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Abstract: The friction surfacing technique is an advanced method for creating coatings of various
materials onto the surface of a similar or dissimilar material substrate. In this method, there is no
external source of heat energy, and all the heat energy required in this method is generated by friction.
In this paper, a novel method of friction surfacing from the side of the consumable tool is introduced.
The most significant difference in this technique is that material transfer will occur from the radial
surface of the consumable tool as opposed to the end of the tool as in conventional friction surfacing.
In lateral friction surfacing, the side of the rotating consumable tool is pressed against the substrate
surface, which generates frictional heating and shear forces at the interface between tool and substrate.
A layer of tool material is transferred from the consumable rod to the substrate surface as the tool
moves across. In this study, 6063 aluminum alloy and AISI 1018 carbon steel are used as the materials
of consumable tool and substrate, respectively. The impact of process factors, surface roughness
values, tool mass loss, and deposition thickness are discussed in detail. The experimental results of
this study reveal that lateral friction surfacing produces a very smooth ultra-thin deposition with full
coverage, with coating layers with roughness values in the order of 1 µm. Additionally, there is no
flash formed in this technique which reduces material consumption. Moreover, temperatures at the
interface between the consumable tool and workpiece were measured to be lower than for that in
friction surfacing from the end of the tool, which is beneficial for the metallurgical characteristics of
the deposited material.

Keywords: friction deposition; additive manufacturing; process parameters; consumable tool;
solid-state coating; smooth coating; ultra-thin

1. Introduction

Friction surfacing is a thermo-mechanical solid-state process for the deposition of dissimilar
material. It is a relatively new variation of the friction stir welding process for modification of the
surface properties of the substrate. Friction surfacing is a metallic deposition technique in which a
rotating consumable tool deposits material onto a solid substrate, due to frictional heat generated
between the rotating consumable rod and the substrate. In the process, the rotating consumable tool is
forced against the substrate surface, which generates frictional heating and shear forces at the interface
between tool and substrate. A layer of tool material can be transferred from the rod to the substrate
surface as the consumable tool moves across.

The possibility of producing metal deposition without any metal melting makes this technique
distinct from other conventional methods of coating. Klopstock and Neelands introduced this technique
as a metal-deposition process in 1941 [1]. In this method, the friction deposition is feasible due to
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frictional heat generated between the substrate and rotating consumable tool which makes this
technique a powerful alternative for creating metal deposition [2]. There has been a developing interest
in employing the friction surfacing process in recent years. Friction surfacing has many applications in
welding, coating, repair of defective components, hard surfacing, and corrosion protection. This process
does not generate high temperatures; therefore, this technique is a suitable method capable of coating
low melting point alloys [2]. This technique could be used to create friction deposition over dissimilar
materials [3–8]. Other advantages of this technique, such as a negligible amount of distortion in the
rod and workpiece, low amount of residual stress, and removal of defects like porosities, are noticeable.
The friction deposition process has a lower specific energy consumption and a higher rate of material
transfer than laser cladding and plasma arc welding techniques. In the surfacing technique, using the
end of the consumable tool, there is the possibility of enhancing the efficiency of the bonding up to 5%,
by tilting the tool along the deposition direction. In addition, flash formation is another imperative
issue which can result in material loss of about 40–60% of the total tool consumed [9].

Chandrasekaran et al. studied conventional friction surfacing of aluminum, stainless steel,
mild steel, inconel, and titanium as the consumable rods onto aluminum and mild steel as substrates.
The results of their study show that inconel and steel rods were coated successfully onto mild steel,
while the deposition of the aluminum rod was only successful under high axial load. The friction
depositions of inconel, mild steel, and stainless steel onto aluminum substrate were successful,
but deposition of titanium was not feasible [10]. Guo et al. [11] studied the possibility of friction
deposition of AISI 316L as a consumable rod onto AISI 304 steel substrate. In this study, the experimental
tests were performed under the protection of argon as the shielding gas to avoid oxidation. Increasing
forced convection using argon shielding gas resulted in an increment in the average grain diameter
within the coating. Friction surfacing of stainless steel 316L onto 304 substrates was investigated, and it
was exhibited that the tool rotational speed employed in this process has a more significant influence
on the microstructures of the coating surface than those in the cross-section [12]. Further investigations
have been done to study the friction surfacing of dissimilar materials such as aluminum [13–16] and
copper [17] onto steel, and steel onto aluminum [18–22].

