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Abstract. This study conducts an experimental investigation to explore the impact of
the traverse speed of a tool on the tensile strength and micro-structural peculiarities of
joints attained during friction stir welding of Cu alloy namely CDA 101 
at plates. In this
process, other parameters including spinning speed of tool (1100 rpm) and downward force
(6 kN) were kept constant. A tool with a cylindrical tapered pin geometry was made to
traverse at varying speeds, from 20 mm/min to 45 mm/min. It was observed that the CDA
101 joints fabricated at 20 mm/min were entirely free of 
aws, while the joints fabricated at
other traverse speeds of the tool were featured several weld 
aws. Grains in the center of the
stir zone of the joints obtained at 20 mm/min were uniformly distributed and homogeneous
due to the signi�cant volume of frictional heat and su�cient stirring force. The highest
tensile strength of 200.65 MPa (nearly 85.38% of base metal) was exhibited by the joint
attained at 20 mm/min.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Copper alloys have many use cases in di�erent indus-
trial sectors including marine systems, construction,
and transportation for encapsulating material wastes,
especially nuclear wastes, etc. This usage has become
possible due to Copper alloys' superior thermal and
electrical conductivities, unique combination of duc-
tility and strength, exemplary resistance to corrosion,
etc. [1{5].

Despite the everlasting demand for these alloys
(Cu) in di�erent industrial sectors, their usage has
been limited due to the di�culty in welding them [6{
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9]. Fusion-based joining techniques are not suitable
for copper, given that the existence of pernicious
and eruptive constituents such as zinc (present in the
alloys of Cu) and other oxides (adherent in nature)
deteriorates the welding quality [10{13]. In addition,
peculiar features of Cu alloys including larger thermal
di�usivity, elevated oxidation rate, etc. hinder success-
ful welding of Cu alloys through fusion-based joining
techniques [14,15].

Comparatively, unique and advanced solid con-
ditions of welding methodology namely Friction Stir
Welding (FSW), in which a non-esculent welding tool
accomplishes both heat (due to friction) and mechani-
cal deformation concurrently, appear to be suitable for
joining Cu alloys [16{18]. Reasons for preferring the
process of FSW for joining Cu are that the signi�cant
amount of heat input required for joining Cu alloys can
be easily provided through the FSW process. In ad-
dition, this solid-state category of welding (i.e., FSW)
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makes it possible to attain superior high-strength joints
free from cracks, porosity, and reduced levels of residual
stresses [19{22].

The process of FSW is proved to be an e�ec-
tive joining method for almost all aluminum alloys
(which could not be welded using conventional joining
techniques) ranging from 7XXX alloy series to 2XXX
series and several alloys of magnesium [23{31]. For
example, FSW of 7-series Al alloy namely 7075-T6 Al
alloy was carried out by Wen et al. [25]. In the course
of this experimental attempt, they investigated the
micro-structural and nano-mechanical characteristics
of the fabricated 7075-T6 Al alloy joints utilizing
the technique namely nano-indentation. Then, a
correlation was framed between the micro-hardness
and nano-hardness. Analysis of their experimental
observations revealed that application of the FSW
process led to the appreciable re�nement of the grains,
and the nano-hardness of each and every zone of the
friction stir welded joint exhibited indentation size
impact. Moreover, the nano-mechanical demeanor
was proven to be impacted by precipitation in the
interior of the grains. Likewise, Patel et al. [27]
performed experimentation to attain very �ne grains
in Mg alloys with 6.35 mm thickness using copper
and steel as backing plates by employing stationary
shoulder-based friction stir technique. Uniform �ne
grains were obtained from the application of steel-type
backing plates in the bottom, middle, and top regions
of the stir zone, and they were 4.12, 4.75, and 4.98 �m
in size, respectively. Concurrently, copper-type backing
plates produced very �ne grains (0.96 �m in size) in
the lower region and �ne grains (4.1 �m in size) in the
upper portion of the stir zone. The attainment of very
�ne grains contributed to a reasonable improvement in
the hardness of the parent metal by nearly 80% and its
tensile strength by nearly 24%.

