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1. Introduction

PWHT is a process that is applied after welding and involves heating a welded material to a temperature below
its critical transformation temperature and holding it for a predetermined period of time [1]. This process can be
classified into three forms: annealing, normalizing, and quenching [2].

i.  Annealing - used to soften the metal for forming or machining. Annealing process can reduce the internal
stress, remove defects, increase the ductility, increase toughness and decrease hardness.
ii. Normalizing - used to provide uniformity in particle size. Normalizing improves the toughness of the steel
and reduces its hardness, improve plasticity, and reduces cracking.
iii. Quenching - used to harden iron-based metals. Quenching improves the hardness and brittleness of the

metal, and improve the elastic limit. It also has high internal stress.

PWHT is used to alleviate welding-induced stresses in materials, as prescribed by the code of construction,
and may also be required to relieve the stresses created during welding in certain service environments. If stress
corrosion cracking, distortion, fatigue cracking, premature failure, and acceleration occur, it can be caused by
locked-up stress [2].

1.1 Ferrous Metal in Piping

Ferrous materials, such as steel, are commonly used in manufacturing, construction, and building structures due
to their widespread availability, low cost, high strength, and versatility. The production of steel is increasing
globally as a result of industrialization, which reflects the growing demand for this material due to its versatility
and ease of fabrication into various forms [3].
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1.1.1 Stainless Steel Pipe

Stainless steel (SS) stands out for its resistance to corrosion and durability, primarily due to its chromium (Cr)
content of at least 10.5%, which forms a protective oxide layer that prevents oxidation and corrosion [4]. The
various types of SS, including austenitic, ferritic, and martensitic, each have distinct properties and applications.
Austenitic stainless steel, with up to 0.15% carbon, at least 16% Cr, and often nickel (Ni) or manganese (Mn),
excels in high-temperature strength, toughness, and formability, making it highly versatile from cryogenic to
elevated temperatures [5]. Despite its many advantages, austenitic SS's high nickel content can drive up costs and
may lead to price volatility due to market fluctuations.

Ferritic stainless steel, with 14-27% Cr and no nickel, offers a cost-effective alternative with decent corrosion
resistance. However, its lower toughness and non-heat-treatable nature limit its use in demanding applications
[6]. Being magnetic, ferritic SS also finds niche applications in household appliances and automotive parts where
magnetic properties are advantageous.

Martensitic stainless steel, containing 11.5-18% Cr, combines corrosion resistance with heat-treatable

properties, providing a wide range of hardness and strength levels [7]. This makes it suitable for applications
requiring high strength and wear resistance, such as cutlery, surgical instruments, and valve components.
However, its lower corrosion resistance compared to austenitic SS necessitates careful consideration in
environments where corrosion is a significant concern.
In industrial applications like heat exchangers and furnaces, SS pipes are preferred to avoid iron dissolution,
despite being three times more expensive than carbon steel (CS) pipes. The cost is mitigated by using thinner walls
due to SS's superior strength and corrosion resistance, often omitting corrosion allowances [8]. This approach
underscores the economic balance between material costs and performance requirements.

The ASTM A-403 standards for wrought austenitic SS piping fittings mandate solution heat treatment above

1000 °C followed by rapid cooling to ensure optimal mechanical properties and corrosion resistance [9]. For
welded joints of AISI 321 SS and AISI 347 SS, stabilisation heat treatment at specific temperatures induces the
precipitation of stabilising elements like Ti or Nb. These elements form carbides (TiC or NbC) that prevent
chromium depletion and regulate sensitization, enhancing the durability and longevity of the stainless steel in
high-temperature applications [10].
In summary, the choice among austenitic, ferritic, and martensitic SS depends on specific application needs,
balancing cost, mechanical properties, and corrosion resistance. While austenitic SS offers superior performance
in a wide range of environments, ferritic and martensitic SS provide cost-effective solutions with specific
advantages in magnetic properties and heat-treatability, respectively. The careful application of heat treatments
and material selection is crucial to optimizing the performance and longevity of stainless-steel components in
various industrial contexts.

1.1.2 Cast Iron Pipe

Castiron with a carbon content of 2-6.67% is a brittle metal with low ductility and malleability. It cannot be drawn,
rolled or shaped due to its low ductility, but it can be easily melted and machined into complex shapes, making it
a suitable material for various valve bodies because of its properties [4].

The journal article by Pouranvari et al. emphasized that cast iron is a difficult material to weld due to its
inherent brittleness and the impact of the welding thermal cycle on its metallurgical composition, resulting in four
distinct zones when welded [5]. These zones include:

i. Fusion Zone (FZ), where melting occurs during the welding process and is resolidified upon cooling,
ii. Partially Melted Zone (PMZ), which is the area immediately outside the FZ where liquation can occur
during welding,
iil. Heat Affected Zone (HAZ), which undergoes microstructural changes without melting, and the base metal

(BM), whose structure remains unaffected during the weld thermal cycle.

Fig. 1 shows the correlation between the microstructural zone temperature and Fe-C phase diagram [6]. High-
carbon cast iron produces hard brittle phases such as martensite and carbides in the FZ, PMZ, and HAZ, which can
cause joint cracking and negatively impact weld ductility, toughness, and machineability owing to their hardness
and brittleness [7], [8], [9], [10].

The factors that impact cast iron welding include the type of cast iron, its chemical composition, filler metal
composition, original matrix structure, welding technique, and pre- and post-heat treatment [9], [10], [11], [12],
[13], [14], [15], [16].

