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Beam-based processes are popularly used for metal additive manufacturing, but there are significant gaps be-
tween their capabilities and the demand from industry and society. Examples include solidification issues, aniso-
tropic mechanical properties, and restrictions on powder attributes. Non-beam-based additive processes are
promising to bridge these gaps. In this viewpoint article, we introduce and discuss additive friction stir deposi-
tion, which is a fast, scalable, solid-state process that results in refined microstructures and has flexible options
for feed materials. With comparisons to other additive processes, we discuss its benefits and limitations along
with the pathways to widespread implementation of metal additive manufacturing.
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1. Introduction

Among the seven types of additive manufacturing (AM) technolo-
gies classified by the American Society for Testing and Materials
(ASTM) [1], the beam-based technologies, i.e. powder bed fusion and di-
rected energy deposition, represent themain approaches for fabricating
metals and alloys today. These are high-temperature and high-energy
processes, in which a laser or electron beam is applied to selectively
melt powders that are either pre-deposited to form a powder bed or de-
livered by powder feed nozzles [2–9]. The interactions of the high-
energy beam and powders cause a series of complicated physical pro-
cesses, including powder melting, dynamic melt flow, and rapid solidi-
fication [3,10]. Because the microstructure of the raw powders is
destroyed during melting, the microstructure of the as-manufactured
part is mainly determined by the rapid solidification process, with a
cooling rate around 103–107 K/s [4]. The last few years have borne wit-
ness to exciting advances in the research of beam-based technologies,
including microstructure manipulation and quality control [2–18].

Even with these advances, significant gaps still exist between what
the high-cost, high-energy, beam-based AM technologies offer and
what society and industry need. First, beam-based metal AM processes
are energy inefficient and incapable of reliably fabricating non-weldable
alloys, such as 2xxx or 7xxxAl alloys [19,20]. In addition,most structural
applications require isotropic mechanical properties; because of
ier Ltd. All rights reserved.
epitaxial solidification, however, beam-based AM processes generally
lead to highly orientated, columnar grains with anisotropic mechanical
properties [13,21]. Moreover, future critical applicationswill necessitate
the use of high performance alloys with specific compositions, such as
twinning induced plasticity steels and quenching and partitioning steels
[22–25]. To fabricate these alloys with beam-based AMprocesses, high-
quality powders with the desired composition, shape, and size distribu-
tion are required [26–28]. Making suitable powders is already time-
consuming and expensive, let alone the subsequent efforts needed to
determine the processing conditions for optimal part quality. These fac-
tors severely limit the viability of beam-based technologies for
manufacturing large-scale, high-quality parts with consistent composi-
tion and isotropic properties.

The above limitations stem from the nature of beam-based pro-
cesses:melting of high-quality powders followed by rapid solidification.
Are there alternativemetal AMapproaches that avoid these limitations?
Scientists and engineers have developed several non-beam-based,
solid-state additive processes [29–33], and some are promising for
widespread use. The metal AM research community is starting to ac-
knowledge these alternative processes. For example, the MS&T 2017
conference featured a symposium titled ‘Non-beam-based additive
manufacturing approaches for metallic parts’ [34].

In this viewpoint article, we introduce and discuss additive friction
stir deposition, which is an emerging low-temperature and low-cost ad-
ditive process that consistently produces a ‘wrought microstructure’
(i.e. result of thermomechanical processes) rather than a ‘cast micro-
structure’ (i.e. result of solidification). It enables fast, scalable
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manufacturing for a broad range of engineering alloys and composites
[33,35,36]. While most solid-state additive processes are based on
sheet lamination [30,37], this process enables near-net shaping via
site-specific deposition. The size of the site in this context is dependent
on the in-plane resolution of the process. As a new technology that re-
cently entered the public eye, however, its research is still in an elemen-
tary state with many fundamental aspects not fully understood. This
viewpoint article aims to provide an overview of the status of additive
friction stir deposition, to discuss its benefits and limitations through
comparisons to other AM processes, and to stimulate discussions on
the pathways to widespread implementation of metal AM.
2. Basic physical processes

