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Abstract: The dynamic process of welding angular distortion in the overlaying welding of 5A12 aluminum alloy and BT20 titanium
alloy was investigated. Information of dynamic distortion was got via self-made welding dynamic measuring system. Research
results show that the characteristics of dynamic distortions at various positions of the plate edge parallel to the weld of 5A12 and
BT20 alloy are different. Comparison between SA12 and BT20 alloy shows that transverse shrinkage and downward longitudinal
bending are main factors influencing the dynamic angular distortion processes of SA12 and BT20 alloy under welding heat input of
0.32 kJ/mm. The angular distortion of 5A12 alloy is completely inversed with welding heat input increasing to 0.4 kJ/mm, and the
position of weld center and buckling distortion become the primary factors.
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1 Introduction

Welding distortion is one of the most important
problems in welding fabrication. In principle, there are
four fundamental types of distortion, namely the
longitudinal shrinkage, the transverse shrinkage and the
angular distortions in two directions, and various forms
of distortions are produced as their combination[1-2].
The distortions of welded structures lead typically to
uncertainty in design and manufacture and to high
rectification costs. These drawbacks are especially
evident in thin plates[3—5]. For a given material, the
magnitude of distortion depends primarily on the specific
thermal energy input of the welding progress. In
Refs.[6—7], the authors put forward a simplified finite
element simulation method of out-of-plane distortion.
The “mismatched thermal strain”(MTS) and “thermal
contraction strain”(TCS) were used to calculate the
longitudinal and transverse deformations. The heat input
rate, weld penetration and fusion zone shape are the main
factors for longitudinal contraction deformation and
angular distortion, respectively. It is concluded that the
peak temperature at a given transverse location is the

primary driver for the distortion process. In order to
predict the initial shape more accurately, gravity and
support conditions should be considered.

It is well known that titanium and aluminum alloys
are used extensively due to their attractive combination
of high specific strength and excellent corrosion
resistance. So behaviors of welding on titanium and
aluminum alloys attract considerably interest in the
world[8—14]. Most research results are dedicated to the
theoretical formula and computing model, and discuss
the effects of welding parameters and material properties
on welding residual stresses and distortions[15—18].

In this work, a new measuring approach is adopted
to obtain information of dynamic angular distortions and
welding temperature accurately. The characteristics of
dynamic angular distortions and thermal cycle at
different welding positions of aluminum and titanium
alloys are studied. The research results can provide some
references for predicting and controlling welding
distortion.

2 Experimental

The overlaying welding tests were carried out by
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using TIG welding to study dynamic process of 5A12
aluminum alloy and BT20 titanium alloy. The chemical
compositions of two alloys are listed in Table 1.

The specimens were positioned on the clamping
system, constraining a well-defined region (Fig.1). The
dynamic temperature and distortion were determined by
self-made real time welding dynamic measuring system,
as investigated in a previous work[19]. The processing
conditions were as follows: the size of the plate 200 mm
X160 mm X 2.5 mm, welding current 60 A, and voltage
11 V. The welding speed was varied from 12.5 cm/min to
10 c/min. The schematic illustration of test is shown in
Fig.2. Four displacement sensors locate at pre-defined
positions (including position 1, position 2, position 3,
and position 4, which are arranged at the plate edge
parallel to the weld) of the plate bottom, 20 mm away
from the front edge of plate, and 30, 100, 140 and 190
mm away from welding start edge. Temperature
measurement was conducted at position 5, which is 5
mm away from weld.
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Fig.1 Schematic diagram of experimental system
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Fig.2 Experiment layout

The temperature-dependent material properties of
two alloys are presented in Fig.3. The temperature-
dependent material properties play decisive role on
transient temperature, stress and distortion during

Table 1 Main compositions of two alloys (mass fraction, %)
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Fig.3 Variation of material properties with temperature of two
alloys: (a) Thermal properties of Ti and Al alloy;
(b) Mechanical properties of Ti alloy; (c) Mechanical properties

of Al alloy

Sample Ti Al Mo \'% Fe Si Zr C N H (0]
BT20 Bal. 55-7.0 0.5-2.0 0.8-2.5 0.3 0.15 1.5-2.5 0.1 0.05 0.015 0.15
Sample Al Mg Cu Ni Fe Si Mn Ti Zn Zr Cr

5A12 Bal. 8.3-9.6 0.05 0.10 0.05

0.3 0.4-0.8 0.05-0.15 0.20 - -
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welding process[20—21]. The thermal conductivity has
influence on distribution of transient temperature field,
and the yielding stress has significant influence on the
residual stress and distortion.

