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A B S T R A C T

Additive friction stir deposition (AFSD) is an emerging solid-state metal additive manufacturing technology
renowned for strong interface adhesion and isotropic mechanical properties. This is postulated to result from the
material flow phenomena near the interface, but experimental corroboration has remained absent. Here, we seek
to understand the interface formed in AFSD via morphological and microstructural investigation, wherein the
non-planar interfacial morphology is characterized on the track-scale (centimeter scale) using X-ray computed
tomography and the material deformation history is explored by microstructure mapping at the interfacial re-
gions. X-ray computed tomography reveals unique 3D features at the interface with significant macroscopic
material mixing. In the out-of-plane direction, the deposited material inserts below the initial substrate surface in
the feed-rod zone, while the substrate surface surges upwards in the tool protrusion-affected zone. Complex 3D
structures like fins and serrations form on the advancing side, leading to structural interlocking; on the retreating
side, the interface manifests as a smooth sloped surface. Microstructure mapping reveals a uniform thermo-
mechanical history for the deposited material, which develops a homogeneous, almost fully recrystallized mi-
crostructure. The substrate surface develops partially recrystallized microstructures that are location-dependent;
more intra-granular orientation gradients are found in the regions further away from the centerline of the de-
position track. From these observations, we discuss the mechanisms for interfacial material flow and interface
morphology formation during AFSD.

1. Introduction

Additive friction stir deposition (AFSD) is an emerging solid-state
additive process with great promise for large-scale additive manu-
facturing, cladding, and repair of metals and composites [1,2]. It joins
the friction stir principle with material feeding to facilitate site-specific,
solid-state deposition [3–5]. During deposition, the feed material in the
form of a solid feed-rod is delivered through a hollow tool head and
rotates rapidly together with it; the dynamic contact at the feed-rod and
substrate interface results in frictional heating. The softened feed ma-
terial is then yielded by the compression from the feeding apparatus
and expands below the tool head. The shear force from the bottom
surface of the tool head further causes the expanded material to flow
and spread between the tool head and substrate. During the deposition

process, the material undergoes severe plastic deformation at high
shear strain rates [6–9], which results in additional volumetric self-
heating [2,10–12]. In-plane motion of the tool head leads to deposition
of a continuous track of material onto the substrate, which can be built
up layer-by-layer to form a 3D part.

Beam-based metal additive manufacturing technologies, such as
powder bed fusion and directed energy deposition [13–18], typically
lead to anisotropic mechanical behavior in the as-printed state due to
weak interfacial bonding. For example, anisotropic tensile elongation
properties have been observed in Ti-6Al-4 V parts fabricated using di-
rected energy deposition [19]. The ductility and the fracture mechan-
isms in Ti-6Al-4 V parts printed by selective laser melting have been
found to be dependent on the build direction [20]. In contrast, AFSD
can form high-quality interfaces with excellent out-of-plane mechanical
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properties in the as-printed state, as seen in recent AFSD studies on
WE43 [21], AA 2219 [9], and IN625 [12,22] alloys. As a result, the
tensile or compressive strength measured along the out-of-plane di-
rection can be comparable to that measured along in-plane directions.
The good interface properties in AFSD are also confirmed through
bending tests and basic inspection. For instance, no delamination oc-
curs at the interface in Cu-Nb and Cu-Ta bilayer structures even after
significant bending [1]. After the repair of high strength Al alloys using
AFSD, optical microscopy reveals no voids or kissing bonds between the
deposited material and base structures [23].

The good interface quality from AFSD is postulated to originate
from the interaction between the deposited material and the substrate
(or between neighboring layers) [1], which is associated with the ma-
terial flow and deformation phenomena. Material flow in friction stir
welding (FSW) has been extensively investigated in literature
[6,8,24–41], wherein the material mixing and weld microstructure are
linked to the processing parameters and tool profiles. Compared to
FSW, AFSD has a different geometric configuration without penetrating
pins; instead, new material is continually fed into the deposition zone
and interacts with the substrate, creating a fundamentally different
system to investigate. In addition, the deposited material lies on top of
the substrate without mechanical constraint in the lateral direction, as
opposed to the strong lateral constraint imposed by the workpieces onto
the stir zone material in FSW. Moreover, the joining in FSW mainly
relies on the material flow around the pin, but in AFSD the interface
quality is more determined by the material flow along the vertical di-
rection. Although AFSD follows the same friction stir principle as FSW,
the salient differences above necessitate a systematic investigation into
the interfacial material flow and the consequential interface mor-
phology in AFSD—not only to reveal the fundamentals of material flow
in this new configuration but also to understand the origins of good
interface quality.