Apart from joining similar alloys of Al, FSW was
proved to be very much e�ective in welding dissimilar
alloys of Al together. For instance, the experimental
work of Shunmugasundaram et al. [29] investigated
the optimization of parameters in a detailed manner
during joining of dissimilar Al alloys, namely AA6063
and AA5052, through the FSW process. A major
reason for conducting the joining of these dissimilar Al
alloys is AA6063, which is of superior strength, whereas
AA5052 is non-heat-treatable in nature and possesses
desirable weldability; thereby, the fabricated joint pos-
sesses extra-ordinary properties. In this work, the FSW
process parameters were optimized employing Taguchi-
based L9 orthogonal array. The considered parameters
included the speed of tool spinning, rate of traversing,
and the angle of tool tilt and the optimization of these
parameters aimed at the maximization of the strength
(tensile) of the dissimilar joint. A close and detailed
observation of the experimental recordings proved the

dominant role of the spinning speed of the tool in
impacting the strength (tensile) of the fabricated joint
when compared with other parameters, namely the rate
of traversing and the angle of tool tilt.

Although the process of FSW was successfully em-
ployed for joining a wide variety of similar and dissim-
ilar alloys of aluminum, only very few researchers [32{
35] made investigational attempts to join Cu alloys em-
ploying the FSW process. For example, Nagabharam
et al. [32] attempted to understand the impact of some
FSW parameters, namely the geometry of tool pin,
speed of traversing, and speed of spinning. In this
experimental e�ort, tools with 2 distinctive geometries
of pin (namely straight square and straight cylindrical)
were employed at 2 distinctive traversing and spinning
speeds. Validation of the experimental e�orts revealed
that Cu weldment fabricated at a tool spinning speed
of 910 rpm and a traversing speed of 30 mm/min in the
tool possessing square pin geometry exhibited desirable
tensile strength, compared with that of other Cu joints.

Hwang et al. [34] investigated the thermal char-
acteristics of the friction stir welded C11000 (pure
copper) joints employing thermocouples (K-type) at
distinctive locations on the surface of the plates to
be welded and these thermocouples were employed to
record the peak temperatures developed during the
process of joining. The peak temperatures of the
desirable quality joints were found to be in the range of
460�C to 530�C. Careful observations of the recorded
data also demonstrated that the surfaces of the plates
kept on the side of advancement experienced higher
temperatures, compared with the plate surfaces on
the side of retraction. The percentage of elongation
exhibited by 
awless joints was nearly 3 times larger
than that of the parent metal, namely C11000.

Despite the limited scope of research on the
impacts of parameters during the FSW of pure copper,
no investigational works were accomplished to evaluate
the impact of the speed of traverse during FSW of cop-
per alloys. Signi�cance of the traverse speed (i.e., feed
rate), its impact on the evolution of micro-structural
characteristics and joint quality, and inadequacy of
research conclusions available with respect to FSW of
copper alloys have motivated authors to perform this
research investigation.

2. Procedure for experimentation

Copper alloy namely CDA 101 is the intended material
for this experimentation. Flat plates (thickness of
6 mm, length of 150 mm, and width of 50 mm)
of this CDA 101 alloy were butt joined using the
FSW process. The composition of this material of
experimental research is described in Table 1.

The tensile strength of experimented metal was
235 MPa along with yield strength of 193 MPa and
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Table 1. Chemical con�guration of CDA101.

Material Pb Si Cr Ni P S Fe Zn Cu less than < 0:001

CDA 101 < 0:005 < 0:005 < 0:01 < 0:005 < 0:005 < 0:002 < 0:015 0.0139 Balance Mg, Sn, Al, Mn

Figure 1. Photographs of (a) idiosyncratically developed, pseudo-automatic category friction stir welding machine
employed in this work, (b) 
at plates of base metal (CDA 101 alloy) being butt welded at right angles to the direction of
rolling using FSW process, and (c) M42 grade HSS tool with cylindrically tapered pro�led pin.

elongation of 18%. Flat plates of this base metal (CDA
101 alloy) were butt welded at right angles to the
rolling direction, as seen in Figure 1(b), by employing
an idiosyncratically developed, pseudo-automatic cate-
gory friction stir welding machine, which can travel at
three distinctive axes, i.e., 400 mm vertically, 510 mm
longitudinally, and 400 mm horizontally. In addition,
they were �tted with an 810 mm � 400 mm size
work table. The photograph of this machine is shown
in Figure 1(a). Moreover, the employed FSW ma-
chine encompasses an exclusive fabricated work holding
platform so as to hold work pieces possessing the
maximum width of 75 mm and the maximum length
of 250 mm.

