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Abstract: Emerging solid-state additive manufacturing (AM) technologies have recently garnered

significant interest because they can prevent the defects that other metal AM processes may have due

to sintering or melting. Additive friction stir deposition (AFSD), also known as MELD, is a solid-state

AM technology that utilises bar feedstocks as the input material and frictional–deformational heat

as the energy source. AFSD offers high deposition rates and is a promising technique for achieving

defect-free material properties like wrought aluminium, magnesium, steel, and titanium alloys. While

it offers benefits in terms of productivity and material properties, its low technology readiness level

prevents widespread adoption. Academics and engineers are conducting research across various

subfields to better understand the process parameters, material properties, process monitoring, and

modelling of the AFSD technology. Yet, it is also crucial to compile and compare the research findings

from past studies on this new technology to gain a comprehensive understanding and pinpoint future

research paths. This paper aims to present a comprehensive review of AFSD focusing on process

parameters, material properties, monitoring, and modelling. In addition to examining data from

existing studies, this paper identifies areas where research is lacking and suggests paths for future

research efforts.

Keywords: additive manufacturing; additive friction stir deposition; process modelling; process

monitoring

1. Introduction

The widespread use and industrialisation of metal additive manufacturing (AM) has
accelerated in the last decade, with aerospace and biomedical being the leading sectors to
adopt these methods [1–3]. Among the various metal AM technologies, two main types
have been extensively studied and implemented, namely powder bed fusion (PBF) and
directed energy deposition (DED), which are both fusion-based AM technology groups [4].
PBF techniques, such as laser-beam powder bed fusion (PBF-LB) and electron-beam powder
bed fusion (PBF-EB), utilise a laser or electron beam to selectively melt and fuse powder
particles layer-by-layer. Alternatively, DED methods, such as laser-beam (DED-LB) and
electron-beam directed energy deposition (DED-EB) and wire arc additive manufacturing
(WAAM), involve feeding material in the form of powder or wire and melting it using an
energy source as it is deposited onto the build platform. While these technologies offer high
precision and the ability to produce complex geometries, they also present challenges such
as the creation of residual stresses, anisotropy in mechanical properties, and the necessity
for post-processing [3,4].

Solid-state AM techniques, including additive friction stir deposition (AFSD), have
emerged as promising alternatives to traditional fusion-based methods [4]. AFSD involves
the mechanical stirring of material to induce high amounts of plastic deformation and
bonding at temperatures below the melting point, thereby mitigating many of the issues
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associated with melting and solidification [5,6]. In AFSD, a rotating tool is used to stir
the material, creating a solid-state bond without melting the base material. This results
in a fine-grained microstructure and enhanced mechanical properties, such as increased
strength and ductility [4,5]. The process dynamics allow for the creation of large, near-net-
shape components with excellent mechanical properties. Studies have demonstrated the
effectiveness of AFSD in fabricating components from various materials with applications
for aerospace, automotive, and defence industries [7,8]. Compared to fusion-based AM
methods, AFSD offers several advantages. These include lower residual stresses, reduced
anisotropy, and the ability to join dissimilar materials without the formation of brittle
intermetallic phases [3,6]. Moreover, Khodabakhshi et al. [3] and Dilip et al. [5], have
shown the significant potential of AFSD in producing parts with superior mechanical
properties and reduced defects. AFSD can also be used to repair damaged components,
providing a cost-effective solution for extending the life of critical parts [9,10].

AFSD is an emerging AM technology with a low technology readiness level (TRL).
Thus, understanding the process–property–performance relations, finding the suitable
process windows for different materials, process monitoring and control, and process
modelling are new areas of research and development for technology. Although limited
work has been carried out in AFSD so far, defects can be detected and mitigated in real-
time by monitoring key parameters such as temperature, force, and tool position. This
approach leads to improved part quality and reduced scrap rates [11]. Recent studies have
highlighted the importance of real-time temperature monitoring and control to achieve
consistent material properties and surface quality [12,13]. Additionally, monitoring the
force applied by the tool and the torque during the process helps in maintaining optimal
and stable process conditions [11,14]. However, the AFSD process still lacks quantitative
correlations between process controls and the final microstructure and characteristics [15].
To overcome the challenge, temperature-based monitoring systems have recently gained
popularity. Hartley et al. and Griffiths et al. used a digital microscope to conduct the
in situ monitoring of substrate distortion and material flow behaviour [16,17]. However,
future research efforts are expected to prioritise number of crucial areas such as advancing
the fabrication of complex geometries, tailoring material properties, and exploring novel
materials by integrating various sensors for in situ monitoring [18].

The modelling of the AFSD process is also crucial for understanding and optimising
the complex relations between the tool, material properties, and process parameters. Nu-
merical simulations and analytical models are mostly employed to predict the temperature
distribution, material flow, and the mechanical properties of the deposited layers. Zhang
et al. developed a finite element model to simulate the temperature field and material flow
during AFSD, providing insights into the thermal history and its impact on the obtained
mechanical properties [19]. Additionally, process models are essential for scaling up the
AFSD process and transferring it to different materials and geometries [20,21].

The properties of the material deposited through AFSD are influenced by several
process variables, including layer height, rotational speed, traverse speed, actuator speed,
temperature, and feedstock characteristics [22–26]. Ghadimi et al. demonstrated that
layer height affects tensile properties, with thinner layers (1 mm) showing lower fracture
strains and ultimate tensile strength compared to thicker layers (2 and 3 mm) [24]. The
rotational speed of the tool impacts mechanical properties by altering heat input and
grain size. Higher rotational speeds generally increase heat input, leading to larger grain
sizes and reduced tensile strength and hardness [27]. The traverse speed and feed rate
also affect heat input and microstructure [27]. Higher traverse speeds can increase grain
sizes and decrease recrystallization, thereby enhancing tensile strength in materials like
aluminium alloy 6061 (AA6061) [28]. The characteristics of the feedstock material, such
as its tempering condition, play a crucial role in determining process parameters and
final material properties [23]. Ahmed et al. illustrated that different temper conditions for
AA2011 require different rotational speeds to achieve optimal deposition, resulting in varied
mechanical properties [23]. Materials subjected to AFSD typically exhibit fine-grained
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microstructures, which enhance mechanical properties such as strength and ductility [3,6,8].
The process also allows for the use of a wide range of materials, including high-strength
alloys and composites, which are challenging to process using traditional fusion-based
AM techniques [3]. Investigations into aluminium alloys like AA6061 and AA7075 have
shown that AFSD can achieve high tensile strengths and elongation values when combined
with a post-deposition heat treatment, making it suitable for structural applications [22,29].
Furthermore, the ability to process dissimilar materials without forming brittle intermetallic
phases expands the potential applications of AFSD in industries requiring multi-material
components [7,30].

AFSD is an emerging AM technology with promising potential, but knowledge gaps
still exist. A comprehensive review of the current state of the art is necessary considering
the rapidly evolving landscape of AFSD research and development. This paper aims to
consolidate the advancements in various research areas of the AFSD process, including
process development, process monitoring and control, and process modelling. This paper
summarises the most recent research findings, highlighting potential uses of AFSD and
suggesting future research directions to address existing challenges to expand its indus-
trial applications. This review aims to serve as a valuable resource for researchers and
practitioners in the field, providing a detailed understanding of the AFSD process and
its capabilities.

2. Additive Friction Stir Deposition

AFSD is a solid-state metal AM process that exploits the friction stir welding mecha-
nism, combining it with a material feeding system to create fully dense three-dimensional
(3D) components in their as-deposited state [11], and at a higher build rate than many
other AM processes [18]. The combination of heat and the severe plastic deformation of
the deposited material produces components with similar properties to wrought materials
without the defects that result from melting and solidification-based processes [31].

The AFSD process, which is currently almost always performed on a CNC cartesian
coordinate machine, uses a substrate mechanically mounted on the machine table, as shown
in Figure 1. The feedstock, which has a square or circular cross-section, is fed through a
rotating tool and pushed towards substrate’s top surface vertically via an actuator. As
the result of this initial motion, the generated frictional heat causes a localised increase
in temperature around the tool. Since the temperature increases, the yield strength of the
feedstock material decreases, and material becomes softer and more ductile. With the yield
strength reduced, the feedstock material undergoes significant plastic deformation. It then
yields and is forced outwards, filling the space between the substrate and rotating tool. As
the material is forced outwards, the combined compressive force from the feed mechanism
and shearing force from the rotating tool cause the material to plasticise. This rapid plastic
deformation results in further volumetric heat generation [13]. The deposited material
mixes with the substrate or previous layers as it is plastically deformed and forced into
the substrate in the feedstock zone, creating a strong metallurgical bond. The substrate
is also heated, softened, and forced upwards into the tool’s affected zone, resulting in
a strong interface [32]. Once plasticisation is initiated, computer numerically controlled
(CNC) in-plane motion is used to deposit material in the desired shape.



