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Ultrasonic additive manufacturing (UAM), a solid-state additive manufacturing tech-
nology, was invented in 1999 by Dawn White [1]. UAM is a technique for creating solid
metal objects by ultrasonically joining a series of metal foils into a three-dimensional struc-
ture [2]. To add internal features and complete the geometry of the printed part, computer
numerical control (CNC) machining operations are applied interchangeably with the ul-
trasonic welding operation. Similar to ultrasonic metal welding, the procedure uses an
ultrasonic transducer to activate a horn and produce a high frequency friction motion while
a down force is exerted. The frequency of this friction motion is usually 20 kHz [3].

Similar to solid-state welding technologies (friction stir welding and ultrasonic weld-
ing [4]), melting does not take place during the UAM process. Because melting does not
take place during the UAM process, it has many unique advantages compared with other
“fusion” AM technologies, such as laser powder bed fusion (LPBF), wire arc additive man-
ufacturing (WAAM). First, the low-temperature manufacturing feature of UAM can realize
in situ embedding functional electronic components into UAMed metallic blocks [5,6],
which gives the products functional and intelligent properties. UAM has been reported to
successfully embed printed electrical circuitry [7], fiber-optic sensors [5,6], surface-mount
resistors [8], and nickel–titanium (Ni–Ti)-shape memory alloys [9] into metal structures.

For example, in 2017, Li et al. [7] directly embedded printed electrical circuitries
made of conductive and insulating materials within the interlaminar region of UAMed
aluminium matrices to realize previously unachievable multifunctional metal-matrix com-
posites. In 2019, Bournias-Varotsis et al. from Loughborough University [8] reported a
new manufacturing route for integrating electronics with 3D through connectors in an alu-
minum matrix by UAM. In the route, the preparation of the electronics from the component
consolidation was carried out separately from the UAM process using metal foils with
printed conductors and insulators. The best mechanical and electrical insulating qualities
were demonstrated by a dual material polymer layer, which also kept printed conductive
tracks stable at temperatures up to 100 ◦C.

Schomer et al. from the Ohio State University [10] embedded fiber optic strain sensors
(Fiber Bragg Grating sensors) into aluminum 6061 metallic structures via ultrasonic additive
manufacturing. These embedded Fiber Bragg Grating (FBG) sensors are useful for real-time
in situ measurement of strain and temperature. The embedded FBG sensors were found to
trace the strain profile measured by foil gages with high accuracy during quasi-static cyclic
load test.

Excitingly, very recently in 2022, in the high melting point metal area, which is very
challenging for both UAM and UAM with embedded sensors, Hyer et al. [11] from Oak
Ridge National Laboratory successfully made functional fiber-optic sensors embedded in
stainless steel components by UAM for distributed temperature and strain measurements.
To improve UAM bonding quality, stainless foils plated with a Ni coating were tried as

Metals 2022, 12, 1912. https://doi.org/10.3390/met12111912 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12111912
https://doi.org/10.3390/met12111912
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12111912
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12111912?type=check_update&version=1


Metals 2022, 12, 1912 2 of 3

a new feedstock. Hyer et al. [11] found using SS304 + Ni foils resulted in better bonding
between layers because of severe plastic deformation of the Ni interlayer observed at
the interfaces, leading to grain sizes < 2µm. It is reported that the embedded fiber in
UAMed stainless steel can successfully measure the strain in the SS304 pipe test article
throughout both transient and steady-state thermal testing, providing results with identical
magnitudes to those of the anticipated strains that were calculated based on differential
thermal expansion.

Second, since the materials do not melt during UAM, both inert gas shielding and
vacuum condition are not required, which leads to low cost and makes the UAM operations
easy to be carried out.

Third, due to the low-temperature manufacturing feature, the residual stress in UAM
parts is usually lower than that in AM parts fabricated by “fusion” AM technologies.

Fourth, UAM is more suitable for AM of multi materials in one part, such as Al-Cu,
Al-Ti and Al-Mg multi-material parts, than other “fusion” AM technologies, such as LPBF
and WAAM, since in solid state the interfacial reaction between dissimilar metals can be
greatly retarded. Wolcott et al. [12] successfully used a high power 9 kW UAM system
to fabricate aluminum–titanium (Al 1100 and commercially pure titanium) laminar metal
composite. To improve the mechanical properties of as-built Al–Ti laminar metal composite,
Wolcott et al. [12] performed heat treatments on UAMed Al-Ti; it was found that heat-
treated samples show twofold improvement in mechanical strength compared with as-built
Al-Ti samples for both shear strength and push-pin tests, obtaining ultimate shear strengths
over 100 MPa. In 2021, Zhou et al. [13] fabricated Cu/Al laminate metal composites using
UAM. It is found that Cu foils initially in an annealed state become rolled state after
the UAM process. The majority of the initially rolled, strip-like Al grains transform into
equiaxed grains. While the foils’ strip-like rolled Cu grains are predominately made up
of different rolling texture and recrystallization texture components. Al4Cu9 intermetallic
compound particles are found at the rough Cu/Al weld interface.

Fifth, the feedstock materials used for UAM are thin metallic foils, which are widely
available and are usually low cost.

However, UAM also has some disadvantages. First, it is usually not suitable for
the AM of materials with a high melting point and high hardness, since its low working
temperature cannot process such materials, and severe plastic deformation occurs during
UAM. Second, due to the large down force applied on the upper surface of UAM samples
by the horn, UAM cannot fabricate parts with high geometry complexity, which can be
easily realized by LPFB.

In summary, UAM, as an emerging AM technology, has potential applications in
fabricating smart metal components with fully embedded sensors, actuators, and even
microelectromechanical systems (MEMS) and nanoelectromechanical (NEMS) systems.
UAM also has great potential in manufacturing multi-material metallic structures, such
as Al-Cu, Al-Fe, Al-Ti structures. There are still many challenges for using UAM in
industry. First, the quality stability needs to be improved for mass production, currently
most reported UAM samples are small and in laboratory level. Second, the interfacial
bonding quality between metal foil layers needs to be increased; the residual oxide film
remains a concern. Further work on monitoring the manufacturing quality of UAM, heat
treatments and other methods to improve interfacial bonding, investigating embedding
more interesting intelligent components and sensors into various metal matrix, deserves
greater attention in the future.
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