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Abstract
In this study, a combined computational and experimental particle tracking investigation was performed for a solid-state
additive manufacturing and repair process, Additive Friction Stir Deposition (AFSD). Specifically, smoothed particle hydro-
dynamics (SPH) simulations of AFSD were conducted in-order to elucidate deposition mechanics. The particle tracking of
the SPH AFSD simulations was validated using experimental depositions of two feedstock varieties, including anodized
AA6061-T6 feedstock to track external particles and AA6061-T6 copper wire core feedstock to track internal particles, to
represent flow behavior from different regions of the feedstock. The X-Ray computed tomography (CT) experimental results
revealed that the anodized oxides on the outside of the feedstock flowed to the retreating side, whereas the copper wire in
the center of the feedstock migrated to the advancing side. Particle tracking results from the SPH simulations showed that, in
general, particle movement is limited to directly beneath the feedstock. The rotational, radial, and traverse flow interactions
visualized by AFSD simulations explained the advancing and retreating side biases experienced by the internal copper wire
and surface oxides on the anodized feedstock. This work demonstrates the ability to predict AFSD material distributions,
which has a significant impact on as-deposited material quality.
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1 Introduction

Non-fusion-based additive manufacturing and repair tech-
niques provide a complementary approach where melting of
the feedstock is undesirable when lower heat inputs may be
necessary to minimize residual stress and distortion in sub-
strates and/or builds [1–3], or where a necessary microstruc-
turemay be required [4–6]. One solid-state technique gaining
attention from the community, Additive Friction Stir Depo-
sition (AFSD), depicted in Fig. 1, is a nascent solid-state
additive manufacturing and repair process, where the solid-
state attribute refers to limiting processing temperature below
the melting point, as opposed to fusion-based processes that
exceed the melting point.

During the AFSD process, feedstockmaterial is deposited
through the square hole of a rotating tool onto a substrate
or subsequent layers. The rotating tool generates frictional
heat, which softens the feedstock material to facilitate mate-
rial flow outwards while traveling forward to leave behind a

plasticized layer of material. The rotating tool shoulder has
been observed to break up surface oxides on the feedstock
and substrate to createmetallurgical bonds between the depo-
sition and substrate [7]. Considerable research has been
contributed toward AFSD in areas such as mechanical prop-
erties [8–15], machine learning [16], output microstructure
[17–22], recycling material [23], repair capabilities [24], and
processing temperature [25]. However, understanding mate-
rial flow of deposited material, and especially of oxides,
which may be difficult to remove from secondary feedstocks
such as waste material in remote locations where the AFSD
technique is gaining considerable interest for point-of-need
manufacturing.

It is well understood by the scientific community that met-
als can form surface oxides that must either be removed or
broken up to facilitate metallurgical bonding [26]. Typically,
in Friction Stir Welding (FSW), the severe plastic deforma-
tion induced by the spinning tool breaks up the oxide films
into smaller oxide particles,which are then trappedwithin the
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Fig. 1 Description of AFSD process where a feedstock material is pushed through a spinning non-consumable tool onto a substrate

joined material [27]. However, poor processing parameters,
which result in weak material flow, may fail to adequately
break up the oxide film, resulting in kissing bonds or the lazy
“s” feature [28–32]. These features may act as stress concen-
trations and crack nucleation sites within the FSW, which
decrease fatigue performance [33, 34]. The oxide problem
compoundswhen considering that oxide type defects are also
difficult to detect without destructive testing [35]. Given the
importance of oxide distribution in FSW plates, FSW tool
manufacturers are particularly interested in oxide movement
during FSW.

One solution to understanding the oxide problem in
FSW is to utilize particle tracking simulations. Specifically,
researchers have used particle tracking simulations in FSW
to study material flow in the stir zone [36, 37]. FSWmaterial
flow behavior is beneficial to study, since the flow largely
determines the finished weld bond strength, material homo-
geneity, weld asymmetry, and defect formation.One study by
Fraser et al. used FSW simulations, validated byX-Ray com-
puted tomography (XRCT), to identify wormhole defects in
the stir zone of FSW [38]. Another study by Dialami et al.
used FSW foil marker experiments in concert with simula-
tions to visualize the lazy “s” feature formation in the weld
nugget [39].