Inventions 2024, 9, 116 4 of 26

 

Figure 1. Schematic illustration of the AFSD process.

2.1. AFSD Tools
The tools typically employed for AFSD consist of a robust metal body made of H13 

[33] or 40Cr steel [34] to encase the feedstock, rotate it, and withstand the process 
forces/temperatures. As the AFSD process utilises a rotational motion to introduce a fric-
tion between the feedstock and the substrate, the tools’ geometries are usually designed 
with a cylindrical exterior profile [12,22,24]. This cylindrical exterior shape is often paired 
with a hollow pathway of square or circular shape [21,29,35]. The tool’s internal volume 
can mirror the feedstock’s shape closely, with minimal space, to prevent rubbing or fric-
tion between the internal face of the tool and the external face of the feedstock. The tool 
shoulder, which is the bottom flat plane opposite the substrate top surface, might have a 
gap between 1 and 3 mm to allow the flow of the plasticized material during the rotational 
and transverse movements [36]. Although the gap between the tool shoulder and sub-
strate’s top surface is set to an exact value, the achieved layer thickness may follow a lower 
value [21]. Jin et al. found that the thickness of the layer was 0.85 mm even though they 
used a 1 mm gap between the tool shoulder and substrate [21]. Protrusions of different 
shapes may be present at the bottom of the tool body to aid in stirring materials during 
the process. Ghadimi et al. employed a deposition tool featuring pairs of teardrop-shaped 
protrusions on its lower face [24]. Figure 2b illustrates the deposition tool and the detailed 
structure of the deposited layers, highlighting the significant impact of the tool’s design 
on the AFSD process [24]. These protrusions may play a crucial role in the AFSD process 
by stirring the softened material and generating additional heat through friction [13]. The 
presence of these protrusions also allows for the re-stirring of previously deposited layers 
if the new layer thickness is smaller than the height of the protrusions. Conversely, if the 
layer thickness exceeds the height of the protrusions, the tool does not interact with the 
underlying layers. This dynamic interaction between the protrusions and the existing lay-
ers or substrate results in a distinct and efficient material deposition pattern, enhancing 
the overall quality and consistency of the deposited material [13]. Moreover, some tools 
may include a built-in thermocouple for temperature monitoring and adjusting process 
inputs (see Figure 2a). These instruments could also be combined with specialised ther-
mocouple collars made of polymer material created using 3D printing techniques [12]. 

Figure 1. Schematic illustration of the AFSD process.

2.1. AFSD Tools

The tools typically employed for AFSD consist of a robust metal body made of
H13 [33] or 40Cr steel [34] to encase the feedstock, rotate it, and withstand the process
forces/temperatures. As the AFSD process utilises a rotational motion to introduce a
friction between the feedstock and the substrate, the tools’ geometries are usually de-
signed with a cylindrical exterior profile [12,22,24]. This cylindrical exterior shape is often
paired with a hollow pathway of square or circular shape [21,29,35]. The tool’s internal
volume can mirror the feedstock’s shape closely, with minimal space, to prevent rubbing
or friction between the internal face of the tool and the external face of the feedstock. The
tool shoulder, which is the bottom flat plane opposite the substrate top surface, might
have a gap between 1 and 3 mm to allow the flow of the plasticized material during the
rotational and transverse movements [36]. Although the gap between the tool shoulder
and substrate’s top surface is set to an exact value, the achieved layer thickness may follow
a lower value [21]. Jin et al. found that the thickness of the layer was 0.85 mm even though
they used a 1 mm gap between the tool shoulder and substrate [21]. Protrusions of different
shapes may be present at the bottom of the tool body to aid in stirring materials during
the process. Ghadimi et al. employed a deposition tool featuring pairs of teardrop-shaped
protrusions on its lower face [24]. Figure 2b illustrates the deposition tool and the detailed
structure of the deposited layers, highlighting the significant impact of the tool’s design
on the AFSD process [24]. These protrusions may play a crucial role in the AFSD process
by stirring the softened material and generating additional heat through friction [13]. The
presence of these protrusions also allows for the re-stirring of previously deposited layers
if the new layer thickness is smaller than the height of the protrusions. Conversely, if
the layer thickness exceeds the height of the protrusions, the tool does not interact with
the underlying layers. This dynamic interaction between the protrusions and the existing
layers or substrate results in a distinct and efficient material deposition pattern, enhancing
the overall quality and consistency of the deposited material [13]. Moreover, some tools
may include a built-in thermocouple for temperature monitoring and adjusting process
inputs (see Figure 2a). These instruments could also be combined with specialised thermo-
couple collars made of polymer material created using 3D printing techniques [12]. These
ring-shaped collars can then be fitted on the exterior cylindrical face of the tool and can
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carry more than one thermocouple for enhanced temperature monitoring [12]. As can
be understood from the explanations in this section, the tool designs made for AFSD are
determined according to the application principles of the process and other additional
operations carried out with the process, such as temperature monitoring. In this context,
future developments might likely show enhanced tool designs with varied monitoring
options embedded in the tool body, such as position, force, or vibration. Thus, it would be
useful to follow future developments in AFSD tool design.

These ring-shaped collars can then be fitted on the exterior cylindrical face of the tool and 
can carry more than one thermocouple for enhanced temperature monitoring [12]. As can 
be understood from the explanations in this section, the tool designs made for AFSD are 
determined according to the application principles of the process and other additional 
operations carried out with the process, such as temperature monitoring. In this context, 
future developments might likely show enhanced tool designs with varied monitoring 
options embedded in the tool body, such as position, force, or vibration. Thus, it would 
be useful to follow future developments in AFSD tool design.

Figure 2. (a) Tool overview; (b) deposition tool schematics showing protrusion pairs [24].

2.2. Advantages of the AFSD Process
AFSD can process difficult-to-weld or difficult-to-melt materials due to the solid-state 

nature of the process. Therefore, high-strength alloys which are susceptible to cracking 
during solidification or reactive materials can be processed without melting them through 
AFSD. In the open literature, AFSD has been demonstrated to be feasible with aluminium 
alloys [8–13,21–32], nickel and titanium alloys [37–41], magnesium alloys [42–46], copper 
alloys [13,17,47], and stainless steels [27]. The relative flexibility of feedstock allows for the 
use of lower quality materials, including recycled material, without the need for expen-
sive, energy-intensive reprocessing such as gas atomisation to convert material back to 
powder form. It has been demonstrated that it is possible to directly use loose, unpro-
cessed machine chips to successfully deposit fully dense material [48], albeit using dry cut 
chips. Otherwise, a cleaning process may be required for chips cut using coolant/cutting 
fluid. This was demonstrated with AA5083 and a similar study by Agrawal et al. achieved 
similar results using Ti6Al4V chips [37].

Depending on the material being processed, AFSD can be performed in an open en-
vironment without the need for an inert gas environment in a sealed chamber, which can 
dramatically increase the maximum build volume. This means the process is highly scal-
able in the same way that CNC milling machines are [49]. This is particularly advanta-
geous when compared to powder bed fusion processes, which are limited in the build 
volume partially due to the requirement of an inert chamber as well as the significant 
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2.2. Advantages of the AFSD Process

AFSD can process difficult-to-weld or difficult-to-melt materials due to the solid-state
nature of the process. Therefore, high-strength alloys which are susceptible to cracking
during solidification or reactive materials can be processed without melting them through
AFSD. In the open literature, AFSD has been demonstrated to be feasible with aluminium
alloys [8–13,21–32], nickel and titanium alloys [37–41], magnesium alloys [42–46], copper
alloys [13,17,47], and stainless steels [27]. The relative flexibility of feedstock allows for the
use of lower quality materials, including recycled material, without the need for expensive,
energy-intensive reprocessing such as gas atomisation to convert material back to powder
form. It has been demonstrated that it is possible to directly use loose, unprocessed machine
chips to successfully deposit fully dense material [48], albeit using dry cut chips. Otherwise,
a cleaning process may be required for chips cut using coolant/cutting fluid. This was
demonstrated with AA5083 and a similar study by Agrawal et al. achieved similar results
using Ti6Al4V chips [37].

