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Additive manufacturing (AM) for fabricating 3Dmetallic parts has recently received considerable attention. Among the emerging
AM technologies is ultrasonic additive manufacturing (UAM) or ultrasonic consolidation (UC), which uses ultrasonic vibrations
to bond similar or dissimilar materials to produce 3D builds. +is technology has several competitive advantages over other AM
technologies, which includes fabrication of dissimilar materials and complex shapes, higher deposition rate, and fabrication at
lower temperatures, which results in no material transformation during processing. Although UAM process optimization and
microstructure have been reported in the literature, there is still lack of standardized and satisfactory understanding of the
mechanical properties of UAM builds. +is could be attributed to structural defects associated with UAM processing. +is article
discusses the effects of UAM process parameters on the resulting microstructure and mechanical properties. Special attention is
given to hardness, shear strength, tensile strength, fatigue, and creep measurements. Also, pull-out, push-out, and push-pin tests
commonly employed to characterize bond quality and strength have been reviewed. Finally, current challenges and drawbacks of
the process and potential applications have been addressed.

1. Introduction

Historically, ultrasonic welding of metals has been in ex-
istence since the 1950s for welding battery tabs, and thin foil
for packaging application and for electronic wires [1]. Ul-
trasonic additive manufacturing (UAM) or ultrasonic
consolidation (UC) process was invented and patented by
Dawn White [2]. In 1999-2000, White founded Solidica Inc.
[3] in order to sell commercial UAMmachines. UAM or UC
is a solid-state technology for joining similar or dissimilar
materials (usually metal foils) near room temperature by
bonding them together layer by layer with ultrasonic vi-
brations under pressure to form 3D as-built parts [4]. +e
working principle of this technology is simple, and Figure 1
illustrates the UC process and setup components. A typical
UAM system consists of a two ultrasonic transducers
(frequency up to 20 kHz each) which transmit vibrations to a
disk-shaped sonotrode in order to create solid-sate weld.

Figure 2 demonstrates the steps involved in attaining a
high-strength bond via UAM.+e process begins with laying
a metal base plate and pressing a thin metal foil on it [1, 5].
High-frequency ultrasonic vibrations are applied in order to
scrub the mating faces while keeping a constant force [1].
+e ultrasonic motion causes shearing, which cleans off the
surface oxides via friction to allow direct metal-metal
contact. Also, this shearing process leads to generation of
dynamic interfacial stresses between the contacting surfaces
[2]. Plastic deformation and recrystallization at the bond
interface result in a high-strength metallurgical solid-state
bond [1]. Kong et al. [6] suggested that the mechanism of
this solid-state bonding can be classified into two: First is the
volumetric bonding, which is associated with the elastic and
plastic deformation due to acoustic and thermal softening
[7]. Microstructural analyses have shown that plastic de-
formation plays an important role in facilitating the onset of
bonding [8, 9]. Second is the surface bonding, which is
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associated with interfacial friction and shearing that breaks
up the oxide layers [10]. UAM operates at temperatures
much lower than the melting temperatures of the starting
materials, usually 0.3–0.5 Tm. Melting is avoided and voids/
defects associated with high temperature are eliminated [11].
With this attribute, bonding of dissimilar materials becomes
feasible, and the properties of each building martial are
retained. Similar and dissimilar builds via UAM such as Al-
Al [10, 12–15], Al-Ti [16], Al-NiTi [17], Al-SiC [18, 19], Al
with embedded dielectric materials (inks used in printed
electronics industry) [20], low carbon steel [21, 22], and Al-
shape memory alloy (SMA) [23] have been reported in the
literature so far.

Similar to other additive manufacturing processes, the
UAM process is accompanied with periodic machining in
order to obtain the final geometry. However, only a small
amount of machining is required since UAM produces a
near-net shape build. For this reason, UAM is sometimes
referred to as hybrid additive/substantive manufacturing
[24]. Compared with the conventional CNC machining,
only a little waste or scrap is formed because of machining
after UAM. Figure 3 shows the difference between con-
ventional CNCmachining, which starts with a large box, and
UAM, which starts with a thin metal sheet and ends up with
little or no scrap. To compare UAM with other AM tech-
niques, the next section discusses the competitive advantages
of UAM over other AM processes.

2. UAM versus Other AM Technologies

UAM as a solid-state process commands several advantages
over other available AM techniques. For instance, most
AM processes require a certain level of material phase

transformation starting from feedstock to the near-net shape
geometry [3]. +is limits the range of materials that can be
deposited. Compared to UAM, layer deposition is achieved
using solid-state bonding. Metallurgical bonds between
layers are achieved ultrasonically without generating molten
metal at the interface [3], and this allows for a wide range of
similar and dissimilar materials to be deposited. Also, UAM
has a higher deposition rate as compared to other AM
processes because of the lower heat input per deposited
volume and faster heat dissipation [3, 25]. Due to the solid-
state bonding in UAM, residual stresses and distortions are
significantly reduced compared to direct metal deposition,
which involves liquid-solid transformation. +e high re-
sidual stresses are as a result of the rapid heating-cooling
thermal cycle during processing [26]. In an ideal AM
process, the stress field is much more complicated due to the
number and pattern of the heat source and heat transfer. For
AM parts, high tensile residual stresses are usually on the
surface of the metal build, which could affect the mechanical
properties. +e effect of these stresses could be mitigated via
in-process or postprocess methods [26]. In terms of ap-
plications, complex geometries such as internal channels and
voids can be fabricated using UAM. +is has been explored
for applications such as 3D channels for microchannel
cooling and cooling channels for molds. Also, during UAM
processing, the building process can be interrupted and
subsequent machining can be performed [24]. +is is ex-
tremely difficult while using other manufacturing tech-
niques. Another key contrast between UAM and other
techniques is the embedment of materials such as optical
fibers into metallic components. For instance, embedding
SiC fibers and single-mode (SM) optical fibers into Al3003
and Al6061matrices has been successfully reported by Li and

Figure 1: UAM process and components illustration by Fabrisonic© [1].
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Figure 2: Steps in attaining high-strength bonds via ultrasonic consolidation [1].

2 Advances in Materials Science and Engineering



Soar [27]. +is is not possible with other AM techniques
because of the high temperature during processing. It is
worth noting that achieving these advantages via UAM
requires understanding of different process parameters and
their impact on resulting microstructures and properties.
+e next section highlights some of the important UAM
process parameters.

