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and wear resistance. The lateral friction surfacing approach results in a deposition process
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Additive manufacturing leads to reducing thermal effects on the microstructures and mechanical properties of the
Solid-state deposition deposits. In this study, the extent of material transfer to the substrate was explored via
Material characterization multiple passes of the tool in an effort to create multiple layers of deposited material. Two
Thin coating types of substrate plates with different surface roughness as well as two different strate-
Infrared thermography gies for employing the consumable tools were experimented. A comprehensive assessment
Multilayer deposition through conducting real-time force measurement, surface roughness measurement,

hardness testing, optical microscopy, infrared thermography, scanning electron micro-
scopy, and EDS analysis was performed to characterize the process and the fabricated
deposits. The thickness of the coating was found to vary through work material transfer to
the substrate and reverse material transfer from the coating to the radial surface of the rod,
resulting in an approximately steady-state deposit thickness. The reverse material trans-
ferring process from the coating to the radial surface of the rod through rubbing off the
previously fabricated coatings limits plasticizing more consumable material and built-up
material.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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utilized for solid-state metal deposition from a consumable
tool onto a metallic substrate surface [1]. In this approach, a
rotating consumable tool is forged against the substrate sur-
face, resulting in frictional heat generation at the tool/

1. Introduction

The friction surfacing (FS) technique is a thermomechanical
friction-based additive manufacturing approach that can be
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substrate interface. During the dwell time, the frictional heat
provides enough energy to plasticize the consumable material
before the deposition process begins. Then, the consumable
rod traverses along the surface of the substrate to fabricate the
first layer of the coating [2]. Since the frictional force and heat
generated at the interface of the tool and substrate tends to
zero as the material reaches the temperatures near the
melting point, the maximum process temperature achieved is
restricted by the melting point temperature, resulting in a
solid-state deformation condition [3].

With this approach, fabricating high-quality coatings are
possible for a wide range of combination materials for tool/
substrate; however, aluminum and steel alloys have been
studied much more frequently and thoroughly than any other
material [4]. There are investigations in which the same alloy
has been employed as both tool and substrate materials,
including alloys of aluminum [5—7], steel [8], and titanium
[9,10]; however, the majority of the published studies are
mostly focused on different combinations of aluminum and
steel alloys as tool/substrate materials [4]. Various process
parameters such as tool rotational speed, axial force, and
traverse speed are controlling variables and significantly
affect the result. The effects of process factors on the process
temperature [11,12], surface roughness [13], surface hardness
[14,15], wear resistance performance [8,16], corrosion perfor-
mance [17,18], residual stress [10,19], grain boundaries and
microstructures [20,21], and the coating geometry [22—24]
have been studied.

A fine-grained, thick layer can be deposited on a substrate
in FS, which has potential for multilayer deposition and ad-
ditive manufacturing of metal-matrix composites. For this
purpose, the first deposited layer undergoes a machining
process to provide a flat surface for the second layer of coating
to be deposited. This procedure should be repeated to build up
a three-dimensional metallic sample with the desired height
[1,25]. In cases, where a specimen with a width larger than tool
diameter is required, multiple adjacent coating tracks should
be deposited to create each layer of the coating. This approach
has been successfully employed by Dilip et al. as an additive
manufacturing technique to create a 3D part [26]. In order to
develop a 3D part, they fabricated five, four, and three adja-
cent tracks in the first, second, and third deposited layers,
respectively. In another investigation, the multi-layer FS
deposition process was performed for additive manufacturing
of a 3D composite part made of aluminum reinforced by ti-
tanium particles [27]. Five holes were made in the AA5083-
H112 consumable tool and filled with titanium powder. The
results of the study exhibited strong bonds between deposited
layers, and uniform distribution of titanium particles in the
developed part.

Tokisue et al. investigated the monolayer and double layer
friction surfaced AA2017 coatings onto AA5052 substrate to
evaluate the influences of process factors on the mechanical
and microstructural properties [28]. The efficiency of the
double-pass deposition was higher than the single-pass
deposition. Furthermore, the hardness of deposited coatings
in the monolayer and double layer deposition was the same as

as-received material, while the strength of the double layer
was higher than the monolayer deposit. In another study by
Pereira et al. [8], multi-layer adjacent coatings of AISI H13, AISI
1024, and AISI 1045 were deposited onto a mild steel substrate.
The aim of this process was to provide an adequate deposited
area for the pin-on-disc wear testing, and AISI 1024 deposit
had a better wear resistance due to its lower wear friction
coefficient.

