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Keywords: ABSTRACT

Low Carbon Steel st37 This This study provides a comprehensive examination of corrosion mechanisms and
Submerged Arc Welding microstructural changes in submerged arc welded (SAW) low-carbon steel (DIN 17100) under
Saltwater simulated saltwater conditions. Through controlled welding parameters (current: 320-380 A,
Corrosion Rate and Mechanical voltage: 27-28 V; travel speed: 31-37 cm/min) using two distinct agglomerated fluxes (ETC FXA
Properties 28R and 300IR), Electrochemical assessments demonstrated markedly superior corrosion resistance

in 300IR flux specimens (0.132 x 107 mpy) compared to FXA 28R counterparts (0.485 % 107 mpy),
attributable to enhanced slag-metal interactions and diminished porosity. Microstructural analyses
revealed preferential grain boundary pitting in the heat-affected zone (HAZ), with FXA 28R
samples exhibiting 23% greater pit density associated with chromium depletion (0.0584 wt.%).
Additionally, mechanical evaluations confirmed exceptional microhardness stability (AHV < 5%)
across all weld regions post-immersion: weld metal (190-210 HV), HAZ (185-200 HV), and base
metal (170-198 HV), validating structural integrity preservation in marine environments.
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1. Introduction
The corrosion resistance of carbon steel weldments is governed by a
range of interrelated factors. Of particular importance are the chemical
compositions of both the base metal and the welding filler material, as
well as the specific welding procedures utilized. During the welding
process, metallurgical transformations occur in the weld zone and the
heat-affected zone (HAZ), leading to microstructural and
morphological heterogeneities that significantly influence corrosion
behavior. Variations in cooling rates, which are influenced by
parameters such as heat input, preheating temperature, material
thickness (affecting heat dissipation), weld bead geometry, and
thermal cycling associated with multi-pass welding, can result in
diverse microstructural formations. Furthermore, the microstructure
of the weld metal often differs markedly from that of the HAZ and
base metal due to compositional differences and the presence of non-
metallic inclusions, such as oxides and sulfides. These
microstructural distinctions contribute to variations in corrosion
susceptibility across the different regions of the weldment [1]. VVarious
welding techniques are employed in industrial applications, including
submerged arc welding (SAW), shielded metal arc welding
(SMAW), gas tungsten arc welding (GTAW), and flux-cored arc
welding (FCAW) [2]. Of these, SAW is particularly favored for
joining thick sections due to its benefits, such as high efficiency,
excellent weld integrity, suitability for automation, and minimal
operator expertise needed. The SAW uses high welding currents (300
Ato 1600 A) with high welding speeds, which result in increased heat
input and deposition rate. However, despite these advantages, welded
joints can sometimes become weak points, potentially resulting in
severe structural failures such as boiler explosions or bridge
collapses. The goal during welding is to obtain the best possible
combination of strength and toughness for the welded joint. Strength
and toughness are both strongly subjective by the microstructure [3-
4].
Therefore, for welding thick materials, suitable joint designs and
welding procedures are used. Depending on the thickness of the plate
to be welded, either single-pass or multiple-pass electrodes can be
used to increase the deposition rate and reduce welding costs.
The quality of the weld in SAW is mainly influenced by
independent variables such as welding current, arc voltage,
welding speed, and
Among these, Weimann provides a detailed analysis of
welding procedure development specifically for the SAW
process [7]. In SAW, a consumable electrode wire operates
under a layer of protective flux. While most of the welding
current is transmitted through the submerged arc, partial
conduction also occurs through the molten flux layer.
Understanding the relationship between slag formation and
weld metal behavior is crucial for gaining deeper insights into
the SAW process [8]. This experimental study investigates the
corrosion behavior of submerged arc welded joints in low-
carbon steel exposed to saline environments [9]. This resaltrch
examines the effect of welding on the corrosion resistance of
pipeline steel in simulated saltwater, highlighting changes
induced by the welding process [10]. This study
systematically investigated the corrosion behavior of carbon
steel weldments in saline environments, with particular focus
on microstructure-property relationships in submerged arc
welded joints. that welding-induced phase transformations
and HAZ sensitization.
2.Experimental Work Procedure
2.1 Material and Selection and Specimen Preparation Specimen
Low-carbon steel (EN 10025 St37-2, DIN 17100) plates were
joined. The chemical composition and mechanical properties
aregiven in Table 1 and 2.