Here, we present the first comprehensive experimental study on the
interface formed in AFSD, with the aim to understand its 3D mor-
phology, its formation process, and the associated dynamic micro-
structure evolution in the interfacial regions. Given the complex mor-
phological features of the interface in AFSD, 2D characterization of the
cross-section, e.g., using optical or electron microscopy, is insufficient.
Instead, 3D characterization techniques employing penetrating beams
like neutrons or X-rays are essential. With a good balance of spatial
resolution and field of view, X-ray computed tomography has been
employed for 3D morphological characterization in this work. Given
that AFSD can be viewed as a hot working process with the resultant
microstructure governed by the material deformation and thermal
history, mapping the microstructural features in the interfacial re-
gions—such as grain size, texture, and grain boundary

misorientation—can shed additional light on interfacial material de-
formation and flow.

The morphological and microstructural investigation in this work
focuses on the interface formed in a dissimilar Al alloy system, invol-
ving an Al-Cu alloy (AA 2024) deposited onto an Al-Mg-Si alloy (AA
6061). This material system is chosen because AA 2024 and AA 6061
have sufficient X-ray absorption contrast to be distinguished from each
other. In addition, the two alloys have comparable mechanical prop-
erties [42,43] to ensure a high-quality deposition and to effectively
reveal the interfacial material flow characteristics of homogeneous ma-
terial deposition.

2. Experimental procedures

AFSD of a single layer of AA 2024 was carried out using a MELD R2
machine [44]. The average single-layer deposition thickness of AA 2024
was 1.65 mm and the AA 6061 substrate thickness was 6.35 mm. For
AFSD, there have been a few tool designs, including tools that are
completely flat on the bottom and tools with small protrusions. Flat
tools allow for deposition of thinner layers, while tools with protrusions
can promote deep material mixing. For this study, the bottom surface of
the tool head was flat except for two small protrusions (height ∼ 1.5
mm) near the edge of the opening for feed material. During deposition,
the protrusions were partially (∼ 0.5 mm deep) inserted into the sub-
strate, in order to promote vertical mixing between the deposited ma-
terial and the substrate. It should be noted that the spacing between the
tool head and substrate was set to be ∼ 1 mm, which was less than the
final deposition thickness of 1.65 mm. This was caused by the un-
constrained upward flow when the material exits the deposition zone
on the trailing side, as elaborated in Section 3.1. A schematic of the tool
head and feed-rod geometry is shown in Fig. 1, wherein the area cov-
ered by the feed-rod during deposition is defined as the ‘feed-rod zone’
and the area covered by tool protrusions is defined as the ‘tool pro-
trusion-affected zone’. Also shown in Fig. 1 are the side view and
bottom view of the tool. The deposition was carried out at a tool head
rotation rate ofΩ=300 RPM and an in-plane velocity of V=2.00 mm/
s. The material feed rate is R =0.85 mm/s. The ratio of feed rate to in-
plane velocity is an important value for obtaining good print quality.
Layer thickness and track width depend on this ratio in addition to the
material system and tool rotation rate. A laser confocal microscope
(Olympus LEXT MM6-ASPS) was used to visualize the macrostructure
of the deposit.

The 3D interfacial morphology was characterized using X-ray
computed tomography. For X-ray scanning of the entire deposition
track (i.e., track-scale), the specimen was scanned using a North Star
X5000 CT with a voxel size of 33.1 μm and a voltage of 120 kV. For X-

Fig. 1. A schematic of the additive friction stir deposition (AFSD) process. TD = transverse direction. Pictures of the side view and bottom view of the tool are also
included.
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ray scanning of a smaller volume with a higher resolution, the scans
were conducted using a Zeiss Xradia 520 Versa MicroCT with a voxel
size of 9.85 μm and a voltage of 60 kV. The 3D volumes were re-
constructed using the X-ray projection images and then visualized using
CTVox and VGStudio MAX software.

For microstructure characterization, the samples were cut perpen-
dicular to the longitudinal direction so that the transverse cross-section
could be examined. The samples were ground using silicon carbide
papers (400, 600, and 1200 grit), polished using polycrystalline dia-
mond suspensions, and finished with 0.02 μm colloidal silica suspen-
sion. Energy dispersive spectroscopy (EDS) and electron backscatter
diffraction (EBSD) measurements were conducted using a FEI NOVA
NanoSEM 600 field emission scanning electron microscope. The che-
mical composition was analyzed with the attached Octane Elite EDS
detector, and EBSD mapping was conducted at a step size of 0.5−0.9
μm. To avoid artificial boundaries from orientation noise, a minimum of
2 degrees was set for boundary misorientation. The boundaries between
2–15 degrees were defined as low angle boundaries (LABs) and the
boundaries above 15 degrees were defined as high angle boundaries
(HABs). The area of each individual grain was measured with the OIM
software; the reported diameter was calculated as if that area formed a
perfect circle.

