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ARTICLE INFO ABSTRACT

Keywords: Metal hybrid additive manufacturing (AM) processes are suitable to create complex structures that advance
Nondestructive evaluation engineering performance. Hybrid AM can be used to create functionally graded materials for which the variation
Wave speed in microstructure and material properties across the domain is created through a synergized combination of fully-
Attenuation . . . . . . .

Backscatter coupled manufacturing processes and/or energy sources. This expansion in the engineering design and
Spatial mapping manufacturing spaces presents challenges for nondestructive evaluation, including the assessment of the sensi-
Heterogeneity tivity of nondestructive measurements to functional gradients. To address this problem, linear ultrasound

measurements are used to interrogate 420 stainless steel coupons from three manufacturing methods: wrought,
AM, and hybrid AM (directed energy deposition + laser peening). Wave speed, attenuation, and diffuse back-
scatter results are compared with microhardness measurements along the build/axial direction of the coupons,
while microstructure images are used for qualitative verification. The ultrasound measurements compare well
with the destructive measurements without any substantial loss in resolution. Furthermore, ultrasonic methods
are shown to be effective for identification of the gradient and cyclic nature of the elastic properties and
microstructure on the hybrid AM coupon. These results highlight the potential of ultrasound as an efficient and
accessible nondestructive characterization method for hybrid AM samples and inform further nondestructive
evaluation decisions in AM.

1. Introduction

Additive Manufacturing (AM) has shifted the paradigm of engi-
neering design and is driving advanced manufacturing innovation [1,2].
Metal AM adopters benefit from the favorable mechanical properties of
metals and access a wider design space in terms of geometric
complexity, material combinations, and localized customization. Many
studies have addressed various aspects of metal AM processes, from
parameter selection to component characterization [3]. However, metal
AM end users still need approaches to ensure the components made with
these processes have the desired mechanical properties as well as
methods to characterize the spatial distribution of these properties in the
components nondestructively [2].

Hybrid AM is defined as the synergistic coupling of any AM process
with one or more secondary processes or energy sources. Hybrid pro-
cesses offer an additional design aspect to impart desired global or local
properties upon a component, such as local patterning, improved global
properties, and/or nontraditional behavior. Undesirable features may
also be removed using hybrid processing [4]. Laser peening (LP) is a
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typical surface treatment used to reduce undesirable residual stresses
and improve mechanical properties. For this reason, researchers have
explored the incorporation of cyclical LP with AM in hybrid processes.
Sealy et al. [5] and Madireddy et al. [6] used finite element simulations
to report the depth of deformation and compressive residual stresses
under different hybrid AM processing conditions including LP. Kalentics
et al. [7] demonstrated the ability to impart compressive residual
stresses experimentally in a hybrid AM (laser powder bed fusion + LP)
on 316L stainless steel. Similarly, Sealy et al. [8] imparted compressive
residual stresses in 420 stainless steel with a hybrid process incorpo-
rating LP and directed energy deposition (DED). They also briefly dis-
cussed some of the microstructural changes that resulted from the
hybrid process, including grain refinement and increased dislocation
density [8]. These results focused on a predefined location in the sam-
ples, while the hybrid interface microstructure was not shown. None-
theless, their observations agree with LP effects observed on stainless
steel welds: refined micron scale austenite grains and sub-grain struc-
tures such as deformation twins and strain induced acicular martensite
[9-11].
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Amongst nondestructive evaluation (NDE) methods, ultrasound
measurements have the advantage of being a rapid and accessible
approach to obtain volumetric information from a sample. In particular,
linear ultrasound measurements have been used extensively to interro-
gate and characterize metals. Phase velocity measurements are often
used to determine material elastic constants and have been applied to
characterize microstructure because of the dependence of velocity with
respect to crystallographic orientation [12-14]. Microstructure de-
scriptors, such as morphology and orientation, have also been related to
the ultrasonic attenuation in polycrystals [15-18]. Finally, diffuse ul-
trasonic backscatter (i.e., grain noise) has been shown to correlate well
with the average grain diameter of polycrystalline samples, while being
advantageous in the detection of defects that appear as signals above the
bounds of a given grain noise baseline [19-26].