2.1. Process description

Additive friction stir deposition enables solid-state additive
manufacturing of metals andmetal matrix composites [35,36]. The cen-
tral component of the system is a hollow shoulder, through which the
feed material in the form of either a solid rod or powder is delivered
[38]. The shoulder rapidly rotates and generates heat through dynamic
contact friction at the shoulder-material interface and material-
substrate interface (Fig. 1 (a)) [32,33]. Heated and softened, the filler
material is fed through the tool and bonds with the substrate through
plastic deformation at the interface. The transversemotion of the shoul-
der results in deposition of a single track of material, typically several
Fig. 1. (a) An image of the rotating shoulder during additive friction stir deposition and a sch
conditions of heat flow: a comparison between the stirred material in friction stir welding and
hundreds of microns thick. The first layer is formed by the tool traveling
across the surface of the substrate; by selectively adding subsequent
layers upon the initial one, 3D parts are made.

The first commercialized technology of this type was developed and
patented by Aeroprobe Corporation, which has a proprietary version of
the process [36]. To highlight its deposition nature and distinguish it
fromother friction stir processes,we refer to the process as additive fric-
tion stir deposition throughout the paper.

2.2. Underlying materials science

Additive friction stir deposition is a thermomechanical process. Im-
portant processing parameters include the shoulder rotation frequency
Ω, shoulder normal force P, filler material feed rate R, layer height h, and
transverse speed VTra [35,38]. These parameters control the heat flow
and material flow processes, which are fully coupled. For the deposited
material, the heat generation, dissipation, and transfer mechanisms are
similar to the stirred material in friction stir welding or processing. In
both cases, heat is generated bydynamic contact friction betweenmate-
rial and tool, dissipated by severe plastic deformation of the material,
and transferred inside the material by thermal conduction and thermal
convection via material flow. The governing equation of heat transfer is
expected to be similar for the two cases [39]:

∂
∂t

ρCPT þ ∇ � ρ u! CPTð Þ þ ∇ � κ∇T ¼ q
�
: ð1Þ
ematic to highlight the basic physical processes in the deposition region. (b) Boundary
the deposited material in additive friction stir deposition.
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Here ρ is thematerial density, CP is the specific heat capacity, T is the
temperature, u! is the material velocity, and κ is the thermal conductiv-
ity. q � is the volumetric heat generation or dissipation rate. There are,
however, significant differences in tool geometry and processing config-
uration between the two cases, which lead to different boundary condi-
tions. This point is addressed in detail in Section 2.3, where we will
provide a schematic to compare the boundary conditions in these
cases. Moreover, material addition (i.e. deposition) is involved in addi-
tive friction stir deposition. For transient thermal analysis, this can be
simulated using finite element modeling that incorporates techniques
like quiet or inactive elements [40].

The maximum homologous temperature, which is defined as the
peak material temperature divided by the melting temperature in Kel-
vin (Thmax= Tmax/Tm), is expected to lie between0.6 and0.9 [41]. The de-
posited material is thus severely, plastically deformed by high strain-
rate shear at elevated temperatures, which can result in dynamic recov-
ery or dynamic recrystallization, depending on the Zener-Hollomon pa-
rameter and the stacking fault energy of the material [42]. Dynamic
recrystallization can lead to refined, equiaxed grains and high-angle
grain boundaries. Similar to friction stir welding, the thermal history
plot (temperature vs. time) has a narrow peak in additive friction stir
deposition [39,43–45]. The width of this peak reflects how long the de-
posited material is in contact with the shoulder, which is estimated to
be tens of seconds for typical tool geometries and processing conditions.
Despite the grain growth following deposition, the resultant grain size is
still considerably smaller than that of the feed material in most cases.

