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Abstract
Friction-based additive manufacturing processes that allow the free design of the deposition path are expected to be used 
for the rapid production of large-scale high-performance aluminum alloy components. This study successfully fabricated 
multilayer deposits for 6061 aluminum alloy by friction extrusion additive manufacturing (FEAM) at a high deposition 
rate. The interfacial bonding properties and material utilization of the final deposits prepared at different rotational speeds 
were thoroughly investigated and evaluated based on the microstructural observations and mechanical test results. The 
multilayer deposition process was more stable and reliable at 400 rpm, and each layer was constant in width and thickness, 
approximately 32 mm wide and 4 mm thick. Planar interfaces were produced regardless of rotation speed, except that metal 
flow was more intense near the interface at 400 r/min in the driving friction zone, resulting in better interface formation and 
material utilization of 62.5%. The recrystallization fraction in the extrusion zone (EZ) of the fresh deposit at 400 r/min is 
8.9% higher, and the deformation and recrystallization textures predominated in this region. After multiple thermal cycles 
and plastic deformation, dynamic recovery and subsequent static recovery occurred in the EZ, accompanied by subgrain 
coarsening and grain growth. Tensile properties in the build direction at 400 r/min are superior to those at 600 r/min, with 
tensile strength, 0.2% proof stress, and elongation after fracture being 47.4%, 32.0%, and 103% of the extruded 6061-T651 
aluminum alloy, respectively.

Keywords  Friction extrusion additive manufacturing · Additive friction stir deposition · Interface formability · Deposition 
efficiency · Microstructure · Mechanical properties

1  Introduction

Aluminum alloys are among the most extensively employed 
structural materials in industrial manufacturing due to their 
low density, high strength, exceptional corrosion resistance, 
fracture toughness, and plastic formability [1, 2]. Develop-
ments in metal additive manufacturing technologies offer 
new ways to design and rapidly fabricate complex light-
weight aluminum structures freely [3, 4]. However, because 
of the inherent metallurgical limitations of aluminum alloys, 
including low melting point, susceptibility to thermal 

cracking, and easy oxidation, it is challenging to achieve 
additively manufactured commercial aluminum alloy com-
ponents without metallurgical defects such as porosity, 
cracks, and inclusions using fusion-based manufacturing 
processes [5–7].

Friction-based additive manufacturing (FAM) refers to a 
family of solid-state additive manufacturing methods created 
by merging layer-by-layer deposition and friction-based join-
ing principles [8, 9]. Unlike existing fusion-based additive 
manufacturing processes, FAM does not entail the melting 
or solidification of the materials. It can therefore effectively 
overcome solidification defects that alloying, post-weld heat 
treatment, hot isostatic pressing or mechanical rolling cannot 
completely eliminate [8, 9]. The potential deployment of 
solid-state FAM technologies has been demonstrated in sev-
eral experimental works, such as friction stir additive manu-
facturing (FSAM) [10–12], additive friction stir deposition 
(AFSD) [8, 13], hybrid metal extrusion and bonding (HYB) 
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[14], friction rolling additive manufacturing (FRAM) [15], 
friction extrusion additive manufacturing (FEAM) [16, 17], 
friction stir powder additive manufacturing (FSPAM) [18], 
and wire-based FSAM (W-FSAM) [19]. The AFSD pro-
cess developed by Aeroprobe Corporation offers significant 
advantages among all FAM processes regarding processing 
flexibility, deposition efficiency, production cost, and tech-
nological maturity. The company subsequently developed 
commercial 3D printing equipment based on AFSD, using 
the new term “MELD” to characterize this transformative 
process [8]. As the commercial devices of MELD continued 
to be introduced, researchers began to look in-depth at the 
fundamental issues of application for the MELD process. 
Currently, magnesium alloys [13], aluminum alloys [20, 21], 
pure copper, copper alloys [22, 23], nickel-based alloys [24], 
and titanium alloys [25] have been successfully investigated 
using the MELD process. However, the thickness of each 
deposited layer for aluminum alloy documented so far was 
around 1 mm, and the overall thickness of a single multilayer 
deposit seldom surpassed 6 mm [21, 23, 26–28]. In addition, 
the effects of repeated thermal cycling and plastic defor-
mation on interface deformability and bonding quality have 
rarely been reported. In particular, there is no systematic 
evaluation of the joining efficiency and the material utiliza-
tion of the multi-layer deposited components produced by 
the MELD process.

