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1. Introduction
Friction based solid state processes have 

sparked a considerable progress in the field of 
joining, welding, and surface engineering. Due 
to their unique process characteristics, theses 
processing routes can provide mechanical, 
metallurgical, and microstructural properties 
which are relatively difficult to achieve by other 
types of processes such as fusion based ones. 
As friction and plastic deformation constitute 

the sole heat sources, the process is conducted 
below the fusion temperature, thereby facilitating 
the joining of the substrate and deposited layer 
without complications associated with their 
intrinsic thermophysical properties [1-3]. 

The concept of friction surfacing (FS) was 
introduced first by Klopstock and Neelands in 1941, 
which is defined as a solid state procedure including 
a substrate and a deformable consumable metallic 
rod [4]. The process is based on an applied axial 

This study investigates the friction surfacing (FS) of AA6061-T6 consumable rods onto AA1050 commercially pure 
aluminium substrates, focusing on the effects of rotational speed (1250–2500 rpm) and travel speed (250–750 mm/min) on 
coating geometry, microstructure, bond strength, and hardness. The results show that increasing either rotational or 
travel speed reduces both coating thickness and width due to enhanced material flowability and heat generation. Bond 
strength improves at higher rotational and travel speeds, attributed to greater viscoplastic flow and interfacial bonding. 
Optimum processing conditions produced a heat-affected zone (HAZ) approximately 2 mm deep in the substrate, 
with the central region and advancing side experiencing the most intense thermal exposure and recrystallisation. 
The central region exhibited coarser recrystallised grains due to prolonged heat exposure, while insufficient bonding 
occurred locally on both sides due to inadequate compressive force and material flow. Microhardness measurements 
revealed a 15% reduction in substrate hardness, mainly within the HAZ. Although strain hardening and dynamic 
recrystallisation in the deposited layer partially offset softening, the loss of T6 temper led to an overall 8% hardness 
reduction compared to the consumable rod. These findings demonstrate that FS process parameters critically govern 
coating dimensions, interfacial integrity, and mechanical performance.
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load pressing the rotating consumable rod against 
a substrate. The friction occurs at their interface 
produces local heating and generates a viscoplastic 
boundary layer at the tip of the rod, allowing 
it to move smoothly over the substrate while is 
being pressed by the axial load [5]. The linear 
movement leads to the deposition of a layer from 
the consumable rod on the substrate [6]. Given its 
layer-by-layer deposition capability, FS falls within 
the category of additive manufacturing, specifically 
known as friction stir additive manufacturing 
(FSAM) [7]. The main process parameters in FS are 
the travel speed, rotational speed, axial force, and 
the rod diameter. 

In FS, a viscoplasticized solid state region is 
generated and processed into a new shape with 
its own unique properties. In this phenomenon, 
which is generally referred to as the ‘third-body 
region’ concept, the solid-state region demonstrates 
a three dimensional material flow pattern like 
a liquid, allowing easy mixing and blending 
between different materials. The solid-state region 
occurs at temperatures above the recrystallization 
temperature range and below the melting 
temperature of the material, offering relatively low 
flow stress. Therefore, the ‘third-body region’ is 
regularly used for improving joining of similar and 
dissimilar materials in the different friction-based 
variants [8, 9].

Although the process is almost free of 
metallurgical and physical defects which usually 
occur in fusion processes, the processed zones 
demonstrate some defects related to the process 
parameters such as unbonded edges on both the 
advancing side (AS) and retreating side (RS). They 
are also accompanied by constant generation of a 
revolving flash at the rod tip, which leads to the 
formation of a mushroom-shaped upset on the 
consumable rod [10].