Overall, the microstructure evolution is critically dependent on the
convolution of the intrinsic mechanical properties of the material with
the history of temperature and strain in additive friction stir deposition.
Prediction of the final microstructure for a given processing condition
needs two steps. First, a quantitative relationship must be established
from the processing conditions to the temperature and strain history
of the deposited material. This can be achieved by combining existing
friction stir welding models with a model for the material deposition
process. Multi-scale analysis will be necessary to account for both the
material and heat flow in the local deposition zone and the global ther-
mal field evolution on the track, layer, and part levels. Second, the effect
of temperature and strain history on the final microstructure can be
simulated using techniques like the cellular automatonmethod [46,47].
2.3. Relations to friction stir welding and processing

Additive friction stir deposition shares many of the same benefits as
friction stir welding and friction stir processing, especially in terms of
microstructure formation and applicability to non-weldable alloys
[41,48–61]. Nevertheless, there are major differences. In friction stir
welding and processing, a shoulder with a protruding pin is spun at a
high rate and inserted into the softened metal surface. The shoulder
then traverses the material to either join two interfaces in friction stir
welding or treat the surface in friction stir processing. However, in addi-
tive friction stir deposition, there is no pin structure penetrating the
base material [35,36,41]. The different geometric configurations lead
to different heat flow boundary conditions, and therefore, different
cooling rates. In friction stir welding and processing, the stirredmaterial
is surrounded and constrained by the material in the
thermomechanically affected zone, into which heat is transferred by
thermal conduction. In additive friction stir deposition, the deposited
material of the first track of each layer is in direct contact with air on ei-
ther side, and heat transfer perpendicular to the tool traveling direction
occurs by convection and radiation rather than conduction. Regarding
heat generation, in friction stir welding or processing it is generated at
the shoulder-material and pin-material interfaces, whereas in additive
friction stir deposition it is generated at the shoulder-material and
material-substrate (or new layer-previous layer) interfaces. Fig. 1
(b) compares the different boundary conditions in these cases.
In additive friction stir deposition, all the material undergoes the
characteristic stir-zone thermomechanical process involving dynamic
restorationwhen it is being deposited, and themicrostructure is normally
uniform.When building 3D parts, additive friction stir deposition of the
nth layer leads to re-deformation and re-heating in the (n-1)th layer.
Therefore, internal regions in a part experience additional deformation
and heating as compared to the free surface, and the grain size can differ
between the internal and surface layers in additive friction stir deposi-
tion. In contrast, friction stir welding results in multiple zones with dif-
ferent characteristic microstructures, such as the stir zone,
thermomechanically affected zone, and heat affected zone [39]. Only
the material in the stir zone undergoes significant dynamic restoration
with refined equiaxed grains, while the microstructure in other zones
can be highly dependent on the parent material. This can lead to signif-
icant microstructure inhomogeneity across the workpieces.

Fundamentally, our focus here is not a welding or surface treatment
process. Instead, it is a deposition process formanufacturing, which com-
bines the friction stir concept with a material feeding process. Note that
there is another friction stir-based AM technology called friction stir ad-
ditive manufacturing, which is a sheet lamination process. We will com-
pare it with additive friction stir deposition in Section 5.2.

3. Features and capabilities

There are several key features and capabilities, including the solid-
state nature, resultant wrought microstructure, feed material options,
applicability to engineering alloys, and scalability, that make additive
friction stir deposition promising as an alternative to beam-based
metal AM.

3.1. Solid-state nature

The peak temperature of an additive friction stir deposition process
normally ranges from 60 to 90% of the melting temperature [41]. Be-
cause of the absence of melting, parts do not suffer from the issues asso-
ciated with rapid solidification, e.g. porosity, hot cracking, elemental
segregation and dilution, aggregation of finely dispersed oxide particles,
and high residual stresses [2–20]. The lowporosity and residual stress in
the as-deposited part render post-processing heat treatment unneces-
sary, although post-processing for surface finish is often required.

As a solid-state process, additive friction stir deposition also provides
a natural route for 3D printing of non-weldable alloys. That being said, a
very high shoulder rotation frequency or a low shoulder transverse
speed may lead to adiabatic heating and local melting during deposi-
tion. Such phenomena have been observed in friction stir welding
where the melting and solidification process yields an increased num-
ber of defects [62,63]. Understanding the processing-temperature rela-
tionship in additive friction stir deposition is therefore critical to avoid
such potential problems.

