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ANALYSIS OF THE TEMPERATURE DISTRIBUTION IN
FRICTION STIR WELDING OF AA 2024-T3 AND AA
6061-T6 USING FINITE ELEMENT METHOD

Sabah KHAMMASS HUSSEIN!

Different Aluminum alloys (AA 2024-T3 and AA 6061-T6) are welded by
means of friction stir welding (FSW) with a wide range of linear and rotating speed.
A finite element model is build using (COMSOL) program with the aid of heat transfer
equations between the tool and specimen. The temperature distribution is recorded
experimentally and compared with the finite element model. A good agreement is
observed between the two methods. The higher temperature field found along the weld
line behaves as a flame. Different material properties gave non-symmetrical
temperature distribution about the weld line in the upper surface. The increase of the
linear and rotating speed results in decreasing and increasing the temperature
respectively. At low welding speed, the higher rotating speed has no effect on
temperature. Increasing the rotating speed results in transmission of the higher field
of temperature distribution from the region of low melting point material to other. The
higher temperature distribution field is found in the contact area between shoulder
and specimen. The lower and symmetrical temperature distribution is located in the
lower surface of specimen as comparing with upper surface.
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1. Introduction:

During the welding process, the heat flow change the microstructure and
mechanical properties of weld metal and heat affected zone. Residual stresses and
distortion are induced. The temperature distribution starts with high values at weld
metal and decreases gradually [1]. A fully coupled thermo-mechanical FE is
developed in FSW taking into account the plastic deformation and recrystallization
in nugget zone. Good agreement is found between the measured residual stresses
and calculated from the finite element model [2].

Different tool geometry is used to weld dissimilar metal by FSW. The tool
geometries are modeled using FEM by ANSYS program. The weld quality is
affected by the tool geometry.

The least heat flux is generated by concave fluted tool geometry. A non-
uniform heat flux is generated in the threaded tool geometry. A greater heat flux is
found in taper as comparing with the threaded tool geometry [3]. A FEM model of
FSW is build depending on Re- Normalization Group (RNG) k-[J[Jmodel. They
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conclude that the direction of rotating speed and flow material near the tool is the
same. The shoulder region gave a higher metal flow velocity. The dimension of tool
shoulder and pin has no effect on the direction of metal flow [4].

Using the Rosenthal model, a FE model is developed to study the heat flow
in FSW. The heat transfer, continuum mechanics and material flow are considered.
The measured temperature distribution gave a good agreement as comparing with
the FE model [5]. A theoretical model for the temperature distribution in the
weldment is proposed depending on the Gaussian heat sources model. One can
conclude that the thermal cycles obtained from this model are more reliable than
those obtained from the concentrated heat source model [6].

2. Experimental work
2.1 Properties and dimensions of specimens and tool
Two dissimilar Aluminum materials are welded by FSW; the first one is

2024-T3 and the other is 6061-T6. The chemical composition for each material is
listed in Table 1:

Table 1
Chemical composition of AA2024-T3 and AA6061-T6

Element wit% Cr Cu Ti Fe Si Mn Mg Zn AL
AA2024- | Measured | 0.005| 4.0 | 0.021 | 0.2 | 0.36 0.6 1.4 | 0.071 | Rem.
T3 Standard | 0.10 | 4.9 | 0.15 | 0.50 | 0.50 | 0.9 1.8 | 0.25 | Rem.

[7]

AAB061- | Measured | 0.206 | 0.329 | 0.019 | 0.46 | 0.643 | 0.099 | 0.888 | 0.114 | Rem.
T6 Standard | 0.04 | 0.15 | Max | Max | 04 Max | 0.8 Max | 95.8

[7] to to 0.15 | 0.7 to 0.15 to 0.25 to
0.3 0.4 0.8 1.2 98.6

The tensile test properties for each material are obtained from a standard
tensile test specimen, ASTM B557-02a [8]. Table 2 presents these properties:

Table 2
Mechanical properties of AA2024-T3 and AA6061-T6

Material Yield stress Tensile stress
(MPa) (MPa)
2024-T3 Measured 300 445
Standard [7] 289 Min. 434 Min.
6061-T6 Measured 288 320
Standard [7] 276 310

Two specimens with the dimensions 150 mm length, 75 mm width and 3
mm thickness, are welded by means of tool (O1 tool steel type), ASTM A681 [9],
Fig. 1. The probe height and diameter are 2.8 and 3 mm, respectively.
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2.2 Welding parameters

The welding process parameters have an effect on the quality of welding.
The linear and rotating speed of machine must be controlled in order to reduce flash
and void.

These parameters have an effect on the microstructure and temperature
distribution of weldment. In this work, a wide range of linear and rotation welding
speed are used, see Table 3.

