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Abstract

One of the important issues in the process of Friction Stir Welding (FSW)
is to determine the thermal history and its distribution in the work piece
during the welding process. Several analytical and empirical relations have
been suggested to estimate the amount of heat transferred to the work piece;
one of the relations is Frigaad relation. In the present study, thermal history
was determined for joined parts of copper sheets under various welding
conditions by Frigaad relation and numerical method. Furthermore, results
were compared with the experimental results which had a good agreement
with numerical results. In addition, the thermal field was also determined for
any welding conditions and at any given moment. By conducting this study,
it is evident that the traverse velocity change mainly affects the amount of
transferred heat and change in rotational speed dramatically changes the
temperature of the process.

Nomenclature
A Area of the format channel moistened by q Rate of heat transferred to the cooling
water water
h Convective heat transfer coefficient m Cooling water mass rate
N Rotational speed P Pressure
q Rate of net heat input c Heat capacity
Gnet Net heat transferred to the workpiece R Tool radius
T Temperature v Traverse speed
o Dynamic friction coefficient w Angular speed

1. Introduction

als. It can be used to connect pieces of different ma-
terials as well [4-6]. The method was invented and in-

Friction Stir Welding (FSW), as a solid state joining
process, is widely utilized to weld various materials
that are difficult to fusion weld. This method was orig-
inally invented for connecting aluminum parts but its
usage was quickly extended to other materials such as
magnesium, copper, steel, titanium, nickel alloys [1]
and many polymeric [2] and thermoplastic [3] materi-
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troduced by The Welding Institute (TWI) in England
in 1991 [7].

Recently, by expanding the application of copper
and its alloys as a structural material, the demand
for this method of welding has grown [8], accordingly
copper was chosen for the present study. One of the
significant issues in FSW is to determine the thermal



A Numerical and Experimental Investigation into the Effect of Welding Parameters on Thermal History in

Friction Stir Welded Copper Sheets: 1-9 2
Table 1
The material properties of concrete specimens.

Cu Ag Be Co Cr Si Ni Fe Al Mn P Sn Pb Zn

Base Trace < 0.001 0.01 <0.002 <0.006 <0.006 0.01 Trace 0.01 0.02 <0.01 <0.01 <0.01

history and its distribution in work piece during the
welding process [9]. The importance of the issue is
of two fold: first, we can determine whether welding
is possible or not in a particular condition. Second,
the thermal history and its distribution in a piece af-
fect the residual stress and grain size, thus it affects
the weld strength [9]. Hence, a lot of researchers have
attempted to provide experimental strategies or ana-
lytical models to determine thermal distribution in the
work piece [9]. For example, Hwang et al. could specify
the thermal history in the specific parts of workpiece
through placing thermometers in aluminum sheets and
welding them using the mentioned method [9]. Also,
Xue et al. evaluated the thermal effect on the mechan-
ical properties of obtained welds via FSW on copper in
water and air and at different temperatures; the max-
imum temperature was also determined [10]. Fujii et
al. specified the thermal history on the underside of
the steel sheets connected by friction stir method by
putting thermometers on the welding boundary line
[11]. Imam et al. compared the relationship between
mechanical and microstructural properties of stir and
heat affected zones of aluminum alloys using tempera-
ture monitoring [12].

Along with the conducted analytical and experi-
mental studies, several numerical methods were devel-
oped for determining the field of thermal distribution
and its history in some parts of work pieces. For in-
stance, using DEFORM-3D software, Buffa et al. could
specify the thermal field in two parts of AA6060-T4
aluminum pieces connected by FSW [13]. Moreover,
using Euler model, Jacquin et al. determined the ther-
mal history and distribution in AA6060-T4 aluminum
sheets and then compared them with values obtained
from the test [14]. Al-Badour et al. achieved the
values of maximum temperature in FSW of AL6061-
T6 aluminum through presenting Eulerian Lagrangian
model and compared them with experimental values
[15]. Darvazi et al. determined thermal history and
field for some specific parts of steel sheets and com-
pared them with experimental results [16].

