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Additive friction stir deposition (AFSD) is a relatively new additive manufacturing technique to fabricate parts in
solid state below the melting temperature. Due to the solid-state nature, AFSD benefits from lower residual
stresses as well as significantly lower susceptibility to porosity, hot-cracking, and other defects compared to
conventional fusion-based metallic additive manufacturing. These unique features make AFSD a promising
alternative to conventional forging for fabricating large structures for aerospace, naval, nuclear, and automotive
applications. This review comprehensively summarizes the advances in AFSD, as well as the microstructure and
properties of the final part. Given the rapidly growing research in AFSD, we focus on fundamental questions and
issues, with a particular emphasis on the underlying relationship between AFSD-based processing, microstruc-
ture, and mechanical properties. The implications of the experimental and modeling research in AFSD will be
discussed in detail. Unlike the columnar structure in fusion-based additive manufacturing, fully dense material
with a fine, fully-equiaxed microstructure can be fabricated in AFSD. The as-wrought structure brings the as-
printed parts with comparable properties to wrought parts. The fundamental difference between AFSD and
fusion-based metallic additive manufacturing will be summarized. Furthermore, the existing challenges and

possible future research directions are explored.

1. Introduction

Unlike conventional subtractive material technologies, additive
manufacturing (AM) is founded on a novel philosophy known as “ma-
terial increment”, enabling the design and production of intricate and
customized metallic components without the constraints of traditional
processing techniques. Metal AM is now widely recognized as a new
paradigm for designing and manufacturing high-performance compo-
nents for a variety of applications in aerospace, automotive, medical,
and energy industries [1]. Several metal additive manufacturing tech-
niques, such as Binder Jetting, Directed Energy Deposition (DED), Laser
Powder Bed Fusion (LPBF), Sheet Lamination, and Material Extrusion,
have been used to create parts for various applications that differ in
terms of system configuration, power resource, and the processing
approach. Most of these techniques are receiving considerable attention
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because of process flexibility, and a diversity of applications.

Yet, there are major limitations that prevent these AM techniques
from being widely adopted in industry, including the need for a sealed
chamber in LPBF, limited build volume, defect controllability, scal-
ability, and a limited range of materials. In addition, AM techniques that
use laser and electron beam as a power source for in situ melting of
materials result in major defects (e.g., porosity and cracks) in the final
part due to rapid cooling and resolidification of the melt pools [1-3].
The crack formation problem limits the number of printable metals and
alloys that prevents metal-AM from reaching its full potential [4].

Friction-based additive manufacturing techniques have recently
been introduced to print metallic materials in solid state without the
need for melting and solidification. The material range for printing is
expanded and the production of nearly crack- and pore-free parts for a
variety of applications is enabled [5]. These techniques are divided into
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Fig. 1. Comparison of the building size and building rate between fusion-based and friction-based AM technologies. The data used here is a generic representation of
literature. The inset schematics are associated with LPBF, DED, and AFSD from bottom to top, respectively [8-10].
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Fig. 2. Schematic drawing of two processes: (a) FSW [23] and (b) FSAM [24].

two main categories: friction stir additive manufacturing (FSAM) and
additive friction stir deposition (AFSD). While FSAM is a hybrid process
that requires both additive and subtractive steps to fabricate the com-
ponents, AFSD, the focus of this review, is purely additive.

Aeroprobe Corporation (now MELD Manufacturing) [6,7] developed
and patented AFSD, which combines the friction stirring concept with a
material feeding process to fabricate site-specific components [5]. AFSD,
as a solid-state, low-temperature AM technique, has several advantages
over fusion-based AM. This technique operates in an open environment
without a chamber or a powder bed system, resulting in no size limit for
the final structure bounding volume. Furthermore, AFSD equipment,
which is similar to traditional CNC and milling machines, can be scaled
up as required. Both characteristics make AFSD a suitable choice for
large-part fabrication. Unlike other AM technologies, AFSD typically
does not require any additional post-processing such as hot isostatic
pressing (HIP), reducing production time and energy use.

In contrast to the columnar grains resulting from fusion-based AM
caused by rapid melting and solidification, fine and full-equiaxed
microstructure can be obtained using AFSD, allowing for the printing
of isotropic components. Another advantage of AFSD is the dramatically
improved building rate. Fig. 1 depicts a comparison of building size and
building rate between AFSD and laser additive manufacturing. AFSD can
deposit material more than ten times faster than other AM processes.

Despite all of the benefits listed above, AFSD is still in its early stages.

AFSD was first patented in 2014 [6] and has been in use for less than ten
years, with growing interest in research of AFSD for creating defect-free
parts. Several reviews are available about friction stir additive
manufacturing [11-16] with focus on its market, innovations, potential,
tooling and design strategies. An in-depth review on processes, micro-
structure and properties is needed. Also, as this technology is under
rapid development, a periodic update of our understanding is needed.
This review focuses on the AFSD of metallic materials, specifically the
processes, microstructure, and properties of manufactured components.
The distinctions between AFSD and fusion-based additive
manufacturing will also be discussed to understand the relative current
state of the technique and potential for future applications. The aim of
the present review is to promote the application of AFSD and bridge the
gap between the academia and industrial practices.

2. Process

The AFSD technique combines the friction stir concept with a ma-
terial feeding process to additively manufacture metal components at
low temperatures [17]. There are also other names for AFSD in literature
including MELD (named after the corporation) [18], additive friction
stir (AFS) [19], friction stir fabrication (FSF) [6], friction stir metal
deposition (FSMD) [20], friction deposition (FD) [21], friction surfacing
additive manufacturing [10], and friction stir deposition (FSD) [22].
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The AFSD approach shows great potential for fabricating large-scale
(in meters), crack-free metallic components with fully-equiaxed micro-
structure. Yet, a thorough understanding of AFSD and effective process
parameters is imperative to fabricate metallic structures with the desired
geometries and properties. This fundamental knowledge is critical for
understanding the underlying physical mechanisms and the origin of
defects. This section introduces AFSD processes, with a focus on defects,
potential defect mechanisms, and remedies.

2.1. Classification

To the best of our knowledge, we have not found a standard for
categorizing AFSD processes. In this section, we did our best to identify
and categorize all of the published AFSD processes.

In contrast to friction stir welding (Fig. 2(a)) [23] and friction stir
additive manufacturing (Fig. 2(b)) [24], AFSD does not use a solid pin
tool or probe. Instead, key components that generate friction heat are a
rotating hollow shoulder of the system or the feedstock material rod
itself. The AFSD processes are classified into two types based on these
configurations: those that use a hollow tool and those that use the
feedstock rod itself as a tool. As shown in Fig. 3, the feedstock material is
delivered through the hollow shoulder and rotates with the tool during
the AFSD process. Dynamic contact friction generates frictional heat at
the tool-material and material-substrate interfaces, raising the temper-
ature of the feedstock material and tool [17]. The feedstock material
softens as the temperature rises, promoting plastic deformation. The
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heat generated by the plastic deformation of the feedstock material and
the substrate also facilitates solid-state material bonding. Metallic
components with tailored geometrical properties are manufactured
through the continuous flow of feedstock material and motion along the
predefined scanning path. In order to promote material deformation, a
protrusion is added to the bottom of the tool [7], surrounding the
feeding inlet in the shape of radiation (Fig. 4(a)), helix (Fig. 4(b)), circle
(Fig. 4(d, e)), or others (Fig. 4(c, f, g)). The tools used in this process are
cylindrical and conical. Specifically, in order to fabricate tubes, a hollow
tool with a hollow cylindrical punch is used (Fig. 5), and this process is
also known as friction-forging tubular additive manufacturing (FFTAM)
[25].

As shown in Fig. 6, the alternative AFSD approach includes a rotating
consumable rod pushed out under the exerted axial force in the AFSD
process without a hollow cylindrical tool. Friction and plastic defor-
mation are heat generation mechanisms, similar to the AFSD process
with a tool. A further distinction can be made based on the shape of the
feedstock material, which includes the cavity of the hollow tool as well
as the feedstock itself. The filler can be circular, square, or elliptical in
shape. Without the use of a tool, circular feedstock material is typically
used. The main difference is that in the AFSD process without a tool, the
feedstock material is not constrained by the hollow shoulder, resulting
in severe flash defects, as discussed in Section 2.4.

The feedstock materials can be introduced in different forms
including powder, rod, and recycled chips in an AFSD process, as shown
in Fig. 7. Furthermore, the feedstock rod for AFSD can be obtained by
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Fig. 3. (a) A picture showing AFSD equipped with a hollow tool and an illustrative diagram highlighting some fundamental physical processes in the local region of
deposition. (b) A comparison of thermal boundary conditions between FSW and AFSD [17].
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Fig. 4. Different protrusion shapes in AFSD with a hollow tool [7].

compacting the metal chips into the feedstock dimensions, according to
[27]. Powder is another common form of feedstock material in AFSD.
Metal matrix composites are typically created with matrix and rein-
forcement powders [5]. Only the AFSD process with a hollow tool can be
adapted in this case. Another feedstock material combination is rod with
reinforcement powder [22].

2.2. Materials

The printable alloys from the AFSD processes are essentially limitless
due to the solid-state nature of the process, and any wrought or cast alloy
can be used as a feedstock material. Although this process is still in its
early stages, quite a few metallic materials - aluminum alloys, titanium
alloys, magnesium alloys, copper alloys, nickel alloys, and steels - have
been reported to be manufactured by AFSD.

One of the most significant advantages of AFSD over fusion-based
AM is the ability to produce non-weldable alloys. Many aluminum al-
loys are highly-crack-susceptible in fusion-based AM processes due to
their high reflectivity and large solidification interval [4]. AFSD has
enabled the fabrication of crack-free aluminum alloys. AA6061 [28], Al-
Mg-Si [29], Al-Si [30] and AA7075 alloys [31] have been successfully
manufactured through this technique; no cracks or pores in these sam-
ples are present, and the substrate and manufactured materials have a
strong metallurgical bond. Aluminum alloys with reinforced particles
are also successfully manufactured, including Al-SiC, AA6061-Mo,
AA6061-W [5], and Aluminum matrix nano Al;O3 composites [22].
Aluminum and magnesium alloys are both lightweight with many
physical properties in common. The AFSD process also produced defect-
free magnesium parts with full density, such as AZ31 [28] and WE43
[32] alloys.