Depending on the material being processed, AFSD can be performed in an open
environment without the need for an inert gas environment in a sealed chamber, which can
dramatically increase the maximum build volume. This means the process is highly scalable
in the same way that CNC milling machines are [49]. This is particularly advantageous
when compared to powder bed fusion processes, which are limited in the build volume
partially due to the requirement of an inert chamber as well as the significant increase
in excess feedstock required to fill a larger build volume. There are some limitations
depending on the material being processed. For example, titanium alloys need to be
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processed in an inert atmosphere due to their high reactivity, causing oxidation at elevated
temperatures [41].

Fusion-based AM with DED and PBF processes produce components with significant
residual stresses [50,51] which can require extra post-processing steps to remove. AFSD
is generally considered to produce lower residual stress than fusion-based processes [11];
however, residual stress does still occur [52]. Zhu N. et al. showed that stresses produced
were still significant, even in a low yield strength, such as that of a deposited material
like AA6061 [53]. They also showed that residual stresses are not evenly distributed over
the entirety of the component, with different residual stresses experienced at the start of
deposition tracks compared to the ends, as well as differing stresses at different heights
of deposition [53]. This is logical, as the layers closer to the substrate experience a raised
temperature for longer than layers nearer to the top of a component. The presence of this
residual stress should be taken into account when designing large parts for the process;
even though maximum build size is not limited by the process itself, residual stresses may
make work holding a problem due to substrate warping.

2.3. Limitations of the AFSD Process

AFSD is a near-net shape process and the achieved in-plane resolution is very low
compared to other AM processes such as PBF-LB, limited to approximately 10 mm or higher
depending on the tool and feedstock geometry [54]. Components also have a poor surface
quality and machining is almost always needed, as demonstrated by the wall geometry in
Figure 3. The poor surface quality on the side walls is primarily caused by flash, which
forms as excess material is forced out beyond the deposition zone of the tool. This causes
weak bonds between layers at the edges of the deposited track, where the flash is not mixed
with previously deposited material or substrate [49].
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it rotates [32]. Moreover, as the severity of the onion skin effect increases due to the uneven 

Figure 3. A single-track wall manufactured by AFSD in AA6xxx series.

The top surface may also suffer from poor quality in the form of a regular ring pattern
known as onion skin, as well as a very rough area where the deposition ends and the tool
retracts. This effect, known as “the onion skin”, shown in Figure 4, is very characteristic
to this process, like fish scale in welding or chevrons in LPBF. The pitch of the onion skin
pattern is calculated to be equal to the advance per revolution of the tool, which suggests
that it is caused by the interaction between deposited material and the edge of the tool as it
rotates [32]. Moreover, as the severity of the onion skin effect increases due to the uneven
spacing or even breakdown of this pattern, a macroscopic defect known as “galling” can
be observed. Beading is another process phenomenon, in which excess material forms
raised areas on the surface as a result of uneven material flow, insufficient heat control,
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or inaccurate tool speed, resulting in a rough surface finish and potential dimensional
inaccuracies. It can be mitigated by adjusting process parameters or performing post-
processing [49]. Undesired local melting or poor bonding are other defects that may
occur in AFSD, mainly due to the improper construction of process parameters. As a
result of insufficient material mixing and flow, poor bonding or even delamination can be
observed. Additionally, delamination from the substrate may be more pronounced after
heat treatment. Thus, it is very critical to construct the process window suitably, leading to
defect-free deposition. The construction of process windows is easier for some alloys, such
as AA6xxx series, whereas other alloys have a much more limited process window, making
the process development harder.
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3. Additive Friction Stir Deposition Process Parameters

Almost all defects in AFSD stem from poorly constructed process windows. Thus, it is
very important to understand the effect of each process variable on the obtained quality.
The number of variables in AFSD is limited compared to other AM processes, such as
LPBF, but various process variables, including the layer height [24], rotational speed [25],
traverse speed [22], and actuator speed (or actuator feed rate) [37], still affect the obtained
material properties.

The layer height is a value pre-set when the deposition path is planned and generally
set to a value between 1 and 2 mm. Yet, there are some studies in the literature experi-
menting with higher layer thicknesses. Ghadimi et al. showed that layer height affects
the tensile properties of the deposited material in the build direction, with the thinnest
layer tested (1 mm) having considerably low fracture strains and ultimate tensile strength
when compared to specimens built with 2 and 3 mm of layer thickness [24]. There was
a negligible difference in the specimens extracted from XY axis. This may be due to an
increased likelihood of defects at the layer interfaces; thinner layers effectively have more
layer interfaces in the build direction than thicker layers, increasing the prevalence of
interface defects. This indicates that it is beneficial to use thicker layers over very thin
layers, which may also have the benefit of shorter build times. There is a limit to the
maximum layer thickness before mechanical properties are detrimentally affected, due to
less mixing with previous layers as the layer height increases.

The rotational speed of the tool or spindle speed is a fundamental parameter of AFSD
and has been shown to greatly affect the final mechanical properties of the deposited
material. Tool rotation affects the temperature of the plasticised material with a higher
rotational speed resulting in higher heat input, which can affect the mechanical properties
by increasing grain size [27]. The rotational speed also affects the spindle torque and
actuator force, defined as the force required to push the feed rod downward through the
tool. These values can be taken as process signatures for AFSD, among others, such as the
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temperatures reached in the feedstock or deposited material. In a study conducted with
AISI 316L stainless steel, it was shown that the measured actuator force and spindle torque
decreased with tool rotational speed (in the range of 400–800 rpm) for a constant feed rate
of feed rod and tool traverse speed [15]. Tang et al. showed that a higher rotational speed
(600 rpm) resulted in a lower tensile strength and hardness than components produced at
the lower speed (400 rpm) [55]. This maybe a result of the higher temperatures reached at
high rotational speed, which may be similar to having an in situ heat treatment effect on
the component [55]. Ahmed et al. also demonstrated the same effect, with their depositions
produced with a lower rotational speed (200 rpm) having a higher hardness than the higher
spindle speed (1200 rpm) component [23].

Another parameter that affects the given heat input is the tool traverse speed [27].
It is observed that the change in the traverse speed, also known as feed rate (not to be
confused with material feed rate or actuator speed), leads to changes in the microstructure.
An increase in the traverse speed increases the grain size and decreases the degree of
recrystallization, leading to an increase in the tensile strength for AA6061-T6 [28].

Actuator speed (F), also known as actuator feed rate, is crucial for the interfacial
bonding, porosity, and microstructure of the deposit [37]. The feedstock feed rate is
controlled by a linear actuator that applies force at the top of the feedstock. This force
is nonlinear because the feedstock’s elastic modulus and shear behaviour change with
increasing temperature near the interaction zone. Thus, as the feedstock is heated and
plasticized, the required force at the deposition zone for a given feed rate varies [54].
Williams et al. fabricated AA7020 components at different building rates by adjusting the
traverse rate, deposition rate, and actuator feed rate. They used three different actuator
feed rate values of 50.4, 101.6, and 254 mm/min, corresponding to slow, medium, and fast
building speeds, respectively. It was clear that the slow build produced considerably more
flash compared to the medium and fast builds. The slow build also resulted in the lowest
deposition efficiency at 56.9%, whereas the medium and fast builds achieved deposition
efficiencies of 73.3% and 81.3%, respectively [33]. Researchers at University of Sheffield,
AMRC North West attained a comparable outcome when working with Al6061 aluminium
alloy on the MELD L3 machine. By keeping all process parameters constant, but lowering
the feed rate override (FRO) to 50% (using only half of the set actuator speed), there was an
increase in flash formation and also a decrease in productivity (see Figure 5).
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The deposition ratio refers to the relationship between the amount of material de-
posited during the process and the amount of material originally fed into the system. It
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is a measure of the efficiency of the deposition process and is generally expressed as a
percentage [4]. Increasing the deposition ratio leads to improvement in productivity, but it
may result in poorer surface finish and potential defects such as porosity. Decreasing the
deposition ratio enhances surface quality and accuracy while increasing energy consump-
tion [4]. Although not a process parameter, the feedstock material characteristics are also
important process inputs leading to changes in the processability and obtained material
properties. It has been indicated that feedstock dimensional accuracy, size, shape, and
material composition significantly affect the process [3,56]. The feedstock temper condition
also has a predominant effect on the process and necessitates changing the processing
parameters required to successfully deposit defect-free material. Ahmed et al. showed
this in AA2011 using two temper conditions, AA2011-T6 (solution annealed + aged) and
AA2011-O (annealed only) [23]. The T6 condition parameters did not work with the O-
condition material. T6-treated material required a rotational speed of 1200 rpm, while the
O-treated material needed a much lower rotational speed of 200 rpm. This variation in the
process parameters leads to different mechanical properties, with the O-treated material
having a higher hardness in the as-deposited sample. These finding suggest that although
there is some limited flexibility in material feedstock for the AFSD process, the temper
condition should be considered when optimising process parameters for a particular tem-
per condition, which will likely result in inferior final part properties if used with another
temper condition feedstock.

