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Abstract—Friction surfacing is a solid-state surface
modification technique capable of producing aluminum deposits
with robust metallurgical bonding while reducing thermal
degradation of the substrate compared to fusion-based coating
methods. Nonetheless, the combined influence of consumable rod
diameter and substrate surface roughness on layer formation,
mechanical performance, thermal behavior, and potential
application as mechanical joints remains inadequately
understood. This study examines the effects of rod diameter and
substrate surface roughness on aluminum layers produced by
friction surfacing and assesses their suitability for aluminum
spot-joint applications. AA6061 aluminum alloy served as the
consumable rod, while AA1100 was utilized as the substrate. The
process was executed at a rotational speed of 3300 rpm and a
translational speed of 9 mm/min, with variations in rod diameter
and axial load. Characterization involved measurements of
bending strength, microhardness, and surface roughness. The
results indicated that a 12 mm rod diameter combined with a 25
kg load yielded the highest bending strength of 203.48 MPa,
attributed to stable material flow and balanced heat distribution.
A lower substrate surface roughness (Ra = 1.070 um) enhanced
bending strength and hardness and facilitated a more uniform
thermal distribution during deposition. Conversely, higher
surface roughness accelerated heat generation and induced local
stress concentrations, thereby diminishing the mechanical
performance of the layer. These findings elucidate the
relationship between process parameters, surface conditions, and
mechanical properties in friction surfacing, demonstrating its
potential for aluminum spot-joint formation through deposit
formation and flash-based mechanical interlocking mechanisms.
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|. INTRODUCTION