In addition to lightweight alloys, superalloys such as nickel alloys
and titanium alloys are manufactured using AFSD. As illustrated in Fig. 8
(a), a well-bonded, 40-layered Inconel 718 sample was manufactured.
Another nickel superalloy used in AFSD is Inconel 625 [33]. A Ti-6Al-4 V
sample has been fabricated from recycled metal chips using AFSD and is
completely dense with no visible cracks, as shown in Fig. 8(b) [27].
Other materials fabricated using AFSD techniques include pure copper
[29,34] and steels [20,35]. Steels such as SS304 [20] and mild steel [35]
have been reported to be used in AFSD. Alloys used in friction stir
welding, such as Cu-Zn alloy [36] and mild steel [37], can also be
potentially used as feedstock material in AFSD.

2.3. Heat and deformation mechanisms in AFSD process

The AFSD process involves three processing stages: (1) depositing
preparation, (2) initial deposition, and (3) steady-state deposition, as
shown in Fig. 9. Prior to deposition, the tool/rod moves downward at a
very low feeding rate and a high rotation rate. Due to frictional heating,
the feed-rod reaches an elevated temperature shortly after contacting
the substrate. Once the required temperature is reached, the second
stage begins. At this point, the tool is raised to the height that defines the
deposition layer thickness and then translated in-plane along a pre-
defined path. Deposition begins with the continuous extrusion of the
feed rod and transverse motion. At this stage, severe plastic deformation
and contact friction are initiated. The steady-state deposition process
begins once the actuation force and torque have stabilized. Similar to the
second stage, in the third stage, heat is generated by contact friction and
plastic deformation.
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Fig. 5. (a-d) Schematic representation of different processing stages for FFTAM technology: (a) introduction of metal chips, (b) friction-forging consolidation of the
first layer, (c) continuing the deposition process by feeding the next layer required chips, and (d) subsequent deposition of the new layer. (e) Different parts of the

FFTAM tool. (f) Cross-section of a FFTAM shoulder [7].

During the steady-state deposition step, the as-deposited morpho
logy and microstructure, as well as subsequent properties, are highly
dependent on temperature evolution and deformation behaviors. Heat
generation in AFSD has a strong influence on temperature evolution.
Interfacial friction and plastic deformation produce heat during this
process. The heat generated by plastic deformation is often referred to as

volumetric heat generation, which is dependent on the shear strain rate
and shear stress at yielding [39].

It has been reported that frictional heat accounts for 54.4 % of the
overall heat produced by friction stir engineering [40]. However, others
argue that this proportion varies with different processing stages and
materials [41]. This proportion is thought to be strongly related to the
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Fig. 6. Schematic diagram showing the processing of an AFSD system without a
hollow cylindrical tool [26].

interfacial contact states (or conditions) between the material and the
tool head. There are three main types of contact conditions: full sticking,
partial sticking and partial slipping, and full slipping.

The fractional slip, 5(r), specifically denoting the spatially variable
fractional slip, is frequently used to quantify these three conditions,
while 1 — §(r) is the sticking coefficient [42]. 1 — §(r) is expected to
decrease along the radial direction due to the linear velocity of the tool
head increasing as r increases, causing difficulties for the deposited
material to maintain sufficient deposition. When 1 — §(r) = 1, the con-
tact condition is full sticking, and when 1 — §(r) = 0, the contact con-
dition is full slipping.

It has been reported that 1 — §(r) strongly depends on the material
[43]. As illustrated in Fig. 10, the sticking coefficient (Fig. 10(e)) dif-
ference between Cu and Al-Mg-Si is deduced from the experimental
observations of deformation behaviors along the radial direction (Fig. 10
(c) and (d)). This difference in 1 — §(r) results in different heat gener-
ation mechanisms in different zones, as shown in Fig. 11. The Cu system
has the most significant volumetric heat generation directly beneath the
feed rod, whereas the Al-Mg-Si system has a large volumetric heat
generation zone due to significant material flow. Fig. 11 appears to
underestimate the heat generation at the feedstock rod/substrate
interface. This lack of reconciliation calls for closer collaborations be-
tween computational scientists and experimentalists.

The results of in situ temperature monitoring (Fig. 12) demonstrate
the impact of different heat generation mechanisms in these two mate-
rials. Tpeqx for successful Cu depositions is in the range of 49 % ~ 79 % of
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the melting temperature (Ty), while Tpeq for successful Al-Mg-Si de-
positions is in the range of 76 % ~ 92 % of Ty. Further studies have
revealed that Tpeqx has a power law relationship with Q/Vin Cu but with
Q2/V in Al-Mg-Si while Q is the rotation rate and V is the in-plane ve-
locity. The exposure time, heating rate, and cooling rate for AFSD are
approximately on the order of 10! s, 10! ~ 10? K/s, and 10* K/s,
respectively [43]. Other researchers have stated that Tpeq in the range of
60 % ~ 90 % of Ty guarantees successful deposition for FSW of steels
[44].

While difficulties exist to experimentally monitor the temperatures
inside the deposition, numerical simulation efficiently provides insights.
As shown in Fig. 13, the temperature contours for deposition under
different process variables are simulated using a meshfree computa-
tional framework. In general, the processing temperature rises as the
feeding rate increases. For the starved case in Fig. 13(a), the lower feed
rate is insufficient to fill the deposition zone. The overfed case in Fig. 13
(c) raises the temperature, which may result in local melting of the
deposition (detailed information can be found in Section 2.4). The
reason why feeding rate strongly influences deposition appearance and
substrate material properties is that the temperature evolution during
the AFSD process is dependent on feeding rate results [45]. Others have
used commercial CFD software to capture the thermal characteristics at
the tool-substrate interface [46]. The results show that the highest
temperature occurs near the cladding/processing zone at the tool-
substrate interface, and significant thermal gradients exist in proximity.

In addition to the temperature evolution, deformation behaviors
have a significant impact on the success of deposition in the AFSD
process. The different deformation behaviors at different stages of the
AFSD process are studied using X-ray computed tomography. As shown
in Fig. 14, at least two strain components at the initial material feeding
have been identified, which are the (1) extrusion strain due to
compression force and (2) torsional strain due to the rotation rate
gradient along the material feeding direction. Extrusion strain causes
cross-sectional area changes, while torsion strain results in the helix
shape shown in Fig. 14(f). At steady state, the millimeter-scale cylinder
transforms into ~ 10 um micro-ribbons, as shown in Fig. 15. These
micro-ribbons indicate a significant thinning process caused by large
shear deformation [38].

Plastic strain contours (Fig. 16) have been simulated to demonstrate
material mixing and deformation behaviors. The results show that
insufficient deformation caused by low feeding rate (Fig. 16(a)) corre-
lates to the experimentally observed surface voids/galling [45].
Consequently, feeding rates above the optimal threshold (Fig. 16(c))
would not promote material mixing, but conversely, would result in
waste due to excessive flashing [45]. The plastic strain simulated is on

Fig. 7. Feedstock material forms for the AFSD-based processing: (a) material rod [26], (b) machine chips.
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Fig. 8. Parts built of different materials using AFSD. (a) A macrograph of the Inconel 718 deposit (longitudinal and building direction), containing more than 40
layers and demonstrating excellent layer bonding with white arrows indicating layer interfaces [33]. (b) Ti-6Al-4 V built part with dimensions of 30 mm x 135 mm x
25 mm with no obvious defects [27].
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Fig. 9. Schematic diagrams showing the main AFSD processing steps (from left to right): before processing, initial material feeding, and steady-state deposition. This
includes (a) side view, (b) top view, and (c) isometric view [38].
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Fig. 11. A schematic illustration of the heat generation mechanisms for (a) Cu and (b) Al-Si-Mg. The regions of volumetric heat generation are highlighted in red, and

the regions of interfacial friction are highlighted in blue arrows [43].

the order of ~ 100. According to other simulations [47], the velocity
beneath the tool is on the order of ~ 100 mm/s, which is comparable to
traditional friction stir welding [48,49].

2.4. Defects

2.4.1. Low dimensional accuracy

Despite the fact that AFSD has many advantages with regard to the
manufacturing of large-scale components, dimensional accuracy,
including surface roughness, has been a major issue. Currently, nearly all
manufactured components require post-CNC machining [35]. Several
samples prepared using the AFSD process are shown in Fig. 17. Whether a
single-layer and single-track sample (Fig. 17(a)), a single-layer and multi-
track sample (Fig. 17(b)), a multi-layer and single-pass sample (Fig. 17
(c)), multi-layer and multi-pass samples in cross (Fig. 17(d)) or cylindrical
shapes (Fig. 17(e)), all prepared samples have rough surfaces and post-
machining steps are required to meet application requirements.

The main cause of surface roughness along the building direction is
flash. As illustrated in Fig. 18, the material flows rotationally and
laterally during material deposition. Excess flash at the edge of the tool/
rod is formed when excess feed material exits the deposition zone and
weakly bonds with the substrate of the previously deposited material
[29]. Under similar processing conditions, the flash in the Cu sample

(Fig. 18(b)) is more severe than the flash in the Al-Mg-Si sample (Fig. 18
(a)). According to in-situ observations of material flow behaviors [43],
this is because rotational motion is rare in the Cu deposition zone,
characterizing the tool-material interface as the full slipping condition.
While the exterior surface of Al-Mg-Si is seen to rotate with the tool, this
suggests that some slipping/sticking at the tool-material interface exists.

