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ABSTRACT

The aim of this study was to predict the temperatures on all surfaces of three-
dimensional models using the ANSYS 15.0 program. Firstly, the temperatures from
the welding centre to the edges of the models of two aluminium alloys (AA-7075 &
AA-2024) welded by friction stir welding process were perceived. Secondly, the
distribution of temperatures from the start of the welding process to its end and the
derivation of equations to predict the distribution of temperatures with the time
spent in the welding process, along with the distribution of temperatures with the
distance from the centre of the welding process were observed at different travel
speeds of the welding cart (TS = 20, 40, 60, 100 mm/sec) and different speeds of the
welding tool (TRS=900, 1050, 1200 rpm). The results indicate that the temperature
increases with the increase in the rotational speed of the welding tool, while the
temperature decreases with the increase in the travel speed of the welding cart.
Another result is that the temperature distribution is not symmetrical. The highest
values are in the welding centre and decrease significantly as the welding centre is
moved away, and the highest temperatures can be reached between (75 — 80%) in
the welding centre from the melting point of the two aluminium alloys welded
together. It was also found that the temperatures increase significantly twenty
seconds after the beginning of the welding process and, afterwards, the increase is
small, and three equations were derived to predict the temperature distribution.

KEYWORDS: rotational speed, travel speed, aluminium alloys, friction stir

welding, finite element analysis.
1. INTRODUCTION

Several practical and theoretical studies have been
conducted for the process of friction stir welding, first
for aluminum alloys, and then for welding different
metals such as steel, copper, etc., as well as for
welding polymers, because welding in this way has
amazing mechanical specifications in industry and
technology and in connecting metals to each other [1]
- [4]. In many studies, the effect of variable factors
such as the welding tool, the linear speed of the
welding tool and the linear speed of the trolley
carrying the model was studied. Sheets of different
metals and alloys were wused and different
measurements were taken and used in the field of
aviation and ships in different atmospheres and under
different temperatures [5] - [10]. This process
inherently produces a weld with lower stress and
distortion compared to fusion welding methods, since
there are no melting substances occur during welding
[11]. This process has been widely used in many

industries such as aerospace, aircraft, marine and
transportation and food processing. This is because it
produces low metal deformation, high quality, low
residual stresses, fewer welding defects and low-cost
joints, which are the main advantages of this method
[12]. Finite element methods are also used to study
the effect of FSW process parameters on the
mechanical properties of different welded alloys
based on solids mechanics [13] or mathematical
model development [14]. Thus, a lot of research has
been done to study the simulation of temperature
distribution during friction stir welding processes.
This was recognized in the current study based on the
ANSYS software, and the results obtained from the
simulation were compared with those of the actual
experiment [15]. Finite element analysis is an
effective method of welding investigation, because
immediate results can be obtained. There is a group of
researches that dealt with the study of the friction stir
welding process.

Models were designed to study the temperature
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distribution when friction stir welding two
asymmetric aluminum alloys (AA2024- AA7075).
The results of the study showed that increasing the
speed of the welding tool leads to an increase in
temperatures, but the results showed the opposite, as
the temperatures decrease with the increase in the
travel speed of the strip, and the results also showed a
rise in the viscosity of the agitating area when the
travel speed of the cart increased [16]. The
researchers studied the effect of temperature
distribution and heat input during friction stir
welding. The temperatures were recorded from
different positions in the direction of the thickness of
the sample and perpendicular to the direction of
movement of the pin tool during welding, under
different welding conditions. It was found that the
highest temperature in the welding line is less than
0.8Tm for these conditions. The temperature used in
this work does not change significantly in the
direction of the thickness of the sample. The
temperature distribution perpendicular to the weld is
approximately isothermal under the shoulder of the
pin tool. The increase in welding pressure and the
speed of rotation of the pin tool increase the
maximum welding temperature. Moreover, the
shoulder of the pin tool plays a very important role in
the welding process [17]. Mathematical models have
been made to develop the equations for thermal
conductivity, density, and specific heat and their
relationship with the maximum temperature generated
by friction when performing the friction stir welding
process, and the theoretical results are in an
acceptable agreement with the practical results [18].
Models were designed and tested to study the heat
flux resulting from friction during friction stir
welding, and the results showed that (95%) of the heat
is transmitted to the model and the rest (5%) leaks
into the welding tool [19]. The quality of welding was
studied during friction stir welding, where welding
was carried out using nine models, and three different
rotational speeds were used for the welding tool, plus
three different travel speeds for the trolley carrying
the models [20]. The behavior of friction stir welding
for aluminum alloy (AA6061-T6) was studied using
four rotational speeds of a welding pen. Heat output
was measured with built-in thermocouples in study
areas with limited welding implemented element
model using ANSYS 12.1 package graphics, further
results are shown. Measurements of the maximum
temperature in this case is 0.71 of the temperature of
the liquefied sample, at the maximum rotational speed
of 1450 rpm [21].

