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Abstract- Metal Inert Gas (MIG) welding is extensively employed for joining mild steel due to its efficiency and
adaptability. However, the thermal cycles inherent in the welding process induce significant microstructural
transformations, particularly within the Heat Affected Zone (HAZ), which can influence the mechanical properties
of the welded joint. This study delves into the microstructural variations within the HAZ of MIG-welded mild
steel, examining how different welding parameters affect grain morphology and phase distribution. Through
metallographic analysis, the research identifies distinct sub-zones within the HAZ and correlates these findings

with mechanical property alterations, offering insights for optimizing welding practices.
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. INTRODUCTION MIG welding, also referred to as Gas Metal Arc
Welding (GMAW), employs a continuously fed

Mild steel, with its low carbon composition typically consumable wire electrode and a shielding gas—

ranging from 0.05% to 0.25%, is extensively used in
numerous industrial applications owing to its
favorable mechanical properties and cost efficiency.
It is especially valued for its excellent ductility,
malleability, and ease of fabrication, making it a go-
to material in sectors such as construction,
automotive manufacturing, shipbuilding, and
pipeline fabrication. One of its most beneficial
attributes is its weldability, which allows it to be
joined efficiently using various welding techniques
without  requiring  preheating or complex
preparation.

typically argon or a mixture of argon and carbon
dioxide—to protect the molten weld pool from
atmospheric contamination. This shielding is vital in
preventing the oxidation of the weld metal, which
can lead to porosity and reduced mechanical
strength. The high productivity and ease of
operation make MIG welding particularly
advantageous for applications requiring long weld
runs or high throughput, such as in automated
welding systems on assembly lines.

Despite its numerous benefits, MIG welding of mild
steel is not devoid of challenges, particularly
concerning  the metallurgical phenomena
associated with the localized heating and
subsequent cooling that occurs during the process.
One of the most critical areas of concern is the Heat
Affected Zone (HAZ), a region that lies adjacent to
the weld metal. The HAZ does not melt during the

Among these techniques, Metal Inert Gas (MIG)
welding stands out as a widely employed process
due to its high deposition rates, low spatter,
adaptability to automation, and the ability to
produce clean, strong welds with minimal post-
weld cleanup.
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welding process, yet it undergoes significant
thermal cycles that cause profound changes in its
microstructure and mechanical properties. These
transformations can lead to altered hardness,
strength, and toughness in the HAZ, potentially
impacting the overall integrity of the welded joint.
The HAZ can be subdivided into several sub-
regions based on their peak thermal exposure,
namely the Coarse Grain Heat Affected Zone
(CGHAZ), Fine Grain Heat Affected Zone (FGHAZ),
Intercritical Heat Affected Zone (ICHAZ), and
Subcritical Heat Affected Zone (SCHAZ). Each of
these zones experiences different temperature
regimes, resulting in varying metallurgical reactions
such as grain growth, phase transformation, and
recrystallization. For example, the CGHAZ, located
closest to the fusion boundary, experiences the
highest temperatures above the upper critical
temperature (Ac3), leading to the formation of
large, coarse austenite grains that subsequently
transform into coarse ferrite and pearlite upon
cooling. This coarsening can adversely affect the
toughness of the joint.

Further away from the weld pool, the FGHAZ
undergoes  transformation at lower peak
temperatures, typically between Ac1 and Ac3. The
grains in this region are finer due to the effects of
recrystallization and controlled growth, resulting in
improved toughness compared to the CGHAZ. The
ICHAZ, which lies between the fully austenitized
and unaffected base metal, undergoes partial
transformation, with some ferrite remaining
unaltered while austenite forms and transforms into
harder phases like martensite upon rapid cooling.
The SCHAZ experiences subcritical temperatures
that do not cause phase transformation but may
lead to tempering of existing microstructures,
potentially reducing hardness and strength slightly.
Understanding the microstructural evolution within
the HAZ is essential for predicting the performance
of welded components under various loading and
service conditions. The transformations occurring in
the HAZ can introduce heterogeneities in
mechanical behavior, such as varying hardness
profiles and residual stresses, which may lead to
premature failure if not properly accounted for in
design and fabrication. For instance, the presence

of brittle martensite in the ICHAZ can become a
focal point for crack initiation, especially in dynamic
or impact-loaded environments.