Further investigation into the heat generation mechanisms indicates
that the interfacial heat generation is limited in the deposition zone in
Cu but is significant in the material-tool shoulder zone in Al-Si-Mg. The
differences in material flow and thermal history between Cu and Al-Si-
Mg result in different flash phenomena. The flash phenomenon accu-
mulates layer by layer along the building direction, resulting in a weak
bond and a rough surface, as shown in Fig. 19, which requires further
machining. It is worth noting that the excess flash in AFSD is more
controllable with a hollow tool. As illustrated in Fig. 20, compared with
AFSD without a tool, the excess material flow under AFSD with a hollow
tool is constrained by the tool shoulder, alleviating the flash phenome-
non. Furthermore, whether in AFSD with a hollow tool (Fig. 21(a)) or in
AFSD without a tool (Fig. 21(b)), the flash occurs at the bottom of the
feedstock rod.

Other surface characteristics, such as an onion ring pattern, galling,
surface scratch, and edge cracking, have a significant impact on the
performance and dimensional accuracy of the parts. These are the other
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min, and (c) overfed at a feeding rate of 254 mm/min [45].

causes of surface roughness in the as-built parts. The onion ring pattern,
which resembles fish scale in welding (Fig. 22(c)) and chevron in LPBF
(Fig. 22(b)), is the unique surface feature in AFSD, as shown in Fig. 22
(a). According to [52], the onion ring pattern results from the interac-
tion between the tool trailing edge and the top surface of the deposited
layer with each tool revolution, as illustrated in Fig. 23. Thus, the
spacing of the onion ring pattern corresponds well with the calculated
advance per revolution V/Q.

Another macroscopic surface defect is galling. As shown in Fig. 24,
galling can be inferred from uneven spacing or even breakdown of the
onion ring pattern, which could be caused by adhesion between the
feedstock rod and the deposited material. When processing a new alloy
with AFSD, a thorough optimization is needed to identify the suitable
processing window for fabricating parts without macroscopic defects.

It is worth noting that the protruding tool head has significant impact
on surface morphology. When comparing Fig. 25(1-3) to Fig. 25(4-6), it
appears that the flat tool produces a higher surface quality deposited
layer than a protruding tool, hypothesized to be due to insufficient
heating and deformation of the feedstock material as a result of the
thicker deposited layer. As a result, more material is involved and less
heat is generated per material volume in the case of a protruding tool
[51]. However, with proper optimization, both flat surface tools and
tools with protrusions are capable of producing parts with no
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macroscopic defects. As shown in Fig. 26, other surface defects, such as
surface scratching and edge cracking, occur as a result of improper layer
sticking or an incorrect match between axial pressure and rotation speed
while manufacturing tubular samples [25].

2.4.2. Poor material bonding and local melting

Another type of defect in AFSD is related to the thermal input and
characteristics. As illustrated in Fig. 27, poor material bonding (weak
bonding or even delamination between deposited material and the
substrate) occurs as a result of reduced material mixing and flow caused
by insufficient thermal input. Another defect is local melting. The peak
tempera ture of the AFSD process typically ranges between 60 % ~ 90 %
of the melting temperature. However, as stated in [57], adiabatic
heating caused by a low shoulder transverse speed or high shoulder
rotation frequency causes the local temperature to exceed the melting
temperature, resulting in local melting. And the local melting and the
subsequent solidification may result in the occurrence of porosity and
cracks in the deposited components.

2.4.3. Other defects

The AFSD operates in an ambient environment. Without the
constraint of a vacuum or oxygen-free chamber, the deposition size has
no limit but with a disadvantage - the oxidation of alloys, particularly for
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Fig. 14. X-ray computed tomography results after initial material feeding for the ((a)-(c)) center tracer and ((d)-(f)) edge tracer. The AA2024 tracer is shown in red,
while the surrounding AA6061 matrix is either blue or transparent. Each pair of white dots is 2.5 mm apart [38].
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Center Tracer

Fig. 15. High resolution X-ray computed tomography results for ((a)-(c)) center tracer and ((d)-(f)) edge tracer after steady-state deposition of AA2024. Each pair of

dots is 1.25 mm apart [38].
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Fig. 16. Effective plastic strain contours of AFSD of AA6061 for (a) starved at a feeding rate of 63.5 mm/min, (b) optimal at a feeding rate of 127 mm/min, and (c)

overfed at a feeding rate of 254 mm/min [45].

titanium or aluminum alloys, in the form of oxides or oxide layers.
Aluminum oxide particles (Al;O3) were the first reported source of
contamination in AFSD aluminum alloys, according to [59]. As shown in
Fig. 28, Al,O3 particles and trace film are observed in cracks, indicating
that alloy oxidation can be a potential initial site of cracks in AFSD
processing. The oxide layer, on the other hand, can interfere with the
subsequent layer bonding. As a result, the oxidation behaviors in AFSD
can degrade the properties of manufactured parts and must be avoided.
In some studies [26], the top surface of the layer was machined flat and
even to the extent necessary to remove the oxide layer on the deposited
layers. Furthermore, although it is highly possible for AFSD to fabricate
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components without pores, small pores below 3 um have been observed
in the AFSD of Alloy 110 Cu [34] and AA1060 [60].

Overall, the defects listed above are caused by process variables, and
the construction of processing windows to produce fully-dense and
defect-free parts has long been a source of concern for researchers.
Fig. 29 shows a schematically constructed feasible processing window.
For example, outside the window, intense heating can cause tool head
damage, feed material jamming inside the hollow channel, or local
melting at very high rotation rates (Q). Inadequate heat generation at
low Q or high feeding rates (F), a lack of material flow, and plastic
deformation can result in flash or galling. Insufficient feedstock material
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Sample 1 Sample 2
Fig. 17. AFSDed samples: (a) single layer and single-pass AA2014 deposit [26], (b) single-layer and multi-pass mild steel deposit [35], (c) multiple-layer and single-
pass SS304 deposit [20], (d) cross structure aluminum deposit [50], (e) cylindrical AISI304 deposit [21].

Rotational Material Lateral Matgrial
Flow Direction Flow Direction

Fig. 18. Material flow during AFSD of (a) Al-Mg-Si and (b) Cu [29].

is supplied for deposition at low F and high V, resulting in pore forma- is critical in understanding the development of defects, microstructure,

tion or poor surface quality. macrostructure, and properties. Possible evolution mechanisms that
control the deformed structure, such as grain structure and size, pre-

3. Structure cipitates, and texture, are discussed in detail in the following sections.

Although there is no melting or solidification in AFSD techniques,

the material is severely deformed due to the frictional heating and 3.1. Microstructure subjected to severe plastic deformation

rotating effect, providing driving forces for microscopic and macro-

scopic evolution. Structure evolution in AFSD under severe plastic In AFSD, the feeding material is rotated at a speed of ~100 rpm. Heat
deformation is quite different from fusion-based AM techniques, and is generated by dynamic contact friction at the tool/rod-substrate/
more akin to forging processes. This section focuses on structure evo- deposited material interface and plastic deformation. In AFSD, soft-
lution in order to elucidate the Process-Structure-Property relationship ened materials undergo large plastic deformation at a high strain-rate
in AFSD. Furthermore, a thorough understanding of structure evolution and elevated temperatures, resulting in a deformed structure. The re-

sidual energy provides the thermodynamic and kinetic conditions for

13
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Fig. 19. Flash phenomena along building direction of deposited SS304 [20].
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Fig. 20. Flash phenomena under different AFSD processes: (a) with a hollow tool, (b) without hollow tool, and (c) 2D views [51].
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Fig. 22. (a) Macroscopic images of the onion skin in AFSD [51,53]. (b) Experimental and numerical surface morphology in LPBF [54,55]. (c) Typical surface

morphology in laser welding [56].

recovery and recrystallization following deformation. The dislocation
density of the material greatly increases during the plastic deformation
in the AFSD process. During dynamic recovery and dynamic recrystal-
lization, dislocations within a grain rearrange to form cells, sub-grains,
and so on. First, the dislocations tangle, merge, and annihilate, forming
cells. As more dislocations are generated as a result of continuous
deformation, they are absorbed by sub-grain boundaries, transforming
into low-angle grain boundaries and then into high-angle grain bound-
aries. Thus, the deformed grains are pinched-off, and the grains are
refined in AFSD in this manner.

The generation of dislocations and their subsequent accumulation at
grain boundaries, sub-grains, and particles nucleating defect-free crys-
tallites govern recrystallization behavior [61]. Recrystallization can be
classified into two types: static recrystallization (SRX) and dynamic
recrystallization (DRX). SRX frequently occurs during annealing and
DRX occurs during hot deformation, both of which occur in the AFSD
process. During deformation, there are three types of DRX: continuous
dynamic recrystallization (CDRX), discontinuous dynamic recrystalli-
zation (DDRX), and geometrical dynamic recrystallization (GDRX).
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DDRX is distinguished by the nucleation and growth of dislocation-free
grains, whereas CDRX is distinguished by the progressive accumulation,
annihilation, and reorganization of dislocations in the absence of
discrete nucleation and growth events [62,63].

The grains are elongated along with the deformation direction dur-
ing the initial stage of AFSD, as shown schematically in (Fig. 30(1)).
Substructures form inside the grains as shear strain increases due to
dynamic recovery. The dislocation density increases with material
deformation during deposition. The dislocation tangles, annihilates,
rearranges into sub-grains, and cell formation occurs at this stage. Only
low-angle grain boundaries (LAGBs) are involved at this stage (Fig. 30
(2)). Dynamic recrystallization and high-angle grain boundary (HAGB)
movement occur as strain is increased continuously. When the strain
reaches a critical value, the HAGB spacing approaches the sub-grain size
and the adjacent grain boundaries pinch off, forming a roughly equiaxed
microstructure (Fig. 30(3)) [38,62,64].