3.2. Characteristic microstructure

As introduced in Section 2, the thermomechanical process in addi-
tive friction stir deposition is similar to the process in the stir zone of
friction stir welding. The resultant microstructure in additive friction
stir deposition features the refined, equiaxed grains formed during dy-
namic recrystallization and isotropic mechanical properties that are
characteristic of the stir zone. Microstructural inhomogeneity can arise
between the internal and surface regions of a part, because the former
experience re-deformation and re-heating processes when the layer
above is being deposited.

Fig. 2 (a) and (b) show opticalmicrographs of themicrostructures of
Inconel 625, where the grains are substantially refined from the as-
received to the as-deposited state (10.3 μm to 2 μm) [41]. In contrast,
beam-based processes result in columnar grains due to epitaxial solidi-
fication; the resultant high mechanical anisotropy can be devastating



Fig. 2. Characteristic microstructure. Optical micrographs of (a) the as-received Inconel
625 filler material and (b) the as-deposited Inconel 625 showing grain refinement.
Electron backscatter diffraction maps showing (c) equiaxed grains of as-deposited
Inconel 625 and (d) columnar grains in the build direction of as-printed Inconel 718 by
powder bed fusion. Images reproduced with permission from references [41,64].

Table 1
Representative material systems deposited by additive friction stir deposition.

Deposited Material Al 6061 Mg-WE 43 Ti-6Al-4V Nb Ta Inconel 625
Substrate Material Al 6061 Mg-WE 43 Ti-6Al-4V Cu Cu HY 80

Fig. 3. Wide applicability. (a) Images of a bend test for tantalum and niobium coatings
deposited on a copper substrate, which show strong mechanical bonding and no
delamination under bending. (b) Flow curves of the deposited material and substrate at
different strain rates: Cu at 0.82/s and 81/s [70], Nb at 1/s and 100/s [71], and Ta at 1/s
and 100/s [71,72]. (c) A scanning electron microscopy image of an as-deposited Al-Mo
composite, which shows a relatively uniform distribution of the reinforcement particles
(~30% volume fraction) in the aluminum matrix. Inset: a transmission electron
microscopy image showing the formation of a buffer layer between the matrix and
reinforcement.
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for structural applications. The electron backscatter diffraction results in
Fig. 2 (c) and (d) compare the equiaxed grains from additive friction stir
deposition [41] to the columnar grains from selective laser melting [64].

3.3. Flexibility in feed material

Beam-based processes have restrictions on feed material in terms of
powder composition, shape, and size. This imposes a great barrier for
widespread implementation of metal AM. In contrast, additive friction
stir deposition can use a solid rod made from cast or wrought alloys as
the feed material. Traditional atomized powder feedstock can also be
used without stringent requirements on powder attributes. High qual-
ity, reproducible Al 6061 and Inconel 625 parts have beenmanufactured
using solid rod feed material, and Al-Mo and Al-SiC composites have
been manufactured from powder feedstock [36]. To qualify as viable
feed materials for additive friction stir deposition, consistent as-
deposited microstructures and properties are necessary. The compati-
bility with inexpensive and mature technologies like casting provides
a convenient and economic route to test the printability of feed
materials.

3.4. Wide applicability: alloys, dissimilar materials, and composites

In addition to non-weldable materials, additive friction stir deposi-
tion has shown encouraging success in fabricating a broad range of al-
loys. For example, it has enabled fabrication of Al-based (1xxx, 2xxx,
5xxx, 6xxx, 7xxx series) and Mg-based (AZ 31, WE 43) alloys with
high part quality [65,66]. It has also been used to fabricate high strength
alloys such as nickel-based superalloys and titanium alloys [36,41].
Table 1 summarizes the representative material systems (deposited
material and substrate) that have been successfully deposited by this
process.

