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Abstract: In order to analyze the welding thermal
characteristics problem, the multiscale finite element ( FE)
model of T-shape thin-wall assembly structure for different
thicknesses and the heat source model are established to
emphatically study their welding temperature distributions
under different conditions. Simultaneously, different welding
technology parameters and welding directions are taken into
account, and the fillet weld for different welding parameters is
employed on the thin-wall parts. Through comparison
analysis, the results show that different welding directions,
welding thicknesses and welding heat source parameters have a
certain impact on the temperature distribution. Meanwhile, for
the thin-wall assembly structure of the same thickness, when
the heat source is moving, the greater the moving speed, the
smaller the heating area, and the highest temperature will
decrease. Therefore, the welding temperature field distribution
can be altered by adjusting welding parameters, heat source
parameters, welding thickness and welding direction, which is
conducive to reducing welding deformation and choosing an
appropriate and optimal welding thickness of thin-wall parts
and relative welding process parameters, thus improving thin-
wall welding structure assembly precision in the actual large-
size welding structure assembly process in future.

Key words: welding assembly; thin-wall parts; thermal
characteristics ; heat source model; welding direction

DOI: 10. 3969/j. issn. 1003 —7985.2018. 02. 009

‘ x T elding assembly is a main joining method in actual

industry products and it is widely applied to various
kinds of metal structure assembly and fabrication, such as
aerospace and aircraft, radar antennas, automobile, marine
vessel structures, etc'''. Particularly, the assembly preci-
sion for the thin-wall welding assembly structure plays an
important role in product functionality and overall perform-

ance. In the welding assembly process for thin-wall parts,
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different variations and welding temperatures will affect as-
sembly structure deformation. The effect of the welding
temperature on welding deformation and welding stress is
significant in the welding process for thin-wall parts, while
the welding deformation and welding stress have an influ-
ence on welding precision. Therefore, the research on
welding temperature field distribution is essential for the
actual welding assembly process for thin-wall parts.

The thin-wall welding assembly, including aeronautical
thin-wall structures assembly, aircraft panel assembly and
so on, has been studied and analyzed by many research-
ers. Murakawa et al.”"” proposed a prediction method for
the welding distortion of thin plate structures in the weld-
ing assembly process based on the inherent stress theory
and interface element formulation. Moreover, thermal
elastic plastic FE analysis, eigenvalue analysis, the elas-
tic FE analysis method and the three-dimension thermal
elastic-plastic FE model are adopted to predict and calcu-
late the welding deformation for thin plate structures.
Moein et al."* predicted the residual stress states for the
butt-welded aluminum alloy plates through FE welding
simulation. ITkushima et al.”™ proposed an idealized ex-
plicit FE method based on the iterative substructure meth-
od to analyze welding deformation and residual stress for
the large scale problem of the welding process. Chen et
al.””’ proposed the thermal elastic-plastic FE model to deal
with the welding simulation for a plate structure consider-
ing heat input and welding speed, which aims to analyze
welding distortion. Choi et al.""” proposed a variable sim-
ulation model to analyze welding joining process distor-
tion for the ship structure. Joo et al. "’ analyzed the
effect of heat sinks on the welding deformation and stress
through FE simulation. Zeng et al.'" developed a local
equivalent welding element type to carry out welding sim-
ulation. Huang et al.""*’ employed a local solid model and
global shell model based on the inherent stress theory to
predict laser welded deformation for thin sheets. Cindea
et al.'" analyzed the effect of thermal field on steel com-
ponents under the CO, environment in welding process.
Das et al.'”’ studied the friction stir lap welding of alumi-
num alloy to coated steel sheets under different tool rota-
tional speeds and welding speeds to analyze the welding
strength. Okano et al.''* considered the convective heat
transfer in the welded pool to analyze the relationship be-
tween welding heat input and angular distortion and the
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effect of welded thickness on the angular distortion.
However, fewer researchers pay attention to the influence
of various comprehensive factors on the welding assembly
temperature distribution for thin-wall parts, including
welding direction, different welding thicknesses, welding
parameters and welding heat source parameters, etc.

