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Abstract

Residual stresses are critical factors influencing the service performance, reliability, and durability of welded carbon steel
joints. These stresses can affect the joint, susceptible to brittle fracture, fatigue failure, and stress corrosion cracking, par-
ticularly within the heat-affected zone (HAZ). These stresses result from uneven thermal expansion and contraction during
welding, with thicker plates and constrained configurations being more susceptible. Post-weld heat treatment (PWHT)
assumes a critical function in mitigating these stresses by tempering martensitic structures, refining microstructures, and
enhancing mechanical properties such as toughness and ductility. This review examines the mechanisms driving residual
stress formation, evaluates the effectiveness of PWHT techniques, and highlights advanced methodologies like neutron
diffraction, computational modeling, and hybrid welding processes. While PWHT significantly alleviates residual stresses,
complete stress elimination remains unattainable, emphasizing the need for innovative strategies such as hybrid welding
methods, computational modeling, and advanced heat treatments. This work integrates metallurgical principles with experi-
mental findings to provide a strategy for enhancing the performance and reliability of welded joints in critically demanding

industrial applications.
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1 Introduction

Welding is a fundamental manufacturing process impor-
tant to various industrial sectors, including construction,
transportation, and aerospace. It facilitates the efficient and
adaptable joining of materials, offering distinct advantages
such as optimal material utilization, adaptability to auto-
mation, enhanced structural integrity, and superior joint
strength retention [1, 2]. The global demand for carbon
steel structures underscores the necessity of understanding
and addressing the metallurgical and mechanical challenges
associated with welding processes.

Carbon steels, classified by carbon content as low,
medium, or high, are widely used in structural applications
due to their favorable combination of mechanical properties
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and cost-effectiveness [3, 4]. For instance, ASTM A516
Grade 70, renowned for its high yield strength, toughness,
and resistance to brittle fractures, is extensively employed
in fabricating pressure vessels, boilers, and storage tanks,
especially for low-temperature environments [5—7]. Fusion
welding is a critical technique in structural fabrication,
encompassing conventional methods like shielded metal
arc welding (SMAW) and advanced processes such as laser
beam welding (LBW) and hybrid LBW-GTAW systems.
Despite their widespread application, traditional arc weld-
ing methods can induce significant metallurgical changes in
the heat-affected zone (HAZ), including grain coarsening
and the development of brittle phases such as martensite.
These microstructural modifications often compromise the
mechanical integrity of the joint, particularly its toughness
and ductility, thereby increasing the risk of brittle fracture
under demanding service conditions [8—10]. The microstruc-
ture and mechanical performance of weldments are critically
influenced by parameters such as weld pool composition,
thermal gradients, heating and cooling rates, and joint geom-
etry [11-13].
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Welding of carbon steel structures introduces substantial
residual stresses, thermal distortions, and microstructural
alterations within the heat-affected zone (HAZ) [14-17].
Non-uniform thermal expansion and contraction during the
welding process generate residual stresses that can attain
magnitudes comparable to or exceeding the material’s yield
strength. These elevated stress levels enhance the suscepti-
bility of the weldment to fatigue, stress corrosion cracking
(SCC), and brittle fracture. Furthermore, the HAZ experi-
ences metallurgical transformations, such as the formation
of martensite, which can significantly reduce ductility and
toughness, further compromising the structural integrity of
the joint [18, 19]. Conventional fusion welding techniques,
such as metal inert gas (MIG) welding, pulsed arc welding,
and butt welding, face substantial challenges when joining
dissimilar metals exhibiting significant disparities in thermal
conductivity and coefficients of thermal expansion. These
methods often result in martensitic formations, reducing
mechanical performance. Thus, optimizing welding param-
eters including heat input, travel speed, and joint configura-
tion is critical for minimizing residual stresses, mitigating
defects, and enhancing weld quality while maintaining eco-
nomic feasibility [20-22].

The employed welding parameters, material properties,
and the presence of internal or external constraints influence
the magnitude of residual stresses induced during welding.
Residual stresses can reach levels comparable to the mate-
rial’s yield strength, disrupting equilibrium and interact-
ing with external loads to intensify stress concentrations
[23-25]. External forces applied to structures containing
residual stresses can exceed the material’s yield strength,
altering the stress state and influencing crack propagation
behavior. Studies indicate that repeated external loading
can reduce the impact of residual stresses and, in certain
cases, transform initial tensile strains into compressive
stresses [25]. The redistribution of residual stresses during
crack development significantly affects crack morphology
and lifespan, emphasizing the importance of effective stress
management for long-term structural integrity [26-30].

Heat treatment, a metallurgical process to enhance
mechanical properties, involves modifying microstructures
through controlled heating and cooling cycles. Post-weld
heat treatment (PWHT), particularly in low-carbon steel
welds, effectively mitigates residual stresses by refining the
microstructure, reducing hydrogen entrapment, correcting
welding distortions, and improving the load-bearing capac-
ity of welded components [31, 32]. PWHT addresses critical
operational requirements by reducing susceptibility to brittle
fractures in low-temperature applications. By tempering the
metallurgical structure and alleviating aging effects, PWHT
significantly enhances welded assemblies’ mechanical per-
formance, reliability, and longevity under challenging indus-
trial conditions.

@ Springer

This review comprehensively investigates the develop-
ment of residual stresses in carbon steel welds, examining
mitigation strategies and advanced management techniques.
Integrating metallurgical principles with experimental and
computational findings, this work explores how post-weld
heat treatment (PWHT) and innovative approaches such as
hybrid welding and neutron diffraction contribute to enhanc-
ing weld integrity. This investigation examines the impact of
welding process parameters, joint configurations, and base
material characteristics on the spatial distribution of residual
stresses. By synthesizing these findings, the paper provides
practical strategies to address critical challenges like fatigue
failure and stress corrosion cracking, thereby ensuring the
long-term reliability of welded carbon steel structures in
critical industrial applications.

2 The causes of residual stresses and their
classification

Residual stresses arise due to changes in material shape or
properties during manufacturing processes, which include
deformation, machining, processing operations, and heat
treatment. These stresses are influenced by multiple fac-
tors, such as the inherent stresses present in raw materials
before processing and those induced during in-service load-
ing [33-35]. Residual stresses are internal forces within a
material, even without external loads or pressures. In the
context of welding, these stresses can be attributed to ther-
mal and mechanical phenomena that occur during manu-
facturing. Significant residual stresses are generated by
non-uniform plastic deformation during operations like
casting, forging, rolling, heat treatment, quenching, weld-
ing, shot peening, carburizing, and various other produc-
tion techniques [36-38]. Additionally, preceding manufac-
turing processes, including cutting (via flame, plasma, or
laser), bending, machining, pre-stressing, and realignment
adjustments, can also contribute to the formation of residual
stresses. It is important to note that residual stresses do not
arise from external loads, such as forces or moments, and,
as a result, they must maintain a state of equilibrium within
the material.

/o—dA =0 (1)

/ o2dA = 0 @)

Here, o represents the location of the stress at a particular
point, dA indicates the infinitesimal area within the weld-
ment process, and the distance from the reference point is
expressed as z.
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Residual stresses within a component can be categorized
as macro or micro stresses. Both types of residual stress
can be present simultaneously within a single component.
Figure 1 presents the distinct states, outlining the process
from a macroscopic metallurgical perspective. It highlights
the microscopic scale’s central lattice mismatch and stress
distribution. The classification of these stresses is detailed
as follows [39]:

e (Category A: Macroscopic residual stresses occurring
within a component’s structure at a scale exceeding the
material’s grain size.

e Category B: Microscopic residual stresses exhibiting
variations at the level of a single grain.

e Category C: The presence of microscopic residual
stresses in grains is mainly caused by the presence of
crystalline imperfections and dislocations.

The origin and categorization of residual stresses in a
component can be classified as follows [39, 40]: (i) differ-
ential plastic deformation, (ii) differential cooling rates, and
(iii) phase transformations accompany volume changes.

The tensile residual stresses within a component or struc-
tural segment usually have adverse effects due to their capac-
ity to initiate and accelerate fatigue failure, along with stress
corrosion cracking. In addition, the introduction of residual
compressive stresses in the near-surface layers of materials,
achieved by various techniques, is usually beneficial. These
stresses impede the initiation and progression of fatigue
cracks while increasing resistance to wear and corrosion.
Other processes that can result in the development of unde-
sirable tensile strains include wire drawing, welding, and
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Fig.2 The longitudinal segment of the residual stress is oriented
toward the fillet weld in an externally welded component made from
low-carbon steel [41]

grinding. Figure 2 depicts the residual stress profiles within
a low-carbon steel component [41].

The most prominent detrimental residual stress
reaches approximately 360 N/mm? (tensile stress) adja-
cent to the weld line, gradually declining to approxi-
mately 165 N/mm? at an 80 mm distance from the weld-
ing axis; the lowest residual stress measures around 90
N/mm? by the weld line, transitioning into compressive
stress of about 60 N/mm? at roughly 60 mm away. The
compressive stress can be further reduced to around
10 N/mm? at 80 mm from the axis. These considerable
tensile residual stresses stem from thermoplastic distor-
tions arising during welding, serving as a key catalyst
for the initiation and progression of fatigue cracks within
welded components.

Fig. 1 Examples of residual Macrostresses
stress categorized as macro- (e} ® -
. *
scale and micro-scale. Macro- ) @ . s
scale stresses arise between ' (3

distinct regions within a mate-
rial, while micro-scale stresses
occur between different phases
within the material’s micro-
structure [34]
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2.1 Residual stresses in welded joints/structures:
metallurgical perspectives

Welding, a vital metallurgical technique, involves combining
two or more metal components into a single cohesive struc-
ture, often yielding joints stronger than alternative bonding
methods [42]. This process utilizes localized heat generated
by a moving heat source, causing the metal in the weld zone
to rapidly heat to its melting point. Upon cooling, signifi-
cant microstructural transformations occur, including phase
changes and thermal expansion, which contribute to the for-
mation of residual stresses [4]. These stresses arise from
uneven heating and cooling cycles, with localized heating
causing differential thermal expansion and subsequent con-
traction during cooling [43]. This inherent thermal mismatch
creates zones of tensile and compressive stress, significantly
affecting the welded component’s mechanical integrity.

Residual stresses in welded components primarily origi-
nate from the interaction of heat and the metallurgical prop-
erties of the materials. Non-uniform thermal cycles during
welding induce differential contraction between the weld
bead, the heat-affected zone (HAZ), and the base metal. This
differential thermal strain leads to residual stress develop-
ment within the weldment. Material properties influence the
final residual stress magnitude and typically do not exceed
half the material’s yield strength. Advanced metallurgical
techniques, such as controlled heat treatment, can miti-
gate these stresses by promoting uniform cooling, whereas
methods like rapid quenching or localized machining may
introduce additional stresses. Work hardening from surface
deformation can enhance yield strength but often at the cost
of introducing residual tensile stresses near the surface,
necessitating precise evaluation of residual stresses in criti-
cal weld zones [37, 44].

Welding operations induce steep thermal gradients,
resulting in localized melting and rapid solidification, sig-
nificantly impacting stress distribution and structural stabil-
ity. The stress magnitudes vary based on parameters such as
heat input, joint configuration, welding sequence, and exter-
nal constraints. Residual stresses are most prominent near
the weld centerline, often approaching the material’s yield
strength [45]. These stresses, coupled with distortions due
to uneven thermal expansion and contraction, affect assem-
bly precision and structural reliability [46, 47]. Thin-walled
structures are particularly vulnerable to excessive distortion
and buckling, while thicker components experience pro-
nounced residual stress effects. Additionally, residual stress
magnitudes increase in critical regions, such as the HAZ
and adjacent base metal, especially in highly constrained
assemblies [48, 49].