With further deformation, dynamic recovery and recrystallization
continue, resulting in a reduction in grain size. However, as the strain
increases, the most equilibrium state is not reached, even though
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Fig. 23. (a) A top-down view of the deposit based on X-ray computed tomography of AFSD of AA2024. (b) Illustration of the onion skin formation [52].
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Fig. 24. Morphologies of the WE43 AFSD material deposits with (a) no macro defects and well consolidated build, (b) minor galling and flash, and (c) significant

galling and macro defects [32].

recrystallization is complete. At high temperatures, the grains continue
to grow in order to minimize total interface energy, as shown in Fig. 30
(4). The stacking fault energy (SFE) of alloys is important in micro-
structure evolution during and after deformation because it explains
how dislocations resolve, which has an impact on DRX behaviors. The
SFE of Al-Mg-Si is high (>160 mJ/m? [65]), whereas Cu has a low SFE
(~ 78 mJ/mZ) [65,66]. Griffiths et al. [29] conducted comparative
studies on the microstructure of Al-Mg-Si and Cu after deformation. The
results show that grain size reduction is much greater in alloys with high
SFE than in alloys with low SFE.

3.2. Grain morphology: Structure and size

In contrast to the columnar solidified structure of fusion-based AM,
AFSD processes produce small and equiaxed grains. Due to recovery and
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recrystallization, the deformed microstructure evolves into fine, full-
equiaxed grains after severe plastic deformation. The evolution of
grain structure is closely related to strain. At this stage, there is a critical
strain level for achieving fully equiaxed microstructure, and grain size
decreases with increasing strain. By comparing the grain size of Fig. 31
(f) and (g), it can be concluded that the grain size following this stage
increases. In Fig. 31(e), the pinch-off of the deformed structure can be
identified and transforms the deformed structure into a full-equiaxed
microstructure [61,62,67].

This evolution of grain structure can also be seen at the tip of an used
consumable rod. Refined and equiaxed grains are shown at the tip of the
consumable rod in Fig. 32, indicating that recrystallization occurs before
the deposited material is transferred to the substrate. Although AFSD
allows for the production of components with a fully equiaxed micro-
structure, the fraction of equiaxed grains is highly dependent on process
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Fig. 25. Surface quality of AFSD Al-Mg-Si deposits using different tools: the surface morphologies of the deposits that are produced when the flat tool is used under

conditions 1-3 and when the protruding tool is used under conditions 4-6 [51].

Fig. 26. The side views of the manufactured AA2024-Al,03 tube showing different defects: (a) surface scratches, (b) metal deposition lock between layers, and (c)

edge cracking at the top of the tube [25].

variables. When subjected to process variables that ensure more com-
plete recrystallization, more equiaxed grains form [29,68].

As previously stated, when the proper processing variables are used,
full and equiaxed grains can be obtained in AFSD. The typical Electron
backscattered diffraction (EBSD) maps of as-received feedstock and
AFSDed samples are shown in Fig. 33. The wrought AA7075 feedstock
has a typical rolled microstructure of large “pancake-like” grains on the
transverse and longitudinal planes with a size of 100 um, as shown in
Fig. 33(a). The as deposited EBSD maps (Fig. 33(b-d)) show the refined
equiaxed microstructure throughout the build with a height of 65 mm.
In this study, the average grain size decreases slightly from 5.05 pm of
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initial layers to 4.33 pm of final layers [69]. This slight decrease is
thought to be strongly related to the reduced number of thermal cycles
performed at the final layers compared to the initial layers.

A similar reduction in grain size due to reduced thermal cycles is
shown in [50]. Titanium alloys, on the other hand, exhibit completely
different trends in terms of grain size variation along the building di-
rection. The p grain size at the top layer (26 + 0.5 um) is larger than the
grain size at the bottom layer (17 + 1.0 um) due to the faster cooling rate
at the bottom layer, as shown in Fig. 34. This spatial difference in grain
size between aluminum and titanium alloys is due to the fact that Al
alloys respond totally different to thermal input from Ti64 since
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19



J. Shao et al. Materials & Design 234 (2023) 112356

Fig. 31. Grain structure at different strain levels. (a) A cross-section of a feedstock rod with areas of interest labeled. Each white dot is 2.5 mm apart. Inverse pole
figures (IPFs) of the AA2024 tracer for (b) before AFSD, (c) area 1 (Z = 4.2 mm), (d) area 2 (Z = 1.1 mm), (e) area 3 (Z = 0.9 mm), (f) area 4 (Z = 0.26 mm), and (g)
area 5 (Z = -0.2 mm) [38].
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Fig. 33. Three-dimensional IPFs showing the microstructure of the (A) AA7075 material and (B-D) as deposited AA7075 material at different layers [69].
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Build direction

Fig. 34. Ti-6Al-4 V alloy part built by the AFSD technique: (al)-(c1) low magnification back-scattered electron (BSE) images [27].

Aluminum alloys have very high thermal conductivity and are age-
hardenable [27]. The lower thermal conductivity ensures sufficient
heat for Ti64 without causing local overheating. Despite these clear
grain size trends along building direction, the as-deposited Inconel 625
samples exhibit grain size fluctuation, as shown in Fig. 35 [70].

In addition to the variation along the building direction, the grain
size difference along the transverse direction for aluminum alloys is
investigated in [71]. The grain size is larger at the periphery than at the
center of the deposit, as shown in Fig. 36, because the grains at the
periphery are deformed along the mass flow direction. Notably, the
deformed structure at the periphery occurs concurrently with the flash
defects, implying that defect control and structure evolution are strongly
related to material flow and deformation behaviors. The observation of
grain of the deformed feedstock demonstrates both material flow and
grain size along the radial direction. The grain size decreases from the
periphery to the consumable tip, as shown in Fig. 37. Interestingly, the
grain size near the center of this consumable rod (Fig. 37(b)) is smaller
than the average size (8.5 + 3.1 um) of deposited samples, indicating
grain growth in the as-deposited samples after deposition [71].

In general, the as-deposited microstructure reduces average grain
size by 90 % ~ 97 % for aluminum alloys part created using AFSD
[69,72]. This grain refinement is caused by DRX due to the severe plastic
deformation and high strain rate of the AFSD process in alloys with high
SFE, such as aluminum alloys [73]. The AFSD of Inconel 625, Titanium
alloys, and magnesium alloys also show similar grain refinement results.
The grain size of as-received and as-deposited samples for these metallic
alloys is summarized in Table 1. These three alloys appear to have a
significant reduction in grain size. The as-deposited Cu samples, on the
other hand, show only minor grain refinement or even grain coarsening.
This is due to the fact that dynamic recovery, GDRX, and CDRX control
the continuous types of microstructure evolution in alloys with high
SPE, such as aluminum alloys, whereas competition between dynamic
recovery and DDRX controls the discontinuous type of microstructure
evolution in alloys with moderate SPE, such as copper alloys [29].
Furthermore, it is possible that the pre-deformed state of Cu, rather than
the annealed state, shifts the balance between recrystallization and re-
covery [34].
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Aside from grain size, the grain boundary distribution in the as-
received and as-deposited samples is similar. Traditionally, boundary
misorientations between 2° and 15° are classified as LAGB, while mis-
orientations above 15° are classified as HAGB. The misorientation angle
distributions of the AA 2024 feedstock material and as-deposited ma-
terial are shown in Fig. 38. More grains with LAGBs are found in the
deposit [52]. Critically, the kinetics of microstructure evolution in AFSD
processes are affected by process variables such as rotation rate Q, in-
plane scanning velocity V, and material feeding rate F. The thermal
history and deformation behaviors are controlled by these variables.
Thus, in addition to governing the processing window, these variables
heavily influence microstructure evolution.

3.3. Precipitates and intermetallic particles

Precipitate strengthening is a crucial mechanism for alloys, partic-
ularly for precipitation hardening alloys like aluminum alloys. Most
precipitates in the feedstock material are likely to solutionize and
dissolve into the matrix during the AFSD process due to severe plastic
deformation at elevated temperatures [74]. Re-precipitation begins
during cooling, but the resulting precipitate size and number density are
far from the peak strengthening condition [51]. Fig. 39(a)-(f) shows
transmission electron microscope (TEM) graphs of the feedstock
AA2014 rod and as-deposited samples. Plate-shaped strengthening
precipitates y’ (AlsCusMgsSis) and 6’ (Al,Cu) are found in the feedstock
rod sample (Fig. 39(c)), and over-aged precipitates corresponding to y
and 6 phases are found in the as-deposited samples (Fig. 39(d)), causing
microhardness degradation [26]. The absence of 6’ precipitates in as-
deposited samples is also observed during AFSD of AA2219 [72].

Different heat treatments are applied to the deposits in order to in-
crease their hardness, and TEM graphs of the deposits after heat treat-
ment are shown in Fig. 39(g)-(i). There is little difference in the deposit
after direct aging (Fig. 39(g)). After solution treatment and aging, the
deposit exhibits proper strengthening precipitation (Fig. 39(h)). How-
ever, high temperature solution treatment causes grain coarsening, as
shown in Fig. 39(i). The needle shapes p’’ precipitates in as-received rod
[75] dissolve and re-precipitate into Mg-Si solute clusters [68]. The
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Fig. 35. Inconel 625 alloy part built by the AFSD technique. (A) Deposited part
with a red color dashed line indicating the Euler EBSD mapping region of in-
terest. (B) Euler EBSD mapping of five locations along the building direction.
Each image has the same magnification and is located along the same axis. (C)
Average grain size and number (location matches the EBSD map in (B)) [70].
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return of these dispersed and needle-like " precipitates can be achieved
through proper solution, rapid quenching, and an artificial aging heat
treatment (SQA) [76]. These findings are supported by the XRD results
for AA6061 (Fig. 40) [71]. Other precipitates such as n and )’ in needle-
like structures can be found in the AA7050 deposit [50]. Precipitates
evolve similarly in nickel superalloys. The plate-like § precipitates and
disk-shaped vy’ strengthening precipitates in the Inconel 718 rods
disappear in the deposit, as shown in Fig. 41(a-b), and the y’’ pre-
cipitates appear again after direct aging (Fig. 41(e-f)) [33].

