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Abstract: The present work is a comparative analysis of the properties of welded joints
obtained during welding with the developed welding electrodes containing additives
of photocatalysts of nanostructured functional ceramics (PNFC) brand ZB-1 (IMAN-7)
and the ESAB E6013 welding electrodes. This study investigates the weld morphology,
microstructure, and mechanical properties of Shield metal arc welding (SMAW) welded
joints. The results of the studies showed that the introduction of PNFC brand ZB-1 into the
coating of welding electrodes up to 1% has a beneficial effect on the melting ability and
stability of the welding arc, formation of the bead, microstructure of the weld bead, and
mechanical properties of the welded joints. It was found that IMAN-7 electrodes, compared
to the ESAB E6013 electrodes, have better performance in terms of arc penetration, bead
metal structure, and relative elongation of welded joints. In addition, the high melting
capacity of the IMAN-7 electrode allows for economic advantages, such as increased
productivity and a two-fold reduction in electrode consumption.

Keywords: shield metal arc welding; electrode coatings; nanostructured functional
ceramics (NFC)

1. Introduction

Many industries use welding fabrication to join materials in a solid-state manner
or through melting, as in the case of fusion welding techniques [1]. This work focuses
on Shielded Metal Arc Welding (SMAW). SMAW is a versatile joining process used for
fabricating pressure vessels and boilers. It offers high-quality welds and is critical for
manufacturing steel structures, particularly in the oil and gas sectors [2]. SMAW is a
manual joining process characterized by its flexibility and transportability across various
working conditions and environments [3]. However, the main drawback is the loss of the
electrode material owing to weld spatter. This affects productivity due to weld cleanup,
and restoration [4].

Many works have been dedicated to coating welding properties to enhance weld-
ing technology properties. Sumit et al. [5] investigate the effect of CaO-CaF,-5iO; and
Ca0-5i0,-Al;O3 compounds contained in flux electrodes on electrode weight loss. Vijaya
et al. [6] focus on the influence of CaF;-5i0,-Ca0-22.5%TiO; SMAW electrode coating on
microstructure welds and high-temperature wettability. Aditya et al. [7] discussed the
design and thermal property characterization of SMAW electrode coating fluxes, highlight-
ing the effects of various constituents like CaF;, CaO, and SiO;, on weight loss, thermal
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diffusivity, and overall flux stability during welding processes. Other studies have focused
on the effects of coating flux composition on weld morphology and mechanical properties.
Adel et al. [8] studied the influence of chrome-based coatings and the electrical current used
on the mechanical properties of low-carbon steels. Musa et al. [9] investigated the effects
of four welding electrodes(E6013, E6014, E308L-16, and AG4700) on mild steel SMAW
weldments tensile strength, hardness, impact energy, and microstructure. The results show
that the welds made with mild steel electrodes (E6013 and E6014) exhibited higher tensile
strengths in both heat-treated and untreated conditions. Kolhe et al. [10] investigated the
influence of SMAW welding parameters on the mechanical properties of S355]R mild steel
using an E6013 electrode. The tensile strength and hardness of the weld zone reached
494.47 MPa and 269.77 Hyv, respectively.

Owing to their diversity and characteristics, nanomaterials have been widely ap-
plied in various industries, including power plants, construction, agriculture, healthcare,
manufacturing, defense, electronics, energy, information technology, transportation, and
biotechnology. In recent years, the use of nanomaterials has experienced a significant
increase. Additionally, nanomaterials can be tailored to meet specific requirements in terms
of size, shape, and properties [11].

In SMAW, the nanopowder is introduced into the electrode coating or by surfacing the
electrode on the electrode coating. In the case of shielding gas welding with consumable
electrodes using a solid wire, a nanopowder is coated on the surface wire or the nanopowder
is introduced in the shield gas. The filler wire contains the nanopowder in the Tungsten
inert gas welding (TIG) technique. In the Submerged arc welding method, the powder is
incorporated in the flux or deposited onto the edges of the part to be joined [12-14]. Liquid
glass is an effective binder because it ensures a uniform distribution of nanopowder in
the volume [15]. Liquid glass facilitates the uniform dispersion of nano-powders, such as
AlyO3, during the welding process, which is essential for consistent weld quality[dd]. The
glass effectively wets metal surfaces, promoting the rearrangement of metal particles and
reducing the porosity in the weld [16].

