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Abstract. The base metal used in this study was high strength low alloy (HSLA) AH-36 steel. The 
welding process used the E6013 as a rutile electrode. Four rutile electrodes were produced by 
adding Mg metal powder, ranging from 0 to 5 wt.%, to the initial electrode layer in such a way as to 
obtain Mn and Si deposits according to ANSI/AWS standard A5.1-91. The shielded metal arc welding 
(SMAW) method was used with heat inputs of 1.5 kJ/mm and 2.5 kJ/mm. The tensile property, 
Charpy-V impact, and microhardness tests were performed to measure the mechanical properties 
of the weld metal. The observation of the metallographic structure was performed using an optical 
microscope. The results showed that with the increase of Mg layer content, the metal-oxygen level 
decreased, and the content of Mn and Si increased. The toughness and tensile strength of AH-36 
steel improved, and the optimal Mg content is determined. 
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1. Introduction 

Rutile base electrodes constitute the largest percentage of the total manual electrodes 
that have been produced for many years (Surian and de Rissone, 1999). The E6013, E7014 
and E7024 rutile base electrodes are the types widely used for welding in atmospheric 
conditions, especially in shielded metal arc welding (SMAW), because they are suitable for 
all welding positions and exhibit perfect arc stability, ease of handling, and excellent weld 
bead appearance (Brziak et al., 2011). E7014 and E7024 are mostly used in high strength 
steel welding, but they are costly, and their availability in the market is limited (Winarto et 
al., 2018). Another type of electrode that is easily found in the market and costs less than 
other rutile-based electrodes is the E6013 electrode. However, this type of electrode is 
rarely used for high strength structural applications because the mechanical properties of 
the weldment resulting from this type of electrode are poor (De Rissone et al., 2002). 

Many efforts have been made by investigators to increase the mechanical properties of 
the resulting weldment of this electrode. The minimum tensile strength of the E6013 wire 
is around 410 MPa, much lower than that of the E7024 electrode, and based on previous 
research (Winarto et al., 2018), the performance of the E6013 electrode can be improved 
in toughness. It has been found that the E6013 electrode can increase the toughness of all 
incorporation of a strong deoxidant such as Mg powder and Ti as a coating to produce lower 
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oxygen levels (Surian, 1997; De Rissone et al., 2001). Other investigators (Boniszewski and 
Evans, 1995a) found that adding elements of Mg and Ti cause a change in the 
microstructure evolution and an increase in the toughness properties in the HAZ and weld 
metal regions. Further, they found that the addition of Mg elements required that that Si 
content in the weld metal should be kept below a specific value to ensure proper weld 
toughness (Boniszewski and Evans, 1995a, 1995b). The development of research on the 
addition of Mg to the rutile-based electrode E7024 has been carried out by Surian (1997), 
who has found that increasing MgO content in the slag resulted in increasing impact 
resistance and reduced diffusible hydrogen content in the weld metal.  

Manufacturers of consumable welding produce more coated rutile electrodes than the 
usual basic rutile electrodes because the former technically better (Surian, 1997). Besides, 
rutile electrodes are employed when joining using the SMAW. Because of that, and due to 
its low cost and straightforward operation, this electrode is in high demand (Ibarra et al., 
1989).  

As such, the aim of this investigation is to determine the operating characteristics of 
diffused electrodes and hydrogen from deposited metals. The reason for choosing Mg 
powder is that it can reduce the oxygen content in the weld deposits (Evans, 1980; Kotecki, 
2000) that is transferred to slag and increases its basicity, and thus will improve its 
weldment mechanical properties. Chi et al. (Feng et al., 2009) reported that the Mg addition 
would refine the microstructure of the coarse grain in the heat-affected zone (CG-HAZ) and 
increase the impact toughness of low carbon steel through the mechanism of MgO 
formation. Furthermore, they also explained that the Ti-Mg-O oxide compound has a strong 
potential to initiate nucleation of an acicular ferrite (AF). Zhu and Yang (2011) likewise 
found that Mg could increase the ratio of AF crystals appearing at large angle boundaries to 
each other in the HAZ of low carbon steels. Additionally, MgO-MnS and MgO-Al2O3-MnS are 
the most effective complex inclusions to start the nucleation of AFs (Lin et al., 2018). 
 
