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Abstract

Hot cracking in welding is a very complex phenomenon. It can happen in the weld metal
zone during solidification but also in the heat-affected zone (HAZ). Hot cracking defects
are material decohesion that occur at high temperatures along grain boundaries when the
strain and strain rate exceed a certain level. The cracks can be internal or open to the surface
in the weld bead. During a welding operation, different types of hot cracks can appear,
such as hot cracking due to solidification, hot cracking due to liquation, hot cracking due to
loss of ductility. The main factors favoring hot solidification cracking include the presence
of residual elements and impurities, leading to the formation of a low-melting eutectic; the
solidification mode; and mechanical restraints. This review paper gives an introduction to
solidification cracking in stainless-steel welds, the weldability of the austenite grades, and
the causes of solidification cracking occurrence. The main methods with which to detect
and inspect cracks are investigated. Particular focus is placed on TIG (tungsten inert gas),
also known as Gas Tungsten Arc Welding (GTAW). A review of the literature reveals that
considerable progress has been made in terms of the improvement in the properties of the
weld joint through the application of mitigation means and strategies. The effort made by
researchers in understanding solidification cracking phenomena has been key to enhancing
cracking resistance and ensuring the integrity of structures.

Keywords: stainless steel; hot cracking; microstructure; hot cracking test; welding

1. Introduction
Stainless steel is a multipurpose and sustainable material that plays a crucial role in

various industries. Its unique properties, including corrosion resistance, strength, and
hygiene, make it indispensable in several applications, such as healthcare and the medical
industry, due to its sterility, non-reactive surface, and ease of cleaning. Owing to its
non-reactive nature, making it safe for contact with food and beverages, stainless steel is
recommended for the food and beverage industry. Due to its high-temperature resistance
and high pressure, the oil and gas industry requires corrosion-resistant materials such as
stainless steel. Stainless steel is also used in the automotive and aerospace industries. The
need for durable and corrosion-resistant materials like stainless steel is expected to increase.
Additionally, as industries move towards more sustainable practices, the recyclability of
stainless steel adds to its appeal as an environmentally friendly material. Stainless-steel
production is constantly evolving, with new grades and treatments being developed to
enhance its properties. Stainless steel is an alloy broadly composed of iron, chromium,
and carbon, along with other elements such as nickel and molybdenum. The defining
feature of stainless steel is its high chromium content (usually at least 10.5%), which forms
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a thin, protective oxide layer on the surface that prevents rust and corrosion. Austenitic
stainless steels are often used in applications that require corrosion resistance at high
temperatures [1–3].

TIG is a fusion process where an arc is produced between a non-consumable electrode
and a workpiece. This technique is the most often used in different industries owing to the
equipment costs and the fact that it is easy to learn. TIG can be used in a large range of
base material thicknesses in several welding positions and is suitable for all industrially
relevant ferrous and non-ferrous materials [4,5]. The arc generates intense heat, melting
the base metal and forming a weld. A shielding gas, usually argon or helium, protects the
weld from contamination. This method is widely used for welding thin metals, stainless
steel, aluminum, and many other alloys. A filler rod can be used in some applications to fill
depth joints.

Solidification cracking is the most harmful type of cracking and is more commonly
observed than other types. Hot cracking occurs during or just after welding, while the
metal is still hot. The crack is located in the weld or at HAZ as the molten metal freezes.
Solidification and liquation hot cracks are the two foremost hot crack types. Hot cracking
is a type of cracking that occurs in certain types of alloys, particularly those that contain
multiple phases with different melting points. As the weld solidifies and shrinks, tensile
stresses are generated in the metal that can cause cracking. This process takes place in
the fusion zone of a weld. It occurs when the supply of liquid weld metal available is not
enough to fill the spaces between the solidifying weld metal [6]. Hot cracking compromises
and reduces structural integrity and decreases the usable life of stainless-steel components.
Hot cracking can appear in various forms, including longitudinal cracks, transverse cracks,
and crater cracks, depending on the direction and location of the crack in the weld.

Several factors contribute to the occurrence of hot cracking in stainless-steel welds,
such as, first, the chemical composition of the stainless steel. High levels of sulfur content,
phosphorus, and other impurities can intensify the problem by promoting localized melting
and reducing the material’s ductility. Also, using the wrong filler metal might be the origin
of the formation of a hot crack. The second factor consists of welding parameters such as
high current intensity and high welding speeds, so that excessive heat input or fast cooling
rates increase the thermal stresses and raise the hot cracking risks, or using the wrong filler
metal. High temperatures affect the cracking of stainless steel, as the expansion of stainless
steel due to an increase in temperature can lead to thermal stresses, particularly when parts
are constrained or engaged with other materials. Moreover, stainless steel can experience
sensitization between 800 and 1600 ◦F (427–870 ◦C). Chromium will react with C to form
chromium carbides at the edges of the grains and will further reduce the resistance to
corrosion, therefore increasing intergranular cracking [7].

Consideration of aspects, like temperature, material selection, TIG welding parameters,
and other welding technique parameters, cannot be neglected, as an increase or decrease in
thermal cycling leads to stretches and contractions, which produce stress that may develop
cracks. The welds need to be made with very strict controls on the heat input, cooling
rates, and other relevant factors of the environment. Moreover, stress can occur during
welding owing to a weak fixture, which creates further stresses, leading to the risk of
hot cracking. Understanding the interconnection between the welding process and the
material’s properties is the key to achieving quality welds. Every material has a restricted
response to heat and stress, which affects the welding technique selected. Prevention of
weld cracking requires an understanding of the mechanism of cracking formation and the
conditions of its occurrence [8,9].

The aim of this review paper is to enhance knowledge on hot cracking in TIG stainless-
steel welds. This review paper gives an introduction to solidification cracking in stainless-
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steel welds, the weldability of the austenite stainless steel, and possible circumstances
where solidification cracking may occur. This paper systematically reviews hot cracking
proposed to date, structured into microstructure solidification, main factors influencing hot
cracking for austenite stainless steel, and the main tests conducted on hot cracking. Finally,
it addresses mitigation strategies to avoid cracks. The aim of this review is to consolidate
current knowledge on hot cracking in TIG-welded stainless steel.

2. Review Methodology
The literature search was conducted using the Scopus database, covering the period

from 1960 to 2026. Using the user’s query and related prompts (solidification cracking
mechanisms, weldability tests, impurity effects, comparative weldability of 304/316 vs.
308/310, and nondestructive test), 1085 records were identified, 733 were screened after
de-duplication, 429 were deemed eligible, and the 160 most relevant were included based
on direct relevance to hot cracking testing of austenitic stainless steels, especially 304, 316,
308/310 and closely related grades. The articles were marked using “yes” or “no”. Three
stages of article screening were used. In the first stage, articles were screened only with their
titles. In the second stage, articles categorized as not adequate were marked (no), while
adequate articles were marked (yes). The full text of the adequate articles was reviewed in
the third stage. The strong correlated articles were then used in the present review.

3. Microstructural Characteristics of Stainless Steel Welds
In the 1980s, it was shown that the presence of ferrite alone is insufficient to prevent

the risk of cracking, as this risk is linked to the primary solidification mode of the molten
zone in the form of austenite. This solidification mode depends primarily on the chemical
composition of the stainless steel. The effect of alloying elements on solidification modes in
austenitic stainless steels is important [10,11].

The presence of elements like molybdenum (Mo) in class AISI 300 series of stainless
steels enhances its corrosion resistance and affects the solidification modes. The solidifi-
cation modes can be classified as ferrite–austenite (FA), austenite (A), or austenite–ferrite
(AF) based on the primary phase that nucleates and grows during solidification. The
solidification modes are influenced by the alloy composition, cooling rate, and the balance
between austenite-promoting elements and ferrite promoters. These factors determine
the microstructural morphology and the properties of the solidified material. Austenitic
stainless steels with a multicomponent system are simplified into the Fe–Cr–Ni ternary
system. The interpretation and analysis of weld microstructures in austenitic stainless
steels are complicated and may occur on four possible solidification modes in the Fe-Cr-Ni
system, as shown in Table 1.

Depending on the composition of the filler metal, elements such as carbon (C), nickel
(Ni), and manganese (Mn) are considered as the principal austenite-forming elements.
In sufficient quantities, Ni or Mn can maintain the austenitic structure even at room
temperature. The Fe-Ni equilibrium diagram illustrates this relationship clearly, showing
that a 10% Ni alloy becomes a complete austenitic structure at 700 ◦C. On the other hand,
other elements, such as chromium (Cr), silicon (Si), molybdenum (Mo), tungsten (W), and
aluminum (Al), are considered as ferrite-promoting elements [12,13].

