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Abstract In this study, a thermal model was developed and
applied to simulate the friction stir welding of pure copper
plates with the thickness of 2 mm. The different traverse
speeds of 100, 200, 300, and 400 mm min~! and rotational
speeds 0f 400, 700, 900 rev min ' were considered as welding
parameters. Microstructural characterization, hardness mea-
surement, tensile test, and fractography were conducted ex-
perimentally. The comparison between the numerical and
experimental results showed that the developed model was
practically accurate. In addition, the results confirmed that the
peak temperature was the dominant factor controlling the
grain size and mechanical properties, where the fine grains
could be achieved at low rotational speed as well as high
traverse speed. Consequently, lower peak temperature leads
to the high ultimate tensile strength and hardness and the low
elongation values.

Keywords Friction stir welding - Copper - Grain size -

Mechanical properties - Thermal model

1 Introduction

Special characteristics of copper such as high electrical and
thermal conductivities, good combinations of strength and
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ductility, and excellent resistance to corrosion make it a good
candidate to be used in industrial areas. However, convention-
al fusion welding of copper is somewhat difficult due to issues
that the joints experience at the melting point, i.e., high ther-
mal conductivity, large distortion, solidification cracking, and
high oxidation rate. Fortunately, the friction stir welding
(FSW) has the capability to solve the problem associated with
the welding of copper and copper alloys [1-3].

Although many efforts have been made on FSW of alumi-
num alloys, investigations in the FSW of the copper and
copper alloys are relatively limited. This limitation is due to
the high melting point and the high thermal conductivity of the
copper which require more heat input to produce defect-free
joints. Recently, some researchers have studied the micro-
structures and mechanical properties of the friction stir welded
copper [4—15]. For example, Xie et al. [4] achieved defect-free
joints of pure copper at low heat input conditions, and they
also found that the grain size of the stir zone (SZ) decreases
from 9 to 3.5 um by decreasing the rotational speed. They,
moreover, indicated that the microhardness and the yield
strength of the SZ vary with the grain size through the Hall-
Petch relationship. Similarly, Sun et al. [7] developed a pro-
cess window for FSW of the copper, and showed that the
sound joints can be achieved at the traverse speeds ranged
between 200 and 800 mm min ', the rotational speeds ranged
between 400 and 1,150 rev min™', as well as the applied loads
ranged between 1,000 and 1,500 kg. They elaborated that
increasing the axial load has a more profound effect on reduc-
tion of the SZ grain size compared to decreasing the rotational
speed.

FSW parameters such as rotational and traverse speeds of
the tool influence the mechanical properties of the joints.
Thus, it is necessary to reach the best mechanical properties
by optimizing the FSW parameters. One way to optimize the
FSW parameters is using statistical equations which are ob-
tained from experimental results. For example, some
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researchers have used response surface methodology (RSM)
to optimize the FSW parameters [16-22]. Heidarzadeh et al.
[19, 20] have predicted the mechanical properties of the
friction stir welded pure copper plates with different thick-
nesses of 2 and 5 mm. They have developed the statistical
models to predict and optimize the mechanical properties of
the joints using Design Expert software. Unfortunately, the
main disadvantage of these statistical methods is the need for a
large number of trial experiments which consume time and
cost.

Another way to optimize the mechanical properties of the
FSW joints is to model the process numerically and predict the
microstructural changes in the SZ. According to the literature
[4-15], it is obvious that grain size of the SZ has the most
important role in mechanical features of the joints. Therefore,
predicting the final grain size of the SZ using a numerical
model will help to control the mechanical properties of the
joints. It is notable that the predicted optimum condition can
be influenced by FSW parameters like the traverse and the
rotational speeds of the tool, plate thickness, alloy composi-
tion, tool design, etc.

Although FSW is simple in concept, the physics behind the
process is complex, including mechanical heat generation,
heat, and mass transport. The large strains and strain rates
prevent observing the details of the process, which makes the
modeling process attractive or/and essential for understanding
it [23-26]. For the limited extent of the plate width, most of
the previous models were developed analytically in order to
formulate the heat generation, as a point source or line source
[27-29].

FSW involves a severe plastic deformation (SPD) and
dynamic recrystallization (DRX) in the SZ due to the stirring
action of the tool pin together with the elevated temperature
(due to the heat generation). The efficient method to simulate
the aforementioned phenomena is to develop a
thermomechanical model, which accounts for coupled
thermomechanical constitutive behavior of the joints. Such
models have been developed and used for FSW of Al alloys in
literatures [30, 31]. However, finding a correct constitutive
model for simulation of the flow behavior of the copper alloys
in the elevated temperature has not been introduced in litera-
ture, yet navigating the research towards the use of analytical
and thermal models.

