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ABSTRACT

The Gas Metal Arc Welding (GMAW) process is leading the way in arc welding process growth because it is
more efficient, economical, and of high quality. The effects of ER70s flller metal on mechanical properties and
corrosion behaviour in low carbon steel with a base metal thickness of 12 mm are investigated in this study using
robotic gas metal arc welding (GMAW). After the welding process, the quality, microstructure, and micro-
hardness of each specimen were measured and the effect was studied. The immersion test was studied using
weight loss and corrosion rate measurements for 1, 2, 4, 6, and 8 weeks in the absence and presence of 3.5wt.%
NaCl. As a result, the microstructure displayed the different grain boundaries of each parameter that affected the
welding parameters. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) are used
to characterise the surface morfology and pitting areas on the welded substrate. The corrosion rate of the welded
sample immersed in 3.5wt.% medium was higher than in the absence of NaCl. The SEM results revealed that
NacCl played an aggressive role in inducing the corrosion process and producing significant pits on the welded
joint, particularly in the HAZ area. This research may provide a significant understanding of how the welding
process, filler metal, and low carbon steel metal caused corrosion behaviour in the marine environment,
particularly for oil and gas applications.
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INTRODUCTION

Low carbon steels are used in a wide range of industrial applications due to their mechanical properties, ease of
welding, availability, and low cost [1]. Low carbon steels are widely used in the marine and offshore industries,
including shale gas energy, for ships, plants, and pipe construction. However, drawbacks such as low hardness
and poor corrosion resistance limit their application potential, particularly in the oil and gas application [1,2].

Welding is a critical process in steel fabrication and assembly. It has several advantages over other joining
processes and technologies, including the ability to permanently bond complicated shapes and to weld very thin
materials [3-4]. Welding is especially important in many industries, including oil and gas, petrochemical, and
automotive. Welding imperfections may occasionally be introduced in existing weldments after the welding
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process for a variety of reasons [2-5].

The GMAW process is leading the way in the development of the arc welding process, as it is more efficient,
cost-effective, and of high quality. Metal Inert Gas (MIG) is another name for GMAW, which is a process that
consists of heating, melting, and solidifying parents metals and a filler metal (wire electrode) material in a
controlled fusion zone by passing a heat source to form a joint between the two parents’ metals [6]. The internal
resistive power and heat transferred from the welding arc melts the incessant wire electrode from an automatic
wire feeder and fed through the contact tip inside the welding torch. Heat is measured from the melting
electrode’s end to the molten weld pools, as well as the molten metal that is transferred to the weld pools [6-8].
These welding parameters are as follows: arc welding current, arc voltage, welding speed, torch angle, free wire
length, nozzle distance, welding position and direction, and gas flow rate [6-8]. The highest available welding
conditions are determined by a combination of factors such as base metal type, welded part geometry, and
welding process [6-9]. During service, the welded joint is exposed to environmental factors such as marine
environments, which influence corrosion issues.

Corrosion is an unavoidable problem in the oil and gas industries due to the complex working conditions such
as marine, high pressure, pH value, high temperature, multiphase flow, and ion concentrations [10]. Due to the
welding process, the microstructure and mechanical properties of the welded zone differ significantly from those
of the base metal. Due to the welding process, the HAZ area shows the weaker part after rapid head cooling, and
the presence of defects and discontinuities such as cracks, undercuts, and so on influence the corrosion behaviour.
As a result, the corrosion behaviour of the welded zone and HAZ area is expected to differ from that of other
areas in corrosive media [10-12].

Despite existing work on the welding of low carbon steel 12mm plate, an investigation of the effects of the
GMAW process, in particular, on the microstructure and corrosion performance of welded structures in 3.5wt.%
NaCl medium for 1 to 8 week immersion times is required. Following the welding process, nondestructive testing
and visual inspections were performed. Microstructure analysis, scanning electron microscope studies equipped
with energy dispersive X-ray spectroscopy (SEM-EDS) for surface morphology studies, and chemical analysis
of corrosion products are all performed.

Materials and Methods

The current study focused on a profitable low carbon steel plate. The material was in the form of a 12 mm thick
plate with a ferrite-pearlite structure when it was received. The chemical composition of the base and the filler
used is shown in Table 1. The base material used in this study for gas metal arc welding (GMAW) was low
carbon steel plates with dimensions of 100 mm x 50 mm % 12 mm, and the filler was ER70s electrode. The type
of joint used for this project is a butt joint, and the butt joint geometry is a single V with an angle of 600C, as
seen in Figure 1.

