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L’INFLUENCE DE LA MICROSTRUCTURE SUR LA SUSCEPTIBILITÉ AUX
DÉFAUTS DE SOUDAGE DANS DEUX ACIERS FAIBLEMENT ALLIÉS À HAUTE
RÉSISTANCE MÉCANIQUE
Amir Keyvan EDALAT NOBARZAD
RÉSUMÉ
Les causes de fissuration à chaud dans les aciers faiblement alliés à haute résistance
mécanique (HSLA) ont été étudiées et des solutions sont proposées. Les échantillons ont été
soudés selon une configuration en T conservant les paramètres de soudage constants pour les
métaux de base Gr.50 et Gr.80. Des études métallographiques ont été réalisées à l'aide de
microscope optique et électronique. Les métaux de base, la soudure et la zone affectée
thermiquement (HAZ) sont caractérisés et expliqués. Des changements chimiques locaux
dans l’axe central de la soudure ont également été étudiés par analyse dispersive en énergie
(EDS). Toutes les soudures de Gr.80 indiquent la fissuration à chaud dans l’axe central de la
soudure, alors qu'aucune des soudures Gr.50 n'a été fissurée. Ceci peut être expliqué par
l'effet de verrouillage des bras dendritiques secondaires (SDA) dans les métaux de base
Gr.50 qui améliore la résistance de l’axe central de la soudure à la fissuration à chaud. Le
SDA long est attribué à la plus grande taille des grains dans HAZ de Gr.50 comparativement
à la taille de grain du Gr.80. Plus grande sera la largeur du bras dendritique primaire (PDA),
plus un SDA sera long. Les SDA long peuvent se verrouiller facilement, ce qui améliore la
résistance de l’axe central de la soudure contre la fissuration. Une forte contrainte résiduelle
dans le métal de base Gr.80 est également détectée comme facteur contributif. L'existence
d'inclusions nonmétalliques englouties par des porosités de gaz peut aussi faciliter la
propagation des fissures. Enfin, des mesures correctives et préventives ont été suggérées
pour éviter la formation de fissures à chaud.
Mots-clés : défaut de soudure, fissuration à chaud, fissuration lors de la solidification,
HSLA, GMAW.

INFLUENCE OF MICROSTRUCTURE ON SUSCEPTIBILITY TO WELD
DEFECTS IN TWO HIGH STRENGTH LOW ALLOY STEELS
Amir Keyvan EDALAT NOBARZAD
ABSTRACT
Hot cracking root causes in two HSLA welded steels were investigated and remedies were
proposed to avoid hot cracking at centerline of the weld. The specimens were welded in Tjoint configuration keeping the constant welding parameters for both investigated alloys:
Gr.50 (with lower content of alloying elements and yield strength of 345 MPa) and Gr.80
(with higher content of alloying elements and yield strength of 550 MPa). Metallographic
studies were performed using optical and electron microscopy. Base metal, weld and HAZ
were all characterized and discussed. Local chemical changes in centerline of the weld were
also investigated with Energy Dispersive X-ray spectroscopy (EDS). All welds of Gr.80
showed hot cracking at the centerline while none of the Gr.50 welds were cracked. This can
be explained by interlocking effect of secondary dendrite arms (SDA) in Gr.50 welds which
enhances the resistance of weld centerline to hot cracking. Longer SDA is attributed to larger
size of grains in HAZ of Gr.50 compared to grain size in Gr.80. The larger is the grain size of
HAZ, the larger will be the width of primary dendrite arm (PDA) which in turn induces
longer SDA. High residual stresses in Gr.80 base metal are also detected as a contributing
factor. Existence of nonmetallic inclusions engulfed by gas porosities can also ease the crack
propagation. Finally remedies and preventive action have been suggested to avoid formation
of hot cracks.
Keywords: weld defect, hot cracking, solidification cracking, HSLA, GMAW
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INTRODUCTION
High strength low alloy (HSLA) steels are widely used in transportation industry. Although
the microstructure of weld metal of HSLA steels is well-known for its crack resisting nature
but welding of HSLA steels is still challenging. This research is investigating the main
phenomena contributing to hot cracking during welding of HSLA steels. Although many
academic researches have been accomplished on hot cracking, limited number of studies
have focused on a specific type of steel. Most of the root causes and proposed remedies for
hot cracking are stated generally for all types of metals regardless of the nature of the
investigated alloy. The aim of current research is to identify the link between microstructure,
mechanical and physical properties of weld, HAZ and base metal of two grades of HSLA
steels (ASTM A656 Gr.80 and ASTM A572 Gr.50). The research is based on metallographic
results accompanied with chemical analysis and microhardness lines. The phase
transformation and physical properties calculated by JMatPro software are also employed to
explain the results. After investigation of root causes, remedies are proposed to avoid hot
cracking during the welding of these alloys. The scope of the current work is limited to
solidification hot cracking in weld metal of HSLA steels welded by Gas Metal Arc Welding
(GMAW). Other types of weld defects such as cold cracking and cracks in partially melted
zone (PMZ) are not part of the current research. In addition to investigation of hot cracking
root causes, the microstructure of base metal, weld and heat affected zone (HAZ) is
characterized and discussed.

CHAPTER 1
LITERATURE REVIEW
1.1

HSLA steels

High strength low alloy (HSLA) steels have been developed to provide a high level of
strength and toughness and better atmospheric corrosion resistance compared to carbon
steels. Carbon content of HSLA steels is usually kept in the range of 0.05-0.25 wt%. The low
amount of carbon substantially increases the formability of this type of steels. Strength
reduction due to low carbon content is compensated by the effect of microalloying elements
[1]. Although the sum of microalloying elements (Nb,V and Ti) in HSLA steels usually does
not exceed 0.2 wt%, they have an important increasing effect on strength and toughness. The
yield strength of HSLA steels is usually over 345 MPa and due to extremely low amount of
alloying elements, the use of HSLA in industrial designs is economically preferred.
Elimination of heat treatment cost without adding a high amount of alloying elements and at
the same time benefiting the desired mechanical properties encourages the designers to use
HSLA steels [2-4]. Oil and gas pipelines, construction and farm machinery, rail vehicles,
heavy duty vehicles, storage tanks, snowmobiles, off-shore structures and power
transmission towers are some examples of HSLA steels application [5]. Depending on the
applications, loading conditions and environmental requirements, different grades of HSLA
steels are being used by design engineers.
Different microstructures are possible for HSLA steels depending on the chemical
composition and manufacturing technics. Ferrite-pearlite is a conventional microstructure,
however HSLA steels with acicular ferrite microstructure are being used due to excellent
strength, weldability and toughness. Dual phase steels which contain martensite dispersed in
a ferrite matrix is another possible microstructure in HSLA steels which provide a good
combination of tensile strength and ductility. Adding small amounts of Zr, Ca or rare earth
elements to HSLA steels may change the shape of sulfide inclusions from elongated stringers
to spherical globules and therefore improve the ductility. Figure 1.1 shows the microstructure
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of a HSLA steel with yield strength of 450 MPa including ferrite grains and pearlite bands
[5].

Figure 1.1 Microstructure of as rolled HSLA
steel with equiaxed ferrite grains (white area)
and pearlite bands (dark area).
Taken from ASM handbook Vol. 9 (2004,
p.609)

All three microalloying elements (Nb, V and Ti) are strong carbide and nitride formers [53].
Therefore, the microstructure of HSLA steels contains a fine dispersion of carbonitrides.
Figure 1.2 shows the complex carbonitrides in a Nb-Ti HSLA steel [8]. Carbides, nitrides
and carbonitrides act with both grain refinement and precipitation mechanisms. The
effectiveness of these particles depends on their solubility in austenite. Figure 1.3 compares
the solubility of carbides, nitrides and carbonitrides of Nb, V and Ti in austenite. Vanadium
carbides are soluble in austenite at relatively high temperature, therefore they contribute
mostly by precipitation mechanism. Vanadium carbonitrides are reported to be 5-100 nm in
size. The strengthening effect of Vanadium is reported to be 0.7 to 2 Ksi (5 to 14 MPa) per
0.01 wt% of Vanadium [5].
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Figure 1.2 Complex carbonitrides in Nb-Ti HSLA
steel.
Taken from Hong et al. (2002, p.166)

Figure 1.3 Solution of carbides, nitrides and
carbonitrides in austenite.
Taken from Russo Spena et al.(2013, p.213)
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As Vanadium carbonitrides are not stable at normal hot rolling temperature, their formation
depends on the cooling rate. As shown in Figure 1.4, an optimum cooling rate can be
proposed to have the most effective strengthening. Cooling rate higher than critical value
leads the Vanadium carbonitrides to remain in solution and loss of strengthening effect. On
the other hand, a lower cooling rate may coarsen the carbonitrides and decrease their
effectiveness [5].

Figure 1.4 Precipitation strengthening as a function of
cooling rate in a HSLA steel with 0.15 wt% of Vanadium.
Taken from Davis (2001, p.200)

Due to higher stability of niobium carbides in austenite, the grain refinement by niobium is
more effective compared to vanadium. However, niobium strengthens the alloy also by
precipitation hardening. The strengthening effect of Niobium is reported to be 5 to 6 Ksi (35
to 40 MPa) per 0.01 wt% of Niobium [5].
The most effective particles which prevent the grain growth are TiN as they are the most
stable particles among the carbides and nitrides of Vanadium, Niobium and Titanium [9].
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The carbonitrides which are nucleated at higher temperatures have been reported to be rich in
Titanium and Nitrogen and contain low amount of Carbon. By decreasing the temperature,
further Ti(C,N) layers are formed on the previously formed Ti-N rich carbonitrides.
Continuing temperature decrease, the Carbon content of carbonitrides is increased and
eventually Nitrogen maybe exhausted from the matrix. Niobium starts to precipitate on outer
layers of the particle by decreasing the temperature. After exhausting Nitrogen, another set of
(Ti,Nb)C will be formed. The larger is the complex carbonitrides, the more will be the
Niobium content. This has been related to the nucleation of the first particles in higher
temperature which act as potential site for nucleation of Niobium rich phases at lower
temperature. Nucleation of Niobium rich phases on early formed carbonitrides leads to
removal of Niobium from the matrix and therefore formation of small carbonitrides
containing less amounts of Niobium in the last stages of cooling [10].
HSLA steels are classified by ASTM according to chemical composition, required
mechanical properties and applications. Table 1.1 shows a partial list of this classification.
Each group of ASTM classified HSLA steels is available in different grades. For example,
four grades are introduced for ASTM A572 as Gr.42, Gr.50, Gr.60 and Gr.65 where the last
two characters represent the yield strength of the steel in Ksi.
SAE (Society of Automotive Engineers) also proposes another common classification. In
SAE classification, three first digits indicate the minimum yield strength in Ksi followed by
one or more letters indicating carbon level, chemical composition or deoxidation process. As
an example killed steel (K), low carbon (L), low alloy (X), not killed steel (O) and killed plus
inclusion control (F). For example, a steel coded as SAE 050XLK is a low carbon, low alloy
killed steel with a minimum yield strength of 50 Ksi (345 MPa) [4]. However, some
commercial names are also used for HSLA steels. For example, HSLA 80 and HSLA 100 are
the HSLA steels with a yield strength of 80 Ksi (552 MPa) and 100 Ksi (689 MPa),
respectively [4].
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HSLA steels show a proper weldability due to the low amount of carbon and alloying
elements. This leads to a low level of carbon equivalent (CE) in HSLA steels and therefore
low susceptibility to cold cracking in HAZ [5]. Microstructure of HSLA steel welds is
reported to have a proper resistance to crack growth. However, challenges are still present in
welding of HSLA steels. Primary manufacturing processes of the base metal and large size
of welds in industrial structures enhance the susceptibility of HSLA steel welded structures
to hot cracking. Generally, preheating and high inter-pass temperature dramatically lower the
cooling rate. Decreasing the cooling rate reduces the susceptibility to cracking. Due to the
application of HSLA steels in transportation vehicle and pipelines, the welded structures are
usually very large which makes the preheating process difficult. On the other hand, inter-pass
temperature is usually low during welding of large workpieces of HSLA steels which
increases the susceptibility to hot cracking [9].
Table 1.1 A partial list of HSLA steels (ASTM classification).
Taken from Bramfitt et al. (2002, p.8)
ASTM

Type of steel

designation
ASTM A242

HSLA structural steel

ASTM A572

HSLA Nb-V structural steel

ASTM A588

HSLA structural steel with 350 MPa minimum yield strength

ASTM A656

HSLA hot rolled structural V-Al-N and Ti-Al steel

ASTM A714

HSLA welded and seamless steel pipe

ASTM A715

HSLA hot rolled and strip, and sheet steel, cold rolled high
strength, low alloy with improved formability

ASTM A808

HSLA with improved notch toughness

ASTM A871

HSLA steel with atmospheric corrosion resistance
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1.1.1

Microstructure of weld metal

The final microstructure of HSLA steel weld metal depends on chemical composition and
cooling rate. The common microstructure for HSLA steel is acicular ferrite (AF) which
nucleates heterogeneously from nonmetallic inclusions. However, various ferrite
morphologies have been reported [11, 12]. Figure 1.5 shows different morphologies of
primary ferrite observed in a HSLA steel weld metal. As shown in Figure 1.5 a and b,
continuous and allotriomorphic grain boundary primary ferrites (GBF) have been reported to
nucleate on primary austenite grain boundaries [11]. Two other morphologies have been
classified under the primary ferrite: idiomorphic primary ferrite, nucleated from nonmetallic
inclusions and intragranular primary ferrite, nucleated inside the austenite grain as showed in
Figure 1.5c and d. Widmanstätten ferrite nucleates from GBF (Figure 1.6b) or non-metallic
inclusions (Figure 1.6c). However, in the absence of GBF, Widmanstätten ferrite can also
nucleate directly from austenite grain boundaries (Figure 1.6a) or even intragranulary inside
the austenite grain (Figure 1.6d). Widmanstätten ferrite which nucleates directly from
austenite grain boundaries can be also classified under primary ferrite morphologies and can
be named as primary Widmanstätten ferrite [11]. Distinguishing between acicular,
idiomorphic and Widmanstätten ferrite is often challenging as all three types can nucleate
from nonmetallic inclusions. As a general rule, the ratio of length to width is used as a
criterion to differentiate acicular ferrite blades from intragranular Widmanstätten ferrite.
Blades with length to width ratio lower than 4 are classified as acicular ferrite, otherwise
identified as Widmanstätten ferrite. Difference between acicular ferrite and idiomorphic
ferrite is determined by blade width. Acicular ferrite blade has typically a width equal or less
than 5 µm while the width of idiomorphic primary ferrite blade is higher than 5 µm.
Furthermore, a unique aspect of acicular ferrite which helps to differentiate it from other
morphologies is high angle boundary. Acicular ferrite blades are separated by high angle
boundaries while Widmanstätten and GBF are low angle boundary phases [11]. The volume
fraction of acicular ferrite in a weld metal containing different ferrite morphologies have
been determined based on boundaries’ angle by Ghomashchi, et al. using EBSD as shown in
Figure 1.7 [11].
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In case of hardenability increase, existence of bainite and low carbon martensite is also
probable [13]. As shown in Figure 1.8 both upper (parallel layers of ferrite and cementite)
and lower bainite (ferrite laths with cementite distributed inside them) have been observed in
HSLA steel weld metal [11].

