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Abstract

This work investigates the microstructure characterization and mechanical properties of Al alloy fabricated by additive
friction stir deposition (AFSD). Microstructure characterizations of the Al alloy 5B70 base material (BM) and build were
compared using optical microscope (OM) and electron back scattered diffraction (EBSD). The hardness distribution in the
direction perpendicular to the cross-section of the deposited area was systematically evaluated. Tensile tests were performed
on the BM and the build using digital image correlation (DIC), and the real-time stress distribution states of the specimens
were analyzed. After the tensile tests, the fracture micromorphology was characterized using scanning electron microscope
(SEM). The results indicated that a high degree of recrystallization occurred in the deposition zone, where fine, equiaxed,
and differently oriented grains are formed. It was found that the strength of the deposition layer was lower compared to that
of the BM, but its toughness was significantly improved. Also, obvious anisotropy of mechanical properties was identified
in the deposition layer.
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1 Introduction

Additive manufacturing (AM) technology, which could turn
3D models into physical entities, has been extensively inves-
tigated in recent years. In this technology, complex structural
objects are fabricated by adding layer-upon-layer of material
[1-3]. There are two categories of additive manufacturing
technologies, i.e., fusion-based AM and solid-state AM [4].
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In 2012, additive friction stir deposition (AFSD) was
proposed by MELD Manufacturing Company based on the
basic principle of friction stir welding (FSW). As shown
in Fig. 1a, a hollow and rotating tool is applied to deposit
the metal powder or wire on the substrate sheet material.
The feed material is softened by the frictional heat of the
rotating tool, whose temperature does not reach the melting
points. Therefore, AFSD can avoid the formation of poros-
ity, thermal cracking, and ablation of alloying elements [15,
16]. The material undergoes severe plastic deformation and
thus generates dynamic recrystallization (DRX). Meanwhile,
the rotating tool has a strong stirring effect on the depos-
ited material, promoting the formation of fragmentation
and redistribution of the metal particles [17, 18]. In FSW
and friction stir spot welding (FSSW), the frictional heat is
generated mainly between the tool and workpiece materials
[19-23]. However, the frictional heat in AFSD derives from
the interfaces between deposited material and tool, as well
as deposited material and substrate. Although no melting
occurs in the as-deposited material, temperatures are high
enough to cause the dissolution of strengthening phases in
the filler feedstock [24-27].

Garcia et al. investigated the heat generation mechanism
during AFSD of Cu and Al-Mg-Si alloys. In the deposition
zone of Cu, the tool and the deposited material are in a com-
plete slipping state, and the main heat generation comes from
interfacial friction. In the case of Al-Mg-Si, the interfacial
friction is partial slipping, and the heat originates from both
interfacial friction and volumetric energy dissipation [28,
29]. Moreover, Griffiths et al. observed that a large amount of
material rotation and larger transition zone boundaries were
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identified in the deposition zone of Al-Mg-Si, indicating that
the surface area and friction coefficient of Al-Al were higher
than those of Cu-Cu [30]. Rivera et al. found that the aver-
age grain size in the deposited AA2219 was 2.5 pm, which
is much smaller than that of the base material (30 pm) [31].
Priedeman et al. discovered that the hardness in AFSD of Cu
was 62% that of the base material, and they attributed this
phenomenon to high density dislocations caused by recrystal-
lization [32]. Phillips et al. pointed out that the " precipitates
were dissolved and then reprecipitated as Mg-Si solute clus-
ters in the deposited material [33]. Perry et al. found that both
AA2024 and AA6061 underwent continuous DRX during
AFSD; recrystallization is almost complete in AA2024. Nev-
ertheless, partial recrystallization occurred in AA6061, caus-
ing a portion of the low-angle boundaries (LABs) become
high-angle boundaries (HABs) [34].

In this work, the first single-layer deposition of AASB70
was fabricated using AFSD method. The microstructure
evolution of the first deposited layer is of utmost impor-
tance, which determines the reliability of the subsequent
deposited layers, since the subsequent deposition process
imposes complex thermo-mechanical coupling effects on
the first layer of the build. Therefore, the focus was given
to the microstructure and mechanical properties of the first
layer of this alloy deposited by the AFSD in the present
investigation.

