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Abstract

A series of experiments was carried out so as to elucidate the effect of the phase transformation in
the cooling process on welding distortion and residual stress generated by laser beam welding
(LBW) and laser-arc hybrid welding (HYBW) on the high strength steel (HT780). Then, the expe-
riments were simulated by 3D thermal elastic-plastic analysis with FEM (Finite Element Method)
which was performed with using the idealized mechanical properties considering the transfor-
mation superplasticity. From the results, the effects of the phase transformation on welding dis-
tortion and residual stress generated by LBW and HYBW were elucidated. Furthermore, the gene-
rality of the idealization of the mechanical properties was verified.
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1. Introduction

For improving function and reducing weight of steel structures, aggressive use of high strength steel has been
tried. In order to achieve this trial, it is essential that the performance of joints of high strength steel is improved.
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For this objective, researches of joining with laser beam have been conducted [1].

Although joints with high quality can be manufactured by laser beam welding (LBW), it requires quite severe
gap control between welded plates for avoiding generation of under fill. Therefore, application of laser-arc hy-
brid welding (HYBW) has been investigated for improving manufacture efficiency. By supplying deposit metal
by arc welding, the gap control of HYBW is expected to be easier than that of LBW without deposit metal.

The heat input characteristics of LBW are largely different from those of existing arc welding such as heat
energy, bead width, penetration depth and so on. Furthermore, those of HYBW with dual heat source differ from
those of welding by using only laser or arc.

On the other hand, in welding of high strength steel, the phase transformation in the cooling process largely
affects the generation of welding distortion and residual stress [2].

Concerning to this, a series of welding experiments has been conducted so as to elucidate residual stress gen-
erated by arc welding on high strength steel (HT780). The experiment has been simulated by 3D thermal elastic-
plastic analysis based on FEM (Finite Element Method). In the analysis, the mechanical properties of the high
strength steel were idealized by considering the phase transformation. As a result, the validity of simulation by
FEM was verified for predicting the welding distortion and residual stress [1] [3] [4].

By the way, from the viewpoints of both the welding process and the phase transformation, it is unknown how
distortion and residual stress are generated by LBW and HYBW on high strength steel.

In this paper, a series of welding experiments on high strength steel (HT780) by LBW and HYBW is per-
formed. And then, the experiment is simulated by FEM of which the validity was verified by the previous re-
searches [5] [6]. The effects of the phase transformation on the generation of welding distortion and residual
stress of LBW and HYBW are elucidated. Moreover, the generality of the idealized mechanical properties with
considering the phase transformation is verified.

2. Welding Experiment
2.1. Test Specimen

The shape and dimension of the specimen are shown in Figure 1.

In order to obtain distortion and residual stress generated by butt welding with high accuracy, it is necessary
that a specimen is made so that a linear misalignment due to tack welding does not occur [6]. Therefore, one-
pass bead-on-plate welding is selected.

The material is a high strength steel of which the tensile strength is over 780 MPa (HT780). The thickness is
12 mm. Table 1 shows the chemical compositions and the mechanical properties of the material.

Table 2 shows the welding conditions of LBW and HYBW. In both processes, a fiber laser is used. In HYBW,
CO, MAG arc welding with 780 MPa class filler wire is also used.
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Figure 1. Test specimen.
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Table 1. Chemical compositions and mechanical properties.

Chemical compositions (mass %) Mechanical properties
© Si Mn B S Yield point (MPa) Tensile strength (MPa)
0.08 0.22 0.96 0.007 0.002 813 840

Table 2. Table type styles.

Laser Arc

Speed
Process /mi
Type Power (kW) Type Filler Energy (kW) (m/min)
LBW 6.0 - - - 0.6
Fiber laser
HYBW 6.8 CO; MAG 780 MPa class 5.4 0.8

2.2. Experimental Procedure

During the welding, the temperature histories are measured by the thermo couples attached to 4 points (y = 15,
30, 50, 80 (mm)) of the upper side of the specimen (z = 12 (mm)) in the center of the welding direction (x = 15
(mm)).