The FEAM process was achieved by a novel force-con-
trolled spindle feed mechanism independently developed 
in China, allowing for a maximum thickness of 4 mm for 
single-layer deposition and a maximum diameter of 20 mm 
for feedstock rod [16, 17]. To emphasize the inherent feature 
of this deposition method and separate it from AFSD, we 
named it FEAM. The previous study [16] reported that a 
two-layer deposition of a 6061 aluminum alloy with a fea-
tureless shoulder was successfully fabricated in a single pass 
using the FEAM process. The finished part exhibited sig-
nificant microstructural heterogeneity throughout its thick-
ness, and the interface showed the most significant decrease 
in hardening precipitates as it was subjected to the highest 
temperature and the most plastic deformation [16]. How-
ever, further investigation and evaluation of the influence of 
processing parameters on the multilayer deposition process 
are required.

Solid-state additive manufacturing, such as ultrasonic 
additive manufacturing (UCS) and cold spray additive 
manufacturing (CSAM), is superior to fusion-based addi-
tive manufacturing in terms of a deposition rate. However, 
the bonding strength along the thickness accumulation direc-
tion in the as-printed state was poor, and the elongation at 
break was less than 0.2% [6, 29]. FAM processes that allow 
the accessible design of the deposition path have greatly 
improved processing flexibility and performance improve-
ment [8]. However, there are also some deficiencies, such as 

poor material utilization compared to fusion-based additive 
manufacturing. FEAM has demonstrated that the fabrication 
of 6061 aluminum alloy components was feasible with a 
much faster deposition rate than the MELD process [16, 17]. 
However, several critical aspects have not been thoroughly 
investigated, such as the bonding mechanism, microstructure 
features, plastic deformability at interfaces, and the width of 
effective bonding of multilayer deposits.

To investigate and evaluate the forming characteristics 
and plastic deformability of interfaces produced by fric-
tion-based additive manufacturing at high deposition rates, 
single-pass, nine-layer 6061 Al alloy components were first 
fabricated by the featureless shoulder-aided FEAM process 
at different rotation speeds. Thorough research and analysis 
were then carried out on the effect of rotation speed on the 
interface formability, mechanical properties, and joining 
efficiency of the final deposits.

2 � Materials and methods

This study utilized a commercial extruded bar of 6061-
T651 aluminum alloy with a nominal diameter of 20 mm 
as the starting material. Its chemical composition (wt%) is 
Al–0.9 Mg–0.54Si–0.28Cu–0.1Fe–0.04Ti–0.18Cr–0.12Mn. 
The substrate used for the experiments was a 5-mm-thick 
plate of 6061-T6 aluminum alloy.

The experiments were completed by using special solid-
state FEAM equipment independently developed by Tianjin 
University. Figure 1(a) displays the schematic representa-
tions of the FEAM process. The deposition process ran 
at tool rotation speeds of 400 r/min and 600 r/min with a 
300 mm/min constant traverse speed. The axial force acting 
on the feed rod of the consumable material was 10 kN. Each 
layer was fabricated using the same deposition direction. The 
final builds, with a length of 320 mm, consisted of 9 layers 
with a thickness of 4 mm each. The three-dimensional space 
of the additively manufactured components was described 
using three directions (see Fig. 1(a)): X is the direction of 
tool traverse (also known as the deposition direction), Y is 
the breadth direction of the deposited samples, and Z is the 
build direction (also known as the thickness accumulation 
direction of the final builds). The specific parameters used 
to deposit are listed in Table (1).

The metallographic specimens were examined using an 
optical microscope (OM, Axio Vert. A1, Carl Zeiss). The over-
etching approach was utilized to disclose the material flow 
traces in various sections of the deposited layer and to inves-
tigate the interface bonding features. The microstructural fea-
tures at different regions of the finished parts produced under 
different rotation speeds were quantitatively investigated using 
an electron backscatter diffractometer (EBSD, Zeiss Sigma 
300-SEM with a Bruker Quantax EBSD detector). The grain 
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reconstruction method was applied to estimate grain size. 
Here, the grains at scan borders were not in the statistics. The 
proportions of recrystallized, substructured, and deformed 

grains were calculated using HKL Channel 5 software and a 
discriminating approach proposed in a previous study [30]. In 
order to better understand the deposition process, the types and 
volume fractions of textures were also identified and estimated 
using orientation distribution functions (ODFs) and orientation 
maps within a cut-off angle of 15°.

Vickers microhardness tests were carried out along the 
build direction using a digital display durometer (HVS-
1000) and a load of 0.98 N for 15 s. The specimens for the 
tensile tests were obtained in the build direction, and their 
dimensions are indicated in Fig. 1(d). Tensile samples were 
taken from the RS to the AS of the final deposits. These 

Fig. 1   Schematic representations 
of the FEAM process (a); the 
appearance of the final deposits 
at 400 r/min (b) and 600 r/min 
(c); tensile samples were taken 
along the build direction and 
their dimensions (d)

Table 1   Details of FEAM parameters used or recorded in this study

Deposi-
tion test 
no

Tool rota-
tion speed 
(r·min−1)

Tool trav-
erse speed 
(mm·min−1)

Tool pre-set 
thickness 
(mm)

Tool axial 
force (kN)

1 400 300 4 10
2 600 300 4 10
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specimens were used to investigate the bonding strength 
of the multilayer deposits. Numbers (No.) 1 through 14 
were used to designate these samples for the convenience 
of comprehension (Fig. 1(d)). Microtensile testing equip-
ment (INSTRON 2710–004) was used to conduct the ten-
sile tests under a constant crosshead speed of 0.3 mm/min. 
The dimensions of the tensile specimens (Fig. 1(d)) and the 
tensile tests were performed in line with the standard ISO 
6892–1:2019 [31].