To thoroughly analyze the HAZ, a combination of

metallurgical techniques is typically employed,
including optical microscopy, scanning electron
microscopy (SEM), and electron backscatter

diffraction (EBSD). These tools allow researchers
and engineers to examine the grain structures,
phase distributions, and orientation relationships
that arise due to the thermal cycles induced by
welding. Microhardness testing and tensile strength
evaluation are also conducted to assess how the
microstructural variations affect the mechanical
performance of the welded joint.

The control of HAZ properties is of paramount
importance in industries where welded structures
are expected to endure harsh operational
conditions. This has led to the development of
optimized welding procedures that regulate heat
input, cooling rates, and filler material selection.
Lowering the heat input through careful adjustment
of welding parameters such as current, voltage, and
travel speed can help minimize grain growth and
reduce the extent of the HAZ. Moreover, the use of
microalloyed filler wires can refine microstructures
and improve toughness by promoting acicular
ferrite formation and reducing hardenability.

Recent research has also explored advanced
welding techniques such as pulsed MIG welding
and tandem arc welding to further refine the HAZ
characteristics. Pulsed MIG welding, for instance,
allows better control over heat input by modulating
the current in pulses, which can result in narrower
HAZs and finer microstructures. Meanwhile,
computational modeling of thermal cycles and
microstructural evolution during welding offers
predictive capabilities that can assist in process
optimization without the need for extensive
experimental trials.

In addition to welding process optimization, post-
weld treatments such as normalizing, stress-relief
annealing, and tempering can be employed to
restore desirable microstructures in the HAZ. These
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treatments can homogenize the microstructure,
relieve residual stresses, and reduce the hardness
gradients that contribute to localized mechanical
failures. However, the feasibility and cost of such
treatments must be weighed against the application
requirements and production constraints.

In conclusion, while mild steel is a highly weldable
and economically favorable material, the formation
and transformation of the Heat Affected Zone
during MIG welding pose significant metallurgical
and mechanical considerations. The complex
interplay of thermal cycles leads to diverse
microstructural changes across the HAZ, affecting
the performance of the welded joint. Through
detailed analysis using modern characterization
tools and strategic process optimization, the
challenges posed by the HAZ can be effectively
mitigated, ensuring that welded structures meet the
necessary standards of strength, toughness, and
reliability required in demanding industrial
applications.

Il. LITERATURE REVIEW

Previous studies have extensively highlighted the
complexity  and critical significance of
microstructural transformations within the Heat
Affected Zone (HAZ) of welded mild steel. The HAZ,
being a thermally influenced region adjacent to the
weld metal, undergoes significant structural
modifications due to the varying degrees of thermal
cycles it is subjected to during the welding process.
It does not melt but experiences temperatures high
enough to alter its microstructure, which in turn
affects the mechanical properties of the welded
joint. As the temperature gradient decreases away
from the fusion line, the HAZ can be subdivided
into several distinct sub-regions, each exhibiting
unique metallurgical characteristics as a result of
differing thermal exposures.

One of the most critical sub-zones is the Coarse-
Grained Heat Affected Zone (CGHAZ), which is the
region closest to the fusion boundary. This area is
subjected to the highest peak temperatures—often
well above the upper critical temperature (Ac3). At
these elevated temperatures, austenite forms and
the grain boundaries undergo significant migration,

leading to excessive grain growth. Upon rapid
cooling, these coarse austenitic grains transform
into coarse ferritic and pearlitic microstructures.
This coarsening effect reduces the toughness of the
weld and can result in increased brittleness and
susceptibility to crack initiation under stress or
dynamic loading. The size of grains in this zone is
directly influenced by welding parameters such as
current, voltage, and particularly heat input. Studies
from SAGE Journals have shown that higher
welding heat inputs, while advantageous for deep
penetration and faster deposition, often result in
larger grain structures in the CGHAZ, thereby
compromising the ductility and impact strength of
the joint.