Given the deleterious effects oxides have on FSW parts,
and the ability of particle tracking simulations to help under-
stand the oxide problems, similar particle tracking of AFSD

simulation studies needs to be conducted to improve AFSD
part quality. While most of the AFSD research to-date has
focused on the materials science and mechanical perfor-
mance side of AFSD, limited studies have been carried out
on the simulation of AFSD [40, 41]. The smoothed particle
hydrodynamics (SPH) simulations previously developed by
Stubblefield et al. [40, 41] provide the framework for particle
tracking simulations. SPH is a prime candidate for particle
tracking simulations, because SPH simulations naturally dis-
cretize the domain into smaller material points.

This study aims to explore AFSD particle tracking sim-
ulations to elucidate how feedstock material flows during
the AFSD process. Two different types of experimental
AFSDdepositionswere used formodel calibration: anodized
AA6061 rod feedstock with surface oxides to examine
outer particle movement and AA6061 feedstock with cop-
per wire cores to track material/particles from the center
of the feedstock during deposition. The anodized feedstock
rods contained a thick oxide layer, which, when deposited,
resulted in the dispersal of aluminum oxides throughout the
depositions. Optical microscopy was employed to quantify
the surface area of oxides present in the experimental depo-
sitions. The copper wire core feedstock depositions resulted
in the dispersal of copper throughout the depositions. XRCT
scans mapped the copper distribution within the deposited
aluminum matrix. Unique insight into particle flow behavior
was also explored for each of the simulations.
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2 Materials andmethods

2.1 Additive friction stir deposition experiments

2.1.1 Anodized feedstock depositions

Anodized feedstocks were utilized to represent material flow
behavior from the outside of the feedstock. The anodized
AA6061-T6 feedstock rod depositions have been detailed in
a previous study by Ning et al. [7]. Specifically, to create the
oxide surface, the feedstock rods were anodized in sulfuric
acid resulting in an oxide layer approximately 69µmthick on
the outside of the feedstock. Two different depositions were
created with the anodized feedstock rods. The tool rotational
speed, traverse speed, and layer heightwere identical for both
studies (300 rpm, 2.12mm/s, 1.5mm). To show how actuator
feed rate would vary oxide distribution, the actuator feed rate
was varied for each deposition. The first deposition, which
will be referred to as the starved deposition, used a 1.06mm/s
actuator feed rate, which would result in a part with a narrow
deposition width and significant surface galling. The second
deposition, which will be referred to as the overfed deposi-
tion, used a 4.24 mm/s actuator feed rate, which would result
in a part with large deposition width.

2.1.2 Copper wire core deposition

While the anodized oxides representedmaterial flow from the
outside of the feedstock, the copper wire in the copper wire
core depositions represented material flow from the center
of the feedstock. The feedstock, as shown in Fig. 2, was
created by cutting a 1 mm wide, 5.76 mm deep channel into
a 9.53 mm square 152.4 mm long rod of AA6061-T6. A
copper wire was pressed into the channel followed by a 1mm
wide, 4.76 mm tall, and 152.4 mm long piece of AA6061-
T6 to fill in the remainder of the channel. For the copper
wire core deposition, the tool rotational speed, traverse speed,
layer height, and actuator feed rate were 300 rpm, 2.12mm/s,
1.5 mm, and 2.12 mm/s, respectively.

2.2 Microstructural characterization of depositions

The anodized feedstock samples were sectioned using Mit-
subishiMV 1200Swire-cut electrical dischargemachine and
polished using 1 µm diamond suspension. A Keyence VHX
7100 Microscope was used to create micrographs at 150 ×
magnification for oxide analysis. A Thermo Fisher Scientific
Apreo scanning electron microscope was used to perform
energy-dispersive x-ray spectroscopy (EDS) from EDAX to
collect compositional information of the oxides at 20 kV and
0.4 nA with a working distance of 10 mm. The copper wire
core deposition was analyzed using a North Star Imaging

Fig. 2 Feedstock used in copper wire core deposition. After cutting
out the channel in the feedstock, the copper wire was inserted into the
channel followed by the plug

XRCT machine to highlight copper distributed throughout
the AFSD builds.