Grey castiron is fragile and often unable to withstand cooling weld forces. However, the inclusion of graphite
clusters in malleable iron and nodular graphite in ductile cast iron increases ductility and enhances weldability
[17]. Martensite formation in HAZ is less likely in ductile cast irons and malleable irons, making them easier to
weld, especially when the matrix consists of high ferrites. White cast iron, which is extremely hard and contains
iron carbides, is typically considered unweldable [13], [17]. Cast iron welding techniques include oxyacetylene
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and arc welding methods [16], [18], [19] with diffusion bonding, friction welding, and electron beam welding also
being studied by researchers [20], [21], [22], [23], [24].
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Fig. 1 Temperature experienced by various microstructural zones in a cast iron weld [6]
Welding cast iron involves three filler metals: nickel/nickel-iron-based, cast iron filler metal, and mild/low

carbon steel filler metal. Mild steel electrodes are commonly used for gray cast iron welding because of their low
price [25], but they also have metallurgical issues.

i. Steel contracts more during solidification than grey cast iron, making the FZ more susceptible to
shrinkage cracking due to tensile stresses [13], [18].
ii. The use of a mild steel electrode mixed with high-carbon cast iron results in a hard and brittle weldment,

reducing its impact characteristics and potentially causing a crack in the heat-affected zone. Steel
electrodes should only be used when the joint is not under tension or bending forces.

iil. High hardness in the FZ and HAZ requires preheating and post-weld heat treatment (PWHT). Preheating
slows cooling, leaving a softer FZ and HAZ. The preheating temperatures ranged from 300 to 600 °C.
Preheating is not possible because of the low heat usage [26]. According to Kumar’s research [26], a 540
°C preheat temperature reduces hardness significantly, while PWHT improves machinability of welded
cast iron. Preheating is not an option because of heat usage.

El Banna et al. studied the restoration of pearlitic cast iron using shielded metal arc welding (SMAW) with
specific filler materials. Their findings indicated that preheating the cast iron to 300°C effectively minimized the
20-meltregion and heat-affected zone (HAZ), which contained discontinuous carbides and bainites. Furthermore,
they noted that multipass welding decreased the width of the melt area and the microhardness of the HAZ [34].
This suggests that careful preheating and welding techniques can significantly improve the weld quality of
pearlitic cast iron, reducing the risk of defects and enhancing mechanical properties.

Pouranvari et al. explored the impact of SMAW, nickel-based electrodes, and post-weld heat treatment
(PWHT) on welded sections of cast iron. Their study underscored the importance of electrode composition and
heat treatment in achieving optimal weld characteristics [12]. The use of nickel-based electrodes was particularly
effective in improving the ductility and toughness of the welds, which are critical for the integrity of cast iron
structures.

Voigt et al. examined the HAZ structures in ductile cast irons using SMAW with Eni-CI filler material and
preheating at 300°C. Their research highlighted that preheating plays a crucial role in controlling the HAZ
microstructure, which is vital for maintaining the mechanical properties of ductile cast iron welds [35]. Preheating
helps in reducing thermal stresses and preventing the formation of brittle phases in the HAZ.

Hatate et al. compared electron beam welding (EBW) and metal active gas (MAG) welding of spheroidal
graphite castiron to mild steel. Their findings provided insights into the suitability of different welding techniques
for joining dissimilar materials. EBW produced narrower HAZs and fewer defects compared to MAG welding,
suggesting that it might be a better choice for applications requiring high precision and minimal thermal distortion
[27].

Sanghoon et al. investigated the welding of ferritic stainless steel to high silicon nodular cast iron using metal
active gas (MAG) welding with a Ni-Cr alloy filler material. They discovered the presence of an unmixed zone
(UMZ) at the fusion boundary, which exhibited the highest hardness values. Their study also identified various
metallurgical zones, including martensitic phases and carbides in the UMZ, transition zone (PMZ), and HAZ, each
characterized by distinct microstructures and properties [36][37]. The high hardness in the UMZ could pose
challenges for the joint's ductility and toughness, necessitating further optimization of welding parameters and
post-weld treatments.
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In summary, these studies collectively emphasize the critical role of preheating, filler material selection, and
welding techniques in restoring and joining cast irons and dissimilar materials. Preheating effectively reduces
thermal stresses and prevents brittle phase formation, while the choice of filler material influences the mechanical
properties of the weld. Advanced techniques like EBW offer advantages in precision and reduced thermal
distortion, whereas multipass welding can improve weld quality by minimizing melt area width and HAZ
microhardness. Understanding these factors is essential for optimizing welding processes and ensuring the
integrity and performance of welded components in various industrial applications.

Weld nugger

Weld interface T Unmixed zone

Unaffected base metal

Fig. 2 Metallurgical zones of the weld [27]

Tadashi Kasuya et al conducted a study to determine the maximum hardness of HAZ and the appropriate
preheat temperature for steel welding. Their findings indicated that HAZ's hard microstructure can lead to
degradation of weld properties and increased susceptibility to cold cracking [28]. Additionally, Takamura et al
found that TIG welding between specific compositions can eliminate technical issues with conventional steel
materials welding without the need for preheating or post-heating treatment [29].

According to research conducting by Hisaki O and Ryochi K. et al. [30], to avoid HAZ cracking in 9Cr-1Mo-Nb-
V (P91) steel, the preheating and post-heating must be:

i.  The lowest preheating temperature to avoid cracking is around 200 °C, which is lower than the values
(300 °C) predicted from the chemistry mentioned above.

ii. When a mild steel electrode with a 58 kg/mm? tensile steel content is used to make the weld, the
preheating temperature rises.
ii. Utilising a martensitic weld metal minimises residual stress and produces a weld that is less susceptible

to cracking.