Generally, the majority of investigations with 
regard to friction surfacing have focused on three 
areas: wear-resistant hard facing; anti-corrosion 
coatings; the manufacturing of long-life cutting 
tools; and the rehabilitation of corroded or 
damaged parts such as railways, turbine blades, and 
agricultural machinery [11]. Moreover, regarding 

the type of material, previous studies have mainly 
dealt with the deposition of ferrous alloys like tool 
steels, stainless steels, and mild steels, along with 
non-ferrous alloys such as copper- and nickel-
based alloys. [12-14]. There are also a number 
of researches on light-weight alloys, specifically 
aluminum. In the deposition of heat-treatable 
aluminum alloys, the level of grain refinement and 
precipitate size and distribution mostly determine 
the properties of the deposited layer. Galviz et al. 
[15] investigated the process efficiency, the impact 
of various process parameters on mechanical 
properties, and interfacial bonding strength of 
interface in the deposition of AA5xxx onto AA6xxx 
aluminum alloys. Suhuddin et al. [16] addressed 
the recrystallization mechanisms on the FS of an 
AA6082-T6 aluminum alloy over AA2024-T3 by 
quantifying the microstructural evolutions at the 
consumable rod, with specific emphasis on the 
transition from the thermo-mechanically affected 
zone onto the fully recrystallized region. Sakihama 
et al. [17] deposited AA5052 aluminum alloy on 
the similar substrate and reported the impact of 
different parameters such as axial force and feeding 
rate on the width and tensile strength of the coated 
layer. In another work conducted by Tokisue et al. 
[18], the influence of the number of deposited layers 
on mechanical and microstructural properties of 
fabricated layer and the substrate in deposition 
of AA2xxx on AA5xxx aluminum alloys has been 
examined. According to their findings, the process 
efficacy for the double layer coating is obviously 
higher than that of the monolayer. 

Nevertheless, given the growing demand 
for lightweight alloys in manufacturing and 
construction, investigations into the FS of AA1xxx 
aluminum alloys, particularly those focusing 
on microstructural behavior and mechanical 
properties, remain limited. The aim of the present 
work is to evaluate the feasibility of using AA1050 
aluminum alloy as a substrate and AA6061-T6 
aluminum alloy as a deposited layer in the FS 
process. Additionally, the study investigates 
the mechanical properties of both the substrate 
and the deposited layer through bending and 
microhardness tests.

Table 1- Chemical composition of AA1050 and AA6061 (the values are in weight percent)

 

 

Alloy 
Chemical composition (wt. pct.) 

Ti Zn Mn Fe Si Mg Cu Cr Others Al 

AA1050 0.05 0.05 0.03 0.35 0.25 0.04 0.05 - - balance 

AA6061 0.12 0.18 0.12 0.55 0.4 1.1 0.25 0.3 0.05 balance 

 
  



29

M. Motekallem, J Ultrafine Grained Nanostruct Mater, 59(1), 2026, 27-40

2. Materials and methods
2.1. Materials specification

AA1050 aluminum plates with a thickness of 
8 mm and dimensions of 80 mm × 250 mm were 
used as substrates. The surfaces of the samples were 
ground with SiC sandpaper and cleaned by acetone 
prior to FS process. The chemical composition of 
AA1050 aluminum is given in Table 1. A rod with 
a diameter of 20 mm and length of 200 mm was 
cut from a 25 mm thick AA6061-T6 plate. The 
chemical composition is presented in Table 1. This 
rod was used as a consumable tool during the FS 
process.

2.2. Processing
As mentioned in the previous section, the 

consumable tool was 20 mm in diameter. The tool 
tilt angle and the applied force were fixed to 5° 
and 7 kN, respectively. The tilt angle improved 
materials deposition at the retreating side of the 
processed area as reported in [19, 20]. The FS 
process was carried out using the FP4M milling 
machine. The tip of the tool was cleaned by 
mechanical brush and acetone. Figs. 2(a) and (b) 
show the FS process and the fabricated specimen, 
respectively. Various combinations of rotational 
and travel speeds were selected to accomplish FS 
process as presented in Table 2. The parameters 
were determined through a series of preliminary 
trial-and-error experiments. These trials were 

conducted to identify a feasible processing window 
that would produce continuous, defect-free 
deposits while avoiding issues such as tool sticking, 
excessive flash formation, or insufficient bonding.

