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Friction Surfacing Deposition
by Consumable Tools

Friction surfacing is a new variation of friction stir processing for surface property modi-
fication of metallic substrates. There is an increasing body of literature about friction surfa-
cing by deposition of metal from a consumable tool to a solid substrate. Friction surfacing
has many potential applications in joining, coating for corrosion resistance, and repair of
degraded components. This article presents a review of the basic principles and latest
research organized by processing techniques and variations, thermomechanical transfer
and deposition of material, and finally metallurgical, mechanical, and chemical properties
of the resulting deposition. Different friction surfacing processes are reviewed of novel
tool-substrate configurations for material deposition for noncoating purposes like
keyhole filling and joining dissimilar materials. Possible future topics of study for this
area are discussed, which include deeper understanding of material transfer through met-
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allurgy, FEM, and scale up of the technique for practical application.
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1 Introduction

Friction surfacing is a thermomechanical solid-state technique
that can be used to deposit metal from one surface to another.
This is an emerging field of joining and coating technology as
compared to more conventional fusion techniques, as shown by
Cai et al. [1]. As shown in Fig. 1, friction surfacing is one of the
applications of friction-based techniques, invented by Klopstock
and Neelands [2]. Friction surfacing creates a solid-state deposition
by employing a rotating tool that is forced onto the surface of a
workpiece along its axis. Frictional heat is then generated from
the high force between the rotating tool and workpiece. Once the
temperature at the tool-substrate interface sufficiently elevated
(~3/4 melting temperature) and the consumable material softened,
the tool is moved across the substrate surface. Consumable material
is stirred and transported by the tool onto the substrate surface,
facilitating the solid-state deposition. This technique produces
high-quality deposits suitable for a broad range of tool-substrate
materials [3].

The applications of friction-based techniques are friction
welding, friction drilling, friction forming, and friction surfacing,
as shown in Fig. 1. These are thermomechanical processes that
combine high force and frictional heating for different applications.
There have been reviews about friction welding [4-9], friction drill-
ing [10], and friction surfacing in general [3]. Friction stir surface
modification by friction surfacing has also been reviewed
[11-14], but what is lacking is a review of the literature on the fric-
tion surfacing process using consumable tools. Gandra et al. [3]
published a thorough review of friction surfacing in 2014, but
there have been new variations in processing techniques and appli-
cations recently. This article provides an updated review of the
literature pertaining to material deposition by friction surfacing
from a consumable tool. In Sec. 2, the literature is organized
based on the various processing techniques. Section 3 is devoted
to the characterization of thermomechanical transfer and structure
of deposition. Section 4 presents a review of the metallurgical
and mechanical properties of the deposition. Finally, in Sec. 5,
research challenges, future trends, and recommendations are
presented. Figure 2 shows a schematic of the friction surfacing
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process, specifically where the rotating tool is consumed by
rubbing against the substrate and thereby the transferring material.
A layer of consumable tool material is transferred from the tool
to the substrate along the contact path of the tool across the
substrate [16].

Friction surfacing makes it possible to create a thick, fine-
grained, coating layer on the substrate for improving the mechanical
properties. The heat energy is provided by frictional contact and
shearing of material inside the tool adjacent to the tool-workpiece
interface [17]. The internal shearing above the strain hardened
viscoplastic layer of consumable tool material enables the transfer
of material onto the substrate surface, as shown schematically
in Fig. 3. The most significant generation of heat in this technique
is from viscous shearing caused by friction between the
remaining tool and transferred material from the tool, as was
reported by Vilaga et al. [19]. Friction surfacing could be employed
as an advanced surface modification approach; therefore, it is
important to study the mechanisms that lead to material transfer
in this technique. This will result in better control and quality of
deposition.

There are various process parameters that impact the final results,
including tool feed rate, rotation speed, normal contact force, and
tilt angle have been studied as important process parameters by
Liu et al. [20]. The deposition has been examined by hardness
testing, image-processing approach, and optical microscopy. It
has been proven by Gandra et al. that the tilt angle along the tool
path can increase the deposition by as much as 5% [21]. Friction
surfacing deposits material at a higher material transfer rate and
lower specific energy usage than plasma arc welding, laser clad-
ding, and other cladding processes.

The body of literature concerning friction surfacing has been
growing in recent years and as shown in Fig. 4, and the number
of publications and citations for this area of research has signifi-
cantly increased in the past 20 years, becoming an increasingly
important solid-state surfacing technique in the literature. This
technique has many potential applications in the industry where
deposition of metal onto a dissimilar material can be beneficial.

2 Friction Surfacing Processing Techniques

In this section, the literature is organized by the type of process:
friction surfacing deposition from consumable rods, friction
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Applications of Friction-Based Techniques
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Friction Surfacing Deposition Using Consumable Tools

[Reviewed here]

Fig. 1 Applications of friction-based techniques
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surfacing with reinforcing particles, and refill friction stir spot
welding. Most of the research was focused on consumable rods,
but the process has been altered depending on the application as
reviewed in this section.

2.1 Friction Surfacing Using Consumable Rods With
Varying Geometry and Material. Friction surfacing using a con-
sumable rod is the most popular form of deposition as an alternative
approach to fusion-based processes. Friction surfacing has been
studied through many different processing techniques and variables
for a variety of materials, as reported by the articles in this review.
Table 1 lists the various combinations of tool-substrate materials
and different processes that have been studied. To provide a
better comparison, Fig. 5 presents the trend of consumable tool
materials utilization in the investigation. From the table, it can be
noted that steel and aluminum alloys have the highest frequency
of being studied as both tool and substrate materials, and the

(c) 1 F

X PD

Deposit '
Shearing
Interface
I

Fig.3 (a) Consumable rod after friction surfacing process; schematic identifying different zones and coating formation
mechanism observing from (b) process direction and (c) reverse process direction (F, axial force; o, tool rotational
speed) [18] (Reprinted with permission from Elsevier © 2019)
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Fig. 4 Interest in the friction surfacing technique as measured by the number of published
items (top) and number of citations (bottom), Created by the authors from an ISI Web of
Science search with “friction surfacing” as “topic,” Accessed March 8, 2021

consumable rod process is most common among the seven different
processes.

The transfer of Stellite-6 onto a steel substrate by friction surfa-
cing was compared to deposition of the same material by plasma
transferred arc and gas tungsten arc welding processes using a
cast rod by Rao et al. [129]. The friction surfacing coating layers
were found to be harder and exhibited a finer and more uniform dis-
tribution of carbide particles compared to plasma arc and gas tung-
sten arc joining processes. The finer grain size of the coating
highlights one advantage of friction surfaced materials.

Not all materials are suitable for deposition by friction surfacing,
and much of the literature is focused on specific material combina-
tions. Chandrasekaran et al. investigated the viability of friction sur-
facing mild steel, aluminum, stainless steel, Inconel, and titanium as
the consumable rod material onto mild steel and aluminum [60].
Inconel, mild steel, and stainless steel were friction surfaced onto
aluminum substrates successfully, but titanium deposition was not
possible. The viability of friction surfacing an aluminum alloy
6351-T6 consumable tool onto a steel alloy substrate was investi-
gated by Badheka and Badheka [61]. Friction surfacing was
carried out using 8, 12, 16, and 22 mm diameter consumable
tools applied to a steel substrate of 6 mm thickness. The feasibility
of creating AA6351 coatings on a 1020 carbon steel substrate using
friction surfacing technique was investigated by Da Silva et al. [62].
It was found that the heat generation during the process is sensitive
to the initial substrate surface roughness. Gandra et al. employed the
friction surfacing technique to deposit AA6082-T6 consumable rod
on AA2024-T3 substrate [22]. In Fig. 6, the evolution of both force
and torque applied to the consumable tool, and the displacement
along the tool axial direction is presented. The consumable tool
was pressed against the substrate with an axial load, resulting in a
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sharp increase in torque and force upon contact. Ehrich et al.
studied friction surfacing of AA6060 aluminum with additions of
6.6, 10.4, and 14.6 wt% Si, and 2 and 3.5 wt% Mg onto AA2024
substrate [42]. They found that a higher Mg content in the consum-
able tool reduced the thermal softening rate. Increasing Si or Mg
content in the AA6060 consumable rod resulted in decreasing
deposition dimensions, with the larger effect measured for Mg
addition.

The coating of stainless steel alloy onto spheroidal graphite iron
by friction surfacing was investigated by Nixon and Mohanty [87].
The microstructure produced a strong bond between the ductile iron
and the stainless steel with no visible cracks in the heat-affected
zone (HAZ). Bending and corrosion tests yielded results that con-
firmed that friction surfacing is suitable for corrosion resistance of
pumps for petrochemical vessels. The feasibility of friction surfa-
cing of copper onto mild steel using different process factors has
been examined by Jujare et al. [127]. An improved copper
coating was produced on relatively rough surfaces fabricated by
rough milling. As shown in Table 2, uniform and continuous coat-
ings were formed only with a specific combination of rotational and
scan speed, and their quality varied according to the frictional heat
developed between the tool and the substrate. Kramer de Macedo
et al. studied deposition layers of three different tool materials
(AISI 310, ABNT 4140, and ABNT 8620 steel tool) surfaced
onto ABNT 1070 carbon steel [88]. They proved that friction surfa-
cing can be used to repair the surface of high carbon steel and
produce deposition on steel alloys. The repair of aged structural ele-
ments in nuclear plants by friction surfacing has been investigated
by Yamashita and Fujita [133]. Stegmiiller et al. studied friction sur-
facing of an EN AW6060 aluminum alloy using an austenitic stain-
less steel AISI304 consumable rod supplemented by an inductive
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Table 1 Material combinations and process variations of friction surfacing

Tool material Substrate material Tool feeding method References
Aluminum Aluminum Consumable rod [22-41]
Aluminum Reinforcing particles [42-52]
Titanium Reinforcing particles [53]
Aluminum PMAFS [54]
Aluminum RFSSW [55-58]
Copper Filling friction stir welding (bit) [59]
Steel Consumable rod [15,60-79]
Steel Spot welding (bit) [80,81]
Steel Aluminum Consumable rod [82-86]
Steel Consumable rod [18-21,60,74,78,87-114]
Steel Reinforcing particles [115-117]
Steel Spot welding (bit) [80]
Copper Consumable rod [83]
Titanium Steel Consumable rod [60]
Titanium/aluminum FS-HFSW [118]
Titanium Consumable rod [119-122]
Titanium Reinforcing particles [123]
Brass Steel Consumable rod [74]
Inconel Steel Consumable rod [60,124]
Zinc Aluminum Consumable rod [125]
Aluminum RFSSW [126]
Steel Consumable rod [125]
Copper Copper Consumable rod [83,90]
Steel Consumable rod [90,127]
Monel Steel Consumable rod [128]
Stellite6 Steel Consumable rod [129]
NiAl-bronze Steel Consumable rod [130]
Chromium-nickel Chromium-nickel Consumable rod [131]
Magnesium Magnesium Consumable rod [132]

Note: FS-HFSW, friction surfacing-assisted hybrid friction stir welding; RFSSW, refill friction stir spot welding;
PMAFS, powder metallurgy-assisted friction surfacing.

heating process [82]. This investigation studied the deposition—sub-
strate interface wherein an image recognition software tool was uti-
lized to generate the interfacial roughness profile graph.

