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Heat source model parameters (intervals of the joints: D=0.3 mm,
Residual stress 2 mm; unfitness of the joints: L=0.3 mm, 2 mm)
Finite element were calculated using a 3D double-ellipsoidal heat
Thermal-elastoplastic source model. The residual stresses of the welded

plates were predicted; the results showed that the
unfitness of the joint has a greater impact on the
welding residual stresses than that of the interval

The simulated and experimental results were
compared and they showed that they are well
consistent with each other.

1 Introduction structures will produce different types of welding
residual stress, which also brings a challengééo t
Aluminum alloys are important lightweight assessment of the stability and reliability of the
structural materials that have been widely used iwelded structures. With the development of
aviation, aerospace, transportation and other areagmerical simulation technology, understanding of
for their excellent specific strength and goodwelding residual stress and deformation has not
weldability [1]. In recent years, the applicationls been dependent solely on the physical
aluminum alloy sheets and their welded structuregieasurements; it can be also predicted using finite
have drawn more and more attention because efement simulation methods quickly and accurately
their light weight and ease of processing. Howevef2-6]. At present, the vast majorities of reseanch
due to rapid local heating, the distribution ofthe welding numerical simulations are reported to
internal temperature in the weldment is uneverbe aiming at TIG or MIG welding, but less at the
This, together with their larger thermal condudgivi plasma arc welding (PAW), particularly at variable
and lower high-temperature strength often lead tpolarity plasma arc welding (VPPAW). In this
greater residual stress and deformation of thpaper, the VPPAW process of aluminum alloy
welded components, which can result in a series gflates was numerically simulated by using finite
issues such as low intensity, instability of thanjo element software, and the residual stress after
in size and small ductile deformation, limiting ¢hu welding was predicted. Finally, the final finite
their further development and applications. Irelement calculation results of the residual stress
addition, different welding methods and weldedwvere compared with experimental results to verify
the applicability of the finite element simulation.
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2 Experimental materials and testing There are four kinds of intervals (see Fig. 1 and
methods Fig. 2) between the two plates: 0.3 mm, and 2 mm

for butt joint: 0.3 mm, and 2 mm for unfitness butt

Two LF6 aluminum alloy plates with a thickness ofioint. LF6 aluminum alloy wire was used as a filler

5 mm, and 150 mmx75 mm (Length x Width), weremetal. The shielding gas is pure argon, and the

prepared for welding. The nominal chemicalwelding power is alternating current (AC). The

composition of this alloy is presented in Table 1.  standard welding conditions used for these welds
are listed in Table 2.

Table 1. Chemical composition of LF6 aluminum

alloy (wt.%). j]jjn
\
Element] Mg Mn Ti Fe
wt.% | 5.8~6.8) 0.5~0.8| 0.02~0.1 <0.4 | Figure 1. A schematic drawing of the butt joint (D=
Element Si Zn Cu Al 0.3mm; 2mm).
wt.% <0.4 <0.2 0.1 Balance

L

The surfaces of the samples were chemically
cleaned with acetone to eliminate any surface

contamination before welding. The samples wer&igure 2. A schematic drawing of the unfitness butt
placed flat on top of a platform prior to welding. joint (L= 0.3mm; 2mm).

Table 2. Standard welding conditions used for ghggram

Plasma DCEN DCEP DCEN DCEN Welding
gas current current time time speed
2.0L/min 130A 2.5mm 21ms 4ms 0.18m/min

Table 3. Material property parameters

Yield Thermal [y
Temperature| Elastic ratio '€ = Specific heat| expansion

; Strength conductivity . .
@ GPa . Jitkge C) coefficient
MPa W /(me C) B, omel

10°+ C

20 70.0 300 117 900 22.8
100 60.8 280 121 921 23.1
200 54.4 240 126 1005 24.7
300 43.1 160 130 1047 25.5
400 32.0 113 138 1089 26.5

Figure 3. Mesh of the model: (a) internal of bwtit D =2 mm; (b) unfitness of butt joint L= 2 mm.
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3 Finite element model The heat source expression of the first half of the
ellipsoid:
3.1 Model mesh [7]

BVAQf, =
The finite element model was established onascale  q(x,y,z)=——— e * * ¢
abgrr

m

of 1:1. Due to a great temperature drop from the
weld to its surrounding area, finer grids were used
in the former, while coarse grids were adopted in
the latter; in other words, the overall performance
of the transition is from dense to sparse. This
approach of meshing division can not only ensure
accuracy of the calculation, but also reduce the
computing time. The finite element model
geometry is divided into 15200 eight-node
hexahedral elements and 18717 nodes, as shown in
Fig. 3.

(2)

Welding direction

3.2 Thermal physical parameters

Figure 4. 3D-double ellipsoid head source model.
The material property parameters include
mechanical properties and thermal physicalThe heat source expression of the second half of
parameters, which are functions of temperature. Irthe ellipsoid
the simulation, a piece-wise linearization form of
‘temp(—?rature-corres_pondmg performance’ was 6\/—:nf _3(xé+L§+(z—7;/t)2)
established to provide computer program and was qx y, z 9= g @b
assigned to units as material properties, as shown ab(‘zﬂ\/l_T
Table 3, in which the yield strength was obtained (3)

by high-temperature tensile test. _ _
In Eq. (2) and Eq. (3)a is the half axle iny

3.3 The heat source model and boundary direction of the ellipsoid (mm) is the half axle in
conditions the z direction of the ellipsoid (mm); is the first
half axle in thex direction of theellipsoid (mm)c,