2. Experimental Methods 

2.1.  Materials 
An AH-36 steel plate was used in the SMAW process. Table 1, below, exhibits the 

chemical composition of the parent material. Based on the calculation of the carbon 
equivalent (CE) formula, the CE value of the AH-36 steel plate is 0.212. Figure 1a shows the 
specimen steel plate with a 45° V-groove and dimensions of 200×150×10 mm. The backing 
plate was used for root opening 2 mm. Figure 1b shows the welding process specimen was 
carried out in five passes: the first in the root area by a 2.5 mm diameter electrode followed 
by filler pass (3.2 mm diameter electrode) and equipped with a capping pass as shown in 
Figure 1b.  
 
Table 1 The chemical composition of AH-36 steel plate 

Elements (wt. %) 

C Si Mn P S Al Nb V Ti CEa 

0.058 0.193 0.870 0.012 0.001 0.033 0.038 0.030 0.010 0.212 

a The CE formula: %C + %Mn / 6+ %(Cr + V) / 5 + %(Ni +Nb +Ti) / 15 

2.2.  Electrodes 
The eight types of rutile-grade electrodes have been prepared in this work. The design 

of the electrodes is presented in Table 2. Low carbon steel core rods with 3.2 mm and 2.5 
mm diameter electrodes were used.   
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Figure 1 Joint design of welded sample with (a) single V-groove and (b) number of passes  

 
Table 2 Design of the electrodes 

No. 
Specimen 

code 
Heat Input 
(kJ/mm) 

Magnesium 
content (wt.%) 

1 A1 1.5 0 
2 A2 1.5 1 
3 A3 1.5 3 
4 A4 1.5 5 
5 B1 2.5 0 
6 B2 2.5 1 
7 B3 2.5 3 
8 B4 2.5 5 

 
The Mg powder used to cover the electrode flux was first weighed (as shown in Table 

2) and then mixed into a varnishing solution. The mixture was then applied to the electrode 
by brushing. The experimental electrodes were waterproofed with commercial varnish and 
dried at room temperature for 24 hours. After the rest of the flux moisture was removed, 
the electrodes were heated to 100oC for two hours.  

2.3  Welding Parameters 
The SMAW process method was used with the E6013 electrode as filler metal; this was 

modified by adding 0, 1, 3, and 5 wt.% Mg. Table 3 presents the welding parameters. The 
filler was 6013 class with direct current electrode positive (DCEP) polarity and potential 
difference of 25–26 volts. 
 
Table 3 Welding parameters 

Weld Pass Dia. (mm) 
Current Type 
and Polarity 

Ampere Volts 
Travel 
Speed 

Heat Input 

(A) (V) (mm/min.) (kJ/mm) 

Root  2.5 DCEP (DC+) 85-95 25-26 100 1.5 
Root  2.5 DCEP (DC+) 85-95 25-26 60 2.5 
Filler  3.2 DCEP (DC+) 110-130 25-26 130 1.5 
Filler 3.2 DCEP (DC+) 110-130 25-26 70 2.5 

2.4.  Mechanical Testing 
The transverse tensile, Charpy impact and Vickers microhardness tests were carried 

out to evaluate the mechanical properties of AH-36 steel welded at room temperature. The 
tensile and impact test specimens are illustrated in Figures 2a and 2b. The universal testing 
machine (Tensilon RTF-2410, Japan) with a speed of 6 mm/min was used in this 
experiment. In the mechanical property tests, each data point represented an average of at 

f ± 0.8 mm 
(f ± 1/32 in) 

R ± 1.5 mm 
(R ± 1.5 in) 
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least two to three specimens. Vickers microhardness was measured across the welded 
joints with a load of 300 gf for 10 seconds using the testing machine (MicroMet 5100 series) 
with standard ASTM E384 (Muzakki et al., 2018).  