Process parameters can vary significantly between different materials, as demonstrated
in Table 1. Note that these may not necessarily be the optimised parameters but have been
shown to successfully deposit these materials.

Table 1. Process parameters for various materials compiled from literature.

Alloy
Group

Alloy
Layer

Height
(mm)

Spindle
Speed
(rpm)

Traverse
Speed

(mm/min)

Actuator
Speed

(mm/min)

Deposition
Ratio

Feedstock
Size

(mm)
Tool Type Ref.

A
lu

m
in

iu
m

AA6061 2 300 152.4 127 1.20 9.5
Protrusions

2 mm
[24]

AA7075 1 275 127 69.9 1.82 9.5
Protrusions

2 mm
[57]

AA7050 2.75 350 76.2 76.2 1.00 9.5 Flat [58]
AA2019 1 200 101.6 88.9 1.14 9.5 Protrusions [59]

AA2024 1 300 120 51 2.35
Protrusions

1.5 mm
[32]

Al-8Ce-10
Mg

1 250 254 152.4 1.67 9.5
Protrusions

2 mm
[60]

S
te

e
l AISI 316 0.5 400 253.8 25.2 10.07 9.5 Flat [27]

AISI 316L 0.5 440 2.5 25 0.10 10 Not given [61]

T
it

a
n

iu
m

Ti6Al4V 0.5 400 202.8 89.4 2.27 Not given Not given [41]

N
ic

k
e

l

Inconel
625

0.5 600 76.2 16.2 4.70 9.5 Flat [38]

M
a

g
n

e
si

u
m WE43 1 325 152.4 63.5 2.40 9.5

Protrusions
2 mm

[42]

GW83K ~2.4 300 100
Force

Controlled
(10 kN)

20
Protrusions

2.5 mm
[43]

4. Additive Friction Stir Deposition Process Monitoring

It is essential to monitor the effect of the combination of process parameters discussed
in the previous section on the deposited product to determine the outcome of the AFSD
method. The real-time tracking and modification of parameters through process monitoring
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techniques are also crucial for identifying any process anomalies during deposition and
maintaining optimal in situ process variables [18]. Continuous monitoring ensures consis-
tent part quality, prevents defects, and enhances the overall efficiency and reliability of the
AFSD process. Actuator force, spindle torque, material flow dynamics, and temperature
distribution on the tool and deposited material/substrate are a few of the parameters that
can be monitored during the AFSD process [62].

Effective in situ monitoring techniques, particularly temperature control and material
flow analysis, are critical for optimising the process and improving the performance of
the deposited product. In situ sensors such as thermal imaging cameras, pyrometers, and
embedded thermocouples provide critical data on temperature evolution [13,63], while
force sensors and torque transducers offer insights into the mechanical aspects of the
process [12]. Additionally, advanced imaging techniques can be used to observe material
flow and deformation, further contributing to the optimisation and control of the AFSD
process [11,64]. Figure 6 shows the relations between the process inputs and outputs as
well as the signatures of the AFSD process. While temperature evolution has received the
most attention, there are other process signatures that can be used as control factors for
ensuring high product quality, such as actuator force or torque.
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The temperature developed in the deposited material during the process is an im-
portant process signature, directly influencing the resulting surface quality and defect for-
mation, such as galling and beading [12]. Merrit et al. eliminated these defects by using a 
closed loop system that measures the tool temperature and adjusts the spindle speed in 
real time to maintain a set temperature [12]. They showed that the spindle speed reaches 
steady state at a value close to their minimum set spindle speed of 150 rpm (for AA6061), 
which is lower than the value typically used in fixed spindle speed studies. The constant 
temperature resulted in a consistent part finish with no surface defects, which may indi-
cate that it may be more beneficial to control temperature rather than using a fixed spindle 
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The temperature developed in the deposited material during the process is an im-
portant process signature, directly influencing the resulting surface quality and defect
formation, such as galling and beading [12]. Merrit et al. eliminated these defects by using
a closed loop system that measures the tool temperature and adjusts the spindle speed in
real time to maintain a set temperature [12]. They showed that the spindle speed reaches
steady state at a value close to their minimum set spindle speed of 150 rpm (for AA6061),
which is lower than the value typically used in fixed spindle speed studies. The constant
temperature resulted in a consistent part finish with no surface defects, which may indicate
that it may be more beneficial to control temperature rather than using a fixed spindle
speed. A fixed spindle speed may result in an increasing deposition temperature at higher
speeds typically used in fixed rpm studies.

Garcia et al. investigated the thermal characteristics of the AFSD process for AA6061
and commercially pure Cu by measuring peak temperatures, exposure times, and reheat-
ing/cooling rates [13]. An infrared camera and embedded K-type thermocouples were
used to monitor temperatures, while material flow was tracked via optical imaging from
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the deposit’s leading edge; Figure 7a illustrates these in situ monitoring systems. Garcia
et al. found that peak temperatures ranged up to 90% of the melting point, with an average
exposure time of 101 s, a reheating rate of 102 K/s, and a cooling rate of 101 K/s. The
study revealed that Cu and AA6061 exhibited different peak temperature relationships
with processing parameters due to their distinct material flow behaviours. Accordingly,
Cu (Figure 7b) remained stationary while AA6061 (see Figure 7c) deformed significantly,
affecting heat generation. This difference was attributed to the materials’ varied interfacial
contact conditions and flow characteristics [13].

Figure 7. (a) An illustration of the in situ monitoring system consisting of infrared and video cam-
eras. The material flow behaviours of (b) Cu and (c) AA6061 [13].

Figure 8. The modified setup showing (a) thermocouple and cooling collars, and (b) thermocouple 
channels (licenced under CC BY 4.0) [12].

Chaudhary et al. also proposed a closed-loop control system designed to manage the 
temperature during the AFSD processing of AA6061 [65]. To reduce the thermal gradient 
along the build direction, an in situ temperature-controlled system was used to keep the 
deposition temperature minimum. In addition, the highest temperature during deposition 
was continually measured with a pyrometer and a thermal imaging camera [65]. Their 
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The material flow behaviours of (b) Cu and (c) AA6061 [13].

The study reported by Garcia et al. successfully provided insight into material defor-
mation and flow dynamics on the external surface [13]. However, material flow findings
reported by Garcia et al. do not provide an extensive overview of the deformation history
of the deposited material, particularly in terms of individual unit deformation during both
initial material feeding and steady-state deposition [11]. To address this challenge, Yu et al.
offered a potential approach that involves the insertion of tracer material within the feed
rod. This approach allowed for the investigation of tracer shape evolution at different
stages of AFSD [11]. Moreover, to achieve a comprehensive strain-versus-time relationship
at incremental steps during AFSD, X-ray computer tomography emerged as a promising
tool, as it was previously used in friction stir welding (FSW) [64].

Some studies on the process monitoring stem from the need to validate the process
models developed for the AFSD process. Zhang et al. investigated an integrated finite
element model employing the Monte Carlo approach and a precipitate evaluation model
based on the temperature field in AFSD of AA6061 [19]. The temperature was determined
in situ by using an infrared radiation imaging equipment. The experimental results (the
maximum temperature of the first layer was 392.4 ◦C) were very close to the temperature
results obtained from the developed model (390.7 ◦C). This research served as an outline for
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subsequent simulations aimed at understanding microstructural changes and mechanical
properties [19].