2 Experimental details

AA5B70 was used for both the feedstock and the substrate in
the present investigation, whose chemical components and
mechanical properties are listed in Tables 1 and 2, respec-
tively. A schematic of the AFSD process is shown in Fig. 1.
The feedstock rod was deposited onto the substrate through
a hollow and rotating tool (inner diameter 14 mm, outer
diameter 28 mm) in this investigation. The AFSD process
was performed using a rotating speed of 1500 r/min and
a translating speed of 50 mm/min along the rolling direc-
tion of the substrate. This experiment was conducted under
the displacement control mode, and the distance between
the tool head and the substrate was constant (1 mm) during

Table 2 Mechanical properties of SB70 alloy

Tensile strength (MPa) Yield strength (MPa) Elongation (%)
Fig.1 Schematic illustrations of additive friction stir deposition 440 350 19
(AFSD) process
Table 1 Chgmical composition Element Mg Mn Sc 7r Ti Fe Si Al
of the investigated alloy (wt%)
Content 6.15 0.31 0.30 0.15 0.027 0.09 0.068 Bal
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the whole AFSD process. Specimens used for performing
microstructural examination and hardness tests were cross-
sectioned perpendicular to the travel direction using water
jet cutting. After that, the specimens were grinded, polished,
and then etched with Keller’s reagent (2 ml HC1+3 ml
HF +5 ml HNO; + 195 ml H,0) for 240 s and subsequently
observed under optical microscope (OM, OLYMPUS
GX71), Electron back scattered diffraction (EBSD, ZEISS
Gemini 500) for grain size, and recrystallize analysis in the
zones of the deposition. Specimen preparation for EBSD
analysis consisted of grinding, mechanical polishing, and
then electropolishing with a mixture solution of 10% HNO;
and 90% C,HsOH for 20 s at 15 V and 0 °C. Acquisition of
the EBSD data was conducted by ZEISS Gemini 500 field
emission scanning electron microscope (SEM) equipped
with EBSD attachment.

Vickers microhardness measurements were conducted
at the cross-section of the deposition layer under a load of
100 g and a dwell time of 15 s (the equipment model is
WHVS-1 M-AXYZF). Hardness distribution mapping was
obtained by measuring the hardness in the whole cross-sec-
tion of the deposition layer with an interval of 0.5 mm. The
location and configuration of the tensile testing specimens
are schematically shown in Fig. 2a, whose geometry and
dimensions were designed according to non-standard ten-
sile specimens (see Fig. 2b). Tensile testing was carried out
using an in situ dynamic mechanical test system at room
temperature, with a cross head speed of 0.5 mm/min. Digital
image correlation (DIC, IBTC-5000) technique was used to
investigate the local strain distribution and plastic deforma-
tion of specimens. Three samples were used for the DIC
testing both in the longitudinal and transverse directions.
Specimens are sandpapered smooth and then sprayed with
white and black lacquer on their surfaces to ensure accu-
rate image resolution. After DIC testing, fractured surfaces
are observed by SEM to analyze the fracture pattern of the
deposited area and the BM.

(a)

Longitudinal
tensile specimen

Transverse tensile
specimen

(b)

3 Results and discussion
3.1 Microstructure evolution

The whole cross-sectional macrostructure and local high
magnification microstructure of the deposition fabricated
by AFSD are shown in Fig. 3. It can be observed from
Fig. 3a that the boundary between the deposition and
the substrate can be clearly identified, which presents a
wavy-shaped appearance, and a sink was observed in the
center of the deposition. The edge of the deposition is
not combined with the substrate because the material is
extruded by the tool head, and there is no radial and lateral
constraint. The heat generation in this area is insufficient,
but the heat dissipation is fast, which leads to the poor
combination at the edge and the substrate. Porosities can
be observed in the enlarged view of point A in Fig. 3a,
which can be attributed to insufficient heat generation at
this location. Obvious traces of deposited material flow
can be observed in Fig. 3b, e, and f, where the material has
a large linear velocity. As shown in Fig. 3f, the material
flow patterns are rather complex. An unbound boundary
line can be clearly identified in Fig. 3c, since the material
at the edge has flipped upward under the strong mechanical
action of the tool head. Figure 3d shows a high magnifica-
tion of the central region of the deposition, where uniform
and fine grains can be observed [35].

