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In surface melting, preheating temperature is generally caused by the heat conduction 
through the substrate ahead of the molten pool and their presence help to increase 
the material dissolution. In this work comparative study was conducted to study the 
melt features of two samples produced at 100 A and 70 A using the shielded metal arc 
welding (SMAW) process. The effect of the preheating at 100 A and 70 A on the defects, 
melt dimensions, surface roughness, deposition rates and losses between samples 
were examined. It was found that all samples were free from crack, undercutting or 
lack of fusion suggesting selected processing conditions and material were successfully 
employed to hinder the problems.  The clad at 100 A was associated with higher 
preheating temperatures and explained the reason to ease melt dissolution for finer 
rippling marks and surface roughness. The work demonstrated enormous spatter 
which was related to burning of the electrode coating and metal evaporation that had 
brought the deposition rate at 100 A similar at 0.15 g/sec to the low spatter 70 A track.  
Low heat input can be the foundation for building high clad thickness and more dilution 
through high energy input is preferable for joining. 
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1. Introduction 
 

Over the years of developing surface melting using localized energy input processes [1], it came 
to realization that the preheating effect caused by dissipating heat from the thermal conduction 
played a crucial role to prolong melt solidification. To produce a crack free layer, preheating to the 
above critical temperature to render the residual stress is necessary for extending the cooling time 
[2].   The rise of preheating temperature ahead of the melt prow are responsible for the increase of 
melt geometry and dilution. The amount of porosity in the solidified melt pool was influenced by the 
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preheating temperatures. Low strength was a result from high porosity content under tensile test 
[3]. The preheating effect from root track passes helped to increase the hardenability near the top 
layer using Ni- Mo electrode against HY80 high strength low alloy steel [4]. In a literature, the 
mechanical properties were influenced without and with 350oC preheated temperature on cast 
ductile irons [5]. Welded samples that were not preheated or postheated showed better mechanical 
properties than those heat treated ones by shielded metal arc welding [6]. Rippling marks were 
formed by the vigorous solidifed melt waves and their sizes are influenced by heat inputs [7] Surface 
melting without preheating developed greater hardness than with preheatings [8]. The increased of 
welding current was found to increase the dilution percentages and hardness reduction of the alloyed 
steel [9]. Hardness developed at 20% more in the fusion zone than the mild steel substrate [10]. 
Multi-passes to develop a wall gave less dilution which was the reason for high hardness 
development [11]. Reinforced phases population, distribution and sizes were influenced by the 
preheating tempereatures [12-15]. 

Shielded metal arc welding (SMAW) is a high energy fusion process consisting deposited molten 
metal that is protected by the decomposed coating against oxidation. In terms of surface hardening 
or refurbishment, successful low wear and high hardness results were reported on excavator bucket 
teeth [16], continuos digest blade [17], tiller blade [18], valve seat [19] and mill roller [15]. Armor 
plates were joint using this method [20]. SMAW is used over than 50% in the welding industries [21]. 
In this work, the shielded metal arc was used to melt the E6013 electrode against the mild steel 
substrate at the 100 A and 70 A via oscillation or C-curve weaving technique. The reason to select 
this E6013 is because they do not differ that much in terms of chemical composition than those with 
the substrate. The possibility creating unprecedented defects can be hampered. The effect of 
preheating against defects, surface roughness, melt geometries, deposition rate and losses between 
the two tracks were compared and presented. 
 
2. Experimental Work  
 

The substrate used in the work was the mild steel cut to the dimension of 72 mm x 72 mm x 6 
mm. This shielded metal arc process used the currents that was set at 100 A and 70 A to produce two 
single layer samples. The current used for melting the layers were from the recommendation of the 
supplier (Malaysian Oxygen; MOX). Miller Dialarc 250 AC/DC welding machine was used for the 
melting process. E6013 electrode with the diameter of 2.6 mm was used to weave on the separate 
substrate up to about 50 mm in length. Figure 1 shows the illustration of the curvy weaving pattern 
used to lay the molten metal as the electrode brought towards the end of the track. Before melting, 
a few strikes were employed on the surface of the mild steel to ensure a stable and continuous arc 
being generated.  The chemical composition of the electrode and mild steel are shown in Table 1.  
 

