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ABSTRACT

The friction surfacing technique is a new variation of
friction stir welding process for modification of the surface
properties of the substrate. There is a growing body of
literature dealing with friction surfacing by consumable tool.
This is a metallic deposition technique in which a rotating
consumable tool deposits material onto a solid substrate.
Friction surfacing has many applications in welding, coating,
repair of defective components, hard surfacing and corrosion
protection. This process does not generate high temperatures;
therefore this technique is a suitable coating method capable of
Jjoining low melting point alloys. This review paper studies the
basic principles and the use of friction surfacing as well as a
survey of the latest researches and applications with emphasis
on superficial and microstructural characterization, tensile,
bending, effects of the different process factors such as axial
force, rotation and travel speed, material deposition rate,
energy consumption and different tool types. This review shows
there are a few investigations dealing with novel tool/workpiece
configurations for adding material for purposes other than
coating, such as keyhole filling or dissimilar material joining.
Also, the possible future directions for development and
application of this technique are presented.

Keywords: Friction Surfacing, Solid State Coating,
Deposition, Consumable Tools, Characterization

INTRODUCTION

Friction surfacing (FS) process is a thermo-mechanical
solid-state method that can be utilized to create metal coatings.
The deposition is possible due to frictional heat generated
between the rotating consumable rod and substrate. There has
been a developing interest in employing the FS process within
the recent years. This technique can be utilized for many
purposes in industry, including welding, coating, repair of
defective components, hard surfacing and corrosion protection.
FS is a relatively new variation of friction stir welding (FSW)
process, a joining technique invented by Wayne Thomas at TWI
Ltd in 1991, overcomes several difficulties experienced by
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using traditional joining techniques [1]. FSW is an appropriate
technique to produce solid-state joints using a rotating rod
which is pressed onto the workpiece surface with an axial
loading force. This technique creates high quality joints or
deposition, suitable for wide range of thicknesses and materials.

In the FS coating process, the rotating consumable tool is
forced against the substrate surface, which generates frictional
heating and shear forces at the interface between tool and
substrate. A layer of tool material can be transferred from the
rod to substrate surface as the consumable tool moves across, as
shown in Figure 1. There are many process parameters which
have impact on the results. The effect of the travel and rotation
speed of the rod, pressing force and the consumable tilt angle
have been considered as important parameters of this process
[2]. The results can be examined by different methods such as
hardness testing, image processing techniques and optical
microscopy. It is proved that tilting the tool along the desired
passing direction can increase the efficiency of the joint up to
5% [3]. Creating flash is another important issue which should
be investigated. It is reported that in some experimental tests,
flashes can result in material loss of about 40-60% of the total
rod consumed [3].
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Figure 1. Schematic representation of the FS process, with
identification of the main process variables [3]
The (FS) process has made it possible to produce thick
coating layer over substrate with fine grain for improved
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mechanical properties of the substrates. In this technique, the
heat is generated by frictional shearing at the contacting
interfaces and internally in the material flow. The relative speed
between the materials in the viscoplastic layer on the rod, which
is rotating with the rod at Vyy, and the substrate (Vyy, =0), enable
the transfer of deposited layer from the consumable tool onto
the surface of the substrate, as shown in Figure 2. The most
significant portion of heat energy in this process is generating
by the viscous shearing friction between the base and deposited
material of the consumable tool [4]. FS could be used as an
advanced surface modification technique, so it is of great
importance to study the different mechanisms of material
transfer in this process for controlling and improving the
deposit’s quality. Many researchers have studied FS processing
based on different points of views. There are many
investigations about viability of employing the FS process on
various materials [4-10]. Table 1 presents the different tool and
substrate materials as well as the processes have been used in
FS.

