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Abstract 
This study investigates the effect of hand travel speed in manual arc welding using E6013 electrodes on the 

microstructural, mechanical, and corrosion properties of welds on CK45 steel. Welding was performed at five different 

speeds (17, 20, 26, 32, and 39 cm/min) in the flat position. Various tests, including Vickers hardness, potentiodynamic 

corrosion, XRD analysis (for crystallite size and microstrain), and OCP analysis were conducted. The results indicated 

that the 26 cm/min speed yielded the best overall performance, with the lowest microstrain (0.0021), smallest crystallite 

size (68 nm), and highest hardness (265 HV). Although the corrosion rate was moderate at this speed (0.0079 mm/year), 

structural stability and uniform phase distribution were evident. The highest corrosion rate occurred at 17 cm/min (0.022 

mm/year), and the lowest at 39 cm/min (0.021 mm/year), though the latter showed the lowest hardness (186 HV). From 

a practical standpoint, welding at the intermediate speed offered optimal performance in terms of time, energy 

consumption, and defect minimization. This study highlights the critical role of travel speed in achieving a balance 

between mechanical performance, corrosion resistance, and process efficiency in manual welding. 
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1.  Introduction 

Welding is regarded as one of the most vital and widely 

used manufacturing processes across various 

industries, enabling the creation of permanent, strong, 

and efficient joints between metallic—and occasionally 

non-metallic components [1,2]. This process plays a 

key role in the fabrication of heavy structures [3], 

pipelines [4], power plant equipment [5], industrial 

machinery, and even emerging fields such as robotics 

and medical device manufacturing [6,7]. 

Beyond the technical aspects, hand movement speed 

has a significant influence on the total operation time, 

welding energy consumption, and consequently, the 

final production cost [8]. Two critical parameters for 

evaluating the final weld quality are surface hardness 

and corrosion resistance, both of which are directly 

related to component performance and service life [9]. 

Nevertheless, no prior research has simultaneously 

investigated the influence of the welder’s hand speed 

on mechanical properties, corrosion behavior, 

operational time, and process cost in an integrated 

manner or such studies have not been systematically 

documented. This research gap, particularly for widely 

used carbon steels such as CK45, provides a valuable 

opportunity to generate innovative and applicable 

knowledge. The present study, focusing on the role of 

the welder’s hand speed in the manual welding of CK45 

steel, introduces a multidisciplinary and innovative 

approach in which a set of technical and economic 

indicators are evaluated concurrently. 

 

2. Materials and Experiments 

In this study, 4-mm-thick CK45 carbon steel sheets and 

2.5-mm-diameter E6013 covered manual electrodes were 

used, with their chemical compositions presented in 

Tables 1 and 2. CK45 steel, due to its balanced content of 

carbon, manganese, and minor alloying elements, exhibits 

moderate hardness, suitable heat-treatability, and adequate 

mechanical strength for industrial welding applications.  

The welding process was carried out using 2.5-mm-

diameter E6013 covered electrodes, following the 

schematic illustrated in Figure 1. This type of electrode is 

highly suitable for medium-thickness sheets because it 

provides a stable arc, good surface adhesion, and produces 

a smooth and uniform weld. The electrodes were dried for 

3 hours at 260 °C to prevent moisture absorption and avoid 
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porosity formation in the weld seam [10]. Initially, CK45 

steel sheets were cut to the required dimensions for 

various tests. After cutting, all surfaces designated for 

testing were cleaned using a wire brush, fine sandpaper, 

and acetone solvent to remove surface contaminants, iron 

oxides, and rust.  Welding of the samples was performed 

manually in a flat position. An experienced operator 

executed the weld beads while maintaining constant 

current, voltage, and electrode type, but the hand travel 

speed along the weld line was varied. Different hand 

speeds were determined and applied based on the welding 

time per unit length, as detailed in Table 3. These speeds 

were set at three levels: low, medium, and high, to create 

a diverse range of welding conditions. For precise 

measurement of the welder’s hand speed, a marking 

system and graduated rulers were placed alongside the 

workpiece, allowing calculation of the average hand speed 

based on the time required to weld a specified length. 

Potential sources of error, such as minor variations in hand 

movement rhythm, were also considered. In all samples, 

the welding machine output current was set between 100–

110 A with an operating voltage of approximately 22 V. 

Welding current and voltage were monitored and 

maintained within a fixed range throughout all 

experiments. 