Merritt et al. implemented in situ monitoring and control during AFSD using thermo-
couples for temperature feedback and motor current analysis for force feedback, as depicted
in Figure 8 [12]. Their experimental setup involved temperature control, force control, and
combined temperature and force control procedures during processing AA6061. Force
control alone resulted in a tracking error of 130.8 ± 187.7 N, while temperature control
alone had a 6.9 ± 5.0 ◦C, with limited cooling efficiency due to the high heat capacity
of the tool and build plate. The combined temperature and force control showed larger
temperature errors, primarily because the temperature controller could only passively cool
the build, which often saturates the spindle speed at its lowest value. This study highlights
the need for more accurate dynamic models to improve closed-loop control in AFSD [12].
Figure 7. (a) An illustration of the in situ monitoring system consisting of infrared and video cam-
eras. The material flow behaviours of (b) Cu and (c) AA6061 [13].

Figure 8. The modified setup showing (a) thermocouple and cooling collars, and (b) thermocouple 
channels (licenced under CC BY 4.0) [12].

Chaudhary et al. also proposed a closed-loop control system designed to manage the 
temperature during the AFSD processing of AA6061 [65]. To reduce the thermal gradient 
along the build direction, an in situ temperature-controlled system was used to keep the 
deposition temperature minimum. In addition, the highest temperature during deposition 
was continually measured with a pyrometer and a thermal imaging camera [65]. Their 

Figure 8. The modified setup showing (a) thermocouple and cooling collars, and (b) thermocouple

channels (licenced under CC BY 4.0) [12].

Chaudhary et al. also proposed a closed-loop control system designed to manage the
temperature during the AFSD processing of AA6061 [65]. To reduce the thermal gradient
along the build direction, an in situ temperature-controlled system was used to keep the
deposition temperature minimum. In addition, the highest temperature during deposition
was continually measured with a pyrometer and a thermal imaging camera [65]. Their
findings revealed distinct thermal behaviours, as follows: without any external heat source,
as shown in Figure 9a, the temperature initially increased due to the friction between the
tool and substrate. It peaked and subsequently returned to the room temperature as the
tool moved away from the measurement point. Conversely, in the presence of an external
heat source, the temperature was kept at a minimum value until it gradually returned to
the room temperature, as demonstrated in Figure 9b. This disparity in temperature profiles
resulted in considerable variations in the quality of single-layer depositions, as seen in
Figure 9c,d [65]. Lower deposition temperatures were clearly related with lower surface
quality, as evidenced by the increased occurrence of flashes including accumulated particles
in the deposition. In contrast, higher temperatures cause the production of continuous
deposition layers with increased surface quality, as depicted in Figure 9d. This improve-
ment is related to the increased material flowability observed at higher temperatures [13].
Moreover, it is shown here that the temperature regulation during deposition in AFSD
technique is critical for the obtained part quality [66].
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Directly measuring the temperature evolution within the deposited material in AFSD
elicits the same challenges as those experienced in FSW and friction stir processing
(FSP) [67]. Notably, integrating thermocouples into the processing zone presents diffi-
culties due to the extensive plastic deformation, which could compromise the integrity
of physical sensors [14,68]. Furthermore, the presence of the tool in FSW, FSP, and AFSD
obscures the stir and deposition zone, preventing the monitoring of temperature evolution,
particularly along the normal direction [13]. The position of the deposited material above
the substrate distinguishes AFSD from FSW or FSP, in which the stir zone is interior of
the workpiece material. As a result, AFSD has the benefit of allowing temperature mea-
surement in the deposited material using non-contact methods from a lateral perspective
utilising equipment like infrared cameras or pyrometers [13,63]. The variations in tempera-
ture that occur during AFSD have a significant impact on build quality, microstructural
features, and as-built material properties. It is noteworthy that investigating fluctuations in
temperature in AFSD also requires an in-depth knowledge of material flow dynamics [13].

Non-contact methods like infrared cameras have been more successful than in-contact
measuring methods due to the challenging environment caused by extensive plastic de-
formation and the presence of the tool [13,63]. Although Garcia et al. and Merritt et al.
provided comprehensive insights into the thermal characteristics of AFSD, their findings
primarily focused on external surface deformations, leaving gaps in understanding the
complete deformation history of deposited materials [11]. Previous researchers proposed
using tracer materials and advanced imaging techniques like X-ray tomography for a more
detailed analysis of material flow during AFSD [11,64,69,70]. Efforts to validate process
models through in situ measurements, as shown by Zhang et al. and Merritt et al., have
highlighted the need for more accurate dynamic models to further enhance closed-loop
control systems [12,19]. Although temperature-based monitoring systems have become
more prevalent, a comprehensive understanding of the relationship between the process
controls and the final microstructure and characteristics remains lacking [15]. Future
research should prioritise advancing the fabrication of complex geometries, improving
resolution, tailoring material properties, and integrating various sensors for comprehensive
in situ monitoring [18].
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5. Process Modelling of Additive Friction Stir Deposition

Modelling the AFSD process presents numerous advantages to engineers and re-
searchers, especially given the current challenges and limited understanding of this emerg-
ing additive manufacturing process. Some key benefits include identifying optimal process
parameters to achieve desired part properties, avoiding or minimising the trial-and-error
approach and thus saving time and resources, preventing potential defects such as voids,
cracks, and stresses, and expediting the development of new alloys tailored to AFSD [71].
Furthermore, modelling and simulations can reveal temperature profiles during the process,
which is crucial for controlling the thermal cycles that affect the final properties of the
deposited material. Another additional gain from modelling might be to utilise energy-
efficient process parameters and to contribute more to sustainable manufacturing practices.

Since AFSD is a relatively new AM process, there are only a few modelling studies that
exist in the current state of the art [19,29,72]. Yet, tracing pioneering modelling efforts for
the FSW process can provide valuable insights for modelling AFSD, given the similarities
in the underlying process physics. For a systematic review of the current state of the art,
the classification of different modelling techniques and scales may give useful information
for choosing the right modelling approach, considering the complexity, applicability, and
computational efficiency of simulations. Figure 10 shows the classification of modelling
techniques. In Figure 10, black coloured texts show advantages and red coloured texts
show disadvantages of each modelling technique.
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Although Frigaard et al. reported good agreement between the simulation and ex-
perimental temperature values using their approach to employ frictional heating [75], 
other researchers like Colegrove combined frictional heating and deformation heating and 
claimed improved convergence between simulation and experimental results [76]. Again, 
combining analytical and numerical methods, Colegrove accomplished the simulations 
by introducing further variables like average yield strength and material velocity, as well 
as the angle between the material flow and traverse vector [76]. This approach was later 
adopted by researchers such as Song and Kovacevic to ensure the contribution of defor-
mations to heat generation is not underestimated [77].

The modelling efforts were expanded to include computational fluid dynamics 
(CFD) to model the problem domain with an Eulerian solver using the finite volume ra-
ther than the traditional finite element meshes [78]. Different solvers like Lagrangian, Eu-
lerian, or Arbitrary Lagrangian Eulerian (ALE) can handle mesh deformation in various 
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squares for nodes and white squares illustrate initial position of the elements and green 
shadings show the deformed status of the material. The Lagrangian formulation allows 
for anisotropic material properties to be unaffected by the material’s current spatial 
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Analytical models use mathematical equations to describe the physical phenomena
involved in the process, and they offer low-to-medium complexity together with fast
computation opportunity. They are suitable for initial approximations and understanding
fundamental aspects of processes. On the contrary, empirical models can be implemented
for complex problems via the compilation of a large volume of experimental data. The
trends extracted from the experimental data then can be interpolated or extrapolated
to predict the outcomes of the process with different parameter levels. However, the
accumulated formulae of the empirical models are limited by use/boundary conditions and
cannot directly be applied to different situations. Lastly, numerical methods, which are also
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known as methods based on finite element method (FEM) or finite element analyses (FEA),
may be implemented for complex problems. Although these are suitable for detailed and
accurate predictions of process behaviour, including transient effects, their computational
efficiency is low to moderate. Researchers might follow a combined approach to deal
with the drawbacks of different modelling techniques, such as introducing analytical
equations to thermal models and applying these as boundary conditions in numerical
solvers to predict the temperature distribution on a complex shape [73,74]. This hybrid
strategy allows for higher accuracy and efficiency, particularly for complex processes like
AFSD. Numerical models can also target different problems like those that are thermal or
mechanical. While the thermal simulations are established to determine heat generation
due to friction or deformation, mechanical models can consider strains and stresses. These
two models can also be implemented in a coupled or sequential manner.