In the present study, two copper pieces were welded
together by the friction stir method under different
welding conditions; the thermal history was also deter-
mined experimentally in specific parts of these pieces.
Additionally, using numerical method and LS-Dyna
software, the thermal history was determined at the
same parts under the same circumstances and the ob-
tained results were compared with experimental re-
sults.

2. Experiments

The material used in the study was copper. In terms
of the weight percentage of its constituent elements,
the chemical composition of the mentioned material is
based on Table 1.

To perform the test, copper sheets were cut at di-
mensions of 5 x 50 x 135mm?® and carefully sanded and
polished so that after putting them together, no air
would be trapped between themto weaken the weld.
Then, sheets were longitudinally placed mutually side
by side and by the help of the die used in the experi-
ment, were quite stable to each other. Fig. 1 shows a
portrait of the primary samples and samples of given
weld with the conditions mentioned in Table 2. Also,
the part whose temperature has experimentally and
numerically been measured for each welding mode has
been indicated in the Fig. 1(a). A view of the die and
pieces fixed is given in Fig. 2. Also Fig. 2(b) shows
how the samples were put in the die.

Fig. 1. a) The primary samples, b) Welded piece ac-
cording to the first conditions on Table 2, ¢) Welded
piece according to the second conditions on Table 2,
d) Welded piece according to the third conditions on
Table 2.

As it is known, the process of friction stir and the
movement of rotary tool in the base material make its
grain size and as a result, improve its mechanical prop-
erties. However, the heat transferred to the base ma-
terial causes the grain growth. Therefore, it is always
tried to do the process of friction stir welding at low
temperature which has also been mentioned in almost
all articles and references on the issue [11,17]. This
shows the high importance of cooling during the pro-
cess of friction stir. Accordingly, the die equipped with
the cooling system was used in the study.
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Table 2
Table of specific heat capacity and thermal conductivity coeffi-
cient of copper at various temperatures [22].

Investigated Rotational speed, Traverse speed, v
cases N (rpm) (mm/min)

Case 1 500 56

Case 2 500 112

Case 3 710 56

Coolant inlet

Welded specimen

Fig. 2. a) A view of the used die and tools, b) Pieces
trussed in the die after doing the process.

In order to do the process of cooling, a piece of
copper having dimensions of 100 x 100 x 10mm? with
two rather large grooves having the dimensions of
100 x 30 x 6mm? was installed at the bottom of the
dies Accordingly, the cooling water can pass with mass
rate of 7 = 0.019kg/s into the die. Die and copper
sheet are shown in Fig. 2(a). These two grooves are
beneath the copper sheet of the die and water enters
into the die through two hoses as shown in Fig. 2(a)
and exits from it. Copper was chosen for the bottom
of the die because of its high thermal conductivity.

Rotary tool used for conducting FSW process in-
cludes a shoulder with a diameter of 20mm and a pin
with a diameter of 8mm and length of 4.7mm. In or-
der to improve the material travels, some threads were
created on the pin which letting the material moveb
etter around the instrument and to some extent it will
move the axis. This tool is shown in Fig. 3. Tilt angle
was considered to be 2.5 degrees.

In order to investigate the thermal history and field
in various modes, copper sheets were welded to each
other under different welding parameters. So, by weld-
ing in different cases and using trial and error method,
suitable welding parameters for successful welds on the
aforementioned samples were determined. If the rota-
tional speed and the travers evelocity are shown by N

and v, the mentioned conditions can be summarized
according to Table 2.

20

- ) L Pin
—» 8 e - Shoulder
2 A1)
=/

4,7‘,

Fig. 3. Used tools (dimensions in mm).

