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This paper deals with the heat generation in the Al alloy Al2024-T3 plate under dif-
ferent rotating speeds and plunge speeds during the plunge stage of friction stir
welding. A 3-D finite element model is developed in the commercial code
ABAQUS/Explicit using the arbitrary Lagrangian-Eulerian formulation, the John-
son-Cook material law, and Coulomb’s Law of friction. The heat generation in fric-
tion stir welding can be divided into two parts: frictional heat generated by the tool
and heat generated by material deformation near the pin and the tool shoulder re-
gion. Numerical results obtained in this work indicate a more prominent influence
from the friction-generated heat. The slip rate of the tool relative to the workpiece
material is related to this portion of heat. The material velocity, on the other hand,
is related to the heat generated by plastic deformation. Increasing the plunging
speed of the tool decreases the friction-generated heat and increases the amount of
deformation-generated heat, while increasing the tool rotating speed has the oppo-
site influence on both heat portions. Numerical results are compared with the ex-
perimental ones, in order to validate the numerical model, and a good agreement is
obtained.
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Introduction

Friction stir welding (FSW) is a robust solid state joining process that was introduced

by The Welding Institute in early nineties, the last century. It is primarily a two-stage process: a

plunge welding stage and a linear welding stage, as shown in fig. 1. In the plunge stage, a hard

non-consumable rotating tool penetrates the plates to be welded. In the linear welding phase, the

tool moves along the joint line [1]. During this process, the tool rotation creates conditions for

the generation of energy by friction between the tool and the workpiece, as well as through the

plastic deformation of the material. Both energies heat the plates, enabling their joining at tem-

peratures lower than the melting point of the material.

A number of publications dealing with numerical investigations of welding [2, 3] and

FSW process can be found in the literature [4-12]. For example, Zhang et al., [4], and Zhang and
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Zhang [5] carried out semi-coupled thermo-me-

chanical finite element analyses of the FSW

process and the associated microstructural

changes. In several references, the main objec-

tive was to examine the effect of various FSW

process parameters (including tool design) on

the heat/mass transport processes [5-7]). Song

and Kova~evi} [8] and Chen and Kova~evi}

[9-10] presented numerical thermo-mechanical

modeling of FSW for both similar and dissimi-

lar joints. Some simplified analyses can also be

found, such as Dong et al. [11], where several

models were developed to separately deal with

the thermal and mechanical aspects of the FSW.

In majority of the literature, the emphasis is

on the simulation of the welding process, i. e.

the linear welding phase, while plunge stage is

rarely examined [1, 12, 13]. However, plunging is a vital phase of the FSW process, because it

creates the initial thermo-mechanical conditions in the material, i. e. conditions prior to the start

of the linear welding phase. Also, numerical modeling of the plunging process is very demand-

ing due to the pronounced mesh distortion under the pin. This paper compares the numerical re-

sults of the temperature change during the plunge stage of the FSW with the experimental data

obtained by thermal imaging. Numerical modeling is also used for analysis of the heat genera-

tion (by friction and material deformation) during this stage.

Experiment

One of the goals of the experi-

mental investigations was tracking

the temperature changes on the top

surface of the workpiece in the vicin-

ity of the tool shoulder periphery

during the plunge stage of the FSW

process. The sheets’ dimensions were

180 � 65 � 3 mm; they were produced

from a high-strength Al alloy 2024

T3. Table 1 shows the chemical com-

position of the base material. The

thermal and mechanical properties

used for the numerical model are

given in tab. 2 [14-17].

The experiment was performed

on a CNC milling machine, produced

by Prvomajska, type AG400, 12 kW.

A tool manufactured from Cr-V-Mo

tool steel (56NiCrMoV7) was used;

the tool had concentric circles on the

tool shoulder and left-hand thread on
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Figure 1. Schematic illustration of FSW
process [14]

Table 1. The chemical composition of the base material [15]

Alloy
Content of element, [wt%]

Cu Mg Mn Fe Si Zn Ti Al

2024-T3 4.80 1.41 0.72 0.28 0.13 0.07 0.15 bal.

Table 2. Material properties of Al 2024 T351 [14-15]

Material properties Value

Young’s modulus of elastic. [GPa] 73.1

Poisson’s ratio 0.33

Initial yield stress [MPa] 345

Ultimate tensile strength [MPa] 483

Thermal conductivity [Wm–1K–1] 121

Coefficient of thermal expansion [°C–1] 24.7���–6

Density [kgm–3] 2770

Specific heat capacity [Jk–1g°C–1] 875

Solidus [°C] 502

Liquidus [°C] 638



the tool pin. The tool hardness after thermal treatment (quenched and tempered condition) was

54 HRC. The material of the backing plate is steel 42CrMo4.

The temperature change during the welding process was registered with a

thermovision camera FLIR system, ThermaCAM P640. The measurement range of the camera

was from –40 to 2000 °C, with an accuracy of ±2 °C. High-quality pictures were produced using

the new generation detector. ThermaCAM Quick Report 1.1 software was used for processing

the recorded data from the camera and creating the diagrams of the time-dependence of the tem-

perature on the top surface of the workpiece in the vicinity of the tool shoulder periphery.

