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Abstract. ThP loading of wPlding hPat ]Psou]cP modPl on thP cu]vPd st]uctu]P’s f]iction sti]
welding process is realized by means of the method of node-to-node connection. As an example,
thP tPmpP]atu]P fiPld of thP st]ingP] and skin st]uctu]P’s ovP]lap joint du]ing f]iction sti] wPlding
process is researched while the structure material is 7A04 Al alloy. The results of numerical
simulation show that the resting time of rotational tool at the insertion position after the inserting
process of the tool is finished greatly influences the welding temperature field. With the decrease
of wPlding vPlocity, thP inc]PasP of ]otational spPPd and thP inc]PasP of ]otational tool’s p]Pss, thP
peak temperature in the welding process increases and the high temperature region in weld
enlarges. According to the best range of peak temperature and the less high temperature region,
the optimization scheme of welding parameters of friction stir welding is put forward.

1. INTRODUCTION

In the field of aviation, there are many curved
structures to be connected by riveting. However, the
riveting can add the total mass of aircraft and
decrease the dynamic or static strength. In order to
meet the need of the development of aviation, the
new connecting technologies need to be adopted
to makP thP ai]c]aft’s wPight lightP] and thP ai]c]aft’s
reliability higher.

Friction stir welding (FSW) is a new technology,
which is invented at the end of twentieth century.
Friction stir welding is favored in the field of
aerospace, because FSW owns many advantages,
such as low stress, small distortion, high strength,
no pollution, etc. [1-5]. Many international indus-
tries of aerospace use the FSW technology to con-
nect the typical structures of aircraft. These com-
panies include Boeing Aircraft Company, Fokker BV,
GIE Airbus Industry, etc. By using friction stir weld-
ing instead of riveting, the total mass of aircraft is

lighter, the strength of joint is higher, the working
efficiency is higher and the product cost is lower.

The peak value and distribution of welding tem-
perature are key factors to affect the property of
welding joint. Therefore, the temperature field is
always the research emphasis in the field of welding.
As one of welding technologies, the temperature
field of friction stir welding is more important because
there is a close relation between the material flow
and the temperature field. And the welding quality
of FSW is mainly related to the material flow [6-8].
In this paper, as one of the typical structures in
ai]c]aft, thP st]ingP] and skin st]uctu]P’s tPmpP]atu]P
field is studied by the commercial software Msc.Marc
and then the optimized method of welding
parameters is put forward. The research results
about FSW brought forward in this paper have
significant theoretic and practical engineering
meaning because those results can be considered
as theoretical basis for FSW application in the field
of aerospace.
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2. FEM OF FRICTION STIR WELDING

2.1. Mesh generation

The stringer and skin structure is one of the typical
structures in aircraft. In general, the stringer and
the skin are single curved, double curved or more
complicated. Moreover, the stringer and the skin
often use the riveting to connect together. In this
paper, the friction stir welding technology is used to
connect the stringer and the skin and then the
temperature field in FSW is discussed. The
dimensions of stringer and skin structure are shown
in Fig. 1. Thereinto, the number of skin is one in
order to make the discussion simple. And the mesh
generation is shown as Fig. 2. Moreover, the joint of
the stringer and skin structure is the overlap joint.

Although the temperature in FSW is lower than
the melting point, the temperature distribution is
much uneven and the change of temperature is very
serious. Therefore, the elements in the weld and
nearby are very fine in order to enhance the
computational accuracy while the elements far away
from the overlap weld are relatively big in order to
save the computational time. The model discussed
in this paper is made up of 19300 hexahedron
elements and 25048 nodes.

2.2. Confirmation of material
parameters

7A04 Al alloy owns many advantages, such as
excellent corrosion resistance, good workability, high
yield strength, etc. Therefore, 7A04 Al alloy can be
used to manufacture the stringers and the skins in
aircraft. The physical parameters of 7A04 Al alloy is

Fig. 1. Schematic of the stringer and skin structure.
Fig. 2. Mesh generation of the stringer and skin
structure.

Temperature (°C) 25 100 200 300 400
Specific heat (W/m °C) 875 921 1005 1047 1089
Thermal conductivity (J/kg °C 155 159 163 163 159

Table 1. Material parameters of 7A04 Al alloy.

shown in Table 1. Moreover, the density of 7A04 is
2850 kg/m3 and the melting point is about 532 °C.

2.3. Boundary condition of heat input

In this model, the plastic deformation of material is
assumed to result from only the tool pin. Therefore,
the heat in FSW mainly include two part: heat
generated by the tool shoulder and heat generated
by the tool pin [9].
a) heat generated by the tool shoulder

The heat between the workpiece and the tool
shoulder is considered as the friction heat, whose
expression can be written as follows

shoulder n
Q F R2 ,  (1)

where  is the friction coefficient. F
n
 is the normal

force applied to the workpiece,  is the rotational
speed and R is the distance of some calculated
point from the rotational tool axis.
b) heat generated by tool pin

The heat generated by tool pin includes three
parts: heat generated by shearing of the material;
heat generated by friction on the threaded surface
of the pin; heat generated by friction on the vertical
surface of the pin. The expression of total heat by
the tool pin can be written as follows:
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where r
p
 is the radius of the tool pin, h is the

thickness of workpiece, Y  is the average shear
stress of the material, F

p
 is the translation force

during the welding and  is the helix angle of the
thread.

In the process of numerical simulation, the
above-mentioned heat model can be loaded to the
stringer and skin model by the subroutine Flux in
Msc.Marc.