Rahul et al. [17] developed using nano-arc stabilizer coating and nano-particle substi-
tution, reducing fume production by 82% and Cr(VI) concentration by 68% in fumes, and
36% and 52% in inhalable and respirable fumes, respectively. The use of nano-powders
would significantly enhance existing technological processes and create new production
methods. Nanopowders have a high specific surface area, which makes it possible to
provide high reactivity with a low content [18].

RCrOj3 ceramic materials, where R is a rare earth oxide such as yttrium oxide, are
highly beneficial for applications where electrical conductivity is important, such as in
electrodes. However, these materials have some limitations. They are not very stable
chemically at high temperatures above 1600 °C. They can also be damaged by thermal
cycling at temperatures above 1500 °C and cannot withstand rapid heating. These issues
render them less suitable for applications in which stability is crucial. Consequently, there
is a demand for more durable ceramic materials made from rare-earth oxides that can
be utilized in applications where electricity is required and in environments with high
temperatures [19].

Photocatalyst additives are a new research field for improving the welding and tech-
nological properties of welding electrodes. Therefore, the main characteristics, such as the
metal melting coefficient, electrode fused quantity coefficient, surfacing coefficient, and
loss coefficient, indicate that the losses are due to spattering and oxidation [20]. Rajeswari
et al. introduced nano TiO; as a photocatalyst additive in SMAW electrodes, significantly
reducing the fume formation rate by up to 21% and hexavalent chromium concentration by
up to 42%, thereby enhancing the mass transfer efficiency during welding [21].
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Infrared radiation synthesis enables the required amount of material to be obtained.
In this regard, studies were conducted in [22] to study the effect of infrared radiation
synthesized in the furnace of the NFC photocatalyst “ZB-1".

This catalyst was added in small quantities (from 0 to 8%) to the popular brand of
MR-3 welding electrode to evaluate its welding and technological characteristics. Thus, the
work [20] presents the results of studies on the effect of ZB-1 photocatalyst additives on the
welding and technological properties of MR-3 welding electrodes. The authors developed
a welding electrode containing additives of photocatalysts of nanostructured functional
ceramics (PNFC) branded ZB-1 (IMAN-7) [20]. According to the results of this work, the
optimal amount of photocatalyst that effectively affects the welding and technological
properties of the MR-3 welding electrode is the addition of ZB-1 up to 1%. This work aims
to continue the study of the effect of the ZB-1 PNFC additive up to 1% in the coating of the
MR-3 welding electrode on the quality and properties of welded joints on carbon steel AISI
1017. In particular, we will focus on studying the effect of these additives on the formation,
microstructure, and mechanical properties of welded joints obtained when welding with
electrodes with small amounts of ZB-1 PNFC added to the coatings. In addition, to assess
the quality and properties of carbon steel beads and their compliance with international
standards, we conducted a comparative analysis of new welding electrodes with ESAB
E6013 welding electrodes, which are widely used in the world market.

2. Materials and Methods
2.1. Materials and Welding Procedure

The first part of this study provides detailed information on the composition of
the ZB-1 photocatalyst, the MR-3 welding electrode, and the technologies used for their
manufacture [20].

A preproduction pilot lot of IMAN-7 welding electrodes was carried out at a plant to
produce welding electrodes from a flux developed and manufactured by the authors of
this work.

The chemical composition of low carbon AISI 1017 steel plates, electrodes E-6013,
Iman-7 welding rods, and ZB-1 additives are listed in Tables 1-4, respectively.

Table 1. Chemical composition of low AISI 1017 steel (weight %).

Element C Fe Mn P S
weight % 0.14-0.20 99.11-99.56 0.30-0.60 <0.04 <0.05

Table 2. Chemical composition of the ESAB E6013 welding rod (AWS: SFA 5.1 E6013).

Element C Mn Si P S
weight % 0.08 0.46 0.22 0.023 0.020

Table 3. Chemical composition of the IMAN-7 welding rod.

Element C Cr Mn Cu Ni Si P S
weight % <0.1 <0.12 0.35-0.60 <0.25 <0.30 <0.03 <0.02 <0.03
Table 4. Chemical composition of the additives ZB-1.
Additives FeO SiO, CaO CrOs AlO MgO CuO
Percentages % 35 28 15 13.5 3.5 3 2
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The welding electrodes were obtained by applying a coating to the surface of the
Sv-08A wire (see Table 3), with a diameter (d) of 2.8 mm, obtained by mixing the flux
with potassium liquid glass, with a density of 1.4 g/cm? in an amount of 25% of the flux
weight. The potassium liquid glass is a binder that ensures the uniform distribution of the
nanopowder in the volume.