The solidification mode of austenitic stainless steel can be divided into four types
according to the value of Creq./Nieq. Depending on the conditions of solidification, the
factors for the elements in the expressions of chromium and nickel can vary widely, and
some elements do not influence the expressions, depending on the composition and cooling
rate [14].
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Table 1. Solidification modes in austenitic stainless steel.

# Solidification Mode Reactions Microstructure

1 Mode I: Austenitic
solidification L → L + γ → γ The only solid phase to form is austenite.

2
Mode II:

Austenitic–ferritic
solidification

L → L + γ → L + γ + δ →
γ + δ

Austenite solidifies as a primary phase in a
dendritic or cellular way. As the temperature

decreases, ferrite δ is formed from the remaining

3
Mode III:

Ferritic–austenitic
solidification

L → δ → L + δ + γ → δ + γ

δ ferrite solidifies as the primary phase in dendritic
or cellular fashion. As temperature decreases,

austenite is formed by a peritectic (L + δ → γ) or
eutectic (L → δ + γ) reaction

4 Mode IV: Ferritic
solidification L → L + δ → δ

Ferrite is the only phase to form during
solidification, depending on the chemical

composition, austenite can precipitate only in the
solid state in the ferritic grain boundaries.

The solidification mode using Creq./Nieq. is largely used. A small quantity of
δ-ferrite in the austenite reduces hot cracking [15]. The δ-ferrite level is important in
preventing solidification cracking occurrences; this, in turn, is related to the Creq. and
Nieq. values calculated from the weld metal composition. Furthermore, a small amount
of δ-ferrite mitigates the hazardous role of sulfur atoms trapped in the ferrite. Several
studies have focused on solidification mode prediction and estimation of the amount of
δ-ferrite. These predicted formulae are constructed on the concepts of chromium and
nickel equivalents calculated from the weight percentages of the most significant elements.
These formulae are essential for engineers and metallurgists in designing and selecting
materials for various applications, particularly in welding. Several expressions have been
suggested in the literature incorporating chemical compositions, using other solidification
conditions to predict the phases occurring during solidification. Strauss and Maurer [16]
introduced the first diagram for forecasting the metallographic phases of rolled stainless
steels. Additionally, Newell and Fleischman [17] established a mathematical equation to
describe the boundary between a pure austenitic microstructure and a mixed microstructure
with δ-ferrite content. The first major contribution to the field of hot cracking prediction
was developed by Schaeffler [18], as described and depicted in Table 2. The chromium
equivalent equation was modified by Seferian [19]. The main differences between the
original and modified Schaeffler equations are the new coefficients for the influence of
molybdenum, silicon and niobium in the chromium equivalent equation. De Long et al. [20]
studied the influence of nitrogen on the reduction in δ-ferrite content in welded metals
(see Table 2). Hull [21] added new coefficients and new elements to establish a new (Creq.,
Nieq.) equations set, such as cobalt, copper, vanadium, tungsten, titanium, tantalum and
aluminum, as reported in Table 2. After a few years, Hammar and Svensson [22] suggested
reformulating these formulae by including silicon in the Creq. equation. According to this
formula, the transition from the primary austenite (AF) to the primary ferrite (FA) mode
occurs at a Creq./Nieq. ratio of 1.55.

Table 2. Solidification models predicting solidification modes of austenitic stainless steel.

# Models/Year/Ref. Creq. Nieq.

1 Schaeffer/1949 [18] Cr + 1.8Mo + 1.5Si + 0.5Nb Ni + 0.5Mn + 30C

2 De Long et al./1956 [20] Cr + Mo + 1.5Si + 0.5Nb Ni + 0.5Mn + 30C + 30N
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Table 2. Cont.

# Models/Year/Ref. Creq. Nieq.

3 Seferian/1959 [19] Cr + Mo + 1.5Si + 0.5Nb Ni + 0.5Mn + 30C

4 Hull/1973 [21] Cr + 1.21Mo + 0.48Si + 2.27V + 0.72W +
2.20Ti + 0.14Nb + 0.21Ta + 2.48Al

Ni + 0.11Mn − 0.086Mn2 + 18.4N +
24.5C + 0.41Co + 0.44Cu

5 Hammar et al./1979 [22] Cr + 1.37Mo + 1.5Si + 2Nb + 3Ti Ni + 0.31Mn + 22C + 14.2N + Cu

6 Kujanpaa/1979 [23] Cr + Mo + 1.5Si + 1.5Nb Ni + 0.5Mn + 30C

7 Brooks et al./1991 [24] Cr + Mo + 1.5Si + 0.5Nb Ni + Mo + 35C

8 WRC/1992 [25] Cr + Mo + 0.7Nb Ni + 0.5Mn + 35C

9 Kotecki et al./1995 [25] Cr + Mo + 0.7Nb Ni + 35C + 0.25Cu

10 Rajasekhar/1997 [26] Cr + Mo + 1.5Si + 0.5Nb Ni + 0.5Mn + 30C + 12N

Additionally, Kujanpaa [23] suggested the new models listed in Table 2 by removing
titanium for Creq. and removing nitrogen and copper elements from the Nieq. equation.
Brooks et al. [24] proposed that Creq./Nieq. ratios greater than 1.5 render the metal
resistant to hot cracking. Kotecki et al. [25] made a modification to the WRC equations
by adding a new coefficient for copper in the nickel equivalent equation (see Table 2) to
improve the accuracy of the FN prediction. WRC-1992 equations, which were modified
from the Schaeffler equations, provide more accurate ferrite predictions. Based on Kotecki
and Sievert, in conventional welding processes, such as gas metal arc welding (GMAW),
the change in the solidification mode from primary austenite (AF) to primary ferrite
(FA) occurs at a Creq./Nieq. ratio between 1.4 and 1.5. Values 1.5 < Creq./Nieq. < 1.9
correspond to the FA mode. A Creq./Nieq. ratio greater than 2 also corresponds to a ferritic
solidification mode.

In industry and academia for predicting the phase balance in stainless steels, the
Schaeffler, De Long, and WRC-1992 formulae are the most commonly used for calculating
Creq. and Nieq. Both sets of equations allow the selection of appropriate welding materials.
Creq./Nieq. ratios are crucial for determining the hot cracking susceptibility of stainless
steels [27,28].

Most austenitic stainless-steel weld and cast metals are designed to solidify with
the primary ferrite and secondary austenite in order to minimize the occurrence of hot
cracks. This solidification mode is known as the ferritic–austenitic solidification mode (FA
mode) [29–31], where the formation of the austenite takes place following the primary
ferrite via the eutectic or peritectic reaction. Phase transformations are a crucial aspect of
material joining and welding, as they significantly impact the microstructure and properties
of the weld. In welding, phase transformations occur during the heating and cooling cycles,
influencing the microstructure and properties of the weld metal and heat-affected zone
(HAZ) [32].

The microstructures resulting from the phase change are related to the arrangement of
the phase diagram and to the Creq./Nieq. ratio but are also affected by cooling rate [33,34].
In fully austenitic stainless steels, according to them, the interdendritic regions are slightly
enriched in both Cr and Ni, while in AF-mode weld metal, significant enrichment of Cr
and depletion of Ni occur in the interdendritic regions. Ferrite nucleates in the Cr-rich and
Ni-depleted regions as a non-equilibrium phase. When FA and F-mode solidification takes
place, the dendrite core is significantly enriched in Cr and depleted in Ni. The segregation
of Cr to ferrite and Ni to austenite during solidification plays a major role in stabilizing the
ferrite during subsequent solid-state transformation.
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While considering cracking susceptibility, in addition to the room-temperature ferrite
content, information on the solidification mode is more relevant [26].

Extensive work conducted by Suutala et al. [35] and Suutala [36] confirmed that the
equivalent formulae proposed by Hammar et al. predict the solidification mode.

According to this formula, the transition from AF to FA mode occurs at a Creq./Nieq.
ratio of 1:55.

4. Estimation of δ-Ferrite in Weld Metal
The effect of varying ferrite contents on cracking in stainless steels was studied by

Hull [37] using the cast pin tear test. Hull found that, while the cracking susceptibility was
high for fully austenitic compositions, specimens with 5–20% ferrite were quite resistant to
cracking. When ferrite content increased further, the cracking sensitivity again increased.
Masumoto et al. [38] claimed that the FA/F solidification mode is essential to reduce crack-
ing rather than residual ferrite content after welding. Afterward, various investigations
were conducted using hot cracking tests for different compositions of austenite weld metal
and analyzed. The presence of ferrite in stainless steels tends to improve their mechanical
properties. It has been shown that steels with sufficient ferrite content are generally less
susceptible to hot cracking than fully austenitic steels. It is definitely accepted that the risk
of cracking is reduced if the structure of the weld zone contains between 5 and 10% (by
volume) of ferrite in a steel, depending on its composition.

