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ARTICLE INFO ABSTRACT
Keywords: Lateral friction surfacing (LFS) is a novel variation of the friction surfacing (FS) process for solid-state fabrication
Finite element method of ultra-thin and smooth metal coatings. In the LFS technique, pressing the lateral side of a rotating rod against
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the substrate’s surface generates frictional heat and plastic deformation, leading to the deposition of consumable
material from the lateral surface of the rod onto the substrate. This study presents numerical analysis for such a
complex coupled thermo-mechanical process to investigate the distribution of various variables such as tem-
peratures, local pressure, stress, and strain throughout the consumable rod and substrate. A finite element model
of the process was developed through ABAQUS/Explicit method to investigate the thermo-mechanical response
of rod and substrate materials by incorporating various features such as process parameters, mechanical be-
haviors of materials, temperature-dependent material properties, and failure criteria. The finite element model
was validated by conducting experimental analysis using the same materials and values of process parameters.
The finite element simulation results were consistent with previous experiments and affirmed that process
temperature is lower than in conventional FS and localized in a small area, which can reduce thermal impacts on
the consumable rod and substrate materials. Although the majority of the frictional heat was transferred to the
Al6061-T6 rod due to its higher thermal conductivity, it was revealed that the maximum process temperature
occurred on the mild steel substrate. The results of the study demonstrate that selecting an appropriate dwell-
phase duration not only enhances the material’s temperature to facilitate improved deposition but also en-
sures more consistent contact across all points along the rod’s side, resulting in a uniform deposition.

the consumable rod used in FS process [17]. In addition, an experi-
mental analysis was conducted to validate the finite element method
(FEM) results, which exhibited that the simulation results were consis-
tent with the experiments.

Recently, more investigations have been carried out to simulate the
solid-state metal deposition through the FS approach by employing
three-dimensional finite element modeling to evaluate the thermal and
mechanical responses during the fabrication process. The FEM result of
deposition of A12024 onto Al2024 showed a slightly higher maximum
process temperature for the advancing side compared to the retreating
sides of the deposit [18]. Also, it was revealed that increasing the axial
feed rate and the rotational speed of the consumable rod resulted in
increasing the maximum process temperature and strain rate, while a
higher traverse speed resulted in a higher strain rate and reduced
maximum process temperature.

In another investigation, the thermo-mechanical behavior of A12024
fabricated onto Al1050 substrate through FS process was evaluated by

1. Introduction

FS is an additive manufacturing technique for metal deposition from
the end of a consumable rod, which has been derived from friction stir
processing for surface modification [1]. This technology provides
fine-grained coatings through solid-state metal deposition for a broad
range of rod-substrate materials to perform localized surface engineer-
ing. There are several studies on FS as a solid-state deposition technique
to remove keyholes created by friction stir processing [2-4], evaluate
and improve the surface hardness [5-7], wear performance [8,9],
corrosion performance [10-12], and create composite coatings [13-15].

The heat required for FS process is generated by friction at the
interface of the rod and substrate and plastic deformation of the
consumable material; however, the majority of generated heat energy is
due to plastic deformation [16]. Liu et al. developed a finite element
model to investigate the heat generation and temperature distribution in

* Correspondence to: Assistant Professor of Mechanical Engineering, Arkansas Tech University.
E-mail address: eseidi@atu.edu (E. Seidi).

https://doi.org/10.1016/j.cirpj.2024.02.005
Received 5 May 2023; Received in revised form 28 January 2024; Accepted 13 February 2024

Available online 2 March 2024
1755-5817/© 2024 CIRP.



E. Seidi and S.F. Miller

CIRP Journal of Manufacturing Science and Technology 50 (2024) 127-139

Nomenclature
p material density
c specific heat capacity
t time
T temperature
k thermal conductivity
G heat generation rate
X,Y, %  spatial coordinates
qs frictional heat generation rate
r consumable rod radius
angular velocity of the rotating rod
u coefficient of friction
F, normal force
Ayl plastic deformation heat generation rate
n inelastic heat fraction
G equivalent stress
# equivalent plastic strain rate
Rrod ratio of heat partition into the rod
Krod rod thermal conductivity
Ksubstrate  Substrate thermal conductivity
Gconv heat dissipated through convection
Grad heat dissipated through radiation

h heat convection coefficient

o Stefan-Boltzman constant

A quasi-static yield strength

B hardening modulus

Cc strain rate sensitivity coefficient

L effective plastic strain

n work-hardening index

m thermal softening index

£ reference plastic strain rate

ot effective plastic strain rate

Tonele melting point temperature

Tiransition ~ transition temperature

Troom room temperature

e strain at fracture

D; material dependent parameters (i =1, 2,., 5)