2.3. Materials characterization
The microstructural evolution of the processed 

specimen, as well as that of the consumable tool, 
was characterized under the optimal processing 
condition determined through the bending test. 
Longitudinal and cross-sectional samples of the 
tool, together with cross-sectional samples of the 
processed specimen, were prepared according 
to standard metallographic procedures. The 
specimens were then etched using a modified 
Keller’s reagent for 90 s.

The bond strength between the deposited layer 
and the substrate was evaluated by a longitudinal 
bending test in accordance with the ASTM 
E290-09 standard [21], with the deposited layer 
subjected to tensile stress during testing. For this 
purpose, a three-point bending test setup with a 
crosshead speed of 0.042 mm/s was employed. 
Vickers microhardness measurements were 
performed from the substrate to the top of the 
deposited layer. The tests were conducted using an 
applied load of 50 gf and a dwell time of 15 s. Bend 
test and microhardness results were obtained as the 
average of three independent measurements taken 
from different locations on the specimen.

 

 

  

  

Fig. 1- (a) The FS process showing the plastic deformation at the tip of the consumable rod and (b) the processed specimen.

Table 2- FS process parameters

2 
 

Sample 1 2 3 4 5 6 7 8 

Rotational speed (rpm) 1250 1250 1600 1600 2000 2000 2500 2500 

Travel speed (mm/min) 250 315 315 400 400 630 630 750 
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3. Results and discussion
3.1. Investigating the effect of process parameters
3.1.1. The effect of travel speed on layer geometry

In this study, the samples are divided into two 
groups based on the combination of rotational and 
travel speeds. The first group includes samples 1, 3, 
5, and 7, which are deposited at rotational speeds of 
1250, 1600, 2000, and 2500 rpm and travel speeds 
of 250, 315, 400, and 630 mm/min, respectively. 
According to Table 3, none of the samples share 
identical combinations of rotational and travel 
speeds. For instance, samples 5 and 6 both have a 
rotational speed of the 2000 rpm; however, their 
travel speeds differ, with sample 5 at 400 mm/min 
and sample 6 at 630 mm/min.

In contrast, samples 2, 4, 6, and 8 were processed 
at the same rotational speeds as those in the first 
group but at higher travel speeds. The effect of travel 
speed on the thickness and width of the deposited 
layer was investigated.

According to Fig. 2a, which illustrates the 

variation of layer thickness with travel speed, 
increasing the travel speed at a rotational speed 
of 1250 rpm (red line) reduces the deposited layer 
thickness. As demonstrated by Gandra et al. [22], 
the travel speed determines the rate at which 
material is deposited; therefore, a higher travel 
speed results in a thinner layer. In fact, increasing 
the travel speed reduces the time available for 
the material to bond with the substrate, thereby 
decreasing the amount of material deposited onto 
the substrate per unit time.

According to Fig. 2a, this procedure is repeated 
at all rotational speeds. At rotational speeds of 
1600, 2000, and 2500 rpm, the thickness of the 
coating layer decreases with increasing the travel 
speed. Fig. 2b also shows changes in the width of 
the coating layer in terms of the travel speed at the 
constant rotational speed. It can be observed that, 
like the thickness of the coating layer, the width of 
the coating layer also reduces with increasing the 
travel speed.

Fig. 2- Layer thickness (a) and width (b) variations as a function of travel speed at different rotational speeds: 
1250, 1600, 2000, and 2500 rpm.

 



31

M. Motekallem, J Ultrafine Grained Nanostruct Mater, 59(1), 2026, 27-40

3.1.2. The effect of rotational speed on layer 
geometry

Fig. 3 indicates variations in the thickness of 
the coating layer as a function of rotational speed. 
It can be observed that at constant travel speeds 
of 315, 400, and 630 mm/min (red, yellow, and 
green lines, respectively), increasing the rotational 
speed decreases the thickness of the coating layer. 
Additionally, Fig. 3 shows that at a constant travel 
speed, the width of the coating layer decreases as 
rotational speed increases. As declared by Akram 

et al. [23], this could be attributed to the variation 
of actual contact area between the consumable 
rod and the substrate during the FS process. The 
reason for simultaneous reduction of the width 
and thickness of the coating layer by increasing 
the rotational speed at constant travel speeds is 
that by increasing the rotational speed, the contact 
rate of the rod consumed with the substrate surface 
increases and as a result, the heat generated by 
friction between the consumable rod and the 
substrate also increases. As a result, the viscoplastic 

Fig. 3- Layer thickness (a) and width (b) variations as a function of rotational speed at different travel speeds: 
315, 400, and 630 mm/min.

