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Abstract
The aim of the study is to investigate the consequences of tool traverse speed on force and torque distribution of friction-stir-
welded third-generation Al–Cu–Li alloy joints. The microstructure and corresponding mechanical properties of the joints 
are investigated on force and torque perspective. Thus, the contribution of the present work lies in establishing the relation 
between traverse speed and mechanical properties of the AA2050-T84 joint. Four welds have been considered at varying 
traverse speeds from 1 to 4 mm/s at constant tool rotational speed and tool tilt angle of 1400 rpm and 2°, respectively. A 
tool of H13 steel having a tapered screw-threaded pin profile was used. The investigation reveals that with the increase in 
traverse speed, longitudinal force (X-force), vertically downward force (Z-force) and spindle torque also increase. The grain 
size of the nugget zone reduces from 19.84 to 14.86 µm as traverse speed increases. It has been found that the mechanical 
strength of the joint increases as the traverse speed increases. The Vickers microhardness value increases from 115 HV0.1 
to 131 HV0.1 in the nugget zone as traverse speed increases from 1 to 4 mm/s. The maximum tensile strength, % elongation 
and joint efficiency are 403.2 MPa, 7.2% and 75.5% for traverse speed of 4 mm/s. The tensile fracture samples are analyzed 
by scanning electron microscope and reveal ductile mode of fracture.

Keywords  AA2050 alloy · Friction stir welding · Traverse speed · Microstructure · Tensile strength · Microhardness · 
Fracture analysis

1  Introduction

The third-generation Al–Cu–Li alloy, namely AA2050-T84 
(heat-treated) alloy, shows remarkable properties over other 
aluminum alloys, with a significant impetus to aerospace 
industry (lower and upper wing cover, spars, ribs, fuselage, 
empennage, cryogenic tank and internal structures) [1, 2]. 
AA2050-T84 alloy has excellent properties as compared to 
other Al alloy, viz. low density, high mechanical strength, 
improved strength-to-weight ratio, higher damage tolerance 
property and excellent corrosion resistance, with low anisot-
ropy [3, 4]. This notable enhancement is mainly due to the 
presence of Li in AA2050-T84 alloy which decreases the 
density of alloy by 3%, increases the modulus of elasticity by 

6% and increases the fatigue crack growth resistance consid-
erably [5, 6]. Fine particle of the most efficient strengthening 
precipitate T1 (Al2CuLi) phase was observed in high den-
sity which yielded higher strength per volume fraction [7]. 
Other intermetallic strengthening precipitates, for example 
θ′(Al2Cu), δ′(Al3Li), T2 (Al5Li3Cu), TB (Al7Cu4Li), can be 
observed in a lesser amount in Al–Cu–Li alloys [8]. How-
ever, the presence of intermediate Li content (< 1.4–1.5) in 
AA 2050 alloy limits the evolution of δ′(Al3Li) precipitate, 
which reduces the fracture toughness [9, 10].

AA2××× alloy when welded using conventional methods 
generates various defects including oxide layer, distortion, 
solidification cracking, porosity, etc. [11–14]. However, 
voids, tunnel, pinhole, wormhole, kissing bond, lack of pen-
etration and joint-line remnant types of the defects are found 
in FSW joints due to improper material flow, insufficient 
consolidation of plasticized material and selection of inad-
equacy process parameter in FSW [15–19]. Further, these 
defects may be sorted out by the selection of optimum pro-
cess parameters, tool and tool geometry which has reduced 
the chances of the defect in the weld. Friction stir welding 
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(FSW) can serve the purpose more efficiently as it joins the 
material in solid-state conditions. FSW is a variant of the 
green manufacturing process used to join ferrous, nonfer-
rous, polymers, composite materials. The weld joint proper-
ties in FSW depend on various process parameters such as 
tool rotational speed (TRS), tool traverse speed (TTS), axial 
force, tool tilt angle (TTA), tool plunge depth, tool material 
and design, type of material to be joined and joint configu-
ration, etc. Out of several parameters of FSW, TTS plays 
the key role and is one of the most important parameters as 
per the industrial point of view and improves the productiv-
ity of FSW. It has been reported that efficiency-wise TTS 
imparts 35% attention to the mechanical strength of the joint 
[20]. The TTS influences the extent of specific heat input 
generated during welding to achieve the sound and smooth 
joint in FSW [21]. Ideally, with an increase in TTS, the heat 
input decreases. Barenji [22] observed higher ultimate ten-
sile strength (UTS) and hardness of welded AA7020 joint 
at higher TTS and ductile nature at higher heat input (lower 
TTS). Sakthivel et al. [23] studied the effect of increasing 
TTS (50–175 mm/min) on the mechanical properties of Al 
alloy joint. Results revealed that UTS, % elongation and 
grain size of NZ decrease with increase in TTS. Ni et al. 
[24] have also found a similar observation within a range 
of 300-1200 mm/min on 0.5-mm-thick AA 7075-T6 sheet. 
Liu et al. [25] introduced a self-reacting FSW tool to weld 
4-mm-thick AA-6061-T6 sheet with varying TTS from 50 
to 200 mm/min at constant TRS (600 rpm) to investigate 
the microstructure and mechanical properties in FSW. They 
observed defect-free joint was obtained at low TTS, while 
the UTS increases with increase in TTS value. Similarly, 
various researchers have studied the effect of TTS on differ-
ent materials time-to-time. The above discussion suggests 
the importance of study based on TTS on a novel material 
like AA2050-T84, which lacks this type of analysis.

