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Abstract: Additive manufacturing (AM) is an important technology in Industry 4.0. In recent
years, solid-state-based additive friction stir deposition (AFSD) has attracted much attention, as it
can avoid the inherent defect of melting and rapid solidification in electron beam-based or laser-
based AM technologies. The macro and micro laws, finite element simulation, and engineering
application technology of the AFSD process are still in their early stages. This paper mainly reviews
the equipment, mechanism, the effect of process parameters on macro/micro characters, and the
engineering applications of the AFSD process. Further, based on the complex loading conditions
during the AFSD process, some perspectives are proposed, including the characterization method,
unified constitutive model, novel composite manufacturing technology, and systematic study of the
AFSD process.

Keywords: AFSD; dynamic recrystallization; mechanical property

1. Introduction

Additive manufacturing (AM) has attracted much attention in the past few decades.
AM technology mainly involves the melting of metal powder under the action of an electron
beam or a laser [1]. Rapid solidification largely influences the part micro features and me-
chanical properties [2]. However, it is easy for solidification cracking and porosity to occur
due to the nature of rapid solidification, which is a little similar to the casting process [3].
In recent years, the additive friction stir deposition (AFSD) process has attracted much
attention as a new solid-state manufacturing method, which is based on the principles of
AM and friction stir welding (FSW) [4,5]. During the AFSD process, the interface bond
between deposited material and substrate can be formed by the large plastic deformation
under elevated temperature, which does not involve the melting process and cause corre-
sponding defects. Meanwhile, equiaxed and fine microstructures [6,7] and wrought-like
mechanical properties [8] can be obtained. However, compared with electron beam-based
or laser-based AM, the main limitation of AFSD is its low manufacturing accuracy and
low flexibility. In addition, there are also hook defects, cavity defects, kissing-bond defects,
etc., [9] which are related to the material type, tool size, and process parameters.

With the high deposition rate of the AFSD process, large parts can be quickly man-
ufactured to evaluate new materials and new geometries. Meanwhile, the application of
AFSD in aluminum matrix composite [10], material recycling [11], and additive repair [12]
fields has been explored preliminarily.

Much research work has been done to study the AFSD process of aluminum alloy, tita-
nium alloy, magnesium alloy [8], steel [13], amongst others. Some literature has reviewed
the friction stir AM [14–17] on a macro level, including different friction stir processes,
cladding AM based on multilayer sheets, futural development strategy, etc. The friction
stir additive manufacturing based on powder or feeding rods has more application in
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friction stir processes. In addition, the macro and micro evolutions of different materials
during the depositing process have similarities and differences. Therefore, this paper tries
to summarize the current work on the AFSD process on a specific level, including the
equipment, mechanism, experimental study, etc. The AFSD process mentioned in the
following sections only includes the depositing process based on powder or feeding rods.
Based on the above work, some perspectives of the AFSD process are proposed to support
the potential applications of solid-state additive manufacturing.

2. Additive Friction Stir Deposition (AFSD)

AFSD is a rising solid-state deposition manufacturing process, based on the ideas
of friction-stir welding technology. In detail, it can be mainly divided into three modes:
powder with the non-consumable tool, rod with the non-consumable tool, and consumable
tool. Corresponding principles are shown in Figure 1. The main parts include the hollow
tool, feeding material, and substrate. For the AFSD process of rods, first, the feeding rod
rotates with the tool and is fed toward the substrate. Then, the feeding rod reaches the
substrate and causes much friction heating. Next, the softened material fills the space
between the tool and substrate. Under the action of friction heating and large plastic
deformation, a metallurgical bond forms between the feeding rod and substrate. When the
deposition process becomes steady, the tool starts to move according to the designed NC
code. Corresponding process parameters consist of the rotational speed and movement
velocity of the tool, the feeding material velocity of powder or rod, the tool morphology, etc.

Aerospace 2022, 9, x FOR PEER REVIEW 2 of 22 
 

 

Much research work has been done to study the AFSD process of aluminum alloy, 
titanium alloy, magnesium alloy [8], steel [13], amongst others. Some literature has re-
viewed the friction stir AM [14–17] on a macro level, including different friction stir pro-
cesses, cladding AM based on multilayer sheets, futural development strategy, etc. The 
friction stir additive manufacturing based on powder or feeding rods has more applica-
tion in friction stir processes. In addition, the macro and micro evolutions of different ma-
terials during the depositing process have similarities and differences. Therefore, this pa-
per tries to summarize the current work on the AFSD process on a specific level, including 
the equipment, mechanism, experimental study, etc. The AFSD process mentioned in the 
following sections only includes the depositing process based on powder or feeding rods. 
Based on the above work, some perspectives of the AFSD process are proposed to support 
the potential applications of solid-state additive manufacturing. 