1.1.3 Carbon Steel Pipe

Carbon steel (CS) pipes are prevalent in piping systems due to their robustness, adaptability, and range of
connection types, including screwed, socket-welded, and butt-welded options. Selecting the appropriate CS pipe
involves considering the application's requirements for strength, durability, and machinability. These pipes must
endure pressure, temperature variations, and potential corrosion, with relevant ASTM or API standards ensuring
these demands are met [8].

CS is an iron-carbon alloy with less than 0.8% carbon, widely used in the petroleum industry for its balance

of strength and ductility. Compared to other alloys, CS contains lower levels of manganese and microelements,
which can impact its performance in different environments [20]. During production, deoxidants like silicon or
aluminum are added to remove oxygen, enhancing the steel's quality and performance.
High-energy CS pipes, designed for high-temperature and high-pressure applications, resist wall thinning better
than standard CS pipes. This resistance is crucial for their use in both aboveground and underground services
transporting liquids, gases, and steam. However, CS pipes are generally not recommended for highly corrosive
environments [11]. The material's limitations in such conditions can lead to increased maintenance costs and
potential system failures, suggesting the need for alternative materials like stainless steel in corrosive applications
[8]. The variety in wall thickness and grades of CS pipes is determined by the allowable stress influenced by the
material's metallurgy and manufacturing process. This variety allows engineers to choose the appropriate pipe
for specific pressure and temperature conditions. Wall thickness requirements are particularly critical, as they
directly impact the pipe's ability to withstand operational stresses [11]. The chemical composition and properties
of CS pipes for various temperature ranges are documented in standard references, providing essential data for
material selection and engineering calculations [63].

Critically, while CS pipes offer a cost-effective solution for many applications, their susceptibility to corrosion
in certain environments necessitates careful consideration. The decision to use CS over more corrosion-resistant
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materials like stainless steel or specialized alloys should factor in the total lifecycle cost, including potential
maintenance and replacement expenses. Furthermore, advances in protective coatings and treatments can extend
the service life of CS pipes, but these solutions may not fully mitigate the inherent limitations of the material in
highly corrosive conditions.

In conclusion, CS pipes are a versatile and economical choice for many piping applications, particularly where
high strength and ease of fabrication are paramount. However, their application in corrosive environments
requires additional protective measures or consideration of alternative materials to ensure long-term
performance and reliability. The balance between cost, performance, and maintenance is essential in the selection
of CS pipes for any given application. The CS pipe is chosen in this study due to its exceptional mechanical strength,
resistance to corrosion, ease of welding, user-friendliness, and safety, making it a widely used material in the
transmission of chemicals, petroleum products, and water [31]. These characteristics have made the CS pipe a
popular choice in the industry [32].

Table 1 Chemical composition of the CS pipe [4]
Material C Mn P S Si Cr Mo \ Nb N Al Ni

Carbon

0.15 0.30 0.03 0.03 0.50 1.90 0.87 - - - - -
Steel

Table 2 Metal design temperature for piping [4]

Design Temperature (°F) Specification
650 to 60 API 5L
50 to -20 A-53
-21to-51 A-106
-51to-150 API 5L
-151to -325 A-106

A-333 Grade 1 or 6
A-333 Grade 304
A-312 Grade 304
A-358 Grade 304
A-312 Grade 304
A-358 Grade 308

1.2 Welding for Ferrous Metal

Welding is crucial in various industries, including shipbuilding, bridge construction, pressure vessel
manufacturing, heavy machinery, automotive, and rolling stock. However, welding introduces several issues,
particularly concerning the heat-affected zone (HAZ), a distinct microstructure formed in the base metal adjacent
to the weld [43], [44]. The nonuniform heating and cooling during welding can harden the HAZ, increasing
susceptibility to cold cracking and residual stress. To mitigate these issues, it is essential to control the heating
and cooling rates in the base metal and the weld HAZ. Employing pre- and/or post-heating techniques can
significantly alleviate these effects [45].

The rapid thermal cycles near the weld line due to welding cause uneven heating and cooling, which
heightens the risk of cold cracking, a tougher HAZ, and residual stress [38], [46], [47], [48]. The differential heating
and cooling introduce harmful stresses within the welded material [49]. Weld contraction, due to metal cooling
along the weld's length, can generate residual tensile stresses, affecting the overall performance and integrity of
the structure more than the base metal alone [38]. Addressing these challenges involves implementing preheating
and post-heat treatments to ensure the HAZ has acceptable properties and to minimize hydrogen-induced
cracking. These treatments help to slow the heating and cooling rates, reducing the formation of detrimental
microstructures and residual stresses. Preheating the base metal before welding ensures a more gradual
temperature gradient, minimizing thermal shock and stress concentrations.

Post-heat treatment helps to relieve residual stresses and reduce hardness in the HAZ, thereby enhancing the
welded structure’s performance and longevity [47]. Despite these mitigation strategies, the inherent issues of
welding, such as cold cracking and residual stress, demand continuous advancements in welding techniques and
materials. Innovations in welding technology, such as controlled heat input methods and advanced filler materials,
are crucial to overcoming these persistent challenges. Moreover, ongoing research and development in welding
metallurgy are essential to understand better and control the microstructural changes during welding, ensuring
the production of robust and reliable welded structures.
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In conclusion, welding remains indispensable across various industries, but it comes with significant
challenges related to the heat-affected zone. Effective management of heating and cooling rates through pre- and
post-heating techniques, along with continuous advancements in welding technology, are vital to mitigating these
issues and ensuring the structural integrity and performance of welded components.