2.5.  Metallography and Non-destructive Testing 
The microstructures of the weld metal, HAZ, and base metals were observed using a 

microscope optic (Zeiss Primo Star, Germany). The specimens were grounded with 1500-
grit emery papers, polished using a diamond paste, and etched with a 3% nitric acid 
solution (Baskoro et al., 2017). The elemental composition of the weld metal and slag were 
analyzed using energy dispersive spectroscopy (EDS). The fracture surfaces of the impact 
test welded joints were also examined using a scanning electron microscope (EVO MA10, 
Zeiss). A penetrant test (PT) and a radiographic test (RT) were carried out to investigate 
weld defects. 

 
(a) 

 

 
(b) 

Figure 2 The dimensions of the specimen test: (a) schematic of the Charpy impact specimens; (b) 
schematic of the tensile specimens  

 
3. Results and Discussion 

3.1. PT and RT of Welds 
In this study, some process welding results were compared, and all-welded samples 

were inspected using a dye PT and RT, as shown in Figure 3. The welding process using the 
E6013 electrode with the addition of 0, 1, 3, and 5 wt.% Mg content produced good visual 
results. 

The welded plate with the addition of 1 wt.% Mg shows the porosity and undercut, but 
the addition of Mg reduced the defects on the weld surface. The addition of Mg causes 
reduced oxygen levels in the weld metal and increases the Mn content. An increase in the 
number of Mn elements will reduce porosity, as reported by Rowe et al. (1999). 

3.2. Chemical Composition and Microstructures 

3.2.1. Chemical analysis 
The results of chemical compositions of weld metal and slag using different Mg 

contents in the covering electrode are shown in Table 4 and Table 5, respectively. The 
composition in weld metal and slag was obtained from welding using modified electrodes 
with an additional wt.% Mg.  
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Figure 3 Penetrant and radiographic tests of weldments produced by atmospheric welding using 
(a, b) 1 wt.% Mg, (c, d) 3 wt.% Mg, (e, f) 5 wt.% Mg 

 
Table 4 shows that the addition of Mg increased the levels of Si and Mn content in the 

weld metal. The increase in Mn levels in the weld metal increased weld toughness, while 
the increase in Si levels increased the tensile strength of the welds. Boniszewski and Evans 
reported that the most important consideration with the addition of Mg elements would be 
to keep the Mn content in the weld metal below a specific value to ensure proper weld 
toughness (Boniszewski and Evans, 1995a, 1995b). Kandavel explained that the Fe atom in 
C-Fe could be replaced by the addition of Cr, Ni, Si, and Mn as the alloying elements, which 
reduce the lattice distortion and increase the lattice constant. Subsequently, the strength of 
weld metal will be increased (Kandavel et al., 2012).  
 
Table 4 Chemical composition of all weld metal at HI = 2.5 kJ/mm 

Joint No. 
Elements (wt. %) 

Fe C Mn Si Mg 

B1 83.77 7.45 0.40 0.53 0.08 
B2 61.12 7.37 0.70 0.46 0.06 
B3 59.45 7.22 0.68 0.52 0.02 
B4 70.14 10.96 0.72 0.57 0 

 
Magnesium added to the E6013 electrode prevents Mn and Si elements from reacting 

with oxygen to form oxides in the weld metal. Mg almost entirely migrates to the slag to 
form oxides, as demonstrated in Table 5. Decreasing oxygen content reduced the formation 
of defects in the form of porosity in the weld metal. The Mg additions to the coating 
decreased the oxygen content in the deposited metal and increased the weld toughness. 