2. Additive Friction Stir Deposition (AFSD) 
AFSD is a rising solid-state deposition manufacturing process, based on the ideas of 

friction-stir welding technology. In detail, it can be mainly divided into three modes: pow-
der with the non-consumable tool, rod with the non-consumable tool, and consumable 
tool. Corresponding principles are shown in Figure 1. The main parts include the hollow 
tool, feeding material, and substrate. For the AFSD process of rods, first, the feeding rod 
rotates with the tool and is fed toward the substrate. Then, the feeding rod reaches the 
substrate and causes much friction heating. Next, the softened material fills the space be-
tween the tool and substrate. Under the action of friction heating and large plastic defor-
mation, a metallurgical bond forms between the feeding rod and substrate. When the dep-
osition process becomes steady, the tool starts to move according to the designed NC code. 
Corresponding process parameters consist of the rotational speed and movement velocity 
of the tool, the feeding material velocity of powder or rod, the tool morphology, etc. 

  
(a) (b) 

  
(c) (d) 

Figure 1. Schematic of the AFSD process with different modes. (a) Rod with non-consumable tool. 
(b) Consumable tool. (c) Powder with non-consumable tool. (d) Powder with non-consumable 
tool.  

Figure 1. Schematic of the AFSD process with different modes. (a) Rod with non-consumable tool.
(b) Consumable tool. (c) Powder with non-consumable tool. (d) Powder with non-consumable tool.

2.1. Equipment and Tool

Different types of equipment are used for the AFSD process, including special and
improved machines. For the special equipment used for the AFSD process, MELD (MELD
Manufacturing Corporation, Christiansburg VA, USA) has developed different machines
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(Figure 2), including K2, L3, B8, and CD-14 systems. Corresponding advantages are shown
in Table 1.
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Table 1. The details of different types of equipment.

Machine Feedstock Typical Power Overall Dimension Advantages

MELD-K2 bar 10–20 A 6.3 × 4.66 × 4.42 m3

Produce and repair large
parts, extreme material

flexibility, and low
power consumption

MELD-B8 bar 10–20 A 3 × 3.35 × 3.35 m3 Extreme material flexibility,
high material utilization

MELD-L3 bar 10–20 A 3 × 2.44 × 3.96 m3 Large workspace, increasing
production capability

MELD-CD14 bar 10–20 A 0.8 × 0.74 × 2.13 m3

Integrate the MELD
deposition hardware and

control system onto an
existing machine platform

Besides the above special machines, some types of equipment to operate the AFSD
process have been improved, including the FSW machine [19], milling machine [20], and
rotary friction welding machine [21]. Some typical improvement methods are shown in
Figure 3. In Figure 3a, a consumable rod is fixed by the machine shank of the FSW machine.
In Figure 3b, the improved AFSD machine includes a powder duct, a compressor, and
a rotational tool. The compressor is used to maintain a stable powder flow. A similar
method was also used in the reference [22]. In Figure 3c, the developed AFSD device
includes three main parts, namely the powder supply system, powder conveying system,
and powder deposition system.

In addition to the machines, the operation tool also plays an essential role in the AFSD
process. It limits the geometric boundary of the deposited material in the vertical direction,
whereas, in the axial direction, the shear force is applied on the surface of the deposited
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material to drive the material flow. Different tools are designed to adapt to different
feedstock, mainly including the non-consumable tool with feeding rods, non-consumable
tool with feeding powder, and consumable feeding rods, as shown in Figure 1.
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Figure 3. The improved machine used for the AFSD process. (a) The improved FSW machine [23].
(b) The improved machine based on milling machine [20]. (c) Developed apparatus for the AFSD of
powder [24].

Different tool morphologies are designed for the non-consumable tool with the feeding
rods or powder, mainly including flat and protruding tools, as shown in Figure 4. The
protruding tool can cause larger friction heating and plastic deformation, promoting the
material flow and mixing between feedstock and substrate. However, it also can cause
damage to the surface quality of the deposited layers. Meanwhile, overheating can enlarge
the grain size, which can decrease the mechanical properties. Also, the effect of the tool is
dependent on the AFSD process parameters.
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In addition, temperature plays an important role in the AFSD process. However, it
is difficult to accurately measure the temperature in real time due to the covered defor-
mation and deposition area. Garcia et al. [27] studied the temperature evolution and heat
generation during AFSD of Cu and Al-Mg-Si based on the in-situ method (Figure 5a) and
MELD R2 system. Glass fiber insulation tools are used to prevent additional radiation
interference. Thermocouples and thermal imagers are used for temperature measure-
ment, and conductive thermal paste is added to improve the response time of temperature
measurement. In addition to the above heating source, Chaudhary et al. [22] adopted an
extra heating sheet as an external heat source (Figure 5b), which was also used to form
a closed-loop temperature-controlled system to maintain the minimum deposition tem-
perature. Moreover, Joshi et al. [28] established a theoretical thermal model based on the
multi-layer deposition process of AZ31B, which was verified by the measured temperature
with the thermocouple.