Consumable

[— Flash

| Deposit

Substrate

Viscoplastic

——Shearing interface

—Unbonded region

Figure 2. Schematic picture of different zones and important
parameters in FS: a. Real cross section, b. Process parameters, c.
Different zones and speed profile. (F: axial force, Vx travel speed, Q tool
rotation speed, Vxy: rod tangential speed in XY plane [3]

Table 1. Materials and processes used in FS

Tool Material Substrate Material Process References
Aluminum Consumable Rod [22],[25],[26],[451,[49],[681.[72]
Aluminum Reinforcing Particles [18],[20],[67]
Aluminum PMAFS [17]
Aluminum Aluminum RFSSW [29],[391,[41],[42]
Copper Filling Friction Stir [37]
Welding (bit)
Steel Consumable Rod [51, [71.[13],[231.,[271,[331.[35],[501,[69]
Steel Spot Welding (bit) [43],[44]
Aluminum Consumable Rod [12],[30],[70],[71]
Steel Consumable Rod [21,[31,[41,[91,[11],[13],[14],[16],[241,[28]
[311,[33],[34],[501,[511,[52],[531,[561,[57]
Steel [58],[591,[601,[611,[62],[63],[64]1,[73]
Steel Reinforcing Particles 19
Steel Spot Welding (bit) [43]
Copper Consumable Rod [12]
Steel Consumable Rod [13]
Titanium Titanium/Aluminum FS-HFSW [6]
Titanium Consumable Rod [46],[54]1,[55]
Titanium Reinforcing Particles [21]
Brass Steel Consumable Rod [33]
Inconel Steel Consumable Rod [13],[65]
Aluminum Consumable Rod [32]
Zinc Aluminum RFSSW [38]
Steel Consumable Rod [32]
Copper Copper Consumable Rod [12],[14]
Steel Consumable Rod [10],[14]
Monel Steel Consumable Rod [36]
Stellite6 Steel Consumable Rod [8]
NiAl-Bronze Steel Consumable Rod [66]
Chromium- Chromium-Nickel Consumable Rod [47]
Nickel
Magnesium Magnesium Consumable Rod [48]

PMAFS: Powder Metallurgy Assisted Friction Surfacing, RFSSW: Refill Friction Stir Spot Welding, FFSW: Filling Friction
Stir Welding, FS-HFSW: Friction Surfacing Assisted Hybrid Friction Stir Welding
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This paper focuses on the literature review of FS process
with consumable tools. In section 2, recent research on FS of
dissimilar materials using consumable tools and their results are
discussed. Section 3 is devoted to the influence of process
parameters in FS. Filling keyholes through FS using
consumable bits is presented in Section 4. Characterization and
mechanical properties in FS process are presented in Section 5.
Finally in Section 6, the conclusions of this study and a
summary of advantages of this process are presented.

FRICTION SURFACING OF DISSIMILAR MATERIALS
USING CONSUMABLE TOOLS

Friction Surfacing of Dissimilar Tools and Substrates

Much research has been done to assess the FS process of
dissimilar materials. Huang, Y., et al. studied a new technique of
hybrid FSW assisted by FS for joining dissimilar titanium and
aluminum alloys, as shown in Figure 3. In this method, a
consumable rod which has concave end and enlarged head was
used to enhance the material flow and increase the lap width

[6].
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Figure 3. The friction stir lap welding [6]

The viability assessment of FS process of aluminum 6351
T6 consumable rod with several diameters over steel substrate
was studied by Badheka and Badheka [7]. The best deposited
coating layer was obtained using 22 mm rod based on visual
appearance. In this process, the highest reported temperature on
advancing side (421°C) was higher than highest temperature

measured on the retreating side (375°C). In another

investigation, the deposited coating of Stellite6 over steel
substrate using FS process has been studied [8], and compared
to deposition by gas tungsten arc and plasma transferred arc
welding processes. The FS coating layers showed finer and well
distributed carbides compared to gas tungsten arc joining and
plasma transferred depositions. Also, the FS coating layers
presented higher level of hardness.

The coating process of stainless steel over spheroidal
graphite iron using FS process has been investigated by [9]. In
this study, various combinations of process factors such as
rotational speed, traverse speed and axial pressing load were

considered. The microstructure revealed a strong joint between
stainless steel and ductile iron and no cracks were observed in
the HAZ. Bending tests and corrosion tests confirmed that this
technique is suitable to manufacture pumps for chemical,
petrochemical vessels and other corrosion resistant applications.
The feasibility of using FS process in depositing copper onto
mild steel with various process parameters has been studied
[10]. A better copper deposition was produced on rough
surfaces created by rough milling. Macedo, M.L.K.D., et al.
studied the coating layers of three different type of tool
materials (ABNT 4140, ABNT 8620, and AISI 310 steel tool)
onto an ABNT 1070 carbon steel substrate. The results showed
that FS can be employed to repair the surfaces of high carbon
steels and produce coatings on similar and dissimilar materials
[11].