The flux consisted of a mixture of 99% of the coating powders of the MR-3 electrode
and 1 wt.% of the ZB-1 photocatalyst additive. After the welding electrodes were man-
ufactured, they were dried in a drying cabinet at a temperature of 80 °C for 40 min and
calcined at 180 °C for 40 min. The total thickness (D) of the IMAN-7 welding electrode was
4.4 mm, while the coating thickness (D/d) was 1.57 (corresponding to a thick coating of
1.45 <D/d < 1.80). ESAB E6013 electrodes with 2.6 mm diameter are used in this study
for comparison with the new IMAN-7 electrodes. The ESAB E6013 electrodes are coated
with rutile type and comply with the AWS: SFA 5.1 E6013 standard used for sheet metal,
general fabrication, and structural welding work. These electrodes are well-known and
widely distributed in the world market [23].

The SMAW method is used to join the plates in the butt design. The experiments
consist of welding a 20 cm line of low carbon steel AISI 1017 1.8 mm thick. The E-6013
and IMAN-7 electrodes with 2.6 mm diameter and 2.8 mm, respectively, were used as filler
materials. Before welding, the plates were cleaned using acetone. During SMAW welding,
only the current is adjusted, and the welding current is set to 40 A. Arc voltage is derived
from the arc length, which the welder must maintain.

2.2. Morphology Investigation

Figure 1 depicts the different specimens cut from the welded plates. The bead mor-
phologies of both SMAW beads, performed by ESAB E6013 and IMAN-7, were analyzed.
The samples were polished up to 1200 grit fineness, followed by cloth polishing. The AISI
1017 bead zone was etched using a Nital solution (95 cc ethylene + 5 cc HNO3).

/ Tensile specimen Bending
specimen

i

Microstructure
coupons

Lnnnnnn
!

Figure 1. Test specimen for the tensile test (units in mm).

2.3. Microstructure Investigation

The microstructural evolution of the fusion zone was investigated using a JEOL JSM-
7600F scanning electron microscope (SEM) (JEOL, Tokyo, Japan). The samples are cut, and
embedded in a resin. The mounted samples were then ground and polished. Abrasive
particles are used in successively finer steps to remove material from the surface, followed
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by cloth polishing to a 0.05 um alumina surface finish. Then, samples were etched using
a Nital solution. Samples with 32 mm diameter are used for SEM investigation. SEM
parameters included magnification (M = x 500), accelerating voltage (15 kv), and working
distance (WD = 8 mm).

2.4. Hardness Test

Vickers hardness tests were performed by a digital hardness tester model HVS-50
(SCTMC, Shanghai, China) with a standard load of 10 Kgf and a dwell time of 10 s. The
test was conducted according to the ASTM E-384-99. Figure 2 displays the hardness
line(horizontally and vertically) and track indentation. The measurements were performed
on each sample using E6013 and IMAN-7 electrodes. The hardness line measurements are
far from the top surface by 0.75 mm.

Figure 2. Vickers hardness test specimen according to the ASTM E-384-99.

2.5. Tensile Test

The tensile tests were carried out at room temperature (24 °C). They were performed
with a computer-controlled electro-hydraulic servo universal testing machine model WAW-
300E (Jinan testing equipment IE, Jinan, China). The crosshead speed was 0.5 mm/min, the
loading rate was 0.5 kN/s, and the strain rate was 1.6 x 10~* s~1. The specimens were cut
according to ASTM E8M-04, as shown in Figure 3. The tensile tests were carried out on
3 samples of each type of electrode.

50 | o ' 50
1 | i |
o N
20 R12.5 — m 4—R125
T ’l 125 —4 I\
| 83.35 |
[ * 1 10 1 ]
L_1s : 100 {

Figure 3. Tensile test specimen according to ASTM ESM-04 (units are in mm).
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2.6. Bending Test

Transverse bend test specimens were prepared according to ASTM E190-14, as dis-
played in Figure 4. The bending test was conducted according to the standard using
guided-bend specimens in a test jig. A face bending test was carried out. A load was
applied to the root side so that the weld face would be in tension. The specimens were bent
into a U-shape using a universal tensile machine. The test evaluates the material’s ductility
by checking for cracks or other surface defects after bending.