Table 1  
Chemical composition of the E6013 electrode and the mild steel (wt %) 
Material C Mn Si S P Cu Fe 
Electrode 0.07 0.45 0.35 0.010 0.010 Nil Bal 
Substrate 0.25 - 0.29 1.03 0.280 0.050 0.040 0.20 Bal 
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Fig. 1. Illustration describing the art of manipulating the curvy weaving technique. 
1 to 5 are the transition points before weaving move to the opposing direction. 
Overlapping from point 2 to 3 partially remelts the previous layer associated with 
more of deposition along 1 to 2 while the other coincided to deposit only on the 
fresh substrate 

 
Since this process was manually maneuvered, small variation electrode angle, speed or working 

distance inconsistencies forming the pattern may take place and so they were presumed negligible.   
Immediately after melting the slag was removed using chipping hammer. Both tracks topographies 
were observed at two different locations using DINO handheld microscope which was at the early 
and the later areas just before the deposition stops. The same microscope was used to measure the 
melt widths and heights where the technique for conducting this work is described in Figure 2. The 
melt widths were the distance between two metal edges from the top view. To measure the melt 
heights hot glue replication method was used to fabricate the contour of the substrate surface 
alongside the track as shown in Figure 2a.  After the glue solidified, they were released from the 
sample and the melt height were taken from point (i) to (ii) as in Figure 2b. The surface roughness 
(Ra) was measured using Mitutoyo CS-3100 with the stylus dragged for 2 mm along the traverse 
direction of the melted layers. The deposition rate in Eq. (1) was calculated by dividing the substrate 
weight gained (SGwt) over the recorded time (t) during melting. The substrate weight gained (SGwt) 
was the value of substrate weight differences before and after the melting process. The deposition 
loss % was calculated using Eq. (2) Electrode loss denoted as ELwt was calculated by substracting the 
weight of the electrode before than after the melting process.  Ewt was the weight of the electrode. 
The process flow of this experimental work is described in Figure 3. 
 



Journal of Advanced Research in Applied Mechanics 
Volume 119, Issue 1 (2024) 112-120 

115 
 

 
Fig. 2. Illustration describing the melt height measuring technique with (a) 
hot glue layered on the sample surface followed by (b) the distance of melt 
height from (i) to (ii) 
 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑆𝑆𝑆𝑆𝑤𝑤𝑤𝑤
𝑡𝑡

            (1) 
 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 % = 𝐸𝐸𝐸𝐸𝑤𝑤𝑤𝑤−𝑆𝑆𝑆𝑆𝑤𝑤𝑤𝑤 

𝐸𝐸𝑤𝑤𝑤𝑤
           (2) 

 

  
Fig. 3. The flow chart describing the experimental work 

 
3. Results  
 

The illustration describing the trajectory of the moving electrode resembling the curvy shape is 
shown in Figure 1. Number 1 to 5 depicts the transition point before the electrode moves to the next 
opposite direction. In the experimental work, partial remelting and reheating simultaneously took 
place along 2 to 1 when melting from point 2 to point 3. Partial remelting is deposited with metal 
from the electrode which happens at the overlapping layers. The other section of the molten pool 
which does not involve for overlappings, mix the liquid vigorously into the melt pool. As the melting 
electrode moves to the next numbers which are from point 3 to 4 followed by point 4 to 5, the 
substrate temperature gradually rises with the increased of metal deposition. This reciprocating 
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action lessens the melt front from confronting more of the cooler substrate and spreads the high 
temperature away from the electrode. It was reported that the mechanical properties were 
influenced by the difference of weaving pattern such as circular, triangular or sinusoidal under the 
gas metal arc welding (GMAW) [22].  In another work, Kumar and co-authors showed the dilution 
percentage was at 25.51% with a track produced by sinewave deposition technique while 27.07% 
and 30.05% were with linear and circular ones respectively [23]. These are the ways that generates 
the tempering effect and reduces the cooling rate while solidification. Tempering effect in welding is 
beneficial for the reduction of thermal generated stresses, improvising ductility or toughness.  
Preheating temperature near the end of the melted track of a single layer (without weaving) by TIG 
process recorded about 50oC higher compared the early stage [24]. Under identical processing 
condition, the rise of the recorded steel substrate temperature was from 545oC to 590oC shielded 
with argon gas than between 970oC to 1120oC of helium [25].  