In additive friction stir deposition, the substratematerial and the de-
posited material do not need to be the same. When fabricating dissimi-
lar materials, the thermomechanical process can lead to metallurgical
bonding and good adhesion at the interface despite the differences in
chemistry, mechanical properties, and thermal properties. Examples
include the deposition of Nb and Ta coatings on Cu substrates, shown
in Fig. 3 (a). No interfacial delamination is observed when applying a
high shear stress at the interface through bending. The strong bonding
between dissimilar materials will also allow for multi-material AM,
which enables design and fabrication of functionally graded materials
[67,68].We note that to ensure strong solid-state bonding, the substrate
and deposited material cannot have drastically different mechanical
properties at the strain rates typical in friction stir processes, which
can be as high as ~100–102/s [69]. A significant difference of the flow
curves may lead to milling of the substrate by the deposited material



Fig. 4. Examples of manufactured parts. (a) A large window frame made of AA 6061.
(b) (Left) A large AA 6061 pressure vessel printed in less than 2 h and machined to final
surface finish. (Right) The internal structure of the pressure vessel shows an overhang
angle as high as 54°.
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or inadequate plastic deformation of the surface layers of the substrate,
which results in weak bonding. Based on the data in references [70–72],
characteristic flow stress curves of Nb, Ta, and Cu are shown in Fig. 3
(b) for a range of strain rates. At the similar strain rate, although the ini-
tial yield strength differs considerably between the deposited material
(Nb and Ta) and substrate (Cu), the difference in flow stress signifi-
cantly reduces at higher strain levels. This could be an important reason
of successful fabrication of thesematerial systemsusing additive friction
stir deposition.

For all material systems investigated so far, solid-state bonding is a
result of the plastic deformation at the interface, without resident
preheating. For future research, the effects of preheating are interesting
to explore. As demonstrated in friction stirwelding, it could enhance the
interface bonding, lead to less substrate deformation, and potentially
improve the shoulder lifetime [73]. This is especially important for de-
positing high melting temperature materials or materials that are par-
ticularly destructive to the shoulder.

By pre-mixing different powders and consolidating them as the feed
material, metal matrix composites (MMCs) can be deposited. Material
systems like Al-Mo, Al-W, and Al-SiC have been demonstrated with re-
inforcement volume fractions up to 30%. Our preliminary investigation
reveals a relatively uniform distribution of Mo particles within the Al
matrix in Al-Mo composites (Fig. 3(c)). Because of severe plastic forma-
tion, elevated temperatures, and intimate contact, mechanically-
induced mixing can occur in normally immiscible materials [74,75]. In
the Al-Mo system, for example, a layer of Al-Mo intermetallic phase is
formed at the matrix-reinforcement interface (the inset of Fig. 3(c)),
which is expected to enhance the adhesion and prevent interface poros-
ity. Micro X-ray computed tomography confirms that the composite is
fully dense without observed voids [76].

3.5. Speed and scalability

The build rate in additive friction stir deposition is controlled by the
shoulder size and filler diameter, and is comparable to that of other
large-scale AM processes such as wire arc AM. For example, the current
tooling of additive friction stir deposition is capable of build rates of
1000 cm3/h for Al 6061 alloys with a 1/4″ diameter feed rod. To com-
pare, wire-based electron-beam freeform fabrication (EBF) can have a
build rate of up to 2500 cm3/hr with a wire diameter of about 1/16″
[77,78]. These build rates are much higher than beam-based processes
involving powder melting.

Additive friction stir deposition is a free space manufacturing pro-
cess like directed energy deposition, so the part size is not constrained
by a vacuumchamber or powder bed. This allows for large-scale fabrica-
tion – parts with dimensions of ~1.5 m have been fabricated. As exam-
ples, Fig. 4 (a) shows a large window frame, and Fig. 4 (b) shows an
aluminum pressure vessel printed in less than 2 h and machined to
final surface finish. Since there is no need for atmospheric control, im-
plementation of rapid field repair is also possible.

The most salient benefits of additive friction stir deposition are
shown in Fig. 5.