FS has been employed in the additive friction stir deposi-
tion technique [29]. In this technique, the solid consumable
rod or powder feed material is delivered to the processing
zone through a non-consumable rotating hollow metallic
shoulder under pressing load. The frictional heat developed at
the interfaces between material and shoulder results in soft-
ening and plasticizing of the feeding material and deposition
of the coating [30,31]. During the deposition process, the ma-
jority of the plastic work is turned to heat energy, further
developing of heat energy generation mechanism [32].
Without melting or rapid solidification during the process, this
solid-state deposition technique enables fabricating metallic
materials with minimal hot cracking, porosity, residual
stresses, and distortion [33]. The additive friction stir deposi-
tion approach has been employed for fabricating different
metallic materials such as aluminum [34—37], copper [36,38],
Inconel [39,40], titanium [41], magnesium [42]. The hollow tool
shoulders made of tool steel can be utilized to deposit low
strength materials; however, tungsten carbide or poly-
crystalline cubic boron nitride are required for deposition of
high strength materials [43].

Lateral friction surfacing (LFS) is a new approach in FS, in
which the side of the consumable rod is forged against the
substrate surface instead of the end of the tool. Due to the
frictional heat generated at the interface, the material soft-
ening starts, and material transferring process happens from
the side of the consumable tool onto the substrate surface [44].
The influence of process parameters of LFS on the resulting
coating properties was investigated in [44,45]. The influence of
crucial process parameters such as normal force and tool
rotational speed on the deposition of single-layer coating of
different aluminum alloys was investigated in [46]. More in-
vestigations on characterization [47] and corrosion perfor-
mance [48] of the deposited materials through this technique
have been conducted.

Based on previous studies, it has been observed that mul-
tiple passes are beneficial for complete coverage of deposition
and further addition of material onto the substrate. Therefore,
the goal of this study is to characterize the feasibility of
multiple layers of material through LFS. The hypothesis is that
multilayer deposition will result in increased coating thick-
ness. Therefore, multilayer deposition of the LFS technique
was assessed for additive manufacturing purposes. In this
approach, multiple thin coating layers can be fabricated on
previously deposited layers. The results of multiple tool
passes were completely characterized and presented in this
paper. Several analyses such as real-time force measurement,
coating surface roughness measurement, infrared thermog-
raphy, optical microscopy, scanning electron microscopy
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(SEM), and EDS were conducted to characterize the process
and the deposited coatings.

2. Materials and methods
2.1.  Materials, equipment, and setup

Multilayer deposition of AA6061 onto AISI 1018 and AISI 4140
was performed by LFS, which may be ultimately utilized for
additive manufacturing purposes. The physical properties
and chemical composition of the consumable and substrate
materials are presented in Table 1. There are no retreating
and advancing sides in the LFS, and all points on the lateral
surface of the consumable rod undergo a constant rotational
speed when the tool comes to contact with the substrate, as
shown in Fig. 1. Therefore, more consistent deposits can be
made with LFS versus conventional FS.

Multilayer deposition of AA6061 consumable rod was
conducted using two different strategies. In the first strategy,
a single tool has been employed to fabricate each multilayer
sample deposit regardless of the number of its passes. In the
multi-tool strategy, a new rod has been utilized to fabricate
each pass in each multilayer deposit. No critical difference in
the deposition results was observed due to changing the
substrate material in the single-tool strategy, showing that
the influence of substrate material and surface roughness
were not noteworthy. Therefore, only one material was
employed as the substrate material in the multi-tool
strategy.

2.2. Deposition process, parameters, and temperature
measurement

The LFS technique involves complex material transferring
and deformation; therefore, there is a need to precisely
control the process parameters. A customized JET JMD-18
Mill/Drill machine with a servo power feed was the plat-
form for the experiments. A uniform and precise longitudi-
nal table movement during the process was guaranteed by
equipping the machine's table with the servo power feed.
The tool was forced into the substrate for a dwell period of
20 s to achieve appropriate process temperature before
lateral feed. After the dwell phase, the tool moved at a con-
stant horizontal feeding rate of 44 mm/min. The normal
force was manually controlled during the deposition process.
Normal and tangential forces were measured and recorded
with a Kistler 9272 drilling dynamometer attached to the
clamping vise on the table, data acquisition system, and
LabVIEW. The process parameters of the experiment are
summarized in Table 2.