Ultrasonic characterization in metal AM is a growing area of study
[27]. Conversely, there is abundant literature on ultrasonic NDE of
welds driven by the need to improve the probability of defect detection
in and/or near welded joints. Researchers have observed the directional
dependence of wave speed with respect to elongation and crystallo-
graphic orientation axis, as well as the increased attenuation with
disorientation, anisotropy, and grain size in austenitic stainless steel
welds [28-30]. Nonetheless, important differences exist between these
studies and the work in this article. Weld beads in traditional welded
joints are often several millimeters in size, while melt pool dimensions in
typical AM parts are less than a millimeter. Solidified regions in AM
experience several thermal cycles during the manufacturing process that
are generally not present in welding. Also surface treatments on welds
are generally performed as a post-process, while LP here is incorporated
cyclically as part of the AM process.

Applications of ultrasonic NDE in metal AM have been studied for the
evaluation of porosity content [31,32], microstructure characterization
[33], grain size quantification [32,34], detection of changes in dislo-
cation density [35], flaw detection [36], and in-situ/real-time moni-
toring [37,38]. However, NDE research for hybrid AM parts is more
limited. The only example known to the authors is a study utilizing laser
ultrasound surface wave speed measurements to evaluate the micro-
structure of Ti6Al4V samples. The samples were made with a hybrid AM
process that combined wire arc additive manufacturing (WAAM) with
rolling after each layer was deposited [39]. Nonetheless, due to the
nature of the measurement, that study focused on the evaluation of the
microstructure of multiple surfaces which required extensive destructive
sample preparation. Hybrid metal AM components are likely to have
large spatial variations of microstructure. AM samples exhibit complex
and heterogeneous microstructures due to the thermal gradients and the
thermal cycles typically involved [40]. Hybrid metal AM samples
experience even more intricate processing conditions that change the
microstructure in localized regions [4]. The combination of the already
complex AM microstructure with the localized microstructural changes
imparted by hybrid AM processes highlights the importance of spatial
maps of these properties. Furthermore, due to the expected micro-
structure complexity ultrasonic responses from hybrid AM samples are
challenging to predict and interpret.

The purpose of this article is to evaluate the sensitivity of linear ul-
trasound measurements, including wave speed, attenuation, and diffuse
backscatter, to variations in the microstructure and elastic properties of
hybrid metal AM samples created by a combination of DED and LP. The
sensitivity of these measurements is assessed by their ability to capture
the hybrid cycles in comparison with microhardness measurements as
well as their ability to procure additional information. In doing so, the
potential uses and limitations of linear ultrasound measurements for the
characterization of hybrid AM materials are explored. For this purpose,
three questions are posed: Can hybrid cycles be resolved and mapped
using ultrasound? How does the resolution provided by ultrasound
measurements compare with that from microhardness measurements?
Does ultrasound provide any additional information? The answers to
these questions are beneficial for both the scholar and practitioner AM
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and ultrasound communities, and highlight the utility of ultrasound
measurements for evaluating complex AM domains.