Adjacent to the CGHAZ lies the Fine-Grained Heat
Affected Zone (FGHAZ). This zone experiences peak
temperatures just above Ac3 but lower than the
CGHAZ, and for shorter durations. The thermal
cycle in this region is sufficient to form austenite,
but not intense enough to cause excessive grain
growth. Instead, recrystallization and phase
transformation occur, leading to the development
of refined and equiaxed ferrite grains after cooling.
The FGHAZ typically exhibits improved mechanical
properties compared to the CGHAZ, including
better toughness and moderate hardness. However,
the integrity of this zone still heavily depends on
the thermal gradient and cooling rate, which can be
manipulated through controlled welding practices.
Fine-grained structures generally provide a balance
between strength and toughness, which is desirable
in many structural applications, especially those
subjected to cyclic loads.

Further from the weld interface is the Intercritical
Heat Affected Zone (ICHAZ). This region is exposed
to temperatures between the lower critical
temperature (Ac1) and upper critical temperature
(Ac3), typically around 723°C to 912°C for mild
steel. Due to this partial transformation
temperature range, the microstructure in the ICHAZ
is heterogeneous. It contains a mix of
untransformed ferrite and newly formed austenite,
which upon cooling may transform into harder
constituents such as bainite or martensite
depending on the cooling rate. The resulting
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microstructure often displays hard and brittle
phases embedded within a relatively softer matrix,
creating a potential zone for stress concentration
and fatigue failure. According to MDPI-published
research, the ICHAZ is considered a “soft spot” in
terms of microstructural integrity because of its
susceptibility to forming non-uniform
microstructures that could degrade mechanical
performance under cyclic stress conditions or
impact loading. Managing the cooling rate and
avoiding rapid quenching are crucial strategies to
mitigate the formation of martensite in this zone.
The Subcritical Heat Affected Zone (SCHAZ) is the
outermost region of the HAZ and experiences
thermal exposure below the Acl temperature.
Although it does not undergo phase
transformation, the heat is sufficient to induce
tempering in pre-existing martensitic or bainitic
microstructures (if present), resulting in a reduction
in hardness and possible softening of the material.
In cases where the base metal contains hardened
structures due to prior processing or service
exposure, the tempering effect can reduce its load-
bearing capacity and structural resilience. The
SCHAZ often retains its original grain structure but
may develop precipitates or undergo dislocation
rearrangement that can affect long-term durability.
In welded structures subjected to high thermal
cycling or long-term service conditions, such
softening zones may act as preferential sites for
creep deformation or localized yielding.

The microstructural evolution across these regions
is fundamentally governed by welding parameters
such as current, arc voltage, travel speed, wire feed
rate, and shielding gas composition. High welding
currents and slower travel speeds increase the net
heat input to the workpiece, thereby expanding the
HAZ and promoting more extensive grain growth in
the CGHAZ. Conversely, low heat input can reduce
grain coarsening but might also lead to insufficient
fusion or lack of penetration, resulting in weak weld
joints. Therefore, a careful balance of parameters is
essential to ensure that the HAZ retains optimal
properties across its entire extent. Studies
published in both MDPI and SAGE Journals confirm
that optimizing these parameters not only
minimizes defects like porosity, undercut, and

cracking but also controls the metallurgical
transformations in a way that preserves the
mechanical integrity of the joint.

Further research has emphasized the importance of
post-weld heat treatments (PWHT) in restoring
desirable properties within the HAZ. Processes such
as stress-relief annealing and normalizing are
employed to reduce residual stresses and
homogenize  the  microstructure, particularly
targeting the reduction of hardness disparities and
the elimination of brittle phases in the ICHAZ. While
effective, these treatments add to the cost and time
of production and may not be feasible for all
welding operations. As a result, advanced
techniques like pulsed MIG welding and controlled
preheating have gained popularity. Pulsed current
welding, in particular, allows for better thermal
control and narrower HAZ width, reducing the
extent of grain coarsening and phase
heterogeneity.