Figure 1.5 Different morphologies for primary ferrite in HSLA X70
weld metal; a) continuous GBF nucleated from austenite grain
boundary, b) allotriomorphic primary ferrite nucleated on austenite
grain boundary, c) idiomorphic primary ferrite nucleated from
nonmetallic inclusions, d) intragranular primary ferrite nucleated inside
the austenite grain.
Taken from Ghomashchi et al. (2015, p.322)
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Figure 1.6 Different morphologies for Widmanstätten ferrite in HSLA X70
weld metal; a) primary Widmanstätten ferrite nucleated from austenite grain
boundaries, b) secondary Widmanstätten ferrite nucleated from GBF, c)
primary Widmanstätten ferrite nucleated from nonmetallic inclusion, d)
intragranular Widmanstätten ferrite nucleated from idiomorphic ferrite.
Taken from Ghomashchi et al. (2015, p.322)

Despite of existence of different morphologies, acicular ferrite has been reported as
predominant microstructure in HSLA steels weld metal. Yield strength of weld metal has
been reported to be higher than HAZ and base metal as a result of existence of acicular ferrite
and bainite [14].
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Figure 1.7 Acicular ferrite with high angle boundaries differentiated from other ferrite
morphologies using EBSD.
Taken from Ghomashchi et al. (2015, p.323)

Figure 1.8 Different bainite morphologies in HSLA X70 weld metal; a) upper bainite
with parallel ferrite and cementite layers, b) lower bainite with cementite distributed in
ferrite lathes.
Taken from Ghomashchi et al. (2015, p.323)
Figure 1.9 indicates the nucleation of acicular ferrite from an inclusion. Chemical
composition of inclusions affects their ability for nucleation of acicular ferrite. As shown in
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Table 1.2 some of the inclusions are active in acicular ferrite nucleation and some of them
are inert [15].

Figure 1.9 TEM image of an inclusion
which acicular ferrite nucleated on.
Taken from Madariaga et al. (1999, p959)
Investigation on effect of alloying elements on microstructure of HSLA steels is always
challenging. Table 1.3 summarizes the effect of some alloying elements on acicular ferrite
nucleation [15].
It has been reported that adding Mo in the range of 0.817-0.881 wt% in API HSLA-70
increases the impact toughness and causes a substantial reduction in fracture appearance
transition temperature (FATT) [17].
Ni increases the impact toughness in weld metal by decreasing the martensite start
temperature (Ms) and therefore increasing the retained austenite. By decreasing the Ms, the
martensite which is formed at lower temperature has more probability for auto-tempering
which in turn causes an increase in toughness [18]. Ni can also strengthen the alloy by
making solid solution [13].
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Table 1.2 Effect of chemical composition of inclusions on their potential for AF
nucleation.
Taken from Zhang et al. (2014, p.1478)
Compound added
Simple oxides
Complex oxides
Simple nitrides

Active inclusions for acicular

Inert inclusions for acicular

ferrite nucleation

ferrite nucleation

Ti-Oxide(Ti2O3 or TiO)

Al2O3, SiO2,Ti2O3

(Ti,Mn)2O3,TiO2-(MnO-Al2O3)
Galaxite spinel MnO-Al2O3

MnO-SiO2,MnO-FeOxSiO2,MgO-Al2O3,MNO-

TiN,VN

Simple sulfides

Al2O3
TiN
MnS,CuS

Al2O3-MnS, TiO2-Al2O3-MnS,
Complex oxy-

Ti and Ti-Ca-oxy-sulfides,

sulfides and multi-

Ti2O3-TiN-MnS,TiOx-TiN-

phase inclusions

MnS, FeS-(Mn,CU)S,MnSVC,MnS-V(C,N)

It hase been reported that adding Ni without Mo in the range of 2.03-3.75 wt% in API
HSLA-70 reduces the volume fraction of acicular ferrite and therefore degrades the
toughness. But adding both Ni (2.03-2.91 wt%) and Mo (0.7-0.995 wt%) enhances the
volume fraction of acicular ferrite compared to grain boundary ferrite [17]. On the other
hand, high Ni content can also have detrimental effects. It has been reported that high amount
of Ni in weld metal induces Ni, Mn and Si compounds which segregate at weld centerline or
grain boundaries and therefore increases the risk of hot cracking [19].
As shown in Figure 1.10, in order to prevent detrimental effect of high amount of Ni on
toughness of weld metal, it is recommended to decrease Mn content [20]. The effect of ferrite
morphology and alloying elements of weld metal, especially on resistance to hot cracking is
the matter of interest in the current work which will be further discussed in the next
paragraphs. Microstructure and chemical composition of base metal will be used to explain
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the results of the current work and discuss the phenomena contributing to the occurrence of
weld defects.
Table 1.3 Effect of alloying elements on acicular ferrite nucleation
Taken from Zhang et al. (2014, p.1478)
Element

Alloying

Optimum range

type

element

(wt%)

C
Austenite
stabilizer

Effect on AF

Welding process

0.05-0.15

Small increase

MMAW

Mn

1.40-1.92

Mild increase

SAW

Ni

2.03-2.91

Moderate increase

SAW

Cu

0.14-0.94

Moderate increase

MMAW

Mo

0.7-0.995

Large increase

SAW

Ferrite

Cr

0.05-0.91

Moderate increase

MMAW

stabilizer

Ti

0.02-0.05

Moderate increase

SAW

B

0.003-0.006

Small decrease

FCAW

Figure 1.10 Prediction of weld toughness at -40°C as a
function of Ni and Mn content.
Taken from Keehan et al.(2002 p.1)
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1.1.2

Microstructure of heat affected zone

Figure 1.11 shows the microstructure of heat affected zone (HAZ) in HSLA-100. As shown
in Figure 1.12 bainite packets exist as predominant microstructure in HAZ of HSLA steels
weld. Acicular ferrite and martensite can be also formed depending on the chemical
composition and cooling rate. Prior austenite grain size affects dramatically the
microstructure and mechanical properties of HAZ. Prior austenite grain size decreases
gradually by increasing the distance from the fusion zone. The coarse grains in HAZ adjacent
to the fusion zone are susceptible to cold cracking due to decrease in toughness. Increasing
heat input will result in wider coarse grain area in HAZ. Therefore, there will be a wider low
toughness area. It has been found that coarse grain HAZ length is 0.5mm for a heat input of
10 KJ/cm while it is 1.1mm for a heat input of 40 KJ/cm in HSLA-100 welded plate [21].
The correlation between modeling and experimental results for grain size and microstructure
of HAZ in HSLA steels has been studied based on heat input. This is challenging in HSLA
steels because of the presence of carbonitrides which lock the grain growth. As already
discussed, solubility of carbonitrides in HSLA steels is increased by increasing the
temperature which affects the grain growth. The level of contribution of carbonitrides in
grain size of HAZ depends on type of carbonitrides [21]. Although Ti bearing carbonitrides
are more effective grain refiners in HAZ compared to Nb bearing carbonitrides, Ti-rich
particles have been reported to be detrimental for HAZ toughness specially when the
microstructure is bainitic [22].
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Figure 1.11 Microstructure of various HAZ sections in
GMAW welded HSLA-100 steel a) 0.01 mm, b) 0.1 mm, c)
0.3 mm, d) 0.7 mm from fusion line.
Taken from Shome (2007, p.456)

Figure 1.12 Bainite packets in HAZ of a
HSLA steel.
Taken from Cao et al. (2015, p.3005)
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1.2

Weld defects

1.2.1

Cold cracking

Cold cacking or hydrogen cracking usually occurs at relatively low temperature (-100 to
200°C) in HAZ but also can appear in weld metal [9]. Four major factors contribute to cold
cracking: 1) hydrogen content of the weld metal which comes from humidity or molecules of
organic materials. 2) formation of sensitive microstructure (martensite), 3) high stress during
the cooling caused by solidification shrinkage and 4) thermal contraction under constraints.
The commonly obseved positions of cold cracking are illustrated in Figure 1.13.

Figure 1.13 Commonly observed positions of cold cracking.
Taken from Welding for design engineers (2007, p.446)
Diatomic hydrogen is decomposed to monatomic hydrogen at high temperature. The
solubility of monatomic hydrogen in steel increases at high temperature. Therefore, cold
cracking can be formed as a result of solution of monatomic hydrogen. Figure 1.14 compares
the absorption of monatomic and diatomic hydrogen as a function of distance from the fusion
zone [9].
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Figure 1.14 Variation of hydrogen
absorption in weld pool.
Taken from Kou ( 2003, p.70)
One of the recommended remedies for resistance to cold cracking in GMAW of HSLA steels
is adding fluoride in flux cored wires. Fluoride can decrease the hydrogen content in weld
metal. The amount of lessened hydrogen differs by type of fluoride in flux. Wires with CaF2
have been reported to have the lowest diffusible hydrogen content (6.32 ml in 100 g), while
wires with MnF3 show the highest hydrogen content (7.96 ml in 100 g). It can be explained
by the fact that the diffusible hydrogen content in weld metal is degraded when the basicity
of slag increases. Basicity of CaF2 is 0.27 while basicity of MnF3 is 0.01 [15].
1.2.2

Hot cracking

Generally hot cracking can be divided into three types: 1) Solidification cracking, 2)
liquation cracking, 3) ductility dip cracking (DDC).
The most common type of hot cracking is solidification cracking. Solidification is produced
by nucleation and growth of grains or dendrites. The grains or dendrites grow towards the
centerline of the weld. Therefor the centerline is the last solidified area which is succeptible
to be cracked during the solidification [24]. Hot cracking is often detected beween dendrites
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or grains [9]. Small amount of liquid usually exist in the centerline of the weld. This liquid is
caused by low melting point compounds which separate the dendrites during the
solidification. The liquid film weakens the centrerline, therefore in presence of stress hot
cracking can occur at the centerline. This type of hot cracking which occurs at centerline of
the weld is called solidification cracking [25].
In contrast to solidification cracking, liquation cracking occurs in the partially melted zone
(PMZ). The third type of hot cracking is ductility dip crack (DDC) which occurs in solid
state. Below the solidification temperature, the ductility of material which is normally
ductile, for example Ni-base or Cu-base alloys, will dramatically decrease which can lead to
DDC [26].
As solidifiction cracking is the most common type of hot cracking and is the subject of the
present work, the term ((hot cracking)) will be used in the manuscript only to indicate
solidification cracking which occurs at the centerline of the weld during the solidification.
Hot cracking can be in macro or mico scale. Microcracking is not always detectable with
non-destructive inspections and therefore they may remain invisible even for some years and
then may reveal as a result of notch effect [27]. Hot cracking can be also a nucleation site for
stress corrosion cracking [28].
During solidification, the weld metal is contracted. There are two types of contractions: 1)
thermal contraction during solidification. 2) Contraction because of volume difference
between liquid and solid. In the other words, weld is susceptible to hot cracking because of
the difference between density of liquid and solid metal [29]. The effect of thermal
contraction on base metal is not as much as the weld metal; therefore, the base metal causes a
tensile stress on the mushy zone during the solidification of weld metal [9]. As in mushy
zone the grains are not yet strongly bonded, the strength in this semi-solid zone is relatively
low and therefore can hardly accommodate the tensile strain [29].
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Tensile stress on the weld metal is the main root cause of hot cracking. This tensile stress
depends on various factors like the residual stress on base metal prior to welding as a result
of manufacturing process or any additional mechanical work on the part prior to welding,
thermal properties, microstructure, mechanical properties and chemical composition of both
base and weld metal, configuration of the weld joint and using fixture or jig during the
welding [30]. Figure 1.15 illustrates the restrain caused by adjacent weld pass in a back-plate
weld configuration.