2. Methodology
2.1. Manufacturing

Three 420 stainless steel cylinders (12.7 mm in diameter and 25.4
mm in height) were studied. Two of these samples were made using
DED, while the last was machined from conventional wrought stock
material. A hybrid AM process was employed in the making of one of the
samples, incorporating an asynchronous combination of LP (Powerlite
DLS 8010) and DED (Optomec LENS HY20-CA). The DED parameters
were 390 W laser power, 12 mm/s scan speed, and 300 pm layer
thickness. For both AM and hybrid AM samples a total of 85 layers was
printed. In the case of the hybrid AM sample, laser peening was applied
every five layers (approximately 1.5 mm) at 50% overlap and 500%
coverage. Further details and schematics of the manufacturing process
are available in [8]. The AM and hybrid AM samples were machined in a
post processing step to obtain uniform dimensions. To facilitate
destructive and nondestructive characterization of AM and hybrid AM
layers, all samples were ground to create two parallel faces aligned with
the build direction as shown schematically in Fig. 1. The final di-
mensions of the parallel surfaces created on the samples for micro-
hardness and ultrasound measurements varied within and amongst
samples due to the grinding process. The average was 25.12 + 0.18 x
7.35 =+ 0.48 mm?>. The sample with the shortest length was the hybrid
AM sample, while that of the smallest width was the wrought sample.
Note that this sample preparation, from removing the samples off the
build plate to machining and grinding the sample surfaces for evalua-
tion, was likely to have changed the stress state of the materials evalu-
ated. However, given that all samples were similarly prepared, these
effects were not expected to affect the comparisons made across
samples.

2.2. Microstructure

The samples were prepared following metallography procedures
based on ASTM E3 and ASTM E407 [41,42]. The samples were mounted
and hand polished on a rotating polishing wheel in a progression of 400,
600, 800 grit SiC paper, 9 pm and 1 pm diamond on an Atlantis polishing

[Ny

Parallel Faces
for Characterization

Build Direction
(+2)

Fig. 1. Schematic depicting the sample geometry as prepared for character-
ization, featuring the parallel faces aligned with the build direction as well as
the ultrasonic experimental setup. In this schematic, z is the water path and z,,
is the material path.
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pad (PACE Technologies), and 0.05 pm alumina on a Tricote (PACE
Technologies) polishing pad. The samples were then etched by swabbing
the polished surface with Kallings No. 2 Reagent for approximately 30 s.
Micrographs collected at various magnifications with a laser
confocal microscope (Keyence VK-X200K) and a scanning electron mi-
croscope (SEM, FEI Helios NanoLab 660) are shown in Fig. 2. The laser
+ optical images show the general microstructure, while the SEM im-
ages provide additional details. The microstructure complexity is
evident in all images. Two areas of the hybrid AM sample were inves-
tigated, namely the interface at which LP was applied and the region in
between LP treatments. In the remainder of this article, the hybrid
treatment interface is referred to as the ‘hybrid layer’. In general, the
microstructure of AM and hybrid AM samples can be described in terms
of three main features: prior austenitic grain boundaries, parental
austenitic cell colonies (dendritic and equiaxed), and martensitic laths/
needles. The prior grain boundaries are likely remnants of the powder
microstructure, while the austenitic and martensitic structures are a
result of the material processing. 420 stainless steel is a martensitic steel
used in applications requiring both corrosion resistance and harden-
ability. Depending on the material or manufacturing process, the ther-
momechanical history of 420 stainless steel may promote the formation
of different phases, including FCC austenite (y), BCC ferrite (8), BCT
martensite (), and their combinations [43]. The absence of ferrite is an
important difference between AM and weld microstructures, which is
attributed to the thermal cycles and cooling rates in AM [40,43-45].
The first column in Fig. 2 contains images of the hybrid layer inter-
face. Fig. 2(a) shows the distinction between the microstructure below
and above the hybrid layer, depicted as a dashed line. Large and refined
cells are present above and below the hybrid layer, respectively. A more
detailed view of the microstructure at the hybrid layer is given in Fig. 2

(a) _______ (d)
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(b), where the refinement of the austenite cells below the hybrid layer is
highlighted. A parental austenite cell as well as martensitic laths on the
hybrid layer are shown in Fig. 2(c).

Images of the microstructure between hybrid layers are displayed in
the second column of Fig. 2. The general microstructure of dendritic and
equiaxed austenite cells is shown in Fig. 2(d), where the dashed line
indicates the melt pool profile. Each morphology is shown separately in
Fig. 2(e), as indicated by the arrows. Details of an equiaxed and a den-
dritic austenite cells are shown in Fig. 2(f). These cells are larger than
those seen in Fig. 2(c), while martensitic laths are still present.