Sharig, M., et al. examined the feasibility of FS coating
process on several combination of consumable tools and
substrates by using conventional universal milling machine
FNU2213. In this study, AISI 304 and commercially pure
copper have been utilized as consumable tools and mild steel,
AISI 304, copper and aluminum (AA1050A) have been utilized
as substrates. FS deposition of stainless steel onto commercially
pure copper substrate, and commercially pure copper onto
commercially pure copper were not successful. FS process of
stainless steel (AISI 304) on aluminum (AA 1050A) resulted in
an acceptable and successful deposition using mild steel as a
start-up plate. The start-up plate of mild steel was clamped and
welded to the aluminum substrate, to make a continuous
surface, as presented in Figure 4. The maximum generated
temperature during the investigation was 1415°C [12].
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Figure 4. (a) Schematic diagram of the test setup; (b) FS of stainless steel
onto aluminum substrate using start-up plate [12]

FS of different materials such as aluminum, mild steel,
stainless steel, titanium and inconel as the consumable rods over
mild steel and aluminum have been studied [13]. It was
observed that steel and inconel rods were coated onto steel
successfully, while aluminum rod was only coated successfully
under high contact pressure. Mild steel, inconel and stainless
steel were coated onto aluminum substrates successfully, but
deposition of titanium was not possible.

In the FS of consumable tools, thermal processing analysis
has an important role in the successful employment of the
deposition process. Rao, K.P., et al. [14] considered the thermal
profiles of several sets of tool materials and substrates include
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copper/copper, steel/steel and copper/steel. Also, infrared
thermography technique was utilized to record the thermal
profiles during FS process. Liu, X., et al. [15] attempted to
model the temperature field of a consumable tools during the FS
process using applied finite difference method. As shown in
Figure 5, the results were consistent with experiments and
provides theoretical guidance for technical parameters in FS. A
thermal analysis was done during the FS of 1Cr18Ni9Ti (321)
rod on mild steel 1020 substrate. In this investigation, a
thermocouple was used to measures the temperature changes at
important points on the consumable tool. The results exhibited a
high rate of temperature change at the friction interface initially
during the process. Once the friction process approached to a
quasi-steady state, the rate of temperature change decreased and
gradually became stable around the melting point of the
consumable tool [16].
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Figure 5. The simulation and experimental results of temperature
analysis (force:4000 N; rotating speed: 1825 rpm; time:37 s) [15]

In a recent investigation, the characterization and
fabrication of aluminum-graphene surface composites were
studied [17]. The impregnation of graphene nano platelets in
aluminum substrate by modified FS process with a tool
composed of powder metallurgy technique was carried out in
two stages. First, an aluminum-graphene composite tool was
made by powder metallurgy. Then, this consumable tool was
used to create a deposition coating layer on aluminum substrate
through FS process. The produced surface composite was
shown to have impregnated graphene in aluminum substrate.

Friction Surfacing Using Reinforcement Particles

Oliveira, PH.F., et al. [18] investigated AA6351-T6
deposition onto AAS5052-H32 substrate, reinforced with
aluminum oxide (AL,O3) particles. In this study, the consumable
tool was drilled with holes that were filled with aluminum oxide
particles. The Al,O; particles had a significant impact on
increasing the hardness values of generated deposition [18]. In a
recent study, stainless steel 316L/TiB2 coating was successfully
fabricated using FS technique onto the stainless steel 304

substrate [19]. A few blind holes were created on the cylindrical
316L consumable tools to encapsulate TiB2 powder which was
used as reinforcement in the deposition process. The friction
depositing process was successfully applied on an aluminum
matrix composite which was reinforced using titanium particles.
This process resulted in a multilayer composite deposition with
well-bonded layers and uniformly distributed Ti particles [20].