Figure 1.15 Restrain resulting from weld configuration
Taken from Kou (2003, p.285).
As shown in Figure 1.16, the analysis of the residual stresses in T-joint single pass welds of
carbon steel SAE 1020 welded by TIG using finite element method (FEM) show that the
maximum residual tensile stress is applied on weld face. Residual tensile stress is reduced by
increasing the distance from the weld face [31].
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Figure 1.16 Residual stress distribution along X direction resulted from
FEM analysis.
Taken from Teng et al. (2001, p.529 and 531)
Figure 1.17 shows a summary of stress sources on weld metal centerline which classifies the
stress sources to internal and external. Internal stresses could be due to a combination of 1)
negative volume changes during cooling caused by both thermal and phase transformation
contractions, and 2) weld geometry which influences stress distribution at the weld face. On
the other hand, external stress can be produced by 1) clamping the workpiece which may
apply a tensile stress on centerline of the weld, and 2) base metal volume changes due to
thermal effects during welding. Similar to the weld metal, the base metal volume changes
include both thermal and phase transformation contractions. It has been reported that strength
and ductility of weld metal, dimensions of workpiece and joint configuration affect the
resistance of centerline against the stress [32].
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Figure 1.17 Factors influencing stress concentration at weld centerline.
Microstructure of weld metal can affect significantly the susceptibility to hot cracking.
various morphologies of ferrite are usually found in weld metal of HSLA steels. In HSLA
steels, the aim is usually to induce acicular ferrite in weld metal in order to reduce the
susceptibility to hot cracking. Due to the interlocking structure of acicular ferrite, this
microstructure has an important role in resistance to crack propagation [15]. Figure 1.18
illustrates how the microstructure can affect the path of crack propagation. In Widmanstätten
ferrite nucleated from grain boundary ferrite or austenite grain boundaries, the microstructure
contains parallel plates which ease the crack propagation while the chaotic orientation of
acicular ferrite nucleated intergranulary on nonmetallic inclusions delays the crack
propagation [33].
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Figure 1.18 Comparison of the path of a cleavage crack in
Widmanstätten ferrite and acicular ferrite.
Taken from Sarma et al. (2009, p.1064)
The wider is the solidification range, the wider will be the mushy zone during the
solidification. Both solid and liquid coexist in the mushy zone and therefore wider mushy
zone weakens the centerline of the weld for hot cracking due to microsegregation of low
melting compounds and tramp elements in this zone [9]. Microsegregation is affected
dramatically by cooling rate [25]. Existence of P and S can form low melting point
compounds which increase the solidification range [9]. Concentration of P and S at grain
boundaries increases by increasing the number of thermal cycles. Therefore, multiple layers
welds are more susceptible to hot cracking compared to the single layer welds [34]. Fe-S
eutectic temperature is 988°C, therefore existence of S can decrease dramatically the solidus
temperature from 1400°C [35].
Cu is reported to increase the probablity of hot cracking in steels. Solubility of Cu in
austenite is limited. Therefore, it can be trapped in boundaries and deteriorate the situation
for hot cracking. Sn in weld metal composition exacerbates the effect of Cu by decreasing the
solubility of Cu in austenite and decreasing the melting point of Cu-Sn enriched zone [36].
Ni plays a positive role by increasing the solubility of Cu in austenite. Therefore, adding Ni
can mitigate the detrimental effect of Cu [37]. Microsegregation of Cr, Mn and Si is also
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reported as source of hot cracking in bainitic steels [38]. Also, as shown in Figure 1.19
microsegregation of Ti-rich and Nb-rich phases has been reported to increase susceptibility to
hot cracking in weld repair of cast steels [39].

Figure 1.19 Microsegregation of Ti-riched phases in crack path in weld repair of a cast
steel, a) crack path, b) EDS map for Ti.
Taken from Branza et al. (2009, p. 546)
Primary phase has an important role in hot cracking. The weld which is solidified from
austenite is more susceptible to hot cracking compared to those solidified from delta ferrite
due to high solubility of P and S in ferrite [40].
One of the most important items contributing to hot cracking is the liquid surface tension in
boundaries. As illustrated in Figure 1.20, high surface tension decreases the probability of
formation of liquid film and therefore decreases the susceptibility to hot cracking [9].
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Figure 1.20 Effect of surface tension on wet grain
boundaries; a) comparison of angle between liquid and
grain boundary in high, medium and low surface tension,
b) effect of surface tension on formation of liquid film at
grain boundary.
Taken from Kou (2003, p.282)
Increase of grain size leads to higher susceptibility to hot cracking. Fine grains accommodate
the strains caused by contraction easier than coarse grains. On the other hand, the smaller is
the grain size, the easier will be the feeding of liquid in grain boundaries and therefore the
probability of formation of void in fine grain structure is less than coarse grain structure. The
total surface of grain boundaries is larger in fine grains and therefore concentration of low
melting point compounds is less probable compared to coarse grain structure [9, 27].
A portion of base metal is always diluted in the weld which can be calculated as:
D=

(1.1)

As shown in Figure 1.21, a practical way to calculate dilution is to estimate it from the 2D
image of weld as below:
%DI=

×100

In which a, b, c and d are the zones specified in Figure 1.21.

(1.2)
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Figure 1.21 Base metal dilution in weld pool.
Taken from Kou (2003, p.257)
The amount of dilution from base metal depends on weld geometry, welding position and
heat input per unit length [9]. The contribution of base metal in increasing tramp elements at
weld centerline depends on amount of dilution. Segregation of some chemical elements can
be observed from the root to further passes. The root pass has a more diluted composition
compared to the second pass. Differences in chemical composition from the root to the
centerline can lead to a difference in microstructure of the weld metal in different zones. It
has been reported that Cr content differs from 18 wt% in first pass to 25 wt% in third pass in
a stainless steel which leads to a significant increase in ferrite content in the third pass [41].
Cooling rate and welding speed have important roles on susceptability to hot cracking. Three
factors contribute to cooling rate: 1) wled heat input, 2) preheating and 3) the thickness of
base metal [24].
Heat input according to [42] can be calculated as:
Q(J)=Voltage(V)

Amperage(A)

Efficiency factor

(1.3)

The efficiency factor is estimated for TIG, GMAW and SAW as 0.6, 0.8 and 0.9 respectively
[43].
Considering the effect of welding speed, the heat input per unit length in KJ/cm can be also
calculated as:
H=

(

/

)

[44]

(1.4)
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As seen in Figure 1.22 for welds with similar H, the specimens welded with high speed and
high Q are more susceptible to hot cracking compared to those welded with low speed and
low Q. The weld pool in Figure 1.22a is tear-drop shaped with perpendicular dendrites which
is more likely to be cracked rather than the weld pool in Figure 1.22b with oval weld pool
[7].

Figure 1.22 Schematic illustration of weld face for similar H, a) high
speed and high Q, b) low speed and low Q.
Taken from Kou. (2003, p.176)
High heat input per unit length can deteriorate the mechanical properties of the weld metal by
inducing the segregation of low melting point components. High H has also detrimental
effects on HAZ by increasing the grain size and lowering the mechanical properties of HAZ.
On the other hand, increasing the H can help the auto tempering in weld metal and therefore
increase the toughness [45]. In HSLA steel welds, high heat input can significantly increase
the size of acicular ferrite plates by increasing the diffusion rate [46].
Temperature gradient and cooling rate both control the solidification pattern. The G/R ratio
determines the solidification structure and the product G.R determines the size of grains or
dendrites. Figure 1.23 shows the mutual effect of temperature gradient and cooling rate in
weld solidification pattern [9]. By increase in cooling rate, solidification rate increases and
therefore dendrites and cells will become finer. A relation is proposed by [9] for secondary
dendrite arm spacing and cooling rate:

SDAS=

=b( )

[9]

(1.5)
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Where SDAS is secondary dendrite arm spacing ,
the end of solidification,

the time elapsed from the beginning to

is cooling rate, a and b are proportional constants. As shown in

Figure 1.24 dendrite growth is time depended. Therefor by increasing cooling rate the time
available for dendrites growth is decreased [9].
Weld penetration is an important factor which determines the mechanical resistance of the
weld metal. Weld penetration profile depends on heat input per unit length and weld
geometry. As shown in Figure 1.25, researches introduce different criteria to measure the
weld penetration in T-joints. Wei Liu et al. measured the width of weld face, the throat, the
leg and height [47] while Z.B Yang et al. considered the depth and seam angle as criteria for
weld penetration [48].

Figure 1.23 Effect of temperature
gradient and growth rate on solidification
pattern.
Taken from Kou. (2003, p.166)
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Figure 1.24 Schematic illustration of
dendrites growth as a function of
solidification time.
Taken from Kou. (2003, p165)

Weld penetration can also be presented as ratio of the depth to width (D/W) which is an
important factor contributing to hot cracking. As shown in Figure 1.26, the bigger is the
D/W, the higher will be the probability of the low melting compounds to be trapped in weld
metal [24]. Increaseing H, leads to more base metal and filler metal melted in a constant
length and therefore the probability of trapping of low melting compounds will be increased.
The following relation is proposed to design a less risky filet weld configuration [49] :

ω=

Where ω is the filet weld leg size (cm) and H is the heat input per unit length (KJ/cm).

(1. 6)
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Figure 1.25 Examples of penetration measurement on T-joint welds
Taken from Liu et al. (2014, p.2824) and Yang et al. (2012, p.654)
Residual stress on the welding with lower H has been reported to be significantly higher
compared to those welded with higher H due to existance of bainite and Widmanstätten
ferrite [50]. Also, hardness maps on a HSLA steel weld metal with different heat input per
unit length shows that the specimens with lower H have higher hardness as a result of higher
cooling rates and therefore finer grain size. Furthermore, higher cooling rate leads to the
formation of bainite and Widmanstätten ferrite rather than acicular ferrite [50]. Cooling the
workepiece between the passes will decrease the heat built-up and therefore decreases
residual stresses [45].

Figure 1.26 Schematic illustration of susceptibility to
hot cracking in high ratio of D/W.
Taken from Welding for design engineers (2007, p.227)
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Hot cracking is not necessarily the result of one of the above mentioned root causes. One or
more causes can coexist together to form a hot crack. This makes it challenging and
sometimes misleading to investigate the hot cracking root causes.
Hot cracking theories
Various theories have been introduced to explain hot cracking. Different researches have
considered some factors and ignored some others. Although these theories can not describe
all the phenomena contributing in hot cracking but study of some of them can help to have a
better understanding and discuss some of the factors which contribute to hot cracking
observed in the current work. Three of the well-known theories are explained in this chapter.
Technological strength theory
This theory developed by Porkhorov is based on three facts: 1) ductility is reduced by
reducing the temperature, 2) negative volume changes while liquid to solid transformation
lead to deformation which is called internal strain, 3) restraint during welding causes external
strain. The theory introduces a Brittle Temperature Range (BRT) within which, the ductility
of the weld metal is reduced by temperature. This range starts from somewhere below the
liquids and continued till below the solidus temperature. Cracking occurs if the sum of
internal and external strains overcomes the ductility [51].
As shown in Figure 1.27, Pmin is the lowest possible ductility for a specific weld metal. Then
a safety margin is defined as:

Ɛred=Pmin-(Ɛint+Ɛext)

(1.7)
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Figure 1.27 Schematic illustration of the
technological strength theory.
Taken from Kannengiesser et al. (2014, p.399)

The higher is the safety margin, the lower will be the susceptibility to hot cracking. Critical
strain can be shown as:
Ɛ

Ɛ

=

(1. 8)

Rate of feeding-shrinkage theory
Rate of feeding-shrinkage theory as illustrated in Figure 1.28 is based on competition
between rate of feeding and rate of shrinkage during the solidification. During the
solidification, dendrites are growing and liquid metal should feed the spaces between
dendrites. At the same time, solidification is accompanied by shrinkage. Hot cracking occurs
if the rate of feeding can not reach the rate of shrinkage. This theory has two drawbacks: 1)
the mechanical effects are completely disregarded. 2) calculation of rate of feeding is
challenging. Therefore, in practice it is difficult to analyze the susceptibility to hot cracking
just based on this theory. As this theory is based on capability of melt to feed the
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interdendritic spaces, it recommends shortening of dendrites size and reducing contamination
to avoid hot cracking [27].

Figure 1.28 Schematic illustration of the rate of feeding-shrinkage theory.
Taken from Kannengiesser et al. (2014, p.400)

Rappaz-Drezet theory
Figure 1.29 shows a schematic explanation of Rappaz-Drezet theory which was introduced
by M. RAPPAZ et al [52]. This theory discusses the hot cracking based on two factors: 1)
tensile strain perpendicular to dendrite growth; 2) interdendritic liquid feeding. RappazDrezet theory introduces a critical strain in relationship with melt pressure. If the deformation
passes the critical strain and melt pressure drops, the first void will be nucleated [52].
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Figure 1.29 Schematic of hot
cracking explained by RappazDrezet theory.
Taken from Rappaz, Drezet et al.
(1999, p.451)
Preventive methods
Different methods have been proposed to prevent hot cracking. As the main root cause of hot
cracking is the tensile stress on weld centerline during the solidification, a suitable preheating
has an important effect on reducing the susceptibility to hot cracking. Reducing the restrain is
one of the most effective actions which is always recommended for all welded structures [9].
As already discussed, low melting point compounds are one of the most important factors
contributing to hot cracking. In order to reduce susceptibility to hot cracking, it is highly
recommended to control the chemical composition of both base and filler metals. S in weld
metal can increase the susceptibility to hot cracking. Detrimental effect of S can be explained
by formation of low melting point FeS. To reduce the probability of FeS formation, it is
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recommended to increase Mn content in weld metal chemical composition and therefore
produce high melting point MnS in expense of the low melting point FeS [9]. Increasing the
Mn/S ratio is effective only on low carbon steels. When carbon content exceeds 0.3 wt%,
improvement in this ratio does no longer help to reduce hot cracking susceptibility. Figure
1.30 illustrates the effect of Mn/S ratio combined with effect of carbon [9].