o* stress triaxiality

p hydrostatic pressure

Oy von Mises equivalent stress

AeP increment in the equivalent plastic strain

] equivalent fracture strain at the present condition of
temperature

Dy damage variable

establishing a finite element model using ABAQUS software [16]. The
simulation results revealed that the plastic strain on the advancing side
of the deposit was higher than that on the retreating side. Nevertheless,
the highest level of strain in the coating was significantly less than that
at the tip of the consumable rod. Deposition of the A15083 consumable
material onto an Al5052 substrate was investigated by developing an
ABAQUS finite element model [19]. Due to the high thermal conduc-
tivity of aluminum, no significant difference in the maximum process
temperature of the advancing and retreating sides was observed. Also, a
cold substrate simply results in a rapid cooling process at the interface of
the coating/substrate, reducing the deposit temperature to the substrate
temperature in a few seconds. This phenomenon resulted in the forma-
tion of finer grain structures at the interface compared to the upper side
of the deposit.

A recently developed technique called LFS approach is a novel
variation of the FS process for solid-state extremely-thin and smooth
metal coating fabrication [20]. In this new lateral configuration, mate-
rial is transferred from the radial surface of the rotary consumable rod as
the side of the rod rubs across the substrate surface, as shown in Fig. 1.
To evaluate the potential of this novel approach for developing thin

coating layers, different aluminum alloys, such as Al2011, Al6061, and
Al7075, were surfaced onto 1018 carbon steel substrate with a particular
focus on the influence of process factors on the deposits [21]. The
experimental results revealed that the deposit quality relies on the ma-
terials and process factors such as rod rotational speed and normal force
which can define the input energy into the process. Moreover, it was
exhibited that material properties such as melting point and thermal
conductivity may create limitations in using some range of process pa-
rameters values to avoid material breakdown due to severe plastic
deformation.

Further investigations on material characteristics [22] and corrosion
performance [23] of deposits fabricated by LFS were conducted.
Furthermore, this technique was examined by performing multilayer
friction deposition of Al6063 onto A36 mild carbon steel [24] and
Al6061 onto AISI 1018 and AISI 4140 [25] to assess the potential of this
approach for additive manufacturing purposes. Experimental analyses
exhibited that the reverse material transfer from the deposited coating to
the radial surface of the consumable rod limits the thickness of the
fabricated coating in multilayer deposition.

The experimental analyses of the LFS process exhibited the complex

Fig. 1. Ultra-thin coating fabrication through LFS process.
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relationship between process parameters and the quality of fabricated
deposits. Despite the experimental investigations, the LFS process has
not been studied numerically. The current study is focused on finite
element modeling of the LFS process and is a key research to understand
heat generation, stress, strain, and temperature distribution throughout
the consumable rod and substrate to investigate the thermo-mechanical
responses of material in this novel metal deposition approach [26]. The
Abaqus/Explicit approach uses small intervals to achieve an accurate
numerical solution, which makes it an appropriate formulation for
solving high-speed dynamic and complex problems [27].

FEM of FS has been reviewed, however, the difference in the LFS
process is that the radial surface of the consumable tool is in contact with
the surface of the substrate instead of the end of the consumable tool,
which results in constant relative velocity in the area of contact (i.e., no
change in radius or retreating and advancing side) and lower process
temperature in the experiments. Therefore, the different distributions of
stress, strain, and temperature need to be quantified. By utilizing
advanced finite element analysis, this study offers insights into tem-
perature, stress, and strain distributions throughout the rod and sub-
strate during the LFS process. This enhances comprehension of the
complex process, highlighting its capability for thin, smooth, and
consistent metal coating deposition at significantly lower process tem-
peratures compared to the traditional approach. In the coupled thermo-
mechanical analysis, the stress analysis results depend on the tempera-
ture distribution, and the temperature distribution highly relies on the
thermo-mechanical behavior of the materials. This study presents a
coupled thermo-mechanical modeling using ABAQUS software to
investigate the LFS of Al6061-T6 rod onto mild steel substrate. For this
purpose, many features have been incorporated into the finite element
modeling, such as process parameters, mechanical behaviors of mate-
rials, temperature-dependent material properties, failure criteria, etc. In
addition, the process temperature was measured using an infrared
camera. The emissivity of the surface for infrared thermography was
measured using a J-type thermocouple and a furnace. Finally, the tem-
perature at the processing zone has been taken from the model to be
compared with the experimental results to validate the model.

2. Thermo-mechanical finite element modeling formulation

The three-dimensional, thermo-mechanical finite element model has
been developed to simulate the LFS process and provide detailed in-
formation about temperature, stress, and strain distribution. The gov-
erning theory behind the heat transfer process can be expressed
mathematically in Eq. (1):

FT OT OT\ g
oxr 9y 02

or
Z—k

ot M

pc

where p is material density, c is specific heat capacity, t is time, T is
temperature, k is thermal conductivity, G is the rate of heat generation,
and x, y, and z are spatial coordinates. There are two crucial sources of
heat generation in this process, including frictional heat and plastic
deformation heat generation, as presented in Eq. (2).