Shariq et al. examined the possibility of friction surfacing with
different combinations of consumable rods and substrates by appli-
cation of a conventional universal milling machine FNU2213 [83].

Commercially pure (CP) copper and AISI 304 were friction sur-
faced onto copper, mild steel, AISI 304, and AA1050 substrate
materials. Friction surfacing stainless steel rod material onto the
substrate of CP copper and CP copper onto CP copper were not suc-
cessful. During the friction surfacing of CP copper onto CP copper,
the copper could not tolerate a high temperature. Therefore, an
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Fig. 5 Trend of consumable tool materials utilization in friction surfacing using consumable

tools
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Fig. 6 Monitoring of torque, axial force, and displacement in the friction surfacing of AA6082 over AA2024: (a) rotation start,
(b) initial contact, (c) end of initial deformation stage, and (d) deposition stage. Process parameters: axial force (F) = 5 kN, rota-
tion speed (£2) = 3000 rpm, travel speed (v) = 7.5 mm/s [22] (Reprinted with permission from Elsevier © 2013)

Table 2 Feasibility of friction surfacing deposition using different process parameters [127]

Sample Force N Scan speed

No. (kN) (rpm) (mm/min) Comment Acceptance

A 2 1250 20 Continuous, uniform width, satisfactory Yes
deposition

B 2 1500 20 Continuous, gradually increasing in width Yes

C 2 1750 20 Discontinuous, nonuniform, and shearing No
deposition

D 2 1250 30 Uniform and narrow deposition Yes

E 2 1500 30 Continuous and good deposition, but width is Yes
a slightly less than B

F 2 1750 30 Continuous good deposition, varying width Yes

G 2 1250 40 Nonuniform, varying width, and shearing No
deposition at the end

H 2 1500 40 Nonuniform, continuous deposition No

I 2 1750 40 Nonuniform, discontinuous deposition No

optimized set of process parameters was required to create a balance
between the mechanical stability and the maximum possible tem-
perature that copper can withstand during the process, 974 °C.
Although no bonding formation happened between the interface
of the consumable rod and the substrate, a small amount of material
flowed from the substrate to the consumable rod and was deposited
onto the tool, which is unusual. To friction surface AISI 304 onto
AA1050 substrate, a frictional heat-up plate of mild steel with the
same thickness was welded to the aluminum substrate. The consum-
able tool was frictionally heated over the surface of the start-up plate
until sufficiently plasticized, so that it could successfully be depos-
ited onto the aluminum alloy substrate as presented in Fig. 7. Fric-
tion surfacing AISI 304 stainless steel onto AA1050 resulted in
successful deposition with the mild steel heat-up plate method.
The maximum temperature measured was 1415 °C.

Journal of Manufacturing Science and Engineering

Troysi et al. assessed the feasibility of AISI 304 stainless steel
deposition onto AISI 1020 steel substrate [89]. The effects of
parameters (substrate surface roughness, tool rotational speed, and
traverse speed) on coating properties (geometry thickness and
width, microstructure, microhardness, and push-off strength) were
quantified. It was found that the substrate surface roughness did
not have a strong effect on the deposition geometry; however,
lower substrate roughness resulted in higher push-off strength.
Thermal control is important for successful deposition in friction
surfacing with consumable tools.

Rao et al. measured the thermal profiles produced by the different
tool-substrate material combinations including steel/steel, copper/
copper, and copper/steel [90]. Thermal profiles were recorded by
infrared thermography during the process. Liu et al. modeled the
temperature distribution in consumable tools for friction surfacing
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Fig. 7 (a) lllustration of the experimental setup and (b) friction surfacing of stainless steel
onto aluminum workpiece with the heat-up plate method [83] (Creative Commons Attribution
NonCommercial-NoDerivaties 4.0 International CC-BY-NC-ND 4.0)

with the applied finite difference method [134]. As shown in Fig. 8,
the model output was consistent with experimental results and pro-
vided theoretical guidelines for technical parameters. Liu et al. also
conducted a thermal analysis for friction surfacing 1Cr18Ni9Ti
(321) rod onto the substrate of 1020 steel. The temperature was
measured by a thermocouple at points of interest on the tool.
There was a high change in temperature at the tool-workpiece inter-
face at the beginning of the process. Once the frictional contact con-
ditions reached the quasi-steady state, temperature change gradually
decreased and became stable near the melting point of the tool mate-
rial [91].

Sahoo et al. investigated the influence of different tool shapes in
friction surfacing of A6063 tool with 100 mm length and 18 mm
diameter onto IS2062 low carbon steel [63]. Five different configu-
rations of the tools were chosen as presented in Fig. 9, entitled as
mechtrode face 1-5 designed as follows: MF1 was a simple rod
with a conventional flat surface at the tip of the rod, MF2 had a
drilled hole with 10 mm length and 2 mm diameter at the center,
MF3 had three holes with 10 mm length and 2 mm diameter
(located triangularly), MF4 had a drilled hole with 10 mm depth
and depth and 8 mm diameter, and MF5 had a tapered tip with
10 mm height and 8 mm diameter.

Friction surfacing falls in the category of friction-based additive
manufacturing approaches [135]. Friction surfacing technology has
been employed as a prospective additive manufacturing technique.
In this technique, the rotating consumable rod deposits the first layer
of the coating as it traverses along the substrate surface. In cases,
where the size of the substrate is much larger than the rod diameter,
multiple adjacent tracks are required to create the first layer of
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Fig.8 Comparison of model output and experimental results for

temperature (4000 N force; 1825 rpm spindle speed; time: 37 s)
[134] (Reprinted with permission from Elsevier © 2009)
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deposit on the entire substrate surface, as presented in Fig. 10.
After depositing the first layer of the coating, it is subjected to a
machining operation to provide a flat surface for the second layer
of the coating. This process can be repeated by making a multilayer
deposit until the desired build height is achieved [136,137]. Isupov
et al. [23] investigated the single-layer and multilayer deposition
and butt joint through the friction surfacing technique using
Al-5Mg aluminum alloy for both tool and substrate material.
Dilip et al. successfully employed the friction surfacing technique
as an additive manufacturing approach [92]. In this technique, a
multitrack multilayer deposit of mild steel consumable rod was fab-
ricated to create a three-dimensional metallic part. The first, second,
and third layers of this deposit consisted of five, four, and three
tracks, respectively.

2.2 Friction Surfacing With Reinforcing Particles. In some
applications, it is desired to apply a surfacing with reinforcing
particles. Various methods are presented in the literature for incor-
porating the reinforcing particles within the consumable tool. A
composite powder mixture of alloy and reinforcing particles can
be pressed, or holes can be drilled along the length of the tool
and then filled with reinforcing particles.

Single-layer and gradient deposition friction surfacing was inves-
tigated by Tosun et al. [24]. TiC particles were included to reinforce
the AA7075 consumable tool, and AA 5754 was used as the sub-
strate. The gradient deposition process consisted of a consumable
rod fabricated by pressing a mixture of Al and TiC particles, and
in this case, three overlapping layers at different reinforcement
ratios with the outermost layer consisting of the highest particle
content. The deposition with TiC particles resulted in significantly
less wear, i.e., an improvement, compared to the powder-free depo-
sitions. Reddy et al. studied friction surfacing of 2124 aluminum
alloy reinforced with silicon carbide (SiCp) particles (~30 ym in
size) onto A356 aluminum [25]. They studied the corrosion and
wear of the new material. The deposition was examined by metal-
lography, dry sliding wear, and potentiodynamic polarization
technique and was shown to be resistant to corrosion. Also, the
deposition exhibited excellent metallurgical bonding and wear
resistance (Fig. 11).

It was shown by Bararpour et al. that mechanical alloying can be
accomplished in friction surfacing [43]. In this study, AA5S083 and
AA5052 aluminum alloys were used as the consumable rod and
substrate materials, respectively, and Zn powder with 2.5 mm
median size was filled into four holes in the consumable tool. The
deposited samples had finer-grained microstructures than the
AS5083 consumable tool due to dynamic recrystallization (DRX)
through the severe plastic deformation of a consumable material.
The addition of Zn powder did not influence the general grain
refinement of A5083. Bararpour et al. assessed the influence of
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Fig. 9 The geometry and configuration of five different consumable tools [63]

nonisothermal aging on the mechanical properties and the micro-
structure of AAS083 with 15 wt% Zn composite deposition on
AS5052 substrate [44]. The zinc powder was inserted into four
holes with a length of 30 mm and a diameter of 2.5 mm drilled in
the tool. The highest hardness value and the ultimate shear strength
of the composite deposition occurred at 185 °C. Due to the severe
plastic deformation during the process, the particles became poly-
gonal or round. In a similar approach, Bararpour et al. studied
the effect of the zinc powder on the mechanical properties and
the microstructure of Al-Mg alloy onto A5052 substrate [45]. The
zinc powder was inserted into drilled holes in the Al-Mg aluminum
alloy tool cross section. The Zn powder significantly increased
the thermal stability of the deposition and decreased Kkinetic
grain growth. The grain growth rate in the Zn-free and Zn-rich
depositions was found to be 1.46 um/h and 0.55 um/h, considering
a linear association between the heat treatment time and the
grain size.

(a) Tracks

The friction surfacing of 6351-T6 aluminum alloy consumable
tool with 22 mm diameter and SA 516 Gr 70 steel substrate with
6 mm plate thickness was studied by Badheka and Badheka [64].
Single-layer friction deposition was completed using consumable
tools with and without additions of boron carbide particles. A trian-
gular drilling hole pattern with 50-55 mm depth was selected, and
the boron carbide powder in the range of 8—12 um was inserted into
the aluminum consumable tool. It was observed that adding B,C
particles increased the deposition hardness; however, it is very
important how the particles were spread on the coating layer. More-
over, adding boron carbide particles results in the improvement of
wear resistance.