The employed tool possessed a 20 mm diameter
shoulder for a length of 40 mm, followed by a 30 mm
broad main shoulder for a 35 mm length possessing
a cylindrically tapered pin pro�le for a length of
5.85 mm. The photograph of this tool is displayed in
Figure 1(c). The tool used for carrying out the FSW
in this experimental work was made out of M42 grade
high-speed steel. The preeminent reason for employing
M42 grade HSS to fabricate tool in this work is that this
grade of HSS additionally contains 8% of cobalt (when
compared to other grades of HSS) and incorporation
of this cobalt signi�cantly increases the resistance of

heat of this alloy, leading to extraordinary red hardness
properties as well as reduced welding and machining
periods [36,37].

Another unique feature of this tool fabricated
using M42 grade HSS is that it can last longer than
M35, M2 grades of HSS [38,39]. The entire set of exper-
imental investigations was carried out by employing a
constant downward force of 6 kN and the tool was made
to spin at a consistent speed of 1100 rpm and the tool
was made to traverse at 6 distinctive rates including
20, 25, 30, 35, 40, and 45 mm/min.

3. Experimental inferences and deliberations

3.1. Characterization of macrostructures
Table 2 presents detailed macro-structural images of
the friction stir welded CDA 101 
at plates obtained
at 6 distinctive traverse speeds of the tool.

From this table, it can be visualized that the
macrostructure of the CDA 101 
at plate joints fab-
ricated at lower traverse speeds of the tool (i.e., at
20 mm/min) is free from 
aws. Concurrently, with
an upswing in the traverse speed of the tool (i.e.,
from 25 mm/min to 45 mm/min) and other adopted
parameters remaining constant (namely 1100 rpm and
6 kN), the 
aws and irregularities seem to get in-
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Table 2. Macrostructure of the friction stir welded 
at plates of CDA 101 at 6 distinctive traverse speeds of the tool.

Weldment
no

Traverse
speed of tool

Macrostructure of the friction stir welded plates of CDA 101

1 20 mm/min

2 25 mm/min

3 30 mm/min

4 35 mm/min

5 40 mm/min

6 45 mm/min

tensi�ed. For example, the joint obtained during
25 mm/min is present with a weld 
aw namely galling
of surface, followed by tunneling 
aws in CDA 101
joints fabricated at 30 and 35 mm/min. Likewise, the
joints attained at 40 and 45 mm/min traverse speeds
possess porosities.

3.2. Characterization of macrostructures
In order to gain a better understanding of the impact
of the traverse speed of the employed tool during
the welding of 
at plates of CDA 101 by the FSW
process, careful examinations of the respective joints
microstructure are inevitable. The photographic im-
ages of the microstructures of the metal and CDA 101
friction stir welded joints fabricated at 6 distinctive
traverse speeds of the tool are illustrated in Fig-
ure 2(a)�(g).

It can be seen in Figure 2(a) that the microstruc-
ture of the metal, i.e., CDA 101, possesses enormous
sized grains with sporadic boundaries. The matrix of
the metal exhibits the occupancy of coupled areas to-
gether with lines of assimilation. Careful observation of
the microstructures of the friction stir welded CDA 101
joints, as in Figure 2(b){(g), reveals that the process of
friction stir welding has impacted the microstructural
characteristics of this CDA 101 alloy and exceedingly
re�ned the arrangement, distribution of the grains, and
their size, especially in the region of the stir of the
fabricated joints.

At the same time, it can be observed that there

exists a legitimate volume of di�erence in the size of
the re�ned grains present in the region of the stir of
all the CDA 101 joints fabricated at 20 mm/min to
45 mm/min, compared with that of their parent metal.
This was principally due to the employment of the FSW
process for joining the 
at plates of CDA 101 alloy.
Through the FSW process, the signi�cant volume of
the generated frictional heat has facilitated grain re-
�nement, recrystallization, and distribution in a unique
and compatible manner, as proven by Patel et al. [40].