The researchers studied a two-dimensional
model on an aluminum alloy on the basis of finite
element analysis. The model mechanically integrates
the interaction of the tool and the thermomechanical
process of the welded material. The calculation result
also shows that the workpiece preheats before the
FSW process. Welding parameters such as preheating
(100, 200), rotating speed (960, 1200 rpm) and travel

speed (110, 155, 195 mm/min), was found to be
beneficial to increasing the working temperature in
front of the pin tool, making the material easy to
weld. There is no need to use high values for
revolution speed or travel speed with preheating
process [22]. The researchers developed digital
solutions using the Finite Element Method (FEM)
based on the ANSYS program for W-AA2024
aluminum alloy. These solutions have been developed
based on the relationship between the properties of
thermal conductivity, specific heat, and density, as
these properties change with the shift of degrees of
heat. The obtained simulations were practically
verified and the comparative results were in
agreement [23].

Methods for improving the mechanical
properties of samples that are welded by friction stir
at different rotational speeds of the welding tool and
at a constant travel speed were studied in order to
transform the heterogeneous microstructure into a
more homogeneous microstructure, where the best
results were obtained when using the travel speed of
60 mm/min and the rotational speed of 130 rpm,
which reached welding efficiency of 84.61% [24].
The heat transfer was studied in an aluminum plate
(AA-6061) welded by friction stir, where a theoretical
and practical study was conducted, and three types of
welding tools were used (triangular, cylindrical and
conical). The results showed that the highest
temperature distribution was achieved when using the
conical welding tool and the reason for this is
determined by the high torque and axial load, and the
theoretical results are in agreement with the
experimental results [25].

A mathematical model was done by finite
element method in order to study the heat lane during
the friction stir welding process by understanding the
physical phenomena, using aluminum sheets (T53-
7020) and using four different travel speeds for the
welding tool. The results showed that the
temperatures on the advanced side are higher than
those on the retreating side and the practical results
were in agreement with the theoretical results, where
the highest welding temperature reached 70% of the
melting temperature of the original metal Also, the
authors studied the influence of friction stir welding
coefficients on temperature distribution and tensile
strength of aluminum alloy (6061-T6) [26].

Four different rotations of the welding tool and a
constant travel speed of the trolley carrying the model
are used. Consequential mechanical tests showed that
using a speed of 500 rpm and 14 mm/min gives the
best strength [27]. The researchers prepared an alloy
AAB061-T3 AA2024 exposed to steel balls with a
diameter of 25.1 mm for a period of 15 minutes at a
welding speed of 56, 40, 28 mm/min with the
rotational speed fixed at 1400 rpm. The welding speed
of 40 mm/min and the same rotational speed of 1400
rpm were selected in the process of welding the plates
that were extruded to show the effect of the extrusion
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process on mechanical properties. There was a
decrease in the mechanical properties when increasing
the travel speed and a better result appeared at a travel
speed of 28min/mm when the process of throwing
steel balls before the welding process contributed to
improving the mechanical properties to a certain
degree. An approach to the results of the base metal
shows that there was an improvement in the
mechanical properties when increasing the rotational
speed [28]. Welded models were tested using the
aluminum alloy (AA-7008) and the friction stir
welding method, at different rotational speeds of the
welding tool. It was found that the rotational speed of
the welding tool has a key role in increasing the
generated temperatures and the amount of heat
transferred during the welding process [29], [30].

In the paper, the authors focus on the study of
the temperature distribution in two aluminum alloys
(2024 - T3 and 7075 - T6) joined by friction stir
welding, by changing the rotational speed of the
welding tool, the travel speed of the process, and also
by building a mathematical model to predict
temperatures on all points of the two welded surfaces.

2. MATERIALS USED

Two types of aluminum alloys were used to join them
by using friction stir welding process (AA7075-T6 &
AA2024-0). These dissimilar alloys are difficult to
join by traditional methods. Table 1 shows the
chemical composition of the alloys approved by the
European Aluminum Association (EAA), while table
2 shows the mechanical specifications of the alloys
used in this study, according to the American
specifications (ASTME 3-01) [31]. Table 3 shows the
thermal properties of the aluminum alloys.

