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A three-stage mechanistic model for solidification cracking during TIG welding of steel is
proposed from in situ synchrotron X-ray imaging of solidification cracking and subsequent
analysis of fracture surfaces. Stage 1—Nucleation of inter-granular hot cracks: cracks nucleate
inter-granularly in sub-surface where maximum volumetric strain is localized and volume
fraction of liquid is less than 0.1; the crack nuclei occur at solute-enriched liquid pockets which
remain trapped in increasingly impermeable semi-solid skeleton. Stage 2—Coalescence of cracks
via inter-granular fracture: as the applied strain increases, cracks coalesce through inter-gran-
ular fracture; the coalescence path is preferential to the direction of the heat source and
propagates through the grain boundaries to solidifying dendrites. Stage 3—Propagation
through inter-dendritic hot tearing: inter-dendritic hot tearing occurs along the boundaries
between solidifying columnar dendrites with higher liquid fraction. It is recommended that
future solidification cracking criterion shall be based on the application of multiphase
mechanics and fracture mechanics to the failure of semi-solid materials.
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I. INTRODUCTION

MULTIPLE mechanisms for solidification cracking
during metal manufacturing processes such as casting,
welding, and more recently additive manufacturing have
been proposed. Sigworth[1] and Eskin et al.[2] reviewed
the research field in 1996 and 2004. Some of the first
studies of importance include Pellini’s ‘‘strain theory of
hot tears’’ proposed in 1952,[3] Humphrey and Jennings
‘‘shrinkage-brittleness theory’’ in 1948,[4] and Borland’s
‘‘generalized theory’’ in 1960.[5] The generalized theory
combined and modified the ‘‘strain’’ and ‘‘shrink-
age-brittleness’’ theories. All these early solidification
cracking theories are in the agreement that solidification
cracking occurs with thermally mechanically induced
strain at the late stages of solidification when the
fraction of liquid is less than 0.1.

In 1976, Feurer[6] studied liquid presence between
grains and argued that a solidification crack will

nucleate as a pore if the liquid is no longer able to fill
the inter-granular openings. However, this study only
considered the contribution of solidification shrinkage.
In 1988, Guven and Hunt[7] emphasized the role of
tensile stresses in the formation of solidification cracks.
In 1999, Rappaz et al.[8] proposed a RDG model by
extending Feurer approach[6] to include feeding associ-
ated with tensile deformation of the solidified material.
The RDG model was the first hot tearing model with a
physically sound basis. However, phase changes and the
grain boundary, where cracking occurs, were not taken
into account. In 2003, Campbell[9] emphasized that
solidification cracking criteria generally neglect the
importance of thermo-mechanical aspects and simply
consider the alloy’s solidification temperature range: the
larger the freezing range, the more susceptible the alloy
will be to solidification cracking. In 2015, Kou[10]

developed a model focusing on events occurring at the
grain boundary, such as: separation of grains from each
other, lateral growth of grains toward each other, and
liquid feeding between grains.
To date, the potential driving forces for solidification

cracking are well-established: solid contraction in a
thermal gradient, solidification shrinkage, and a high
sensitivity to solute segregation. However, nucleation
and propagation mechanisms are inconclusive and
hindered by a lack of direct experimental observation
to validate the theories proposed. Only recently have
experimental observations on solidification cracking
started to emerge: first for transparent analogues in
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2001 and 2002[11,12] and then aluminum alloys[13–22]

from 2006 to 2017. The following crack nucleation sites
have been suggested as a result:

1. Liquid film or liquid pool[23];
2. Pore or series of pores[8,19–22,24];
3. Grain boundary located in the place of stress

concentration[18,25,26];
4. Inclusions that can be easily separated from the

liquid or solid phase[9,15–17,27];
5. Semi-solid phases with shear-induced

dilatancy.[28–30]

Cracking criterions proposed to date are generally
developed for Al alloy systems and then retrospectively
applied to Fe systems. However, significant differences
in solidification sequence and temperature range exist
between the two systems. What is now needed is a
thorough and systematic study of cracks occurring in
solidifying steels with the aim to single out the nature
and the critical dimensions of defects or structure
features that cause nucleation and propagation of
solidification cracks.[31–35] This is particularly important
in high-solidification-rate manufacturing processes such
as welding and additive manufacturing, as defects
occurring during these processes are not covered in
current literature. It is also necessary, in our opinion, to
acknowledge that different mechanisms of crack prop-
agation are possible during different processing condi-
tions and also at different fractions of solid/liquid
evolution.