Aluminum is one of the most widely used non-ferrous
metals in various industrial sectors [1]. Its physical, chemical,
and mechanical properties confer corrosion resistance, and its
potential for enhancement through heat treatment renders
aluminum strategic for applications in the automotive,
aerospace, marine, construction, and electronics industries
[2][3]. However, aluminum alloys encounter challenges in
fusion welding methods. The primary issue is the presence of a
stable, hard Al:Os oxide layer, which has a higher melting
point (2050°C) than pure aluminum (660°C). This layer
impedes the formation of robust metallurgical bonds and
increases porosity, hot cracking, and dimensional instability
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during welding [4][5]. Consequently, solid-state processes such
as friction surfacing (FS) have been developed. In FS, a
rotating rod is pressed against a substrate, generating frictional
heat and plastic deformation without complete melting [4][6].
The viscoplastic material at the rod tip is deposited as a layer
bonded to the substrate. Compared to thermal spraying, plasma
spraying, and laser cladding, FS provides strong metallurgical
bonding, porosity-free layers, and reduced thermal distortion
[71[8]. Numerous studies have demonstrated that FS is an
effective solid-state deposition technique for integrating metal
materials with distinct characteristics. In this process, the
deposit-substrate bond is established through intensive plastic
deformation, interatomic  diffusion, and  mechanical
interlocking at the interface. Research by [9] successfully
deposited AA6082 aluminum alloy onto an AISI 316 stainless
steel substrate using FS, resulting in a defect-free layer with a
stable interfacial bond. The study also highlighted the
importance of substrate surface topography, which enhances
plastic deformation in the contact area and improves bond
quality. These findings suggest that substrate surface
characteristics are a crucial factor influencing FS effectiveness.
Research has shown that bonding in FS is affected by material
combinations and thermal conditions during deposition.
Depositing aluminum alloys AA6082 and AA7050 onto a
Ti6Al4V substrate results in distinct interfacial bonding
characteristics. In the AA6082-Ti6Al4V system, higher
temperatures promote a thin intermetallic layer, aiding
diffusion bonds [10]. Conversely, in the AA7050-Ti6AI4V
system, mechanical interlocking plays a greater role between
deposit and substrate during FS. This difference underscores
the impact of process parameters and material properties on
bond quality. Studies have emphasized how process parameters
affect deposit morphology and microstructure evolution during
deposition. Depositing AA2024-T351 onto an AA7475-T761
substrate by FS produces deposits with stable metallurgical
bonding and no macroscopic defects. Axial force and
deposition speed were identified as key factors affecting layer
morphology and deposit interface quality [11][12]. Similarly,
multi-layer FS enables additive structures from different
aluminum alloys, including AA5083 and AA2024. Here,
dynamic recrystallization during deposition refines grain size in
the deposit microstructure, improving interlayer bonding
stability [13][14]. A knurled mild steel substrate and a B4C-
reinforced AA6082-T6 consumable rod produced a defect-free
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cladding layer with uniform particle distribution, a stable
coefficient of friction, and weight loss of only 1.3 mg under
dry sliding wear testing at a load of 10 N [15]. Beyond
microstructural considerations, research has examined the
impact of material modifications on the mechanical properties
of resultant deposits. Depositing AA6061 onto an AA5083
substrate, reinforced with stainless steel 316 particles, led to an
approximately 18% increase in coating strength compared to
deposits without reinforcing particles, and improved interfacial
bonding [16]In the multilayer deposition of aluminum alloys
via friction surfacing, interlayer regions demonstrate finer
grains and greater recrystallization than the central part of the
deposit [13], resulting in increased hardness at interface
regions. Layer formation during friction surfacing is influenced
by material flow at the rod tip, where intense plastic
deformation tends to form the upper part of the deposit with a
finer grain size [10][17]. This method is cost-effective and
environmentally sustainable for producing uniform metal
layers [18]. The quality of friction surfacing (FS) coatings is
influenced by process parameters, including axial force,
rotational speed, and travel speed [19], [20], [21]. Pin tool
configuration, tool tilt angle, and feed rate affect heat
distribution, plastic deformation rate, and the bonding
mechanism [11], [22], [23]. High rotational speeds can enhance
material flow by increasing interface temperatures but may
cause defects if excessive flash is produced [24]. Similarly,
travel speed affects layer thickness and quality; low speeds risk
heat accumulation, whereas high speeds compromise bond
strength [25-27] . Additional factors, such as the initial rod
condition, heat treatment, and substrate characteristics,
contribute to the microstructure and mechanical properties of
the deposit [28]. Thermal and microstructural phenomena
during the FS process are crucial for coating quality, as
temperature distribution is associated with rod geometry and
operating parameters [11], [29]. Multilayer FS alters
microstructure, influencing grain texture and mechanical
properties of aluminum coatings on substrates [30]. While
numerous studies have highlighted the effects of process
parameters, thermal characteristics, and microstructural
evolution in friction surfacing (FS), the application of FS
deposits for metal joining, particularly in lap joint
configurations, remains underexplored. Most research focuses
on coatings and component repair, with a systematic
investigation of FS deposits as an alternative joining
mechanism lacking. Consequently, this study analyzes
aluminum deposits produced via the FS process and assesses
their potential as a joining method. It emphasizes axial load
and substrate surface roughness, critical factors affecting
contact area, heat distribution, material plastic deformation,
and interfacial bond quality during FS. Preliminary studies
suggest that variations in substrate topography can enhance
bond quality through mechanical interlocking and intermetallic
diffusion, creating opportunities for advancing friction
surfacing-based joining techniques.

Il. MATERIAL AND METHODS

Aluminum alloy AA1100 is utilized as both the
consumable rod (CR) and the substrate. The hardness values
for AA6061-0 and AA1100 are 55 HV and 29 HV,
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respectively. The chemical composition is provided in Table I.
The CR measures 110 mm in length and is available in
diameters of 12 mm, 15 mm, and 17 mm. The substrate is a
plate with dimensions of 200 mm x 40 mm x 3 mm. The
friction surfacing (FS) process employs a modified LC-40A
drilling-milling machine, which incorporates a travel speed
mechanism and axial loading, as depicted in Fig.1.

TABLE I. CHEMICAL comMPOSITION AA1100 AND AAG061-0 (%WT).