3. Morphological investigation using X-ray computed tomography

3.1. General appearance and surface features

The general appearance of the AA 2024 deposit is shown in Fig. 2(a)
from the top view, i.e., the X–Y plane projection (see the figure for
definitions of X-, Y-, Z- directions). The surface of the deposit shows a
typical “onion skin” feature, which has also been observed in FSW
[45–48]. For AFSD with different sets of in-plane velocity V and tool
rotation rate Ω, we find that the measured onion skin spacing always
matches well with the calculated advance per revolution (APR). This
consistency suggests that the onion skin is caused by the interaction
between the tool edge and the top surface of the deposited material
during each revolution of the tool. As the tool head moves forward, the
top surface of the deposited material flows out of the deposition zone
(i.e., the volume beneath the tool) from the trailing side, and the
trailing edge of the tool head effectively mills an imprint into the de-
posited material. This effect is illustrated in Fig. 2(b). The coupling of
tool head motion and the imprint effect results in an onion skin pattern
on the top surface of the deposit. The unconstrained upward flow la-
beled in Fig. 2(b) also explains the discrepancy between the final de-
position height (1.65 mm) and the spacing between the tool head and
substrate (∼1 mm). At the end of AFSD, the rotating tool is raised, and
the feed-rod breaks off from the deposit, resulting in a rough circular
area, as seen in Fig. 2(a). To compare, in FSW the end of welding leads

to a large exit keyhole due to the removal of a non-consumable pin.

3.2. Features of the 3D interfacial morphology

To unveil the 3D interfacial morphology, the substrate material is
set to be transparent in the reconstruction volumes. This enables in-
vestigation of the underside of the deposited material (Fig. 3(a)), which
is essentially a flipped image of the bottom surface of the deposit. The
interface is noticeably not flat but exhibits a slope from the centerline to
the two edges. On the advancing side, there are several unique 3D
features. Near the advancing edge, there are thin, flat strips of the

Fig. 2. (a) A top-down view of the deposited AA 2024 onto AA 6061 substrate based on X-ray computed tomography. A = advancing, R = retreating, X = transverse
direction, Y = longitudinal direction, Z = build direction. The distance between each pair of dots is 2.5 mm. (b) Illustration of the ‘onion skin’ formation.

Fig. 3. X-ray computed tomography results for AA 2024 deposited onto AA
6061 via AFSD. (a) Underside of the deposited AA 2024 material with the
substrate material removed and a few salient features highlighted. This is a
flipped image so that the material flow is clockwise instead of counter-
clockwise. A = advancing, R = retreating. The distance between each pair of
dots is 2.5 mm. (b) An angled view of the deposited material on the advancing
side to emphasize the fin structures.
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deposited material accumulating right outside the tool protrusion-af-
fected zone. A 3D view of these strips is shown in Fig. 3(b), revealing
that they are not in parallel with the X–Y plane but rather are inclined
away from the remaining deposited material. Given their shape shown
in Fig. 3(b), we refer to these strips as ‘fin’ structures throughout this
manuscript.

A series of periodic curves that start from the centerline and con-
tinue toward the advancing edge can also be seen in Fig. 3. In the
longitudinal cross-section (Y–Z plane) shown in Fig. 4(a), such struc-
tures manifest as a series of jagged edges along the deposition track.
They are thus referred to as ‘serrations’ in this manuscript. Near the
advancing edge, the serrations are shadowed by the fin structure (see
Fig. 3); however, the high-resolution X-ray tomography in Fig. 4(b)
shows that the serrations extend all the way beyond the tool protrusion-
affected zone, where they connect with the roots of the fins. Different
from the advancing side, the retreating side of the interface lacks sig-
nificant topological features, manifesting as a smooth sloped surface. A
slice-and-view video showing the 3D view of the interface based on X-
ray computed tomography can be found in Appendix A.