Table 1: Chemical composition (wt. %) of the base metal and filler used

Alloy element C Si Mn P S Cr Ni Cu Fe

Base metal 0.174 0.176 0.624 | 0.0277 | 0.0212 | 0.104 | 0.0777 | 0.223 | Balance

Filler (ER70s) | 0.104 0.238 0.521 | 0.0229 | 0.0108 | 0.0434 | 0.104 | 0.0654 | Balance
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Fig.1 : Single V Joint preparation

The welded pieces were subjected to X-ray radiography after the welding process. Faulty and poorly welded
pieces were not accepted. Microstructure and mechanical test analysis were performed on welded pieces that
were free of defects or faults. To reduce the amount of heat generated during the cutting process, both test
samples were cut into smaller pieces of approximately 50 mm % 10 mm % 12 mm using EDM wire cut. Before
the test, all of the specimens were thoroughly cleaned. The cleaning procedure included grinding with SiC paper
from 200 to 1200 grit, finishing with a grinding machine, and etching in a 2% Nital solution for microstructure
analysis. This would make identifying the HAZ, fusion zone, and base metal area easier.

A Nikon optical micrograph was used for microstructure analysis of low carbon steel weld joints. Micro-hardness
tests were performed on the cross section of the welded joint along 3 mm from the top, center, and bottom
surfaces at 0.5 to 1 mm intervals with 9.81 N loads, as shown in Figure 2. The Shidmadzu HMV-2T micro-
hardness testing machine was employed.

Top

)
v

Center

Bottom

Fig. 2: Depths of bead for micro-hardness measurement

Immersion testing was performed in accordance with ASTM G1-03. Welded specimens with dimensions of 50
mm x 10 mm X 12 mm were immersed in a 5 liter container containing 3.5wt.% NaCl medium for 1, 2, 4, 6, and
8 weeks. During the testing period, the solution was not replenished. Following each immersion test, the samples
were removed from the 3.5wt. % NaCl solution and corrosion products were removed by soaking the samples
in accordance with ASTM G31. The photograph was taken before and after cleaning for visual inspection
purposes. Afterwards, the samples were rinsed in ethanol, dried with high pressure air, and weighed. The
corrosion rate was calculated in the following manner:

_ . KXW
Corrosion Rate (Cr) =

(1

AxTx D
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where CR is the corrosion rate, constant = 8.76 x 10*, W is the mass loss, A is the surface area exposed to the
corrosive media, T is the exposure time, d is the density. Scanning Electron Microscope (SEM) coupled with
Energy Dispersive Spectroscopy (EDS) is used to identify the surface analysis for studying the corrosion
behaviour on surface of welded joint especially at HAZ zone and between base metal and weldment

RESULTS & DISCUSSION MICROSTRUCTURAL ANALYSIS

Microstructural analysis is performed using an optical microscope and line scanning with a SEM. The optical
microscope observes three areas: the base metal, the heat affected zone (HAZ), and the weld metal. Figure 3
shows the microstructure of the sample after etching with a 2% Nital solution under an optical microscope.
Under the microscope, the etching solution allows for a clearer view of the grain boundary. The sample's
microstructure included pearlite and ferrite structures. The darker area is pearlite, and the brighter area is ferrite.

Fig. 3: Microstructure of Sample under Microscope. a) Base metal, b) Heat affected zone, ¢c) Weld metal

Figure 3 (b) depicts the HAZ caused by welding processes, welding currents, and weld heat input. It is clear that
the welding process was influenced by the change in HAZ microstructure. This is due to these welding processes*
increasing welding heat input [ 1-5].

Micro-hardness study

The micro-hardness measurement was obtained across three main zones: base metal, HAZ area, and weld metal.
The micro-hardness was determined at three different depths: top, center, and bottom. The hardness of the weld
nugget region ranged from 139 to 145 HV1, and the difference in hardness across the thickness direction in the
weld nugget was bordering. Since this area was close to the weld pool, the hardness of the LCS/HAZ region
adjacent to the weld nugget was higher than that of the nugget region, registering values in the range 148 - 153
HVI1. The parent LCS was found to have a hardness range of 134 to 173 HV1 and a steep hardness gradient
between the parent and the LCS/HAZ region. The uniform hardness distribution across the section thickness of
the weld nugget suggests that perceptible variations in grain size in the weld nugget had no significant impact
on its hardness [11].
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Figure 5 also revealed that the bottom part of the sample has higher Hv1 values than the top part. The reason for
this is that the top part of the bead is more exposed to rapid heat and cooling layer by layer of bead during the
welding process. When heated, it softens, resulting in low Hv values. The sample depth, which was located in
the center, was made up of average micro-hardness values.