Additionally, there are many investigations studying the effects of friction surfacing process factors
with variations of materials [23–30]. In order to obtain high-quality coating in friction surfacing, a proper
adoption of process parameters is essential. The process parameters of the friction surfacing technique
have a significant influence on the coating width, thickness, microstructural evolution, and corrosion
resistance. There are three main process parameters in the friction surfacing technique: tool rotational
speed, substrate travel speed, and the load applied on the consumable tool. Many investigations have
been done to evaluate the friction surfacing process under different process parameters [2].

Kumar et al. [23] studied the influences of process parameters on dimensions of the deposition in
friction surfacing of 6063 aluminum alloy on IS2062 substrate. It was concluded that some physical
factors such as axial load, tool rotational speed, and traverse speed were the most important parameters
for dimensions of deposition layers. The coating thickness decreased as the coating width increased.
Furthermore, higher combined values of table traverse speed and axial load leads to greater deposition
thickness and width. Gandra et al. [31] evaluated the friction deposition of 6082-T6 aluminum alloy
onto 2024-T3 aluminum alloy substrate, with special attention to the effects of process parameters
including axial load, tool rotational speed, and table travel speed. The experimental results indicated
that, to increase coating thickness and width, low tool rotation speeds and table travel speed should
be considered.

Shinoda et al. [32] established a procedure to study the effects of process factors on the coating
quality. In this method, a 1 mm thick hard coating was formed using the friction surfacing process.
It was concluded that the rotational speed of the tools has a significant influence on the hardness of
the coating. This study shows that a harder deposition can be generated when the consumable rod
has a lower rotational speed. In another investigation [33], Rafi et al. studied the friction deposition
of steel H13 onto low carbon steel substrate. In this study, the axial load was constant, while the
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rod rotational speed and the table traverse speed were varied. The results reveal that using a higher
rod rotational speed results in a narrower deposition layer compared to the layers created at a lower
rod rotational speed. Further improvement in friction deposition requires development in analytical
modeling of the process, which improves the optimization methods of the process [34]. The effects
of friction surfacing process parameters in friction deposition of AA6351-T6 onto AA5052-H32 using
a milling machine were studied in [35]. In this investigation, the tool feed rate was considered as a
control process parameter, and the superficial and microstructural characterization of the deposition
was studied. The result of the friction surfacing process shows that this technique could be used to
create homogeneous coating layers. In this investigation, the hardness value in the central region of
the deposition layer decreased by 15.87% with respect to the as-received substrate material.

Kumar et al. [36] has done an investigation to determine the appropriate process parameters for
the friction surfacing process. Analysis proved that lower deposition thickness could be obtained by
using a higher axial force. Fitseva et al. [37] investigated the influence of tool rotational speed on
mechanical properties, microstructures, and grain size evolution during the friction surfacing of a
Ti-6Al-4V consumable rod onto a Ti-6Al-4V plate in a hot-rolled condition. In a recent investigation [38],
Monel 500 was effectively deposited onto mild steel AISI 1012. In this study, a computing modeling
using the fuzzy logic technique was developed to correlate the process parameters to the thickness and
width of the deposition.

Ratheea et al. [39] studied the issues and strategies in developing surface composites through
friction stir processing. This study has a special focus on the important process parameters involved in
the surface composite fabrication process, and the mechanical properties and microstructures associated
with these process parameters. In [40], friction deposition of AA5083 as a consumable tool onto AA5052
substrate was investigated. In this study, the finite element analysis was utilized to stimulate the
thermo-mechanical behavior of the friction surfacing process. In another investigation [41], finite
element analysis was used to study the friction surfacing of a 2024 aluminum alloy consumable
rod onto an 1050 aluminum alloy substrate. This study revealed that as the tool rotational speed is
increased, the axial feeding rate is decreased.