3 � Results

3.1 � Macrostructure

The exterior appearance of the final deposits with nine layers 
generated at 400 and 600 r/min, as shown in Fig. 1(b) and 
(c), can be used to evaluate the stability and dependability 

of the deposition process. Regardless of rotation speed, the 
surface of the final deposits remains smooth and defect free. 
Due to the effect of the rotating shoulder, the arc-shaped cor-
rugation on the surface is clearly visible, comparable to that 
generated by friction stir welding [32–34]. Deposition at 400 
r/min should be more stable, giving a more uniform width 
and a smoother surface (Fig. 1(b)). In comparison, the width 
of the final deposits at 600 r/min is significantly greater at 
the front end than at the rear end, with an increasingly rough 
second half on the retreating side (RS) (Fig. 1(c)). The dif-
ferences in exterior appearance could be due to the fact that 
the effective torque experienced by the consumed feed rod 
is larger at a lower rotation speed [35, 36]. The increased 
effective torque allows the plasticized metal to flow more 
freely during deposition, resulting in smoother formation.

The macromorphology of the cross-section in final depos-
its produced at different rotation speeds is shown in Fig. 2. 
The widths of the nine layers deposited at 400 r/min are 

Fig. 2   Cross-section of the final 
deposits in a macro view at 400 
r/min (a, c) and 600 r/min (b, 
d), and a more detailed view of 
the sixth and seventh interfaces 
(c, d)
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fairly uniform, each being about 32 mm wide and 4 mm 
thick (Fig. 2(a)). However, at 600 r/min, the first, second, 
and fourth layers are only 30 mm wide, whereas the remain-
der of the deposited layers can be up to 32 mm wide and 
up to 4 mm thick (Fig. 2(b)). In addition, although reason-
ably straight interfaces with little plastic deformation form 
at both rotation speeds, there are significant differences in 
metal flow within these interfaces, as indicated by the white 
arrowheads in Fig. 2(a) and (b).

The sixth and seventh interfaces produced at two rotation 
speeds are examined in more detail, as shown in Fig. 2 (c) 
and (d). The metal exhibits three distinct flow characteris-
tics, as can be seen from the interface deposited at 400 r/min 
(Fig. 2(c)). The plasticized materials above the frictional 
interface between the newly deposited layer and the previ-
ous layer flow strongly, forming a flow pattern consisting 
of numerous layered eccentric elliptical rings, as indicated 
by the white dotted lines in Fig. 2(c). The oval rings are 
about 1/3 as thick as the single deposited layer. The region 
in which this flow takes place is referred to as the driving 
friction zone (DFZ) because it is created by the frictional 
shearing of the plasticized metal, which is actively driven by 
the consumable feed rod and the rotating shoulder. However, 
the metal underneath the frictional interface is subjected to 
frictional shearing twice as a new interface develops. Firstly, 
the surface of the deposited layer is directly affected by the 
frictional shearing of the rotating shoulder to produce the 
arcuate features. Secondly, this region is exposed to the 
direct frictional shearing of the plasticized materials when 
the next layer is deposited. As shown by the red dotted lines 
in Fig. 2(c), the area composed of the flow features with 
numerous layered semi-circular rings produced by the two 
forced frictional shearing effects is referred to as the follower 
friction zone (FFZ). In addition, the force exerted by the 

feed rod and the rotating shoulder through the FFZ during 
the deposition process is primarily applied to the plasticized 
metal between the DFZ and the FFZ. The extrusion loading 
is expected to cause these metals to be extruded from the 
semi-enclosed space between the rotating shoulder and the 
substrate or previous layer, forming an extrusion zone (EZ). 
The flow path of the metal in the EZ, which is approximately 
1/3 the thickness of the single deposited layer, is indicated 
by the white arrowheads in Fig. 2(c). It should be noted that 
the DFZs within the shoulder-affected zone at RS are poorly 
formed, and void defects are discovered in these locations, as 
illustrated in white and blue oval-dotted frames in Fig. 2(a) 
and (c), respectively. These defects have similar character-
istics and fail to form complete flow rings as shown by the 
white dotted line in Fig. 2(c), presumably due to the moder-
ate friction shearing impact of the rotating shoulder.

