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Lateral friction surfacing, a solid-state deposition process, is a novel friction surfacing
technique. In this approach, frictional heat and plastic deformation result in deposition of
consumable material from the radial surface of a tool onto a substrate. This paper presents
a comprehensive assessment of lateral friction surfacing of AA2011, AA6061, and AA7075
aluminum alloys, with particular focus on the impacts of process parameters on the
coating properties. The influence of process variables such as tool rotational speeds,
normal applied forces, and type of consumable materials was investigated on the process
temperature, physical, and metallurgical characteristics of the deposits using optical mi-
croscopy, infrared thermography, scanning electron microscopy, and EDS. This study ex-
hibits that the lateral friction surfacing approach enables the deposition of ultra-thin and
smooth layers of different aluminum alloys. Furthermore, the temperature generated in
this technique was low enough to avoid plasticizing the substrate and intermixing between
the consumable material and substrate, which mitigates the thermal impacts on the grain
structures and metallurgical characteristics. The lateral friction surfacing performance of
the different alloys can be partially explained by their material properties. High input
energy provided by high normal forces and tool rotational speeds may result in failure in
the deposition process of materials with lower thermal conductivity and melting point,
which emphasizes on limitations for the process parameters during the process.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

substrate, as shown in Fig. 1. Frictional heat is generated at the
contact interface of the substrate and consumable rod, which
facilitates the softening and shearing of consumable material

Friction surfacing (FS) is a friction based solid-state additive
manufacturing technique for transfer of one material onto a
substrate [1]. This technique allows the bonding of similar and
dissimilar metallic material combinations. In this technique,
the rotating consumable rod is forced against the surface of a
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[1]. The material is deposited in a viscoplastic layer at the
interface of the rod and substrate, which creates a bond be-
tween the coating layer and the workpiece. This technique is
capable of providing high-quality bonding with lower defor-
mation in a wide variety of materials. Compared to the fusion-
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Fig. 1 — FS using (a) the end of the consumable tool (b) the radial surface of the consumable tool.

based methods, the solid-state substance of FS and the lower
input energy during the process result in a reduced heat
affected zone (HAZ) and limits large distortion issues [2]. The
FS technique is basically an environmentally friendly process
since shielding gas and forced cooling methods are not
necessarily required in this approach.

The effective process parameters in this technique
comprise a wide range of factors such as material properties
including physical properties (surface roughness, melting
point), thermo-mechanical properties (shear and yield
strength, hardness, and thermal conductivity), process con-
ditions (length and diameter of the rod, thickness and size of
the substrate, and atmosphere), as well as other factors such
as tool rotational speed, applied force, and transverse speed.
All these process parameters influence the coating properties
such as thickness, hardness, surface roughness, and bond
strength [3]. The impacts of critical process factors such as
spindle speed, axial force, table traverse speed [4—6], tool
diameter [7-9], single and multiple layer deposition [10],
different tool configuration [11], and different material types
[12—17] on the coating quality have been studied in various
investigations. Many investigations have been conducted to
study the influence of process parameters on process tem-
perature [18—20], residual stress [21,22], width and thickness
[23], wear resistance performance [24,25], surface roughness
[26], hardness [27,28], corrosion [29,30], bond strength [31,32],
and microstructures [16,33,34].

There is a need for investigations that focus on FS using
different combinations of tool/substrate material, with
particular attention to the effects of alloys’ compositions on
the results of this technique to make this approach legiti-
mately possible in industrial applications. Batchelor et al.
investigated multi-layer FS of aluminum, brass, and stainless
steel onto a mild steel substrate by employing different pro-
cess parameters and nitrogen shielding gas [13]. In this study,
a thick layer of stainless steel was fabricated on the substrate;
however, the technique was unsuccessful for brass and
aluminum. In another study [35], the different weight per-
centages of Ag powder were added to AA2024 consumable
tools to provide different alloys of this material. It was
revealed that by increasing 1 wt.% Ag powder, the strength

and hardness of the deposits improved approximately by 1.8
and 1.0 percent, respectively. In another investigation by
Shariq et al. [36], AISI 304 stainless steel and copper as
consumable tools and mild steel, AISI 304 stainless steel,
AA1050, and copper as substrates were examined. In this
study, the FS of stainless steel onto copper was not successful,
since copper was not able to tolerate the high process tem-
perature. This results in failure of the process, which indicates
the importance of process parameters optimization in this
technique.