The FS deposition process of Ti-6Al-4V composite
reinforced by TiC particles onto Ti-6Al-4V substrate was
investigated in [21]. TiC particles were added to drilled holes at
the tool tip. Different hole placement configurations within the
tool affected the deposition efficiency, coating quality, process
behaviour and distribution of particles within the coating layer.
It was found that axial forces were higher for tools with holes
located near to the tool center.

Reddy, GM., et al. [22] studied the FS coating technique
of AA 2124 aluminum alloy composite reinforced with SiCp
onto A356 aluminum alloy substrate. This research focused on
the corrosion and wear performance of the processed material.
The deposited coating was examined by dry sliding wear,
metallography and potentiodynamic polarization testing and
showed adequate corrosion resistance. The results revealed that
FS of aluminum alloys with metal matrix composites is feasible.

EFFECT OF PROCESS PARAMETERS IN FRICTION
SURFACING

There are many studies on the influence of different
parameters with variations of materials. Optimization of FS
process parameters is another important aspect of these
investigations [23]. Further improvement in the FS process
requires development in mathematical modeling of the process
which facilitate the optimization methods for experimental tests
[24]. Galvis, J.C., et al. [25] studied the influence of FS process
parameters in deposition of AA6351-T6 onto AA5052-H32 with
a conventional milling machine. In their research, the rod feed
rate was used as a control parameter and the superficial and
microstructural characterization of the coating layer was
investigated. It was found that a conventional machine can
produce homogeneous deposited layers. In this friction
deposition, the value of hardness in the central region decreased
15.87% in relation to the substrate material as-received.

Gandra, J., et al. [26] studied the coating of AA6082-T6
onto AA2024-T3 substrate, considering the influence of process
parameters including axial pressing force, travel and rotation
speed. The results indicated that to increase coating thickness
and width, low travel and rotation speeds should be considered.
In [27], a study was done to investigate the relations between
process factors and dimensions of AA6063 aluminum alloy
deposition on 1S2062 substrate. Some physical factors such as
axial pressing force, tool rotational speed, and table traverse
speed were concluded as most important parameters on physical
dimensions. Thickness of the deposition decreased as the
deposition width increased. Furthermore, at low and high
torques, the thickness and width of the depositions were higher.
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An investigation was done by Nixon, R.G.S., et al. [28] in
order to obtain the deposition of AISI316 stainless steel onto
EN24 carbon steel by FS process shown in Figure 6. Again, the
tool speed, axial force, and table traverse speed of the FS
system were considered as the most effective parameters. The
results showed that the depth of the coating layer lessened as
the coating width increased. Shen, Z., et al. [29] performed the
refill friction stir spot welding technique in a 0.8 mm thick
AA7075-T6 considering varying process factors such as plunge
depth and welding time. The effect of process factors on
mechanical and microstructure features was studied in terms of
overlap shear strength, nugget thickness and hardness. It was
proved that by increasing the plunge depth and process time, the
nugget thickness increases. The shear strength of overlaps
increased with the increment of plunge depth and process time
due to increased nugget diameter.

Mechtrode

——————  Substrate

Figure 6. A close sight of investigational arrangement [28].

Casalino, G, et al. [30] studied the influences of geometry
and deposition of the tool shoulder on microhardness and
microstructure of the 5754H11 aluminum alloy substrate which
has 3 mm thick. The weld microhardness profile of all
microstructural zones investigated. Shinoda, T., et al. [31]
established a method that creates a 1 mm thick hard coating by
using FS process. The experimental tests were done to
determine the influences of process parameters on the quality of
the deposition. It was shown that the rotational speed of the
coating material strongly affects on the hardness of the coating
layer, and the investigation shows that a harder coating layer
can be created when the tool has a lower rotational speed.
Kumar, V.A. and Sammaiah, P. [32] improved the corrosion
performance of steel & aluminum by creating the deposition of
zinc on them. By increasing the friction in the process, the Zinc
deposition on aluminum and mild steel increased. It is shown
that at a lower feed, lower forward time and higher speed, the
smaller crystalline size of the zinc coated on the surfaces. A
study was done on different materials, deposition parameters
and number of coated layers in FS process [33]. Three
consumable materials such as stainless steel, aluminum and
brass were deposited onto a mild steel substrate while nitrogen
was flowing on the surfaces in the open air. The stainless steel
produced a strong thick deposition layer, but this process was
not successful with both aluminum and brass. The nitrogen

— Flash diameter

Coating Formation

ventilation decreased the quality of the deposition coating
because it was cooling the heated layer.