The interface generated at 600 r/min likewise displayed 
comparable metal flow characteristics, as depicted by the 
white and red dotted lines in Fig. 2(d). However, the flow 
rings of the plasticized materials produced in the DFZ were 
clearly shifted toward the advancing side (AS), and the inter-
face with hole defects on the RS became much broader, as 
shown by the white and blue elliptical dashed frames in 
Fig. 2(b) and (d), respectively.

A more detailed view of the fifth interface produced at 
two rotation speeds is shown in Fig. 3. Material flow traces 
are clearly visible in the DFZ and FFZ, as indicated by the 
red and blue dotted lines. It should be noted that a good 
metallurgical bond appears to be achieved at the observa-
tion point in the center of the interface (Fig. 3(b) and (f)). 
In the DFZ, the hole defects are clearly visible. The kissing 
bond mentioned in earlier work [16] was also identified at 
the interface between the DFZ and the FFZ in the shoulder 
zone and the areas adjacent to the feed rod zone.

Fig. 3   Macro-view at various zones of the interface in magnification; a point 1, b point 2, c point 3, d point 4, e point 5, f point 6, g point 7, and 
h point 8 as designated in Fig. 2(a) and (b)
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3.2 � Microstructure

The ninth interface at 600 r/min was selected as a repre-
sentative one to illustrate the microstructural features of 
DFZ and FFZ, as shown in Fig. 4. The detected zone (see 
point 12 in Fig. 2(b)) was located at AS and approximately 
5 mm from the center of the ninth layer. Grain size, propor-
tions of HABs and recrystallization, and volume fraction of 
the textures in DFZ and FFZ within the observed area were 
counted, and the results are given in Tables 2 and 3, respec-
tively. A considerable dynamic recrystallization process 
with a recrystallization fraction of 82.3% occurred in DFZ 
within the ninth layer. Significantly refined equiaxed grains 
with an average grain size of about 4.4 ± 1.9 μm were pro-
duced, although this region was only exposed to the effect of 
thermo-mechanical coupling once. In contrast, FFZ within 
the eighth layer was first subjected to the frictional shear-
ing action of the non-consumable rotating shoulder while 

depositing the eighth layer, followed by the frictional and 
extrusion action of the plasticized metal while depositing the 
ninth layer. A coarse-grained zone with a width of 20–40 μm 
formed near the bonding interface (Fig. 4(a)), with grain 
sizes ranging from 15 to 27 μm. The total recrystallization 
fraction of DFZ in the eighth layer is 70.9%, and the average 
grain size is 7.5 ± 5.9 μm.

Under different thermo-mechanical coupling effects, 
the type and content of the textures in DFZ and FFZ also 
changed (Fig. 4 (c) and (d)). Grains in DFZ were mainly 
dominated by recrystallized textures such as cubeRD 
({013} < 100 >), cube (C, {001} < 100 >), and cubeND 
(CND, {013} < 100 >), the deformation textures such as S 
({123} < 634 >) and brass ({011} < 112 >), and shear tex-
tures such as rotated Cu (RtCu, {112} < 011 >) and B∕B 
({111} < 011 >). However, shear textures such as RtCu, B∕B 
and rotated goss (RtG, {011} < 011 >) and deformation tex-
tures such as S and brass predominated in FFZ.

Fig. 4   Image quality map over-
layed on grain boundaries (a), 
distribution maps of recrystal-
lized (in blue), substructured 
(in yellow), and deformed (in 
red) grains (b), and orientation 
distribution functions (ODFs, c, 
and d) in the ninth interface at 
600 r/min (point 12 labeled in 
Fig. 2(b)). The white-dotted line 
in (a) represents the bonding 
interface

Table 2   Grain size and 
proportions of HABs and 
recrystallization of final 
deposits

Rotation speed Regions Grain size/μm HABs/% Recrys-
tal-
lized/%

Substructured/% Deformed/%

400 r/min 9th layer 5.3 ± 2.5 76.6 72.7 26.4 0.9
5th layer 7.0 ± 4.3 62.9 59.5 39.8 0.7
1st layer 5.7 ± 3.0 67.0 63.2 35.8 1.0

600 r/min 9th layer 6.9 ± 4.0 66.0 63.0 35.9 1.1
5th layer 8.9 ± 3.6 73.3 69.0 30.7 0.3
1st layer 9.2 ± 6.1 64.0 61.8 37.9 0.3
DFZ (8th interface) 4.4 ± 1.9 74.3 82.3 9.3 8.4
FFZ (8th interface) 7.5 ± 5.9 60.1 70.9 22.3 6.8
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Figure 5 shows the microstructural features of EZ in the 
first, fifth, and ninth layers of the final deposits produced 
at different rotation speeds. The grain size, proportions of 
HABs and recrystallization, and volume fraction of the 

textures within EZ were counted, and the results are given 
in Tables 2 and 3, respectively. The thermo-mechanical cou-
pling effect of EZ was greatly reduced compared to DFZ 
in the ninth layer at 600 r/min. The number of subgrains 