Temperature was measured with an IR FLIR SC655 camera
capable of measuring temperatures in the range from —20 to
650 °C. This measuring technique provides a convenient and
non-contact procedure to record the temperature based on
the radiance from the tool/substrate interface. Since FS is a
solid-state process, deposition happens at a temperature less
than the melting point temperature of the consumable ma-
terial. In this study, the measuring range of the IR camera
perfectly covers the maximum process temperature for

&
&
(=]
<
!
<
S
[72]
2
<
e}
[=}
©
oy
3
0
!
(=]
(o]
-
[72]
2
<
oy
3
()
&
Ll
[()
[=)
()
<
<
S
o
[=]
(]
¥=]
@
o
E.
o
(¥
S
1]
S
g
[]
=
(3]
o
[=]
©
(]
(]
B
-t
]
Q,
o
-t
[« %
5
©
S
n
>
<
Ay
|
i
()]
5
©
[

Elongation at Break

Thermal Conductivity

Melting Point

UTS

Physical Property:

AA6061-T6

17%

167 W/m.K

588 °C

310 MPa

Values:

Mg Al

Zn Ti

Si Cr Cu Mn

Fe

Elements:

Balance

0.8—1.2

0.4—0.8 0.04—0.35 0.15-0.4 0.15 0.25 0.15

0.7

% of composition:

Elongation at Break

15%
Fe

Thermal Conductivity

Melting Point

UTS

Physical Property:

AISI 1018

51.9 W/mK

1480 °C

440 MPa

Values:

Mn

Elements:

Balance

<0.050

0.14—-0.20

0.60—0.90

<0.040

% of composition:

Elongation at Break

Thermal Conductivity

Melting Point

UTsS

Physical Property:

AISI 4140

25.70%

42.6 W/mK

1416 °C

655 MPa

Values:

Fe

Mn

Mo

Si

Cr

Elements:

Balance

0.75—-1

0.04

0.15-0.25

0.035

0.38—-0.43

0.15-0.3

0.8-1.1

% of composition:



https://doi.org/10.1016/j.jmrt.2022.07.158
https://doi.org/10.1016/j.jmrt.2022.07.158

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;20:1708-1725

1711

Table Travel Direction

-

Servo Power Feed

Fig. 1 — Multi-pass deposition through LFS.

fabricating AA6061 tools, which is lower than the consumable
material's melting point (588 °C). For infrared thermography,
the IR camera was placed at a proper distance of 50 cm from
the processing zone in a way that makes an angle of 10 with
the substrate while focused on the tool/substrate interface, as
shown in Fig. 2. The steel substrates and consumable rods
were cleaned with ethanol before the surfacing process. Af-
terward, the surface of the substrates was covered by a thin
layer of graphite to improve the emissivity of steel substrate
up to 0.80 [50].

2.3. Surface characterization

After depositing the metallic layers, a Landtek SRT6200S sur-
face roughness tester was employed to evaluate the surface
roughness of the fabricated layers. The surface roughness of
the substrates without coating was also measured to provide a
better comparison between the roughness of deposits and as-
received substrates. Moreover, the hardness testing was per-
formed using a Wilson Instrument hardness tester to evaluate
the surface hardness of the used and as-received rods.

2.4.  Microscopy

Further assessments of the deposited layers were performed
by conducting cross-sectional optical microscopy, SEM, and
EDS analyses. The cross-sectional view of the specimens
comprised of the deposited multilayer coating, substrate, and
the coating/substrate interface. As for sample preparation, a
small piece of the deposited coatings with a length of 1 cm was
cut from the middle of coatings and mounted in epoxy, as

demonstrated in Fig. 3. The mounted specimens were sub-
jected to a two-step polishing process using a cloth polishing
wheel and polycrystalline diamond suspension with three
different particle mean sizes of 3 um, 1 pm, and 0.25 pm.