The friction surfacing process can be used as a new method for filling the keyholes made by
the friction stir welding process. Huang et al. [42] investigated using a semi-consumable joining
tool through the filling friction stir welding technique to repair and fill the keyholes. In this study,
the employed semi-consumable tool which has been designed for creating a solid-state joint consists
of an alloy steel shoulder and an aluminum alloy joining bit. Huang et al. [43] and Han et al. [44]
studied filling friction stir welding of AA2219 aluminum alloy substrate using a semi-consumable
tool including an alloy steel shoulder, and AA2219 and AA7075 bits, respectively. The influences
of the plunge speed and bit’s geometry on the interface, fracture features, ductility, and hardness
distributions were investigated. In the process of repairing the keyhole using an AA 2219 joining
bit, the microhardness distribution of the sectioned joint was evaluated. The result of the hardness
examination reveals that the highest values of hardness occur toward the center of the weld.

The results of the friction surfacing process can be subjected to many different types of evaluation
and inspection, such as surface roughness and hardness tests, tensile and strength tests, optical
microscopy, scanning electron microscopy, and X-ray diffraction examinations. Rafi et al. [45]
studied the friction deposition of AISI H13 steel onto low-carbon steel. The microstructural and
microhardness evaluations were conducted, which proved a defect-free friction coating. The coating
layer exhibited higher hardness values as compared to the as-received consumable rod material. In [46],
Sekharbabu et al. utilized optical microscopy, scanning electron microscopy, and X-ray diffraction to
examine the friction deposition of D2 tool steel onto a low-carbon steel substrate. In order to measure
the thermal profile during the friction surfacing process, infrared thermography was performed and a
maximum temperature of about 1200 ◦C was recorded. The scanning electron microscopy exhibited
finer carbides in the deposition as compared to the as-received D2 tool steel. This is due to the
fragmentation of carbides during the severe deformation occurring in the friction surfacing process.
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The literature review shows that material deposition from the end of the tool is well studied.
However, there has not been published research about the deposition of material from the lateral
surface of the consumable friction surfacing tool. In this paper, the friction deposition of 6063 aluminum
alloy onto AISI 1018 carbon steel alloy using a new method of friction surfacing is presented. As is
shown in Figure 1, the principal difference in this study is that the material transfer will occur from the
radial surface of the tool, while in the conventional friction surfacing approach, the material transfer
between the tool and workpiece happens from the end of the tool. In Section 2 of this paper, the friction
surfacing of 6063 aluminum alloy onto carbon steel using different combinations of process parameters
is discussed. Section 3 is devoted to investigating the tool mass loss, surface roughness, coating
coverage, process temperature, deposition thickness, and optical microscopy. Finally, in Section 4,
the conclusions of this study are summarized.
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Figure 1. Friction surfacing deposition: (a) from the side of the tool, (b) from the end of the tool.

2. Materials and Methods

In this research, basic principles of lateral friction surfacing were established, with emphasis on the
influence of different process parameters such as axial force, rotation and travel speeds, and material
deposition rate on the friction deposition. The major difference in this study is that material transfer
occurred from the radial surface of the consumable rod. Furthermore, there is no advancing and
retreating side in this novel technique of friction surfacing, therefore, this method provides a more
consistent and uniform coating compared to the conventional methods. The influences of process
parameters on deposition thickness, coating coverage, process temperature, material consumption rate,
and surface roughness of deposited coatings were investigated.

2.1. Experimental Setup of Friction Surfacing Process

In this study, the friction deposition process was performed using a customized JET JMD-18
milling machine, as shown in Figure 2. Moreover, to improve the accuracy of the experimental testing
results and provide a more precise and uniform longitudinal movement of the table, the manual
feed handle attached to the table was removed, and the machine was equipped with a servo power
feed. The transverse table movement of the JET JMD-18 milling machine was controlled manually.
Real-time force measurement was made during the friction deposition process using a Kistler 9272
drilling dynamometer, data acquisition apparatus, and LabVIEW programming, as shown in Figure 2.
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Figure 2. The experimental setup in this study including benchtop milling machine, dynamometer,
and data acquisition apparatus.