On the other hand, the force and torque evolved during 
welding also play a vital role that define the characteristics 
of welding in FSW. Some relevant studies in this field were 
reported by several researchers to show the effect of force 
and torque on the weldment as mentioned below. Lambiase 
et al. [16] welded 3-mm-thick AA6082-T6 alloy sheet at 
varying TTS (14.5, 21 & 31 mm/s) and observed that force 
and torque required to deform the material increase with 
an increase in TTS. Banik et al. [26] reported the effect of 
different tools and TTS on microstructure and mechanical 
property of 6-mm-thick AA6061-T6 plate in terms of forces 
& torque. It has been concluded from the study that torque 
and forces increase with an increase in TTS and accomplish 
superior value by taper threaded tool with low fluctuations. 
Acharya et al. [27] revealed the effect of torque and force 
on particle size in microstructure and mechanical properties 
of AA6092/17.5 SiCp-T6 MMC joint at varying TRS. It has 
been observed that the size of the reinforcement particles in 

weldment is affected mainly by force and torque involved 
in the welding. The literature suggests that the quality and 
property of welding are primarily influenced by the force 
and torque evolved during welding. It also shows that the 
TTS also affects the extent of force and torque generated 
during welding.

The above discussions indicate the importance of a study 
carried out on TRS and force and torque evolved during 
welding. AA2050-T84 itself being a novel and high-strength 
alloy finds advanced applications but this lacks study. As 
per the best knowledge of the author, there is no such study 
reported till date, and this motivates the authors to carry 
out a work to uncover the effect of TTS on the force and 
torque evolution and its impact on overall microstructure and 
mechanical property of AA2050-T84 joint. In this study, a 
5-mm-thick plate was FSWed using taper threaded tool at 
different TTSs and constant TRS. After that, the force and 
torque were evaluated in terms of variation in TTS through 
analysis microstructure and corresponding mechanical 
properties.

2 � Experimental procedure

Dedicated 3T FSW welds AA2050-T84 plate with a 
dimension of 150 mm × 60 mm × 5 mm in square butt 
configuration with different TTSs of 1, 2, 3 and 4 mm/s at 
the constant TRS of 1400 rpm and TTA of 1.5°, respec-
tively. The specification of 3T FSW is given in Table 1. 
The chemical composition and mechanical property of the 
base material (BM) are given in Table 2. A nonconsum-
able left-hand threaded tool of H13 tool steel as shown in 
Fig. 1 was rotated in an anticlockwise direction to perform 
the welding. When the tool rotates in anticlockwise direc-
tion, it presses the material inside the butt joint line along 
the direction of rotation with a downward movement and 
the required amount of heat generated softens the mate-
rial which flew inward and provided higher strength to 
the joints. The details of the tool dimensions are given 
in Table 3. Before welding, the plates were cleaned by 
acetone to remove the dirt and foreign particle and rig-
idly fixed on machine bed for welding in parallel with 
the rolling direction. For each parameter, three sets of 
welding were performed to check the consistency in the 
welding condition. X-force, Z-force and spindle torque 
data which were generated during welding come from the 
data acquisition system (DAS) [LTC1090, eight channels 
of data with four isolated lines, manufactured by maxim 
integrated] and were used for analyzing the effect of these 
parameters on properties of welded material. DAS is a col-
lection of software and hardware that allows to measure 
or control the physical parameters and obtains desirable 
results. It comprises mainly three elements (sensors, signal 
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conditioning and analog-to-digital converter) where data 
generation and acquisition take place. Various types of 
data (X-force, Z-force, torque, etc.) generated by machine 
were gathered in physical system and fed (noisy electri-
cal signals) to sensors, optimized (filtered and amplified 
signal) by signal conditioning to convert these signals 
into digital signals through analog-to-digital converter 
and finally displayed on monitor with the help of Rexroth 
programmable logic controller (PLC, integrated with IPC 
and NI LabVIEW software). The working configuration of 
DAS is elaborated in Fig. 2. This software is used for data 
acquisition, storage and retrieval purpose.