The results of this study are consistent with the results of experiments conducted by 
Surian (1997), which showed that the addition of 0, 2, and 4 wt.% Mg to the E7024 electrode 
using the SMAW method in atmospheric welding results in increased MgO content in the 
slag, increased impact toughness of the weld, and decreased diffusible hydrogen content in 
the weld metal. 

As demonstrated in Table 5, the calculation of the basicity index (BI) shows that the 
chemical composition of the slag at a heat input (HI) of 2.5 kJ/mm is acid, and of the 
specimens with 1 to 5 wt.% Mg added (specimen codes B2 to B4) specimen B3 has the 
highest BI. A higher BI indicates that the oxygen content in the weld metal will be decreased, 

(a) (b) 

(c) (d) 

(e) (f) 
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and the tensile strength in the weld metal will be increased, as shown in Figure 6 (Datta and 
Parekh, 1989). 
 
Table 5 Chemical composition of slag at HI = 2.5 kJ/mm 

Specimen 
code 

Elements (wt. %) BI(a) 
Fe  C O Si Mg Na Al K Ca Ti  

B1 11.90 3.56 39.60 10.70 0.19 1.84 1.46 4.85 4.01 15 0.886 
B2 3.74 3.44 43.00 13.20 1.05 1.53 4.68 2.31 3.69 23 0.384 
B3 1.77 3.09 43.80 10.90 4.56 1.53 3.88 2.32 2.69 25 0.470 
B4 0.61 1.98 43.80 3.87 5.64 1.59 3.42 0.86 1.08 37 0.396 

(a)Basicity index calculated according to Tuliani’s formula 

3.2.2. Microstructure analysis 
The weld metal microstructures of samples with an HI of 1.5 kJ/mm (A1, A2, A3, A4) 

and an HI of 2.5 kJ/mm (B1, B2, B3, B4) are shown in Figures 4 and 5, respectively. The 
microstructure of weld metal A1 (sample with an HI of 1.5 kJ/mm and 0 wt.% Mg) shows 
pure ferrite (PF), side plate ferrite (SPF), and grain boundary ferrite (GBF), as shown in 
Figure 4a. AF was present in weld metal A2, where 1 wt.% Mg was added (Figure 4b). The 
AF increased, and lath martensite was present when the Mg content was increased up to 3 
wt.% (Figure 4c). With the increasing addition of Mg, the average width of columnar grains 
from decreased specimen A1 to A4. In the specimen of A1, the number of SPFs is not 
dominant, but in the A2 and A3 samples, the amount of SPF has increased, whereas, in the 
A4 sample, it has decreased slightly. The results quantified by the volume fraction can be 
seen in Table 6. An expansion in AF in the microstructure results in increased tensile 
strength, excellent impact toughness, and just as excellent weldability (Shao et al., 2018). 

Figure 5a shows a microstructure in the weld metal with an HI of 2.5 kJ/mm of 
specimens without additional Mg, which almost resembled the microstructure of A1. With 
a further increase in Mg content from 1 wt.% to 5 wt.%, the AF grown on the columnar grain 
in the weld metal increased, as shown in Figures 5b, 5c, and 5d. The microstructure showed 
the full lath martensite, as seen in Figure 5d. 

The metallographic analysis shows that the increased Mg content in electrode coatings 
can be refined and reduce non-metal inclusions be fewer and smaller in the recrystallization 
structure of the Charpy-V test results, as reported by Abson. These factors will contribute 
to increasing toughness (Abson & Pargeter, 1987).  

Figures 6 and 7 show the SEM-EDS analysis of weldment on weld metal with an HI of 
2.5 kJ/mm. These figures confirm the chemical composition presented in Table 4.  
 