2.2. Materials and Experimental Parameters

The length and diameter of the AA60603 consumable rod employed in this investigation were
10 and 1.27 cm, respectively. The AA6063 was selected as the consumable material. This is a
medium-strength aluminum alloy that is well suited for friction surfacing. The chemical composition
of AA6063 is presented in Table 1.

Table 1. Chemical composition of AA6063 aluminum alloy.

Materials Mg Si Cr Mn Ti Zn Fe Al

% of composition 0.55 0.4 0.1 0.1 0.1 0.1 0.35 Balance

In this investigation, AISI 1018 low-carbon steel was used as the substrate for deposition with
dimensions of 127 mm × 63.5 mm and a thickness of 3.175 mm. This material offers a good balance
of mechanical properties such as strength, toughness, and ductility. AISI 1018 has been utilized for
various industrial applications and is appropriate for various processes such as welding, machining,
drilling, forging, heat treating, and cold drawing. The chemical composition of AISI 1018 is presented
in Table 2.

Table 2. Chemical composition of AISI 1018.

Materials Mn P S C Fe

% of composition 0.60–0.90 ≤0.040 ≤0.050 0.14–0.20 98.81–99.26

In this study, the friction depositions of the aluminum rod onto the carbon steel were created
using two different spindle speeds of 2300 and 3000 rpm, and with constant table traverse speed of
76.2 mm/min. Two different normal forces of 150 and 250 N were tested. Friction surfacing experiments
were carried out with single- and dual-pass deposition methods. The purpose of choosing this
procedure and these process parameters was to establish the design parameters that have a significant
impact on the deposition quality. Selecting these parameters provides an opportunity to investigate
the effects of process factors such as applied force, tool rotational speed, and multi-pass deposition on
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the process temperature, surface roughness, material consumption, deposition thickness, and material
characterization. The range of critical process parameters has been selected based on the capability of
the machine, as well as the previous experiences in creating deposition. Table 3 represents the details
of the process parameters employed in this study.

Table 3. Process parameters of the experiments.

Sample Number Tool Rotational Speed (rpm) Force (N) Number of Pass

1 2300 150 Single
2 2300 250 Single
3 3000 150 Single
4 3000 250 Single
5 2300 150 Double
6 2300 250 Double
7 3000 150 Double
8 3000 250 Double

2.3. Process Temperature Measurement Procedure

All the heat is generated by frictional heating in this technique. In order to record the temperature
at the interface of the consumable rod and substrate, an IR FLIR SC655 camera (FLIR Systems,
Wilsonville, OR, USA) was used. This camera provides the real-time temperature measurement at any
point in the frame, as well as the maximum temperature during the entire friction surfacing process.
In order to study the effects of the process parameters on the maximum temperature of the process,
the experiments were carried out using tool rotation speeds of 2300 and 3000 rpm and applied forces
of 150 and 250 N.

2.4. Surface Roughness Measurement Procedure

In coating quality, the roughness test is one of the most important surface analyses in examining
superficial properties. In this investigation, a Landtek SRT6200S surface roughness tester (Guangzhou
Landtek Instruments, Guangzhou, China) was used to measure the surface roughness values of the
experimental depositions. The resolution of this device is 0.001 µm if measuring roughness values
smaller than 10 µm. In order to examine and compare the surface roughness of the samples, 20 different
random spots on the deposition surfaces were selected and examined, and the average roughness
values of these points were recorded.

2.5. Measurement of Coating Thickness and Material Transfer

The coating thickness and material consumption rate were also measured. By evaluating the
volume of rod material consumed in the process, the material consumption rate was determined for the
experimental tests. A higher material consumption rate results in thicker deposits. The Leica DM2700
optical microscope (Leica Microsystems, Wetzlar, Germany) was utilized to evaluate the cross-sectional
view and thickness of the deposits. In order to prepare the experimental samples for this evaluation,
1 cm of the coated samples was cut and mounted in epoxy, as presented in Figure 3, and then polished
using 1 and 0.3 µm alpha-alumina abrasive particles, before viewing on the optical microscope.