3. UAM Process Parameters

+e formation of high-strength and quality bond during the
UC process is dependent on the process parameters
employed. Among the most influential process parameters
are normal force (N), amplitude (μm), speed (mm/s), and
temperature (°C). An important component that influences
these process parameters is the sonotrode which comes into
direct contact with the materials and provides the necessary
energy for bonding [24]. It provides uniform load and vi-
bration to the parts bonded ultrasonically. Sonotrodes are
usually made of titanium, aluminum, or steel with varying
surface finish intended for different applications. For in-
stance, sonotrode made of steel has an average surface
roughness (Ra) of 5.2 μm [20] and is used for low-amplitude
applications where hardness is required. Titanium is the
most used due to the low loss of vibration and high strength,
while aluminum, which is usually coated with chrome or
nickel, is employed to reduce wear [24]. +e most important
variable UAM parameters are discussed below.

3.1. Normal Force (N). Normal force, sometimes referred to
as “pressure,” is the downward force applied by the sono-
trode onto the mating surfaces and can range from 100N to
9000N depending on the build materials.+is constant force
provides intimate contact between the building materials
during processing and facilitates the plastic flow [8]. With
the synergy between the force and ultrasonic oscillations,

dynamic stresses are generated which are necessary for oxide
removal and plastic flow [8]. Friel and Harris [28] stated that
the higher the pressure, the larger the bonding area, which
translates to a lower void volume. Depending on the ma-
terial, too high pressures will lead to larger levels of de-
formation and excessive stresses [6, 29]. Consequently, too
low pressure will cause insufficient deformation and contact
between the build materials, thus leading to a weak bond.
+erefore, an optimum force (pressure) is necessary for
quality bond with no or minimal number of voids.

3.2. Amplitude (μm). Amplitude, which could normally
range from 10 to 50 μm, is the sonotrode longitudinal os-
cillatory displacement which controls the interface thick-
ness, density of the bonded area, and the size of the deformed
area [30]. Powers and Jones [31] stated that the amplitude
dictates the amount of plastic deformation between the
building materials. Also, the higher the amplitude, the
higher the energy generated into the building material in-
terface [14, 23, 32], which translates to better bonding quality
and strength. However, extremely high amplitude results in
breaking of already formed bonds due to excessive stresses.

3.3. Speed (m/s). Speed is the sonotrode motion across the
workpiece during processing and could range from 1mm/s
to 100mm/s [20]. +e speed determines the length of time
the material under the sonotrode will undergo compression
and oscillation [24]. Also, the energy delivered to the
workpiece is inversely proportional to the speed employed.
For instance, Kong et al. [33] stated that at a given contact
force and amplitude, decreasing the speed (from 38.8 to
27.8mm/s) increased the energy to the build material, which
leads to higher levels of strain hardening. However, in
another work by Kong et al. [34], they showed lack of
sufficient bonding when the speed was increased from 34.5
to 43.5mm/s.
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Figure 3: Difference between conventional CNC and UAM processes [1].
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3.4. Temperature (°C). Substrate temperature is another
process parameter which could affect the bond quality as
reported by various researchers [14, 17, 29, 35, 36]. During
processing, the temperature of the substrate/part can be
increased from the ambient condition. George and Stucker
[37] mentioned that employing a higher temperature during
processing results in denser and stronger bonds. +is
temperature increase is dependent on the build materials,
and careful selection is necessary, especially for dissimilar
materials. Table 1 summarizes typical process parameters
employed for building different materials by various authors.
It can be said from Table 1 that the selection of process
parameters is dependent on the build material(s). For in-
stance, a lower substrate temperature is selected when
building SMA NiTi with aluminum [17], whereas a higher
substrate temperature is selected for building similar ma-
terials such as 4130 steel [21]. As mentioned previously, the
energy transferred to the workpiece is controlled by varying
other process parameters as well.

UAM energy applied during processing is related to the
quality of bond formed and can be quantified using
the linear weld density (LWD) approach [12, 42]. LWD is the
length of a particular interface that appears to be bonded
divided by the total length of the interface inspected [12], as
shown in equation (1). Bonded interface length refers to the
actual length, whereas total interface length refers to the
apparent length measured.

% LWD �
bonded interface length
total interface length

× 100. (1)

In order to have sound bond quality, LWD must be kept
as high as possible. Typically, UAM parts have LWD ranging
from 45 to 95% [12]. Lower values are associated with lower
UAM energies, which produce weaker bonds [42]. Param-
eters such as speed, amplitude, substrate temperature, and
normal force have been associated with LWD [5]. For in-
stance, Janaki Ram et al. [5] studied the effect of process
parameters on the bond formation of Al3003 during UC.
Using design of experiments (DoE), they [5] obtained an
optimum combination of parameters based on preliminary
experiments, machine setting limits, and available literature
data. Four process parameters, varied at four different levels,
were considered, as shown in Table 2. Taguchi L16 or-
thogonal array shown in Table 3 was employed to determine
the effect of each process parameter, and a total of 16 ex-
perimental runs were carried out.

Based on Taguchi DoE, they [5] maintained one factor as
fixed while varying the other three parameters. For instance,
for each value of amplitude, three sets of the other pa-
rameters (speed, force, and temperature) are used as shown
in Tables 2 and 3. However, the % LWD results were pre-
sented in [5] as average of values measured at different
parameters as indicated by the empty-square symbol in
Figures 4(a) and 4(b). +is unfortunately can be misleading
because average values are not representative of the data
obtained in these experiments, as can be seen in Figures 4(a)
through 4(d). In these figures, the actual data for the 16
experiments were obtained from Yang et al. [43]. In our

article, statistical analysis was performed and is discussed
below. Relying on the average values, Janaki Ram et al. [5]
attributed changes in % LWD to varying a single parameter,
such as saying that increasing the amplitude from 10 to
16 μm increased the % LWD. However, this cannot be
concluded from the data shown in Figures 4(a)–4(d).
Nevertheless, since their work [5] is based on Taguchi DoE,
different information can be obtained from the results as
discussed below.

Using the available data from [43], the percentage
contribution of each process parameter was calculated as
shown in Figure 4(e). It can be seen that amplitude had the
highest contribution followed by temperature. Force had the
least contribution, which is half the contribution of tem-
perature. Also, the mean value of signal-to-noise ratio (S/N)
was evaluated. Since higher % LWD is desirable, larger is
better option was selected for this analysis, and the results
are presented in Figure 4(f). Similar to the percent con-
tribution, amplitude showed the highest S/N ratio between
30 and 36 dB (Δ� 6) followed by temperature, which had an
S/N ratio between 31 and 36 dB (Δ� 5). Speed had the least S/
N ratio from 32 to 34 dB (Δ� 2). +is means when attrib-
uting the changes in % LWD to any parameter, these average
contributions have to be kept in mind. For instance, when
the authors [5] mentioned that increasing the substrate
temperature increases the LWD, the contribution of am-
plitude in this increase is much higher than that of tem-
perature. +erefore, it cannot be attributed to the speed only
as presented in [5]. +e same goes for the other parameters,
even for the effect of amplitude because in this case, the effect
of changing the other parameters contributes around 60% in
varying % LWD.