G =g +q, (2)

The frictional heat generation in the process is due to the contact
between the rotating consumable rod and substrate, which can be pre-
sented by Coulomb’s friction law, g, = 2arwuF,, in which ¢, is the
frictional heat generation rate, r is consumable rod radius,  is angular
velocity of the rotating rod, y is coefficient of friction between surfaces,
and F, is the normal force. The irreversible plastic deformation of ma-
terials results in a heat generation rate that can be expressed by g, =

qﬁﬂ, in which ‘épl is equivalent plastic strain rate, ¢ is equivalent stress,
and 7 is inelastic heat fraction which is set to 0.9 [28].
The ABAQUS/Explicit method employed in this study uses a central
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difference rule and explicitly incorporates the governing equations of
the system with respect to time. In the explicit technique, the state of the
system (stresses, strains, temperatures, accelerations, velocities, dis-
placements, etc.) at the end of each time increment is calculated based
on the state of the system at the beginning of the increment. The element
deletion technique was employed in the model, in which a material
point will be deactivated once it reaches a value above its load-carrying
capacity [29].

2.1. Process parameters, material properties, and mesh

A mild steel substrate with the dimension of
100 mm x 60 mm x 7 mm and a consumable rod made of aluminum
with a length of 100 mm and a diameter of 12.7 mm (0.5") were
modeled in the finite element model [30]. The LFS process was modeled
in three phases, dwell phase, deposition phase, and cooling phase. The
total time 5 s, 6 s, and 2 s were set for the dwell phase, deposition phase
(traverse motion), and cooling phase, respectively. The time values have
been deliberately selected to be minimal to ensure that every stage of the
process can be evaluated efficiently within a short coating pass, thereby
decreasing the computational time. The rod rotational speed was set to
2300 rpm or 240.85 rad/s, and a linearly increasing normal force with a
maximum of 150 N was gradually applied on the rod during the first
2.5 s of the dwell phase, as shown in Fig. 2. Then, the constant normal
force of 150 N was applied on the lateral surface of the consumable rod
for the rest of the dwell phase and the entire deposition phase. During
the dwell and deposition phase, the only restriction on substrate
movement in the direction perpendicular to its transverse motion is the
presence of the consumable rod, which limits the substrate’s movement
upon contact and generates the contact force and frictional heat
required for the deposition process. Moreover, the constant traverse
speed of the substrate was set to 44 mm/min during the deposition
phase. The values of process parameters have been chosen based on
prior experimental experiences concerning determining the optimal
process parameters for creating a high-quality coating layer.

To accurately represent the heat exchange between the processing
zone and its surrounding environment in the model, the dissipation of
heat via conduction, convection, and radiation has been taken into ac-
count during the modeling process. The temperature-dependence fric-
tion coefficients are presented in Table 1, and it was assumed that the
entire dissipated energy caused by friction at the rod/substrate interface
was converted to heat. The generated heat at the processing zone was
assumed to be divided between rod and substrate based on their ratio of
thermal conductivity [28]. The ratio of heat partition into the rod, R4,
can be calculated by Eq. (3):

kroa

Rioa =
krod + k:ub:lmte

3

where ky,q and kgypsirqee are the thermal conductivity of the consumable
rod and substrate, respectively. As shown in Tables 2 and 3, the thermal
conductivity of Al6061-T6 consumable rod and steel substrate at room
temperature are 167 and 34.5 W/(m.K), respectively. The ratio of fric-
tional heat generated at the processing zone transferred to the aluminum
rod is R,,q = 0.8288, indicating that most of the heat generated was
transferred to the aluminum rod.

As shown in Fig. 3, half of the steel substrate was clamped in a vise
made of steel, and a coarse mesh was employed for that part of the steel
substrate due to its lower importance and impact on the process. Those
parts of the substrate surface in contact with vise jaws were mechani-
cally tied with the vise to consider the effects of the vise on the process.
The top half of the steel substrate surface and part of the rod out of the
tool holder were under free convection. The ambient air temperature
was 20 °C, and the convection coefficient of steel substrate [31] and
aluminum [28] rod were set to 25 W/m?K and 30 W/m?K, respectively.

Moreover, the radiation from the surfaces to the surrounding area
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Fig. 2. The applied normal force between the consumable rod and substrate in the simulation.