Residual stress significantly influences the mechanical
integrity of a component, rendering it susceptible to det-
rimental occurrences such as brittle fracture, fatigue crack
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initiation and propagation, and stress corrosion cracking.
The presence of elevated tensile residual stresses, if left
unmitigated, can substantially reduce the service life
of welded components by accelerating these degrada-
tion mechanisms. Consequently, optimizing the welding
sequence and controlling operational parameters, such
as heat input and cooling rate, are vital for mitigating
adverse stress effects. The phase transformations during
welding, including the transition from ferritic-pearlitic to
austenitic structures and the subsequent transformation
to martensite upon rapid cooling, significantly influence
the thermal stresses. These phase changes, accompanied
by volumetric expansion, alter the material’s density and
yield strength, necessitating careful consideration during
stress analysis [50-53].

To ensure structural integrity, the evaluation of residual
stresses must account for metallurgical phase transfor-
mations and their impact on thermal stress behavior. The
transformation-induced changes in volume during the
austenite-to-martensite phase shift are critical, as shown in
Fig. 3, where thermal contraction during cooling induces
stress redistribution. Furthermore, distortion control through
design optimization, including plate thickness, material
properties, and welding sequence considerations, is essen-
tial. Enhanced weld quality, achieved through precise control
of operational parameters, minimizes residual stresses and
mitigates safety concerns, ensuring the long-term durabil-
ity of welded structures [54, 55]. Accurate residual stress
assessments facilitate the prediction of fatigue life and ena-
ble preemptive measures against failure, underscoring the
importance of metallurgical precision in welding engineer-
ing [56].
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Fig.3 Diagram illustrating the alteration in volume caused by trans-
formations between austenite and martensite phases



The International Journal of Advanced Manufacturing Technology (2025) 136:4107-4140 4111

The development of residual stresses in welded structures
is influenced by several factors [37]:

e Residual stresses can be present in components before
welding, resulting from manufacturing processes.

e The various characteristics of both the parent and welded
materials can be attributed to their composition, mechan-
ical properties, and microstructure.

e The geometry of the joined components significantly
influences the development of residual stresses during
welding.

e The different constraints that are imposed on the parts
during the welding process can also be caused by using
different external devices. These include the use of weld-
ing jigs, tackling other components, and localized align-
ment fixtures.

e These aspects are often referred to as the elements of the
welding process. It involves the preparation of welds,
multi-pass weld order, and the conditions of the process.

e Residual stresses that arise or diminish because of post-
weld manufacturing operations or due to thermal and
mechanical forces experienced during the operational
lifespan.

2.2 Mechanism of residual stress formation in arc
welding

Arc welding, a common fusion welding method, utilizes
an electric arc to generate high temperatures for melting
and joining metals [57]. This process, including techniques
like gas metal arc welding (GMAW) and shielded metal arc
welding (SMAW), is typically associated with substantial
heat input and relatively slow cooling rates [58]. These ther-
mal conditions can contribute to the development of signifi-
cant residual stresses within the welded joint, primarily due
to non-uniform temperature distributions and subsequent
uneven cooling rates [58]. Despite this potential for stress
development, arc welding remains a dominant method for
joining carbon steels, favored for its simplicity, cost-effec-
tiveness, and ability to weld thick sections [59]. The process
is widely employed in various industries, including ship-
building and bridge construction, offering several advan-
tages such as high joint strength, ease of setup, and cost-
effectiveness [59]. However, it inherently introduces residual
stresses and distortions within the welded components due
to the significant and non-uniform temperature gradients
generated during the process, leading to differential ther-
mal expansion and contraction and ultimately resulting in
the development of locked-in stresses [57]. The presence of
these residual stresses can have detrimental effects, includ-
ing reduced fatigue life under both thermal and mechanical
loading due to stress concentration and crack initiation [60,
61], and increased susceptibility to stress corrosion cracking,

particularly within the heat-affected zone (HAZ), where the
microstructure has been altered and embrittled [62]. The
following are the primary factors contributing to residual
stresses in arc welding:

2.3 Thermal cycles and temperature gradients

During arc welding, localized heating generates steep tem-
perature gradients within the weld and heat-affected zones
(HAZ). The weld metal experiences temperatures above
1500 °C, while the surrounding base metal remains at ambi-
ent temperature. This temperature differential leads to ther-
mal expansion in the weld region, constrained by the cooler
surrounding material, resulting in compressive stresses dur-
ing the heating phase [37, 63].

2.4 Thermal contraction and plastic deformation

During the cooling phase, the weld metal experiences
contraction as it solidifies [63]. This contraction, when
restrained by the surrounding material, generates tensile
residual stresses within the weld bead. Plastic deforma-
tion occurs when the magnitude of this thermal contraction
exceeds the material’s yield strength. The resulting residual
stress distribution typically exhibits high tensile stresses
within the weld zone and compressive stresses in the sur-
rounding base metal and heat-affected zone (HAZ) [64].

2.5 Phase transformations

The cooling rate significantly influences the phase transfor-
mations in carbon steels. For instance, austenite can trans-
form into ferrite, pearlite, or martensite depending on the
cooling conditions. The formation of martensite, character-
ized by a larger volume compared to austenite, can induce
volumetric expansion within the weld region, contributing
to the development of additional tensile stresses [56, 64].
Experimental studies by Deng and Murakawa [65] dem-
onstrated that slow cooling rates in arc welding led to sig-
nificant tensile stresses in the weld zone, while compressive
stresses dominate in the HAZ. Numerical simulations have
further confirmed the critical role of thermal gradients and
phase transformations in residual stress formation [66—68].
Cho and Kim [56] investigated the impact of phase trans-
formations on residual stresses in carbon steel welds. Their
analysis of AISI 1045 revealed that the predicted high com-
pressive stress at the weld center, resulting from martensite
formation, is closely aligned with experimental observations.
In contrast, for AIST 1020, the influence of phase transfor-
mation on stress levels was minimal due to limited phase
transformation-induced dilatation. This comparison between
AISI 1045 and AISI 1020 highlights the significant effect
of metallurgical phase transformations on residual stress
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distribution around the weld center, particularly in medium
and high carbon steels. These findings emphasize the impor-
tance of incorporating phase transformation considerations
into accurate analyses of welding residual stresses.

2.6 Mechanism of residual stress formation in laser
welding

Laser technology, particularly in laser welding, is widely
employed in metallurgical and industrial applications
because it delivers localized energy with high precision
and rapid processing. This method offers superior advan-
tages over traditional welding techniques, including greater
penetration depth, smaller heat-affected zones (HAZ), and
minimal distortion [69—71]. During laser welding, the high-
intensity beam causes rapid melting and partial vaporiza-
tion of the material, resulting in a deep and narrow fusion
zone. The steep thermal gradients generated during the heat-
ing and cooling phases create significant thermal stresses,
which relax upon cooling to form residual stresses. Residual
stresses significantly impact the weld’s mechanical perfor-
mance, including its tensile strength, fatigue life, and resist-
ance to fracture [72]. The focused energy density of laser
welding also facilitates precision in welding both thin and
thick sections while maintaining minimal heat input, which
further reduces distortion and enhances structural integrity.
The smaller HAZ and faster cooling rates in laser welding
also play a pivotal role in the evolution of residual stresses,
differentiating it markedly from conventional arc welding
[73]. In laser welding, a comprehensive understanding of the
interplay between thermal stresses, which arise from rapid
heating and cooling, and residual stresses, resulting from
plastic deformation during the welding cycle, is paramount.
This knowledge is essential for optimizing welding parame-
ters to achieve desired microstructures, minimize distortion,
and ensure the long-term integrity of the weld, including
resistance to fatigue and fracture. Figure 4 illustrates the
laser beam welding process.

2.7 High energy density and rapid cooling

Laser welding generates intense localized heating and
extremely rapid cooling rates, which produce steep thermal
gradients in the weld and HAZ [75, 76]. The rapid solidifica-
tion leads to high residual stresses due to thermal contraction
and limited plastic deformation.

2.8 Narrow heat-affected zone
Laser welding results in a significantly smaller HAZ than

arc welding, reducing the extent of thermal expansion and
contraction. However, rapid cooling can promote martensitic
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Fig.4 Schematic representation of the laser welding process [74]

transformation, which increases hardness and tensile resid-
ual stresses in the welded metal [73, 77, 78].

2.9 Localized residual stresses

Residual stresses in laser-welded carbon steel are typically
localized to the weld zone, with lower magnitudes in the
surrounding base metal. Studies have reported that the nar-
row HAZ limits stress redistribution, leading to high peak
tensile stresses in the weld bead [77, 79, 80]. Numerical
analyses [81] further demonstrated that the localized heating
and rapid cooling produce high-magnitude residual stresses
near the weld centerline.

2.10 Mechanism of residual stress formation
in hybrid welding

Hybrid welding is a synergistic process that combines the
focused energy of a laser beam with the stabilizing influ-
ence of an electric arc [82—85]. This combination allows for
deeper penetration and improved weld quality while poten-
tially reducing the need for extremely high-powered lasers,
leading to lower system costs [86, 87]. The laser beam acts
as the primary heat source, creating a localized melt pool,
while the arc provides supplementary heat and enhances
laser energy absorption within the weld pool. Hybrid weld-
ing is a versatile technique applicable to a wide range of
materials and thicknesses, offering the potential for single-
pass welds and improved control overheat input and melt
pool dynamics. The formation of residual stress in carbon
steel is influenced by a combination of material properties,
including thermal and mechanical characteristics and pro-
cess parameters. Figure 5 depicts the schematic of the hybrid
welding process. The factors contributing to residual stress
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Fig.5 Illustration of the hybrid laser arc welding process [88]

formation in carbon steel using hybrid welding are outlined
below.

2.11 Thermal gradients and expansion/contraction
cycles

Hybrid welding processes generate localized heating due to
concentrated energy input from the laser and arc sources,
resulting in steep temperature gradients. This leads to dif-
ferential thermal expansion within the weld zone and heat-
affected zone (HAZ). During subsequent cooling, uneven
contraction of these regions introduces tensile residual
stresses in the weld center and compressive stresses in the
surrounding HAZ [89, 90].

2.12 Plastic deformation in the fusion zone
and heat-affected zone

As carbon steel undergoes rapid thermal cycling during
hybrid welding, localized plastic deformation occurs in the
fusion zone and HAZ. This deformation is locked in dur-
ing cooling, leading to stress imbalances. The cooling rate,
influenced by welding parameters, amplifies the magnitude
of these stresses [75, 88, 91-93].

2.13 Metallurgical transformations

The hybrid welding process leads to phase transformations
in carbon steel, including the conversion of austenite to mar-
tensite or bainite. The elevated temperatures during welding
promote the formation of austenite in carbon steels. Upon
cooling, the austenite may transform into martensite, a phase
that is characterized by increased hardness but greater brit-
tleness [94]. This transformation can generate additional
stresses due to volumetric changes and internal stresses in

the martensite phase [95]. These changes in volume, when
combined with uneven cooling rates, can exacerbate the for-
mation of residual stresses [96, 97].

2.14 Influence of laser-to-arc ratio

The laser-to-arc power ratio determines the relative contribu-
tion of the laser and arc sources in hybrid welding. A higher
laser-to-arc ratio results in deeper penetration and smaller
HAZs, reducing thermal distortion and residual stresses.
Conversely, a lower ratio increases the width of the HAZ,
leading to higher stress magnitudes due to broader thermal
gradients [90, 98, 99]. Adjusting this ratio is essential for
optimizing weld quality.

2.15 Welding sequence

The order and direction of weld passes significantly affect
stress distribution. Sequential welding, where multiple welds
are laid consecutively, can lead to stress accumulation in
previously welded sections. Techniques such as balanced
or staggered welding sequences can mitigate the buildup
of tensile stresses and promote uniform stress distribution
[100, 101].