As expected, the resulting microstructure and me-
chanical properties would be affected by the UAM process
parameters. For this reason, a significant part of the liter-
ature on UAM paid more attention to optimization of the
process parameters [29, 34, 40, 44] and microstructural
analyses [12, 22, 28, 45, 46] of the as-built part. +e mi-
crostructural analyses provide substantial information about
the bonding mechanism, grain refinement, and defects,
which are highlighted in the next section. To date, extensive
and universally accepted mechanical properties and char-
acterization procedure of UAM printed parts could not be
found in the literature. Even though properties such as
micro/nano-hardness, strength (shear and tensile), and fa-
tigue behavior have been reported, more research is still
needed in order to fully understand the mechanical prop-
erties of UAM builds. +is is discussed in more detail in
Section 5 of this article.

4. Microstructure

Considering the fact that there are no material transfor-
mations associated with UAM, one would expect the
constituent materials to retain their properties and micro-
structure. For this reason, most part of the literature re-
garding microstructure of UAM builds focused on the
interface between the bonds. Also, one could argue that
inhomogeneity would exist in the microstructure, especially
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at the bonds. +us, to understand the bonding quality and
mechanism of UAM builds, microstructural investigation is
paramount. +is aids in understanding the fundamental
processes during UAM. For instance, Fujii et al. [47] ob-
served the microstructures of the unbonded and bonded
interfaces of Al6061 build using bright-field TEM, as shown
in Figure 5.

Figure 5(a) shows asperities that are in direct physical
contact between the top and bottom surfaces of the build
materials. +ese micro-asperities are compressively de-
formed by applying load (force), which consequently leads to
microbond formation as shown in Figure 5(b). During the
microbond formation, the asperities are softened and crushed
under high-strain-rate deformation due to ultrasonic vibra-
tions [47]. With continuous softening and crushing, significant
amounts of microbonds are formed across the interface, as
shown in Figure 5(c). Some amount of oxide films are still
visible but are dispersed around the interface because of friction
and plastic flow. +rough the dispersion of oxide films, direct
contact between the mating surfaces is achieved, and full
metallurgical bonds are formed as shown in Figure 5(d). Fi-
nally, they [47] reported that the originally elongated grains
were replaced by the newly developed fine equiaxed grains.
Sriraman et al. [36] also observed formation of equiaxed grains
in the copper build.+ey [36] showed that the relatively coarse
grain size of 25μm in the as-received foils is reduced to a finer
and more uniform grain size of 0.3 to 10μm. +e finer grains
occur due to recrystallization and movement of grain
boundaries across the interface [36].

+e presence of voids at the interface is one of the most
widely reported features, and this determines a partially or
fully bonded interface. For instance, Hopkins et al. [14]
observed voids at the interface of Al3003 build, as shown in
Figure 6. +ey [14] reported that three distinct features were
observed at the interface: areas with large voids, areas with
small crack-like voids and partial bonding, and areas where
there are no observable voids, which are assumed to be fully
bonded.

Janaki Ram et al. [5] also classified these voids (defects)
observed in Al3003 build into three different morphologies,
as shown in Figure 7. +ese are line defects, parabola-like

defects, and point-like defects, which are designated as D1,
D2, and D3 in Figure 7. +ey [5] linked the presence of these
defects to the UAMprocessing parameters. Line defects were
observed in specimens having very low % LWD, deposited
using low amplitude and/or normal force. Parabolic defects
are associated with the medium or medium-to-high weld
density levels, while point defects were observed with
specimens with very high weld density levels [5]. Similar
observations have been reported on Al6061-H18 [13] and
4130 steel/steel parts [21].

Generally, the presence of these voids (line, point, and
parabolic) is associated with the sonotrode that rolls over
several layers [5, 12, 32, 46]. For instance, the first layer

Table 1: UAM process parameters used by several authors.

Build material Force (N) Speed (mm/s) Amplitude (μm) Substrate temperature (°C) Refs.
Al2024 2500 46 24 120 [35]
Al3003 O/Al3003-H18 1400 42.3 19 149 [38]
Al3003-H18/Al1050-H14 1600 20 25 — [20]
Al3003/Al3003-H18 1450–1900 28–40 10–19 24–149 [5]
Al3003-H18/Al3003-H14 600–1000 18–26 42–64 149 [14]
Al1100-O/CP Ti 3500 25.4 41.55 200°F [39]
Al3003-H18/CP Ti 1750–2000 10.58–23.70 16–28 300°F [40]
Al6061-H18 5000 85 35 75 [13]
Al3003-H18 5600 35.6 26 — [41]
NiTi/Al6061 6000 84.6 32.76 22 [17]
NiTi SMA/Al3003-H18 138 kPa ≤34.5 8.4–14.3 — [23]
Cu/Al3003-H18 6700 30 36 25 [36]
SiC/Al3003 1400–2000 25–42 10–20 66–177 [29]
Al6061-H18 5000 84.7 35 75 [15]
4130 steel 6000 21 30.87 204 [21]

Table 2: Process parameters and levels selected [5].

Parameter Label Level 1 Level 2 Level 3 Level 4
Amplitude (μm) A 10 13 16 19
Speed (mm/s) B 28 32 36 40
Force (N) C 1450 1600 1750 1900
Temperature (°C) D 24 66 107 149

Table 3: Taguchi L16 experimental matrix [5].

Run# A B C D % LWD∗

1 1 1 1 1 18
2 3 4 2 1 55
3 4 2 3 1 67
4 2 3 4 1 25
5 2 4 3 2 32
6 4 1 4 2 76
7 1 2 2 2 24
8 3 3 1 2 55
9 2 1 2 3 60
10 1 3 3 3 50
11 4 4 1 3 36
12 3 2 4 3 57
13 4 3 2 4 70
14 3 1 3 4 90
15 2 2 1 4 60
16 1 4 4 4 42
∗Average % LWD from [5].
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bonded on the substrate usually leaves a roughened surface
due the sonotrode motion [5]. +e next layer to be applied
has a relatively flat bottom (smooth surface) which comes in
contact with the roughened surface of the first layer. +is

creates a mismatch between the smooth and rough surfaces
and results in weak bonds with many voids [5]. A similar
explanation was given by Levy et al. [21] where they at-
tributed the defects to the presence of oxides on the foil
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Figure 5: Bright-field TEM images of (a) unbonded region, (b) partially bonded region, (c) bonded region with residual oxide film, and (d)
completely bonded region [47].