Fig. 5 shows a representative transverse cross-section (X–Z plane) of
the interface. The Z-position of the initial flat substrate surface is set as
Z =0 mm. From this image, the deposited AA 2024 (light gray) plunges
into the AA 6061 substrate (dark gray) and reaches Z = − 0.5 mm at
the centerline, where the feed-rod is actively forced into the substrate
by the feeding apparatus. This depth is very close to that reached by the
tool protrusions during AFSD. Moving towards the edges of the feed-rod
zone, the deposited material does not penetrate as deep beneath the
substrate, whereas the substrate is forced above the initial substrate
surface level. Between the tool protrusion-affected zone and the edges,
the bottom of the deposited AA 2024 is seen to be well above the initial

substrate surface. This gradual slope of the deposited material from the
centerline gives rise to a “bowl-like” appearance of the interface. On the
advancing side, between the tool protrusion-affected zone and the edge,
the interface of the deposit develops a tilted shelf structure deeply pe-
netrating the substrate, with a depth of ZFIN =− 1.5 mm and a tilt angle
of ∼ 20° from the horizontal. This tilted shelf structure is the X–Z plane
projection of the fin structure seen in Fig. 3. Remarkably, it is the fin
structure, rather than the centerline of the feed-rod, that penetrates the
deepest into the substrate (ZFIN = −1.5 mm vs. ZCENTERLINE = − 0.5
mm).

3.3. Quantification of macroscopic material mixing

Based on more than 1000 collected X-ray cross-sectional images, we
quantify the material distribution along the transverse direction (Fig. 6)
and along the build direction (Fig. 7) using a self-developed MATLAB
code. Fig. 6(a) shows a few representative longitudinal cross-section
slices with different X coordinates. Fig. 6(b) plots the AA 2024 area
percent along the X-direction, where each data point corresponds to the
ratio of the measured area of AA 2024 to the combined area of AA 2024
and AA 6061 in a given slice. The shape of the plot agrees well with the
features seen across the transverse cross-section in Fig. 5. At the re-
treating edge (X =3 mm), the AA 2024 accounts for about 16 % of the
total material. At X =5 mm, the AA 2024 fraction drops to about 12 %
because the substrate material rises above Z = 0 in this area. Further
towards the advancing side (X>5 mm), the AA 2024 fraction increases
with the presence of serrations and fins, with a maximum fraction of
27.5 % reached at X=22 mm. After that (X> 22 mm), there is a steep
decline of the AA 2024 fraction towards the advancing edge. With the
AA 2024 thickness of 1.65 mm and the AA 6061 thickness of 6.35 mm,
the average fraction of AA 2024 should be 20.6 %, which matches the
plotted results in Fig. 6(b). The non-flat interface and the observed 3D
structures on the advancing side confirm that the substrate and de-
posited material are macroscopically mixed across the initial substrate
surface level.

We next quantify the macroscopic mixing as a function of depth by
comparing the horizontal cross-section (X–Y plane) images along the
build direction. Fig. 7(a)–(f) show the horizontal cross-section images
above, at, and below the initial substrate surface level. At Z> 0.75 mm,
the deposit is a pure coating of AA 2024. Below that (e.g., Fig. 7(a) and
(b)), the majority is still AA 2024, while the substrate AA 6061 starts to
be observed close to the edges. At the initial substrate surface level, Z
=0 mm, there is about 60 % AA 2024, which lies within a central band
enclosed by the tool protrusion-affected zone (see Fig. 7(c)). The ser-
rations manifest as alternating curves of AA 6061/AA 2024 from the
centerline to the advancing side. Below the initial substrate surface

Fig. 4. High resolution X-ray computed tomography results for AA 2024 deposited onto AA 6061 via AFSD. (a) Serrations shown in a longitudinal cross-section (Y–Z
plane) image. Light gray = AA 2024, Dark gray = AA 6061. The scale bar is 5 mm. (b) A full volume view of fins and serrations at a higher resolution and a cropped
volume with the fins cropped. This shows the continuity of serrations throughout the fin-dominated area. The distance between each pair of dots is 1 mm.

Fig. 5. A representative transverse cross-section (X–Z plane) of the deposit and
substrate highlighting the bowl-shaped interface and macroscopic mixing. A =
advancing, R = retreating, Light gray = AA 2024, Dark gray = AA 6061. The
scale bar is 5 mm.
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level (e.g., the case in Fig. 7(d)), the AA 2024 fraction continues to
decline and only the serrations and fins exist. Close to Z = ZCENTERLINE
= − 0.5 mm (see Fig. 7(e)), the deposited AA 2024 is mostly found
within the feed-rod zone. Below that (e.g., the case in Fig. 7(f)), AA
2024 is only visible as the end tip of fins, which is along the edge of the
tool protrusion-affected zone (on the advancing side). Fig. 7(g) quan-
tifies the area percent of AA 2024 in the X–Y plane along the Z-direc-
tion, in which each data point corresponds to the AA 2024 area percent
in an X–Y plane slice. The red shaded area represents the amount of
substrate AA 6061 above Z =0 mm and the green shaded area re-
presents the amount of the deposited AA 2024 below Z =0 mm. These
shaded areas are a result of macroscopic material mixing in the vertical
direction. Here, the latter is larger than the former because the tool
protrusions insert into the substrate during deposition.