In this paper, the welding thermal characteristics of T-
shape thin-wall assembly parts of different thicknesses are
emphatically analyzed by finite element simulation and
the multiscale modeling method. Simultaneously, the
heat source model is established, and different welding
technology parameters, heat source parameters and weld-
ing directions are taken into account to analyze tempera-
ture field distribution under the conditions of 6, 12 and 18
mm away from the bottom of welding joining thin-wall
part. Furthermore, the fillet weld with different parame-
ters is employed to analyze the temperature distribution
for thin-wall parts of three kinds of thicknesses.

1 Welding Structure Finite Element Model for
Thin-Wall Parts Assembly

There is a large number of parts in the antenna thin-
wall parts assembly process including riveting assembly
and welding assembly, and the assembly relationship be-
tween those parts is very complicated. The tooling lay-
out, the locating way of location elements, the clamping
method of clamping the elements, the position or location
relationship of the thin-wall parts are also taken into con-
sideration. The local assembly structure model for an an-
tenna thin-wall part is shown in Fig. 1.

In addition, in order to meet the requirement of assem-
bly accuracy for thin-wall parts, the position of every
component in the previous actual assembly process needs

(c)

Corner piece The thin-wall part

Locating element

Fig.1 Assembly structure model for an antenna thin-wall part

to be constantly adjusted. Due to the riveting or welding
assembly for the thin-wall parts and other components as-
sembly, assembly deformation and errors will be genera-
ted, especially in the welding assembly process. The
welding temperature can greatly affect the thin-wall parts
deformation and assembly deformation. Therefore, in this
paper, the welding thermal characteristics for thin-wall
part assembly are mainly studied and analyzed, the
T-shape thin-wall part assembly structure model especially
is taken as a welding assembly research object, which is a
local structure from the overall assembly structure model.
What is more, the effect of welding direction on the
welding thermal characteristic is taken into consideration.
Therefore, the welding direction is represented by the
black arrow and its size is shown in Fig. 2, including the
thickness of 2, 4 and 6 mm. Simultaneously, when the
influence of the other welding direction on the welding
characteristic is analyzed, their welding directions are
shown in Fig.2(d), and their thicknesses correspond to
the thickness of thin-wall parts in Figs.2(a), (b) and
(¢). For the FE model of T-shape assembly structure,

4

(b)

(d)

Fig.2 Finite element model of T-shape thin-wall assembly structure for different thicknesses and different welding directions. (a)
With the thickness of the thin-wall part of 2 mm; (b) With the thickness of the thin-wall part of 4 mm; (c¢) With the thickness of the thin-wall part
of 6 mm; (d) For thin-wall assembly structure
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since the mesh element far away from the contact zone
has less impact on the welding temperature, in order to
save calculation time, the mesh element is very dense
near the contact zone between two thin-wall parts. Also,
the mesh element is relatively sparse away from the con-
tact zone, which is beneficial for the accuracy of finite el-
ement simulation by multiscale modeling.

2 Establishment of Heat Source Model

In the welding process, in order to control and reduce
welding deformation, the welding heat source for higher
energy density is generally adopted. The whole welding
process is a complicated heat reaction process by moving
the welding arc. The heat of welding heat source is par-
tially transferred to the thin-wall parts of the aluminum al-
loy material, which has a certain influence on the heating
area. In order to effectively analyze the welding deforma-
tion and temperature field distribution of thin-wall parts,
it is necessary to determine the type of welding heat
source in the welding assembly process. In this paper,
the double ellipsoid heat source type is adopted. The heat
source model is shown in Fig. 3.

Fig.3 Double-ellipsoid heat source model

In the calculation process of ellipsoid heat source densi-
ty function, it is found that the first half ellipsoid does
not abruptly change like the actual temperature gradient,
while the temperature gradient distribution of the second
half ellipsoid is slower. In order to overcome this short-
coming, the double ellipsoid heat source distribution
function is proposed, where the first half part is the quar-
ter ellipsoid and the second half part is the other quarter
ellipsoid. It is assumed that the energy fraction of the first
half ellipsoid is f;, and the energy fraction of the second
half ellipsoid is f,, where f; + f, =2, and then the heat
source distribution function of the first half ellipsoid is ex-
pressed as'

o < Steonl () + () +(2))
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Similarly , the heat source distribution function of the latter

half ellipsoid is

2 2 2
ot =S5l (3] +(3) +(£))) @
where Q; and Q, represent the thermal input of front and
rear parts of the ellipsoid; a; and a, denote the length of
front and rear parts of the ellipsoid; b and ¢ are the width
and penetration depth, respectively, and they are inde-
pendent from each other. While welding different materi-
., b and c have different values, and
the parameters are shown in Fig. 3.