Table 3
Linear and rotating welding speeds
Linear speed (mm) 2 5 10 15 20 25 30 35
Rotating speed (RPM) | 250 | 500 | 750 | 1000 | 1250 | 1500 [ 1750 [ 2000
Each case of linear speed test is used with all cases of rotating speed, such
that the total tested cases are 64. Fig. 2 shows the measurement of the temperature
by means of a thermocouple device during FSW.

Fig. Photograph of tool
3. Finite element modeling of friction stir welding
3.1 Heat transfer in friction stir welding

The start of the finite element formulation is based on the moving heat
source through the welded plate. The temperature distribution through welding
process is calculated according to Navier- equation [10].

A combined of convection and conduction heat transfer occurred during the
welding process. The steady state condition with respect to moving heat source is
presented by Eq (1), [11]:

V.(-kVT)=Q—pC,u.VT (1)
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where: k is the thermal conductivity (W/m-K), T is the temperature [K], p-is the
density [kg/ m?], C, is the specific heat capacity [J/kg-K] and u is the linear
velocity of heat source [m/s].

A sample of the welded specimen is shown in Fig. 3.

The pin in tool is considered as the heat source during the friction stir
welding. It is assumed that the generated conductive heat transfer model in the
common interface between the pin and the welded plate is [12]:

Qpin (T) = ﬁ £ wY(T) (2)

Fig. 2. Temperature measurements during friction stir ~ Fig. 3. Sample of welded specimen by
welding process friction stir welding

where gpin is the generated heat between pin and workpiece [W/m?], u - is the
coefficient of friction between pin and workpiece, rp is the radius of pin [m], w is
the angular velocity of pin [Rad/s] and Y(T) is the average shear stress of the
welded specimens [MPa]. The generated heat at the interface between the lower
surface of the rotated shoulder and the welded specimens yields due to friction
between them. The following formula is presented [12]:

Fn
(MA—) wr T <Tmeit
Gshoutder (1, T) = { ° (3)
0 T 2T et

where Qshoulder IS the generated heat between shoulder and work piece [w/m?], r is
the distance from the center of tool [m], Fy is the normal force of tool [N], As is the
surface area of shoulder [m?] = 7 (%pin —Ishoutder), and Trmerr is welded specimens
melting temperature [K].

A combination of convection and radiation are lost from the surfaces of
welded plate. The surrounding of upper surface differs from that of the lower
surface. Therefore, the heat transfer for each surface will be [13]:

Qup = hup (To —T)+ eo (T;mb - T 4)
Qaown = hdown ( TO - T) + €0 (T;mb - T4) (5)
where qup&Qdown are the heat loss from upper and lower surface of workpiece
respectively [W/m?], hyp&haown is the convection coefficient of upper and lower
surface of workpiece [w/m?K], To & Tamp are the initial and ambient temperature
[K], ¢ is the surface emissivity, and o is the Stefan-Boltzmann constant [W/m?K?*].
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3.2 The finite element model

The distribution of temperature through the welded plate is calculated using
the finite element method with the aid of the COMSOL Multiphysics 4.3 software,
as follows:

Building of the model consists in creation of geometrical entities which
include the volumes of the actual problem geometry. The model is build such that
the center of tool is located at the original point of the basic axis, Fig. 4a. A mesh
of the model is created with quadratic elements for each plate and triangle elements
for pin and shoulder; Fig. 4b.

,//‘
i
e ee 2 X >
e
1 ¢ \\ y : Pin and shoulder

(b)
Fig. 4. Problem model (a) geometry (b) mesh

This heat transfer generation model represents the definition of the
generated heat transfer rate (q) in each boundary of pin and shoulder. The generated
heat transfer rate in pin (qpin), Eq (2)., is applied in the boundaries (1 & 2), Fig. 5.
The heat equation contains the average shear stress of the welded specimen which
has a different function for each material. In this work, a different material of the
welded specimen is used (Al 6061 and Al 2024). Each material has a specific
function of shear stress and therefore, the heat rate will differ from one to the other
according to the bounded region between the pin surface area and each material.
The generated heat in the first half of pin surface area (boundary 1), which is in
contact with the material Al 6061, will be Eq(2). such that the average shear stress
will be of material Al 6061. The generated heat in the second half of pin surface
area (boundary 2), which is in contact with the material Al 2024, will be Eq(2). such
that the average shear stress will be of material Al 2024.