One of the pioneering efforts to combine analytical and numerical modelling efforts
was presented by Frigaard et al. to predict the heat generation during FSW [75]. In
their study, they explained power q0(W) as a function of pressure P(Pa), tool radius R(m),
rotational speed of the tool N(1/s), and friction coefficient µ. They implemented the
analytical formula in Equation (1) and solved it with a numerical Matlab 5.2 code [75].

q0 =

4

3
π

2µPNR3 (1)

Although Frigaard et al. reported good agreement between the simulation and ex-
perimental temperature values using their approach to employ frictional heating [75],
other researchers like Colegrove combined frictional heating and deformation heating and
claimed improved convergence between simulation and experimental results [76]. Again,
combining analytical and numerical methods, Colegrove accomplished the simulations by
introducing further variables like average yield strength and material velocity, as well as the
angle between the material flow and traverse vector [76]. This approach was later adopted
by researchers such as Song and Kovacevic to ensure the contribution of deformations to
heat generation is not underestimated [77].

The modelling efforts were expanded to include computational fluid dynamics (CFD)
to model the problem domain with an Eulerian solver using the finite volume rather than
the traditional finite element meshes [78]. Different solvers like Lagrangian, Eulerian, or
Arbitrary Lagrangian Eulerian (ALE) can handle mesh deformation in various ways (see
Figure 11). In Figure 11, red circles show material coordinates while grey squares for
nodes and white squares illustrate initial position of the elements and green shadings show
the deformed status of the material. The Lagrangian formulation allows for anisotropic
material properties to be unaffected by the material’s current spatial orientation. This is
particularly useful for structural mechanics and other areas of physics that involve a solid
material experiencing gradual deformation, which may be anisotropic. If the emphasis is
on recreating the physical condition at specific locations in space, an Eulerian expression
is typically more practical. Especially with liquids and gases, it is often not feasible to
monitor the condition of each individual particle. Conversely, an inherent issue with the
pure Eulerian formulation is its inability to accommodate moving domain boundaries,
due to physical limitations. That is why it is often preferred to use ALE solutions when
it comes to modelling of friction-based processes. Further efforts by Guerdoux combined
the accuracy of Lagrangian method with the efficiency of Eulerian method to simulate
the whole FSW process [79]. The same solution methods were also practised using other
commercial software suites [80].
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T6, which is commonly used in aerospace applications. They attempted to validate their 
modelling research by comparing the remaining outcomes with experimental data ob-
tained using the contour method. The obstacles in computation, such as simulation times, 
were addressed by using either an uncoupled or sequential method. While they simulated 
the initial friction stir process individually, they utilised the resulting strains from this to 
predict the remaining stresses in the sample [29]. Zhang et al. [19] adopted a moving heat 
source model for temperature predictions and compared the outcomes with experimental 
results. They simplified the heat source in their research by introducing a heat fraction 
flow coefficient between the tool and substrate to represent surface heat input. They also 
used an AA6061-T6 alloy for manufacturing the specimens and measured the tempera-
tures with the help of infrared radiation image. They reported peak temperatures starting 
from approximately 400 °C for the initial movement and going down to 300 °C for con-
secutive layers. Some other research groups introduced meshfree approaches using 
Smoothed Particle Hydrodynamics (SPH) as a computationally efficient method [20,72]. 
In the scope of meshfree SPH method, a smooth hyperbolic kernel function, as shown in 
Figure 12a, was introduced to include the material properties and their interactions with 
each other. In this manner, the Newtonian hydrodynamics governing the equations were 
solved in a Lagrangian manner (see Figure 12b) [20]. By this way, more accurate temper-
ature predictions were claimed. The reported temperature values for AA6061-T6 varied 
between 300 and 525 °C [20].
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T6, which is commonly used in aerospace applications. They attempted to validate their
modelling research by comparing the remaining outcomes with experimental data obtained
using the contour method. The obstacles in computation, such as simulation times, were
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the initial friction stir process individually, they utilised the resulting strains from this to
predict the remaining stresses in the sample [29]. Zhang et al. [19] adopted a moving heat
source model for temperature predictions and compared the outcomes with experimental
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Particle Hydrodynamics (SPH) as a computationally efficient method [20,72]. In the scope
of meshfree SPH method, a smooth hyperbolic kernel function, as shown in Figure 12a,
was introduced to include the material properties and their interactions with each other.
In this manner, the Newtonian hydrodynamics governing the equations were solved
in a Lagrangian manner (see Figure 12b) [20]. By this way, more accurate temperature
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300 and 525 ◦C [20].
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FSW as a similar method and some AFSD modelling publications also incorporate FSW 
principles into their approach [19]. Despite being technically possible, the layered nature 
of AFSD and the resulting 3D part shapes require more mesh elements, leading to length-
ier, less efficient, and more costly simulations [20,72]. Although some researchers value 
the novel approach of utilising Smoothed Particle Hydrodynamics (SPH) to decrease sim-
ulation times, the requirement for sophisticated multi-physics software and intricate pre-
processing procedures could hinder its use in regular and everyday simulations. In this 
aspect, it is important to fill this research gap in the future and introduce more reliable 
methods or software packages similar to those used for powder bed fusion additive man-
ufacturing.
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It is evident from the literature that there are fewer studies on AFSD modelling
compared to studies on process-parameter development and material/metallurgical inves-
tigations. Nevertheless, there are numerous modelling studies in the literature that focus
on FSW as a similar method and some AFSD modelling publications also incorporate FSW
principles into their approach [19]. Despite being technically possible, the layered nature of
AFSD and the resulting 3D part shapes require more mesh elements, leading to lengthier,
less efficient, and more costly simulations [20,72]. Although some researchers value the
novel approach of utilising Smoothed Particle Hydrodynamics (SPH) to decrease simulation
times, the requirement for sophisticated multi-physics software and intricate pre-processing
procedures could hinder its use in regular and everyday simulations. In this aspect, it is
important to fill this research gap in the future and introduce more reliable methods or
software packages similar to those used for powder bed fusion additive manufacturing.

6. Additive Friction Stir Deposition Metallurgy

In AFSD, strong metallurgical bonding is achieved between the various layers due
to the combination of high shear and severe plastic deformation induced by the rotating
feedstock being forced into the substrate or previously deposited layer. As previously stated,
the peak temperature developed in AFSD is around 60–90% of the materials’ melting point
and, due to the lack of melting, the issues typically seen with fusion-based AM processes
such as porosity, cracking, and elemental segregation are generally avoided when the correct
process windows are employed. The microstructure undergoes dynamic recrystallisation,
producing a highly refined microstructure with a much smaller grain size than the feedstock
material [30,81]. The interface between the deposited material and the substrate typically
shows a bowl-shaped depression centred on the feedstock, caused by the interaction of
the feedstock driving into the substrate and the substrate material mixing in the shear
zone caused by tool rotation [32]. This effect is also demonstrated in Figure 13, showing
the microstructure obtained in a study by researchers at University of Sheffield, AMRC
North West.

