9], [10]; a similar
conclusion for titanium alloy AM parts was reached in [35].
However, anisotropy in AM aluminum alloy components was
reported in [9], [10]. The anisotropy in 316L stainless steel
AM parts was reported in [11].
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In this paper, we describe the use of ultrasonic measure-
ments to reveal the material orthotropy and heterogeneity in
stainless steel parts fabricated by the powder bed fusion (PBF),
quantify the Poisson’s ratio (ν), elastic and shear moduli (E
and G), and the influence of PBF processing parameters on
the material properties. The ultrasonically quantified properties
are the aggregate values averaged along the length of the
ultrasound preparation. We compared the material properties
obtained from the ultrasonic data with local measurements
obtained by the nanoindentation method [12] and found signif-
icant differences indicating material heterogeneity in the test
samples.

II. ADDITIVE MANUFACTURING OF TEST COMPONENTS

Three test samples with the dimensions (in mm) shown in
Fig. 1a were 3D printed by PBF of a stainless-steel powder
(EOS 316L powder, EOS GmbH, Krailling, Germany) using
a direct metal laser sintering (DMLS) system with a 400 W
peak-power laser beam (EOS M 280). The power density, Ed,
of the scanning laser was varied in different segments of Parts
Part V– and V+ (Fig. 1b) but was maintained constant at 33
J/mm3 in Part C.

III. ULTRASONIC CHARACTERIZATION OF TEST SAMPLES

The longitudinal and shear velocities were measured in
pulse-echo mode using transducers with a 5 MHz central
frequency exited by a square wave electrical pulse. Trans-
ducers were coupled to the test samples, as illustrated in the
sidebar of Fig. 2a) and b), for measurements in build and
transverse directions. The response was recorded with a 625
MHz sampling rate. The time of flight (TOF, tof ) through
samples was measured as a delay between round-trip echoes,
as illustrated in Fig. 2.

Table 1 shows the results for cL and cs in the build
direction. The corresponding values of the Poisson’s ratio, ν,
and Young’s and shear moduli, E and G, were calculated as
follows, assuming material homogeneity, an assumption that is
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Fig. 1. a) Dimensions of test samples. b) Parts V+, C, and V– were produced
with increasing, constant, and decreasing Ed, the values of which are color-
coded. c) 3D printed 316L stainless steel parts.

TABLE I
ULTRASONIC VELOCITY AND AGGREGATE MATERIAL PROPERTIES IN THE

BUILD DIRECTION.

Part cL [m/s] cs [m/s] ν E [GPa] G [GPa]
V+ 5160.92 2960.14 0.255 168.03 66.95
C 4718.10 2782.26 0.233 140.65 57.03

V– 4487.19 2654.21 0.231 125.18 50.80

violated in Parts V+ and V−, fabricated with changing energy
density of the powder-melting laser:

ν =

1− 2

(
cs
cL

)2

2− 2

(
cs
cL

)2 (1)

cL =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
(2)

cs =

√
G

ρ
(3)

The density, ρ, in these equations was obtained by weighing
each part to 100 mg accuracy, determining its volume by
dimensional measurements using a digital caliper to 10 µm
accuracy, and adjusting the aggregate result to obtain segmen-
tal densities as a function of the laser’s power and speed of
scanning following the results reported by Kamath et al. [7].

Transverse ultrasonic data were acquired by coupling trans-
ducers to the sides of the segments, as illustrated in Fig. 2b
(side panel), which shows typical pulse-echo waveforms for
segment S1 of part V+ with marked first and second round-trip
echoes, which we used to calculate transverse cL and cs.

Transverse ultrasonic data for different segments 3D printed
with changing Ed was used in equations (1)–(3) to quantify the
influence of the PBF parameters on the material properties of
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Fig. 2. a) Typical ultrasonic response in the build directions for part V+
(increasing Ed). The transducer was coupled to the bottom of segment S1
(side panel). Echoes, marked with color-coded triangles, reflected from the
distal surface (the top of the S4 segment) correspond to one or more round
trips through the sample. The delays between the second and first round
trips, quantified by peak-to-peak tracking, were used to determine tof for
calculating cL and cs. b) Transverse ultrasonic responses for Part V+. Note
the location of the transducer coupling in the side panel.

the fabricated stainless steel samples. Transverse longitudinal
and shear wave velocities increased with increasing energy
density (Fig. ??a). Poisson’s ratio ranged between 0.24 and
0.30 and increased with the energy density but decreased with
the ratio cs/cL (results not shown), as would be expected from
equation (1). Fig. ??c shows the increase in Young’s modulus
with the energy density, which, according to equation (2),
is attributable to the positive correlation of the longitudinal
ultrasonic velocity and density with Ed. The increase in the
shear modulus with the energy density, seen in Fig. ??d, is
expected from equation(3), which shows that G is increasing
with both the shear wave velocity and the part’s density. The
difference between the transverse results in Fig. ?? with the
corresponding results in the build direction, listed in Table
I, especially revealing for the constant-energy-density Part C,
indicates anisotropy in the material properties created by the
layering process of additively manufacturing the stainless steel
samples by PBF.

