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Abstract This work focuses on the microstructure evolution upon rotary friction
welding of Al 6061 tomild steel and resulting joint strength.Material deforms plasti-
cally during rotary frictionwelding; however, temperatures are low enough to prevent
melting, which limits intermetallic compound formation. Displacement-controlled
rotary friction welding of circular workpieces is performed with combinations of
three friction times (48, 24 and 16 s) and two rotation speeds (1200 and 1400 rpm).
Significant grain refinement is observed at the centre onAl 6061 side, which indicates
dynamic recrystallization. However, only recovery is observed at the mild steel side,
which is attributed to low temperatures. The maximum joint strength of 136 MPa
is achieved. The fractured surfaces from tensile tests reveal sticking of Al 6061 on
mild steel at the centre region. The fractured surfaces suggest ductile fracture in the
centre region and brittle fracture close to the periphery.

Keywords Rotary friction welding · Dissimilar material joining · Dynamic
recrystallization

Introduction

Many industries like aerospace, automotive, marine, etc. desire to reduce the
fuel consumption, for achieving lower operational cost and environmental impact.
Lightweighting of structures without compromising strength is a potential way
forward. Al alloys are light in weight with high specific strength. However, complete
replacement of steel components by Al alloys is difficult due to higher price of Al
alloys. This makes it desirable to join Al alloys and steel. Fusion welding of Al
alloys and steels leads to large amount of brittle intermetallic compounds (IMC) in
the joint, which deteriorate the joint’s mechanical performance [1, 2]. The solid-state
joining techniques, such as friction stir welding can be used for joining dissimilar
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materials [3]. Many researchers have successfully joined aluminium alloys and steel
using friction stir welding [4, 5]. However, friction stir welding is limited to sheet-
or plate-type components. Rotary friction welding (RFW) is a solid-state joining
process, which can be used for joining circular components [6]. During RFW, one
of the workpiece rotates about its axis and plunges into the stationary workpiece.
The friction at the interface of the two workpeices leads to heat generation and the
temperature rises, material deforms plastically and workpieces are forged together to
create the joint. For dissimilar materials, the diffusion between two materials at the
interface leads to the formation of IMC [7]. Further in the vicinity of the interface,
dynamic recrystallization due to high temperature plastic deformation results in the
grain refinement [8].

Over the last decade, many researchers have tried RFW with different combi-
nations of materials. Liag et al. RFWed Al 1060 and Mg AZ 31 alloys at different
friction pressures. Al3Mg2 and Al12Mg17 IMCs were observed at the interface and
the joint tensile strength improved with increase in friction pressure up to a certain
value [9]. Guo et al. also found Al3Mg2 and Al12Mg17 IMCs in RFWed joints of
7A04 Al alloy and Mg AZ 31 alloy [10]. The IMC thickness decreased significantly
with increase in friction pressure. Ma et al. successfully joined 1045 carbon steel
and 304 stainless steel with RFW, and analysed formation of carbide layer (CrC and
Cr23C6) at the interface due to diffusion [11]. Similarly, Celik et al. performed RFW
of AISI 4140 and AISI 1050 steels. The joint tensile strength was comparable to the
parent materials and hardness improved near interface due to grain refinement [12].
Satyanarayana et al. optimized the tensile strength of RFWed austenitic and ferritic
steel with respect to process parameters [13]. Li et al. studied effect of tool rotation
speed on RFW Ti alloy and stainless steel joints [14]. The joint strength increased
with increase in tool rotational speed up to a critical value and decreased thereafter.
FeTi and Fe2Ti IMCswere reported at the interface of Ti alloy and stainless steel [14].
Dev et al. also observed comparable joint strength of RFWed Ti and SS 304 joints as
compared against the Ti. However ductility was extremely poor upon bend test due
to presence of IMCs at the interface. Post-weld heat treatment led to improvement
in the ductility of the RFWed joints [15].

Some researchers have also attempted to weld aluminium alloys with steels using
RFW. Sundaresan et al. performed RFW of aluminium alloy and austenitic stainless
steel [16]. Fe2Al5 and FeAl3 IMCs were reported at the joint interface [16]. Taban
et al. reported Fe2Al5 and FeAl IMCs in RFWed joints of Al 6061 and AISI 1081
steel [17]. Fukumoto et al. noticed Fe2Al5, FeAl3 and FeAl IMCs at the interface
of Al 1050 and austenitic stainless steel joints from RFW [18]. The elongation of
aluminium grains was observed in the vicinity of weld interface due to deformation
during process. The flying surface of stainless steel also underwent austenite to
martensite phase transformation [18]. Fukumoto et al. observed that the joint tensile
strength is maximum for a certain friction time and decreases on either increasing or
decreasing the friction time, for RFWed Al 5052 and SS 304 joints [19]. Fukumoto
et al. also found an amorphous layer at the interface of Al 5052 and SS 304 RFWed
joints [20]. For majority of the existing work, RFW is performed in the pressure
control mode. In the present work, RFW of Al 6061 and mild steel is attempted
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with displacement control. The RFWed joints of Al 6061 and mild steel are prepared
with different rotation speeds and friction times. The RFWed joints are subjected to
tensile test and microstructure at the joint interface is analysed. The fracture surfaces
of tensile specimens are also studied to determine the fracture mechanism of the
weld.