2.3 SPHmethodology

When tasked with computer simulations, most researchers
choose the finite element method (FEM) to approximate
the governing equations. FEM is a powerful tool for han-
dling problems with nonlinear geometry and complicated
boundary conditions. FEM is typically based on the Galerkin
method, which is a weighted residual method that approxi-
mates governing equations over the entire problem domain
with a finite number of shape functions.

The FEM formulation discretizes simulated parts into a
series of nodes and geometrical shapes called elements, and
the connectivity between nodes and elements is known as
the mesh. In contrast, SPH is a collocation method where
the governing equations of AFSD are evaluated at a series of
material points through the formulation shown in Eq. 1 taken
from Liu and Liu 2003 [42].

f (xi ) =
N∑

j=1

m j
ρ j

f
(
x j

)
W

(
xi − x j , h

)
(1)

where f (xi ) is the function to be evaluated at a particle of
interest xi , m j and ρ j are the mass and density of the neigh-
boring particle x j , N is the number of neighbors for the
particle of interest xi , and W

(
xi − x j , h

)
is the smoothing

function, which is evaluated based on the distance between
the particle of interest and the neighboring particle xi − x j
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Fig. 3 SPHkernel function illustrating the influence domain of a particle
and the neighboring particles that fall under the influence domain [40]

and the smoothing length h, which is multiplied by particle
radius to determine how far out the particle influence reaches.
An illustration of the SPH method with a particle of inter-
est, kernel (smoothing) function, and neighboring particles
is provided in Fig. 3.

Unlike with FEM, the SPH formulation does not include
elements to discretize simulated parts, and therefore is known
as a meshfree method. The smoothing function used in this
study is the hyperbolic spline function taken fromYang et al.
[43] and shown in Eqs. 2–3.

W (s, h) = αd

⎧
⎪⎨

⎪⎩

s3 − 6s + 6 , 0 ≤ s < 1
(2 − s)3 , 1 ≤ s < 2
0 , s ≥ 2

(2)

s = xi−x j
h

(3)

where αd is the normalizing factor, which for 3D problems
is 15/

(
62πh3

)
.

For particle tracking purposes, SPH is a natural candidate
because SPH uses a Lagrangian reference frame, which pro-
vides a history of the movement of each particle over time.
Also, SPH is more suitable than a Lagrangian FEM method
for tracking particles over severe deformation, because SPH
material points represent small particles that freely move
within the problem domain, which are not constrained by
a predefined mesh. The SPH approximation was applied to
a series of continuum mechanics equations shown in [44].
The SPH methodology discretizes PDEs into ODEs, which
can then be solved temporally with time integration, a sam-
ple of which can be seen in Table 1. Due to the nonlinearity
that would arise during severe deformation, the authors in
this study used the leapfrog forward difference method to
temporally integrate the governing equations.

2.4 AFSD SPH simulations

The simulation model setup is shown in Fig. 4. The SPH
code, SPHriction-3D, was initially developed by Fraser [44]
for FSW simulations, and was adapted by Stubblefield et al.
[40] for AFSD simulations. The substrate was comprised of
69,312 SPH material points with approximately 1 mm spac-
ing. The feedstock was comprised of 11,000 SPH material
points with approximately 1 mm spacing. The rigid tool was
comprised of 16,598 triangular finite elements with approx-
imately 1 mm spacing. The rigid base was comprised of
31,238 triangular finite elements with approximately 1 mm

Table 1 Sample of PDEs approximated by the SPH method for use in AFSD simulations

Name PDE SPH

Conservation of mass Dρ
Dt + ρ∇ · v = 0

Dρi
Dt = ρi

Ni∑

j=1

m j
ρ j

(
v

β
i − v

β
j

)
∂Wi j

∂xβ
i

Conservation of momentum Dv
Dt = 1

ρ
∇ · σ Dvα

i
Dt =

Ni∑

j=1
m j

(
σ

αβ
i
ρ2
i

+ σ
αβ
j

ρ2
j

)
∂Wi j

∂xβ
i

Jaumann stress rate ds
dt = 2G

(
ε̇ − 1

3 tr
(
ε̇
)
δ
)