150

4 B
] Lt

Figure 4. Transverse bend specimen according to ASTM E190-14 (dimensions are in mm).

3. Results and Discussions
3.1. Line Weld and Weld Bead Aspect

When welding 1.8 mm thick low carbon steel AISI 1017 using a butt joint design and
a current intensity of 40 A, the welding technological properties of the ESAB E6013 and
IMAN-7 welding electrodes can be summarized as follows:

- thearc s easily excited and stably maintained;

- the coating melts evenly and without excessive spattering;

- theslag formed during welding ensures the correct formation of bead seam;

- during the external inspection, no defects (cracks, pores) were found in the beaded
metal, either when welding with an E6013 electrode or an IMAN-7 electrode.

Figures 5 and 6 show photographs of the welded joints captured from the welding side
(Figures 5a and 6a) and back side (Figures 5b and 6b) during welding with the investigated
electrodes E6013 and IMAN-7. On the back side of the welded plates, the bead formed
using the IMAN-7 electrode demonstrated a smooth surface and full penetration through
the entire thickness of the metal (Figure 6b). In contrast, the beads on the plates welded
with the E6013 electrode did not exhibit complete penetration (Figure 5b).

The greater penetration capacity of the IMAN-7 welding electrode compared with that
of the ESAB E6013 electrode is evident in the cross-sectional images of the seams presented
in Figure 7. Compared to the E6013 welding electrodes, when welding with the IMAN-7
welding electrodes, the depth of weld metal penetration increases by 40%.

(b)

Figure 5. Views of welded joints performed with the ESAB E6013 electrode from the front side (a)
and backside (b).

Welding beads made using the IMAN-7 welding electrode achieved complete penetra-
tion in a single pass (see Figure 7b), unlike those made using the E6013 electrode, which
exhibited incomplete penetration (see Figure 7a). Therefore, to ensure complete penetration
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in the E6013 beads, a backside bead was added (see Figure 8). Then, comparative tests were
conducted on the mechanical properties of the welded joints.

(b)

Figure 6. Views of welded joints performed with the IMAN-7 electrode from the front side (a) and
the backside (b).

; .\ '-.‘..:_'n- ".;‘
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2 mm

(b)
Figure 7. Macrographs of beads performed with E 6013 electrode (a) and IMAN-7 electrode (b).

Figure 8. Cross-section of a bead made with electrode E 6013 welded from both sides.

The increased rate of melting in the IMAN-7 electrode is likely caused by the addition
of a small amount of PNFC ZB-1 additive to its coating. This effect can be explained by the
quantum tunneling effect (ITE), a phenomenon in which particles or waves overcome a
potential barrier due to the accumulation of a significant energy pulse [22].

The ITE provides a very narrow energy range associated with the pulse rise time of
the energy pulse. By finely tuning the pulse rise time to match the energy requirements
of the target process, the ITE operates with high selectivity, directing all pulse energy into
the desired narrow range. This allows for maximizing the efficiency of the welding arc
penetration by optimally matching the pulse characteristics and required energy [22].

A high-quality weld joint can be obtained by welding with the E6013 electrode using
two-sided welding, while with the IMAN-7 electrode, one-sided welding is sufficient at
the same welding speed, welding current, and voltage. Hence, welding with ESAB 6013
results in an electrode consumption that is approximately twice as high as that when using
the IMAN-7 electrode. The savings in electrode consumption will be approximately 50%.
Similarly, the power consumption will be approximately twice as much with two-sided
welding. The savings in electricity will also be approximately 50%. The savings in electricity
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and electrode consumption will be approximately 50%. This is an approximate value, since
in practice, there may be small deviations due to various factors, such as welding quality
and energy losses in the welding circuit.

3.2. Microstructure Assessment

The SEM images (Figure 9a,b) were obtained at the center of the weld bead. Figure 9a,b
show ferrite-pearlite microstructure. The ferrite in the image is light in color, and the perlite
is dark in color. Figure 9b shows that the weld performed with IMAN-7 electrode exhibits
finer ferrite-pearlite structure of the bead metal and a uniform distribution of pearlite
throughout the bead volume.

(@) (b)

Figure 9. Bead zone SEM images of specimens welded using the ESAB E6013 electrode (a) and
IMAN-7 electrode (b) (500x).