The thermal model developed in this study is based on the
model introduced by Song and Kovacevic [32] for the moving
coordinate system. They showed that the grain size increases
with increasing of the rotation speed at a constant traverse
speed. In this study, the developed thermal model is used to
predict the grain size of the SZ in friction stir welded joints of
an oxygen-free high conductivity (OFHC) copper with 2 mm
thickness. Both the rotational and traverse speeds were con-
sidered as the welding parameters. These two parameters play
an important role in the amount of the total heat input applied
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during the process, however, this phenomenon is mostly an-
alyzed qualitatively and the conclusions have been made
based on the resultant weld defects. Therefore, the optimum
range of the rotational and traverse speeds will be an important
parameter to achieve high quality weld, since the variation of
these parameters will affect the thermomechanical condition
for the microstructural changes in the specimen. The thermal
modeling of the friction stir welding of OFHC copper is
conducted with the commercial finite element code
(COMSOL), and the generated heat is used for modeling the
grain growth in the SZ. The results of numerical modeling are
compared with the results obtained by corresponding
experiments.

2 Experimental methods
2.1 Mathematical model

The heat flux in FSW is primarily given by:
pc,T + Q" = V-AVT (1)

where Q%" is the volumetric heat source term arising from
plastic dissipation (W/m?), p is the density of materials, Cpis
the mass specific heat capacity, k is the coefficient of thermal
conductivity, and 7 is the temperature.

Tool movement during the process would require a fairly
complex model as a moving heat source. Based on the previ-
ous work [32] a moving coordinate system is used in the
present study, which is fixed at the tool axis. In order to
simplify the model, the coordinate transformation assumes
that the copper plates are infinitely long (see Fig. 1). This
means that the analysis neglects effects near the edges of the
plates. Neither does the model account for the stirring process
in the copper and material flow from the front to the back of
the rotating tool. Moreover, the model geometry is symmetric
around the weld. It is therefore sufficient to model only one
copper plate. Fixing the coordinate system, thus changes the
heat flux (Eq. 1) taking account for the conductive term, as
follows:

V-(=kVT) = O—pcou-VT (2)

where u is the velocity of the tool.
The heat generated at the interface between the tool pin and
the workpiece as a surface heat source is modeled as below

[32]:
g,(T) = ——=

mrprav(T) (3)
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Fig. 1 Schematic illustration of
the geometry used in this paper

where 11 is the friction coefficient, 7, is the pin radius, w
denotes the pin angular velocity, and Y, refers to the average
yield stress of the material. The average yield stress, as a
function of the temperature, is approximated with an interpo-
lation function determined from experimental data [33] shown
in Fig. 2.
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Fig. 2 Interpolation representing yield stress (MPa) vs. temperature (°C)
for pure copper

Fig. 3 a The microstructure of
BM, and b The utilized FSW tool

Infinite domains

The heat at the interface between the shoulder and the
workpiece is formulated by the local heat flux per unit area
(W/m?) at the distance  from the center axis of the tool:

— (MFn/As)wr T< Tmelt
qs(r’ T) - { 0 Tszelt (4)

where F, represents the normal force, A is the shoulder
surface area, and T, is copper melting temperature.

For initial grain size G; and final grain size Gy, the energy O
released by grain growth is:

0- 37(&%‘%) (5)

Where + is the areal energy density of grain boundary and
is equal to 0.5 J m > for Cu [34]. In this study, the Eq. 5 is
modified and used for the grain growth through the generated
heat during the FSW process.

2.2 Experimental details

OFHC copper plates of 50 mm wide, 100 mm long, and 2 mm
thickness were used as a base material (BM). These plates
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Fig. 4 Temperature distribution in the weld with the traverse speed of
400 mm min ' and the rotational speed of a 400 rev min ', b
700 rev min ', and (c) 900 rev min” '

were annealed at 650 °C for 1 h before welding. The micro-
structure of the BM is presented in Fig. 3a. A simple
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Fig.5 Temperature distribution in yz-plane and along the y-direction, for
different rotational speed of a 400 rev min", b 700 rev min *, and ¢
900 rev min '

cylindrical tool was made of H13 tool steel and used for
FSW as illustrated in Fig. 3b. The pin diameter, shoulder
diameter, and pin length were 3, 12, and 1.75 mm,
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Fig. 6 a Surface of a defect-free joint welded at 900 rev min '
400 mm min ', b Surface of a joint with a tunnel type defect welded at

400 rev min '-400 mm min”'

respectively. A conventional milling machine with 3° tilt
degree of the tool relative to the work piece was used for
conducting the experiments.