Figure 2 shows the process of plunging the tool into the workpiece. The values of the

FSW parameters were:

– Specimen 1 – tool rotation speed n = 400 rpm, tool plunge speed v = 0.0405 mm/s, and

– Specimen 2 – tool rotation speed n = 447 rpm, tool plunge speed v = 0.0405 mm/s.

Schematic view of the experimental

set-up is given in fig. 3. The exact posi-

tion of the temperature tracking spot,

used for comparison with numerical re-

sults, is shown in fig. 3 (left) – see also

fig. 6.
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Figure 2. Plunge stage of FSW
Figure 3. Schematic view of the experimental set-up

Figure 4. The welding tool used in numerical analysis

Figure 5. Numerical model of the welding plate, tool, and
backing plate, with the co-ordinates of the point for
measuring the time-dependence of the temperature

Figure 6. Thermal image recorded
after 12 seconds, Specimen 1
v = 0.0405 mm/s, n = 400 rpm



Numerical model

The dimensions of the welding plate in the 3-D numerical model are 50 � 50 � 3 mm.

The model consists of thermo-mechanically coupled hexahedral finite elements with 8-nodes

(C3D8RT [18]), each having trilinear displacement and temperature degrees of freedom. This

element produces uniform strain (first-order reduced integration) and contains hourglass control

[18, 19].

The mesh consisted of 15.276 nodes and 12.800 elements. The tool and the backing

plate are modeled as rigid bodies having no thermal degrees of freedom. The main tool geometry

in the finite element model is simplified and does not include the thread, because this would lead

to excessive mesh distortion. The numerical model of the welding plate, tool and backing plate

is shown in figs. 4 and 5.

Johnson-Cook elastic-plastic model

A temperature and strain rate dependent material law (elastic-plastic Johnson-Cook

law) is implemented [14]:
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where Tmelt = 502 °C is the melting point or solidus temperature, Troom = 20 °C – the ambient tem-

perature, T [°C] – the effective temperature, A = 369 MPa, B = 684 MPa, n = 0.73, m = 1.7, and

C = 0.0083. A, B, C, n, and m are material/test constants for the Johnson-Cook strain rate de-

pendent yield stress for Al 2024 T3 [17].

Thermal model

The governing equation for heat transfer during the FSW process can be written as:
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where r is the density, c – the specific heat, k – the heat conductivity, T – the temperature, t – the

time, �q p – the heat generation coming from plastic energy dissipation due to shear deformation,

and x, y, and z are the spatial co-ordinates [20]. The rate of heat generation due to plastic energy

dissipation, �q p is computed from:
� �q p �hte pl (3)

where h is the factor of conversion of mechanical to thermal energy (0.9) [21], t – the shear

stress, and �e pl – the plastic strain rate. Frictional heat generation between tool and workpieces

can be written as:
�

�q pf � m g (4)

where �q f is the frictional heat generation, m – the coefficient of friction, p – the pressure, and �g –

the slip rate.

The heat transfer through the bottom surface of the workpiece is controlled by the heat

transfer coefficient of 3000 W/m2K [20]. A constant friction coefficient of 0.3 is assumed be-

tween the tool and the workpiece and the penalty contact method is used to model the contact in-

teraction between the two surfaces. Heat convection coefficients on the surface of the workpiece

are h = 10 W/m2K with the ambient temperature of 20 °C [21].
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Results and discussion

Figure 9 shows the temperature field recorded by the thermo-vision camera in the 12th

second after the beginning of the plunge stage at the fusion line, Specimen 1. The cross marks

the location on the surface of the workpiece for tracking the temperature changes during the

welding process. This point is located in the vicinity of the tool shoulder periphery (i. e. it is the

point on the top surface of the workpiece, at a distance of 12 mm from the tool symmetry axis).

Comparison of the numerically and experimentally obtained results of the time-de-

pendence of the temperature during the plunge stage is shown in fig. 7 (Specimens 1 and 2).

Bearing in mind that the welding of the two specimens is performed with a small intermediate

time, the clamping tools were heated, which

also caused a mild pre-heating of the plates dur-

ing their fixation. This fact did not influence the

test results; hence, the initial temperature for the

numerical model was 25 °C in all cases. In the

first 40 seconds of the plunge stage, the experi-

mentally obtained temperature increases more

slowly in comparison with the numerical re-

sults. The reason for this increase is that the

left-hand thread of the tool pin caused the ap-

pearance of the “drill effect”. However, from

the moment contact between the tool shoulder

and the plates is established, the difference be-

tween the numerically and experimentally de-

termined values becomes negligible. This can

be attributed to the more prominent influence of

the tool shoulder in the heat generation process,

when compared with the less prominent influ-

ence of the tool pin.