The heat input per unit length was obtained from the 
relation between the TRS, TTS and average torque. It 
affects the stirring action of the tool, softens the material 
and distributes the grain in stir zone according to the heat 

Table 1   Specification of 3T 
FSW

Machine 3T friction stir welding unit

Machine no. WS005
Stir welding operations Linear welding
Welding options Constant load/constant position on Z-axis
Spindle speed 3000 rpm max.–infinitely variable
Spindle torque-rated 86.4 Nm @ 1650 rpm
Tool force (axial load on spindle) 30 KN
Spindle tilting ±10°
Height of table from floor level 900 mm
Table clamping area 400 mm × 275 mm
Axis travel
 X-axis 400 mm
 Y-axis 50 mm
 Z-axis (spindle slide) 100 mm

Feed rate
 X-axis 1000 mm/min. max.
 Z-axis 30 KN max.
 Thrust feedback Through load cell

Axis movement
 X-axis Servo motor—3000 rpm, 5Nm
 Y-axis Manual hydraulic cylinder
 Z-axis drive Servo hydraulic cylinder

Hydraulics
 Hydraulics tank capacity 110 L

Table 2   Chemical composition 
and mechanical property of 
AA2050 alloy

Chemical composition (weight %) Mechanical properties

Cu Li Ag Mg Mn Zn Zr Ti Fe Si UTS(MPa) YS(MPa) %EI

3.6 0.98 0.48 0.38 0.32 0.12 0.08 0.03 0.03 0.02 534.1 452.1 14.16

Fig. 1   Friction stir tool used for the experiment
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availability. For the preparation of samples (microstruc-
ture, hardness and tensile), the welded material is sliced 
out perpendicularly to the traverse direction of the joint 
from the position where the torque essentially remains 
constant during welding. The welded samples were pol-
ished using emery papers (grit size varying from 200 to 
3000) followed by selvyt cloth polishing with hifin fluid, 
and different grades of diamond paste (1, 0.5 and 0.25 
micron) were used for final polishing. Then, the samples 
were etched by modified Keller’s reagent (3 ml HF, 6 ml 
HCl, 2 ml HNO3 and 89 ml H2O) to observe the charac-
teristics of the microstructure and analysis of grain size 
of weld nugget zone under the microscope (light optical 
microscope, Leica DM2500). The diameter of the average 
grain size at the middle of the nugget zone was measured 
by the line intercept method according to ASTM E112-12 
on Image-J software. Vickers hardness testing machine 
(Matsuzawa MMT-X Series) was employed for measur-
ing the hardness across the thickness of joint in traverse 
direction of the weld as per ASTM E384-11e1 for all the 
samples. The hardness was measured in three different 
lines, viz. upper line (1 mm below the top surface), mid-
dle line (mid-thickness of the plate) and lower line (1 mm 
above the lower surface). Equal spacing of 1 mm was 
maintained between the two consecutive indentations by 
applying a load of 100 g for a dwell time of 10 s. For every 
experimental condition, to minimize the testing error, trip-
licate tensile samples were prepared according to ASTM 

E8 and tested on Instron-1195 (UTM of 100KN capacity) 
machine. Samples were tested at a strain rate of 0.5 mm/
min, and the values of ultimate tensile strength (UTS), 
yield stress, % elongation and joint efficiency (the ratio 
of UTS of welded sample to the UTS of base metal) were 
observed. The origin software is used to analyze the data 
(hardness and tensile) of the welded sample. The frac-
ture analysis of the tensile sample was done by scanning 
electron microscope (SEM) to observe the nature of the 
failure pattern.