2.16 Joint geometry and fit-up

The design of the weld joint and the precision of fit-up are
critical factors influencing residual stresses. For instance,
butt joints with narrow grooves are more prone to stress
concentration due to constrained thermal expansion. Con-
versely, optimized joint geometries, such as wider grooves
or improved fit-up, allow for more even thermal expansion
and contraction, reducing stress levels [102, 103].

Hybrid welding techniques, such as laser-arc hybrid
welding, can significantly reduce residual stresses com-
pared to conventional arc welding, with studies showing
a 20-30% reduction in peak stresses [89]. Factors includ-
ing peak temperature, cooling rate, and phase transforma-
tions influence these stresses. While elevated temperatures
can increase strain hardening, certain transformations, like
austenite-to-martensite, can reduce stresses, while others,
like austenite-to-bainite, can increase them. The type and
temperature of the phase transformation play crucial roles,
with volume changes dominating at lower temperatures and
mechanical property variations becoming more significant
at higher temperatures. Numerical simulations have shown
that hybrid welding processes can lead to a more uniform
distribution of residual stresses compared to conventional
welding techniques [92].
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3 Comparative analysis of welding
techniques

The selection of a welding process exerts a significant
influence on the quality, performance, and durability of
welded joints. Prominent welding methods include arc
welding, laser welding, and hybrid welding, each exhib-
iting unique advantages and disadvantages. These varia-
tions are attributed to differences in heat input, cooling
rates, the extent of the heat-affected zone (HAZ), residual
stress development, and phase transformations (Table 1).
These factors significantly influence the mechanical prop-
erties, microstructure, and stress distribution within the
weld. A comprehensive understanding of these factors
is essential for optimizing welding processes to meet
specific engineering demands. This comparative analy-
sis examines these techniques with a specific focus on
residual stress development, drawing upon insights from
previous research [104, 105].

Hayashi et al. [106] conducted an experimental char-
acterization of the residual stress distribution within a
welded joint of carbon steel pipes. A multi-technique
approach, encompassing neutron diffraction, X-ray dif-
fraction, and strain gauge measurements, was employed
to assess the state of residual stress. The study spe-
cifically investigated the spatial variation of residual
stresses within the weld zone adjacent to the pipe’s
inner surface. Significant residual stress gradients were
observed within a 30-mm region extending from the
pipe’s longitudinal centerline. According to the study,
the stress levels at the weld fusion zones and the heat-
affected areas of the pipe were over 200 MPa. The inner
segment of the pipe exhibited a residual stress level
of around 40 MPa, and its outer surface had a stress
level of around — 100 MPa, demonstrating the pipe
axial residual stress. They reported that the application
of neutron diffraction could be utilized to determine
the residual stresses within structural components. Lu
et al. [107] investigated the influence of welding tech-
niques on the residual stress distribution within thick
steel plate butt joints. A butt-welded joint with a plate
thickness of 80 mm was fabricated. X-ray diffraction

was employed to characterize the residual stress field.
The study focused on the spatial distribution of residual
stresses along the weld seam (longitudinal direction) and
perpendicular to the weld seam (transverse direction).
Their findings provided them with a better understand-
ing of how thick steel plates with varying thicknesses
distribute residual stresses. This study revealed that the
stress levels near the weld seam were higher than those
in the perpendicular and parallel directions. The highest
stress levels were concentrated in the heat-affected and
the weld seam regions. They also noticed that the high-
est stress magnitude appeared near the end of the weld
bead. When observed along a path perpendicular to the
weld seam, stress exhibited a “II” shape distribution in
the perpendicular direction and an “M” shape distribu-
tion along the weld seam direction. Both stress com-
ponents displayed symmetric distributions, both along
and perpendicular to the weld seam. Nonetheless, the
point of symmetry could arise at any position within or
around the weld seam. Joseph et al. [108] utilized non-
destructive techniques to determine the residual weld
stress in carbon steel joints. They used ultrasonic and
X-ray diffraction methods to analyze the stress levels
in single V weld joints with thicknesses of 8 to 12 mm.
According to the reported findings, the 12-mm-thickness
joint exhibited higher compressive and maximum tensile
stresses on its surface than the 8-mm-thickness joint.
They also noticed that the residual stress profiles of the
joints varied depending on their thickness.

3.1 Heat-affected zone formations in carbon steel

The heat-affected zone (HAZ) in welded materials repre-
sents a region adjacent to the weld joint that has under-
gone thermal exposure without melting. This zone under-
goes significant microstructural and mechanical changes
due to temperature fluctuations during welding, which
alter its properties and influence the overall performance
of welded components. In carbon steel, controlling the
HAZ is critical for maintaining structural integrity and
preventing defects such as cracking, embrittlement, or

Table 1 Comparative analysis of residual stress formation in welding techniques

Parameter Arc Welding Laser Welding Hybrid Welding
Heat input High Low Medium
Cooling rate Slow Very fast Intermediate
Heat-affected zone (HAZ) Large Small Medium

Residual stress magnitude High (tensile in weld zone)

Phase transformations Martensitic transformation

Localized (high near weld) Moderate and evenly distributed

Rapid martensite formation Controlled transformations
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loss of toughness. Several factors interact to determine
the characteristics of the HAZ, including welding param-
eters, the chemical composition of the base material, the
material’s thermal diffusivity, the welding process, and
thermal management strategies.

3.2 Welding parameters

Welding process variables exert significant influence on the
thermal cycle experienced by the base material during weld-
ing. These variables directly affect the heat input, cooling
rates within the heat-affected zone (HAZ), and consequently,
the resulting microstructural transformations and properties
in the HAZ.

e Heat input

The energy delivered during welding quantified in kilo-
joules per millimeter (kJ/mm) is a critical factor in deter-
mining HAZ characteristics. High heat input, typically in
the range of 3.0-5.0 kJ/mm, slows the cooling process,
producing a wider HAZ with coarse grains that can com-
promise toughness and ductility. On the other hand, low
heat input (< 2.0 kJ/mm) accelerates cooling, resulting in
narrower HAZs dominated by martensitic structures, which
are harder but more prone to brittleness [109, 110]. Opti-
mizing heat input within a balanced range (2.5-3.5 kJ/mm)
reduces adverse phase transformations while enhancing
weld quality [111].

e Welding speed

Welding speed influences the energy applied per unit
length, thus impacting HAZ dimensions and microstructure.
Higher speeds (> 15 mm/s) decrease heat input, leading to
narrower HAZs, while excessively fast speeds (>25 mm/s)
can introduce defects such as porosity or lack of fusion [95].
Careful control of welding speed ensures consistent heat
transfer and minimal defects.

e Cooling rate

The cooling rate within the heat-affected zone (HAZ)
significantly influences the resulting microstructural evolu-
tion [112]. Rapid cooling rates, exceeding 100 °C/s, favor
martensite formation, a hard but brittle phase. Conversely,
slower cooling rates, typically below 20 °C/s, allow for the
development of softer and more ductile microstructures such
as ferrite and pearlite [113—115]. Implementing external
cooling strategies can effectively control the cooling rate
and thereby influence the final microstructure and mechani-
cal properties within the HAZ.

3.3 Base metal composition

The chemical composition of the base material exerts a sig-
nificant influence on microstructural evolution and mechani-
cal properties within the heat-affected zone (HAZ) [116].

e Carbon equivalent (CE)

Carbon equivalent (CE) is a widely used parameter in
steel metallurgy to assess the combined influence of car-
bon and other alloying elements on the steel’s hardenability
[112]. CE values exceeding 0.40% increase the risk of form-
ing brittle phases in the HAZ, which can lead to cracking
under mechanical stress. Conversely, materials with lower
CE values (< 0.35%) exhibit better weldability and reduced
susceptibility to cracking [94].

e Alloying elements

Alloying elements such as manganese (Mn), chromium
(Cr), and molybdenum (Mo) significantly contribute to the
enhancement of both strength and hardenability in steel
alloys. For example, Mn concentrations between 0.8 and
1.5 wt% improve weld strength while avoiding excessive
brittleness. However, high levels of Cr or Mo (> 2.0 wt%)
can lead to cracking under certain conditions [117, 118].
Trace impurities like sulfur (S) and phosphorus (P), even at
levels below 0.05 wt%, can intensify the risk of hot cracking,
especially in high-strength steels [119, 120].

3.4 Thermal diffusivity

Thermal diffusivity, a material’s capacity to conduct heat,
significantly impacts the extent of the HAZ and its proper-
ties. Materials with high thermal diffusivity (>0.3 cm?/s)
transfer heat away from the weld zone efficiently, creating
narrower HAZs with limited microstructural changes. These
materials also experience reduced residual stress accumula-
tion, improving the overall performance of the welded com-
ponent [121, 122]. In contrast, materials with low thermal
diffusivity (<0.1 cm?/s) retain heat for extended periods,
promoting grain coarsening and the buildup of residual
stresses, which can compromise the weld’s mechanical prop-
erties [123]. Effective thermal management is critical for
minimizing adverse effects in such materials.

3.5 Welding processes
The choice of welding process influences the energy distri-

bution and cooling dynamics, which in turn affects the heat-
affected zone (HAZ) properties. Conventional arc welding
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methods, such as shielded metal arc welding (SMAW) and
submerged arc welding (SAW), typically produce heat inputs
ranging from 4.0 to 6.0 kJ/mm, resulting in larger HAZs
and considerable thermal distortions [95]. In contrast, laser
welding utilizes focused heat sources with a low heat input
(< 1.5 kJ/mm) and rapid cooling rates, which generate nar-
rower HAZs with minimal thermal effects. This makes laser
welding an ideal choice for precision welding applications
that require high-quality joints [124, 125].

3.6 Preheating and interpass temperature

Thermal management strategies, such as preheating and
interpass temperature control, play a critical role in enhanc-
ing the heat-affected zone (HAZ) properties and reducing
the risk of cracking in welded components. Preheating mate-
rials to temperatures between 100 and 200 °C before weld-
ing minimizes thermal gradients and cooling rates, which in
turn prevents the formation of brittle martensitic structures
and reduces residual stresses. This approach is particularly
effective for high-strength steels and thick-section materi-
als [126]. Similarly, maintaining interpass temperatures
between 150 and 250 °C in multi-pass welding ensures
consistent microstructural development across successive
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weld passes, mitigating the risks of HAZ embrittlement
and cracking [127-131]. Together, these strategies contrib-
ute to the improved mechanical performance and durability
of welded structures.

As illustrated in Fig. 6, the HAZ typically comprises
distinct zones with varying degrees of thermal influence.
Understanding the formation and transformation of these
zones is crucial for optimizing welding parameters and post-
weld heat treatments. By effectively managing these factors,
we can mitigate the adverse effects of the HAZ and achieve
the desired mechanical properties in the welded material
[132]:

e Fusion zone (FZ): This is the region of the weld where
the base metal has melted and fused with the filler mate-
rial when used. It is characterized by the highest tempera-
ture and experiences complete metallurgical transforma-
tion.

e Coarse-grained heat-affected zone (CGHAZ): Located
near the fusion zone, the CGHAZ can still experience
high temperatures. But it does not reach the melting point
of its constituent base metal. It often exhibits coarse grain
structures, and the material may undergo partial phase
changes.
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Fig.6 A schematic representation of the heat-affected zone (HAZ) and its distinct subzones, overlaid with a relevant phase diagram depicting
the microstructural transformations within this region during welding or thermal cutting processes [133]
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¢ Fine-grained heat-affected zone (FGHAZ): The FGHAZ
is located further away from the fusion zone and experi-
ences lower temperatures compared to the CGHAZ. It
typically has a finer grain structure but may still undergo
some microstructural changes.

e Inter-critical heat-affected zone (ICHAZ): This zone is
characterized by temperatures between the critical trans-
formation temperature (Ac;) and the lower critical trans-
formation (Ac,) temperature of the steel. It may undergo
partial phase transformations.

e Sub-critical heat-affected zone (SCHAZ): The SCHAZ
experiences temperatures below the lower critical trans-
formation temperature and is the farthest from the fusion
zone, where the temperature during welding rises high
enough the temper martensite but remains below the Ac,
temperature.

