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Abstract
This study presents a meshfree framework for modeling the friction surfacing (FS) process using the smoothed particle
hydrodynamics (SPH) method. The framework leverages GPU computing to address the computational demands of SPH,
incorporates optimization techniques such as particle switching and sub-domain division to enhance simulation time efficiency,
and integrates artificial viscosity, artificial stress, and kernel correction for simulation stability. A novel criterion for material
separation based on joining temperature and critical shear stress is proposed for the rod material, providing accurate results in
terms of the deposited material to the substrate during FS. Furthermore, the model is successfully validated to experimental
observations of FS of the aluminum alloy AA5083 in terms of axial force, temperature profiles, and deposit geometries,
proving the main dependencies of process parameters on deposit width and thickness. The SPH model provides in-depth
insight into the deposition mechanisms, particularly illustrated in terms of material flow, deposited material distribution, and
rod flash formation, aligning well with experimental findings. The simulations confirm the deposit shift toward the advancing
side, where the maximum temperature is also observed. High plastic strain is concentrated in the rod flash and deposit, with
higher values on the advancing side than the retreating side. The validated 3D SPHmodel provides a robust tool for predicting
the thermo-mechanical behavior in FS processes, offering insights to advance the understanding and optimization of this
deposition technique.

Keywords Meshless methods · Smoothed particle hydrodynamics · GPU computing · Friction surfacing

1 Introduction

Friction surfacing (FS) is a solid-state coating process that
enables the deposition of a consumablematerial via frictional
heat and plastic deformation. In this process, a rotating con-
sumable rod is pressed onto the substrate surface under an
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applied axial load. As the rotating rod rubs against the sub-
strate, the softened material in this zone experiences shear
deformation. This shearing action essentially breaks down
the material structure, and a layer of material is deposited
on the substrate. The deposited layer consolidates and forms
a new interface to the rotating rod. A continuous deposited
material layer is obtained by applying a traverse speed to
the substrate, and a mushroom-shaped flash of material is
formed at the rod tip along the deposition process [1]. FS has
a lower heat input compared to fusion-based processes due to
its solid-state nature, where the maximum temperature does
not reach thematerial’s melting temperature. This minimizes
the size of the heat-affected zone (HAZ) and prevents distor-
tion of larger parts [2]. Moreover, dynamic recrystallization
leads to the formation of a fine-grained microstructure of the
deposit due to the thermo-mechanical input during the pro-
cess [1]. Due to these advantageous features, FS represents
a prominent technology for coating and repair applications
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[3]. Recently, it also gained attention in terms of additive
manufacturing [4–6].

Several experimental studies have investigated the FS
process, for instance, in terms of the effect of the process
parameters on the process characteristics. Fitseva et al. [7]
indicated that higher rod rotational speeds combined with
increased axial forces result in more efficient deposition.
Rahmati et al. [8] revealed that an increase in the rotating
velocity of the consumable rod necessitates a reduction in
either the axial feed rate or the traverse velocity. Rafi et al. [9]
found that slower rod rotation creates wider coatings, where
faster traverse speed results in thinner coatings. Kallien et
al. [10] showed that axial force, rotational speed, backing
material, and substrate thickness affect process temperatures,
which in turn determine the final deposit geometries.

Although there exists a significant number of experimental
studies investigating the FS process, there remain significant
challenges in terms of process understanding. The continu-
ous consumption of the rod and intense forces on the substrate
surface make temperature measurements as well as material
flow investigations difficult, especially at the critical rod–
substrate contact zone. This necessitates the use of numerical
methods to investigate the FS process. Initial numerical
models often employed the finite element method (FEM),
which primarily focused on the temperature field [11, 12].
In these models, the deposited material was typically intro-
duced using the element activation technique (e.g., [12]), thus
neglecting the actual material flow. Next to purely thermal
analysis, studies on the thermo-mechanical response were
also performed via FEM in a similar fashion [13, 14]. In gen-
eral, mesh-based discretization techniques such as the FEM
encounter difficulties when dealing with material separation
and severe plastic deformation, both present in the FS pro-
cess. As an alternative, meshless approaches are promising,
where the smoothed particle hydrodynamics (SPH) approach
presents one of the prominent methods [15].

The general idea of SPH is to approximate a continu-
ous field using a set of kernel functions centered at discrete
particles, which carry the physical properties of the sys-
tem. SPH has been successfully used to model solid-state
processes, such as friction stir welding (FSW), additive fric-
tion stir deposition (AFSD), and friction extrusion (FE). For
instance, Tartakovsky et al. [16] used SPH for simulating the
FSW process, but the model dimensions were limited due to
high computational costs. To address the high computational
costs, Fraser et al. [17] presented a GPU-based SPH frame-
work for simulating FSW, enabling efficient computation of
temperature, stress, and material flow. Using this framework,
Stubblefield et al. [18] developed a model to simulate AFSD,
which captured the main process characteristics, such as the
temperature differences between the advancing side (AS) and
retreating side (RS). Palya et al. [19] used SPH to predict the
performance of AFSD repairing, which was integrated into

a fatigue model to estimate fatigue life performance. Li et
al. [20, 21] presented the successful application of SPH to
model FE in terms of material flow. In a subsequent study, Li
et al. [22] incorporated a constitutive model based on dislo-
cation density in the SPH framework, leading to significant
improvements in the prediction of material behavior at larger
deformation.

Although meshfree simulations have been successful in
simulating many solid-state processes, their use for FS is still
scarce, in particular due to the underlying separation process.
While Aval et al. [23–25] applied SPH to FS, their model did
not cover in-depth aspects of material transfer from the rod to
the substrate. Furthermore, their study was based on a CPU
implementation, leading to certain restrictions in terms of
resolution due to the simulation time.

These aspects are addressed in this work. In this regard,
a fast, robust, and comprehensive framework on the basis
of SPH is developed for the FS process. The framework is
based on a GPU-based framework [26], implemented using
C++/CUDA [27]. A meshfree SPH approach is employed
with a combination of stabilization terms to achieve a robust
and accurate simulation of the FS process. A novel join-
ing criterion based on joining temperature and critical shear
stress is proposed, allowing to accuratelymodel the transition
from rod to deposited material during FS. The simulations
are validated against experimental data, showing their accu-
racy in capturing the key thermo-mechanical phenomena.
Simulation results enable detailed tracking of material trans-
formation from the rod to the substrate and prediction of
rod material distribution within the deposit, contributing to a
deeper understanding of FS and its optimization.