Friction deposition of H13 tool steel onto the surface on a
low carbon steel substrate was investigated by Rafi et al. [37].
In this study, the traverse speed and spindle speed were
considered as the process variables, while the axial load was
kept constant. It was concluded that the deposit's width was
bigger than the tool diameter for all the traverse speed
employed in the study. Also, the experiment results revealed
that the coating width was noticeably decreased by applying
higher tool rotational speeds; however, the traverse speed did
not have a significant effect on the coating width. An attempt
was made in [38] to determine an appropriate set of process
factors for FS of a mild steel substrate with 6063 aluminum
alloy. The result of the study exhibited that applying higher
forging force decreases the coating thickness. On the other
hand, FS of Monel 500 onto AISI 1012 steel showed that
increasing the axial forging force resulted in higher coating
thickness and width [39].

Friction deposition of AA6063 consumable tool onto
AISI316 stainless steel substrate and the correlation of the
process parameters with the coating geometry were investi-
gated by Sahoo et al. [40]. In this study, three different values
for each critical process parameters of traverse speed, axial
load, and spindle speed were employed, and their influence on
the coating width and thickness were evaluated. It was
exhibited that decreasing the tool rotational speed and
increasing the axial load results in wider coatings. Also, lower
coating thickness values were achieved as the axial load and
tool rotational speed were increased. In another investigation
[41], stainless steel 316L was friction surfaced onto 304 stain-
less steel substrates. It was revealed that increasing the
spindle speed causes a decrease in both coating thickness and
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width. Fitseva et al. employed different spindle speeds of 400,
600, 3000, and 6000 rpm to deposit Ti—6A1—4V onto Ti—6Al—4V
substrate using FS technique. Their investigation revealed
that rougher deposits were obtained using higher tool rota-
tional speeds, and lower tool rotational speeds results in a
smoother deposit [42].

FS is a metal deposition approach in which the material
transfer occurs at a temperature lower than the melting point
of the consumable material. Moreover, the deposited material
experiences an intense cooling rate after the process, which
results in a fine-grained deposit. Therefore, the process tem-
perature plays a critical role in the FS approach and may
change the metallurgical properties of the deposited coating.
The heat input can be controlled by the process variables such
as tool rotational speed, traverse speed, axial load, and sub-
strate surface roughness. Sekharbabu et al. utilized the FS
technique to create a coating layer of D2 tool steel onto a low
carbon steel substrate [43]. In this investigation, the micro-
structures were evaluated using optical microscopy, SEM, and
X-ray diffraction. The process temperature profile was pro-
vided by means of an infrared camera, and the highest process
temperature was recorded as about 1200 °C. The result of SEM
analysis exhibited that the carbides present in the coating are

finer compared to the as-received D2 consumable tool due to
the severe plastic deformation. Puli and Ram investigated and
compared the deposited coatings of AISI 410 stainless steel
provided by two different approaches of FS and manual metal
arc welding [44]. The study result revealed no dilution in the FS
process as an advantage for this approach. All of the afore-
mentioned research was done for FS from the end of the tool
as shown in Fig. 1(a). There is a lack of research in FS from the
radial surface of the tool, as shown in Fig. 1(b), which is
addressed in the current study.

A novel method of FS entitled lateral friction surfacing
(LFS) was employed in [45], in which the lateral surface of the
consumable tool was forced against the surface of the sub-
strate, and material transferring occurred from the side of the
tool, as shown in Fig. 1(b). In this study, AISI 1018 carbon steel
and AA6063 were employed as the materials of the substrate
and consumable tool, respectively. The experimental results
of the novel approach revealed that the LFS approach is
capable of producing multi-pass deposition with ultra-thin
and smooth coating in which the surface roughness values
were in the order of 1 um. This technique generated a lower
process temperature compared to the conventional FS tech-
nique, and the coating deposited in this approach exhibited

Materials Mg Si Cu Cr Mn Ti Zn Fe Al
% of composition 0.8-1.2 0.4-0.8 0.15-0.4 0.04-0.35 0.15 0.15 0.25 0.7 Balance
Physical Property Melting Point UTS Elongation at Break in 50 mm Thermal Conductivity
Values 588 °C 310 MPa 17% @ 24.0 °C 167 W/m.K

Table 2 — Chemical composition and physical properties of AA7075-T6.

Materials Mg Si Cu Cr Mn Ti Zn Fe Al
% of composition 2.1-2.9 0.4 1.2-2 0.18-0.28 0.3 0.2 5.1-6.1 0.5 Balance
Physical Property Melting Point uTs Elongation at Break in 50 mm Thermal Conductivity
Values 477 °C 572 MPa 11% @ 24.0 °C 130 W/m.K

Table 3 — Chemical composition and physical properties of AA2011-T3.