Table 1

Friction coefficient as function of temperature [32].
Temperature [K] 295.15 307.85 366.15 420.65 483.75 533.15 588.75 644.25 699.85 952
Friction Coefficient 0.61 0.545 0.259 0.115 0.064 0.047 0.035 0.02 0.007 0

Table 2

Temperature dependent material properties for A16061-T6 [32].
Temperature [K] 310.95 366.45 422.15 477.15 533.15 589.15 644.13 700.15
Density [Kg/m®] 2690 2690 2670 2660 2660 2630 2630 2600
Heat capacity [J/Kg.K] 945 978 1000 1030 1052 1080 1100 1130
Thermal Conductivity [W/m.K] 167 177 184 192 201 207 217 223
Thermal Expansion [1/K]x10~® 23.5 24.6 25.7 26.6 27.6 28.5 29.6 30.7
Young’s Modulus [GPa] 68.5 66.2 63.1 59.2 54 47.5 40.3 31.7

Table 3

Temperature dependent material properties for mild steel [32].
Temperature [K] 273.15 371.15 474.15 589.15 701.15 844.15 923.15
Heat capacity [J/Kg.K] 470 485 520 560 620 700 760
Thermal Conductivity [W/m.K] 34.5 34.5 33.8 31 28.5 26.5 25.8
Thermal Expansion [1/K]x10~¢ 1.17
Young’s Modulus [GPa] 207
Density [Kg/m®] 7800

Fig. 3. Beginning mesh of rod, substrate, and vice in FEM simulation.
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was considered by the Stefan-Boltzmann relation [31]. The heat con-
vection and conduction formulas can be presented by Eqs. (4) and (5):

Geonv = — h(T - TU) ()]

9raa = _86(T4_73) (5)
where gcony and g4 are heat dissipated from surfaces through convec-
tion and radiation, h is the heat convection coefficient of the surface
(W/m?K), ¢ is the emissivity, and ¢ is the Stefan-Boltzman constant
(5.67 x 10 8W/m2K*).

The mesh characteristics of the 3D model are presented in Table 4.
The rod and substrate were modeled with three-dimensional continuum
elements of wedges (C3D6) and brick (C3DS8T), respectively. The
element size is one of the critical parameters in FEM. Employing a coarse
mesh in the model results in severe distortion of many elements, which
leads to the deletion of those elements, while excessive mesh refinement
dramatically increases the computational time. Moreover, the LFS pro-
cess requires a longer processing time compared to many other me-
chanical phenomena, such as impact that happens in a fraction of a
second. Therefore, the LFS model should analyze the process in at least a
few seconds to demonstrate the behavior of materials during this pro-
cess. These limitations emphasize the importance of the element mesh
size, which should be optimized to offer a good balance between
computational cost and the accuracy of the results.

The material model adopted for the steel substrate was the isotropic
linear elastic model, incorporating uniform density and isotropic
temperature-dependent conductivity. This model is appropriate for
simulating the mechanical behavior and heat transfer characteristics of
the steel substrate in this study, as it was assumed that the steel substrate
does not experience failure in the deposition of the aluminum coating. In
order to characterize the thermal softening and plastic deformation of
the Al6061-T6 consumable rod during the LFS process, the Johnson-
Cook material model has been employed in the finite element model.

2.2. 2.2 Johnson—cook material model

Material structural models incorporate mathematical criteria to
define the relationships between flow stress as a function of tempera-
ture, strain, strain rate, and strain hardening [33]. Therefore, the
Johnson-Cook model was employed, which is capable of considering
high strain rates and temperature changes that result in thermal soft-
ening and large plastic deformation. This model is presented by Eq. (6),
and the Johnson-Cook parameters for Al6061-T6 are presented in
Table 5.

6 =[A+B(")" ][+ Cn(& /&)1 - T"] (6)
" 0 : T < Tzr(m:iliun
T = { (T — Tyansition)/(Tmetr — Tiransition) * Tiransition < T < Topetr

1:T>The

where ¢ is the equivalent stress, A is the quasi-static yield strength of the
material (MPa), B is the hardening modulus (MPa), C is the strain rate
sensitivity coefficient, £ is the effective plastic strain, n is the work-
hardening index, and m is the thermal softening index [34]. More-
over, &' /¢, is the equivalent plastic strain rate for the reference plastic
strain rate of ¢y = 1.0s~! and ¢ is the effective plastic strain rate. This
equation consists of three different terms, and the effects of

Table 4
Mesh characteristics of the 3D model.
Nodes Elements Element Type
Rod 4834 6912 C3D6T
Substrate 13650 10440 C3D8T
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elasto-plastic, viscosity, and thermal softening are presented by the first,
second, and third sets of brackets, respectively. T and Tiansition
represent the melting point temperature and transition temperature,
respectively. The room temperature 293.15K (20°C) is typically
selected as the transition temperature. It should be noted that all the
temperatures are in Kelvin. In the case that T > Ty, the material is
liquified and it behaves as a fluid, thus, the shear resistance is zero, and
therefore, 6 = 0