The paper is organized as follows: Sect. 2 details the exper-
imental procedure used for FS. Section 3 discusses the FS
model formulation in a meshfree updated Lagrangian frame-
work. Section 4 outlines the model setup. Section 5 presents
the numerical results, validates them against experimental
data, and discusses the obtained results. Finally, Sect. 6 con-
cludes the paper with remarks.

2 Experimental setup

The FS experimental data taken for the validation of the
model is mainly based on a previous experimental study
[10]. The materials for the experimental part of this work
were the aluminum alloy AA5083-H112 as consumable
studs (125mm length, 20mm diameter) and the aluminum
alloy AA7050-T7451 as substrates (300mm length, 130mm
width, 10mm thickness). An AA7050-T84 backing plate
(300mm length, 130mm width, 8mm thickness) was used
between the substrate andmachine table.All experimental FS
layer depositions were performed at room temperature using
special-purpose friction welding equipment (RAS, Henry
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Table 1 Overview of process
parameters and resulting
average feed rate for
experimental FS layer
depositions obtained in [10]

Set Axial force Rotational speed Traverse speed Feed rate
(kN) (rpm) (mm/s) (mm/s)

A 8 1200 6 1.83

B 8 900 6 1.86

C 8 1500 6 1.83

D 8 1200 4 1.93

E 8 1200 8 2.18

Fig. 1 Solid-state layer deposition via FS, showing a the experimental deposition of one single layer and b a schematic of the FS process, where
the main process parameters are axial force, rotational, and traverse speed

Loitz Robotik, Germany), where the three main process
parameters are axial force, rotational speed, and traverse
speed. The FS process begins with the dwelling phase, where
the rotating rod is pressed onto the substrate at a defined force
without applying any traverse speed. Following this, the pro-
cess shifts to the deposition phase, during which a constant
traverse speed is applied to the substrate. The correspond-
ing FS experiments were performed in force control, i.e., the
resulting rod feed rate is an output parameter that is calcu-
lated from the axial displacement and time recorded by the
welding equipment throughout the layer deposition. During
the deposition phase, the process presents a stable behavior
in terms of torque, force, and displacements. The process
can be considered to be in a steady state after approximately
35mm of deposition. The feed rate was calculated over the
next 100mmof deposition.Anoverviewof the considered FS
layer depositions is given in Table 1. The feed rate depends
on the axial force as well as the process temperature [10].
For a variation in rotational speed for sets A and B, while
keeping the axial force constant, the change in process tem-
perature was not very significant, which explains the similar
values in feed rate. The process temperatures were recorded
at 50 Hz using thermocouples (Type K) positioned 0.5 mm
below the substrate’s surface at different distances from the

considered center position of the deposit. Figure 1a shows the
experimental FS process, while Fig. 1b provides a schematic
overview. The thickness andwidth of the deposits were deter-
mined fromcross sections taken from theFSdeposited layers.
For more details on the experimental procedures, the inter-
ested reader is referred to [10].

3 Meshfree formalism

This section covers the discretization of the FS model’s gov-
erning equations using the SPH method and the applied
contact and friction forces. Moreover, it discusses the mate-
rial model and heat generation. For completeness, details on
the notation used in this work are provided in “Appendix A”.

3.1 Discretized governing equations

The governing system for solid mechanics can be expressed
using three conservation laws:mass,momentum, and energy.
Additionally, there are a constitutive equation and a kine-
matic equation to be solved. The SPHmethod solves the field
equations using interpolation with a kernel function,W (r , h)

[28]. The kernel function operates on a set of neighboring
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Fig. 2 Schematic of kernel function interpolation in SPH method (for
2D)

material particles that are within a smoothing length h of the
particle of interest, see Fig. 2. The smoothing length defines
a cutoff radius around the particle of interest. The smooth-
ing length is determined via the product of the smoothing
length factor h f and initial particle spacing �x , where the
smoothing length factor represents a user-defined parameter.
By using kernel interpolation, the SPH method can accu-
rately approximate the field variables and their derivatives,
ensuring smooth and continuous solutions without the need
for a predefined mesh structure. The system of governing
equations is approximated using the SPH method as

ρ̇i = −ρi

N∑

j=1

Vj
[
v j − vi

] · ∇Wi j , (1)

v̇i =
N∑

j=1

m j [σ i

ρ2
i

+ σ j

ρ2
j

+ �i j I + Ri j︸ ︷︷ ︸
stabili zers

]∇Wi j + 1

mi
bi ,

(2)

Ṫi = 1

cpi ρi

⎡

⎣
N∑

j=1

Vj
2ki k j

ki + k j

[
Tj − Ti

]∇W PSE
i j

+q̇ f ric
i + q̇ pl

i + q̇dissi

]
, (3)

ẋi = vi + β

N∑

j=1

m j

ρi + ρ j

[
v j − vi

]
Wi j

︸ ︷︷ ︸
Xsph correction

, (4)

where ρi , vi , Ti , and xi are the density, velocity, temperature,
and position of particle i , respectively. Vj = m j/ρ j is the
volume represented by particle j .σ i andσ j are the stress ten-
sors of particle i and j , respectively. I is the identity tensor.
�i j is called the artificial viscosity and Ri j artificial stress,
see “Appendix B”. bi are the body forces, and cpi and ki are

the heat capacity and the thermal conductivity, respectively.
The harmonic mean of the thermal conductivities 2ki k j

ki+k j in

Eq. (3) is used for enhancing the stability [29]. q f ric
i and q pl

i
are the heat generated due to friction and plastic deformation,
respectively. qdissi is the dissipated heat to the surroundings.
β is the Xsph modified velocity factor, which is used to pre-
vent the particles from clustering [30]. The “Cubic B-spline”
smoothing function [31] employed as smoothing kernel Wi j

is given as

Wi j = nc

⎧
⎪⎨

⎪⎩

1 − 3
2 R

2 + 3
4 R

3, 0 ≤ R < 1
1
4 [2 − R]3, 1 ≤ R ≤ 2

0, otherwise

(5)

where the normalization factor nc = 1
πh3

(for 3D) and R =
‖xi j‖
h are used. xi j is the distance between the two particles

i and j . In this regard, the gradient of the smoothing kernel
reads as follows

∇Wi j = xi j
‖xi j‖

∂Wi j

∂R
. (6)

Particle strength exchange (PSE) kernel is used for the
second derivative approximation in Eq. (3) as recommended
by Afrasiabi et al. [26, 32]. ∇WPSE

i j is given by

∇W PSE
i j = 4

π
3
2 h5

N∑

j=1

e−R2
. (7)

The conventional SPH method, as presented in Eqs. (1)–
(4), has a limitation in reconstructing even a linear function
throughout the entire domain [33, 34] due to a boundary
deficiency. This limitation is a well-known drawback in
meshfree simulations. To address this shortcoming, the cor-
rected smoothed particle method (CSPM) [35] is used for the
calculation of the spatial gradient of any arbitrary function
f (xi ), which is expressed