Materials Bi Si Cu Pb Ti Zn Fe Al
% of composition 0.2-0.6 0.4 5-6 0.2-0.6 0.1 0.3 0.7 Balance
Physical Property Melting Point UTS Elongation at Break in 50 mm Thermal Conductivity
Values 540 °C 379 MPa 15% @ 24.0 °C 151 W/m.K

Table 4 — Chemical composition of AISI 1018 low carbon steel.

Materials Mn p S C Fe
% of composition 0.60—0.90 <0.040 <0.050 0.14-0.20 98.81-99.26
Physical Property Melting Point UTS Elongation at Break in 50 mm Thermal Conductivity
Values 1480 °C 440 MPa 15% @ 24.0 °C 51.9 W/mK
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Table 5 — Materials and process parameters employed in
the experiments.

Sample Type of Tool Rotational Normal
Number Material Speed (rpm) Force (N)
1 AA2011 2300 100

AA2011 2300 200
3 AA6061 2300 100
4 AA6061 2300 200
5 AA7075 2300 100
6 AA7075 2300 200
7 AA2011 3000 100
8 AA2011 3000 200
9 AA6061 3000 100
10 AA6061 3000 200
11 AA7075 3000 100
12 AA7075 3000 200

full coverage. The developed samples were subjected to SEM
and EDS analyses for metallurgical characterization [46]. In
another investigation [47], the LFS technique was successfully
employed to deposit 6063 aluminum alloy onto A36 mild
carbon steel. The experimental result exhibited that the

applied force significantly impacted the coverage and surface
roughness of the deposited coatings in the LFS technique.
Moreover, it was revealed that higher applied tool rotational
speed resulted in thicker coating layers. In [48], the corrosion
performance of AA1100, AA2024, AA5086, AA6061, and
AA7075 coatings deposited onto AISI 1018 was evaluated by
mass loss measurement through an accelerated corrosion
test, and it was revealed that AA5086 provided the most pro-
tection. There is not much literature on LFS as this is a rela-
tively new friction stir processing technique.

Despite these findings obtained from previous studies, the
effect of different alloys composition on the mechanical and
metallurgical properties of the coating has not been studied.
The hypothesis is that aluminum alloys will perform differ-
ently in LFS in accordance with their material properties, and
that the mechanical properties will be more important for this
relatively low temperature LFS process. Three aluminum al-
loys with different strength and thermal properties were
chosen to investigate this hypothesis. The effect of process
factors and alloys composition on processing behaviors,
physical properties, and metallurgical characteristics of the
depositions are fully quantified for three different aluminum

Fig. 2 — Demonstration of experimental setup utilized in LFS approach.
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alloys, AA2011, AA6061, and AA7075 onto AISI 1018 carbon
steel. Critical process variables such as spindle speed and
applied load have been considered as the process controlling
parameters. This novel method of LFS gives a possibility of
creating ultra-thin and smooth deposited coating developed
in lower temperatures compared to many joining methods as
well as the conventional FS technique, which reduces thermal
impacts on metallurgical properties and grain structures of
the coatings. The focus of the present investigation is the
understanding of the correlation between process parameters
and the resulting coating and tool properties, i.e., surface
roughness, coating thickness, coating coverage, material
deposition rate, microstructures, as well as the process
temperature.

2. Materials and methods

In this investigation, the novel approach of LFS was utilized to
fabricate the friction deposits of three different types of
aluminum alloys, AA2011, AA6061, and AA7075, onto an AISI

\ IR Camera

1018 carbon steel substrate. The radial surface of the
consumable rod was forced against the substrate surface, and
material transfer occurred from the side of the tool. Plastici-
zation of the consumable material was caused by frictional
heat generated between the rotating consumable tool and the
substrate. This research is an attempt to understand the basic
principles of the LFS process with a special attention to the
impacts of process parameters and different consumable
materials on the deposited coatings. In the LFS, the radial
surface of the consumable tool in contact with the surface of
the substrate experiences a constant rotational velocity at the
interface, which results in a consistent deposition compared
to the conventional FS technique. This also means unlike the
conventional approach, there is no retreating and advancing
side in the LFS approach.

2.1. Materials and experimental parameters
The purpose of this study was to quantify the effect of different

material properties on the process and coating quality in LFS.
Three different types of aluminum alloys, AA2011, AA6061, and

Substrate

Fig. 3 — Configuration of IR thermography setup during the LFS process from top view.