3 � Results and discussion

In this section, the first part shows the consequences of TTS 
on variation in force, torque and heat input generated in the 
system during different welding. The second part shows the 
variation in weld bead surface appearance, macrostructure 
and microstructure of the joint in accordance with force, 
torque and heat input generated in the system. To understand 
the overall effect on mechanical property, the effect of TRS 
has been evaluated by analysis and comparing the grain size 
distribution of the weld zone of different welding.

3.1 � Torque and force analysis

During welding, the variation in X-force, Z-forces and 
spindle torque as the tool proceeds is shown in Fig. 3a–c. 

Table 3   Tool dimensions used for friction stir welding

Shoulder diameter (mm) Shoulder type Concavity of shoulder Pin type Pin diameter (mm) Pin length (mm)

Tip diameter Root diameter

18 Concave 5° Threaded 3 5 4.8

Fig. 2   Block diagram of process 
and data acquisition system
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Here, it has to be noted that all the data for force and torque 
shown are exclusively measured during the actual weld run 
only and not during plunge time or dwell time. The forces 
(X-force, Z force) along with spindle torque were measured 
by strain gauge-based load cells which were obtained from 
DAS. The load cell attached with spindle head (5 tonnes) 
was used to measure spindle torque and Z force, whereas 
load cell attached with auxiliary slide (3 tonnes) was used 
to measure X-force. These load cells are controlled through 
a PLC (integrated with IPC and NI LabVIEW software), and 
the result is saved in storage device of computer. As the TTS 
increases from 1 to 3 mm/s, an abrupt variation in force and 
spindle torque distribution can be observed and thereafter it 
reduces for a TTS of 4 mm/s. Such variation in forces and 
torque may take place due to an uneven stick–slip phenom-
enon that may have stabilized at higher TTS.

Figure 4 shows the comparison of variation in the aver-
age value of forces and torque with the heat input at TTS. 
The variation in the average value of torque increases 
with increase in TTS. This is because as TTS increases, 
the requirement of force to deform the material will also 

increase, and this increment in forces will lead to the 
requirement of the higher value of spindle torque to deform 
the material. It can be observed from the figure that with an 
increase in the TTS from 1 to 3 mm/s, the average value of 
X force and Z force increases. This observation is in agree-
ment with the study made by Banik et al. [28]. However, 
in the case of Z force, it can be observed that the values do 
not increase with further increase in TTS from 3 to 4 mm/s. 
This suggests that the requirement of force to consolidate in 
its place is more as the TTS increases up to 3 mm/s. After 
this level of TTS, the state of the plasticized material may 
have attained such a value which may not require a higher 
amount of Z-force to consolidate the material. On the other 
hand, a similar observation can be made for X-force other 
than a decrease at the TTS of 4 mm/s. The decrease in the 
force exerted by material to the pin (X-force) indicates the 
ideal state of welding where it happens in a balanced mode 
of stick–slip phenomenon [27, 29, 30].

Further, the analysis of torque and force can also be 
supported by the amount of heat input involved in the 
welding. The heat input in the current work is calculated 

Fig. 3   Effect of tool traverse speed on a X-force, b Z-force and c spindle torque with respect to time
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using Eq. (1), as shown below reported in [31, 32]. Here, 
each term contains notable meaning: for example, H is the 
heat input in J/mm, n is tool rotational speed in rotational 
per min, τ is the average torque in Nm and v is the TTS 
in mm/s. The average torque value is measured after the 
completion of dwelling phase which extends to the end 
phase of plunging out by the tool (during the FSW pro-
cess). Although in transition period, torque is not stable, 
its incorporation does not affect the average value:

The figure shows a decreasing trend of heat input as 
the TTS increases. This is in line with the fact that as TTS 
increases, the tool–workpiece interaction time decreases, 
which facilitates lower friction heat to the process and 
results in a decrease in the overall heat input to the pro-
cess. As the workpiece experiences less heat input with an 
increase in TTS, the force and torque required to deform 
the material also increase. It can also be seen that the dif-
ference in heat input for TTS of 3 mm/s and 4 mm/s is 
minimum as compared to others, which may result in such 
observations for X-force and Z-force.