2.2. The Mechanism of AFSD

During the AFSD process, feedstock is softened by friction heating and extruded into
the space between the tool and substrate. Then, the extruded deposited material is co-
deformed and mixed with the surface layer of the substrate to form a strong interface bond.
Therefore, the basic deformation mechanism of AFSD is mainly related to temperature
and plastic deformation, which affects the deposition quality, microstructure, mechanical
property, etc.
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Figure 5. The device for temperature monitoring and extra heating. (a) The designed temperature
monitoring device during AFSD. (b) The designed apparatus for the extra heating source.

The heat during the AFSD process includes friction heating and deformation
heating. The peak temperature can reach 0.5~0.9 times the melting point [29]. For
Al and copper, the peak temperature can be roughly predicted with the equation of
Tpeak/Tm ≈ rotationalspeed/travel velocity [27]. To increase the friction heating, addi-
tional protrusions are designed on the tool surface to increase the friction heat and enhance
the material flow and mixing between the deposit and the substrate. In addition, the
deformation heating mechanism varies with the material type. In detail, Garcia et al. [27]
found that there was a power law relationship between the peak temperature of Cu and
Ω/V, while there was a power law relationship between the peak temperature of Al-Mg-Si
and Ω2/V, which showed that the heat generation mechanism was different for different
materials. The above difference was attributed to different interface contact states between
the tool and material. The interface contact of Cu was a full slipping state, while the inter-
face contact of Al-Mg-Si was a partial slipping/sticking state. Therefore, friction heating
was dominant for Cu, and friction and deformation heatings were dominant for Al-Mg-Si.
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Besides the above heating source, the external heat source can promote plastic de-
formation by improving the minimum temperature value in the AFSD process, which
can further improve the deposition quality [22]. In addition, Joshi et al. [28] established
a theoretical thermal model based on two parts of energy input, i.e., tool energy and feed
energy, which was verified by the deposition process of AZ31B.

The deformation mechanism during the AFSD process mainly includes compression,
torsion, and shear deformation path. Perry et al. [30] used the Al-Cu tracer to explore
the deformation mechanism of AFSD by embedding tracer material into the Al-Mg-Si
matrix (Figure 6). The results showed that the deposited material experienced compression
and torsion, then experienced shear-induced thinning. Meanwhile, the total strain could
reach 10. In addition, it was revealed that there was significant grain refinement caused by
dynamic recrystallization at the initial deposition phase, but no further grain refinement in
the steady-state deposition phase.
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In addition, the deformation mechanism may vary with the material type. For example,
during the AFSD process of Cu, the rotation and flow of the material mainly occur in the
transition region, and significant friction heat occurs in the deposition region. During the
AFSD process of Al-Mg-Si, the material flows in the deposition area, causing significant
shear deformation and generating a large amount of volume heat.

In the process of deposition, temperature and plastic deformation play an important
role in the evolution of grain size, and temperature also dominates the influence of plas-
tic deformation. Due to the high temperature and large plastic deformation, dynamic
restoration mechanisms occur, such as dynamic recrystallization and dynamic recovery,
resulting in fine, equiaxed microstructural features consistent with wrought, rather than
cast, materials [31]. The deformation and dynamic recovery make the dislocation accumu-
late, annihilate, and rearrange, which leads to the formation of sub-grain [32]. Then, the
low angle boundary (LAB) and high angle boundary (HAB) form with further deformation.
The grain evolution is explained in Figure 7. In detail, the HAB is preserved in areas 1 and
2 due to the small deformation. With the feeding of the rod, the material flows from area 2
to area 3, which experiences large shear deformation and leads to the formation of more
LABs. In area 4, grain refinement occurs, and equiaxed grain containing LABs emerges. In
area 5, further deformation makes the LABs change to HABs, whose orientation error is
larger than 15◦.
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2.3. The Effect of Process Parameters on Deposition Quality

The most important process parameters during the AFSD process include tool ro-
tational speed, tool travel velocity, and feeding velocity, which influence the deposition
temperature and deformation. Some typical rod-base and powder-base AFSD experiments
are summarized in Table 2. It can be inferred that most research is focused on the rod-based
AFSD process.

Table 2. Some typical rod-base and powder-base AFSD experiments. P: Protruding; F: flat.

Substrate/Deposited
Material Feedstock Tool Rotational

Speed (rpm)
Feeding Velocity

(mm/s)
Travel

Velocity
(mm/s)

Deposition
Thickness Per

Layer (mm)
Ref.