A

Fig. 4 Welding of CS pipe [33]

1.2.1 The Preheat of Ferrous Metal

Preheating is the process of heating metal to a predetermined temperature before welding [34], with the aim of
reducing shrinkage stresses and enhancing the cooling rate. The specifics and mode of preheating vary depending
on the situation [35]. The metal is ready for welding when preheated, especially when the base metal thickness
increases, as it has a higher self-quenching capacity and increased weld structure rigidity. A higher preheat
temperature and lower heat input are more favorable for limiting martensite formation and hardness, resulting
in better welds, particularly when the heat input is lower [36]. Hardenable steels should be preheated to reduce
the cooling rate after welding, and the amount of carbon present determines the preheating requirements and the
critical preheating temperature.
The following factors determine the minimum preheating temperature required to prevent cracking:

i. Carbon equivalent expressing carbon and alloy content
ii. Condition of base metal prior to welding
iii. Thickness of base material
iv. Constraint level

V. Hydrogen available risk

The Heat-Affected Zone (HAZ) in welding often develops a hard microstructure due to rapid heating and
cooling, which can degrade weld properties and lead to failure in welded joints [38], [49]. The variability in cooling
rates across different microstructure regions within the HAZ contributes to this issue, making it a critical factor in
weld integrity [43].

Preheating the workpiece before welding is a recognized method to mitigate these issues. Preheating reduces
atmospheric water vapor condensation, which can prevent hydrogen-induced cracking and improve weld quality.
Benjamin King’s study from the University of Wollongong underscores the importance of preheating, aligning with
Australian and international standards that mandate this practice [53]. For instance, AD4458-1997 requires
preheating 2.25Cr-1Mo steel sections thicker than 12 mm to 200 °C and thinner sections to 150 °C [54]. The ASME
Boiler and Pressure Vessel Code specifies a higher preheating temperature of 232 °C [55], while a survey by
Viswanathan and Gandy indicates a range of 149-316 °C in American industry practices [56].

Preheating is particularly effective in managing the challenges posed by the low heat conductivity of thin
sections during welding. According to Lant et al,, this low conductivity can result in low cooling rates, which
permits safe preheating without negatively impacting performance, even with the additional heat generated
during the welding process [57]. The British Standard BS 2633: 1973 mandates a modest preheating of 50 °C for
thin tubes made of 2.25Cr-1Mo during C-steel root runs, emphasizing that thinner materials can benefit from
lower preheating temperatures [58].

For thicker plates welded using the hydrogen-controlled gas tungsten arc welding (GTAW) technique,
preheating requirements can be adjusted based on procedural tests. This adaptability ensures that weld integrity
is maintained without unnecessary thermal stress on the material. The ability to reduce preheating temperatures
for certain welding procedures, as supported by procedural tests, highlights the balance between ensuring
adequate preheating and preventing excessive heat input that could lead to other welding defects.

In conclusion, preheating is a critical process in welding that addresses the hard microstructure development
in the HAZ and enhances the overall quality of welds. Adhering to preheating standards and adjusting practices
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based on material thickness and welding techniques can prevent weld failures and extend the service life of
welded components. The variation in preheating requirements across different standards and industry practices
underscores the need for careful consideration of specific welding conditions to optimize outcomes.

1.2.2 The Post-Heat of Ferrous Metal

Post-weld heat treatment (PWHT) is crucial for enhancing the mechanical properties and microstructure of
welded materials. It aims to improve toughness, achieve a uniform grain structure, and minimize residual stress
through controlled heating after welding [59]. This treatment is essential for pressure vessel and piping
components, where residual stresses can lead to failure under operational pressures and temperatures.
McEnerney and Dong highlight that PWHT is often mandated for pressure vessel and piping components to
alleviate residual stresses and enhance the properties of weldments [60]. Design codes and standards, such as
ASME Division 2, API 579 RP, and EN 13445, specify PWHT requirements, including ramp-up heating rates, hold
temperatures, and hold times. These requirements are tailored based on the type of steel and the wall thickness,
ensuring that the treatment is effective and appropriate for the specific material and application [61][62][63].

G. Rajamurugan et al.’s study on using resistance heating for localized PWHT provides valuable insights into
the practical application of this technique [64]. Resistance heating, which involves running an electric current
through a component to generate heat, is particularly useful for localized PWHT of small parts or repairs. In their
experiment, a heating coil was used to perform PWHT on a thick-walled carbon steel (CS) pipe. This method
allowed for controlled and localized heating, effectively relaxing residual stresses, softening the hardened zone,
improving the microstructure, and reducing hydrogen content in the welded region [64]. The study found that the
width of the heating coil significantly affects the temperature gradient between the outer and inner diameters of
the pipe. A wider coil reduces the temperature gradient, thereby decreasing residual stresses and enhancing the
microstructure and mechanical properties of thick-walled CS pipes. This finding underscores the importance of
optimizing heating coil dimensions to achieve uniform temperature distribution and effective PWHT [64].

Despite the benefits, PWHT has its challenges. The process can be time-consuming and costly, particularly for
large structures or components with complex geometries. Additionally, improper PWHT can lead to detrimental
effects, such as overheating or thermal embrittlement, which can compromise the integrity of the material.
Therefore, precise control over the heating parameters and adherence to established standards are critical to the
success of PWHT.