∇ f (xi )CSPM = A−1
i

⎡

⎣
N∑

j=1

Vj
(
f
(
x j
) − f (xi )

)∇Wi j

⎤

⎦ ,

(8)

Ai =
N∑

j=1

Vj
(
x j i ⊗ ∇Wi j

)
. (9)

Ai is the second-order CSPM re-normalization tensor
for the first derivatives of particle i . FS simulations require
CSPM as high-speed particles on the surface of the rod suffer
from this well-known boundary deficiency. Omitting CSPM
leads to irregular particles distribution on the rod outer sur-
face and eventually the failure of the numerical simulation.
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Particles on the rod outer surface have only half, or less, of
the usual kernel support. CSPM effectively re-centers and
rescales the kernel gradient so that—even at a half-support
boundary—it reproduces linear fields. That eliminates the
imbalances in neighbors, preserves uniform spacing, and pre-
vents the particles from clustering and void formation on the
rod outer surface, see “Appendix C”.

3.2 Contact and friction forces

The contact force is calculated based on the notion that each
particle possesses a spherical volume that is impenetrable by
any other body particle [36]. To determine whether a body
particle is penetrating into another body particle, the distance
between them is calculated and compared with the initial dis-
cretization distance. Then, the penalty contact force is given
by

f coni =
∑

j∈MBc
i

[λ1 ṗnav

i j + λ2 p
nav

i j ]AVjWi jnav
i j , (10)

where MBc
i is the set of neighboring contact particles for

particle i , determined by the condition ||xi j || < �x . A =
π�xh and pnav

i j is the average penetration distance, ṗnav

i j is
the average penetration rate, and nav

i j is the average normal
vector between the two contact particles, see “Appendix D”.
λ1 and λ2 are calculated as

λ1 = ρ j c j
ρ j c j + ρi ci

ρi ci , (11)

λ2 = Ei E j

Ei + E j

1

�x
, (12)

where Ei and E j are the modulus of elasticity of the particles
in contact. The penetration distance pnav

i j and the penetration

rate ṗnav

i j are given by

pnav

i j =
[
�x − |xi j · nav

i j |
]
, (13)

ṗnav

i j = [
vi − v j

] · nav
i j . (14)

The friction force is calculated based on the classical
Coulomb friction model using a constant coefficient of fric-
tion μ. The friction force acts on the contact tangential plane
and is calculated as follows

f f r ic
i = μ

∥∥ f coni

∥∥ vrel,ti j∥∥∥vrel,ti j

∥∥∥
. (15)

v
rel,t
i j denotes the relative tangential velocity, given as

vrel,ti j = vreli j − vreli j ◦ nav
i j , (16)

where vreli j denotes the relative velocity, determined via

vreli j = vi − v j . (17)

3.3 Material model

Hooke’s law is used for modeling the linear elastic material
behavior. Jaumann rate [37] is employed for modeling the
deviatoric stress S instead of the rate of the Cauchy stress
because of its lack of frame invariance. By assuming an
isotropic material, the rate of change of the deviatoric stress
Ṡ is given by

Ṡ = 2G[ε̇ − tr(ε̇)

3
I] + � · S − S · �. (18)

G is the shear modulus and I is the identity matrix. ε̇ is
the strain rate tensor, and � is the skew-symmetric parts of
the velocity, given as

ε̇ = 1

2
[∇v + (∇v)T ], (19)

� = 1

2
[∇v − (∇v)T ]. (20)

The total stressσ is defined as the subtraction of the hydro-
static stress Sh from the deviatoric one S [38], expressed as

σ = S − Sh, (21)

Sh = pI. (22)

p is the hydrostatic pressure, which is calculated based on
the following equation according to Libersky et al. [39], who
applied it to SPH:

p = c20 [ρ − ρ0]. (23)

c0 and ρ0 are the speed of the sound wave in the material
and its initial density, respectively. The material is assumed
to follow J2 plasticity theory, i.e., the plastic behavior of
the material is only influenced by the deviatoric stress. J2,
represented by the second invariant of the deviatoric stress
tensor, is calculated as

J2 = 1

2
[S : S]. (24)

This leads to a yield function given as

F(J2) = √
3J2 − σy(εpl , ε̇pl , T ) = 0. (25)

123



3726 Computational Particle Mechanics (2025) 12:3721–3745

The Johnson–Cook model [40] is employed to capture the
material’s constitutive behavior, which is expressed as

σy
(
εpl , ε̇pl , T

) = [
A + B

(
εpl

)n]
[
1 + C ln

(
ε̇pl

ε̇0pl

)]

[
1 −

(
T − T0
Tm − T0

)m]
, (26)

where A, B,C, n, and m are the Johnson–Cook material
parameters, determining the strain hardening, strain rate
strengthening, and thermal softening behavior of the mate-
rial. εpl and ε̇pl denote the equivalent plastic strain and
equivalent plastic strain rate, respectively. ε̇0pl is the equiv-
alent plastic reference strain rate used in determining A, B,
and n. T , T0, and Tm are current, reference, and melting tem-
perature, respectively.

3.4 Heat generation and dissipation

The model incorporates two heat sources: heat generated by
plasticity q̇pl and heat generated by friction q̇ f ric. The q̇pl is
calculated as [20, 26]

q̇pl = α ε̇pl σy
(
εpl , ε̇pl , T

)
, (27)

where α is the Taylor–Quinney coefficient. The other heat
source q̇ f ric is given by [20, 26]

q̇ f ric = ts
∥∥ f f r ic

∥∥ ∥∥vrel,t
∥∥ , (28)

where ts represents the heat splitting factor due to friction
between the rod and the substrate. f f r ic and vrel,t are the
friction force and the relative tangential velocity between two
different bodies in contact, respectively.

The heat is dissipated to the surroundings by convection
given by [41]

q̇diss = hc As (Tref − Ts). (29)

where hc is the heat convection coefficient. Ts is the particle
temperature exposed to the surrounding environment, Tre f is
the surrounding reference room temperature, and the particle
surface area is defined as As = �x2.

4 Model setup

The model setup for FS, depicted in Fig. 3a, consists of three
key components: a deformable rotating rod representing the
consumable material, a deformable substrate, and a rigid
backing plate. During the simulated dwelling phase, the rod
is allowed to rotate at a fixed position while being fed down-
ward at a constant rate for a depth of 1mm, as illustrated

in Fig. 3b. Subsequently, the simulation transitions to the
deposition phase, where the substrate itself begins to move
laterally at a constant traverse speed and the deposit is formed
over the substrate as shown in Fig. 3c.