Broadly, as shown by Masumoto et al. [38], austenitic stainless steels tend to be less
susceptible to solidification cracking if the primary solidification phase (the first solid to
form from the liquid) is δ-ferrite (bcc). At least 5% δ-ferrite is typically required to prevent
solidification cracking [39]. At the same time, it is well known that the solidification
cracking susceptibility increases with increasing δ-ferrite content above 20%. Thus, high
δ-ferrite content increases the solidification cracking susceptibility, even though the δ-ferrite
phase has high solubility of the impurity elements [40–42].

A number of factors have been advanced to justify the beneficial effects of δ-ferrite on
cracking behavior [39].

- Higher solubility for impurity elements in δ-ferrite leads to less interdendritic segrega-
tion and reduces cracking tendency.

- The ductility of ferrite at high temperatures is greater than that of austenite, allowing
relaxation of thermal stresses.

- A lower thermal expansion coefficient of ferrite as compared to austenite results in
fewer contraction stresses and fissuring tendencies.

- Higher coefficients for impurity diffusion in ferrite as compared with austenite allow
for faster homogenization in ferrite and less tendency for cracking.

5. Hot Cracking in TIG Welding of Stainless Steel
There are two types of hot cracking. One is a solidification hot cracking process, which

occurs at the fusion zone. The other one is a liquation hot cracking process, which appears
in the heat-affected zone.

5.1. Solidification Hot Cracking

Solidification cracking is a type of crack that initiates and propagates generally along
solidified grain boundaries or solidified sub-grain boundaries due to two important factors,
metallurgical and mechanical ones.

During a fusion welding process and in the last stage of the solidification process of the
welded material, a low melting point will exist, causing the formation of some segregation
between the resulting dendritic grains and leading to some liquid films between the
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dendrite interface. This formation of a liquid film with solid co-existence is known as
the Brittle Range Temperature (BTR), where the mechanical strength of the material and
ductility can be very low to handle the resulting built-up stress–strain at the same time due
to metal solidification shrinkage and thermal contraction.

Figure 1 shows the BTR region on the weld line and it is within the mushy zone of the
weld pool, and if the strain is higher than the minimum strain (critical strain), the crack
will exist in the weld line like arrow (1), while arrows (2 and 3) are out of the BTR region
and the crack is not forming [43].

 

Figure 1. The BTR region on the weld line [43].

Solidification hot cracking originates during the final stages of solidification when a
metal is in a partially liquid state. Most alloys cool through a solidification range where
solid crystals, called dendrites, coexist with liquid metal in a “mushy zone”. As these
dendrites grow, they push impurity elements like sulfur and phosphorus into the remaining
liquid. This segregation process enriches the liquid between the solid grains.

These impurity-rich liquids form thin, weak films along the boundaries of the new
solid grains. As the metal part cools and contracts, it creates tensile stresses that pull the
structure apart. Because the solidifying grain structure has low ductility, it cannot stretch
to accommodate these strains, and the weak liquid films are pulled apart. A crack forms if
there is not enough liquid metal to flow in and heal the separation.

The main causes leading to cracking defects are high cooling rates in the weld metal
owing to high welding speeds, high travel speeds or high currents, high thermal conduc-
tivity, incompatible thermal expansion coefficients between the weld metal and the base
metal, and using the wrong filler metal. Moreover, if cooling is too rapid, solute diffusion
is limited. There is, therefore, an excess of solute at the interface, which can cause the
phenomenon of constitutional supercooling [44].

YU et al. [45] claimed in their work that the austenitic stainless steel 304 has good
resistance to solidification owing to the L + δ + γ reaction, which helps resist solidification
cracking by forming continuous γ to bond δ-ferrite dendrites together early during solidifi-
cation and consuming the interdendritic liquid to make it less continuous and, hence, less
able to separate the dendrites.

Hot (solidification) cracking in austenitic stainless-steel welds is strongly affected by
alloy composition (especially solidification mode), impurities, microstructure, and weld
restraint; modern tests consistently show 304/304L and 316/316L are relatively resistant,
whereas fully austenitic 310/310S and 308/310-type fillers are much more susceptible to
hot cracking [46–49]. A key mechanistic distinction is that 304/316 generally solidify in
FA mode (primary δ-ferrite, then austenite), giving isolated interdendritic liquid and early
bonding, while 310-type alloys solidify in A mode (primary γ), leaving continuous liquid
films and long straight grain boundaries that favor cracking.
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5.2. Liquation Cracking (in the Heat-Affected Zone—HAZ)

Liquation cracking occurs in the heat-affected zone (HAZ), specifically in the partially
melted zone (PMZ) immediately adjacent to the fusion boundary. Liquation cracking is
more accurately associated with incipient melting along grain boundaries, segregation
of low-melting constituents, constitutional liquation of precipitates, and thermal strain
during welding.

As the alloy cools, the different phases begin to solidify at their specific temperatures.
If the cooling rate is too fast, the temperature of the alloy may drop below the solidus tem-
perature of one of the phases before the other phase solidifies. This causes the solidification
to occur in two steps: the first phase solidifies and the second one liquidates. The liquid
phase that forms as a result of liquation has a higher volume than the solid phase, leading
to high internal stress, which can cause cracking. Liquation cracking is most commonly
found in alloys that contain eutectic compositions, which are alloys that have a specific
composition that results in the lowest possible melting point. The low-melting-point phases
around the grain boundaries are considered a source of liquation crack formation [49–51],
inclusions at grain boundaries in the HAZ, and finally crack propagation. Liquation cracks
initiate at the melt pool’s boundary. Solidification shrinkage and thermal contraction cause
weld metal to compress during cooling. Weld metal is weak and prone to cracking when
subjected to tensile stresses/strains.

6. Factors Influencing Hot Cracking Susceptibility During TIG Welding
Stainless steel is a versatile and commonly used material. Stainless steel is an al-

loy made largely of iron, with various other elements added to enhance its properties,
such as corrosion resistance and strength. The key elements in stainless steel include
iron, chromium, nickel, molybdenum, carbon, manganese, silicon, and nitrogen. Each
element affects the steel’s properties. Each of these factors contributes significantly to the
performance of stainless steel.

6.1. Influence of Alloying Elements on Hot Cracking Susceptibility During TIG Welding

Based on previous works, sulfur, phosphorus, boron, niobium, titanium and silicon
were identified as most detrimental for welding due to their low solubilities in the molten
weld pool, which allow the formation of compounds with low-melting eutectics. It appears
that cracks formed at the end of solidification are always connected to the presence of low-
melting-point elements that promote the formation of a liquid film persisting into the final
solidification phase. Thus, the addition of elements such as sulfur, phosphorus, or boron at
grain boundaries can have a detrimental effect on resistance to solidification cracking.

6.1.1. Sulfur and Phosphorus

By working on 48 stainless steels, Kujanpaa et al. [40] demonstrated that the effect
of sulfur is not linear with its concentration (its effect does not worsen beyond 0.02% by
mass), and that to rule out the risk of hot cracking, the sum of sulfur and phosphorus
contents must be less than 0.01% by mass. By lowering the solidus temperature, sulfur
also influences the rate of disappearance of the liquid towards the end of solidification.
The disappearance kinetics of the liquid is slower as the sulfur content is high, which
increases the risk of embrittlement. Many authors reported the deleterious effect of sulfur
on resistance to hot cracking welds. This element acts through micro-segregation. Sulfur is
strongly rejected in the liquid during the solidification of austenite, rapidly lowering the
melting point of the interdendritic liquid.

Matsuda et al. [52] established that sulfur is 1.8-times more harmful than phosphorus
with respect to hot cracking for a low-alloy steel made of chromium (0.55% by mass) and
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molybdenum (0.25% by mass). Brooks et al. [53] showed that phosphorus and sulfur have
different roles depending on the mode of primary solidification. For primary austenitic
solidification, they reduce the ferrite content and, therefore, have a harmful role with
respect to hot cracking. On the other hand, during ferritic solidification, they promote
the appearance of ferrite. In this case, the role of these elements with respect to hot
cracking depends on the final amount of ferrite. Minimizing P and S impurities can reduce
solidification cracking susceptibility of fully austenitic 310-type weld metals to levels
comparable with type 304. New techniques used in the fabrication of steel and refining
industries have been improved to control alloying elements and limit detrimental impurities
in metals. Impurity elements such as sulfur, phosphorus, and minor alloy elements such as
silicon and titanium can be hazardous for materials by promoting cracking [54,55].