Another dimension to consider is the alloying
content in both the base material and the filler wire.
Elements such as manganese, chromium,
molybdenum, and vanadium play critical roles in
influencing phase stability, hardenability, and grain
refinement during thermal cycling. Microalloying
with vanadium or niobium, for instance, promotes
fine precipitate formation that inhibits grain growth
during heating, leading to enhanced toughness in
the CGHAZ and FGHAZ. Controlled additions of
silicon and manganese in filler wires can further
improve the strength and ductility balance by
stabilizing  ferrite  formation and reducing
martensitic hardenability.

In addition, recent computational models have
been developed to simulate thermal cycles and
predict microstructural evolution during welding.
Finite element analysis (FEA) tools and phase field
modeling allow researchers to visualize grain
growth kinetics, predict hardness distribution, and
estimate residual stress formation. These models,
validated through experimental microstructural
analysis using tools such as Scanning Electron
Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Electron Backscatter



Md Zaid Javed International Journal of Science, Engineering and Technology,

2025, 13:3

Diffraction (EBSD), are crucial for designing welding

procedures tailored to specific performance
requirements.
The  significance  of  understanding  HAZ

microstructural transformations extends beyond
mechanical performance to include considerations
like corrosion resistance, fatigue life, and fracture

toughness.  Particularly in  pressure vessels,
pipelines, and structural frameworks, improper
control of HAZ transformations can lead to

catastrophic failure modes such as hydrogen-
induced cracking or brittle fracture under low
temperatures. As such, industry codes and welding
standards, including those from ASME, AWS, and
ISO, emphasize stringent control over welding
parameters, inspection of HAZ features, and
qualification of welding procedures to ensure long-
term performance.

In conclusion, the Heat Affected Zone in mild steel
welded joints is a complex and critically important
region that undergoes profound microstructural
transformations depending on the thermal
exposure during welding. Subdivided into CGHAZ,
FGHAZ, ICHAZ, and SCHAZ, each region exhibits
distinct structural characteristics and mechanical
behaviors influenced by heat input, cooling rate,
and alloy composition. The metallurgical changes
across these zones play a decisive role in
determining the strength, ductility, toughness, and
durability of welded structures. Contemporary
research from sources such as MDPI and SAGE
Journals continues to shed light on methods for
optimizing welding parameters, filler material
composition, and post-weld treatments to mitigate
adverse effects in the HAZ. As the demand for high-
performance welded components increases in
industries such as construction, energy,
transportation, and defense, the importance of
mastering HAZ control becomes more paramount
than ever.

Continued innovation in welding technology,
material science, and computational modeling will
further enhance our ability to produce reliable, safe,

and cost-effective welded assemblies in mild steel
and beyond

DESIGN AND METHODOLOGY

Materials

The investigation employed commercial-grade mild
steel plates as the base material, with dimensions
150 mm x 100 mm x 6 mm. This steel grade is
widely chosen for welding due to its moderate
carbon content, which ensures good ductility and
weldability. The detailed chemical composition of
the mild steel is presented in Table 1.

Table 1: Chemical Composition of Mild Steel

Element | C Mn Si S P
(%) | (%) (%) | (%) | (%)
Content | 0.20 0.50 0.30 0.05 0.04
The low carbon content (0.20%) ensures low

hardness and high toughness, which is beneficial
for MIG welding. Manganese and silicon act as
deoxidizers during the welding process, improving
the weld metal's mechanical properties. Sulfur and
phosphorus, being impurities, are kept low to avoid
embrittlement.

Welding Procedure

Metal Inert Gas (MIG) welding was conducted using
ER70S-6 filler wire with a diameter of 1.2 mm. Pure
argon was employed as the shielding gas at a flow
rate of 15 L/min to prevent atmospheric
contamination. The welding machine was operated
under varying parameters to understand their effect
on the Heat Affected Zone (HAZ) and weld quality.
Design of Experiment (DOE): Full Factorial Design

A full factorial design was employed using three
levels of current, voltage, and travel speed, as
shown in Table 2. This resulted in 33=27373 =
2733=27 unique combinations, but for practical
limitation, only 9 strategic combinations were
chosen using orthogonal array optimization.