Table 3   Volume fractions of orientations in final deposits within a cut-off angle of 15° [37–39]

Rotation speed Regions Deformation textures Shear textures Recrystallization textures

S T Goss {011} < 811 >  Cu Brass RtCu RtG B/‾B C CRD CND F P

400
r/min

9th layer 4.3 8.5 4.3 3.7 - - - - - - 8.2 4.4 15.8 -
5th layer 6.4 12.4 11.5 14.3 11.3 - - - - - - - 10 -
1st layer - 13.2 9.9 14.6 6.8 - - - - - - - 8 -

600
r/min

9th layer 7.2 12.5 15.9 10.9 7.8 - - - - - 6.2 - - -
5th layer - 7.2 6.7 7.6 6.5 - - - - - - - 4 -
1st layer 3.8 6 - 5.4 - - - - - - - - 17 8.9
DFZ 9.5 - - - - 4.6 5 - 3.9 6.2 7.4 4.3 - -
FFZ 4.6 - - - - 3.6 15.7 5.2 6.5 - - - - -

Fig. 5   Image quality maps (a–c and g–i) overlayed on grain bound-
aries and distribution maps (d–f and j–l) of recrystallized (in blue), 
substructured (in yellow), and deformed (in red) grains in extrusion 

zones of final deposits at 400 r/min and 600 r/min; a, d point 9, b, e 
point 10, c, f point 11, g, j point 13, h, k point 14, i, l point 15 labeled 
in Fig. 2(a) and (b)
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was considerably enhanced in this region. In contrast, the 
recrystallization fraction dropped significantly to 63.0%, 
and almost no deformed grains were formed (Fig. 5 and 
Table 2). Even after several thermal cycles and plastic defor-
mation, the microstructure under both rotation speeds in EZ 
remained refined grains at both rotation speeds. The average 
grain size of EZ in the first, fifth and ninth layers obtained 
at 400 r/min was refined to 24.9%, 30.6%, and 23.1% of the 
starting material (22.9 ± 11.5 μm [16]), respectively. How-
ever, at 600 r/min, these values reached 40.2%, 38.9%, and 
30.1% of the consumable feed rod, respectively. Grains in the 
ninth layer were highly refined by dynamic recrystallization 
after one thermal cycle and plastic deformation, whereas 
grain size in the first and fifth layers increased slightly after 
five and nine thermal cycles and plastic deformation. The 
average grain size of EZ at 400 r/min is about 6.0 ± 3.3 μm, 
while the grain size (8.3 ± 4.0 μm) at 600 r/min is much 
larger. The variance in grain size is most likely due to the 
different recrystallization processes caused by the peak tem-
perature and plastic deformation at both rotation speeds.

Figure 6 shows ODFs in extrusion zones of final deposits 
at 400 r/min and 600 r/min. Compared to DFZ and FFZ, 
grains in EZ were mainly dominated by deformation tex-
tures and recrystallization textures, with no shear texture 
present regardless of rotation speed and detection location. 
EZ in the ninth layer at 400 r/min was mainly dominated 
by F({111} < 112 >), CRD, and T({213} < 111 >) compo-
nents, with a peak intensity of 7.015. The same region at 
600 r/min was mainly governed by deformation textures 
such as goss ({011} < 100 >), T, Cu ({112} < 111 >), S, and 
{011} < 811 > orientations with a maximum intensity of 

12.608. After multiple thermal cycles and plastic deforma-
tion, the fraction of the deformation textures in EZ at 400 r/
min grew noticeably, accompanied by a large increase in the 
maximum intensity of textures. However, the peak intensi-
ties of textures in the fifth and ninth layers at 600 r/min were 
dramatically lowered, as was the fraction of deformation tex-
ture. The first layer in EZ at 600 r/min was mainly dominated 
by recrystallized textures such as F and P ({011} < 566 >) 
components.

3.3 � Mechanical properties

Figure 7 shows the distribution of microhardness and sta-
tistical results of the specimens with nine layers produced 
at different rotation speeds. The newly deposited metal (the 
ninth layer) has much greater hardness than the previously 
deposited layers both in the center and on AS and RS of 
the deposited layers. The hardness of the deposited layer 
decreased steadily and remained constant in the seventh 
layer and below as the number of thermal cycles and plas-
tic deformation increased. This reveals that, after a certain 
number of heat cycles, the hardness of the deposited layer is 
no longer affected by the newly formed layer, and the effect 
of precipitation hardening is no longer reduced. The average 
hardness values at the center, AS, and RS of the deposition 
layers produced at 400 r/min can reach 48.8%, 51.6%, and 
52.5% of the starting material (113.1 HV [16]). However, 
the average hardness values of the same regions at 600 r/min 
are 49.7%, 51.6%, and 48.5% of the consumable base metal.