6022-T4/6061-T6 Bar F 300~900 0.85 2.54 0.9 [33]
6022-T4/6061-T6 Bar P 300~900 1.27 2.54 2.1 [33]

6061-T6/6061-T651 Bar P 300 1.1 2.12 1 [34]
AZ31B/AZ31B Bar F 400 2.1~3.2 4.2~6.3 1 [35]

6061/6061 Bar P 300 Initial: 0.06 Steady: 0.85 2.54 1 [30]
6061 (P)/6061-T4 Powder Groove 1200 460mm3/min 0.42 0.5 [22]

6061-T6/6061-T651 Bar P 325 2.1~3.4 1.3 0.5 [36]
6063 Bar P 300 2.5 4.2 1 [37]

AZ31B-H24/ AZ31B Bar F 400 2.1~3.2 4.2~6.3 1 [28]
IN625/HY80 Bar 0.5 [38]
110Cu/110Cu Bar 275 2.12 1 [39]

Ti6Al4V/ Ti6Al4V Chip F 400~500 1.12~1.49 2.54~3.38 0.5 [40]
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2.3.1. Surface Quality

The most intuitive characteristic of the deposited part is surface quality, which is
affected by the comprehensive impact of tool morphology and process parameters. Hartley
et al. [33] studied the effect of tool morphology (flat or protruding tool) and rotational speed
(300~900 rpm) on the surface quality based on the solid-state cladding on thin Al-Mg-Si
sheet metal under the same tool travel velocity of 2.54 mm/s, as shown in Figure 8. For
the flat tool, excellent surface quality could be obtained under 600 rpm with deposition
thickness of 0.9 mm per layer. Under 300 rpm, there was slight surface roughness, which
was due to insufficient heating and plastic deformation. Under 900 rpm, there were slight
surface defects. Therefore, the generated heating should be controlled within a reasonable
range, which largely influences the material flow behavior. The surface quality of the
protruding tool was worse than that of the flat tool with deposition thickness of 2.1 mm
per layer. Due to the existence of bulges, the deposition thickness under the protruding
tool was larger than that under the flat tool, which led to lower heating efficiency per unit
volume and insufficient material flow.
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In addition, Joshi et al. [35] found that concentric ripples existed under different
process parameters during the AFSD of AZ31B magnesium alloy. During AFSD, there was
much friction heating among the tool, substrate, and deposition layer, which softened the
feedstock and decreased the flow stress. Meanwhile, the deposition material experienced
shear deformation due to the relative motion between the substrate and deposition layer.
The heating effect and shear deformation resulted in the formation of ripples. The surface
roughness value varied from 9.858 µm to 19.591 µm when the travel velocity varied from
6.3 mm/s µm to 4.2 mm/s. Under the 4.2 mm/s, more heating was generated and caused
the reduction of flow stress, which resulted in more severe plastic deformation and larger
roughness. Chaudhary et al. [22] found that using an external heat source can reduce the
temperature variation during AFSD and improve the surface quality of the deposition layer,
which is due to the uniform temperature and deformation distribution.

It can be inferred that the deposition temperature is the most critical factor for surface
quality, which causes a large influence on the material flow. The deposited material
can realize sufficient flow under a high heating efficiency per unit volume. In addition,
the negative effect of the tool on surface quality can be compensated by the optimized
process parameters.
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2.3.2. Microstructure

Due to the difference in crystal structure, chemical composition, and strength mech-
anism, the inherent microstructure evolution during the AFSD process varies with the
material type.

For the AFSD of magnesium alloy, such as AZ31B, an α-Mg phase existed in the
feedstock and deposition layer. After the AFSD process of AZ31B, the grain size varied from
13.5 µm to 5 µm, which showed that dynamic recrystallization occurred [35]. Meanwhile,
the torque variation showed that different slipping systems were activated at different
times. However, Joshi et al. [28] found that the grain grew up during the AFSD of AZ31B,
whose size varied from the 11 µm of the feeding rod (Figure 9a) to 18 µm of the deposited
zone (Figure 9b). The grain size evolutions in the above two papers were opposite. During
the AFSD process, the dynamic recrystallization makes the grain fine, while the thermal
exposure enlarges it. On a smaller scale, Joshi et al. [28] found that the fraction of precipitate
was reduced in the deposited zone, which was attributed to the deformation energy and
thermokinetic effect. Moreover, the matrix was in the α-Mg phase, and the precipitate was
β phase (Mg17Al12). In addition, there was no oxide layer detected on the deposition layer
due to the slow oxygen diffusion rate under the solid state.
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For the AFSD of copper, Priedeman et al. [39] found that there was surface oxide in
the deposition zone (about 1~2 µm) and no obvious interior oxide, which was due to the
accumulation of significant oxidation under longer exposure times. Meanwhile, there was
very fine porosity at the substrate–deposition interface due to the low initial deposition
temperature and rough substrate surface [41], as shown in Figure 10a. Similar to other
metal materials, non-uniform grain refinement occurred in the entire deposition zone
(Figure 10b). Moreover, there was a positive relationship between the twin density and
grain size. Meanwhile, work-hardening was the main strengthing mechanism, and the
dislocation density decreased obviously due to the dynamic recrystallization during AFSD
of cold-worked Cu, which resulted in the decrease of strength.