3 
 

Group2 Group 1 

V(mm/min) ω (rpm) Sample V(mm/min) ω (rpm) Sample 

315 1250 2 250 1250 1 

400 1600 4 315 1600 3 

630 2000 6 400 2000 5 

750 2500 8 630 2500 7 

 

Table 3- Rotational and travel speeds of the samples in groups 1 and 2
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layer formed at the tip of the rod, due to higher 
temperature, is closer to the liquid phase and has 
more fluidity, resulting in less width and thickness 
and a much better bond quality [24]. In fact, high 
thicknesses at low rotational speeds also arise from 
this issue. Because of the less heat generated in the 
bonding interface, the material quickly converts 
from viscoplastic to solid and does not have enough 
time to flow. This trend was also observed in [25, 
26] examining the FS of AA6xxx aluminum alloys.

3.2. Investigation of bond strength by bending 
test

Fig. 4 shows the appearance of the processed 
samples after the bending test. A three-point 
bending test was performed, and force was applied 

until the deposited layer separated from the 
substrate. As soon as the layer detached due to shear 
stress, the test was stopped, and the corresponding 
data were recorded. In fact, after the layer detaches, 
the material undergoes a type of yielding that 
reduces the applied force, resulting in a negative 
slope in the force-displacement curve.

Fig. 5 presents the force-displacement curves 
of the samples during the bending test. It can be 
observed that as the rotational and travel speeds 
of the process increase, the applied force required 
to rupture the bond—in other words, the bond 
strength—also increases. According to Figs. 4 and 
5, sample 8, which has the highest rotational and 
travel speeds, exhibits the greatest bond strength 
and the highest deformation rate.
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Fig. 4- Appearance of FS-processed samples after the bending test. Detachment of the deposited layer from the 
substrate demonstrates poor sample quality. The related defects are shown by arrow.

Fig. 5- Force-displacement curves obtained with the bending test for FS samples fabricated by various process parameters.
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It was already mentioned that at higher rotational 
speeds, the viscoplastic material has greater 
fluidity, and this causes more plastic deformation 
in samples with higher rotational and travel speeds. 
In addition, friction-induced heat increases the 
temperature of the aluminum and provides enough 
heat for recrystallization in the deposited layer. 
On the other hand, mechanical locks created in 
the structure due to severe plastic deformation 
inhibit grain growth, and consequently, a fine grain 

structure with high toughness is formed. This fine-
grained structure, which has high ductility, allows 
the layer to bend like a substrate with high ductility 
while simultaneously exhibiting high strength due 
to the fine grain structure resulting from severe 
plastic deformation. A similar trend has been 
reported by Pirhayati et al. [27], showing that 
increasing the rotational and travel speeds of the 
process results in higher plastic strain rates in the 
deposited layer.

  

 

  Fig. 6- Transverse cross-sectional images of the treated sample, together with the microstructures of different zones of the 
AA1050 aluminum substrate after the FS process: (a1–a5) areas affected either thermally or thermomechanically, whereas 

(b) and (c) are regions far from the interface.
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As can be seen in Fig. 4, the samples deposited 
with lower rotational and travel speeds have a 
smaller bending angle, such that in samples 1 to 
5, the coating layers are almost not bent. This is 
because the coating layer itself undergoes T6 heat 
treatment and has high strength and hardness, 
and severe plastic deformation also increases the 
hardness slightly. As a result, if the consumable rod 
is not completely recrystallized, it has high hardness 
and little flexibility and cannot withstand bending 
deformation. On the other hand, bond strength 
is low due to incomplete flow of the viscoplastic 
material, and no strong bond is established during 
the interaction process between the substrate and 
the consumable layer. Consequently, during the 
bending test, samples with lower rotational and 
travel speeds experience bond rupture.