Almomani et al. [56] confirmed in their study on 310 ASS that the sulfur (S) and phos-
phorus (P) combine with iron to form low-melting compounds, which, as a result, can form
low-melting eutectics, segregating at the austenitic grain boundaries during solidification.
Hence, in line with the literature, adequate control of S and P to less than 0.002%, and Si
changed from 1.5 to 2.5%, was found to be key in minimizing the susceptibility of 310S
welding joints to hot cracking. The presence of sulfur (S) and phosphorus (P) in stainless
steels, particularly in austenitic grades like 310S, can significantly increase the susceptibility
to hot cracking. These impurities can form low-melting compounds with iron, leading to
segregation at grain boundaries during solidification. This segregation can result in cracks,
especially in the heat-affected zone (HAZ) of the weld metal. To mitigate these risks, it is
recommended to maintain sulfur and phosphorus levels within critical ranges and to use
materials with lower contents of these elements to avoid hot cracking. The FCC structure
disturbs rapid diffusion of impurity elements (low-melting elements such as S and P) in
stainless steels [57,58]. The segregation tendency of impurity elements along weld metal
grain boundaries increases the volume fraction of liquid films coating the grain boundaries
at the end of solidification. An increase in the volume fraction of liquid films accelerates
the propagation of solidification cracking.

Kujanpaa et al. [59] presented cracking data from the literature on a map of the P+S vs.
Creq./Nieq. ratio. They used the Schaeffler equivalent formulae for Cr and Ni to calculate
the ratio (see Figure 2).

Figure 2. Solidification cracking behavior in austenitic stainless-steel welds as a function of Schaeffler
Creq./Nieq. ratio and P+S levels [59].
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Huge efforts in the steel reefing industry limited the percentages of detrimental
elements such as sulfur (S) and phosphorus (P) to prevent the occurrence of cracks, which
can preserve the integrity of structures [60].

6.1.2. The Role of Boron

Borides cannot be re-dissolved during the high-temperature process. Boron lowers the
melting point of the eutectic film (the melting temperature is that of the eutectic formed,
i.e., 1180 ◦C instead of 1300 ◦C), which is particularly detrimental to hot cracking. Tran van
et al. [61] claimed in their study, where seven AISI-type 316L austenitic stainless steels were
used, that the higher the boron content, the more susceptible to hot cracking. If the boron
content is above 35 ppm, the AISI-type 316L austenitic stainless is susceptible to liquation
cracking near the fusion zone boundary, cracking along grain boundaries.

6.1.3. The Role of Silicon

Weld hot cracking occurred due to the silicon-enriched phase, which tends to form
under primary austenitic solidification, and can be prevented by fully ferritic solidification,
even with a silicon content of approx. 3.5% [62]. Ogawa et al. [63] determined from a
study on austenitic steels that silicon has a similar effect to phosphorus and sulfur on hot
cracking in welding. Sensitivity to cracking increases linearly with silicon content up to
about 1.5 mass% [63]. Kota et al. [64] claimed in their work on the solidification crack
susceptibility of 18%Cr stainless steel with various nickel concentrations that the specimens
containing higher concentrations of carbon exhibited higher BTRs than those containing
silicon. It is considered that the solidification segregation corresponding to the partition
coefficient of carbon to the δ-ferrite phase induces an increase in cracking susceptibility. In
addition, the formation of austenite during solidification reduces cracking susceptibility
owing to the higher solubility of carbon.

6.1.4. The Role of Niobium

Lundin demonstrates that niobium segregates along the grain boundaries by forming
a liquid film during solidification in a type-347 steel, which forms a eutectic NbC-austenite
that can play an important role in the self-healing phenomenon of the material [65]. The
sensitivity to hot cracking in the melted area is largely accentuated when the content of
niobium exceeds 0.3% by mass. Increasing Nb beyond ~0.3 wt% significantly increases
hot cracking susceptibility in fully austenitic weld metal and HAZ, even when δ-ferrite is
present. For Nb-stabilized grades like 347 or 304HCu, constitutional liquation of Nb-rich
precipitates in the HAZ drives liquation cracking; however, careful control of Nb, C and
δ-ferrite can restore good weldability [66,67]. Niobium additions (in weld metal or as
powder) have a dual effect: excessive Nb increases hot cracking susceptibility.

6.1.5. The Role of Nitrogen

Since nitrogen is a marked austenite prone element, it tends to lead to a primary
solidification structure in austenite and, therefore, promotes hot embrittlement during
welding. The addition of nitrogen promotes the formation of an austenitic phase at high
temperatures and keeps it at room temperature. Addition of N to 304-type weld metals
can change solidification mode and, in some regimes, reduce solidification cracking by
promoting favorable microstructures, but higher N plus high solidification rates tend to
push toward primary austenite mode and increased cracking [68].

6.1.6. The Role of Titanium

The results of the study conducted by Vignesh et al. [69] show that titanium increases
cracking in the fusion zone by 15 to 20 pct in the range of the Ti levels studied. There is
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a negative effect of titanium with respect to hot cracking of stainless steels. The titanium
promotes the formation of ferrite due to its affinity with carbon and nitrogen and must,
therefore, be taken into account in the Creq./Nieq. report.

6.1.7. The Role of Manganese

Manganese modifies the morphology of sulfides and tends to increase their melting
point by preferentially forming MnS sulfides whose end-of-precipitation temperature is
higher than that of, for example, FeS or CrS sulfides. The risk of cracking is lower when the
manganese/sulfur ratio is high. High manganese contents prevent the risk occurrence.

The quantification of hot cracking susceptibility (HCS) for various specifications of
types 304L and 316L stainless steels can be accomplished using the following formula
advanced in [70]:

Hot cracking susceptibility (HCS) = (S + P + Si/25 + Ni/100) × 103/(3Mn + Cr + Mo + V)

For optimal results, it is advisable to maintain the chemical composition within the
following parameters: sulfur content below 0.035%, nickel content below 1.0%, manganese
content above 0.8%, carbon content below 0.15%, and a manganese-to-sulfur ratio greater
than 35.

This hot crack sensitivity formula considers the complex interactions between various
alloying elements and their influence on the material’s susceptibility to hot cracking. The
formula demonstrates that elements in the numerator (S, P, Si, Ni) increase hot cracking
susceptibility, while elements in the denominator (Mn, Cr, Mo, V) improve hot cracking
resistance. This quantitative approach enables engineers to predict and compare the relative
hot cracking susceptibility of different steel specifications.

The calculated values depicted in Table 3 of hot crack sensitivity for given specifications
reveal significant variations between different steel grades. Results demonstrate that HCS
for typical SA240-304L is found to be the lowest, while SA 312 (pipe) 316L exhibits the
maximum hot cracking susceptibility.

Table 3. Calculated HCS values for various specifications of types 304L and 316L [70].

Stainless
Steel Type

SA182
(Forging)

304L

SA240
(Plates)

304L

SA312 (Pipe)
304L

Typical
SA240
304L

SA312 (Pipe)
316L

SA240
(Plates)

316L

Calculated
HCS values 8.75 8.65 8.85 6.56 9.26 9.07

Hot cracking susceptibility increases markedly when phosphorus and sulfur contents
exceed 0.015%. The lowest HCS value of 0.053 is observed for compositions with minimal
phosphorus and sulfur contents, directly illustrating the significant effect of P+S on hot
crack sensitivity. As the combined phosphorus and sulfur content increases, the hot
cracking susceptibility correspondingly increases.

Srikakulapu et al. [71] recently conducted a study on a commercial material with low
C high alloyed austenitic stainless steel (ASS), having C ≤ 0.03, Cr (18–20), Ni (10–15), and
Mo (2–3) (wt. %), tested in single and multi-pass modes using the gas metal arc welding
process. They used atom probe tomography (APT) and confirmed that the segregating
elements such as sulfur, titanium and niobium are the main reason for weld metal crack
occurrences. The results showed predominantly ~32 at. % S segregation at single pass at
the opening crack, whereas the multi-pass weld metal crack consisted of ~28 at. % S, 14 at.
% C, 0.4 at. % Ti and 0.4 at. % Nb. Also, they attest that the alloy is disposed for cracks
owing to the absence of primary ferrite during solidification.
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6.2. Welding Parameters

Numerous investigations have been carried out on the effects of welding parameters
on microstructural and mechanical properties for similar weld joints of conventional
314 SS [72,73]. It can be concluded from the literature that a higher welding speed provides
a faster cooling rate (low heat input), leading to a fine dendritic structure and subsequently
improving the mechanical properties. However, this higher welding speed enhances the
probability of solidification cracking and lack of penetration. Higher heat inputs and slower
cooling rates can increase the risk of hot cracking by enlarging the solidification temperature
range and promoting columnar grain growth. According to Wang et al. [47,48], a welding
speed range from 0.5 to 2 m/min reduces hot cracking susceptibility drastically for grade
310 and 310S. However, the hot cracking susceptibility increases when the welding speed
ranges from 1 to 2 m/min for 304.