The general microstructure of the AM sample is shown in the third
column of Fig. 2(h). The large austenite grain boundaries and the
austenite cells are both visible, although the cells appear fainter. This
effect is likely due to a milder reaction of the microstructure to the
etchant. Fig. 2(i) more closely shows the overlap between both austen-
itic structures, and Fig. 2(j) shows a detail of an austenite grain, in which
fine martensite laths are observed.

The most distinct effect of the hybrid treatment is the refinement of
the microstructure, specifically the austenite cells. Additionally,
martensitic laths are observed in all locations of the AM and hybrid AM
samples. These observations are consistent with other published results
[43-45] and with the expected effects of the hybrid treatment [8].

2.3. Microhardness

Vickers microhardness measurements were collected on the faces
created for characterization along the build direction of the AM and
hybrid AM samples (see Fig. 1). The effect of each manufacturing pro-
cess on the hardness profile was quantified as shown in Fig. 3 [data from
8]. The average hardness of the wrought sample is shown as a baseline

(9)

Fig. 2. Laser + optical and SEM images showing the microstructure (a)-(c) on the hybrid layer, (d)-(g) in between hybrid layers, (h)-(j) of the AM sample.
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Fig. 3. Vickers microhardness of ( ) hybrid AM, (= - =) AM, and (

) wrought samples, and examples of the corresponding microstructure at various

sample locations: 1, hybrid layer interface, 2, between hybrid layers, 3, AM, 4, wrought. Modified from [8].

measurement from a traditionally manufactured sample. The hardness
of the AM sample exhibits small fluctuations, but is consistently around
470 HV. The AM sample hardness is lower near the region closest to the
build plate and slightly increases then decreases along the build direc-
tion. The effect of the hybrid process on the hardness of the hybrid AM
sample is evident in the cyclic nature of its hardness, which ranges be-
tween 300 and 500 HV. The overall hardness trend in the hybrid AM
sample is lower near the build plate region and increases along the build
direction. Furthermore, the hardness peaks are sharper and lower in
amplitude near the build plate region and flatten but increase in
amplitude with the build direction. It is also important to note that the
overall trends of the AM sample and the hybrid AM sample are reversed.
Thus, the hybrid process imparted cyclic properties and reversed the
overall hardness trend. It is possible that the behavior observed is due to
the specific hybrid process of choice and that changing parameters in the
hybrid process will yield different results.

2.4. Ultrasonic nondestructive characterization

Data from ultrasound measurements were collected in a pulse-echo
mode using a spherically focused broadband immersion transducer
(Olympus, Waltham, MA). A DPR 300 pulser/receiver (JSR Ultrasonics,
Pittsford, NY) and a 64-bit, 2 GHz analog to digital A/D AL8XGT card
(Acquisition Logic, Chantilly, VA) were used to pulse, receive, and
digitize the signals. A personal computer operating UTWin software
(Mistras, Princeton Junction, NJ) was used to control the data acquisi-
tion and the motion of the transducer. The transducer had a nominal
center frequency of 15 MHz and a focal length of 76.2 mm in water
which corresponds with an approximate beam diameter of 600 um in the
samples. The beam diameter is calculated using the model for a trans-
ducer beam pattern based on its Wigner distribution as described in
[46]. The approximation corresponds with the beam diameter when the
focus is halfway through the sample, defined as the 6 dB drop in
amplitude of the transducer beam Wigner transform. The coherent re-
flections were collected from low gain signals and used to calculate the
wave speed and attenuation at each point interrogated, while high gain
signals were gathered to study the diffuse ultrasonic backscatter. Each
measurement used a scan area of approximately 4 x 20 mm? with a step

size of 0.25 mm for a total of ~ 1600 waveforms per scan. The scanning
step size was smaller than the beam diameter to improve spatial imag-
ing. While this scanning step size results in beam overlap, the length
scale of the microstructural features (<50 pm) is much smaller than the
scanning step size (250 pm) such that the beam is focused on a different
set of grains at each step.