4. Limitations and open questions

4.1. In-plane resolution

The development of additive friction stir deposition-based technol-
ogy has focused on increasing the part size and build rate. As a result,
the shoulder and filler dimensions are large, leading to a large in-
plane feature size. While powder bed fusion can make parts with a
small feature size on the order of 0.5 mm, the in-plane resolution of ad-
ditive friction stir deposition is limited to ~10 mm or above given the
current tooling capability. It is thus classified as a near-net shaping pro-
cess rather than a net shaping process. Intuitively, the in-plane
resolutionmay be improved by reducing the size of the tooling andfiller
material.

4.2. Overhang angle

One important metric of AM processes is the maximum self-
supporting angle for making overhangs [26,79]. Compared to beam-
based processes, there is less concern about material flowing off during
additive friction stir deposition as it is a solid-state process. In fact, it has
been shown to successfully produce a large overhang angle of 54° with-
out support material (as seen in Fig. 4(b)). However, we note that the
normal and shear forces imposed by the shoulder possibly lead to me-
chanical instability and therefore a limit of the maximum self-
supporting angle; experimental investigation of the overhang angle
limit can be an important direction for future research.

4.3. From computer-aided design (CAD) to part

In additive friction stir deposition, the deposition path is guided by a
G-code-based hatch pattern. Since algorithms are available to automat-
ically convert the CAD file to G-code, it is straightforward to go from
CADfile to part as long as the geometry is printable. Theprintable geom-
etry is limited by the in-plane resolution andmaximum overhang angle
in additive friction stir deposition. Given the layer-by-layer nature of ad-
ditive friction stir deposition, parts may require additional post-
processing to compensate for the stepwise transition at the edge of
each layer. This is highly dependent on the feature size and part
geometry.

4.4. Buckling

A potential concern related to mechanical instability is the printing
of high-aspect-ratio components, because the normal force from the
shoulder may cause buckling. For fabrication of a column structure,

Euler Buckling Theory gives the critical height-to-diameter ratio L
d ¼ π

4Kffiffiffiffi
E
σ

q
[80]. Here σ is the average normal stress from the shoulder, E is



Fig. 5. A chart outlining the benefits of additive friction stir deposition.
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the Young's modulus, and K is the effective height factor. We note that
this buckling model cannot be directly applied. When a new layer is
being deposited, the temperature of previously-deposited material
may remain elevated. This thermal gradient can yield a compliance gra-
dient and a decrease in the critical height-to-diameter ratio. As seen in
ultrasonic additive manufacturing, a more compliant material below
the tool can influence the differential motion between the deposited
layer and the previous layer, therefore lowering the quality of the inter-
facial bond [81,82]. Experimental investigationswill be needed to quan-
titatively understand the buckling limit while taking into account these
effects. In situ monitoring of the temperature gradient along the build-
ing direction can further help to correct the bucklingmodel. For fabrica-
tion of high-aspect-ratio components by additive friction stir
deposition, the authors recommend effective cooling through deposi-
tion interruption between layers to avoid the compliance gradient.

4.5. Tooling development

Shoulder lifetime is of utmost concern for additive friction stir depo-
sition, as the machine's performance is tied to the tool's ability to reli-
ably stir material. A balance must exist between the economic viability
and degradation rate of the shoulder. The target shoulder properties in-
clude high wear resistance, high fracture toughness, high compressive
yield strength at elevated temperatures, high thermal fatigue strength,
creep resistance, chemical stability, and low cost.

For low strengthmaterials such as Al andMg alloys, tool steel shoul-
ders have been observed to have almost no wear degradation. For high
temperature or high strength alloys, such as Inconel or steel, tungsten
carbide shoulders are used in the current equipment, with a low wear
rate and a reasonable cost. For future research involving deposition of
materials with even higher strength or higher melting temperatures,
shoulders made of advanced ceramics or composites with better prop-
erties will be needed, such as hot isostatically pressed polycrystalline
cubic boron nitride (PCBN). PCBN has excellent fracture toughness but
is expensive and difficult to process to full density due to the covalent
bonds and reversible phase transformation at high temperatures [83].
We envision a great amount of work to be done on design and process-
ing of tooling materials for depositing high strength and high tempera-
ture alloys.