At the same time, there exists a di�erence in the
size of the grains due to the employment of 6 distinctive
traverse speeds of the tool. For example, the grains
found in the region of the stir of the joint fabricated at
the tool traverse speeds of 30 mm/min (Figure 2(d))
and 35 mm/min (Figure 2(e)) were found to be smaller
in size when compared with that of the grains present
in the joints fabricated at 40 mm/min (Figure 2(f)) and
45 mm/min (Figure 2(g)).

Likewise, the grains present in the region of
the stir of the joint fabricated at the tool traverse
speeds of 20 mm/min (Figure 2(b)) and 25 mm/min
(Figure 2(c)) are smaller in size compared with the
grains present in the joints fabricated at 30 mm/min
(Figure 2(d)) and 35 mm/min (Figure 2(e)). Thus, it
can be understood that the joints fabricated at lower
traverse speeds of the tool are found to possess �ne
sized, completely re�ned smaller sized uniaxial grains
when compared with the joints fabricated at greater
speeds of the tool traverse [41,42]. In other words, the
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Figure 2. (a) Microstructure of the metal of investigation, i.e., CDA 101alloy. Microstructure of the centre of the region
of stir of CDA 101 joints attained at (b) 20 mm/min, (c) 25 mm/min, (d) 30 mm/min, (e) 35 mm/min, (f) 40 mm/min,
and (g) 45 mm/min.

size of the grains seems to increase with an increase in
the traverse speed of the tool.

This increase in the size of the grains parallel to
an increase in the tool traverse speed occurs given that,
as mentioned by Patel et al. [43], the high traverse
speed of the tool would eventually lead to a reduction
in deformation of friction stir welded joints [44]. A
generally proven principle of recrystallization, as men-
tioned by Wang et al. [45], states that the reduced
deformation degree following the employment of FSW
for joining will increase the size of the recrystallized
grains. This escalation in the size of the grains
is usually associated with di�erent weld deformities
including surface galling, tunneling 
aws, porosities,
etc. [46,47]. As can be deduced from Table 2, the
joints fabricated at higher tool traverse speeds were
found to possess the above-mentioned defects, while
those fabricated at a lower tool traverse speed (i.e.,
20 mm/min) were completely free from defects.

3.3. Scrutiny of Scanning Electron Microscope
(SEM) images

To have a better understanding of the evolution of
microstructures in the friction stir welded CDA 101

at plates, it is required to make a comparison among
the Scanning Electron Microscope (SEM) images of
di�erent zones of the joints fabricated at lower and
higher traverse speeds of the tool, 20 mm/min and
45 mm/min. Figure 3(a) depicts the SEM image of
the metal under investigation, CDA 101 
at plate as
the alloy of copper. This image reveals the presence of
large-sized grains with sporadic boundaries.

Matrix of Cu metal also exhibits the occupancy
of the coupled areas together with lines of assimilation.
SEM images of the zones in
uenced by frictional heat
(HAZ) of the joints fabricated at 20 mm/min and
45 mm/min are depicted in Figure 3(b) and (c),
respectively. Based on the comparison of these two
�gures, it is clear that the grains of both joints in
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Figure 3. SEM image of (a) metal of investigation i.e., CDA 101. HAZ of the CDA 101 joint fabricated at (b) 20 mm/min
and (c) 45 mm/min. TMAZ at (d) 20 mm/min and (e) 45 mm/min. Zone of stir at (f) 20 mm/min and (g) 45 mm/min.

the zone being in
uenced by heat have grown to some
observable extent. At the same time, in both of the
joints fabricated at 20 and 45 mm/min, we cannot
observe any drastic change in the size of the grains
when compared with their parent metal, demonstrating
that the change in the traverse speeds of the tool
has only a minor impact on the size of the grains in
the HAZ.