In the AFSD process, second-phase particles are also discovered to
evolve. As shown in Fig. 39(b), feedstock samples of aluminum AA2014
alloys contain highly elongated grains with a large number of undis-
solved second-phase Al,Cu (black arrows) and Fe — Mn — Al (white ar-
rows) particles (5 pm ~ 10 pm in size). Finer and more uniformly
distributed second-phase particles (<1 pm in size) are observed in the
as-deposited samples, as shown in Fig. 39(f). The plate-like Si particles
are found to be broken into finer particles during AFSD of die cast
aluminum A356 alloy, as observed in (Fig. 42) [77], caused by the action
of tool stirring [41,78]. Similarly, fine carbide particles with a uniform
distribution can be found in the Inconel 718 deposit [33]. Due to the
shear stirring effect during AFSD, fracture and dispersion of large par-
ticles have also been reported in magnesium alloys [28].

3.4. Texture

The preferential orientation of the grains in a polycrystalline mate-
rial is referred to as crystallographic texture. The texture of as-received
and as-deposited samples differs due to plastic deformation and
concomitant recovery and recrystallization in AFSD. However, different
alloys react to it in different ways.

Fig. 38 shows the texture of as-received and as-deposited AA2024
alloys for aluminum alloys. Both cases have a misorientation distribu-
tion that is similar to the Mackenzie distribution [79,80]. The texture
density of both samples is low and increases slightly for the as-deposited
samples. For as-deposited samples, the texture also varies along the
building direction. The texture plots of the as-deposited AA2219 sam-
ples are shown in Fig. 43. The PF and orientation distribution figure
(ODF) of the common texture components typically found in aluminum
alloys are shown in Fig. 44. All samples have a combination of fiber A
and C texture. Furthermore, the {111 11} < 110 > fiber component and
a split of the { 111} < 110 > fiber component are visible, and the
highest texture density is seen at the top of the samples (Fig. 43(a)).

Fig. 36. EBSD IPFs of the as-deposited Al6061 alloy part at different locations. (a-i) Numbers 1-9 correspond to the nine locations depicted in the diagram [71].
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Fig. 37. Images of the residual Al6061 feedstock and its microstructure. (a) The quarter residual feedstock rod, with spots 1, 2, 3, and 4 representing the micro-
structural characterization regions. Spot 1 is on the deformed tip, while spots 2, 3, and 4 are 1 mm, 1.5 mm, and 2 mm vertically away from the tip, respectively.

(b-e) EBSD IPFs at the spots 1-4 [71].

Table 1

The grain size of as-received and as-deposited samples of the reported metallic alloys.
Alloys Grain size for feedstock/pm Grain size for deposit/um Reference
AA6061 163.5 + 96.2 85+31 [71]
AA2024 57.2 4.9 [52]
Al-Mg-Si 113 13+3 [29]
AA7075 15.2 + 20.8 1.70 £ 0.89 [69]
AA5083 105.3 3.16 [51]
AA2219 30 2.5 [72]
WE43 45+5 27+2 [32]
Inconel 625 30 0.5 [70]
Inconel 718 50 5 [26]
Ti-6Al-4 V not reported 26 ~ 64 [27]

Strong texture in as-deposited samples may result in anisotropic
properties, and heat treatment such as annealing frequently reduces this
anisotropy. The texture is also strongly related to process variables in
AFSD. When low rotation rate and transverse speed are used, due to low
shear strain, a weak C-type shear texture and a strong B/B texture are
observed [29,67]. Aside from deformation behaviors, thermal input can
cause differences in texture density and texture components throughout
the deposited structures [50].

Another alloy that shows promise for AFSD techniques is magnesium
alloy. Fig. 45 depicts typical texture plots of the WE43-T5 (a) feedstock
and (b) top, (c) middle, and (d) bottom regions of WE43 deposition. The
basal plane < 0001 > has the highest texture intensity in all of the areas
examined, which is common among magnesium alloys [83]. The texture
changes from a more randomized texture in the feedstock to a banded
texture in the depositions for the planes < 1010 > and < 1120 >.
Friction stir processed WE43 [84] and FSAMed WE43 [24] both showed
similar banding texture. This texture change is thought to be the result of
severe plastic deformation in AFSD.

Here, the texture of other alloys is discussed besides lightweight al-
loys such as magnesium and aluminum alloys. Fig. 46 shows the PFs for
the feedstock and deposit for Cu. The texture of the feedstock is close to {
111} <011 > (Fig. 46). Although a strong pole near (111 ) is shown
in Fig. 46, the deposit does not appear to have a well-defined texture.
Similar weak texture density results are shown in [29]. Fig. 47 shows the
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PFs and IPFs for the as-deposited titanium alloy Ti-6Al-4V. Regardless of
the different combinations of process variables, there is no preferential
selection of any particular o variant. When compared to the feedstock
samples, the texture density of B2 and B3 increases [27].

In summary, the deposited microstructure is governed by plastic
deformation and resultant recovery and recrystallization, which are
highly dependent on process variables and chemical composition of
deposited alloys. Generally, the AFSDed samples exhibit more equiaxed
grains with reduced grain size due to dynamic recovery and recrystal-
lization. Meanwhile, the precipitate resolves and re-precipitates, which
affects the shape, size, and distribution of the precipitates. As a result,
the properties of the deposited components are significantly affected by
the microstructure, which will be discussed in detail in the following
section.

4. Mechanical properties

The strength, ductility, fatigue behaviors, and impact toughness of
metallic AFSDed components are discussed in this section, with an
emphasis on property homogeneity. Because of the high-temperature
gradients and cooling rates in fusion-based AM, dendrites grow closely
aligned with the maximum heat flow direction at the solid-liquid
interface, resulting in columnar crystal solidified structure in the man-
ufactured parts [85,86]. The anisotropy of mechanical behaviors in
fusion-based AM processes is caused by the solidified columnar
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Fig. 38. IPFs, pole figures (PFs), and misorientation angle distribution of (a) as-received AA 2024 feedstock material and (b) as-deposited AA 2024 [52].

structure. Furthermore, the cast-like microstructure and defects in
fusion-based AM reduce property. As stated in Section 3, full equiaxed
structure can be obtained in the AFSD process, resulting in deposited
parts with homogeneous properties and possibly comparable properties
to wrought parts.

4.1. Microhardness

Despite the grain boundary strengthening associated with grain
refinement in AFSD processes, precipitates such as Mg,Si are sol-
utionized and dissolve into the aluminum matrix under elevated tem-
perature and dislocation shearing [74], causing the deposited material
to soften. As a result of the softening effects caused by the change in
precipitate size and number density described in Section 3.3, the as-
deposited samples have much lower hardness. The microhardness in-
creases significantly after proper solution and aging treatment. For
example, the microhardness of as-deposited AA6061 samples is 75 + 6
HV while the microhardness of feedstock rod is 135 + 4 HV. Because of
the proper precipitate strengthening, the microhardness of the deposit
increases to 130 + 5 HV after solution treatment and aging [26].

However, high temperature solution treatment may cause grain
coarsening, weakening the grain boundary strengthening effect. Similar
hardness reduction has been observed [51], as shown in Fig. 48. Such
effects have also been observed in AFSD of other aluminum alloys
[29,69], and magnesium alloys [87]. However, for non-precipitation
hardening materials such as St-52 low carbon steel, the microhardness
of the deposit (~ 400 HV) is much higher than the as-received feedstock
(~ 235 HV) due to the martensitic phase transformation [88].

Location and process variables are two other important factors that
influence the microhardness of AFSDed samples. It has been reported
that a radial drop in hardness at the deposit’s cross section deviates
outward from the center [89]. The correlation between varying process
variables for Al-Mg-Si alloys during AFSD is shown in Fig. 49. The
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microhardness of the deposit varies differently with location under
different process variables, as shown in Fig. 49(c) and (d). The average
hardness increases as the rotational speed and transverse velocity in-
crease (Fig. 49(a)). There is no obvious relationship between micro-
hardness and deposition feeding rate (Fig. 49(b)) [68].

4.2. Tensile strength

Although only a few aluminum alloys are weldable in fusion-based
AM, due to the solid-state nature of AFSD, many more aluminum al-
loys are usable. Aluminum alloys are currently the most frequently
investigated alloy in AFSD. Fig. 50 shows true stress—strain curves for as-
received, as-deposited, and heat treated (HT) AA6061. Due to the lack of
strengthening precipitates, the deposits have lower yield strength (YS)
and ultimate tensile strength (UTS) than the wrought samples. However,
the deposits have higher ductility due to increased dislocation motion
under less ’’ pinning. Significant property improvements can be ob-
tained after proper heat treatment [76]. Other aluminum alloys have
shown similar property reduction in the deposit and property
improvement after heat treatment, as summarized in Table 2.

Aside from overall properties, researchers have been particularly
concerned about property homogeneity. The stress-strain curve for
AFSD AA5083 deposits is depicted in Fig. 51 along longitudinal direc-
tion and building direction. The reduction in strength and ductility
along building direction is thought to be related to interfacial micro-
structural inhomogeneity and defects present in the layer-by-layer pro-
cess [53]. Aside from the differences in property along different
directions, samples obtained from the top, middle, and bottom layers
differ in tensile behaviors (Table 3). The inhomogeneous texture and
precipitates along building direction cause an increase of YS and UTS
with a slight decrease in elongation present from the top to the bottom
layer [72]. However, other research shows the hardness drops from the
top surface to the bottom and after about 20 mm ( ~ 13 layers), the
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Fig. 39. Microstructure of the consumable AA2014 rod: (a) optical microscope, (b) SEM, and (c) TEM. TEM microstructure images of the deposit with: (d) over-aged
precipitates, (e) cell formation in a grain, and (f) further cell formation in a grain. Microstructure of the deposits after different heat treatments: (g) TEM images for
the deposit in direct aged condition, (h) TEM images for the deposit in solution treated + aged condition, and (i) macrograph of the abnormal grain growth in the

deposit in solution treated + aged condition [26].
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Fig. 40. XRD patterns of (a) AFSDed AA6061 deposits in as deposited sample after heat treatment, as-deposited, and as-received conditions, and (b) samples over a

narrow diffraction angle range [71].
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Fig. 41. Bright-field TEM micrographs of solution-treated and aged Inconel 718 rods: (a) plate-like § phase precipitates at grain boundaries and (b) disk-shaped y*’
strengthening precipitates. TEM micrographs of the deposits: (c) fine recrystallized grains with varying dislocation densities and numerous carbides particles with a
developing cell boundary indicated by the arrow. And (d) the absence of y’’ strengthening precipitates and § grain boundary precipitates. TEM micrographs of the
deposits after direct aging at (e) low and (f) high magnifications and y’’ strengthening precipitation is apparent with fine carbides in the shape of dark spherical

particles [33].
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Fig. 42. SEM micrographs of the as cast alloy (a) low magnification and (b) high magnification; of the deposit (c) low magnification and (d) high magnification [77].
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Fig. 43. EBSD texture plots of the as-deposited AA2219 in (A) the top, (B) the middle, and (C) the bottom of the deposit [72].
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Fig. 46. PFs for the Cu feedstock and the deposit [34].

hardness approaches a steady value. They assume that YS and UTS are
expected to follow the same trend [91]. Still, more researches are
needed to better understand the property homogeneity of AFSDed parts.