 

 
Fig.1 – Schematic of the Welding Process 

 

3. Discussion and Conclusion 

XRD Analysis 
XRD analysis was conducted on the welded samples to 

identify the phases formed in the weld zone and to 

extract microstrain and crystallite size. The results for 

the produced samples are shown in Fig.2. The XRD 

patterns for the five samples welded at different hand 

speeds indicate that there are no shifts in the positions 

of the main peaks. The tallest peak occurs at 45°, 

typically corresponding to the dominant ferrite phase 

(Fe₂₋₃N) in plain carbon steels such as CK45 [11]. 

Additionally, weaker peaks at 65° and 85° confirm the 

presence of polyhedral ferritic grains and possibly a 

minor γ′-phase (Fe₄N) in the base structure.  The 45° 

peak also reflects the preferential crystallographic 

orientation. Minor variations in its intensity between 

samples can be attributed to slight changes in grain size 

or residual stresses resulting from different heat transfer 

rates [12]. Overall, the phase stability observed in the 

XRD results can be interpreted as a positive indicator 

of metallurgical stability in the weld zone when using 

E6013 electrodes, particularly under carefully 

controlled welding parameters [13]. Crystallite sizes, 

calculated from the XRD peaks using the Scherrer 

equation, ranged from 270 nm in the first sample down 

to 68 nm in the third sample, and then increased to 

163 nm in the fifth sample. In the third sample, which 

corresponds to the optimal hand speed (26 cm/min), the 

smallest crystallite size was obtained, reflecting an 

optimized microstructure with refined grains and, 

consequently, improved mechanical properties such as 

increased hardness and strength. The reduction in 

crystallite size to this level is generally attributed to a 

uniform and controlled cooling rate in the weld zone 

[14]. Microstrain values were distributed nonlinearly 

among the samples. In the first sample (low hand 

speed), the microstrain was 0.003, decreasing to 0.0021 

in the third sample.  In the fourth and fifth samples, a 

mild increase in microstrain was observed, likely due to 

very rapid cooling, heterogeneous solidification, or 

fluctuations in the molten pool [15]. 

 

 

 
 

Fig.2 – XRD Results of the Welded Samples 

 

The variations in microhardness in the presence of 

different reinforcing factors are shown in Figure 3. The 

assigned hardness values indicate that the third sample, 

welded at a hand speed of 26 cm/min, exhibits the 

highest hardness (265 HV). In this sample, the 

crystallite size reached its minimum value (68 nm), and 

the microstrain was also at its lowest (0.0021). These 

two factors indicate the formation of a uniform, fine, 

and dense grain structure in the weld zone, which aligns 

well with the expected microstructural principles of 

materials.  According to the Hall-Petch relationship, 
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grain size reduction directly increases hardness because 

grain boundaries act as barriers to dislocation motion, 

thereby enhancing the plastic resistance of the material 

[16]. Conversely, the first sample, which had the largest 

grain size (270 nm) and the highest microstrain (0.003), 

exhibited the lowest hardness (186 HV). The elevated 

microstrain indicates higher internal stresses and 

possibly crystal defects, which reduce structural 

cohesion and result in diminished mechanical 

properties. Intermediate samples, numbers 2 and 4, 

with moderate grain sizes and microstrains, exhibited 

hardness values between these two extremes. 

Therefore, this analysis demonstrates that properly 

adjusting the welder’s hand speed directly influences 

crystallite size and ultimately the final weld hardness. 

The lower hardness observed in sample S4, despite its 

small crystallite size, can be attributed to lower residual 

stresses and also to the inverse interpretation of the 

Hall-Petch relationship [17]. 

 

 

Fig. 3 – Vickers Microhardness Results of the Produced 

Samples 

 

Potentiodynamic Polarization Corrosion Test 

Based on data derived from the Stern-Geary equation 

[18], a decrease in corrosion potential indicates a lower 

thermodynamic tendency for corrosion in these 

samples [19]. The lowest corrosion rate was observed 

in the fifth sample, at 0.0021 mm/year, corresponding 

to a hand speed of 39 cm/min. In this sample, although 

the crystallite size is relatively large (163 nm), the 

microstrain remains at a moderate level (0.0025), which 

may indicate a stable, low-stress structure [20]. 