The peak temperature during heat treatment significantly
influences the resulting microstructure. Finer grain sizes are
typically observed when the peak temperature approaches
the Ac; transformation temperature. Conversely, exceed-
ing the Ac,; temperature substantially can lead to exces-
sive austenite grain growth, resulting in a coarser final
microstructure.

Hamza et al. [134] investigated the heat-affected zone
(HAZ) of welded stainless steel 304L using a thermal cycle
simulation method and compared it with the HAZ from an
actual welded joint. Their findings revealed that the simu-
lated HAZ provided more detailed insights. The study high-
lighted that the HAZ is a heterogeneous structure formed
by multiple subzones. Additionally, they emphasized that a
key challenge in welding is mitigating the unexpected dete-
rioration of material properties caused by microstructural
changes, which can reduce the HAZ’s resistance to brittle
fracture.

4 Thermal treatment of steel

Thermal processing involves the controlled application of
heat and subsequent cooling cycles to modify the micro-
structure and enhance the mechanical properties of metallic
alloys [135]. In the context of steels, a ferrous alloy consist-
ing primarily of iron and carbon, heat treatment is employed
to tailor properties such as hardness, strength, ductility, and
toughness to meet specific engineering demands. The under-
lying principle of heat treatment lies in the ability to induce
phase transformations within the steel’s microstructure. It is
possible to control the formation and distribution of phases
like ferrite, pearlite, bainite, and martensite by manipulating
temperature and cooling rates. These phases exhibit distinct
crystal structures and mechanical properties, influencing the
overall behavior of the steel [112]. The presence of alloying
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Fig. 7 Iron-carbon equilibrium phase diagram depicting temperature
ranges for various thermal processing processes

elements, such as carbon, nickel, chromium, and molybde-
num, significantly influences the response of steel to ther-
mal processing. These elements alter critical temperatures,
modify the kinetics of phase transformations, and ultimately
determine the resulting microstructure and mechanical prop-
erties of the steel [112]. Figure 7 depicts an overview of
standard heating intervals on an iron-carbon diagram and
illustrates common heat treatment techniques. The A, eutec-
toid line denotes the lowest critical temperature required for
austenite transformation. On the other hand, the A; eutec-
toid denotes the upper limit. A, denotes the upper critical
temperature for hypereutectoid steels (steels with over 0.77
wt% C). The subsequent section outlines the prevalent heat
treatment procedures employed for steels.

The metallurgical industry employs various common heat
treatment processes to achieve specific microstructures and
mechanical properties.

4.1 Annealing

This process involves heating the steel to a suitable tempera-
ture, typically above the upper critical temperature (around
723 °C for most steels), holding it for a sufficient duration
(around 30 min to several hours depending on the steel’s
thickness and composition), and then cooling it slowly, typi-
cally in a furnace [4]. Annealing aims to soften the steel for
improved machinability, relieve internal stresses induced
during processing (such as welding and cold working), and
refine the grain structure for enhanced ductility.

4.2 Normalizing
Normalizing is a thermal treatment process designed to

refine the microstructure and improve the mechanical prop-
erties of steel. The process involves heating the material
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above its upper critical temperature, typically between 830
and 950 °C, to achieve complete austenitization. The steel
is held at this temperature for 15-30 min, depending on its
composition and section size, to allow for phase homogeni-
zation [136]. Afterward, the steel is air-cooled under ambi-
ent conditions, in contrast to annealing, which utilizes fur-
nace cooling. This difference in cooling methods results in
a finer and more uniform grain structure in normalized steel,
usually comprising pearlite and ferrite phases [4, 135, 136].
The refined microstructure significantly enhances mechani-
cal properties, such as yield strength, tensile strength, and
toughness, while maintaining adequate ductility. These
attributes make normalizing a preferred treatment for appli-
cations requiring balanced mechanical performance [137].

4.3 Hardening

This process involves heating the steel above the upper criti-
cal temperature (to form austenite), typically in the range
of 760-900 °C, holding it for a sufficient time to ensure
complete austenitization (e.g., 15-30 min for most steels),
and then rapidly cooling it, usually by quenching in water
or oil. Rapid cooling transforms austenite into martensite, a
hard and brittle phase [4].

4.4 Tempering

Tempering is a subsequent thermal processing treatment
applied to hardened steel. It involves reheating the steel to a
temperature below the lower critical temperature, typically
within the range of 200-650 °C, and holding it for a suf-
ficient duration to induce the precipitation of fine carbides
within the martensite matrix. This process mitigates the
inherent brittleness of martensite while preserving a suitable
level of hardness and enhancing other desirable mechanical
properties such as toughness and ductility [4].

4.5 Post-weld heat treatment

Post-weld heat treatment (PWHT) is a critical thermal pro-
cess involving heating the welded assembly to a specific
temperature within the sub-critical range, typically between
550 and 650 °C for ferritic steels [4]. This is followed by

controlled cooling, often employing slow and uniform tech-
niques such as furnace cooling or slow-air cooling [57].
PWHT is crucial for mitigating residual stresses, which are
internal stresses generated during welding and can signifi-
cantly compromise the structural integrity of the component.
By facilitating stress relaxation through mechanisms such as
creep and diffusion, PWHT enhances the impact toughness,
ductility, and fatigue resistance of the welded joint. The
process also reduces the susceptibility to stress-corrosion
cracking, particularly in high-stress environments such as
pressure vessels and pipelines [4].

4.6 Comparative analysis of thermal treatments

Thermal treatments play a crucial role in improving the
mechanical properties and service performance of metallic
materials. These treatments are designed to alter the micro-
structure of materials to achieve desired mechanical prop-
erties such as hardness, toughness, and stress resistance. A
comparative understanding of these methods provides valu-
able insights for selecting the appropriate treatment based
on specific application requirements.

Table 2 provides a summary of four commonly employed
heat treatment techniques: post-weld heat treatment
(PWHT), stress-relief annealing, normalizing, and temper-
ing. These methods are compared based on their temperature
ranges, applications, advantages, and limitations.

5 Post-weld heat treatment for residual
stress reduction

Post-weld heat treatment (PWHT) is a crucial metallur-
gical process applied to mild steel weldments to mitigate
residual stresses, rectify distortions induced by welding, and
enhance the load-bearing capacity of the material, particu-
larly within the brittle fracture temperature range of ser-
vice. While the primary aim of PWHT is often perceived as
stress reduction, its efficacy lies more significantly in refin-
ing the metallurgical microstructure. Through tempering
and minimizing the effects of aging, PWHT optimizes the
material properties for improved performance [138]. During
welding, the weld metal and the heat-affected zone (HAZ)

Table 2 Summary of the characteristics, advantages, and limitations of the discussed heat treatment techniques

Method Temperature  Applications Advantages Limitations

range (°C)
PWHT 550-650 Pressure vessels, pipelines Effective stress relief Time-intensive, high cost
Stress-relief annealing 500700 Precision components Cost-effective Limited for high-stress conditions
Normalizing 830-950 Structural components, machining ~ Uniform microstructure ~ Requires additional treatments
Tempering 200-650 Structural and load-bearing parts Improved toughness Requires prior hardening/normalizing
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undergo considerable microstructural transformations and
develop residual stresses due to localized thermal cycles
[139]. Reheating the welded material below its lower critical
transformation temperature during PWHT facilitates stress
relaxation and enhances microstructural stability. This treat-
ment is instrumental in mitigating tensile residual stresses,
thereby reducing the susceptibility of welded structures to
brittle fractures and fatigue-related failures. Furthermore,
PWHT promotes microstructural homogenization, particu-
larly within the HAZ, contributing to the stability and reli-
ability of the welded joint.

The metallurgical characteristics of carbon steel weld-
ments and their associated heat-affected zones (HAZ) exhibit
significant discrepancies from those of the base metal. This
divergence, arising from the establishment of pronounced
thermal gradients and localized plastic deformation phenom-
ena induced by the welding process, results in substantial
residual stresses and accompanying microstructural altera-
tions within the weld zone, such as grain coarsening, phase
transformations (formation of martensite in the HAZ), and
the potential for hardening. These metallurgical modifica-
tions can adversely impact the operational performance of
welded components, potentially leading to reduced ductility,
increased susceptibility to brittle fracture, and diminished
fatigue life [140, 141]. Thermal stresses arising from con-
centrated heat input during welding lead to deformations and
residual stress accumulation, which necessitate treatment to
prevent failures [142]. Post-weld heat treatment techniques,
such as stress relieving, process annealing, and normalizing,
are employed to address these issues and restore material
properties within the HAZ [143]. The specific parameters of
PWHT, including temperature and duration, are determined
based on alloy composition, carbon content, and thickness
of the welded component [144]. Despite its benefits, PWHT
has limitations, such as incomplete stress elimination and
dependency on creep relaxation and phase transforma-
tions for stress relief. Nonetheless, this thermal processing
technique remains essential for optimizing the metallurgi-
cal integrity and enhancing the long-term service life of
welded joints, particularly for critical applications such as
pressure vessels and other structural components subjected
to demanding service environments.

Murmu et al. [20] investigated the influence of thermal
processing on the mechanical behavior of medium-carbon
steel weldments. The study comprehensively evaluated both
annealing and hardening treatments on the microstructural
evolution and simultaneous modifications in the mechani-
cal properties of welded carbon steel specimens compris-
ing EN 8 and 24 grades. They reported that the annealing
process altered the grain size of medium carbon steel prod-
ucts. This resulted in different mechanical properties of the
products. The researchers discovered that EN 8 products had
a higher concentration of pearlite and a lower amount of

ferrite in their structures after the annealing process. On the
other hand, EN 24 products had a higher level of martensite
and a smaller amount of ferrite. The characteristics of the
weld zones of EN 24 products were different from those of
their counterparts from Grade 8. The high hardness of the
weld zone exhibited by the EN 24 products was different
from those of their counterparts from Grade 8. Wang et al.
[145] investigated the influence of post-weld heat treatment
(PWHT) on the fracture toughness and microstructural char-
acteristics of an X80 pipeline steel weldment. As shown in
Fig. 8, the large columnar grains were formed by the stag-
gered austenite-ferrite (AF) structures. They also had a few
traces of bainite and grain boundary ferrite (GBF) in the
weld center. The fine-grained heat-affected zone (FGHAZ)
is characterized by refined grain boundaries and the presence
of lath bainite and martensite/austenite (M/A) constituents.
The sub-critical heat-affected zone (SCHAZ), while exhibit-
ing partial microstructural modifications due to thermal pro-
cessing, retains characteristics like the base metal. However,
it undergoes a tempering-like transformation and retains
constituents such as ferrite and prior austenite.

The coarse-grained heat-affected zone (CGHAZ) micro-
structure directly affected the weld joint’s performance.
Figure 9a and b show that the product microstructure sig-
nificantly impacted its performance. During its initial state,
the sample mainly featured lath bainite (LB), grain boundary
(GB), and other M/A constituents. The coarse-grained heat-
affected zone (CGHAZ) exhibited minimal microstructural
evolution following the application of thermal processing.

They discovered that the heat-affected zone (HAZ) and
the grain-coarsened zone (GCZ) were highly prominent dur-
ing the process of welding low-carbon steel. This is because
embrittlement usually focuses on these regions. Depending
on the cooling rate and carbon content of the metal, various
features, such as the grain boundary ferrite (GBF), Widman-
statten ferrite (WF), and acicular ferrite (AF), are typically
present. It also features a small amount of pearlite and aus-
tenite phases [146—148]. Studies have shown random bainite
occurrences in microstructures. Moreover, the introduction
of acicular ferrite on non-metallic inclusions [149] has been
known to enhance the strength of the material [148]. The
presence of grain boundary ferrite (GBF) can have a delete-
rious effect on the fracture toughness of the material [150].
A strong correlation exists between the volume fraction of
GBF and the abundance of Widmanstitten ferrite (WF)
observed within the weld metal [151].

