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The influence of friction stir welding parameters on thermo-mechanical behav-
ior of the material during welding is analyzed. An aluminum alloy is considered
(A1 2024 T351), and different rotating and welding speeds are applied. The finite
element model consists of the working plate (Al alloy), backing plate and welding
tool. The influence of the welding conditions on material behavior is taken into
account the application of the Johnson-Cook material model. The rotation speed of
the tool affects the results. If increased, it contributes to an increase of friction-gen-
erated heat intensity. The other component of the generated heat, which stems from
the plastic deformation of the material, is negligibly changed. When the welding
speed, i.e. tool translation speed, is increased, the intensity of friction-generated
heat decreases, while the heat generation due to plastic deforming is becoming
more pronounced. Summed, this leads to rather small change of the total genera-
tion. The changes of the heat generation influence both the temperature field and
reaction force. Also, the inadequate selection of welding parameters resulted in
occurrence of the defects (pores) in the model.

Key words: friction stir welding, welding speed, heat generation,
welding tool rotation speed, finite element analysis

Introduction

Advanced joining technologies are crucial for manufacturing of lightweight struc-
tures. An example is friction stir welding (FSW) process, which is increasingly used for weld-
ing of structures produced from aluminum alloys and other metals. The process itself does not
require filler material or protective atmosphere. The work (welding) environment is cleaner,
without harmful fumes, smoke, oduors, ultraviolet, and other harmful radiation. No special
preparation of joining surfaces or edges is required. Low heat input enables minimal distortions
and shrinkage, and minimal influence of the introduced heat on the phase transformations in the
base metal. The FSW produces joints without hot cracks and porosities, which are typical side
effects of the welding procedures based on melting.
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Application of FSW is gaining more attention in different industries, like shipbuild-
ing, aerospace, railway/road vehicle production, efc. The aluminum alloys are the most often
subjected to FSW, including those with poor weldability, e.g. 7049A T652 [1]. However, other
metallic materials/alloys can be joined as well: magnesium [2], titanium [3], copper [4], or
steel. Also, it is possible to weld dissimilar metals — different Al alloys, but also completely
different materials, e.g. Al alloy 2024-T3 and TiAl6V4 [5]. Particle reinforced composites, such
as aluminum matrix composites, have also been joined by FSW, as shown in [6].

The stages of FSW are shown schemat-
ically in fig. 1, [7]. The process is initiated by

=
1 1-’ plunging of the tool into the work pieces (tool

rotation and vertical translation), while the

‘ l.‘ welding stage starts after the thermo-mechani-
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@ ) of equipment used for joining by FSW is shown

) B

(b .
l {. » tools (which are non-consumable) affect the
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Figure 1. Sketch of FSW welding; (a) before ly very often used in literature to simulate the

contact, (b) tool Ein in contac.t with plates, FSW process, e.g. [10-13], with a comprehen-

(c) tool shoulder in contact with plates, and . . . .

(d) production of welded joint [7] sive review given in [14]. However? there are
some interesting recent studies showing the ap-

plication of other mathematical tools, such as cellular automaton model [2], or wavelet analysis

[15] in modelling of this welding technique. Simulation of the joint formation is not the only

area of application for numerical simulations they are also applied in fracture and failure anal-

ysis of FSW joints [16-18].

The FSW inevitably includes heat generation by two processes: the first one is the
friction between the tool and the welded material, while the second is significant plastic de-
forming of the material. The welding depends on this heat generation, which is why the initial
stage, plunge stage, has a key role. Namely, the thermo-mechanical conditions required for
subsequent welding are established during this stage. Also, highest temperatures and strains are
expected as the tool is plunged into the welded material. Therefore, special attention has been
devoted to the plunge stage by the authors of the present study in [19, 20]. Also, previous works
of the authors include determination of influence of material properties on both welding stages
[19, 21] and analysis of the velocity fields in the material around the tool [22]. Comparison of
numerically predicted temperature and force with the experimental findings is shown in [23] for
Al alloy 2024 T3. It could be said that the findings of [23] represent a verification of the model
used in this work, but performed on different material. Experimental examination of joints
formed by application of different welding parameters on Al alloy 2024 T3 are conducted in
[24]. The study [24] examines the effect of the welding parameters on tensile properties under
static loading conditions, while impact loading is considered in [25]. The effect of heat input of
FSW of AA 6061-T6 is studied in [26], while the heat input in general is studied in [27].

Here, the topic is analysis of the influence of welding parameters (welding speed
and tool rotation speed) on heat generation, temperature, force and plastic strains during the

ks in [8], and includes conventional machines,
T dedicated FSW machines, as well as industri-

al robots. Besides the machine itself, welding
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linear welding stage of the Al alloy 2024 T351, by application of numerical analysis, i.e. finite
element modelling. Also, some special cases with (deliberately) inadequate choice of welding
parameters are considered, and the weld defects (pores) are predicted in such models.