3.3. Microstructural investigation
3.3.1. Substrate

Fig. 6 shows the cross-sectional images and 
magnified microstructures of different areas of 
sample 8. Fig. 6b shows the microstructure of the 
almost unaffected zone of the substrate during 
the deposition process. Fig. 6c also indicates the 
microstructure of material at the middle of the 
border of zone (a) and (b). According to Fig. 6b, 
there is no significant change in grain size, which 
is expected due to the distance from the interface.

In the FS process, the substrate temperature 
in aluminum alloys reaches the level required for 
recrystallization, given that the AA1050 was in the 
rolled condition [28]. Comparing Figs. 6a1 and a2 
(advancing side) with Figs. 6a5 and a6 (retreating 
side) shows that the advancing side exhibits more 
microstructural changes in terms of recrystallization 
and grain growth. This observation is associated 
with greater heat generation at the advancing side, 
where the contact area between the consumable 
rod and the substrate is larger compared to the 

retreating side. On the retreating side, grains similar 
to those of the original substrate are observed; 
however, equiaxed grains have grown locally in 
some areas. The average grain size was measured to 
be 11 ± 2 μm in the advancing region, 24 ± 2 μm in 
the retreating region, and approximately 7 ± 2 μm 
in the central region (regions 3 and 4).

3.3.2. Deposited Layer
Fig. 7 shows the microstructure of the 

consumable rod before the FS process, consisting 
of equiaxed grains with varying sizes. The average 
grain size of the rod was about 28±2 μm. Fig. 8 
shows the microstructure of different areas of 
the deposited layer after the process. The layer 
is divided into three distinct regions along the 
thickness. As reported in previous researches [6, 8, 
10], due to the thermomechanical impacts of the 
FS process, grains are recrystallized, resulting in 
the grain refinement of the layer. As is evident in all 
figures, the processes of dynamic recrystallization 
and grain nucleation have been completely carried 
out due to the hot working and severe plastic 
deformation. This is responsible for the formation 
of a homogeneous and fine microstructure with a 
grain size of about 6±1.5 μm.

According to Fig. 8, in zone “a”, which shows 
the upper surface of the deposited layer, the 
microstructure is finer compared with those of 
the other areas. The upper part of the deposit 
experiences the lowest amount of friction-
induced heat during the process. In fact, once the 
recrystallization process is fully completed, the 
temperature in this region drops rapidly, leaving no 
time for grain growth. These temperature and stress 
conditions create a fine and homogeneous structure 
on the surface of the deposit. It was also reported 
by Rahmati et al. [29] that the upper part of the 
coating experiences the highest thermomechanical 
grain refinement.

 

 

 

 

  

  

Fig. 7- Microstructure of the consumable rod before the FS process.
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In zone “b”, which includes the middle part of 
the deposit, the microstructure has completely 
undergone recrystallization and subsequent 
grain growth. In zone “c”, which is located just 
above the interface, grains are coarser than those 
in zones “a” and “b”. This is due to proximity 
to the interface, which is the heat production 
center; this area remains viscoplastic for longer 
periods of time, and due to higher heat input, 
the recrystallized grains have more time to grow. 
Also, Figs. 8c1 and 8c3 show the microstructure 
in zone “c” on the advancing and retreating sides, 
respectively. According to the figures, in both the 
advancing and retreating regions, homogeneous 
and modified microstructures with fine grains can 
be observed. However, in the retreating region, the 
effect of plastic deformation remains evident in 
the recrystallized grains, and complete structural 
homogenization has not fully occurred in some 
areas due to the lower heat input.