 

Figure 13. (a) Typical bowl-shaped depression centre and the substrate-material mixing in the shear 
zone caused by tool rotations. (b) Image of the heat effected zone, and (c) image of the base plate.
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layer height was used as 1 mm [59]. The variations in grain size (6.2 to 8.8 µm) and hard-
ness (75 to 82 HV) measured were small. The optimum parameter set was used to produce 
a large sample for tensile and fatigue test coupons; again, the measured tensile strength 
was low (UTS of 206 MPa) compared to the feedstock material (425 MPa). This was mainly 
attributed to the lack of precipitate strengthening in the deposited material. The fatigue 
life was also much lower than that seen for the wrought feedstock material [59] due to the 
lack of a post-deposition heat treatment. Beck et al. [83] studied the influence of a post-
deposition heat treatment on the tensile strength of AA6061. Following a solution treat-
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In AFSD, aluminium alloys are by far the most studied alloy group, with a range of
alloys and metal matrix composites being investigated. AFSD is particularly attractive
to high-strength aluminium alloys due to the fact they typically suffer from hot cracking
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in fusion-based additive manufacture, and therefore most of the work reported has been
conducted on AA6xxx, AA7xxx and AA2xxx series alloys. The microstructure obtained
from fusion-based AM typically consists of highly oriented columnar grains resulting from
the high thermal gradient produced by the layer-by-layer deposition process. In contrast,
all studies of AFSD have shown the microstructure to be equiaxed and highly grain-refined
due to the combination of high strain and elevated temperatures. Rivera et al. [82], in a
study on AA2219-T851, reported that the feedstock material had a grain size of 30 µm
compared to the deposited materials of 2.5 µm, and Perry et al. found that for AA2024 the
grain size had reduced to 4.9 µm, compared to the elongated drawn grain structure of the
feedstock, which had an average grain size of 57 µm [32]. Rivera et al. also found that no θ’
precipitates were seen in the microstructure, suggesting that the temperature generated
was above the solvus and the cooling rate long enough that large θ particles formed [82].
No variation was seen in the microstructure or microhardness over the entire 100 mm long,
6 mm tall deposition, and the average hardness was significantly lower than that of the
feedstock (~80 HV compared to 120 HV). Tensile tests also showed that the as-deposited
material had lower yield strength and ultimate tensile strength (UTS) compared to the
feedstock; no deposition parameters were given in the paper. Further work by Anderson
et al. examined tool rotational speed between 175 and 300 rpm, traverse feed rates of 88.9
and 137.9 mm/min, and feedstock feed rates of 88.9 and 101.6 mm/min, while the layer
height was used as 1 mm [59]. The variations in grain size (6.2 to 8.8 µm) and hardness (75
to 82 HV) measured were small. The optimum parameter set was used to produce a large
sample for tensile and fatigue test coupons; again, the measured tensile strength was low
(UTS of 206 MPa) compared to the feedstock material (425 MPa). This was mainly attributed
to the lack of precipitate strengthening in the deposited material. The fatigue life was also
much lower than that seen for the wrought feedstock material [59] due to the lack of a
post-deposition heat treatment. Beck et al. [83] studied the influence of a post-deposition
heat treatment on the tensile strength of AA6061. Following a solution treatment at 296 ◦C
and ageing at 80 ◦C, the samples exhibited grain growth, and needle-like β” precipitates
that were not present in the deposited material were observed. The deposited material
exhibited a 47% reduction in tensile strength and, after the solution treatment and age
(STA), the samples regained full wrought strength. Hahn et al. [58] studied the effect of STA
on AA7050; following heat treatment, some sections had recrystalised into very large grains
(~200 µm) while others retained the highly grain-refined structure typical of AFSD. Despite
the very different microstructures of wrought plate and the AFSD samples following a
STA, both conditions resulted in a tensile strength of ~495 MPa and a yield strength of
435 MPa compared to 330 MPa and 180 MPa for the as-deposited material (UTS and YS,
respectively). These studies highlight the importance of a post-deposition heat treatment
for precipitation strengthened aluminium alloys (such as AA2xxx, AA6xxx, and AA7xxx
series alloys).

Phillips et al. undertook a design-of-experiments approach to the deposition of AA6061
by AFSD; the tool rotational speed was varied between 300 and 420 rpm, the feedstock feed
rate varied between 66 and 122 mm/min, and the tool traverse feed varied between 127 and
229 mm/min [84]. It was found that a combination of low feedstock feed rate and high tool
traverse speed produced depositions with voids and a lack of fusion, while the opposite
conditions caused the formation of excessive flash. The grain size of the deposited material
was reduced to 15 µm compared to 200 µm in the feedstock. Typically, smaller grain sizes
lead to increased hardness; however, in this case the hardness was reduced due to the
dissolution of precipitates as reported previously [85]. There was no significant difference in
the microstructure of the various depositions, suggesting that for an AFSD microstructure,
evolution is not process-dependant. In further work, Phillips et al. examined the influence
of parallel overlapping tracks (6.35 mm overlap) deposited at 300 rpm and a traverse speed
of 127 mm/min [86]. The feedstock feed rate was 69.9 mm/min and the overlapping return
track used a slight reduction to compensate for the additional material (63.5 mm/min).
Contamination by surface oxides were seen in the overlapping section; these have not been
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reported in any other study on AFSD of aluminium alloys. In addition, the grain size was
marginally smaller in the overlapping region compared to the middle of the deposition
(9.1 and 10.6 µm, respectively). Tensile tests of samples taken across the overlap showed
no reduction in strength or ductility compared to samples taken from the middle of the
deposition. Ghadimi et al. [24] examined the influence of layer thickness on the tensile
strength of AA6061. It was found that using 2 and 3 mm layer height produced higher
tensile strength compared to 1 mm height; this was attributed to the difference in thermal
history, although the deposition temperature was not measured. Again, samples taken from
different positions in the X- and Y-plane showed no significant difference in tensile strength,
as also shown by Phillips et al. [62] and Mason et al. [63]. Hartley et al. (2021) examined
the deposition of AA6061-T6 onto 1.4 mm thick substrates of AA6022-T4 [16]. Depositions
ranging between 0.9 and 2.54 mm thick were produced using varying operating conditions,
with a flat-bottomed tool resulting in the best surface finish. A microstructural analysis
showed an absence of defects and a reduced grain size (20 µm compared to 110 µm) and
lower hardness level (70 HV compared to 115 HV), as reported in all studies on aluminium
alloys so far. Due to the thermal gradient developed during the deposition and the very
thin substrates used, high levels of distortion of the base plates were encountered upon
removal of the clamps, with up to 9 mm over 150 mm length being measured [16]. Mason
et al. found that the initial layers of the AA7050 alloy exhibited significant growth of the
T-phase and S-phase, while η and η’ phases were absent in these layers. They reported
that the overgrowth of strengthening precipitates in the initial and intermediate layers of
each section caused material softening due to overaging. This overaging resulted from the
repeated thermal cycles that the initial and intermediate layers underwent during AFSD
processing [87].

Avery et al. used AA7075 feedstock manufactured by wire electro-discharge machining
rods from billet material, and a single build 65 mm high by 102 mm long was deposited [81].
The tool rotational speed was 225 rpm, the material feed rate was 50.8 mm/min, and
traverse feed rate was 50.8 mm/min, with each layer being 1 mm. The grain size was
reduced from 100 µm to ~5 µm compared to the feedstock material and SEM analysis
showed that the η’ and η precipitates that contribute to the high strength of the alloy
have coarsened by repeated exposure to elevated temperatures during deposition. These
microstructural changes led to a reduction in hardness, with a minimum of 60 HV compared
to 175 HV for the feedstock. Due to the height of the build, a higher hardness was seen
at the top of the build, with a peak hardness of 105 HV due to the reduced exposure
to elevated temperatures. Tensile tests showed that the tensile and yield strength were
reduced significantly compared to the feedstock material. Strain controlled fatigue tests
also showed a reduction in fatigue life for the AFSD material compared to feedstock, and
this was attributed to the precipitation coarsening seen in the microstructure [81]. Cahalan
et al. [57] examined the influence of parallel deposition tracks and the amount of track
overlap (going from 0 to 38%) on the resulting tensile strength of the AA7075 deposition.
Tensile samples were taken in the horizontal direction across the overlap region and no
post-deposition heat treatment was conducted. For overlaps greater than 3.2 mm, the
boundary between the two tracks became indistinct and a high degree of intermixing had
occurred. Tensile strength increased with an increase in overlap up to 38% (from 258 MPa
to 434 MPa), and higher levels of overlap were not tested. Overlapping parallel tracks
would be critical to produce larger surface area builds.

AFSD is also attractive for the repair or resurfacing of damaged or worn components.
Griffiths et al. examined the ability of AFSD to repair holes and milled slots in AA7075 [30].
It was found that the holes could be filled in completely, with no lack of fusion defects or
voids being seen. As reported previously, the microstructure was composed of extensively
recrystallised equiaxed grains (down to 3.5 µm); in comparison to other work, the micro-
hardness value of the deposited material is only slightly lower than the feedstock (140 HV
compared to 175 HV) due to the shorter deposition time of the repair compared to bulk
feature addition. One hole sample failed to completely fill, leaving a void at the bottom of
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the hole. For the milled slots, all samples suffered from incomplete mixing and a lack of
fusion. Griffiths et al. also examined the production of aluminium metal matrix composites
(MMCs) using AFSD by taking aluminium and AA6061 feedstock rods and producing a
hollow tube which was packed with various powder additions [30]. Three variations in
feedstock were tested, namely aluminium with 20 vol.% silicon carbide (SiC), AA6061 with
30 vol.% molybdenum (Mo), and AA6061 with 6.1 vol% tungsten (W). For all variants, the
samples produced contained a uniform distribution of particles and no defects could be
seen in the depositions. Further work was undertaken by Lopez et al. to investigate the
production of graphene nanoplatelet MMCs using AA6061 [88,89]. The results showed that
it is possible to produce fully dense material without defects. When using a central bored
section in the feedstock with mixed AA6061 powder and graphene nanoplatelets rather
than just graphene alone, a better distribution of particles was obtained.