For the wave speed measurements, the focus was placed near the
middle of each sample such that both the front wall and back wall were
clearly visible and unsaturated. The signals were collected and analyzed
following the cross correlation method [13] to calculate the corre-
sponding wave speed at each point. For the attenuation experiments, the
sample was setup such that the top and bottom surfaces were water/
metal and metal/water interfaces, the transducer beam axis was normal
to the sample’s surfaces, and the transducer was focused on the back
wall. A fused silica sample with a thickness of 9.4 mm was set up in a
similar manner to be utilized as reference. The front wall and first two
consecutive back walls were collected for each position in space. Then
the experimental diffraction correction method described by Yu et al.
[47] and Lerch and Neal [48] was used to calculate the attenuation
coefficient of the sample (see Appendix A). Diffuse backscatter mea-
surements were collected at material paths of 5 and 7 mm in the samples
to ensure that the front wall would not mask the equivalent of a pulse
width centered at the focal plane. To analyze the diffuse backscatter
signals, a time window was defined with a width of the pulse and a
location centered at the transducer focus as shown in Fig. 4(a). Because
of the spatial variation in the wave speed, the focal depth was calculated
for each spatial location using the measured wave speed. Then, the in-
tegral of the rectified waveforms normalized by the Vi, [22] in this
time window,

7= / (1), W

was calculated for each scan location, as shown in Fig. 4(b). The quantity
¢ is proportional to the energy scattered backwards into the transducer
and was mapped with respect to the sample geometry as shown in Fig. 4

(o).
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Fig. 4. Processing of backscattered diffuse field signals. (a) Wave speed dependent focus location and gate, (b) integral of the rectified waveform ¢, (¢) schematic
depicting how ¢ is mapped with respect to the scanned area, where each square is a pixel.

3. Results and discussion
3.1. Property maps

The ability of ultrasound to interrogate a wide area is illustrated in
Figs. 5-7, which show wave speed, attenuation, and diffuse backscatter
maps respectively for all the samples. Information regarding the spatial
variation of properties across each sample is easily accessible by
observing these maps, including the degree of sample homogeneity, the
overall trends in each sample, and indications of cyclic behavior
imparted by the hybrid processing. The sensitivity to this cyclic behavior
is quantified in Section 3.2.

Wave speed maps of all the samples are provided in Fig. 5. The wave

speed in a homogeneous material is proportional to its elastic properties,
which can also be related to the hardness of the material [49,50].
Furthermore, the wave speed is also known to be affected by the stress
state of the material, and the presence of residual stresses [51]. The map
in Fig. 5(a), for the wrought sample, shows that there are slight spatial
variations in the wave speed, but the sample appears uniform in com-
parison with the AM and hybrid AM samples. The average wave speed
values are shown in Table 1. In addition, a decreasing gradient in the
wave speed of the AM sample (Fig. 5(b)) can be observed along the build
direction. Such a trend is indicative of a decrease in the elastic properties
of the sample and is consistent with the measured microhardness shown
in Fig. 3. The hybrid sample wave speed (Fig. 5(c)) shows an increasing
gradient in the build direction which denotes an increase in the sample
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Fig. 6. Attenuation, « (Np/m), maps for the (a) wrought, (b) AM, and (c) hybrid AM samples. Note the differences in scale.

elastic properties. This trend is consistent with the results shown in wave speed results also indicate that the drop in hardness observed in
Fig. 3, and the reverse trend observed between the AM and the hybrid the AM sample near the build plate and the opposing AM and hybrid AM
AM microhardness data is also captured in their wave speed maps. The hardness trends are likely due to differences in the residual stress state of
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(f) 7 mm material path.

Table 1

Summary of averaged measured properties, namely wave speed, c, attenuation,
o, and normalized backscatter (¢ from Eq. (1)) for two different material paths
(MP).