4. Microstructure mapping in the interfacial regions

4.1. General microstructural changes in the AA 2024 deposit and AA 6061
substrate after AFSD

Fig. 8 compares the microstructure of AA 2024 before and after
AFSD. The IPF (inverse pole figure) coloring scheme and the reference
directions are the same for each of the EBSD maps in this study. The
microstructure of the as-received AA 2024 feed-rod is shown in
Fig. 8(a), which is taken at the center of the feed-rod. A representative
area in the transverse cross-section of AA 2024 after AFSD is shown in
Fig. 8(b), which is taken within the feed-rod zone near the interface. It

is evident that the grain size after AFSD is considerably smaller than the
original feed-rod, with the average grain size reduced from 57.2 μm to
4.9 μm. In addition, the grain structure in the as-received feed-rod
consists of high aspect-ratio grains elongated along the drawing direc-
tion, whereas the deposited AA 2024 has mostly equiaxed grains. From
the (100) and (111) pole figures, the feed material and the deposited
AA 2024 are concluded to be weakly textured. Both before and after
AFSD, the AA 2024 exhibits a misorientation distribution close to a
Mackenzie distribution that would be observed in a randomly textured
polycrystal [49].

Fig. 9(a) shows the microstructure of the as-received AA 6061
substrate; after AFSD, the microstructure of a representative portion of
the deformed substrate close to the interface is shown in Fig. 9(b). Si-
milarly, microstructure refinement is observed after AFSD with the
average grain size reduced from 59.4 μm to 9.9 μm. Compared to the
deposited AA 2024, the AA 6061 in the interfacial regions has a larger
average grain size and displays varying degrees of color gradient in

Fig. 6. (a) Longitudinal cross-section (Y–Z plane) images at chosen values in the
X-direction. Light gray = AA 2024, Dark gray = AA 6061. The scale bar is 5
mm (b) Plot of the fraction of the deposited AA 2024 along the X-direction.

Fig. 7. Horizontal cross-section (X-Y plane) images at (a) Z =0.63 mm, (b) Z
=0.36 mm, (c) Z =0 mm, (d) Z = −0.17 mm, (e) Z = −0.53 mm, and (f) Z =
−0.89 mm with the scale bar being 5 mm. A = advancing, R = retreating,
Light gray = AA 2024, Dark gray = AA 6061. (g) Plot of the fraction of the
deposited AA 2024 along the Z-direction.
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individual grains. This suggests the presence of orientation gradients
and geometrically necessary dislocations within the grains. The grain
orientation in the AA 6061 substrate before AFSD is strongly textured
with the (001) direction along the Y-direction as shown in Fig. 9(a).
After AFSD, the rolling texture is no longer observed in the AA 6061
close to the interface, which exhibits a more random grain orientation
distribution. Through AFSD, the maximum relative intensities in the
pole figures of AA 6061 decrease from 34.67 to 7.44. In the as-received

AA 6061 substrate, the misorientation distribution is skewed to the low
angle grain boundary side, but a higher fraction of HABs is observed
after AFSD.

4.2. Microstructure mapping

Fig. 10 is a composite of stitched images from confocal microscopy
showing the transverse cross-section used for microstructure study.

Fig. 8. Inverse pole figure (IPF) maps, pole figures, and misorientation angle distributions for (a) as-received AA 2024 feed material and (b) as-deposited AA 2024
near the interface. The IPF coloring scheme and the reference directions shown here are the same for each of the EBSD maps in this study.

Fig. 9. Inverse pole figure maps, pole figures, and misorientation angle distributions for (a) as-received AA 6061 substrate material and (b) AA 6061 substrate near
the interface after deposition. See Fig. 8 for IPF coloring scheme and reference directions.
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Fig. 10. Confocal microscopy results for AA 2024 (light blue) deposited onto AA 6061 (dark blue) via AFSD. A stitched image showing the transverse cross-section
similar to that in Fig. 5. Four small areas (dimensions of hundreds of microns) with detailed microstructure characterization are labeled as 1, 2, 3, and 4.