Stainless steel 316L/TiB, material was successfully friction sur-
faced onto stainless steel 304 substrate by Guo et al. [115]. Blind
holes were drilled in the cylindrical 316L tools to hold TiB2
powder reinforcement to be added in the process. In another inves-
tigation by Pirhayati and Aval [26], AA2024-Ag composite
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Fig. 10 (a) Schematic illustration of layers and track in friction surfacing of three layers,
(b) three deposited tracks in the first layer, and (c) multilayer friction surfaced deposit [136]
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Fig. 11 A comparison of wear behavior of the materials [25] (Reprinted with permission

from Taylor & Francis © 2009)

consumable rod was prepared by drilling three holes of a diameter
of 2.5 mm and a length of 30 mm in the tool and filling them with
silver particles with an average size of 1.55 +0.45 um. The compos-
ite consumable rod was used to produce deposition onto the surface
of the AA2024 substrate. The silver particles inserted into the
consumable rod improved the thermal stability of the deposition.
Oliveira et al. investigated 6351-T6 aluminum alloy deposition
onto the substrate of AA5052-H32, reinforced with Al,O3 particles
[46]. Holes were drilled in the consumable tool that was filled with
the Al,Oj particles. The incorporation of Al,O3 particles resulted in
greater hardness values of the deposited layer.

Pirhayati and Aval [27] also evaluated the possibility and influ-
ence of postheat treatment on friction surfacing of A2024 with 16
wt% Ag composite coating on the A2024 substrate. The addition
of Ag powder did not positively influence the deposition’s recrystal-
lization behavior; however, it resulted in finer microstructures
mainly due to the solid solution and lower frictional heat generated
during the process. Moreover, the strength and surface hardness
of Ag-containing coatings were higher than Ag-free coatings. In
another recent investigation [47], they made three different

consumable rods by adding 5.3, 10.6, and 16.0 wt% of Ag into
the drilled holes into the cross section of an AA2024 consumable
rod. The holes had the same depth and the diameter of 80 mm
and 2.5 mm, respectively. In all these three configurations, the
hole center was 3 mm away from the tool center. In the two-hole
and three-hole configurations, the holes were at an angle of
180 deg and 120 deg with respect to each other, respectively. The
Ag powder decreased the coating efficiency during the friction
surfacing of the AA2024 aluminum rod. By considering a linear
relation, it can be noted that by increasing 1 wt% Ag, the hardness
and strength of the deposits increased by 1.0% and 1.8%, respec-
tively; however, the electrical conductivity reduced by 0.12% Inter-
national Annealed Copper Standard (IACS).

Miranda et al. investigated the creation of functionally graded
material (FGM) composites using SiC and alumina reinforcement
particles through the friction surfacing technique [48]. In another
investigation, the friction deposition approach was successfully
applied to create an aluminum matrix composite reinforced with
titanium particles. As demonstrated in the schematic diagram of
Fig. 12, the result was a deposition of the multilayer composite
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Fig. 12 (a) Schematic of the composite friction deposition process and (b) illustration of
how flat tensile test specimens were extracted from cylindrical multilayer composite fric-
tion deposits [49] (Reprinted with permission from Elsevier © 2016)
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Fig. 13 Schematic representation of tool assembly for powder metallurgy-assisted friction
surfacing [52] (Reprinted with permission from IOP Publishing, Ltd. © 2012)

with strong bonds between layers and uniform distribution of Ti
particles, as was reported by Karthik et al. [49]. Also, friction surfa-
cing of the Ti-6Al-4V composite reinforced with TiC particles onto
the surface of Ti-6Al-4V substrate was studied by Belei et al. [123].
Holes were drilled at the tool tip and filled with TiC particles. It was
found that hole placement on the tool influenced the efficiency of
deposition, process behavior, coating quality, and particle distribu-
tion in the coating layer.

The fabrication and the characterization of composites made of
aluminum-graphene were studied by Sharma et al. [54]. The impreg-
nation process of graphene nano platelets into an aluminum alloy
substrate using the modified friction surfacing technique employing
a tool fabricated via powder metallurgy approach was accomplished
by coating an aluminum-graphene composite rod, created by
powder metallurgy, onto an aluminum substrate. Esther et al. [53]
studied sliding wear behavior in friction surfacing of AA2124/4wt
%B,C nano-composite onto the Ti-6Al-4V substrate using the
pin-on-disc technique. The consumable material was provided by
the stir casting approach. The wear test result shows that the wear-
rate of the deposition was smaller than that of the substrate due to
the smaller friction coefficient. The electron backscatter diffraction
(EBSD) analysis exhibited that the coarse grain structure in the nano-
composite consumable tool was converted to ultra-fine grains from
dynamic recrystallization. Mohanasundaram et al. investigated the
friction surfacing of AA6061-B,C composite consumable rod onto
AA6061 substrate to find the optimum percentage of the B,C parti-
cles [50]. Different consumable rods were prepared with various par-
ticles B4C weight percentages of 0, 3, 6,9, and 12 employing the stir
casting machine. The reinforcement boron carbide particles were
added into the molten AA6061 and stirred.

In a recent investigation, Ozler et al. [51] studied the wear resis-
tance and microhardness of coating of AA7075 consumable rod
onto the AA5754 substrate using two different approaches, entitled
friction surfacing with powder laying and powder sintering. In the
powder laying approach, the boron carbide (B4C) powder was laid
on the surface of the substrate and then subjected to friction surfacing.
In the powder sintering approach, a powder mixture including
B4C and aluminum was prepared and inserted into the consumable
rod with an inner diameter of 15 mm and an outer diameter of
20 mm, and then it was sintered. A homogeneous deposit was not
possible with the powder laying approach; however, a uniform
deposition structure was possible using both powder-free depositions
and multilayer gradient depositions in the sintering approach.

Sharma et al. [52] studied the powder metallurgy technique in
surface modification of aluminum alloys through the friction
surfacing process. The customized consumable rod containing
graphite reinforcement utilized for surface modification was pro-
vided through a conventional powder metallurgy route, as presented
in Fig. 13. The results of the experiments revealed a decreased
wear-rate in the aluminum deposition reinforced by graphite due
to the interlayer sliding attribute of the graphene layers. Moreover,
adding graphite provides a reduced localized adhesion in the surface
of the deposition, which results in a lower local adhesion and
surface delamination.

2.3 Refill Friction Stir Spot Welding. Pandya and Menghani
[59] studied a new approach for filling the keyhole left by friction

Journal of Manufacturing Science and Engineering

stir welding (FSW) in lap joints. Tools were made of nonconsum-
able steel shoulder, and consumable aluminum joining pins of
various geometries coupled with several pin insertion methods
were used to fill the exit hole. Mechanical properties and micro-
structures of the resulting joints revealed a 7% increase of strength
as compared to joints with the nonfilled exit hole. Zhang et al. used
a T-shaped filler bit on the pin to fill the keyhole left by friction stir
welding in 1060 aluminum, as shown in Fig. 14 [126]. In compar-
ison with a cylindrical filler bit, the experimental result reveals
improvement in the keyhole filling quality by greater fracture
load, and a fracture location far from the interface, although small
gaps were present at the bottom and lower periphery interface.

Huang et al. studied the filling friction spot welding (FFSW)
technique using a consumable tool bit to fill the keyhole [55].
The semi-consumable joining tool with nonconsumable steel
shoulder and consumable aluminum alloy joining bit (sizes for com-
parison) was created to produce a joint on an Al-Cu—Mg aluminum
alloy sheet. Huang et al. [56] and Han et al. [57] studied the FEFSW
of rolled AA2219 plates with a semi-consumable tool equipped with
anonconsumable alloy steel shoulder, and consumable AA7075 and
AA2219 bits, respectively. The result exhibits that the hardness
is highest toward the center of the weld similar to the hardness
profile measured in FSW.

Method 1T ﬁethod lj l
&&x @M& %

Tool used for
filling keyholg

20 mm

Fig.14 Top: lllustration of the keyhole filling process using filler
bits, (a)—(c) filling process, (d) keyhole, (e, f) filler bit. Bottom:
Before and after keyhole filling process and used tools [126]
(Reprinted with permission from Taylor & Francis © 2014).
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Fig. 15 The lap welding friction stir technique studied in
Ref. [118] (Reprinted with permission from Elsevier © 2017)

Miles et al. presented an investigation on the friction surfacing
process of a consumable joining bit on 980 dual-phase (DP) steel
and a combination of 980 dual-phase steel and AA5754-O [80] to
solve the problem of brittle intermetallic formation in fusion
welding method such as resistance spot welding. Miles et al. [81]
made a spot joint between 5754 aluminum alloy and a high-strength
steel plates with a consumable joining bit. This investigation
focused on joints composed of DP 590 and DP 980 steel bonded
to AA5754-O using friction bit joining. It was revealed that the
design of the joining bit employed in this method has a significant
influence on the joint strengths.

Huang et al. studied a new hybrid method of FSW assisted by the
friction surfacing technique for joining aluminum and titanium
alloys, as shown in Fig. 15 [118]. In this method, a consumable
rod with a concave surface on the end of the tool with an enlarged
head was made to increase the material flow and the lap width. Shen
et al. experimented the refill friction stir spot welding method in a
0.8 mm thick 7075-T6 aluminum alloy with varying process
parameters such as welding time and axial plunge depth [58].

2.4 Additive Friction Stir Deposition by Using Friction
Surfacing. Friction-based additive manufacturing is the applica-
tion of solid-state friction stir technique for fast and scalable
additive manufacturing of a wide range of metallic materials and
matrix composite [138]. Friction-based additive manufacturing
can be accomplished by different techniques such as rotary
friction welding, friction deposition, friction surfacing, linear fric-
tion welding, friction stir additive manufacturing, and additive
friction stir deposition (AFSD), as presented in Fig. 16 [137].