Figure 8(a) shows the engineering stress–engineering 
strain curves of no. 6 and no. 11 in one set of the test samples 

Fig. 6   ODFs in extrusion zones of final deposits at 400 r/min and 600 r/min; a point 9, b point 10, c point 11, d point 13, e point 14, f point 15 
labeled in Fig. 2(a) and (b)
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produced at different rotation speeds. The appearance of 
sample no. 6 and no. 11 after tensile testing is presented in 
Fig. 8(b). Although the tensile strength of sample no. 11 at 
400 r/min is equivalent to that at 600 r/min, the elongation 

at break is 7% greater. This specimen has obvious necking 
deformation prior to tensile failure (Fig. 8(b)).

Figure 8(c), (d), and (e) shows the average values of ten-
sile strength, elongation at break, and 0.2% proof stress, 

Fig. 7   Hardness profiles along 
the build directions on the AS 
(a), middle (b), and RS (c) in 
the cross-section of the final 
deposits at 400 r/min and 600 r/
min, as well as the calculated 
average values (d)

Fig. 8   Tensile test results along the build direction of final deposits at 400 r/min and 600 r/min; a engineering stress–engineering strain curves, b 
appearance of the samples after tensile tests, c tensile strength, d elongation at break, e 0.2% proof stress, and f calculated average values
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respectively. The tensile strength of sample no. 2 through no. 
13 at 400 r/min can reach more than 150 MPa, and the 0.2% 
proof stress is more than 100 MPa. However, the elongation 
at break of nos. 2, 3, and 4 is all less than 7%, while the 
other samples range from 10.6% to 19.5%. Sample no. 5 to 
13 should have a solid bonding, which means that the width 
for excellent bonding at 400 r/min should be about 20 mm. 
The tensile strength of sample no. 2 to No. 14 can all be over 
100 MPa at 600 r/min, while the 0.2% proof stress of sample 
no. 3 to no. 12 can all be above 100 MPa. The elongation at 
break of sample no. 5 to no. 13 is more than 7%. Sample nos. 
5 to 12 should achieve good bonding, and the interface width 
for good bonding at 600 r/min is about 17.5 mm.

Figure 8(f) shows the calculated average values of ten-
sile properties of the specimens achieving good bonding. 
The tensile strength, 0.2% proof stress, and elongation at 
break can reach 47.4%, 32.0%, and 103% of the base metal, 
respectively. However, these values of final deposits pro-
duced at 600 r/min can achieve 45.2%, 32.1%, and 66.3% of 
the starting material.

4 � Discussion

4.1 � Interfacial bonding mechanism 
with a featureless tool

In this study, the nine-layer final deposits with a layer width 
(Wd) of around 32 mm and a layer thickness (Td) of about 
4 mm were successfully produced by the FEAM process. 
The consumable feed rod is completely converted into the 
deposited layer using the processing parameters of this work, 
with no additional material transformed to flash. The volu-
metric deposition rate (DRvol) [40] during FEAM can be 
expressed by the product of the deposited cross-section area 
(Sd) and the tool traverse speed (v), that is, the deposition 
volume per unit time as depicted by Eq. (1).

The schematic representation of plasticized metal flow 
within different zones at 400 and 600 r/min is depicted in 

(1)DRvol

[

cm3∕min
]

= Sdv

Fig. 9   Schematic representation 
of the material flow in different 
zones of the cross-section of the 
deposited layers at 400 r/min (a) 
and 600 r/min (b)
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Fig. 9. The ends of the deposition layer (see green semicir-
cles in Fig. 9(a)) can be approximated as two semicircles 
with diameters equal to the layer thickness. The deposited 
cross-section area can be calculated by adding the area of 
these two semicircles to the rectangle area between the two 
semicircles, as given in Eq. (2).

According to Eqs. (1) and (2), the deposition rate in this 
study is up to 6.2 kg/h (ρ6061-Al = 2.75 g/cm3 [41]), much 
higher than that of the AFSD method currently publicly 
reported [21]. Compared to wire arc additive manufactur-
ing (WAAM), which is also considered to be an effec-
tive process for the preparation of large-size components 
[42], the deposition rate in this work is 2.8 times that of 
the previously reported WAAM of Al–Mg–Mn alloy [43]. 
Although the final deposits were obtained at such high 
deposition rates, just a part of the deposited material is 
effectively joined. As such, the material utilization ratio 
(ηm) is given by the ratio between the effectively bonded 
width (Wm) and the Wd, as expressed by Eq. (3).