The plates were clamped firmly on the steel backplate, and
then single pass butt FSW was conducted at different traverse
speeds of 100, 200, 300, and 400 mm min ! and various
rotational speeds of 400, 700, and 900 rev min . After visual
inspection of the welded sample surfaces, the microstructural
features were examined by the optical microscopy (OM). For
this purpose, the metallographic samples cross-sectioned from
the joints transverse to the welding direction, then polished
and etched with a solution of 20 mL nitric acid and 10 mL
acetic acid to disclose the microstructure. Average grain size
in the SZ of the different joints was calculated by analyzing at

Fig. 7 a Typical macrostructure Advaneing side (AS)

of a joint welded at

700 rev min '=200 mm min"', b
and ¢ microstructures of the
TMAZ region at advancing side
(A4S) and retreating (RS),
respectively

least three images using Clemex image analysis software. This
software differentiates dissimilar grains via a range of color
contrast and then computes related diameter Dgq of every
grain from its area using the following equation [35]:

44
Dpq = 12247,/ — (6)
7T

where 4 is area (um?®). The Vickers hardness test was con-
ducted along the centerline on the traverse cross-section of the
joints using a 100 g load for 10 s. Also, five tensile samples
were prepared according to the ASTM: E8M standard and
tensile tests were conducted at a cross head speed of
1 mm min"'. Furthermore, type K thermocouples were used
to quantify the temperatures during FSW at the bottom of the
plates, exactly on the joint line.

3 Results and discussion
3.1 Temperature distributions

The results of simulation for the FSW of OFHC copper with
different rotational speeds are illustrated in Fig. 4. As it can be
seen, by increasing the rotational speed, the temperature dif-
fusion in the weld width is increased due to the higher values
of the generated heat. However, a closer look at the tempera-
ture profiles in the yz-plane (perpendicular to the traverse
direction) shows that in the reduced traverse speed (no matter
what the rotational speed is), the temperatures are quite dis-
tributed evenly, see Fig. 5.

Retreating side (RS)
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400400, e 700-100, f 700-200, g 700-300, h 700400, i 900-100, j 900-200, k 900-300 and 1 900400

3.2 Macro- and microstructural characterization

Defect-free joints can be reached at all of the conducted
rotational speeds of 400, 700, and 900 rev min~!. However,
it is notable that the tunnel defect form in joints welded at
400 rev min '-200 mm min ', 400 rev min '=300 mm min ',
and 400 rev min_'—400 mm min . These defects are attrib-
utable to the combination of parameters: insufficient rotation
speed combined with excessive traverse speed at constant
axial force. In these cases, the welded parts cannot be properly
stirred and mixed together, and hence a tunnel is created,
running along the entire weld [19]. Therefore, it can be con-
cluded that the rotation speed of 400 rev min ~' may not be a
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good parameter for producing defect-free joints. The surface
of a defect-free joint and a tunnel type defect are illustrated in
Fig. 6a and b, respectively.

A typical macrostructure of the joints with microstructural
details is presented in Fig. 7. It reveals that the macrostructure
of the joints consists of three different areas including SZ,
thermo mechanically affected zone (TMAZ) and BM. The
heat affected zone (HAZ) is not detectable in the welds due
to high thermal conductivity of the OFHC copper.

The SZ microstructures welded at different conditions are
shown in Fig. 8. Moreover, the average grain sizes of the SZ
for the joints (d) are illustrated in Fig. 9a for both the exper-
iments and the thermal model. According to Figs. 7a and 8,
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the SZ of the joints have finer grain size compared to the BM.
The coexistence of deformation and temperature during FSW
cause to dynamic restoration phenomena such as dynamic
recovery and recrystallization (DRV and DRX). Therefore,
the fine and equiaxed microstructures in the SZ are the results
of DRX. As seen from Fig. 9a, the average grain size increases
with increasing the rotational speed (at a constant traverse
speed). Furthermore, at a constant rotational speed, the higher
traverse speeds lead to smaller SZ grain sizes. It has been
demonstrated that the grain size of the SZ is affected mainly
by two thermomechanical factors including degree of defor-
mation and peak temperature during FSW [9]. Higher rota-
tional speeds (at constant traverse speed) cause to higher
deformation degrees and peak temperatures, while higher
traverse speeds (at constant rotational speed) lead to lower
ones. Additionally, increase in degree of deformation and
decrease in peak temperature result in finer SZ grain sizes.
Thus, it can be concluded that in this study the dominant factor
is peak temperature of the SZ during FSW. The SZ peak
temperatures (7;,.x) determined by both numerical modeling
and experimental result are shown in Fig. 9b. As it is seen
from Fig. 9a, b, the numerical modeling and experimental
results are in good agreement. However, there is a little dif-
ference between them, since the mechanical deformation and
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Fig. 10 Influence of /3 on the predicted and measured grain size (d)

the resultant heat generation in the developed thermal model
has been neglected.