Table 1. The chemical composition of aluminum

alloys [32]
Elements Zn Si Fe Cu Mn | Mg Cr Ti Al
Materials % % % % Y% % Y% % %

Actual Chemical
Composition, | 021 | 033 |04l |433 [063 | 151 |0.08 |0.13 |9226
| _AA-2024-0
Actual Chemical
Composition, |54 |05 015 |19 |03 |254 |025 |02 8876
AA-7075-T6

Table 2. Mechanical properties of aluminum alloys

Table 3. Thermal properties of aluminum alloy [33]

CTE, Travel 205, Specific heat Thermal Melting
o
Aluminum Alloy ¢ capacity, conductivity, point,
j w c°®
gc m.c’

Nominal value,

24.7 0.875 121 638
AA-2024-0

Nominal value,
52.5 0.96 130 635

AA-7075 - T6

3. NUMERICAL MODELING

Two aluminum alloys plates were used for the study,
having the dimension of 100x100x5mm. The ANSYS
15.0 program was used to analyze the temperature
distribution on the surfaces of the two plates joined by
friction stir welding process, using finite element
method. In the model, the thermo-physical parameters
were introduced, and the geometrical model was
achieved, as shown in figure 1.

[33] :
Fig. 1. Isometric view of the geometrical model
) & -

:lz g g % aj g ::' s Figure 2 depicts the steps in working with the
Amiem | ¥ | = 52 & | § = (= = 2 software used in this study. The program is firstly
Aty 121§ § = e 5 ? 2152 opened and thermal analysis is selected. After, the
R[S E E i 2|8 : geometrical model is designed for the plate of the first
= = alloy, the plate of the second alloy, and finally the
a2 | g 2 |e| = =z [5(s| = third material in between them, that is considered the
\:“::‘;i mE | = " i B weld. After creating the connection between the
S a2 | B |8 |8 B g |e|z| 3 models, the thermo-physical and mechanical
proprieties are introduced, for each alloy, as well as
for the weld, whose specifications are a combination
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of the specifications of the two alloys. After, the
geometrical model is divided into infinitesimal pieces,
in accordance with the analysis of the finite element
method.

After this step, the loads must be introduced
defined, and finally, the selection of a solution is
made, in order to solve the program and arrive at the
desired results.

Mechanical APDL

| Modeling ‘

I

l Element type ‘

2 S

| Real constants |

Lh

‘ Material props ‘

1

5
g

.

Solution

Fig. 2. Steps for implementing the mathematical
model in ANSYS 15.0.

Table 4 shows the values of the variables that
were used as boundary conditions, changing the tool's
rotational speed for each value of the travel speed
(TS). While the values of the variables used as a
boundary condition are shown in table 3, the travel
speed of the work piece (TS) changes as a function of
the tool's rotational speed (TRS).

Table 4. Boundary conditions and different rotational
speed (TRS)

Travel Welding | Shoulder rotation | Temperature,
No. [ speed; time, | di speed, = Model
(mm/min) | o) | @ mm) | CP™) | Max |Min.
900 | 453 | 25 1
1 20 300 175 [ 1050 | 466 | - 2
200 | 412 | 3
500 | 44 | 5 3
2 40 150 175 [ 1050 | 457 | 25 5
1200 | 463 | 25 6
50 | #B1 | 5 7
3 60 100 175 [ 1050 | 444 | 5 g
1200 | 450 | 25 9
500 | 405 | 25 10
4 100 60 175 [ 1050 | 418 | = I
1200 | 424 | 5 V)

Table 5. Boundary condition and different travel

speed (TS)
Bt s || it ||| R s
No. | rotation X time, ce Model
i diameter, speed, (Sec)
St (d,mm) | (mm/min)| ) | Max. | Min.
(rpm)
20 300 453 | 25 13
40 150 444 | 25 14
1 200 175
60 100 431 | 25 15
100 60 205 | 25 16
20 300 466 | 25 17
40 150 457 | 25 18
2 1050 175
60 100 444 | 25 19
100 60 418 | 25 20
20 300 42 | 25 21
40 150 463 | 25 2
3 1200 175
60 100 450 | 25 23
100 60 424 | 25 24

4. AREAS WHERE THE MODELS WERE
COMPARED

In order to compare the models and the temperature
distribution on the surfaces of the two alloys, joined
by friction stir welding process, from the center of the
welding area and the advanced side of the welding of
the alloy (AA-7075-T6), to the regressive side of the
aluminum alloy (AA-2024-0) on the upper surface,
the areas in which the results of the tests were
determined in the ANSYS 15.0 program are shown in
figure 3.