Figure 5 shows that the heat affected zone (HAZ) has a high micro-hardness value when the micro-hardness
value is examined through the three areas of base metal, HAZ, and weld metal. It is due to the carbon content of
the weld metal moving or migrating to the HAZ area during the welding process, so when the area has more
carbon contents, it is more hardened.
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Fig. 5: Micro Hardness profile at cross section of welded joint
Visual Inspection

Based on Tables 2 and 3, they demonstrated the condition of each sample after the immersion test through visual
inspection before and after clening the corrosion product. Following the immersion test, there is a reddish brown
deposit of substances at the welded joint. This rusts, indicating that corrosion has occurred at the welded joint.
As it occurs between the same metals, the type of corrosion is general corrosion. The thicker the rusts deposited
at the welded joint, the longer the duration of immersion. Corrosion occurred as a result of the reaction of oxygen
and iron in water or moisture in the air to form iron oxide.
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Table 2: Sample Immersed without NaCl Solution

Weeks After Immersion After Cleaned

Table 3 shows the samples that were immersed in a 3.5 wt. % sodium chloride (NaCl) solution. When immersed
in NaCl solution, more iron oxide is deposited on the sample than when immersed in fresh water (without NaCl).
The salt NaCl accelerated the rusting of low carbon steel because electrons move more easily in NaCl solution
than in distilled water. The corrosion products layer formed as a result of dissolved salts, which normally speed
up the corrosion rate. Furthermore, the corrosion products layer formed on the welded joint thickens gradually
from 1 to 8 weeks of immersion test. It also reveals that the thickness of the corrosion product after 8 weeks is
greater than that of the 1 week immersion test. The deposited corrosion product in the HAZ area is higher than
in the base and weld metal areas. Following the removal of the corrosion products, it was discovered that the
coupon suffers from both uniform and possibly localised corrosion, as indicated by the rough surface [11-14].
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Table 3: Sample Immersed in 3.5% of NaCl Solution

Weeks After Immersion After Cleaned

Wy

ok 31 2

This study*‘s findings are similar to the previous study of corrosion through visual inspection. It demonstrated
the formation of various types of corrosion such as galvanic, crevice, pitting, and exfoliation corrosion. Visual
inspection reveals the reddish brown corrosion product. The description classification, which is particularly
important in the study of failure, is based on the visual recognition of corrosion types [12-14].

Weight Loss and Corrosion Rate Measurement

Figure 6 (a) depicts the weight loss of each sample during the immersion test, which lasted from 1 to 8 weeks.
The weight of the sample before immersion must be subtracted from the weight of the sample after immersion.
According to Figure 6 (a), the weight loss of the sample is greater when immersed in the 3.5% NaCl solution
than when immersed in fresh water (without NaCl. It is the same case as the explanation for the visual inspection.
Corrosion causes weight loss in the samples. The corrosion process that occurred in the samples was accelerated
by the NaCl solution. When the sample is immersed in the NaCl solution, electrons move more easily, causing
the sample to corrode faster. The corrosion rate of each sample in the immersion test is shown in Figure b (b).
When the sample is immersed in 3.5wt. % NaCl solution, the corrosion rate is higher than when it is immersed
in fresh water (without NaCl). The higher the corrosion rate, the greater the weight loss of the sample in a short
period of time. The corrosion rate was dependent on the amount of sample weight loss. Figure 6 (a) for the
sample immersed in fresh water (no NaCl) showed that the weight loss was constant between weeks 6 and 8.
The weight loss between the two weeks is not dramatic. It is not the case with the sample that was immersed in
a 3.5wt. % NaCl solution. Figure 6 (a) depicts the increase in weight loss between weeks 6 and 8.

Clearly, the presence of NaCl concentration in simulated marine environment results in higher weight loss and
corrosion rate measurement when compared to immersion test due to the absence of NaCl composition with the
same exposure time. This is because the presence of cloride (Cl-) concentration created a more aggressive
environment than the absence of salt. The NaCl solution is constantly immersed, which may affect the corrosion
product form. In terms of general corrosion, the NaCl environment resulted in 80% more weight loss and
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corrosion rate than the immersion without NaCl environment [12-15]. Based on the corrosion process, some
intermediate phase close to the inner layer gradually transformed to other stable and dense oxides phase, causing
the outer layer to thicken. Chloride ion penetration through the outer layer becomes more difficult [14]. The
chlorides deposited during the initial stage exposure, on the other hand, are depleted. These two effects promote
the formation of a dense and adherent inner layer, which improves the rust layer‘s protective effect and reduces
the welded joint‘s corrosion rate [14-16].

This finding is similar to that of a previous study that looked into the effect of corrosion on mild steel in five
different environments. When mild steel is immersed in salt water, it loses more weight than when it 1s immersed
in fresh water (without NaCl). The results of the experiment clearly show that oxidation took place as weight
losses became apparent. However, corrosion rates increased in the following order: 0.1 M hydrochloric acid,
soil, salt water, fresh water, and atmosphere. The hydrochloric acid sample encountered what is known in
engineering literature as chloride aggressiveness [17].
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Fig. 6: Immersion test results after 1 to 8 weeeks for (a) Weight Loss and (b) corrosion rate measurement for
welded joint.