Simultaneously, in the welding process, the welding
heat source is applied to the welds by the internal genera-

ted heat of weld unit, and the effective heat input will be
]

als, parameters a;, a

converted into the heat generation intensity, which is'"*

0=A Ul (3)
14
where U and [ represent the welding voltage and welding
current, respectively; » denotes the thermal efficiency; V
is the weld element volume, m’; A is the volumetric co-
efficient which can fine-tune the heat flux to achieve tem-
perature distributions, A =1.

According to the above formulas, the relative parame-
ters can be obtained to carry out FE simulation analysis.
In this paper, the heat source parameters in Tab. 1 are
adopted to calculate thermal input and heat source distri-
bution. When carrying out the FE simulation, those pa-
rameters are input, synthesizing with the parameters of
other factors to analyze and compare the obtained simula-
tion results, which will provide a comparable foundation
for thermal characteristics analysis for thin-wall welding
assembly structures.

Tab.1 Heat source parameters of the thin-wall assembly part
with different thicknesses

Thickness/mm 2 4 6
Front length a;/mm 1.5 1.5 1.5
Rear length a,/mm 6.0 6.0 6.0

Width b/mm 2.5 3.5 4.5
Depth d/mm 2.5 3.5 4.5

3 Thermal Characteristics Analysis for Welding
Assembly

In this paper, the material of the thin-wall welding as-
sembly structure for T-shape is 6082 aluminum alloy.
The material properties are constantly changing with vari-
able temperatures to some extent. The Poisson’s ratio is
adopted to be 0.32 in finite element simulation analysis.
Other mechanical property parameters and thermal proper-
ty parameters, such as Young’s modulus, density, ther-
mal conductivity, specific heat capacity, and thermal ex-
pansion coefficient, are also continually changing. Their
changing curves with variable temperatures are shown in
Fig. 4. Simultaneously, the thermal characteristics of the
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thin-wall welding assembly structure are analyzed by fi-
nite element simulation under the constraint conditions of
the bottom four corners of T-shape thin-wall assembly
part being fixed and the middle top zone of the vertical

thin-wall part being clamped. Also, the material property
parameters are inputted to obtain the temperature distribu-
tion results of T-shape thin-wall assembly structures.
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Fig.4 The material property parameter curves with variable temperatures. (a) Young’s modulus; (b) Density; (c¢) Thermal conductivi-

ty; (d) Specific heat capacity; (e) Thermal expansion coefficient

In addition, the weld line parameters of three different
thicknesses of the T-shape thin-wall welding parts are set,
namely the weld widths of the thin-wall welding assembly
structures are 4, 6 and 8 mm, respectively. In this paper,
its weld type is the fillet weld, and the weld line finite el-
ement model is shown in Fig.5.

Fig.5 The weld line finite element model

Due to the effect of many factors on temperature field
distribution for welding assembly, in this paper, the
welding direction, the thin-wall parts thickness and the
welding process are taken into account to analyze the ther-
mal characteristics of welding assembly for thin-wall
parts. For the thin-wall welding assembly structure with
the thickness of 2, 4 and 6 mm, in order to better analyze
the welding temperature distribution, the welding parame-
ters with the welding voltage of 20 V, the welding current
of 180 A, the welding velocity of 12 mm/s and the weld-
ing efficiency of 0. 8 are given. Under the above con-

straint conditions, their temperature distribution nepho-
gram for different times are shown in Fig. 6.