300μm

(a)

300μm

(b)

Figure 6: Macrographs of Al3003 build showing voids at the interface [14].
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surface and the roughened top surface. At this point, one
would imagine that UAMbuilds are not defect free andmore
work is needed in order to fabricate defect-free builds or, at
the very least, mitigate the formation of voids. To tackle the
issues of voids during processing, postprocessing, such as
heat treatments using spark plasma sintering (SPS)
[11, 21, 39, 48] and hot isostatic press (HIP) [11, 21], has been
employed. For instance, Levy et al. [21] employed both SPS
and HIP in order to minimize the multiple defects observed
in 4130 steel/steel build. Figure 8 shows the SEM micro-
graphs of a cross-sectional view of the 4130 steel build before
and after SPS. From Figures 8(a) and 8(b), it can be seen that
as-built condition had discontinuities and large number of
defects. After SPS treatment (Figures 8(c) and 8(d)), the
specimens showed relatively small discontinuities and small
rounded void. +e SPS also showed less voids as compared
to the HIP, which had larger discontinuities. +is indicates
that posttreatments of UAM builds are necessary in order to
avoid significant loss of material properties due to the
presence of voids. Using other techniques such asmicrowave
sintering could produce interesting results, since microwave
has been used successfully to produce fully dense materials
similar to SPS [49]. Optimum heat treatment parameters
must be selected carefully in order to avoid grain growth
near the bonding interface. Also, posttreatment of dissimilar
materials could be a challenge at different temperatures,
especially if each material reacts differently with tempera-
ture. Here, more fundamental studies are needed to address
this challenge.

5. Mechanical Properties

Since UAM or UC fabricates 3D products by adding thin
layers (as thin as ∼0.125mm) one on top of the other
through joining them using ultrasonic vibration, the me-
chanical properties of the as-built parts will be influenced by
the quality and characteristics of the interface between the
layers.+e interfacial bonding is usually betweenmetal foils/
tapes [12] where metal-metal contact under pressure results
in plastic deformation, dispersion of oxides, and collapse of
asperities [21]. For enhancedmechanical properties, a strong
continuous interfacial bonding is paramount [21]. Different
levels of properties could be achieved by carefully selecting
the processing parameters. +e variation in mechanical

properties of UAM as-built parts is dependent on the ma-
terials, building direction, postprocessing treatment, and
presence of void/defects. As mentioned in Section 4, defects
in UAM as-built parts are usually located at the interface
between the layers. Lack of bonding [12] and fusion [50] are
internal defects that are classified as the most common
imperfections that affect the properties of the build. +ese
defects have detrimental effects on themechanical properties
of the finished parts. +ey reduce the load-bearing capacity
and create stress concentrations in the vicinity of the defect.

Surface finish or roughness, which serves as a prefer-
ential site for crack initiation and propagation [51], affects
the surface properties of the as-built parts significantly.
Obviously, a smooth surface yields better fatigue properties
compared to a rough surface [50, 51]. In additive
manufacturing, parts usually suffer from poor surface
quality (rough surface), which limits their fatigue behavior/
performance [52]. Building direction is another factor that
significantly influences the mechanical properties of the
UAM as-built part. Properties such as hardness and strength
have been reported along X-, Y-directions or transverse/
longitudinal directions [12] and the Z-direction (building
direction). For instance, the UAM as-built strength is sig-
nificantly reduced when loaded normal to the Z-direction,
which is attributed to the presence of defects [13, 53]. X- and
Y-directions have shown relatively similar properties [13],
and sometimes these directions are used interchangeably
[15]. Producing repeatable and robust joints is still a chal-
lenge for UAM [21]. +us, the need to enhance the me-
chanical properties of these joints is paramount. Postprocessing
(posttreatment) has been found to enhance the mechanical
properties and structural homogeneity [21] of UAM as-
built parts and has received considerable attention
[11, 13, 39, 48, 53]. Postprocessing (treatments) using spark
plasma sintering [11, 21, 39, 48], hot isostatic pressing
[11, 21], and solutionizing and aging [13] have been explored
so far. +ese posttreatments heal the interface defects, im-
proving the mechanical properties [21]. Properties such as
hardness, shear and tensile strength, and fatigue of UAM
builds are discussed in the following sections.

5.1. Hardness. Hardness is one of the important properties
of UAM as-built parts. +is property is significantly influ-
enced by the process parameters, postprocessing, and mi-
crostructure (grain refinement). For instance, it is known
that fine microstructure is usually associated with an in-
crease in hardness. As mentioned earlier, this is due to
plastic deformation encountered during the UAM process,
which refines the microstructure across the interface region.
For instance, Schick et al. [12] reported the microhardness of
as-built UAM Al3003 which was fabricated using both tape
(H18, 150 μm thick, 25.4mm wide) and substrate (H14,
more than 12.7-mm-thick plate). Using a 25-g load and a 13-
s dwell time, the average microhardness of the UAM foils
increased almost 15% from 64.5± 2.7HV for the original
foils to 73.7± 1.9HV for the as-built. +is was attributed to
the modified microstructure. Similar observations were
mentioned in the work of Li and Soar [27] where they

Figure 7: Microstructure of Al3003 showing line (D1), parabolic
(D2), and point defects (D3) [5].
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successfully embedded SiC fibers and single-mode (SM)
optical fibers into Al3003 and Al6061 matrices using ul-
trasonic consolidation. +eir [27] results showed that the
UC process increased the hardness of alloy matrices, es-
pecially at regions close to the fibers. +e work-hardening
effect obeyed the Hall–Petch relationship for both grains and
sub-grains. Li et al. [20] studied the feasibility of embedding
electrical materials (inks widely used in the electronics in-
dustry) within metal matrices by UAM. To create the metal
matrix, a 100 μm thick Al3003 was welded on to a 5mm thick
Al1050-H14. +ree different dielectric materials (Commercial
inks, LuxPrint® 8153 from DuPont™, 520 Series Soldermask
made by Technic, and Imagecure® AQ XV501T-4 of
Sunchemical®) were embedded into UAM-fabricated Al metal
matrices, and the effect of these dielectric materials on Knoop
hardness was reported. After printing, they [20] demonstrated
Knoop hardnesses of 12.1 HK/0.01 kg, 23.0 HK/0.01 kg, and
27.3 HK/0.01 kg for 8153, XV501T-4, and 520 series dielectric
films, respectively. Moreover, they [20] pointed out that
varying dielectric thickness had no significant effect on the
Knoop hardness. For instance, 8153 dielectric film with
thicknesses of 43, 45, 48, 50, and 54μm showed no significant
differences in the Knoop microhardness. It can be said that the
variation in thickness (for 8153 dielectric film) is within a small
margin; however, thickness in the range of millimeters might
show a significant difference.