Fig. 11. (a)–(d) Energy dispersive spectroscopy (EDS) maps for Areas 1-4 where red areas represent AA 2024 and purple areas represent AA 6061. (e)–(h) Inverse
pole figure (IPF) maps for Areas 1–4. Scale bars in subfigures are 50 μm.
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Here, the lighter material is AA 2024 and the darker material is AA
6061. The regions below the blue and red lines represent the feed-rod
zone and tool protrusion-affected zone, respectively. To compare the
resultant microstructure at different locations in the transverse cross-
section, four small interfacial regions with dimensions ∼ hundreds of
microns are subjected to detailed microstructure characterization.
These areas are labeled as 1, 2, 3, and 4 in Fig. 10.

Fig. 11 shows the EDS ((a)–(d)) and IPF ((e)–(h)) mapping results of
Areas 1–4. Each pixel in the EDS map represents aluminum counts,
where the color scale varies from red to blue at the lowest and highest
ranges, respectively. AA 2024 has a higher percentage of alloying ele-
ments, specifically 3.8–4.9 % copper, and therefore receives fewer
aluminum counts than the AA 6061 substrates. For the EDS maps col-
lected in this work, AA 2024 and AA 6061 are characterized by the red
and purple regions respectively, as seen in Fig. 11. Complementary to
the macroscopic mixing revealed by X-ray tomography, the EDS maps
in Areas 2, 3, and 4 demonstrate intense material mixing at the meso-
scopic level, showing lamellar banding between AA 2024 and AA 6061.
This is highlighted by the white arrows shown in Fig. 11(b)–(d). From
the corresponding IPF maps, the deposited AA 2024 in all areas de-
velops fine, equiaxed microstructures and shows little color variation
within individual grains. The uniformity of the microstructure suggests
that all the deposited material has a similar thermomechanical history,
which has led to the observed recrystallized microstructure. The grain
size of the substrate AA 6061 is substantially larger than AA 2024 (9.9
vs. 4.9 μm), and the shape of the grain is generally more elongated.
Interestingly, the long axis of these grains often aligns with the local
interface, as highlighted by the black dashed arrows. For example, close
to the center of the deposition, such as in Area 2 (Fig. 11(f)), the AA
6061 grains are elongated in the transverse direction. Closer to the
edges of the deposition, such as in Area 1 and Area 4 (Fig. 11(e) and
(h)), the AA 6061 grains are elongated at the same angle with the local
interface seen in Fig. 10. This suggests that the dynamic microstructure
evolution in AA 6061 is dictated by the shear deformation associated
with the material flow at the interface.

Fig. 12(a)–(d) show the misorientation maps for Areas 1–4, in which
LABs (misorientations between 2 and 15 degrees) are represented by
red lines and HABs (misorientations larger than 15 degrees) are re-
presented by black lines. In AA 2024, the fine equiaxed grains are se-
parated by HABs with LABs occasionally observed in the grain interior.
In AA 6061, LABs are prevalently observed inside individual grains that
are more elongated. A closer examination of the LAB geometry is shown
in Fig. 12(e), revealing several scenarios. In the first scenario (red
circle), LABs appear as segments that completely cut across an elon-
gated grain along the short-axis direction. In the second scenario (blue
circle), a LAB manifests as a curved line that cuts out a small piece of a
larger grain surrounded by HABs. In these two scenarios, further de-
formation would increase the misorientations between the subgrains
via strain-induced HAB formation [50,51]. An interesting third scenario
is highlighted by the black circles, in which a boundary is partially red
and partially black. This transition from LAB to HAB in a single line
suggests that the misorientation between subgrains increases gradually
and continually, which is facilitated by dislocation accumulation and
rearrangement in the presence of large deformation and dynamic re-
covery [52].

The above observations indicate that continuous dynamic re-
crystallization, which is characterized by dynamic recovery, subgrain
formation, and strain-induced HAB formation, has occurred extensively
in these two materials during AFSD. The difference lies in that the re-
crystallization is nearly complete in AA 2024; however, in AA 6061 the
deformation is only sufficient to change a portion of LABs to HABs
resulting in partial recrystallization. Grain refinement by continuous
dynamic recrystallization is expected for high stacking fault energy
materials like AA 2024 and AA 6061 with large deformation at elevated
temperatures, which is consistent with the processing condition in
AFSD [40,41,53,54].