Material properties

The base metal considered in this work is aluminum alloy EN AW 2024 T351. The
material properties of this alloy were used in previous authors’ works dealing with different
aspects of FSW, such as [21, 22, 28], and are repeated in tab. 1.

Table 1. Properties of aluminum alloy 2024 T351 [29]

Material properties Value
Young’s modulus, £ [GPa] 73.1
Poisson’s ratio, v [—] 0.33
0.2% Yield strength, R,, [MPa] 324
Tensile strength, R, [MPa] 469
Elongation at fracture, 45[%] 20
Thermal conductivity, kK [Wm™ °C™] 121
Coefficient of thermal expansion, a [°C™] 24.7-10°
Mass density, p [kg m™] 2770
Specific heat capacity, ¢, [Jkg ! °C] 875

Finite element modelling

Numerical model which is used for analysis of heat generation during welding is
shown in fig. 2. Software package SIMULIA ABAQUS is applied [30]. As shown in the figure,
it consists of three parts: the plate being welded, the welding tool with cylindrical pin, and the
backing plate. The model is described in [21-23, 28], while only some main details and fig. 2
are given here.

Hexahedral finite elements C3D8RT are used, i.e. coupled thermo-mechanical el-
ements with linear interpolation of displacement/temperature and reduced integration order,
[30]. There are ten elements along the thickness (as shown in fig. 2, zoomed detail), in order to
capture the change of thermo-mechanical quantities in this direction. As for the backing plate
and the welding tool, they are considered as rigid bodies. Tool pin has cylindrical shape with
diameter 6 mm, while tool shoulder diameter is 18 mm. It should be mentioned that the tool pin
in this numerical study does not have a thread, which represents a simplification (often made in
the literature) because the threaded pins are much more often used for actual welding. There are
some recent studies where authors analyse the isolated influence of the thread, but the emphasis
in this work is on comparison between the same models with different welding parameters.

Lagrange-Euler technique for mesh adjustment is applied. This includes the fol-
lowing boundary conditions: the material flows into and out of the model at the appropriate
boundary surfaces. Figure 2 shows the positions of the two points used for tracking the change
of temperature during the welding. The co-ordinates of these points are: T1 (17.5, 0, 3) and
T2 (12, 0, 3). The co-ordinate system is aligned with the tool axis, and its origin is on the bottom
of the working plate.



Veljic, D. M., et al.: Thermo-Mechanical Analysis of Linear Welding Stage in ...
2128 THERMAL SCIENCE: Year 2022, Vol. 26, No. 3A, pp. 2125-2134

b

T1(17.5,0,3)

Figure 2. Finite element model; modified from [28]

Johnson-Cook elastic-plastic model

Dependence of the current yield stress o, [MPa] on temperature 7' [°C], plastic strain
&, [-], and plastic strain rate ¢, [s™'] is defined by Johnson-Cook material law [31]:

oy, =|:A+B(é‘p)nj||:l+C(i—pJ:| 1_[TT_7};om ] )

0 melt — froom

where Tioom = 20 °C is the ambient temperature, while 4, B, C, n, Tre, Troom » and m are John-
son-Cook material/test constants. For the considered alloy (Al 2024 T351): A = 265 MPa,
B=426 MPa,n=0.34,m =1, and C =0.015, [32]. Solidus temperature T, is 502 °C.

Heat transfer model

Energy balance related to heat transfer analysis is described by the Fourier law. The
same approach (including the parameters in the rest of this subsection) was used in previous
authors’ works for this alloy or Al 2024 T3, e.g. [21-23, 28], also together with Johnson-Cook
material model. Here, we will mention the applied expressions for heat generation, because it is
one of the main concerns in this work. Equation (2) shows the total heat flux ¢ [Js™'], obtained
as the sum of the following components:

— heat flux due to the shear plastic strain in the zone around the tool shoulder and tip ¢, [Js™']
and
—  (heat flux due to the friction which happens during shearing between the tool and the plate
gr[Js]:
4=q,+qy =nt, +Upy )
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In this expression, the first component of the heat flux depends on: factor of conver-
sion of mechanical to thermal energy, # [—], (applied value: 0.9, in accordance with [33]), shear
stress, 7 [MPa], and plastic strain. As shown previously, plastic strain also exists in the mate-
rial model for mechanical behaviour, eq. (1). The heat flux due to the friction, i.e. the second
component of the heat flux, is calculated from the friction coefficient, u [-], contact pressure, p
[MPa], and slip rate, y [mms']. At the contact surface between the working plate and the tool,
90% of the generated heat is transferred to the plate (i.e. to the welded material) and 10% is
taken away by the tool.