492

Fig. 3 Coil and thermocouple location at (a) Longitudinal; (b) Cross-section for trials 1, 2, and 3 [37]
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1.3 The Effect of PWHT on Ferrous Metal

The post-weld heat treatment (PWHT) of ferrous metals has a crucial impact on their properties. It is possible to
enhance the mechanical strength, structural stability, and performance of ferrous alloys through controlled
thermal processing. This study thoroughly examines the key effects of PWHT on these metals, underscoring their
importance in various industries [33]. According to Byeong et al [38], he conducted a study about the effect of
PWHT on the fatigue behaviour of medium-strength carbon steel weldments. The researchers used a few methods
to analyse the mechanical properties of the CS weldments. The detail properties can be seen in Table 3.

Heat treatment of the entire vessel in a furnace is often more time-consuming and expensive than performing
PWHT during field fabrication. To achieve PWHT, heat sources are placed over the weld zone and a section of the
base metal next to the weld zone, and heated to a predetermined temperature [96]. The use of flexible ceramic
pad (FCP) heaters is common for PWHT. As shown in Fig. 4, the two heating pad layers (outer and inner) are
positioned appropriately [39].

1.3.1 Influence on Temperature Profile

The role of temperature control in post weld heat treatment (PWHT) is pivotal for its success in ensuring
structural integrity and mitigating the detrimental effects of heating [96]. Finite element (FE) models have been
instrumental in simulating the temperature profiles required for PWHT, aiding in the optimization of heat
treatment processes. These models, validated extensively through ANSYS Workbench simulations of Transient
Thermal behavior, provide a robust framework for understanding the thermal behavior of welded structures [96].

Traditionally, PWHT involves heating the entire vessel in a furnace, a process that can be both time-consuming
and expensive, particularly during field fabrication [96]. To address this challenge, localized PWHT techniques
have been developed, wherein heat sources are strategically positioned over the weld zone and adjacent base
metal sections, allowing for targeted heating to predetermined temperatures [96]. Flexible Ceramic Pad (FCP)
heaters are commonly employed for such localized PWHT applications, offering flexibility and precise
temperature control [66].

Table 3 Properties with and without PWHT
With PWHT

Without PWHT

Tests e Tensile test: Used to understand the deformation and failure

mechanism

e Charpy Impact Absorption Energy Test: Used to evaluate their
energy absorption capacity, both with and without PWHT at
different temperatures

e Fatigue test: To study the impact of residual stresses on fatigue
behaviour

e Microstructural analysis: To observed any changes induced
PWHT

e Hardness Testing: To understand the effects on strength,
ductility, toughness, and fatigue resistance.

Results

Tensile and Yield Strength

PWHT at temperatures of 590 °C
and 800 °C for a duration of 1 hour
led to a reduction in both yield
strength and tensile strength, while
the elongation increased.

The welded specimens may exhibit
increases yield strength and tensile
strength compared to specimens
that undergone PWHT.

Impact Absorption Energy

PWHT at temperature of 590
PWHT at 590 °C resulted in a little
enhancement of the Charpy impact
absorption energy. However, at
800 °C, PWHT led to the
homogenization of the weldment
structure and a slight improvement
in shock absorption energy.

The Charpy impact absorption
energy may vary, with specimens
that did not undergo PWHT
potentially  showing  variable
impact resistance compared to
those that did not undergo heat
treatment.

Fatigue Strength

PWHT demonstrated a little
enhancement in fatigue strength
for certain butt-welded specimens.
However, it did not consistently

The fatigue strength of weldments
without PWHT may be affected by
the residual stresses produced
during welding, which might have
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improve the fatigue strength of an impact on the fatigue
weldments in other cases. characteristics of the structure.

Microstructure The  microstructure of the The absence of PWHT canleadto a

weldments was potentially altered
by PWHT at various temperatures,

different microstructure in the
weldments, which may have an

impact on characteristics like
hardness, toughness, and ductility.

which could have an impact on
characteristics like hardness and
toughness.

PWHT influenced the residual
stresses in the welded structures,

The structure may retain the
residual stresses from the welding

Residual Stresses

thereby impacting the fatigue process, which might have an

characteristics. impact on its  mechanical
properties and fatigue
performance.

In the context of PWHT, the use of FCP heaters presents several advantages, including their ability to conform
to irregular surfaces and provide uniform heating [66]. Fig. 4 illustrates the arrangement of two layers of heating
pads (outer and inner), ensuring efficient and controlled heating of the weld zone and surrounding areas [66].
This localized approach not only reduces overall energy consumption but also minimizes thermal distortion and
residual stresses in the welded structure [96].

However, despite the benefits of localized PWHT, challenges remain, particularly regarding temperature
uniformity and control [96]. Variations in material properties, geometry, and heat transfer characteristics can
impact the effectiveness of PWHT, potentially leading to inadequate or uneven heating, which may compromise
the integrity of the weld and surrounding material [96]. Therefore, ongoing research is focused on refining FE
models, optimizing heating strategies, and developing advanced heating technologies to address these challenges
and enhance the reliability and efficiency of PWHT processes [96].

y v = Lo '....‘r.':-a .
, g e e SN
N
._/ |-.‘“ L . WL -‘h“":ni\'
Y %ﬁﬁﬂ'-".'?.‘{-ﬁ?ﬁff.*ﬁ-‘?x
P S e T T W S

4 P -
s ryr il 1o }-nn-n A
T - Lo

L) T TS et Rt
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Fig. 4 Positioning of two heating pads layers (outer layer and inner layer) [39]

The impact of PWHT on weld properties is contingent upon the temperature field distribution. Elevated or
reduced temperatures can have adverse effects on the properties [40], [41]. Lei Hu et al. studied the temperature
profile during local PWHT of 9% Cr heat-resistant steel pipes [42]. They discovered that the temperature gradient
across the thickness of the pipe increased with an expansion of the pipe diameter and wall thickness. This can
result in inadequate tempering of the weld close to the interior surface of the pipe.