Coatings 2020, 10, 1016 7 of 17Coatings 2020, 10, x FOR PEER REVIEW 7 of 18 

 

 

Figure 3. Cross-sectioning of the coated substrate. 

3. Results and Discussion 

3.1. Forces and Temperature During the Process 

In this study, the friction deposition of the 6063 aluminum alloy consumable tool was made on 
AISI 1018 carbon steel plate as substrate. The friction surfacing process was performed using 
manually controlled forces of 150 and 250 N, as presented in Figure 4. The normal force and the 
tangential force are represented by Fn and Ft, respectively. The rotating consumable rod was forced 
in contact with the substrate for about a 50 s dwell period to achieve a higher temperature. This 
process is required to create initial deposition, before moving across the surface of the substrate. 

 
(a) Normal and tangential forces versus time (Fn: 150 N). 

Figure 3. Cross-sectioning of the coated substrate.

3. Results and Discussion

3.1. Forces and Temperature During the Process

In this study, the friction deposition of the 6063 aluminum alloy consumable tool was made on
AISI 1018 carbon steel plate as substrate. The friction surfacing process was performed using manually
controlled forces of 150 and 250 N, as presented in Figure 4. The normal force and the tangential force
are represented by Fn and Ft, respectively. The rotating consumable rod was forced in contact with the
substrate for about a 50 s dwell period to achieve a higher temperature. This process is required to
create initial deposition, before moving across the surface of the substrate.

Figure 5 presents a thermal infrared photo of the friction surfacing process using the side of the
consumable tool, which shows that the highest temperature occurs at the tool–substrate contact interface.

Coatings 2020, 10, x FOR PEER REVIEW 7 of 18 

 

 

Figure 3. Cross-sectioning of the coated substrate. 

3. Results and Discussion 

3.1. Forces and Temperature During the Process 

In this study, the friction deposition of the 6063 aluminum alloy consumable tool was made on 
AISI 1018 carbon steel plate as substrate. The friction surfacing process was performed using 
manually controlled forces of 150 and 250 N, as presented in Figure 4. The normal force and the 
tangential force are represented by Fn and Ft, respectively. The rotating consumable rod was forced 
in contact with the substrate for about a 50 s dwell period to achieve a higher temperature. This 
process is required to create initial deposition, before moving across the surface of the substrate. 

 
(a) Normal and tangential forces versus time (Fn: 150 N). 

Figure 4. Cont.



Coatings 2020, 10, 1016 8 of 17

Coatings 2020, 10, x FOR PEER REVIEW 8 of 18 

 

 
(b) Force ratio (Fn: 150 N). 

 
(c) Normal and tangential forces versus time, Fn: 250 N. 

 
(d) Force ratio (Fn: 250 N). 

Figure 4. Manual controlling of the applied forces: (a,c) Normal and tangential forces versus time; 
(b,d) force ratio (Ft/Fn). 

Figure 5 presents a thermal infrared photo of the friction surfacing process using the side of the 
consumable tool, which shows that the highest temperature occurs at the tool–substrate contact 
interface.  

Figure 4. Manual controlling of the applied forces: (a,c) Normal and tangential forces versus time;
(b,d) force ratio (Ft/Fn).

The maximum temperature profiles of the experiments are presented in Figure 6. The recorded
values indicate that the process temperature converges to a steady state in all the experiments.
Comparing all the temperature graphs reveals important information about the influence of process
parameters. These graphs indicate that the applied force and the tool rotational speed have a significant
effect on the process temperature. The temperature at the interface of the consumable tool and substrate
rise and converge to its highest temperature in a steady state. By increasing the applied force from
150 to 250 N, the maximum temperature was raised from 230 to 373 ◦C, and from 296 to 392 ◦C, as the
tool rotational speeds of 2300 and 3000 rpm were used, respectively.
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Figure 5. Thermal infrared photo of friction deposition process using side of the consumable tool.