Figs.6(a) to (c) are the group with temperature dis-
tribution nephogram at 15 s, Figs. 6(d) to (f) are the
group with temperature distribution nephogram at 32 s,
Figs.6(g) to (i) are the group with temperature distribu-
tion nephogram at 60 s, Figs.6(j) to (1) are the group
with temperature distribution nephogram at 180 s, and
their welding direction for different thicknesses of thin-
wall parts are, respectively, shown in Figs.2(a), (b)
and (c). T2-15s denotes that the thickness of the thin-
wall assembly structure is 2 mm, the temperature distribu-
tion is at 15 s, and the welding direction is shown in
Fig.2(a). In Figs.6(a) to (c) ,for the thin-wall assem-
bly structure of three different thicknesses, their maxi-
mum temperatures are 1 816.46, 1 241.25 and 980. 99
C, respectively, when it is at 15 s. In Figs. 6 (d) to
(f), the maximum temperatures are 18 59.33, 1 354.89
and 1 096.71 C, respectively. Furthermore, in Figs. 6
(g) to (i), for the thin-wall assembly structure of three
different thicknesses, their maximum temperatures are
150.34, 135. 64 and 120. 12 C, respectively. At this
moment, the welding joining process has been comple-
ted, and the welding process is in the cooling process, in
which the temperature will be decreased to the ambient
temperature of 20 C. In Figs.6(j) to (1), for the thin-
wall assembly structure of three different thicknesses, their
maximum temperatures are 28.48, 35.23 and 37.76 C,
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respectively. Fig. 7 shows the temperature distribution
nephogram of the thin-wall assembly structure with the
thickness of 2 mm at the time of 32 and 60 s, and the
welding direction of which is shown in Fig.2(d). Their
maximum temperatures are 1 859.73 and 149.93 T, re-
spectively. According to the above descriptions and ex-
planations, it can be seen that the temperature continuous-
ly decreases with the increase of the thickness of the thin-
wall assembly structure to some extent from the point
view of the maximum temperature. Compared with the
maximum temperatures of Fig. 6(d) and Fig.7(a) , their
temperatures have a little difference under different weld-

(b)

Temperature/C :
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212.27
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101.04
91.50

(D
Fig. 6 Temperature distribution nephogram for different times. (a) T2-15s; (b) T4-15s; (c¢) T6-15s; (d) T2-32s; (e) T4-32s; (f) T6-
32s; (g) T2-60s; (h) T4-60s; (i) T6-60s; (j) T2-180s; (k) T4-180s; (1) T6-180s

ing directions and the same thickness of the thin-wall as-
sembly structure, which means that the welding direction
has a certain effect on the welding temperature value or
less influence on it under the constraint conditions in this
work.

In order to study the detailed states of temperature field
distribution for the thin-wall assembly structure, in this
paper, some points on the thin-wall part are chosen to ob-
tain their temperature curves so as to provide an analysis
foundation for studying the welding deformation of tem-
perature-dependence for the complex thin-wall assembly
structure. The layout of some chosen points on the thin-
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Fig.7 Temperature distribution nephogram. (a) T2R-32s;
(b) T2R-60s

wall part is shown in Fig. 8. When the thickness of the
thin-wall part is 2 mm, according to the welding direction
in Fig.2(a), the distance from the bottom of the vertical
thin-wall part is 6, 12 and 18 mm, respectively. The
point temperature curves based on finite element simula-
tion are shown in Fig. 9.

In Fig.9, from the point view of the overall tempera-
ture curve, it can be seen that when the distance from the
bottom of the vertical thin-wall part is the same, their
temperature curves of the chosen points on the thin-wall
part are basically similar at the beginning from the weld-

Points

Temperature/C
RASERERREAA
—t et = \O GO I NN LN —

Fig.8 The point’s layout diagram on the thin-wall part

ing direction. For example, in Figs.9(a),(b) and (c),
the highest temperatures of points 1 and 7, points 13 and
19, points 25 and 31 are similar. The only difference is
the time for reaching the highest temperature. It is the
same for other points. In addition, it can be also seen
from Fig. 9 that when the distances of both sides of the
vertical thin-wall part become farther apart, their highest
temperatures decrease. According to the variable tempera-
ture curves, at the beginning, the temperature increases
with increase in time, and then it decreases with increas-
ing time. The temperatures of some points show no
Finally, the temperatures are balanced when
reaching the ambient temperature. For such a result, the
reason is that when the first weld line is carried out, the
temperature constantly increases, and then it moves into
the cooling process. After that, it comes the welding
process to complete the second weld line with the depar-
ture of the welding heat source. Finally, it gradually rea-
ches the ambient temperature, which agrees well with
above analysis results.