Yeng et al. [152] investigated to evaluate the mechanical
and microstructural properties of a welded joint fabricated
from TMCP890 steel using gas metal arc welding (GMAW)
and thermal simulation techniques. The research findings
demonstrated that the heat-affected zone (HAZ) exhibited
superior toughness following the welding process. For the
study, they utilized a filler wire with an average strength

@ Springer



4120 The International Journal of Advanced Manufacturing Technology (2025) 136:4107-4140

(d)

Fig.8 The microstructures acquired from the welded and heat-treated
joints are presented as follows: a central region of the welded joint;
b fine-grained heat-affected zone (FGHAZ) of the welded joint; ¢

Fig.9 Micrographs of the
coarse-grained heat-affected
zone (CGHAZ): a welded joint;
b after heat treatment; ¢ EBSD
analysis of the welded joint; d
EBSD analysis of the heat-
treated joint [145]
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(f)

coarse-grained heat-affected zone (CGHAZ) of the welded joint; d
central area of the heat-treated joint; e FGHAZ of the heat-treated
joint; and f CGHAZ of the heat-treated joint [145]
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of 900 MPa during welding to improve the weld metal’s
toughness. The welded joint exhibited strength compara-
ble to that of the base steel. A post-weld heat treatment at
250 °C showed negligible influence on the joint’s tensile
strength and fracture toughness. However, heat treatment at
480 °C significantly reduced the impact toughness of both
the weld metal and the heat-affected zone (HAZ). Increasing
the heat treatment temperature to 600 °C further compro-
mised the tensile strength of the weld metal and the HAZ.
The enhanced mechanical strength in the HAZ was primarily
attributed to the stabilization of retained austenite films and
the presence of fine martensite-austenite (M-A) constituents.
Conversely, the reduction in toughness with elevated heat
treatment temperatures was associated with the coarsening
of precipitates within the microstructure.

Karimi et al. [153] investigated the microstructural evo-
lution and mechanical performance of laser-welded joints
between A516 carbon steel and duplex 2205 stainless steel,
focusing on the influence of welding parameters such as
laser power, welding speed, nozzle stand-off distance, and
beam alignment on joint integrity. Optimal tensile strength
and elongation of 500 MPa and 18%, respectively, were
achieved at a laser power of 400 W, a welding speed of
300 mm/min, and precise focal point alignment. The fusion
zone exhibited a duplex microstructure comprising ferrite
and austenite, resulting from the thermal cycles experienced

during welding, where ferrite partially transformed into aus-
tenite in certain regions. In contrast, the A516 fusion zone
was predominantly martensitic, formed due to rapid cooling
rates and high heat input near the upper critical tempera-
ture (Acs). Energy-dispersive spectroscopy (EDS) analysis
revealed a gradient in iron concentration across the fusion
line, with variations in chromium and nickel compositions
significantly influencing the weld properties. Furthermore,
higher laser energy density enhanced the ductility of the
A516 fracture surface, characterized by deeper fracture mor-
phology and larger dimples, emphasizing the role of metal-
lurgical parameters in determining weld quality.

The microstructures of the A516 base metal and the weld
fusion zone are revealed in Fig. 10. The pearlite and ferrite
structures exhibited in the A516 steel structure are shown in
Fig. 10a. The varying microstructures of the fusion zone’s
adjacent regions and zone are mainly attributed to the cool-
ing and heating cycles used in the welding process. The
low-carbon steel structure depicted in the diagram under-
goes a cooling rate-induced transformation, leading to the
formation of an overall microstructure comprising a group
of substances composed of acicular, ferrite, martensite, and
bainite [154].

Nari [155] analyzed the impact of post-weld heat treat-
ment (PWHT) on the tensile behavior of mild carbon steel
weldments. The as-welded specimen exhibited a tensile

Fig. 10 The optical microstructure of welded A516 steel in various regions for a base metal, b fusion line, ¢ HAZ, and d fusion zone [153]
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strength of 27.07 kgf/mm?. Upon PWHT at 500 °C, the
tensile strength increased to 29.08 kgf/mm? due to stress
relief and microstructural refinement. At 600 °C, the
strength further improved to 35.17 kgf/mm?, likely attribut-
able to tempering effects and grain boundary stabilization.
Maximum tensile strength, 40.06 kgf/mmz, was achieved
at 700 °C, potentially due to enhanced phase transforma-
tions and uniformity in the microstructure. The results indi-
cate a significant enhancement in tensile strength achieved
through the application of heat treatment processes. Nam
et al. [156] investigated the influence of post-weld heat
treatment (PWHT) on the microstructural evolution and
mechanical properties of submerged arc-welded 304 stain-
less steel joints. Before welding, the base metal exhibited
an austenitic matrix interspersed with delta-ferrite phases
and Cr,;C, carbides, while the weld metal microstructure
comprised a lathy-vermicular delta-ferrite network within
an austenitic matrix. The heat-affected zone (HAZ) dis-
played negligible microstructural and mechanical property
variations compared to the base metal, indicating minimal
thermal influence from the welding process. Post-weld heat
treatment (PWHT) conducted at temperatures between 650
and 850 °C induced the precipitation of chromium carbides
at the delta-ferrite/austenite phase boundaries within the
weld metal, leading to a reduction in yield strength com-
pared to the as-welded condition. This decrease is primarily
due to the alleviation of residual stresses generated during
the hot rolling and welding processes. When PWHT was
applied at 1050 °C, the delta-ferrite phase in the base metal
dissolved into the austenitic matrix, while the delta-ferrite
in the weld metal underwent a phase transformation to aus-
tenite, resulting in a predominantly single-phase austenitic
microstructure. The observed reduction in yield strength
can be attributed to the dissolution of strengthening phases
and the relaxation of internal stresses. However, an increase
in ductility, as indicated by higher elongation, was noted,
likely due to the combined effects of improved plasticity
and dynamic strain aging (DSA) during deformation. The
1050 °C PWHT is hypothesized to enhance fracture tough-
ness relative to the as-welded condition by promoting a
favorable balance between strength and ductility, attributable
to the microstructural refinement and phase stabilization.

5.1 Influence of post-weld heat treatment
parameters in carbon steel

The process of steel welding can be quite challenging, as
it demands careful consideration in choosing the appro-
priate welding parameters to ensure optimal weld quality
for a specific task. A primary constraint often associated
with this material is undergoing martensitic transformation
when subjected to moderately moderate cooling rates during
welding. Hence, post-weld heat treatment becomes essential
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to temper the martensitic structure present in this steel’s
heat-affected zone of welds [157]. According to the find-
ings reported by Krishna et al. [158], microscopic examina-
tions revealed a transition in the weldment microstructure
from martensite within the fusion zone to a combination
of martensite and ferrite within the heat-affected zone. The
influence of post-weld heat treatment on the microstructure
was explored through scanning electron microscope (SEM)
images, displaying various regions of the weldment (fusion
zone (FZ), near-heat-affected zone (near-HAZ), far-heat-
affected zone, and base metal (BM)) under different PWHT
conditions (300 °C, 400 °C, and 500 °C). SEM micrographs
of the fusion zone depicted the presence of tempered mar-
tensite across all conditions, with the morphology of mar-
tensitic laths changing gradually as the PWHT temperature
increased as shown in Fig. 11.

In the fusion zone (FZ) of weldments subjected to post-
weld heat treatment at 300 °C, the size and arrangement of
lath martensite retained similarity to the initial as-welded
state. However, at this temperature, the martensite started
transforming into tempered martensite due to the diffu-
sion of carbon atoms and precipitation of carbides. As the
temperature exceeded 300 °C, the martensitic laths began
to lose their distinct size and identity as they merged with
other laths, resulting in broader lath structures. The growth
in martensitic lath size stems from heightened atom diffu-
sion at higher temperatures. Therefore, higher temperatures
provide increased energy to atoms within the martensitic
laths, making it easier for them to diffuse and subsequently
bond. This process leads to the merging of laths, resulting in
the formation of broader lath structures. Moreover, the driv-
ing factor for lath expansion is the reduction in the system
of interfacial energy. Furthermore, increasing the post-weld
heat treatment temperature to approximately 400 °C, there
was an observable increase in the coarsening of carbides
that had precipitated along grain boundaries. This pattern
became more distinct with the post-weld heat treatment con-
ducted at 500 °C.

Bao et al. [159] similarly recorded comparable altera-
tions in the size and shape of martensitic laths, as well as
the coarsening of carbides, with increasing temperatures.
These observations were made in their investigation of
the influence of tempering temperature on marine-grade
steel with a martensitic microstructure. In micrographs
taken within the near-heat-affected zone (near-HAZ) of the
DP780 weldment, various post-weld heat treatment condi-
tions unveiled the existence of tempered martensite adjacent
to the grain boundaries of former austenite. In the initial
state after welding, the near-heat-affected zone (near-HAZ)
exhibited a martensitic microstructure like that of the fusion
zone (FZ), which then underwent tempering through post-
weld heat treatment. The impact of post-weld heat treatment
temperature on the microstructure revealed similarities in
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Fig. 11 SEM micrographs illustrate different zones of the weldment under varying post-weld heat treatment conditions [158]

both the fusion zone and near-heat-affected zone regions.
The increase in post-weld heat treatment temperature led to
the conversion of lath martensite into tempered martensite,
which consists of ferrite and cementite, due to carbon atom
diffusion during the post-weld heat treatment process. Buz-
zatti et al. [160] explored the influence of heat input and heat
treatment on the microstructure and toughness of API 5L
X65 steel during pipeline girth friction welding. The results
revealed that although the single thermal cycle introduced
during the process reduced the size and proportion of the
martensite-austenite (M/A) phase in the initial welded con-
dition, the impact toughness saw a distinct reduction due
to the enlargement of pre-existing austenite grains and the
presence of an unfavorable crystallographic texture. Through
the reduction of heat input, mitigation was achieved in the
expansion of the coarse-grain region on the pipe side, as

well as the presence of texture in the thermo-mechanically
affected zones on both the ring and pipe sides. The incorpo-
ration of post-weld heat treatment played a role in refining
the grain size and reducing the texture indexes, resulting in
the attainment of weld joints that met the required standards.
However, the occurrence of oxidation at the weld interface
contributed to a relatively lower impact toughness in that
specific area. This study showed that simply controlling
heat input is insufficient to fulfill impact toughness criteria.
Instead, it emphasized that post-weld heat treatment offers
a practical approach for achieving fully qualified weld joints
in API 5L X65 steel, in line with the specifications outlined
in the DNV OS F101: 2013 standard. In the study by Sil-
wal et al. [161], the growth of microstructure within differ-
ent regions of the heat-affected zone (HAZ) during post-
weld heat treatment was investigated to uncover changes in
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toughness. The results highlight that subjecting the mate-
rial to a temperature of 760 °C for a duration of 2 h during
PWHT substantially enhances the cross-weld toughness of
the HAZ. Among the various HAZ regions, the coarse-grain
HAZ (CGHAZ) displays the slowest improvement in tough-
ness as the PWHT temperature increases, remaining at lower
levels until undergoing a heat treatment at 730 °C. To ensure
satisfactory HAZ toughness, it is advised to carry out a mini-
mum PWHT temperature of 730 °C for 2 h. This aligns with
the requirements of the ASME code, which specifies a mini-
mum tempering temperature of 732 °C for the base metal.
The upper limit temperature for achieving desirable HAZ
toughness appears to be the A, temperature. Conducting a
post-weld heat treatment 20 °C below the A, temperature
for 2 h results in the highest toughness and lowest hardness
among all HAZ regions. Although, subjecting the material
to a post-weld heat treatment above the A, temperature for
2 h leads to the formation of fresh martensite, resulting in
reduced toughness and increased hardness across all heat-
affected regions. In the research conducted by Olabi and
Hashmi [162], it was observed that post-weld heat treatment
led to a reduction of approximately 70% in residual stresses
and an improvement of around 15% in toughness for a low-
carbon structural steel. The utilization of neutron diffrac-
tion was employed to analyze the distribution of residual
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Fig. 12 The changes in residual stresses (measured using the von
Mises criterion) at Points A and B during post-weld heat treatment,
coupled with corresponding histories of creep strain, are illustrated
for varying post-weld heat treatment temperatures of 600 °C, 700 °C,
and 750 °C. The presented data includes the following: a von Mises
stress variations and b equivalent creep strain profiles [164]
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stresses in a P91 steel weld, both before and after post-weld
heat treatment (PWHT). The results revealed a noteworthy
decrease in maximum residual stress, diminishing from
approximately 600 MPa to around 120 MPa [163].