Materials AA1100 AA 6061-O

Mg - 0.975
Si 0.600 0.755
Cu 0.060 0.242
Fe 0.660 0.3073
Zn - 0.016
Ti - 0.0262
Mn - 0.070
Cr - 0.183
S 0.060 -

Others Max 0.5 Max 0.5
Al. Al Bal.

Fig. 1. Modified drilling-milling machine for the friction
surfacing process

_« WAxial Force, F

Fig. 2. schematic of the friction surfacing process.
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The friction surfacing process commences with the rotation
of the consumable rod (CS) at a speed of 3300 revolutions per
minute (rpm), accompanied by the application of axial force
until contact with the substrate surface is achieved, thereby
generating friction and heat. The CS maintains contact with the
substrate until its tip reaches approximately 150 °C.
Subsequently, the substrate is moved laterally at a rate of 9
millimeters per minute to form a layer, as illustrated in Fig. 2.
To examine the characteristics of the deposit, friction surfacing
is performed with axial loads of 15 kg, 20 kg, and 25 kg, in
conjunction with surface roughness values of 1.070 um, 1.261
pm, and 1.491 um.

Deposit Dimensional Measurement

The characteristics of the deposit were evaluated by measuring
its width and thickness following the FS process. These
parameters are indicative of the geometry and reflect the axial
load and applied pressure across various CR diameters. In lap
joint applications, the uniformity of width and thickness is
crucial for maintaining integrity and performance, although
variations may be observed along the deposited region, as
illustrated in Fig. 3.

Max. thickness
Min. thickness

Min, width

Fig. 3. Width and thickness of the FS-deposited layers

Bending test

The bending test assesses bending strength, indicating the
integrity of the deposit on the substrate. The FS sample is
sectioned into specimens by slicing perpendicular to the layer,
ensuring the deposit is positioned along the specimen
longitudinal axis (Fig. 4). The deposit is smoothed to achieve a
flat surface and uniform dimensions. The test uses the three-
point bending method (Fig. 5), ensuring bending strength
reflects bond strength between deposit and substrate. It is
performed using a 5 kN Shimadzu autograph machine at speed
of 1 mm/s.

Cutting direction Deposit

"I ETRA

T

W gl

(@) (b)
Fig. 4. (a) Position and direction of FS deposit sampling; (b)

dimensions of the bending test specimen.

463

p-ISSN: 2356-5314
e-ISSN: 2460-075X

Fig. 5. Bending test and the specimen after testing

Hardness Test
The specimen cross-section is embedded in resin to stabilize it
during testing. Hardness testing was performed using the
Vickers method with a 0.2 kgf load and 15 seconds indentation
dwell time. Indentation locations are shown in Fig. 6.

W N ORNW

(b)

Fig. 6. (a) Hardness testing point coordinates on the substrate
and deposit cross section; (b) three interface hardness testing
points (at positions 1 and -1).

Surface Roughness Test

The substrate AA1100 was roughened using abrasive papers
#60, #120, and #240, oriented perpendicularly to the deposition
direction. Surface roughness (Sa) was quantified according to
ISO 25178 using 3D Measuring Laser Microscope, Olympus
OLS4100, with a cut-off length of 0.8 mm. Recorded
roughness values were 1.491, 1.261, and 1.070 um,
respectively. Roughness profiles are shown in Fig. 7.

(@)

(b)
Fig. 7. Surface profiles, substrate roughness levels: (a) Sa =
1.491 pm; (b) Sa =1.261 um; (c) Sa= 1.070 pm.

(©)

Metallography
Metallography examines the interface condition of substrate
and deposit specimens. Specimens are embedded in resin for
handling. After progressive grinding and polishing, they are
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etched using Keller's solution. The interface is then observed
with the Olympus OL X400 Optical Measuring Microscope.

I11. RESULT AND DISCUSSION
A. Deposit Dimension and Axial Load
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Fig. 8. Correlation between CR diameter and FS coating width
and thickness at an axial load 20 kg.