Figure 3(d) and (e) portrays the SEM images of
Thermo-Mechanically A�ected Zone (TMAZ) by the
joints fabricated at 20 mm/min and 45 mm/min. The
size of the grains in the TMAZ of the joint fabricated
at 20 mm/min seems to be smaller than that of the
grains in the TMAZ of joints at 45 mm/min. It is
understood that grains in the TMAZ of the joint
fabricated at reduced traverse speeds of the tool have
experienced su�cient frictional heat and a signi�cant
amount of stirring by using the shoulder of the tool for a

longer time period compared with the joint attained at
45 mm/min, which eventually played an inevitable role
in reducing the size of the grains in the TMAZ [48,49].

Apart from this, it can be observed that in both
of the Cu alloy joints (i.e., CDA 101 
at plate joints),
the zone that is a�ected thermo mechanically is not as
apparent as observed in the case of friction stir welded
joints of aluminium or magnesium alloys [50]. This is
because no stirred or lengthened grains contiguous to
the zone of stir can be noticed. The SEM images of the
zone of stir of the CDA 101 
at plate joints fabricated
at 20 mm/min and 45 mm/min are portrayed in
Figure 3(f) and (g), respectively. By correlating all
these SEM images, we can see that the size of the grains
in the TMAZ is tinier than that in the HAZ, but larger
than those in the stir zone. The size of the grains in the
stir zone in the joint attained at 20 mm/min is quite
smaller than that of grains obtained at 45 mm/min.
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Moreover, the grains at the center of the zone of
stir of the joints obtained at the tool traverse speed
of 20 mm/min are quite �ner, uniaxially distributed,
equally spaced, and homogeneous due to the signi�cant
volume of heat and much stirring exerted by the
shoulder and pin of the tool for a su�cient period of
time [51].

Even though the size of the grains of the joint
attained at 45 mm/min is smaller than that in its
base metal, it is noticeable that they are not �ner
and equally distributed when compared with the grains
attained at 20 mm/min. This is mainly because the
employment of higher tool traverse speeds (i.e., 45
mm/min) has subjected these grains to experience
frictional heat and stirring action for a shorter period
of time and this, in turn, led to these grain size
variations and their distributions. These variations in
grain size and their distributions eventually led to the
welding defect like porosity in the joints fabricated at
45 mm/min. These �ndings prove that the traverse
speed of the tool has an undeniable role in dominating
the micro-structural features of attained joints of Cu
alloy, namely CDA 101.

3.4. Determination of the mechanical strength
Figure 4 shows a graphical comparison of the tensile
strength of the CDA 101 alloy weldments attained at
varying traverse speeds of the tool. It can be observed
that the tensile strength falls following an upswing in
the tool traverse speed. Tensile strength of the joint
attained at 20 mm/min seems to have the highest value,
i.e., 200.65 MPa (nearly 85.38% of the tensile strength
of the metal of investigation) and the lowest strength
of 147.56 MPa is exhibited by the joint fabricated at a
traversing speed of 45 mm/min.

Figure 5 depicts the locations of fracture of the
CDA 101 Cu alloy joints fabricated at distinctive
traverse speeds of the tool. Based on the careful
observation of the images of the fractured tensile
specimen of CDA 101 Cu alloy joints, we can visualize
that reasonable necking prevails around the region
of fracture for CDA 101 Cu alloy joint attained at
20 mm/min. It is implied that the macro-plastic
type of deformation has occurred in that joint during
the tensile strength test, as mentioned by Sejani et
al. [52]. At the same time, this type of necking cannot
be observed in the case of other joints when being
subjected to the tensile load test. Moreover, the joint
fabricated at 20 mm/min has encountered its fracture
on the Side of Retraction (SR) and all other joints
have encountered their fracture towards their Side of
Advancement (SA). To be more speci�c, regarding the
exact position of the exact location of the fracture
mechanism, it can be stated that fracturing of the
joint (attained at 20 mm/min) occurs along the thermo
mechanically a�ected (TMAZ) and heat in
uenced

Figure 4. Graphical illustration of the tensile strength of
the CDA 101 Cu alloy joints fabricated at distinctive
traverse speeds of the FSW tool.

Figure 5. Photographs of the fractured tensile specimen
of the CDA 101 Cu alloy joints with their exact location of
fracture being highlighted.

(HAZ) regions. However, for all other joints, the
fractures have occurred at the cavity of their defect [53].