The Johnson-Cook damage model incorporates the influence of a
wide range of parameters on the yield strain of the material [33].
Compared to other damage criteria, the Johnson-Cook damage model
presented in [36] better expresses local softening behaviors using
temperature-dependent parameters, strain rate, and pressure [37].
Based on the Johnson-Cook damage criterion, the strain at fracture can
be presented by Eq. (7):

T — Tm()m

Tmelr - Tr()()m>:|

¢ = [D, + Dyexp(Ds6") ] {1 +D4ln(§> } {1 +D5( 7

0

where D;, i =1, 2,., 5 are material dependent parameters presented in
Table 6, and o* is called stress triaxiality, which can be calculated as the
ratio of hydrostatic pressure p, divided by von Mises equivalent stress G, .
The first, second, and third brackets in Eq. (7) describe the effects of
pressure, strain rate, and thermal softening on the strain at fracture,
respectively. The damage evolution can be expressed by the damage
variable Dy, as presented by Eq. (8):

szz%

where AeP is the increment in the equivalent plastic strain and & is the
equivalent fracture strain at the present condition of temperature, stress,
strain rate, and hydrostatic pressure. The fracture is assumed to happen
when for at least one material element, Dy reaches to its maximum value
(Dy=1) [35].

(®

3. Experimental analysis for validating the finite element model
3.1. Friction surfacing process

An experimental examination has been performed to evaluate the
effects of process parameters, materials, and conditions on the process
temperature for validating the result of finite element modeling. For this
purpose, the LFS of Al6061-T6 on mild steel was conducted, and a mild
steel substrate with the dimension of 100 mm x 60 mm x 7 mm, and an
aluminum rod with 100 mm in length and 12.7 mm in diameter were
employed. During the LFS process, force measurement was performed
utilizing a Kistler drilling dynamometer type 9272, LabVIEW program-
ming, and data acquisition systems.

In order to provide a similar process condition in the experiment, the
normal applied force was manually controlled thoroughly. During the
first 2.5 s of the dwell phase, the normal force was gradually increased to
150 N, the value defined as the deposition force, and then kept constant
during the rest of the dwell phase and the entire deposition phase. The
coating fabrication occurs in the deposition phase, which lasted for a
duration of 6 s at a traverse speed of 44 mm/min, resulting in a 4.4 mm
deposit. The length of the contact line between the consumable rod and
the substrate determines the second dimension of the coating, which was
set to 15 mm. Therefore, a 15 mm x 4.4 mm aluminum coating was
fabricated in this process. At the beginning of the cooling phase, the
consumable rod was removed from the substrate surface to zero out the
normal force and terminate the deposition phase. The result of the real-
time load measurement is presented in Fig. 4 with the moving average of
three points, showing that the experimental normal load data closely
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Table 5

Johnson-Cook parameters for Al6061-T6 [35].
Parameter [unit] A[MPa] B[MPa] n m Trmete[K] Tiransition [K] C éofs]
Value 324 114 0.42 1.34 952 293.15 0.002 1

It should be noted that the location of the maximum contact force on

}able 6C K d for AIGO6LT6 (35 the radial surface of the rod may not be precisely located on the mesh
onson-Cook damage parameters for 16 [351- nodes; therefore, all the parameters associated with the contact force
Parameters: D1 D2 D3 D4 D5 may be slightly varied if a smaller and different type of mesh is
Material: Al6061-T6 -0.77 1.45 -0.47 0 1.60

follows the trend of the force data employed in the finite element model.

3.2. Temperature measurement

The process temperature at the interface of the consumable rod and
substrate was recorded using a thermal imaging camera type FLIR
SC655. The infrared camera was located at a proper distance of 0.5 m
from the processing area in a way it made an angle of 10 degrees with
the surface of the substrate. In order to accurately calculate the emis-
sivity of the substrate, a thermocouple type J and a furnace were
employed. The steel substrate was placed inside a furnace to increase its
temperature up to 200 °C, as shown in Fig. 5, and the substrate tem-
perature was measured using the thermocouple and the infrared camera
simultaneously, and the emissivity of the steel substrate was calculated
to be in the range of 0.55 to 0.65. The average value of this range, 0.6,
was employed as the substrate emissivity in the experiment and the
FEM.

4. Results of experimental and finite element analyses

The mechanical and thermal responses during LFS of Al6061
consumable rod onto mild-steel substrate were evaluated through
experimental analysis and FEM. In the FEM simulation, different re-
sponses of the work material, such as contact force, temperature, ma-
terial point velocity, stress, and strain, were evaluated. Fig. 6 presents
the unique nodal contact force applied to four different material points
along the rod axis at the processing zone. The increasing trend of applied
force during the first half of the dwell phase (first 2.5 s) of the process is
noticeable. Although the consumable rod rotates with a high rotational
speed of 2300 rpm, the contact force data clearly shows that every single
point on the radial surface of the rod at the processing zone does not
come into contact with the substrate at every single revolution. This
phenomenon is due to the harmonic vibration caused by periodic exci-
tations generated as a response to the dynamic system in the FEM. The
maximum reaction force on the lateral side of the consumable rod can be
calculated as the summation of the average values of contact forces at
each point.