After the welding, the penetration shapes are confirmed by obtaining the macrographs. These are also used for
making grids in simulating the experiments by FEM.

The out-of-plane deformation is measured and the residual stress is obtained by a stress relaxation method in
both LBW and HYBW specimens.

2.3. Results of Experiments

2.3.1. Macrographs
Figure 2 shows the examples of the macrographs of LBW and HYBW.

In LBW, the bead width is around 5 mm and the penetration depth is 9 mm. In HYBW, the bead width at the
upper side is wide (around 10 mm) due to the supply of weld metal by arc welding. The penetration depth is al-
most the same as that by LBW.

2.3.2. Welding Distortion

Figure 3 shows the welding out-of-plane deformation. The angular distortion of LBW is smaller than that of
HYBW (Figure 3(a)). The longitudinal bending distortions of both LBW and HYBW are extremely small
(Figure 3(b)).

2.3.3. Welding Residual Stress
Figure 4 shows the welding residual stress.

The residual stress generated by LBW is noted.

The stress component along the weld line; o, by LBW (Figure 4(a)) is tensile but under the yield stress (813
MPa) in the weld metal on the upper side. The magnitude is around 600 MPa. On the lower side, the tensile
stress around 80 MPa occurs. On the upper and lower sides, small compressive stress under 20 MPa occurs in
the base metal. The stress component perpendicular to the weld line; o, by LBW (Figure 4(b)) is compressive
around 90 MPa in the weld metal on both the upper and lower sides. Scarcely any stress occurs in the base met-
al.

In the same way, the residual stress generated by HYBW is noted. The stress component along the weld line;
o, by HYBW (Figure 4(c)) is almost the same as that of LBW in the weld metal on the upper side. That is ten-
sile and the magnitude is around 600 MPa. The region in which the tensile stress occurs is wider than that of
LBW. On the lower side, the tensile stress around 300 MPa occurs, which is larger than that of LBW because
the total heat input of HYBW is larger than that of LBW. The compressive stress in the base metal on the upper
and lower sides is small as well as that of LBW. The stress component perpendicular to the weld line; o, by
HYBW (Figure 4(d)) is tensile from 100 to 150 MPa in the weld metal on the upper side. That on the lower side
is around 70 MPa. The stress in the base metal is small as well as that of LBW.

O,
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Figure 2. Macrograph. (a) LBW; (b) HYBW.
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Figure 3. Welding out-of-displacements generated by LBW and HYBW. (a)
Angular distortion; (b) Longitudinal bending distortion.

3. Idealization of Mechanical Properties

For simulating the welding on high strength steel, idealized mechanical properties considering the phase trans-
formation in the cooling process are used. Here, the idealization of mechanical properties in the phase transfor-
mation range in the cooling process proposed by the author is explained. The details of idealization have been
shown in the references [3] [4].

The starting and finishing temperatures of phase transformation in the cooling process; Ms and My, were
measured by Formastor test with changing the cooling rates (40, 100, 150 degrees Celsius/s). Figure 5 shows
the result in the case that the cooling rate is 100 degrees Celsius/s. The variations of them were within 20 de-
grees Celsius in the three cases of cooling rates.

The averages of them were adopted, i.e., M was 441 degrees Celsius and M¢ was 324 degrees Celsius. The
range between them was defined as the phase transformation range.

The average of thermal expansion coefficient; «, was —22 x 10 ° per degrees Celsius in the phase transforma-
tion range. This was uniformly used in that range.

A series of tensile tests at high temperature was carried out. Specimens were heated up to 1250 degrees Cel-
sius and the temperature was kept in some seconds. After cooling the specimens to the test temperatures, the
tensile tests were carried out. Although the cooling rates were changed (40, 100, 150 degrees Celsius/s), it was
confirmed that the effect of cooling rate on the mechanical properties was small.