(1)H =
2�n�

60V

3.2 � Weld bead surface and macrostructure

Each welded sample was polished, and etching was done 
with modified Keller’s reagent for 60–70 s carefully; then, it 
was washed with ethanol. This process is applicable for both 
macrostructure and microstructure. The weld bead appear-
ance and respective macrostructure along the cross section 
for all sets of welding are presented in Table 4. All the fric-
tion-stir-welded samples were visually inspected and found 
defect-free, which was further observed under light optical 
microscope and analyzed by mechanical testing. The surface 
of the weld bead was found to be smooth, and absence of 
flash was seen. The absence of any defects indicates that all 
the welding has been conducted with the optimum level of 
the process parameter. A basin-shaped macrostructure was 
observed in the nugget zone. From the macrostructure, it 
can be observed that with increase in TTS, the area of the 
nugget zone decreases. This may be due to the low heat input 
generation; 70–80% of heat is generated through the interac-
tion between the shoulder and workpiece during friction stir 
welding [33]. However, 2–20% of heat is generated from the 
plastic deformation and remaining heat from the interaction 
of the tool with the workpiece in weld [34]. The width of the 
weld zone increases at the shoulder interfacing surface area 

Fig. 4   Average X-force, Z-force and spindle torque with respect to varying traverse speeds
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due to high frictional heat and plastic deformation, whereas 
the heat extracted from underneath the tool pin area was 
found to be small [35].

3.3 � Microstructural observation

The macroscopic observation shows different weld zones, 
viz. nugget zone (NZ), thermomechanically affected zone 
(TMAZ), heat-affected zone (HAZ) and base metal (BM). 
The microstructure of different zones shows variation in 
grain size and structure due to different heat inputs and flow 
of softened material at different TTSs. The microstructures 
of NZ and TMAZ in advance side (AS) and retreating side 
(RS) are observed under an optical microscope as shown 
in Fig. 5. The grain of NZ is more refined and equiaxed in 
shape as compared to other zones due to varied heat gen-
eration, which results in the nucleation and growth of new 
grain during plastic deformation. At the initial stage in NZ, 
the grains bend and get elongated. Further, the highly elon-
gated grains break due to increase in the strain, and this 
process continues until equiaxed grain is formed [36]. The 
refinement of grain in TMAZ is mainly influenced by the 
shoulder friction during FSW where the elongated and tilted 
grain is formed from top to bottom of AS and RS in TMAZ 
which is elliptical in shape (as shown in Fig. 5.). This may 
be probably due to the nucleation of grain growth, which 
may be attributed by the generation of heat and shear force 
that tries to resist the material flow. On the other side, no 
such differentiation can be made between the grain of base 
material and HAZ, as they remain unaffected from thermal 
and mechanical effect [37, 38].

3.4 � Grain size distribution

Figure 6 shows zonewise grain size distribution of the 
welded structures with varying TTSs which has been 
reported in the form of bar chart (with error). ImageJ soft-
ware (having similar magnification, scale and most impor-
tantly possesses a similar area of 41,875 µm2) is used to 
measure grain size to standardize the study and for the 
sake of consistency of the result. The current section is 
being introduced in order to thoroughly understand the 
overall effect of TTS in the formation of the microstructure 
of the weld zone, which is ultimately responsible for the 
mechanical strength of the joint. The TTS will be evalu-
ated in terms of force and torque and heat input in the 
joint. The study has been carried out by analyzing three 
optical microstructures (where grain is clearly observed) 
from each welding zone (NZ and TMAZ) as particular 
TTS is aimed to produce a result with minimum error. 
With increasing the TTS, the number of grain sizes has 
decreased due to the lower heat input, which affects the 
deformation rate during FSW. It can be observed from the 
figure that the highest grain size of NZ decreases from 36 
to 33 µm as TTS increases from 1 to 4 mm/s, respectively. 
As far as the counts of smaller size grain (3–15 µm) are 
concerned, it also increases with an increase in TTS. The 
number of counts of grains in NZ is comparatively higher 
than the TMAZ (AS and RS) as the plasticised material 
of NZ sustains stirring action of the tool because of that 
there was a reduction in grain size (NZ). The rate of defor-
mation and nucleation of grain is merely responsible for 
the heat generation and its distribution. The nucleation of 

Table 4   Weldment surface and microstructure of FSW joints produced at varying traverse speeds

