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The influence of pulse current arc welding modes on changing the parameters of the weld and HAZ of welded joints made by low alloyed materials

Introduction

Pulse-current gas metal arc welding (PC-GMAW) is qualitatively different from traditional shielded gas metal arc welding (GMAW), as well as from manual arc welding with modulated current [START_REF] Zavdoveev | Effect of pulsed-arc welding modes on the change of weld metal and haz parameters of welded joints produced with Sv-08kh20N9G7T wire[END_REF][START_REF] Palani | Selection of parameters of pulsed current gas metal arc welding[END_REF][START_REF] Zavdoveev | Development of the PC-GMAW welding technology for TMCP steel in accordance with welding thermal cycle, welding technique, structure, and properties of welded joints[END_REF][START_REF] Tong | Quality and productivity improvement in aluminium alloy thin sheet welding using alternating current pulsed metal inert gas welding system[END_REF][START_REF] Zavdoveev | Features of structure formation and properties of joints of s460m steel made by pulsedarc welding[END_REF][START_REF] Maruo | Effects of Welding Current Waveform on Metal Transfer and Bead Formation in Pulsed MIG Welding[END_REF][START_REF] Rajasekaran | Weld bead characteristics in pulsed GMA welding of Al-Mg alloys[END_REF]. This process is increasingly used in the manufacture of welded structures of aluminum alloys, titanium and structural steels with a strength of up to 500 MPa [START_REF] Berdnikova | Effect of the structure on the mechanical properties and cracking resistance of welded joints of low-alloyed high-strength steels[END_REF][START_REF] Haivorons | Structure and mechanical properties of the heat-affected zone of restored railway wheels[END_REF], as well as wire arc additive manufacturing [START_REF] Cunningham | Cost Modelling and Sensitivity Analysis of Wire and Arc Additive Manufacturing[END_REF], [START_REF] Cunningham | Invited review article: Strategies and processes for high quality wire arc additive manufacturing[END_REF]. This is explained by the fact that PC-GMAW expands the possibilities of controlling the processes of melting and transfer of the electrode metal in different spatial positions, improves the formation of seams, reduces the mixing of the electrode metal with the base metal and the size of the heat affected zone (HAZ) [START_REF] Rajasekaran | Weld bead characteristics in pulsed GMA welding of Al-Mg alloys[END_REF], [START_REF] Murray | Selecting parameters for GMAW using dimensional analysis[END_REF][START_REF] Amin | Pulse current parameters for arc stability and controlled metal transfer in arc welding[END_REF][START_REF] Amin | Synergic control in MIG welding 2-Power-current controllers for steady DC open arc operation[END_REF][START_REF] Lambert | Assessment of the Pulsed MIG technique for tube attachment welding[END_REF][START_REF] Essers | Arc control with pulsed GMA welding[END_REF][START_REF] Dorn | Pulsed current gas metal arc welding under different shielding and pulse parameters; Part 2: Behaviour of metal transfer[END_REF]. This is due to the fact that such well-known companies as Fronius (Austria), Bohler (Germany), ESAB (Sweden) and others, pay considerable attention in their activities to the development and manufacture of equipment for the implementation and expansion of pulse-arc welding process. Much less in the technical literature is the question of the influence of the parameters of PC-GMAW [START_REF] Wu | Effects of single and double pulses on microstructure and mechanical properties of weld joints during high-power double-wire GMAW[END_REF], [START_REF] Sen | Effect of double-pulsed gas metal arc welding (DP-GMAW) process variables on microstructural constituents and hardness of low carbon steel weld deposits[END_REF] on the thermal processes occurring in the HAZ metal of welded joints, and how they affect the structure and mechanical properties of this metal [START_REF] Demarque | Evaluation of the effect of the thermal cycle on the characteristics of welded joints through the variation of the heat input of the austhenitic AISI 316L steels by the GMAW process[END_REF], its resistance to cold cracking and brittle fracture, etc. It is the uncertainty of these issues that constrains the use of pulse-arc welding technologies in the manufacture of metal structures from steels that are sensitive to thermal processes and prone to hardening.

Materials and methodology

To solve this problem, we performed surfacing of the high-alloy welding wire 1.2 mm diameter G3Si1. The surfacing was carried out on 10 mm thick plates made of 9MnSi5 steel (DIN, wt %: C 0.09, Si 0.5-0.8, Mn1.3-1.7). Surfaces were made from the surfacing plates, which measured the parameters of the seams and the HAZ. Pulse current arc welding (f ≥ 25 Hz, PC-GMAW) and pulsed arc welding (f ≤ 25 Hz, PA-GMAW) are distinguished by the frequency of pulses. Using a pulsating arc, the optimal pulsation modes were selected. In this case, the welding mode was as follows: pulse welding current -I p = 140 A, pause current (base current) was 80% of the pulse current I p = 112 A; where I av is the average current of the arc-arc welding, І pulse = 450 А, І pause = 160 А, t pulse and t pause are the pulse duration and pause, respectively. In addition to I av , the effective current of the arc-arc welding also applies:

I ef = 1-d ( ) × I pause 2 + I pulse 2 ( 2 
)
where δ = duty cycle. Thus, given the above-mentioned parameters of pulsed-arc welding, I ef results almost 25% higher than I av (Figure 1). Pulse current arc welding (f≥25 Hz, PC-GMAW, Figure 2) and pulsating arc welding (f≤25 Hz, PA-GMAW) are distinguished by the frequency of pulses. Using a pulsating arc, the optimal pulsation modes were selected. In this case, the welding mode was as follows: pulse welding current I p = 140 A, pause current (base current) = 80% of I p = 112 A; arc voltage in the pulse U i = 22 V, arc voltage in the pause U p = 18 V, welding speed = 15 m/h, while the pulse time t i , the pause time t p as well as the current in the pause and duty cycle varied. 