4.1 Model geometry andmain simulation
parameters

In the model, the AA5083 rod has a diameter of 20mm
and a length of 50mm. The AA7050 substrate measures
75 × 80 × 8 mm3. The backing plate has dimensions of
75×80×10mm3.Heat dissipates to the surroundings by con-
vection through the outer surfaces of themodel. A higher heat
convection coefficient is employed on the backing plate bot-
tom surface tomimic heat dissipation to theweldingmachine
table [42]. The employed material parameters used in this
study are given in Tables 2 and 3, where the thermo-elastic
properties are used as temperature-independent. Further con-
stants used in the simulation are summarized in Table 4.
The rod is discretized initially with 35,945 particles, where
316,332 particles are used for the substrate and backing plate
combined. The initial SPH particles are spaced 0.75 mm
apart. The initial particle spacing is selected to balancemodel
prediction accuracy with simulation run time. Reducing the
particle size by 0.1 mm increases the simulation time by
approximately 70%, with no significant improvement in pre-
diction accuracy. Different particle types have been used
(deformable, rigid),which is addressed in detail in the follow-
ing sections. Thedevelopedmodel is used to simulate each set
of process parameters listed in Table 1. To ensure numerical
stability, all simulations employed displacement boundary
conditions. The axial force obtained from the model is then
compared against the force applied by the welding machine
for model validation.

4.2 Joining criterion

In this study, the material flow from the rod to the deposit
is defined based on the particle energy and maximum allow-
able shear stress. For the particle to leave the rod and join the
deposit, on the one hand, the particle’s energy state has to sur-
pass a predefined level.On theother hand, the applied stress at
the interface during deformation has to be sufficiently high to
shear the material off, limited by the temperature-dependent
shear strength of the material. The total joining criterion is
defined as

Joinedi =
{
1, (Ti ≥ ηTm) ∧ (ε

pl
i ≥ 0.01) ∧ (τi ≥ τ allowi )

0, Otherwise

(30)
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All dimensions are in mm

Interchangeable particles 

Rigid particles   

Deformable particles 
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Rod

Moving deformable circle

Initial deposition

Initial formation
 of rod flash

Feed rate 
direction

Rotational speed 
direction

Feed rate 
direction

Rotational speed 
direction

Traverse speed direction

Deposition Rod flash

(a)

(b) (c)

X

Z

Y

X

Z
Y

X

Z
Y

Fig. 3 FS model used in this study: a the main dimensions and particle types; and b and c visualization of feed rate direction, rod rotational speed
direction, and the formation of rod flash and material deposition at the end of dwelling phase and the deposition phase, respectively

Table 2 Johnson–Cook material parameters of the rod and substrate materials: AA5083 [43] and AA7050 [44], respectively. No strain hardening
has been assumed for the deposited material AA5083, where the influence of the strain hardening coefficient B is studied in the results section

Unit A (MPa) B (MPa) C (−) m (−) n (−) T0(◦C) Tm(◦C)

AA5083 167.0 0.0 0.001 0.859 0.551 20 620

AA7050 450.821 108.537 0.027 0.981 0.045 20 630
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Table 3 Thermal properties of the rod and substratematerials: AA5083
[43] and AA7050 [44], respectively

ρ E ν k cp
Unit (kg/m3) (GPa) (−) (W/m ◦C) (J/kg ◦C)

AA5083 2700 70 0.3 117 910

AA7050 2830 70.3 0.33 167 896

where ε
pl
i denotes the current plastic strain of the particle and

ηTm represents a fraction of the melting temperature. τ allowi
is the maximum allowable shear stress for the particle calcu-

lated as
σ
y
i√
3
. This criterion essentially ensures that particles

only join the deposit if they are sufficiently hot (Ti ≥ ηTm)
and have undergone plastic deformation (ε pl

i ≥ 0.01).1

Additionally, the novel criterion (τi ≥ τ allowi ) captures the
shear-off process occurring between the rod material and the
joining interface. By integrating this shear stress threshold,
the joining criterion imposes a realistic physical constraint
on the deposition process. This ensures that particles are
mechanically separated only when sufficient shear force is
applied, thereby improving deposition quality. Finally, to
explore how joining temperature affects material deposition,
simulations were performed for different values of η. The
outcomes of these simulations will be discussed in the results
section.

4.3 GPU implementation and enhancements

The maximum time step �tmax calculated based on the
Courant–Friedrich–Lewy (CFL) condition [47] is 4.1e−8s
for the current model setup, which would require roughly
180 million time steps for a simulation time of 7.4 s, repre-
senting a deposited length of roughly 65mm, depending on
the specific welding parameters. Due to the high computa-
tional cost, simulating this process on the CPUwith a total of
352,277 particles represents not an option. However, prelim-
inary runs even on a single NVIDIA A100 GPU card took
more than 1400h to be completed. This time is reduced to
around 50h by introducing three key enhancements: using a
velocity scale factor (Vs f ), particle switching, and introduc-
ing sub-domains.

4.3.1 Velocity scale factor

This study adopts the velocity scaling technique previously
utilized by Li et al. [20] for simulating the friction extrusion
process. This method reduces computation time by scaling
all velocities in the simulation by a factor, Vs f . However,
this would lead to increased heat generation and stresses.

1 Plastic strain condition is introduced to the joining criterion to avoid
spurious numerical artifacts.

To mitigate these effects, Fraser [48] proposed multiplying
the thermal conductivity and heat convection coefficients by
Vs f and dividing the plastic strain rate by Vs f . In this study,
Vs f was set to 10, maintaining the ratio of kinetic energy to
internal energy below 1.2% throughout the simulation. This
approach accelerated the simulation by a factor of 10 while
maintaining the physical relationships.

4.3.2 Particle switching

Figure 3 illustrates already the idea of particle switching.
The bottom part of the rod (depicted in blue) is considered
deformable. The upper part of the rod (depicted in orange)
and backing (depicted in red) act as rigid bodies, where
only the heat equation is solved. The substrate is divided
into four regions: two rigid regions (depicted in orange), one
deformable region (depicted in blue), and an interchange-
able region (depicted in light blue). Within the blue circle
and down to the substrate bottom, particles are considered
deformable, while the remaining particles are treated as rigid
and used for heat transfer purposes only. This contact circle
is constantly updated to remain centered on the moving rod.
Once a particle enters this circle region, it is switched to a
deformable particle, and once it leaves, it is switched back to
a rigid particle. This approach avoids solving all equations
for all particles, limiting the calculation of the mechanical
boundary value problem to the core of the model setup,
where deformation and stresses are expected. It also elim-
inates the need for algorithms that detect free surfaces and
contact forces between these rigid particles. This simplifica-
tion leads to a 50% reduction in simulation time.

