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Abstract. High strength low alloyed steels are nowadays an important group of
engineering materials, with numerous industrial applications. Properly chosen chemical
composition together with the thermomechanical processing allow to reach high
mechanical properties, while the carbon content is maintained low. Resulting
microstructure is therefore sensitive to the amount of the heat introduced to the metal
during welding. During welding procedure, softening phenomenon can occur in the heat
affected zones and it could lead to the degradation of the mechanical properties of the
final joint. Nowadays, welding technologies based on the high energy electron beam
are able to produce weld joints with very narrow heat affected zone. In this study,
authors compare mechanical properties and the microstructural evolution in the heat
affected zone of the GMAW and EB welded joint of the DOMEX 700MC HSLA steel.
The carried out experiments showed that both evaluated technologies are able to
produce joints with appropriate mechanical properties. Welded joints made by the EBW
technique showed slightly better mechanical properties of the whole joint, as a result of
the narrower HAZ.
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1 Introduction

In the last decade, the high strength low alloyed (HSLA) steels became the standard material
used in the engineering constructions. This category of materials offers the higher mechanical
properties than standard grades of weldable structural steels, what allow to reach significant
reductions of the total component’s mass, as the cross-section of components can be reduced.
Improved mechanical properties of the high strength low alloyed steels thanks to the carefully
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designed chemical composition together with the thermomechanical processing, resulting in
the fine-grained microstructure of the final products [1-5].

It the numerous engineering applications, the welding is the most widespread joining
technology. The high strength low alloyed steels owe for their properties fine-grained
microstructure, and the heat introduced to the material during welding procedure can
significantly affect microstructure in the heat affected zone a degrade resulting mechanical
properties of the weld joint [6-9]. To obtain appropriate mechanical properties of the weld
joint of the high strength low alloyed steels welding process has to be carefully designed, to
reduce the amount of the heat introduced to the materials and prevents to the softening in the
heat affected zone [10]. Modern welding techniques, which use high energy beams, allows
to minimize the amount of heat introduced to the joint and obtaining very narrow heat
affected zone. On this bases, electron beam and laser beam welding techniques are very
interesting options for the welding of high strength low alloyed steels [11-13].

This study compares mechanical properties and the microstructural evolution in the heat
affected zone of weld joint of high strength low alloyed steel DOMEX 700MC, obtained by
the gas metal arc welding (GMAW) and electron beam welding techniques (EBW).

2 Materials and methods

In the presented study, high strength low alloyed DOMEX 700MC steel of 10 mm thickness
was used as an experimental material. The DOMEX 700MC steel belongs to the group of
HSLA steels with ferritic structure. The chemical composition and the mechanical properties
of experimental material are shown in Tables 1 and Table 2. High values of ultimate tensile
strength and yield strength of DOMEX 700MC steel are achieved by the combination of
properly chosen chemical composition and thermomechanical processing, what results in
very fine ferritic microstructure with uniformly dispersed fine cementite particles (Fig.1).

Table 1. Basic mechanical properties guaranteed by the supplier

Ultimate tensile 0.2 offset Yield Tensile elongation
DOMEX 700MC strength [MPa] strength [MPa] [%]
750 - 950 min. 700 min. 12

Fig. 1. Microstructure of the DOMEX 700MC HSLA steel
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Table 2. The chemical composition of the DOMEX 700MC guaranteed by the supplier

C Si Mn P S Al Nb A% Ti

DOMEX 700MC max. max. max. max. max. min. max. max. max.
0.12 | 0.10 | 2.10 | 0.025 | 0.01 | 0.015| 0.09 | 02 | 0.15

Two different welding methods were used for the welding of the HSLA DOMEX 700C
steel. The GMAW and EB welding. As a preparation for the GMAW procedure, metal sheets
were mechanically cleaned before welding and degreased by the acetone. The gap 2 mm was
maintained between the sheets and their edges were cut at angle of 50°. The OK AristoRod 69
wire with diameter 1.2 mm was used as a filler metal. For the optimization of GMAW process,
several welds were prepared with the welding parameters in the range: voltage 23-30V, current
145-300A and the welding speed 3-8 mm/s. The welding parameters were chosen to obtain a
stable welding process with the high quality of final welds, without any macroscopic
geometrical and internal defects. As a result of the optimizing process, the following welding
parameters were used for the preparation of the testing specimens. For root layer: voltage
23.3V, current 164A and welding speed 4.8 mm/s and for the top layer: voltage 28.2V, current
230A and the welding speed 5 mm/s. Similarly, before the EB welding, sheets were again
mechanically cleaned and degreased in acetone and after optimization of the welding process,
the following parameters were chosen for the preparation of final welds: acceleration voltage
55 kV, current 115 mA and the welding speed 11 mm/s.

Mechanical properties of the weld joints were obtained by the standard tensile tests. Tree
specimens of each type of weld were used, and the average values were calculated. For the
evaluation of the properties in the individual areas of weld joint (weld metal - WM and heat
affected zone - HAZ), microhardness measurements were performed. Evolution of the
microstructure, mainly in the HAZ was examined by optical microscopy.