Results and discussion

Pulse current gas metal arc welding (PC-GMAW)

When comparing stationery and PC-GMAW modes, it is clear that in PC-GMAW seam roller is more homogeneous and uniform without traces of spraying. Measurements of metal losses on sputtering showed that in pulse-arc welding it decreases by an order of magnitude, from 0.7% in the stationary process to 0.07% in PC-GMAW. Analysis of the cross-section of surfacing performed in different modes showed that the depth of penetration in PC-GMAW increases in comparison with the stationary welding process in the same modes (Table 1). The form of seam penetration in PC-GMAW is significantly different from the process performed by a stationary burning arc. Quantitative analysis showed that with increasing welding current, the width of the seam also increases. The nature of the change in this value is the same for welding with a stationary burning arc, and for PC-GMAW. A similar relationship is observed for the height of the seam. As for the penetration depth, in general, with increasing welding current it increases, but in the case of PC-GMAW, the penetration depth is almost twice as much as in the case of welding with a stationary burning arc (Figure 3). Also, at PC-GMAW, the area of cross section of a seam exceeds the given indicators for welding by a stationary burning arc. The value of HAZ under the root is comparable for both types of welding, and at the root of the HAZ seam during PC-GMAW is less (Figure 3).

Pulsating arc (PA-GMAW)

According to the experiment, it was found that with increasing pause current, the width of the seam increases, with a smaller value of duty cycle corresponds to a larger value of the width of the seam. The height of the seam increases evenly with increasing pause current. The change in the penetration depth has similar patterns, i.e. with increasing pause current increases. Changing the parameters of HAZ under the root is monotonous. The less duty cycle corresponds to large values of HAZ width. It is important to note that the average values of HAZ under the root is lower than when welding stationary burning arc (GMAW).

In the PA-GMAW welding mode -pulse current I pulse = 140 A and a pause current I pause = 112 A (fixed pulse time = 0.5 s) with increasing pause time increases the height of the seam, slightly decreases the width of the seam and decreases the width of the HAZ, and the penetration depth at t p = 0.5 s increases and further practically does not change (Figure 3). In the case of fixing the pause time (0.5 s) and increasing the pulse time, the penetration depth also initially increases and then stabilizes, but confirmation of this fact requires further research. The width of the HAZ changes nonlinearly, and in the case of a fixed pulse time, is less than in the case of GMAW. In the case of fixing the pause time and increasing the pulse time, the width of the HAZ is greater than for PC-GMAW and less than for GMAW.

Welding thermal cycles

The analysis of welding thermal cycles allowed us establishing the following features: in the case of PC-GMAW, the rate of increase of the metal temperature in the coarse-grained HAZ is greater than in the case of GMAW; in the high-temperature region from 1,350 °C to 1,000 °C (stage I), the cooling of the metal when PC-GMAW occurs faster, and in the temperature range less than 1,000 °C (stage II) is slower (Figure 5). The data show that the cooling rate of the metal in the temperature range of the lowest austenite resistance 600-500 °С (stage III) for PC-GMAW is less than in the case of GMAW, and τ 8/1 has close values. The The processes of PC-GMAW and PA-GMAW have greater opportunities to control the weld parameters and the amount of heat input, and could be applied in a wide range of manufacturing problems including wire arc additive manufacturing (WAAM).
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  of the arc welding, A Ui, Up -arc voltage in the pulse and in the pause, V Ief -effective current of the arc welding, A arc voltage in the pulse U i = 22 V, arc voltage in the pause U p = 18 V, welding speed equal to 15 m/h, while the pulse time t i and the pause time t p , as well as the current in the pause and duty cycle varied. To detect HAZ, the metallographic samples were macro etched with chlorine iron.Recording of the welding thermal cycles (WTC) of the HAZ overheating section was performed using a 0.5mm Type K thermocouple, installed on the HAZ section, which was heated to a temperature of 1200°C. The following values were selected to assess the effect of pulsed arc welding modes on the weld parameters: I av = 120, 140, 160, 180, 200, 220 A; U = 21, 22, 24, 26, 28, 30 V = 15 m/h; shield gas Ar + 18% CO 2 . The modes for the automated pulsed arc welding were as above mentioned, with: I av = I pulse t pulse + I pause t pause t pulse + t pause[START_REF] Zavdoveev | Effect of pulsed-arc welding modes on the change of weld metal and haz parameters of welded joints produced with Sv-08kh20N9G7T wire[END_REF] 
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 12 Figure 1. Dependence of the average and effective current from the welding current at PC-GMAW

  that with increasing welding current, the width of the seam also increases. The nature of the change in this value is the same for welding with a stationary burning arc, and for PC-GMAW. A similar relationship is observed for the height of the seam. As for the peculiarities of WTC during PC-GMAW revealed from the graph of the derivative (Figure5b) made it possible to establish that the cooling rate of the metal at the HAZ sections, which are heated to temperatures of 1

Figure 3 .Figure 4 .Figure 5 .

 345 Figure 3. Quantitative characteristics of the parameters of the seams made by GMAW (blue line) and PC-GMAW (red line): aseam width; b -seam hight; c -penetration deeps; d -HAZ in the root (mm)
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 1 Macro samples of surfacing performed in different

modes: PC-GMAW (left), GMAW (right)