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ABSTRACT: Friction stir spot welding (FSSW) is a type of solid state joining processes, which was derived from the
linear friction stir welding (FSW) as an alternative method for single-point joining processes like resistance spot
welding and fastening. Two types of tool pin geometry (straight cylindrical & triangular) and constant tool rotational
speed of (535 rpm) were used to evaluate the temperature distribution during welding process. Two thermocouples (K-
type) were used at the center of weld nugget and at a distance of 7mm from the center of the spot to measure the
temperature distribution experimentally. The three dimensional non-linear numerical model using ANSYS 15.0 was
built to simulate temperature distribution during FSSW process with the cylindrical and triangular tool pin profiles. The
peak temperature obtained was 50% of the melting point of base material. A good agreement was obtained between
ANSY'S model results and those recorded experimentally during FSSW process.

KEYWORDS: AA2024-T3 Al alloy, Friction stir spot welding, Temperature distribution, Weld nugget, ANSYS
model.

I. INTRODUCTION

The highly alloyed 2XXX series (aluminum-copper alloys) are used extensively in aerospace industries which need to
produce high strength fatigue and fracture resistance joints. These aluminum alloys are generally classified as non-
weldable alloys [1]. One of the challenges in the fusion welding of these alloys is their high susceptibility to hot
cracking during solidification. In addition, the decreasing in mechanical properties causes by dissolution of
strengthening precipitates during fusion welding [2]. Friction stir welding (FSW) is a solid state welding process that
was invented by Wayne Thomas at The Welding Institute (TWI), United Kingdom, in 1991 [3], and has emerged as a
welding technique used in high strength alloys (2XXX, 6XXX, and 7XXX series) for aerospace, automotive and
marine applications [4]. During FSW, the maximum temperature of the welded plates is typically ranges from 70% to
90% of the melting temperature of the workpiece material [5], so that better mechanical properties and fewer weld
defects of the weld zone are produced when compared with conventional fusion welding [6,7,8]. Based on friction stir
welding (FSW), the Mazda Corporation of Japan proposed a friction stir spot welding (FSSW) method in an attempt to
transfer some of the advantages of FSW to spot welding [9]. The FSSW can also be called as conventional FSSW,
which has been firstly applied in the real production line for Mazda RX-8 hood and rear door panel in 2003 [10,11].
Friction stir spot welding (FSSW) consists of three phases: plunging, stirring, and retracting as shown in Figure 1.
A non-consumable rotating tool is plunged into the overlapped workpieces that to be joined, held for a certain duration
time (dwell time) and finally it retracted from the workpiece with no lateral movement or translation. The frictional
heat generated at the tool-workpiece interface softens the surrounding materials. The rotational action and the
downward force of the tool causes the material flow and mixing of the plasticized materials of upper and lower sheets
result in the formation of a solid-state weld region [12,13,14].
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Objective of this work is to predict numerical transient temperature distribution in AA2024-T3 sheets that were welded
by FSSW, and compare the results obtained from the thermal analysis with those measured experimentally during the

welding process.
! ) J\!% L )
( ; [ [ W

Plunging

Stirring Retracting

Figure 1: Schematic illustration of conventional FSSW process [12]

Il. MATERIALS AND METHODS
AA2024-T3 aluminum alloy, with 2mm sheets thickness, were chosen as the base material. The chemical composition

and mechanical properties are listed in tables (1, and 2), respectively. The temperature-dependent properties of
AA2024-T3 aluminum alloy at various temperatures are given in table 3 [15,16].