Figure 3 depicts the designated areas from the
start of welding to the end, in order to understand the
link between temperature and time. It also depicts the
designated areas from the welding center to the alloy
margins, analyzed in order to understand the
relationship between temperatures and distance.

Corve -t

Temperature (T), *C

Time {t, sec
CurveT-d

Temperature (1), *C

Distance (d), mm

Fig. 3. The selected areas for the temperature
distribution prediction after the welding process

5. RESULTS AND DISCUSSION
5.1. Effect of Tool Rotational Speed

In order to investigate the outcomes on the upper
horizontal surface of welded alloys (AA7075-T6 and
AA2024-0), in case of different tool rotational speeds
(TRS = 900, 1050, 1200 rpm), the rotational speeds
were adjusted while the travel speeds were left
constant. Figure 4 demonstrates that when the tool's
rotational speed at constant travel speed increase, the
temperatures from the welding center to the two ends
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of the model do as well. The greatest values were
rotational

recorded when the tool's
TRS=1200 rpm.

speed was

Fig. 4. Temperature vs. distance along the weld line
on the top surface:
a) TS=20mm/min; b) TS=40 mm/min;
¢) TS=60 mm/min; d) TS= 100mm/min

In figure 5 are presented the reached
temperature achieved at different travel speeds with
various rotational speeds of the welding equipment,
and the findings reveal that the third model, had the
maximum temperature with the travel speed of 20
mm/min and rotational speed of 1200 rpm. This is
caused by two factors: first, the increased rotational
speed and, second, the lengthened welding process.

~+~Model-1 —+Model-2

“~Model- 3 Model- 4
~s—~Model-5 ~=—Model- 6
~—Model-7 ~+~Model-8
~+-Model- 9 ~=-Model- 10
~4~Model- 11 ~2~Model- 12

Temperature, C*

Distance, mm

Fig. 5. Temperature vs. distance on the upper
horizontal surface for welded alloys for
TS =20, 40, 60, 100 mm/min

The distribution of temperatures over the entire
welded specimen is shown in figure 6, reached using
a constant travel speed of TS = 20 mm/min and
different rotational speeds.

From the figure 6 it can be observed that the
third model's surface, had the highest temperatures for
TS =20 mm/min and TRS = 1200rpm (Fig. 6¢).

ANSYS|

R15.0
o [E—
i

NODAL SOLUTION

25 120.111 z15.222 310.333 405,444
72.5556 167.667 262.778 357.889 453

Model -1 [ 20 mm / min ; 900 rpm ]

a)

ANSYS

R15.0

NODAL SOLUTION

STEP=1
SUB =1 OCT 25 2021
TIME=1 05:09:53
TEMP (@ve) z

RSYS=0
SN =25
M =4ee

I | —
25 2 221 319 417
74 72 270 368 466
Model -2 [ 20 mm /min ; 1050 rpm ]
NODAL SOLUTION ANSYS
STER=1 R15.0
SUB =1 OCT 25 2021

TIME=1 - 06:01:08
TEMP
RSYS=0
SM =25
SMX =472

I I
25 124.333 223.667 323 422.333
74.6667 174 273.333 372.667 472
Model -3 [ 20 mm / min ; 1200 rpm ]

c)

Fig. 6. The temperature distribution on the surface of
the model for: a) TRS=900 rpm; b) TRS=1050 rpm;
¢) TRS=1200 rpm and TS =20 mm/min

The distribution of temperatures over the entire
welded specimen is shown in figure 7, with a constant
travel speed of TS = 40 mm/min and different
rotational speeds. From the figure it can be observed
that the third model's surface had the highest
temperatures for TS = 40 mm/min and RS = 1200rpm.
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NODAL SCLUTION ANSYS
STER=1 R15.0
SUB =1 OCT 25 2021

08:12:37

I
25 118.111 211.222 304.333 397.444
71.5556 164.667 257.778 350.889 444

Model -4 [ 40 mm / min ; 900 rpm ]

NODAL SOLUTION ANSYS
STEE=1 R15.0
SUB =1 ©0CT 25 2021
TIME=1 _ 11:48:47
TEMP

RSYS=0

SMY =25
SMX =431

—
25 115.222 205.444 295,667 385.889
70.1111 160.333 250,556 340.778 431

Model -7 [ 60 mm/ min ; 900 zpm |

a)

a)