Fig. 4 — Cross-sectioning of the deposited coatings.
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AA7075, were utilized as the consumable rods with a length of
10 cm and a diameter of 1.27 cm. The chemical composition and
some physical properties of consumable materials are pre-
sented in Tables 1-3 [49]. These three kinds of aluminum alloys
are different in terms of structure, composition, and material

Sample #5: AA7075- 2300rpm, 100N
e e 2

Sample #9: AA6061- 3000rpm, 100N

properties. AA6061 is the most common alloy usedin friction stir
processing due to high formability, workability, and weldability.
As shown in Table 1, it has silicon and magnesium as the major
alloying elements and has the highest ductility, melting point,
and thermal conductivity, but has the lowest strength. On the

Sample #6: AA7075- 2300rpm, 200N

Sample #8: AA2011- 3000rpm, 200N

Sample #10: AA6061- 3000rpm, 200N

Sample #11: AA7075- 3000rpm, 100N

Sample #12: AA7075- 3000rpm, 200N

Fig. 5 — Experimental samples developed by LFS using different process parameters.
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other hand, AA7075 with zinc as its primary alloying element is
an exceptionally high strength aluminum alloy, comparable to
many types of steel. Although this alloy presents a high tensile
strength, it has lower melting temperature, thermal conduc-
tivity, and ductility. AA2011 has a higher percentage of copper as
its principal alloying element resulting in high toughness and
strength. The thermal and strength properties presented in
Table 3 have values in between those of AA6061 and AA7075.
The tool substrate material was AISI 1018 with a thickness
of 3.18 mm and the dimensions of 127 mm x 50.8 mm. This
material was selected since it also has a wide range of in-
dustrial applications due to its great performance in various
processes such as heat treating, welding, forging, and
machining. The chemical composition, as well as some
physical properties of AISI 1018, are presented in Table 4 [49].
Two different spindle speeds of 2300 and 3000 rpm, and
two different applied forces of 100 and 200 N were experi-
mented. A constant traverse speed of 76.2 mm/min was
considered as the longitudinal movement of the table. The
applied force on the side of the consumable tool keeps the rod
in continuous contact with the substrate; and the normal
force was held constant as the workpiece moved laterally;
therefore, there was no gap between the rod and substrate.
Table 5 presents the details of material and process parame-
ters employed in each sample in this study. These values were
chosen based on the previous experimental experiences ob-
tained from the LFS of different materials, as well as the
capability of the machine and measuring equipment. It has
been determined from a first-principles study that LFS with a
low force results in insufficient coating coverage and thick-
ness. Also, LFS with high force results in material breakdown
in the tool due to high plastic deformation and load bearing
limitations.
2.2. Experimental setup and measurement procedure
The LFS process was conducted by employing a customized
JET JMD-18 milling machine. In order to increase the accu-
racy of the experimental study and provide a consistent and

controlled longitudinal movement by the machine, the
manual feed handle installed on the table was detached, and
the table of the milling machine was equipped with a servo
power feed controller. In other to control the applied force
and record the normal and tangential forces during the
process, a four-component Kistler drilling dynamometer
type 9272, data acquisition systems, and LabVIEW program-
ming were utilized, as shown in Fig. 2. Moreover, the original
chuck arbor of the JET JMD-18 milling machine was replaced
by an ER40 collet chuck tool holder to provide better
maneuverability with shifting between different sizes and
types of tools.

Infrared (IR) thermography was performed using an IR FLIR
SC655 camera to record the process temperature during the
LFS. Infrared thermography is a non-contact and convenient
approach to provide a real-time temperature measurement
during the process. The IR camera records the process tem-
perature based on the irradiance from the surface of an object.
The IR camera employed in this study was calibrated to
measure process temperatures between 0 and 650 °C. LFS can
be done at temperatures less than consumable material's
(aluminums) melting points, which is perfectly fitted in the
measuring range of the IR camera. The camera was located at
an appropriate distance of 0.5 m from the processing areain a
way that the focus was made on the surfacing zone at the
interface at an angle of 10° with the substrate, as shown in
Fig. 3. The consumable tools and substrates were cleaned by
ethanol prior to the deposition process to remove grease and
powder. Then, the surface of the substrate was covered by a
thin graphite layer which increases the surface emissivity up
to 0.80 [50]. The aim of this measurement is to investigate the
influence of the generated heat at the interface of the sub-
strate and rotating tool on the process behavior and coating
properties.