The distributions of the tool slip rate relative

to the welded material are shown in fig. 8. Maxi-

mum slip rates are always located in the periph-

ery of the contact surface between the tool shoul-

der and the material, because the material is less

intensively heated in this area and the circumfer-

ential speed value is the largest. This figure

shows that the slip rate in the area close to the

tool pin is significantly lower, because the mate-

rial is very hot and the circumferential speed is

smaller. The slip rate is directly related to the

amount of friction-generated heat (eq. 4).

Unlike the slip rate, the material velocity is lowest at the periphery of the tool shoulder.

In the area near the pin, the flow of the material is very prominent due to the high temperatures

(i. e. small values of the shearing yield stress). As the material “adheres” to the tool shoulder,

maximum velocities of the material are more likely to appear in the area with higher circumfer-

ential speeds, as shown in fig. 9. The material velocity is related to the heat generation due to the

plastic deformation (eq. 3).
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Figure 7. The time-dependence of the
temperature for (a) v = 0.0405 mm/s,
n = 400 rpm, and for (b) v = 0.0405 mm/s,
n = 447 rpm



The results of the simulation of the plunge stage

indicate that the largest portion of the generated

heat is the result of the friction between the tool and

the workpiece. For the case with the plunge speed

v = 0.05 mm/s and n = 400 rpm, the friction-gener-

ated heat is 15.9 kJ, and the deformation-generated

heat is 1.8 kJ (fig. 10). Therefore, the total amount of

the generated heat during plunging is 17.7 kJ. Such a

large percentage of the heat caused by friction

(89.83%) can be attributed to large slip rates on the

workpiece surface, due to the large values of the

tool rotation speed and pressure force.

As shown in fig. 10, the friction-generated heat

is significantly increased after 40 s, when the con-

tact between the tool shoulder and the material is

first established. The heat caused by plastic defor-

mation significantly increases after 45 s, because

the plastic deformation is the most prominent when

the previously mentioned contact between the tool

shoulder and material has been established, right

before the end of the plunge stage.
Figure 11 shows the amount of heat generated

by friction for different tool rotation speeds. The
plunge speed is 0.1 mm/s. Increasing the tool rota-
tion speed increases the amount of heat generated
by friction. Note that this component of the gener-
ated heat suddenly increases after 22 s, when the
contact between the workpiece and the tool shoul-
der has been established.

Similar conclusions regarding the change of frictional dissipation energy with the

change of the rotation speed was obtained by Awang and Mucino [22] in a recent study, for fric-

tion stir spot welding (FSSW) of Al 6061-T6. This type of FSW does not include translation of
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Figure 9. The velocity field
(for color image see journal web site)

Figure 10. Time-dependence of the energy
dissipation

Figure 8. Slip rate distributions before (a) and after (b) the establishment of the contact between the
tool shoulder and the material (for color image see journal web site)



the tool, and is therefore used for comparison with

plunge stage here, having in mind that majority of the

literature neglects the simulation of the plunge stage.

Comparison of the plastic dissipation energies

for three different tool rotation speeds is given in fig.

12. After 22 s, the contact between the tool shoulder

and the material is established and the amount of

generated heat suddenly increases; a similar jump

was also obtained in [22] for FSSW of Al 6061-T6.

For the lower rotation speeds (300 rpm), the tool

shoulder contacts the extruded material later; hence,

a sudden energy increase occurs 1 s later in this case.

From these results, it can also be concluded that

lower tool rotation speeds cause more intensive heat

generation due to plastic deformation. This can be

explained by the lower temperature in the welding

zone – the resistance to deformation is more promi-

nent, which in turn causes the increase in deforma-

tion-generated heat. The percentage of this portion

of heat in the entire heat amount is 18-25%. If these

values are compared with fig.10, it can be concluded

that increasing the plunging speed increases the rela-

tive amount of the heat generated by plastic deforma-

tion.

Conclusions

The main conclusions obtained in this

study can be summarized as follows.

� A good agreement of numerically and experi-

mentally determined time-dependence of the

temperature has been obtained.

� Workpiece (plate) temperature suddenly increases when the tool shoulder establishes

contact with it.

� Slip rate is found to be directly related to the generated friction heat.

� Maximum values of the slip rate have been observed on the periphery of the plate – tool

shoulder contact surface.

� The velocity of the material is related to the heat generated by the plastic deformation.

� The velocity of the material has the smallest values on the periphery of the tool shoulder.

� The amounts of heat generated by friction and plastic deformation suddenly increase after

contact between the workpiece and the tool shoulder is established.

� The heat generated by friction between the workpiece and the tool can account for the largest

percentage of the generated heat.

� Increasing the plunge speed decreases the amount of heat generated by friction and increases

the heat generated by plastic strains.

� Increasing the tool rotation speed increases the amount of heat generated by friction and

decreases the heat generated by plastic strains.
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Figure 12. Plastic dissipation energy for
three different rotation speeds

Figure 11. Frictional dissipation energy for
three different rotation speeds
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