3.3.3. Interface
Fig. 9 shows the microstructure of the interface 

between the substrate and the deposited layer, 

taken at the middle of the sample. Figs. 10 and 
11 also show microstructures of the interface at 
the advancing and retreating sides, respectively. 
As illustrated in Figs. 9a and 9b, the deposited 
layer in the central region of the interface exhibits 
a significantly finer structure than that of the 
substrate. This refinement is attributed to the 
combined effects of frictional heat input and 
severe plastic deformation induced by compressive 
and shear forces, which promote dynamic 
recrystallization of the AA6061-T6 aluminum 
grains, thereby resulting in a homogeneous fine-
grained microstructure. Similar trend is reported 
by Yu et al. [30] as well. In contrast, the substrate 
is primarily affected by heat input, leading to static 
recrystallization and subsequent grain growth 
as mentioned earlier. Moreover, the presence of 
sufficient compressive force in the central region 
facilitates complete metallurgical bonding between 
the substrate and the deposited layer. Consequently, 
the bonding interface is fully consolidated and free 
from porosity, cracks, and voids, as observed in 
Figs. 9c and d. Similar observation was reported by 
Gandra et al. [10].

 

 

 

 

 

 

 

 

 

 

Fig. 8- Microstructure of various areas of the deposited layer: (a) top zone a; (b) middle zone b; (c1) advancing side of the 
bottom zone c; (c2) central region of the bottom zone c; (c3) retreating side of the bottom zone c.



36

M. Motekallem, J Ultrafine Grained Nanostruct Mater, 59(1), 2026, 27-40

According to Figs. 10a and b, it can be observed 
that dynamic recrystallization occurs completely in 
the advancing area, however, the lack of sufficient 
compressive force at the edges has caused areas 
with weaker bonding at the edges (Figs. 10c and 
d). There are also cracks in parts of the advancing 
side. Fig. 10e shows a region of the interface in 
the advancing side where the crack has grown 
and Fig. 10f shows the same area with a higher 
magnification. One factor promoting crack growth 
in the AA6061-T6 deposition is the T6 heat 
treatment, which enhances the alloy’s strength and 
brittleness. Consequently, the rod becomes more 
prone to cracking in areas with weak bonding, 
cavities, or stress concentrators when subjected 
to severe plastic deformation during deposition—
on both the advancing and retreating sides. On 
the retreating side, an additional issue arises: 
misalignment between rotational and travel speeds 
relative to the joint interface introduces surplus 

Fig. 9- Microstructure of the central regions of the bond interface under (a, b) polarized light and (c, d) conventional 
(bright-field) light conditions.

 

 

 

 

 

  

  

shear stress, creating further stress concentrators 
and exacerbating crack growth in that region. Fig. 11 
shows that larger and more numerous cracks are 
formed on the retreating side and the adjacent 
central region. These cracks primarily initiate in 
areas where the bonding between the deposited 
layer and the substrate is relatively weak. The 
combined effects of voids, residual process-induced 
stresses, and insufficient interfacial bonding 
promote crack propagation in these regions. 
Nevertheless, dynamic recrystallization in this area 
appears to be fully developed. Therefore, crack 
propagation on both the retreating and advancing 
sides can be attributed to two main factors: 
(i) inadequate interfacial bonding at the edges 
combined with residual process-induced stresses, 
and (ii) the reduced ductility of the aluminum alloy 
resulting from the pre-applied T6 heat treatment, 
which decreases material flowability and increases 
susceptibility to crack initiation and propagation.
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Fig. 10- (a,b) Microstructure of the interface on the advancing side of the processed sample. Interfacial cracks and 
debonding are shown under bright-field imaging: (c,d) edge of the deposited layer and (e,f) toward the central area.

3.4. Microhardness tests
Fig. 12 shows the cross section of the substrate, 

the deposited layer, and the rod after friction 
surfacing, which was prepared for microhardness 
measurements. Fig. 13 also indicates the relevant 
hardness profile along the distance. The initial 
hardness of the AA1050 aluminum substrate was 
measured at approximately 84 HV. At a distance of 
2.2 mm from the interface, the substrate hardness 
begins to decrease, marking the extent of the heat-
affected zone (HAZ). According to microhardness 
measurements, the HAZ length was approximately 
2.2 mm. This reduction in hardness within the 
HAZ is caused by static recrystallization of the 
aluminum.