Figure 1.30 Effect of Mn/S ratio
combined with effect of carbon in
welding of carbon steels
Taken from Kou(2003, p.288)
As the root pass has more dilution with the base metal, using high carbon filler metal may
lead to increase significantly the carbon content in weld root compared to further passes. In
welding of high carbon steels, it is recommended to weld the root pass with a low carbon
filler metal to avoid high carbon content in weld root [9]. Carbon also is reported to increase
the width of solidification range. Apart from this fact, low carbon composition is always
preferable because of detrimental effect of carbon on toughness. Higher carbon content can
also increase the hardenability. However, austenite grain size and alloying elements play also
an important role [53]. Many researches have proposed carbon equivalent (CE) formula for
different steel grades and microstructures. Talaş, Ş. [54] has assessed the different formulas
proposed for CE in prediction of mechanical properties of steel weld metals. He calculated a
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correlation coefficient between each formula and various microstructures in weld metal.
According to his findings the best correlated formula for acicular ferrite is:

C + (Mn/6) + (Si/24) + (Mo/29) + (V/14) [54]

(1.9)

Reducing the carbon content may not always recommened. Ms temperatue increases by
decreasing the carbon content and therefore higher preheating temperature would be needed
to optimize the solidification rate which in turn can affect significantly the base metal
microstructure [38].
Applying a buttering layer on first pass can help to avoid high carbon conent. Buttering is an
intermediate layer on base metal which has usually different chemical composition from both
base and weld metal. Buttering layer is used when avoiding direct dilution of base and weld
metal is desired. Application of buttering layer with a Ni-Fe filler metal has been reported to
reduce the susceptability to hot cracking in welding of a low ductility steel [39].
Control of microstructure can help to reduce susceptibility to hot cracking. Acicular ferrite is
a desirable microstructure in HSLA steels weld metal. Addition of Mo and Ni to powder in
SAW of HSLA steel has been found to reduce the fracture appearance transition temperature
(FATT) thank to increase of the volume fraction of acicular ferrite in weld metal [17].
Imposing the solidification from ferrite rather than austenite is another general method to
reduce the susceptibility to hot cracking. Modification of chemical composition to obtain
ferrite stabilizers rather than austenite stabilizer is recommended [38]. This is not always
feasible due to desired effects of the alloying elements which could be austenite stabilizers.
As shown in Figure 1.31a, it is recommended to avoid tear-shaped weld pool which produces
perpendicular dendrites. Oval shaped weld pool as shown in Figure 1.31b is less susceptible
to hot cracking due to the formation of non perpendicular dendrites. As shown in Figure
1.31c one of the desired microstructures is having equiaxed grains in centerline of the weld.
Magnetically oscillated welding as shown in Figure 1.31d is proposed to prevent the crack
propagation in weld metal by forcing the crack to change its direction [55].
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Figure 1.31 Susceptibility to hot cracking for
different weld patterns a) tear-shaped weld pool
with perpendicular dendrites, b) oval shaped weld
pool with non perpendicular dendrites, c) equiaxed
grains at centerline of the weld and d) effect of arc
oscillation in crack propagation at centerline of the
weld
Taken from Kou et al. (1985, p.1888)

Although welding position and fluctuation in welding angle depends on welding technology
and limitations due to workpiece, but it would be helpful to keep relatively equal heat flow to
both parts as well as reducing arc angle fluctuation during welding. This will help to avoid
high D/W ratio which dramatically contributes in susceptibility to hot cracking [24].
Avoiding concave weld face is another recommended remedy for hot cracking. As illustrated
in Figure 1.32, the surface of a concave weld pass is subjected to higher tensile stress
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compared to convex pass. However excessive convexity on surface of the weld can induce
stress concentration and lead to fatigue cracking [9].

Figure 1.32 Effect of weld face geometry on stress
concentration
Taken from Kou (2003, p.294).

All the above mentioned methods are general remedies recommended in the literature.
However, specific study must be fulfilled on each alloy and welding conditions to find out
which of the above mentioned methods are effective and applicable.

CHAPTER 2
MATERIALS AND METHODS
2.1

Base metals

Two grades of HSLA steels have been used for investigations in the current study: ASTM
A572 Gr.50 and ASTM A656 Gr.80. In some parts of the current work the words Gr.50 and
Gr.80 are used instead of ASTM A572 Gr.50 and ASTM A656 Gr.80 respectively.
2.1.1

ASTM A572 Gr.50

According to ASTM standard, ASTM A572 contains Nb, V and N. Various grades for
ATSM A572 are introduced by ASTM standard. Gr.50 in the current work has a minimum
yield strength of 50Ksi (345 MPa). Table 2.1 and Table 2.2 summarize the mechanical
properties and chemical composition of the Gr.50 base metal.
Table 2.1 Mechanical properties of ASTM A572 Gr.50 [8].
Re

Rp

%A (8 in, 20.32

%A (2 in, 5.08

MPa (Ksi)

MPa (Ksi)

cm)

cm)

345 (50)

448 (65)

20

24

Table 2.2 Chemical composition of ASTM A572 Gr.50 (wt%).
C

Mn

P

S

Si

Al

Cu

0.06

1.40

0.015

0.003

0.14

0.03

0.29

Ni

Cr

Mo

Nb

V

Ti

0.16

0.16

0.05

0.045

0.008

0.013
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2.1.2

ASTM A656 Gr.80

ASTM A656 is also introduced by ASTM in various grades. The grade which is used in the
current work is Gr.80 which has a minimum yield strength of 80 Ksi (550 MPa). Table 2.3
summarizes the mechanical properties of this base metal.
Table 2.3 Mechanical properties of ASTM A656 Gr. 80 [56].
Re

Rp

%A

%A

MPa (Ksi)

MPa (Ksi)

(8 in, 20.32

(2 in, 5.08 cm)

cm)
552 (80)

621 (90)

12

15

Table 2.4 shows the chemical composition of the Gr.80 base metal provided by the
manufacturer.
Table 2.4 Chemical composition of ASTM A656 Gr.80 (wt%).

2.2

C

Mn

P

S

Si

Al

Cu

0.05

1.59

0.015

0.003

0.25

0.04

0.41

Ni

Cr

Mo

Nb

V

Ti

Sn

0.26

0.19

0.21

0.088

0.010

0.031

0.012

N

B

0.114

0.0003

Filler metals

Five different filler metals used for the experiments that are categorized into three groups:
low, medium and high nickel. The diameter of all the filler metals is 1.14 mm (0.045 in).
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Table 2.5 Filler metals used for Gr.50 and Gr.80.
Base

Low nickel

Medium nickel

High nickel

Gr.50

ESAB S-6

Hobart Fabcor E80C-Ni1

Selectarc 80C
Ni2

Gr.80

ESAB S-6

Blueshield 100C MG

Hobart Fabcor
80C-N2

2.2.1

ESAB S-6 (low nickel for both Gr.50 and Gr.80)

According to the manufacturer, ESAB S-6 is a solid wire with copper coating designed for
manual and semiautomatic GMAW welding. It is classified as AWS A5.18, ER70S-6. The
chemical composition of non-diluted weld for the filler metal according to the manufacturer
test report is shown in Table 2.6. Mechanical properties of the weld metal for this filler
according to the manufacturer are shown in Table 2.7.
Table 2.6 Chemical composition of non-diluted weld for filler metal
ESAB S-6 (wt%).
C

Mn

P

S

Si

Cu

Ni

0.07

1.53

0.017

0.012

0.90

0.02

0.02

Cr

Mo

Al

V

Ti+Zr

0.01

0.02

<0.001

<0.01

<0.01
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Table 2.7 Mechanical properties of weld for ESAB S-6 welded using
75% Ar - 25% CO2.

2.2.2

Re

Rp

MPa (Ksi)

MPa (Ksi)

483 (70)

579 (84)

Charpy impact at
A%

-29°C (-20°F)
Joule (ft.Ibf)

26

91 (67)

Hobart Fabcor E80C-Ni1 H8 (medium nickel for Gr.50)

This filler metal is classified as AWS A5.28-96, ASME SFA5.28. Chemical composition of
non-diluted weld and mechanical properties of weld according to the manufacturer are
summarized in Table 2.8 and Table 2.9 respectively.

Table 2.8 Chemical composition of non-diluted weld for Hobart Fabcor
E80C-Ni1 H8 (medium nickel for Gr.50) (wt%).
C

Mn

P

S

Si

Cu

Ni

0.06

1.15

0.009

0.011

0.38

0.05

1.09

Cr

Mo

V

0.09

0.11

<0.01

Table 2.9 Mechanical properties of weld for Hobart Fabcor E80C-Ni1
H8 welded using 95% Ar - 5% CO2.
Re

Rp

MPa (Ksi)

MPa (Ksi)

607 (88)

655 (95)

Charpy impact at
A%

-45.5°C (-50°F)
Joule (ft.Ibf)

26

76 (56)
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2.2.3

Selectarc 80C Ni2 (high nickel for Gr.50)

This filler metal is classified as AWS A5.28, SFA 5.28. Table 2.10 and Table 2.11 indicate
the chemical composition of non-diluted weld and mechanical properties of the weld
presented by the manufacturer respectively.
Table 2.10 Chemical composition of non-diluted weld for Selectarc
80CNi2 (wt%).
C

Mn

P

S

Si

Cu

Ni

0.04

1.06

0.009

0.007

0.30

0.03

2.15

Cr

Mo

V

0.04

<0.04

<0.01

Table 2.11 Mechanical properties of weld for selectarc 80C Ni2.

2.2.4

Re

Rp

MPa (Ksi)

MPa (Ksi)

496 (72)

593 (86)

Charpy impact at
A%

-62°C (-80°F)
Joule (ft.Ibf)

24

27 (20)

BLUSHIELD LA 100C MG (medium nickel for Gr.80)

BLUSHIELD LA 100C MG is classified as AWS A.5.28 E100C-G-H8. The chemical
composition of non-diluted weld and mechanical properties of the weld metal according to
the manufacturer are shown in Table 2.12 and Table 2.13, respectively.
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Table 2.12 Chemical composition of non-diluted weld for BLUSHIELD
LA 100C MG (wt%).
C

Mn

P

S

Si

Ni

Cr

0.05

1.48

0.01

0.007

0.30

1.99

0.22

Mo

B

0.52

0.002

Table 2.13 Mechanical properties of weld for BLUSHIELD LA 100C MG.

2.2.5

Re

Rp

MPa (Ksi)

MPa (Ksi)

648 (94)

752 (109)

Charpy impact at
A%

-40°F (-40°C)
Joule (ft.Ibf)

21

41 (30)

Hobart Fabcor 80C-N2 (High nickel for Gr.80)

Hobart Fabcor 80C-N2 is classified as AWS A5.28 E80C-Ni2 H4. Table 2.14 and Table 2.15
show the chemical composition of non-diluted weld and mechanical properties of the weld
metal according to the manufacturer respectively.
Table 2.14 Chemical composition of non-diluted weld for Hobart Fabcor
80C-N2 (wt%).
C

Mn

P

S

Si

Ni

Cr

0.063

0.91

0.008

0.010

0.37

2.39

0.06

Mo

Cu

V

B

0.007

0.03

0.003

0.0004
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Table 2.15 Mechanical properties of weld for BLUSHIELD LA 100C MG.

2.3

Re

Rp

MPa (Ksi)

MPa (Ksi)

552 (80)

627 (91)

Charpy impact at
A%

-80°F (-62°C)
Joule (ft.Ibf)

24

52 (38)

Welding process

The welding process used in this work is Gas Metal Arc Welding (GMAW). In this method
as shown in Figure 2.1, the weld is applied by initiating an arc between base metal and a
filler wire electrode which is continuously fed through a welding gun, the protection of the
weld zone from atmospheric contamination is provided by a continuous stream of shielding
gas or gas mixture. Traditionally this process was being used for aluminum using inert gas
for protection (Metal Inert Gas). In welding of steel, it is highly recommended to have carbon
dioxide and/or oxygen present in the shielding gas mix. In the current work, as recommended
by the manufacturers of the filler metals, a mix of %85 argon and %15 CO2 is employed for
all the welds. The term MAG (Metal Active Gas) is specifically used in European countries
when a portion of protective gas is CO2. However, in North America a more generic wording
(GMAW) is often used [24]. In this work, the term GMAW is used for our specific process
which contains 85% Ar and 15% CO2.
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Figure 2.1 Gas Metal Arc Welding; a)
overall process; b) enlarged welding area
Taken from Kou. (2003, p.20)

Like common procedures in GMAW, the voltage is kept constant during the welding. Direct
current (DC) with electrode positive (EP) is applied to all welds. The factor which controls
amperage is the electrode melting rate (wire feeding speed) and the voltage is closely
controlled by arc length. In case of a change in the arc length for example while moving the
gun toward or away from the workpiece, the power source responds by changing the current
output. The power source is constantly responding to the changing demands of the arc. For
the process to operate in a stable manner, the power source must be capable to respond
correctly to the fluctuation of arc length [9]. High deposition efficiency, elimination of slag
chips (as there is in MMAW), low hydrogen deposit and easiness of learning for operators,
makes the GMAW a widely used process. However, difficulties and problems in windy
conditions and more chance of lack of fusion can be named as drawbacks of this technic [9].

CHAPTER 3
RESULTS AND DISCUSSION
3.1

Characterization of the base metals

3.1.1

ASTM A572 Gr.50

Microstructure of ASTM A572 Gr.50 base metal is shown in Figure 3.1a. It contains
equiaxed ferrite grains coexisting with pearlitic bands. The microstructure shown in Figure
3.1a is in agreement with those found in literature and shown in Figure 1.1. Equiaxed ferrite
is one of the most common morphologies of ferrite in hot rolled steels which are fully
recrystallized [6]. The fine grain size of equiaxed ferrite is the result of normalizing after hot
rolling [7]. Based on the iron-carbon equilibrium diagram, ferrite is a phase with carbon
content less than 0.02 wt%. As the carbon content of ASTM A572 Gr.50 is about 0.06 %wt,
the excess carbon in equilibrium condition forms pearlitic bands. These pearlitic bands have
been reported to be dissolved in austenite during thermal cycle of welding and consequently
transformed to hard martensite after cooling [57]. Some rectangular shape particles were also
observed in the matrix shown in Figure 3.1b in as-polished state which are assumed to be
complex carbonitrides according to the literature [8]. These particles cannot be detected on
etched samples even under SEM.
The result of thermodynamic calculations shown in Figures 3.2 and 3.3 confirm that under
equilibrium conditions the predominant phase in Gr.50 alloy is ferrite. These calculations
also support the assumption of complex carbonitrides M (C, N) formation which was
presented in Figure 3.1b.
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Figure 3.1 Optical microstructure of as received ASTM A572 Gr.50; a) equiaxed ferrite
coexisting with pearlitic bands (hot etched), b) complex carbonitride particle (as
polished).