The deposited coatings were subjected to optical micro-
scopy and scanning electron microscopy. In order to examine
the thickness of deposited coatings, samples were evaluated
by utilizing a Leica DM2700 M optical microscope, which was
equipped with N PLAN achromatic objective series with
different magnification in the range of 5x to 100x. For an ac-
curate observation and thickness measurement, the 20x plan
achromatic objective was employed. In order to investigate
the characteristics of the deposits, a scanning electron mi-
croscope type FEI Helios NanoLab 660 Dual-Beam equipped
with an Oxford Instruments X-Max EDS was utilized. The SEM
examination provided more information regarding the influ-
ence of multilayer deposition on the microstructures,
bonding, and surface topography of the coating, while the EDS
analysis yields coating composition and elemental distribu-
tion within the deposit. The SEM cross-sectional view revealed
any gaps or cracks at the coating/substrate interface or be-
tween the deposited layers that significantly reduce the
bonding strength and coating quality.

3. Results and discussion

Figures 4(a—d) and 4(e—h) present the multilayer deposits
fabricated onto AISI 1018 and AISI 4140 substrate, respectively.
Some uncovered regions can be seen in the figures, especially
in the single and double pass deposition layer. Significantly
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Table 2 — Materials, process parameters, and scenarios employed in the experiments.

Number of Passes Strategies Materials Tool Rotational Traverse Normal
Speed Speed Force
1,2,3,4,and 10 1st—single-tool: using a Tool: AA6061 2300 rpm 44 mm/min 150 N

single rod for depositing all
layers of a sample.
2nd—multi-tool: using a
new rod for depositing each
layer.

Substrate: AISI
1018 & AISI 4140

improved coating coverage and consistency was observed in
the sample that was surfaced with 4 passes on both substrate
materials.

3.1 Force analysis

A manually controlled normal force of 150 N was adopted to
fabricate all samples during the multilayer deposition of
AA6061. The measured tangential and normal forces during
the dwell period of 20 s at the beginning of the first layer
deposition, followed by a constant horizontal feeding rate of
44 mm/min, is shown in Fig. 5. The result revealed a higher
tangential force for AISI4140 than AISI1018 substrate, which
makes sense due to the higher surface roughness. The
tangential forces were lower than the normal force during the
deposition of the first layer; however, they increased to the
same values as the normal force or even higher after a few
passes, thought to be caused by increased friction from the
aluminum tool interacting with the deposited aluminum.

A real-time ratio of the tangential force (F;) and the normal
force (F,) for each pass was calculated, as presented in Fig. 6.
The force ratio increased with the number of passes for both
substrate materials. Higher force ratio indicates a higher
friction coefficient between the rod and substrate resulting
from higher generated process temperature at the interface
due to further deposition passes. Typically, coefficient of
friction decreases as material approaches the melting tem-
perature and softens. In this study, it is thought that at low
process temperatures, a thin layer of material is plasticized
through high shearing stress. This thin layer of plasticized
material is compressed between the tool and substrate and
has higher contact area with the substrate surface, thereby
increasing adhesive bonding and coefficient of friction. The
tangential force increases until it converges to normal force

during deposition of the fourth layer. In most of the passes,
the force ratio increases at the beginning of each pass and
then reaches a steady state with small fluctuations.

3.2. Process temperature

Process temperature is a critical factor determining the qual-
ity of the deposited coatings [12]. In this investigation, a
detailed thermography analysis was performed to assess the
influence of multi-pass deposition on the process tempera-
ture. The process temperature at the tool/substrate interface
for different number of passes was recorded, and the tem-
perature profiles correlated to both substrate materials are

Infrared Camera

Fig. 2 — Schematic demonstration of IR thermography configuration used in the experiment.
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presented in Fig. 7. An increase in the number of passes, while
keeping all other process factors constant, led to higher
maximum process temperatures in each deposition pass. As
shown in Fig. 7., the temperature at the tool/substrate inter-
face dropped rapidly at the completion of every pass, which
exhibited a high heat dissipation rate due to the high thermal
conductivity of the aluminum tool and steel substrates.
However, increasing the number of passes led to more heat
accumulation in the tool and substrate, which resulted in
higher maximum process temperature in the next deposition
pass.

The maximum process temperatures during deposition of
the first coating layer onto AISI 1018 and AISI 4140 were 167.5

and 177.5 °C, respectively. This difference is mainly due to the
higher surface roughness of the AISI 4140 substrate. The dif-
ference between maximum process temperatures of deposi-
tion onto these dissimilar substrates increased as the number
of passes increased, as presented in Fig. 8. The maximum
process temperatures of deposition onto AISI 4140 substrate
were 10, 20, 56, and 60 °C higher than that in deposition onto
AISI 1018 substrate during 1st, 2nd, 3rd, and 4th pass,
respectively.