The temperature measurement shows that the pressing force and tool rotational speed could be
employed as temperature controlling factors since they significantly impact on the heat generation
process during the friction surfacing. Moreover, the experimental results show that friction surfaced
deposition could be carried out using this novel technique at a lower temperature compared to
the conventional method of friction surfacing [2]. Figure 7 presents the maximum temperature
recorded in this technique. It is shown that the friction surfaced deposition could be fabricated at a
maximum temperature as low as 230 ◦C, which is significantly lower than 326 and 468 ◦C as the lowest
temperatures achieved in the conventional friction surfacing process of 6063 aluminum alloy onto
stainless steel [47] and carbon steel [48], respectively. Applying lower forces and tool rotational speeds
may decrease the maximum process temperature even more in this technique.
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3.2. Influence of Process Parameters on the Surface Roughness

The fabrication of 6063 aluminum alloy from the side of the consumable tool onto carbon
steel under different sets of process parameters is presented in Figure 8. As presented in Table 3,
the experiments were carried out in two approaches of single- and double-pass deposition using two
different applied forces of 150 and 250 N, and two different tool rotational speeds of 2300 and 3000 rpm.
The aluminum coating is the white layer located in the top half of each sample’s photo. The initial
visual assessment indicates that this technique is capable of providing an ultra-thin coating with a
great level of coverage. The first layer of friction depositions exhibits good coverage, however, adding
the second layer of deposition further improves the coating coverage slightly. Moreover, the visual
assessment indicates that using higher values of pressing force creates a rougher coating.
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Figure 8. Experimental samples using different process parameters.

The surface roughness values of depositions and the influence of process parameters, such as the
applied force, tool rotational speed, and number of passes of deposition, on the surface roughness
values are examined. The surface roughness, Ra, refers to the arithmetical mean deviation of the
assessed surface profile. The surface roughness measurement shows that friction surfacing deposition
from the side of the consumable tool can provide coatings with roughness values in the order of
1 micrometer.

Figure 9 presents the influence of different process parameters on the surface roughness of
depositions in the novel friction surfacing technique. As is shown in Figure 8, the visual assessment
showed that applying a higher pressing force during the novel technique of friction surfacing provides
a rougher surface. As the roughness measurement shows, the surface roughness was increased as
the pressing force was raised from 150 to 250 N, in both single- and two-pass coatings. Furthermore,
the results of the measurements reveal that tool rotational speed plays an important role in friction
surfacing. This evaluation shows that increasing the tool rotational speed from 2300 to 3000 rpm
mostly results in lower coating surface roughness values which means smoother deposition.
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Figure 9. Influence of process parameters on the surface roughness (Ra) of the coatings.

Multi-layer friction deposition is possible through the novel friction surfacing technique. Increasing
the number of coating layers may change the physical properties and characteristics of the metallic
deposition. The experimental result shows that adding the second layer of coating slightly improves
the coating coverage; however, its influence on the surface roughness varies. Figure 9 shows that
adding the second layer of deposition has different impacts on the final surface roughness values of
coatings fabricated using various combinations of process parameters. The result of the measurements
shows that creating ultra-smooth coatings using multiple deposition layers is possible through the
novel friction surfacing technique.
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3.3. Further Investigation on the Samples with High Surface Roughness Values

The evaluation of surface roughness values of the coated surfaces reveals that the novel friction
surfacing technique has the capability of creating ultra-smooth surfaces with roughness values in the
order of 1 micrometer. However, the roughness values of sample #2 provided by the applied force
of 250 N and the tool rotational speed of 2300 rpm is high compared to the other samples. The high
roughness value of this sample led us to do more investigation on experiments in which their process
parameters have values close to values associated with sample #2. In order to further study the
roughest sample, a set of experiments were designed with attention to the limitations of the machines
and instruments. The highlighted process parameters’ values in Table 4 present the further sets of
experiments that were performed.

Table 4. Additional experiments to study the roughest surface.