This review focuses on the deposition of material by a consum-
able tool; therefore, only AFSD, commercially known as MELD
[144], was included in this review. AFSD was recently developed
with a feed material in the form of either a solid-rod or a powder
delivered to the deposition zone through a nonconsumable rotating
hollow shoulder under hydrostatic pressure, as presented in Fig. 17.
Frictional heat is developed at the interface of the rotating feed
material and substrate, which leads to solid-state thermal softening
of the feed material. The consumable material undergoes large
plastic deformation and shear strain rate as it is forced through
the rotating tool onto the substrate [146,147]. MELD can be
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Fig. 16 Classification of existing friction-based additive manufacturing techniques
[15,139-143] (Reprinted with permission from Elsevier © 2012; Creative Commons Attribu-
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Fig. 17 MELD process by employing (a) a solid composite rod
and (b) matrix and reinforcement powders as the feed material
[145] (Reprinted with permission from Springer Nature © 2018)

applied for additive manufacturing, metal joining, solid-state
coating applications, surface modification, and repair [144].

As the tool moves across the workpiece, a single track of material
is deposited onto the substrate. Once the first layer is deposited, the
height of the tool increases to start the second layer as in additive
manufacturing. Multiple deposit layers can be created by forging
the feed materials onto the surface of the previous layer, as
shown in Fig. 18. There is no melting or rapid solidification,
enabling strong metallurgical bonding with minimal porosity, hot
cracking, distortion, and residual stresses [143,147]. Several impor-
tant process parameters, such as axial forging pressure, tool rota-
tional speed, and traverse speed, influence the thickness and the
quality of the deposited material [138].

The novel friction-based additive manufacturing technique, addi-
tive friction stir deposition, is studied for depositing different mate-
rials such as aluminum [148-152], Inconel [153,154], magnesium
[155], titanium [156], and copper [151,157]. Tools made of tool
steel are suitable for depositing low-strength materials; however,
a tool made of high-toughness materials such as polycrystalline
cubic boron nitride or tungsten carbide should be employed for
depositing high-strength materials [145]. Higher reinforcement
loading results in a higher level of wear and degradation in the
tool, which may limit AFSD for fabricating very hard composites;
however, this is not an issue in the friction surfacing technique.

Due to the severe material deformation and flow, the AFSD tech-
nique has a high level of flexibility with the feed material quality,
even if the consumable material is not fully dense or contains
oxides [158]. The AFSD technique is ideally appropriate to
process a metal waste to create a solid-state deposit. This concept
presents the potential to recycle metal machine chips as the feed
material in the AFSD process. Jordon et al. employed this approach
to feed AAS5083 chips with 2-3 mm in length directly into the
AFSD process, as presented in Fig. 19 [159]. This process resulted
in a deposit with 6 mm in height, with fine grain structure resulting
from dynamic recrystallization and mechanical properties similar to
the wrought material.

Fig. 18 Multilayer deposit of AA2219 developed by the AFSD
technique [147] (Reprinted with permission from Elsevier © 2021)
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Fig. 19 lllustration of the recycling technique using AFSD [159]
(Creative Commons Attribution 4.0 International (CC BY 4.0))

3 Characterization of Thermomechanical Transfer and
Structure of Deposition

In this section, the relationship between process parameters and
material transfer is analyzed. Friction surfacing is a process with
a high level of complexity that depends on various parameters.
The process factors involved in this technique directly influence
the deposit quality. In this process, the machine parameters
include all process factors related to the machine, such as tool rota-
tional speed, axial load, and traverse speed. The environment
parameters are the factors related to the environment in which the
deposition occurs, such as the temperature of the environment,
shielding gas type, and its flowrate. The most important consumable
tool parameters are dimensions and material of the consumable rod
and substrate. The process parameters are controlling variables
affecting process temperature and coating properties such as geom-
etry, surface roughness, hardness, microstructures, bonding quality,
wear and corrosion performance, and residual stress. Investigation
of the effects of process factors was discussed by Sugandhi and
Ravishankar [65]. Achieving an appropriate energy input using sui-
table process parameters during friction surfacing may enable
control of flash formation. Advances in analytical mathematical
analysis of the process are needed to facilitate optimization of
experimental tests, as is considered by Vitanov and Voutchkov [93].

The minimization of wasted material (flash) is another critical
issue that has been studied. Gandra et al. exhibited that in some
experimental tests, flash-based material lost of approximately 40—
60% of the total tool consumption [21]. Vilaga et al. showed that
in the friction surfacing approach, the primary flash occurs
around the consumable tool and grows in the tool axial direction
toward the clamping zone [19]. If the primary flash growth is con-
strained in the axial direction, then secondary flash starts and grows
parallel to the surface of the substrate. Since the secondary flash
stays in contact with the surface of the deposition, it may influence
the process. The formation of the secondary flash has a beneficial
effect on the hardness of the deposited material and the efficiency
of the process. This is an important point that represents several
opportunities for industrial applications and a new area of study
for further research to improve the friction surfacing process.

3.1 Deposition Width and Thickness. Most of the parametric
studies focus on the resulting coating width and thickness. At this
early stage in friction surfacing research, the most important
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qualities of the coating remain to be improved and controlled.
Galvis et al. investigated the effects of process factors on the deposi-
tion of AA6351-T6 over AA5052-H32 in a conventional mill [28].
The feed rate was employed as a control factor, and the microstruc-
tural and superficial characterization of the deposition layer was
studied. It was exhibited that a conventional machine is capable
to produce deposited layers of a homogeneous material with deposi-
tion rates increasing with the increasing travel speed.

Sahoo and Mohanty experimentally studied different combina-
tions of process factors in friction surfacing 6063 aluminum alloy
onto EN24 carbon steel using different rod diameters, 12, 18, and
24 mm [66]. A decrement in the thickness of the material deposition
with an increment of the axial force and the tool rotational speed
was observed. Also, higher tool rotational speeds resulted in a
wider coating layer. Generally, the deposition width was dependent
on the diameter of the tool, which was typically in the range of
0.9-1.2 times the rod diameter, as shown by Vitanov and Voutch-
kov [93].

AA6063 aluminum alloy was coated on AISI 316 stainless steel
by Sahoo et al. with three different tool diameters of 14, 18, and
22 mm [67]. It was found that the increasing axial load and decreas-
ing tool rotational speed resulted in the increasing deposition width.
Higher tool rotational speed resulted in lower deposition thickness
values. In a recent investigation by Sahoo et al. [68], aluminum
6063 was friction surfaced on the preheated EN8 medium carbon
steel substrate at 100 °C, 200 °C, and 300 °C using a custom-made
vertical milling machine. Applying higher tool rotational speed at a
constant forging force developed thinner coating layers. It was also
revealed that increasing the substrate temperature results in a thick
viscoplastic material transformation and fewer pores and cavities at
the interface.

Gandra et al. investigated the friction deposition of AA6082-T6
onto the surface of AA2024-T3 substrate [29]. It was found that low
travel and rotational velocity resulted in increased coating thickness
and width. Figure 20 presents the influence of travel speed on the

deposition thickness, width, and bonded width. Elevated travel
speeds resulted in thinner deposition layers since the travel speed
affected the rate at which the rod material was transferred to the
substrate.

As shown in Fig. 21(a), the increased axial force resulted in a
wider and thinner coating and thus improved the bonding width.
The tool rotational speed affected the deposition width and the
bonding quality (Fig. 21(b)). Although it is experienced that lower
to intermediate tool rotation speeds improve the quality bending,
higher tool rotation speeds provided a more flat and regular coating.

A study was carried out by Kumar et al. to investigate the rela-
tionships between process parameters and geometry of 6063 alumi-
num alloy friction surfaced deposition onto IS2062 substrate [69].
Physical parameters such as axially applied force, tool rotational
speed, and table travel speed were reported to have the most influ-
ence on physical dimensions. Deposition thickness decreased as the
deposition width increased. More recently, Vasanth et al. investi-
gated friction surfacing of A6063 aluminum alloy consumable
rod onto the mild steel IS-2062 E250 CU [70]. Seventeen different
experiments using different values for critical process parameters
such as tool rotational speed, traverse speed, and axial load were
carried out. The thickness of the depositions was recorded
between 1.11 and 2.67 mm, but only coatings with thickness
values between 1.78 and 2.00 mm exhibited good corrosion resis-
tance in acidic and salt solutions.

Nixon et al. investigated friction surfacing deposition of AISI 316
stainless steel alloy onto the surface of EN24 carbon steel substrate
[94]. The traverse speed, tool rotational speed, and axial force were
remarked as the most effective factors. They exhibited that the depth
of the deposition layer decreased as the deposited coating width
increased. Sahoo et al. studied the effects of substrate preheating
on the geometry of the coatings [95] and optimum process param-
eters [96] during the friction surfacing of AISI 316 stainless steel
onto the EN24 medium carbon steel substrate. The inductive pre-
heating of the substrate was done with an electric unit with three
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Fig. 20 Effect of the travel speed on coating thickness, width, and bonded width for (a) 5 kN, (b) 7 kN, and (c) 9 kN axial
forces and a 3000 rpm rotational speed [29] (Creative Commons CC-BY-NC-ND license)
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different temperatures of 200 °C, 400 °C, and 600 °C, and the
deposition rate and material consumption rate were measured. It
was noticed that increasing the tool rotational speed resulted in a
wider but thinner deposit.

Rafi et al. studied friction surfacing deposition of H13 tool steel
onto the substrate of low carbon steel [97]. The substrate travel
speed did not significantly affect the deposition width. For all sub-
strate travel velocities, the width of the deposited coating was
bigger than the diameter of the consumable rod (18 mm). On the
other hand, increasing the tool rotational speed resulted in a signifi-
cant reduction in the deposition width. This phenomenon was
explained by the concept of “real rotational contact plane,” which
refers to the actual/instantaneous contact plane between the substrate
surface and the consumable tool in the process. The area of the real
rotational contact plane is reduced with the increased tool rotational
speed.

Kumar et al. identified suitable process factors for friction surfa-
cing [71]. Their analysis exhibited that higher axial pressing force
resulted in lower deposition thickness and higher bend ductility.
Recently, fuzzy logic was used to predict the width and thickness
of the coatings by Murugan et al. [128]. In the friction surfacing
process of these materials, it was observed that increasing the
axial pressing force increased deposition width and thickness.

Friction surfacing of 6063 aluminum alloy onto AISI316 stain-
less steel and the relation between the process variables and deposi-
tion dimensions was studied by Sahoo et al. [72]. In this study, the
effects of process parameters such as axial force (4, 5, 6 kN), tool
rotational speed (2000, 2400, 2800 rpm), and table travel speed
(75, 150, 225 mm/min) on deposition width and thickness were
studied. It was observed that increasing the axial load and decreas-
ing the tool rotational speed increased the deposition width. The
coating thickness decreased when the tool rotational speed and
axial force increased. Guo et al. successfully fabricated the stainless
steel 316L coatings onto 304 substrates [18]. Figure 22(a) shows
a transverse cross-sectional view of deposition at 1500 rpm.
Increased spindle speed caused a decrease in both the width and
thickness of the deposition, as shown in Fig. 22(b).