4.3.3 Using sub-domains

To determine particle interactions, each particle must iden-
tify its neighbors within a smoothing length h. The simplest
method involves iterating through all particles in the domain
to check if each one is a neighbor. This naive approach is
usually improved by using a hashing algorithm [49], which
divides the space into fixed-size binswith a side length l > h.
A particle within a specific bin can then interact with other
particles in the same bin and the 26 neighboring bins. How-
ever, this method requires sorting the particles based on a
hash function at every time step.

To minimize unnecessary sorting, the problem domain
is divided into two sub-domains as illustrated in Fig. 4.
The dynamic domain, where particles interact thermo-
mechanically and all governing equations must be solved,
is assigned a small time step, i.e., 4.1e−8s, ensuring the
CFL condition. Conversely, in the static sub-domain, where
only the heat equation is solved, a larger time step is used of
approximately 7.4e−05s. This method reduces the sorting
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Table 4 Simulation parameters
employed in the FS simulations

Parameters Symbols Values Reference Equation

Xsph β 0.01 [18] (4)

Smoothing length factor h f 1.7 – (5)

Coefficient of friction μ 0.35 [32] (15)

Taylor–Quinney coefficient α 0.9 [32] (27)

Heat split factor ts 0.5 – (28)

Heat convection coefficient hc 25, 1000 [W/m2◦C]a [42] (29)

Monaghan viscosity constants α�, β�, ϕ 1.0, 1.0, 0.01h2 [45] (B.1–B.2)

Artificial stress constants ε, γ 0.3, 4.0 [46] (B.4–B.6)

Critical angle θc 70◦ [36] ( D.5)

aA heat convection coefficient of hc = 1000 [W/m2◦C] is employed on the backing plate bottom surface,
while hc = 25 [W/m2◦C] is used for all other outer surfaces of the model

Dynamic domain

Static domain

X

Z Y

Fig. 4 Splitting the model into sub-domains: a dynamic domain (blue)
where particles undergo dynamic interactions, i.e., the critical small
time step is used, and a static domain (red) where a much larger time
step is applied

process and decreases the total running time by an additional
30%.

The optimizations introduced, including velocity scal-
ing, particle switching, and different time steps in different
sub-domains, significantly reduced the simulation running
time to approximately 50h when executed on a single
NVIDIA A100 GPU card. This reduction in time demon-
strates the effectiveness of the optimizations in leveraging the
A100’s high-performance computing capabilities, ensuring
that complex simulations can be run more efficiently while
maintaining accuracy and stability.

5 Results and discussion

At first, the model behavior is investigated in terms of the
influence of two critical model parameters: strain hardening
of the rod material and the joining temperature. Afterward,
the SPH model is validated using experimental results at
different process parameters, where the validation focuses

on the axial force, the substrate temperature profile, deposit
dimensions (width and thickness), and the resulting deposit
profile. Finally, themodel is used to investigate characteristic
features of the FS process, including material flow and oth-
ers, gaining a deeper physical understanding of the process.
Details on the post-processing of the obtained simulation data
are provided in “Appendix E”.

5.1 Influence of model parameters

5.1.1 Influence of strain hardening of the rodmaterial

To explore the impact of material strain hardening, i.e., the
Johnson–Cook hardening parameter B of the rod material
AA5083, on the FS process behavior, three simulations were
performed for parameter set B in Table 1, i.e., the lowest rod
rotational speed (900 rpm). The strain hardening coefficient
B is varied between 0 and 300 MPa. It is noticed that the
presence of hardening prevented the rod from achieving an
ideal mushroom shape of the flash during deposition as seen
for B = 0MPa, as illustrated in Fig. 5. Due to the irregularly
formed flash, the contact area was reduced, leading also to a
significantly decreased deposit width in the simulation.

At the evaluated temperatures and high strains, typically
occurring during FS, the material behavior of AA5083 is
significantly influenced by dynamic recrystallization (DRX)
[1]. During DRX, new grains form and replace the deformed
grains, which leads to a significant reduction in flow stress.
This phenomenon results in a stress–strain curve, which is
close to an ideal plastic behavior at elevated temperatures
[50]. The simulation results, including strain hardening, indi-
cate that the employed constitutivemodel struggles to capture
the balance between strain hardening and thermal softening,
leading to an overestimation of flow stress at high strains and
elevated temperatures. Therefore, similar to the approach by
Li et al. [20], strain hardening was neglected for simplicity,
i.e., ideal plasticity is assumed in the following.
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(b) B = 150 MPa(a) B = 0 MPa (c) B = 300 MPa

X

Z Y

Fig. 5 Effect of the strain hardening coefficient B on the morphology of the rod flash

Fig. 6 Effect of changing the joining temperature (JT ), as described by Eq. (30), on the predicted temperature profile of the rod’s central cross
section (a), (b), and (c), and the deposit width and thickness (d)
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Fig. 7 Comparison between experiment and simulation axial forces for all process parameter sets in Table 1

5.1.2 Influence of joining temperature

To assess the effect of the model parameter joining tempera-
ture on deposit geometries, simulations were also conducted
for set B in Table 1 using three joining temperatures: 65%,
75%, and 85% of the rod material’s melting point. Figure
6 illustrates how varying the joining temperature influences
the predicted temperature profile of the rod’s central cross
section, as defined by Eq. (30), as well as the deposit width

and thickness. As shown in Fig. 6, the temperature profile
at the bottom of the rod became more uniform as the join-
ing temperature increased, likely because the higher joining
temperature delayed the material joining process, leading to
a more consistent temperature distribution. In addition, both
deposit width and thickness exhibit a decreasing trend with
increasing joining temperature, see Fig. 6d, which is closer
to the experimental measurements. This can be attributed
to a reduced material transfer from the rod to the substrate
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Fig. 8 Temperature distribution
during FS simulation for set B in
Table 1 at a the end of dwelling
phase, t = 1 s; b the middle of the
simulation, t = 3.7 s; and c the
end of the simulation, t = 7.4 s

RS

AS

(a) t = 1 s (b) t = 3.7 s

(c) t = 7.4 s

Substrate

Backing

28 200 300 400 520
Temperature [°C]

X

Z
Y

at higher temperatures, leading to a decrease in deposited
material and consequently, lower width and thickness. In the
remaining simulations of this study, a joining temperature
of 85% of the melting point of the rod material was cho-
sen, which is consistent with values typically reported in the
literature for FS [1].