Figure 3.2 Thermodynamic calculation for equilibrium phases
in Gr.50 base metal.
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Figure 3.3 Thermodynamic calculation for equilibrium
phases in Gr.50 base metal in high magnification to reveal low
content phases.
As mentioned in Table 2.2, the Nb, V and Ti content of Gr.50 base metal is 0.045, 0.008 and
0.013 wt%, respectively. This confirms that the M(C,N) particles shown in thermodynamic
calculation results (Figure 3.3) and revealed on as polished microstructure (Figure 3.1b) are
complex carbonitrides containing Nb, V and Ti. However, the chemical analysis of
carbonitrides in Gr.50 base metal was not feasible by the methods applied in current work
due to difficulty of their observation under SEM.
3.1.2

ASTM A656 Gr.80

As shown in Figure 3.4a the microstructure of ASTM A656 Gr.80 base metal consists of
ferrite grains. The effect of primary hot rolling process is observed as deformed ferrite grains.
This indicates that the base metal has not been fully recrystallized after rolling. The
rectangular shape particles, with the same shape and size as in Gr.50 base metal are
distributed in the matrix. The abundancy of these particles seems to be more in Gr.80 base
metal compared to Gr.50. The particles in Gr.80 are clearly visible under SEM as shown in
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Figure 3.4b. Thus, in contrast to Gr.50 base metal, the chemical analysis of the particles was
feasible using EDS.

Figure 3.4 Microstructure of Gr.80 base metal; a) ferrite grains with complex carbonitrides ,
b) SEM image of a complex carbonitride (hot etched).
The chemical analysis with EDS shown in Figure 3.5 confirms that the rectangular particles
in Gr.80 base metal are complex carbonitrides of Nb, V and Ti. Regarding the similarity of
shape and size of these particles in both base metals, the same chemical composition is
expected for Gr.50 particles as well. As shown in Table 2.4, the Nb, V and Ti content of
Gr.80 base metal is 0.088, 0.010 and 0.031 wt%, respectively. The sum of microalloying
elements (Nb +V+Ti) in Gr.80 base metal is 0.129 wt% while it is 0.066 wt% for Gr.50 base
metal. Comparison of the N content of Gr.50 and Gr.80 base metals (Tables 2.2 and 2.4)
shows that Gr. 80 contains higher percentage of N. The higher percentage of N as well as
higher content of microalloying elements leads to formation of more nitrides. The abundancy
of carbonitrides in Gr.80 base metal compared to Gr.50 confirms the above analysis. The
results indicate enrichment of Al, Mg and O in particles’ core which is representative of an
oxide inclusion surrounded by carbonitrides. These oxides could be originated from primary
deoxidation stage [58] or the refractory materials used during the melting process [59, 60].
These oxides are potential sites for heterogeneous nucleation of subsequent carbonitrides. A
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similar mechanism for the formation of the Ti-rich inclusions on aluminum oxide has been
reported both numerically and experimentally by [61, 58].

Figure 3.5 EDS analysis on complex carbonitrides of
Gr.80 base metal.
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Figures 3.6 and 3.7 show the equilibrium phases calculated for ASTM A656 Gr. 80 based on
chemical composition in Table 2.4 which confirms the formation of complex carbonitrides
below 1000°C. Although according to the thermodynamic calculations, formation of MnS
and BN is also probable but no evidence was found to confirm their presence in the base
metal.
Comparing the microstructure of base metals in Figures 3.1 and 3.4, Gr.80 base metal which
has not been recrystallized is assumed to contain higher amount of residual stresses [62].
Although the heat transferred during welding releases the residual stresses in HAZ but a
portion of residual stresses can be remained at the zones which are not affected by heating.
Thus, less stress can be accommodated by Gr.80 base metal during the welding and a portion
of the stress will be imposed to the weld metal. On the other hand, the yield strength of the
Gr.80 is higher than the Gr.50. Therefore, more stress is expected to be transferred to the
centerline of the Gr.80 weld.

Figure 3.6 Thermodynamic calculation for equilibrium phases
in Gr.80 base metal.
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Figure 3.7 Thermodynamic calculation for Equilibrium phases in Gr.80
base metal in high magnification to reveal low content phases.
3.1.3

Physical properties

As physical properties of base metal especially linear expansion coefficient and thermal
conductivity have an important role in welding processes, these parameters are calculated for
both base metals as a function of temperature. As shown in Figure 3.8, there is a linear
relation between thermal expansion coefficient and temperature while thermal conductivity
changed semi-linearly as a function of temperature. There is an increasing trend of thermal
expansion coefficient with temperature for both base metals except a sudden drop around
800°C which is correlated with eutectoid reaction. Thermal conductivity of both alloys shows
an ascending trend from 0 to around 200°C and then descends by increase of temperature
from 200°C. Descending trend continues till A3 temperature where above there is no ferrite
(852°C for Gr.50 and 835°C for Gr.80) and then thermal conductivity again increases as a
function of temperature. The results indicate that linear expansion coefficient for both base
metals is approximately similar. Conversely thermal conductivity of Gr.50 base metal in the
range of 0-200°C is higher than the thermal conductivity of the Gr.80 base metal. This is in
agreement with the model proposed by [63] which predicts the thermal conductivity of
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diluted solutions as a function of chemical composition and temperature and confirms the
highest thermal conductivity for pure iron. It is also reported that an important decrease
occurs in thermal conductivity by adding Ni, Cr and Mn [63]. Knowing that the content of
alloying elements in Gr.80 base metal is higher than Gr.50, higher thermal conductivity is
expected for Gr.50 base metal compared to Gr.80. This model confirms also a semi-linear
evolution for thermal conductivity as a function of temperature. Thermal conductivity affects
significantly the microstructure of steel which is subjected to thermal cycles in welding [63].

Figure 3.8 Calculation of base metals physical properties; a) linear expansion coefficient, b)
thermal conductivity
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3.2

Welding of specimens

Before starting the current work, a preliminary study was carried out based on the existing
industrial process. Specimens were welded with different heat inputs, filler metals, base
metals and weld configurations to investigate the hot cracking root causes. It was found that
excessive penetration must be avoided as it increases the weld depth and therefore induces
the susceptibility to hot cracking. Where excessive penetration is not avoidable, due to
operational limitations, it was recommended to increase the nickel content in weld metal in
order to enhance the solubility of Cu and therefore prevent low melting compounds
microsegregations at weld centerline. This conclusion was mostly based on statistics rather
than substantiation by metallurgical discussions. One of the justifications of the current work
was to focus on metallurgical studies and find the link between microstructure, chemical
composition, physical and mechanical properties with hot cracking.
The aim of the phase A of the current work was to further analyse the industrial results and
optimum designation of experiments for the next steps. The welding parameters used for
specimens of phase A are summarized in Table 3.1. Microstructure of base metal, weld metal
and HAZ was revealed in phase A and the nature of hot cracking and its link with the
microstructure was investigated. In order to investigate the effect of Ni on hot cracking
prevention and also compare the susceptibility of Gr.50 and Gr.80 welds to hot cracking
under the same conditions, a plan was implemented to carry out further experiments (phase
B). Welding parameters for phase B specimens are summarized in Table 3.2. The welding
position in the all specimens (phase A and phase B) is 2F and the mixture of shielding gas is
85%Ar-%15 CO2. Dimensions and configurations of workpieces in phase B are shown in
Figure 3.9.
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Table 3.1 Welding parameters for phase A workpieces prepared by the industrial party.

ID
RC5

Base

Filler

metal

metal

Gr.50

80C-

Joint

Thick

Gap

Voltage

Current

W.S

(mm)

(mm)

(V)

(A)

(cm/min)

SB

12.7

2.03

31

unknown unknown

L6

Gr.80 100MG

SB

12.7

1.52

30

285

48.26

L43

Gr.80 100MG

SB

12.7

1.52

30

300

50.8

L19

Gr.80 100MG

SB

12.7

1.52

30

310

45.72

BK2

Gr.80 100MG

BK

12.7

1.52

30

285

60.96

BK3

Gr.80 100MG

BK

12.7

1.52

30

310

40.64

Figure 3.9 Weld configuration for phase B, All dimensions are in mm.
Two etching methods were employed to reveal the microstructures: 1) hot etching at 90-95°C
using a solution of 40 gr NaOH + 60 gr H2O + 15 gr NaNO3. The etching time was 70 s for
optical microscopy and 180 s for SEM, 2) 20 s etching with Nital 4%, rinsing with ethanol
followed by secondary 15 s etching with the same solution.
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Table 3.2 Welding parameters for phase B workpieces.

ID

Base
metal

Filler metal

Joint

Tick

Gap

Voltage

Current

W.S

(mm)

(mm)

(V)

(A)

(cm/min)

50-1

Gr.50

ESAB S-6

SB

9.525

1.52

27

250

40.64

50-4

Gr.50

E80C-Ni1 H8

SB

9.525

1.52

27

260

40.64

50-7

Gr.50

80C Ni2

SB

9.525

1.52

27

260

39.37

80-1

Gr.80

ESAB S-6

SB

9.525

1.52

27

250

43.18

80-4

Gr.80

100C MG

SB

9.525

1.52

27

275

40.64

80-7

Gr.80

80C-N2

SB

9.525

1.52

27

275

40.64

3.3

Characterization of the weld metal

3.3.1

Macroscopic studies on phase A welds

Initial observations indicated that most of the macrocrackings occur in specimens welded by
Gr.80 base metal. Microstructural study of phase A specimens allowed determination of weld
metal penetration and solidification profiles. As shown in Figure 3.10 macro hot cracking is
observed in both BK2-1 and L6 which are welded by Gr.80. It is worth noting that the
specimen L43 which is also welded by Gr.80 base metal does not indicate any
macrocracking. However, this specimen contains a lack of penetration defect. No
macrocracking was observed in Gr.50 welds. However, due to difficulty of differentiating
between the sound centerline and microcracking with optical microscope, the soundness of
Gr.50 welds couldn’t be confirmed in phase A.
Dendritic solidification pattern is observed in all the specimens as the main grain
morphology feature of weld metal. As shown in Figure 3.10 the dendrites are advanced
opposite to the heat flow direction from two sides and meet at centerline of the weld where
the crack appears. Comprehensive analysis of all the microstructures of the specimens
revealed a link between dendrites orientation and crack size. As shown in Figure 3.10a, when
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the dendrites deviate from perpendicularity against the centerline, the hot cracking is less
likely to occur or is small in size, while as shown in Figure 3.10b, where the dendrites are
perpendicular to the centerline, the crack is bigger in size. Although the weld shown in
Figure 3.10c is not acceptable due to a lack of penetration, but as there is no perpendicular
dendrites zone on this weld, no cracking appears at the centerline. Comparing the weld
penetration in Figure 3.10c (lack of penetration) with other three welds, it can be assumed
that the more is the penetration of the weld in base metal, the bigger is the perpendicular
dendrites zone. As shown in schematic images in Figure 3.11 this can be explained by the
variation of heat flow which is linked to the welding angle. When the welding angle is
around 45° (Figure 3.11a), a low penetration or even lack of penetration is obtained.
Conversely, an excessive penetration occurs when welding angle gets closer to 0° with a
zone in the weld pool where the heat flow is perpendicular to the weld bead.
In all specimens, an equiaxed grain zone is observed at weld face. An example of these gains
is illustrated in Figure 3.12 in a constitutive magnification. This equiaxed zone is observed
on both single bevel and back plate configurations. It is worth to note that, as shown in
schematic image illustrated in Figure 3.13, even in single bevel welds, an equiaxed zone
occurs also in back face of the welds with excessive penetration. As schematically illustrated
in Figure 3.13, equiaxed grains appear in a small portion of the fusion zone at weld face
which has no direct contact with the base metal. Dendrites grow heterogeneously towards the
centerline in the zones having direct contact with the base metal. Conversely, the equiaxed
grains with no direct contact with the base metal solidify rapidly as a result of heat exchange
with the shielding gas. Both growth rate and temperature gradient are expected to be different
in weld face compared to the other zones in weld metal.
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Figure 3.10 Examples of macrographic observations in phase
A; a) macrocracking in a Gr.80 back plate weld (specimen:
BK2-1), b) macrocracking in a Gr.80 single bevel weld
(specimen: L6), c) lack of penetration in a Gr.80 single bevel
weld (specimen: L43) and d) centerline in a Gr.50 single bevel
weld with no macrocracking (specimen: RC5), all specimens are
hot etched.
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Figure 3.11 Schematic of relation between weld penetration and heat transfer
directions resulted from welding angle. Heat transfer direction is illustrated by
small arrows and welding angle is illustrated by big arrows; a) low penetration
resulted from 45° welding angle, b) excessive penetration resulted from deviation
in welding angle from 45°.
Comprehensive macrographic studies in phase A depicted the solidification pattern of the
welds. This pattern has been discussed in terms of heat flow direction. It can be concluded
that excessive penetration causes more perpendicular columns or dendrites and leads to hot
cracking. On the other hand, care must be taken not to end up with lack of penetration.
Therefore, an optimum value might be defined for penetration of the weld to avoid both hot
cracking and lack of penetration defects.
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Figure 3.12 Constitutive magnification of equiaxed grains at weld
face form a to d (specimen: BK2-2, hot etched).