+ S

T + 
S

dSαβ

dt = 2G
(
ε̇αβ − 1

3 δαβ ε̇γ γ
) + Sαγ 
βγ + 
αγ Sγβ

Stress decomposition σ = S − pδ σ
αβ
i = Sαβ

i − pi δαβ

Strain rate ε̇ = 1
2 (∇sv + v∇s)

ε̇
αβ
i = 1

2

Ni∑

j=1

(
m j
ρ j

vα
j i

∂Wi j

∂xβ
i

+ m j
ρ j

v
β
j i

∂Wi j
∂xα

i

)

Spin 
 = 1
2 (∇sv − v∇s)



αβ
i = 1

2

Ni∑

j=1

(
m j
ρ j

vα
j i

∂Wi j

∂xβ
i

− m j
ρ j

v
β
j i

∂Wi j
∂xα

i

)

Conservation of energy ∂T
∂t = 1

ρCp
∇ · (k∇T ) + q̇

dTi
dt = 1

ρi Cpi

Ni∑

j=1

m j
ρ j

(4ki k j )
(ki+k j )

(Ti−Tj )

|xi j |2 xi j
∂Wi j

∂xβ
i

+ q̇i
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Fig. 4 SPH model of AFSD process with labeled parts used for model
calibration. SPH points modeled the feedstock and substrate, and rigid
finite elements modeled the tool and base

Fig. 5 SPHmodel of AFSD oxide and copper wire tagging for compar-
ison with experimental AFS Depositions

spacing. Rigid finite elements were employed to reduce sim-
ulation time. For the rigid tool boundary conditions, the tool
was positioned 1.5 mm over the substrate, traversed over
the substrate at a fixed rate of 2.12 mm/s, and had vary-
ing rotational velocities based on the test cases (1.06 mm/s,
2.12 mm/s, 4.24 mm/s). The rigid base was fixed in space.

The thermal conductivity and heat capacity are functions
that can be found in Stubblefield et al. [40]. The density
was 2700 kg/m3, the shear modulus was 26.3 GPa, and the
Poisson’s ratio was 0.33. The particle tracking scheme is
shown in Fig. 5. SPH material points on the outer surface
and center of the feedstock between 3 and 4 mm above the
substrate were tagged to represent anodized oxides and cop-
per wire, respectively. For computational efficiency of the
simulations, the tagged points had the same material prop-
erties as the remainder of the AA6061-T6 feedstock. Each
feedstock SPH material point had a representative diameter
of 1 mm, but the oxide surface thickness on the anodized
feedstock was an order of magnitude smaller at 69 µm. The

main reason for this discrepancy is the computational inten-
sity of SPH codeswith available computer resources. Despite
this shortcoming, the SPH model in this study is a valuable
tool for predicting material flow and relative concentrations
of oxides based on comparisons between experimental and
computational results. Unlike the oxides, the 1 mm copper
wire diameter is well represented by the 1 mm diameter SPH
material points, although the copper wire would fragment
into pieces smaller than 1 mm during the experimental depo-
sition and not in the simulation deposition. Fratini et al. [45]
matched FSW experiments and computer simulations using
copper foil in FSW AA6082-T6. Previous studies involv-
ing both experimental and simulated tracer particles in FSW
have noted that there may be a discrepancy due to the differ-
ent material properties of the tracer particles relative to the
rest of the material; however, studies using copper tracers
in aluminum FSW have noted small differences in process
parameters or negligible differences in process parameters
in Schmidt et al., and that copper was successfully used as
a marker material in Dickerson et al. [46, 47]. Additionally,
given that copper wire had a diameter of 1 mm, and the feed-
stock was 9.53× 9.53 mm2, the copper wire only comprised
0.86% of the cross-sectional area, minimizing the impact of
different material properties, compared with approximately
1.7% cross-sectional area in Schmidt et al. [47] and Dicker-
son et al. [47], given copper foil thickness and pin diameter.