The influence of process parameters on the coating geometry dis-
cussed in this section is summarized in Table 3. The major conclu-
sion is that no clear trend can be established. Intuitively, it makes
sense that the increased force would result in wider deposition,
which is presented in Table 3 especially for the aluminum tool,
and increased travel speed would result in decreased width and
thickness. In general, there seems to be a proportional relationship
with parameters and width, and an inverse relationship between
parameters and thickness. There is more of an inverse relationship
between spindle speed and dimensions.

3.2 Effect of Process Parameters on Temperature. The
effects of parameters on heat generation and temperature during
the process have also been studied. Some of these include modeling
studies, as spatial temperature profiles are difficult to measure.
Different combinations of process parameters in friction deposi-
tion of A6063 aluminum alloy onto EN24 carbon steel were exper-
imentally studied by Sahoo and Mohanty [66]. In this investigation,
three different rod diameters of 12, 18, and 24 mm were employed.

The process temperature profile was measured with a noncontact
infrared thermometer, and the successful depositions were sub-
jected to Vickers microhardness and bending tests. In addition,
energy-dispersive X-ray analysis and field emission scanning elec-
tron microscopy techniques were utilized to evaluate microstructure
and intermetallic bonding features. The temperature—time graph
demonstrated in Fig. 23 presents the thermal profile of friction sur-
facing using different rod diameters from the start of tool rotation to
the end of the process. The 24 mm tool diameter provided the
highest peak temperature; however, the temperature distribution at
the interface was not uniform and steady.

Silva et al. [98] investigated the friction surfacing of AISI 4340
alloy steel onto ASTM A36 low carbon steel substrates with vary-
ing process factors, while the process temperature evolution was
monitored by means of an IR camera. In this study, several experi-
mental tests were carried out to investigate the influence of the
initial substrate surface roughness and the process parameters. Due
to the flash formation, the highest value of deposition efficiency
was recorded as 60%. The result of the experiment revealed that the
substrate surface roughness had no significant influence on the
process temperature. Also, the high cooling rate associated to the
friction surfacing process resulted in the formation of martensite in
the deposit.

Friction surfacing of AS5083-H112 consumable tool onto
A7050-T7451 substrate and the associated critical process parame-
ters and process temperature were investigated by Kallien et al.
[30]. The process temperature measurement was carried out from
K-type thermocouples inserted in eight holes drilled on the backside
of the substrate up to 0.5 mm below the surface of the substrate. A
set of process parameters including the tool rotational speed of
1200 rpm, traverse speed of 6 mm/s, and axial force of 8 kN was
employed as the reference process parameters, which resulted in
the maximum process temperature of 394.8 °C. It was found that
increasing the tool rotational speed to the values more than the refer-
ence point hardly affects the maximum process temperatures. Also,
decreasing the traverse speed by 2 mm/s increased the maximum
temperature by approximately 50 °C; however, no noticeable influ-
ence on the maximum temperature was observed by increasing the
traverse speed by 2 mm/s. It was noted that increasing the process
temperature results in wider and thinner deposits.

Residual stress is an important factor that should be investigated
in friction surfaced deposit and substrate. Residual stress exists
within a body even when no external force is applied. It may be
added to, or subtracted from, all applied stresses on a part. The resi-
dual stress may result in an unexpected failure if it is combined
critically with all other applied stresses. Therefore, it is essential
to understand the origins of residual stress during the process to
decrease the chance of developing harmful residual stresses. Resi-
dual stresses arise due to incompatibilities between different
zones of the material in a body. Plastic deformation, localized
heat treatments, composites, and multiphase materials can
develop residual stress within the body [160]. Finite element
method (FEM) is a thermomechanical simulating approach that
can be employed to investigate the residual stress distribution.
Recently, several attempts have been made to simulate the friction
surfacing process using a finite element model.
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Fig.22 (a) Coating cross section produced at 1500 rpm by optical microscopy and (b) friction depositions using the different
tool rotational speed (dash lines show the tool diameter) [18] (Reprinted with permission from Elsevier © 2019)
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Table 3 The influence of process parameters on the coating geometry

Ref. Tool material Substrate material Influence of process parameters on the coating width and thickness
[93] AA6351 AA5052 AN\ N . []
TS W\ ; |TS T
L1 L L
[28] AA6063 EN24 2N ]
SS| (W[ : |F T| :
L1 L L
[66] AAG063 AISI 316 =S [ 0
F W\ . |SS| W]
L1 L N~ L
[67] AA6063 ENS8 =~ []
SS T
L =&
[68] AA6082 AA2024 2N N N
SS W| ; [TS W] ;
g — g —
TS T| : |F T
L =~ L1
[29] AA6063 152062 2NN NN N
F W[ : |SS W| 5 |TS W
[69] AA6063 1S-2062-E250Cu S [ =[] <~ [
SS T| . |F T| ; |TS T
L =~ L1 X~ L1 X~
[70] AISI316 EN24 2N AN [ =2
F W[ ; |F T| : |SS W
L1 L L1~ L1 L[
[94] AISI316 ENS 2N s s [T
SS W| : |SS T
L1 L L
[95] AISI316 EN8 =[] ="~ ="~ []
B T| : |SS T|; |15 (T
L =~ L1 X~ L1~
[96] H13 Low Carbon Steel N N N s N [
SS W[ 5 |TS W| 5 |TS T|
L1 L L[ L L1
[97] AA6063 Mild Steel =N [] =[] = [
F T| ; |TS T| : [TS T|
L1 N~ L1~~~ L1 &
[71] Monel 500 AISI 1012 =N s s []
F W| : |F T
L1 L L1
[128] AA6063 AISI316 e G- NG
F W[ 5 |SS W] ;
[18] AISI 316L AISI 304 P N
SS W| : |SS T
L1 L L

Pirhayati and Aval developed a three-dimensional finite
element model to simulate the thermomechanical behavior of
the friction surfacing process of AA2024 consumable rod onto
a 2mm thickness AA2024 sheet [31]. The model output of
maximum temperatures on the advancing and retreating side
was very similar due to the high thermal conductivity of the

120801-14 / Vol. 143, DECEMBER 2021

deposited material. Plastic strain values at the center of the con-
sumable tool tip were greater than those at the edges. Moreover,
the simulation predicted a weaker bonding strength between the
deposition and substrate on the advancing side, which is due to
a higher strain rate on the advancing side. The very high
cooling rate at the interface of the coating and substrate resulted
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Fig. 23 Thermal profile obtained from the IR thermometer for

different consumable rod diameters [66] (Creative Commons
Attribution 4.0 CC BY 4.0)

in three times finer grain size compared to the top surface of the
deposition.

Bararpour et al. studied friction surfacing of AA5083 consumable
rod onto the AA5052 substrate [32]. In this study, aBAQuS finite
element modeling software was utilized to anticipate the thermome-
chanical behavior of materials in this process. The model revealed
that the maximum values of temperature and strain rate occurred at
the upper surface of the deposition in the advancing side; however,
the maximum temperature in its advancing side and retreating side
was not very different owing to the high thermal conductivity of alu-
minum. Bararpour et al. developed a coupled thermomechanical
simulation and experimental analysis to study the influence of
process parameters of the friction surfacing process on the residual
stress distribution and the flow field [33]. In this study, the aluminum
alloys AA5083 and AA5052 were the consumable tool and substrate
materials, respectively. It was observed that higher heat input caused
higher material flow, and subsequently, a larger velocity vector.

TEMP

(Avg: 75%)

+4.950e+4(

‘806

+4.663e+(
4.519e+{

+4.375e+(

+4.231e+(

+3.800e+
+3.656e+(
+3.53e#

+3.225e+4

Moreover, increasing the translational speed at a constant tool rota-
tional speed and a feeding rate decreased the extent of the tensile resi-
dual stress zone. Also, increasing the tool rotational speed at a
constant feeding rate and translational speed decreased the
maximum tensile residual stress and the extent of the tensile residual
stress field.

The influence of the axial feeding rate on the deposited coating of
AA2024 onto AA1050 aluminum alloy substrate was investigated
by Rahmati et al. [34]. Several combinations of process parameters
were examined, and the tool rotational speed of 1000 rpm and
translational speed of 125 mm/min were selected as the optimum
parameters to provide the maximum deposition efficiency. It was
also observed that more flash was formed on the advancing side,
while the axial feeding rate value was greater than translational
speed. Also, Rahmati et al. developed a finite element model for
friction surfacing of AA2024 onto a substrate of AA1050 [35].
ABAQUS was used to model the thermomechanical behavior of the
material deposition during the process. The highest level of
plastic strain occurred on the advancing side of the friction deposi-
tion. The lower temperature in friction surfacing and heat conduc-
tion through the substrate caused a decrease in both the material
flow and plastic strain. Figure 24 shows that the maximum strain
rate and temperature occurred at the end of the consumable rod in
direct contact with the deposition.

4 Metallurgical, Chemical, and Mechanical Properties
of the Deposition

4.1 Metallurgical Study. This technique produces metal
deposition at temperatures less than the consumable material’s
melting point, followed by intense cooling rates, which make this
technique a great alternative for creating a fine-grained coating
with higher corrosion and wear resistance performance. In the mul-
tilayer friction surfacing deposition process, it is important to under-
stand microstructural development in heat treatable aluminum

(b)

Advancing

Advancing side Retreating side

P RS S T T R TR

Fig. 24 lllustration of temperature and plastic strain rate distributions: (a) temperature in the tool, (b) temperature in the
coating, (c) plastic strain rate in the tool, and (d) plastic strain in the coating [35] (Reprinted with permission from IOP Publish-

ing, Ltd. © 2013)
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alloys. This section highlights those studies focusing on structure/
property characterization.