6.3. Joint Design

Solidification-induced cracking of load bearing structures can be ascribed to design
factors. When solidification shrinkage and thermal contraction of the weld joint occur, the
surrounding solids are obstructed, leading to significant premature failures [74]. In order
to enhance the balance of productivity with the material’s desired crack resistance, the
progress of the steel refining processes should be accompanied by a similar advancement
in the field of welding. Solidification cracking as per the American Society of Materials
(ASM) [75] is a fracture caused by internal stresses that develop during cooling and post-
solidification from an elevated temperature.

7. Characterization and Detection of Hot Cracking
7.1. Nondestructive Testing (NDT) Methods

Manufacturing sectors, particularly aerospace, automotive, and energy infrastructure,
are demanding more sophisticated inspection technologies capable of detecting nucleating
cracks that could lead to irreversible structural damage. The shift toward predictive mainte-
nance strategies has further amplified the need for reliable crack detection systems that can
identify defects before they compromise structural integrity. Aerospace and defense indus-
tries represent the largest market segment for advanced crack detection technologies, where
component failure can result in significant safety risks and financial losses. The industry’s
focus on preventing environmental disasters and maintaining operational continuity has
led to increased investment in automated inspection technologies capable of detecting
sub-millimeter defects. The safe pipeline integrity and offshore platform maintenance
in the oil and gas industry constitute other major factors, requiring permanent, effective,
and reliable assessment methods [76]. Nondestructive testing (NDT) is a new potential
technique used in early crack detection of structures in many power plant stations and
industries to evaluate a material’s integrity without destroying the structures [77,78].

Eddy current testing (ECT) [79], magnetic particle testing (MPT) [80], penetrant testing
(PT), radiographic testing (RT) [81,82], ultrasonic testing (UT), and Acoustic Emission
Testing (AET) have been extensively utilized for the detection of metal cracks. Ultrasound
testing (UT) is renowned for its proficiency in detecting subsurface anomalies; this tech-
nique relies on high-frequency sound waves to evaluate the internal structure of welds
and materials [83]. UT involves using a transducer that emits ultrasonic waves into the
material, and the reflected waves are analyzed to detect flaws and discontinuities [84,85].

Radiographic testing offers unparalleled insight into internal structures. Commonly
known as X-ray or gamma-ray testing, it uses penetrating radiation to create images of the
internal structure of welds and materials. This technique offers detailed images of the welds,
allowing inspectors to evaluate the quality and integrity of the welds [86]. Radiographic
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testing is still one of the most fundamental volumetric methods used to detect internal
weld defects in metallic structures, using X-rays or γ-rays [87]. Conformable flexible DDAs
(digital detector arrays) are designed to permit direct contact with the weld being assessed.
Flexible DDAs can be bent around pipe welds of varying sizes, improving image quality
and productivity relative to the film in pipeline inspection [88].

The ECT technique is adept at detecting surface and near-surface imperfections.
ECT utilizes electromagnetic induction to generate eddy currents in the material, and

any changes in conductivity due to defects result in detectable signals [89]. Subsurface
cracks in structural steels are detectable at depths of up to ~10 mm in 12 mm plates
with optimized pulsed or swept-frequency probes [90,91]. Recent work on ECT for steel
emphasizes the following: (1) better sensitivity to small/deep cracks, (2) orientation-
independent detection, and (3) array/robotic systems with advanced signal processing.
Surface cracks in steels can now be detected down to tens to hundreds of micrometers in
depth/width using AMR/TMR sensors and optimized low-frequency excitation [92–94].

Nowadays, advanced signal processing (ECPT, chirp features, neural networks) and
arrays/robotics are turning ECT into a high-resolution, quantitative, and automatable
method for steel crack detection and sizing [95–97]. Magnetic particle testing is a surface-
based NDT method used to detect surface and near-surface defects in ferromagnetic
materials. The process involves applying magnetic particles to the surface of the weld, and
the presence of defects creates magnetic fields that attract the particles, making the defects
visible [98–100]. Acoustic Emission Testing (AET) offers real-time monitoring capabilities
during welding. This real-time monitoring allows inspectors to detect any anomalies
or deviations from expected weld quality as they occur. Acoustic Emission Testing is a
passive NDT method that detects and analyzes acoustic signals emitted by materials when
subjected to stress or deformation [101].

AET is highly sensitive to micro-crack initiation, detecting changes well before macro-
scopic failure [102–106]. It provides continuous, passive, real-time monitoring over large
areas (bridges, rails, pipelines, landing gear, insulated piping) with relatively sparse sen-
sors [107–109]. Neural network localization with multi-sensor feature chains predicts crack
coordinates on a steel plate with about 82% more accuracy than classical triangulation [110].

Quantitative relationships between AET energy/counts and crack length or crack
growth rate are increasingly demonstrated for structural steels, stainless steels, and coated
systems [111]. Overall, recent work shows AET evolving from qualitative “event counting”
to a quantitative, noise-robust method for early crack detection, localization, and crack
growth characterization in steel and its alloys.

Phased-array ultrasonic testing (PAUT) has emerged as a versatile and advanced non-
destructive testing (NDT) technique with widespread applications across various industries,
particularly in manufacturing. PAUT is extensively utilized in the manufacturing sector
for weld inspection. Its ability to generate detailed and accurate images of welds helps
in identifying and characterizing weld defects such as cracks. This ensures the integrity
of welded structures, contributing to the overall safety and reliability of manufacturing
processes. PAUT has proven to be an invaluable asset in the manufacturing industry,
offering precise and efficient inspection capabilities. Its applications range from weld
inspection to the examination of aerospace components, composite materials, and pressure
vessels, contributing significantly to the quality assurance and safety standards in industrial
processes [112–114]. In infrared thermography testing, variation in the temperature of the
surface of the object can be visualized from the thermal image of an object. Deviations from
normal temperature can be detected. Temperature differentials with time are related to the
heat flow pattern and can be used to detect cracks [115]. Computed tomography (CT) has
emerged as an invaluable tool for investigating internal structures and defects in materials
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without compromising sample integrity. Crack lengths were measured in every solder
joint across all eight sensor packages. The expected solder lifetime is then calculated from
the crack propagation speed [116]. The liquid penetrant testing (LP) method is defined
as a physical–chemical NDT procedure designed to detect and expose surface cracks in
nonporous materials.

NDT techniques face the challenge of adapting to the unique properties of these ma-
terials. For instance, the anisotropy of crystalline materials may affect the propagation
path in ultrasonic testing and the attenuation characteristics in radiographic testing, ne-
cessitating the development of more advanced algorithms and calibration techniques to
ensure accuracy in the detection application of new crystalline materials. Utilizing and
merging machine learning (ML) and artificial intelligence (AI) into NDT processes facilitate
the diagnosis of welding crack defects. These technologies deal with a huge amount of
information, facilitating the predictive capabilities of NDT.

Table 4 depicts the scope of use of each NDT technique, including its advantages and
disadvantages.

Table 4. Nondestructive test (NDT) applicability, advantages, and limitations.

# Type of NDT Applicability Advantages Limitations

1
Acoustic
emission
test (AET)

Micro-cracks
form and
propagation.

-The ability to discern between
developing and stagnant defects.
-Active crack growths are
highlighted.
-The increasing use of advanced
composite amplified the need for
this AET

-Susceptible to noise.
-Difficulty in source location.

2
Magnetic
particle test
(MP)

Surface and near
surface
discontinuities,
cracks, porosity

Very small, very fine cracks can be
detected.

-Cannot detect discontinuities
generally in the entire volume of a
part.
-Only ferromagnetic materials can
be tested.
-Wide, shallow cracks are difficult
to detect

3
Eddy current
test
(ECT)

Surface and near
surface
discontinuities,
cracks, porosity

Extremely rapid, very sensitive,
surface contact not necessary,
permanent record

-ECT can only be performed on
conductive materials.
-ECT is not effective in detecting
defects that are parallel to the
surface.
-ECT can inspect metallic
component of thickness of 6 mm
with reasonable sensitivity.

4
Radiographic
test
(RT)

Subsurface
discontinuities,
cracks, porosity

Applicable to wide range of
materials.
Radiography reveals
discontinuities within a material.

-Less effective for tight planar
cracks depending on orientation.
-Some surface.
-Discontinuities or shallow,
discontinuities may be difficult-
to detect.
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Table 4. Cont.