ANSYS
STEP=1 R15.0

SUB =1 ©CT 25 2021

NODAL SOLUTION

TIME=1 - 08:55:49
TEMP {BVE)

RSYS=0
2 =25
0K =457

I
25 121 217 313 408
73 169 265 361 457

Model -5 [ 40 mm / min ; 1050 zpm ]

NODAL SOLUTION ANSYS
STEE=1 R15.0
SUB =1 oCT 25 2021
TIME-1 ~ 09:18:32
TEMP z

T ey
25 122.333 219.667 317 414.333
73.6667 1 268.333 365.667 46

Model ~6 [ 40 mm / min ; 1200 rpm ]

ANSYS
STER=1 R15.0

SUB =1 0OCT 25 2021

NODAL SOLUTION

TIME=1 ~ 13:53:38
TEMP (BVG)

RSY¥S=0
SMY =25
M =244

]
25 118.111 211.222 304.333 397.444
71.5556 164.667 257.778 350.889 444

Model -8 [ 60 mm / min ; 1050 zpm ]

R — ANSYS
— R15.0
gy ocr 25 201

TIME=1 ~ 12:57:27
TEMP {&VE) ’

I I —
25 119,444 213.889 308.333 402.778
72.2222 166.667 261.111 355.556 450

Model -9 [ 60 mm / mim ; 1200 zpm ]

c)

Fig. 7. Temperature distribution on the surface of the
model when: a)TRS=900 rpm; b) TRS=1050 rpm;
¢) TRS=1200 rpm and TS =40 mm/min

The distribution of temperatures over the entire
welded specimen is shown in figure 8 with a constant
travel speed of TS = 60 mm/min and different
rotational speeds. In the figure it can be observed that
the third model's surface had the highest temperatures,
for TS = 60 mm/min and TRS = 1200 rpm.

c)

Fig. 8. The temperature distribution on the surface of
the model when: a) TRS=900 rpm; b) TRS=1050
rpm; ¢) TRS=1200 rpm and TS =60 mm/min

Figure 9 shows the distribution of temperatures
over the entire welded specimen at different rotating
speeds and a constant travel speed of TS = 100
mm/min). From the figure it can be observed that the
third model's surface had the highest temperatures, for
TS =100 mm/min and RS = 1200 rpm.
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HODAL SOLUTION ANSYS
STEP=1 R15.0
o 1 eer 23 zom1
Toe-l 13isriss
TmE e

Rsva-0

SMX =405

—
25 T09.444 163.889 =78.333 362.778
€7.2222 151.667 236,111 320.556 405
uedel -10 [ 100 mm / min ; 900 rpm ]

oL soLUTION ANSYS
sTERP-1 R15.0
ocr =8 2021
ToEal
TEMP e
RSYS=0
Sa1 =25
S0 —41s
Eg 112,333 199.667 767 374,233
68.6667 156 243,333 330.667 a1s
Model ~11 [ 100 mm/ min ; 1050 rpm ]

wonaL soLvTron ANSYS
- R15.0|
= OCT 25 2021
23:32:38

113.667 202.333 B 379,667
€8.3333 158 246.667 335.333 42

Model -12 [ 100 mm / min ; 1200 zpm )

Fig. 9. Temperature distribution on the surface of the
model for: a) TRS=900 rpm; b) TRS=1050 rpm;
¢) TRS=1200 rpm and TS =100 mm/min

5.2. Effect of Welding Speed

Figure 10 shows the temperature distributions, in
cross sections, druing the friction stir welding process
of the aluminum alloys AA7075-T6 and AA2024-0,
at different travel speeds of TS = 20, 40, 60, 100
mm/min). This graph shows the impacts of stabilizing
the welding tool's rotational speed and altering the
travel speed of the cart carrying the models, as the
temperatures of the models increses with time. The
temperature was highest when the rotational speed
(TRS) and travel speed (TS) were equal to 1200 rpm.
Figure 11 combines different travel speeds of
the vehicle carrying the models of TS = 20, 40, 60,
100mm/min) with different rotational speeds of the
welding tool, respectively RS = 900, 1050, 1200 rpm.
The findings indicate that the twenty-one model, with
the welding tool's rotational speed of RS = 1200 rpm

and the model's travel speed of TS=20 mm/min, had
the maximum temperature.