Rafi, H.K., et al. [34] studied the FS process of tool steel
H13 on low carbon steel substrates. In this method, the
rotational speed of mechtrode (consumable rod) and traverse
speed of the substrate were varied, while the axial force was
held constant. As is demonstrated in Figure 7, by using the
higher tool rotational speeds, the coatings layers were narrower
compared to the layers produced at lower tool rotational speeds.
Another investigation has been done in [35] to identify the
appropriate process parameters for FS process. Analysis
revealed that higher axial force results in lower coating
thickness and has favorable effect on bend ductility. Recently,
the fuzzy logic based on soft computing model has been
developed to predict the thickness and width of coatings in the
FS process. In the experimental tests, mild steel AISI 1012 was
friction surfaced with Monel 500. In the FS process of these
materials, it was observed that the increasing the axial load
increases the deposition thickness and width [36].

\ NG
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Figure 7. Deposition coatings created by using different mechtrode
rotational speeds [34].

FILLING KEYHOLES THROUGH
SURFACING USING CONSUMABLE BITS

In [37] a new method for filling friction stir welding
(FFSW) of lap joints to remove the remained exit holes in the
friction stir welding of AA5456 sheets was studied, as shown in
Figure 8. In order to fill the holes, tools with steel shoulder and
aluminum alloy joining pins with different geometries and
several pin applying methods were used. Then, the mechanical
properties and structures of the results studied that showed the
resulting joints were 7% stronger than the joints with the non-
filled exit hole. Zhang, G,, et al. [38] filled a keyhole created by
friction stir weld bead on 1060 aluminum substrate using a pin
tool equipped with a T shaped filler bit, as shown in Figure 9. In
comparison with the case of employing a cylindrical filler bit,
the experimental result shows improvement in filling quality
and small gaps were created at the lower periphery and bottom
interface.

FRICTION
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Huang, Y., et al. [39] studied the FFSW technique using
semi-consumable joining tool to repair and fill the keyholes. In
this method, a semi-consumable joining tool which includes
alloy steel shoulder and aluminum alloy joining bit has been
designed to produce a solid-state joint, as shown in Figure 10.
Another investigation has been done to study the application of
FS process to repair the aged structural materials in nuclear
plants [40]. Huang, Y., et al. and Han, B., et al. [41-42]
investigated the FFSW of AA2219 rolled plates using a semi-
consumable rod equipped with an alloy steel shoulder, and

Filled exit-hole surface

Figure 8. Surface of filled exit hole by FFSW (K2T1D8L8al1) [37] AA2219 and AA7075 bits, respectively (Figure 11). The effects
of the bit's geometric factors and plunge speed on the interface,
(a) ductility, hardness distributions and fracture features were

y ﬂ u @r 1 ll studied. Miles, M., et al. [43] evaluated using a consumable bit
ctto Method IT Method 11 on dual phase 980 steel and a dissimilar combination of 5754-O
aluminum alloy and dual phase 980 steel through FS. In [44] a
N A /, consumable bit was employed to make a spot joint between
high strength steel and AAS5754 sheets. The metallurgical and
mechanical evaluation of the result shows that this technique
can be applied successfully between very hard and very soft
alloys, light metals like AA5754 and dual phase like 590 and
DP 980.

Tool used in . 5 Tool used for
FSW | filling keyholé
20 mim /
20 mm

Fi Method 11 Method I1E

Figure 9. Top: schematic diagrams of filling keyhole processes using
filler bits, a—c: filling processes, d: keyhole size, e and f filler bit sizes;
Bottom: The test results before and after filling keyhole processes,
mechanical test illustration and used tools [38]

Figure 10. joint and corresponding tool: a keyhole created in friction
stir welding process; b after FFSW; c after friction stir processing [39].