To mitigate the through-thickness temperature gradient, this study suggests enlarging the heated band (HB)
width, which is an efficient way to reduce the gradient. Additionally, increasing the gradient control band (GCB)
width effectively relieves the axial temperature gradient [42]. Fig. 5 shows a schematic of the temperature field in
the local PWHT [42].
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Fig. 5 The schematic description of temperature field in local PWHT [42]

The researchers found that the temperature inside the pipe decreased linearly from the outer to the inner
surface of the pipe wall, with a slight decrease in the rate of temperature reduction as the pipe wall thickness
increased. This was due to the smaller inner space in heavy wall pipes, resulting in reduced heat loss through
radiation on the inside surface [42]. As shown in Fig. 6, the pipe wall thickness affects the temperature distribution
in the through-thickness direction [42]. Therefore, it is crucial to optimize the process parameters, such as the HB
and GCB widths, to achieve the desired weld properties and prevent the negative effects of local heating during
the post-weld heat treatment of 9% Cr heat-resistant steel pipes.

1.3.2 Influence on Metal Expansion

PWHT is mostly used for ferrous metals, such as carbon steel metal and low alloy steel, to relieve the residual
stress and improve the mechanical properties of the material after the welding process. PWHT can affect the
expansion and dimensional stability of a metal, and it depends on several factors such as the way the material is
being treated, the specific PWHT process parameters, and the temperature of the metal heated during the
treatment process.

When the metal is heated during PWHT, it undergoes thermal expansion. Therefore, it increases in size as it
absorbs heat. Conversely, when the metal is cooled after the heat treatment, it contracts. These expansions and
contractions can lead to dimensional changes in metals. It can also relieve residual stresses in welded components.
Residual stresses can cause distortions and dimensional changes in the metals. The important reason for
performing PWHT is to reduce these stresses which can have a positive effect on the dimensional stability of the
welded structure.
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Fig. 6 Effect of pipe wall thickness on temperature distribution in through thickness direction [42]

Pandey et al. revealed that 9% Cr heat-resistant steel welds experienced thermal expansion due to increased
temperature, causing the crystal lattice structure of the material to expand [43]. The magnitude of expansion was
determined by the coefficient of thermal expansion. Hu et al. conducted finite element simulations to examine the
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temperature field during local PWHT of 9% Cr heat-resistant steel pipes [42]. This reveals that the thermal
expansion and contraction can be influenced by the temperature gradient along the thickness of the pipe.

According to Alipooramirabad et al,, the yield strength of the weld metal (642 24 MPa) was achieved in the
as-welded joints of Bisalloy 80 steel. It also exhibits high levels of tensile residual stress [44]. The residual stresses
significantly decreased to 145 + 21 MPa or approximately 23% of the weld metal yield strength after the PWHT
process. Additionally, PWHT was tested by Choi et al. to determine whether it could reduce the residual stress in
the HAZ and welded joint of the A516 carbon steel pipe [45]. PWHT can influence the extent of metal expansion
based on the control of cooling rates. This control of cooling rates is implemented in various PWHT processes to
minimize distortions and dimensional changes. Gradual and controlled cooling can reduce the risk of dimensional
instability by managing thermal loads.

Research on the influence of welding heat input and cooling rate on the mechanical properties of 1.25Cr-
0.5Mo steel for pressure vessels was performed by Hwan et al. [46]. The study showed that the impact toughness
and microstructure were not significantly affected by the welding heat input up to 30.9 kJ/cm. However, the
increase in ferrite production and coarsening of the coarse-grained heat-affected zone (HAZ) led to a decrease in
toughness at 44.8 k]J/cm. The microstructure and properties did not change with the cooling rates during the
PWHT.

1.3.3 Influence on Residual Stress

According to a thorough analysis by McEnerney and Dong [47], PWHT is frequently required for pressure vessels
and piping components to relieve residual stresses and/or improve weldment properties. The steel was heated
during the welding process. HAZ is the term for the heated part, which has a microstructure distinct from that of
the base metal [48], [49]. Repeated heating and cooling during welding leads to a severe thermal cycle near the
weld line region, resulting in a tougher HAZ, residual stress, and susceptibility to cold cracking in the base and
weld metal. Nonuniform heating and cooling also occur often [28], [33], [50], [51], and differential heating and
cooling cause detrimental residual stress [52]. The detail finding can be seen in Table 4.

1.3.4 Influence on HAZ

The heat-affected zone (HAZ) refers to a region within the material that does not reach the temperature required
for melting; however, it undergoes changes in its microstructure owing to the thermal changes experienced during
the welding process [58]. The detail finding can be seen in Table 5.

Table 4 Findings of residual stress

No. Researcher Topic Summary
1. Sadeghi et Effects of post-weld heat PWHT did not have major effects on the microstructure of
al. [53] treatment on residual stress various regions in the welded joints. However, it resulted

and mechanical properties of
GTAW: The case of joining
A537CL1 pressure vessel
steel and A321 austenitic
stainless steel

in a drop in the tensile strength, hardness, and residual
stress.