Magnesium alloys, another common lightweight alloy, have also
been used in AFSD. A similar reduction in property has been observed in

deposited WE43 samples (Fig. 52). The coarsening of strengthening
precipitates is the cause of the decreased mechanical properties when
compared to wrought feedstock [32]. However, in work-hardened
magnesium AZ31 alloys, grain refinement can compensate for the loss
of strength, as shown in Table 4 [28]. For as-deposited magnesium al-
loys, the property difference along building direction is also reported
[87].

In addition to lightweight alloys, superalloys such as nickel-based
and titanium-based have been studied in AFSD. AFSD has successfully
deposited higher strength Inconel 625 and 718. The tensile properties of
Inconel 625 manufactured by various processes are summarized in
Table 5. As a result of its refined, full-equiaxed microstructure, AFSD
samples have the highest tensile properties [70]. Superior strength at
high strain rate has been demonstrated for as-deposited Inconel 625
samples in Fig. 53. Similar property enhancement results have been
demonstrated in as-deposited Inconel 718 (Fig. 54). However, at 923 K,
the as-deposited Inconel 718 samples exhibit poorer stress rupture be-
haviors, which can be overcome with additional solution and aging
treatment [33].

Due to the wide application in the aerospace industry, Ti-6Al-4V is
currently being studied among the many Titanium alloys. Fig. 55 shows
the engineering stress—strain curve for Ti-6Al-4V deposits sampled at
different directions, layers, and process variables. As shown in Fig. 55
(a), the deposited samples have YS in the range of 1025 + 25 MPa, UTS
in the range of 1140 + 20 MPa, and elongation in the range of 7 & 1 %.
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Fig. 49. Parameter contour plots relating (A) tool rotational and traversing speed to average deposition hardness and (B) tool traversing speed and deposition feed
rate to average deposition hardness. (C) A Vickers hardness plot of a low-parameter AFSD deposit. (D) A Vickers hardness plot of a rapid-parameter deposit [68].

The forged Ti-6Al-4V has a YS of 799 MPa, a UTS of 894 MPa, and an
elongation of 18.6 % [75]. This increase in tensile strength is due to
grain refinement caused by the severe deformation in AFSD. Given the
interfacial microstructural inhomogeneity, the sample along longitudi-
nal direction has a higher YS (1200 + 5 MPa) than the sample along
building direction (1060 + 8 MPa) (Fig. 55(b)). As shown in Fig. 55(c),
specimens taken from different layers exhibit different stress strain
curves as a result of microstructural variation along the building direc-
tion [27]. As with nickel and titanium alloys, as-deposited steel alloys
such as SS304 [20] and St-52 low carbon steel [88] have improved
strength. Different mechanisms are at work, as the improvement for as-
deposited steel samples is caused by strain-induced martensitic defor-
mation under severe deformation in AFSD.

It can be concluded that as-deposited samples have inferior proper-
ties to as-received samples for aluminum alloys, whereas as-deposited
samples have superior properties for titanium alloys, nickel alloys and
ferrous alloys. This phenomenon is caused by the different strengthening
mechanisms used by different alloys. The main mechanism for Al alloys
is precipitate strengthening, and the as-received Al feedstock is
frequently provided in its optimal solutionizing condition. Precipitates
in the feedstock resolve during deformation at high temperatures in
AFSD. The re-precipitation during cooling is not optimal, resulting in a
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softening effect for deposit properties. However, for alloys whose pri-
mary strengthening mechanism is Hall-Petch or interfacial strength-
ening, grain refinement caused by recovery and recrystallization during
AFSD results in better properties in as-deposited samples. As shown in
Eq. 1, multiple factors contribute to the YS of a material. The properties
of alloys with different primary strengthening mechanisms respond
differently to AFSD. The competition or balance between grain bound-
ary strengthening (Hall-Petch strengthening) and precipitation
strengthening mechanism in AFSD necessitates additional research in
order to achieve tailored properties aimed at realistic applications.

®

where oy is the material YS, oo is the Peierls-Nabarro stress [92], 6sss is
the solid solution strengthening [93], oy is the work hardening based
upon dislocation density [94], oyp is the Hall-Petch strengthening [95],
op is the precipitation strengthening [96], and o7x7r is the texture
strengthening [97].

Oy = 69 + Osss + Own + Opp + Op + O7XTR

4.3. Fatigue behavior and impact toughness

Fatigue behavior has long been a research priority, particularly for
components used in industries such as transportation, aviation, and
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Table 2
Tensile properties for different aluminum alloys under different conditions (BD-building direction, LD-longitudinal direction).
Alloys Condition YS/MPa UTS/MPa €/% Reference
AA5083 As-deposited 170.4 = 7.5 368.0 + 13.7 ~ 18 [89]
AA7075 Wrought 502.1 575.5 10.5 [31]
As deposited + solution treatment and aging 477 541 8.2
AA5083 As-received 2737 +1 410 + 6.1 15+ 24 [53]
As-deposited, LD 151.3 + 1.7 431.3 £ 1.9 30 £0.5
As-deposited, BD 157.7 £ 1.2 246.2 + 45.9 8+ 45
AA6061 Wrought 295.8 + 1.8 316.5 + 2.2 [90]
As-deposited, LD 61.3 + 6.4 137.1 + 14.8
As-deposited, BD 63.9 + 2.7 129.9 + 3.5
AA1060 As-received 75.8 82.7 16 [60]
As-deposited, LD 78 112.5 24.7

automation. Because of the severe plastic deformation, as stated in
Section 3, AFSD achieves significant grain refinement. Despite the fact
that the grains in AFSD AA7075 samples are mostly refined, the fatigue
life decreases from the feedstock data, as shown in Fig. 56. This decrease
is due to the increased size of the strengthening phases [69]. The total
fatigue life is strongly dependent on inclusion size, grain size, yield
strength, ultimate strength, and cyclic properties, according to the
microstructure-sensitive fatigue (MSF) model [98] and its application in
AFSD aluminum alloy [69,90,99].

As-deposited WE43 alloy exhibits a similar reduction in fatigue life.
The results of the stress-controlled fatigue tests for the WE43-T5 feed-
stock, as well as longitudinal and building direction for the AFSD WE43
deposition, are shown in Fig. 57. The strong relationship using
normalized stress elucidates the reason for the reduction in life. It is
because low life for building direction samples is tested at > 90 % of its
UTS level while high life for feedstock samples is tested at < 60 % of its
UTS level. It can be understood that the decrease in as-deposited fatigue
life is caused by the same factor that causes the decrease in monotonic
properties. It is worth mentioning that, despite the fact that the as-
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deposited samples have inferior fatigue and monotonic strength, both
properties along the longitudinal direction are better than along the
building direction [32].

The coarsening of strengthening precipitates is responsible for the
reduction of as-deposited properties. Yet, further reduction along the
building direction is believed to be related to oxidation and carbides
from the graphite coatings on the feedstock becoming entrapped in layer
interfaces [59,100]. Thus, process optimization and post heat treatment
improve both monotonic properties and fatigue life [76]. Superior fa-
tigue life along longitudinal direction is observed in strain-controlled
fatigue tests at low strain amplitudes of 0.2 % and 0.3 %, as shown in
Fig. 58. This improvement in fatigue properties is the result of particle
refinement caused by large particle fracture under plastic deformation
[90].

Therefore, investigations into crack nucleation and growth may be a
future direction. This is because the unique microstructure displayed in
AFSD samples (as stated in Section 3) opens up new possibilities for
crack behaviors. The fatigue nucleation and growth mechanisms in
AFSD, as investigated in [90], are likely to be driven by constituent
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Table 3

Comparison of YS, TS, and & of as-deposited AA2219 at various locations and strain rates [72].
Location Top Middle Bottom
Strain rate 0.001/s 2500/s 0.001/s 2500/s 0.001/s 2500/s
YS(MPa) 159 £ 0.7 275 + 0.6 140 +£ 1.0 242 + 4.2 125 + 3.5 225+ 4.2
TS(MPa) 390 + 2.1 283 + 1.4 364 £ 5.2 245 + 1.4 335+7.1 236 + 8.5
€A %) 25+ 0.7 37 £0.7 27 + 21 41 + 0.7 28 + 1.4 42 + 2.1

particles. The latter differs from the porosity-based fatigue mechanisms
in fusion-based AM techniques.

Impact toughness is another focus for engineering practice, partic-
ularly in the vehicle and mold industries. The impact toughness of
magnesium WE43 alloys has been studied by Calver et al. [87]. The
average impact results are shown in Table. 6, and the fracture surface
topography results are shown in Fig. 59. Although the as-deposited
samples show similar or slightly higher results than the as-received
samples, the fracture surface topography differs between them. The
fracture surfaces are smooth and flat in the as-received samples with
slightly lower impact toughness as observed in Fig. 59(c-d). In the
magnified topography images (Fig. 59(c-d)), there are also signs of
brittle and ductile fracture, as well as trans-granular cleavage and ductile
tears joining cleavage planes.