An infra-red thermometer was used to measure the
temperature in work piece. The thermometer was fixed
on the table of milling machine and moves with it (Fig.
4). The thermometer temperature reads the thermal
values for a particular point at any time and instan-
taneously sends the obtained information to a man-
ual computer to record via a receiver. So, by focusing
the thermometer on specific point of the surface of the
workpiece, its thermal history can be recorded instan-
taneously on the computer. This particular point is
the midpoint of one of the two sheets that should be
welded together.This midpointis part of the upper sur-
face of the sheet way from the center of weld line with
the size of 25mm and the end of the work piece with
the size of 67.5mm.

Die and spec'juen /

/Infrared thermometerss

f\l

‘ ~—~—____ datarecording

.aptop for

Fig. 4. Thermometer installed on the table of angle
grinder for measuring instantaneous temperature.

Here, it should be noted that in the process of FSW,
the direction of the rotary tool on which the rotation of
the tool is in the same direction with its movement is
called advancing side and the rotation of the tool on the
opposite direction with its movement is called retread-
ing side. It should be noted that the part on which
the thermometer was focused and thermal history was
recorded wason the advancing side in all modes exam-
ined in the study.



A Numerical and Experimental Investigation into the Effect of Welding Parameters on Thermal History in

Friction Stir Welded Copper Sheets: 1-9

In order to determine stress-strain diagram for the
base metal at various temperatures, the standard sam-
ples of tensile test were prepared based on ASTM-E8
standardas shown in Fig. 5. The true stress-strain
diagram from tensile test was obtained at two tem-
peratures of 700°K and 800°K. These temperatures
were chosen because they were approximately maxi-
mum that work pieces experienced on the modes men-
tioned in Table 2. These temperatures were measured
by infra-red thermometer exclusively behind the tool
in each welding mode.

Fig. 5. a) Tensile testing machine and furnace in-
stalled on it b) Standard samples of tensile test.
120
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Fig. 6. True stress-strain diagram of the base metal
at various temperatures.

3. Simulations

In order to simulate and determine the thermal field
numerically in work piece, LS-Dyna software was used.
For modeling the process of welding in the software,
the option of thermal weld was used. This was partic-
ularly included to simulate the process of welding in
the mentioned software. Using this option, the rotary
tool that is the thermal generator in the process of fric-

4

tion stir can be modeled as a heat source and moved
along the surface of work piece with the desired speed.
By moving this heat source on the work piece, the heat
is transferred to the work piece and the temperature of
the work piece increases at various parts based on the
heat transfer rate.

To determine the produced heat rate within the
process of friction stir by the rotary tool, relations pre-
sented in various references for this purpose can be
used. One of these relations is the one provided by
Frigadd et al. [18] and was usedfor calculating the heat
generated by the tool. This relation is as follows:

(1)

Where ¢, u, P,w and R are the rate of net heat input
(W), the coefficient of dynamic friction, pressure (Pa),
the angular speed (rps) and tool radius (m), respec-
tively. According to Frigadd, the rotational speed of
tool and its radius have the greatest effect in the re-
lation. Moreover, Frigadd et al. [18] suggested that
the rate of “P” can be considered equal to flow stress
at the temperature of the process [18]. In order to
measure the validity of the mentioned relation, some
sheets were with different aluminum materials and sub-
sequently the process of FSW was conducted on them.
Frigadd et al. experimentally obtained the tempera-
ture by placing thermometers in samples. Then the
results were compared with the above relation. By
performing this test, it was found that there is a good
agreement between the experimental results and those
obtained from the relation [18]. After Frigadd, other
researchers such as Chao and Qi [18] and Khandkar
and Khan [18] confirmed the validity of the relation
suggested by Frigadd through tests on other materials.