The surface topography of the track layers at 100 A and 70 A with insets magnified at the early 
and later melting stages are shown in Figure 4.  All tracks showed rippling marks indicating solidified 
melt waves upon metal deposition. The ripples produced at 100 A (Figure 4a i-iii) was rather smoother 
than at 70 A (Figure 4b iv-vi). It can also be seen that each track possessed rougher ripples during the 
early melting stage as shown in Figure 4ii, v than those before the melting stops in 4iii, vi.  The Ra 
values were at 8.8 µm and 10.7 µm during the early melting stage for the 100 A and 70 A respectively. 
They were lower for both 100 A and 70 A at 5.5 µm and 6.4 µm respectively before melting stops. 
Visible and optical examination showed that no crack, under cutting or lack of fusion on any area in 
Figure 4. The contact angle was lesser than 90o for both tracks which explained good bonding 
between the melt and the substrate took place during fusion. In the work, attempt at 60 A prevailed 
poor fusion and fabrication was not continued. Similarly, as TIG or laser processing that utilized 
shielding gasses such as argon or helium to protect against melt pool oxidation, SMAW depends on 
the electrode coating forming slag and gasses upon melting for similar oxidation protection on 
solidifying metal [12]. The tracks defect free are clear indication that wide range of processing 
energies can be used between recommended 100 A to 70 A to melt the E6013 electrode against steel 
surfaces.   

 

  
(a) (b) 

Fig. 4. The surface topography of the produced tracks at using (a) 100 amp and (b) 70 amp withminsets 
locating the morphology of the rippling marks and roughness values 
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Rippling marks on the melt surface were not interfered by the floating slag during solidification which 
suggest that this low density and porous protective layer was apart from the metal. They were easily removed 
by chipping. Adding activated flux such as silicon oxide or chromium oxide produced slag than melting without 
flux and so with the electrode coating in this work [26] The rippling pattern follows the trajectory direction of 
the travelling electrode and their continuity is an evident that overlapping happened while weaving. The 
continuity of the melt track was also observed using sinewave technique under GMAW [23]. Because this work 
manipulated the curvy pattern, the overlapping distances vary from 2 to 1 as the electrode moved to the 
opposing point 2 to 3 and so with others (Figure 4).   The melt temperature and turbulence were high and 
vigorous with 100 A leading for the surface to consist smooth ripples in Figure 4 (ii,iii). Fast solidification at the 
low melting temperature of 70 A gave higher viscosity of the molten metal which suddenly freezes for the 
rough and inconsistent rippling pattern in Figure 4v, vi. Research showed that the formation of rippling marks 
were associated from the stirring action of the melt that rapidly solidified as the heat source moved away from 
the molten pool. Rippling was observed on mild steel and stainless steel joint melted with and without 
activated flux under the TIG process [26] and others [27,28]. The low heat input representing fast solidification 
by TIG gave dull surface compared to heating at higher heat input that underwent more time to cool, revealing 
bright and shiny ripples [7].   

This work also showed that the smoothest ripples were observed near the end of the melt track 
(Figure 4iii) than the early stage of melting at 100 A (Figure 4ii). They were also smoother at both 
corresponding locations compared to the 70 A (Figure 4v, vi). Region (Figure 4iii) may had acquired 
the highest preheating temperature which assist the melt to retain the lowest melt viscosity. Owing 
to this, the stirring action is presumed to be the most vigorous associated with more time needed to 
realize solidification. This resulted for the smoothest ripple with the Ra value of 5.5 µm (Figure 4iii) 
compared to the earlier one of 100 A with 8.8 µm (Figure 4ii). At 70 A, the later melting stage gave 
of 6.4 µm (Figure 4vi) while it was slightly higher at 10.7 µm (Figure 4v) just after the melting started 
proving rougher surface integrity than at 100 A. The reheating of the previous layers and the 
generation of the ahead preheating temperatures deposited using the curvy pattern were profound 
to create melt waves resulting finer ripples associated with lower roughness values.  Not only that, 
the technique owns a credit to immune the melted track against the defect such as lack of fusion, 
undercutting or cracking.  