¢ (mm/ps) o (Np/m) ¢(MP = 5 mm) $(MP = 7 mm)
Wrought 6.06 +0.00  1.87 +£0.05  0.059 + 0.016 0.063 + 0.016
AM 5.93 + 0.01 1.91 +0.05  0.113 + 0.030 0.122 + 0.045
Hybrid AM  6.03 + 0.01 2.23+0.09  0.103 + 0.058 0.107 + 0.048

the samples. While the AM sample is expected to be mostly in tension,
the hybrid AM process imparted compressive residual stresses in a
cyclical manner resulting in the overall reversal of the residual stress
trend despite the thermal cycles. These results follow the trends pre-
dicted by Maddireddy et al. [6] and observed by Sealy et al. [8] and
Kalentics et al. [7]. Multiple factors affect the wave speed measurements
in competing ways. The accumulation of dislocations, and formation of
fresh and tempered martensite are expected to lower the wave speed
[50,52,53]. The presence of multiple phases, grain refinement, and
compressive residual stresses result in faster wave travel times [50-56].
The results obtained in this study indicate a strong influence of the local
and global residual stress state on the wave speed measurements.

The attenuation maps for all the samples are shown in Fig. 6. For
homogeneous materials, both the attenuation and the diffuse backscatter
amplitude are related to the microstructure morphology [15-22]. Also,
because of the Hall-Petch relationship and the influence of compressive
strength on the hardness of metals, smaller grains are expected to yield
higher hardness while larger grains are expected to result in lower
hardness [57]. The attenuation of the wrought sample, shown in Fig. 6
(a), is the most uniform throughout with an average of 1.87 & 0.05 Np/m.
The AM sample attenuation map in Fig. 6(b) shows the attenuation of this
sample away from the edges (an artifact of edge effects) is also mostly
uniform, with an average of 1.91 £ 0.05 Np/m. A direct comparison to
published attenuation values is difficult due to the microstructure
complexity. However, Kumar et al. [52] reported an attenuation of 8.29
Np/m at 15 MHz in a 9CrMo ferritic steel with microstructural features of
a similar order of magnitude (30 pm) in a 9CrMo ferritic steel with
microstructural features in a similar order of magnitude. The slight
discrepancy in results is attributed to material and microstructure dif-
ferences. Theresultsin Fig. 6(a) and (b) suggest that the microstructure of
these samples is mostly homogeneous, despite the known heterogeneity
introduced by the AM process and shown in Fig. 2. The higher attenuation
of the AM sample also suggests that its average grain diameter is larger

than that of the wrought sample. This result may be due to the consid-
erable elongation present in the AM sample [58] and the effect of the
prior austenitic grain boundaries as shown in Fig. 2 (h) and (i).

The attenuation map of the hybrid sample in Fig. 6(c) exhibits a
pronounced cyclic behavior which is primarily attributed to micro-
structural changes imparted by the hybrid process. The lower attenua-
tion regions in this map are likely due to the drastic grain refinement
that occurs at the hybrid layer interface as seen in Fig. 2(c). The trend
and cyclic behavior observed in the hybrid AM sample map are also
consistent with the microhardness results shown in Fig. 3. This cyclic
behavior is quantified in Section 3.2.