+e effect of postprocessing/treatments on hardness has
also been reported in the literature. For instance, Levy et al.
[21] studied the suitability of manufacturing low-alloy
carbon steel using UAM and the effect of posttreatments on
the properties. SPS and HIP posttreatments were conducted
after fabrication, and the microhardness of the as-built, SPS,
and HIP treated conditions was reported. +e as-built
showed average hardness of 206± 20HV, and HIP showed
hardness of 153± 9HV. SPS showed variation in

microhardness along the Z-direction (height) from 159 to
443HV, as shown in Figure 9.

Generally, heat treatment improves hardness, but the
HIP showed the opposite trend.+is could be due to the long
heating time which resulted in significant grain growth,
leading to reduced hardness. SPS showed higher hardness,
and this can be attributed to the short heating time and
preservation of the structure of the material [54, 55]. +e
variation in microhardness across the depth of the SPS is due
to the specimen top surface contact with the graphite punch,
which resulted in carburization [21]. More work is needed in
order to optimize the postprocessing conditions, especially
for the HIP process. Other heating methods such as mi-
crowave heating might be interesting since it also produces
relatively dense materials under controlled conditions
compared to other conventional techniques [49].

5.2. Peel Test. Peel tests primarily provide measurements of
the adhesive strength of tape, glue, or bonded surfaces [12].
Peel test is one of the techniques used in optimizing the
process parameters involving joining of tapes. However,
these tests do not provide the bulk mechanical properties
required for the design of UAM parts. In this case, bulk
mechanical properties such as ultimate shear and tensile
strength after UAM processing must be accounted for.
Despite the known limitations and capabilities of peel
testing, researchers still employ this technique to quanti-
tatively assess the bond quality [6, 18, 32–34, 37]. For in-
stance, Li and Soar [18] reported the peel strength properties
of continuous SiC fibers embedded in an Al6061-O matrix
through ultrasonic consolidation at room temperature. +ey
[18] mentioned that after embedding ≥0.8% volume fraction
of SiC in the Al matrix, the peel strength increased signif-
icantly. For instance, at 2.8% volume fraction of SiC using

(a)

(c) (d)

(b)

Figure 8: SEM micrographs of 4130 specimen before (a, b) and after (c, d) SPS treatments [21].
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pressure of 155.8MPa, speed of 34.5mm/s, and amplitude of
12.3 μm, the maximum peel force increased by almost 40%
compared to 0% volume fraction of SiC. However, they [18]
mentioned that there is a threshold volume fraction at
specific parameters over which the plastic flow and friction
are inadequate to have strong bonds at the foil-to-foil in-
terfaces. Further testing showed that the base metal thick-
ness had no significant influence on the peel strength. Li
et al. [20] reported the peel test of an Al metal matrix
embedded with three different dielectric materials (8153,
XV501T-4, and 520 series dielectric films). As mentioned in
Section 5.1, the 520 series dielectric film had higher hardness
than 8153 and XV501T-4 dielectric films. It was found that
the higher the hardness of the dielectric material, the higher
the peeling loads (higher resistance to deformation). Also,
the higher the UAM processing such as load, speed, and
amplitude, the higher the peeling load. Amplitude is seen as
one of the most significant factors affecting the bonding in
UAM [14, 56]. +is observation is in accord with the works
of Friel et al. [38], Kong et al. [34], and Sriraman et al. [36]
where they observed that the peeling load of Al3003-H18
increased with higher amplitude. +is was attributed to the
minimal number of voids associated with higher amplitudes
during processing as observed by Sojiphan et al. [57]. Peel
strength is significantly affected by the presence of voids
coming from the sonotrode as pointed out by Li and Soar
[32]. +is issue could be overcome by improving the texture
of the sonotrode.

+e UAM energy produced during processing has an
influence on the peel resistances of consolidated parts.
Monahgan et al. [42] stated that low-power UAM not only
limits the degree of plastic flow but also leads to lower LWD.
Here, weaker bonding is produced and peel resistance/
strength is drastically reduced. However, with high-power
UAM parameters, high contact pressures and amplitudes
that cause plastic flow are produced, increasing the LWD
and peel resistance. Although the peel strength test provides
firsthand valuable bonding assessment, more information
and investigations are required in order to understand the
improved deformation resistances at different directions as
well as bulk properties such as tensile and shear strengths.

5.3. Pull-Out Test. Accurate evaluation of fiber/matrix in-
terfacial bond strength is still a challenge. One of the
methods employed to address this issue is the pull-out test.
Typically, the test involves pulling the fiber in order to
achieve an initial debonding from the matrix using a
microhardness tester [29], synchronizing a force sensor and
an acoustic emission (AE) sensor using a dual channel digital
oscilloscope attached to the tester [29]. Key features and
improvements to this test setup have been proposed by Hehr
and Dapino [17]. Figure 10 shows a typical pull-out force-
displacement curve. Hehr and Dapino [17] studied the pull-
out strength of NiTi-Al UAM composites. +e effect of
different surface finish methods of the fibers on the pull-out
strength was reported. Oxide, roughened, chemically etched,
and mechanically polished surface finished were employed.
+eir [17] pull-out results showed that the load to failure was
similar for all tested surface conditions. More so, the alu-
minum was observed on the surface of the fiber, which
indicates matrix failure rather than interface failure.

Kong et al. [23] also employed the pull-out to charac-
terize the bond strength of ultrasonically embedded shape
memory alloy (SMA) fibers in an Al3003 matrix. +ey [23]
showed that process parameters such as amplitude, pressure,
and speed had a significant influence on the pull-out perfor-
mance. For instance, they [23] observed that at higher am-
plitude, the resistance to pulling reduced, while increasing the
pressure did not show any substantial improvement in the pull-
out force. Furthermore, at a speed of 27.8mm/s, 6.8μm am-
plitude had approximately twice the pull-out force compared to
10.4 and 14.3μm amplitudes. Also, comparing 27.8mm/s and
34.5mm/s at the same amplitudes of 6.8, 10.4, and 14.3μm,
27.8mm/s had a higher pull-out force. +is was attributed to
the longer consolidation time, which translates to higher
compressive forces being applied to the fiber [23]. +e force
applied is always constant with time during UAM; hence, one
would not expect a higher level of compressive forces applied to
the fiber as explained by [23]. Instead, the longer consolidation
time associated with lower speed results in more bonding,
which increases the pull-out force.