200

150

100

Normal Force (N)

50

employed. Also, the finite element analysis of the LFS process takes a
very long time due to the complex nature of the process and material
behavior, as well as the large total number of increments, since the 13 s
process can be considered a very long time for an explicit solver.
Employing a finer mesh can improve the accuracy of the results; how-
ever, it significantly increases the computational time of the simulation.
Mass scaling has been avoided in the simulation due to the potential of
altering the mass matrix and leading to inaccurate results, which re-
quires thorough evaluation and careful validation before it can be
deemed suitable for use in any simulation. In this study, about 55 full
days were required to simulate only 13 s of the process using an 11th
Gen Intel (R) Core (TM) i7-11700 K @ 3.60 GHz processor, and this
long processing time was a limitation in adopting finer mesh.

The FEM results show that the applied force was not supported by all
the material points on the radial surface of the rod at the processing
zone. Fig. 6 revealed that the rod nodes close to the top edge of the

Furnace \

Substrate

Fig. 5. Temperature distribution across the substrate placed in a furnace
recorded by IR camera during measurement of steel emissivity.

Experiment = = Simulation

5

6 7 8

Time (s)

Fig. 4. Comparison of normal force in experiment and FEM.
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Fig. 6. Normal contact force of Unique Nodal applied on the radial surface of the consumable rod.

substrate tolerate higher forces, while the contact force decreases as the
distance of the node from the tip of the consumable rod decreases, and
finally, it reaches zero for many of the nodes at the end of the
consumable rod and lasts until the end of the deposition phase. In the
experiments, the material in contact near the top of the substrate sup-
porting the force was removed during an adequate dwell-phase period
until the radial surface of the rod conformed to the substrate and
enabled a uniformly distributed contact force across the interface. Thus,
the contact pressure was consistent at all points in the contact area after
the dwell-phase, resulting in a consistent deposit fabricated through the
LFS process. This phenomenon was also observed in the simulation but it
lasted for the entire processing time since the dwell-phase period was
determined to be short (5 s) (due to high computational time) and also
the rod element size was still much larger (in the order of one milli-
meter) than the thickness of the coatings in experiments (in order of
20-100 um); therefore, the large elements did not reach of damage
criterion.

The force exerted on the substrate’s surface was spread out among
the points of contact at the interface between the rod and the substrate.
The moving average of two data points, represented by a dotted line in
Fig. 6, has been plotted to demonstrate the trendline of the force applied
on each individual node during the process. Each point’s average force
contributes to the total normal force at the rod/substrate interface
required for the deposition process. As previously discussed, an
increasing applied force was exerted within the first 2.5 s of the dwell-
phase, resulting in a gradual increase in the applied force of each node.

On the other hand, in the experiment, the consumable rod material
points in contact with the substrate reached damage criterion quickly
and material was transferred as the deposited coating; therefore, other
material points closer to the rod tip contacted the substrate and width of
the coating increased until all area on the rod at the interface became
involved in the deposition, as discussed previously. This phenomenon
continued until all the consumable material points located at the
interface became engaged in the deposition process and were subjected
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to an equal amount of normal force. A consistent coating with a uniform
width during the deposition phase was possible with an ample dwell
phase [30]. As mentioned above, larger force was calculated near the top
of the substrate, thought to be due to elastic response in the rod and
substrate. Therefore, a separate experiment was done to illustrate this
phenomenon, as shown in Fig. 7, where the consumable rod traversed
from right to left as it deposited material onto the substrate. In the LFS
process without a dwell phase, an initial increase in the coating width
occurred at the onset of the deposition phase. However, the width
increment continued until a stable width and consistent deposition was
achieved, as presented in Fig. 7.

The frictional heat generated at the interface of the rod and substrate
flows along and toward the rod axis through conduction, resulting in a
temperature gradient in the consumable rod. In the course of the LFS
process, the lateral surface of the rod is in continuous contact with the
substrate surface; therefore, the temperature of the elements in the
processing zone increases continuously as frictional heat continues to
accumulate in the rod. The maximum process temperature on the center
and the radial surface of the consumable rod is presented in Fig. 8. The
FEM results demonstrated that, at every moment, the temperature on
the radial surface of the rod is slightly higher than that at the center of
the rod, as heat conduction between nodes takes time. It was also
revealed that the maximum process temperature on the radial surface of
the rod followed an overall increasing trend with periodic oscillation.
The total number of fluctuations was 38.3 per second, which is equal to
the number of complete revolutions of the consumable rod in each
second. This fluctuation in temperature occurs because every single
node heats up at the processing zone and then cools down due to heat
dissipation through conduction, convection, and radiation, as the node
moves away from the processing zone. The FEM results show that the
center and the lateral surface of the rod at the processing zone reached
the temperature of 337.7 K and 341.4 K, respectively, after 11 s of the
process, including a 5-second dwell phase and a 6-second deposition
phase.
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Fig. 7. Consumable rod and coating evolution as contact area increased during LFS process without dwell phase.
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Fig. 8. Temperature recorded on the radial surface and axis of the rod through FEM.