Diffuse backscatter maps, ¢ from Eq. (1), for all samples are shown in
Fig. 7 for two different material paths, namely 5 (Fig. 7(a)-(c)) and 7
mm (Fig. 7(d)-(f)). The maps corresponding with the wrought sample
show the least spatial variation and the lowest amplitude, both in each
plane and across both material paths. The maps of the AM sample show
increased spatial variation and higher backscatter amplitude in each
plane, as well as higher variation across material paths. Finally, the
hybrid AM sample maps show the highest spatial variation due to re-
gions of high and low amplitude, as well as variation across material
paths. At first glance, the high amplitude regions in the AM and hybrid
AM maps could be attributed to the presence of voids or porosity rather
than to drastic microstructural differences. However, when the AM and
hybrid AM maps are thresholded as in [26] and the areas above the
threshold are quantified as a percent of the total area, these regions
account for 2-22% of the area. This percentage range is high in com-
parison with the measured averaged porosity for hybrid AM 420 stain-
less steel samples (<2%). Therefore, the variations in amplitude are
more likely to be indicative of the microstructural heterogeneity.
Furthermore, the cyclic behavior and trends observed in the coherent
measurements are not evident in these maps. Both diffuse backscatter
and attenuation depend on the microstructure. However, attenuation is
a metric associated with the energy lost from the coherent wave due to
scattering in all scattering directions. Thus, it is more indicative of the
average microstructure through the entire thickness of the sample. On
the other hand, the normal incidence diffuse backscatter response is a
metric associated with the scattering near the focal depth in the back-
ward direction. Various local volumes of material throughout the
thickness of the sample may be quantified by employing different ma-
terial paths with a focused beam transducer. For these reasons, diffuse
backscatter measurements offer a more localized description of the
microstructure, while attenuation measurements better depict the
average characteristics of the bulk.
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The amplitude of the diffuse backscatter can be influenced by many
factors including microstructure morphology, phases, orientation, and
stress state [18-26,58,59]. The complex microstructure morphology of
these samples shown in Fig. 2 is also highlighted. Additionally, the LP
process is expected to introduce dislocations in the microstructure of the
steel, promoting grain refinement [8]. Furthermore, while such char-
acterization was beyond the scope of this work, AM materials are known
to exhibit preferential grain orientations as well as residual stresses that
often result in part deformation and failure [3]. The LP process also
imparts compressive residual stresses on the worked surfaces, further
complicating the stress state of the hybrid AM sample [8]. Given all of
these effects, the variation seen in the diffuse backscatter maps is not
surprising. Likewise, these maps indicate that the diffuse backscatter
measurements are more sensitive than the coherent measurements to
the aforementioned effects and provide additional information related
to the heterogeneity of these samples.

A quantitative summary of the property maps shown in Figs. 5-7 is
provided in Table 1. As expected, in all cases the wrought sample ex-
hibits the lowest property variation, while the hybrid AM sample shows
the highest variation. In terms of the wave speed, the average wave
speed of the AM sample is lower than that of the wrought. The hybrid
process results in an increase in average wave speed with respect to the
AM process alone. The average attenuation of the AM sample is also
higher than that of the wrought sample, while the hybrid AM sample
exhibits the highest average attenuation. Both of these results are
consistent with the microhardness trends in Fig. 3. Finally the average
backscatter amplitude, ¢ from Eq. (1), shows consistent results in both
material paths, with the wrought sample having the lowest average
magnitude, and the AM sample having the highest.

3.2. Comparison between destructive and nondestructive measurements

The overall agreement between destructive and nondestructive
measurements is clearly displayed in Fig. 8, which shows the average
and standard deviation of wave speed and attenuation by column along
with the microhardness data. As shown in Fig. 8(a), the wave speed
follows the microhardness trend and the cycles observed in the wave
speed data coincide with the microhardness peaks. In Fig. 8(b) the
attenuation trend is shown to oppose the microhardness trend, as ex-
pected. Along the build direction, the attenuation decreases as the
microhardness increases, due to microstructure refinement in the re-
gions of lower attenuation. The peaks in the attenuation also coincide
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with the valleys in microhardness, which are indicative of locations with
larger average grain diameter. The diffuse backscatter, ¢, is not shown
because it did not exhibit an explicit trend or behavior (Fig. 7).

To quantify the resolution of ultrasound nondestructive measure-
ments and microhardness measurements, the length of each visible cycle
was determined for each measurement as the distance between the
observable valleys in each measurement curve. The mean cycle length
for all measurements as well as the percent error in comparison with the
nominal distance between hybrid cycles (1.5 mm) is summarized in
Table 2. Note that due to the limitations imposed by the microhardness
measurement only the resolution along the build direction is meaning-
ful. While the microhardness had the lowest variability of all measure-
ments, the results of wave speed and attenuation were comparable to the
microhardness resolution, and all measurements were within a margin
of about 1% error from the nominal value.