change.

o
c.
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Fig. 9 Point temperature curves with different distances from the bottom of vertical thin-wall part. (a) 6 mm; (b)12 mm; (c)18 mm

3.1 Effect of different welding directions on tempera-
ture distribution

When the thicknesses of thin-wall parts are 2, 4 and 6
mm, respectively, the effect of the welding direction on
temperature distribution is analyzed and compared with
the variable temperatures of some selected points on the
two welding directions for each thin-wall part. The weld-

ing direction on the thin-wall part is shown in Fig. 2. The
node temperature curves for points 3, 15 and 27 are
shown in Fig. 10.

In Fig. 10(a), T2-3 represents point 3 on the thin-wall
part with the thickness of 2 mm and its welding direction
is shown in Fig.2(a); T2R-3 represents point 3 on the
thin-wall part with the thickness of 2 mm and its welding
direction is shown in Fig.2(d). Their welding directions
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Fig.10 Point temperature curves under different welding directions for points 3,15 and 27. (a) With the thickness of thin-wall part of

2 mm; (b) With the thickness of thin-wall part of 4 mm; (¢) With the thickness of thin-wall part of 6 mm

are opposite. For the temperature curves of T2-3 and
T2R-3, at the beginning, the temperature increases with
the increase in time to a certain degree. When it is around

welding parameters are shown in Fig. 11.

Tab.2 Welding parameters of thin-wall assembly parts

i K i . . L. The first The second The third
15 s, it decreases with the increasing time; when it is Parameters group group aroup
around from 20 to 30 s, the temperatures of these points Voltage/V 20 25 25
show no change. After that, it increases or decreases, Current/ A 180 260 260
and finally the temperatures of these points are balanced Velocity/ (mm - s~ 1) 12 12 18
when reaching the ambient temperature, which also fur- Efficiency 0.8 0.8 0.8
ther proves that the previous descriptions are correct.
Simultaneously, it can be seen from the temperature 1400
curves that, at the early stage, the temperature of T2-3 is 12001
lower than that of T2R-3; at the middle stage, their tem- 1 000f . T2-18012-3
peratures are almost the same no matter whether they are ?5) 800k —e—T2-26012-3
T2-3 and T2R-3, T2-15 and T2R-15, or T2-27 and T2R- § ——T2-26018-3
27, etc. However, in Fig. 10(b) and (c), at the early g 600r
stage, the temperature of T4-3 is very close to that of & 400r
T4R-3, so is that of T6-3 and T6R-3. At the middle 200}
stage, the temperature value of T4R-3 is greater than that o 8
of T4-3, and so are those of T6-3 and T6R-3. At the fi- e
nal stage, the temperature increases with the increase in (a)

time, after that, their temperature decreases, and finally,

the temperature curves are gradually balanced. The results o

show that the welding direction has a certain impact on 600F

temperature change, and it can be seen from Fig. 10 that % 500r —=—T2-18012-16
the effect of different welding thicknesses on the tempera- :g 400F :%%28};}2
ture distribution of the same point is also significant, éBOO—

which will provide an analysis basis for optimizing the & -

welding assembly structure and improving welding assem-

bly precision in future. L0

3.2 Effect of different welding parameters on weld-
ing temperature

When the distances from the bottom of the vertical
thin-wall part are 6 and 12 mm, respectively, the thin-
wall part with the thickness of 2 mm is used as a research
example. Under different welding parameters, the effects
of different welding parameters on the welding tempera-
ture are analyzed, and the welding parameters are shown
in Tab. 2.