Figure 3.13 Relation between
heat transfer and equiaxed grains.
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3.3.2

Macroscopic studies on phase B welds

As already mentioned, a plan is employed to study the difference between the two base
metals and also the effect of Ni content on prevention of hot cracking as one of the
recommended actions in the literature. Figures 3.14 and 3.15 show the macroscopic
metallography performed using low, medium and high Ni content filler metals for Gr.50
and Gr.80, respectively. Each workpiece has been investigated in three sections. The
results indicate that all Gr.80 welds contain macrocracking while in Gr.50 welds no
macrocracking was observed. On the other hand, no significant link is found in the
present study between Ni content and hot cracking. This can be explained by the
existance of more important root causes which probabely overcome the positive effect of
Ni and lead to the cracking of the Gr.80 welds.
As shown in Figures 3.14 and 3.15, weld penetration is not the same in different sections
of the same workpiece. As described in Figure 3.11, the difference between penetration
profiles in different sections of the same workpiece is the result of fluctuation in welding
angle due to manual welding process. On the other hand, macrocracking does not occur
through the entire weld. It can be assumed that there is a relationship between fluctuation
in welding angle and susceptibility to hot cracking.
As shown in Figure 3.16, the weld face height (H2), excessive penetration height (H1)
and penetration length (L) for Gr.80 welds are measured on macro images. The
penetration length is approximately the same for all the specimens. It can be confirmed
that arc fluctuation has no significant effect on the penetration length. Conversely,
excessive penetration and penetration height change dramatically by altering the welding
angle. Figure 3.17 indicates that the higher is the H2, the higher will be the susceptibility
to hot cracking. This is in agreement with the literature which recommends to avoid deep
welds to prevent hot cracking [24]. The minimum H2 among all Gr.80 specimens was
observed on specimen 80-1-3 (H2=2.09 mm). As shown in Figure 3.15, although the
centerline of the 80-1-3 specimen is free of hot cracking, a complete penetration has
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been formed in the joint. An excessive penetration height of 1 mm can be recommended
to prevent lack of penetration. On the other hand, the critical excessive penetration
height above which the hot cracks might appear as a result of excessive penetration can
be recommended as 2.5 mm. This is somehow conservative but keeps the penetration
profile in a safe margin. This result is original and to the knowledge of the author it is
the first time such processing map is proposed for these steels.
Karadeniz et al. have investigated the effect of welding parameters on automatic GMAW
weld penetration [64]. They found an optimum combination of heat input and welding
speed to have proper penetration. To maintain the penetration profile in optimum range
(in this work: H=1 to 2.5 mm), it is recommended to use automatic welding with an
optimized welding speed and heat input as well as a constant welding angle of 45°.
According to the literature [24] the higher is the CO2 content in shielding gas mixture the
more will be the penetration of the weld. This is explained by the higher thermal
conductivity of ionized CO2 compared to Argon and therefore increase in heat input per
unit length. Thus, decreasing the CO2 content in the shielding gas mixture can reduce the
weld penetration. This can be recommended as a remedy to reduce excessive penetration
height and therefore mitigate susceptibility to hot cracking. Figure 3.18 schematically
illustrates the effect of shielding gas mixture on weld penetration.
As indicated by arrows in Figure 3.19 the location where hot cracking appears is in the
narrowed zone of weld metal below the V-shape profile. This V-shape profile also exists
in lower side as illustrated. Hot cracking was observed under the conditions where the
dendrites moving forward to the centerline are aligned together and perpendicular to the
centerline of the weld. It should be mentioned that the velocities of the two solidification
fronts are not necessarily similar. As a result of the formation of a hot spot in V-shape
zone in the upper part of the T-joint base metal, solidification velocity from this surface
decreases and therefore the centerline is moved upward. As illustrated in Figure 3.19, the
distance from the centerline to the lower piece is higher than the upper piece. This is true
for all the Gr.50 and Gr.80 specimens.
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Figure 3.14 Macrography of the Gr.50 workpieces in three sections using: a) low (0.02
wt%), b) medium (1.09 wt%) and c) high (2.15 wt%) Ni content filler metals. Etched by
Nital 4%.

67

Figure 3.15 Macrography of the Gr.80 workpieces in three sections using: a) low (0.02
wt%), b) medium (1.99 wt%) and c) high (2.39 wt%) Ni content filler metals. Etched by
Nital 4%.
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Figure 3.16 Measurement of weld face height (H2), excessive penetration height (H1) and
penetration length (L) for Gr.80 welds. All specimens are etched by Nital 4%.
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Figure 3.17 Relation between weld face height, excessive penetration height and
susceptibility to hot cracking in Gr.80 weld metals.

Figure 3.18 Effect of shielding gas mixture on weld penetration.
Taken from Welding for design engineers (2007, p.165)
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c
a

b

d

Figure 3.19 An example in specimen 80-1-1
illustrating the V-shape profile at both upper and
lower sides in red dash lines. The distances
between centerline and weld-base boarders are
illustrated by arrows.

Based on the observations in this work, hot cracking is probably related to the solidification
patterns of the dendrites. The time elapsed between initiation and completion of solidification
depends on the width of the fusion zone in a specific area. As shown schematically in Figure
3.20, the bigger is the width of the fusion zone, the longer will be the time needed for the
dendrites to meet at the centerline. As illustrated in Figure 3.19 the time needed for dendrite
growth completion from point (a) and (b) to the centerline is shorter than the time needed for
growth completion from point (c) and (d) to the centerline.
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Dendrites growth time

Figure 3.20 Schematic illustration of the time
needed for completion of dendrite growth
depending the width of the fusion zone.
Figure 3.21shows the proposed stages of crack formation during solidification based on the
results observed in this research. The penetration during the welding, causes an extra heat
imposed to location 1 in Figure 3.21a and melts the base metal in this area. Therefore, a Vshape profile is formed in both sides before the start of solidification. As illustrated in Figure
3.21b solidification of all dendrites starts at the same time. The time elapsed for the dendrites
in the narrow area to meet at the centerline is less than the time needed for the adjacent
dendrites. As dendrite’s growth is time dependent [9], the length of dendrites in the narrow
area is less than the adjacent dendrites. Therefore, while the dendrites in the narrow area meet
at the centerline (Figure 3.21c), the growth of adjacent dendrites is still ongoing. At the next
stage, the dendrites in the narrow area start to contract while those in the adjacent zone are
still growing and consequently meet at the centerline. In parallel dendrites in the V-shape
area are losing their temperature and experiencing a contraction (Figure 3.21d). As the path
for liquid penetration is blocked by the adjacent dendrites, the contraction in V-shape area
cannot be compensated by liquid feeding. Therefore, the first failure appears in the narrowed
V-shape zone in the form of very small voids. After formation of first void, the contraction of
neighbor dendrites will continue and ease the crack propagation.
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1

Figure 3.21 Schematic illustration of nucleation of a hot cracking at centerline; a)
liquid before starting the solidification. b) nucleation and growth of dendrites, c)
dendrites of V-shape area meet at centerline. d) dendrites which meet in stage c are
being contracted and at the same time adjacent dendrites are developing and meeting
each other blocking the liquid feeding path to narrow V-shape area which forms the
first void.

As shown in Figure 3.22, equiaxed grains are also present at weld face as in phase A
experiments. The formation of these equiaxed grains has been discussed in phase A and will
not be repeated here. As shown in Figure 3.22a, the crack propagates at the meeting point of
dendrites and stops at the equiaxed grains. It confirms that equiaxed grains block the crack
propagation path. As shown in Figure 1.31 from the literature [55], the resistance of
equiaxed grains against crack propagation is higher than dendritic microstructure. Equiaxed
grains prevent the crack propagation. This leads the crack to stop before reaching the weld
surface and not be visible during and after the welding. As the crack is located under the
surface, it is not even detectable by fluorescent penetrant Inspection (FPI), and considering
its small size it might not be detectable by ultrasonic techniques. Thus, it is recommended to
have metallographic investigations before any industrial application.
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Figure 3.22 Consecutive images from equiaxed grains at weld face from a to d and their
effect on crack stoppage (specimen: 80-1-1, hot etched).

The detailed investigation on weld penetration and solidification profile allowed to develop a
more clear understanding of the hot cracking process observed at the macro scale and link
them to the crack nucleation and propagation. In the next paragraphs, the effect of chemical
composition and microstructure of the weld metal on hot cracking will be discussed.
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3.3.3

Chemical composition

Using mass spectrometry, the chemical composition of the weld metal was obtained. A
comparison between the chemical composition of base, filler and weld metal is shown in
Table 3.3 and Table 3.4 for the phase B welds. The chemical compositions show that the
carbon content of G.80 specimens is approximately the same (0.05-0.08 wt%) in base, filler
and weld metal. In contrast, the carbon content of Gr.50 weld metal is higher than its base
and filler metals. This can be attributed to the dissolution of pearlite bands shown in Figure
3.1 from the base metal to the weld. Dilution of carbon from the base metal can increase the
weld tensile strength [65] and at the same time decease the ductility and impact toughness.
Higher carbon content can also increase the hardenability; however, austenite grain size and
other alloying elements play also an important role in mechanical properties of steel [53].
Therefore, mechanical properties of the weld metal can not be substantiated only based on
carbon content. Carbon equivalent (CE) for acicular ferrite microstructure in weld metal is
proposed as: C + (Mn/6) + (Si/24) + (Mo/29) + (V/14) [54]. Calculated CE showed in Table
3.5 indicates that CE varies in a small range (0.27-0.35 wt%) for all weld metals. Therefore,
in spite of high carbon content in Gr.50 welds, the effect of alloying elements on mechanical
properties is expected to be very close for both Gr.50 and Gr.80 welds.

weld

50-7

wire

50-7

weld

50-4

wire

50-4

weld

50-1

wire

50-1

base

0.097

0.04

0.132

0.06

0.154

0.07

0.06

C

1.01

1.06

1.02

1.15

1.076

1.53

1.4

Mn

.0013

0.009

0.012

0.009

0.0066

0.017

0.015

P

0.0001

0.007

0.009

0.011

0.0033

0.012

0.003

S

0.236

0.30

0.33

0.38

0.427

0.90

0.14

Si

1.28

2.15

0.55

1.09

0.09

0.02

0.16

Ni

0.06

0.04

0.07

0.09

0.06

0.01

0.16

Cr

0.024

<0.04

0.088

0.11

0.022

0.02

0.05

Mo

0.0257

<0.01

0.015

<0.01

0.015

<0.01

0.008

V

0.14

0.03

0.15

0.16

0.02

0.29

Cu

0.0236

0.024

0.0157

<0.001

0.03

Al

0.0020

0.0026

0.0016

0.045

Nb

ppm

171.5

0.0005

ppm

36.3

0.013

Ti

0.0058

0.0071

0.0054

Sn

ppm

134.2

0.0003

ppm

163.6

N

Table 3.3 Comparison of chemical composition of base, filler metal and weld for Gr.50 welds phase B (wt%).
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weld

80-7

wire

80-7

weld

80-4

wire

80-4

weld

80-1

wire

80-1

base

0.052

0.063

0.056

0.05

0.079

0.07

0.05

C

1.577

0.91

1.66

1.48

1.492

1.53

1.59

Mn

0.0101

0.008

0.011

0.01

0.0043

0.017

0.015

P

0.0043

0.010

0.003

0.007

0.0012

0.012

0.003

S

0.326

0.37

0.31

0.30

0.438

0.90

0.25

Si

1.03

2.39

0.34

1.99

0.192

0.02

0.26

Ni

0.13

0.06

0.18

0.22

0.12

0.01

0.19

Cr

0.24

0.007

0.201

0.52

0.121

0.02

0.21

Mo

0.0094

0.003

0.011

0.0077

<0.01

0.010

V

0.277

0.03

0.39

0.262

0.02

0.41

Cu

0.0336

0.040

<0.001

<0.001

0.04

Al

0.0662

0.1054

0.088

Nb

pm

369.4p

0.0002

0.031

Ti

0.0087

0.0128

0.012

Sn

Table 3.4 Comparison of chemical composition of base, filler metal and weld for Gr.80 welds phase B (wt%).

pm

130.4p

0.0002

0.114

N
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Table 3.5 Carbon equivalent calculations based on weld metals chemical compositions.
50-1

0.154 + (1.076/6) + (0.427/24) + (0.022/29) + (0.015/14)= 0.3527

50-4

0.132 + (1.02/6) + (0.33/24) + (0.088/29) + (0.015/14)= 0.3198

50-7

0.097 + (1.01/6) + (0.236/24) + (0.024/29) + (0.0257/14)= 0.2788

80-1

0.079 + (1.492/6) + (0.438/24) + (0.121/29) + (0.0077/14)= 0.3485

80-4

0.056 + (1.66/6) + (0.31/24) + (0.201/29) + (0.011/14)= 0.3502

80-7

0.052 + (1.577/6) + (0.326/24) + (0.24/29) + (0.0094/14)= 0.3403

3.3.4

Microstructural studies on weld metal

The results of macrography do not show any macrocracking in Gr.50 specimens; however,
the centerline of Gr.50 specimens have been subjected to micrographic investigation to
ensure the integrity of the centerline. Although, as shown in Figure 3.23 after hot etching of
Gr.50 specimens a crack like boundary was revealed, but the images taken after etching with
Nital 4% for microscopic examinations as shown in Figure 3.24, did not reveal any cracking
at the centerline of Gr.50 specimens.
Comparison of Figures 3.23 and 3.25 shows that the mode of solidification for Gr.50 weld is
more dendritic with well-developed secondary arms compared to Gr.80 where the weld zone
consists of cellular grains. As shown in Figures 3.26 and 3.27, the secondary dendrite arms
(SDA) are more developed in Gr.50 weld metals compared to Gr.80. However, Gr.80 has
more alloying elements and based on general assumption for solidification pattern, illustrated
in Figure 3.28, more dendritic microstructure is expected for a melt containing higher
alloying elements and therefore higher constitutional supercooling [9]. This apparent
discrepancy can be explained by the difference between initiation of solidification in Gr.50
and Gr.80 melts. In contrast to casting, where solidification initiates by nucleation, in
welding there is no nucleation stage due to the existence of unmelted grains which act as
preferred nucleation site for new grains to grow with the same crystallographic orientations.
The growth of weld metal dendrites from previously existing unmelted gains is called
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epitaxial growth [66]. Figure 3.30 shows a schematic of expitaxial growth on previously
existed grains.