3.3. Hardness Test

Vickers hardness measurements of the bead metal, conducted horizontally and verti-
cally along the beads, revealed higher hardness values for the bead metal produced using
the IMAN-7 electrodes (Tables 5 and 6). For a welding bead made with an E6013 electrode,
the horizontal hardness was measured along two lines (Figure 10) along the horizontal
lines of the bead from the front side and the backside. Furthermore, the hardness values
of the bead metal created with both electrodes were higher than those of the welded AISI
1017 steel (Table 7).

Table 5. Horizontal Hardness measurement: 10 kgF.

Hv

Specimen -
Max Min Average

AISI 1017 Welded with 6013 electrodes, top-side reading 154 168 161.4
AISI 1017 Welded with 6013 electrodes, back side reading 179 207 189.7
AISI 1017 Welded with IMAN-7 electrode 1547 172 160.16

Table 6. Vertical Hardness measurement: 10 kgF.

Hv

Specimen -
Max Min  Average

AISI 1017 Welded with 6013 electrode 179 198 173.3
AISI 1017 Welded with IMAN-7 electrode 149.1 169.8 156.7
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Figure 10. Indentation locations during the Vickers hardness test on a bead performed with electrode
E 6013.

Table 7. Hardness measurement: 10 kgF.

Hv
Specimen -
Max Min Average
low carbon AISI 1017 steel 131.1 1284 129.6

The obtained results showed that the hardness of the top and back side beads made
with E6013 electrodes had different values. This can be explained by the fact that the top
bead is subjected to heat when making the bottom bead, and the top bead metal is annealed,
which helps reduce its hardness. It is known [24] that when welding double-sided two-pass
welded joints, the test section includes the metal at the intersection of the internal and
external beads, this is due to the presence of local embrittlement zones formed in the metal
of the internal bead due to its heating when making the external bead.

Following the Interstate standard GOST 23118-99 [25], which regulates the require-
ments for welds of metal structures, the joint metal hardness index should not exceed
350 HV for structures of group 1 (high-quality level) and not more than 400 HV for struc-
tures of other groups. The results of the measurements of the hardness of the HV welds
(see Tables 4 and 5), made with electrodes E6013 and IMAN-7, show their compliance with
the requirements of this standard.

3.4. Tensile Test

Figures 11 and 12 show images of the specimens after the tensile testing of the AISI
1017 welded steel beads made using the E6013 and IMAN-7 electrodes. The tensile test
results indicate that all welded specimens fractured in the base metal, regardless of the
welding electrode used.

Figure 11. Tensile specimen for beads performed with an E 6013 electrode after breaking.
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Figure 12. Tensile specimen for beads performed with an IMAN-7 electrode after breaking.

Table 8 presents the yield strength (YTS) results, according to which the yield strengths
of the welded joints made with both studied electrodes, in their indicators, are not lower
than 0.9 of the yield strength of the welded base metal. These results indicate the high
load-bearing capacity of welded joints, avoiding residual deformation. These yield strength
indicators show that the AISI 1017 SMAW welded joints fabricated using the E6013 and
IMAN-7 electrodes can withstand the load safely.

Table 8. Yield strength test for beads performed with E6013 and IMAN-7 electrodes and base metal
1017 steel.

Yield Strength  Yield Strength Yield Strength Standard
Specimen Max Min Average Deviation
[MPa] [MPa] [MPa] [MPal]
AISI 1017 steel 343 337 340 3.05
Weld performed with E 6013 electrode 336 332 334.5 2.18
Weld performed with IMAN-7 electrode 325 321 323 2.00

Tensile strength tests showed that welded joints obtained by welding with the E6013
electrode had a tensile strength slightly lower than that of joints made with the IMAN-7
electrode (Table 9). However, given that the breaking zone of the welded samples made
with both electrodes occurred in the base metal zones, it can be stated that these welded
joints are equal in strength to the base metal. The ultimate tensile strength (UTS) obtained
in the present work (388.7-389 MPa) is in good agreement with the results obtained by
Zoalfakar et al. [26] in their study on the optimization of SMAW parameters to enhance
the mechanical properties of carbon steel (ST 37/2, and ST44/2) joints. The value of UTS
obtained was 380 MPa. Table 9 lists the maximum, minimum, average, and standard
deviation of the UTS. The standard deviation is less than 10 MPa which is an indicator of

the reliability of the experiments and samples that were prepared.