Additionally, the increased hand speed in this sample 

may have reduced the effective heat-affected zone, 

leading to the formation of more uniform oxide layers 

and improved corrosion resistance. In contrast, the first 

sample exhibited the highest susceptibility to corrosion, 

with a corrosion rate of 0.022 mm/year. Its high 

microstrain and large grain size suggest a less stable, 

more stressed structure, promoting internal stress 

concentration, weakening the oxide layer, and 

facilitating electrochemical attack [21]. Overall, it can 

be concluded that, unlike hardness which is primarily 

influenced by grain refinement—the corrosion rate is 

more dependent on residual stresses and the uniformity 

of the surface structure [22,23]. Sample three, which 

exhibits high hardness but a moderate corrosion rate, 

illustrates that an inherent balance is required between 

mechanical strength and corrosion resistance. 

 
Fig.4 – Corrosion Test Results of the Produced Samples 

 

Analysis of Energy Consumption, Welding Time, 

and Engineering Economics 

In manual electrode welding, one of the key factors 

affecting energy consumption and economic efficiency 

is the operator’s hand travel speed, which directly 

influences welding time, electrode consumption, heat 

losses, and the uniformity of heat transfer [24]. Process 

efficiency values for welding are generally based on 

older references [25–28] or applicable welding 

standards. These standards [29,30] typically provide 

only general efficiency values for various welding 

processes without differentiating adjustable process 

conditions. The heat input can be calculated using 

Equation (1) [31]: 

 

Q=P_w/v_w ×η 

 

where Qis the heat input per unit length (kJ/mm), P_w  

is the welding power (W), v_wis the welding speed 

(mm/s), and ηis the welding process efficiency. The 

heat input depends not only on the process efficiency 

but also on the welding power and speed. From 

Equation (1), it is clear that for constant welding power 

(P_w) and process efficiency (η), the heat input is 

inversely proportional to the welding speed 

(1/v_w∝Q). Therefore, if the welding speed decreases, 

Qper unit length increases (e.g., halving v_w  doubles 

Q), and conversely, increasing the welding speed 

reduces the heat input per unit length. Practically, 

variations in Qhave significant effects on thermal 

distribution and consequences: low speeds result in 

higher heat input per unit length, longer thermal cycles, 

a wider heat-affected zone (HAZ), deeper penetration, 

slower cooling rates, higher probability of distortion 

and residual stresses, and grain growth due to 

prolonged exposure at elevated temperatures. In 

contrast, higher speeds lead to lower heat input per unit 

length, narrower HAZ, reduced penetration (risking 

lack of fusion or incomplete penetration), faster cooling 

rates that may produce harder but more brittle 

microstructures, reduced distortion, and an increased 

likelihood of weld heterogeneity (e.g., localized 

incomplete fusion). It is important to note that although 

the instantaneous power transferred from the source 

(P_w) is constant in both cases, the fundamental 
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difference lies in its distribution over the welded length: 

at low speeds, more energy is delivered per millimeter, 

whereas at high speeds, the same energy is distributed 

over a greater length. Therefore, to control the 

mechanical properties and microstructure of the welded 

component, welding speed must be carefully 

coordinated with power selection and other parameters 

(e.g., preheating, controlled cooling, or multi-pass 

welding) to maintain the heat input (Q) within an 

optimal range for achieving the desired properties. At 

speeds below the optimal level, such as 17 cm/min, the 

process time increases, resulting in higher energy 

consumption, greater risk of edge burn, and prolonged 

current usage. 

 

 
Fig.6 – Overall Relationships Among the Results 

 

 

 

  

4. Conclusion 

 

1. Mechanical Properties: The sample welded at a 

hand speed of 26 cm/min (sample 3) exhibited 

the highest hardness and the finest crystallite 

size, indicating a homogeneous structure and 

high resistance to deformation. 

2. Corrosion Resistance: The same sample 

demonstrated the lowest corrosion rate and stable 

microstrain, consistent with OCP test results. 

This suggests that the stability of the 

electrochemical potential and the successful 

formation of a passive layer can be directly 

attributed to precise control of welding speed. 

3. Economic Efficiency: The optimal sample not 

only required the least energy and welding time 

for a standard weld but also minimized the need 

for rework or post-weld repairs. 

4. Effects of Non-Optimal Speeds: Hand speeds 

outside the optimal range whether lower or 

higher resulted in decreased hardness, increased 

corrosion rate, reduced structural quality, and 

higher costs due to energy waste and additional 

rework. 

5. Overall Implication: Precise control of hand 

speed in manual welding is not only a qualitative 

factor affecting weld quality but also a key 

parameter in ensuring component longevity and 

reducing maintenance costs. 
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