Corrosion of carbon steel weldments can be caused by metallurgical effects such as preferential corrosion of the
heat-affected zone (HAZ) or weld metal, or it can be associated with presence of defect or discontinuities by
geometrical aspects such as stress concentration at the weld toe, or crevice creation due to joint design, crack,
porosity, and so on. The subjects related to corrosion of carbon steel weldments and the corrective actions that
have proven to be effective in specific cases for oil and gas application are clearly defined by visual inspection,
weight loss, and corrosion rate measurement. It provides useful evidence that privileged HAZ areas are more
susceptible to corrosion as a result of metallurgical changes during the welding process [18].

Surface study by SEM and EDS

Figures 7 (a) and (b) depict the surface morforlogy of weld metal after immersion tests in fresh water (without
NaCl) for 1 and 8 weeks samples, respectively. Evidently, the type of corrosion that has occurred at the HAZ
and sample weld metal is uniform corrosion. This corrosion attack spreads evenly across the entire surface of
the base metal, HAZ, and weld metal. The EDS spectrum in Figure 7 (c) and (d) only contains Iron, Carbon, and
Oxygen for the first week of immersion, and the amount of same composition and Si we discovered after 8 weeks
of immersion test.
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Fig. 7 : SEM morphology of sample immersed without NaCl solution (a) after 1 week, (b) after 8 weeks, (c)
EDS analysis of (a) and (d) EDS analysis of (b).

Figures 8(a)—(d) show the surface morforlogy of weld metal after immersion in 3.5wt. % NaCl solution for 1
and 8 weeks samples. Obviously, the type of corrosion that has occurred at the HAZ and weld metal of the
sample is uniform corrosion, whereas localised corrosion, such as pitting, has occurred at the HAZ area.
Similarly to when no NacCl is present, the corrosion attack spreads evenly across the entire surface of the base
metal, HAZ, and weld metal. The EDS spectrum in Figures 8 (e) and (f) only contain Fe, C, Si, O, and Cl for the
first week of immersion, and the amount of the same composition we found after 8 weeks of immersion testing.
Evidently, we discovered the amount of Cl- on the welded surface that roved the pitting corrosion containing the
sodium cloride.

Figures 8 (a) and (b) depict changes in individual pit depth and surface area. Significant pits can be seen after 1-
week immersion tests in NaCl solution. This is due to the fact that pitting initiation and growth have different
mechanisms [11, 18-20].

In comparison to the surface morphology, the pits formed on the immersion surface were deeper than the pits
formed on the salt-spray surface in terms of individual pit characteristics such as pit depth, pit area, and pit
volume [18-20]. More pits formed on the immersion surface in relation to surface corrosion characteristics such
as pit number density, pit surface area, nearest neighbour distance, and intergranular corrosion area fraction [14,
20-22]. The continuous presence of water in the immersion environment, which surrounded the coupons, can be
attributed to the differences in pit characteristics. The presence of 3.5wt. % NaCl allowed for the removal of Fe
from the entire surface area, allowing pits to form more quickly and continue to grow.
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Fig. 8: SEM morphology of sample i mmersed in 3.5wt. % NaCl solution (a) and (c) after 1 week, (b) and (d)
after 8 weeks, (e) EDS analysis of (c¢) and (f) EDS analysis of (d).

CONCLUSION

1. The weight loss and corrosion rate demonstrate the corrosion behaviour on the welded joint, and SEM/ EDS
analysis has been directed in the current work to study the surface morphology after immersion testing. This
paper reveals the significant uses of ER70s filler metal and low carbon steel base material for various
applications, particularly in the oil and gas industry.

2. Microstructures obtained using an optical microscope show that the cross section of the weld metal consists
of base material HAZ area and weld metal. The HAZ area has metallurgical changes that influence the
higher Micro hardness value when compared to other areas.

3. The corrosion behaviour of welded joints was investigated in the absence and presence of 3.5wt.% NacCl.
The weight loss and corrosion rate results from the immersion test showed that, despite being slightly higher
in the NaCl medium compared to the non-NaCl medium, they were relatively low. In comparison to other
areas, the HAZ area adjacent to low carbon steel has more severe uniform and localised corrosion.

4. The elemental composition of welded samples changed after SEM with EDAX analysis. Only the
composition of C, Si, Fe, and O was visible in the absence of NaCl, and Fe, Na, C, and O were revealed
after immersion in salt solution.

5. It was suggested that a combination of ER70s filler metal and low carbon steel as the base material after
welding performed better with the GMAW process based on changes in microstructure and micro hardness
analysis. To reduce corrosion behaviour, control the changed HAZ area based on the welding parameter
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selection and geometry design.
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