Table 1: Chemical composition of AA2024 aluminum alloy sheets (wt %)

Si Fe Cu Mn Mg Cr Ni Zn Ti V Ga Al
0.103 | 0.197 | 4.84 0.645 1.5 0.027 0.006 0.181 0.042 0.017 0.016 Bal.
Table 2: Mechanical properties of AA2024-T3 aluminum alloy used in this work
Tensile Strength (MPa) Yield Strength (MPa) Elongation (%)
486 360 20
Table 3: Temperature dependent material properties of AA2024-T3 [15,16]
Temperature Thermal Specific Elastic Poison's Yield Density Thermal
Conductivity Heat Modulus Ratio Strength (Kg.m™) Expansion/
(°C) (w.mikh | 0 KgtKY (GPa) (MPa) 10°®
20 164 881 72.4 0.33 473 2780 14
100 182 927 66.5 0.33 416.5 2780 23.018
200 194 1047 63.5 0.33 293.5 2780 24.509
300 202 1130 60.4 0.33 239.5 2780 25.119
400 210 1210 56.1 0.33 150 2780 25.594
500 220 1300 50 0.33 100 2780 26.637

The FSSW tools fabricated from tool steel AISI D3 (labeled as X210Cr12) with hardness of 58HRC. The chemical
composition of the tools material is listed in table 4. Two different tools were used in this work. They have cylindrical
and triangular tool pin profiles; each one of them consists of a flat shoulder with diameter of 18mm. The diameter of
the cylindrical pin and the circle diameter, which is the circumference of the triangular pin, were 5 mm, respectively, as
shown in figure 2.

Table 4: Chemical composition of tool steel X210Cr12 used in this work (wt %)
C Mn P S Si Cr V Mo
211 | 0.35 | 0.06 0.02 0.21 12 0.11 0.17
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To achieve a FSSW joint, the rotating tool plunged 0.4mm with manual feed at a constant rate of 0.47mm/min for a
specified time 2 sec (dwell time) at a rotational speed of (535rpm). The plunging depth that resulted from tool
penetration was approximately 85% of the total sheet thickness.

Thermal cycles and temperature distribution in the weld area were measured during FSSW process. Two
thermocouples type K (-100°C to 1100°C) were positioned in two locations within the welded area, as schematically
shown in figure 3, to obtain different readings of the temperature experimentally at that locations. One of the
thermocouples (T1) was welded at the center of nugget zone (NZ) on the bottom surface of the lower sheet, and the
other thermocouple (T2) was inserted at a distance of 7mm from the center of NZ using an internal groove created on
the top surface of the lower sheet in order to pass thermocouple wire through it to the desired location. Figure 4(a)
shows thermocouple locations on the workpiece before conduct the FSSW process. Thermocouples were connected to
the digital readers used to display the measured temperature, see figure 4(b).

-

Pin hole

I

Upper sheet

Lower sheet

~T1

e T1: Location of thermocouple at NZ

# T2: Location of thermocouple at HAZ

6

| ‘ 4

]
/n/
\ Internal groove

Copyright to JIRSET

Figure 3: A schematic cross-section shows thermocouples sites
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Figure 4: (a) Thermocouple locations on the workpiece before conducting FSSW process, (b) digital readers

Two cases are considered with different tool pin profiles (cylindrical and triangular) under constant tool rotational
speed of 535rpm for measuring the axial load during the FSSW process for dwell time (2sec). A component
dynamometer based on load cell (SEWHA, 2000kg capacity, R.0:2.002mV/V) was fixed on a special rig designed for
this purpose, see figure 5. Weight indicator (SEWHA, S14010) was used for display the analogue force data which are
transmitted from the load cell.

\V/orﬂ)iece fixture

Figure 5: Axial load measuring rig

I1l. FINITE ELEMENT MODEL

A multi-purpose finite element program ANSYS®15.0 was used for numerical simulation of the temperature
distribution during friction stir spot welding process. A three dimensional transient, nonlinear heat transfer model was
developed to determine the temperature fields.

Thermal Model
Thermal model is used for the purpose of calculate the transient temperature fields that developed in the weld area
during the FSSW process. The transient temperature field is a function with the time and spatial coordinates (X, y, z),
are estimated by the three dimensional nonlinear heat transfer equation:

k(T) (aZ_T + 2T aZ—T) + Qi = C(Mp(T) o equation (1)

oz oy T om int FrORTITI

where T is the absolute temperature, t is the time, k is a coefficient of thermal conductivity along X, y, z directions, Qi
is the internal heat source rates in the three axis, C is a specific heat of workpiece, and p is temperature dependent
density of the workpiece [15, 17].
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Assumptions
Several simplifying assumptions have been made in developing the FEM thermal model:
o  Workpiece material is isotropic and homogenous.
No melting occurs during FSSW process.
Heat transfer from the workpiece to the workpiece fixture is negligible.
Initial temperature is assumed to be 25°C .
It is assumed that 100% of the dissipated energy caused by friction is transformed into heat.
The tool and workpiece fixture are assumed rigid and no deformation occurs in these parts.