The hardness of the AA6061-T6 aluminum 
rod prior to the processing was approximately 

104 HV. During the surfacing process, dynamic 
recrystallization, strain hardening, and severe 
plastic deformation contribute to hardness 
enhancement, whereas the loss of the T6 temper 
leads to hardness reduction. Similar occurrence 
was observed during additive manufacturing 
by FS of AA6061 [31]. The softening effect 
associated with the dissolution of the T6 heat 
treatment outweighs the strengthening effect 
induced by dynamic recrystallization and grain 
refinement. Consequently, the final hardness 
of the deposited layer was approximately 95 HV, 
representing an 8% decrease relative to the 
initial hardness. Similar drop in the hardness of 
the consumable rod was reported by Gandra et 
al. [10] in the FS of aluminum AA6082-T6 on 
aluminum AA2024-T3. 
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Fig. 11- (a,b) Microstructure of the interface on the retreating side of the processed sample. (c-g) Interfacial cracks and 
debonding are shown under bright-field imaging.

According to Fig. 13, the consumable rod after 
processing can be divided into three distinct 
regions. In the dynamically recrystallized (DR) 
zone, the material undergoes severe plastic 
deformation accompanied by strain hardening, 
complete dynamic recrystallization, and 
dissolution of precipitates. The hardness in this 
region was approximately 92 HV. In the second 
region, the rod experienced thermomechanical 
effects; however, dynamic recrystallization 
and strain hardening were not fully developed. 
Nevertheless, the T6 temper was completely lost 

in this zone, resulting in a lower hardness than 
that of the DR zone. The hardness in this region 
was measured to be approximately 83 HV. The 
third region, corresponding to the upper part of the 
consumable rod, was affected only by the loss of the 
T6 heat treatment and did not undergo significant 
thermomechanical deformation. Consequently, 
a reduction in hardness was also observed in this 
region. Overall, the results indicate that the hardness 
of the deposited layer decreased by approximately 
12% after processing, whereas the substrate hardness 
decreased by approximately 15%.
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Fig. 12- Cross section of the substrate, deposited layer, and consumable rod after the FS process. Observed 
regions in the consumable rod: dynamically recrystallized (DR) zone, thermomechanically affected zone 

(TMAZ), and HAZ. The yellow line indicates the microhardness profile path.

 

Fig. 13- Microhardness profile along the yellow line shown in Fig. 12, covering the substrate, deposited layer, and consumable rod.

4. Conclusions
Aluminum AA6061-T6 was successfully 

deposited on commercially pure aluminum 
AA1050 via the FS process under various rotational 
and travel speeds. The main findings are as follows:
- At constant rotational speeds, layer thickness and 
width decrease as travel speed increases. Similarly, 
at constant travel speeds, increasing rotational 
speed reduces layer thickness and width.
- Bond strength is directly influenced by rotational 
and travel speeds; increasing both parameters 
promotes viscoplastic material with higher 
flowability, resulting in enhanced bond strength.

- Under optimum processing conditions, a 
heat-affected zone (HAZ) formed to a depth of 
approximately 2 mm within the substrate. The 
central region of the deposited layer and the 
advancing side were most affected by heat input, as 
indicated by more extensive recrystallization.
- The central region of the deposited layer experienced 
the most pronounced microstructural changes due 
to its proximity to the heat generation zone. Owing 
to higher thermal exposure, recrystallized grains in 
this region underwent greater growth, resulting in 
a coarser microstructure. In contrast, insufficient 
bonding was observed in certain areas on both the 



40

M. Motekallem, J Ultrafine Grained Nanostruct Mater, 59(1), 2026, 27-40

retreating and advancing sides due to inadequate 
compressive force and material flow.
- Substrate hardness decreased by approximately 
15% after processing, with the most significant 
reduction in the HAZ. In the deposited layer, 
although strain hardening and dynamic 
recrystallization tend to increase hardness, the loss 
of the T6 pre-treatment during processing resulted 
in an overall hardness reduction of approximately 
8% compared to the consumable rod.
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