Figure 3.23 Dendrites with well
developed secondary arms in Gr.50
(specimen: 50-1-3, hot etched).

Comparing the initial grain size in Figure 3.29a and b at the interface of the weld and HAZ,
the primary austenite grain size of Gr.50 is around 60 µm while it is around 45 µm for Gr.80.
Primary dendrite arm spacing (PDAS) measurements for both welds (around 75 µm for Gr.50
and 40 µm for Gr.80) confirm a good compliance between PDAS in weld metal with primary
austenite grain size for HAZ in both materials. This is in agreement with observations
regarding the epitaxial growth of the dendrites on previously existing grains in the partially
melted zone proposed by [66], as shown in Figure 3.30.
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Figure 3.24 Centerline of the weld metal; a) sound centerline in Gr.50
specimen. b) the same zone in higher magnification (specimen:50-4-3, etched by
Nital 4%).

Figure 3.25 Dendrites with short
secondary arms in Gr.80
(specimen: 80-4-3, hot etched).
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Figure 3.26 Long secondary dendrite arms in Gr.50 in a) low and b) high magnification.
SDA tips are shown by arrows (specimen: 50-4-3, hot etched).

Figure 3.27 Short secondary dendrite arms in Gr.80 in a) lower and b) higher magnification
(specimen: 80-4-3, hot etched).
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Figure 3.28 Evolution of solidification
mode by increase in constitutional
supercooling.
Taken from Kou (2003, p.159).

Bigger PDAS for Gr.50 provides the condition for the development of more secondary
dendrite arms (SDA). As shown in Figure 3.26, SDA in Gr.50 welds are locked together
around the centerline of the weld and therefore increase the resistance of centerline against
the mechanical stresses, while the SDA in Gr.80 are not long enough to lock each other.
In contrast to SDA, PDA cannot be easily locked in V-shaped zone due to perpendicularity to
the centerline. However, as the distance from the narrow V-shaped zone is increased, the
perpendicularity is reducing and therefore, PDA become also locked and no cracking is
observed.
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Microscopic examinations also revealed that hot cracks are most of the time adjacent to the
inclusions (Figure 3.31). The possible contribution of nonmetallic inclusions to ease hot
cracking propagation will be discussed in the following paragraphs.

Figure 3.29 Comparison of grain size in HAZ of a) Gr.50 and b) Gr. 80 adjacent to the
weld.

Figure 3.30 Schematic representation of
epitaxial fusion line ABC proposed by
Taken from Rajamäki(2008, p.18)
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Figure 3.32 shows the blades nucleated from nonmetallic inclusions in both Gr.50 and Gr.80
welds. As discussed in literature review, acicular ferrite can be differentiated from
Widmanstätten and idiomorphic ferrites by width of blades, blades’ length to width ratio and
also high angle boundaries [11]. The blades’ width in Figure 3.32 is less than 5 µm and the
ratio of length to width in most of the blades is less than 4. These two characteristics are
related to acicular ferrite microstructure. Moreover, the presence of high angle boundaries in
all blades confirms that the predominant component of the weld metal microstructure is
acicular ferrite which has nucleated heterogeneously from nonmetallic inclusions. This
finding is in agreement with those reported by other authors [11, 12, 15, 16].

Figure 3.31 Centerline of the weld
where hot cracking follows the inclusions
engulfed with gas porosities (specimen
BK2-1, hot etched).
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Figure 3.32 Acicular ferrite nucleated from inclusions; a) Gr.80 (specimen: K03-1, hot
etched) b) Gr.50 (specimen: 50-1-1, hot etched).
As shown in high magnification FEG-SEM images in Figure 3.33, different morphologies of
inclusions are observed in the weld metal. EDS results in Figure 3.34 confirm the existence
of a variety of inclusions containing V, Ti and Al. Investigating on morphology of inclusions
as shown in Figure 3.33 confirms that a round shaped void engulfs every single inclusion
which seems to be gas porosity. To ensure that these voids are not the result of etching, as
polished specimen was also studied under SEM and the existence of gas porosity in weld
metal was confirmed (Figure 3.35).
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Figure 3.33 Morphologies of different types of inclusions in
weld metal observed by FEG-SEM (specimen:80-4-3, hot
etched).
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Figure 3.34 EDS mapping on weld metal showing the
existence of Al,V and Ti in inclusions (specimen: 80-4-3,
hot etched).

Figure 3.35 Inclusions in as polished
weld metal (specimen: 80-4-3).
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Figures 3.36 and 3.37 show the microstructure of weld metal for Gr.50 and Gr.80 welds
using low, medium, and high Ni content filler metals, respectively. High angle acicular
ferrite blades nucleated from nonmetallic inclusions, Widmanstätten ferrite which are
nucleated from dendrites’ boundaries and allotriomorphic ferrite all present in weld metal of
both Gr.50 and Gr.80 which is also in agreement with those reported by other researchers
[11, 12]. Differentiating between continuous and allotriomorphic ferrite is not easy by optical
microscopy. SEM images shown in Figure 3.38 confirms that the grain boundary ferrites are
not continuous. As described in chapter 1, allotriomorphic ferrites are formed
discontinuously on grain boundaries. Therefore, it can be confirmed that the ferrites formed
on dendrite boundaries are allotriomorphic. As shown in Figure 3.39, primary
allotriomorphic ferrite is also observed in boundaries of the equiaxed grains in weld face and
Widmanstätten ferrite nucleates on them into the grains. The distribution of acicular,
Widmanstätten and primary allotriomorphic ferrite, shape and length of acicular ferrites and
width of allotriomorphic ferrites bands are similar in both Gr.50 and Gr.80 welds. However,
comparing the specimens with different Ni content, it can be concluded that the lower is the
Ni content in the weld metal, the higher will be the probability of formation of
Widmanstätten ferrite. According to the literature, adding Ni (2.03-2.91 wt%) and Mo (0.70.995 wt%) both together enhances the volume fraction of acicular ferrite [17]. As mentioned
in Table 1.3, Mo increases significantly the acicular ferrite portion. Ni also has a moderate
increasing effect on acicular ferrite portion [15]. As shown in Table 3.6, the increase in Ni
content of the welds except for the specimen 50-7 is accompanied by increase in Mo content.
Thus it can be concluded that increase in Ni and Mo content leads to higher volume fraction
of acicular ferrite which in turn delays the propagation of Widmanstätten ferrite into the
dendrites.
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Figure 3.36 Microstructure of Gr.50 welds containing acicular ferrite (AF),
Widmanstätten (WF) and allotriomorphic ferrite (Allot) welded by filler containing
a) low Ni, b) medium Ni, c) high Ni (all specimens are etched by Nital 4%).

Figure 3.37 Microstructure of Gr.80 welds containing acicular ferrite (AF),
Widmanstätten (WF), allotriomorphic (Allot) welded by filler containing a) low Ni,
b) medium Ni, and c) high Ni (all specimens are etched by Nital 4%).
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Figure 3.38 Illustration of allotriomorphic
ferrite in dendrite boundary. Arrows
illustrate the boundaries between ferrites
(specimen: 50-1-1, hot etched).

Figure 3.39 Allotriomorphic ferrites
in equiaxed grain boundaries with
Widmanstätten ferrite nucleated from
the allotriomorphies (specimen 50-13 etched by Nital 4%).
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Table 3.6 Ni and Mo content in weld metals.

3.3.5

Specimen

Ni (Wt%)

Mo (Wt%)

50-1

0.09

0.022

50-4

0.58

0.088

50-7

1.28

0.024

80-1

0.19

0.12

80-4

0.34

0.20

80-7

1.03

0.24

Local chemical changes at centerline of the weld

In order to study the type and distribution of local solute elements at the centreline of the
weld, EDS mapping was employed. The etched centreline is clearly observable by optical
microscope and even appear as a crack which could be misleading about hot cracking of
Gr.50 weld metal. However, detection of centreline during SEM observations was
challenging as no apparent crack was present and the determination of the location of the
weld centreline was not straightforward. As shown in Figure 3.40a, in order to accurately
determine the position of the weld centreline, indentations were made using Vickers
microhardness machine on the centreline path. Then the specimen was brought under SEM
and the line was identified. It became clear that what was looking as crack under optical
microscope is actually the meeting points of solidification fronts from the two sides of the
weld. Therefore, other possibilities such as segregation of alloying elements were examined.
Figures 3.40 and 3.41 show the EDS maps of the alloying elements at the centerline of the
Gr.80 and Gr.50 welded with medium Ni filler for Gr.80 and Gr.50, respectively. The results
reveal enrichment of Mo, Cu, S, Ni, Nb at the centerline of the Gr.80 welds. While in Gr.50,
in addition to those elements, Si and Mn enriched at the centerline. Microsegragation of Si
and Mn between dendrites have been detected by Xinjie Di et al. as detrimental elements for
mechanical properties of the medium manganese steel GMAW weld [67]. Tavares et al. have
reported on the influence of enrichment in Si, S and Mn on fracture surface of the ASTM
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A335 welded by GMAW. Analyzing a section of filler metal, they also showed that some of
the tramp elements like Si and Mn can be diluted from filler metal as well as the base metal
[68].
In order to have an estimation about the solidification range of welds, liquidus and solidus
temperatures were calculated for all weld metals in both equilibrium and 100°C/s cooling
rates. The results are reported in Figures 3.42 and 3.43 where the solidification range of
Gr.50 low Ni weld is very close to that of Gr. 80 low Ni weld. This is also true for medium
and high Ni specimens. Similar solidification ranges are in agreement with the EDS map
results showing that microsegregation of tramp elements occurs on both Gr.50 and Gr.80
welds. As none of the Gr.50 welds were cracked, it can be concluded that although
microsegregation of tramp elements reduce the resistance of the centerline to hot cracking
but in the case of the current work, it has a minor influence.
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Figure 3.40 EDS mapping showing microsegregation of components at centerline of Gr.80
weld (specimen: 80-4-3, hot etched).
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Figure 3.41 EDS mapping showing microsegregation of components at
centerline of Gr.50 weld (specimens:50-4-3, hot etched).
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Figure 3.42 Comparison of solidification range calculated for weld specimens at
cooling rate of 100°C/s.

Figure 3.43 Comparison of solidification range calculated for weld specimens at
Equilibrium cooling rate.
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3.4

Effect of heat affected zone on hot cracking

CCT diagrams for Gr.50 base metal showed in Figure 3.44 confirm the formation of ferrite
and bainite in high cooling rates (100°C/s and 10°C/s), while in lower cooling rates
formation of pearlite is also probable. Therefore, observation of different morphologies of
bainite and ferrite can be expected in Gr.50 HAZ close to the weld-HAZ boundary and
pearlite in further distances.

Figure 3.44 CCT diagram calculated for HAZ of Gr.50 welds.
Figure 3.45 shows the evolution of microstructure in the HAZ of a Gr.50 specimen from the
weld metal to the base metal. The microstructural evolution is in agreement with those found
by Frei et al. for gradual dissolution of pearlitic bands in HAZ for a hot rolled, normalized
and tempered steel with equiaxed ferrites and pearlitic bands [57]. The microstructure
adjacent to the weld metal consists of a non-equilibrium long needle shape phase. By taking
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distance from the weld metal towards the base metal, the length of the needles decreases. The
finest needles belong to Figure 3.45d which is correlated to an approximate distance of 280380 µm from the weld-HAZ boundary. Equilibrium phases gradually appear starting from a
distance of 400 µm as illustrated in Figure 3.45e. Pearlitic bands, the same as those found in
the base metal, can be clearly observed in Figure 3.45j, k and l.
Hardness line for Gr.50 showed in Figure 3.46, indicates a HAZ width of 1680 µm which can
be correlated with the width of microstructural evolution from weld-HAZ boundary to HAZbase boundary (1580 µm) shown in Figure 3.45. The range of hardness variation within the
HAZ of Gr.50 is 117 HV which can be explained by the huge variation of morphology within
HAZ. The maximum hardness in HAZ of Gr.50 is 321 HV which corresponds to 360 µm
from weld-HAZ boundary. Furthermore, the maximum achieved hardness is correlated with
the finest needle morphology in Figure 3.45d (280-380 µm from the weld-HAZ boundary). It
can be concluded that the finer are the needles, the higher will be the hardness. Just after the
hardness peak, there is a descending trend in HAZ hardness towards the base metal. This can
be explained by development of equilibrium phases observed in Figure 3.45e, f and g.
Finally, the hardness reaches to the value of those observed in the base metal.
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Figure 3.45 Microstructure evolution in HAZ of a Gr.50 weld locations a to
f (specimen: 50-4-3, hot etched).locations g to l (specimen: 50-4-3, hot
etched).
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Figure 3.45 Continued (from location g to l)
CCT diagrams calculated for Gr.80 base metal shown in Figure 3.47 which are very similar
to the Gr.50 base metal indicate that formation of ferrite and bainite in high cooling rates
(100°C/s and 10°C/s), while in lower cooling rates, formation of pearlite is also probable.
Figure 3.48 shows the evolution of microstructure in HAZ of a Gr.80 specimen from the
weld metal towards the base metal. The only microstructure observed on Gr.80 HAZ is
bainite packets. This is in agreement with the literature as shown in Figures 1.11 and 1.12
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[21, 69]. Baitine packets size depends on the size of prior austenite. The higher is the
austenitization temperature the coarser will be the size of the packets [21]. Therefore, as
shown in Figure 3.49, as the distance from the weld metal increases, the size of packets is
reduced. In contrast to the Gr.50, there is no morphology change within HAZ in Gr.80 and
the only variation from the weld to the base metal is decrease in the size of packets. This
observation can be explained by the initial microstructure of the base metal. Gr.80 base metal
consists of non-equilibrium ferrite which keeps its non-equilibrium nature during the thermal
cycles in HAZ. Conversely, Gr.50 base metal is mostly consisting of equilibrium ferrite and
pearlite which transform to non-equilibrium phases as a result of welding thermal cycles.
The average size of the packets varies from 45 µm just adjacent to the weld showed in Figure
3.48a to 3.5 µm shown in Figure 3.48g.