Table 1: Chemical Composition wt. % of Base Metal

C Si Mn S P Cr Mo Fe
0.17 0.253 0.842 0.0028 0.013 0.0983 0.0489 982

Table 2: Mechanical Properties. of Base Metal

Tensile Yield strength A
Materials strength (MPa) (MPa) Elongation (%)
340-470 225 24
Base Metal 395 220 22

Prior to the main experiments, preliminary trial welds were performed
on test plates to establish suitable welding parameters for submerged
arc welding. These initial tests helped determine the optimal operating
range by evaluating the weld beads for surface defects such as cracks
and porosity, while also identifying the upper and lower limits of the
controllable variables.

2.2 Submerged Arc Welding

Two 150x100x5 mm test plates (A and B) were joined using standard
submerged arc welding. To minimize distortion, the samples were
securely clamped in fixtures during welding. Single-pass welds were
produced using the SAW process with two different agglomerated
fluxes (A at ETC FXA 28R, 27SB, 76B, and B at 300IR), as specified
in Table3. Before welding, all specimens underwent machining and
thorough surface cleaning to remove contaminants, with fixtures
ensuring proper alignment and distortion prevention throughout the
process.

Table 3: Welding parameters for submerged process

Parameters Name Sample(A) Sa(lngg)le
Par&ErSnnitr?qrstmscir; Current (I) Ampere 320 380
Speed (S) cm/min 31 37
Voltage (V) Volt 27 28
Agglomerated Fluxes (A=ETC FXA 28R, 27SB,76B and B=
Fluxes 300IR)

A key benefit of agglomerated fluxes lies in their lower production
temperature requirements. As illustrated in Fig. 1(a), incorporating
temperature-sensitive deoxidizing and alloying elements into the
fluxes (Al at ETC FXA 28R, 27SB, 76B, and A2 at 300IR) enhances
the welded joint's technological characteristics. These fluxes typically
exhibit reduced bulk density (leading to lower consumption rates),
enabling the incorporation of reactive components that interact during
melting. Nevertheless, their greater tendency to absorb moisture
during both storage and processing must be carefully considered
[9]. Fig. 1(a,b,c) illustrates the welding procedure and resulting
samples. Post-welding evaluation included visual inspection and
liquid penetrant testing, followed by transverse cross-sectioning
relative to the weld direction. Standard metallographic preparation
techniques were employed, with fusion zone geometry analyzed using
stereoscopic examination and microstructural evaluation at 500X
magnification. Subsequent testing involved saltwater immersion to
assess corrosion effects and hardness changes. All welds achieved full
penetration using varied process parameters. Testing was conducted at
ambient temperature in compliance with applicable standards.
provides standardized procedures for preparing, cleaning, and
evaluating corrosion test specimens to ensure consistent and reliable
results in corrosion studies. [10].
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Fig. 1(a) Specimens (A and B) with agglomerated fluxes, (b)

welding parameters and (c) during welding process.
2.3 Corrosion Test
2.3.1 Unstressed Specimens
The chemical composition of the saltwater solution is detailed in
Tables 4. Test specimens (A and B) were carefully cleaned and
weighed both before and after corrosion testing. All tests were
performed at room temperature (25°C + 2°C) with unstressed samples
fully immersed in the saltwater solution for 90 days. The solution was
contained in laboratory beakers that were properly filled to ensure
complete sample submersion throughout the testing period.

Table 4: Chemical analysis of salt water

Parameter Analysis
Ph 8.3
Conductivity (mS/cm) 53.7
Sal. 35
TDS (mg/L) 34483
Total Alkalinity(mg/L) 3.84
Total Acidity(mg/L) 0.0
Ca++ (mg/L) 1868
CO2 (mg/L) 11
Mg++ (mg/L) 727.2
CI'(mg/L) 24211

2.3.2 Corrosion Rate

The corrosion rate calculations in this study follow the ASTM G31-
72 standard [11], for immersion testing, where mass loss (AW) serves
as the primary indicator. The mils per year (mpy) unit was selected
because equations 1: It's the most widely accepted unit for
comparative studies [12].