Tool Rotational Speed (rpm) Force (N) Number of Passes

1600 200 Single

1600 250 Single

2300 200 Single

2300 250 Single

3000 200 Single

3000 250 Single

Focusing more on the roughest sample resulted in the coatings which are rougher than other
samples, Figure 10 presents the roughness values of coated layers created by process factors presented
in Table 4. As is demonstrated in Figure 10, it can be concluded that the process parameters close to
2300 rpm and 250 N provide rougher surfaces. This fact indicates that the very high roughness value
recorded in sample #2 is not an outlier value, and it has a root in the process temperature and material
transfer process associated with it.
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Figure 10. The surface roughness (Ra) values of experimental samples provided by process parameters
close to the roughest sample.

3.4. Influence of Process Parameters and Number of Coating Layers on Material Consumption

Friction surfacing using the side of the consumable tool is a great alternative technique to create
super-thin coating layers in which the material consumption rate is very low. Figure 11a provides
detailed information about the volume of tool material consumed per millimeter of coating width
fabricated on the steel substrate during this process. It is seen that using higher applied force resulted
in a significant increment in material consumption; however, increasing the tool rotational speed
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decreases the tool material consumption in single-pass deposition. Figure 11b reveals that by adding
the second layer of deposition, a reverse material transfer process occurs, which means a portion of
material from the first fabricated layer of the coating is transferred back to the rod. Therefore, by using
even less material, better coverage was obtained through a dual-pass deposition process.
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3.5. Influence of Process Parameters on Coating Thickness

The geometry of depositions was investigated by cross-sectional views of the deposition layers
using a Leica DM2700 optical microscope (Leica Microsystems, Wetzlar, Germany). As was presented
in Figure 3, 1 cm of the coated substrates was cut and mounted in epoxy. In the next stage, they were
polished using 1 and 0.3 µm alpha-alumina abrasive particles, respectively, before viewing on the
optical microscope. Figure 12 presents the cross-sectional viewing of the experimental samples.
The highest thickness value was recorded in some areas on sample #2 (2300 rpm, 250 N), and it was
around 200 µm. All other sample cross-sectional images exhibit an average layer thickness that was
between 16 to 70 µm, as presented in Figure 13. The thickness values of the depositions emphasize
that by adding the second pass of deposition, a reverse material transfer process occurs. Therefore,
a portion of deposited material from the first fabricated layer of the coating was transferred back to the
rod which resulted in lower thickness values in the double-pass depositions.

Coatings 2020, 10, x FOR PEER REVIEW 13 of 18 

 

material from the first fabricated layer of the coating is transferred back to the rod. Therefore, by 
using even less material, better coverage was obtained through a dual-pass deposition process. 

  
(a) (b) 

Figure 11. Tool material consumption through single- and dual-pass deposition processes: (a) single-
pass coating; (b) dual-pass coating. 

3.5. Influence of Process Parameters on Coating Thickness 

The geometry of depositions was investigated by cross-sectional views of the deposition layers 
using a Leica DM2700 optical microscope (Leica Microsystems, Wetzlar, Germany). As was presented 
in Figure 3, 1 cm of the coated substrates was cut and mounted in epoxy. In the next stage, they were 
polished using 1 and 0.3 µm alpha-alumina abrasive particles, respectively, before viewing on the 
optical microscope. Figure 12 presents the cross-sectional viewing of the experimental samples. The 
highest thickness value was recorded in some areas on sample #2 (2300 rpm, 250 N), and it was 
around 200 µm. All other sample cross-sectional images exhibit an average layer thickness that was 
between 16 to 70 µm, as presented in Figure 13. The thickness values of the depositions emphasize 
that by adding the second pass of deposition, a reverse material transfer process occurs. Therefore, a 
portion of deposited material from the first fabricated layer of the coating was transferred back to the 
rod which resulted in lower thickness values in the double-pass depositions. 

  
(a) single-pass, 2300 rpm, 150 N (b) single-pass, 2300 rpm, 250 N 

Figure 12. Cont.