In a previous study, an in situ synchrotron X-ray
imaging experiment[36] was presented to observe and
quantify the initiation and growth kinetics of solidifica-
tion cracking during welding of steel. In the current
study, the mechanisms for solidification cracking are
elaborated by identifying the thermodynamic state and
localized structure features at nucleation sites and the
resultant fracture surfaces. The elucidation of these key
parameters provides further insight into the nucleation
and propagation mechanisms and allows for a three-
stage mechanistic model for solidification cracking
during high-solidification-rate processing of steel to be
proposed.

II. EXPERIMENT

A strain-based deformation stage was developed for
real-time imaging of solidification cracking during
welding. A schematic of the experimental setup is
illustrated in Figure 1(a). The synchrotron experiments
were conducted at the European Synchrotron Radiation
Facilities ID19 beamline.

Test samples of 8 9 8 9 300 x10�9 m3 were prepared
from EN1A mild steel with a nominal chemistry (wt pct)
of 0.15C-1Mn-0.35Si-0.06P-0.6S. To improve X-ray
image quality, it is imperative to minimize the path
length through the sample. The 8 9 10�3 m sample
thickness was selected as it was the smallest feasible to
weld upon. For the welding, a high-solidification-rate
tungsten inert gas (TIG) process was used. TIG welding

was carried out at 10 V and 98 A with a non-consumable
tungsten electrode in DC-ve polarity. During welding,
weld pool solidification temperature was measured by
tungsten–rhenium Type C thermocouples. The resultant
temperature curve was used in conjunction with ther-
modynamic predictions of the solidification temperature
range to give a guide measure of solidification rate at
784 K/s.
Thermo-calc TCFE7 thermodynamic database was

used to predict solidification temperature range and
volume fraction of liquid vs temperature through
solidification process under both equilibrium and Scheil
conditions. Hot ductility tests were carried out on a 3800
Gleeble machine. Eight samples were tested at intervals
across the solidification temperature range to determine
a stress and reduced area vs temperature curve.
A mean photon energy of 110 keV was used for in situ

radiography. A view window of 1872 9 1000 pixels was
employed with a 10 9 10�5 m/pixel resolution. The
camera continuously recorded images at a rate of 1000
fps to satisfy the temporal demands in observing the
solidification cracking in situ. More details about the
experimental procedure have been described in our
previous publication.[36] In order to enhance the contrast
of the cracks by means of X-ray inline phase contrast, a
propagation distance of 7.3 m between sample and
detector was realized.[37]

All post-processing of the captured image data was
performed using the public domain Java image process-
ing program ImageJ,[38] with the assistance of a simple
processing routine detailed in Reference 36. An example
of a typical post-processed radiograph is presented in
Figure 1(b).
Micro-tomography was carried out post-mortem with

a similar experimental configuration to the in situ
radiography. The propagation distance was 1.2 m.
1200 projection images were recorded per sample in
order to ensure good tomographic reconstruction qual-
ity. For 3D image reconstruction, the ESRF in-house
software PyHST_2 was used which is based on the
filtered-back projection approach. The resultant image
stacks were then filtered using a 3D median filter to
remove high contrast speckle noise, and then sharpened
to enhance the edges using ImageJ. Volume rendering of
the stacks and volumetric analysis were carried out in
Drishti volume exploration software. An example of the
reconstructed crack network is illustrated in Figure 1(c).
Subsequent fracture surfaces were analyzed with a

FEI Sirion 200 field emission gun-scanning electron
microscope (FEG-SEM). The FEG-SEM also has an
incorporated energy dispersive X-ray (EDX) module
which is used to quantify localized chemistry and
identify specific features triggering nucleation.