The maximum process temperature trends from the first to
the 10th pass were very different for the two strategies. As
presented in Fig. 8, the maximum process temperature de-
creases at some point during the single-tool strategy;

a) AISI 1018, 1 Pass
S ———— e O

C) AISI 1018, 3 Pass

€) AISI 4140, 1 Pass

P

g) AISI 4140, 3 Pass

b) AIsi 1018, 2 Pass

R ——

d) AISI 1018, 4 Pass
e T
ST =

f)  Alsi4140, 2 Pass

h)  Alsi 4140, 4 Pass

Fig. 4 — Monolayer and multilayer deposits fabricated by LFS.
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Fig. 5 — Normal and tangential forces during the deposition of first layer onto AISI 1018 and AISI 4140.
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Fig. 6 — Force ratio during LFS deposition using (top) single-tool strategy, and (bottom) multi-tool strategy.
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Fig. 7 — Process temperature during LFS deposition of coatings with different number of passes.
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Fig. 8 — Maximum process temperature in each pass.

however, it continuously increases in the multi-tool strategy.
This can be explained according to wear and material plasti-
cization at the interface. During the deposition through the
single-tool strategy, only one rod was employed in the multi-
pass deposition process. The consumable material at the tool/
substrate interface reached higher temperatures and plasti-
cized creating the coating. As the thin layer on the radial
surface of the rod became plasticized, the coating transferred
back to the radial surface of the rod, which prevented heating
and deposition of more consumable material. As shown in
Fig. 9, the reverse material transferring process formed a
softer layer on the radial surface of the rod using the previ-
ously deposited material, which caused cracks and pores. The
results of hardness testing confirm lower surface hardness
values for the used rod compared to the as-received rod, as
shown in Fig. 9. The plasticized material transferred back and
forth between rod and substrate frequently, preventing direct
contact between the hard surface beneath the plasticized

95

==@==Deposition on AISI1018
==@-=Deposition on AlSI4140

85

75

65

Hardness (HRE)

55

45

35
As-received Tool Single-tool- 10 Pass

layer and the substrate surface. As a result, reduced heat
generation and decreasing process temperature due to lower
wear and friction between the rod and substrate were
observed. The error bars in Fig. 9 show the standard deviation,
derived from hardness testing results of five different random
points on the radial surface of the rods. The larger error bars
obtained in the 10-pass deposition process show the incon-
sistent surface hardness values for the used tools, which is
due to the material transferred back from the coating to some
areas on the surface of the tools.

On the other hand, in the multi-tool strategy, a new rod
with a fresh and harder lateral surface was used for fabri-
cating each pass. As the new rotating rod contacted the thin
layer of coating, it removed the deposit and directly contacted
the substrate surface, resulting in higher friction, wear, and
more heat generation. The accumulation of heat in the sub-
strate increased the substrate temperature, thus facilitating a
higher process temperature in the following passes. The heat

Fig. 9 — Rod after the reverse material transfer process and evolution of lateral surface hardness of the rods.
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Fig. 12 — Average thickness values of deposits developed by different number of passes and strategies.
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Fig. 13 — Cross section SEM imaging and EDS spectrum results of unused AA6061 rod utilized as consumable tool.
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Fig. 14 — Cross section SEM imaging and EDS maps of used AA6061 rod.

generation rate in the multi-tool strategy was high enough to
lead to an increasing process temperature trend, even though
the substrate was cooling down during a time gap of 1 min
required for rod replacement.

3.3. Surface roughness

Surface roughness was measured at 20 random spots on each
sample, and the average roughness value (Ra) of the speci-
mens are exhibited in Fig. 10. The error bars represent the
standard deviations of the recorded values from the means.
The surface roughness (Ra) of AISI 1018 and AISI 4140 sub-
strates was 0.66 pm and 4.8 pm, respectively. The large dif-
ference in surface roughness values of these two types of
substrates provides a better condition to assess the influence
of substrate surface roughness on the quality of the coatings
deposited through the multi-pass deposition process.