The majority of frictional heat generated at the interface of the rod was transferred to the substrate; however, this portion of heat energy
and substrate was transferred to the aluminum rod due to the higher was accumulated in the processing zone due to the lower thermal con-
thermal conductivity of Al6061-T6, which was distributed throughout ductivity of the mild steel. This phenomenon resulted in a higher tem-
the rod quickly. On the other hand, a small portion of generated heat perature on the steel substrate; therefore, the highest process
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Fig. 9. Maximum process temperature recorded through experiment and finite element modeling.
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temperature occurred in the processing zone on the steel substrate.

Fig. 9 presents the evolution of maximum temperature during the
experimental analysis and finite element modeling of the LFS process,
and the maximum recorded temperature in dwell-phase for these two
analyses was 418.3 and 410.7 K, respectively. Although these results are
pretty close, the difference between the results of the experiment and
FEM is mainly due to the fact that the IR camera could not perfectly see
the contact line between the consumable rod and substrate. Another
difference between experimental and finite element modeling results is
that the maximum temperature in the simulation reaches its maximum
value earlier than that in the experimental analysis. This can be
explained by the perfect contact at the rod/substrate interface in the
simulation, which increases the temperature to its highest value more
quickly. In experiments, surface roughness, contact resistance, and
imperfect workpiece dimensions lead to incomplete contact at the
interface of the rod and substrate, resulting in a slower heat transfer. The
rod used in the experiment was not perfectly round and straight, and the
substrate surface was not perfectly flat, which resulted in incomplete
contact at the rod/substrate interface and a longer time to reach
maximum temperature. These results show that the maximum process
temperature will finally be defined by the process factors and type of
materials employed in the process. The delay in the maximum process
temperature of the experiment is concordant with the results presented
in [19].

It should be noted that the process temperature can be extracted from
the mesh nodes in the FEM. That is why the maximum process tem-
perature obtained from finite element modeling after t = 5 s is presented
by few points since the exact temperature at the processing zone is not
available when the rod is placed between two nodes. In other words, the
temperature of the nodes on both sides of the rod/substrate interface
does not represent the actual process temperature, and the actual pro-
cess temperature only can be obtained when the rod reaches the next
node.

The distribution of temperature on the steel substrate is presented in
Fig. 10. It was observed that the maximum process temperature occurs
in a small zone in the rod/substrate interface. The average temperature
of two nodes located in the highest temperature zone represents the
simulation result presented in Fig. 9. It was also revealed that the tem-
perature rapidly decreases as the distance from the processing zone
slightly increases. The FEM results confirm that the LFS process gener-
ates a low and localized processing temperature that minimizes the
thermal impact on the material properties.

The localized processing temperature can also be approved by
extracting the process temperature profile at the processing zone
through the thickness of the substrate. Fig. 11 exhibits the process
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temperature at the initial location of the rod/substrate interface over the
processing time. It should be noted that the first 5 s of the process take
place at that location, after which the processing zone moves gradually.
That is why the highest processing temperature (at D = 0 mm) drops
rapidly after the dwell phase, while it still increases at a depth of D
=1.75mm after t =5s, as the heat conduction process needs time.
Fig. 11 also revealed a significant difference between the temperature at
the substrate surface and a few millimeters in the depth of the plate. A
decreasing temperature through depth of the material is desirable, as it
can help to minimize thermal stress and distortion inside the material.

The temperature distribution along the axis of the consumable rod
and the cross-section of the rod are presented in Fig. 12. It is shown that
frictional heat generated at the processing zone heats up the rod surface,
and then the rod rapidly cools down as it continues its rotation and
leaves the processing zone. This is the reason that causes fluctuation in
the elemental node temperature presented in Fig. 8. Even with a high
rotational speed of 2300 rpm, the decrease in temperature in a full
rotation is noticeable. Comparing the deposition results of AA6061
through LFS in this study and [21] with those obtained through FS in
[38] highlights that LFS deposition can be accomplished at significantly
lower temperatures compared to FS processes. Also, increasing the
length of the rod in contact with the substrate in LFS process does not
necessarily cause an increase in the width of the deposit at the beginning
of the deposition since the contact force applied by the steel substrate
slightly bends the aluminum rod, resulting in a gap between the sub-
strate and the area at the end of the rod. This phenomenon has been
experienced several times in experiments and requires an appropriate
dwell-phase period for the rod to conform to the substrate and create
uniformly distributed contact pressure, and its severity depends on the
amount of the normal force and the type of consumable material.