In terms of temperature, as illustrated in the diagram
below (Fig. 12), the evolution of residual stresses at two
distinct points during post-weld heat treatment is analyzed
across different post-weld heat treatment temperatures. The
changes in residual stress and the accumulation of creep
strain follow an exceptionally similar trend, resulting in
nearly identical ultimate residual stresses upon returning to
ambient conditions (Fig. 12a). The observations in Fig. 12
also suggest that extending the duration of holding time will
not lead to a significant reduction in the ultimate residual
stresses [164].

Figure 13 provides a contrast between the changes in
residual stress throughout post-weld heat treatment (PWHT)
with the holding times of 10 h and 20 h. The advantage of
employing an extended hold time does not yield significant
improvements in terms of reducing residual stress. This
aligns with the observations outlined in preceding sections,
indicating that most of the residual stress reduction occurs
during the initial phases of PWHT, even before reaching the
PWHT temperature in the final ramp-up stage [164].

Dhar et al. [165] investigated the welding of C67 steel
grade sheets, focusing on the impact of welding parame-
ters and post-welding heat treatment. In their research, the
welded sections were rapidly quenched to room tempera-
ture without undergoing any post-welding heat treatment. In
another set of experiments, a post-weld heat treatment was

L
20 hrs Hold

Townr = 650C°

Stress after PWHT:
20 hrs Hold
Stress after PWHT:

10 hrs Hold \

Time, hrs

Fig. 13 The impact of post-weld heat treatment holding times on
the improvement of residual stress (for a 2”-thick 2—-1/4CrMo seam
weld). A comparison is made between a 10-h and a 20-h hold time
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applied by subjecting the welded parts to a temperature of
710 °C for 1 min and 39 s, followed by gradual cooling to
room temperature within an air atmosphere. They reported
that when welding was conducted without post-weld heat
treatment, the melting zone exhibited a microstructure with
combined martensitic and bainitic characteristics, while the
heat-affected zone showed a bainitic microstructure. On the
other hand, effecting post-weld heat treatment led to the

Fig. 14 The melting zone
region under various welding
parameters with the inclusion of
post-weld heat treatment [165]

657 82X0.90 C=120A V=

Fig. 15 The melting zone
region resulting from welding
conducted without the utiliza-
tion of post-weld heat treatment
[165]

C67 82X0.90 C=120A V=
15mm/s WITHOUT PWHT
™ " -

;y."f'

development of a bainitic microstructure in either the melt-
ing zone or the heat-affected zone, as depicted in Fig. 14.
In the absence of post-welding heat treatment, a mar-
tensitic microstructure occurs through the application of
TIG welding on C67 material within the melting zone,
as depicted in Fig. 15. The welding process involves tem-
peratures exceeding 1500 °C, after which the welded seg-
ment is allowed to cool naturally in the surrounding air.

57 82X0.90 C=90A V=10mm/s

57 82X0.90 C=65A V=

67 82X0.90 C=65A V=
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This martensite formation results from the rapid cooling
(quenching) of austenite, causing carbon atoms to become
trapped within the crystal structure due to insufficient time
for diffusion [166]. The initiation of this martensitic reac-
tion occurs during the cooling phase when austenite reaches
the martensite start temperature, leading to the mechanical
instability of the parent austenite. Below the martensite start
temperature at a constant temperature, a portion of the par-
ent austenite instantly undergoes transformation, hindering
further changes.

According to their report, when the temperature
decreases, more of the austenite transforms into martensite.
This transformation continues until the martensite finish
temperature is reached, at which point a crack develops,
primarily within the melting zone area as shown in Fig. 16.
This crack is a consequence of non-equilibrium cooling.
In this process, the thermodynamically metastable phase
of martensite forms instead of the stable phase, leading to

7 82X0.90 C=90A V=10mm/s [ IRTIEEE T
PWHT IN CENTER = N
)

Fig. 16 The presence of a crack within the melted zone area where
welding was conducted without using post-weld heat treatment [165]

energy release through crack formation. The microstructure
of both the heat-affected zone and the melted zone closely
resembles that of the welded sample that has not undergone
post-weld heat treatment. As a result, the hardness levels in
these two regions do not show significant differences across
all welding parameters.

An et al. [167] investigated the impact of post-weld heat
treatment on the microstructure of carbon steel that had been
welded. Post-weld heat treatment was applied to the welded
carbon steel, and the optical microstructures of the weld
metal, heat-affected zone, and base metal were examined.
In Fig. 17, the weld metal exhibited a typical cast structure
attributed to its rapid solidification rate. While comparable
microstructures were evident in both the heat-affected zone
and the base metal, the HAZ displayed larger grain sizes due
to the influence of heat. On the other hand, the normalized
specimen displayed distinct microstructures when compared
to the rest. All regions displayed polygonal ferrite struc-
tures; however, the weld metal contained darker particles (as
shown in Fig. 17¢c), and the grain size exhibited a decrease
from the weld metal to the base metal.

The weld metal of the carbon steel pipe displayed a
characteristic microstructure resulting from an intermedi-
ate cooling rate during the transformation of austenite as
shown in Fig. 17a. The microstructure observed in the
specimen as received consisted of grain-boundary ferrite
(GF), acicular ferrite (AF), and Widmanstitten ferrite
(WF). Acicular ferrite (AF) can be distinguished by its
lenticular plate structure, resembling a needle in shape.
Meanwhile, Widmanstitten ferrite (WF) is character-
ized by ferrite plates that grow directly from the grain-
boundary ferrite (GF). Similarly, the microstructure of
the stress-relieved specimen exhibited grain-boundary
ferrite (GF), acicular ferrite (AF), and Widmanstitten
ferrite (WF), as illustrated in Fig. 17b. In comparison,
the normalizing heat treatment transformed the initial
microstructure, which was as-received, into an equiaxed

Fig. 17 Optical images of the weld metal based on the applied post-weld heat treatment: a as-welded, b stress-relieved, and ¢ normalized [167]
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ferrite (EF) microstructure characterized by small pearlite
(P) colonies, as depicted in Fig. 17c. The stress-relieving
heat treatment was carried out at a temperature below
the austenite transformation point, while the normalizing
heat treatment was performed above this temperature. This
temperature difference influenced the microstructural dif-
ference between the stress-relieved and normalized speci-
mens within the weld zone.

While the microstructure of the heat-affected zone
(HAZ) remained relatively unchanged following the stress-
relieving heat treatment (Fig. 18b) compared to the as-
received specimen (Fig. 18a), a minor decrease in grain
size was noticeable in the specimen subjected to normal-
izing heat treatment (Fig. 18c).

The microstructure of the base metal exhibited no
change due to the stress-relieving heat treatment (Fig. 19b)
when compared to the configuration observed in the ini-
tial specimen (Fig. 19a). However, the application of nor-
malizing heat treatment resulted in an enlargement of the
grain size (Fig. 19c). These outcomes were ascribed to
recrystallization and grain growth in the as-received speci-
men induced by the normalizing heat treatment. Typically,

higher heat treatment temperatures lead to larger grain
sizes. These findings suggest that the microstructure of
the welded carbon steel pipe remained unaltered by the
stress-relieving heat treatment, while it was influenced by
the normalizing heat treatment.

5.2 Microstructural and mechanical properties
of carbon steel weldments post-heat treatment

Heat treatment is essential in improving the microstructure
and mechanical properties of welded joints in carbon steel.
The welding process often introduces residual stresses and
coarse, uneven microstructures that weaken the material’s
performance. Processes like normalization and stress-relief
annealing refine these microstructures, reducing internal
stresses and enhancing the material’s capacity to withstand
mechanical loads. Normalization, which involves heating
above the critical temperature and controlled cooling, results
in a finer and more uniform grain structure, improving crack
resistance and fatigue strength [168, 169]. Stress-relief
annealing, performed at lower temperatures, redistributes
residual stresses through atomic rearrangement, minimizing

Fig. 19 Optical images of the base metal on the applied post-weld heat treatment: a as-welded, b stress-relieved, and ¢ normalized [167]
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tensile stress concentrations that could lead to cracks or fail-
ures [170, 171]. These improvements in the microstructure
ensure welded joints can endure harsh service conditions.

The mechanical properties of welded joints also benefit
significantly from heat treatment. Significant properties such
as toughness and ductility are improved by eliminating brit-
tle phases and forming ductile ones. Cooling methods, such
as slow cooling via air or sand, further contribute to forming
phases like ferrite and pearlite, which enhance toughness
and flexibility [172, 173]. Additionally, refined grain struc-
tures boost tensile and yield strength, while stress relaxation
mitigates failure risks under load [174—176]. Careful control
of cooling rates is vital to prevent the formation of brit-
tle martensite, which can reintroduce residual stresses. By
addressing microstructural inconsistencies and optimizing
mechanical properties, post-weld heat treatment ensures the
long-term reliability and durability of carbon steel welded
joints.

Shuaib-Babata et al. [177] evaluate the impact of post-
weld heat treatment on the mechanical characteristics of
welded low-carbon steel (0.165%). Their findings indi-
cated that subjecting the welded structure to normalization
resulted in grain refinement, leading to improved ductil-
ity and toughness due to enhanced spatial arrangement of
the ferrite and pearlite phases. Hwang et al. [178] studied
the effects of post-weld heat treatment and resistance spot
welding on the microstructure and mechanical properties
of lightweight steel. They revealed that the desired strength
requirements were met when subjecting the material to post-
weld heat treatment at temperatures ranging from 200 to
300 °C for durations exceeding 30 min, or at temperatures
exceeding 300 °C for durations of 15 min. Moreover, after
the post-weld heat treatment, no alterations were observed
in the base metal’s microstructure. However, the martensitic
structures present in the heat-affected zone and welds tran-
sitioned into tempered martensite. This treatment induced
a softening effect, diminishing the hardness differences
among different phases. Consequently, these changes led to
enhanced energy absorption capacity and improved tensile
properties. Kosturek et al. [179] examined the influence of
post-weld heat treatment on the microstructure of a bimetal
joint composed of Mangalloy and carbon steel (C45). The
resulting bimetal joint underwent two distinct post-weld
heat treatment approaches: stress-relief annealing (at 620 °C
for 90 min) and normalizing (at 910 °C for 30 min). The
bimetal joint was subjected to different post-weld heat treat-
ment methods. These include stress relief annealing at a rate
of 620 °C for 90 min and normalizing at a rate of 910 °C
for 30 min. The result shows that the stress relief annealing
resulted in the formation of carbides in the joint’s Mangal-
loy layer. These were mainly located along the joint line
and the grain boundaries. Moreover, the normalizing pro-
cess resulted in the dissolution of cementite, which initiated
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the recrystallization and transformation of the Mangalloy
layer. It also led to the formation of ferrite-pearlite struc-
tures. Oladele et al. [180] assessed the impact of post-weld
heat treatment on low-carbon steel. The study revealed that
in the welded (AW) base metal (BM) sample, the micro-
structure displayed fine pearlite grains dispersed randomly
within the ferrite matrix. In the heat-affected zone and weld
metal, similar ferritic phases exhibited agglomerated fine
particles of epsilon carbide or cementite in the case of the
as-welded sample. Upon subjecting the post-weld heat treat-
ment samples to annealing, the diffusion and growth of fine
grains occurred, resulting in the partial coarsening of ferrite
and pearlite. However, this transformation did not contribute
to the enhancement of material properties.