3 Constitutive model

Due to the significant plastic deformation inherent to the
AFSD process, a constitutive model is necessary for the SPH
simulations. In this work, the authors employed the Fraser-
Kiss-St-Georges (FKS) constitutive model, previously used
for FSW simulations [38], and AFSD simulations [40]. The
FKS model is laid out in Eqs. 4, 5, 6, 7, 8:

σy(∈p, ∈, T ∗) = H(∈p)�(∈̇, T ∗)
(T ∗) (4)

H(∈p) = a1 + a2 arctan(a3 ∈p) (5)

�(∈̇, T ∗) = 1 + [
b1T ∗b2] ln

( ∈̇
∈0

)
(6)


(T ∗) = 1 − 1
(
1+e−c1T

∗) 1
c2 (7)

T ∗ = T−Troom
Tmelt−Troom

(8)

H(∈p) is the strain hardening parameter that depends on
plastic strain∈p andfitting constantsa1,a2, anda3.�(∈̇, T ∗)
is the strain rate stiffening parameter that depends on homol-
ogous temperature T ∗, strain rate ∈̇, reference strain rate ∈̇0,

123



Computational Particle Mechanics

Fig. 6 a Starved and b overfed AFS Depositions created with anodized rods for model calibration with labeled oxide analysis regions. Showing
oxide analysis regions used in results section

and fitting constants b1 and b2. 
(T ∗) is the thermal soft-
ening parameter that depends on homologous temperature
T ∗ and fitting constants c1 and c2. The values for the fitting
constants were taken from torsion tests in Stubblefield et al.
[41] and are shown in Appendix A.

4 Results and discussion

4.1 Anodized feedstock depositions

The resulting anodized feedstock depositionswith a provided
schematic of the sectioned regions are shown in Fig. 6. Oxide
analysis regions, marked in Fig. 6, were used to show the
distribution of oxideswithin the depositions on the advancing
and retreating sides from Regions 1–5. The advancing and
retreating regions were each 15.88 mm wide. All samples
were centered about the tool axis, not necessarily the center
of the deposition.

The starved deposition in Fig. 6a had a significant reduc-
tion in deposition width after the start of the deposition due
to inadequate material input from the low actuator feed rate.
To heat up the material initially, the hollow spinning tool is
brought down into contact against the substrate. Once the
material is softened, the spinning tool is slowly raised up

while an actuator pushes the feedstock material through the
center of the tool. Thedepositedmaterial fills the gapbetween
the tool and the substrate, which is seen at the start of the
deposition. However, the low actuator feed rate relative to
the tool traverse speed resulted in the reduction of deposi-
tion width once the tool moves past the initial dwell zone. In
contrast, the overfed deposition in Fig. 6b had a significantly
wider deposition width than the starved deposition in Fig. 6a
due to the high actuator feed rate. Similarly, the flash formed
in Fig. 6b was thicker than the flash formed in 6a due to the
higher actuator feed rate in the overfed deposition relative to
the starved deposition. The overfed build in Fig. 6b showed
a significant deposition bias toward the advancing side and
no galling, but the starved build in 6a was more balanced and
experienced significant surface galling.

ImageJ software was used to analyze the specific regions
in Fig. 6. First, the images were converted to black and white
via the threshold tool. Next, the particle analysis tool was
employed to obtain the size of each oxide in the images. The
total oxide area for advancing and retreating sides was cal-
culated by summing oxide particle areas. A minimum oxide
area threshold was varied from 1 to 1000 µm2 to account for
noise in the small specks. The oxide ratio, which is the ratio
of oxide surface area on the advancing side to the retreat-
ing side, was calculated by varying the minimum oxide area
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Fig. 7 a Region 2 micrograph of overfed anodized AFS Deposition with SEM image indicating EDS point scans. b–g EDS results from Region 2
of the overfed AFS Deposition confirm the appearance of anodized oxides

threshold and dividing the advancing side oxide area by the
retreating side oxide area.