IV. NANOINDENTATION MEASUREMENTS

Polished test samples were placed on the nanoindenter
stage (Hysitron TI Premier, Bruker Corp., Billerica, MA) and
non-elastically deformed using a diamond tip, as confirmed
by residual deformation seen in the SEM image in Fig.
4 (inset) after withdrawing the tip. Four force-displacement
measurements, localized 2 nm apart in a square-like pattern,
were averaged for each chosen location. The data were used
to calculate the localized surface modulus and hardness of
the test samples. We then profiled changes in these properties
with the distance from the original test surface by removing
thin layers of the material and repeating the nanoindentation
measurements.

The comparison the surface values of Young’s modulus
measured by nanoindentation with the aggregate values (aver-
aged transversely) measured ultrasonically shown in Fig. 4
reveals a large difference in the two values. Tested if the



S
he

ar
 M

od
ul

us
, G
Pa

45

50

55

60

65

70

Energy Density, J/mm³
24 27 30 33 36 39 42

105

130

155

180

Y
ou

ng
's

 M
od

ul
us

, G
Pa

Energy Density, J/mm³
24 27 30 33 36 39 42

0.24

0.26

0.28

0.30

P
oi

ss
on

's
 R

at
io

Energy Density, J/mm³
24 27 30 33 36 39 42

ShearLongitudinal

24 27 30 33 36 39 42

4200

4600

5000

5400
Lo

ng
itu

di
na

l S
O

S
, m
/s

Energy Density, J/mm³

S
he

ar
 S

O
S

, m
/s

2600

3000

2800

d)

c)

b)

a)

Fig. 3. a) Longitudinal and shear wave velocities increase with the energy density. Poisson’s ratio b), Young’s modulus c), and the shear modulus increased
approximately linearly with increasing energy density.

observed difference could be attributed to changes in the
material properties with distance from the surface by removing
thin surface layers in the yz-plane of a sample and repeating
nanoindentation and ultrasonic measurements. Fig. 5 shows
that the two orthogonal type of measurements are converging
as we move deeper into the sample. Specifically, while the
ultrasonic measurements did not change significantly, the
nanoindentation characterization shows significant decrease in
Young’s modulus from 207.02 GPa at the original surface to
178.38 GPa at the depth of 5.02 mm.

V. CONCLUSIONS

The ultrasonic characterization of 3D-printed metal compo-
nents is highly sensitive to the material properties, including
the anisotropy caused by the layering process and the effects
of manufacturing conditions during the printing process on
elastic moduli and Poisson’s ratio. The pulsed-echo technique
used by us and the pitch-catch characterizations aggregate the
material properties along the length of the ultrasound prop-
agation. When the ultrasound travels long distances through
the material, its propagation velocity obtained from the pulse-
echo data is an aggregate value insensitive to the localized

variation in material properties. The comparison of the ma-
terial properties obtained from such lumped results with the
localized measurements obtained by nanoindentation revealed
significant differences between the surface and interior prop-
erties of PBF-fabricated parts. This shows that the properties
of parts fabricated by powder bed fusion can vary depending
on the location, which is important to consider when choosing
manufacturing conditions and post-fabrication treatments for
these components.

Equations (1)–(3), used to estimate material properties from
the ultrasonic data, assume isotropy of the propagation media.
The comparison of the build and transverse direction mea-
surements (Table I and Fig. 3) indicates material anisotropy.
We addressed this inconsistency in a more detailed investi-
gation [13], where we developed an approach based on the
wave propagation model and the generalized Hook’s law as
the constitutive material model applicable in a more general
case of anisotropic materials. We have shown in that study that
in a particular case of weak anisotropy in build and transverse
directions and transverse isotropy – conditions satisfied by the
stainless steel test samples used in the current study – the
errors introduced by applying equations (1)–(3) are small, as
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Fig. 4. Surface values of Young’s modulus measured by nanoindentation
exceeds the values measured ultrasonically that are not local and depend on
values of E across the sample.

long as the directions of the probing ultrasound are collinear
and orthogonal to the build direction. Otherwise, additional
ultrasonic measurements along the paths at carefully selected
oblique angles to the build direction are necessary to estimate
anisotropic material properties accurately.
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