The fracture surfaces of as-deposited samples with higher impact
toughness exhibit fine trans-granular tearing features with sizes that
match well with grain size and no clear intergranular facets (Fig. 59(e-
). According to the fracture topography results, the slightly improved
impact toughness for as-deposited samples is the result of grain refine-
ment. However, there is no discernible improvement from grain
strengthening, which could be attributed to the lack of precipitate
strengthening. There are currently few studies on the impact behaviors
of AFSD parts, and further research into the improvement of impact
toughness is required in the future.
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To sum up, the mechanical properties of AFSDed components are
highly dependent on the deposited microstructure. Refined grain size
and re-precipitated precipitates are two major characteristics of as-
deposited microstructure. Regardless of the impact of different pro-
cessing conditions, for alloys whose primary strengthening mechanism
is Hall-Petch strengthening like titanium alloys, the as-deposited sam-
ples exhibit superior properties compared to as received samples. But for
those alloys that precipitation strengthening mechanism plays a vital
role in like aluminum alloys, the balance between different strength-
ening mechanisms makes it difficult to predict the properties of as-
deposited samples. Another important thing about properties is anisot-
ropy. On the whole, the properties along building direction are inferior
to other directions due to the weaker bonding strength among layers.

5. AFSD vs fusion-based AM

Fusion-based AM technologies adopt high energy beams such as laser
beam and electron beam to melt alloy powder or wire. Components with
predefined features are being manufactured concurrently with the
subsequent solidification process. The temperature inside the molten
pool can be significantly higher than the melting temperatures of the
alloys. The peak temperature of Inconel alloy in directed energy depo-
sition (DED) reaches as high as 2500 K [101], while the peak tempera-
ture of aluminum alloy can exceed 3000 K [102].
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deposition [32].

Table 4

Tensile properties of a magnesium block and deposit along different directions.
L, T, and ST stand for longitudinal, transverse, and short transverse, respectively
[28].

Condition TS/MPa Engineering strain/%
Base metal AZ31B-H24 (L) 264 +1 20+1
Base metal AZ31B-H24 (T) 267 + 2 19+3
Base metal AZ31B-H24 (ST) 293 +5 23+1
Deposit (L) 254 + 4 14 £ 2
Deposit (T) 264 + 2 18+1
Deposit (ST) 333+ 2 19+1

Table 5
Comparison of the tensile properties of Inconel 625 manufactured using
different processing techniques [70].

Condition YS/MPa UTS/MPa €/%
Cast 350 710 48
Wrought 490 965 30 ~ 50
AFSD 730 1072 32

Rapid melting and solidification are also involved in fusion-based
AM technologies, resulting in a high temperature gradient (102 ~ 10*
K/mm) and fast cooling rate (103 ~10° K/s). However, due to its solid-
state temperature, AFSD does not melt or solidify. The peak temperature
is in the 50 % ~ 90 % range of the melting temperature. And the heating
and cooling rates for AFSD are approximately 10! ~ 10? K/s and 10' K/
s, respectively. These distinctions cause these two types of AM tech-
nologies to differ in process physics, structure and property, and so on.

5.1. Process

Fusion-based additive manufacturing techniques have been around
for over 30 years with decades of focused research and are now widely
accepted as a new paradigm for the design and production of high
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performance metallic components in the aerospace, aviation, automa-
tion, medical, and energy industries. Porosity and cracks are common
flaws in fusion-based AM techniques. The main impediment preventing
fusion-based AM from achieving wider application in metals such as
aluminum alloys is the solidification cracking. AFSD, unlike fusion-
based AM, can potentially fabricate fully-dense and crack-free compo-
nents due to the solid-state nature of the process. In essence, the print-
ability of AFSD material is unlimited.

However, AFSD has its own issue, which is the low accuracy of as-
made parts. Typically, AFSDed parts require CNC machining before
they can be used. The feedstock rod in AFSD is around 10 mm, whereas
the feedstock material in fusion-based AM is around 10~100 um
(powder) or 1 mm (wire). As shown in Fig. 1, the building rate of AFSD is
approximately ten times that of fusion-based AM. In comparison to
LPBF, AFSD can deposit large-scale components as large as possible
without the constraint of a chamber. In comparison to DED, AFSD has a
higher building rate and can deposit larger components due to its larger
feedstock material.

Despite its advantage in large-scale part manufacturing, AFSD
cannot produce components with highly complex structures and small
feature sizes. While fusion-based AM can capture features as small as 10
um, AFSD can only capture features as the layer thickness (over 1 mm).
The maximum overhang angle and highest aspect ratio are limited in
AFSD due to the compressive force applied to the deposit. Furthermore,
the loss of alloying element that occurred in fusion-based AM [103] does
not occur in AFSD.

5.2. Microstructure

During the rapid melting and solidification of fusion-based AM, the
melt pool conducts heat into the substrate, forming a curved solid-liquid
interface. During solidification, crystals grow competitively from the
substrate or previously deposited layers. In polycrystalline materials,
competitive growth occurs among dendrites with different crystallo-
graphic orientations [104]. Dendrites with easy-growth directions grow
along the maximum heat flow direction at the solid-liquid interface.
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Fig. 54. Stress-strain curves for Inconel 718 produced through AFSD process (Deposit) and standard wrought-processed along with heat-treatment (Bulk Material).

For the Deposit case, the 0.2 % proof stress, UTS, and elongation are 1200 MPa, 1440 MPa, 14 %, respectively. For the Bulk Material case, the 0.2 % proof stress, UTS,
and elongation are 1150 MPa, 1410 MPa, 22 %, respectively [26].
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Finally, columnar structures form when dendrites that are more aligned
with the temperature gradient outgrow slower-growing misaligned
dendrites [85,86]. Several approaches have been explored to achieve
columnar to equiaxed grain transition in fusion-based AM, such as
adding ceramic nanoparticles into the metal matrix [4].

Unlike fusion-based AM, the as-deposited components in AFSD show
a refined, fully equiaxed structure because it is deformed and evolved
due to dynamic recovery and DRX, as stated in Section 3. Aside from the
morphology of dendrites, precipitates and intermetallic particles differ
between these two technologies. Precipitates in alloys first dissolve into
the matrix during AFSD plastic deformation, and re-precipitation occurs
during cooling. In fusion-based AM, however, the precipitates dissolve
into the matrix due to melting, and re-precipitation rarely occurs due to
rapid cooling. In AFSD, intermetallic particles are fragmented along
with the deformation, whereas no such phenomenon occurs in fusion-
based AM technologies.

Fig. 60 depicts the tensile strength and elongation of various AM
technologies. In general, for magnesium (Fig. 60 (b)) and Inconel alloys
(Fig. 60 (c)), the AFSDed samples have higher tensile strength but lower
ductility than the fusion-based AMed samples. As for aluminum alloys
(Fig. 60(a)), the AFSDed samples exhibit higher strength and better
ductility than the fusion-based AMed samples. What worths to mention
is that processing parameters play an important role in mechanical
properties, which is the reason why the same alloys exhibit distinct
mechanical properties. Essentially, the differences in strength and
ductility are due to the various structures described in Section 5.2.

Given the difficulty to apply commercial aluminum alloy composi-
tions developed for casting or wrought directly to fusion-based AM, data
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and research in aluminum alloys for fusion-based AM technologies is
limited. The ability of AFSD to fabricate alloys unprintable in fusion-
based AM, such as aluminum alloys, is a distinct advantage for addi-
tive manufacturing. Anisotropic properties are observed in both tech-
niques, but for different reasons. The anisotropic columnar crystals in as-
made parts cause anisotropic properties in fusion-based AM. However,
the anisotropic layer difference due to defects in the layer-by-layer
process and the deformed texture cause anisotropic properties in AFSD.

5.3. Summary

Fusion-based AM technologies involve rapid melting and solidifica-
tion at high temperatures and relatively short time intervals ( ~ 10 ms).
AFSD is a long-term ( ~ s) solid-state deformation process that occurs
below the melting temperature. Despite the rapid development and
widespread application of fusion-based AM technologies, AFSD has
demonstrated significant potential in the production of large-scale parts
and alloys that are not printable in fusion-based AM due to the presence
of cracks and pores. The challenge for AFSD is to produce components
with small feature sizes and complex geometrical properties and relative
high strengths for fusion-based AM, particularly LPBF. Choosing the
best-suited AM technology for a specific application allows for opti-
mizing process selection for requirements.

6. Future perspectives

Despite all the benefits of the AFSD technique, research into it is still
in its early stages. There is a significant gap between scientific research
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Fig. 57. (a) S-N plot and (b) S-N plot normalized by UTS for load-controlled fatigue tests of the bulk WE43 deposits along building direction, longitudinal direction,

and WE43 T-5 feedstock samples at three stress levels [32].

and engineering practice, which necessitates the efforts of researchers
and engineers from mechanics, physics, materials science and engi-
neering, and other disciplines.

6.1. Defects

One of the main disadvantages of AFSD is the low spatial resolution,
which includes low accuracy and surface finish due to the larger part
size and increased building rate. While laser powder bed fusion can
produce parts with feature sizes on the order of 10 um, AFSD produces
parts with feature sizes on the order of 1 mm or greater [17]. To quantify
defects in large parts made by AFSD, neutron beam based testing can be
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performed. As opposed to X-ray beam, neutron beam can penetrate deep
into most of high-Z materials and is a suitable choice for non-destructive
evaluation of internal features of large objects. The High Flux Isotope
Reactor (HFIR) at Oak Ridge National Lab (ORNL) is a reactor-based
neutron source, which operates at 85 MW and provides a high-flux
cold neutron beam from a liquid hydrogen moderator [118]. In order
to capture small features inside metallic parts, the neutron imaging
beamline has recently been enhanced with a Talbot-Lau interferometer
similar to that developed at the Paul Scherrer Institute [119]. Some
layer-by-layer structures of AFSDed components are detectable by
neutron interferometry transmission imaging [120]. Two strategies are
proposed to achieve the transition from near-net shape to true net shape:
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Table 6

Charpy impact results for WE43 deposit [87].
Condition Rolled plate Deposit 1 Deposit 2 Deposit 3
Impact energy/J 3.8+0.5 3.8+0.6 4.8 +0.2 4.5+ 0.6

incorporating an additional subtractive process similar to that used in
ultrasonic additive manufacturing, or scaling down the tool size and
filler material [5].

