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Abstract: In this study, microalloyed steels were joined by using the submerged arc welding method
at different welding currents of 350 A, 400 A and 450 A. The effects of selected welding parameters
on the microstructure and mechanical properties of welded materials were investigated. Tensile tests
and microhardness measurements were performed. Microstructural changes have been identified
in the welding zone. The results showed an increase in hardness and tensile strength depending
on the current intensity. The heat affected zone was observed much wider with the increase in
welding current.
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1. Introduction

The development of microalloyed carbon steels was one of the significant advances in the
1970s [1]. The main benefit of microalloyed steels is to provide important energy and cost savings
in the manufacturing of forged components for automotive applications. In such steels, the strength
levels and other properties achieved after cooling from hot working temperatures are reported to be
comparable with those obtained from conventional quenched and tempered steels [2—-4].

Microalloying or the use of additions of elements (V, Nb, and Ti) at small concentrations in
low carbon steels has been successfully employed for large diameter pipelines, bridges, and other
construction applications. This has been extended to medium carbon steels for various automotive
engine and engineering applications. The microalloying elements produce precipitation of carbonitrides
in austenite, and the pro-eutectoid ferrite and pearlite phases of the final microstructure in order to
obtain grain refinement and precipitation strengthening [5-8].

Submerged arc welding (SAW) is extensively used in the iron and steel industry to fabricate
pressure vessels, pipelines, marine vessels and wind turbine towers [9]. The extensive use of SAW
is associated with certain inherent metallurgical and process advantages [10], such as (a) a high
deposition rate (18 kg/h) and high electrode deposition efficiency; (b) low nitrogen in weld metal;
(c) excellent weld bead appearance; and (d) possibility of welding over a wide range of thicknesses.
This process finds a prominent place in fabrication industries due to high productivity and absence
of smoke.

Microalloying provides improved weldability by reducing carbon content; this was fairly quickly
recognised and became a major driving force for the development and understanding of microalloyed
steels. The use of microalloyed steel weldments in critical structural applications, such as offshore
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platforms and arctic installations, has prompted the evaluation of factors affecting weld metal
microstructure and mechanical properties [11,12]. In this study, microalloyed steels were joined
by using the submerged arc welding method at 350 A, 400 A and 450 A with different welding
currents. The effects of selected welding parameters on microstructure and mechanical properties of
welded materials were investigated. Tensile tests and microhardness measurements were performed.
Microstructural changes were identified in the welding zone.

2. Materials and Experimental Techniques

Plates of microalloyed steel with dimensions of 400 mm x 200 mm x 6 mm were used for welding
in this study. Table 1 illustrates the chemical compositions for the as-received metals and for the
(Oerlikon-S2) submerged arc welding wire used for joining.

Before welding, microalloyed steels were heat treated at 100 °C and then the samples were
centered as face-to-face with a 1-mm interval; the welding process was performed as two passes from
the front side and then the back side by using an Oerlikon Magmaweld brand ZD5-1000 B model
submerged arc welding machine (Oerlikon Welding Electrodes and Industry Inc., Manisa, Turkey).
Three different welded joints were obtained by using the welding parameters indicated in Table 2.
SF-104 submerged arc welding powder was also used in the welding process.

Table 1. Chemical compositions of test materials.

Materials C Si Mn P S Cr Ni Mo A\ Nb Ti

Microalloyed Steel 013 08 102 002 001 15 11 033 01 0.06 0.05
Oerlikon S2 (SAW wire) 0.08 0.6 1.3 0.025 0.025 - - - - - -

Table 2. The process parameters used in the submerged arc welding.