# Type of NDT Applicability Advantages Limitations

5 Ultrasound test
(UT)

UT is capable of
penetration in
heavy material,
such as several
meters into a
metal such
as steel.

-High penetrating power, which
allows the detection of flaws deep
in the part.
-High sensitivity, permitting the
detection of extremely small flaws.
-Some capability of estimating the
size, orientation, shape and nature
of defects.

-Parts that are rough, irregular in
shape, very small or thin, or not
homogeneous, and anisotropic
weld microstructures are difficult
to inspect.
-UT is able to resolve flaws as
small as 0.5 mm.

6
Phased-array
ultrasonic
(PAUT)

PAUT is capable
of penetration in
heavy material,
such as several
meters into a
metal such
as steel.

PAUT technology has the ability to
create a live acoustic image of the
part to be inspected, considerably
easing the indication sizing and
characterization process.

-Large probe and wedge footprint
can inhibit inspection in restricted
spaces.
-PAUT is not effective for surface
cracks. PAUT faces some
weaknesses in thin materials.

7
Infrared
Thermography
test (IRT)

Subsurface cracks
and fatigue cracks

Interpretation of the indication
is simple

-If there is no change in thermal
properties, defect cannot
be detected.
-The range of application of
thermography is limited to 0.8 to
20 mm

8
Computed
tomography
(CT)

Internal
structures

The integration of CT imaging
with FEA(finite element analysis)
offers a comprehensive
understanding of crack initiation
and propagation dynamics, and its
impact on the lifetime
of solder joints.
predicting damaged regions

Contrast-related risks, and
accessibility limitations.

9
Liquid
penetrant test
(LP)

-Surface cracks
-Surface
inspection of
mass-
manufactured
products.

Easy to operate.
Operate indoors and outdoors. Limited to surface cracks.

7.2. Hot Cracking Tests in Welding

Weldability is defined as the ability to join materials without prominence of harmful
defects such as cracks and with soundness weld joints. Welding tests are used to assess
the weld joint capabilities in order to select different materials in similar or dissimilar
welding and to classify the testing of various welding process methods, different filler
materials, fluxes, shielding gases, and welding parameters. More than 140 hot cracking test
procedures have hitherto been developed and documented for determining hot cracking
resistance. They are divided into around 95 different self-restraint and 45 externally loaded
hot cracking tests with diverse process variants [117–121]. The characterization of the
sensitivity to hot cracking is performed via metallurgical examination of the cracked zone
in terms of number, maximum length and cumulative length of cracks. This test also
makes it possible to classify materials with respect to their sensitivity to hot cracking
and determine a hot cracking criterion by identifying the conditions of the appearance
of defects.

These families of tests allow for the assessment of hot cracking (see Figure 3) [122–124]:
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- Self-clamping tests: The specimen is clamped during welding. The strains to cause
cracking are provided by the restraint of the weldment due to its own contraction.

- Tests with mechanical stress: A special device is used to apply an external load to the
specimen. The strains to cause cracking are provided by external loading on the test
specimen. These tests are reproducible and allow for comparisons between materials.
External loading tests (Varestraint, Gleeble, Sigmajig, Murex) are welding tests with
mechanical stress applied to the specimen by a specific device. Thermal simulation
tests (Gleeble test), which require sophisticated equipment, are likely to reproduce
thermal welding cycles on tensile specimens [125].

 

Figure 3. Classification of some common hot cracking tests.

7.2.1. The JWRI

The Joining and Welding Research Institute (JWRI) developed a test to establish a hot
cracking criterion more easily than with the Varestraint test. A test that can be numerically
simulated in two dimensions is currently being developed at the JWRI. The JWRI test
involves creating a fusion line on a rectangular coupon [126]. The flat specimen is fixed at
one end while the other end is free. The fusion line is initiated at the edge of the specimen
(free end), as shown in Figure 4. In the tarting test, the fusion zone passes through the
width reduction (notch in the coupon). At this moment, the 25 mm long appendix detaches
while an overheated zone and an enlarged fusion zone are generated temporarily, which
favors the initiation of an axial crack. Transverse displacements can cause longitudinal
cracking of the weld bead during solidification. The risk of cracking increases if the width
of the test specimen decreases. Similarly, if the welding speed or the power applied to the
sheet metal increases, the plates are also more susceptible to cracking.

 

Figure 4. JWRI test specimen.
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7.2.2. Trapezoidal Hot Cracking Test

Trapezoidal hot cracking tests are self-restrained specimens [67,127,128]. The trape-
zoidal hot cracking test uses a plate whose plan view is a trapezoid; the weld runs from the
narrow to the wide side, so restraint gradually increases along the bead. During welding,
relatively higher weld stress will occur at the rear of the melt pool, perpendicular to the
direction of the temperature gradient, as a result of thermal expansion produced along
with the centerline of the weld bead. In the “Trapezoidal hot” cracking test, the arc started
from the tab plate (narrow part), as shown in Figure 5. When the fusion reached the bridge
(ligament), the tab plate (tailpiece) fell, and a steady fusion continued on the test specimen.
Then, the hot cracking defect appeared as soon as the bead was initiated. The crack stopped
when the width of the specimen reached a critical width. The weld metal was strained in a
direction transverse to the welding direction.

Figure 5. Trapezoidal specimen (a,b). Dimensions in mm [67].

For austenitic stainless steels, the works show fully austenitic 310 as far more crack-
susceptible than 304/3164. The solidification cracking rate, which represents crack
length/weld length as an indicator, evaluates the crack susceptibility. They consistently
show fully austenitic 310 as far more crack-susceptible than 304/316. Types 316 and 304
solidify in FA mode with δ-ferrite + austenite lead to better liquid feeding and lower crack-
ing; 304 typically has more ferrite and, thus, the lowest susceptibility. On the other hand,
310/310S solidify as single-phase austenite (A-mode) with continuous interdendritic liquid
films and strong segregation, leading to high cracking.

7.2.3. Houldcroft Fishbone Test

The fishbone test is very useful to test the hot cracking susceptibility of base metal
with different filler materials, weld design, and welding variables. The fishbone test (see
Figure 6) is useful for selecting the filler material. This test method is mainly used for TIG
welding and other similar welding processes. It is applicable for thin plates and sheet
materials. Transverse stress built up by the progressive fusion weld, with serious saw
cuts increasing saw depth. The saw depth is based on the thermal conductivity of the
material. The weldability is measured by the extension of length of cracks throughout the
specimen [129].

The welding starts from the small saw cut to maximum saw cut distance to build
stress. Susceptibility can be measured via the total extension of the crack to the total length
of the specimen. This test can be performed with or without filler material using a thin
plate with transverse slots; a bead-on-plate weld is run from a highly restrained region
toward lower restraint. Cracking index = crack length/weld length [130].
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Figure 6. Houldcroft test specimen [129].

For stainless steels, recent work used Houldcroft on SS310 with TIG and ER310 filler;
hot-cracking sensitivity is minimized by optimizing the current and argon flow and adding
ultrasonic vibration, achieving 0% cracking and good hardness [131].

7.2.4. The Varestraint

The Varestraint method can be classified into three types, which are longitudinal test,
spot test, and transverse test. The Varestraint (variable restraint) test was developed by
Savage and Lundin in 1965 [132] to measure the susceptibility to hot solidification cracking
of alloys. The Varestraint test uses a parallelepiped specimen held on a bending die. The
Varestraint test is a comparative test. The Varestraint test allows one to compare the effect
of different welding parameters on a given alloy or to compare the behaviors of different
alloys with fixed welding parameters. Thus, the variables welding intensity, welding
speed and sample thickness have an influence on the results given by the test. This test is
known to cause hot cracking of a material, whatever its sensitivity to this phenomenon,
by imposing adapted strain rates and, thus, to classify them based on their hot cracking
sensitivity. The significance of this test is used for the analytic investigation of the hot crack
sensitivity of fused base metal and the effect of specific alloying elements on this sensitivity
and the basic mechanisms of hot cracking [133].

The spot Varestraint test (see Figure 7) generates cracks in the ZAT. The technique
developed by Lin et al. [134] used both an “on-heating” and “on cooling” approach to
quantify HAZ liquation cracking.

Figure 7. Schematic illustration of the spot Varestraint test [135].
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The Trans-Varestraint test [136,137] is a variant of the Varestraint test, which gen-
erates cracks only in the ZF. For fully austenitic weld metals, Varestraint tests showed
susceptibility increases sharply when P > 0.015 wt% and S > 0.010 wt%; conversely, an
extra-low-P/S 310S-type alloy (both <0.002 wt%) exhibited hot cracking resistance similar
to type 304 [138].