As mentioned previously, the backing plate is modelled as the rigid body. Also, it
has no thermal degrees of freedom. Therefore, heat transfer which occurs through this plate
is simulated by a high value of the heat transfer coefficient defined at the bottom surface of
the welding plate —2 = 3000 W/m?°C, [34]. As for the surfaces of the welding plate which are
in contact with the surrounding, i.e. air at room temperature, the value of this coefficient is
10 W/m?°C [21, 23, 33]. For definition of contact between the material and the tool, it is nec-
essary to define the friction coefficient value: 4 = 0.3.

Results and discussion

In this section, the results obtained by varying the welding speed and tool rotation
speed are shown. Also, the effects of the inadequate selection of welding parameters are shown.
It should be emphasised that the results presented here are numerical. Experimental verification
of this numerical model is shown on the alloy Al 2024 in T3 condition in [23], where tem-
perature and reaction force are compared with the experimentally measured values during the
process.

Welding speed effect

Figure 3(a) shows the change of the heat generation intensity during the welding. In this
diagram, both components of heat generation are shown (from friction and from significant
plastic deformation), as well as total amount. All these quantities are presented for two different
welding speeds, in order to assess the influence of this welding parameter. From fig. 3(a), it can
be seen that the welding speed increase, with a constant tool rotation speed, causes decrease
of friction heat generation and increase of deformation-generated component. However, total
change is rather small. Actually, higher welding speeds cause the tool to interact with less-
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Figure 3. Heat generated (a) and temperature change (b) during the FSW
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heated (insufficiently heated) material more quickly. Then the material will show an increased
resistance to deformation and therefore, a larger amount of heat is generated due to plastic
deforming. Since the working temperature is reached near the tool tip, the influence of friction
is less pronounced and friction-generated heat amount is decreased. Figure 3(b) shows the
temperatures in two defined points (T1 and T2, fig. 2) during the welding process. The welding
speed does not have a pronounced influence, neither in the area close to the tool tip (T2), nor
further from it (T1). This can be regarded as a consequence of the previous result - the speed
does not have a significant influence on the total generated heat when near-optimal welding
parameters are applied.

The temperature fields in fig. 4 are shown
for two welding speeds, but for this compari-
son the weld length obtained by these speeds is
the same. Of course, this means that more time
is needed to achieve this length if the welding
speed is lower. For the tool with 120 mm per
minute translation speed, 7 seconds was needed
to reach this state, while 12 seconds was needed
for the tool translation speed 60 mm per minute.
In both cases, tool plunge stage had the same
duration - two seconds. For the same path, the
plate welded at lower speed is more intensively
heated outside the welding zone. This differ-

Rotation speed n = 400 rpm
Welding speed v = 60 mm per minute

Alloy 2024351
After 12 seconds

Welding direction

——

Rotation speed 1 = 400 rpm
Welding speed v= 120 mm per minute

Alloy 2024351
After 7 seconds

Figure 4. Temperature distributions for the
same weld length and different welding speed

60, ence can also be seen in fig. 3, if temperature at
= the position T1 is considered.
i 01| Alloy 20247351 As a consequence of higher resistance
S \ Rotation speed n = 400 rpm to tool movement through the material, higher
404 | Welding speed . . .
\ V= 60 mm per minute welding speeds cause higher force value in ver-
304 IU:\,-\\\  ~ y=120 mm per minute tical direction, fig. 5.
201 l A Tool rotation speed effect
1o Nt If we “now _apply differer_lt tool rotation
speeds, maintaining the welding speed un-
0 . , , . . . changed, it is determined that the rotation speed
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increase leads to an increase of friction-gener-
ated heat intensity. The intensity of the other
component, deformation-generated, is changed
negligibly (except in the first 3 seconds), fig.
6(a). Actually, the increase of rotation speed increases so-called tool slip rate-this quantity is
actually relative velocity (when tool movement is observed relative to the material, i.e. plate),
which makes the friction and heat generation by friction more intensive.

Due to the increase of total heat generation as the tool rotation speed increases, higher
temperature values are observed both close to the welding tool and further from it — positions
T1 and T2 in fig. 6(b). Temperature values in the narrower welding zone, close to the tool pin,
do not change after the first few seconds, since they have already reached their maximum.

The distribution of temperature is given in fig. 7 where cross-sections are shown and
welding direction is from left to right. Two fields are obtained, for the tool rotation speeds
400 rpm and 447 rpm. Welding speed was held constant for both cases — 60 mm per minute. A

Time [s]

Figure 5. Force in vertical direction
during FSW
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Figure 6. Heat generated (a) and temperature change (b) during the FSW
— tool rotation speed effect

small difference between the two fields, caused primarily by change of the friction-generated
heat intensity, can be noticed. From fig. 6(a), it has been concluded that the other component,
deformation-induced heat generation, almost does not change with the increase of the tool ro-
tation speed.