According to Tab. 2, three group parameters are set for
analyzing the thin-wall part with the thickness of 2 mm.
The temperature curves of points 3 and 16 under different

0010 20 30 40 350 60 70 80 90 100
Time/s
(b)

Fig.11 Node temperature curve diagram under different weld-
ing parameters. (a) For point 3; (b) For point 16

In Fig. 11 (a), T2-18012-3, T2-26012-3 and T2-
26018-3 represent point 3 on the thin-wall part with the
thickness of 2 mm and their welding directions are shown
in Fig.2(a), their welding currents are 180 and 260 A,
and their welding velocities are 12 and 18 mm/s, respec-
tively. The welding parameters correspond to the first,
second and third groups in Tab. 2. For the temperature
curves of T2-18012-3 and T2-26012-3, with the increase
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of the welding current and welding voltage, when the
welding velocity remains unchanged, the maximum tem-
perature of T2-18012-3 is lower than that of T2-26012-3.
When the welding velocity increases and other parameters
show no change, compared with the temperature curve of
T2-26012-3, the temperature of T2-26012-3 is higher than
that of T2-26018-3. The results of T2-26012-16 and T2-
26018-16 are also accurate in Fig. 11(b). For the thin-wall
assembly structure of the same thickness, it can be seen
that when the heat source is moving, the greater the mov-
ing speed, the smaller the heating area, and the highest
temperature will be decreased. Therefore, the welding
temperature field distribution can be altered by adjusting
the welding velocity and other welding parameters.

3.3 Effect of different thicknesses and heat source

parameters on welding temperature

According to the temperature curves of some certain
points on the thin-wall part, when the welding parameters
are set to be the first group in Tab. 2, the effect of the
welding thicknesses including 2, 4 and 6 mm, and heat
source parameters on the welding temperature field are
clearly expounded and analyzed. In this paper, points 3,
15 and 27 are chosen for the T-shape parts under different
thin-wall thicknesses and heat source parameters for the
same welding parameters. The point temperature curves
considering the above two comprehensive factors are
shown in Fig. 12.

&

In Fig. 12, at the beginning, the temperature increases
with the increase in time to some degree; when it is
around 17 s, it decreases with the increasing time; when
it is around from 20 to 35 s, the point temperatures al-
most show no change. After that, it increases and then
decreases, and finally, the point temperature is balanced
when reaching the ambient temperature, which also agrees
well with the above analysis results. In Fig. 12(a), for the
temperature curves of T2-3, T4-3 and T6-3, at the begin-
ning, the highest temperature of T4-3 is a little higher
than that of T2-3 and T6-3. But from the point view of
the overall temperature curve, the temperature of T2-3 is
higher than that of T4-3, and the temperature of T4-3 is
higher than that of T6-3. In Figs. 12(b) and (c), so are
the temperature curves of T2-15, T4-15 and T6-15, and
T2-27, T4-27 and T6-27. The results show that with the
increase of thickness of the thin-wall part, the welding
temperature will decrease in most cases under the condi-
tions of the same welding parameters and the increasing
width and depth in Tab. 1. Therefore, the welding tem-
perature field distribution can be altered by changing the
welding thickness and adjusting the welding heat source
parameters. Meanwhile, in the assembly process of the
large-size welding structure, an appropriate thickness of
the thin-wall part and some optimal heat source parame-
ters can be obtained based on the above analysis results
for improving the welding assembly precision of thin-wall

structures.
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Fig. 12 Point temperature curves under two comprehensive factors. (a) Temperature curve diagram for point 3; (b) Temperature curve di-

agram for point 15; (c¢) Temperature curve diagram for point 27

4 Conclusions

1) For the thin-wall assembly structure of the same
thickness, when the heat source is moving, the greater
the moving speed, the smaller the heating area, the high-
est temperature will be decreased. Therefore, the welding
temperature field distribution can be altered by adjusting
the welding velocity.

2) Under the conditions of the same welding parame-
ters and the increasing welding width and depth, with the
increase of the thickness of thin-wall parts, the welding
temperature will be decreased in most cases. Therefore,
the welding temperature field distribution can be adjusted

by changing welding thickness and heat source parame-
ters.

3) In the welding process, the effect of welding direc-
tion, different welding thicknesses, welding heat source
parameters and welding parameters on the welding tem-
perature distribution is different to certain degree, which
will provide the analysis basis for further research of
welding parameter optimization in future.
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