Varestraint (see Figure 8a) and modified/Trans-Varestraint (see Figure 8b) tests are
standard ways to quantify weld hot cracking in austenitic stainless steels. For 304, 316 and
308/310-type alloys, they clearly separate relatively crack-resistant FA-mode grades from
highly susceptible fully austenitic 310/310S and related fillers.

(a)  (b) 

Figure 8. Varestraint test (a) and Trans-Varestraint test (b) [123].

Trans-Varestraint testing allows for reducing the size of the specimens. Grades 304
and balanced 316/316L (and 308 fillers with some δ-ferrite) show comparatively short
crack lengths and narrow BTR, while fully austenitic 310/310S and high-Ni weld metals
exhibit large BTR and long fusion-zone cracks. Controlling P and S (and, for some alloys,
Nb) can bring even 310-type steels closer to 304-like weldability, but without such control,
Varestraint data consistently rank 310 ASS as more sensitive to solidification hot cracking
than grade 316 ASS, followed by 309 and, finally, grade 304 ASS [139].

Longitudinal and transverse Varestraint tests bend a weld bead to impose a controlled
augmented strain; total crack length (TCL), maximum crack length (MCL) and sometimes
brittle temperature range (BTR) are taken as indices [140].

7.2.5. The MUREX Test

This test involves producing a filet weld between two small plates rigidly held by
clamping flanges [141,142]. After initiation of the arc, one of the plates is rotated around
the axis formed by the root of the weld. This rotation continues at a constant speed until the
mobile plate has reached an angle of 30◦ (see Figure 9). Several rotation speeds are possible.
The cracks obtained are longitudinal cracks of solidification whose initiation depends on
the strain rate. The operation of the test is carried out by measuring the length of cracks.

 

Figure 9. The MUREX test sample [141].

https://doi.org/10.3390/cryst16070433

https://doi.org/10.3390/cryst16070433


Crystals 2026, 16, 433 20 of 32

7.2.6. CRW Hot Cracking Test

Solidification cracking susceptibility was studied by means of the newly developed
controlled restraint weldability (CRW) test shown in Figure 10, proposed by Coniglio
et al. [143].

 

Figure 10. Setup CRW test [143].

7.2.7. Butterfly Hot Cracking Test

The tests presented use the same principle as CRW tests but with a more compact
specimen shape, requiring less material, and are easier to machine. The transverse force
is applied by bolts at the bores, and the notches concentrate the stress in the central zone.
Figure 11a,b describe the shapes used for preliminary tests. For a given alloy, the principle of
the test is to find the level of external stress required to initiate and then stop a solidification
crack during a TIG weld [144]. The force applied to the specimen is measured continuously
as the torch advances. At the beginning of the TIG torch movement, the experimental
setup is similar to that of a self-clamped JWRI test. Also, the distance between the notches
(30 mm) allows for the monitoring of any potential crack initiation. Then, as the torch
advances towards the area subjected to the transverse force, the local thermomechanical
conditions may be sufficient to allow crack propagation.

   

(a)  (b) 

Figure 11. Hot cracking butterfly sample (a,b). Dimensions in mm [144].

7.2.8. Sigmajig Test [145]

The Sigmajig test is also a test with external solicitation (see Figure 12). Its purpose
is to determine the level of prestress for which a central crack is created at the end of the
melt. It consists of applying prestress on a sample before welding (the loading system is
of course calibrated). After loading, welding is carried out with fixed parameters for the
entire series of tests. The prestress is increased with each new test until cracking starts. For
a square-sheet GTA weld with pre-applied transverse stress, originally developed for type
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304 and 316 thin sheets, threshold stress at crack onset ranged from 103 to 365 MPa. For
Sigmajig, as for other test tests, the same trend arises, where fully austenitic 310/308-type
weld metals are significantly more hot-crack-susceptible than ferrite-containing 304 and
conventional 316.

Figure 12. Schematic of the Sigmajig test [145].

7.2.9. Transverse Motion Weldability (TMW) Testing

The TMW test is newer. During the MVT test, the specimens can be bent not only lon-
gitudinally to the welding direction, as in the original Varestraint test, but also transversely.
Externally loaded weldability testing is used to rank solidification cracking susceptibil-
ity [146]. It has been applied directly to austenitic stainless steels, including 304L, 316L,
and 310, and its results align well with classic Varestraint data.

Lap-weld configuration: The lower sheet is driven transversely during welding to
impose tensile strain in the mushy zone and trigger cracking.

Two variants are used: one-speed (crack initiation focus) and two-speed (crack propa-
gation). Susceptibility is evaluated from the transition range of transverse speed between
no cracking and full cracking; lower transition V indicates higher susceptibility. In a system-
atic study on austenitic, ferritic and duplex steels, 304L and 316L were the least susceptible,
while 310 was “much more susceptible” to solidification cracking.

Both one-speed and two-speed TMW variants show that grade 310 is more prone to
both crack initiation and propagation than that of 316L grade, followed by grade 304L.
TMW results show that 304L/316L solidify in columnar δ-ferrite primary solidification (FA
mode) with discontinuous, isolated interdendritic liquid, allowing early bonding between
dendrites. However, grade 310 solidifies in fully austenitic (A-mode) solidification with
continuous liquid films between γ dendrites, preventing early bonding and promoting
cracking. Quenching during welding confirmed that skeletal/lacy δ in 304/316 forms after
solidification and does not control cracking resistance; mushy-zone liquid continuity is
key [147].

Since fully austenitic 308/310-type fillers solidify similarly to 310, TMW results for
310 strongly imply higher cracking susceptibility for fully austenitic 308/310 weld metals
than for balanced 304L/316L welds. TMW testing clearly shows that grades 304L and
316L exhibit low solidification cracking susceptibility, whereas 310 (and, by extension, fully
austenitic 308/310 weld metals) is much more crack-prone, due to continuous interdendritic
liquid and coarse γ dendrites in the mushy zone.
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To evaluate and moderate this risk, a wide range of hot cracking test methods and
estimation techniques have been developed. These methods are essential for the selection
of materials, optimizing welding parameters, and understanding the interaction between
material composition, welding process, and restraint conditions that lead to cracking.
The most widely used tests include the Varestraint and Trans-Varestraint tests, Hould-
croft (fishbone) test, self-restraint and externally loaded tests, and advanced in situ and
modeling approaches.

Multiple weldability tests such as Varestraint, TMW, and trapezoidal hot cracking
tests have been used to quantify and compare susceptibility in these grades and to explore
the effects of welding speed, impurity level, and minor alloying additions.

Table 5 summarizes some of the hot cracking tests, categorizing self-strained tests and
externally loading tests.

Table 5. Hot cracking tests, cracking index, applicability, advantages, and disadvantages.

Self-Restrained Tests

# Test Cracking Index Aims and Applicability Advantages Disadvantages Ref.

1 Houldcroft
test

-Crack ratio =
Lcrack/Lweld
(%),
-Crack length,

Houldcroft test is useful
to select the filler
material. This test
method is mainly used
for TIG welding and
other similar welding
processes. It is
applicable for thin
plates and
sheet material. -It requires no

additional
equipment or
apparatus to
perform the
tests.
-Low
equipment
complexity.

-Self-restraint
specimens are
likely to be more
complicated and
expensive.
-A single
specimen design
will
accommodate a
wide range of
materials and
welding
conditions,
permitting cross-
comparisons

[129,130]

2 The JWRI
test -Crack length

vary restraint by
varying the distance to
an un-clamped
free edge.

[126]

3

Trapezoidal
hot
cracking
test

-Crack initiation
distance from the
beginning of the
weld line.
-Width of the
edges are very
crucial.
-Crack length.
-The solidification
cracking length
to the weld
bead length

-Evaluation of
solidification cracking
susceptibility during
laser welding.
-The solidification
cracking will propagate
due to the phenomenon
that the
difference between the
deflection force and the
restraint exceeds that of
critical stress in the
brittle
temperature range.

[67]
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Table 5. Cont.

Externally Loaded

# Test Cracking Index Aims and Applicability Advantages Disadvantages Ref.

4
Longitudinal
Varestraint
test

-Total crack
length (TCL),
maximum crack
length (MCL)
and sometimes
brittle
temperature
range (BTR) are
taken as indices.

-The test is normally
carried out with the
strain being imposed in
the same direction as
the weld run,
using bending loading.
-Strain, ductility.
-BTR measured.
-Selection and
qualification Weld metal.
-Selection and
qualification Welding
procedures.

-The tests can
be applied to
a wide
specimen
shape.
-The test
accounts for
the strain rate.
-Identifying
the critical
stain rate.

-Critical strain
affected change
based to
metallurgical
compositions and
welding
conditions.

[132,134]

5
Transverse
Varestraint
test

Total crack length
(TCL), total
number of cracks,
and the
maximum crack
length (MCL).