Ultrasound nondestructive measurements are shown to be as effec-
tive at tracing the property changes along the build direction as well as
the microhardness measurement for hybrid AM samples. Additionally,
diffuse backscatter field measurements provided increased sensitivity to
sample heterogeneity. Ultrasound measurements also have the advan-
tage of being faster to collect, which allows for the rapid creation of
property maps.

Nonetheless, these measurements also have limitations. Wave speed
and attenuation measurements rely on controlled sample surface
roughness and accurate knowledge of the geometry. It is possible that
the surface roughness and/or geometry uncertainty of as-printed sam-
ples would limit the observation of the measured property changes.
Different hybrid processing may impart property gradients that are more
or less drastic, therefore resolvable, than those reported in this study.
The resolution of the measurements is also dependent upon the ultra-
sonic beam parameters. If the cyclic property changes are much smaller
than the beam diameter they may be undetected. In the case of the
hybrid AM sample studied here, this limitation was not encountered

Table 2

Comparison of measurement resolution.
Measurement Estimated Hybrid Cycle Length (mm) % Error
Microhardness 1.49 £+ 0.10 0.7
Wave Speed 1.50 + 0.19 0.0
Attenuation 1.48 £ 0.14 1.3
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Fig. 8. Ultrasonic nondestructive measurements and microhardness results along the build direction of the hybrid sample. The shaded regions indicate the standard

deviation of each metric.
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because the hybrid process was imparted approximately every 1.5 mm.
Further limitations can be encountered due to the homogeneity
assumption that often arises in ultrasound theory. The results shown
here indicate that this assumption is insufficient to represent AM and
Hybrid AM materials. While the limitations of the measurement are
acknowledged, the ability to resolve the property gradient nondestruc-
tively is still an encouraging result with applicability for various hybrid
processes in AM.

4. Conclusion

This study aimed to evaluate the sensitivity of ultrasound measure-
ments to detect property changes in AM and hybrid AM samples
nondestructively. For this purpose, wave speed, attenuation, and back-
scatter measurements of wrought, AM, and hybrid AM samples were
collected perpendicular to the build direction and compared with
Vickers microhardness (i.e., destructive) measurements gathered along
the same direction. Relevant microscopy was also obtained for verifi-
cation. The coherent ultrasound nondestructive measurements collected
were shown to agree with the spatial fluctuations observed in the
destructive measurements. The nondestructive and destructive methods
detected the cyclic property changes in the hybrid AM sample with
comparable resolution. Wave speed measurements showed a reversal in
trend between the AM and the hybrid AM sample, which is attributed to
the changes in residual stress state imparted by the hybrid process.
Furthermore, diffuse ultrasound backscatter measurements displayed
increased sensitivity to the heterogeneity in the samples. These results
highlight the potential of localized ultrasound as a rapid and accessible
nondestructive characterization method for hybrid AM samples. Addi-
tional studies may evaluate ultrasound sensitivity with respect to

Appendix A
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varying periodicity of different hybrid processes to explore the limita-
tions of these nondestructive methods in resolving the property changes
imparted. Incorporating modeling of heterogeneous domains in ultra-
sound theory is also an important step in understanding the information
provided by diffuse backscatter measurements.
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Using the experimental diffraction correction method described by Yu et al. [47] and Lerch and Neal [48], the attenuation coefficient of a sample

may be calculated as:

1 B, (@w)R,(1 —Rf
“ =" (#ﬁl—m?)“" Carler =2))

(A1)

where q; is the attenuation in the sample, z; is the sample thickness, B.(w) is the amplitude of the first back wall reflection of the reference sample,
Bg(w) is the amplitude of the first back wall reflection of the sample, R is the sample reflection coefficient, R, is the reference sample reflection
coefficient, ay is the attenuation in the fluid, and, z5 — 25 is the difference between the water paths used for the sample and reference sample.

To calculate the attenuation coefficient, the authors used the measured average wave speed and density of all samples and theoretical values for
water to calculate the corresponding reflection coefficients. The authors also assumed a theoretical value for the attenuation in water.
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