4.2 Oxide Verification

In each of the samples, dark particles visible under SEM
dispersed throughout the top of the samples. In a similar
study investigating the mixture of dissimilar aluminum-
copper friction stir processing, Mehta et al. [48] used
SEM imagery to highlight the aluminum- and copper-dense
regions. The back-scattered electron image with correspond-
ing EDS results is shown in Fig. 7. The three spots analyzed
were on the dark particles, and the last three spots were
analyzed on thematrix. Spots 1–3 contained significant quan-
tities of aluminum and oxygen, indicating the presence of
aluminum oxides. The presence of sulfur was a result of the
anodization process, implying that spots 1–3 were aluminum

oxide particles specifically from the feedstock. Spots 4–6
taken on the gray backgroundwere comprised almost entirely
of aluminum, with trace amounts of other elements such as
silicon and magnesium, consistent with AA6061 composi-
tion.

4.3 Anodized feedstock experiment vs simulation

The quantified experimental oxide distributions are provided
inFig. 8.Regions 1–5on the horizontal axis correlatewith the
oxide analysis regions labeled in Fig. 6. The oxide ratio on the
vertical axiswas calculated bydividing the total oxide surface
area on the advancing side by the total oxide surface area on
the retreating side for each oxide analysis region in Fig. 6a,b.
A high oxide ratio suggests that more oxides were found
on the advancing side, and a low oxide ratio indicates that
more oxides were found on the retreating side. Region 1 was
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Fig. 8 Quantified AFSD oxide distributions for the anodized feedstock
depositions per oxide analysis region show preference for retreating
side in both a starved and b overfed builds for both experiments and
simulations. The oxide analysis regions are labeled on the physical
samples in Fig. 6

the start of the deposition and region 5 was the finish of the
deposition. Both the starved and overfed depositions showed
a low oxide ratio in Regions 2–4, indicating a preference
for the retreating side in the steady-state areas. The transient
areas in Regions 1 and 5 had greater variances in the oxide
ratio. The discrepancy between experimental and simulated
oxide distributionswas anticipated and discussed in Sect. 2.4.

4.4 Copper wire core deposition

The resulting deposition with feedstock schematic is shown
in Fig. 9. Since the actuator feed rate of the copper wire core
deposition in Fig. 9a was between the actuator feed rates
of the starved oxide deposition in Fig. 6a and overfed oxide
deposition in Fig. 6b, the deposition width of the copper wire
core deposition was also between the widths of the starved
and overfed oxide depositions. The copper wire core depo-
sition in Fig. 9a also experienced some flash at the start of
the deposition and relatively smaller flash features on the
advancing and retreating side.

Fig. 9 aCopper wire core deposition usingAFSD for use in SPHmodel calibration. b Schematic showing construction of copper wire core feedstock
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Fig. 10 a XRCT scan of copper
wire core deposition using AFSD
shows concentration of copper
on the advancing side. b SPH
simulation of AFSD process with
copper wire core feedstock
shows good agreement with
experimental deposition

4.5 Copper wire core experiment vs simulation

The XRCT scan of the copper wire core deposition is shown
in Fig. 10. The black areas are copper, and the transparent
areas are aluminum. The SPH simulation in Fig. 10b shows
a curved copper concentration region that correlated well
with the experimental deposition in Fig. 10a. The shape of
the copper concentration regionwas a consequence of copper
fragments tending to flow to the advancing side as the copper
flowed out from the center of the tool. Although the copper
showed an advancing side bias, some fragments were scat-
tered in the retreating side. A dissimilar aluminum-copper
friction stir welding study by Zhou et al. [49] also showed
particle fragments in the stir zone. Both the experiment and
the simulation show a large cluster of copper at the end of
the deposition, since the copper had not yet flowed outwards.
Although the copper wire had been deformed and broken up,
most of the copper wire fragments remained near other frag-
ments, indicating a lack of material mixing. In contrast with
the anodized oxides flowing to the retreating side in Fig. 8,
the copper wire showed an advancing side bias in Fig. 10.
This indicates a discrepancy in particle movement based on
position within the feedstock, since the oxides started on the
outside of the feedstock and moved to the retreating side,
but the copper wire started in the center of the feedstock and
moved to the advancing side.