. . KXAW
Corrosion rate in mpy =

AXTxD (1)
K: Numerical constant (3.45%10¢ for unit conversion)
AW: Mass loss (g) = Wi-W2

A: Exposed surface area (cm?)

T: Exposure time (hours)

D: Material density (g/cm3)

3. Results and Discussion
3.1Calculation of Corrosion Rates:
Low-carbon steels are compared on the basis of their corrosion
resistance. Corrosion rates have been expressed in different ways. In
this work, calculation of the corrosion rate of several specimens using
the mils per year (mpy) method at two fluxes (A= ETC FXA 28R,
27SB,76B and B =300IR), was selected because equations 1.

Table 5: calculation of the corrosion rate

Time Area (dE)
metal Wi(g) Wa(g) AW (hr) (cm?) mpy = m

A 3.0636  3.0610  0.0026 768 4.4 0.485%10°
B 2.9921 2.9908  0.0013 1344 4.62 0.13199x1073

Table 6: Chemical composition results for the specimen after the
immersion process (corrosion test) in saltwater
C Si_ Mn S P Cr Mo Fe

0.39 0.283 0.892  0.078 0.018 0.0584  0.0989 98.5

Following saltwater corrosion testing, all specimens were rinsed with
tap water and subjected to gravimetric analysis. In Table.5 &6 in
sample B exhibited lower corrosion rate (0.132x10mpy) vs Sample
A (0.485%x10*mpy) due to enhanced protective scaling and reduced
Cr depletion (0.0584 wt.%). Microscopic analysis revealed
preferential grain boundary pitting in HAZ, with stable
microhardness (AHV < 5%) post-test. Results demonstrate 300IR
flux's superiority in enhancing marine corrosion resistance.

3.2 Microstructural Analysis

To examine the microstructure, all specimens were etched using a 2%
nickel solution. The weld microstructures were analyzed via optical
microscopy. As shown in Fig. 2 (a—c), Sample A exhibited low
carbon steel base metal (BM) in the first region, characterized by
equiaxed ferrite (F) grains and approximately 15% pearlite (P). The
ferrite appeared as bright etched regions, while the pearlite colonies
were identified by dark etching, indicated by white arrows. The
adjacent heat-affected zone (HAZ) displayed a dual-phase
microstructure. In Fig. 2 (d—f), Sample B revealed a HAZ containing
coarse ferrite grains alongside decomposed pearlite, which refined
into finer ferrite and pearlite structures. According to the Fe-C binary
phase diagram, this region lies between the A: and As critical
temperatures, within the two-phase (ferrite + austenite) zone. During
welding, heating above A: caused pearlite to transform into austenite,
followed by austenite expansion into pre-eutectoid ferrite. Upon
further heating, refined pearlite colonies forme

submerged arc welding in sample (A) is (a, b, and c) BM,
HAZ, and WM (fusion zone), and sample (B) is (d, e, and f)
BM, HAZ, and WM (fusion zone)

3.3 Unstressed Specimens (Microstructure after Corrosion
Test) displays the corrosion attack morphology on the base metal,
heat-affected zone (HAZ), and weld samples following 90 days of
immersion. Prior to immersion, the specimen surfaces exhibited the
appearance shown in Fig.

@ T A
Fig. 3: Optical microstructure of the surface of specimens (A
and B) before immersion, (a and b) difference after corrosion

pits on the on the surface of the unstressed specimen.

Post-immersion testing revealed a slight color change in samples A
and B, with the surfaces developing a light reddish-brown hue due to
the accumulation of corrosion products. Optical microscopy further
revealed localized pitting on the surfaces of specimens A and B, as
illustrated in Fig's 3 (a, b). The pits were predominantly located near
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grain boundaries, likely attributable to the precipitation of complex
carbides, which depletes chromium and other alloying elements in
these regions [13]. Structural steel weldments are susceptible to
corrosion upon exposure to atmospheric moisture. However,
variations in microstructure and compositional changes can lead to
localized pitting or widespread general corrosion [14]. The observed
corrosion behavior is consistent with rapid oxidation reactions
occurring as oxygen contacts the metal surface. The resulting rust
formation can be explained by the following chemical reactions
(Equations 2 and 3):
Fe>Fe+2 + 2e- i 2)