5.4. Push-OutTest. Due to the limitations of the pull-out test
in evaluating brittle fibers, Marshall and Oliver [19] pro-
posed the push-out test, which is also a simple test that can
be performed using a microhardness tester synchronized
with an acoustic emission (AE) sensor. In this method,
debonding is caused by pushing the fiber along its axis under
the influence of a gradually increasing load. Yang et al. [29]
employed the push-out test to evaluate the bond strength
between SiC fiber and Al3003 matrix fabricated using UAM.
AE signal spikes recorded during the push-out test indicate
debonding, and the debonding loads are observed.+ey [29]
showed that debonding loads were random with respect to
different parameter variations. +e reason for this has not
been satisfactorily provided, which indicates more funda-
mental understanding and research are still needed.

5.5. Push-Pin Test. Another method of evaluating the me-
chanical performance of bonded or laminated structures is
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Figure 9: Hardness profile of the UAM laminate after the SPS
treatment (drawn from [21]).
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the push-pin technique [39]. +is technique proposed by
Zhang et al. [58] involves pushing a pin at a specific rate
while measuring the load and displacement. +e maximum
load and the area under the load-displacement curve are
used in analyzing the tests [39]. Higher load and larger area
under the curve correspond to better push-pin performance.
Sridharan et al. [22] reported the push-pin testing perfor-
mance of Al6061-T6 foils on annealed 4130 steel (Al6061-
4130) and Al-Al (Al6061-6061) builds. Figure 11 shows the
load-stroke curves of the push-pin tests for Al6061-4130 steel
and Al6061-6061.

It can be seen clearly that the Al-steel showed an average
maximum load of 2.85 kN, and an area under the curve of
5.15 kN·mm. Al-Al as-built showed an average maximum
force of 1.67 kN and an area of 1.53 kN·mm. Hence, the Al-
steel showed a higher strength than the Al-Al. +is was
attributed to the high plastic flow at the interface resulting in
oxide removal and asperity collapse, improving the metal-
lurgical bonds and the mechanical properties. Also, one
would expect this behavior of Al-steel since steel is stronger
than aluminum.

Wolcott et al. [39] reported the delamination strength of
Al-Ti UAMbuild using the push-pin technique. As-built and
heat-treated (SPS) specimens were employed, and their
results showed that heat treatment enhanced the delami-
nation strength compared to the as-built (untreated). +is
further indicates the beneficial effect of posttreatments on
the mechanical properties of as-built joints.

Despite the considerable efforts made in applying the
peel, pull-out, push-out, and push-pin tests, these methods
are still debatable on a number of issues, including their
universal applicability and accuracy. Standardization of
these test methods is required in order to be able to compare
different works and fully understand each test applicability
and limitations. Combining the data obtained from these
tests and from bulk mechanical property investigations
could provide more valuable information with regard to
bond strength.

5.6. Shear Strength. Shear strength of layered structures or
builds is one of the most important studied properties.
Special tooling is employed in order to ensure accurate
testing within the layered region/section [21]. UAM builds

usually experience a drop in properties, especially in the
building direction [13, 53]. To improve the quality of welds,
especially in the building direction where normal load is
applied, posttreatments such as SPS, HIP, and solutionizing
and aging have been employed and shown to enhance the
shear strength. For instance, Wolcott et al. [39] reported the
shear strength of Al-Ti dissimilar material joints fabricated
using UAM. As-built and posttreated (SPS) specimens were
tested using a 50-kN Lloyd Mechanical Test Frame® where
load was applied until failure. +eir [39] results showed that
the SPS-treated specimen had higher ultimate shear strength
(102.4MPa) than the as-built specimen (46.3MPa). Frac-
tured surface showed that the as-built had a brittle failure,
whereas the SPS had ductile failure, evident from the
presence of striation marks. Hopkins et al. [14] observed a
similar brittle failure in UAM as-built Al3003-Al3003, which
was attributed to the presence of voids and insufficient
bonding. Levy et al. [21] studied the shear strength of as-
built, SPS-, and HIP-treated SAE4130 (low alloy carbon
steel) parts. Figure 12 shows the typical load/displacement
curves of their shear tests.

It can be seen from Figure 12 that specimens after the
SPS posttreatment exhibited shear strength about two-fold
higher than that of the as-printed one (maximum load of
4921N versus 1690N). +e as-printed specimens delami-
nated and some layers were bent, as shown in Figure 12.
From Figure 12, SPS and HIP showed higher resistance to
shear than the as-printed condition. Comparing SPS and
HIP, SPS had higher resistance than HIP (maximum load of
4921N for SPS versus 3727N for HIP (Figure 12)). +is was
attributed to the microstructure where SPS showed only
small discontinuity as compared to the as-printed and HIP
conditions [21]. For this reason, the SPS remained intact
despite some noticeable deformations (Figure 12). +is
could also be attributed to the inherent nature of the SPS
technique, which is known for fabricating highly dense
materials with little or no voids [54, 55, 59]. More inves-
tigation is needed to determine the failure mechanisms and
optimal postprocessing conditions. +e interfacial shear
strength of a metal matrix composite fabricated via UAM
has recently received considerable attention [17, 60]. For
instance, Hehr and Dapino [17] reported the interfacial
shear strength behavior of NiTi-Al matrix composites with
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different fiber surface finishes, which include oxide,
roughened, etched, and mechanically polished surfaces. For
all tested conditions, their [17] results showed that the matrix
yielded prior to the interface breaking due to the adhered
aluminum. +e average shear stress was near or above
the ultimate shear strength of the aluminum tapes utilized in
theUAMprocess. For all surface conditions, thematrix was the
weakest point in the composite. From the work presented by
Hehr and Dapino [17], information addressing the change in
bond mechanisms due to the different surface conditions was
not discussed. Hence, this needs further investigation. Another
issue worth exploring is studying the effect of compressive
residual stress on the shear strength of UAM builds.+is could
not be found in the literature.

5.7. Tensile Strength. Similar to shear strength tests, tensile
tests also provide valuable mechanical properties of as-built
parts. In the literature, monotonic tensile properties are one
of the most commonly evaluated and reported properties of
AM parts [50]. For UAM builds, tensile loading is usually
applied normal to the interfaces [13, 15], as illustrated in
Figure 13.

+e direction of loading with respect to the building
direction has a significant effect on the observed properties.
Sridharan et al. [15] reported tensile tests of UAM builds
from Al6061-H18 tapes tested at different directions. Tensile
dog-bone specimens were machined in three directions: X-
direction along the travel of the sonotrode, Y-direction along
the sonotrode vibration, and Z-direction along the build
where the load is applied normal to the interfaces, as shown
in Figure 14. Figure 14 also shows the typical tensile test
samples cut from the build.