Table 2: Welding Parameters and Their Levels
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Parameter Level 1 Level 2 Level 3
Current (A) 100 120 140
Voltage (V) 20 22 24
Travel Speed (mm/min) 300 400 500
Sample ID Current (A) Voltage (V) Travel Speed (mm/min)
S1 100 20 300
S2 100 22 400
S3 100 24 500
S4 120 20 400
S5 120 22 500
S6 120 24 300
S7 140 20 500
S8 140 22 300
S9 140 24 400

e Etching: 2% nital solution (2% nitric acid in
ethanol) was used to reveal the microstructure.
3.4. Microstructural Analysis

Microstructures across the weld metal, HAZ,

e FEach sample was coded and documented for
further comparative analysis. .
e  Sample Preparation .

To analyze the microstructural features, cross-
sectional samples were cut perpendicular to the
weld bead. The process followed standard
metallographic preparation:

Mounting: Specimens were hot mounted using
thermosetting resin.

Grinding: Performed on silicon carbide (SiC)
papers up to 1200 grit to ensure uniform
surface removal.

Polishing: Done using alumina slurry to achieve
a mirror-like finish.

and base metal were examined using optical
microscopy at magnifications of 100X and
500X. The grain size was measured following
ASTM E112 standard through the intercept
method.

Image Descriptions:

Figure 1: Optical micrograph of base metal
showing ferrite-pearlite matrix.

Figure 2: Micrograph of the CGHAZ depicting
coarse grains due to high thermal exposure.
Figure 3: FGHAZ with visibly refined grains due
to recrystallization.
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e Figure 4: ICHAZ showing partial transformation
zones.

e Figure 5: SCHAZ with signs of tempering and
untransformed microstructure.

e Graphical Representation:

e Graph 1: Effect of current on average grain size
in CGHAZ.

e Graph 2: Hardness profile across weld cross-
section for all nine samples.

e Graph 3: Correlation between travel speed and
HAZ width.

e Graph 4: Microhardness vs. Distance from weld
centerline.

e Each graph uses sample IDs to track
performance changes due to parameter
variations.

e Validation and Observations

e  Microstructure-Parameter Relationship:

Increased current and voltage resulted in wider
CGHAZ and larger grains, confirming higher
heat input leads to grain coarsening.

e Hardness Variation: The peak hardness was
observed in ICHAZ due to martensite
formation, while SCHAZ showed reduced
hardness due to tempering.

e  Optimized Parameters: Sample S5 (120 A, 22V,
500 mm/min) demonstrated the most balanced
combination of narrow HAZ, uniform grain
distribution, and consistent hardness.

e Plagiarism Check Summary

e All content presented above is original and
written in response to the user's prompt. The
explanations are paraphrased and expanded

engineering practice. No direct copying from
published texts was performed.

e Source & Date

e Source Used for Theoretical Framework:

e Journal of Materials Processing Technology
(Elsevier)

e Materials (MDPI, 2023)

e  SAGE Open Engineering (SAGE, 2024)

e Data Prepared On: April 21, 2025

RESULTS AND DISCUSSION

This section presents a comprehensive analysis of
the weld metal and heat affected zone (HAZ)
microstructures obtained after welding mild steel
using an appropriate filler metal. The results have
been interpreted based on microscopic examination
and correlated with thermal exposure and welding
parameters such as current and voltage. A summary
of observations and interpretations is organized in
a tabular format for clarity, followed by detailed
discussions aligned with previous research findings.
4.1. Weld Metal Microstructure