Comparison of the reaction forces of the material for different tool rotation speeds
are shown in fig. 8. For the higher rotation speed (447 rpm), the material around the tool tip
and shoulder is more intensively heated. Therefore, the reaction force in vertical direction (i.e.
material resistance to deformation) will be lower, fig. 8.
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Figure 7. Temperature field after 12 seconds
of FSW — tool rotation speed effect

Figure 8. Force in vertical direction
during FSW — tool rotation speed effect

Numerical results for parameters set outside the optimal range

When welding parameters are outside the optimal ranges (e.g. too high welding speed
in fig. 9 or too low tool rotation speed in fig. 10), the generation of heat in the working plate
is insufficient. As a consequence, the material is not sufficiently plastic, and the tool does not
convey sufficient amount of material from one side of the weld (retreating) to the other (advanc-
ing). Such behaviour leads to formation of defects in the shape of voids, marked in figs. 9-12
by arrows, in the regions with low material velocity. It should be noted that tracking the exact
shape and/or evolution of a void in the material would probably require some more advanced
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technique. However, its appearance is an important indicator that the selected FSW parameters
are not adequate — such combinations lead to void formation, or at least to a significant decrease
of mechanical properties of the joint.

In the numerical models with the temperature field distribution, it can be observed
that the error has occurred. In fig. 9, it happens during the first second of the welding, while in
fig. 10 the defect emerges in the third second.

The aforementioned problem can also be viewed by considering the flow rates of the
material being welded, figs. 11 and 12. If the fields of the flow rate are analysed, it is visible
that the flow rate in the weld root is minimal on the advancing side, i.e. the material transfer is
insufficient. This corresponds with the previous two figures (note: different cross-section planes
are used in figs. 11 and 12 when compared with previous two figures, which can be seen by the
marked welding direction).

NTI

Aottt
e e

Welding direction

Figure 9. Void in the weld root — advancing side; Figure 10. Void in the weld root — advancing side;
n =400 rpm, v =240 mm per minute n =200 rpm, v =60 mm per minute

Figure 11. Material flow rate field; Figure 12. Material flow rate field;
n =400 rpm, v =240 mm per minute n =200 rpm, v =60 mm per minute

The results shown in this work capture the influence of the welding parameters on the
thermo-mechanical quantities, primarily temperature, plastic strain, force and heat generation.
Also, appearance of FSW defects (voids) for inappropriate values of the welding speed and/or
tool rotation speed is predicted. In the studies [20, 21], the effect of difference of material prop-
erties on the similar set of thermo-mechanical quantities is analysed both during linear welding
[21] and plunge [20] stage. The alloy 2024 T351 was one of the materials considered in these
works, but with a single set of welding parameters, without variations which are applied here.

Conclusions

The main conclusions are given. As mentioned previously, they are based solely on
numerical results and the model has previously been verified by authors on the Al alloy 2024
in T3 state.
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® Increase of the welding speed leads to a decrease of friction-generated heat intensity and
increase the generation of plastic deformation-generated heat. Total change of heat genera-
tion is negligible.

e Higher welding speeds lead to higher forces in vertical direction; this is caused by more
pronounced resistance to tool movement through the material.

e When the tool rotates with increased speed, an increase of the friction-generated heat in-
tensity is observed, while the other component of heat (caused by plastic deformation) is
changed negligibly. Therefore, total heat generation is increased.

® The force in vertical direction is lower if the tool rotation speed is increased. The material
resistance is less pronounced in this case, due to more intensive heating.

e Application of numerical modelling can be successful in assessment of the optimal values of
the FSW parameters, thus decreasing the time and costs of the experimental examinations.
Also, another important point is presented here: it can capture the formation of the defects
due to inadequate welding parameters. Even though the exact shape and development dy-
namics of these defects might require some more advanced modelling strategy, their appear-
ance in the models is an important indicator that insufficient properties (strength, ductility,
etc.) of the joint will be obtained in these cases.

In the future work, we will attempt to also verify some of the results on the alloy 2024

T351, especially to check the prediction of the consequences of inadequate parameters selec-

tion (deterioration of joint properties).
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Nomenclature

n,, — rotation speed of the tool, [rpm] v — welding speed, [mms™']

q — rate of total heat generation, [Js]

Gy  —rate of frictional heat generation, [Js'] Greek symbol

g,  —rate of heat generation due to plastic &y — equivalent plastic strain rate, [s]

deformation, [Js™]
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