Coatings 2020, 10, 1016 14 of 17

Coatings 2020, 10, x FOR PEER REVIEW 14 of 18 

 

  
(c) single-pass, 3000 rpm, 150 N (d) single-pass, 3000 rpm, 250 N 

  
(e) double-pass, 2300 rpm, 150 N (f) double-pass, 2300 rpm, 250 N 

  
(g) double-pass, 3000 rpm, 150 N (h) double-pass, 3000 rpm, 250 N 

Figure 12. Optical microscope view of cross-sections of depositions using 20× magnification of a Leica 
DM2700. 

 

Figure 13. The thickness of coating layers created in single- and double-pass deposition processes. 

0

20

40

60

80

100

120

140

160

180

2300 RPM, F=150 N 2300 RPM, F=250 N 3000 RPM, F=150 N 3000 RPM, F=250 N

Th
ick

ne
ss

 V
al

ue
 (µ

m
)

Process Parameters

Single-Pass

Double-Pass

Figure 12. Optical microscope view of cross-sections of depositions using 20× magnification of a
Leica DM2700.

Coatings 2020, 10, x FOR PEER REVIEW 14 of 18 

 

  
(c) single-pass, 3000 rpm, 150 N (d) single-pass, 3000 rpm, 250 N 

  
(e) double-pass, 2300 rpm, 150 N (f) double-pass, 2300 rpm, 250 N 

  
(g) double-pass, 3000 rpm, 150 N (h) double-pass, 3000 rpm, 250 N 

Figure 12. Optical microscope view of cross-sections of depositions using 20× magnification of a Leica 
DM2700. 

 

Figure 13. The thickness of coating layers created in single- and double-pass deposition processes. 

0

20

40

60

80

100

120

140

160

180

2300 RPM, F=150 N 2300 RPM, F=250 N 3000 RPM, F=150 N 3000 RPM, F=250 N

Th
ick

ne
ss

 V
al

ue
 (µ

m
)

Process Parameters

Single-Pass

Double-Pass

Figure 13. The thickness of coating layers created in single- and double-pass deposition processes.



Coatings 2020, 10, 1016 15 of 17

4. Summary and Conclusions

In this investigation, different combinations of process parameters such as tool rotational speeds of
2300 and 3000 rpm, applied forces of 150 and 250 N, and single- and dual-pass deposition approaches
were deployed, and 6063 aluminum deposition was successfully fabricated onto AISI 1018 carbon
steel from the side of the consumable tool. In this investigation, real-time force measurement, surface
roughness evaluation, process temperature analysis, and cross-sectional viewing geometry using
optical microscopy were conducted. The following conclusions were drawn.

• The lateral friction surfacing technique using the side of the consumable tool creates no flash and
can save a significant amount of the tool material and increase the economic efficiency. As was
discussed previously, in the conventional friction surfacing process using the end of the tool,
flash formation is a serious issue which can waste up to 60 percent of the consumable tool material.

• The deposition thickness and material consumption were found to be dependent on the rotational
speed, pressing force, and the number of coating passes. The result of the experiments shows that
a dual-pass deposition had complete coverage and lower coating thicknesses compared to the
single-pass deposition.

• The surface roughness was found to be the lowest for process parameters of 2300 and 3000 rpm,
150 N and single-pass mode, which was 0.45 µm. The experiments show that this technique is
capable of producing coating layers with roughness values of less than 1 µm. Increasing the
applied force increased the roughness values, however, in most of experiments, increasing the
tool rotational speed results in lower roughness values.

• A spike in surface roughness was found at process parameters of 2300 rpm, 250 N, and single-pass
mode. Further experimental investigation of surface roughness for similar process parameters
resulted in high surface roughness values, and it was found that the high roughness value recorded
at process parameters of 2300 rpm and 250 N did not occur accidentally, and it had a root in the
process temperature and material transfer process associated with it.

• Friction deposition could be carried out using the novel technique of friction surfacing at a
very lower temperature compared to the conventional method of this method. The maximum
temperature recorded was as low as 230 ◦C at the interface between the tool and workpiece,
while a high forging force of 150 N and tool rotational speed of 2300 rpm were employed. This fact
indicates that the novel method of friction surfacing provides the ability to create friction deposition
at a low temperature which reduces thermal effect on grain structure and metallurgical properties.
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