Weld surface appearance Macrostructure Observation Possible reason

Defect-free joint Proper flow of plasticized material

Defect-free joint Dynamic stirring action along 
with the adequate metal flow

Defect-free joint Adequate flow of plasticized metal

Defect-free joint sufficient flow of plasticized metal
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grain increases with increasing the temperature due to the 
straining effect. The growth rate of nucleation increases at 
lower TTS than the high, which facilitates the strain rate 
and the counts as an increase. The counts in TMAZ-RS is 
higher than the TMAZ-AS. It may be due to the flow of the 
plasticized material from AS to RS, which absorbs more 
heat to form the nucleation of grain growth. The nuclea-
tion of grain growth decreases due to less generation of 
heat at 4 mm/s, which affects the density of different ele-
ments and the grain size at the nugget zone. During high 
TTS, less amount of heat is generated, which affects the 
formation of the grain size.

Table 5 shows that with an increase in the TTS from 
1 mm/s to 4 mm/s, average grain size of the NZ decreases 
from 19.84 to 14.86 µm. This may be due to the reduc-
tion in heat input per unit length. The same observation 
was reported by Sinhmar and Dwivedi and Evik et al. [39, 
40]. At low TTS, the material of the workpiece and tool 
remains in contact for a comparatively longer time to pro-
vide higher temperature, which affects the formation of 
the grain size.

SR-ZAMTZNSA-ZAMT

1m
m
/s

2m
m
/s

3m
m
/s

4m
m
/s

Fig. 5   Optical micrograph of the TMAZ-AS, NZ and TMAZ-RS at different tool traverse speeds
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4 � Mechanical property analysis

In this section, the overall effect of TTS on microstructural 
changes has been evaluated in terms of mechanical property 
changes of the joint, viz. microhardness (measured across 
the weld on traverse plane) and tensile strength of the joint. 
The fracture mode of the samples under tensile failure has 
also been observed.

Fig. 6   Grain size distribution analysis of TMAZ-AS, NZ and TMAZ-RS for varying tool traverse speeds

Table 5   Average grain size of NZ at different tool traverse speeds

TTS 1 mm/s 2 mm/s 3 mm/s 4 mm/s
NZ 19.84 µm 17.10 µm 15.78 µm 14.86 µm
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4.1 � Hardness analysis

The hardness distribution profile across the thickness of the 
joint with varying TTS is shown in Fig. 7. However, for the 
simplicity of the study, the average hardness has been shown 
as all the three lines (top—1 mm below from the top surface, 
middle and lower—1 mm above from the lower surface) for 
a particular sample which are of the same characteristics 
as “W”-shaped hardness distribution profile. The average 
hardness of the base material is 175 HV0.1. Hardness profile 
provides two pieces of crucial information—(1) the hardness 
of the base metal is higher than the welded material and 
(2) the lower TTS provides low hardness value of the joint 
because high heat is generated at low welding speed due to 
which large grain size is formed and according to Hall–Petch 
relation, grain size is inversely proportional to the hardness 
[41]. A similar observation was also seen in the present 
study according to which with increase in TTS (1–4 mm/s), 
the hardness of the NZ increases (115 HV0.1 to 131HV0.1) 
along with a decrease in grain size (19.84–14.86 µm). The 
higher deformation and higher heat input lead to the dis-
solution of the second-phase precipitate, which results in 
the softening of the nugget zone and lower hardness in NZ. 
At different TTSs, NZ has a lower hardness value than the 
base metal. The hardness measured at HAZ is higher than 
the weld nugget due to the decrease in temperature, which 
affects the microstructure in this zone. The lowest hardness 
achieved in the RS at higher TTS is due to the less heat input 
and more force, torque and shearing action required for the 
flowability of the material on RS.

4.2 � Effect of traverse speed on tensile strength

Figure 8 depicts the tensile strength (which was carried out 
by Instron-1195) of welded AA2050-T84 alloy joints at 