The test can be carried
out with the weld being
made transverse to the
applied strain, using
bending loading.
-Strain, Ductility
measured
-Selection and
qualification Weld metal.
-Selection and
qualification Welding
procedures

[136]

6
Spot
Varestraint
test

Crack length

Bending, strain.
-Selection and
qualification Weld metal.
-Selection and
qualification Welding
procedures

[122]

7
The
MUREX
test

The individual
crack lengths.

Bending, Angular
speed, the first use of
augmented strain in a
cracking test.

[141,142]

8
CRW
cracking
test

The individual
crack lengths.

Tensile, strain rate.
-Selection and
qualification Weld metal.
-Selection and
qualification Welding
procedures

[143]

9 Butterfly
test

The individual
crack lengths.

Tensile, strain rate.
-Selection and
qualification Weld metal.
-Selection and
qualification Welding
procedures

[144]
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Table 5. Cont.

10

Modified
Varestraint
Trans-
Varestraint
test

The individual
crack lengths.

A defined bending
deformation is applied
to the test sample
during welding. Strain
rate. This test is used to
optimize filler metals

-The tests can
be applied to
a wide
specimen
shape.
-The test
accounts for
the strain rate.
-Identifying
the critical
stain rate.

-Critical strain
affected change
based to
metallurgical
compositions and
welding
conditions.

[147]

11 Sigmajig
test

-Threshold
transverse stress
for cracking

The threshold stress
required to initiate
cracking is taken as the
measure of the cracking
tendency. The test aims
at finding the critical
stress at the trailing
edge of the weld pool
which initiates cracking.
Selection and
qualification Welding
procedures

[145]

8. Mitigation Strategies for Hot Cracking During TIG Welding
Crack mitigation refers to the strategies and techniques employed to prevent the

propagation of cracks and to enhance the damage tolerance of materials.
Controlling the cooling rate of the weld: This can be achieved by slowing the welding

speed, reducing the travel speed, or decreasing the current. Additionally, preheating the
base metal or using post-weld heat treatment can help slow the cooling rate and reduce
the stress generated in the metal. Optimized welding parameters (heat input, speed,
pulsed current, electromagnetic/ultrasonic vibration) can significantly reduce hot cracking
susceptibility, even in relatively crack-prone grades such as 310 [148].

The shape of the weld cross-section plays a crucial role in hot crack susceptibility.
A weld with a large depth-to-width ratio (deep and narrow) promotes the formation of
columnar grains perpendicular to the weld centerline. This arrangement is particularly sus-
ceptible to hot cracking because the liquid film is concentrated in a smaller area, increasing
the stress intensity.

Managing restraint: This includes reducing the amount of restraint on the welded joint
by using proper joint design and welding techniques, such as using backstep welding or
using a low-hydrogen welding process. Selecting the right welding process: Some welding
processes, such as Gas Tungsten Arc Welding (GTAW) and gas metal arc welding (GMAW),
are less prone to solidification cracking than others, such as Submerged Arc Welding (SAW).

Using adequate filler metal: It is advisable to use low-carbon steel variants of grades
302, 304, and 316, which limits the precipitation of chromium carbide during welding; the
above-cited grades help avoid cracking. Grades. Moreover, controlling silicon in filler
metal leads to the mitigation of the cracking occurrence in austenitic stainless steel. Fully
austenitic 310/310S and 308/310-type fillers are much more susceptible to hot cracking.
When welding austenitic stainless steels, use filler metals containing ferrite (normally
3–10% in weld metal) in the austenitic matrix. For cryogenic temperature uses, where
a fully austenitic weld metal is required, use a filler metal containing low sulfur and
phosphorus with increased manganese content. This includes selecting the correct filler
metal. The filler metal should have similar properties to the base metal, such as similar
thermal expansion coefficients. Weld at the correct temperature and ensure proper joint
preparation. Use filler metals with specific compositions to counteract cracking (e.g., higher
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Mn, Si content in some cases). Control chemical composition (e.g., low S, P; balancing
austenite and ferrite stabilizers). Strict limitations on the concentrations of harmful elements
like C, P, and S in both the base material and welding consumables are essential. For ASS
welds, controlling the volume fraction of ferrite has been reported to be vital to prevent
solidification cracking.

Improving weld microstructure: Modifying the weld’s microstructure through al-
loying additions can significantly enhance its resistance to hot cracking. For carbon and
low-alloy steels, elements like molybdenum (Mo), vanadium (V), and titanium (Ti) refine
the grain structure, increasing strength and toughness. In stainless steels, adding ferritic-
forming elements like chromium (Cr) and molybdenum (Mo) promotes the formation of
ferrite, reducing the segregation of harmful elements at grain boundaries and refining the
grain size.

Nondestructive testing (NDT): Regular inspections and NDT are crucial for early detec-
tion and timely remediation. Methods like liquid penetrant testing (LPT), magnetic particle
testing (MT), and radiographic testing (RT) can detect both surface and subsurface cracks.

9. Outlook on Future Advancements and the Need for
Continued Research

Recommendations are needed to guarantee the integrity and durability of the struc-
tures. Continued research and development on materials and welding techniques are
essential to improve our ability to limit hot cracking and optimize the overall quality of
welds. The areas to be developed are as follows:

- Standardization of hot cracking tests (geometry, strain application, imaging and met-
rics) across laboratories is incomplete in the quantification of hot cracking susceptibility
in austenitic stainless steels.

- There are relatively few systematic comparisons of 308/309/310 fillers on 304/316
base metals under identical restraint.

- Integrated models that couple fluid flow, solidification micro-segregation, mushy-zone
mechanics and evolving grain structure are still under development and only rarely
validated against multiple test types.

- Optimization algorithms, such as neural networks tuned by swarm/whale and other
related metaheuristics methods, excel in finding global optima (input welding pa-
rameters, heat input, filler metals. . .) in complex, multi-dimensional spaces; it is clear
that modern algorithms are well suited for crack detection in steel and related ma-
terials. Metaheuristic algorithms refine the model’s parameters to better reflect the
actual welding cracks. This approach helps in identifying the most critical factors
for crack detection, ensuring that the model’s focus is on accurately capturing these
key influences, leading to more precise quantification of weld cracks in terms of their
occurrence and crack size. This approach provides a solid foundation for further
research and practical applications in detecting and preventing cracks.

- Most existing work focuses on autogenous or simple butt welds; industrially rele-
vant multi-pass, highly restrained geometries for thick sections are less thoroughly
characterized.

10. Conclusions
Hot cracking sensitivity in welding represents a complex phenomenon influenced by

multiple factors, including chemical composition, thermal cycles, and mechanical restraint.
This work is a brief review on hot cracking austenitic stainless-steel welds. The following
main key points summarize this study:
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1. Understanding the relationships between alloying elements and hot cracking suscepti-
bility enables engineers to make informed decisions regarding material selection and
welding procedure development, ultimately ensuring the production of high-quality
welded joints with enhanced structural integrity.

2. In the welding of austenitic stainless steels, the formation of an approximately 5%
δ-ferrite phase is often used to decrease the susceptibility to solidification cracking.

3. The most widely used tests include the Varestraint and Trans-Varestraint tests, Hould-
croft (fishbone) test, and advanced in situ and modeling approaches. The longitudinal
Varestraint test (LVT) and Trans-Varestraint test (TVT) are widely used for the assess-
ment of weld metal cracking susceptibility. The TVT is preferred over the LVT for
studying weld metal cracking.

4. Controlling P and S (and, for some alloys, Nb) can bring even 310-type steels closer
to 304, like weldability, but without such control, Varestraint test results confirm the
high hot cracking susceptibility of ASS 310 in comparison to ASS 316 and ASS 304.
Fully austenitic 310 and 308 weld metals are significantly more hot-crack-susceptible
than ferrite-containing 304 and conventional 316.

5. To reduce the risk of hot cracking, preheating, using a suitable welding technique,
selecting an appropriate filler material, controlling the welding parameters, and
post-weld heat treatment can be effective strategies, and preheating the base metals
before welding can help to reduce the temperature gradient across the weld zone and
minimize the stresses that lead to cracking.

6. NDT inspection methods are continuously expanding, more efficiently and with
greater accuracy. Future developments may focus on integrating real-time monitoring
and control systems and robotic inspection during welding. These systems can detect
micro cracks, allowing one to reduce the risk of damage. Techniques like phased-array
ultrasonic testing, infrared thermography, and digital radiography become more
sensitive, reliable, and faster. Familiarity with optimization and algorithm efficiency
can significantly reduce computational inference and make neural networks more
suitable for real-time applications in nondestructive testing in hot cracking tests.
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