Boundary Conditions
Boundary conditions for FSSW thermal model were applied as surface loads through ANSYS program. Assumptions
were made for various boundary conditions based on data collected from various published papers [18,19,20].
Convection and radiative heat losses to the ambient take place across all free surfaces of the workpiece, while
conduction losses occur from the upper and bottom surfaces of the workpiece to the workpiece fixture. To account the
convection and radiation effects on all free surfaces of the welded sheets, the heat loss (gs) is calculated by equation (2).
g= B (T-To)+nEe(TToY ..o equation (2)
where T is the absolute temperature of the workpiece surfaces, T, is the absolute temperature of the ambient, g is the
convection heat transfer coefficient, € is the emissivity of the workpiece surfaces, 1 is the radiation factor, and § is the
Stefan-Boltzmann constant (5.67x10™W/cmZ2.°C). In the current model, the typical values of B, &, and 1 were taken to
be 30 w/m? °C, 0.5, and 1 for aluminum, respectively, with an ambient temperature (T,) of 300°K. In order to account
for the conductive heat loss through the bottom and upper surfaces of weld sheets, a high overall heat transfer
coefficient was assumed based on previous study [21]. The heat loss was modelled approximately using heat flux loss
by convection g, , which given by equation (3).
qv=PBp (T-Ty) ......... equation (3)
where 8, is a fictitious convection coefficient. In the present study, the optimized value of g, , between the workpiece
and the fixture, was taken to be 418 w/m? k [22].
Heat generation during FSSW arises from three heat sources: friction work at the tool shoulder and upper sheet
interface, friction work at the upper and lower sheet interface, and plastic deformation of the material around the tool
pin [23]. A previous study [19] showed that the heat generated due to the friction work at the interface of the tool and
the upper sheet contributes the most heat to the welding process, which is about 96.84% of the total heat generated
from FSSW, while the rest of the heat energies come from the friction force at the interface between the overlapped
sheets (0.02%), and the plastic deformation in the material (3.14%). Thus, the heat generation is assumed occur
predominantly under the tool shoulder as a main heat source, and the other sources were almost negligible.
Frictional heat for the rotating tool at rubbing angular speed of (1- §) w is:
d=(0-8)wdM=2n(1—-8)wuPr3dr...... equation (4)
where § is the slip factor that compensates for tool/material relative velocity. Typical values for slip factor were found
in the ranges of 0.6 — 0.85 [24].
Frictional heat of tool shoulder will be:
Quouiger= Jy Q= m (1 —8) wu P RS ...... equation (5)
In similar concept, heat generated by lateral surface of the tool pin is:
Qin=2m (1 -8) wuP L, R% ...... equation (6)
The temperature gradient in two points, which are located at similar positions of thermocouples T1 and T2, was
calculated to compare these data with that measured experimentally to validate the results. Heat transfer coefficient is
300w/m?k, convection heat transfer coefficient is 30w/m?k [21, 22], ambient temperature T,= 300°k, slip factor §= 0.8
[25], and friction coefficient u= 0.4 [17]. The heat generation (Q) was calculated from equations (5) & (6) based upon
the coefficient of friction (u), pressure (P) in addition to other welding parameters such as the tool rotational speed and
tool pin geometries. The value of pressure (P) was calculated from dividing the axial load by the contact surface area.
Then, the heat calculated (Q) was used as input load to ANSYS model. In order to evaluate temperature distribution
during welding process, the frictional heat was simulated by change the heat source location (FSSW tool) depending on
the overall welding time and tool plunging depths.
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IV. RESULTS AND DISCUSSION

During FSSW process, temperature rises when the rotating pin penetrates the upper sheet through plunging of FSSW
tool into the workpiece. After that, temperature increases at a rapid rate when the shoulder makes contact with the
upper surface of the workpiece. At the final stage, tool is retracted and the welded joint is cooled to the room
temperature. Figure 6(a, and b) show the measured temperature profiles for the complete welding cycle during FSSW
using the cylindrical and triangular tool pin shapes, respectively.