5.2 Axial force and temperature profile validations

The predicted axial forces for all the sets presented in this
study are validated against the experimental values of the FS
machine, see Fig. 7. The initial spike in the axial force is due
to the perfect contact between the rod and substrate at the
beginning of the simulation, where the material has not yet
softened. The axial force in the simulation is slightly lower
than the experimental force because themodel neglects strain
hardening. Overall, the axial forces are in good agreement
with the experimental values and indicate that the simulation
has reached steady state after the initial second.

Figure 8 illustrates the simulated temperature profiles for
the rod, deposit, substrate, and backing at different time
steps for set B in Table 1. At the end of the dwelling phase
(Fig. 8a), heat generation is already visible at the high-shear
rod–deposit contact region. As processing time increases,
continuous heat generation occurs due to frictional forces and
plastic deformation, which is then conducted throughout the
rest of the domain, Fig. 8b. As the process advances, the sub-

strate conducts more thermal energy to the backing, which
cools down the deposit, as illustrated in Fig. 8c. Additionally,
a temperature bias toward the AS is observed, highlighting
the process’s inherent asymmetry, similar to the observations
in the experimental and numerical studies of FS process [13,
14] as well as the SPH simulation study of the AFSD process
[19].

Figure 9 compares the experimentally measured max-
imum substrate temperature (0.5 mm below the surface,
positioned as shown in Fig. 1) with the model’s predicted
maximum temperature at the same depth. This comparison
was performed for all parameter sets listed in Table 1. The
model can predict the maximum substrate surface tempera-
ture with a minimum error of 0.7% (set E) and a maximum
of 7.5% (set B), which is well within the experimental scat-
tering. Despite some variations at the substrate edges, the
overall trends of the temperature profiles from experiments
and simulations exhibit consistent agreement.

5.3 Deposition geometry

To assess the agreement between the simulated and experi-
mental deposits, simulation-deposited particles are overlaid
on the experimental deposit macrographs for sets A and B
in Table 1, see Fig. 10. The results show visual consistency
and good agreement with experimental deposits. Moreover,
the simulation successfully captured the shift of the deposit
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Fig. 9 Comparison between experiment and simulation substrate maximum temperatures for all process parameter sets in Table 1

center toward the AS and the formation of the deposit in front
of the rod center, as shown in Fig. 11, a phenomenon consis-
tently observed in experimental studies [10, 51]. The deposit

center shifting for all processing parameters listed in Table 1
is quantitatively illustrated in Fig. 12.
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Fig. 10 Visual comparison between experimental and simulated deposit profiles for sets A and B in Table 1: a experimental macrograph from the
surface; b simulation deposit; and c overlapping between simulation deposit and experimental results

Fig. 11 Rod cross section (C1) and longitudinal section (C2) for set B in Table 1 illustrate the deposit shifting toward the AS and forming in front
of the rod’s center, respectively
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Fig. 12 FS process simulation deposits for all process parameter sets in Table 1 with the illustration of the deposit center shifting

Figure 13 shows the comparison of the deposited material
width and thickness with experimental results for all process
parameter sets in Table 1. Although the simulation results
show quantitatively a slight offset, the simulation success-
fully replicated the observed experimental trends: Deposit
width and thickness decreased as traverse or rotational speeds
increased. One source for deviations might be attributed to
the discretization size. Experimentally, by increasing one of
the speeds, the deposit becomes thinner and narrower. This
makes it more difficult for the model to predict the new fine
geometries at the same selected particle size. Decreasing the
particle size might help reduce the deviation; however, it will
increase the running time polynomially.

5.4 Material flow pattern

Figure 14 displays snapshots of the process simulation for
set B in Table 1, showing the effective plastic strain at dif-
ferent time steps. The results illustrate that the rotating rod
starts by rubbing the substrate and initially deforms its lower

part as shown in Fig. 14a. At the end of the dwelling phase,
the deposit starts to form, see Fig. 14b. The process then
moves into the depositionphase,where the rotating rod is pro-
gressively pushed against the developing deposit while the
substrate moves at a constant traverse speed. The compres-
sive feeding forces and high shear forces from the rod deform
the deposit and gradually form the rod flash, see Fig. 14c. The
high plastic strain primarily develops over the rod flash and
deposit, with higher values on the AS compared with the RS
as shown in Fig. 14d. This finding was also observed in FEM
simulation studies of the FS process [13, 14] and aligns with
experimental data [52], which observed finer grains on the
AS than on the RS, indicating a higher strain on the AS.

The material flow pattern is explicitly monitored by track-
ing two particles, P1 and P2, one located in the inner part
of the rod (at a radius of 2mm) and one on its outer
surface, respectively, positioned 10mm below the initial
rod–substrate contact surface as illustrated in Fig. 15. The
coordinates in these plots reflect the actual locations of the
particles within the rod or on the deposited layer, in case
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Fig. 13 Comparison between experimental and simulation deposit width and thickness for variation of traverse speeds (a) and (b), for variation of
rotational speeds (c) and (d), respectively

deposition occurred. For P1, see Fig. 15c and e, the particle
follows a helical trajectory, moving downward to the sub-
strate surface before leaving the rod and becoming part of
the deposited layer. During the early stages of deposition,
the particle’s path is irregular, indicating interactions with
rod particles in contact. For P2, the particle exhibits two dis-
tinct helical trajectories, see Fig. 15d: At first, the particle
is descending while it remains in the rod. At a later stage,
where the particle is ascending, it transitions into the flash
leading to the increasing size of the flash during the process
(Fig. 15f).

The simulation effectively captures the material deposi-
tion behavior during processing, which aligns with experi-
mental observations [51]. Specifically, the inner material of
the rod is deposited toward the RS, while the outer material
shifts toward the AS, as illustrated in Fig. 16. To visualize
this behavior, initial rod particles within an 8mm diameter
are marked and tracked throughout the deposition process.

The simulated deposit accurately reflects the schematic pat-
tern observed experimentally for special consumable studs
containing two different aluminum alloys [51] (Fig. 16a).
Furthermore, an analysis of the distribution of inner and outer
particles across the deposit width (Fig. 16b) shows a pro-
nounced shift of inner particles toward the RS, consistent
with experimental observations [51]. The simulation sug-
gests that this phenomenon is due to the higher frictional
force on the AS compared to the RS, resulting from a higher
relative velocity, as described by Eq. (15). Consequently, the
outer surface particles tend to deposit more on the AS, push-
ing the early deposited inner particles toward the RS. For
the distribution of the rod outer particles in the deposit and
formed flash, see “Appendix F”.