One of the significant advantages of FEM is providing detailed in-
formation about stress and strain distribution on the material in a
coupled thermo-mechanical process, which is difficult to measure
experimentally during the experiment. Fig. 13 shows the distribution of
von-Mises stress on the workpiece and the entire rod. Comparing the
temperature distribution presented in Fig. 10 and von-Mises stress in
Fig. 13 shows that the stress distribution relies on temperature distri-
bution. The temperature gradient generated at the rod/substrate inter-
face created stress all around the processing zone on the substrate. On
the other hand, the maximum stress rate on the rod at the processing
zone occurred on the radial surface of the consumable rod, and the stress
rate decreased near the axis of the rod. The non-uniform stress distri-
bution on the cross-section could be attributed to the vibration of the
substrate in contact with the side of the rotating rod.

The spatial velocity at nodes located in the processing zone is

Fig. 10. Temperature distribution on the substrate when the highest substrate temperature obtained.
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Fig. 11. Process temperature profile through thickness of the substrate at initial contact zone.
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Fig. 12. Temperature distribution along the (a) length of the rod, (b) cross-section of the rod.

presented in Fig. 14. The spatial velocity of three points at the processing
zone is presented in Fig. 14 (a), showing a small fluctuation in the ve-
locity. Fig. 14 (b, c) exhibit that the velocity vectors around the
consumable rod were not uniform during the surfacing time; since the
collision of the rotary rod with the substrate results in high-frequency
low-magnitude vibrations, and this phenomenon has been observed in
almost all experiments. The generated vibration deforms the uniform
velocity vectors around the rod and dislocates the rod from the center of
the spatial velocity profile. This shows that contact between the sub-
strate and rotary rod reduces the rotational velocity of the elements in
contact with the substrate.

The strain distribution on the substrate and consumable rod is pre-
sented in Fig. 15. Based on the strain distribution profile of the substrate,
the highest degree of strain occurs at the processing zone on the sub-
strate. Also, the strain profile along the consumable rod shows that the
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highest strain level occurs in the area where the rod is confined in the
tool holder. This is because the contact force at the interface results in
the bending of the rod in that area. The failure of a few aluminum rods
during experiments, which was aimed at identifying optimal process
parameters for coating fabrication, can be distinctly attributed to the
considerable strain observed in this particular zone. The second highest
level of strain on the rod occurs in the processing zone. It should be
noted that the strain value on the rod at the processing zone is far less
compared to the maximum level of strain in the entry of the tool holder.

5. Conclusions
In this investigation, thermo-mechanical finite element analysis was

conducted to study the local distribution of variables such as tempera-
tures, local pressure, stress, and strain throughout the consumable rod
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Fig. 13. Stress distribution (a) on the substrate, (b) on the rod.
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Fig. 15. Strain distribution (a) on the substrate, (b) along the rod, (c, d) on the rod cross-section at t = 5 s (end of the dwell phase).

and workpiece in the LFS process. The results of the FEM were validated
through an experimental examination utilizing the same materials and
process parameters.

e The FEM confirmed that LFS generates low process temperature
localized in a small area, and the temperature rapidly decreased as
the distance from the processing zone slightly increased.

e The maximum process temperature on the rod after 11 s (dwell phase
and deposition phase) was only 341.4 K, which was much less than
that on the substrate recorded during the dwell phase as 418.3 K.
This phenomenon was attributed to the difference in thermal con-
ductivity; as heat was rapidly conducted through the rod, but
localized in the steel substrate with lower thermal conductivity.

o The results of this investigation revealed that temperature in simu-
lation reaches its maximum value earlier than that in the experi-
mental analysis. This is due to ideal contact at the rod/substrate
interface in finite element modeling. In experiments, surface
roughness, contact resistance, and imperfect workpiece dimensions
lead to incomplete contact at the rod/substrate interface and slower
heat transfer.

Contact force causes deflection in the aluminum rod, resulting in a
gap between the substrate and the area at the end of the rod, as
captured in the simulation. At the beginning of the experiment, the
consumable material points in contact with the substrate reach the
damage criterion; therefore, the width of the coating should gradu-
ally increase. The results approve the necessity of an appropriate
dwell phase period for achieving consistent coating width.
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e The highest strain level on the rod occurs at the tool holder entry,
where the rod is confined in the tool holder. This is because the
contact force at the interface bends the rod in that area. The strain on
the rod in the processing zone is far less in comparison. The FEM
results highlight the importance of reducing strain and stress levels at
the tool holder entry to prevent consumable rod failure. This can be
achieved by minimizing the length of the consumable rod outside the
tool holder.
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