350 250

Temperature(°C)
] ]
-] &8

Temperature (°C)

w
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Figure 6: Experimental temperature profiles for FSSW process using different tool pin profiles, (a) cylindrical pin, and (b) triangular pin

As evident in the above figures, temperature profile of thermocouple (T1) is higher than that of thermocouple (T2) in
both cases. For the cylindrical pin-welds, the maximum temperature measured by thermocouple T1 is (319°C), while
the maximum temperature of thermocouple T2 is (225°C). Also, for the triangular pin-welds, the peak temperature
measured from thermocouple T1 is (234°C), while the peak temperature from T2 is (194°C). This difference in
thermocouple readings between T1 and T2 may be attributed to variation of heat generated in the FSSW regions during
welding process. The nugget zone (NZ) is subjected to severe plastic deformation for welding materials caused by
rotation of the tool pin, in addition to the frictional heat generated between the deformed materials and the pin surfaces,
which causes an increase in temperature of this region as compared with the other welding zones. While the region
located at a distance of 7mm (T2) is only exposed to frictional heating resulting from rotation of the tool shoulder [26],
so the temperature profile of thermocouple (T2) is lower than that of thermocouple at center of the spot (T1).

It is clear from the above figures that the temperature profile of the cylindrical pin is higher than that of the triangular
pin. This is because the cylindrical pin has a larger surface projected area at the pin tip than the tip surface of the
triangular pin, see figure 7, which causes more frictional heat at periphery of the cylindrical pin as a result of the large
frictional area between the lateral surfaces of the pin and the welding material [27].

Triangular Pin _

- Cylindrical pin

\/~ haslarger
; surface area
~—

Cylindrical Pin ——!

Figure 7: A sketch for comparison between the frontal area of the cylindrical and triangular tool pin profiles [28]
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Depending on the overall welding time (90 sec) and tool plunging depth (3.4mm), the heat source location (tool
plunging depth) was divided into four steps of (0.85, 1.7, 2.55 and 3.4mm) during four welding times of 22.5 sec, 45
sec, 67.5 sec, and 90 sec, respectively. Tables (5 & 6) present the calculated heat generation (Q) during FSSW using
the cylindrical and triangular tool pin profiles, respectively.

Table 5: Frictional heat applied by the rotating tool with a cylindrical pin

Plunging depth Axial load Pressure Q

(mm) (N) (MPa) (Watt)

0.85 2980 151.77 22.7

1.7 2435 124 371

2.55 2285 116.37 52.2

Pin 450 22.92 12.1

3.4

Shoulder 5500 23.42 156.8

Table 6: Frictional heat applied by the rotating tool with a triangular pin

Plunging depth Axial load Pressure Q

(mm) (N) (MPa) (Watt)

0.85 1520 129.36 19.35

1.7 770 65.53 19.6

2.55 845 71.91 32.28

Pin 240 20.42 10.78

3.4

Shoulder 5100 21 140.7

Figures (8 and 9) show the isometric views of the workpieces at different friction stir spot welding times using the
cylindrical and triangular tool pin profiles, respectively. As shown from these figures, the workpiece welded using the
cylindrical pin had higher temperature distribution than that welded by the triangular pin. This is because the frictional
area of the cylindrical pin is higher than that of the triangular pin, as illustrated previously in figure 7. The highest
temperature was observed at the center of weld nugget, because the rotation of the tool pin and shoulder contribute to
the highest heat flux in this region.