The surface roughness analysis is one of the most impor-
tant surface examinations in evaluating the superficial prop-
erties of coatings. Surface roughness has a significant impact
on various important physical phenomena such as friction,
sealing, adhesion, and wear behavior. In the present study,
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the influence of the process parameters such as spindle speed,
applied force, and type of consumable material on the surface
roughness of the developed deposits is evaluated. The
roughness of the deposited coatings was characterized uti-
lizing Ra, the arithmetic means deviation of the coating
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surface profile. For this purpose, a Landtek SRT6200S surface
roughness tester with the great resolution of 0.001 um in
measuring surface roughness values less than 10 pm, was
employed to evaluate the surface roughness values of
deposited coatings as well as the substrate without coating, as
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received. The material deposition rate was evaluated by
measuring the reduced volume of the consumable tools dur-
ing the LFS process.

2.3.  Microscopy

The cross-sectional viewing of the coating layers and the in-
fluence of process parameters on their thickness values are

[ e—
S0um

Culal 2

| e—
SOpm

investigated by means of a Leica optical microscope type
DM2700. For this purpose, 1 cm of the deposited coatings was
cut to be mounted in epoxy, as shown in Fig. 4. Then, the
samples were polished by utilizing 1 pm and 0.3 pm aluminum
oxide abrasive particles, prior to cross-section viewing using
optical microscope.

The interface and the deposits fabricated through LFS were
investigated using Scanning Electron Microscopy (SEM).

50pm

Ba Lal

Fig. 13 — SEM images and EDS maps of the consumable rod material AA2011.
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Cross-sectional characterization of different deposited mate-
rials using SEM provides further information regarding the
interfaces and the impacts of process parameters and type of
materials on the development of cracks and bonding quality
between the coating and substrate. Moreover, EDS analysis
was conducted to identify the composition of the deposited
material and the participated elements. For this purpose, a FEI
Helios NanoLab 660 Dual-Beam SEM-FIB equipped with an
Oxford Instruments X-Max EDS system was employed.

3. Results and discussion

In this study, an ultra-thin coating layer of AA2011, AA6061,
and AA7075 aluminum alloys were fabricated onto the surface
of AISI 1018 carbon steel by LFS approach. The visual assess-
ment of deposited coating layers presented in Fig. 5 shows
that process parameters significantly influenced the coating
coverage and roughness. It was observed that higher normal
force resulted in more significant deposition. As is shown in
sample 12, the deposition of AA7075 using high tool rotational
speed and normal force failed due to high input energy, which
possibly resulted in an unstable condition of severe plastic
deformation and shearing of the consumable material. During
the process, a large amount of softened material was suddenly
deposited on the substrate, resulting in the failure of the LFS
process. This indicates that there are limitations in using the

very high or low values of process parameters in deposition of
different consumable materials.

3.1. Measured forces and temperature during the
process

Figure 6 shows the measured normal and lateral forces
during LFS. The normal force was manually controlled at 100
and 200 N shown by the solid lines after a 30 s dwell period to
bring the force and temperature to steady state. At the 30 s
mark, the horizontal feed of the table was started at 76.2 mm/
min. The dotted lines show the lower tangential forces
correlating to 100 and 200 N normal force. A real-time force
ratio for each material and set of process parameters was
recorded by measuring the normal force (F,) and the
tangential force (F;) at any moment during the process, as
shown in Fig. 7.

The normal forces employed in this technique were much
lower compared to that in several investigations on the con-
ventional FS process [7,9,11], while it can deposit coatings
with good coverage and reduce the risk of damage to the
machine, equipment, and tool. The result of the force mea-
surement revealed that the tangential force was lower than
the normal force for all the materials, as shown in Fig. 7.
Moreover, the force ratio (Fy/F,) was the highest for AA6061 for
all employed parameters, exhibiting a higher friction coeffi-
cient for this alloy during the process. This was also

25pm
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Fig. 14 — SEM images and EDS maps of the consumable rod material AA6061.
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Fig. 15 — SEM images and EDS maps of the consumable rod material AA7075.
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Fig. 16 — SEM images and EDS maps of the AA2011 deposit fabricated by 2300 rpm and 200 N.
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previously confirmed that AA6061 has a higher friction coef-
ficient than several aluminum alloys, such as AA7075 [51]. In
most of the experiments, the force ratio experiences a steady
state after a small increment. This shows that the friction
coefficient increases as the temperature rises, and it reaches
to a steady state as the process temperature reaches a steady
state. Also, Fig. 7(d) shows that the friction coefficient for
AA7075 decreases as this material softened due to high tem-
perature and then decreased to zero before the failure point.
This phenomenon is entirely compatible with the principle
that softened materials at high temperatures have lower
shear strength.