Finally, the model accurately predicted the concave shape
at the deposition tip within the consumable rod, as observed
experimentally [1], see Fig. 17. This concave shape occurs
because the rod’s temperature is highest at the center, which
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Fig. 14 Snapshots of the
effective plastic strain during FS
simulation for set B in Table 1 at
a process start, t = 0.15 s; b end
of the dwelling phase, t = 1.0 s;
c middle of the simulation, t =
3.7 s; and d end of the
simulation, t = 7.4 s, (top view)

accelerates material joining by quickly satisfying the tem-
perature condition in the joining criterion. Furthermore, the
shear stress condition is quickly satisfied at the rod center
because the allowable shear stress decreases as temperature
increases, which facilitates faster material joining.

Overall the simulation effectively captures the experimen-
tal characteristics.While there are some small deviations, this
is expected due to the inherent challenges of modeling the
highly nonlinear process. Nonetheless, the close agreement
between the simulation and experimental results underscores
the robustness of the presented simulation approach.

The developed solver will be released as open-source soft-
ware, encouraging further development and collaboration
within the research community. Future work will focus on
using the adaptive particle refinement method, enhancing the
model’s capabilities to handle finer particles, and upgrading
the solver to run on multi-GPUs.

6 Conclusion

AGPU-accelerated,meshfree SPHmodelwas developed and
validated for simulating and understanding the FS process.
The model represents rod and substrate materials as thermo-

elastic viscoplastic solids using the JC material model, with
the backing plate modeled as a rigid body. Simulation effi-
ciency was enhanced through particle switching techniques
and sub-domain division, while stability was ensured using
Monaghan’s artificial viscosity, artificial stress, and CSPM.

The SPH model was validated against experimental data,
demonstrating excellent agreement in terms of axial force,
temperature profiles, and deposit geometries for a wide range
of process parameters. Additionally, the model is employed
to investigate and understand the depositionmechanisms dur-
ing FS by analyzing the material flow, deposited material
distribution, and rod flash formation. The findings can be
summarized as follows:

• Overestimated material hardening introduces irregular-
ities in the rod flash, while increasing the joining tem-
perature improves temperature uniformity in the rod and
reduces the thickness and width of the deposit.

• Higher rod rotational and substrate traverse speeds reduce
the thickness and width of the deposit, whereas lower tra-
verse speeds increase maximum substrate temperatures.

• Process asymmetry is observed with deposition shifted
and temperature bias toward the AS.
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Fig. 15 Position tracking for two particles, P1 and P2, at radii of 2mm
and 10mm, measured 10mm above the rod–substrate interface: a ini-
tial positions of P1 and P2; b final positions of P1 and P2; c and d 3D

position tracking of P1 and P2, respectively; and e and f 2D position
tracking of P1 and P2, respectively. The results correspond to set B in
Table 1

• High plastic strain is concentrated in the rod flash and
deposit, with higher strain on the AS compared to the
RS.

• The innermaterial of the consumable rod follows ahelical
trajectory, descending to the deposit surface and deform-
ing further post-deposition due to interactions with the
rod material.

• The outer surface of the consumable rod exhibits dual
helical trajectories: one descending within the rod and
another ascending, contributing to flash formation.

• The deposition tip of the rod develops a concave shape,
driven by elevated temperatures at its center.

The validated SPH model serves as a robust tool for ana-
lyzing the effects of process parameters, including material
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Fig. 16 Distribution of rod particles within the deposit: a initial rod
particles, with inner particles shown in red and outer particles in blue,
along with a cross-sectional view at the deposit midpoint illustrating
inner and outer particles, and a schematic prediction of particle dis-

tribution based on experimental findings [51] and b the distribution of
inner and outer particles across the deposit width along its length. These
results correspond to set B in Table 1

Fig. 17 Comparison between
predicted and experimental rod
shapes after deposition,
illustrating the model’s ability to
predict the experimentally
observed concave profile of the
rod

properties, geometries, rod rotational speed, feed rate, and
substrate traverse speed, on deposition field variables such
as temperature, strain, and deposit geometries, allowing a
deeper insight into the complex material flow mechanisms
during FS.

Appendix A Notation

The notation used throughout this paper is as follows: x
denotes a scalar, where x represents a vector and X a second-
order tensor, i.e., a matrix. Exceptions are clearly noted in the
following, such as the stress σ and strain tensor ε. x1 · x2
denotes the dot product of two vectors, where x1 ◦ x2 is the
Hadamard product and x⊗x represents the dyadic product of
two vectors. X x describes the typical matrix–vector product
and X : X is the double contraction of the tensor X . ∇ is the
gradient operator, div(x) represents the divergence operator,
i.e., div(x) = ∇ · x and ẋ represents the time derivative of
x . The L2-norm of a vector is denoted as ||x||.

Appendix B Stabilizers

The artificial viscosity �i j in Eq. (2) is used to reduce the
unphysical oscillations in the numerical results. In this work,
the Monaghan-type artificial viscosity [45] is used, which
can be written as

�i j =
⎧
⎨

⎩

−α�ci j∅i j+β�∅2i j
ρi j

, vi j · xi j < 0

0, vi j · xi j ≥ 0
(B.1)

with ∅i j = hi jvi j · xi j∥∥xi j
∥∥2 + ϕ

, (B.2)

where ρi j , hi j , and ci j represent the average of densities,
smoothing lengths, and speeds of propagating sound wave
for particles i and j, respectively. α� and β� are constants.
The constant ϕ is set to 0.01 h2i j to prevent two particles from
approaching each other, leading to numerical issues. A recent
study on the effects of these parameters and their choices is
provided by Mao et al. [53].

The artificial stress Ri j is introduced in Eq. (2) to address
the issue of tensile instability, as discussed by Monaghan et
al. [46]. To determine the stress tensor Ri for a given particle
i , the principal stresses of the stress stateσ i must be analyzed.
This involves performing an eigenvalue decomposition of the
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stress tensor σ i , which can be expressed as:

σ i = Qi · �i · Q−1
i = Qi · �i · QT

i , (B.3)

where Q−1
i = QT

i since σ i is symmetric. The principal
stresses �i,ξξ , which are the eigenvalues in the diagonal
matrix �i , are modified to form the matrix �′

i . This mod-
ification involves multiplying each positive (tensile) stress
component by a user-defined intensity parameter ε. The ele-
ments �′

i,ξξ in the modified matrix �′
i are given by

�′
i,ξξ =

{−ε�i,ξξ , �i,ξξ > 0
0, �i,ξξ ≤ 0

(B.4)

with ξ ∈ [x, y, z]. These modified eigenvalues are used to
compute Ri by rotating them back to their original frame

Ri = QT
i · �′

i · Qi . (B.5)

Ri j can be found by

Ri j = [
Ri + R j

] [ Wi j

W (�x)

]γ

, (B.6)

whereW (�x) is the smoothed kernel value at the initial par-
ticle spacing �x , which can be obtained by replacing ‖xi j‖
in Eq. (5) by �x . γ is another user parameter that causes the
influence of neighboring artificial stresses to decline.