Figure 11. AA7075 bit for repairing AA2219 keyhole through FFSW process with (a) friction stir welding with keyhole defects,
(b) filled keyhole, (c) repaired keyhole using friction stir processing [42].
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CHARACTERIZATION & MECHANICAL PROPERTIES
Surface modification is an essential step in the
manufacturing process for improving the service properties of
produced components. Investigation of mechanical properties
and characterization of coating layers are considered in many of
the studies to evaluate the result of the experimental tests. The
FS is a process which can improve the properties and has repair
applications. This technique works at temperatures below the
melting point followed by high cooling rates, therefore this
process has been studied for producing fine-grained depositing
layers with better wear and corrosion properties. In the multi-
layer FS deposition process, this is important to know that how
microstructures develop in heat-treatable aluminum alloys. It is
shown in [45] that the procedure invariably results in overaging
of strengthening precipitates in different materials. For such a
problem, a solution treatment can be used but it can cause other
problems such as abnormal grain growth. The microstructural
evolution through FS of an aluminum alloy 6082-T6
consumable tool onto aluminum alloy 2024-T351 substrate has
been evaluated using the electron backscatter diffraction
technique. In this study, crystallographic data obtained from
several different regions in the tool and coating material. By
using textural analysis, it was explored that the material flow is
close to simple-shear deformation and the FS process was found
to result in significant grain refinement. Depositing with the
high deformity rates results in microstructure grain refinement,
which increases the mechanical properties of the deposition
coating [46]. The process parameters associated with deposition
of Ti-6Al-4V lead to defect free coatings and flash have been
studied. In this process, the tool consumption rate mode was
utilized as an efficient control mode for deposition. Achieving a
low energy input using appropriate deposition and rotational
speeds during the FS process can control the flash formation
[46]. Hanke, S., et al. [47] studied FS of Cr60Ni40 alloy on
Nimonic 80A substrates. In this study, microstructural
evaluation of the coating was compared to the cast state. The
amount of wear resistance of all coatings was near to that of
cast state but a little smaller, the result of finer microstructure.
Monolayer FS AZ91 magnesium alloy casting tool onto
AZ31 magnesium alloy studied by Nakama, D., et al. [48].
Monolayer and multilayer FS process of 2017 aluminum alloy
rod on 5052 aluminum alloy plate was also studied [49]. The
influences of process parameters on mechanical properties and
structure of both multilayer and monolayer coating were
explored. In both multilayer and monolayer coatings,
microstructures showed finer properties than those of the
consumable rod and substrate. It was revealed that the
monolayer coating tends to incline toward the retreating side
(right side), and the second surfacing of multilayer coatings
inclined toward the first deposition side, as shown in Figure 12.
Many types of inspection such as optical microscopy,
scanning electron microscopy and X-ray diffraction testing and
different techniques such as strength and tensile tests,
microstructure and hardness distribution have been done to
examine the deposited coatings quality. The literature shows

that FS can be utilized as an alternative method to produce
coatings of dissimilar materials using vertical milling machine
[50]. Govardhan, D., et al. [51] discussed different process
parameters and factors involved in FS process to optimize them
to approach high quality deposits and joints. In order to find the
suitability of the deposits for many applications in different
industrial sections of engineering fields such as defense,
aerospace, automobile, pressure vessels, chemical pumps,
corrosion tests were carried out. The metallography of the
coatings exhibited dense, clear and fine microstructure and no
cracks observed in the HAZ. In another investigation, the
process was developed to produce a defect free deposition
coating of D2 tool steel onto a low carbon steel substrate [52].
Then, optical microscopy, X-ray diffraction and scanning
electron microscopy were used to evaluate the microstructural
characterization.

Direction of progress

Offsetto RS

Offsetto AS

G=15mm'
B

Figure 12. Multilayer deposition coatings, rotational speed 20.0 s,
friction pressure 30 MPa, and travel speed 9mm.s™!
2 Center of the first coating rod, &: Center of the second coating rod.

In [53], it was proven that under moderate Zener-Hollomon
parameter conditions during the FS process, the austenitic
stainless steel AISI 316L experiences discontinuous dynamic
recrystallization. The deposited layer of alloy 316L showed an
increase in the grain size from the interface of coating and
substrate to the top surface of the coating which was the result
of decreasing cooling rate form the interface to the top surface
of the coating. In [54] an attempt was carried out to understand
the influence of rotational speed of consumable tool on
microstructure, grain size evolution and mechanical properties
of Ti-6Al-4V during the FS process.