Infrared (IR) thermography was performed using an IR FLIR
SC655 camera to record the process temperature during the
LFS process. The presented results in Fig. 8 illustrate how the
process temperature changes depending on the tool rotational
speed and normal force employed in the process. The process
temperature can be raised either by higher energy input
developed due to employing an increased normal force or tool
rotational speed, or due to a lower thermal conductivity of the
tool/substrate materials. The AA7075 consumable material
utilized in this study has a lower thermal conductivity and
melting point compared to AA2011 and AA6061, which creates
limitations in using high values of normal forces and tool
rotational speeds. As is shown in Fig. 8, the LFS of AA7075
using tool rotational speed of 3000 rpm and normal force of
200 N failed due to high input energy, which resulted in severe
plastic deformation and softened consumable material.

For the different consumable materials investigated in this
study, the maximum difference in process temperature
developed by low values of process parameters of 2300 rpm
and 100 N was 28 °C, while for high values of 3000 rpm and
200 N was 101 °C. The maximum recorded temperatures
during each experiment are presented in Fig. 9. The result
exhibited that increasing the spindle speed and normal force
result in a higher maximum process temperature. Further-
more, it was revealed that the normal force has a more sig-
nificant impact on the process temperature than the tool
rotational speed. Therefore, it can be concluded that the
thermal properties of the consumable materials and both
employed process variables significantly affect the process
temperatures, which determine the resulting deposit's ge-
ometry and metallurgical properties. The lowest process
temperature in this study was as low as 79 °C developed in LFS
of AA2011 using tool rotational speeds of 2300 rpm and normal
force of 100 N, and the highest process temperature was 339 °C
developed in LFS of AA6061 using tool rotational speeds of
3000 rpm and normal force of 200 N. The process temperature
generated in this technique is significantly lower than that in
the conventional FS of aluminum alloys. The process tem-
perature in the FS of AA7075 onto AA5754 using traverse speed
of 120 mm/min and vertical feed rate of 160 mm/min was
reported as 459 °C and 496 °C for tool rotational speeds of 1000
and 1200 rpm, respectively [52]. In another investigation, FS of
AA7075 consumable tool onto AA5754 substrate generated the
maximum temperature of 547 °C using traverse speed of
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Fig. 17 — SEM images and EDS maps of the AA2011 deposit fabricated by 3000 rpm and 200 N.
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160 mm/min, vertical feed rate of 100 mm/min and tool
rotational speed of 1000 rpm [53].

3.2 Influence of process parameters on deposition

There is no flash formation in the LFS process, which is ad-
vantageous for this approach compared to the conventional
FS technique. It was exhibited that flash formation is a critical
issue that can waste up to 60% of the tool consumable mate-
rial [54]. In this study, the material deposition rate was
measured by determining the reduced volume of rod
consumable material during the process. Generally, the higher
values of material deposition rate during the LFS process and a
lower coverage result in thicker deposits.

As is presented in Fig. 10, there is no particular trend in the
material consumption rates of the different types of
aluminum with respect to the process parameters, which
exhibits the complexity of process parameters' impacts on the
resulting deposits. The highest rates of material deposition
rates through successful LFS processes for AA2011, AA6061,
and AA7075 were observed at 3000 rpm and 100 N, 3000 rpm
and 200 N, 2300 rpm and 200 N, respectively. The material
deposition rate of AA7075 using different process parameters
is noticeable, which indicates that a larger amount of AA7075
consumable material can be plasticized and sheared through
LFS. This makes sense due to the lower thermal conductivity,
melting point, and ductility of this alloy which increase

accumulation of heat at the processing area resulting in a
severe plasticization of the consumable material.

In order to investigate the effect of the different process
parameters and types of consumable materials on the
roughness of the coated deposits, the deposited samples, as
well as the substrate without coating, were subjected to
surface roughness evaluation. For this purpose, 20 different
random points on the samples' surfaces were selected and
tested, and the average surface roughness values of selected
spots were recorded as presented in Fig. 11. The presented
error bars present the standard deviations from the means.