In the preset study, to obtain the rate of produced
net heat, the above relation was used. In so doing,
the dynamic friction coefficient between tool and work
piece was considered equal to 0.36 [19]. P-Value was
equal to the flow stress for the material of work piece
at the considered temperature according to the dia-
grams given in Fig. 6. As we know, the flow stress is
the stress under which the material stress suffers from
plastic deformation. As given in Fig. 6, it can be found
that after crossing the yield stress and entering to the
flow area, the true stress-strain diagram of copper at
high temperature becomes first ascending and then de-
scending and there after, it will be horizontally and
fairly constant in a way that the more the temperature
is high, the more the rate of ascending and descend-
ing will decrease and the longer horizontal part of the
diagram will be. Therefore, using Eq. (1) and obtain-
ing the rate of produced heat at the clear temperature
and a specified rotation of tool (N), a constant number
should be used and this number, i.e. the flow stress
of work piece material was considered as the stress of
horizontal part of stress-strain curve in Fig. 6. Thus,

4
q= §7T2/J,PUJR3
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P was considered at the temperature of 700°K equal
to 72MPa and 800°K equal to 61MPa.

According to what was said, to calculate the rate of
transferred heat at the rotation of 500 rpm using Eq.
(1), it can be written:

4
g = §7T2quR3 (2)
4 ‘
= g7r2(0.36)(72 x 10°Pa) (E)é)()()rps) (10 x 1073m)3

= 2842.45W

Also, to calculate the rate of transferred heat at the
rotation of 710rpm using Eq. (1), we have:

q= §w2(0.36)(61 x 10° Pa) (%rps) (10 x 10 *m)?

= 3419.62W (3)

To consider boundary conditions, it was assumed that
10% of the heat created by the tool is wasted through
the tool itself and the thermal conductivity [20]. There-
fore, it was assumed that 90% of the heat created by
the tool is spent to do the process. So, for the two
above-mentioned states, the net heat transferred to the
work piece cases at the rotation speed of 500rpm could
be written:

Gnet = 0.9 X 2842.45W = 2558.2W (4)

At the rotation of 710 rpm:

Gnet = 0.9 x 3419.62W = 3077.65W (5)

It was also assumed that water with the ambient tem-
perature passes through two channels of copper sheet
and exchanges the heat through (convective) transmis-
sion with the copper sheet and as a result, work piece.
All cases of heat exchange during the heat transfer-
are negligible and can beignored; for example, the rate
of transferred heat by the work piece to air or small
components of the die.

If the specific heat capacity of water is considered
as ¢ = 4200J/kg.°K [21], to obtain the outlet water
temperature of the format, we can write:

At the rotation of 500rpm:

q.net = mcAT —
9558.21 = 0.019kg/s x 4200J /kg,° K x AT
= AT = 32°K

(6)

At the rotation of 710 rpm:
3077.65W = 0.019kg/s x 4200.J/kg,° K x AT
— AT =38.6°K

The water temperature at the inlet to the die was
298°K. Therefore, the water temperature at the outlet

would be 330°K at the rotation of 500rpm and 336.6°K
at the rotation of 710rpm. To perform the simulation,
the average temperature of the inlet and outlet was
considered as cooling water temperature, i.e. temper-
atures of 314°K and 317.3°K can be regarded for rota-
tions of 500rpm and 710rpm respectively.

To calculate the convective heat transfer coefficient
(h), the relation of convective heat transfer was used:

(8)

In the above relation, ¢ is the rate of heat transferred to
the cooling water (W) and A is the area of the format
channel moistened by water. Soit is as below:

i = ARAT

A=2x(6+30+6) x 100jmm? = 8.4 x 10~ 3m?
(9)

Now, given that the heat that the copper sheet at the
bottom of die takes from work piece is directly trans-
ferred to cooling water, we have:

i =i = ARAT = imeAT
_mc  0.019kg/s x 4200/kg.° K
= == 8.4 x 10-3m2

= 9500W/m?*.° K

(10)

However, it should be noted that h coefficient is not of-
ten a constant value and depends on parameters such
as the length of the pipe (channel), Nusselt number,
etc., but the value obtained from the above relation
can be accepted as average h in the channel.

Given that the specific heat capacity and thermal
conductivity coefficient of copper have different values
at various temperatures, these two quantities were in-
troduced to software in terms of temperature and ac-
cording to Table 3 [22].