Welding Parameters

Sample No.
Current (A) Voltage (V)  Welding Speed (cm/min) Heat Input (kJ/mm)
S1 350 30-32 42 1.34
S2 400 30-32 46 1.53
S3 450 30-32 50 1.73

After submerged arc welding, tensile test samples were prepared with an Ermaksan laser cutting
machine (Ermaksan Machinery Industry And Trade Inc., Bursa, Turkey) according to TS EN ISO
4136 standards, as shown in Figure 1 [13]. The weld zone was at the center of the specimens.
The tensile test was carried out at 4.76 x 10~* s~! tensile speed by using an Alsa tensile testing
machine (Alsa Laboratory Equipment Limited Company, Istanbul, Turkey) with 100 kN capacity.

i
& 70 25

— /T 1 —

]
L

37

._.
LA
[}
LM

Figure 1. Tensile test sample.

In order to determine the structural changes in the welded samples, grinding and polishing
were applied to them. Etching of samples was performed by using 2% HNOj3 + 98% Ethyl alcohol
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solution for 20 s. Microstructure examinations were performed with a Nikon Eclipse L150 brand
optical microscope (Nikon Instruments Europe BV, Amsterdam, The Netherlands).

Micro hardness measurements with Vickers indenter were carried out at a load of 300 g with
a Qness Q10+ model device (Qness GmbH, Salzburg, Austria). Hardness was taken 20 points along
the width of the welding section. Hardness was also taken for eight points, including the first and
second weld metal along the thickness. Hardness measurements were made at 1 mm intervals along
the measurement line.

3. Results and Discussion

3.1. Microstructure

The microstructure of the welded samples, joined by using different welding parameters,
were analyzed with an optical microscope under different magnifications. Figures 2—4 show the
microstructure of the as-received metal, heat affected zone (HAZ) and weld metal. The initial
microstructure of the steel used in this study consisted of ferrite and pearlite structure. However,
the weld metal has polygonal ferrite and plate ferrite near the HAZ. Widmanstatten ferrite and a small
amount of martensite was also observed in the center of the weld metal. It is generally agreed that
the different transformation structures, in a continuous cooled system with decreasing temperature,
are as follows: (a) Grain boundary ferrite; (b) Polygonal ferrite; (c) Widmanstatten side plate ferrite;
(d) Acicular ferrite; (e) Upper bainite; (f) Lower bainite and martensite [14]. Grain boundary ferrite
nucleates at the austenite grain boundary, after which, Widmanstatten side plate ferrite nucleates at
the grain boundary ferrite, but grows along well-defined matrix planes, while intragranular ferrite
nucleates entirely within the austenite grains [15,16].

Table 2 shows the calculated heat input values of the welded joints. As can be seen from Table 2,
the highest heat input value of 1.73 k] /mm was obtained in the sample S3. Therefore, the HAZ of
sample S3 (310 pum) is somewhat wider than the HAZ of the samples S1 (200 pm) and S2 (240 pum)
as seen in Figures 2—4. This is a result of the heat input being increased with an increasing welding
current [17,18].

Figure 2. Microstructure of welded sample S1: ferrite (F), pearlite, (P), plate ferrite (LF), martensite (M),
polygonal ferrite (PF) and witmanstaten ferrite (WF).
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Figure 3. Microstructure of welded sample S2: ferrite (F), pearlite, (P), plate ferrite (LF), martensite (M),
polygonal ferrite (PF) and witmanstaten ferrite (WF).

Figure 4. Microstructure of welded sample S3: ferrite (F), pearlite, (P), plate ferrite (LF), martensite (M),
polygonal ferrite (PF) and witmanstaten ferrite (WF).

3.2. Mechanical Properties

Table 3 shows the yield strength (YS), ultimate tensile strength (UTS) and total elongation of
S1, S2 and S3 samples welded under different welding parameters (see Table 2). As seen, sample S2
showed the highest yield strength (609 MPa) and UTS (665 MPa). The highest values in YS and UTS of
sample S2 with increased welding current can be linked to the amount of Widmanstatten ferrite in the
transition area. An increase in the welding current raised heat input which encouraged the formation
of Widmanstatten ferrite. Bodnar and Hansen [19] showed that the volume fraction of Widmanstatten
ferrite increased with the increase in the prior austenite grain size and cooling rate. They concluded
that both the yield strength and ultimate tensile strength of steel increased with an increase in the
volume fraction of Widmanstatten ferrite and a reduction in ferrite grain size.