Despite the similarities of tool requirements between additive fric-
tion stir deposition and friction stir welding, the absence of pin in the
former may lead to selection preferences towards particularly tough
materials for the shoulder. When passing the feed material through
the hollow shoulder, the compressive normal force exerted on the
feed material leads to in-plane expansion, imposing an outward force
on the internal surface of the shoulder. Additional stress arises from dif-
ferential thermal expansion between the feed material and the shoul-
der. These effects have led to catastrophic failure of ceramic shoulders
in previous investigations by the authors. Finally, we note that the ab-
sence of pin in additive friction stir deposition allows for sharp transi-
tions in the deposition path, which would lead to pin fracture in
friction stir welding due to the high shear stress.

5. Comparison to other solid-state AM processes

In this section, two alternative solid-state AM processes are intro-
duced and compared to additive friction stir deposition: ultrasonic addi-
tive manufacturing and friction stir additive manufacturing. Both of
them belong to the sheet lamination classification defined by ASTM,
which requires additional subtractive processes to make 3D parts with
complex geometries [30,37]. In contrast, additive friction stir deposition
adds the material in a site-specific fashion and enables near-net
shaping.

5.1. Comparison to ultrasonic additive manufacturing

Ultrasonic additive manufacturing is a sheet lamination process that
uses high frequency sound waves for interfacial cleaning and bonding
followed by selective CNC (computer numerical control) milling. By vi-
brating a textured wheel above 20,000 Hz on the top surface of a metal
foil, the oxide layers are removed from the interface between this foil
and the previously deposited one, resulting in atomically clean surfaces



Table 2
A comparison of different solid-state AM processes.

Process Ultrasonic additive manufacturing Friction stir additive manufacturing Additive friction stir deposition

ASTM classification Sheet lamination Sheet lamination N/A
Hybrid process Yes Yes No
Resolution limiting factor Subtractive process Subtractive process Tool geometry
Temperature Relatively low Relatively high Relatively high
Microstructure Similar to pre-processed Refined, equiaxed in the stir zone only Refined, equiaxed
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in intimate contact [29,37]. Adiabatic heating and severe plastic defor-
mation lead to recrystallization and formation of a metallurgical bond
at the interface, resulting in 100% dense parts [84–87]. Ultrasonic addi-
tive manufacturing allows for low operating temperatures and several
unique advantages. For example, the microstructure of the metal foils
is largely preserved throughout the sheet lamination process, post pro-
cessing is generally unnecessary, and temperature-sensitive functional
devices including electronics can be embedded into the printed parts.
The final in-plane resolution in ultrasonic additive manufacturing is de-
termined by the additional subtractive machining processes.

Additive friction stir deposition is fundamentally different in that
it is a material deposition process rather than a sheet lamination pro-
cess. In addition, the microstructure resulting from the ‘intensive’
friction stir process is dependent on dynamic recovery or dynamic
recrystallization, whereas the ‘gentle’ ultrasonic process gives a sim-
ilar microstructure before and after fabrication. Having said that, ul-
trasonic additive manufacturing can also lead to severe plastic
deformation and recrystallization at the interface resulting in finer
grains. Finally, the base material in additive friction stir deposition
is a metal rod or powders, while ultrasonic additive manufacturing
requires using thin metal foils.

5.2. Comparison to friction stir additive manufacturing

Friction stir additivemanufacturing is another sheet lamination pro-
cess, in which multiple metal layers are stacked and then bound to-
gether through friction stir welding. The welding is performed on the
top layer of sheets with a custom designed pin penetrating them verti-
cally, rotating, and traversing to create a joining line throughout the
overlapping sheets [30]. Repeating this stacking andwelding process al-
lows for fabrication of large components. A key difference between this
process and ultrasonic additive manufacturing is the layer thickness.
While the latter usually uses metal foils with a thickness of ~0.1 mm,
the former can weldmultiple thicker metal sheets. For example, Mishra
and coworkers successfullywelded fourWE43 sheets eachwith a thick-
ness of 1.7 mm [30].