Recently, some investigators have shown that w?/v ratio
(which we call it here as (3) has a considerable effect on the SZ
peak temperature and corresponding grain size during
FSW of different alloys [35, 36]. For example, Commin
et al. [36] established a relationship between the SZ
temperature (7) and the process parameter (w, v) for
aluminum alloys as follows:

T 5 W\
7,k (10“-v> )

where T, is the alloy melting point, and the constants o and K
can respectively vary between 0.04-0.06 and 0.65-0.75 [37].
The influence of the different w?/v ratio (3) on the produced

Fig. 11 Low magnification of the SZ microstructure in the joint welded
at 400 rev min~'—400 mm min"', revealing the onion rings
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Fig. 12 a The average microhardness of the SZ for the different welding
conditions, b the average microhardness of the SZ vs. the reciprocal of the
square root of the grain size

grain size (which in essence can be correlated to the peak
temperature of the SZ) for the different FSW conditions are
illustrated in Fig. 10. From Eq. 7, it is notable that higher
w?/v ratio produces higher peak temperature. As a conse-
quence, the grain size of the SZ will increase which is
shown in Fig. 10 for both experiments and the thermal
model. The critical temperature for the dynamic recrystalli-
zation, deformation temperature (7), and the strain rate (¢)
are related by the Zener-Hollomon parameter (Z) equation
[36]:

Z—cexp (%) 8)

where, QO is activation energy, R is the gas constant. In
addition, the relationship between dynamically
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Fig. 13 a Ultimate tensile strength of the joints welded at different
conditions, and b correlation between the average grain size and UTS

recrystallized grain size (d) and Z during
thermomechanical processes of alloys can be stated by
the equation [38]:

d=azb 9)

where a and b are constants. For dynamic recrystallization, the
exponent b usually has a negative amount. By substituting
Eq. 8 into Eq. 9 and then taking the natural logarithm, the
resulted formula will be as follows:

Ind = Ina + bln(e exp (Q/RT)) (10)

According to Eq. 7, the SZ temperature is a function of w
and v amounts, as higher w and lower v result in higher
temperatures, respectively. Also, based on this equation, the
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Fig. 14 Tensile elongation of the joints welded at different conditions

effect of w (with exponent of 2) is more than that of v (with
exponent of 1). The impact of w on the microstructural and
mechanical properties during FSW of pure copper has been
emphasized by some researchers [19]. From Eq. 10, it can be
concluded that higher SZ temperatures (higher w and lower v)
cause lower amounts of Z and hence higher d amounts.

One of the microstructural features that have been detected
in this investigation is onion rings. The formation of the onion
rings can be elucidated by different reasons such as the geo-
metrical effect, the differences in grain size, and the particle-
rich bands [4]. The SZ microstructure of the joints (Fig. 8)
reveals that the onion rings in this study appear at the lowest
peak temperature or heat input condition (i.e., for the joint

Fig. 15 SEM fractographs of
tensile specimens welded at: a
and b lower peak temperatures
(700 rev min '-400 mm min ), ¢
and d higher peak temperatures
(900 rev min_'~100 mm min ")

i
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welded at 400 rev min "' and 400 mm min"). The onion rings
shown in Fig. 8d is illustrated at lower magnification in
Fig. 11. For other FSW conditions, the onion rings vanished.
The origin of the onion rings cannot be related to the particle-
rich bands due to absence of particles in the BM. Hence, it is
suggested that this phenomena is associated with variation of
grain sizes, which are formed because of inadequate deforma-
tion or different amount of deformation experienced by the
material at very low heat input condition.