Experimental Work

RFW of Al 6061 and mild steel were performed on three-axis CNC mill (LMW
LV55). The length and diameter of the mild steel and Al 6061 rods are 100 mm and
12 mm, respectively. Figure 1 shows the schematic diagram of RFW of Al 6061
and mild steel. During RFW, mild steel rod was rotating and Al 6061 rod was held
stationary. A dwell time of 5 s was provided to remove initial oxide layer and improve
the heat generation. Next, the rotating mild steel rod was plunged to a depth of 8 mm
into the Al 6061 rod (Friction action). The RFWed joints were created with three
feed rates during ‘Friction action’: 10 mm/min, 20 mm/min, and 30 mm/min, which
corresponded to friction times of 48 s, 24 s, and 16 s, respectively (for plunge to
a depth of 8 mm). After ‘Friction action’, mild steel rod stopped rotating motion
and plunged further by 10 mm into the Al 6061 rod at a feed rate of 100 mm/min
(Forging action). Finally, the joint is allowed to cool. The Al 6061-mild steel RFW
joints were performed at two rotation speeds: 1200 and 1400 rpm.

To determine the joint strength, tensile test was performed as per ASTM E8/E8M
standard on Instron tensile testing machine. The gauge length and diameter of the
tensile test specimen were 45 mm and 6 mm, respectively. Welding specimen cross
section cut using wire EDM to see microstructure at interface of both material.
The joints were cross-sectioned and polished. These samples were electro-polished
used as a final polising. Electro polishing performed on Buehler Electromet 4 with
electrolyte (700 ml ethanol + 200 ml perchloric acid + 100 ml butanol) at 15 V and

Fig. 1 Schematic of rotary friction welding of Al 6061 and mild steel
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−10 °C for 20 s. Electron back scattered diffraction (EBSD) was done to analyse
the microstructure at the joint interface. Gemini SEM 300 with EBSD detector was
used for EBSD scans. EBSD scan was performed over 250 µm × 250 µm with step
size of 0.5 µm. Aztec HKL was used to analyse the EBSD scans.

Results and Discussion

Microstructure Evolution at Al 6061 and Mild Steel Interface

Figures 2 and 3 show the EBSD results at the interface of Al 6061 and mild steel
RFWed joint prepared with rotation speed of 1200 rpm and friction time of (a)
48 s (b) 24 s (c) 16 s. For this analysis, a misorientation angle greater than 10

◦

is considered as for identifying grains. Al 6061 and mild steel sides are shown in
red and blue colours, respectively. A variation in grain size from interface towards
Al 6061 side can be noticed. This is attributed to the dynamic recrystallization due
to high temperature plastic deformation et al. 6061 side during RFW. In a similar
observation, Winiczenko et al. also noticed dynamic recrystallization of Al 5454
alloy upon RFW with a tungsten heavy alloy [21]. From Figs. 2 and 3, finer grains
can be noticed near the interface at the Al 6061 side. From the samples welded at
1200 rpm rotation speed and friction time of 48 s, 24 s, and 16 s, the average size
of Al 6061 alloy grains are 3.3 µm, 3.4 µm, and 5.2 µm, respectively. Similarly,
from the samples welded at 1400 rpm rotation speed and friction time of 48 s, 24 s,
and 16 s, the average size of Al 6061 alloy grains are 6.1 µm, 5.3 µm, and 4.4 µm,
respectively.

During RFW, higher rotation speed and friction times lead to higher temperatures
[9, 14], which encourage grain growth after recrystallization. Also, higher rotation
speed and friction times lead to more accumulation of strain, which promotes grain
refinement [22]. The interplay of these effects is well reflected by the average grain
size of Al 6061 (near joint interface) across the RFWed Al 6061-mild steel joints.
At higher rotation speed of 1400 rpm, the average Al 6061 grain size increases with
increase in friction time, and this suggests that the grain growth owing to higher
temperatures is significant. At the lower rotation speed of 1200 rpm, the grain size
reduces as the friction time increases from 16 to 24 s. This suggests that the accumu-
lation for strain at higher friction time of 24 s is more pronounced than the additional
grain growth that would be achieved due to increased temperature (compared to fric-
tion time of 16 s at 1200 rpm). However further increase in friction time to 48 s from
24 s at 1200 rpm affects the average Al 6061 grain size minimally. This suggests that
the increased accumulation of strain at higher friction time of 48 s is countered by
the additional grain growth owing to higher temperature (compared to friction time
of 24 s at 1200 rpm).