Fig. 10 shows that the surface roughness decreases after
the first surfacing pass. After the fourth pass of deposition
through the single-tool strategy, the surface roughness of
coatings deposited onto AISI 1018 and AISI 4140 substrates
decreases to 0.34 um and 2.32 pm, respectively. On the other
hand, multi-tool deposition resulted in a smoother coating
with a roughness of 1.58 um. Deposition of extra passes up to 3
layers generally decreases the roughness values of the

surface; however, there are some fluctuations in the general
decreasing trend of roughness values in the deposition of
AA6061 onto AISI 1018 substrate. The minimum roughness
value for all the deposited samples was obtained in the 3-pass
coatings, and deposition of the fourth layer increased the
roughness. Comparing the results of two different employed
strategies revealed that the multi-tool deposition results in
lower surface roughness values in all the specimens. The re-
sults show that smooth coatings (~1 um) can be fabricated,
even smoother than the as-received substrate. Furthermore,
increasing the number of passes to three resulted in smaller
error. This indicates that a more consistent coating was
deposited as the number of passes increased. This result is
consistent with the visual assessment of the specimens.

3.4. Material deposition rate

Flash formation is a serious concern in the conventional FS
approach and can waste 40 to 60 percent of the total
consumable material [51], which is a gigantic waste of mate-
rial and energy. On the other hand, no flash forms in surfacing
from the lateral surface. Therefore, the consumed material
can be simply measured by determining the rod volume
reduction during the deposition process, as presented in
Fig. 11. The result shows almost the same rate of material
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Fig. 15 — Single-pass deposition of AA6061 onto AISI 4140 through LFS.

consumption for deposition onto both substrates during the
first layer deposition; however, a higher material deposition
rate was recorded for deposition onto AISI 4140 substrate
during the later passes. Generally, no specific trend for ma-
terial deposition rate was observed during the multilayer
deposition of AA6061 in these experiments.

In LFS, the first layer of the coating does not usually have
good coverage. The upcoming deposition passes use
consumable material to improve the coverage. After achieving
complete coverage, no increment in material consumption
was observed. This is proof that some portion of the deposited
material transferred back to the lateral surface of the tool
from the coating. As discussed before, this technique plasti-
cizes a very thin layer of material on the lateral surface of the
consumable rod. When this thin layer is deposited on the
surface, the hard unplasticized area beneath that hits the
previously deposited material directly, and can rub off the
coating in the following tool revolution. This portion of ma-
terial stick to the rod and will be deposited again in the next
tool revolution when it returns to the tool/substrate interface.

Therefore, material can be transferred back and forth between
the consumable tool and substrate, without increasing the
material consumption rate. There was no trend of increasing
coating thickness and material build up during the process
because of this. The coating did become smoother and the
coverage increased with increasing number of passes, while
the final amount of material deposited was nearly the same as
in first three layers.

The average thickness of fabricated deposits was extracted
from measuring the thickness of 50 random points on the
cross-section of each specimen, as shown in Fig. 12. The result
of cross-sectional optical microscopy revealed that deposition
of multiple successive layers of AA6061 does not necessarily
increase the thickness of the deposits, and it may remove
previously fabricated deposits. Deposition of the second layer
through the single-tool strategy increased the coating thick-
ness, while the coating thickness decreased in the multi-tool
strategy. Depositing ten consecutive passes of the coating
via the single-tool strategy onto AISI 1018 and AISI 4140 sub-
strates produced coatings with the same and higher thickness
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Fig. 16 — Three-pass deposition of AA6061 onto AISI 4140 using LFS through the single-tool strategy.

values compared to the first layer, respectively, while a lower
coating thickness was obtained through the multi-tool strat-
egy. These results revealed that the final thickness values are
comparable to those of the first deposited layer.

3.5. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

The multi-pass deposition was characterized using SEM and
EDS analyses. For this purpose, 1, 3, and 10 pass deposition of
AA6061 onto AISI4140 as well as the used and as-received
AA6061 rod were subjected to SEM and EDS analyses.
Analyzing the as-received materials is crucial to understand-
ing the origin of elements or possible defects inside the
deposits.