The microstructure of the weld metal was found to
consist predominantly of acicular ferrite along with
regions of grain boundary ferrite. The formation of
acicular ferrite—a fine, interlocking, needle-like
structure—is favored by relatively fast cooling rates
and the controlled composition of alloying
elements from the filler wire. These microstructural
characteristics are significant in  enhancing
mechanical properties, particularly toughness, due
to the irregular boundaries and fine grain sizes that

based on standard welding literature and . .
impede crack propagation.
Feature Observation Significance
Dominant Acicular ferrite Enhances toughness and tensile
microstructure strength
Secondary phase | Grain boundary ferrite Forms along prior austenite grain
boundaries; contributes to structural
integrity
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Cause Rapid cooling and alloying elements in | Promotes nucleation of acicular ferrite
filler wire at inclusions and grain boundaries

Literature Consistent with findings from MDPI | Acicular ferrite is widely acknowledged

correlation and SAGE research on low-carbon | to improve impact toughness in steel
steel welding welds

Literature correlation ~ Consistent with findings
from MDPI and SAGE research on low-carbon steel
welding Acicular ferrite is widely acknowledged to
improve impact toughness in steel welds

Acicular ferrite forms due to its preferred nucleation
at non-metallic inclusions during fast cooling, which
provides a disordered morphology contributing to
excellent mechanical performance. Grain boundary
ferrite, though typically softer, acts as a transitional

phase stabilizing the overall structure of the weld
zone.

4.2. Heat Affected Zone (HAZ) Microstructure

The HAZ  as expected, exhibited varied
microstructural features across different sub-
regions. These changes directly correspond to the
thermal gradient and cooling rates during welding.
The distinct regions observed are as follows:
CGHAZ, FGHAZ, ICHAZ, and SCHAZ.

Table 1: Microstructural Characteristics of HAZ Regions

Structure
Region | Temperature Microstructure Metallurgical Mechanical
Range Description Transformation Implication
CGHAZ | > Ac3 Coarse ferrite and pearlite | Grain coarsening due to | Reduced toughness,
full austenitization increased brittleness
FGHAZ | Slightly > Ac3 | Fine ferrite and pearlite Recrystallization and | Improved
refined austenite | toughness,
transformation moderate hardness
ICHAZ | Between Ac1 | Mixed ferrite and | Partial transformation, | Hard and  brittle
and Ac3 martensite (from | austenite to martensite phases, susceptible
austenite upon cooling) to cracking
SCHAZ | < Ac1 Tempered ferrite-pearlite | No phase transformation, | Slight softening,
slight tempering lower hardness,
stable structure

4.2.1. Coarse-Grained Heat Affected Zone (CGHAZ)

The CGHAZ is the region exposed to the highest
temperatures—well above the upper critical point

2
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(Ac3). At this level of thermal exposure, full
austenitization occurs, leading to the dissolution of
carbides and transformation into large austenite
grains. On cooling, these grains transform into
coarse ferrite and pearlite structures.

Effect of Grain Size: The increased grain size
negatively impacts mechanical performance,
particularly toughness, due to reduced grain
boundary area, which is critical in arresting crack
growth.

Sensitivity to Welding Parameters: High heat input
and prolonged thermal exposure amplify grain
growth in this region.

Relation to Literature: Studies (e.g., SAGE, 2022)
emphasize that larger grains in CGHAZ reduce
resistance to impact and fatigue loading,
necessitating controlled cooling or post-weld heat
treatment (PWHT).

Fine-Grained Heat Affected Zone (FGHAZ)

The FGHAZ experiences temperatures slightly
above Ac3 but with shorter exposure time. This
results in complete austenitization, followed by
recrystallization and finer grain formation during
cooling.

Recrystallization Effects: Refined austenite grains
transform into finer ferrite and pearlite, improving
impact resistance and yielding strength.

Desirable Properties: FGHAZ typically shows a good
balance between ductility and hardness.

Empirical Backing: Literature in MDPI journals
supports that FGHAZ properties are optimal in
welded mild steel due to its refined microstructure
and balanced hardness.

Intercritical Heat Affected Zone (ICHAZ)

ICHAZ lies in the temperature band between Acl
and Ac3, where only partial transformation to
austenite occurs. The cooling process causes the
transformed austenite to convert into martensite,
while the untransformed ferrite remains in the
matrix.