Table 9. Tensile strength tests for beads performed with E6013 and IMAN-7 electrodes and base metal
1017 steel.

Tensile Tensile Tensile Strength Standard
. Strength Strength .
Specimen . Average Deviation
Max Min [MPal [MPa]
[MPa] [MPa]
As received AISI 1017 steel 402 392 397 5.03
Weld performed with E 6013 electrode 397 381 388.7 6.62
Weld performed with IMAN-7 electrode 399 379 389 9.20
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Furthermore, the relative elongation of the IMAN-7 beads is slightly higher than that
of the E6013 beads but lower than that of the base metal (Table 10).

Table 10. Elongation at Break (in 88 mm) & [%].

Specimen & [%] Max 8 [%] Min 8 [%] Average
AISI 1017 both-sided Welded with E 6013 electrode 115 134 12.6
AISI 1017 Welded with IMAN-7 electrode 12.6 14.1 13.4
low carbon AISI 1017 steel 15.4 16.8 16.2

3.5. Bending Test

Additionally, bending tests were conducted on the welded joints, and the results
indicate high bending angle values for both electrode types (Figure 13 and Table 11). The
specimens were bent at an angle of 180° without cracking, indicating their ductility. These
results show good results for the welds obtained using both tested electrodes. The standard
deviation represents a measure of the amount of variation or dispersion of a set of values.
For strength measurements, the standard deviation is less than 8 MPa.

(@) (b)

Figure 13. Welded samples of the bending test performed with the ESAB E6013 electrode (a) and
IMAN-7 electrode (b).

Table 11. Bending test face test (load vs. extension).

Strength Strength Strength Standard Bend

Specimen Max Min Average Deviation Angle
[MPa] [MPa] [MPa] [MPal] [°]
AISI 1017 both-sided Welded with E 6013 electrode 1390 1375 1383 7.63 180
AISI 1017 Welded with IMAN-7 electrode 1125 1112 1118 6.50 180

The improved mechanical properties of the welded joints obtained using the IMAN-7
electrodes compared with those using the E6013 electrodes can likely be attributed to the
finer ferrite-pearlite structure of the bead metal and the uniform distribution of pearlite
throughout the bead volume.

4. Conclusions

The present work aims to compare the new PNFC grade ZB-1 (IMAN-7) welding elec-
trode with the ESAB E6013 welding electrode. The investigations included the morphology,
microstructure, and mechanical properties of the welds. The electrodes were tested on AISI
1017 sheet metal with 1.8 mm thickness. The main findings are summarized as follows:
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Under the same welding conditions, the weld bead carried out with the developed
IMAN-7 electrodes had a fully penetrated depth weld. However, the joint performed
with E6013 electrodes allowed for partial depth penetration. Moreover, the depth
penetration of the bead welded with IMAN-7 is higher than that of E6013 by 40%.
Using new electrodes allows for a reduction in the electricity cost, working time, and
electrode consumption by approximately 50%.

The weld Vickers hardness readings of welds made with the E6013 and IMAN-7
electrodes exhibit values up to 190 Hv and 160 Hv, respectively. Both welds show
good agreement with the requirements of the Interstate standard GOST 23118-99 and
relate to high-quality structures.

The yield strength (YTS) values of the welded joints made by both electrodes under
study are at least 0.9 of the yield strength of the metal being welded and indicate a high
bearing capacity of the welded joints, which does not lead to permanent deformation
and can safely withstand the load.

The tensile strengths (UTS) of the welded joints obtained by welding with the E6013
and IMAN-7 electrodes are 388.7 MPa and 389 MPa, respectively, and are slightly
lower than that of the base metal (397 MPa). This is also evidenced by the fact that the
destruction of the welded samples occurred on the base metal.

The weld joint performed with the IMAN-7 electrode has an elongation of 13.4 mm,
which is slightly higher than that of the joint performed with the E6013 electrode
(12.6 mm) and both still lower than that of the base metal specimen (16.2 mm). The
plastic properties of the welded joints show good results for welds obtained using
both tested electrodes.

The study revealed that the microstructure of the bead metal produced using the IMAN-7
electrodes exhibited a finer grain size ferrite-pearlite structure and a uniform distribution of
pearlite compared to the microstructure of the beads produced using the E6013 electrodes.
Further research is needed to investigate the long-term performance and application
of IMAN-7 electrodes in different welding environments.
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