A Model 13
~5—Hladel 14
~5 Madel 15
Model 16

= Model17
a ~+—Model 18 VAR b
o Model 19 \

Model 20

Temperature, C*

Temperature, C*

M 0 @ 0 W0 » o @ o omw WO LN 0N O D@ W
Distance, Distance, mm

00

Temperature, C*

-0 8 @ @ 20 ﬂ 0 @ @ | 00
Distance, mm

Fig. 10. Temperature vs. distance along the weld line
on the top surface: a) TRS=900rpm; b)
TRS=1050rpm; ¢) TRS=1200rpm

~#—Model13 —*—Model 14]
~+Model-15 Model- 16|
~#-—Model-17 —*— Model-18|
~&—Model-19 —*—Model-20|

—#—Model 21 —*—Model.22|

—&—Model-23 —&—Model-24)

Temperature, C°

-100 -80 -60 -40 -20 0 20 40 60 80 100
Distance, mm

Fig. 11. Temperature vs. distance along the weld line
on the top surface, TRS=900, 1050, 100 rpm

Figure 12 depicts the distribution of
temperatures across the entire welded specimen with
the welding tool's constant rotational speed (TRS =
900 rpm) and the models' varying travel speeds
(TS=20, 40, 60, 100 mm/min). The figure reveals that
the thirteen models with the highest temperatures
(TRS = 900 rpm & TS=20 mm/min) had their
surfaces exposed.

NopAL soLUTION ANSYS
e R15.0
&b o1 cer 28 2021
L Pt
Erea
S=0

S0 =25
SMX =483

— —
25 120.111 215.222 310.333 305.444
72,5556 167.667 262.778 357.889 253
Madel -13 [ 900 xpm ; 20 mm / min ]
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womaL soLvTzan ANSYS| WopAE soLuTan ANSYS
ssssss R15.0 sTER-1 R15.0
sUB =1 ocT 28 2021 suB -1 ocT 28 2021
TIME=1 10:45:57 TIME=] 11:10:18
TEMP TEMP
RS¥S=0 RIYs=
SMN =25 e
SMX =444 MK =a66
I— — : =
25 118.111 211.222 304.323 397.444 14 1=3 172 ==L 270 21 368 217 466
71.5556 164.667 257.778 350.889 444 oder 17 [ 1080 R )
Model -14 [ 900 rpm ; 40 mm / min ] s TEm P Y mm owan
JR—— ANSYS| woba: soiuTion ANSYS
R15.0| R15.0]
T 28 2021 ocT 28 2021
10:53:43 112432
— I—
s 115,222 205.444 285,667 385.889 25 121 17 313 408
70,1111 160.333 250,556 340.778 431 73 168 265 361 457
Model -15 [ 900 zpm ; 60 mm fmin ] model -18 [ 1050 rpm ; 40 mm /min ]
wosaL sorvTron ANSYS HomaAL soLTION ANSYS
sTEE-1 R15.0 .
suB =1 ocT 28 2021
11:00:24
— m—
25 109.444 193.889 278.333 362.778 =5 118,111 =1il.222 304.333 397,449
67.2222 151.€€7 236.111 320.556 405 71.5556 164.667 257.778 350.889 444
Model -16 [ 900 rpm ; 100 mm / min ] Medel -16 [ 1050 rpm ; €0 mm / min ]

d)

Fig. 12. The temperature distribution on the surface
of the model for: a) TS=20 mm/min; b) TS=40
mm/min; ¢)TS=60 mm/min; d) TS=100 mm/min
and TRS =900 rpm

Figure 13 shows the distribution of temperatures
across the whole welded specimen with varying
model travel speeds, respectively TS=20, 40, 60, 100
mm/min, and a constant welding tool rotation speed
of TRS = 1050 rpm. The graph shows that surfaces of
the seventeen models have the greatest temperatures
for TRS = 1050 rpm and TS =20 mm/min.

Figure 14 shows the temperature distribution
across the entire welded specimen with the models
moving at different speeds, respectively at TS = 20,
40, 60, 100 mm/min, and the welding tool rotating at
a constant speed of TRS = 1050 rpm, with a twenty-
one-model, having the highest temperatures at TRS =
1200 rpm and TS = 20 mm/min.