Base

HAZ

Weld

Figure 3.46 Hardness variation from base metal to the
weld in Gr.50 (specimen: 50-4-3, hot etched).
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Figure 3.47 CCT diagram calculated for HAZ of Gr.80 welds.

Figure 3.49 shows the evolution of average grain size in HAZ of Gr80 as a function of
distance from the weld based on microstructural studies showed in Figure 3.48. Hardness line
showed in Figure 3.50, indicates a HAZ width of 720 µm for Gr.80 which is approximately
in agreement with the width of microstructural evolution from weld-HAZ boundary to HAZbase boundary (680 µm). Gr.50 HAZ is 2.3 times wider compared to Gr.80 HAZ. It can be
explained by higher thermal conductivity of Gr.50 base metal compared to Gr.80 base metal
as illustrated in Figure 3.8. The range of hardness variation within the HAZ is 45 HV which
is just 0.38 of the hardness variation in Gr.50 HAZ. This can be explained by no significant
morphology variation within Gr.80 HAZ compared to huge variation in Gr.50 HAZ. The
maximum hardness in HAZ is 325 HV which corresponds to 360 µm from weld-HAZ
boundary which is correlated with Figure 3.48d (280-380µm from the weld-HAZ boundary).
The range of hardness observed in Gr.80 HAZ is in agreement with those reported for
hardness of bainite packets in a HSLA steel welded by GMAW (275-375 HV) [21].
Although the hardness of G.80 base metal is higher than Gr.50 base metal, the maximum
hardness achieved in HAZ of Gr.50 is almost the same as those achieved in Gr.80 HAZ. This
can be attributed to the formation of needle shape phase which harden the HAZ of Gr.50. The
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same as Gr.50 HAZ, just after the hardness peak, there is a descending trend in hardness
towards the base metal which shows the gradual evolution towards the base metal
microstructure as shown in Figure 3.48h. The hardness of weld metal in both Gr.50 and
Gr.80 weld metals is higher than HAZ which is in agreements with the literature [14]. On the
other hand, as explained in paragraph 3.3.3 the carbon equivalents (CE) calculated for both
welds are very close which explains the approximately similar hardness values.
As shown in Figure 3.52, carbonitrides with similar morphologies as those presented in the
base metal are detected in HAZ. EDS analysis shown in
Figure 3.51, confirms that carbonitrides in the HAZ remained undissolved during the welding
cycles.
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Figure 3.48 Microstructure evolution in HAZ of a Gr.80 weld, from a
to d (specimen: 80-4-3, hot etched).
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Figure 3.49 Evolution of average grain size in HAZ of
Gr80 as a function of distance from the weld (specimen:
80-4-3).

Base

HAZ

Weld

Figure 3.50 Hardness variation from base metal
to the weld of Gr.80 (specimen: 80-4-3).
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Figure 3.51 EDS analysis on complex carbonitrides of Gr.80
HAZ (specimen: BK2-2, hot etched).
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Figure 3.52 Complex carbonitrides distributed in HAZ
of Gr.80 (specimen: BK2-2, hot etched).

3.5

Remedies and preventive actions

Hot cracking can appear in both micro and macro in size. It is not necessarily appearing on
the weld surface. Equiaxed grains in weld surface can prevent crack propagation to the weld
surface and therefore the crack remains invisible and even not detectable with not destructive
tests. On the other hand, differentiating between microcrack and the sound meeting point of
the solidification front at the centerline of the weld is sometimes impossible. Therefore, it is
highly recommended to perform a comprehensive study on weld microstructure in the design
phase. It helps to detect any susceptibility to weld defect before industrialization of the weld
design.
As mentioned in technological strength theory explained in chapter 1, Ɛred (safety margin) is
equal to Pmin-(Ɛint+Ɛext). The nature of safety margin is strain which is described as
remained strain that a specific weld can accommodate without cracking. The wider the safety
margin is, the lower will be the probability of hot cracking. Accordingly there are two ways
to increase the safety margin: 1) increasing the ductility of the weld metal in brittle
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temperature range (BTR) which shifts the P(T) curve in Figure 1.27 to the right so the weld
metal can accommodate higher deformations or 2) decrease the internal and external strains
on the weld metal.
Table 3.8 summarizes the hot cracking root causes concluded from this work, their
mechanisms and recommended remedies for each root cause. As discussed before, larger
PDAS and therefore longer SDA are found to increase the hot cracking resistance at the
centerline of Gr.50 welds. Although the length of PDAS in Gr.50 welds is due to the larger
grains of HAZ, but increase in grain size cannot be recommended because of its detrimental
effect on mechanical properties of HAZ. In order to increase the probability of formation of
SDA, it can be recommended to decrease the ratio of temperature gradient (G) to velocity of
solidification front (R) [70]. Preheating of base metal before welding can dramatically
decrease the temperature difference between melt and the base metal during solidification
and therefore makes an important decrease in G R ratio. This leads the solidification mode to
be changed from cellular to dendritic and therefore increases the probability of formation of
SDA; thereby, reducing the susceptibility to centerline cracking.
As shown in Figure 3.4, microstructure of Gr.80 base metal is not fully recrystallized after
rolling. Deformed grains contain high residual stresses due to high dislocations density.
Although this residual stresses are expected to be completely released during weld thermal
cycles in HAZ, but a portion of this residual stress can remain at the zones not affected by
heating. Preheating will decrease the residual stresses in the base metal and therefore less
stress can be applied on the centreline of the weld from the base metal [71].
Weld penetration is an important factor which increases the resistance of the weld to
mechanical stresses. On the other hand, excess penetration leads to increase the sharpness of
V-shape narrow area and produce more perpendicular dendrites to the centerline which
increases the susceptibility of the weld metal to hot cracking. Excess penetration will also
enhance the dilution from the base metal which induces more microsegregations at the
centerline of the weld. Optimizing the heat input per unit length (H) by selecting proper
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amperage as well as sticking to 45° welding angle is recommended to keep the excessive
penetration height in a safe range of 1-2 mm. Using automatic technique is the best solution
to keep constant welding angle. However, in some industrial cases automatic welding is not
feasible due to the complexity of the welding path. Optimized heat input helps also to reduce
the probability of microsegregation at the weld centerline. Using a filler metal with larger
diameter can also be recommended due to its positive effect on decreasing the excessive
penetration height. Reducing the CO2 portion in shielding gas can also help to decrease the
excessive penetration by lowering the thermal conductivity [24].
Lowering the welding speed can increase the convexity of the weld face and therefore reduce
the stress concentration in the weld face [71]. However, the nucleation of hot cracks in the
current work does not start from the weld face.
Welding equipment is another factor controlling the quality of the weld. Contamination in
shielding gas, lack of sufficient protection, dirt on base metal, extending the wire far from the
nuzzle can cause gas porosities in weld metal [72]. As shown in Figure 3.31, hot cracking
follows the gas porosities and therefore gas porosities increase the intensity of stress on the
crack path and ease the crack propagation. Cleaning and using big enough nozzle, having
enough gas flow, avoiding leakage (maintenance) and cleaning of nozzle can be
recommended as process related remedies. It is recommended to not extend the wire more
than ½ inch (12.7 mm) from nozzle. Lowering the welding speed to have more protection can
also help avoiding gas porosities [72].
As shown in Table 3.8, the remedies can be classified in two categories: 1) design related
remedies which propose fundamental changes in welding design in order to eliminate the
risk of hot cracking, and 2) Process related remedies which propose some improvements to
mitigate the risk of hot cracking. On this basis a probability-impact matrix for hot cracking
has been developed and presented in Table 3.7. This type of matrix is widely used for risk
analysis and decision making in industry. As an example Hameed, A et al. has analyzed the
risk level of equipment’s shutdown considering the criticality of equipment, production loss
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and asset damage caused by the shutdown [73]. If weld cracking can lead to a catastrophic
consequence during the service life of the part, design related remedies must be applied to
eliminate the cracking risk completely. Even extremely rare possibility of hot cracking is not
tolerable when the impact is catastrophic. Conversely major impact is when the hot cracking
will not end up to a fracture or if ends up to fracture, no catastrophic consequence is
expected. The major impact is defined as degradation of the product function when cracking
or even fracture happens. When a major risk is present, only a rare possibility is tolerable, but
for higher occurrence possibilities the hot cracking risk must be eliminated by design related
remedies. Process related remedies are recommended only when the impact is minor or when
the impact is major but the occurrence possibility is rare. The process related remedies can
also be applied as complementary improvement beside the design related remedies.
Table 3.7 Probability-impact matrix for weld cracking.
Occurrence

Impact

probability

Rare
Moderate
Likely
Very likely

Minor

Major

Catastrophic

Process related

Process related

Design related

remedies

remedies

remedies

Process related

Design related

Design related

remedies

remedies

remedies

Process related

Design related

Design related

remedies

remedies

remedies

Process related

Design related

Design related

remedies

remedies

remedies

Minor: Crack does not end up to fracture or fracture has minor effect on part
functionality.
Major: Fracture causes loss of functionality.
Catastrophic: Fracture causes a catastrophic consequence.
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As the consequence of weld failure is often catastrophic or major, design validation tests plan
including metallographic and mechanical tests must be in place before industrialization of the
weld design. This is crucially important as the crack is not always visible on weld surface
and also differentiation of cracked and sound centerline is not possible unless by applying
metallographic studies.
Table 3.8 Hot cracking root cause analysis. Remedies are categorized in two groups:
Design related remedies (D) and Process related remedies (P).
Root cause

Mechanism

Remedy

D P

Short SDA
Residual stress on
base metal
Perpendicular
PDA

-SDA not locked

-Preheat

*

-Stress increase in centerline

-Preheat

-PDA not locked

-Preheat

-Perpendicular dendrites

-Heat input decrease
-Filler metal with bigger
diameter
-Decreasing CO2 portion in
shielding gas.
-Proper welding angle
-automatic welding

-Dilution of tramp elements
from base metal

-Heat input decrease

*

Concavity of weld
face

-Stress concentration on
weld face surface

-Lowering welding speed

*

Variation in arc
and angle

-Variation of stress
distribution in weld length

Gas porosity

-Stress intensity at crack
path

Excess penetration

-Automatic welding
-Proper welding angle
-Pause between welds
-Cleaning
-Big enough nuzzle
-Enough gas flow
-Avoid leakage
-Avoid excess extension
-Low welding speed

*
*

* *

* *

*

CONCLUSION
1- Gr.80 welds are susceptible to hot cracking. Conversely Gr.50 welds show don’t
show susceptibility to hot cracking due to wider PDA and therefore longer SDA
which are locked together and increase the resistance of the weld centerline to hot
cracking.
2- Among the Gr.80 weld specimens those with excessive penetration have been
cracked. Excessive penetration leads to formation of a perpendicular dendrites area
which is susceptible to hot cracking.
3- It is recommended to keep the excessive penetration range below 2.5 mm to avoid hot
cracking. However, a minimum excessive penetration height of 1mm should be
considered to avoid lack of penetration.
4- Hot cracking initiates by formation of a void due to contraction of dendrites at Vshaped area simultaneously with the development of dendrites in adjacent zone.
5- Equiaxed grains are formed at weld face and make the crack invisible; therefore
metallographic studies are recommended before industrializing the weld design.
6- Acicular ferrite is the predominant microstructure in weld metal. However,
allotriomorphic and Widmanstätten ferrite are also exist. Increase in Ni and Mo
content leads to higher volume fraction of acicular ferrite which in turn delays the
propagation of Widmanstätten ferrite into the dendrites.

RECOMMENDATIONS
Hot cracking root causes have been analyzed and discussed in the current work alongside
with proposed remedies.

A comprehensive study has been developed based on

metallographic and chemical analysis. However due to the limitations and scope of the
current work there are still many investigations to be performed by future researchers.
Measurement of the temperature during the welding can help to correlate the mechanical and
microstructural results with experienced temperature. Due to the limitations in current work
the measured values of HAZ and weld metal temperature was not available. A study can be
performed to explain the mechanical properties and microstructural evolutions by
experienced temperature. It can be accompanied by simulated data for weld design and
experienced temperature.
The microstructure of Gr.50 HAZ cannot be explained by the existing literature. The
evolution of needle shape structure in HAZ need to be more investigated in future studies.
Comprehensive studies using electron backscatter diffraction (EBSD) and transmission
electron microscopy (TEM) to explain the microstructure of Gr.50 HAZ as well as more
investigation on weld metal microstructure and its influence on weld defects is recommended
for future studies.
The test plan in this work focused mostly on hot cracking root causes rather than evaluating
the effectiveness of remedies. Another test plan can be designed to investigate the level of
effectiveness for each proposed remedy such as decreasing CO2 content in shielding gas
mixture and preheating.
A comprehensive activity is recommended to be applied in industry for all the existing welds.
It helps to have a clear idea about the resistance of the weld to defects. A risk analysis
method like Probability-impact matrix can be applied to analyse the risk of weld defect in
each weld design and a specific design validation plan can be developed for each case.
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