Both friction stir additivemanufacturing and additive friction stir de-
position are ‘intensive’ processes that involve severe plastic deforma-
tion at high temperatures. However, there are significant differences
between them. One is a hybrid (both additive and subtractive) sheet
lamination process involving welding that results in microstructures
with cyclic variations [30,48,60], whereas the other is a purely additive
process that deposits a new track with each pass. With each individual
layer undergoing the same type of severe plastic deformation during de-
position and reheating afterwards, additive friction stir deposition can
Table 3
A summary of the unique advantages of various metal AM processes.

Process Powder bed fusion Directed energy deposition U

Solid-state No No Y
Advantages High resolution Scalable; capable of mixing powders on the

fly
S

Niche
applications

Complex
geometries

Large parts; multi-materials; repair L
s

lead to a much more homogeneous microstructure. Table 2 compares
the three solid-state metal additive processes in detail.

6. Pathways to widespread implementation of metal AM

For widespread implementation, metal AM needs to possess a series
of attributes, such as (1) affordability to customers, (2) convenience and
ease of use, (3) energy efficiency, (4) environmental friendliness,
(5) wide applicability to engineering materials, (6) compatibility with
mature technologies, and (7) reliability of part properties.

Unfortunately, not a single metal AM process fully meets the above
standard at this moment. The question is, for current technologies,
what aspects need to be improved for widespread implementation? Re-
garding the prominent beam-based processes, the capability of produc-
ing cheap, accessible powders of high quality and arbitrary
compositions is a pressing demand. Strategies are also needed to signif-
icantly reduce the energy and cost of production and to enable the fab-
rication of non-weldable alloys. Regarding the non-beam-based
processes, strategies for controlling in-plane resolution should be fur-
ther developed, because these processes either have a low in-plane res-
olution or require an additional subtractive process. In the case of
additive friction stir deposition, the low in-plane resolution is not a re-
sult of its physical nature but rather a result of design choices that
favor scalability. Scaling down the tool size and using a small-
diameter filler may improve the in-plane resolution without interfering
with the physical processes.

For all of these metal AM processes, quality control is a key techno-
logical challenge. Substantial efforts have been made towards in-
process qualification, where in situ and non-destructive process moni-
toring techniques are employed to increase reliability in as-
manufactured parts [88]. For example, infrared and high-speed cameras
have been used to monitor the thermal evolution in the melting pool
and during powder consolidation, 3D laser scanners have been used to
monitor surface topography, and in situ ultrasonic testing has been
used to monitor the defect formation and evolution [89–93]. With sen-
sitivity analysis of the part attributes with respect to process parame-
ters, closed loop control can be implemented; once a process anomaly
is detected, the process parameters will be adjusted for online defect
mitigation. In-process qualification is thus necessary for improving
part consistency to enable widespread use of metal AM. The first at-
tempt to instrument the basic additive friction stir deposition facility
with multiple sensors is underway, which should enable in situ moni-
toring of thermal fields, surface topography, and defect levels.

Despite their imperfections, it is important to recognize the unique
advantages of existing technologies, as shown in Table 3. Additive
ltrasonic additive manufacturing Additive friction stir deposition

es Yes
calable; low operation temperature Scalable; flexible feed materials

arge parts; embedding electronics or
ensors

Large parts; non-weldable alloys;
repair
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friction stir deposition is well suited for the rapid fabrication of large-
scale components, investigation of non-weldable alloys, and printing
of alloys that are difficult or expensive to be made in powdered form.
Powder bed fusion is the best for making high-resolution complex ge-
ometries. Directed energy deposition enables mixing multiple powders
on thefly to formalloys in situ [94]. Both directed energy deposition and
additive friction stir deposition can be good for field repair. Ultrasonic
additive manufacturing has its own advantages in low operation tem-
perature and incorporation of electronics. Given that these technologies
all have their niches, a synergistic effort from various processes provid-
ing complementary capabilities will likely make metal AM viable for a
wide variety of materials, applications, and fields. In that sense, a com-
prehensive understanding of the benefits and limitations of each tech-
nology will be essential for widespread implementation of metal AM.
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