3.5. Deliberations on SEM fractography
SEM tensile fractographic images of the joint attained
at 20 mm/min are given in Figure 6(a) along with
two highlighted portions namely 1, 2, and the enlarged
SEM images of these two highlighted regions are
displayed in Figure 6(b) and (c). From Figure 6(a),
it can be found that the fractured sample of the CDA
101 Cu alloy joint possesses a fracture morphology,
which is ductile in nature. This ductile type of fracture
morphologies usually occurs due to amalgamation of
micro voids present in its parent metal [40,45], which
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Figure 6. (a) SEM fractographic images of the tensile joints fabricated at 20 mm/min, (b) and (c) enlarged SEM images
of the highlighted portions, namely 1 and 2.

is a positive indication that FSW has resulted in
sound quality weldment. This fracture surface has
been partitioned into two regions marked by 1 and
2; the magni�ed SEM images of these two regions are
depicted in Figure 6(b) and (c).

Careful observations of the enlarged SEM images
of these two marked regions reveal that the ridges
and hole-like portions present in Figure 6(a) can be
identi�ed as dimples. These dimples are present in a
river-like pattern along with the presence of very tiny
void-like structures, indirectly con�rming the higher
ductility of the CDA 101, as a Cu alloy joint. Cor-
relation between the presence of smaller sized grains
and their uniform distribution in the zone of stir of
the CDA 101 Cu alloy joint fabricated at 20 mm/min
and the joint's tensile strength of 200.65 MPa (almost
85% of the parent metal) shows that the generation of
these exquisite sized grains in the zone of stir resulting
purely from the impact of the low traverse speed of
the tool (20 mm/min) has made the joint entirely free
from 
aws, thus providing the required ideal amount
of resistance to deformation during the tensile test,
resulting in amalgamation of the micro voids of the
parent metal and the ductile nature of the fracture
morphology.

4. Conclusions

In this experimental work, in the process of joining

at plates of Cu alloy namely CDA 101 using FSW, a
detailed investigation was carried out to understand
the impact of the traverse speed of the tool (with
a cylindrically tapered pin geometry) on the micro-
structural characteristics and mechanical properties of
the obtained joints while keeping other parameters
including speed of spinning of tool (1100 rpm) and
downward force (6 kN) constant. The derived outcomes
are mentioned below:

� CDA 101 Cu alloy joints fabricated at the tool
traverse speed of 20 mm/min were observed to be
entirely defect-free, while those fabricated at other

speeds (25 to 45 mm/min) were subject to several
weld 
aws including surface galling, porosities, tun-
neling 
aws, etc.;

� A legitimate volume of di�erence in the size of the
re�ned grains existed in the region of stir of all
the CDA 101 joints fabricated at 20 mm/min to
45 mm/min, compared with that of their parent
metal;

� CDA 101 Cu alloy joints fabricated at lower speeds
(especially at 20 mm/min) possessed �ne sized, com-
pletely re�ned smaller-sized uniaxial grains when
compared with the joints fabricated at greater tool
traverse speeds;

� Grains at the center of zone of stir of the joints
obtained at 20 mm/min were �ner in size, uniaxially
distributed, equally spaced, and homogeneous, due
to the signi�cant volume of frictional heat as well
as enormous stirring force and action exerted by
shoulder and pin of the tool for su�cient period;

� Reasonable necking prevailed around the region of
fracture for the CDA 101 Cu alloy joint attained at
20 mm/min, revealing that the macro-plastic type of
deformation occurred in that joint during the tensile
test;

� SEM tensile fractographic images of the joint at-
tained at 20 mm/min reveals that the fracture mor-
phology is ductile in nature and occurs due to the
amalgamation of micro voids, positively indicating
that employment of FSW for joining CDA 101 Cu
alloys yielded sound quality weldment;

� Tensile strength was reduced with an increase in
the tool traverse speed. Tensile strength of the
joint attained at 20 mm/min exhibited the highest
value, i.e., 200.65 MPa (nearly 85.38% of the tensile
strength of the metal), while the lowest value of
strength was exhibited by the joint fabricated at
45 mm/min traversing speed, namely 147.56 MPa.
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