Sample S3 showed the lower yield strength, tensile strength and percentage elongation than
samples S1 and S2 (see Table 3). This is due to a fracture formed in the HAZ of welded S3 samples.
However, the fracture in samples S1 and S2 occurred in the as-received metal. Lower strength and
percentage elongation in sample S3 indicated extensive precipitation hardening in the HAZ region.



Metals 2016, 6, 281 50f7

In their work, Gondola et al. [20] observed higher residual stress and dislocation density in the HAZ
region of microalloyed steel due to rapid cooling after welding. They also showed that the interaction
between dislocations and precipitates or the carbon and nitrogen atoms in solid solution lead to
a fracture in the HAZ.

Table 3. Tensile test results of samples S1, S2 and S3 welded under different welding parameters.

Sample No. Yield Strength (MPa)  Ultimate Tensile Strength (MPa) Elongation (%)

S1 596 653 17
52 609 665 15
S3 520 585 7

Figure 5 shows a schematic illustration of microhardness measurement areas. Microhardness
results of the welded samples 51, S2 and S3 are given in Figures 6-8. It was observed that the hardness
of the welded samples 51, S2 and S3 raised when the measurement was carried out along the horizontal
measurement line from the as-received metal to the HAZ or weld metal. The highest hardness of
281 HV, 297 HV and 320 HV was obtained in the weld metal for samples S1, S2 and S3 respectively.
In general, as the welding current increases, it is possible that more widmanstatten ferrite or martensitic
structure can be formed in the weld center because of large austenite grains and a high cooling rate.
Generally, the lowest and highest hardness values were obtained in the as-received metal and weld
metal respectively, for all welded samples. Hardness of HAZ was also found to be higher than that
of the as-received metal, but lower than that of the weld metal. These results are consistent with the
results obtained by Kursun and Tekin’s study [21].

The hardness measurement was also carried out along the vertical measurement line for the weld
metal obtained by two passes. It was observed that the hardness values gradually decreases from
second weld pass to the first weld pass. This situation shows that second weld pass applies stress
relief annealing on first weld pass and therefore the hardness decreases accordingly (Figures 6-8).
In his study, Lord [22] showed that the hardness of the weld metal does not only depend on chemical
composition, but it can also be affected by interpass transition temperatures. Kaya and Korkut [23]
also showed that the armor steel welded in two passes cools down more slowly than the steel welded
in one pass, and as a result, phases that increase hardness, such as martensite, occurred less.

Figure 5. Schematic illustration of microhardness measurement areas.
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Figure 6. Microhardness test results of sample S1 (a) horizontal and (b) vertical.
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Figure 7. Microhardness test results of sample S2 (a) horizontal and (b) vertical.
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Figure 8. Microhardness test results of sample S3 (a) horizontal and (b) vertical.

4. Conclusions

In this study, the mechanical properties of microalloyed steels, welded by the submerged arc

welding method under different welding parameters, are investigated. The results obtained from
present study are as follows:

1.

The initial microstructure of the steel used in this study consisted of ferrite and pearlite structure.
However, the weld metal of all welded samples has polygonal ferrite and plate ferrite near the
HAZ. Widmanstatten ferrite and a small amount of martensite was also observed in the center of
the weld metal.

An increase in the welding current caused an increase in the heat input. As a result of this,
samples welded at higher welding currents showed a wider HAZ compared to the samples
welded at lower welding currents.

The highest ultimate tensile strength was measured as 665 MPa in the sample S2, welded at
a welding current of 400 A. This is due to the formation of Widmanstaten ferrite in the transition
area of the welded joints. An increase in the welding current raised the heat input which
encouraged the formation of Widmanstatten ferrite.

The highest hardness of 281 HV, 297 HV and 320 HV was obtained in the weld metal for samples
S1, S2 and S3 respectively. In general, as the welding current increases, it is possible that more
widmanstatten ferrite or martensitic structure can be formed in the weld center because of large
austenite grains and a high cooling rate.
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