For multi-layer deposition of aluminum alloy, there is a refinement of equiaxed grain
morphology in the deposited material, as shown in Figure 11. In addition, there is further
refinement at the interface between the deposited material and the substrate [42]. However,
in some of the literature, it has been found that the grain size in the first layer is larger than
that in the other layers due to more thermal recycling in the first layer. For example, the
grain size in the third and first deposition layers of 5051-T4 was 6.1 and 9.3 µm, respectively,
as shown in Figure 12 [22]. The above two phenomena are opposite, which indicates that
the reasonable thermal recycling history may be a useful tool to control grain evolution.
In addition, the dissolution and formation of precipitates are also important characteristics
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of precipitation-strengthened aluminum alloys. During the AFSD process, the temperature
is enough to dissolve the precipitate. Correspondingly, the formation and growth of precip-
itate are also occurring, which are mainly affected by the process parameters. Therefore,
reasonable process parameters are essential to control the microstructure evolution.
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For the AFSD of Ti6Al4V, Farabi et al. [43] found that dense and homogeneous mi-
crostructure could be obtained with the AFSD process. All the samples had transformed α

phase, which indicated that the deposition process occurred above the β transition temper-
ature. In addition, compared with melting-based AM, the lower density of the small angle
boundary could be obtained with the AFSD process, which meant lower residual stress.
Similar findings were also observed in aluminum alloy [44] and Inconel 625 [38]. Moreover,
obvious β grain refinement was achieved at a lower temperature, which suppressed the
formation of the α grain boundary and achieved higher elongation (~20%).

In summary, dynamic recrystallization is a common characteristic for different materi-
als during the AFSD process due to large plastic deformation and high temperature, which
can refine the grain. Meanwhile, it should be noted that high temperatures can promote
the grain growth. Therefore, grain evolution is a competitive process of grain refinement
and grain growth.
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2.3.3. Mechanical Properties

With the evolution of grain, composition phase, and precipitate during the AFSD
process, the corresponding mechanical properties have different evolution laws for different
material, mainly focusing on microhardness and mechanical strength.

Besides the process parameters, the microhardness evolution is also related to the ini-
tial heat treatment temper. For example, the initial hardness of AA6061-T6 was 115 ± 10 HV,
and the grain size was 110 ± 10 µm. After the deposition, the hardness and grain size
becomes 70 ± 6 HV and 20 ± 7 µm, respectively. Theoretically, smaller grain size can
increase the material hardness, which is different from the observed result. According to
the reference, the MgSi precipitates could be dissolved under the combined actions of
high temperature and shear deformation, which resulted in the reduction of hardness [45].
For AA6022-T4, the hardness varies from 81 ± 4 HV to 73 ± 3 HV during AFSD, whose
hardness reduction was much smaller than that of AA6061-T6. T4 is the natural aging
temper, and T6 is the peaking aging temper. Therefore, the hardness reduction due to
precipitate dissolution of T6 temper is larger than that due to precipitate dissolution of
T4 temper. Similar results were also found by Phillips et al. [42], Beck et al. [34], and
FSW [46]. However, compared with the 6061-T4 substrate, Chaudhary et al. [22] found
a small microhardness increase for the deposition of 6061 powder. Therefore, the micro-
hardness evolution of aluminum alloy during AFSD is a multifactorial process. It includes
the formation and dissolution of precipitates, grain size evolution, strain-hardening, etc.

In addition, due to the difference in thermal recycling history, there is non-uniform
microhardness distribution at the deposition zone. During the AFSD process of AA6061-T6,
Kandasamy et al. found that the minimum microhardness value (42HV) was at the first
layer, while the maximum microhardness value (58HV) was at the highest layer. Similar
hardness gradients were also found in the AA2219 [44], AA7075 [47], 110 Cu alloy [39], etc.
As well as the non-uniform microhardness distribution along the vertical direction, it also
exists along the tool travel direction. Phillips et al. [48] found that the hardness at the tool
head center area was higher than that at the overlapping area, which was attributed to the
precipitate dissolution due to repeated heating at the overlapping area.

As for the material strength, different materials have different response behaviors
during the AFSD process. In this paper, the material strength variation was categorized
according to the material type.