For the first strategy, it is necessary to investigate the performance of
samples in subsequent subtractive steps, such as structure evolution and
property control. However, it is also difficult to develop equipment that
combines additive and subtractive manufacturing on a single platform.
For the second strategy, the “bigger” advantage of AFSD over other AM
technologies is weakened, and the efficiency of the AFSD technique is
reduced. Improving the resolution of as-deposited parts by investigating
the relationship between processing conditions and accuracy is better
suited to control the in-plane resolution of AFSDed components. In-situ
process monitoring and control can further improve quality.

AFSD cannot manufacture complex geometries with overhangs due
to the axial and shear forces applied to the feedstock material and
substrate. Although, due to the solid-state nature of AFSD, there is less
concern about material flowing off during AFSD compared to fusion-
based AM techniques [17]. A component with a large overhang angle
of 54° is successfully produced without support material, as shown in
Fig. 61. Due to mechanical instability caused by the applied forces, there
is still a limit for the maximum self-supporting overhang angle for AFSD.
Buckling is another potential issue caused by mechanical instability
when fabricating high-aspect-ratio components. The overhang angle
limit and the aspect-ratio limit are important issues for future research.
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6.2. Microstructure control and property improvement

Although the AFSD process is capable of producing components with
fully-equiaxed microstructure, no fully-equiaxed crystal can be guar-
anteed. The proportion of equiaxed grains is strongly influenced by
process variables. The relationship between process variables and
microstructure evolution must be clarified in order to achieve full-
equiaxed microstructure. In order to achieve homogeneous and high
mechanical properties, sub-micron level structure characteristics such as
precipitates, intermetallic particles, and even nano-level structure
characteristics such as grain boundaries and dislocations must be care-
fully controlled. All of the aforementioned aspects of structure evolution
in AFSD require further investigation. Furthermore, the evolution of
structure across multiple length scales allows researchers to develop
materials with improved properties.

Although the as-deposited parts have a refined, equiaxed micro-
structure, the mechanical properties of AFSDed samples are often infe-
rior to heat-treated wrought alloys due to precipitate strengthening
weakening. This phenomenon is particularly severe in aluminum alloys
[121]. The dissolution of §’ precipitates in AA2219 [72] or # and S’
precipitates in AA6061 [68] often results in lower tensile strength in
AFSDed samples. The absence of strengthening precipitates causes
softening in AFSDed components, particularly those made from
consumable rods in optimal heat treated wrought condition. Some re-
searchers believe that AFSD is best performed with hot-rolled or as-cast
feedstock [33,77].

Although post-thermal processing can improve the properties, it is
impractical to perform heat treatment on the large-scale components
manufactured by AFSD. This is due to the lack of large-scale furnaces for
heat treatment, which would be both expensive and energy intensive.
Process strategy optimization to improve the as-made properties is
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Fig. 59. Topography of the fracture surfaces of WE43 alloys (a) feedstock, (b) deposit. Higher magnification of the (c) fractograph and (d) fracture surface of the
feedstock, as well as the (e) fractograph and (f) fracture surface of the deposit [87].
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Fig. 60. Tensile strength versus elongation of (a) aluminum alloys [4,28,31,53,60,69,72,76,89,105-107], (b) magnesium alloys [28,32,108-110], and (c) nickel-
based superalloys [10,33,70,111-117] in feedstock, AFSDed, and fusion-based AMed conditions.

(@)

(b)

Fig. 61. Examples of manufactured parts. (a) A large AA 6061 window frame. (b) (Left) A large AA 6061 pressure vessel deposited in less than 2 h and machined to
final surface finish and (Right) the internal structure of the pressure vessel showing an overhang angle as high as 54° [17].

critical, which necessitates a thorough understanding of the physics at
work (detailed information can be found in Section 6.3). There are
several strengthening mechanisms in metallic alloys, as described in
Section 4. Different processes must be designed for alloys with different
primary strengthening mechanisms. Aside from quasi-state, room tem-
perature tensile mechanical properties, other properties and perfor-
mances of as-deposited parts, such as fatigue behavior, impact
properties, and creep properties at high temperatures, require further
investigation. In addition, the corresponding standards and criteria are
needed to be established.
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6.3. Integrated process-structure—property model with data-driven
approaches

Fundamentally, the “Processing-Structure-Property” relationship in
AFSD technique must be established. It is critical to establish a quanti-
tative understanding of the influences of processing parameters (such as
tool rotation rate, transverse scanning speed, and feedstock feeding rate,
layer thickness) and material physical properties on temperature evo-
lution and material deformation. Furthermore, it is imperative to con-
nect the thermal history and material flow process with structure
evolution and property control. An integrated “Process-Structure-
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Fig. 62. Diagram illustrating the process-structure-property correlation, as well as their features, for parts manufactured using the AFSD technique. The role of

various modeling methods and software in these research areas is illustrated.

Property” modeling framework for AFSD is proposed to achieve process
parametric optimization with minimal experimental runs (Fig. 62).

Thermal modeling can clarify thermal conditions such as heat gen-
eration mechanisms, cooling rate, thermal gradient, and thermal cycles.
Material flow behaviors such as plastic strain, strain rate, velocity field,
and stress can also be captured using Computational Fluid Dynamics
(CFD). Commercial CFD software such as COMSOL Multiphysics and
Ansys Fluent can be used to simulate thermal and deformation evolu-
tion. The phase field method [122,123], Cellar Automaton [124,125]
and the Monte Carlo method [126] can each be used to simulate
microstructure evolution in AFSD. DAMASK [127] and ABAQUS sub-
routines based on crystal plasticity finite element (CPFE) approaches can
be used to correlate structure with properties.

The integration of artificial intelligence methods is motivated by the
critical need for modeling, prediction, and control of AFSD. Eren et al.
[128] summarized the benefits of using artificial intelligence techniques
to establish end-to-end predictions from process parameters (e.g.,
welding speed) to properties for friction stir welding (e.g., tensile
strength). Interdisciplinary studies combining artificial intelligence or
machine learning have become a rapidly developing field in recent years
in the context of additive manufacturing [129-132]. Several user-
friendly machine learning libraries, such as Google JAX and PyTorch,
have been developed for general use. We believe that combining arti-
ficial intelligence (AI) methods for modeling and design (both tradi-
tional and modern deep learning based) with AFSD can be a viable and
promising future research direction. Han et al. [133], for example,
proposed a dimension reduction method combined with a regeneration
neural network for quantitative microstructure analysis in AFSD. A re-
view paper [134] on Al methods in advanced manufacturing is provided
for interested readers.
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6.4. Repair and re-manufacturing

Aside from manufacturing, AFSD can be used for repair [135], re-
manufacturing, and cladding [51]. AFSD technique has the potential
to repair a variety of geometries including surface layering or shallow
divot repair (Fig. 63(a)), volumetric fill of deep features (Fig. 63(b)),
feature reconstruction (Fig. 63(c)), and crack (Fig. 63(d)) [136]. Due to
its solid-state nature, AFSD can repair both weldable and non-weldable
materials, unlike fusion based AM technologies. Furthermore, due to the
friction stirring effect, sufficient material mixing and strong interfacial
bonding can be achieved. Oxides, surface dirt, and corroded materials
can be removed by friction. A fine, equiaxed microstructure with
breakup of potential brittle intermetallic phases can be obtained at the
microscopic level.

Despite these benefits, the use of AFSD in repair is still in the early
stage. Several studies have been conducted to demonstrate these possi-
bilities [135,136]. AFSD has been successfully applied to the repair of
holes and grooves in AA7075 [99,135]. With sufficient material mixing,
there is no discernible interface or defect between the substrate plate
and the repaired deposition. Notably, underwater repair by AFSD is
another recent topic of study. Finally, potential future research direction
is related to the AFSD tool. Researchers have long been concerned about
the abrasion of hollow tools. New tool materials with improved wear
resistance must be developed specifically for AFSD.

7. Conclusions

AFSD is free of the thorny crack and pore defects that plague fusion-
based AM due to its solid-state nature. Furthermore, AFSD provides a
method for producing full-equiaxed microstructure. The ability to con-
trol and innovate the microstructure across multiple length scales, from
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Fig. 63. Repaired geometries using fusion-based techniques. Schematic diagrams of (left) original damage, (center) immediately following repair, and (right) surface
after final grinding for four types of repairs: (a) surface layering or shallow divot repair, (b) volumetric fill, (c) feature reconstruction, and (d) crack repair [136].
Examples of (e) volumetric fill repair [137], and (f) feature reconstruction [138] are repaired by laser metal deposition.
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micron (~ pum) crystal growth to nanometer (~ nm) precipitate evolu-
tion, is also enabled by the severe plastic deformation. Due to the
wrought-like microstructure, the mechanical properties of the deposited
parts are comparable to wrought alloys or even better for alloys like
superalloys. AFSD is also known for increased building rate and large
building size, which renders AFSD ideal for large-scale applications in
the aerospace, aviation, automation, and energy industries. This paper
also discusses its potential uses in repair, re-manufacturing, and
cladding.

Despite its enormous potential, AFSD is still in its early stages, and
many issues must be resolved before being applied in production. Lim-
itations include reduced spatial resolution and geometrical complexity.
Flash, weak material bonding, local melting, and oxidation are chal-
lenging defects. Furthermore, a sub-optimal microstructure, such as
unfavorable precipitates in aluminum alloys and increased texture in-
tensity, results in decreased strength and increased anisotropy of me-
chanical properties. The physics underlying deformation behaviors, heat
generation, temperature history, and the corresponding microstructure
evolution and property responses all need to be clarified in order to
broaden the industrial application of AFSD. A data-driven approach
combined with an integrated process-structure-property model is a
promising solution.
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