The generated heat transfer rate in shoulder (Qshouder), EQ (3), depends on
the melting point of material. This equation is applied in the first lower half of
shoulder area (boundary 3) which is in contact with the material Al 6061, such that
the melting point will be of material Al 6061. Also, this equation is applied in the
second lower half of shoulder area (boundary 4) which is in contact with the
material Al 2024, such that the melting point will be of material Al 2024, Fig. 6.
The heat lost from the model consists of convection and radiation from the upper
and lower surface are found using Eqgs (4). and (5). The upper heat lost in Eq (4). is
applied on the shaded area of the upper surface, Fig. 7. This region represents the
upper surface area of the two welded specimens minus the area of pin and shoulder
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which have no heat lost. On the other hand, the lower heat lost in Eq (5) is applied
on the shaded area of the lower surface which includes the lower surface area of the
two welded specimens minus the area of pin only. The values of upside and
downside convection coefficient are 12.25 and 6.25 W/m?- K respectively [14]. The
ambient temperature is taken as To = 300 K.

w ‘ AL 6061 AL 6061 AL 6061
|
|

\ L Boundary 3 ) Boundary 4 _

Pin

Boundary 1 7___,,,\5f1_'p”ii'|.de? \—

AL 2024 Boundary 2 | | *- AL 2024 - AL 2024

Fig. 5. Pin heat boundaries Fig. 6. Shoulder heat boundaries

o)
W

Upper surface lower surface

Fig. 7. Heat flux boundaries for the upper and lower surface

3.3 Thermal properties

In order to solve this model, the following material properties shown in
Table 4 are required, [8].

Table 4
Thermal material properties of welded specimens and tool
Property AAG061-T6 AA2024-T3 tool
Thermal conductivity [W/m-K] 167 120 42
Heat capacity [J/Kg-K] 896 875 500
Melting point [K] 933 775
Surface emissivity [14] 0.3 0.3

4. Results and discussion

This study analyzes the temperature distribution when the tool reaches the
center point of welded specimen, Fig. 4. In order to validate the obtained values of
the temperature distribution along the weld line for the proposed model using
experimental measurements, a simple (3D) numerical result is illustrated in Fig. 8.
The conditions of this case is v= 25 mm/s, N= 250 rpm). The higher temperature
field is found at the region of tool and decreased gradually in the direction of linear
welding speed. The shape of temperature distribution behaves like flame starts from
the center of rotating tool toward the region of welded specimen in the direction of
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linear speed. The maximum temperature value is 500 K near the weld zone and
reach the ambient temperature 300 K near the weldment specimen edge. As it has
been observed, a good agreement is found between the results of the FE model and
the experimental data. The higher rate in temperatures change is found along the
weld line (x-axis) as compared with the transverse line (y-axis). This phenomenon
can be explained by the fact that the higher friction occurred along the axis of linear
speed. Due to higher generated heat near the weld line, a sharp increase in
temperature is found in this region.

The values of temperature distribution along the y-axis for all cases
mentioned in Table 3 are illustrated in Figs. 9 to16. The negative and positive values
of the y-axis represent the region of materials (AL2024 and AL6061) respectively.

Generally, the temperature has a maximum value at the weld metal and
decrease gradually through the heat affected zone until the weldment edge away
from the y-axis. The different properties of the welded materials (AL6061,
AL2024) gave a non-symmetrical temperature distribution about the x-axis.
Increasing the linear velocity gives a decrease of the temperature values. This
phenomenon is clear at low rotating speed. Hence, for N= 250 rpm, higher
temperature values along the y-axis are found at v=2 mm/s, Fig. 9, which decrease
until it reaches the minimum values at maximum speed, Fig. 16. The decrease of
the linear velocity means that more time is required to complete the welding process
and therefore, the friction time will increase. This increases the heat generated and
temperature values.

At lower linear speed, the higher rotating speeds have no effect on the
increasing of temperature, Figs. 9 and 10. Hence, at v = 2 and 5 mm/s, the
temperatures distribution is approximately the same for rotational speed range from
750 to 2000 rpm).

It is observed that the higher rotating speeds ranging from 1250 to 2000
rpm, gave the same temperatures distribution at the higher values of linear speed
values ranging from 2 to 35 mm/s.

Surface temperature
4501.11
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v300 %300
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Fig. 8. Temperature distribution along the weld line, v =25 mm/sec, N=250 RPM
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4.1 Temperature distribution in the circle region of pin and shoulder

This region includes the weld line and the heat affected zone (HAZ). At low
rotating speed, N=250 rpm, and for all range of the linear speed, the higher
temperature distribution observed at the region of lower melting point material
Al2024 as comparing with that of higher melting point material Al6061, Figs. 9 to
16.

At high rotating speed from 1250 to 2000 rpm, and for all range of linear
speed, the higher temperature distribution observed at the region of higher melting
point material Al6061 as comparing with that of higher melting point material
Al2024.

For the other intermediate rotating speed from 500 to 1000 rpm, the higher
temperature distribution starts at the region of higher melting point material AI6061
and it is transmitted to the region of lower melting point material Al2024 depending
on the linear speed value. Hence, for rotating speed N=500 rpm, the higher
temperature distribution is in the region of material Al6061 for speed range from 2
to5 mm/s and then it is reflected to the region of material Al2024 for speed range v
> 5 mm/s.