Several kinds of inspection techniques such as SEM, X-ray dif-
fraction testing, optical microscopy, tensile testing, roughness
testing, microstructural analysis, and hardness testing have been
carried out to investigate the deposited coating quality. It was
shown by Dilip and Ram that friction surfacing invariably causes
overaging of the strengthening precipitates in various heat treatable
materials [36]. For this problem, a solution posttreatment can be uti-
lized; however, it may cause other issues such as abnormal grain
growth. Suhuddin et al. examined the microstructural evolution in
depositing material during friction surfacing of 6082-T6 aluminum
alloy onto a substrate made of AA 2024-T351 by employing the
electron backscatter diffraction method [37]. In this study, crystal-
lographic data were achieved from several different areas in the
deposited coating and consumable tool. It was exhibited by the tex-
tural analysis that material flow can be explained by simple-shear
deformation and resulted in significant grain refinement. Further-
more, the electron backscatter diffraction has been employed to
study the deposition of 6082-T6 aluminum alloy onto 2024-T351
aluminum alloy [37].

The deposition of 6351-T6 aluminum alloy onto the substrate of
AA5052-H32 was investigated in Ref. [46]. In this study, holes
were drilled in the consumable tool, which were filled with reinfor-
cing Al,Oj5 particles. Postprocessing investigation of the consum-
able rod identified lower hardness values in region I (see Fig. 25),
with respect to as-received condition hardness values. This is attrib-
uted to thermal conditioning of the rod resulting in a loss of the T6
heat treatment condition, and the microstructure of the rod in this
region was like the as-received material. With region II being
closer to the friction surface the hardness was HV60-65 and exhib-
ited a coarse grain structure. Thus, regions I and II are clearly
heat-affected zones. Region III exhibited both thermal and mechan-
ical processing where the mechanical loading included both

compressive and torsional loading. For example, a set of grains
were deformed in the direction of the flash layer formation, refer
to Fig. 25(d), with greater mechanical deformation allowing for
recrystallization to occur, refer to Figs. 25(e) and 25(f).

It was shown by Fitseva et al. that the deposition of Ti-6A1-4V
onto Ti-6Al-4V substrate under high rates of deformation resulted
in microstructural grain refinement and a corresponding improve-
ment of mechanical properties in the deposited coating [119]. The
tool material consumption rate was found to be an efficient control-
ling factor for deposition. Tool rotational speeds of 400, 600, 3000,
and 6000 rpm and deposition speed of 16 mm/s were used, and all
these parameter sets resulted in the creation of coatings without
flash. The result of this study also shows that smoother coating sur-
faces were obtained using the lower tool rotational speeds, and
higher tool rotational speeds resulted in rougher coating surfaces.
Flash formation can be controlled with low energy input using
the appropriate deposition rate and the tool rotational speed. Vale
et al. friction surfaced titanium (Ti) grade 1 and Ti-6Al-4V onto
Ti-6Al-4V hot-rolled plates to analyze the material processing beha-
vior and the deposition properties [120]. A constant tool consump-
tion rate was employed during the process, and it was found the
axial loads were about ten times higher in the friction surfacing of
Ti-6Al-4V than Ti grade 1, which is due to the higher strength of
Ti-6Al-4V. The analysis revealed a higher peak temperature for
Ti grade 1 compared to Ti-6Al-4V.

Monolayer friction surfacing of magnesium alloy AZ91 casting
tool onto magnesium alloy AZ31 substrate was studied by
Nakama et al. [132]. Also, monolayer and multilayer friction surfa-
cing of aluminum alloy A2017 rod on aluminum alloy 5052 sub-
strate plate was investigated by Tokisue et al. and the effects of
process factors on microstructures and mechanical properties of
both monolayer and multilayer deposition were explored [38]. In
both monolayer and multilayer coatings, microstructures exhibited
improved properties compared to those of the consumable rod

Fig. 25 (a) Microstructural evolution of consumable rod, (b) consumable rod T6 condition
microstructure, (c) microstructure of coarse grains in the HAZ, (d) grains aligned in the
strain direction at the rod tip, and (e) and (f) recrystallized grains aligned in the strain direction
at the rod tip [46] (Creative Commons Attribution CC BY 4.0)
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Direction of progress

Fig. 26 Multilayer deposited layers, spindle speed 20.0 rev/s, traverse speed 9 mm/s, and
friction pressure 30 MPa. A, first consumable rod’s center; A, second consumable rod’s

center [38].

and substrate as recieved. It was exhibited that the monolayer
deposition layer inclined toward the retreating side (right side)
and that the second deposition layer of multilayer deposition
approached the first deposition layer, as shown in Fig. 26. In
another investigation [23], the single and multilayer deposits and
butt joint through the friction surfacing technique using Al-5SMg
aluminum alloy for both tool and substrate material were investi-
gated. The average grain size in the coating layers was smaller
than those in the substrate. Also, in the multilayer deposition, the
minimum grain size was observed in the upper deposited layers
due to the repeated heating of the lower deposit layers when the
upper deposit layers are coated. The surface hardness in the deposi-
tion increased as the distance from the substrate interface increased.

In another investigation, Sekharbabu et al. employed the friction
surfacing technique to create a defect-free deposited layer from D2
tool steel as the consumable material on the surface of a substrate
made of low carbon steel [99]. Then, X-ray diffraction, optical
microscopy, and SEM were employed to characterize the micro-
structure. The thermal profile was measured by the infrared
thermography and the peak temperature was determined to be
approximately 1200 °C. The SEM analysis highlighted that the car-
bides present in the deposition are finer in comparison to the
as-received D2 tool steel, as presented in Fig. 27. This is the
result of fragmentation of the carbides during the severe deforma-
tion in the friction surfacing process.

Guo et al. friction surfaced AISI 316L consumable rod onto the
AISI 304 substrate using argon as a shielding gas for avoiding
oxidation [100]. By increasing forced convection using argon
shielding, it was observed that the average grain diameter increased
in both surface and cross-sectional views of the deposition.
However, this increment was more significant in the surface of
the deposition in comparison to the cross section, because the
crystal structure of the deposition in the cross section was domi-
nated by the greater stress in the vertical direction. Also, Guo
et al. found that the tool rotational speed employed in friction surfa-
cing of stainless steel 316L onto 304 substrates had a more signifi-
cant influence on the microstructure of the deposition surface than
that of the cross section [18]. The DRX analysis showed that the
hardness of the deposition improved compared to the as-received
stainless steel 316 consumable tool. Govardhan et al. evaluated

Journal of Manufacturing Science and Engineering

different factors and process parameters associated with the friction
surfacing process to produce high-quality coatings and joints [101].
The metallography of the sample coated surfaces showed dense and
fine microstructures, and no cracks were found in the HAZ.

Puli and Ram exhibited that in friction surfacing by moderate
Zener-Hollomon parameter conditions, the AISI 316L stainless
steel undergoes discontinuous dynamic recrystallization [102].
The coating layer of AISI 316L exhibited a growth in the size of
grains starting from the interface of deposition and substrate
toward the deposition surface. This is due to a decreasing cooling
rate from the interface to the deposition surface. Fitseva et al.
attempted to evaluate the effects of tool rotational speed of the
rod on the microstructure, mechanical properties, and grain size
evolution of Ti-6Al1-4V [121]. Dovzhenko et al. investigated the
influence of traverse speed on the residual stress in 2 mm thick sub-
strates made from Ti-6Al-4V using synchrotron diffraction [122]. In
addition, the influence of the residual stress on fatigue cracking was
studied. The experimental results exhibited that higher traverse
speed created high values of peak residual stress. Also, the
coating layer thickness influenced the residual stress propagation.

Puli and Ram carried out an investigation to study and evaluate
the deposition coating of AISI 410 developed by two different
depositing methods, including metal arc welding and friction surfa-
cing technique [103]. The microstructures evaluation, corrosion,
and wear resistance performance of the deposited coating layers
were discussed in detail. The experimental result exhibits no dilu-
tion in the friction surfacing method as an advantage for the techni-
que. Also, the coating of AISI 410 provided by the friction
surfacing technique presented wear and corrosion resistance perfor-
mance comparable to AISI 410 in the hardened and tempered situa-
tion. The result of energy-dispersive X-ray spectroscopy (EDS) spot
analysis on friction deposition and metal arc welding is shown in
Fig. 28. The friction surfacing deposition presents no dilution
with uniform chromium levels across the deposition thickness
(Fig. 28(a)). In contrast, the metal arc welding deposition shows
significant dilution at points 3 mm away from the deposition—sub-
strate interface (Fig. 28(b)). The friction surfacing coating showed
a significant lower wear volume than manual metal arc welding
coating and comparable with that of the heat-treated bulk material
in pin-on-disk wear tests.
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1 pum

Fig.27 D2 tool steel: (a) scanning electron microscope-secondary electrons (SEM-SE) image as-received consum-
able tool, (b) SEM-SE image deposit, and (c) scanning electron microscope-backscattered electrons (SEM-BSE)
deposit [99] (Reprinted with permission from Elsevier © 2013)

Phillips et al. investigated the relationship between process
parameters and microstructure, nanostructure, and mechanical prop-
erties [39]. In this study, aluminum alloy AA6061-T651 was
selected as the material for both consumable rod and substrate.
The result of EBSD analysis was significant grain size reduction
from 200 um in AA6061-T651 material as received to an average
of 15 um in the deposition. Moreover, the microstructure analysis
revealed that a slower deposit resulted in a more recrystallized
microstructure, which could have been a result of the decreased

(@)

steel substrate AIS| 410 FS coating

_+—Interface

00 025 050 075 1.0
Distance from interface (mm)

. . . . .
0.0 19:4 = 11:4. 59185 TRT
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viscosity and strain near the edge of the consumable rod. Kumar
and Bauri [116] and Kumar and Bauri [117] reported a new
approach named reverse friction deposition, wherein the consum-
able rod utilized as a tool in the friction stir process curled up and
created a deposition layer as a seamless tube over itself. The
formed tube had improved oxidation behavior and a fine-grained
structure. Yu et al. developed an ultra-fine-grained deposited
coating of A6061 aluminum alloy onto the Q235 steel substrate
[73]. This study shows that due to the continuous dynamic
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Fig. 28 Results of SEM-EDS spot analysis on (a) friction surfaced and (b) manual metal arc
coatings [103] (Reprinted with permission from Elsevier © 2012)
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Fig. 29 Microstructure of the deposited coatings close to (a) surface of the coating, (b) substrate surface, and (c) substrate
material far from HAZ [130] (Reprinted with permission from Elsevier © 2011)

recrystallization in the friction surfacing process, the average Al grain
size in the coating layer was smaller compared to the A6061 alumi-
num tool.