To any joint with the complicated curved surface,
the heat source of FSW is difficult to load. In this
paper, the method of node-to-node connection is
put forward to realize the load of heat source.
Thereinto, it is assumed that the heat source linearly
moves between two adjacent nodes in the welding
direction. Because the elements in the weld are very
fine, the distance between two adjacent nodes is
very little and this loading method is feasible. The
welding velocity expression of a certain direction is
as follows:

m i m i
m

m i m i
2

( 1) ( )
( ) ,

( 1) ( )



  (3)

where v is the welding velocity and m represent one
of three coordinates, namely x, y or z. (m) is
component of the welding velocity in x direction(or y
direction or z direction). m i m i

2
( 1) ( )

represents the distance between two adjacent nodes
of weld and i is the node number.

3. TEMPERATURE FIELD IN
WELDING PROCESS

In this paper, the insertion process of rotational tool
isn’t discussPd and thP numP]ical simulation bPgins
at thP timP of complPtion of ]otational tool’s insP]tion.
In general, the rotational tool rests on the insertion
position for several seconds before this tool moves
along the overlap weld, which makes the temperature
near the tool insertion region so high that the plastic
flow of material is excellent. In this paper, the resting
time is chosen as 3 s. The results of numerical
simulation during the resting time are shown in Fig.

Fig. 3. Temperature field during the resting time of
rotational tool. a) 1 s; b) 3 s.

3. Thereinto, the welding parameters are as follows:
the welding velocity is 2 mm/s, the rotational speed
is 15 r/s and the normal press of rotational tool is
7500 N.

It is known from the Fig. 3 that the peak tem-
perature  of material increases with the increase of
thP ]otational tool’s ]Psting timP. WhPn thP ]Psting
time reaches 3 s, the peak temperature is about
70% of melting point of 7A04. Moreover, the resting
time greatly influence the temperature field. If the
resting time is very short, the temperature value near
the insertion position region is so low that the plas-
tic flow of material is not enough, which influences
the quality of joint. If the resting time is so long that
the peak temperature may be higher than the melt-
ing point, the advantages of friction stir welding are
lost.

Fig. 4 and Fig. 5 are the distribution of
temperature field at different time when the rotational
tool moves along the welding direction. Integrating
with Fig. 3, it is seen that the temperature near weld
is higher than that far from the weld. Moreover, the
temperature of material near the heat source
ascends very faster than that far from the weld.
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4. OPTIMIZATION OF WELDING
PARAMETERS

Fig. 6, Fig. 7, and Fig. 8 are the temperature distri-
bution by the welding velocity of 1, 2, and 4 mm/s
respectively. The rotational speed is 15 r/min and
thP ]otational tool’s p]Pss is 75%% N. Fig. 9 illus-
trates the relation between the peak temperature
and the welding velocity when the welding process
lies in the stable state.

It is seen that the welding velocity influence the
temperature field greatly. When the welding velocity
is relatively high, the heat transferred to the

Fig. 4. Temperature field at the welding time of 20 s.

Fig. 4. Temperature field at the welding time of 30 s.

Fig. 6. Temperature field perpendicular to the weld
by a welding velocity of 1 mm/s.

Fig. 7. Temperature field perpendicular to the weld
by a welding velocity of 2 mm/s.

Fig. 8. Temperature field perpendicular to the weld
by a welding velocity of 4 mm/s.

Fig. 9. Relation between the peak value of
temperature field and the welding velocity.

workpiece in unit time decreases and then the tem-
pP]atu]P valuP is ]PlativPly low. So thP matP]ial’s
plastic flow is not good, which may result in the bad
weld formation or make the weld strength low. When
the welding velocity is relatively low, the temperature
pPak valuP may PxcPl thP matP]ial’s mPlting point,
which makes the advantages of friction stir welding
lost.

When the welding velocity is 2 mm/s and the
]otational tool’s p]Pss is 75%% N, thP ]Plation bP-
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Fig. 10. Relation between the peak value of
temperature field and the rotational speed.

Fig. 11. Relation between the peak value of
temperature field and the press of rotational tool.

tween the peak temperature and the rotational speed
is researched, as is shown in Fig. 10. When the
welding velocity is 2 mm/s and the rotational speed
is 15 r/s, the relation between the peak tempera-
tu]P and thP ]otational tool’s p]Pss is studiPd, as is
shown in Fig. 11. It is seen from those two figures
that the peak values of welding temperature increase
with the increase of the rotational speed or the press
of rotational tool. Therefore, it is not good for the
]otational spPPd o] thP tool’s p]Pss to bP ]PlativPly
low or high.

The research results show that the best tem-
pP]atu]P of FSW ]angPs f]om 75% of matP]ial’s
melting point to 80% of melting point [10-12].
Moreover, the distribution of welding temperature field
influences not only the stress of structure, but also
the strength of welding structure. Therefore, the less
the high temperature region and the temperature
gradient are, the best the quality of FSW joint is.
Integrating with the above-mentioned results, the
optimization welding parameters of FSW for the
overlap joint of 7A04 Al alloy can be concluded as
follows: the welding velocity is 2 mm/s, the rota-
tional speed is 15 r/s and the press of rotational
tool is 7500 N.

5. CONCLUSIONS

1) In process of friction stir welding, the resting time
of rotational tool at the insertion position greatly
influences the welding temperature field. It is not
good for the resting time to be relatively long or short.
2) The welding velocity, the rotational speed ad the
press of rotational tool all greatly influences the
distribution of welding temperature field. With the
decrease of welding velocity, the increase of

]otational spPPd and thP inc]PasP of ]otational tool’s
press, the peak temperature during welding in-
creases and the high temperature region enlarges.
3) From the view of the best range of peak tempera-
ture and the less high temperature region, the opti-
mization method for the welding parameters of fric-
tion stir welding is introduced.
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