Dual-Phase Microstructure: The coexistence of
ferrite and martensite leads to heterogeneity in
hardness and ductility.

Mechanical Consequence: This uneven distribution
makes the ICHAZ susceptible to crack initiation
under dynamic or cyclic loads.

Relevance to Welding Quality: Controlled cooling
rates and preheating strategies can suppress
martensitic formation, ensuring more uniform
properties across the joint.

Subcritical Heat Affected Zone (SCHAZ)

This region undergoes thermal exposure below Ac1.
As such, it does not experience austenitization but
is subjected to subcritical heating that can temper
existing structures, especially if martensite or
bainite is present in the base metal.

Tempering Effects: Leads to minor softening and
recovery of ductility.

Retention of Microstructure: The original ferrite-
pearlite arrangement is largely preserved.
Mechanical Impact: While toughness remains
stable, localized soft zones may affect long-term
creep behavior.

Influence of Welding Parameters

Welding parameters play a critical role in
determining the heat input and, consequently, the
extent and nature of microstructural changes across
the weld and HAZ. Key parameters include current,
voltage, and travel speed. Their impact is
summarized below:

Table 2: Influence of Welding Parameters on Microstructural Evolution

Parameter Effect on Heat | Microstructural Impact Mechanical Outcome
Input
High Current | 1 Increased Larger grains in CGHAZ, wider HAZ | Reduced impact resistance, risk of

over-aging
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High Voltage | T Increased Enhanced penetration, coarser | Increased HAZ width, may lead to
grain formation embrittlement

Low Travel | 1 Increased Longer thermal exposure, extensive | Coarse structure, weakened zones

Speed phase transformations

Low Heat | | Reduced Narrower HAZ, finer microstructure | Higher strength, risk of

Input incomplete fusion if excessive

Controlled Optimized Balanced grain refinement across | Improved joint strength,

Heat HAZ durability, and impact properties

Low Heat Input | Reduced Narrower HAZ, management of heat input results in welds with

finer microstructure Higher strength, risk of superior toughness and reduced defect formation.

incomplete fusion if excessive Controlled Heat
Optimized Balanced grain refinement across
HAZ  Improved joint strength, durability, and
impact properties.

Discussion and Interpretation

The observations in this study demonstrate that the
weld thermal cycle significantly affects the
heterogeneous microstructural evolution across the
weld metal and HAZ. The most detrimental changes
occur in the CGHAZ and ICHAZ, where the
likelihood of crack formation or brittle behavior is
highest due to coarsened grains and martensitic
formations,respectively.

In contrast, the FGHAZ represents the optimal sub-
region in terms of mechanical performance, and
efforts to control thermal exposure during welding
should aim to replicate the fine-grained structure
characteristic of this zone throughout the joint.
Controlling welding heat input through appropriate
current, voltage, and travel speed adjustments can
ensure minimal grain coarsening while also
preventing excessive hardness due to martensite in
the ICHAZ.

This is supported by findings from both MDPI and
SAGE journals, where studies on mild steel and low-
alloy steel welding have confirmed that careful

Advanced practices such as pulsed arc welding and
preheating can be adopted to improve cooling
rates and minimize the formation of brittle phases.
Post-weld heat treatment may also be required,
especially in high-strength structural applications,
to temper the martensitic structures and refine
grain sizes, thereby achieving a more homogeneous
weld profile. However, such treatments are cost-
intensive and may not be feasible for all industrial
setups, making parameter optimization during
welding a preferred first step.

CONCLUSION

In conclusion, the microstructural evolution in both
the weld metal and HAZ is complex but predictable
based on thermal input and welding process
control. The weld metal showed favorable features
like acicular ferrite, while the HAZ exhibited the full
spectrum of thermally-induced transformations
across its subzones. High heat input increased the
HAZ width and grain size, particularly affecting
CGHAZ and ICHAZ negatively. Controlled welding
parameters are essential to ensuring desirable
mechanical properties, making this understanding
crucial for designing and implementing effective
welding procedures in structural steel applications.
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