Welding residual stress and deformation arelS the second half axle in the direction of the
produced due to the heterogeneous temperaturg!liPsoid (mm),Q is the total heat power, ar@ =
field caused by localized heat input in the welding”!U, where 5 is the thermal efficiency of the
process. In the VPPAW welding process, beam-Welding heat source; is welding speedif and fr
plasma is taken as the heat source to heat thé met@'® "espectively on behalf of the energy fractién o
surface, in which the main mode of heat conductiont® heat source pre and post of the ellipsoid &b th
is heat transfer. fi + f, = 2. In accordance with the test specification
The heat conduction equation is as follows: and the measurement of the weje0.7, a=6 mm,
b=7 mm,c;= 7 mm,c;= 3 mm, and,=7 mm.
T 9 . 9T. o . 0T. 9 . 0T The boundary conditions of a finite element model
PeoC =&(k&) +6_(k6_) +6_z( kd_z)+ Q include thermal boundary conditions and
y y (1)  mechanical constraint boundary conditions, in
which the main consideration of the thermal
Wherep is densityc is the specific heat capacity, boundary conditions is heat radiation, heat
is the thermal conductivity coefficient, a@is the  conduction and convection thermal cooling. The
heat flux. main consideration of the mechanical boundary
In the numerical calculation process, a three-conditions is to simulate the constraints of the
dimensional double ellipsoid heat source model (agixtures on the workpiece during the welding
shown in Fig. 4) is taken as the heat source modeprocess and the constraints of removing the fixture
[8]. The model equations are as follows. after cooling to room temperature [9].
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4 The simulation results of welding positions will inevitably lead to the regional sise

residual stress variations. From the residual stress field of the
weldment shown in Fig. 6, we can see that high
4.1 Welding temperature field stress exists in the vicinity of the weld and tleaith

affected zone.

Figure 5 shows the transient temperature field _ _

distribution cloud of the welds at the welding time 4-2 Welding residual stress

of t=39s. Figure 6 shows the residual stress

distribution cloud of the weldment after welding is Figure 7 shows the longitudinal residual stress

completed (taking the 0.3 mm gap for example). ~ curves of the specimen welded and cooled to room
temperature; the four different forms are: buthjoi

0 Wi gap of 0.3 mm and 2 mm; and unfitness butt joint
gap of 0.3 mm and 2 mm.
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Figure 6. Residual stress field; t =3000s. (b)

It can be seen from Fig.5 that in the welding Figure 7. Curves of welding longitudinal residual

process, a dramatic temperature change occurs stress (a) unfitness type; (b) internal type.

between the weld and the surrounding area, in

which the maximum temperature lies in the weld Figure 7 shows that the residual stress curve
area where a temperature above 900°C can beepresenting the butt welding parts of the aluminum
achieved. In addition, the temperature gradient isalloy plates was symmetrical along the seam, and
decreased by increasing distance from the weldthe one representing weldments with 0.3 mm and
while the temperature difference at the different2 mm gap butt joints did not change significantly.
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But for unfitness of butt joint weldments/unfitness 122_(@]):0_3%
of welded but joints, the residual stress is 1o /\
significantly different in size and in the regional §105 ¢ — caleulated value

| e measmred value

o
o
T

distribution along both sides of the weld, and the
maximum residual stress lies in one side of the
weld. The maximum residual stress of the
weldments with 0.3 mm unfitness is higher than
that of the weldment with 2 mm unfitness.
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5.1 Measurement of welding residual stress 150
[10-12] 135 [ (H)D=2mm
120
. .. é105 r — calculated value
In order to verify the accuracy of the finite elamhe E gg N o measmed valne
model calculations, an experimental determination £ 5t
of the residual stress for the plates after welding 3 o
has been carried out. Amongst the welding residual 3 s{
3

stress measurement methods, the hole-drilling £ o=
method is proved to be convenient and accurate. = | \\\/ \/
Therefore, the longitudinal residual stress of the -45 [ v

specimen was tested after welding by using the hole .t . .. . .
driling method. The location of strain gauges is T e e o i o 20130140150160T70
shown in Fig. 8, and the measurement results were _ i i

compared with the finite element simulations. 180 F (€)L.=0.3mm e
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5.2 Comparison of measured value and
calculated value

S
=
o
(5]
L B B B B L B B B B L

We can see from Fig. 9 that the simulation results
and the test results were in good agreement, which !
thus verifies the finite element model and approves p
its accuracy and applicability.

75 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100110120130140150160
The distance from welding plate edge/mn

6 Conclusions

Figure 9. Comparison of the actual measurement
A significant difference of welding residual stress and the calculation results of the welding
exists in the aluminum alloy plate VPPAW tbut residual stress.
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joints with different parameters. The effect ofapg [4]
type of the butt joint on the residual stress B&sle
significant than that of the unfithess of a buibfo

The residual stress change is not significant ith bu
joint weldments with a gap of 2 mm or 0.3 mm, [5]
while it is obvious in unfitness of butt joint
weldments with the same gap sizes. The highest
value of residual stress for the unfitness of butt
joint welded part with a gap of 0.3 mm is higher [6]
than that of the butt joint with a 2 mm joint. The
residual stress determinated by the hole-drilling
method has good agreement with the simulation
results, which indicates that the three-dimensional7]
double ellipsoid heat source model and the thermal
boundary conditions are appropriate in simulating
the thermal process of the aluminum alloy Plate[8]
VPPAW welding. Undoubtedly, the reliability of
simulation results is very high.
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