At the steel side of the joint interface, a non-indexed region is observed in EBSD
scans of all the RFWed joint samples. This is expected to be a high dislocation density
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Fig. 2 EBSD et al. 6061 andmild steel interface of RFWed joint performed at 1200 rpm and friction
time of a 48 s b 24 s and c 16 s. (Color figure online)

region on the steel side of the joint interface. The non-indexed region suggests that
there was no dynamic recrystallization on the steel side. This is suspected due to
process temperatures lower than the dynamic recrystallization temperature for steel.
For the joints RFWed at 1200 rpm rotation speed and friction times of 48 s, 24 s,
and 16 s, the average width of the non-indexed regions are 53.8 µm, 34.6 µm, and
28.9 µm, respectively. Similarly, for the joints RFWed at 1400 rpm rotation speed
and friction times of 48 s, 24 s, and 16 s, the average width of the non-indexed regions
are 18.3 µm, 9.9 µm, and 5.6 µm, respectively. The width of the non-indexed region
reduced with increase in rotation speed. This is anticipated due to more recovery at
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Fig. 3 EBSD et al. 6061 andmild steel interface of RFWed joint performed at 1400 rpm and friction
time of a 48 s b 24 s and c 16 s. (Color figure online)

higher temperature with increase in rotation speed. There is also reduction in non-
indexed regionwith decrease in friction time. This is due to reduction in accumulation
of strain with decrease in friction time.

Tensile Strength and Fracture Surface Analysis

Figure 4 shows tensile strength of RFWed joints prepared with different rotation
speeds and friction times. The maximum tensile strength of observed all the joint
samples is 136 MPa. As figure shows the tensile strength of weld is higher for the
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Fig. 4 Tensile strength of RFWed joints prepared with different rotation speeds and friction times

samples joined at 1200 rpm as compared to the samples jointed at 1400 rpm, for all
the friction times. This may be due to smaller amount of brittle IMC formation at
lower temperatures, owing to lower rotation speed. With respect to friction time, the
maximum tensile strength is recorded for the samples joined with 24 s, for both the
rotation speeds. This suggests that diffusion at Al6061-steel interface is not sufficient
at lower friction time (16 s), while excessive diffusion at higher friction (48 s) would
have led to more brittle IMCs.

Fracture surfaces from tensile tests are analysed to study the nature of failure.
Figure 5a–c shows the fracturedAl6061 surfaces from the joints prepared at 1200 rpm
with friction time of 48 s, 24 s, and 16 s, respectively. Similarly, Fig. 6(a–c) shows
the fractured Al6061 surfaces from the joints prepared at 1400 rpmwith friction time
of 48 s, 24 s, and 16 s, respectively. Circular marks can be noticed at the fractured
surfaces of all the samples. Circular marks appear to follow the material flow during
the process and rough surface indicates towards possible brittle failure. FromFigs. 5b

Fig. 5 Fractured Al6061 surface from the joint prepared at 1200 rpm with friction time of a 48 s
b 24 s and c 16 s
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Fig. 6 Fractured Al6061 surface from the joint prepared at 1400 with friction time of a 48 s b 24 s
and c 16 s

and 6b, it can be noticed that the chunk of aluminium alloy broke away from the
centre region (location A). Figures 7 and 8 shows the locations A of Fig. 5a and
6a at higher magnification. The presence of dimple features at locations A suggests

Fig. 7 Fractured Al6061
surface at location A of the
joint prepared with 1200 and
24 s friction time

Fig. 8 Fractured Al6061
surface at location A of the
joint prepared with 1400 and
24 s friction time
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the ductile nature of failure at the centre and nearby regions of the samples joined
with 24 s friction time. This implies that the ductile fracture occurred at the centre
and brittle fracture occurred at the peripheral locations, for the sample with the
maximum tensile strength in this study. This observation is consistent with variation
in IMC thickness observed by Fukumoto et al. along the radius for RFWed samples
[20]: minimum IMCs at the centre and along the radial direction increase towards
periphery. This can be attributed to lower heat generation in the centre region due to
slower relative motion between two materials.

Conclusions

The present work is focused on RFW of Al 6061 and steel with the displacement
control mode. The RFWwas performedwith the combinations of two rotation speeds
(1200 and 1400 rpm) and three friction times (48, 24 and 16 s). Microstructural anal-
ysis by EBSD at the Al6061-steel interface of the joints suggests dynamic recrys-
tallization et al. 6061 side and grain size of Al 6061 in the vicinity of the interface
depends on the RFW process parameters. However, recrystallization is not observed
at the steel side of theAl6061–steel interface. Instead, a non-indexed region is noticed
at the steel side next to the joint interface. This is expected due to accumulation of
strains uponplastic deformation duringRFW.The size of non-indexed region reduced
with increase in rotation speed, due to improved recovery at higher temperatures at
higher rotation speed. The maximum tensile strength of 136 MPa is recorded for the
joint prepared at 1200 rpm rotation speed and 24 s friction time. The inspection of
fracture surface revealed that ductile fracture occurred at the centre and brittle fracture
occurred at the peripheral locations, for the samplewith themaximum tensile strength
in this study. This observation is consistent with the variation in IMC thickness along
the radius for RFWed samples observed in previous study.
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