Appendix C CSPM

Excluding CSPM from the simulation causes uneven parti-
cle distribution on the rod’s outer surface. Without applying
CSPM, particles at the boundary have less kernel support,
leading to clustering and void problems (Fig. 18). CSPM
fixes this by adjusting the kernel gradient and keeping parti-
cle spacing uniform.

Appendix D Average normal vector
calculations navij

The FS process includes interaction between two deformable
bodies: the rod and substrate. To account for this interaction,
a free surface detection algorithm similar to the one used
by Stubblefield et al. [18] has been employed. This algo-
rithm first calculates the center of mass xcomi for each particle
neighborhood as follows

xcomi = 1

M

Nj∑

j=1,Part j=Parti

m jxi j . (D.1)

The statement Part j = Parti ensures that the i th and j th
particles belong to the same body. N j represents the total
number of particles in the neighboring cluster within the
smoothing length h, andM is their total mass. Then, it selects
candidate surface particles based on a threshold value that
represents howmuch the center of mass of the particle neigh-
borhood xcomi is shifted. The list of surface particles Slist is
determined as follows

Slist =
{
selected, ‖xcomi ‖ ≥ 0.05h
not selected, otherwise.

(D.2)

Finally, for each particle in Slist , a conical region is scanned
around the particle, aligned with the direction of the parti-

cle normal
xcomi‖xcomi ‖ . If another particle from the same body

is found within this conical region, the original particle is
removed from Slist . This revision clarifies that the conical
region is aligned with the direction of the contact force.
The scanning procedure is similar to the one employed by
Marrone et al. [54]. This approach helps to ensure accurate
surface detection while avoiding overly restrictive filtering.

To determine nav
i j , the smoothed vector of the surface

particles nsi is calculated first by taking the average of all
the surface normals of the neighboring particles n j that are
also in the surface list Slist . Numerically, n j and nsi can be
expressed as

n j =
⎧
⎨

⎩

xcomj∥∥∥xcomj

∥∥∥
, Surfacelist = 1

0, Otherwise
(D.3)

nsi = 1

Ns

Ns∑

j=1

n j , (D.4)

where Ns is the number of neighboring surface particles
including the particle i . The average vector between two par-
ticles nav

i j is then calculated based on the angle |θi j | between
their smoothed vectors, nsi and nsj , as well as a user-defined
angle θc. The average vector is determined as follows:

• First, compute the angle |θi j | between the two smoothed
vectors

|θi j | = 

(
−nsi ,n

s
j

)
,

• if(|θi j | < θc), evaluate the following expression

max

⎛

⎝xi j · nsi ,−xi j · nsj , xi j · nsi − nsj∥∥∥nsi − nsj

∥∥∥

⎞

⎠ ,

◦ if(xi j · nsi ) is the maximum, then nav
i j = nsi .◦ if(−xi j · nsj ) is the maximum, then nav

i j = −nsj .
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Fig. 18 Effect of using CSPM
on the rod outer surface particles
at 0.2 s of simulation: a shows
the onset of irregular
distribution without CSPM and
b demonstrates the preserved
uniformity when CSPM is
applied

◦ if(xi j · nsi −nsj∥∥∥nsi −nsj

∥∥∥
) is the maximum, then nav

i j =
nsi −nsj∥∥∥nsi −nsj

∥∥∥
.

• if(|θi j | > θc), then

nav
i j = nsi − nsj∥∥∥nsi − nsj

∥∥∥
. (D.5)

Appendix E Post-processing of simulation
results

The deposited particles are projected onto a 2D plane and
then sampled into 19 steps to calculate the deposit width from
the simulation results. The maximum and minimum particle
positions in the y direction are computed at each step to
form the outer edges. To avoid the influence of the dwelling
and ending phases, the measurements were taken from 20
to 55mm along the deposit length, as shown in Fig. 19a.
The same method is extended to calculate the thickness by
sampling the deposited material volume into 30 cells cov-
ering an area of 12 × 35 mm2 in the middle of the deposit
to avoid the side edges. The thickness is measured by cal-
culating the maximum height in every cell as illustrated in
Fig. 19b. To capture the continuous maximum surface tem-
perature from the discrete model data, the substrate width
was divided into 2mm cells extending from 0.5 mm below

the surface and covering the entire length. For each simu-
lation step, the maximum temperature within each cell was
recorded, and the highest temperature across all steps was
selected for each cell. A smoothed curve was then generated
by averaging these maximum temperatures over a 2mmwin-
dow, see Fig. 19c for a schematic overview. To compare the
distribution of the inner and outer particles of the rod within
the deposit, the inner particles are identified within a speci-
fied radius and tracked throughout the deposition process. A
stacked bar plot is used to illustrate the proportions of inner
and outer particles within 2mm bins along the deposit width.
For each bin, the percentage amounts of inner and outer parti-
cles are displayed for a deposit length of 10mm, as illustrated
in Fig. 19d.

Appendix F Outer rod particle distribution in
the deposit and flash

Particles located in the outer region of the rod–specifically,
those at a diameter greater than 8mm, 3.75 mm above the
initial rod–substrate contact surface, and over a length of
10.5 mm–have been tracked throughout the deposit and flash
(Fig. 20). It was found that 68% of the particles in the outer
region of the rod ended up in the flash, while the remain-
ing particles were deposited. Of those deposited, 67% were
found on the AS. Figure 20c maps the percentage of par-
ticles in the flash and deposit (AS and RS) based on their
initial positions. As particles approach the rod’s outer sur-
face, more particles end up in the flash than in the deposit,
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Fig. 19 Post-processing operations: a deposit sampling for width mea-
surement; b deposit sampling for thickness measurement; c schematic
illustrating maximum substrate temperature sampling and data extrac-

tion; and d calculation of the percentage distribution of the rod inner
and outer particles across the deposit width

Fig. 20 Tracking of particles in the outer region of the rod (dark red),
defined by diameter > 8 mm, 3.75 mm above the initial rod–substrate
contact surface, and over a length of 10.5mm, throughout the simulation
of FS process a tracked particles initial positions; b tracked particles

final positions; and c distribution of the tracked particles ending up in
the flash and the deposit (AS and RS) to their initial positions. These
results correspond to set B in Table 1
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while the ratio of particles deposited on the AS to those on
the RS remains nearly constant. These observations are con-
sistent with a recent experimental study [51].
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