3.3 Mechanical properties

The variation of the average microhardness of the SZ for the
joints is illustrated in Fig. 12a. As seen, the lower rotational
speed and higher traverse speed cause to higher hardness
values in the SZ of the joints. The grain size of the SZ, which
was predicted by thermal model and measured from the ex-
periments are correlated to the microhardness values. The
result of such correlation between the average microhardness
of the SZ of different joints is plotted vs. the reciprocal of the
square root of the grain size in Fig. 12b. It is seen that the
hardness distribution in the SZ follows the Hall-Petch rela-
tionship. Accordingly, the Hall-Petch linear relationship can
be presented as follows:

HV = 66.433 +80.6 x d /> (11)

where HV is the average microhardness of the SZ, and d is
average grain size of the SZ. Equation 11 confirms that the
finer grain size causes higher hardness, as the finer grains

"\ d L
M~ /AccV SpotMagn Det WD ——— 20um
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consist of more grain boundaries, which are the major hin-
drances to the dislocation slips [35].

The ultimate tensile strength (UTS) variation of the joints
produced by FSW with different process parameters are illus-
trated in Fig. 13a. It can be seen that by increasing the
rotational speed from 400 to 700 rev min ' for each of the
traverse speeds, the UTS of the joints will increase (neglecting
the UTS value for the case 400 rev min '—100 mm min ).
From the experimental view point, this is the region where the
recrystallization of the grains occurs and the finer grains
promote better mechanical properties. However, by further
increase of the rotational speed from 700 to 900, the UTS
values of the joints will decrease. This is attributed to the grain
growth of the recrystallized grain due to the generated heat
[20]. At FSW conditions of 400 rev min '-200 mm min ',
400 rev min '~300 mm min ' and 400 rev min '—
400 mm min ", the defects form in the joints which cause to
lower UTS. Formation of defects is attributed to the inade-
quate heat generation and plastic flow during FSW [19].
Moreover, according to the previous results shown in the
present study, higher traverse speeds results in lower heat
input conditions (lower peak temperatures in Fig. 9b), lower
grain sizes (Fig. 9a), and hence higher UTS.

The predicted values for the grain size can be converted to
the UTS values using the Hall-Petch relation [32], and know-
ing that UTS=(1.1-1.3) YS [39]. This leads to a semi-
empirical relation for the numerical correlation between the
grain size and the UTS shown in Eq. 12. The comparison
between the numerical results and the experimental one is
shown in Fig. 13b.

UTS = 1.17 x (12.77 + 520 x d’l/z) (12)

Figure 14 shows the effect of rotational and traverse speeds
on the tensile elongation (TE) of the joints. Seen from Fig. 14,
an increase in the rotational speed will cause to increase in TE
of'the joints continuously where the decrease in traverse speed
results in the increase in TE. Higher rotational speeds and
lower traverse speeds lead to removal of the defects in the
joints and hence higher TE. Also, increasing the rotational
speed and decreasing the traverse speed produces enough heat
for metallurgical transformations such as grain coarsening,
growth of participates, and lowering of dislocation density at
SZ of the joints [18-20]. In this study, according to Fig. 9a, b,
higher peak temperatures lead to coarser final grain sizes.
Furthermore, higher peak temperatures may result in lower
dislocation densities, and thus higher TE. This statement has
been supported by SEM fractography of the tensile samples.
As designated in Fig. 15, the higher peak temperatures during
FSW result in more dimples and fewer large voids
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(Fig. 15c¢, d) in the fracture surface compared to lower peak
temperatures (Fig. 15a, b).

4 Conclusions

A thermal model was developed to predict the grain size and
mechanical properties of the friction stir welded OFHC pure
copper joints, and the following results are achieved from
numerical and experimental results:

1. Defect-free joints can be achieved at different FSW con-
ditions except for very low heat input conditions, i.e.,
400 rev min '=200 mm min~ ', 400 rev min -
300 mm min "', and 400 rev min '~400 mm min .

2. The numerical and experimental results for the grain size
of the joints are in a good agreement. The results show
that higher rotational speed and lower traverse speed
cause to higher peak temperature, and hence higher grain
size. Consequently, the peak temperature was the domi-
nant factor controlling the grain size of the joints.

3. The hardness distribution in the SZ follows the Hall-Petch
relationship. Finer grain sizes lead to higher hardness of
the joints.

4. In the case of the UTS, the numerical results are in
agreement with experimental ones for defect-free joints,
and UTS of the joints increase with decreasing the grain
size. For defective joints, the numerical results are higher
than the experimental ones, because defect formation is
not considered in the model.

5. Higher rotational speeds and lower traverse speeds, or
higher heat input conditions, cause to increase TE of the
joints. The fracture surfaces of the joints welded at higher
heat input conditions reveal more dimples and fewer large
voids compared to the joints welded at lower heat input
conditions.
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