Dovzhenko, G, et al. [55] studied the relationship between
the travel speed of the stud and the residual stress of the
deposited 2 mm thick Ti-6Al-4V substrates through FS process
using synchrotron diffraction. Furthermore, the effect of the
residual stress on creating fatigue cracks was studied. The
results revealed that higher stud travel speeds create high values
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of residual stress peak, as shown in Figure 13. Also, the
thickness of the deposited layer had an effect on the residual
stress propagation.
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Figure 13. Distribution of deposition residual stress along the scan

line: longitudinal (ox) and transverse (oy) [55]

AISI 410 deposition coating onto low carbon steel sheets
was created by FS and manual metal arc welding technique, and
the microstructures of the deposited layers, wear and corrosion
properties were evaluated in detail [56]. In the FS technique, the
deposited layers exhibit no dilution, unlike the result of manual
metal arc coating technique. Also, the results of FS of alloy 410
present comparable corrosion and wear behavior to alloy 410 in
the tempered and hardened situation. Puli, R., et al. [57] studied
the deposition of martensitic stainless steel AISI 410 onto mild
steel substrate. The results indicated fully martensitic
microstructures which were quite hard, average hardness was
460 HV. Also, shear and bend tests show excellent
coating/substrate bonding. In another investigation, 440C
stainless steel alloy was friction surfaced onto low carbon steel
successfully [58]. Shear and bend tests on deposited layers
show excellent coating/substrate bonding. The result of the FS
process showed superior corrosion resistance, while its wear
performance was somewhat inferior. In a recent study, stainless
steel was deposited onto mild steel using FS technique [59].
The peak joint strength of the deposition layers was 502 MPa
evaluated by ram tensile test. The corrosion performance of the
coating layers was found to be inferior to that of tool material
and greater than the substrate. Pereira, D., et al. [60] performed
FS process to create multi-layer deposition coating of AISI
H13, AISI 1024 and AISI 1045 onto mild steel substrates. The
major goal of this investigation was to examine which material
combination was more wear-resistant. As is shown in Figure 14,
the analysis reveals that AISI 1024 presents the least wear rate
and wear friction coefficient. Figure 15 presents a comparison
between the coating microstructure and the consumable tool
original condition. The deposition shows martensitic and
bainitic microstructures, which reveals that the coated layer has
experienced full austenitization.

18 - - 0,06
16
- 0,05
14 -
= 12 - 004 &
E 10 ;éé 2
g & L 0,03 3
- 8 - 4 —_
g
s 6 - 0,02 3
4 -
- 0,01
2 -
0 - Mild steel
(a) AISI1024  AISI1045  AISIH13 prii

800 - - 0,6

700 -

0,57
736
600 el 0,42 —
0,40 .
500 -
418
400 - - 03
300 -
219 - 0.2
200 -
- 0,1
100
| - 0,0

D -
(b) AIS11024  AISI1045  AISIH13  Mild steel

substr.
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wear [60]
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FS of stainless steel as consumable tool on low carbon steel
as substrate has been studied [61]. It is an attempt to study the
influences of process parameters during FS technique on
different combinations of materials, surface roughness, and
shear strength. Also in another investigation, Rafi, HK., et al.
studied the deposition of AISI H13 tool steel onto low carbon
steel through the FS process [62]. Microstructural and
microhardness evaluations were carried out on the deposition
coatings in details which reveal defect free coating layers. The
deposition coatings exhibited significantly higher level of
hardness (58 HRC) comparing to the consumable tool material
when it is in annealed condition (20 HRC). Figure 16 presents
the microhardness profile from the deposition coating layer to
the unaffected substrate.
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Figure 16. The values of Vickers microhardness across the
coating/substrate interface [62].