Fig. 13(a)-(d) show the kernel average misorientation (KAM) dis-
tribution in Areas 1–4. Compared to the EDS maps in Fig. 11, the AA
2024 in all areas shows significantly lower KAM values than the AA
6061. This indicates that the orientation gradients and the geome-
trically necessary dislocations are effectively reduced as a result of re-
crystallization in the former. To better reflect the orientation gradients
within individual grains, Fig. 13(e)-(h) and (i)-(l) show the maps of
grain average misorientation (GAM) and grain orientation spread
(GOS). GAM averages the local misorientation between neighboring
pixels over each grain; GOS gives the grain-scale average value of the
difference between the orientation of each pixel and the average or-
ientation for that grain. Higher GAM and GOS values are observed in
AA 6061 than AA 2024. More importantly, the GAM/GOS distribution
in AA 2024 seems similar among Areas 1–4. However, there is an ob-
vious correlation between the GAM/GOS values and locations in AA
6061; higher GAM/GOS values are found mostly in AA 6061 further
from the center of the deposition in Areas 1 and 4. Since the intra-
granular orientation gradients result from incomplete recrystallization,
we conclude that the AA 6061 in Area 2 and Area 3 have a higher
degree of recrystallization than Area 1 and Area 4 [52].

5. Discussion

5.1. Mechanisms of the non-planar interface formation in AFSD

The interface in AFSD generally has a bowl shape with the center of
the deposition showing significant interfacial mixing, which can be
explained by analyzing the material flow at the interfacial regions (see
Fig. 14(a)). First, with the compression from the feeding apparatus, the
feed-rod inserts below the initial substrate surface, resulting in the
presence of AA 2024 at Z< 0 mm within the feed-rod zone. Second,
owing to the dynamic friction at the interface, the temperature rises and
softens the surface of the substrate; however, the bulk of the substrate is
still stiff and gives rise to a strong mechanical constraint. In reaction to
the compression from the feed-rod, the softened substrate surface must
bulge and surge above the interface (i.e., via outward and upward
motion). Given the constraint from the tool protrusions, this motion
mostly occurs outside the tool protrusion-affected zone, where AA 6061
is seen at Z> 0 mm. Essentially, a synergistic effect of the downward
motion of the AA 2024 feed-rod in the feed-rod zone and the upward
motion of the AA 6061 substrate outside the tool protrusion-affected
zone leads to the intensive material mixing seen from X-ray computed
tomography and confocal microscopy.

Another interesting feature of the interface is the asymmetry seen in
the transverse cross- section. Figs. 2–7 show that the 3D interfacial
structures only develop on the advancing side and the deposit is wider
on the advancing side than the retreating side. This asymmetry stems
from the interactions of in-plane material expansion and material flow
driven by the tool head. As the feed material is pushed downward and
plasticized due to frictional heating, it expands beneath the tool head.
With in-plane motion of the tool head, this expansion favors the trailing
side over the leading side (see Fig. 14(b)). The shear forces introduced
by the rotating tool head cause counterclockwise flow of the material
(in the direction of tool head rotation). As illustrated in Fig. 14(c), the
influx of material traveling from the trailing edge to the advancing side
creates a larger and wider accumulation of material on the advancing
side of the deposit. To compare, the influx of the deposited material
traveling from the advancing side to the retreating side experiences low
in-plane constraint with free space beneath the tool. Therefore, less
material accumulation is on the retreating side. The different level of
material accumulation between the advancing and retreating side is the
origin of the observed asymmetry in the transverse cross-section.

The difference between the advancing and retreating side is further
enhanced due to the presence of the tool protrusions. During tool ro-
tation, the deposited material that is pushed away by the tool protru-
sions will accumulate right outside the tool protrusion-affected zone.
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With the strong in-plane constraint from the excess material on the
advancing edge, the accumulated material is forced to move synergis-
tically with the substrate material outside the tool protrusion-affected
zone. The AA 6061 substrate motion is in the outward and upward
direction, so the motion of the accumulated AA 2024 is in the inward
and downward direction. This leads to higher degrees of vertical mixing
and fin structure formation outside the tool protrusion-affected zone on
the advancing side. On the retreating side, with weak in-plane con-
straint and less material accumulation, no 3D structures like fins are
formed.

During AFSD, the rotating tool protrusions mill temporary trenches
into the uplifted substrate material around them. In areas of high in-
plane constraint (i.e., from the trailing side to the advancing side), the
deposited material near the protrusions will move downward to rapidly

fill these trenches. This results in the serration structures seen at the
interface in Figs. 3 and 4. We find that the slope of the serrations seen in
the longitudinal cross-section (e.g., Fig. 4(a)) is in parallel with the
outer surface of the protrusions, which further supports the view that
the serrations are caused by direct interactions of the material with the
tool protrusions.