2HY + ;02 > Hy0 + 27 e 3)

The reaction sequence shows iron (Fe) first oxidizing to ferrous
hydroxide (Fe (OH):) in water/oxygen, which further oxidizes to
ferric hydroxide (Fe (OH)s;) - the red-brown rust. This two-step
process is the fundamental electrochemical corrosion mechanism for
iron in aqueous environments [13].
2Fe+ H,0 + %02 - Fe(OH),
Fe(OH), +>H,0 +20, - Fe(OH); ... (4)

As shown in Fig.3 the samples (A and B) contain acicular ferrite that
is mutually interlocked with the widmanstatten ferrite. The irregular
arrangement of the ferrite plate increases the toughness of the
weldment, and it is reported that because of the crystallization and
disorder of a circular ferrite a better toughness is observed compared
to bainite [15]. The inclusion of nucleation of a circular ferrite
decreases elements such as C, Mn and Si of austenite. Such a decrease
in the elements leads to an increase in the driving force for nucleation
on the inclusion surface [16].

X h

o S R

: 1 L) A‘: ] ;11".’!."."‘"' :" ,‘/“. . .. N 58

Fig. 4: Optical microstructure after corrosion pits on the surface of

the unstressed specimens (A and B)

Fig. 4 presents the weld metal microstructure, characterized by
austenite (y) as the primary solidification phase (appearing light) and
a-ferrite particles distributed within the inter-dendritic regions during
the final stages of solidification. The microstructure exhibits columnar
grains oriented perpendicular to the weld metal/HAZ interface the
relative proportions of austenite and ferrite phases are strongly
influenced by welding parameters including current intensity, travel
speed, and filler metal composition.
3.4 Microhardness Measurements
Vickers microhardness measurements were performed across the
region using a 200-gf load with a 15-second dwell time to
characterize the hardness distribution profile encompassing the weld
metal (WM), heat-affected zone (HAZ), and base metal (BM).

37cm/min, 380A &27V . [ 3tomJmin, 3208 8 26V
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Fig. 5: Optical microhardness curves in samples (A & B), (2)
after (b) before corrosion, the microhardness of the BM,
WM, and HAZ

As shown in Fig. 5 in sample (A), curve (a) in different welding
parameters for the submerged process, the microhardness results of

the BM, HAZ, and fusion zone, before being immersed in salt water,
are 170, 186, and 190 kN/mmy, respectively. After corrosion, the
microhardness of the base metal, heat-affected zone, and fusion zone
are 188, 185, and 200 kN/mmy, respectively.In sample (B), curve (b)
in submerged welding, the microhardness results of the BM, HAZ,
and fusion zone, before being immersed in salt water, are 195, 200,
and 208 kN/mm.. After corrosion, the microhardness of the base
metal, heat-affected zone, and fusion zone are 198, 199, and 210
kN/mmgz. There is not much change in the hardness of the material
observed by welding and after immersion. The values of the hardness
measurement remain within a certain range. Moreover, we have
found that maximum hardness values are situated in the areas of weld
metal and HAZ. This may be because of the martensitic
transformation.

4 Conclusion

Based on the results of this study, the following conclusions can be

drawn:

. The welding parameters employed in the submerged arc welding

process significantly influence the mechanical properties,
microstructural characteristics, and corrosion resistance of low-
carbon steel joints.

. Microstructural analysis after corrosion testing revealed that the heat-

affected zone (HAZ) exhibited greater susceptibility to corrosive
attack compared to the weld metal and base metal in both test
conditions.

. Electrochemical assessments demonstrated markedly superior

corrosion resistance in 300IR flux specimens (0.132x10-*mpy)
compared to FXA 28R counterparts (0.485x10mpy), attributable to
enhanced slag-metal interactions and diminished porosity.

. Microstructural studies showed that there were more pits along the

grain boundaries in the heat-affected zone (HAZ), with FXA 28R
samples having 23% more pits due to a loss of chromium (drop to
0.0584 wt.%).

. Post-corrosion microhardness measurements showed that sample (A)

had lower hardness values in sample (A) showed lower hardness
(170-190 HV) versus sample (B) (195-208 HV), sample with
exceptional stability (AHV <5%) across all zones, confirming
minimal welding impact on mechanical properties.
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