For the magnesium alloy, Robinson et al. [49] found that the yield strength of deposited
AZ31B-Mg dropped by 20%, and the ultimate tensile strength (UTS) was the same as that of
wrought AZ31B-Mg. The original Mg alloy experienced cold-working, and the dislocations
accumulated. During the AFSD, the amount of heat generated caused dislocation anni-
hilation and thus a strength reduction. Williams et. al. [50] found that the yield strength
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of deposited WE43 Mg dropped by 80 Mpa, UTS dropped by 100 Mpa, and elongation
dropped by 11%, which was different from the previous result and related to the original
material state.

For aluminum alloy, Martin et al. [36] found that the strength of AA6061-T6 decreased
after experiencing the AFSD process. The UTS of AA6061-T6 with deposition experience
was higher than that of fusion-base AA6061-T6, but lower than that of initial AA6061-T6.
Anderson et al. [51] found that the strength and fatigue life of deposited AA2219 were lower
than that of wrought AA2219 under the same strain amplitude. The strength reduction
was due to the lack of Al2Cu phases. The deposited AA2219 accumulated more inelastic
damage than the wrought AA2219. However, compared with substrate 5083-H131, the
deposited 5083-H131 had lower YS, but higher UTS and elongation, which is similar to the
wrought-like mechanical property [11].

For steel, Rivera et al. [38] found that the YS and UTS of deposited Inconel 625 with
the AFSD process were higher than that of the cast and wrought Inconel 625, which was
attributed to the generated equiaxed grains in three directions. However, there was a light
decrease in elongation for deposited Inconel 625. It was found that a crack was propagated
through the dynamic recrystallization grain. The results were similar to the FSW of Inconel
625 [52] and Inconel 600 [53]. In addition, the fatigue resistance of deposited Inconel 625
was also improved [54].

For titanium alloy, the YS and UTS of deposited Ti6Al4V could reach 1010 Mpa and
1233 Mpa, respectively [43], which was higher than wrought or melt-based Ti6Al4V. More-
over, a higher elongation (~20%) could be obtained by using a lanthannated-tungsten tool,
which had better high-temperature resistance strength and made no tungsten contami-
nation occur. The reduction of deposition temperature decreased the β grain size which
improved the mechanical properties.

For metal matrix composite, El-Sayed Seleman et al. [23] compared the mechanical
properties of deposited AA2011-O with/without nano Al2O3 and AA2011-T6 with/without
nano Al2O3 composites. The result showed that the compressive strength and wear resis-
tance of deposited composites (AA2011-O/Al2O3, AA2011-T6/Al2O3) were higher than
that of the base material. On the one hand, the Al2O3 has high hardness. Meanwhile, the
Al2O3 can suppress the grain coarsening. Similar results were also found in the AA6061-
T6/Al2O3 composite [55].

In summary, the severe plastic deformation and friction heating cause dynamic re-
crystallization, which can improve the hardness of the deposited material through grain
refinement. Besides the grain evolution, the precipitate evolution or phase transition may
decrease or increase the material strength, which is closely related to the temperature evo-
lution process. Therefore, process parameter control and optimization are very important
to achieve property control.

2.3.4. Post-Deposition Heat Treatment

Due to the change in mechanical property after the AFSD process, it is essential to
conduct post-deposition heat treatment to improve material performance. Avery et al. [56]
conducted heat treatment on the deposited AA7075. The results showed that there was no
abnormal grain growth. Meanwhile, the phase Zn-Mg-Cu dissolved, and the precipitates
η′ and η formed again. Beck et al. [34] studied the effect of post-deposition heat treatment
on the micro and macro properties of deposited Al-Mg-Si alloy. The results showed that
dynamic recrystallization and grain refinement occurred. Corresponding grain size varied
from 100 µm to 20 µm. During the subsequent solid solution process, abnormal grain
growth occurred. During the aging following solid solution, abnormal grain growth and
refinement occurred simultaneously. The TEM results showed that there was β′′ precipitate
existing in the initial and aged specimens, while no β′′ precipitate existed in the deposited
specimen, which indicated that there was precipitate dissolution occurring during AFSD.
Babaniaris et al. [37] studied the effect of post-deposition heat treatment (T4, T5, T6) on
the microhardness of AA6063, as shown in Figure 13. The uniformly distributed hardness
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values could be obtained in T6 due to the solid solutionizing in T6. For the hardness
gradient in T4 and T5, it was because the deposited material at the lowest layer experienced
multiple thermal recycling, which leads to the consumption of solute atoms due to the
precipitation of non-hardening phases.
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Post-heat treatment is an important process, which can cope with the inhomogeneous
mechanical property in the deposited part. However, there is still not enough research
data revealing the effect of post-deposition heat treatment on deposition material. Further,
due to the complex temperature and deformation histories, whether the corresponding heat
treatment system is the same as the traditional heat treatment system needs deep study,
which is very important for engineering applications of the AFSD process.