As is shown in Fig. 11., aluminum coating layers with the
surface roughness values in the order of about 1-2 um were
produced. Fabricating a layer of the aluminum alloys onto
the surface of 1018 steel substrate generally increases the
surface roughness; however, it would be even smoother in
few cases. Itis also shown that LFS of the more brittle AA7075
resulted in the roughest deposited coatings compared to the
other two consumable aluminum alloys. It is hypothesized
that high temperature shear strength was compromised in
AA7075, which has lower melting point and thermal con-
ductivity. Furthermore, it is exhibited that applying higher
normal force results in smoother surfaces. The roughness of
the smoothest deposit was as low as 0.28 pm developed
through LFS of AA6061 using tool rotational speeds of
3000 rpm and normal force of 200 N. The roughness of the
roughest deposit was 2.5 um, which was developed through
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Fig. 18 — SEM images and EDS maps of the AA6061 deposit fabricated by 2300 rpm and 200 N.
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Fig. 19 — SEM images and EDS maps of the AA6061 deposit fabricated by 3000 rpm and 200 N.

LFS of AA7075 using tool rotational speeds of 2300 rpm and the magnification of 20x. The highest thickness value was
normal force of 100 N. observed in before failure in LFS process of AA7075 by

The cross-sectional viewing of the deposited layers was employing 3000 rpm and 200 N, while these process parame-
conducted using a Leica optical microscope type DM2700 at ters resulted in the lowest coating thickness value in LFS
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Fig. 20 — SEM images and EDS maps of the AA7075 deposit fabricated by 2300 rpm and 200 N.
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process of AA2011. The lowest and highest average coating
thickness values recorded during this process were 24 pm and
73 pm, as presented in Fig. 12. In majority of cases, AA2011
provides the thinnest coating layers, while AA7075 results in
thickest deposit layers using different combinations of pro-
cess factor.

3.3. Material characterization

This study exhibits that LFS is a promising technique for solid-
state dissimilar aluminum deposits; however, different ma-
terials and process parameters lead to different deposit mi-
crostructures, composition, bonding, and coating quality. The
quality and composition of the coating is unknown for this
new process. The effect of the LFS process on the deposition
was qualified on cross-sectioned samples through SEM and
EDS analyses. The SEM analysis revealed more information
regarding the interfaces and the impacts of process parame-
ters on the cracks, bonding quality, and intermixing between

the consumable material and substrate. The EDS analysis was
performed to identify the composition of the coatings and the
participated elements.

The result of SEM and EDS analysis of as-received
aluminum rods are presented in Figs. 13—15. It is important
to evaluate the as-received materials to understand if there
are any defects or areas with a high amount of a specific
element in the consumable material, as it helps to figure out
the origin of such possible defects or regions in the deposits.
The SEM analysis of the aluminum rods confirms the absence
of surface defects and further exhibits that the radial surface
of the consumable rods is not completely smooth. The EDS
maps of the as-received materials revealed the distribution of
various elements in the employed materials before the
surfacing process. The result of EDS analysis confirms a uni-
form distribution for the majority of elements; however, the
maps show brighter regions containing high amounts of Cu in
AA2011, high amounts of Mg, Fe, and Si in AA6061, and high
amounts of Mg and Cu in AA7075.

Fe Kal

50pm

Fig. 21 — SEM images and EDS maps of the AA7075 deposit fabricated by 3000 rpm and 200 N.
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Table 6 — Summary of evaluations and analyses.

Process Parameters

AA2011 AA6061 AA7075

Coverage 2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 100 N
2300 rpm, 200 N
3000 rpm, 100 N
3000 rpm, 200 N
2300 rpm, 200 N
3000 rpm, 200 N

Force Ratio

Temperature

Thickness

Roughness

Deposition Rate

Cracks

I I 111
II I 111
II I I
1 Failure
I I
I 111
111 I I
I 111
I

Failure
111 11 I

1I III I

I I I
Failure
I I 1
II I I

I: High, II: Medium, III: Low.

The cross-sectional micrograph of AA2011 coatings fabri-
cated on the substrate exhibited a clear interface with
consistent bonding between the deposits and substrate, as
presented in Figs. 16 and 17; however, there are several cracks
in the deposited coatings. The coating appears to have a
consistent thickness and quality, but it was on average the
thinnest coating of the three alloys as shown in Fig. 12. One of
the small defect sites was studied further by EDS. Uneven
distribution of AA2011 alloying elements can be seen in the
maps. The EDS maps show a minimal transfer of elements
between the tool and substrate, but there seems to be small
migration of Ag, Fe, and Mn from the steel to the coating. This
phenomenon is also apparent in the EDS maps of the other
deposits.

LFS of AA6061 is shown in Figs. 18 and 19. The coating
appears to have bonded well to the substrate without cracks.
In this approach, there is no sign of plasticization effects in the
substrate and intermixing between the consumable material
and substrate due to the generated heat; however, intermixing
and diffusion across the interface was reported in the con-
ventional FS technique [55]. The EDS maps also show broad
regions containing high amounts of Fe in the AA6061 indi-
cating that the substrate surface was rubbed off, and the
material was transferred from the substrate to the deposit.
These appear to be grains containing Iron along the coating
that could possibly have an effect on the strength and
roughness.