On the other hand, the temperature distribution in the circle region of pin
and shoulder in the weldment specimen for v = 25 mm/s and all range of rotating
speed is presented in Fig. 17, taking into account that the aluminum alloy Al6061
has a higher melting point Tm = 933K than the other Al2024, T = 775K.

For all rotating speed ranges from 250 to 2000 rpm, the higher range of
temperature is observed at the region of contact surface between the lower surface
of shoulder and specimen. Hence, a large heat is generated in this surface due to the
higher friction resulted between the two surfaces. The pin region gave small
temperature values as compared to the shoulder which has a large common area
with weldment specimen than the pin.
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Fig. 9. Variation of temperature Y -axis, Fig.10. Variation of temperature, Y -axis,
vV =2 mm/sec. v =5 mm/sec.
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For rotating speed values of 250, 500 and 750 rpm, the region of higher
temperature range is observed in the common area between shoulder and the two
materials (Al6061, Al2024). Approximately, this region is divided intoo two equal
sectors for each material. Increasing the rotating speed resulted in increasing region
of higher temperature range. Hence, the angle of sector increased with the rotating
speed (114° for N=250 rpm, 134° for N=500 rpm and 154° for N=750 rpm).
Exactly, the increasing in the sector angle is the same for each rotating speed step
(O angle= 20° for each [JN=250 rpm). For this range of rotating speed, the
maximum temperature doesn't reach the melting point for both of materials
(Al6061, Al2024).

For rotating speed values from 1000 to 2000 rpm, the region of higher
temperature range transmitted to the common area between shoulder and the
material (AI6061). The angle of sector increased with the rotating speed (70° for
N=1000 rpm, 85° for N=1250 rpm, 130° for N=1500 rpm and 180° for N=1750,
2000 rpm). That means, when the sector angle reaches 180° at a specific higher
rotating speed (N=1750 rpm), this angle will stop when the rotating speed
increased.

4.2 Temperature distribution in the upper and lower surface

In order to know the difference of temperature between the upper and lower
surface of weldment through the welding process, three samples have been
considered. The first one with low speed condition (v =2 mm/s, N=250 rpm), the
second with intermediate speed condition (v =15 mm/s, N=1000 rpm) and the third
with high speed condition (v =35 mm/s, N=2000 rpm), Fig.18.

In general, the upper surface has large temperature values as comparing with
the lower surface especially at the region of pin and shoulder circle. Hence, the
upper surface has an additional heat generated due to the friction between it and the
shoulder surface, while the lower surface has no shoulder friction. Away from this
region, the temperature values are the same. This can be explained by the fact that
the thickness of the plate is relatively small (t= 3 mm) which gives a uniform
temperature distribution along it.

Increasing the speed values results in increasing the difference of
temperature values between the upper and lower surface at the region of pin and
shoulder circle. This is reason why the heat generated in pin and shoulder depends
extremely on the speed, Egs (2) and (3). Then, the higher rotating speed has a higher
effect on this difference than the linear speed. The heat generated in the upper
surface equals to those of shoulder and pin - Egs. (2) and (3) - while the heat
generated in the lower surface is from pin only. This heat is approximately the same
for each material (Al6061, Al2024). Therefore, for the lower surface, a similar
behavior of temperature distribution is found for each material.
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Fig. 17. Temperature distribution in the weldment specimen through region of pin and
shoulder (v =25 mm/s)
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5. Conclusions

From the above results it can be concluded that the higher temperature field
behaves like flame starting from the center of rotating tool and decreasing with
linear speed.
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The higher rate in temperature change is found through the weld line as
comparing with the transverse line. Welding of different materials gave a non-
symmetrical temperature distribution about the weld line. Increasing the linear
speed gave a decrease in the temperature values. As well as increasing the rotating
speed gave an increase in the temperature values, while increasing the higher
rotating speeds has no effect on the temperature at low linear speed.

It can be observed that at low rotating speed, a higher temperature
distribution is observed at the region of lower melting point material. At high
rotating speed, a higher temperature distribution is observed at the region of higher
melting point material. Finally, at intermediate rotating speed, the higher
temperature distribution is the same for each material region.

The higher ranges of temperature lie at the region of contact surface between
the shoulder and specimen. The pin region gave a small temperature values as
compared with shoulder region. At the region of pin and shoulder, the upper surface
has larger temperature values than those of lower surface. Increasing the speed
values results in increasing this difference. At the lower surface an approximately
symmetrical behavior of temperature distribution is found along the weld line. The
FEM gave a good agreement with the experimental data.
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