AISI 304 (austenitic stainless steel) was deposited onto
high strength low alloy (HSLA) steel substrate [63]. The FS
coating and substrate were tested for pitting corrosion by
potentiodynamic polarization technique. Pitting resistance of
the deposited coating was less than that of tool material and
superior to that of the substrate. In another investigation, it was
proven that AISI 304 stainless steel coatings created by FS
process shows superior corrosion resistance in various
environments [64]. In a recent investigation, Ni-based alloy 625
was friction surfaced onto 42CrMo4 substrate, appropriate for
corrosion protection layers [65]. The result shows that the
thermal cycle and dynamic recrystallization determine the final
microstructure. Hanke, S., et al. [66] studied the deposition
coating of NiAl-bronze deposited on self-mating substrates
through the FS process. In order to examine the wear
performance of the result, cavitation evaluations were
performed. The single deposited layer of NiAl-bronze on the
same substrate material shows a fine grained, and homogeneous
microstructure. The cavitation erosion behaviour of the
deposited layers was in a higher level than that in cast material
[66].

Many investigations have been done on properties and
microstructural characterization aluminum alloys subjected to
FS. Miranda, R.M., et al. [67] studied the production of
aluminum based FGM composites using alumina and SiC
reinforcements through FS process. Gandra, J., et al. [68]
studied the application of the FS process to deposit AA6082-T6
onto AA2024-T3 considering bending, tensile and wear
characterization. The produced coatings reveal that the ultimate
tensile strength was 25 % less than that in the substrate material,
while the strain at break points was improved in 42 %. In [69],
commercial pure aluminum in the form of the consumable tool
was friction surfaced over medium carbon steel through the FS
process. Coated aluminum consisted of small Fe particles
dispersed in it. The result shows a smooth interface between the
deposition coating and substrate.

An experimental setup is prepared in [70] to investigate the
FS process parametric relationships in the classical approach to
FS with the addition of inductive heating. The analysis indicates
that high joint strength values for both shear and push-off test
will be possible at 3000 rpm and 8 bar in which the minimum
amount of flash material being generated. FS process of
stainless steel 1.4301 onto the aluminum substrate AIMgSi0.5
has been explored in [71]. In order to produce the specimens,
the application of inductive heating and utilizing a flash-
reducing tool have been considered and the result has been
compared with those achieved through the classical method.
Utilizing the inductive heating approach improved the shear
strength of the deposition coating compared to flash-reducing
tool approach and classical process. Also, the microstructural
evolution of the coating during FS of alloy 6082-T6 onto alloy
2024-T351 have been studied by employing the electron
backscatter diffraction technique [72]. In another investigation,
the deposited coating of tool steel (H13) and austenitic stainless
steel (AISI 310) over mild steel substrates carried out in order
to study the wear and corrosion protection, respectively. The
result of this investigation was analyzed using optical and
scanning electron microscopy and by doing shear and bend
tests. The analysis shows that the tool steel coating is not good
in bending situation, and cracks showed up after five degree of
bending which is due to the inherent brittleness of the tool steel.
On the other hand, the stainless steel coating was bent 90
degrees without any cracks [73].

CONCLUSION

There is a growing body of literature within friction stir
welding dealing with friction surfacing with a consumable tool.
The tool is made of the material to be coated or deposited onto
the substrate. The precursor to this was friction stir surface
modification, where the non-consumable friction stir welding
tool was used to modify material properties on the surface of
the substrate by refining the grain structure and/or mixing in
external particles. This new direction is transfer of material for
coating and dissimilar material joining applications. This new
solid state friction stir based process has much potential as an
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alternative means of dissimilar material joining, an area of
growing interest.

The literature review here is organized into four different
sub areas of importance dealing with material combinations,
process  parameters, keyhole filling, and property
characterization. This review shows that this new research
direction is still in early stage, as majority of the research is still
experimental and metallurgical in nature, and rightly so because
the results suggest there are improvements to be made in terms
of deposition quality and consistency for this process to be
legitimately viable in industry. There are many papers on
process parameter variations for different tool and substrate
materials. Most of the literature details FS process with
mechanical transfer of material from a rotating consumable tool
enabled by elevated force and temperature. There are a few
papers dealing with novel tool/workpiece configurations for
adding material for purposes other than coating, such as keyhole
filling or dissimilar material joining. The possible future
directions for this research are:

e analytical and finite element modeling of the process

o studying all the process parameters in order to control the
quality of the product

o further development of adding material for structural,
joining, or cavity filling purpose as well as corrosion
resistance

o further investigation of different tool shapes in order to
achieve the best result in different processes

e process scale up

o deeper understanding and control of material transfer
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