As an example of the results of the tensile tests, temperature dependencies of Young’s modulus are shown in
Figure 6. The above-mentioned transformation expansion occurs in the phase transformation range and it is
known that transformation superplasticity also occurs in this range. It means the phenomenon that strength is
remarkably lowered and extraordinary ductility is observed when the phase transformation occurs and pro-
gresses [2]. Therefore, the yield stress and Young’s modulus in the phase transformation range cannot be identi-
fied because the strain due to loading and that due to the transformation expansion and the transformation su-

perplasticity cannot be separated.
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Figure 4. Distributions of residual stress generated by LBW and HYBW. (a)
Stress component, g, by LBW; (b) Stress component, o, by LBW; (c) Stress
component, o, by HYBW; (d) Stress component, o, by HYBW.
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Figure 5. Expansion-temperature diagram.

In simulating the experiment by the thermal elastic-plastic analysis, the three types of idealized mechanical
properties as shown in Figure 7 are used.

1) Model A: The phase transformation is not considered. That is, the mechanical properties in the heating pro-
cess are also used in the cooling process.

2) Model B: Only the transformation expansion is considered by using the negative value of the thermal expan-
sion coefficient; a in the phase transformation range is used. However, the yield stress; o, and Young’s mod-
ulus; E are the same in the heating and cooling processes.

3) Model C: Not only the transformation expansion but also the transformation superplasticity are considered.
Although the thermal expansion coefficient; a and the yield stress; o, are the same as those in Model B,
Young’s modulus; E between Mg and My, is idealized with considering the extraordinary ductility due to the
transformation superplasticity. That is, Young’s modulus; E at M is lowered around zero and it is linearly
recovered up to Mg in the cooling process.
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Figure 7. Idealization of mechanical properties in phase transformation range at cooling stage.

In the thermal elastic-plastic analysis described below, these mechanical properties are used in the cooling
process in the elements of which the temperature exceeds the A; transformation temperature (around 720 de-
grees Celsius) in the heating process, that is, the weld metal and heat affected zone (HAZ). In the elements ex-
cept them, the mechanical properties in the heating process are also used in the cooling process.

4. Simulation by 3D Thermal Elastic-Plastic Analysis
4.1. Model for Simulation

Figure 8 shows the models for simulation by 3D thermal elastic-plastic analysis.

The isoparametric solid elements with 8 nodes are used. The half model is adopted. The heat input elements
are decided by referring the macrographs [6].

In the case of LBW model, the heat energy by laser is given into the penetration shape. On the other hand, in
the case of HYBW model, the penetration shapes by laser and arc are separated referring to the macrograph of
LBW (Figure 2(a)). In each part, the magnitude of heat energy by laser (Q.) and arc (Qa) are given respective-

ly.
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Figure 8. Model for thermal elastic-plastic analysis.

4.2. Results of Analysis

4.2.1. Temperature Histories
The non-steady heat conductivity analyses are carried out on LBW and HYBW models.

Figure 9 shows the temperature histories. They are measured on the upper side at the cross-section of x = 15
(mm). The distances from the weld line (y) are 15 30, 50 and 80 (mm). The symbols represent the results ob-
tained by the experiment and the lines represent those obtained by the analysis.

The temperature histories obtained by the analysis are successfully agreed with those by the experiments in
LBW and HYBW.

It can be confirmed that the maximum temperatures in each measured point of HYBW are higher than those
of LBW due to the difference of the total heat input between LBW and HYBW.

4.2.2. Welding Distortion
The thermal elastic-plastic analysis is carried out with using the temperature histories obtained by the non-steady
heat conductivity analyses.

Figure 10 shows the welding out-of-plane distortion obtained by the experiment and the analysis.

Here, only the angular distortion is noted because the longitudinal bending distortion is too small to discuss
the meaning of the results of the analysis.

In both cases of LBW (Figure 10(a)) and HYBW (Figure 10(b)), the distortions of Model A (green broken
lines), in which both the transformation expansion and the transformation superplasticity are not considered, are
extremely larger than the experimental results (circular symbols).