2. Huang et

Effect of post-weld heat

The initial residual stress is significantly higher than the

al. [54] treatment on the residual stress in cases 1- 9. This suggests that the residual stress
stress and deformation of reduces after heattreatment, butthe reduction is not huge.
20/0Cr18Ni9 dissimilar
metal welded joint by

experiments and simulations

3. Yaghi et al.

Comparison of measured

e The residual stress predicted by the Finite

[55] and modelled residual Element (FE) method has significantly decreased
stresses in a welded P91 in magnitude compared to the values determined
steel pipe undergoing post prior to PWHT
weld heat treatment e The XRD measurements of residual stresses also

decreased in magnitude because of PWHT, falling
within the range of +50 MPa.
4. Banglong The residual stress relief of PWHT without creep: The longitudinal residual stress

Yu et al. post-weld heat treatment in decreases by around 18.6% and the transverse residual

[56] SMA490BW welded joints: stressis around 63 MPa.

Simulation and experiment

PWHT with creep: Results in a decrease of the maximum
longitudinal residual stress to 150 MPa.
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The transverse residual stress drops from 63 MPa to 22
MPa, resulting in a reduction of approximately 65%.
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Fig. 7 The parallel heat welding (PHW) process according to C.P Chow et al. [57]

1.4 Finite Element Analysis for PWHT on Ferrous Metal

Strength design for machines and structures has traditionally relied on formula or rule approaches. However,
analyzing design can remove conservatism [61]. ANSYS Workbench is a powerful platform software that supports
an integrated simulation system [22]. This part explains how to use ANSYS Transient Thermal to correlate thermal
profiles for piping systems and visualize thermal expansion effects and temperature reduction length over relative
length.

ANSYS is a versatile software tool used by engineers for various simulations, including stress analysis, fluid
dynamics, and heat transfer, aiding researchers in design optimization, cost reduction, and performance
improvement. ANSYS is recognized as a globally recognized FEA software program, used in industries like
automotive, aerospace, manufacturing attracting a large user base [22].

In the field of engineering, it is common to use Finite Element Analysis (FEA) software like ANSYS for
simulating and analysing thermal and structural behaviour. This software allows for the modelling and simulation
of complex geometries and boundary conditions, making it a valuable tool for studying the effects of thermal
analysis in pipes and welds. As per India's leading CAE and CAD Training Academy and Service, users can analyse
heat transfer, temperature distribution, and thermal stress in components and systems, optimize cooling
solutions, and ensure safe operating conditions [59].

Table 5 Findings of HAZ

No. Researcher Topic Summary

1. R.N.S The analytical The analysis reveals that the thermal cycles can be attributed
Fassani et modelling of multipass to the concentrated heat source model. The analytical
al. [59] welding process with solution generated from the point source model is considered

distributed heat dependable and suitable for predicting temperature
compares between distributions in areas that are far from both the FZ and the
thermal cycles. HAZ.

2. M. The welding of grey cast Welding of grey cast iron with nickel-based filler metal and
Pouranvari iron by shielded metal applying PWHT can serve as a solution for cast iron welding
etal. [5] arc welding process problems.

using nickel-based filler
metal.

3. Dunder et Effect of post-weld heat e A 760 °C for 2 hours PWHT can significantly increase
al. [60] treatment on  the the cross-weld toughness of the HAZ.

toughness  of heat- e Thehighesttoughness and lowest hardness across all

HAZ regions have been achieved by conducting a
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affected zone for grade PWHT at a temperature of 20 °C below the Ac
91 steel temperature for a duration of 2 hours.

e PWHT above the Ac: temperature for 2 hours will

result in the formation of fresh martensite, which

decreases the toughness and increases the hardness

of all HAZ regions.
4. Jeong et al. Phase transformation e PWHT at 400 °C had minimal impact on the
[58] and the mechanical microstructural and mechanical properties of the
characteristics of heat- HAZ. However, at 500 °C, an increase k-carbide
affected  zones in precipitation was found based on hardness data and
austenitic Fe-Mn-Al-Cr- TEM observations.
C lightweight steel e At a temperature of 600 °C, PWHT facilitated the
during post-weld heat formation of Cr-enriched M7Cs carbide and increased
treatment the amount of ferrite in the HAZ. This was due to the

destabilization of austenite, leading to the expansion
of existing ferrite and the formation of new
allotriomorphic a-ferrite at the boundaries of the
austenite grains. As a result, the hardness in the HAZ
exhibited irregular fluctuations.

In order to accurately assess the thermal properties of the CS pipe, it is crucial to determine the relevant
physical quantities such as temperature, thermal gradient, and heat flow distribution. There are two primary types
of thermal analysis: steady-state thermal analysis and transient thermal analysis. Equilibrium thermal analysis
aims to determine the temperature or heat flux distribution when thermal stability is achieved. Conversely,
transient thermal analysis seeks to investigate how the temperature profile and other thermal quantities change
over time [62].

Before investigating the thermal profiles and thermal expansion of the pipe, a meshing convergence study of
finite element analysis using a different size of meshing has been conducted. Meshing convergence study is
conducted to obtain the accurate data before comparing it with analytical result [63]. A numerical Finite Element
Analysis (FEA) model was created using the ANSYS/Mechanical FEA software [64] to study the edge effect of a
legacy host pipe with a circumferential crack on the PIP repair system. A mesh convergence study was conducted
on the PIP system to compare the accuracy of the numerical results with the analytical solution [65]. Figure 8
shows the circumferential crack that was assumed to be 90-degree sharp [65].