3 Results and discussion

The dynamic distortion characteristics of two alloys
are shown in Fig.4. Curves 1-4 show the displacements
at positions 1—4, respectively. As shown in Fig.4(a), the
dynamic distortion tendencies of BT20 at different
positions are similar. After welding starts, the
temperature of weld metal is elevated, causing expansion
of volume, but this behavior is hindered by the base
metal. So the transverse shrinkage distortion is generated,
and the displacements slowly increase. With the moving
of welding torch, the metal after welding starts to cool,
which cause transverse and longitudinal shrinkage of
weld metal, and the increase of displacements. The
maximum distortions maintain until room temperature.
This indicates that the transverse shrinkage and
downward longitudinal bending are the main factors
inducing dynamic angular distortion in welding process.
For Curve 1 and Curve 4, the maximum distortion is
achieved at 400 s. For Curve 2 and Curve 3, the time is
600 s.

4
(a)
1 — Position 1
2 — Position 2
g3 3 — Position 3
g 4 — Position 4 3
= 2
=]
w
52
3
o
A - |
1
"l
0 200 400 600 800 1000
Time/s
6l (b) 2
|
- 3
2 4t v .4,21'.'.::;:..“1 e v
L+
£
L
g
T:_ 1 Position 1
2 | — Position
A 2 2 — Position 2
3 — Position 3
4 — Position 4

0100 200 300 400 500 600
Time/s
Fig.4 Dynamic distortion results of two alloys: (a) Titanium

alloy BT20; (b) Aluminum alloy 5A12

Distortion characteristics of aluminum alloy are
shown in Fig.4(b). It needs 50 s to achieve the first peak
value for curve 1 and curve 4. With welding time
increasing, upward longitudinal bending is obviously
strengthened, the angular distortion is counterbalanced,
and the displacements are reduced. The displacements
slightly increase again after 30 s, but the displacements
are smaller than the initial maximum value. For Curve 2
and Curve 3, the upward longitudinal bending is not
obvious. The transverse shrinkage and downward
longitudinal bending are the main factors inducing
dynamic angular distortion.

The characteristics of distortions at different
positions are complex. The dynamic distortion
progresses of two alloys are shown in Fig.5. It can be
observed from Fig.5(a) that the distortion of BT20 alloy
at the initial stage is bowling. With time increasing to
100 s, the displacements of initial region (position 1,
position 2) are higher than those of ending region
(position 3, position 4), and the distortion becomes
buckling. This stage is the critical state of distortion. At
the last stage, the distortion tendency is completely
reversed. It changes to arch shape and the displacements
at the middle (position 2 and position 3) of the plate are
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Fig.5 Displacements of measured points along edge parallel to
weld line at different time: (a) Titanium alloy BT20;
(b) Aluminum alloy SA12
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larger than those of the edges (position 1, position 4).

The dynamic distortion progresses of 5A12 alloy
are shown in Fig.5(b). At the initial stage, the distortion
is bowling. The displacements at the edges of the plate
are higher than those of the middle. With time increasing
to 75 s, the displacements of initial region are higher than
those of ending region, and the distortion is buckling.
This stage is the critical state for 5A12 alloy. At the last
stage, the distortion tendency is reversed. It changes to
arch shape.

The dynamic distortion results of two alloys show
that the critical state of distortion for BT20 and 5A12
alloy occurs at 100 s and 75 s, respectively. Compared
with titanium alloy, the steady state of aluminum alloy
pre-occurs.

The temperature distribution and dynamic
distortions of two alloys at different positions are shown
in Fig.6. It can be seen from Fig.6(a) that the change
tendencies of thermal cycle curves of two alloys are
different. The temperature of 5A12 alloy increases after
welding, but it keeps stable for BT20 alloy. The
temperature of 5A12 alloy increases slowly compared
with BT20 alloy, due to the fact that the high thermal
conductivity results in the function of pre-heating of
far-plane to the researched-plane. The temperature
gradient of BT20 alloy is greater than that of SA12 alloy
and the equilibrium temperature of 5A12 alloy is higher
than that of BT20 alloy. So the larger distortion can be
produced under the condition of high equilibrium
temperature[22].

The displacements of the position 1 are shown in
Fig.6(b). The expansion coefficient of aluminum alloy is
higher than that of titanium alloy (Fig.3). The
displacement of 5A12 alloy rapidly increases until 50 s,
then decreases. But the distortion tendency keeps in short
duration and then rapidly rises again until reaching the
maximum value. For BT20 alloy, there is not distortion
until 50 s. And the distortion slowly increases until
reaching the maximum value after 400 s. Because the
physical properties of two alloys are different, the
thermal expansion coefficient of aluminum alloy is high,
and the yield stress is small, the displacement of SA12
alloy is higher than that of BT20 alloy.

The displacements of position 2 are shown in
Fig.6(c). The distortion tendencies of two alloys are
similar. But the change speed of 5A12 alloy is extremely
quick because of the high thermal expansion coefficient.
The dynamic displacements are still mainly influenced
by the transverse shrinkage.