3. Simulation

AFSD is a complex thermal–mechanical coupling process with large plastic defor-
mation, which causes difficulty in the corresponding simulation. Numerical simulation
is of great importance to elucidate the complex thermodynamic laws and optimize the
process parameters.

In general, Lagrangian meshes can accurately describe complex material flow behav-
ior, but they are not as accurate under large deformations. In contrast, Eulerian grids are
difficult to predict material flow accurately. Therefore, the coupled Eulerian–Lagrangian
method (CEL) can accurately describe the large deformations in the process. Rohatgi [57]
used the Lagrangian method to delineate the C3D8RT mesh on H13 tool steel and the Eule-
rian method to delineate the C3D8RT mesh on a two-layer Al6061 plate substrate. General
contact with a friction coefficient of 1.2 was used between the tool and the workpiece, while
a pressure-based contact conductivity was selected to simulate the heat transfer from the
Al6061 substrate to the base plate. Meanwhile, a low thermal conductivity thin section
was set to simulate the heat transfer between the two Al6061 substrates. The error value of
the predicted axial force on the tool was only 2% when compared with the experimentally
measured axial force.

In addition, many scholars have also adopted a meshless approach to study various
dynamic and large deformation problems. Stubblefield et al. [58] adopted a Lagrangian
meshless simulation method and smooth particle hydrodynamics (SPH) to simulate a solid-
state layer-by-layer incremental stir friction welding process (Figure 14a). Yang et al. [59]
modeled the substrate, tool, and feedstock with SPH particles (Figure 14b). Two different
convective heat transfer coefficients were also selected for the outer surface of the spindle
and substrate in contact with air, and the gap conduction between the substrate and the
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feedstock to simulate the heat transfer. The von Mises stress distribution showed significant
stress concentrations in the deposition regions. The stress–hardness relationship showed
that the top layer of the deposition region had a higher stress value and hardness.
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Based on the above numerical simulation, the process parameters can be optimized.
Stubblefield [60] found that the feeding rate had a significant effect on temperature variation
and material properties. More frictional heat was generated at higher feeding rates, which
resulted in higher thermal gradients across the part and led to lower residual stresses
and/or distortion. In contrast, a low feeding rate was also required to produce a smaller
heat-affected zone. In addition, the temperature in the center of the deposition zone
was lower than that in the area below the extrusion tool (Figure 15a). There was also
a temperature asymmetry between the backward and forward sides of the deposition zone
caused by the tool speed and the feedstock used as a heat sink (Figure 15b). In addition, the
effective plastic strain analysis showed that lower feeding rates might lead to heterogeneous
materials, while higher feeding rates enhanced the material flow and resulted in more
homogeneous materials. Lauvray et al. [61] used GMSH software to build a tetrahedral
mesh and used the MORFEO solver to investigate the effect of parameters on the rotary
frictional heating before deposition. The results showed that the maximum temperature
increases linearly with increasing parameters, doubling the rotational speed increasing the
maximum temperature reached at the friction interface by a factor of 1.8, and doubling the
axial force increasing the maximum temperature by a factor of nearly 2.
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In summary, numerical simulation is an important method to study the deposition
mechanism of the AFSD process, including the heating generation mechansim and defor-
mation mechanism.
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4. Engineering Application

Compared with fusion-base AM technology, AFSD has higher deposition rates, which
makes the AFSD produce, coat, and repair large parts [38]. MELD summarized the deposi-
tion rates of different materials, as shown in Table 3.

Table 3. The deposition rates of different materials based on AFSD.

Material Al Steel Ti Ni

Deposition rate (kg/h) 13.6 4.9 2.5 0.7

AFSD is explored to produce large and fully-dense additive components with minimal
residual stress. Some examples are shown in Figure 16.
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Figure 16. The fully-dense additive components with AFSD [62].

The AFSD process is used to repair lightweight structure parts by replacing the
cracked or corroded material with the deposited material [63]. Martin et al. [36,64] repaired
the groove in AA6061-T651 and cast Al-1.4Si-1.1Cu-1.5Mg-2.1Zn by adopting the AFSD
process of 6061-T6 feedstock, as shown in Figure 17. In addition, Martin et al. [13] explored
the possibility of repairing AISI 4340 steel with AISI 316L based on the AFSD process,
including groove-filling and surface deposition. Griffiths et al. [12] achieved the groove
and cylindrical through-holes repair of AA7075. Moreover, it should be mentioned that
the width of the feeding rod was less than that of the groove. MELD explored the wider
applications of AFSD, as shown in Figure 18.
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Another engineering application is the solid-state recycling of AFSD, as shown in
Figure 19. Babaniaris et al. [37] consolidated the AA6063 swarf into rod feedstock via hot
extrusion and then deposited the extruded rod by AFSD process. By the post-deposition
heat treatment, the deposited AA6063 has wrought-like properties. Without consolidation,
Jordan et al. [11] achieved the direct recycling of AA5083-H131 chips based on the AFSD
process. Similar recycling was also achieved on Ti6Al4V chips.
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Some researchers have explored the application of AFSD to surface coating. Gandra
et al. [65] deposited the AA6082/SiC coating surface composite with a consumable rod.
In addition, MELD explored the deposition of Cu on tantalum and niobium at different
positions, as shown in Figure 20.
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5. Perspective
5.1. The Characterization Method and Unified Constitutive Model under Severe Transient
Thermo-Mechanical Conditions