To reduce computational complexity, a quarter-symmetry model was employed, leveraging symmetry
boundary conditions along the longitudinal and transverse directions. The surface discretization adopted a mesh
size of 4 x 4 mm for the legacy pipe and a finer mesh size of 2 x 2 mm for the internal Pipe-in-Pipe (PIP) liner.
Through the thickness direction, both the legacy pipe and the PIP liner were discretized using three elements, as
depicted in Figure 9 [65]. This modelling approach aimed to strike a balance between computational efficiency
and accurate representation of the geometric features, particularly for the critical PIP liner region [65].

-H‘xl Lng\astipn \‘/ Sharp edge opening

o
J PIP __.r" !

T

Fig. 8 An enlarged view on the sharp edge opening of the legacy pipe [65]
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Fig. 9 An enlarged view on the sharp edge opening of the legacy pipe [65]
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Fig. 10 Mesh convergence study: accuracy ratios versus the number of elements [65]

Figure 10 presents a graphical representation of the accuracy ratio, obtained by comparing the numerical
results from the finite element analysis with the corresponding theoretical predictions, as a function of mesh
refinement [65]. The accuracy ratio serves as a quantitative measure of the solution convergence and reliability.
It is evident from the plot that as the mesh size is progressively refined to 8 x 8 mm or finer, the solution exhibits
convergence, with the accuracy ratio attaining a value of atleast 1.001 [65]. This convergence behaviour indicates
that the numerical solution is in close agreement with the theoretical expectations, thus instilling confidence in
the modelling approach [65].

To achieve highly accurate solutions, a judicious mesh discretization strategy was adopted. Specifically, for
the critical PIP (Pipe-in-Pipe) liner region, a relatively fine surface mesh size of 2 x 2 mm was employed, ensuring
adequate resolution of the geometric features and stress gradients. Concurrently, for the host pipe, a surface mesh
size of 4 x 4 mm was deemed sufficient, striking a balance between accuracy and computational efficiency in the
less critical regions of the model [65].

A team of researchers led by Prayoga Wira Adie et al. [66] conducted a study to determine the appropriate
mesh for further research on ocean thermal energy conversion (OTEC). They carried out a mesh convergence
study using a step buckle in ABAQUS software. The study found that as the number of elements increased, the
critical moment decreased, and the results became more convergent.

In this study, transient thermal analysis will be employed to analyse the thermal expansion of the CS pipe over
a period of 8 hours of heating. A mesh convergence study will be explained thoroughly by using ANSYS Transient
Thermal. CS alloy grade A106 Grade B is designed by using Solidworks software before importing it to the ANSYS
Transient Thermal. The thermal profiles can be obtained from the ANSYS Transient Thermal while the thermal
expansion can be obtained from the ANSYS Transient Structural.

In the realm of post-welding analysis, a critical area for future exploration lies in examining the effects of
welding processes on the thermal behavior and structural integrity of carbon steel (CS) pipes. While the focus of
the current study is primarily on transient thermal analysis, extending the investigation to post-welding scenarios
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can provide valuable insights into the thermal response of welded joints and their susceptibility to thermal
expansion and residual stresses. Post-welding, the material properties and microstructure of CS pipes can be
altered, leading to variations in thermal conductivity, expansion coefficients, and mechanical properties.
Therefore, incorporating post-welding effects into transient thermal analysis can offer a more comprehensive
understanding of the thermal behavior of CS pipes in real-world applications. Additionally, exploring advanced
material models that account for the heterogeneous nature of welded joints and the presence of weld-induced
defects can enhance the accuracy of simulations and enable more precise predictions of thermal expansion and
stress distribution. Moreover, integrating transient thermal analysis with structural integrity assessments can
provide insights into the long-term performance and durability of welded CS pipe systems under thermal loading
conditions. By addressing these aspects in future research endeavors, the reliability and applicability of transient
thermal analysis for CS pipes in post-welding scenarios can be significantly enhanced, ultimately contributing to
improved design practices and operational efficiency in various industrial applications.

1.5 Conclusion

In conclusion, PWHT is crucial due to the residual stresses and microstructural changes that occur after welding.
The high-temperature gradient experienced during the welding process can lead to these changes. PWHT is
particularly important in various industries, including construction of piping and pipelines, pressure vessels,
storage tanks, offshore and onshore platforms, power plants, oil and gas refineries, and petrochemical plants, as
it can effectively reduce residual stresses and improve resistance to brittle fracture. PWHT is regularly carried out
to restore some of the properties of the part after welding. PWHT also can improve the mechanical strength,
structural stability, and performance of metallic pipes. However, it may reduce the yield strength and tensile
strength, and also affect the residual stress and fatigue characteristics of the welded structure. Additionally, the
temperature gradient across the pipe’s thickness increases with larger diameter and thickness, potentially leading
to insufficient tempering of the weld near the interior surface of the pipe.
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Recommendation and Suggestion for the Future Works

Future research should focus on refining mesh convergence studies, validating numerical results with
experimental data, exploring advanced material models within ANSYS software, optimizing heating parameters,
integrating transient thermal analysis with structural integrity studies, exploring alternative simulation software,
extending analysis to different pipe materials and geometries, and investigating environmental factors such as
ambient temperature variations and fluid flow conditions. These endeavors will enhance the accuracy and
applicability of transient thermal analysis for carbon steel pipes, contributing to improved design practices and
operational efficiency in various industrial applications.
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