Fig. 8. lllustrates deposit thickness and width as influenced by
CR diameter in the FS process under an axial load of 20 kg.
This load is transmitted as axial pressure at the CR tip and
substrate surface, inducing plastic flow in the CR and forming
a layer with width and thickness corresponding to the CR
diameter. As indicated in Table Il, 12 mm CR produced wider
layer, with maximum width difference of 1 mm and minimum
of -0.5 mm, whereas other CRs showed smaller differences.
This suggests that layer dimensions were affected by the axial
pressure exerted by 20 kg load. CRs with larger diameters
experienced reduced stress, forming a narrower layer. Axial
pressure affected thickness, with the 12 mm diameter CR
receiving higher pressure and producing the thickest layer.
These observations align with studies linking rod size,
rotational speed, and formed-layer width [31][32]. Axial load
affects material flow, heat input, and tool penetration depth,
thereby influencing the geometry of the welding/deposition
[33], [34].

TABLE Il. DimMENSIONAL OF THE DEPOSIT UNDER 20 KG AXIAL LOAD

Diameter Width of deposit, L L-D (mm)
CR, D (mm) ..
' . - - minimu
(mm) maximum | minimum | maximum m
12 13 115 1 -0.5
15 15.2 13.2 0.2 -1.8
17 17.25 15 0.25 -2

B. Bending Strength, Axial Load and Hardness Vickers.
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Fig. 9. Bending strength of the substrate+deposit at various FS
axial loads using CR=12 mm

The bending force was used to obtain the interfacial shear
strength between the substrate and deposit. Fig. 9. Shows that
increasing the axial load up to 25 kg increases bending
strength. During the FS process, heat and axial load deliver
sufficient stress to facilitate metallurgical bonding at the
interface, thereby increasing interfacial shear strength. Deposit
hardness increases with axial force, which induces material to
flow plastically from the tip of the CR to the substrate surface.
The bending strength of the substrate plus deposit increased
compared to the substrate material alone (AA1100).
Increasing axial load during friction surfacing enhances the
bending strength of substrate—deposit specimens. Evidence
indicates that axial force is the most influential parameter
governing hardness and bending performance [35]. Its effect is
reflected in coating thickness and width, which contribute to
bending improvement, as demonstrated in friction surfacing of
Al 6063 onto AISI 316 stainless steel [36].

P,

Hardness Vickers, HV

\ A 35 " )
>

-3 -2 -1 0 1 2 3
ordinate at substrate ordinate at deposite

Fig. 10. Hardness profile across the substrate + deposit area at
FS axial loads (CR = 12 mm)
Fig. 10. Shows that axial load exerted minimal influence on
hardness distribution in the substrate material (AA1100) and
deposit material (AA6061-0). Hardness in the deposit area
remained nearly uniform across axial loads, with values
approximating the hardness of the CR (AA6061-O). The
decreased substrate hardness at an axial load of 15 kg may be
caused by constant CR rotation under lighter pressure, making
heat flow into the substrate more dominant and generating a
viscoplastic state at the CR tip from deposits. Heat input into
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the substrate can cause grain growth and reduced hardness. A
relatively high heat input results in an extended thermal cycle
in the heat-affected zone (HAZ), promoting coarser grains that
can reduce hardness [37]. Excessive heating with slow cooling
during the process can also decrease material hardness [38].
Axial force was found to have the greatest influence on
hardness and bending strength [11]. Rotational speed and axial
force play significant roles in increasing interface hardness
[39]. Axial load plays a dominant role in achieving better
hardness and maximum displacement, followed by traverse
speed and rotational speed [31]. The deposit formed atop the
substrate influences bending strength and hardness, which are
critical to the strength of metallic joints, and deposits formed
through the FS process also increase interfacial bending
strength.