A smaller number of studies focused on the effect of different
parameters on indirect measurements of strength and quality of
the coating, most often by hardness measurements and view of
the grain microstructure. Casalino et al. conducted an investigation
on the effects of tool shoulder geometry and its deposition on the
microstructure and microhardness of 5754H11 aluminum alloy
plate with 3 mm thickness [84]. The microhardness profile and
the grain size of the microstructural zones in the butt weld were
measured. Shinoda et al. employed an approach that created a
hard deposition layer with 1 mm thickness using friction surfacing
[104]. Experimental analyses were performed to measure the effects
of parameters in the process of depositing material. It was exhibited
that the tool rotational speed had a significant influence on the hard-
ness of the deposition. A harder deposition layer was formed when
the rod had a lower rotational speed.

Kumar and Sammaiah enhanced the corrosion behavior of alumi-
num and steel by depositing zinc onto them [125]. Increasing fric-
tion during the process resulted in an increment in the zinc
deposition onto mild steel and aluminum alloy. It was revealed
that lower feed rate, higher rotational speed, and lower forward
time produced smaller zinc crystalline size on the substrate. An
investigation was carried out by Batchelor et al. to study different
materials, deposition parameters, and the number of deposited
layers [74]. In this study, aluminum, stainless steel, and brass as
the consumable materials were coated onto mild carbon steel
while nitrogen shielding gas was flowing over the surfaces. A
strong thick coating layer was created on the stainless steel, but
the approach was not successful for either aluminum or brass.
The nitrogen flow reduced the deposition quality owing to the
cooling effect on the coating tool and layer.

Li et al. investigated friction surfacing of AA5083 consumable
rod on a DH36 steel substrate considering the effects of process
parameters such as spindle speed, table travel speed, and feed rate
on the friction depositions [75]. Optical microscopy, SEM, and
EDS were utilized to evaluate the characteristics of the coating
layers. The results of the experimental tests show that increment
of the feed rate, travel speed, and axial force results in lower deposi-
tion surface quality. Also, a higher feed rate, higher rotational
speed, and lower travel speed result in higher bond strength. The
peak temperature occurs at the center of the deposition zone, and
it was exhibited that a lower travel speed resulted in higher heat
input per unit time and consequently at a higher temperature.

Rathee et al. studied the current trends, strategies, and issues in
the fabrication process of surface composites using friction stir pro-
cessing [161]. Their study paid special attention to important factors
involved in the surface composite fabrication process, and the
microstructural and mechanical characteristics corresponding to
these factors. Govardhan et al. made an attempt to study the friction
surfacing deposition of stainless steel over the surface of a low
carbon steel substrate [105]. The effects of process parameters

Journal of Manufacturing Science and Engineering

were investigated during the friction surfacing process of different
combinations of materials, shear strength, and surface roughness.

Hanke et al. studied the friction surfaced coating of NiAl-bronze
deposited onto self-mating substrates [130]. To study the wear resis-
tance performance of the deposited surfaces, cavitation evaluation
was conducted. The single-coating layer of NiAl-bronze onto the
same substrate material exhibits a fine-grained and homogeneous
microstructure. Resistance against cavitation erosion in the friction
surfaced layers was superior to that found in cast material. In
Fig. 29, the microstructures of the deposited sample at the areas
close to the coating surface, substrate surface, and substrate material
far from the heat-affected zone are presented.

The morphological and microstructural analyses on the friction
deposition of AA2024 consumable rod onto the AA6061 substrate
were investigated in Ref. [40]. During the friction surfacing process,
the AA6061 substrate surface and the deposited AA2024 exhibit
significant grain refinement due to the continuous dynamic recrys-
tallization. The analysis exhibited an almost fully recrystallized
microstructure in the deposited coating that was similar throughout

Rod original condition Coating microstructure
—_—

Fig. 30 Comparison between different consumable tool original
condition and deposition coating microstructure [106] (Rep-
rinted with permission from Elsevier © 2014)
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test [131] (Reprinted with permission from Elsevier © 2015)

the interfacial zones. This fact indicates that the entire deposited
material experienced a similar thermomechanical history with
severe deformation. The result revealed a partially recrystallized
microstructure in the substrate with less deformation during the
process.

A comparison between the microstructures of AISI 1024, AISI
1045, and AISI H13 deposits and the consumable materials as-
received is presented by Pereira et al., as shown in Fig. 30 [106].
The martensitic and bainitic microstructures present in the
deposit exhibit that the deposited coating was undergone full
austenitization.

4.2 Wear and Corrosion Testing. Hanke et al. studied fric-
tion surfacing of Cr60Ni40 cast alloy on Nimonic 80A substrates
[131]. The evolution of deposition’s microstructures was examined
and compared to the tool material microstructure in an as-cast state.
A reciprocating ball-on-flat wear test was used, and the wear resis-
tance performance of all deposition was slightly better than the
as-received material, and the results of wear tests are shown in
Fig. 31.

Sudherson et al. studied friction surfacing of aluminum alloy
5083-cadmium composite consumable rod onto AISI 1018 mild
steel substrate in a corrosive environment using a modified lathe
setup [76]. In this investigation, the friction surfaced samples
were subjected to heat treatment evaluation at 100, 150, and
200 °C. Corrosion samples were produced and subjected to immer-
sion in various solutions such as HCI, nitric acid, and HC1O, for
various corrosion evaluations, and the results were examined by
using SEM and the weight loss method. The corrosion tests

0.0007 +
0.0006 -
0.0005 -
0.0004 -
0.0003 -
0.0002 -
0.0001 -

0 .

=

weight loss in (g)

pH value

m Mild Steel
M Coated & treated at 100°C
M Coated & treated at 200°C

M Coated with untreated
M Coated & treated at 150°C

,\
=
-]

OFS coating
W as-cast

wear rate [10-1* m*/Nm]

12,500

0
| 25,000

25,000 12,500 |
45N 60N

(a) Wear volumes and (b) average wear-rates of the flats over normal force and number of cycles from ball-on-flat wear

revealed that the friction surfaced samples have higher corrosion
resistance than heat-treated friction surfaced samples and the
mild steel substrate, as shown in Fig. 32(a). Therefore, at a partic-
ular pH value, the weight loss in mild steel was higher compared
to coated and heat-treated coated specimens. Also, it was confirmed
that weight loss decreased as the pH value increased. Figure 32(b)
shows that the corrosion rate for all the samples increased as the
number of hours of immersion increased.

Puli et al. investigated the coating of AISI 410 stainless steel on
the surface of a mild steel substrate [107]. The deposited coatings
exhibited martensitic microstructures with an average hardness
value of 460 HV, which were very hard. Also, bend and shear
tests exhibited results of excellent bonding between the coating
and substrate. In another study, the friction surfacing of 440C stain-
less steel onto a low carbon steel substrate was examined by Puli
and Ram [108]. Bend and shear tests on coating layers exhibited
excellent bonding between the coating and substrate. The deposi-
tion showed superior corrosion resistance performance, while
wear resistance performance was slightly inferior. Recently, stain-
less steel was friction surfaced on the surface of mild steel substrate
by Nixon et al. [109]. The joint strength was examined by ram
tensile testing, and the result exhibits a peak strength of 502 MPa
for the coating layers. The corrosion resistance performance of
the deposited layers was shown to be worse than that of the tool
material, but better than for the substrate. Pereira et al. created a
multilayer coating of AISI 1024, AISI 1045, and AISI H13 onto
the substrate of mild steel [106]. The principal aim of this study
was to determine which material combination provides more wear
resistant. As shown in Fig. 33, AISI 1024 coating had the lowest
wear friction coefficient and wear rate.

b)_ 15

10 |

Corrosion Rate (mm/yr)

24 Hours 48 Hours

72 Hours

Time (Hours)

96 Hours

B Coated with untreated M Coated & treated at 100°C
B Coated & treated at 150°C M Coated & treated at 200°C
H Mild Steel

Fig. 32 (a) Weight loss versus various pH value and (b) corrosion rate versus number of hours [76] (Reprinted with permis-

sion from IOP Publishing, Ltd. © 2013)
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Fig. 33 (a) Mass loss measured by pin-on-disc wear evaluation
technique and (b) surface hardness values and average of fric-
tion coefficient during steady-state wear [106] (Reprinted with
permission from Elsevier © 2014)

In another investigation, the friction surfaced deposition of tool
steel AISI H13 onto low carbon steel was studied by Rafi et al.
[110]. Microstructural and microhardness tests were employed to
evaluate the deposited coatings in detail, which revealed coating
layers free from defects. The deposited coatings had a significantly

higher hardness value (58 HRC) than the annealed consumable
material (20 HRC). Singh et al. examined the friction surfacing of
AISI 304 (austenitic stainless steel) as the consumable tool material
over high-strength low alloy (HSLA) steel substrate [111]. The
deposition and substrate were subjected to pitting corrosion exam-
ination by using the potentiodynamic polarization technique.
The experimental result reveals that the coating layer shows less
pitting resistance performance compared to the consumable mate-
rial and higher than that of the HSLA substrate. In a different inves-
tigation, Rafi et al. exhibited that the friction surfaced deposition of
AISI 304 shows higher corrosion resistance performance in many
different environments [112].

In a recent investigation [113], Guo et al. successfully fiction
surfaced precipitation hardened 17-4 pH Stainless Steel onto AISI
304 to improve the surface hardness. During the friction surfacing
process, the originally existed incoherent precipitates (Cu and CrN)
in the as-received consumable tool were re-dissolved into the
deposit. During the operation, argon gas was utilized to protect the
processing zone from surface oxidation. Increasing the tool rotational
speed and traverse speed resulted in a decrement in the thickness
and width of the coating. It was exhibited that due to the martensitic
transformation, the processing parameters did not have any signifi-
cant impacts on the hardness and microstructures of the deposited
coating. In an investigation by Hanke Inconel alloy 625 (Ni-based
alloy) was deposited onto 42CrMo4 steel alloy substrate, suitable
for surface corrosion protection [124]. The results indicated that
the dynamic recrystallization process and the thermal cycle define
the final microstructure properties.

4.3 Mechanical Testing. Several studies have been carried
out on the characterization of mechanical properties of aluminum
alloys employed in the friction surfacing technique. Gandra et al.
studied friction surfacing of AA6082-T6 onto AA2024-T3, consid-
ering bending, tensile, and wear characterization [22]. The deposi-
tion had 25% lower ultimate tensile strength than in the substrate
material and the strain value was increased by 42% at break
points. Figure 34 presents the hardness variation of the consumable
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Fig. 34 Hardness profile along the consumable rod and the coating cross section [22]
(Reprinted with permission from Elsevier © 2013)
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tool and deposition cross section caused by the thermomechanical
events during friction surfacing.