3.5.1. Used and as-received AA6061 consumable rods

Fig. 13 presents the result of cross-sectional SEM imaging, EDS
spectrum, and elemental percentage of the as-received
AA6061 consumable tool. The higher volume of carbon re-
ported in this examination is due to the epoxy and the pol-
ishing agents in polycrystalline diamond suspension, which

may remain on the surfaces after polishing and washing
process. Fig. 14 presents the cross-section SEM imaging and
EDS maps of the AA6061 rod used for fabrication of the second
pass through the multi-tool strategy. The wave-like shape
region on the radial surface of the rod clearly shows the
shearing flow of the plasticized material. In order to examine
the reverse material transfer during the process, two regions
on the shearing flow and the inner area of the rod were sub-
jected to EDS analysis. The EDS maps and the elemental per-
centage evaluation revealed that the presence of iron on the
lateral surface of the rod is almost three times more than that
in the inner regions of the rod, indicating migration of Fe
element through a reverse material transfer from the coating
onto the rod radial surface.

3.5.2. Specimens fabricated through single-pass deposition

The cross-section SEM imaging and EDS elemental mapping of
single-pass AA6061 deposition onto AISI 4140 is presented in
Fig. 15. The SEM images show a complete bonding at the
coating and substrate interface; however, large cracks were
observed in several regions on the coating cross-section,
acting as a boundary and dividing the deposit into two
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Fig. 17 — Three-pass deposition of AA6061 onto AISI 4140 using LFS through the multi-tool strategy.

different areas. The layer at the bottom looks like a dense
layer, but the second top part of the layer has pores and
cracks. The EDS analysis revealed two different deposit pha-
ses with different elemental percentages generated at the top
and bottom of the fabricated coating. The half bottom of the
deposit consists of more aluminum, magnesium, and copper
elements, while the half top part of the coating had more
carbon. The majority of carbon detected in the EDS analysis of
the deposits is due to the thin layer of graphite added to the
substrate surface as well as the epoxy and diamond polishing
particles. Moreover, small silicon-rich areas were detected in
the coating, while such regions were not observed in the as-
received tool. It has been reported that silicon has low solu-
bility in aluminum; therefore, this element precipitates and
forms almost pure silicon regions [52].

3.5.3.  Specimens fabricated through three-pass deposition

The cross-section SEM imaging and EDS elemental mapping of
three-pass deposition of AA6061 onto AISI 4140 through the
first and second strategies are presented in Figs. 16 and 17,
respectively. The deposition through the single-tool strategy
has resulted in a complete bonding between deposit and steel

plate, and no crack or pores at the interface was observed.
Nevertheless, the EDS maps revealed several large chunks of
silicon generated inside the coating. Such large silicon chunks
were not observed in the consumable material; therefore, they
must have been formed during the deposition process. The
formation of such large segments can cause cracks and lessen
the deposit strength. In addition, aluminum was more
concentrated at the interface of the deposit/substrate,
showing a higher bonding capability between aluminum and
steel. Moreover, iron from the substrate was detected in the
coating, indicating material transferring between the sub-
strate and deposit. The rotating tool rubs the substrate surface
and transfers the elements inside the substrate to the coating.

On the other hand, in the multi-tool strategy, a slightly
thinner layer of deposit was fabricated in three-pass deposi-
tion showing unbonded regions at the majority of the inter-
face. Moreover, the smaller silicon-rich areas were noticed
compared to the three-pass deposit fabricated by single-tool
strategy. A concentration of iron was observed inside the
coating, due to the fact that newly employed rods at each pass
is harder compared to the used rods, resulting in more abra-
sion and material transferring from the steel substrate to the
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Fig. 18 — Ten-pass deposition of AA6061 onto AISI 4140 using LFS through the single-tool strategy.

deposit. The multi-pass deposition with multi-tool strategy
seemed to cause more damage to the surface initially and then
deposit a mix of substrate and consumable material, instead
of depositing aluminum alloy alone.

3.5.4. Specimens fabricated through ten-pass deposition

Figs. 18 and 19 present the result of cross-section SEM imaging
and EDS elemental mapping of ten-pass deposition of AA6061
onto AISI 4140 through the first and second strategies,
respectively. The ten-pass deposition through the single-tool
strategy resulted in formation of different separated phases
in the deposit. Similar to the previous samples, accumulation
of Fe and Si elements was detected in this sample. Moreover,
an aluminum layer was detected on top of the coating, which
has been fabricated in the last passes of deposition, as shown
in Fig. 18. Increasing the number of passes up to ten passes
applied stress and vibration in the previously bonded coating
which can result in formation of cracks at the interface of
coating and substrate. On the other hand, the multi-tool
strategy resulted in more consistent deposition in term of
thickness and internal material phases. As was discussed in
the three-pass deposition, multi-tool strategy resulted in a

deposit which consisted of a large amount of iron. Also, con-
centration of aluminum was detected at the interface of the
coating and substrate.