C. Surface Roughness (SA) on Substrate, Bending Strenght,
and Hardness Test.

After examining deposits influenced by axial load, focus
shifted to surface roughness. Introducing roughness to the
substrate enhanced shear strain during the initial stages of the
Friction Surfacing process. Increased mechanical resistance
from asperities necessitates plastic deformation of the rod tip,
promoting intensive dynamic recrystallization (DRX) at the
interface. This contributes to heightened hardness and stronger
mechanical interlocking between deposit and substrate. The
relationship between substrate surface roughness (Sa) and the
aluminum layer was analyzed using a rod diameter of 12 mm
and a load of 20 kg. Surface roughness (Sa) indicates substrate
topography and initial condition prior to the FS process. It
influences adhesion, heat distribution, and bonding mechanism
between the CR material and substrate. To assess its effect,
bending strength and hardness tests were conducted on the
contact area of the aluminum layer. The relationship between
substrate surface roughness (Sa) and the flexural strength of
aluminum during the friction surfacing process is shown in Fig.
11.

215.9
97.4 e
-~ 200 4 ! I ’ 5,‘;. 19(318 188.03
m i T
7 m Al
£ 150 4
oo
c
g
@ 100 4
oo
£
©
c
& 50 4
0 4 ———ia alillll AR
AA1100 1.07 1.261 1.491
deposit

Surface Roughness of Substrate (um)
Fig. 11. Bending strength of the aluminium substrate+deposit
with varying substrate surface roughness.
As shown in Fig. 11. Surface roughness (Sa) significantly
influenced the bending strength of the aluminum layer
produced by friction surfacing. At surface roughness 1.070 pm,
maximum bending strength reached 2159 MPa, slightly
exceeding AA2024-0. However, increasing surface roughness
to 1.491 um reduced bending strength. These findings suggest
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that lower (smoother) surface roughness promotes formation of
a robust, stable interfacial bond during deposition. Shear
strength increases with surface roughness because more
asperities act as mechanical interlocks [40]. The decrease in
bending strength is attributed to ineffective interlock formation,
as the deposit fails to fill deep grooves (high roughness values)
on the substrate, leading to void formation. This diminishes
metallurgical bonding, mechanical interlocking, and the
formation of the effective shear resistance between rod material
and substrate, reducing bending strength. In bending tests,
interfaces with voids show reduced mechanical interlocking
[41]. Increased substrate surface roughness leads to higher
push-off strength, reaching up to 45 MPa; the resulting stronger
interfacial bond is expected to contribute to enhanced bending
behavior in layered materials produced by friction surfacing
[42].

Fig. 12. lllustrates the relationship between substrate surface
roughness (Sa) and aluminum layer hardness in the friction
surfacing process, showing layer's hardness response to initial
substrate condition variations.

o) »

@ 1Ly
e el L]
& 1

1.070 ym

Hardness Vickers, HV

[

1261 um
1491 ym

1.5 25 1.5 04 0% 15 25

ordinate at substrate ordinate at deposite

Fig. 12. Hardness and subrate roughness (Sa) for each point.

Fig. 12. presents the hardness test results for two regions: the
substrate surface and the aluminium layer produced by friction
surfacing. The results show increased hardness at the interface
(ordinate —1), indicating the occurrence of dynamic
recrystallisation, which generates finer equiaxed grains that
impede dislocation motion and increase shear resistance at the
bond between the deposit and substrate. These findings
demonstrate that substrate surface roughness influences the
hardness of the aluminium layer [43]. Substrate roughness has
previously been reported to affect frictional Smoother surfaces
promote more uniform heat distribution and plastic
deformation during deposition, leading to the formation of a
harder layer. In contrast, higher roughness induces irregular
material flow and local stress concentrations, which reduce
hardness through unstable thermal fields and an increased
density of defects. Greater roughness also modifies the local
mechanical response, causing spatial variations in plastic
deformation and contributing to lower and non-uniform
hardness intensity and heat generation during friction surfacing
[10]. Mechanical analysis also indicates that increasing
roughness can create stress-concentration zones that result in
higher coating hardness [44]. In addition, roughness alters the
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effective contact area during hardness testing, thereby
influencing the measured values [45]. Overall, substrate
surface roughness is a key parameter governing the hardness of
friction-surfaced layers. As discussed in a review on friction
surfacing, the increased hardness in the interface zone arises
from dynamic recrystallisation (DRX). This process produces
an extremely fine equiaxed grain structure in the TMAZ, which
effectively constrains dislocation movement in accordance with
the grain boundary strengthening mechanism described by the
Hall-Petch relationship.