EBSD was applied to investigate the details of grain
and texture variation in the AFSD deposition and BM.
Figure 4a, c, e, and g shows the inverse pole figures (IPFs)
of BM and specific regions of AFSD deposition. The white
lines represent low-angle grain boundaries (LAGBs) with
a misorientation angle of 2—-15°, and the black lines rep-
resent high-angle grain boundaries (HAGBs) with a mis-
orientation angle greater than 15°. Figure 4b, d, f, and
h shows the pole figures of BM and specific regions of
AFSD deposition. The X, direction represents the shear

25
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Fig.2 a Schematic illustration of the location and configuration of the specimens; b geometry and dimensions of tensile specimen
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Fig.3 Optical micrographs of
deposition: a cross-section of
deposition and substrate; b zone
B; ¢ zone C; d zone D; e zone
E; fzone F

direction, and the Y|, direction represents the shear plane
normal. The evolution of the texture is described using the
density of pole figures given as multiples of uniform dis-
tribution (mud). Figure 5 shows the average misorientation
angles of BM and specific regions of AFSD deposition.

Figure 4a shows that the grains in BM present an elon-
gated shaped appearance, which are much larger than those
in the deposited area, and exhibit a more uniform grain ori-
entation, which is related to the roll forming process. As
shown in Fig. 4c, e, and g, the microstructural changes in
the upper and lower middle parts of the cross-section of
deposition and the edge of the deposition are obvious, and
fine equiaxed grains are observed in these regions, indicat-
ing that DRX occurred during the deposition process. It can
be observed from the EBSD maps that the grain size at the
top is larger than those at the bottom, since the heat in the
deposited material directly contacts the substrate dissipates
more faster than that on the top where the deposited material
is exposed to the air. The results show that temperature gra-
dient has great impact on grain size. Figure 4g presents the
grain characteristics at the edge of the deposited material,
where partial fragmentation of the grains occurred under
the strong thermomechanical coupling effect imposed by the
rotating tool. The grain orientation is more uniform in this
region, where the material is influenced by the rotation of the
tool head, which is consistent with the grain characteristic
in Fig. 3d.

As shown in Fig. 4b, the texture in BM exhibits strong
consistency, but the maximum texture densities in Fig. 4c,
e, and g are 2.57, 1.77, and 4.88, respectively (see Fig. 4d, f,
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and h), indicating that the texture is rather weak and random
in the middle of the deposition due to the random distribu-
tion of DRX grains. However, the texture density at the edge
of the deposition is much higher, indicating the material in
this region has a more consistent flow direction under the
stirring action of the tool head.

Figure 5 shows the average misorientation angles of the
corresponding region in the EBSD diagram, and the ratios
of HAGB in the four areas are 11.36%, 58.74%, 69.82%, and
44.09%, respectively. This set of data is consistent with the
previous results of the IPFs of EBSD; the ratio of HAGB
reaches a maximum at the bottom, indicating the highest
degree of DRX occurred in this region. The degree of DRX
at the top is second only to the bottom, but the proportion
is also more than 50%, while the ratio of HAGB at the edge
of the deposition is less than 50%. In addition, the BM has
the highest proportion of subcrystals, and a large number of
dislocations were generated during the AFSD processing,
while the material undergoes complex thermo-mechanical
coupling, and thus, the proportion of HAGB is significantly
higher.

3.2 Mechanical performance

As a non-heat treatable aluminum alloy, hardness of 5B70
aluminum alloy is mainly determined by work hardening,
i.e., whose hardness is affected by plastic deformation and
thermal cycling in the AFSD process. Figure 6 shows the
hardness distribution of the cross-section of the AFSD
build. In general, the hardness of the cross-section of a build
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Fig.4 IPFs and PFs of specimens: a IPF of BM; b PF of BM; ¢ IPF
of upper middle part of the cross-section of deposition; d PF of upper
middle part of the cross-section of deposition; e IPF of lower middle

decreases with increasing heat input since the DRX causes
a significant decrease in dislocation density, which in turn
weakens the effect of work hardening. Ilt is interesting to be
noted that no significant gradient of hardness distribution
can be observed in the thickness direction, since the build
is only approximately 1 mm thick and subjected to only one
thermal cycle.