A commercially pure aluminum consumable rod was deposited
onto medium carbon steel by Janakiraman and Bhat [77]. The
result showed a consistent interface between the substrate and
the deposited coating. An experimental setup was prepared by Steg-
mueller et al. to investigate relationships in the conventional friction
surfacing process with inductive heating [85]. The result exhibits a
very low mount of flash material generation as well as high-strength
joint values in shear and push-off tests at tool rotational speed of
3000 rpm and pneumatic cylinder pressure of 8 bar. The stainless
steel 1.4301 was friction surfaced onto AlMgSi0.5 aluminum
alloy substrate by Stegmiiller et al. [86]. It was proven that
samples subjected to the inductive heating technique show higher
shear strength in the deposited coating than those utilized flash-
reducing tool method and classical process. Sahoo et al. [63]
found that the highest push-off strength, surface hardness value,
and bending strength were measured in deposition from the MF5
tool in Fig. 9, measured as 79.4 MPa, 137 HV, and 363 MPa,
respectively.

Galvis et al. [41] investigated the double layer deposition of
AA6351-T6 consumable rod onto AAS5052-H32 substrate to
assess the adhesion of the double-pass deposition on the substrate.
Also, the influence of the surface roughness of the first layer on the
deposition of the second layer was studied. Ravisekhar et al. con-
firmed that friction surfacing can be employed to produce deposi-
tion of dissimilar materials by using a vertical milling machine
[78]. Many inspection methods including optical microscopy,
SEM, and X-ray diffraction as well as techniques such as tensile
testing, microstructural analysis, and hardness testing have been
employed to evaluate the deposited coating quality.

In another investigation by Khalid Rafi et al. [114], the deposited
coating layers of H13 tool steel and AISI 310 austenitic stainless
steel onto mild steel substrates were completed to study wear and
corrosion protection, respectively. The deposition was character-
ized by optical microscopy, SEM, shear tests, and bend tests. The
H13 tool steel deposition was not strong in bending, and cracks
appeared after five degrees of bending, which refers to the tool
steel’s inherent brittleness. On the other hand, the austenitic stain-
less steel deposition exhibited the bending ability up to 90 deg
without any cracks.

5 Conclusions, Challenges, and Future Trends

This review shows that there is a growing body of friction stir
processing literature related to friction surfacing by means of con-
sumable tools. Material is transferred from the tool to the substrate
for coating and similar/dissimilar material joining applications.
Friction surfacing by a consumable tool has excellent capability
to be employed as a means of dissimilar metal joining, a field of
growing interest. This paper has been organized into three principal
considerations of friction surfacing: different processing techni-
ques, the influence of process factors on the quality of deposited
coating, and lastly, the characterization, metallurgical and mechan-
ical properties of the deposition. There are many investigations
detailing the friction depositing technique with particular attention
to the material transferring from a rotating rod enabled by high
axial force and frictional heat. Further research and study are
needed in the following categories.

5.1 Further Expansion of Materials, Variations of
Processing Techniques, and Applications. The research trend is
nascent with the majority of studies being experimental and metal-
lurgical exploration in nature. The work to date suggests that there is
still room for investigations using various combinations of material
and reinforcement particles, coating quality, tool shapes, and con-
sistency for the presented technique to be legitimately feasible in
the industry. There are several investigations on process factors
and different material combination used as the consumable tools
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and substrates. The various combinations of tool-substrate materi-
als that have already been investigated were presented in Table 1.
This table reveals that most of the researches have been focused
on steel and aluminum alloys as both tool and substrate materials;
however, there are many other industrial materials such as titanium,
brass, zinc, Inconel, monel, magnesium, and stellite6 that have
been utilized in quite a few studies. A deeper understanding and
knowledge in this research area could be achieved only by develop-
ing friction deposits of various materials. There is a need to assess
the possibility and quality of relevant material depositions, such as
zinc-steel, monel-steel, and aluminum-copper, to have a better
suggestion in industrial applications.

In the general field of friction stir processing since its invention,
there have been a growing number of processing techniques, tool—
workpiece configurations, and applications. Friction stir processing
can now be used to weld, form, drill, modify surface properties, and
now deposit material. In this review alone, there are different varia-
tions of friction surfacing described in the literature. It is anticipated
that many more variations of the friction surfacing process will be
studied and presented in the future. As the range of materials and
tool configurations widens, so do the possible techniques and
applications.

Most of the investigations in this review use the friction surfacing
technique to provide friction deposition. It should be considered
that the application of friction surfacing is not limited to creating
coating layers. There are many other products that the friction sur-
facing technique could be used for. There are fewer investigations
discussing different tool-workpiece configurations for depositing
material for new purposes, such as joining dissimilar materials or
keyhole filling. Therefore, friction surfacing could be extensively
applied to add material for structural and joining purposes. Also,
this technique should be studied to be considered for cavity filling
purposes. Improving the corrosion resistance is another application
for the friction surfacing method which lacks sufficient work in
published literature. Moreover, this technique can be used in a
multi-pass deposition process to create a multilayer composite
part as was presented in Ref. [49].

There are several investigations on inserting reinforcing particles
into the holes drilled along the length of the consumable tool to
improve the mechanical properties on the deposited layers;
however, there is a lack of studies focusing on the impacts of differ-
ent types and percentage of reinforcing particles. As was discussed
in Ref. [123], hole placement influences the efficiency of deposi-
tion, process behavior, coating quality, and particle distribution in
the coating layer. Moreover, two different approaches of adding
the reinforcing particles in drilled holes and the powder laying tech-
nique shows significant differences in the deposited coatings [51].
All these unanswered questions emphasize that more investigations
on the influence of the different reinforcing particles and their
percentage, different approaches, and configurations of applying
particles are needed.

As this review research showed, most of the investigations
have been focused on the conventional method of friction surfacing
using a consumable rod; however, there are novel applications and
approaches that require more developments. A novel method of
friction surfacing (lateral friction surfacing) has been introduced
and investigated in Refs. [15,79]. In this approach, the radial
surface of a rotating consumable tool was forged against the sub-
strate’s surface while it moves across, and the deposit transfers
from the side of the tool. There are many unknowns regarding
different aspects of this technique and require various analyses to
be revealed. Therefore, this study implies special attention to study-
ing and developing novel methods and new applications in friction
surfacing.

5.2 More Comprehensive Understanding and Control of
Material Transferring Process. There is a need to gain an
in-depth understanding of the friction surfacing technique and the
mechanism of the material transferring process on the micro
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scales to control it appropriately. This is a technique with a growing
number of applications, but there are still many questions and lack
of knowledge in many parts of this process, specifically about the
conditions for material transfer from consumable tool to substrate.
There have been many experimental investigations on process
parameters and materials, but these have resulted in causal relation-
ships without insight into the underlying mechanisms for material
transfer from the tool to substrate. If the conditions of stress,
strain, and temperature at the point of transfer can be fully quanti-
fied and understood, the process can be more accurately simulated
with FEM. As shown in Table 3, there is not a clear trend of the
effect of process parameters on the nature of deposition. A deeper
understanding of this process is necessary to address all the process-
ing challenges from theoretical and practical aspects.

The advance of analysis techniques and tools is important for a
deeper understanding of the physics of friction surfacing. This
includes a need to develop accurate finite element techniques
to investigate the distribution of stress, strain, and temperature
throughout the tool coating, and substrate during the process. The
FEM code has been investigated for friction stir welding and fric-
tion stir processes where the tool and workpiece remain separate.
There have been a couple of studies with FEM [31-33,35], but
this area has much room for expansion. Stress can be calculated
for different coating-substrate systems which results in various
values of Young’s modulus ratio, coating thickness, and friction
coefficient. During the deposition, it is essential to analyze the resi-
dual stresses generated in the product. Also, computer modeling
using the finite element method can be adapted to study the wear
mechanism and simulate the wear profile of the deposition.

In the fusion welding processes, there is a need to prevent the
heated area from the oxidizing effect of the ambient atmosphere.
The friction surfacing process produces different temperatures
based on the employed process parameters and materials. A suitable
shielding gas can successfully provide the required protection for
the heat-affected zone. On the other hand, the shielding gas can
affect the microstructure of the processing zone, material transfer-
ring process, and heat transferring process by providing forced con-
vection. There are only a few investigations in friction surfacing in
which a shielding gas has been utilized [74,100], and there is no
investigation to address the detailed impacts of shielding gas on
the friction depositing process. The shielding gas composition
and the gas flow rate are the imperative factors during operation,
and their impacts on the deposited coating and the material transfer-
ring process should be addressed in future researches.

5.3 Full Quantification of the Influences of Process Factors
on Deposition Quality and Process Scale Up. To achieve a
coating layer with fine grain size, low residual stress, low porosity,
and high level of hardness, all the affecting process parameters
should be studied. Most of the accomplished investigations are
only focused on few process parameters such as tool rotational
speed, axial force, and table traverse speed. However, there are
various process parameters, which can significantly affect the
quality of the deposition process that has not been fully studied.
For instance, the diameter of the rod, friction coefficient value
between the rod and substrate, pre-heating process and initial tem-
perature of the tool—substrate, and cooling down rate are the factors
that might have a significant influence on the result.

In the refill friction stir spot welding process using friction surfa-
cing technique, the working part of the tool consists of the pin (pen-
etrating part) and shoulder, and their dimensions such as height and
diameter of the shoulder and consumable pin, and the inclination
angle of shoulder tip surface play a significant role in the resulting
material transfer. There are just a few investigations regarding the
influences of tool shape (profiles) in friction surfacing processes.

Moreover, flash formation is a critical issue in the friction surfa-
cing process that can waste 40—60% of the total consumable mate-
rial, as discussed in Ref. [21]. Moreover, the secondary flash grows
on the consumable rod parallel to the substrate surface and has this
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capability of affecting the coated deposit. Despite the high impor-
tance of these issues, there are only a few investigations with
attention to the flash formation during the friction surfacing. More
investigations are required to understand the difference between
primary and secondary flashes and reasons that cause each one.
There is a need to deeply understand the influential process param-
eters affecting on the formation of primary and secondary flashes, to
provide the capability of preventing this issue. More investigation
about the effects of each factor will result in a better control
system to achieve the best quality and maximum efficiency. Also,
by studying the ways to automate the processes, high volume pro-
duction on an industrial scale could be achieved.
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