Although those of Model B (red dotted lines), in which only the transformation expansion is considered, are
smaller than those of Model A, they are larger than the experimental results.

The distortions of Model C (blue solid lines) agree with the experimental results in which both the transfor-
mation expansion and the transformation superplasticity are considered.

The results indicate that the phase transformation in the cooling process largely affects and controls the weld-
ing distortion. The effects are caused by not only the transformation expansion but also the transformation su-
perplasticity.

4.2.3. Welding Residual Stress
Figure 11 shows the distribution of residual stress obtained by the experiment and the analysis.

Here, only the stress component along the weld line; o, on the upper side is noted because the effect of the
phase transformation on it is the largest in all stress components on the upper and lower sides.

In both cases of LBW (Figure 11(a)) and HYBW (Figure 11(b)), the residual stress of Model A (green bro-
ken lines), in which both the transformation expansion and the transformation superplasticity are not considered,
and Model B (red dotted lines), in which only the transformation expansion is considered, are extremely large
tension in the weld metal. That of Model C (blue solid lines), in which both the transformation expansion and
the transformation superplasticity are considered, is drastically changed from tensile yield stress to zero in the
narrow region of the weld metal. This is because the phase transformation, i.e., the tensile stress generated in the
cooling process is released in the phase transformation range [4].

O,
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Although the experimental result in the weld metal is only one, the magnitude is smaller than the tensile yield
stress. By considering the accuracy of the stress relaxation method, the analysis results of Model C simulate the
experimental results.

When noting the results of Model C, the region in which the phase transformation affects the distribution of
the residual stress of HYBW is wider than that of LBW. The reason is that the total heat input of HYBW is larg-
er than that of LBW.

In any case, the phase transformation in the cooling process largely affects the generation of the residual
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Figure 9. Temperature histories obtained by experiment and analysis. (a)
Temperature histories of LBW; (b) Temperature histories of HYBW.
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Figure 10. Welding out-of-plane displacements obtained by experiment and
analysis. (a) Angular distortion of LBW; (b) Angular distortion of HYBW.
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Figure 11. Distributions of residual stress obtained by experiments and ana-
lysis. (a) Stress component, g, by LBW; (b) Stress component, o, by HYBW.

stress as well as the welding distortion.

From the view point of both the welding distortion and residual stress, the validity of idealizing the mechani-
cal properties with considering the phase transformation could be verified. The generality could also be verified
because the experimental results of LBW and HYBW were simulated by the analyses with using these idealized
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mechanical properties.

5. Conclusions

In order to investigate the effects of the phase transformation on the generation of welding distortion and resi-

dual stress of LBW and HYBW, the experiment was carried out.

1) Welding distortion of LBW was smaller than that of HYBW because the total heat input of HYBW with dual
heat source was larger than that of LBW.

2) In both cases of LBW and HYBW, the welding residual stress oy (component along the weld line) generated
in the welds was tensile but smaller than the yield strength in the weld metal.

Then, the experiments were simulated by the 3D thermal elastic-plastic analyses based on FEM with using the
idealized mechanical properties considering the phase transformation in the cooling process.

3) The experimental results could be simulated with high accuracy by the analyses in both cases of LBW and
HYBW. That is, the generality of the idealized mechanical properties with considering the phase transforma-
tion could be verified. It meant that FEM simulation was valid for predicting the welding distortion and re-
sidual stress generated in high strength steel by LBW and HYBW.

4) It was confirmed that the phase transformation in the cooling process largely affected and controlled welding
distortion. The effects were caused by not only the transformation expansion but also the transformation su-
perplasticity.

5) Tensile residual stress generated in the cooling process was released by the phase transformation. The effects
could be confirmed in both LBW and HYBW. However, the region in which the phase transformation af-
fected on residual stress of HYBW was wider than that of LBW due to the difference of the magnitude of the
heat input.

6) The effects of the phase transformation on the generation of welding distortion and residual stress were the
same in both cases of LBW and HYBW even though the characteristics of the heat input were different from
each other.
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