AFSD is a process of multiple deformation combinations under elevated temperature,
including compression, torsion, and shear. Moreover, the strain rate and temperature expe-
rience rapid change, which makes the transient thermo-mechanical flow behavior become
more complicated. The microstructure changes dramatically during AFSD, including the
grain size, phase transition, second phase, etc., which has a significant effect on material
flow behavior. Research on the above can enrich and develop theories on plastic-forming
under the coupling of large strain, multiple deformation mode, and elevated temperature.
Meanwhile, the finite element simulation needs precise constitutive models to predict the
flow behavior and study the deformation mechanism during the AFSD process. The corre-
sponding characterization method under complex loading paths and elevated temperature
also needs further development to establish a precise constitutive model.

5.2. The Post-Deposition Heat Treatment

During the AFSD process, for the precipitation hardenable alloy, the precipitate may
dissolve under the function of high temperature, which may decrease material strength.
Meanwhile, the new precipitate can form and grow. For the cold-worked hardenable
alloy, the accumulated dislocation may annihilate due to the dynamic recrystallization and
dynamic recovery, which may decrease the material strength. In addition, due to differ-
ent deformation strain history and thermal recycling history, there is the microstructure
gradient and mechanical property gradient in the deposited zone, which affects material
service performance. Therefore, there is a requirement for post-deposition heat treatment to
improve material strength and performance consistency. Moreover, whether the traditional
heat treatment system is suitable for the deposited material needs further study.

5.3. The Composite Manufacturing of Additive and Reduced Process

There is no melting and rapid solidification process during the AFSD process, which
can avoid solidification deformation. Meanwhile, the dynamic recrystallization makes the
accumulated dislocation annihilate, which can decrease the residual stress. In addition, the
AFSD has a high deposition rate, such as Al up to 13.6 kg/h, which makes the ASFD suitable
for producing the large part. However, the part accuracy is low due to the restriction of the
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AFSD process, while the machining has high accuracy. Therefore, based on the advantage
of the above-mentioned high deposition rate, low residual stress, and high machining
accuracy, it is worth exploring the composite manufacturing process of additive and
reduced process.

5.4. A Systematic Study on the AFSD Process

Before conducting AFSD, metal powder and rods are often used as the raw material
for the AFSD process. The powder size, bar grain size, and bar heat treatment temper
often significantly influence the mechanical properties of deposited material. During the
AFSD process, besides the mentioned parameters in Table 2, temperature control also plays
an important role in the deposition quality. High deposition temperature leads to obvious
grain growth, while low deposition temperature leads to insufficient plastic flow. Moreover,
different thermal recycling histories at each layer lead to non-uniform mechanical property
distribution. Therefore, how to control temperature evolution is a vital question during the
AFSD process. After conducting the AFSD process, microhardness and tensile tension tests
are often used to measure the deposition quality. However, it is not enough to judge the
service performance of parts. Therefore, there is still a lack of a systematic study on the
AFSD process, from the raw materials to the service performance.

6. Conclusions

As a new solid-state-based additive manufacturing technology, the AFSD process
can deposit material under melting temperature, solving some severe issues related to
laser- or electric beam-based AM. Moreover, this additive method can be used in a wide
range of materials and engineering applications. Some critical conclusions are summarized
as follows:

1. The primary mechanism of AFSD is mainly related to temperature and plastic de-
formation. Different high-temperature deformation behaviors lead to different heat
generation mechanisms and deformation mechanisms for different materials.

2. Due to high temperature and large plastic deformation, dynamic recrystallization is
a common characteristic of different deposition materials. Meanwhile, it is accompa-
nied by grain growth, phase transition, precipitate evolution, etc. The above characters
may reduce or improve the mechanical properties. Due to complex microstructure
evolution, the corresponding characterization method and unified constitutive model
under severe transient thermo-mechanical conditions need further study.

3. Post-deposition heat treatment is a valid method to improve material performance,
including strength and performance uniformity, especially for materials with de-
graded performance after deposition. The corresponding heat treatment system needs
further study.

4. The AFSD process can be used in different situations, including producing large parts,
surface coating, repairing large parts, etc. However, AFSD has the limitation of low
manufacturing accuracy and low flexibility. Therefore, the composite manufacturing
of additive and reduced processes is a trend to produce high-accuracy parts.
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