Table 6 Level of different microstructural constituents in columnar locales 

Specimen 
code 

AF SPF PF GBF 

A1 0 18.3 25.4 56.3 
A2 1.3 28.2 21.3 49.2 
A3 3.5 41.3 16.1 39.1 
A4 2.6 39.4 15.5 42.5 

   AF: acicular ferrite  PF: polygonal ferrite 
   SPF: side plate ferrite  GBF: grain boundary ferrite 
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Figure 4 The columnar microstructures in weld metal at HI = 1.5 kJ/mm: (a) A1, (b) A2, (c) A3, (d) 
A4 

  

  

Figure 5 The columnar microstructures in weld metal at HI = 2.5 kJ/mm: (a) B1, (b) B2, (c) B3, (d) 
B4 

(a) (b) 

(c) (d) 

(a) (b

) 

(c) (d) 
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Element Series 
unn. C norm. C Atom. C Error (1 Sigma) 

[wt.%] [wt.%] [wt.%] [wt.%] 

Carbon K-series 7.37 9.22 29.77 2.15 
Oxygen K-series 3.00 3.74 9.08 0.85 
Aluminium K-series 0.25 0.31 0.44 0.06 
Silicon K-series 0.46 0.57 0.79 0.07 
Iron K-series 68.17 85.21 59.18 1.91 
Manganese K-series 0.70 0.87 0.62 0.08 

Magnesium K-series 0.06 0.08 0.13 0.04 

 Total: 80.01 100.00 100.00  
 

Figure 6 SEM-EDS analysis of specimen B2 (HI = 2.5 kJ/mm; 1 wt.% Mg) 

 

  

Element Series 
unn. C norm. C Atom. C Error (1 Sigma) 

[wt.%] [wt.%] [wt.%] [wt.%] 

Carbon K-series 7.22 10.00 29.22 2.24 
Oxygen K-series 6.21 8.60 18.86 1.47 
Aluminium K-series 0.32 0.45 0.58 0.06 
Silicon K-series 0.52 0.72 0.90 0.07 
Iron K-series 57.93 80.21 50.40 1.66 
Magnesium K-series 0.02 0.03 0.04 0.01 

 Total: 72.22 100.00 100.00  
 

Figure 7 SEM-EDS analysis of specimen B3 (HI = 2.5 kJ/mm; 3 wt.% Mg) 

3.3.  Mechanical Properties 
 The mechanical properties of A1–A4 and B1–B4 weld metal specimens were measured. 
The microhardness, tensile strength, and impact toughness (COD) at room temperature 
were calculated. SEM and EDS were used to test the fracture surface. 

3.3.1. Tensile properties, ductility, and toughness 
 The tensile test results for atmospheric welded joints with the different Mg additions 
are presented in Figure 8, and the testing was conducted at room temperature. The average 
ultimate tensile strength at an HI of 1.5 kJ/mm is 520 MPa, and 541 MPa at an HI of 2.5 
kJ/mm. The highest ultimate tensile strength at an HI of 1.5kJ/mm was obtained with the 
addition of 3 wt.% Mg (533 MPa), and likewise, the highest tensile strength at the HI of 2.5 
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kJ/mm was obtained with the addition of 3 wt.% Mg (555 MPa). The result of the welding 
process of the AH-36 steel plate with the HI of 2.5 kJ/mm was a higher tensile strength than 
with the HI of 1.5 kJ/mm.  

The tensile test A4 and B1 specimens were fractured in the weld metal, while the others 
were in the base metal. The necking phenomena of the fracture present in the A3, A4, and 
B4 specimens exhibit a ductile fracture, while the others presented a brittle fracture.  

The welding of the AH-36 plates with the HI of 2.5 kJ/mm and the addition of up to 5 
wt.% Mg caused the Mn content in the weld metal to reach an optimum level of 0.83 wt.%. 
The highest impact test results obtained were Mn content levels of 1.5 wt.% (Evans, 1983; 
Surian and Boniszewski, 1992). Increased Mn content will increase the level of AF in the 
metal microstructure (Evans, 1983). This AF level can increase the strength and toughness 
of welding materials with increased Mn.  
 