In this work, the DIC technique was applied to investi-
gate the overall strain history of the specimen under tensile
loadings. Real-time photographs were taken of the speci-
mens undergoing load testing throughout the test period.
Figure 7 shows the strain distribution states of each sample
during the whole the testing operation. Figure 7a shows the
strain profiles of the BM obtained under different loading
levels, indicating that the plastic deformation is uniform
at the beginning of loading, and this phenomenon is deter-
mined by the uniform microstructure of the BM. As the load
increases, the strain is gradually concentrated on one side
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of deposition; h PF of the edge of the cross-section of deposition

until it fractures. Figure 7b, ¢ shows the strain distribution
of the specimens in the transverse and longitudinal direc-
tions during loading, respectively. It can be observed that
the plastic deformation appears to be non-uniform in both
directions. Combined with Fig. 7, it can be concluded that
the non-uniformity of the plasticity of the specimens in the
transverse and longitudinal directions can be attributed to
the non-uniformity of their mechanical properties.

It can be observed from Fig. 8 that the strength of the
AFSD build is lower than that of the BM in both trans-
verse and longitudinal directions, while the toughness of
the AFSD build exceeds that of the BM. Table 3 shows the
mechanical properties of specimens. The ultimate tensile
strength (UTS) of the AFSD build is 350 MPa in the trans-
verse direction, which is 20% lower than that of the BM, and
the elongation is 22%, which is 16% higher than that of the
BM. The UST longitudinal specimen is 276 MPa, which is
37% lower than that of the BM, and the elongation is 27%,
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Fig.5 The misorientation angle of specimens: a BM; b upper middle part of the cross-section of deposition; ¢ lower middle part of the cross-

section of deposition; d the edge of the cross-section of deposition

Fig.6 Microhardness nepho-
gram of the component
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which is 42% higher than that of the BM. Combined with
Figs. 4 and 5, the deposited material has finer grains and a
higher percentage of HAGB, which impede crack extension
and improve the material’s ability to absorb energy from
the fracture process, thus improving their toughness com-
pared to that of the BM in both transverse and longitudinal
directions.
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As shown in Fig. 9, after the tensile testing, the micro-
scopic morphology of the fracture of each specimen was
observed using SEM. The microscopic morphology of the
fractures of all specimens shows numerous dimples, while
the dimples are more dense and deeper in Fig. 9b, c, indi-
cating that the transverse and longitudinal specimens expe-
rienced more severe plastic deformation before the failure,
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Fig. 7 The strain state of specimens in successive loading: a BM; b transverse specimen; ¢ longitudinal specimen
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Fig.8 The stress—strain curve of the specimens
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Table 3 Mechanical properties of specimens

Tensile strength ~ Yield strength ~ Elongation

(MPa) (MPa) (%)
Transverse 350 260 22
Longitudinal 276 210 27

whose toughness is better since the fine equiaxed grains
were formed via recrystallization.

4 Conclusions
AFSD is a relatively new solid-state additive technology. In

this work, a layer of aluminum alloy material was success-
fully deposited on the substrate, whose microstructure and
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20um

Fig.9 Fracture surface of specimens: a BM; b transverse specimen; ¢ longitudinal specimen

mechanical properties were systematically investigated, and
the conclusions are as follows:

(1) The interface between the deposited layer and the sub-
strate presents a wave-shaped appearance, porosities
are observed in some local areas, and a large number
of flashes are generated in this area due to the lack
of lateral axial restraint at the edges of the deposition
layer.

(2) The grains in the BM show an elongated-shaped
appearance with a more uniform orientation and a large
number of subcrystalline structures due to the rolling
process. In the cross-section of the deposition layer, the
degree of recrystallization in the central region is rela-
tively high, where the grains are fine, the percentage of
HAGB is more than 50%, and the texture orientation is
random. Nevertheless, the material in the edge position
flows with the rotation of the tool head, and the grains
are not uniformly distributed.

(3) The hardness in the cross-section of the deposition layer
presents a gradient distribution, with a 10% reduction
of hardness in the central region compared to that at
the edge regions. When tensile tests were performed
on both transverse and longitudinal specimens of the
deposition layer, the strain distribution was found to be
non-uniform, indicating the existence of a mechanical
property gradient in both directions. In addition, the
strength in the transverse and longitudinal specimens
decreased by 20% and 37%, respectively, while the
elongation increased by 16% and 42%. It was found that
all specimens showed ductile fracture with the presence
of tough nests, while the distribution of dimples in the
deposition was more dense and deeper where the mate-
rial experienced more intense plastic deformation.
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