Dewangan et al. [181] investigated the post-weld heat
treatment of steel plates made using the shielded metal arc
welding technique. The materials were then heated to around
1040 °C and cooled using various mediums (oil, air, water,
and sand) as shown in Fig. 20.

The researchers noted that the treatment process signifi-
cantly increased the toughness and ductility of the sand-
cooled and air-cooled samples. On the other hand, the
oil-cooled and water-cooled specimens exhibited a lack
of ductility and limited extension before the fracture. The
sand-cooled specimen exhibited a 66% higher tensile stress
(332 MPa) than the air-cooled one. While the sand-cooled
steel plate exhibited an 81% extension compared to the air-
cooled one. This significant disparity emphasizes the sub-
stantial enhancement in the ductile properties of the steel
made using the sand-cooling process. The water-cooled
steel exhibited a tensile strength of 289 MPa, which is 44%
higher than the air-cooled one. At the expense of ductility,
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Fig.20 Diagram of tensile tests along with the stress strain under the
following conditions: (a) sand, (b) water, (c) oil, and (d) air [181]
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the elevated tensile strength resulted from the lower reported
extension.

The oil-cooled specimens exhibited superior strength and
ductility when compared to other materials. It also exhib-
ited a higher tensile stress level at 550 MPa. This suggests
that the cooling process through oil can potentially address
certain issues related to water-cooling. In addition, the oil-
cooled sample exhibited a longer extension compared to
water-cooled ones. The various heat treatment methods used
on the steel affected the microstructure of the material. For
instance, the sand-cooled sample transformed from austenite
to pearlite, which resulted in improved toughness and ductil-
ity. Air-cooled samples exhibited similar properties. On the
other hand, samples from water-cooled and oil-cooled states
exhibited different types of structures. The transformation
resulted in enhanced toughness and ductility of steel. Air-
cooled samples exhibited the same structural characteristics.
On the other hand, water-cooled specimens featured a mar-
tensitic structure, and oil-cooled ones highlighted the three
different kinds of microstructures.

Seo et al. [182] studied the effects of heat treatment on
the hardness and microstructure of P92 steel in weld joints
of different materials. They found that the characteristics
of the PWHT-790 and PWHT-740 specimens did not dif-
fer from those of the same grade. They reported that the
microstructure of the base metal was characterized by a tem-
pered martensitic structure. It also exhibited a white coating
around the boundaries of blocks (BBs), packet boundaries
(PBs), and prior austenite grain boundaries (PAGBs). They
found that the CGHAZ exhibited a typical martensite struc-
ture in as-welded samples. They then analyzed the different
distribution of precipitates in the two different zones. Also,

in FGHAZ 1, the precipitates mainly resided within the tem-
pered martensite matrix. On the other hand, in the FGHAZ
II zone, the precipitates are mostly present in the base metal
matrix of the tempered martensite. Notably, the size of the
precipitates in the FGHAZ II zone was generally larger than
in the FGHAZ I zone. This difference can be attributed to
the lower temperature during the welding process. The lower
temperature also decreased the dissolution rate of the materi-
als before the process, particularly in the FGHAZ I region.

The microstructures of the as-welded and post-welded
heat treatment materials exhibited distinct characteristics.
The CGHAZ zone exhibits notable differences in structure
due to its coarse-grained texture and the presence of pre-
cipitates. These include the pre-austenite grain boundaries
and packet boundaries. The researchers believe that the pre-
cipitates formed from the supersaturated state that occurred
during the process of PWHT might have originated from
the solute elements. The sizes of the various forms of pre-
cipitates exhibited in the three PWHT samples studied were
significantly larger than those found in the AW batch as
shown in Fig. 21.

The researchers used the designated areas to take hard-
ness measurements of the materials, which were analyzed
using the various post-weld heat treatment conditions. The
results revealed that the initial as-welded batch’s hard-
ness followed the CGHAZ, FGHAZ 1, BM, and FGHAZ 11
sequence. The researchers noted that the elevated CGHAZ
hardness exhibited by the AW batch was caused by the disso-
lution of the solid-solution particles. This caused the solute
elements to partially dissolve in the matrix without carbides
and carbonitrides forming in the post-welding zone. As a
result, the reduction in the material’s hardness during the

FGHAZ II

Fig.21 Scanning electron microscope (SEM) micrographs of the areas outlined [182]
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Fig.23 SSRT for the specimens in the as-welded, stress-relieved, and
normalized conditions [167]

process of thermal treatment led to a notable decrease in
their FGHAZ I and CGHAZ grades as shown in Fig. 22.

An et al. [167] studied the effect of post-weld heat treat-
ment on the mechanical properties of welded carbon steel
pipes as shown in Fig. 23. The study shows that the hardness
changes due to heat treatment which leads to changes in
the mechanical properties of the welded specimens. Hence,
the yield strength (YS) and tensile strength (TS) were
reduced by applying post-weld heat treatment, but ductility
was increased significantly. Therefore, if the reduced yield
strength (YS) and tensile strength (TS) due to post-weld heat
treatment satisfy the design stress, welded carbon steel pipe
with post-weld heat treatment will have improved service
life.

Vairamani et al. [183] conducted post-weld heat treat-
ment on metal active gas-welded IRS M41 COR-TEN
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grade A and grade B steels. They noted that the grains
exhibited irregularities, leading to decreased toughness
and ductility of the metal. Additionally, the tensile strength
of the weldment slightly decreased compared to the base
metal. Weld strength was influenced by both automatic and
manual selection of weld parameters, leading to improve-
ments or reductions. A defect-free bend test demonstrated
higher joint efficiency. Pandey et al. [184] revealed the
influence of post-weld heat treatment on the microstruc-
ture evolution and cracking behavior of P91 steel welds
joint. They applied the post-heat treatment to the joint at a
temperature of around 760 °C for 2 h, and it homogenized
its hardness distribution. They noted that the creep expo-
sure eventually differentiates the heterogeneous joints in
the heat-affected areas which makes them more susceptible
to type IV failure. Although the post-heat treatment pro-
cess had a minimal effect on the heterogeneity in the heat-
affected zones, it caused the joint to fail after exposure to
creep. As a result, the failure of the joint developed from
the base zone instead of the fine-grain (FGHAZ) form of
type IV. They concluded that the effects of post-heat treat-
ment on the microstructure of P91 weldments were the
main factors that affected its hardness and evolution. The
region susceptible to creep (FGHAZ/ICHAZ), formed due
to the welding thermal cycle, persisted after the PWHT,
and cracks developed in the FGHAZ during creep expo-
sure. However, the post-weld heat treatment eliminated the
creep-prone region, and failure was observed in the base
zone during creep exposure. The region prone to creep
shifted from the FGHAZ/ICHAZ to the base zone after
undergoing PWHT treatments. Misra et al. [185] examined
the effect of post-weld heat treatment on the mechanical
properties of MIG-welded mild steel. The average impact
energy of the as-welded sample was 63.33 J, while the
average impact energy of the heat-treated sample increased
to 73.33 J. It can be observed that the impact strength of
the samples improved by 15.8% after the heat treatment.
The average yield strength (YS) of the heat-treated sample
was measured at 480.29 N/mm?, whereas the average yield
strength of the as-welded sample was 404.54 N/mm?. This
indicates an improvement of 18.73% in yield strength due
to post-weld heat treatment. The average ultimate tensile
strength (UTS) of the heat-treated sample was measured
at 585.9 N/mm?, while the average UTS of the as-welded
sample was 548.02 N/mm?. This indicates an improvement
of 6.91% in ultimate tensile strength due to post-weld heat
treatment. In the as-welded sample, the average hardness
values were 187.33 BHN for the parent metal, 215 BHN
for the heat-affected zone (HAZ), and 193.67 BHN for
the weld zone. After heat treatment, these values changed
to 187 BHN for the PM, 208.33 BHN for the HAZ, and
181.67 BHN for the WZ. Consequently, there is a reduc-
tion of 0.18% in the hardness of the parent metal, 3.1%
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in the hardness of the heat-affected zone, and 6.2% in the
hardness of the weld zone due to the heat treatment. The
microstructure in the welded zone typically consists of
normal grains of pearlite and ferrite. However, after post-
heat treatment, the grain structures within the weldment
become refined, leading to improvements in mechanical
properties.

5.3 Influence of post-weld heat treatment
on corrosion behavior

The electrochemical stability of carbon steel weldments after
PWHT is a critical measure of their corrosion resistance.
Welding-induced heterogeneities, including grain coarsen-
ing in the heat-affected zone (HAZ) and residual stress con-
centrations, create preferential sites for corrosion. PWHT
addresses these issues by relieving stresses and refining the
microstructure. Studies show that normalization processes
at temperatures between 400 and 550 °C effectively reduce
SCC susceptibility and improve passivation behavior. These
cycles allow for the redistribution of alloying elements and
phase transformations, leading to a more stable oxide layer
on the steel surface. Additionally, PWHT enhances the
electrochemical uniformity across welded joints, mitigating
galvanic effects between the weld metal and base material
[186]. Excessive heating during PWHT, however, introduces
risks such as carbide precipitation and grain growth, which
reduce the material’s ability to resist localized corrosion. For
instance, PWHT cycles above 600 °C were found to degrade
mechanical properties like tensile strength and hardness,
while also increasing vulnerability to intergranular corro-
sion due to chromium carbide formation in stainless carbon
steels [186].

Carbon steel pipes are widely utilized materials due to
their strength, ready availability, and cost-effectiveness
[187, 188]. Low-carbon steel is prone to substantial internal
deterioration when exposed to an environment containing
hydrogen sulfide (H,S) and CO,. When there is no protec-
tive film on the inner surface of steel material, typically
exposed to corrosive substances, it leads to the occurrence
of severe localized corrosion. Numerous factors influence
the oxidation and sulfidation of iron alloys, and they can be
categorized into two main groups. The first group comprises
environmental factors, such as the concentration of hydro-
gen sulfide, temperature, and applied potential. The second
group involves variations in the physical, mechanical, and
metallurgical properties of the alloy used during production
processes. Consequently, the selection of materials becomes
a crucial stage when choosing the most suitable alloy for
specific applications [189—192]. However, the welding pro-
cess can significantly affect the characteristics of a welded
assembly, giving rise to concerns such as cracks, fatigue, and
corrosion within the welded zone [11, 193]. After carbon