In order to approximate the simulations to the con-
ducted experiments, thermal source (welding tool) was
considered as a fixed point in space and right above
the two half of work piece and at the beginning of the
weld line. In fact, two halves of work piece are passed
under the thermal source with constant speed. Each
half of work piece was classified by 2700 cubic elements.
As it was explained in the section of experiments, two
halves work pieces with copper sheets at the bottom
of the dieplay a significant role in heat exchange, so
the exchange should be considered in the simulation.
Therefore, copper sheet of the die and two water pass-
ing channels were modeled with the help of 2800 cubic
elements. Given that the work piece became practi-
cally tight on the copper sheet of the die by the die
constraints and completely contacted with it at any
moment, classifying the elements of work pieces and
copper sheet was done in the way that nodes of ele-
ments overlapped at their common surface and then,
nodes consistent with each other were connected desir-
ably do the heat exchange between two halves of the
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work pieces and copper sheet of the die. So, the num-
ber of elements is totally 8200 and the number of nodes
is 11572. Fig. 7 shows an image of full model.

Fig. 7. An image of full simulation model.

Table 3
Table of specific heat capacity and thermal conductivity coeffi-
cient of copper at various temperatures [22].

Temperature Thermal conductivity = Heat capacity
(°K) (W/m°K) (J/Kg°K)
200 412 343

350 396 391

500 387 403

650 376 425

800 365 437

950 355 455

1100 345 468

1250 334 478

So, there is no need to define the contact between
various components of the issue. In this simulation,
due to its high accuracy, the model of piece wise lin-
ear plasticity material was used. Using this model, the
parts of stress-strain diagram of the material are iden-
tically presented to the software without need for the
curve fitting. The copper density was considered equal
to 8900 kg/m? and the initial temperature of all com-
ponents equal to 298°K. The boundary conditions of
this simulation werealso the heat conductive exchange
with welding tools and the heat velocity exchange with
cooling water.

Through simulations, the thermal field could be

T.150e-02
6170002
9002
€0120e02
58302
52830402 |
48740402
44%ar02 |
PRI )
1136402
3357402
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easily achieved at any time and for any welding mode.
Fig. 8 shows the thermal field in three different welding
modes and when welding tool is located in the middle
of the sheet. Also, Fig 9(a) indicates the thermal his-
tory for a part of work pieces whose thermal history
was experimentally measured and Fig. 9(b) reveals
the thermal history for the part which the heat source
passes on and places in the middle of the intersection
line of two pieces. In order to compare the experimen-
tal results with simulation results, the diagrams of the
thermal history of each methods were obtained invar-
ious modes mentioned in Table 2 and compared with
each other.

4. Results and Discussion

According to Fig. 9, it is evident that the effect of
rotational speed of tool on the maximum rate of tem-
perature is much more than the effect of its traver-
sevelocity. Fig. 9(b) reveals that 100% increase in
the traverse velocity from 56mm/min to 112mm/min
has led to decrease in the maximum temperature from
715°K to 693°K which is by no means a significant
value. If the rotational speed increases from 500rpm
to 710rpm, accordingly 24-percentrise, then the maxi-
mum temperature will increase from 715°K to 802°K.
Furthermore, according to diagrams in Fig. 9, in can
be seen that although increasing the traverse velocity
has no little effect on the thermal rate experienced in
the desired parts, it causes that each part experiences
the related temperature at less duration,i.e. transfer-
ring less heat. Moreover, according to Fig. 9(a), it can
be understood that by increasing the rotational speed
of the tool, the considered parts of work piece bear
more temperature and an increase in the temperature
is visible. Therefore, in summary, it can be said that
the traverse velocity change mainly affects the trans-
ferred heat rate and the change in the rotational speed
dramatically changes the temperature of the process.

6.9020+02
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5.826e 02
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Fig. 8. Thermal field in three different modes (according to Table 2) of welding: a) Mode 1, b) Mode 2 and c)

Mode 3.