Magnesium (Mg) alloys have densities around 36% lower than aluminium alloys
and are promising candidates for AFSD. Calvert investigated the deposition of Mg alloys
with AFSD [44]; minor variations in grain size were seen with layer height due to the
variation in thermal history but, in general, the deposition was uniform [44]. Williams et al.
reported that Mg has a narrower processing window than aluminium alloys but found
similar microstructural features with a highly refined grain structure (~2.7 µm compared
to 45 µm for the feedstock) and lower hardness, tensile strength, and ductility compared
to the wrought WE43 feedstock [42]. Joshi et al. also found that AZ31B deposited by
AFSD had a highly refined grain structure (<5 µm) compared to the feedstock (~13.5 µm)
but reported slightly higher hardness (~57 HV) than the feedstock (53 HV) due to the
Hall-Patch effect [45]. In contrast, Robinson et al. reported the slightly lower hardness and
tensile strength of AFSD AZ31B compared to the wrought feedstock [46].

For both aluminium alloys and magnesium alloys, the majority of reported work on
AFSD shows that the as-deposited material has lower mechanical properties compared to
wrought values. For nickel-based superalloys, the mechanical properties of as-deposited
material have been shown to be comparable to wrought values. In a study on Inconel 625,
Rivera et al. found the grain size of the deposited material to be reduced to 1 µm compared
to the feedstocks, with sizes of 30 µm [39]. The deposited material also displayed a banded
appearance, which was caused by the interface layers between each deposited layer having
a slightly finer grain, around 0.25 µm. Tensile tests showed that the as-deposited AFSD
material had higher yield strength and UTS compared to wrought and cast material, which
is opposite to that seen for aluminium alloys [39]. In further work by Avery et al., it was
found that the severe plastic deformation encountered in the shear zone caused the M23C6
and M6C carbides to be broken up into smaller size fractions and distributed more finely
than in the feedstock material [40]. Fatigue tests showed that the AFSD samples exhibited
higher fatigue life than the feedstock material, laser additively produced samples, and cast
Inconel 625 samples. The improvement in fatigue life is attributed to the refinement in grain
size and carbide size and distribution. Some delamination of interlayers was observed
during testing, causing two samples to fail at very low cycles; no deposition parameters
were given in the paper [40].

Titanium alloys are widely used in the aerospace industry in both structural and for
engine components. In contrast to aluminium alloys, very few studies on titanium alloys
have been undertaken. Agrawal et al. used feedstock manufactured from compacted
Ti6Al4V metal swarf, three samples were produced using 1 mm layer thickness [37]. The
AFSD process parameters employed in the study by Agrawal et al. are given in Table 2.
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Table 2. Parameters used for depositing Ti6Al4V using AFSD process [37].

Sample No.
Number of

Layers
Average Track
Width (mm)

Average Power
(kW)

Tool Rotational
Rate (ω, rpm)

Traverse Speed (V,
mm per min.)

Filler Rate (F,
mm per min.)

B1 19 30.48 3.99 340 127 44.70

B2 39 35.56 5.59 325 86.36 40.39

B3 23 45.72 7.10 350 78.74 41.91

XRD scans showed that the microstructure consisted of α phase with a small amount
of β phase, indicating that the operating temperature developed exceeded the β-transus.
In contrast to studies on other materials (such as aluminium alloys), the influence of
processing parameters was significant, and a variation was seen in grain size between the
different builds and with build height [37]. For the highest tool rpm and lowest traverse
feed rate, a grain size of 64 µm was seen; for the lower tool rpm and higher traverse feed
rates, grain sizes of 26 and 30 µm were observed. Due to the temperatures developed
during processing, a tungsten carbide (WC) tool is used; contamination caused by wear
to the tool was seen in the interface layers of the builds, and subsequent tensile testing
showed anisotropic behaviour, with the build direction having a lower yield strength
compared to the horizontal direction (1060 and 1220 MPa) due to the formation of W phase
in the interface layers [37]. Similar results were found by Farabi et al., who reported a
yield strength of 1010 MPa and, by using a lanthannated-tungsten tool, prevented the
contamination seen by Agrawal et al. [41]. Yoder et al. used a closed loop temperature
control to keep the deposition temperature constant; in contrast to Agrawal et al. and
Farabi et al., the microstructure grain size was constant throughout the height of the build
and no variation in microhardness was seen [90]. The yield strength was slightly lower than
the previous studies, at 948 MPa. As found with nickel-based superalloys, the as-deposited
mechanical properties of Ti-6Al-4V are superior to other AM processes and approach that
of wrought material [90].

Priedeman et al. studied the deposition of a copper alloy (Alloy Cu 110) at a tool
rotational speed of 275 rpm and a traverse speed of 127 mm/min; no other parameters
were given [47]. Some porosity was seen the interface between the substrate and the first
layer. Oxidation was also seen on the outer surfaces of the deposit, but none in the interior,
suggesting that the oxide layer had formed during cooling after deposition. As reported for
a range of other materials, the grain size and hardness of the deposition were lower than
that for the feedstock due to dynamic recrystallization (63 to 102 HV) [47]. Griffiths et al.
(2021) also reported similar findings for Cu 110, except for one parameter combination
using high tool rotational speed (600 rpm) combined with high traverse feed (parameters
not given), in which the grain size was increased compared to that of the feedstock [17].

In summary, the typical microstructure obtained from AFSD is equiaxed and highly
grain-refined, with lower mechanical strength compared to the wrought feedstock material
with the notable exceptions of work on Ti6Al4V and Inconel 625, where the mechanical
properties were equivalent to those of wrought as-deposited material. AFSD can produce
large-scale bulk additive parts that do not suffer from the typical defects of fusion-based
AM in materials that cannot be processed by other AM methods.

7. Summary

This review paper on AFSD aimed at demonstrating a systematic and comprehen-
sive literature review to highlight the potential of this emerging AM technology while
addressing the limitations and encountered challenges, together with possible technological
solutions. The main conclusions to derive from this literature survey can be summarised
as follows:
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• AFSD is an emerging solid-state non-fusion AM technology with several benefits,
especially for large-scale part manufacturing, to replace castings or forgings with
long-lead times.

• Aluminium alloys are by far the most studied alloy group, with a range of AA2xxx,
AA6xxx and AA7xxx alloys. There are some studies on stainless steels, Mg alloys,
tool steels, and Ti6Al4V, but to expand the available material range, further research
is needed.

• Defect-free part manufacturing in AFSD is highly dependent on the proper construc-
tion of process windows, with the most-studied key process variables being layer
height, spindle speed, traverse speed, and actuator feed. For some materials, the
process windows can be quite large, making the process development easier, whereas
for more demanding materials such as high-strength Al alloys, the process windows
are narrower.

• Unlike other additive manufacturing technologies based on fusion, AFSD achieves
fully dense material when the process parameters are appropriately selected and
issues such as a lack of fusion and keyhole porosities are avoided. The excessive flash
regions on the sides of the deposited material, which are more prone to defects, need
to be machined to reach the final geometry.

• The in situ monitoring of the process primarily consists of measuring temperature,
force, torque, and acoustic emission levels. As a future direction, greater effort should
be made to use closed-loop control instead of simply gathering the related data and
only monitoring.

• Although there are limited process-modelling studies on this specific topic, research
on similar processes such as friction stir welding is more prevalent than research
on AFSD.

• Research on advanced mechanical properties such as fatigue or creep are mostly
lacking for the alloys addressed so far, such as high-strength Al alloys. It is also clear
that the range of available materials needs to be widened by determining process
windows for other alloys.

• Finally, it is necessary to implement effective process modelling and simulation meth-
ods that can be executed using commonly utilised analysis software, in order to make
it accessible to a wide range of researchers.
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