 
Figure 8 Tensile test results for atmospheric welded joints with different Mg additions 

  

Figure 9 Impact test results for atmospheric welded joints with different Mg additions: (a) weld 
metal, (b) HAZ 

 
The impact test results are presented in Figure 9. The toughness of the average impact 

of weld metals at the HI of 1.5 kJ/mm and 2.5 kJ/mm is 51.89 J and 47.4 J, respectively, while 
the average value of the toughness effect of HAZ at the HI of 1.5 kJ/mm and 2.5 kJ/mm is 
106 J and 132.9 J, respectively. At an HI of 1.5 kJ/mm, weld toughness was found to increase 
to the maximum value and then decrease with increasing Mg content in the weld metal. The 
maximum toughness value at the HI of 1.5 kJ/mm is 59.78 J. This result was obtained by 
adding 3 wt.% Mg and is more than 1.3 times greater than the value obtained from welds 
without Mg. Meanwhile, at HAZ, the maximum toughness value at room temperature occurs 

(a) (b) 
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for the addition of 3 wt.% Mg (175.22 J). This value is 1.2 times greater than the value before 
the addition of Mg.  

Figure 10 shows the Charpy impact test SEM fractography. In Figure 10a, it can be seen 
that the appearance of the Charpy test results impacting the fracture surface of the weld 
metal is filled with dimple parabola of different sizes, indicating significant characteristics 
of high ductility. Meanwhile, Figure 10b exhibits a lighter color with a characteristic mixture 
of a large number of cleavages with typical river patterns and several microvoids; this 
shows the characteristics of a brittle fracture. 
 

  

Figure 10 Secondary electron image of Charpy impact fractography: (a) weld metal, (b) HAZ 

3.3.2. Hardness  
For each of the eight weldments, the deliberate Vickers hardness technique was 

employed. This test was carried out with a load of 300 gf for 10 seconds, starting from the 
centerline to the base metal. Figure 11 shows the hardness distribution data, and the 
highest hardness values were found at the centerline of the weld metal with an average 
hardness value of 225.2 HV0.3. This value then dropped to the fusion line area with an 
average hardness value of 181.4 HV0.3; then in the HAZ region, the average value slightly 
increased by 1.65% to 184.4 HV0.3. Specimen A4 has the highest average hardness value. 
The highest hardness value, 280 HV0.3, was found in the weld metal. As shown in Figure 11, 
welding at the HI of 1.5 kJ/mm results in a higher average hardness value than welding at 
the HI of 2.5 kJ/mm.  

 

 
Figure 11 Hardness distribution data 

 
The highest hardness occurred when welding at the HI of 1.5 kJ/mm with the addition 

of 3–5 wt.% Mg (specimens A4 and A3). Both specimens exhibited a lath martensite 
microstructure in their weld metal areas. Conversely, welding at an HI of 2.5 kJ/mm with 

(a) (b) 

2 4 3 1 5 6 

1 = CL 2 = WM 3 = FL 

4 = HAZ 5 = BM1 6 = BM2 
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an additional 1 wt.% Mg (specimen B2) resulted in a microstructure in the form of GBF and 
SPF on the grain. In the HAZ region, welding at the HI of 1.5 kJ/mm produces a slightly 
higher hardness value than welding at the HI of 2.5 kJ/mm. This is because welding at the 
HI of 1.5 kJ/mm (specimens A1–A4) produces less coarse grain near the fusion zones than 
welding at the HI of 2.5 kJ/mm. 
 
4. Conclusions 

 The addition of Mg content from 1 to 3 wt.% into the E6013 modified electrodes 
increased the elemental content of Mn and Si and reduced the oxygen levels in the weld 
metal. The presence of AF was increased in the weld metal. The tensile properties and 
toughness of AH-36 welds improved by the additional Mg up to 3 wt.% into the E6013 
modified electrodes using the SMAW process. The addition of Mg also improved the tensile 
properties and toughness of AH-36 when the weld HI was increased. However, the hardness 
value in the weld metal was reduced when the HI increased. 
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