4.6 Particle paths

4.6.1 Surface oxide particle paths

TheAFSDflowbehavior for the oxide particles using the tool
as a fixed reference frame is shown in Fig. 11. The image in
Fig. 11a shows the experimental positionof the depositedpar-
ticles. The vertical axis represents the tool travel direction,
the horizontal axis represents the advancing and retreating
sides, and the deposition direction is into the page. The feed-
stock rotation circumference is based on the diagonal width
of the feedstock square cross section. For both Fig. 11b and
c there are three competing flows that dominate different
regions under the tool: (1) rotational flow, (2) radial flow,
and (3) traverse flow.

Rotational flow is caused by the spin of the tool and has a
significant effectwhile the particle is stillwithin the feedstock
rotation circumference. The reason for this flow behavior is
because the force pushing down on the feedstock is great-
est directly beneath the feedstock, which results in minimal
slip and maximum circular movement. However, once par-
ticles moved outside the feedstock rotation circumference,
the rotation flow became much weaker, due to increased slip
from decreased normal forces acting on the particles. The
second type of flow is radial flow, which is caused by the
actuator pushing feedstock material out of the tool and onto
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Fig. 11 a Location of tracked oxide particles at start of simulation on
the outside of the feedstock. Oxide particle paths during b starved and
c overfed simulations show three kinds of flow behaviors interact to

determine particle movement: (1) rotational flow, (2) radial flow, and
(3) traverse flow
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Fig. 12 a Location of tracked copper particles at start of simulation at the center of the feedstock. b The central starting position of the copper
particles results in a spiral flow out of the feedstock rotation circumference

the substrate. Radial flow also occurs in FSW, as seen in Xie
et al. [50]. While initially moving down the center of the
tool, the radial flow shifts 90° to move parallel to the sub-
strate away from the center of the tool. The strength of the
radial flow is dependent on the actuator feed rate, which is
highlighted in the different flow behaviors of the starved sim-
ulation in Fig. 11b and the overfed simulation in Fig. 11c. The
overfed simulation had a significantly higher actuator feed
rate than the starved simulation (4.24 mm/s vs 1.06 mm/s),
which resulted in oxides in the overfed deposition flowing
outwards more than oxides in the starved simulation. Also,
the high radial flow of the overfed simulation in Fig. 11c
interfered with the rotational flow more than in the starved
simulation in Fig. 11b, which helps explain the more erratic
flow behavior of the overfed simulation in Fig. 11c than the
starved simulation in Fig. 11b. The third type of flow is tra-
verse flow, which is based on the travel speed of the AFSD
tool over the substrate. Unlike rotational and radial flow,
traverse flow only has a significant effect once the particles
are outside of the feedstock rotation circumference.

4.6.2 Internal copper particle paths

The AFSD flow behavior for the copper particles using the
tool as a fixed reference frame is shown in Fig. 12. The orig-
inal position of the particles is shown in Fig. 12a, which

represents a section of the copper wire in the center of the
feedstock shown in Fig. 9b. The vertical axis represents
the tool travel direction, the horizontal axis represents the
advancing and retreating sides, and the deposition direction
is into the page. The feedstock rotation circumference is
based on the diagonal width of the feedstock square cross
section. As in Fig. 11b, c the same three flows-rotational,
radial, and traverse are present in Fig. 12b. Unlike with the
surface oxide particles in Fig. 11b and Fig. 11c, the copper
wire particles in Fig. 7b began in the center of the feedstock
and flowed outwards in a spiral pattern. Particle 5 did not
escape the feedstock rotation circumference and would be
present among the large cluster of copper at the end of the
deposition as shown in Fig. 10.