NODAL SGLUTION
STEE=1

sUB =1
TIME-L
TEMP
RSYS:
SM =25
SMX =4l
L —— E——
25 112.333 199.667 287 374.333
€8.6667 156 243.333 330.667 418

Model -20 [ 1050 zpm ; 100 mm / min )

d)

Fig. 13. The temperature distribution on the surface of
the model for: a) TS=20 mm/min;
b) TS=40mm/min; ¢) TS=60 mm/min;
d) TS=100 mm/min and TRS =1050 rpm
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ANSYS|
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Fig. 14. The temperature distribution on the surface of
the model when: a) TS=20 mm/min;
b) TS=40 mm/min; c) TS=60 mm/min;
d) TS=100 mm/min and TRS =1200 rpm

5.3. Effect of Welding Speed by Stabilizing the
Rotational Speed and Changing the
Travel Speed

Figure 15 illustrates the findings and the
relation between the length of time required for the

welding process, from the start to the finish, and
the temperatures on the welding center at various
model travel speeds of TS = 20, 40, 60, 100
mm/min, and the rotational speed of the welding
tool at of TRS=900, 1050, 1200 rpm. The results in
figure 14a clearly show that the temperatures
reached maximum when the rotational and travel
speeds were respectively set at 1200 rpm and 20
mm/min. The model in figure 14b with the welding
tool rotating at TRS=1200 rpm, and the car
transporting the model traveling at TS=40 mm/min
had the highest temperatures. The figure 14c
illustrates that, from the start of the welding
process to its end, the maximum temperatures
occurred at travel speeds of TS=60 mm/min and
rotational speeds of TRS=1200 rpm. The model in
figure 14d with the fastest travel speed of
TS=100mm/min, and welding tool rotating speed of
TRS=1200rpm had also the greatest temperatures.

Temperature,

Time, Sec

Fig.15. Temperature vs. time during the welding
process for: a) TS = 20 mm/min; b) TS = 40 mm/min;
¢) TS =60 mm/min; d) TS = 100 mm/min

2,
§
gz
u
£
£
o

w1 1 1%
Time, Sec

Fig. 16. Temperature vs. time during the welding
process for TS = 20, 40, 60, 100 mm/min
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In figure 16, different travel speeds (TS = 20,
40, 60, 100 mm/min) and different rotational speeds
of the welding tool (TRS = 900, 1050, 1200 rpm) are
compared to the time spent in the welding process,
from the beginning to the end, and the temperature
distribution of the model, from the starting point of
the welding process to its end is shown. The graph
demonstrates that the increase in the model's travel
speed is greater in the first twenty-five seconds, but
that it afterwards declines as a result of the welding

100 150
Time, Sec

process taking less time for models of the same
length.

5.4. Effect of Welding Speed by Stabilizing the
Travel Speed and Changing the
Rotational Speed

The outcomes of the time spent building the models at
a constant rotating speed and a varied travel speed at
each rotational speed are shown in figure 17.

200 S0 300 350 y 50 100 150 200 250
Time, Sec

Fig. 17. Temperature vs. time during the welding process for: a) TRS=900 rpm; b) TRS=1050 rpm; ¢) TRS=1200 rpm

Figure 15a depicts the variation between the
length of time spent welding the models at different
travel speeds of TS = 20, 40, 60, 100 mm/min, and
welding tool rotational speeds of TRS=900 rpm. The
welded model with a rotating speed of TRS=900 rpm,
and travel speed of TS=20 mm/min, at time of 50 sec
until the end of the welding process, was found to
have the greatest temperatures. The highest
temperature distribution was for the model at a travel
speed of TRS = 1050 rpm, and a rotation speed of TS
= 20 mm/min, at 150 sec. until the welding process
was complete, according to figure 15b, which depicts
the relationship between time and temperature
distribution at rotational speed at TRS = 1050 rpm,
and travel speed of TS = 20, 40, 60, 100 mm/min. As
for figure 15c, it displays the results of the welding
process for models at different travel speeds of TS =
20, 40, 60, 100 mm/min, and rotational speeds of
TRS=1200 rpm. The distribution of temperatures is
shown along with the amount of time spent in the
welding process, and the highest temperatures were
achieved when welding the model at these speeds
after 150 seconds.

For different rotational speeds of the welding
tool, respectively of TRS = 900, 1050, 1200 rpm, and
different travel speeds of TS = 20, 40, 60, 100 mm/min,
figure 18 illustrates the relationship between the time
spent during the welding process, from the beginning
of the welding to its end, and the temperature
distribution on the model from the starting point of the
welding process to its end. According to the findings,
which are depicted in the image, there was a discernible
rise in temperature at constant travel speed as well as
an increase in rotational speed. The temperatures
produced during the welding process increase with the
welding tool's spinning speed.