From Eq. (3), it can be obtained that the ηm at 600 r/
min is only 54.7%, while it increases to 62.5% when the 
tool rotation speed is reduced to 400 r/min. In a previous 
study [44], the ηm of final deposits produced by friction stir 
additive manufacturing using rod form of Al 6061 alloy 
was reported to be 42.7%. The improvement in material 
utilization is directly related to the interfacial bonding 
mechanism at different tool rotation speeds.

This high deposition rate in this study is mainly due 
to the fact that the thickness of the individual layers is 
up to 4  mm. Because of the inhomogeneous thermo-
mechanical coupling effects encountered at different loca-
tions during deposition, the flow traces of the plasticized 
material within the layer display considerable difference, 
as depicted in Fig. 9. For this reason, each layer of final 
deposits was divided into three zones and designated DFZ, 
FFZ, and EZ, respectively. The DFZ was closest to the 
frictional interface, where the highest temperature and the 
greatest amount of plastic deformation took place. This 
part of the metal was deposited by the shear deforma-
tion of the rotating shoulder, mainly from the softened 
metal in direct contact with the substrate or the previously 
deposited layer. The cross-section of the deposited layer 
is symmetrical about the centerline of the consumed feed 
rod. However, the flow features formed in DFZ (see yel-
low- and blue-dotted lines in Fig. 9) exhibit significant 
asymmetry, and the center of the formed complete ellipses 
is always on AS. Here, the vertical distance between the 

(2)Sd = �

(

T
d
∕2

)2

+
(

Wd − Td

)

Td

(3)�
m
= Wm∕Wd

center of the complete ellipses and the centerline of the 
deposited layer is denoted as We.

The metal of the FFZ was initially subjected to extrusion 
deformation of the unaffected consumable feed rod, followed 
by the frictional and shear action of the rotating shoulder. 
As a result, this region formed the flow features depicted by 
the red lines in Fig. 9. The centerline of these flow charac-
teristics corresponded approximately to the centerline of the 
deposited layer, which differed from the DFZ. In the EZ, the 
plasticized materials were indirectly subjected to extrusion 
deformation of the unaffected feed rod and rotating shoul-
der so that they flew from the semi-enclosed space consist-
ing of DFZ and FFZ to the two ends of the deposited layer 
(see green-dotted lines in Fig. 9). Since the flow features in 
the DFZ did not cover the entire joining area, some of the 
metal in the EZ was deposited at the interface near the RS. 
This region, where the interface formed by the plasticized 
materials extruded from the EZ is located, was prone to the 
formation of voids and kissing bond defects because these 
metals flown from the EZ were subjected to lower shear 
stress and upsetting force. The width of this area, which 
was susceptible to the formation of defects, increased sig-
nificantly when the rotational speed of the tool increased to 
600 r/min because the material did not flow sufficiently dur-
ing deposition. Accordingly, the width of the DFZ became 
much smaller, and the value of We became much larger (see 
Fig. 9(b)). For the above reasons, the effective joining width 
of the interface at 600 r/min is only 17.5 mm, and the join-
ing quality is much worse. The final deposits obtained at 
400 rpm improved the bonding quality compared to those 
produced at 600 rpm, as the plasticized metal at the inter-
face was strongly forced to produce the entire flow rings of 
plastic materials in DFZ.

Differences in bonding mechanisms at different rotation 
speeds resulted in differences in the preferential orientation 
of the grains. FEAM developed a plastic deformation pro-
cess in addition to the thermal process compared to fusion-
based additive manufacturing. The textures of each area 
were determined mainly by the plastic deformation process. 
The proportions of recrystallization, deformation, and shear 
textures in the different regions (Table 3) were counted, as 
depicted in Fig. 10. Compared to DFZ, the percentage of 
deformation textures in FFZ reduced from 14.1 to 8.2%, and 
the proportion of recrystallized textures decreased from 17.9 
to 0%. The number of shear textures grew from 8.9 to 27.4%. 
Since the EZ was not subjected to significant shear effects, 
it exhibited deformation and recrystallization textures pre-
dominantly. It is also noted that the microstructural features 
of the EZ differ significantly at different rotation speeds. The 
dynamic recrystallization fraction of the freshly deposited 
metal, i.e., the ninth layer, was much higher at 400 r/min 
with an 8.9% higher recrystallization fraction than at 600 
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r/min. When the rotation speed increased to 600 r/min, the 
dynamic recovery process became even more prominent, 
with an 8.7% higher substructured fraction than at 400 r/min.

Differences in bonding mechanisms at different rotation 
speeds also lead to differences in grain refinement and resto-
ration mechanisms. The materials of the first and fifth layers 
were exposed to repeated thermal and plastic deformation 
processes. During the subsequent deposition process, the 
temperature, and the strain rate experienced in these regions 
were gradually reduced relative to the newly deposited 
material (the ninth layer). As a result, the thermomechani-
cal coupling conditions encountered in these locations are 
insufficient to drive additional dynamic and static recrystal-
lization processes during multilayer deposition. Dynamic 
recovery and static recovery following the dynamic recovery 
processes accompanied by subgrain coarsening and grain 
growth predominated at 400 r/min.