different TTSs and constant TRS of 1400 rpm. The figure 
shows that as TTS increases from 1 mm/s to 4 mm/s, the 
ultimate tensile strength (UTS), yield stress (YS), % elon-
gation and joint efficiency (the ratio of the ultimate tensile 
strength of joints to the ultimate tensile strength of the base 
material) of the joint also increase. However, all the entities 
of the strength (UTS, YS and % elongation) of the welded 
joint were observed to be lower than those of the base mate-
rial. The maximum tensile strength, % elongation and % 
joint efficiency achieved at 4 mm/s are 403.2 MPa, 7.2 and 
75.5, respectively. However, the lower tensile properties 
are observed at 1 mm/s. Such an increase in trend with an 
increase in TTS may be due to the direct effect of heat input 
on the grain size distribution of the welded structure. The 
heat input influences the effect of TTS on the tensile prop-
erties of the welded sample. With increasing TTS, genera-
tion of heat input decreases; as a result, the grain growth 
at lower heat input is restricted and comparatively smaller 
in size. The relation between grain size and yield strength 
is described mathematically by Hall–Petch equation, which 
is shown in Eq. (2), where “σy” denotes the yield stress, 
“σo” friction stress in the absence of grain boundaries, “k” 
strengthening coefficient and “D” average grain size diam-
eter [42, 43]. As per the Hall–Petch equation, the smaller 
the grain size, the higher the strength. A similar trend was 
observed while the experiment was performed.

4.2.1 � Fractographic analysis

Figure 9 represents the fractographic analysis of fractured 
tensile samples for different TTSs. For the sake of easy 
understanding, the close view (top view and side view) of 

(2)�y = �
0
+

k
√

D

Fig. 7   Microhardness distribution profile of the joints at different 
traverse speeds

Fig. 8   Tensile properties of the welded sample at different traverse 
speeds
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the fractured tensile samples is also presented in the figure. 
The fractured tensile sample is studied by SEM to reveal 
the nature of the failure. It is observed from the figure that 
the fracture initiated from the weld surface and gradually 
propagated through a particular path in the material to com-
plete the fracture. A line is drawn on the center position of 
the welded region before tensile testing was done as shown 
on the side view in Fig. 9 to ensure the side of the fracture. 
It can be observed that the fracture of the welded joint initi-
ated from the NZ with all TTSs except 3 mm/s. The fracture 
location of the tensile specimen at 3 mm/s has taken place at 
HAZ on AS of the welded joint. The higher heat generated 
at lower TTS (1 mm/s) produces flat surfaces with cracks, 
which reduces the strength. With increasing TTS from 1 to 
2 mm/s, a featureless pattern without any crack was observed 
in SEM image. Further, with increase in TTS (3 mm/s), a 
cone-type fracture was observed in a broken tensile sam-
ple, which indicates the ductile nature of the welded joint. 
The population of dimple increases at high TTS (4 mm/s), 

which indicates the ductile mode of failure (observed from 
the fractography) and provides maximum tensile strength 
due to adequate heat generation during welding.

5 � Conclusions

In this study, 5-mm-thick AA2050-T84 plates have been 
successfully welded at different TTSs by keeping the other 
parameters constant through FSW. The variation in force and 
torque was studied as a function of variation in TTS, and the 
microstructure and mechanical properties of the joint are 
studied. The outcomes of the study are concluded below:

•	 The study reveals that X-force and Z-force increase (from 
1327.58 to 1943.12 N and 9435.27 to 13476.37 N), 
respectively, with increase in TTS from 1 to 3 mm/s and 
then decrease (1817.39 and 13464.71 N) with further 
increase in TTS to 4 mm/s. However, spindle torque 

Fig. 9   Fractured tensile speci-
men with top view, side view 
and higher magnified SEM 
image of the fracture surface
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increases from 2.56 to 3.98 Nm with increase in TTS 
from 1 to 3 mm/s. The heat input decreases from 0.58 to 
0.14 kJ/mm as TTS increases from 1 to 4 mm/s.

•	 The defect-free joint was produced on AA 2050-T84 
alloy at various TTSs (1–4  mm/s) at constant TRS 
through friction stir welding. With increase in TTS, the 
flashing problem has been reduced and sound weld bead 
appearance has been observed.

•	 The elongated grains were observed at the TMAZ due to 
less deformation of material, and equiaxed grains were 
observed in the NZ due to increased heat generation. 
The average grain size in the nugget zone decreases with 
increase in TTS from 19.84 to 14.86 µm.

•	 The hardness of the nugget zone increases from 115 
HV0.1 to 131HV0.1 with increased TTS from 1 to 4 mm/s. 
The maximum tensile strength of 403.2  MPa was 
observed at 4 mm/s, which is 32% more from the lower 
tensile strength (1 mm/s). The maximum weld efficiency 
of 75.5% has been reported at TTS of 4 mm/s. The tensile 
fractured sample shows the ductile mode of failure.
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