The measured melt width and melt height results across the track both produced at 100 A and 70 
A are shown in Figure 5 and Figure 6 respectively. The size of the melt geometry changes as melting 
progresses toward the end of the track. The graph shows that the width of the track produced at 100 
A was greater at all track length between 9 mm to 12.2 mm than 7.5 mm to 9 mm of 70 A. This gave 
the width 100 A 1.3 times higher than at 70 A. The melt height was between 1.7 mm to 2.0 mm with 
the 70 A resulting 1.3 times higher than 100 A which was also observed by others [29].   Melting and 
preheating temperatures were higher at 100 A which had acquired greater melt width to 
accommodate the melt fluidity from the electrode at the expense of melt height than at 70 A.  The 
fast solidification when 70 A was used gave greater melt height rather than facilitating the 
broadening of melt width. Nevertheless, the preheating effect showed its significance that gave 
higher dilution near the end from increased of melt width and reduced of melt height for both 
currents. 
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Fig. 5. The distances of the clad width against clad 
length with the 100 A and 70 A depositions 

Fig. 6. The distances of the clad height against clad 
length with the 100 A and 70  A 

 
During the experimental work, the observed spatter and plume were higher with the 100 A than 

at 70 A which one would think for greater deposition introduced into the molten pool when massive 
energy was utilized. However, after calculation using Eq. (1), the deposition rate was similar for both 
tracks at 0.15 g/sec showing no increased of higher amount of metal deployed into this single track 
at 100 A than at 70 A. This exemplified an overwhelming reduction of deposited material which had 
them lost in the form of spatter, burnt electrode coating and metal evaporation thus affecting the 
deposition rate.   This is why the 100 A brought the deposited metal coincided to the value similar to 
the 70 A for both being at 0.15 g/sec.  Higher current showed poor deposition rate than at the lower 
ones [30].  

It has been reported that the generation of spatter increases with increased of heat input. 
Spatters up to the size of 2 mm was seen by the side of each track and their formation was explained 
for the reduction of deposited material into the track [31,32]. The similarity of the deposition rates 
at two current inputs giving 0.15 g/sec can be confirmed by the inverse proportion of the melt pool 
height and width as shown in Figure 5 and Figure 6. At 100 A, diluted metal spread to an average of 
11 mm of width and 1.3 mm height. In contrast sudden solidification yield shorter width distance of 
8.4mm at 70 A and mount the greater height at an average of 1.9 mm. Even so massive spatter 
generation was associated with high deposition losses during melting and additional work for their 
removal, processing at 100 A inherit high substrate dilution to join metal. Dissimilarly, the higher melt 
height fabricated at 70 A may suit to build melt thickness through overlappings [33,34].  
 
4. Conclusions 
 

Melted surfaces through the deposition of E6013 electrode on the surface of the mild steel 
substrate were successfully produced at 100 A and 70 A using shielded metal arc welding. Weaving 
the tracks using the C curve pattern consumed deposited metal that melts the substrate and partially 
remelts the previous layer that generates the tempering effect to slow the cooling time. The tracks 
consisted sizes of rippling marks and they were free from the crack, lack of fusion or undercutting 
defects. Massive spatter associated with burnt electrode covering and metal evaporation with the 
100 A was concluded for the reduction of deposition rate to 0.15 g/sec similar to that the lower 70 
A. The equal deposition rate is demonstrated via arbitrary melt pool geometric sizes by the wider 
spread of fused metal to an average of 11 mm of width and 1.3 mm of height for the 100 A and with 
the presence of fast solidification, the deposition laid 8.4 mm width with 1.9 mm built height at 70 
A. In this work the low energy secures more of melt development at low dilution and imposing higher 
energy dilution is inevitable whilst favour to join metal.  
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