The dynamic distortion processes of BT20 and
5A12 alloys with heat input increasing from 0.32 kJ/mm
to 0.4 kJ/mm are shown in Fig.7. As shown in Fig.7(a),
the transverse shrinkage of BT20 alloy causes the
displacement rapidly to increase, whereas upward longi-
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Fig.6 Curves of dynamic distortion of two alloys: (a) Thermal

cycle at 5 mm away from weld; (b) Distortion at position 1;
(c) Distortion at position 2

tudinal bending increases greater with the welding heat
input increasing, and the displacement decreases. But
this tendency keeps for about 50 s and the displacement
continually increases. Under the combined effect of
transverse shrinkage and longitudinal shrinkage, the
maximum value of displacement is achieved. The
displacement at position 1 is the smallest, and the
displacement sequentially decreases along welding
direction. This distortion tendency is similar with that of
5A12 alloy, as shown in Fig.4(b).

As shown in Fig.7(b), the displacements of the
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Fig.7 Dynamic distortion with heat input increasing:
(a) Titanium alloy BT20; (b) Aluminum alloy 5SA12

5A12 alloy rapidly decrease after welding. The
downward angular distortion is formed. While the metal
of weld completely melts, excess penetration bead is
formed. The center of weld moves down. Although the
partial dropping tendency is counterbalanced by upward
angular distortion, the position of weld center is the
primary factor affecting the dynamic angular distortion.

The dynamic distortion progresses of two alloys
under welding heat input of 0.4 kJ/mm are shown in
Fig.8. At the initial stage, the distortion of BT20 alloy
behaves as buckling. The displacements of ending region
(position 3, position 4) are higher than those of initial
region (position 1, position 2). The distortion changes
from buckling to bowling at 80 s. The critical state for
BT20 alloy is 150 s. The displacements are the same to
the initial stage that the displacements of ending region
are a little higher than those of initial region. At the last
stage, the distortion distribution is completely reversed to
arch shape so that the displacements of the middle of the
plate (position 2 and position 3) are higher than those of
the edges (position 1 and position 4).

For 5A12 alloy, the total tendency of distortion is
downward angular distortion. As welding starts, the
distortion is in arch shape, and the displacements of
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Fig.8 Displacements of measured points along edge parallel to

weld line at different time: (a) Titanium alloy BT20;

(b) Aluminum alloy 5A12

middle of the plate are higher than those of the edges.
When time increases to 80 s, the distortion changes from
arch to buckling.

The dynamic distortion results of two alloys show
that the critical states of distortion for titanium alloy and
aluminum alloy occur at 115 s and 80 s, respectively. The
steady state of aluminum alloy pre-occurs. With welding
heat input increasing, the time of two alloys reaching
steady state also increases.

With the heat input increasing to 0.4 kJ/mm,
thermal cycle curves and dynamic distortions of two
alloys are shown in Fig.9. It can be seen from Fig.9(a)
that with the heat input increasing, the peak temperature
and temperature gradient of two alloys increase.

The displacements at position 1 are shown in
Fig.9(b). The displacement of titanium alloy rapidly
changes in 100 s. After 100 s, the displacement starts to
drop. The displacement no longer changes after 200 s.
Finally, small residual distortion is formed. The
displacement of aluminum alloy is reversed under
welding heat input of 0.4 kJ/mm. The distortion changes
to downward angular distortion. The displacement
increases in 80 s, then the thermal expansion is hindered
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Fig.9 Dynamic distortion and thermal cycle of two alloys with
increasing heat input: (a) Thermal cycles at 5 mm away from
weld center; (b) Position 1; (c) Position 2

and a compressive thermal stress can be induced. The
change of the displacement between 80 s and 100 s is
mutually counterbalanced, which no longer changes after
100 s. The final displacement is far smaller than the
initial displacement.

The displacements at the position 2 are shown in
Fig.9(c). With the heat input increasing to 0.4 kJ/mm, the
displacement of titanium alloy increases because of
transverse shrinkage. The displacement change tendency
for aluminum alloy is completely opposite to titanium
alloy. The displacement drops until achieving the

maximum displacement at 100 s.
4 Conclusions

1) The equilibrium temperature of aluminum alloy
5A12 is higher than that of titanium alloy BT20.
Temperature gradient of titanium alloy BT20 increases
with the increase of welding heat input.

2) The characteristics of dynamic distortions of two
alloys are different. When the welding heat input is equal
to 0.32 kJ/mm, the dynamic distortion process of
titanium alloy BT20 includes three stages: bowling,
buckling, and arch. The tendency is the same as
aluminum alloy 5A12. When welding heat input is equal
to 0.4 kJ/mm, the change tendency of titanium alloy BT2
is buckling, bowling and arch, whereas only two
tendencies, such as arch and buckling, occur for
aluminum alloy 5A12. The time of steady state for two
alloys increases with welding heat input increasing.

3) With heat input increasing to 0.4 kJ/mm, main
factors influencing the dynamic angular distortion
change from transverse shrinkage and downward
longitudinal bending to position of weld for aluminum
alloy 5A12. The dynamic distortion tendency of titanium
alloy BT20 is similar to aluminum alloy SA12 under
welding heat input of 0.32 kJ/mm.

4) The distortion of aluminum alloy is higher than
that of titanium alloy. The peak value of welding
distortion of aluminum alloy appears early.
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