Five specimens were tested for each direction, and the
results were compared with bulk commercial wrought alloy.
Directions X and Y are considered the same; hence, they are
used interchangeably in [15]. Figure 15 shows the engi-
neering stress-strain curves for the specimens. It can be seen
from Figure 15 that the UAM part loaded in the X- and Y-
directions had lower strength and ductility than the wrought
alloy. Also, the specimens loaded along the Z-axis showed a
significant decrease in the strength level as compared to
those along X- and Y-directions and wrought alloy. In

testing along the Z-direction (normal to the interfaces), the
samples failed by de-bonding of the tapes without significant
elongation [15]. +e Z-direction showed almost zero duc-
tility and resulted in a brittle failure, as shown in Figure 15.
+is is due to the presence of defects or lack of complete
bonding after UAM. Hopkins et al. [14] reported the
transverse tensile strength of UAM as-built Al3003-H18
(tape)/Al3003-H14 (base plate). Specimens were axially
loaded at 0.127mm/s until failure, while the force and hy-
draulic ram displacement were recorded. +eir [14] graphs
showed a linear force-displacement relationship, which
indicates that the specimens failed in an elastic brittle mode.
Also, specimens with higher strength showed greater dis-
placements, which implies that there were a greater number
of localized microscale areas that underwent ductile failure
[14]. +e brittle failure observed in [14] is in accord with the
findings in [13, 15]. For the brittle failure, a sharp drop in the
stress-strain curve is expected after reaching the maximum
load. No satisfactory explanation for this behavior was of-
fered by the authors [15]. Perhaps, this behavior could be due
to the variation in bond quality across the layer. Detailed
fractography is needed in order to understand the failure
modes of the build with respect to the different directions.

As mentioned in Section 3, posttreatments of UAM or
UC as-built are employed in order to enhance the me-
chanical properties of the bond, especially in the Z-direction
(building direction) [13, 53]. Gussev et al. [13] studied the
solutionizing and aging processing in order to enhance the
tensile strength of UAM as-built Al6061-H18 bond at dif-
ferent temperatures. First, the specimens were annealed at
180°C for 8 h in order to restore the Mg2Si strengthening
precipitate since Al6061-H18 is a precipitation-strengthened
alloy. +is process is expected to improve the bond prop-
erties. Second, the specimens were annealed at 330°C for 1 h
in order to recrystallize the grains at the interface, and fi-
nally, the specimens were solutionized at 580°C for 1 h,
quenched in water, and aged at 180°C for 8 h. Figure 16
shows the engineering stress versus displacement curves for
the build and reference at different heat-treated conditions.
It can be seen that properties in the Z-direction improved
after each heat-treated condition. However, at 330°C-1h, there
was a decrease in the properties in the X- and Y-directions
including the reference. No specific explanation was given for
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this trend, but this could be due to the interactions between the
solute atoms and dislocation, which is dependent on the
temperature and strain rate [61]. For 180°C-8h, the average
tensile strengthwas doubled.+iswas attributed to the synergic
effects of precipitation, reduction in dislocation density, and
mild grain coarsening [61]. Finally, for 580°C-1h/180°C-8h
treatment, tensile strength was significantly enhanced and the
properties in the X- and Y-directions were comparable to the
reference specimen.+is trend was attributed to the significant
grain refinement across the interfaces and, consequently, im-
proving the properties. Despite the efforts made in post-
processing of UAM builds, more studies are still needed in
order to optimize the heat treatment parameters. For instance,
issues of overaging (grain growth) could be detrimental to the
mechanical properties of the builds. Hence,more investigations
are still needed in this regard.

5.8. Fatigue. +e fatigue behavior of UAM-fabricated
structures or parts is very important in order to determine
potential or estimated lifetime in cyclic loading conditions.
While studies of fatigue life of additive manufactured parts
have been widely reported for other AM techniques [62–70],
there are still no adequate and substantial reports on the
fatigue life performance of UAM parts. Most of the UAM
reports have concentrated on optimizing processing parame-
ters [14, 29, 34, 40, 44], microstructure [12, 22, 28, 41, 45, 46],
interfacial bonding shear [17, 48] and tensile strength [13–15],
and hardness [10, 12, 16, 20, 27]. Moreover, tests such as tensile
and shear strength might provide more adequate indication/

information of the properties at the interface than fatigue
testing. For UAM builds, it is expected that the laminated or
layered structure would have different fatigue and fracture
mechanisms as compared to monolithic alloy [35]. However,
there has been few attempts aimed at investigating the fatigue
behavior of UAM as-built aluminum alloys Al2024 [35, 71] and
Al3003-H18 [72]. He et al. [35] studied the fatigue of as-built
Al2024 made from foils compared with the monolithic alloy.
+e static three-point load bending fatigue tests were conducted
at two stress levels: the maximum stresses were 89% and 70% of
the tensile strength for R� 0.1 (R is the stress ratio employed in
fatigue testing, which is the minimum peak stress divided by the
maximum peak stress). +e fatigue test data are presented in
Table 4. From Table 4, L1-L3 and L4-L6 represent results of Al-
Al specimens at low and high stress levels, respectively. S1-S3
represent results at high stress levels for Al specimen, which is
higher (∼30MPa) than the stress levels used for L4-L6. It can be
seen from the table that the fatigue life of Al-Al increased with
deceasing applied stress. At high stress level (89%), both Al-Al
and Al specimens had comparable fatigue life.

Wolcott and Dapino [72] reported the transverse tensile
fatigue tests of the Al3003-H18 block. +eir [72] stress-
number of cycles (S-N) curve was relatively flat, and a stress
threshold of 50% of the ultimate transverse tensile strength
exists below which failure does not occur during 3.75×107
cycles. +ey [72] mentioned that their reported preliminary
fatigue data are only a prediction. It can be said that UAM is
still at the developing stage and much still has to be done to
generate fatigue life data for UAM as-built parts. Generally,
fatigue life data of additive manufactured parts have been
reported to have significant scatter due to the presence of
defects [50]. For instance, surface roughness is one of the
factors that limits the fatigue performance of AM parts [50].
Several considerations and factors must be addressed when
testing the fatigue life of UAM parts. +e effect of defects
(voids), building direction, residual stresses, surface roughness,
postprocessing, and, most importantly, the bonding quality
on the fatigue life must be accounted for. Process parameter
optimization and fatigue failure analysis are crucial to un-
derstand and predict fatigue life of these parts.