3 Results and discussion

Macro and microscopic observations of the welds revealed significant differences. The width
of the HAZ and the weld metal zone (WM) were significantly larger for the GMAW process
(Fig.2). In both welds, two different regions in HAZ were identified. The evolution of the
microstructure in the HAZ depends on the thermal cycle to which was exposed during the
welding process. Closer to the weld metal (WM), coarse-grain HAZ was observed (CGHAZ).
These areas are during the welding completely transformed to the austenite, then coarse and
during subsequent cooling transform back to the ferrite. The thickness of this zone was
considerably larger for the GMAW as a result of the larger heat input during GMAW process,
which result in the longer exposures of that zone in the austenite region. CGHAZ in the EB
welds was significantly narrower, but the grain size in that area was larger (Fig. 3a, b) than
in the GMAW welds. This phenomenon can be explained that during the EB welding process,
the high energy beam input a large amount of heat energy in a very short time, thus the heat
has no sufficient time to dissipate in the metal and the maximum reached temperature in the
CGHAZ is higher than for the conventional GMAW process. With increased distance from
the weld metal, the microstructure changed and the fine-grained HAZ (FGHAZ) was
observed in both welds (Fig. 3c, d). During the thermal cycle, these zones were heated to the
austenitic area for a very short period of time, thus no coarsening could occur. The thickness
of this zone was larger for the GMAW weld, especially in the root area. Between the FGHAZ
and base metal, the transition area was observed. The temperature reached in this area during
the welding procedure was very close to the AC; temperature, thus the resulting
microstructure is only partially recrystallized and the phenomenon as a polygonization and
recovery took place in this area (Fig. 3e, f).
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Fig. 3. Microstructures of the HAZ
Figures a, ¢ and e represents CGHAZ, FGHAZ, resp. transition zone of GMAW joint.
Figures b, d and f represent CGHAZ, FGHAZ and transition zone of EBW joint.

Microhardness measurement examined mechanical properties of all areas of the weld joints.
The results of the microhardness measurements are shown in the Fig.4. Based on the results,
in the GMAW weld, the most critical part is the HAZ, especially transition region between
the FGHAZ and the base metal (BM). Average values of microhardness in the BM was 276
HV1 and for the WM values 261 HV 1 were recorded. In the HAZ, the highest average values
were recorded in the CGHAZ (252 HV1), then in the FGHAZ (235 HV1) and the lowest
values were recorded in the transition region between the FGHAZ and the BM (210 HV1).

Micriohardness [HV1]

-9,00 -4,50 0,00 4,50 9,00

Distance from top of sheet [mm]

Distance from a weld center [mm]

|

w
8

g

Micriohardness [HV1]
N
¥ 8

220 1
S5 4 3 2 -1 0 1 2 3 4 5

Distance from top of sheet [mm]

Distance from a weld center [mm]

Fig. 4. The results of the microhardness measurements, top - GMAW, the bottom — EBW

The electron beam weld microhardness measurements had slightly different results. The
mainly, in the EBW process, there was not used any filler metal, thus the WM zone is a
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remelted parent material, and this corresponds with the measured values of microhardness
(256 HV1). Microhardness values in the HAZ vary for different subzones, but the differences
were significantly smaller than in the HAZ of GMAW weld. The average value in CGHAZ
was 252 HV1, in the FGHAZ 243 and finally, in the transition region, the average value 236
HV1 was recorded. These observations are in consistency with other authors [14].

Results of the tensile tests are shown in Table 3. Specimens welded by the GMAW were
broken in the HAZ, what suggests that the softening in the heat affected zone recorded by the
microhardness measurements has a significant effect on the resulting properties of the weld
joint. Even that the specimens were broken in the softened regions of HAZ, the measured
values of yield strength and ultimate tensile strength still fulfil the requirements for the
mechanical properties of the DOMEX 700MC. For the specimen welded by the electron
beam, the different behaviour was observed. However, the softening in the HAZ was
observed also in the EB weld, this was not so significant and the specimens were broken in
the weld metal zone. This suggests that use of EB welding results in the production of very
narrow HAZ, in which the level of softening is lower than in the weld made by conventional
GMAW. Results of the tensile test showed higher values of ultimate tensile strength, yield
strength and tensile elongation for the weld made by electron beam welding compared with
the GMAW. The most significant difference is in the values of YS, which were about 57
MPa higher for the EB weld.

Table 3. Results of the tensile tests

UTS [MPa] 0.2 offset YS [MPa] | Tensile elongation [%]
DOMEX 700MC GMAW 783.5 691.4 9.1
DOMEX 700MC EBW 793.3 748.8 12.2

Both examined welding technologies were able to produce joints with sufficient mechanical
properties. The phenomenon of softening in the HAZ was recorded in both, GMAW and
EBW welds, but was more significant in the weld joint made by conventional GMAW. The
EBW produces markedly narrower HAZ, and the resulting properties of the joints made by
EBW were higher. It is however questionable if the very high operating cost of the using
EBW procedures are worth of the small advantages in the slightly higher YS introduced by
the EBW process.

4 Conclusions

Based on the carried out tests and analysis, the following can be concluded:

- Both used method, GMAW and EBW are able to produce high-quality weld joint, with
appropriate mechanical properties.

- In the HAZ, several subzones (CGHAZ, FGHAZ and transition region) were identified
in both examined welds. In the EBW joint, the narrower HAZ was recorded, same as the
thickness of individual subzones was lower.

- The softening of HAZ was observed in both tested joints, but it should be pointed out that
the level of softening was significantly lower in EBW joint.

- Based on the result of the tensile test, in the GMAW joint, the most critical zone is the
transition zone between the FGHAZ and BM, as the all tensile specimens were broken in
that area. This is with consistency of the microhardness measurements, where the lowest
values of microhardness were recorded in the transition area.

- Even in the EBW joint, softening of HAZ was recorded, this was not so significant.
Tensile test specimens were broken in the WM area.

- Tensile tests showed that the weld joints made by EBW exhibits about 57 MPa higher
yield strength and about 3% higher tensile elongation.
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