In Fig. 10, the thermal diagrams obtained from
the experiment and simulation are compared with each
other. According to these diagrams, it can be found
that the simulation diagrams are lower than the dia-
grams obtained from the experiment because the esti-
mated heat rate is slightly less than the true heat rate.
This is because in estimating the heat rate, flow stress
was considered to be equal to the flow stress of horizon-
tal part of the diagram; the overall flow stress is slightly
higher than this value. However, in large strains which
occur in the friction stir process, this part of the di-
agram is not quite noticeable; over time, the trend in
the process of diagrams from the simulation and ex-
periment is reversed and the diagrams from simulation
are placed higher because of the effect of ignored heat
loss.
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Fig. 9. a) The thermal history in the part of work
pieces whose thermal history was experimentally mea-
sured and b) The thermal history in the part on which
the heat source passes and places in the middle of the
intersection line of two pieces (N(rpm), v(mm/min)).

Over time, their value in experiment will increase
while there is no loss in simulation. But in general,
what is important is that values of these differences are
not significant compared to temperatures on which the
process is done and with a little ignorance, the obtained
diagrams can be considered to be coincided. This sug-
gests that it can predict the thermal history and field
only by doing a tension test on samples prepared from
the desired material and using LS-Dyna software and

its thermal weld option. So, it is clear that using the
advantages of the numerical method, it can save time
and cost along with correctly predicting the thermal
field at any moment in work pieces regarding that the
complex pieces have no need to be welded.
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Fig. 10. Comparing the experimental and simulation
results (a) First mode; (b) Second mode and (c) Third
mode.

In addition, this study shows that the relation pro-
posed by Frigadd et al. has been successful to estimate
the rate of heat transferred to the work piece within
FSW ,thus the relation is valid for the copper work
piece.

It is worth mentioning that in some studies, it has
been attempted to completely simulate the process of
friction stir with the help of finite element methods
and meshing of pieces and predict the proper mo-
tion of material which is a three-dimensional motion
[22,23]. While given that in the process deformations



A Numerical and Experimental Investigation into the Effect of Welding Parameters on Thermal History in

Friction Stir Welded Copper Sheets: 1-9

are very large, elements will be much distorted so that
the success of this method seems unlikely even using re-
meshing. In this regard, using meshless methods such
as SPH is not helpful because in these cases, there is
no surface due to no mesh, therefore no heat is cre-
ated as an effect of friction and any heat can transfer
from the surface of work piece and thus, the process of
heat transferred to the die or cooling process cannot
be stimulated. However, to perform simulations bet-
ter than what was donein this study, it is suggested
using either software designed for large deformations
such as Comsol Paying attention to occurrence of large
deformation and fluid-like movement of material that
is located around the welding tool, the welded material
can be assumed as a fluid and a software in the field of
fluid mechanics, can be used.

5. Conclusions

In this study, the thermal histories in copper sheets
were determined experimentally and numerically dur-
ing a Friction Stir Welding butt joining process and
were compared with each other. The following conclu-
sions can be drawn based on the results:

1. The selected welding conditions, rotational
speeds of 500 and 710rpm and traverse veloci-
ties of 56 and 112mm/min, are appropriate con-
ditions and result in obtaining desirable welds.

2. The traverse velocity change mainly affects the
transferred heat rate and the change in the ro-
tational speed dramatically change the tempera-
ture of the process. For example 100% increase
in the traverse velocity from 56 to 112mm/min
has led to decrease in the maximum tempera-
ture from 715 to 693°K which is by no means
a significant value, while the rotational speed
increases from 500 to 710 rpm, accordingly 24-
percentrise, then the maximum temperature will
increase from 715 to 802°K.

3. The relation proposed by Frigadd et al. has been
successful to estimate the rate of heat transferred
to the work piece within FSW, thus the relation
is valid for the copper work piece.

4. Tt is possible to predict the thermal history and
field successfully, only by doing a tension test on
samples prepared from the desired material and
using LS-Dyna software and its thermal weld op-
tion.
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