Max. Temperature 156.5°C

Max. Temperature 142.4°C

0L63
 s7.003

48,708
32.973 Min

41.089
28.42 Min

(b)
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Max. Temperature 172.2°C Max. Temperature 315.9°C

(c) (d)
Figure 8: Isometric view of temperature distribution for different welding times in FSSW joint welded by the cylindrical tool pin profile,
(a) 22.5sec, (b) 45sec, (c) 67.5sec, and (d) 90 sec

Max. Temperature 88.4°C Max. Temperature 76.3°C

(b)

Max. Temperature 98°C Max. Temperature 242.5°C

(c) (d)
Figure 9: Isometric view of temperature distribution for different welding times in FSSW joint welded by the triangular tool pin profile,
(a) 22.5sec, (b) 45sec, () 67.5sec, and (d) 90 sec

Figures (10 — 11) show a comparison of the temperature distribution measured experimentally and those calculated by
ANSYS model. Figure 10 (a and b) show the temperature distribution profiles which are obtained from the tested
regions at center of the weld nugget and at a distance of 7mm from the center of the spot, respectively. At the center of
weld nugget, the maximum temperature measured experimentally in welds using the cylindrical pin was (319°C) while
with ANSYS model, it was found to be (315°C). Also, at the same time, the maximum temperature obtained at 7mm
from the spot center was (225°C) and (255°C) in the experimental and ANSYS model results, respectively. On the other
hand, the maximum temperature obtained at center of the spot in the welds using the triangular pin was (234°C) and
(242°C) in the experimental and ANSYS model results, respectively, as shown in figure 11(a). While, at a distance of
7mm, the maximum temperature obtained for both experimental and ANSYS model results was (194°C) and (210°C),
respectively, during FSSW process using the triangular pin, as shown in figure 11(b). Table 7 summarizes maximum
temperatures measured during the experimental tests and those calculated using ANSYS model at different test regions.
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Figure 10: Comparison of the experimental and ANSY'S model results obtained at different tested regions during FSSW using the cylindrical tool pin
profile, (a) at the center of weld nugget (T2 location), (b) at a distance of 7mm from the center of the spot (T2 location)
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Figure 11: Comparison of the experimental and ANSY 'S model results obtained at different tested regions during FSSW using the triangular tool pin
profile, (a) at the center of weld nugget (T2 location), (b) at a distance of 7mm from the center of the spot (T2 location)

Table 7: Maximum temperatures obtained from the experimental tests and ANSY'S model during FSSW process using
different tool pin profiles

Tool pin profile Tested region Experimental | ANSYS model Error
test results results (%)
At the center of the spot 319 315 1.25
Cylindrical =2 istance of 7mm from 225 255 11.76
the center of the spot
At the center of the spot 234 242 3.3
Triangular = istance of 7mm from 194 210 7.62
the center of the spot
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From the above results, it can be observed that the discrepancy between the experimental test and ANSYS model
results in maximum temperature was (1.25% - 11.76%) at different test regions during FSSW with different tool pin
profiles. Also, it can be seen that the trend of the temperature profiles between the experimental and ANSYS model
results was almost identical. This indicates that the variable inputs and the assumptions adopted in ANSYS model were
reasonable.

V. CONCLUSIONS

In this paper, a systematic numerical analysis using ANSY S-software and experimental temperature distribution using
thermocouples in friction stir spot welded 2mm sheets of AA2024-T3 allow several conclusions to be drawn.
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Axial load of the rotating tool significantly affected by the tool pin profile at a constant plunging speed
(0.47mm/min). The axial load obtained from the cylindrical pin during FSSW process is higher compared with that
obtained by the triangular pin at the same conditions.

Temperature distribution during FSSW directly affected by the tool pin geometry at a constant tool rotational speed
(535rpm). The maximum temperature measured at center of the spot during welding process using the cylindrical
and triangular tool pin profiles is 319°C and 234°C, respectively.

The maximum temperature measured during FSSW using the cylindrical tool pin profile is 319°C, which is (50%)
less than the liquidus temperature of the base material AA2024-T3 (638°C).

At the center of the spot weld, a good agreement obtained between the maximum temperatures measured
experimentally and those obtained numerically from the simulation results during FSSW process with discrepancy
of (1.25 - 3.3) %.
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