125 150 178 200

Time, Sec

Fig. 18. Temperature vs. time during the welding
process for TRS =900, 1050, 1200 rpm

5.5. Equation for the Prediction of
Temperature Distribution vs. Distance

Using the ANSYS-15.0 program for different
rotational speeds of the welding tool of TRS = 900,
1050, 1200 rpm, and various travel speeds of TS = 20,
40, 60, 100 mm/min, the temperature distribution was
taken along a line, from the center of the weld to the
end of the model, consisting of (19 - A) shaped (AA-
7075), and (19 - B) for the second plate (AA-2024).
Using the Curve Expert program, a new equation was
developed, to predict the temperature distribution.
Several equations were tried, in order to find the most
accurate one to predict the model's temperature in
respect to the weld center's distance. Two equations
were obtained, equation (1) for alloy (AA - 7075) and
equation (2) for alloy (AA - 2024):

T = 0.0002668 (1.0167896 — ¢0-0001621d ") 1)
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T = 0.0002659 (1.0168477 — ¢0-0001627d ") (2)

where T is temperature in [C°]; d — distance [mm].
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Fig. 19. Model for the prediction of temperature
distribution vs. distance: a) AA - 7075 alloy; b) AA —
2024 alloy

5.6. Equation for the Prediction of
Temperature distribution vs. Welding Time

Using the ANSYS - 15.0 program, at various travel
speeds of the cart transporting the model, respectively
at TS = 20, 40, 60, 100 mm/min, and different tool
rotational speeds of TRS = 900, 1050, 1200 rpm, the
temperature distribution was taken on a longitudinal
line, in the center of the weld, from the start of the
welding process to its end. The average temperature
distribution was then extracted over the longitudinal
line using the Excel program. Using the Curve Expert
program, a new equation was created to predict the
distribution of temperatures along the welding line,
from the start of welding to its end, versus the time
required for the process.

il / 0.46678 ¢
T 5.9646 +t

Where,

i / t = Time,sec & T = Temperature, (

z': 2 g K LY " 5 ‘k i E 2 :‘i g 1 i‘
Time. Soc.

Fig. 20. Model for the prediction of temperature
distribution vs. welding time

Several models of equations were tried to find the
most accurate model that predict the temperature’s
distribution versus welding time. Figure 20 depicts
the procedure that was used to arrive at the following
equation:

046678 ¢
T 5.9646+t

®)
where T is temperature in [C°]; t — time [S].
6. CONCLUSIONS

The following conclusions can be summarized:

1. The temperature increases with the increase in the
rotational speed of the welding tool, and the
highest degrees are in the welding center and
decrease as move away from the welding center.

2. The temperatures decrease with the increase of
the travel speed of the welding cart, because the
time taken in the welding process is shorter.

3. Equations for temperature prediction have been
developed, where the two equations (1 and 2)
show the prediction of temperature from the weld
center to the edges of the two alloys, which is a
relationship  between temperatures and the
distance from the weld center, while the equation
(3) was developed to predict the temperatures in
the weld center, from the beginning of the
welding process to its end, and the equation is a
relationship between the temperatures and the
time of the welding process.

4. The temperature distribution is similar in both
alloys (AA02024 & AA-075), due to the similar
properties of both alloys, and the equations that
were developed to predict the temperatures of the
two alloys proved this conclusion (1 and 2).

5. The highest temperature was recorded in the
twentieth second from the start of the welding
process, and its value is 410°C, at the travel speed
of TS = 40 mm/min, and the rotational speed of
the welding tool of RS =900, 1050, 1200 rpm.

7. FUTURE RESEARCH DIRECTIONS

This work can be continued, as there are various
studies to identify them and continue to address the
problems of friction stir welding, below is a list the
most important recommendations and future work:

I.  Studying the effect of changing the
concavity of the welding tool on welding efficiency,
at different travel and rotational speeds, and using
different welding tools.

Il.  Studying the effect of the initial heating of
the welding tool on welding efficiency by using
different welding tools and the different travel and
rotational speeds.

I1l.  Developing a mathematical model in the
manner of the specified elements, to link the practical
results obtained with the results that will be obtained
from the mathematical models and compare them.
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IV.  Using two different alloys, one of which is
aluminum and the other of copper, and joining using
friction stir welding, using different tools, and
different travel and rotational speeds, to identify the
welding efficiency between the two alloys and to
identify the weaker one.

V.  Studying the effect of welding tool on
welding efficiency, by using different types of
welding tools and different travel and rotational
velocities and comparing them.
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