steel pipes undergo welding, residual stress arises within
the welded structure due to uneven expansion and contrac-
tion of the weld and the base metal. This unevenness is a
result of non-uniform temperature distribution during the
welding process. Nonetheless, the various zones within the
weld region and the heat-affected zone (HAZ) exhibit dis-
tinct characteristics that differ from those in the base metal
[140, 141, 143]. These distinct microstructures lead to sig-
nificant differences in strength along the welded joints after
welding operation and create electrochemical differences
among individual components within the welded structure.
Moreover, these residual stresses and microstructural differ-
ences between the base metal and the weld zone can poten-
tially result in brittle fractures, reduced fatigue life, and the
initiation of corrosion, such as stress corrosion cracking,
especially when exposed to corrosive environments during
service [194-196]. Also, the structural design and stress
concentration of the component can influence the degree to
which it can resist corrosion [197]. Therefore, to maintain
the structural integrity of these materials, it is crucial to
manage and control welding residual stress.
Shirinzadeh-Dastgiri et al. [198] performed a compre-
hensive metallurgical assessment and corrosion behavior
study on a failed weld joint fabricated from AISI 1518
low-carbon steel. Microstructural characterization revealed
distinct morphological features, including soft and coarse
phases within the base metal (BM), heat-affected zone
(HAZ), and weld metal (WM). Elemental analysis using
X-ray diffraction (XRD) and energy-dispersive spectros-
copy (EDS) confirmed the presence of sulfide and oxide
inclusions on the fracture surface and the internal pipe
wall. The failure was predominantly attributed to the
development of microstructural heterogeneity in HAZ and
WM, leading to localized residual stresses. Fractographic
examinations indicated a mixed fracture mode, exhibit-
ing both brittle and ductile characteristics localized along
the V-notch, with additional evidence of micro-cracks
and voids in the vicinity of the fracture surface. Electro-
chemical analysis under corrosive conditions highlighted
the inability of the iron sulfide and oxide films to provide
adequate passivation for the BM, HAZ, or WM. Further-
more, the scales deposited on the pipe’s internal surface
appeared to impede hydrogen opening into the metal lat-
tice, thereby accelerating crack nucleation, propagation,
and coalescence under service conditions. Moon et al.
[199] examined the effects of post-weld heat treatment
(PWHT) on the corrosion performance and hydrogen
embrittlement susceptibility within the heat-affected zone
(HAZ) of flux-cored arc welding (FCAW). Their find-
ings revealed that applying PWHT at 550 °C significantly
improved corrosion resistance. Furthermore, the elonga-
tion properties were enhanced at this temperature com-
pared to the as-welded condition. Consequently, hydrogen
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embrittlement susceptibility was observed to diminish fol-
lowing PWHT at 550 °C, which was attributed to micro-
structural modifications potentially reducing localized
stress concentrations. Kaba et al. [200] investigated the
metallurgical and corrosion behavior of austenitic stainless
steel welds subjected to post-weld heat treatment (PWHT).
Their electrochemical analysis revealed that the base metal
(BM) in the as-welded condition had a higher corrosion
potential (—277.36 mV) compared to the PWHT samples
(—304.72,—-315.81, and — 301.65 mV). These results, as
shown in Fig. 24, indicate that the as-welded BM demon-
strated superior resistance to corrosion. PWHT conducted
up to 850 °C, with the most significant improvement
observed at 650 °C, enhanced the weld zone’s corrosion
resistance. This improvement is attributed to the reduc-
tion of galvanic activity between the §-ferrite and y-matrix
phases, determined by chromium depletion in the 5-ferrite
phase and its redistribution toward the material surface.

Therefore, it has become evident that post-weld heat
treatment (PWHT) can substantially improve the corro-
sion resistance of welded carbon steel joints. The process
achieves this by mitigating the adverse effects of residual
stress and welding-induced microstructural changes. Post-
weld heat treatment (PWHT) helps homogenize hardness
distributions, reduces exposure to hydrogen embrittlement,
and refines the grain structures within the weldment.

5.4 Passivation and corrosion rates

Post-weld heat treatment (PWHT) significantly enhances
the passivation behavior of carbon steel weldments by
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stabilizing the oxide films formed during heat exposure.
These passive layers consist predominantly of magnetite
(FesO,) and hematite (Fe,Os), which protect the underlying
metal by acting as barriers against oxygen diffusion. At opti-
mal PWHT temperatures (400-550 °C), these oxide films
become denser and more uniform, reducing micro-galvanic
coupling between the weld metal (WM), base metal (BM),
and heat-affected zone (HAZ) [201, 202]. Electrochemical
impedance spectroscopy (EIS) studies indicate that PWHT-
treated weldments exhibit increased charge transfer resist-
ance (Rct), reflecting improved passivity and a lower corro-
sion rate [203-205].

Metallurgical transformations during PWHT play a piv-
otal role in enhancing corrosion resistance. Refinement of
grain structures in the HAZ and recrystallization of the
WM reduce the electrochemical heterogeneity commonly
observed in as-welded conditions. These changes minimize
localized anodic dissolution, effectively mitigating pitting
and crevice corrosion. In chloride-rich environments, this
refinement is particularly beneficial as it limits the initiation
of localized corrosion attacks by equalizing potential differ-
ences across the weldment [206, 207].

Despite the benefits, environmental factors such as pH
and chloride ion concentration influence the effectiveness
of passivation. Recent studies highlight that in environments
with high-chloride ion activity, the protective oxide layer
can become unstable, leading to breakdown and initiation of
corrosion. Incorporating advanced surface treatments, such
as plasma-enhanced chemical vapor deposition (PECVD),
post-PWHT has shown potential in enhancing the durability
of these passive films [208, 209].
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5.5 Stress corrosion cracking (SCC) susceptibility

Stress corrosion cracking (SCC) is a critical degradation
mechanism in carbon steel weldments subjected to ten-
sile stress and corrosive environments. PWHT mitigates
SCC susceptibility by alleviating residual stresses and
refining microstructural discontinuities. During PWHT,
the martensitic regions in the WM and HAZ temper into
ferrite and cementite, resulting in reduced hardness and
increased ductility. These changes reduce stress concen-
trators that act as SCC nucleation sites, thereby enhanc-
ing resistance to crack initiation and propagation [202,
210, 211]. The grain boundary characteristics signifi-
cantly affect SCC behavior. PWHT at 500-550 °C pro-
motes grain boundary relaxation, reducing susceptibil-
ity to intergranular SCC in high-chloride environments.
Advanced analytical methods, such as transmission
electron microscopy (TEM), have revealed the presence
of carbide precipitates along grain boundaries in over-
processed specimens, which compromise SCC resistance.
Studies advocate precise control of PWHT duration and
temperature to avoid excessive precipitation and ensure
optimal performance [212].

Future advances in SCC mitigation include real-time
monitoring of stress relaxation during PWHT using tech-
niques like neutron diffraction and thermography. These
tools allow precise tailoring of heat treatment protocols
to minimize residual stress while preserving mechani-
cal integrity. Combining PWHT with corrosion inhibi-
tors or surface-modified layers further augments pro-
tection, especially in marine or industrial environments
[213-217].

5.5.1 Effects of overprocessing

Overprocessing during PWHT, particularly at tempera-
tures exceeding 600 °C, introduces adverse metallurgi-
cal changes that undermine both corrosion resistance
and mechanical properties. High temperatures accelerate
the coarsening of ferrite grains and promote carbide pre-
cipitation along grain boundaries. These carbides, often
chromium-rich, deplete adjacent areas of chromium, lead-
ing to sensitization and increased susceptibility to inter-
granular corrosion [207, 218, 219].

The mechanical effects of overprocessing are equally
detrimental. Excessive grain growth results in reduced
tensile strength and impact resistance, compromising
the weldment’s structural integrity. Studies have shown
that annealing temperatures above 650 °C can reduce the
hardness of the HAZ by 15-20%, significantly affecting
its ability to resist localized deformation under stress
[220]. Recent innovations in thermal profiling have been

developed to mitigate these risks by ensuring uniform
heat distribution across the weldment during PWHT [216,
221]. Low-energy post-weld heat treatment (PWHT)
methods, such as laser-assisted heating and pulsed ther-
mal treatments, can mitigate environmental impacts.
These techniques are effective for stress relief and micro-
structural refinement, all while minimizing energy con-
sumption and reducing the risk of thermal degradation
[219, 222].

5.5.2 Environmental influence on corrosion resistance

The operating environment significantly influences the
effectiveness of post-weld heat treatment (PWHT) on cor-
rosion resistance. In chloride-heavy settings, such as marine
environments, the uniform grain structure achieved through
PWHT minimizes micro-galvanic corrosion between differ-
ent weld zones. However, under highly acidic conditions, the
stability of oxide layers formed during PWHT can degrade,
necessitating supplementary treatments [200, 223, 224].
Studies utilizing EIS have shown that PWHT-treated weld-
ments maintain higher polarization resistance (Rp) in mild
alkaline environments than untreated samples. However, in
extreme conditions (pH < 3), the breakdown of passive films
is accelerated, leading to increased susceptibility to pitting.
To counteract this, advanced coatings, such as nano-ceram-
ics or PECVD films, are applied post-PWHT to reinforce
the passivation layer and extend the weldment’s lifespan
[225-228].

6 Conclusions

This review critically examines the influence of residual
stress and post-weld heat treatment on microstructural evo-
lution, mechanical properties, and corrosion resistance in
welded carbon steel joints. The findings provide valuable
insights into the understanding of these effects.

e Residual stresses in carbon steel welds are primarily
induced by thermal gradients during welding, resulting
from uneven thermal expansion, contraction, and phase
transformations. These stresses are further intensified by
joint geometries, material heterogeneities, and external
constraints, leading to localized tensile and compressive
stress fields that degrade structural integrity.

e The presence of high residual stress magnitudes, par-
ticularly in the heat-affected zone (HAZ), significantly
enhances the susceptibility of welded structures to
fatigue failure, brittle fracture, and stress corrosion crack-
ing (SCC). These stresses often exceed the material’s
yield strength, creating critical stress concentrations that
reduce service life.
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e PWHT effectively alleviates residual stresses by facili-
tating microstructural refinement, reducing hydrogen-
induced defects, and enhancing mechanical properties
such as toughness and ductility. However, complete stress
elimination remains a challenge, necessitating comple-
mentary methods or advanced heat treatment strategies.

e Techniques such as neutron diffraction and computational
modeling offer precise evaluation and predictive capa-
bilities for residual stress distributions. These methods
enable targeted interventions by providing accurate stress
quantification and insight into the evolution of stresses
during welding and subsequent treatments.

e Hybrid welding techniques, integrating laser and arc
welding processes, provide superior control over ther-
mal gradients and residual stress profiles. These methods
exhibit reduced heat-affected zones, minimized distor-
tions, and enhanced weld quality, making them suitable
for high-performance applications.

e Despite the advancements, current residual stress man-
agement techniques face barriers, including high costs,
technical complexity, and scalability issues. There is a
pressing need for innovative, cost-effective, and environ-
mentally sustainable solutions to address these limita-
tions.

7 Future trends and recommendations

This review highlights critical areas requiring further explo-
ration in future research. Addressing these trends and rec-
ommendations can improve the efficiency, reliability, and
optimization of post-weld heat treatment processes for car-
bon steels. Such advancements could substantially enhance
the quality and performance of welded components across
diverse industrial applications.

e Optimize welding parameters, including heat input,
travel speed, and joint geometry, to effectively minimize
residual stress magnitudes. Enhanced regulation of these
parameters can mitigate defects such as thermal distor-
tions and stress localization, thereby improving weld
integrity and performance.

e Develop and implement advanced PWHT techniques tai-
lored to specific material and application requirements.
Controlled heating and cooling cycles should target tem-
pering martensitic microstructures, reducing hydrogen
entrapment, and achieving microstructural homogeniza-
tion for improved fatigue resistance.

e Incorporate state-of-the-art stress measurement methods,
such as neutron diffraction, X-ray diffraction, and compu-
tational modeling, into standard welding practices. These
tools allow for accurate residual stress characterization

@ Springer

and predictive analysis, enabling data-driven stress miti-
gation strategies.

e Promote hybrid welding technologies, combining laser
and arc welding processes, for their ability to minimize
residual stress gradients, reduce heat-affected zones, and
ensure uniform stress distributions. Their integration into
industrial applications can enhance efficiency and weld
quality while reducing costs.

e Establish standardized frameworks integrating compu-
tational modeling, experimental validation, and PWHT
practices. These protocols should ensure consistent and
reproducible outcomes across various applications and
materials, fostering industry-wide reliability in residual
stress mitigation.

e Prioritize research on energy-efficient welding and post-
weld treatments to align with global sustainability ini-
tiatives. This includes reducing the carbon footprint of
welding processes, exploring recyclable materials, and
adopting circular economy practices to ensure environ-
mental and economic sustainability.
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