D.

Interface Substrate and Deposite.

Fig. 13. Interface between the substrate and deposit: (a) As-
received AA1100 substrate and (b) AA1100 Substrate with Sa
=1.070 um
Fig. 13. illustrates the deposit-substrate interface, where
metallic bonding is evident. The substrate microstructure
revealed fine grains attributable to dynamic recrystallization. In
contrast, the lower section exhibited elongated, flattened

grains, indicative of pressure exerted during the FS process

E. Proposed Application: Spot Lap Joint Mechanic.

The friction surfacing process joins metals through
metallurgical and mechanical bonds. Metallurgical bonding
occurs where pressure, rotation, and heat disrupt oxide layers,
enabling interatomic diffusion between similar metals.
Experimental findings on the dimensional and mechanical
properties of friction surfacing deposits indicate this method's
potential for joining two overlapping metal plates. One plate
has a joint hole for forming a spot friction deposit that seals
the hole and secures both plates through fusion and
mechanical means. This technique mitigates machine
vibration during extended deposition by eliminating travel
speed parameters.

(b)

(@)
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Fig. 14. (a) Flash formation on the CR, (b) deposit on the
substrate

Deposit
/

/

Mechanical locking /
\

Lap metal

Substrate

Fusion zone

Fig. 15. Schematic of the spot lap joint. The red dashed line
indicates the slanted side of the V-groove holes.

Fig. 14(a) illustrates the rod following friction surfacing (FS),
showing plastic deformation at the rod tip or flash. This occurs
because of axial force/pressure and the consumable rod (CR)
during FS. Flash formation on consumable substrate (CS) is
associated with lateral expansion of the deposit dimension.
This widening, resulting from viscoplastic deformation flow at
the CS tip (Fig. 14(b)), can be leveraged for metal lap joining.
The expanded dimension covers the beveled edge of the lap
joint hole, providing mechanical locking (Fig. 15) and
enhancing lap-joint strength in addition to the fusion zone.
The formed layer thickness can cover the depth of lap joint
hole. A limitation is that the layer/deposit width may be
smaller than the diameter of the CR (Table Il), causing gaps or
voids in the layer/deposit or at the interface and reducing joint
strength. However, because deposit dimension is influenced
by axial pressure, this issue can be addressed by increasing FS
axial load/pressure. The lap-joint groove scheme is shown in
Fig. 16.

Fig. 16. Consumable rod before friction surfacing and
consumable rod after friction surfacing with flash

The mechanical strength of lap joints is affected by axial force
application and substrate surface roughness. As shown in Fig.
14 and 15, axial forces significantly increased bending
strength and hardness between the substrate and deposit.
Conversely, substrate surface roughness reduced bending
strength, but it remained higher than that of the parent material
(AA1100) or was optimized to less than 2.21 pm.
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Thus, FS without travel speed or Spot Friction, combined with
the concept of joint parameters used in conventional welding
processes, could be adapted and applied for lap joining
techniques to improve joint quality, consistency, and
durability and to expand this process's applications in
manufacturing industries requiring high-strength reliable
aluminum joints

IV. CONCLUSIONS

The characteristics of friction-surfaced deposits, including
dimensions, bending strength, and hardness, are significantly
affected by axial force/pressure, consumable rod diameter, and
surface roughness. This study demonstrates that Spot Friction
parameters, including rotational speed, CS dimensions, and
axial load, combined with metal joining parameters such as
joint angle and substrate surface roughness, can develop a
novel aluminum joining technique. Further investigation is
warranted.
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