Applying mechanical surface treatment is one of the
most influential posttreatments that have a significant effect
on the fatigue properties. Mechanical surface treatments
plastically deform the surface and induce strain hardening.
Deep levels of compressive residual stresses are induced
while improving the surface and subsurface properties. +e
induced stresses retard crack initiation and propagation,
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which translates to improved fatigue properties [51]. For
instance, laser shock peening (LSP) [73], shot peening (SP)
[74], ultrasonic impact peening (UIP) [75], ultrasonic
nanocrystalline surface modification (UNSM) [76], and low
plasticity burnishing (LPB) [77] are all mechanical surface
treatments that have shown enhanced fatigue properties of
components. For more details, Gujba and Medraj [51]
reviewed the laser peening process and its impact on ma-
terial properties in comparison with SP and UIP. It is worth
noting that the aforementioned mechanical surface treat-
ments not only induce deep residual stresses but also have
varying levels of strain hardening [78]. Hence, the choice of
treatment must be made according to the desired properties

and application. So far, none of these treatments have been
explored with regard to enhancing the properties of UAM
builds. Addressing this research gap is paramount and could
provide valuable directions into studying the fatigue life of
UAM builds. Another factor that must be considered during
fatigue life testing is surface finish/roughness of UAM builds.
As mentioned in Section 5, surface finish or roughness sig-
nificantly affects the surface properties, which could limit the
fatigue performance. For better fatigue performance, smooth
surface finish must be produced either during fabrication or
after fabrication. Interestingly, some of the mechanical surface
treatments such as UNSM and LPB produce high-quality
surface finish which could enhance the fatigue performance.
+e high-quality surface combined with the induced com-
pressive residual stresses could provide enhanced fatigue
performance. +is investigation needs considerable attention,
and process parameters must be carefully selected.

5.9.Creep. Similar to fatigue, creep behavior of other AM as-
built parts have been reported [77, 79–83]. However, lit-
erature works on understanding the creep behavior of UAM
parts could not be found. Microstructural defects are one of
the factors that could limit the creep behavior of materials.
Other factors that limit the creep behavior of UAM parts are
complexity of the creep test in selecting the test temperatures
and applied stresses [50]. Most of the builds via UAM are for
low temperature applications. For instance, most materials
fabricated by UAM are Al-based alloys, and this could be the
reason why the creep behavior of these materials has not
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Figure 16: Engineering stress versus displacement curves illustrating the effect of annealing on the mechanical behavior of the UAMAl6061
[13].

Table 4: Fatigue test data for Al-Al and Al specimens [35].

Specimen σn
(MPa) n (%) Fatigue

life (Nf )
Average fatigue

life (Nf )
L1 289.04

70
4.72×104

4.72×104L2 289.04 6.25×104

L3 289.04 5.40×104

L4 367.50
89

1.87×104

1.66×104L5 367.50 1.81× 104

L6 367.50 1.30×104

S1 399.84
89

1.39×104

1.57×104S2 399.84 1.54×104

S3 399.84 1.78×104

σn represents the maximum stress level applied on the nominal dangerous
cross-section; n represents the ratio of maximum stress applied in the
fatigue test to tensile strength.

Advances in Materials Science and Engineering 13



received considerable interests. However, it will be inter-
esting to build materials such as IN718 [79, 80, 83] and
IN738LC [81, 82] and investigate their creep behavior since
these are for high-temperature applications. In this case,
careful selection of creep test parameters is paramount,
especially for dissimilar materials.

6. Challenges and Future Perspectives

Despite the need to understand the mechanical properties of
AM as-built parts, there is still the challenge of directly
comparing the properties of materials fabricated by different
AM techniques. +is is due to the many processing pa-
rameters, type of material fabricated, application, and
presence of different types and quantity of defects, as well as
the limitations associated with various AM techniques. For
instance, UAM has shown great potential in fabricating
metallic and metal-matrix composite parts, but the process
has been limited by a lack of wide range of applications such
as high-temperature applications. Significant efforts
[12, 17, 22, 28, 45, 46, 48] have been made to understand the
interface characteristics. However, eliminating interfacial
defects is still a challenge encountered in UAM builds even
though posttreatments have shown promising results.
Comparing the works of different research groups is still a
challenge. +is is largely due to the lack of standardized and
acceptable mechanical property evaluation procedures for
comparative studies [50]. More work is still needed in order
to address the overwhelming challenges of understanding
the mechanical properties of AM parts. For comparative
studies, standardized testing procedures are needed.

In spite of the aforementioned challenges that need to be
addressed, UAM technology has been used successfully for
different industrial applications. For instance, fabricating
heat exchangers with complex internal geometries using
high thermally conductive metals has been a challenge.
However, Fabrisonic® has successfully built copper and
aluminum heat exchangers using UAM. +is product has
passed rigorous NASA qualifications, such as thermal, vi-
bration, and burst tests [1]. Fabrisonic® has also built
thermal management devices with channel size ranging
from microscale (250 μm) to macroscale (12.7mm) for
aerospace applications. Building layers of tantalum, mo-
lybdenum, and titanium using UAM for radiation shielding
in structural panels has also been achieved. Here, one could
see that UAM has potentials in various industries such as
electronics, aerospace, and power generation. +is is due to
the ability of the technology to produce complex geometries
using similar or dissimilar materials at relatively low fab-
rication temperatures.

7. Summary

UAM or UC process has received considerable attention due
to advantages in fabricating 3D builds using similar and
dissimilar materials. Fabrication of 3D parts is achieved at a
relatively low temperature compared to other AM tech-
nologies. +is allows for delicate components such as
electronics to be embedded into solid parts. For instance,

microprocessors, telemetry, and sensors have been suc-
cessfully embedded using UAM. Since only a mild level of
heating is attained during processing, build material does
not experience changes in phase. In other words, initial
material properties are retained in the final constituent
material properties. Defects are common features observed at
the interfacial bonds that affect the properties significantly.
However, postprocessing treatments, such as HIP and SPS
treatments, have been shown to enhance the properties of the
bond. While significant works on process optimization and
microstructure of interfacial bonds have been reported, ex-
tensive work with respect to mechanical properties is still
limited. +is is largely due to the lack of standardized testing
procedures and limited applications. For instance, fatigue
testing and creep properties of UAM builds are still lacking. In
conclusion, it is becoming clear that more work is still needed
to standardize test procedures that would allow for compar-
ative studies with other technologies and help in realizingUAM
potentials. +e future of UAM is highly dependent on various
industrial applications where other AM technologies fall short.
For instance, UAM has shown significant progress in fabri-
cating heat exchangers with complex geometries through in-
tegrating dissimilar metals, benefiting from their various
physical and mechanical attributes.
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