5.2. Correlation of the interfacial morphology and microstructure
distribution

From Section 4, the refined, equiaxed microstructure of AA 2024 is
similar among Areas 1–4, suggesting that the deposited material at the
interfacial regions has a similar temperature and deformation history
across the deposition width—at least within the feed-rod zone and tool

Fig. 12. (a)–(d) Misorientation maps for interfacial regions. (a) Area 1, (b) Area 2, (c) Area 3, (d) Area 4, (e) A zoomed-in image of the upper-left corner of (a). LABs
(2-15 degrees) shown in red and HABs (> 15 degrees) shown in black. Scale bars in subfigures are 50 μm.
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protrusion-affected zone. For the AA 6061 substrate, the interfacial
regions develop a partially recrystallized microstructure. In a previous
AFSD study that uses AA 6061 as the feed material, a near complete
recrystallization microstructure has been observed [55]. Since the HAB
fraction and the degree of recrystallization increase with strain in
continuous dynamic recrystallization, this suggests that the substrate
surface generally experiences less deformation than the deposited ma-
terial. Moreover, the GAM/GOS maps in Fig. 13 show that Area 2 has a
higher degree of recrystallization with lower intra-granular mis-
orientation than Area 1 and Area 4. Therefore, the substrate surface
away from the center of deposition should experience less deformation
than that at the center of deposition. This is expected because the latter
experiences more significant compression and shear due to the direct
interaction with the feed-rod.

From the microstructure evolution perspective, the material in
AFSD experiences two stages: (i) a short deformation stage (∼ 0.1 s or
less) featuring high strain and high temperature, and (ii) a relatively
long annealing stage (tens of seconds) that is characterized by a gradual
decrease of the temperature in the absence of external stresses. After the
deformation stage, static recovery and recrystallization can occur if
there is a high enough driving force from the residual dislocations and
stored mechanical energy. Static recovery will lead to sharper bound-
aries and transform the non-equilibrium grain boundaries into

equilibrium ones, while static recrystallization will form new disloca-
tion-free grains in the regions of high dislocation density. The observed
microstructures here are after both deformation and annealing stages;
in principle, the exact dynamic microstructure evolution mechanisms
can only be elucidated by ‘freezing’ the microstructure right after the
deposition stage [52,56]. However, it is still reasonable to conclude that
the recrystallized microstructures here are mainly from continuous
dynamic recrystallization based on the misorientation mapping results
and the prevalence of LABs in AA 6061.

6. Conclusions

To summarize, we have systematically investigated the interface
formed in AFSD via morphological and microstructural analyses of a
dissimilar Al alloy system, AA 2024 deposition onto AA 6061 substrate.
The most salient findings of this work include:

• AFSD results in a non-planar interface with significant macroscopic
mixing between the deposited material and the substrate observed
in the out-of-plane direction. The deposited material inserts below
the initial substrate surface in the feed-rod zone, while the substrate
surface surges above it in the tool protrusion-affected zone.

• Interesting 3D features like fins and serrations form on the

Fig. 13. EBSD maps for interfacial regions. (a)–(d) Kernel average misorientation (KAM) maps, (e)–(h) grain average misorientation (GAM) maps, and (i)–(l) grain
orientation spread (GOS) maps for Areas 1–4. Scale bars in subfigures are 50 μm.
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advancing side and lead to structural interlocking. However, the
interface manifests as a smooth sloped surface on the retreating side.
This asymmetry stems from the interactions of the in-plane material
expansion (driven by the feeding compression) and the material
flow (driven by the tool head rotation), which lead to a higher level
of material accumulation and constraint on the advancing side.

• During AFSD, both the deposited AA 2024 and AA 6061 substrate
surface show significant grain refinement caused by continuous
dynamic recrystallization, which is characterized by dynamic re-
covery and subgrain formation followed by a strain-induced gradual
change from LABs to HABs. The deposited AA 2024 shows an almost
fully recrystallized microstructure that is similar throughout the
interfacial regions. This suggests that all the deposited material has
a similar thermomechanical history with large deformation.

• The substrate surface of AA 6061 shows a partially recrystallized
microstructure with more intra-granular orientation gradients ob-
served in regions that are further away from the centerline of the
deposition. These regions have a lower degree of recrystallization
and less deformation during AFSD than the substrate surface that is
directly below the feed-rod.

We note that the exact interface morphology and microstructure
depend on the material properties as well as the tool geometry. In this
work, the tool head has two small protrusions on the bottom surface.
For other tool geometries such as flat tools or tools with multiple larger
features such as in reference [55], substantially different interfaces may
arise due to expected differences in effective strain and heat generation.
Understanding the influence of tool geometry on the interface mor-
phology and microstructure is of interest for future AFSD research.
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