The proportion of the subgrain in these regions increased 
to 9.4% and 13.4%, respectively (Table 2). The total grain 
size increased significantly due to subgrain coarsening and 
grain growth at 600 r/min. However, the subgrain fraction 
did not increase, implying that the stored energy gained 
through plastic deformation was insufficient to drive the 
dynamic and static recovery processes during multilayer 
deposition [45, 46].

4.2 � Improved interlayer bonding by regulating 
interfacial formation

The findings of this study are compared to the tensile 
properties of as-printed 6061 Al alloys manufactured using 
different additive manufacturing processes [4, 6, 15, 16, 
26, 44], as depicted in Fig. 11. The tensile strength along 

the Z-direction here has a significant advantage over that 
in the X-direction of the 6061 Al alloy fabricated by the 
laser powder bed fusion (LPBF) process, and the elongation 
after fracture is comparable [4]. The tensile strength of 
6061-Al produced by ultrasonic additive manufacturing 
(UAM) was less than 50 MPa, and the elongation at break 
was less than 0.2% [6]. Compared to the multilayer deposits 
fabricated with MELD [26], the tensile strength and 0.2% 
proof stress in this study were greater than 38.1 MPa and 
42.5 MPa, respectively, and the elongation after fracture 
is approximately half. It should be noted that the tensile 
properties in the X-direction of the 6061 Al prepared by 
FSPAM in powder form were slightly better than those 
obtained in this work, but the deposition efficiency only 
reached 59.8% [44]. The elongation after fracture along 
the Z-direction of the final builds produced by FEAM was 
unsatisfactory due to the use of a featureless tool during 
deposition. The featureless tool produced a relatively planar 
interface with low plastic deformation capability and no 
mixing of the materials along the Z-direction [16, 17].

In summary, the final deposits produced by FEAM at a 
high deposition rate of 6.2 kg/h from a commercial 6061 Al 
alloy have overall better mechanical properties than those of 
other additive manufacturing processes. The strong flow of 
the deposited metal at DFZ at 400 r/min results in improved 
interfacial development, although no mixing of the deposited 
metal with the previous layer occurs at any rotation speed. 
However, the material utilization achieved in this work is 
rather poor. The main processing parameters of FEAM that 
determine the forming quality and bonding strength are tool 
rotation speed, traverse speed, tool axial force, and pre-set 
thickness. During deposition, DFZ in the newly deposited 

Fig. 10   The proportion of recrystallization, deformation, and shear 
textures in different regions of final deposits

Fig. 11   Comparison of the tensile properties of as-printed commer-
cial 6061-Al alloy produced by FEAM and other additive manufac-
turing processes
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layer underwent significant dynamic recrystallization and 
replaced the original interface for successful bonding. If 
the tool rotation speed and traverse speed remain constant, 
increasing the axial force or decreasing the pre-set thickness 
of the deposited layer should promote the flow of the plas-
tic materials in DFZ. The changes to the above processing 
parameters are expected to improve the quality and width 
of the interfacial bond and avoid the formation of kiss bond 
defects, thereby increasing material utilization and plastic 
deformability of the interface.

5 � Conclusions

1)	 The force-controlled FEAM successfully produced the 
final deposits with nine layers of 6061 Al alloy at a dep-
osition rate of 6.2 kg/h under the rotation speeds of 400 
and 600 r/min. Each layer of final deposits produced at 
400 r/min was constant in width and thickness, approxi-
mately 32 mm wide and 4 mm thick.

2)	 The flow characteristics of the plasticized materials dur-
ing deposition varied considerably at different tool rota-
tion speeds. The effective joining width at the interfaces 
was determined by the breadth of the entire flow rings 
generated in DFZ. Material utilization was significantly 
greater at the lower rotation speed of 400 r/min and 
could be as high as 62.5%.

3)	 Irrespective of the rotation speed, the dynamic recov-
ery and subsequent static recovery, accompanied by 
sub-grain coarsening and grain growth, predomi-
nated in EZ after several thermal cycles and plastic 
deformation. Grain refinement in EZ was most pro-
nounced at 400 rpm, with an average grain size of about 
6.0 ± 3.3 μm. The preferred orientation of the grains 
was more evident at 400 r/min, and the volume frac-
tions of the deformation and recrystallization textures 
were higher than 49.2%.

4)	 Tensile properties in the build direction at 400 r/min 
are superior to those at 600 r/min, with Rm, Rp0.2, and A 
reaching 168.0 MPa, 106.4 MPa, and 15%, respectively.
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