As shown in Figs. 15, 18 and 19, the thickness of the single-
pass and 10-pass coatings are comparable. Only a thin layer of
material can be plasticized on the lateral side of the
consumable tool due to low process temperature; therefore,
only this thin plasticized layer can be deposited on the sub-
strate, after which, the unplasticized area beneath can rub off
the deposited material in the following tool revolution due to
harder tool surface or presence of pores and cracks in the
deposited coating. This removed plasticized material sticks to
the rod, and can be redeposited later. The SEM results indicate
that the substrate surface was rubbed off too, resulting in
transferring Fe from the substrate to the coating as the
number of passes increases, as shown in Figs. 15, 16 and 18.
This phenomenon will be repeated regularly, and the fabri-
cated material in the first pass sticks to the rod and will be
deposited again regularly.

This phenomenon is more noticeable in the multi-tool
strategy when a fresh rod was employed in each pass, as
shown in Figs. 17 and 19. This is because the surface of the as-
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Fig. 19 — Ten-pass deposition of AA6061 onto AISI 4140 using LFS through the multi-tool strategy.

received rod is harder than the surface of a used rod as some
portion of the deposited coating material has stuck on its
surface. Hence, the hard surface of a fresh and cold tool can
rub off the coating and substrate surface more severely. That
is why concentration of Fe element was more detected in
every deposited coating via the multi-tool strategy. There is a
question that, despite of the reverse material transferring
process, how the material deposition rate of AA6061 onto
AISI4140 increased significantly in the second pass. The
answer to this question is rooted in Fig. 4, where the physical
appearance of the deposited samples is presented. As shown
in Fig. 4, the single-pass deposition onto the AISI 4140 sub-
strate does not have good coverage. Therefore, the rotating
rod is still working on depositing consumable material on the
hard steel substrate during the second pass. After reaching
better coverage in the second pass, the back and forth trans-
ferring of consumable materials between rod and substrate is
quite noticeable, as shown in Fig. 11. It was also revealed that
further material deposition from the rod onto substrate can
still occurs if a strong and hard base layer is provided in the
previous pass. This phenomenon can be observed in Fig. 18,

where an aluminume-rich layer is fabricated on an iron-rich
region.

4. Conclusion

In this study, the recently introduced approach of FS from the
lateral surface of the consumable rod was adopted to assess
the potential application of this technique for fabricating
multilayer deposits and additive manufacturing purposes.
The mechanical properties and metallurgical characteristics
of the deposits were evaluated to study the effects of single/
multi-tool strategy, multi-pass deposition, and different ma-
terials. The prominent results of this study can be concluded
as follows:

e The multi-pass deposition of AA6061 through LFS did not
result in a trend of increasing coating thickness due to the
formation of a reverse material transferring process from
the coating to the radial surface of the rod. The final
thickness obtained from the 10-pass deposition was
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comparable to the average thickness values of the first and [6]

second passes.

Coating fabrication through the LFS approach resulted in

material transfer from the substrate to the deposit due to

the elevated stress and temperature. This phenomenon
happened more severely through employing a new tool for
the deposition of each pass, resulting in large iron-rich

areas inside the coating. 8

Fabrication of multi-pass coating through LFS technique

resulted in smooth and consistent coating layer. A com-

plete coverage on both utilized substrate materials was
achieved in the fourth pass of deposition.

By fabricating further deposition passes, increment in

force ratio was observed. The tangential force increases [10]

until it converges to normal force during deposition of the

fourth pass and reaches a steady state.

e The maximum process temperature decreases at some
point during the multi-pass deposition using a single rod,;
however, the maximum process temperature continuously
increases in deposition through a fresh rod in each pass.

e The surface hardness of the tools decreased during the [12]
deposition through LFS. The tool can rub off the deposited
coating, then some portion of the plasticized material can
be transferred back to the tool, resulting in a softer layer on
the radial surface of the tool. Material gets churned up in
the transfer between tool and substrate, creating layers
and areas rich in silicon due to the precipitation of this [14]
element during the process.
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