While the anodized feedstock depositions in Fig. 8 showed
a retreating side bias for oxide distribution, the copper wire
core depositions in Fig. 10 showed an advancing side bias
for copper distribution. This indicates that the probability
of a particle to end up on the advancing or retreating side
is a function of starting position in the feedstock, since the
oxides in Fig. 11 were on the outer surface of the feedstock
and the copper wire in Fig. 12 was at the center of the feed-
stock. While all particles showed the most movement within
the feedstock rotation circumference, the copper particles in
Fig. 12b experienced a significant drop in rotational flow
while still within the feedstock rotation circumference. In
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contrast, the oxide particles in Fig. 11b and c did not expe-
rience a significant drop in rotational flow until after exiting
the feedstock rotation circumference.

The copper wire deposition in Fig. 10 followed the gen-
eral deposition trend toward the advancing side.However, the
oxides gravitated to the retreating sides of the depositions as
shown in Fig. 8, despite the advancing side bias of the deposi-
tions in Fig. 6. This behavior is explained by the interaction
of rotational and traverse flow. On the advancing side, the
rotational flow and the traverse flow run against each other,
but on the retreating side, the rotational flow and the traverse
flow run with each other. This suggests that a particle is more
likely ejected from the feedstock rotation circumference on
the retreating side, where the net flow is the strongest, which
was typically seenwith the oxide particles in Fig. 8.However,
for a particle starting in the center of the feedstock, the rota-
tional flow weakens before the particle leaves the feedstock
rotation circumference, because the particle is being incor-
porated into the deposition, which means that the traverse
flow has a greater effect on particle movement. This results
in the relatively stronger traverse flow pushing the particle
back against the rotational flow. In this scenario, particles
tend to spend more time on the advancing side where the two
flows counteract each other, and therefore results in more
particles that started in the center of the feedstock flowing to
the advancing side. This behavior explains the bias of copper
particles on the advancing side as shown in Fig. 10.

The AFSD tool used in this study has a flat shoulder face,
which may explain the lack of rotational flow in Figs. 11b, c
and 12b outside of the feedstock rotation circumference. Per-
haps an alternate tool design such as the four-teardrop tool in
[8, 12, 14] or the two-protrusion tool in [20]would encourage
more flow outside of the feedstock rotation circumference.
Futurework could also explore different composite feedstock
configurations and investigate how the constitutive elements
distribute within the AFSD depositions.

5 Conclusions

In this work, a particle tracking AFSD simulation using an
SPH framework was presented for the first time. Experimen-
tal depositions using two anodized AA6061-T6 rods with
external oxides on the feedstock and one AA6061-T6 copper
wire core feedstock were created for SPH model calibration.
The anodized feedstock simulations showed a bias toward
the retreating side, which reflected experimental results. The
copper within the copper wire core deposition was con-
centrated on the advancing side with fragments dispersed
throughout the deposition. The copper in the copper wire
core simulation showed a similar curved copper concentra-
tion region as the experimental copper wire core deposition.

The particle tracking plots indicated that particle move-
ment was mostly limited to directly beneath the feedstock.
Varying actuator feed rate influenced particle flow behav-
ior by increasing radial flow away from the tool. Also, the
particle tracking plots revealed the interaction between dif-
ferent material flows: rotational, radial, and traverse flow.
The discrepancy between oxide particles and copper particles
flowing to the retreating and advancing sides, respectively,
was explained by the interaction between the different mate-
rial flows.

The presented SPH model is useful for analyzing mate-
rial flow within AFS Depositions, which would be time-
consuming and difficult to experimentally quantify with each
deposition.One advantage of having validated computer sim-
ulations of a process is the predictive power simulations
provide. If defects are present at oxides, researchers can
use the SPH simulations to track oxides over a battery of
simulations and select optimal process parameters to push
oxides to the outside of the deposition,where post-processing
machining can remove the oxides. Another example involves
composite feedstocks. Engineers can select optimal process
parameters to ensure homogeneousmixing of different mate-
rials, without wasting resources on physical trials.
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Appendix

Appendix A. Constitutive Model Constants

The FKS constitutive model constants taken from Stubble-
field et al. [41] are shown in Table 2.
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Table 2 FKS constitutive model constants used in this study

a1
(MPa)

a2
(MPa)

a3 b1
(MPa)

b2 c1 c2

317.6 1.00 70.00 12.44 5.65 13.00 0.01
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