In the SEM analysis of AA7075 deposits, cracks and
unbonded regions at the coatings and substrate interface were
observed, as presented in Figs. 20 and 21. This can be
explained by the low ductility of AA7075 as compared to the
other alloys. The EDS maps revealed the existence of a

uniform distribution of oxygen element in the majority of Al-
rich regions, which indicates the formation of aluminum
oxide after polishing the samples. Moreover, Fe-rich regions in
the AA7075 deposits fabricated by higher rotational speed
were observed which is proof that the substrate surface was
rubbed off during the process due to the high tool rotational
speed and force at the tool/substrate interface, and the ma-
terial was transferred from the substrate to the deposits. The
SEM results of all samples do not show elemental diffusion of
consumable materials to the substrate or deformation of the
substrate, which indicates that the process temperature was
low enough to avoid plasticizing the substrate and penetra-
tion of the aluminum into the steel substrate.

In order to provide an overview of this study, the results of
various analyses employed in this investigation are summa-
rized in Table 6, in which the consumable materials are
ranked based on their performances in different examina-
tions. This table summarizes the general trends of high force
ratio and lower cracking for AA6061, high thickness, surface
roughness, and deposition rate for AA7075, and AA2011 not
exhibiting relative high or low values for any measure as
predicted by the intermediate values of material properties.
Also, there are more results such as EDS maps exhibiting the
presence and distribution of elements that cannot be quan-
tified and ranked in this table.

4, Conclusions

A complete analysis of material transfer of AA2011, AA6061,
and AA7075 onto AISI 1018 carbon steel by LFS was presented.
The results of the experimental study exhibited that the LFS is
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capable of fabricating the aluminum alloys with great
coverage; however, the limitations in the values of process
parameters should be considered like any other
manufacturing processes. The important process factors such
as spindle speed and normal force were considered as the
process variables while the traverse speed was kept constant.
The influence of different sets of material and process factors
on the force ratio, surface roughness, process temperature,
material deposition rate, coating coverage, coating thickness,
and distribution of elements are discussed in detail. Despite
all these analyses, there are still many unknowns about
different aspects of the novel method of LFS, such as wear and
corrosion performance, residual stress, and temperature dis-
tribution in the consumable rod and deposit, which require
much more experimental analysis and accurate finite element
modeling. The most important outcomes of this investigation
are concluded as follows:

e The LFS of three different aluminum alloys resulted in
ultra-smooth and thin deposit layers. It was exhibited that
AA7075 fabricates thicker and rougher coating layers
compared to other alloys in most of the experimental tests,
while LFS of AA2011 and AA6061 resulted in the thinnest
and smoothest deposits layers, respectively. Moreover,
smoother surfaces were obtained by increasing the normal
force.

e In this investigation, the force ratio was the highest for
AA6061 for all employed parameters, exhibiting a higher
friction coefficient for this alloy during the process. More-
over, the highest process temperature was recorded during
LFS of this alloy. However, the process temperature gener-
ated in LFS is quite low compared to the conventional FS
technique, which helps to decrease the thermal effects on
the mechanical and metallurgical properties of the deposit.

e The normal force and tool rotational speed are the critical
controlling parameters to adjust the input energy into the
process. Therefore, increasing the input energy by adopt-
ing higher forces, higher rotational speeds, and rougher
surfaces may lead to deposition of materials with higher
melting points. Lower thermal conductivity and melting
point associated with AA7075 resulted in softening the
consumable material and failure when the high tool rota-
tional speed and force were employed. The normal applied
force was found to have a more significant influence on the
process temperature compared to the tool rotational
speed.

e The SEM analysis of the cross-sections exhibited a clear
interface without any unbonded regions between AA2011
and AA6061 deposits and the substrate; however, cracks
and unbonded regions at the interface of AA7075 deposit
and the substrate were observed. The SEM results of all
samples revealed a defect-free interface with no elemental
diffusion of consumable materials to the substrate, which
indicates that the LFS process temperature was low
enough to avoid plasticizing the substrate and intermixing
between the consumable material and substrate.

e The EDS analysis revealed material transferring from the
substrate to the coating in most of the samples, indicating
that the substrate surface was rubbed off during the

process due to high tool speed and force at the tool/sub-
strate interface.
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