III. RESULTS AND DISCUSSION

A. Thermodynamic Analysis of Solidification Cracking

In this section, thermodynamics for solidification
crack nucleation and propagation is investigated.
Figure 2 illustrates solidification stages, in terms of
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temperature and volume fraction of solid, calculated
from Thermo-Calc simulations under equilibrium and
non-equilibrium (Scheil) solidification conditions. San-
tillana et al.[39] described the stages in detail; however, in
relation to solidification cracking, only the final stages
of solidification (stage 2b and 3) are applicable. At Stage
2b (fs ~ 0.8 to 0.9), with increasing solid fraction, liquid
starts to be isolated in pockets or immobilized by surface
tension. During these sub-stages, as liquid is trapped
between interlocking dendrites, the free passage for
liquid is blocked, transforming continuous liquid films
into isolated liquid droplets or pockets. As a result, the
strength of the material is very low due to the existence
of this non-continuous liquid film between the primary
dendrites. If an external stress is applied to the material,
then solidification cracking can easily occur in the form
of inter-dendritic hot tears. Stage 3 (fs> 0.9) marks the
transition from the dendritic to the grain structure. At
this stage, the boundaries of the primary dendrites
become invisible on polished sections. A thin liquid film
can still be present at the grain boundaries due to the
presence of segregated elements in the liquid, lowering
the melting point of this film. Solidification cracks
formed at this stage are named as ‘‘inter-granular hot
cracks’’ to distinguish them from the ‘‘inter-dendritic

hot tears’’ formed during stage 2b. It is important to
clarify the difference between the two cracking features
at this early stage.
The thermodynamic simulations presented in

Figure 2 give a broad spectrum of temperature ranges
for solidification cracking. To determine the thermo-me-
chanical properties more accurately, Gleeble hot ductil-
ity tests were performed with the results presented in
Figure 3. Based on examination of the hot ductility
results, the onset of elongation was first observed on the
sample tested at 1410 �C. Therefore, the zero ductility
temperature (ZDT) was deduced to lie between 1375 �C
and 1410 �C. Similarly, the zero strength temperature
(ZST) was deduced to lie between the points when the
brittle fracture surface first appears at 1430 �C and then
becomes molten at 1450 �C. As such, the approximate
brittle temperature range (BTR), where
BTR = ZST�ZDT, obtained directly from hot ductil-
ity tests is between 20 �C and 75 �C showing good
correlation with the equilibrium Thermo-Calc results in
Figure 2.
The temperature within the molten weld pool was

recorded via tungsten–rhenium Type C thermocouples
during welding. Figure 4 combines the results of weld
pool temperature recordings with a processed

Fig. 1—Summary of the experimental procedure detailing: (a) a schematic illustration of the strain-based deformation stage used for in situ
radiography, (b) a typical in situ radiograph, solidification cracks are clearly distinguishable being darker than the bulk sample in steel, (c)
post-mortem 3D reconstruction of the resultant solidification crack network.
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radiograph which identifies the damage initiation site.
The distance (2.69 mm), between the heat source and
where solidification cracking was observed, was used to
extrapolate an approximate crack initiation temperature
from the measured temperature curve. A value of
1433 �C is extrapolated from Figure 4 for crack

initiation temperature. The solid fraction from Ther-
mo-Calc (equilibrium, Figure 2) and hot ductility data
(Figure 3) at 1433 �C is 0.92.
Cracks initiate at the terminal stage of solidifica-

tion[39] when small amounts (~ 0.08 volume fraction) of
liquid remain. Hot cracks typically develop in thin
inter-granular liquid pockets after the solidification
morphology transforms to grain structure from den-
drites. The pockets form at grain boundaries due to
segregated elements in the liquid with a low melting
point. Solid-state creep is the main way to accommodate
solidification shrinkage and thermal stresses at this
stage.

B. Crack Nucleation

Figure 4 suggests that solidification cracking initiates
at 1433 �C. At this temperature, inter-granular hot
cracking is expected, if thermodynamic conditions
identified in equilibrium Thermo-Calc simulations and
Gleeble tests are assumed. To ascertain this, fracture
initiation sites were analyzed using computer tomogra-
phy and SEM.
Figure 5(a) is a 3D tomographic reconstruction of

crack initiation sites as identified in Figure 4.
Figure 5(b) shows the as-solidified faceted ferritic grain
structure observed on the fracture surface of the
corresponding test piece. Figure 5(c) reveals that the
fracture is inter-granular and brittle with a high volume
of porosity inherent to the facets. The fracture can be
classified as stage 3 hot cracking; only the grains are
observed and no dendrite morphology is present on the
fracture surface.
Figure 5(d) shows two segregation-related features

where fracture nucleates:

1. The orange circles highlight two MnS particles. The
MnS particles are type III sulfides[40] which appear
as idiomorphic crystals scattered through the whole

Fig. 2—Schematic illustration of solidification stages relating to solidification cracking adapted from Ref. [39] by including values calculated
from the results of EN1A alloy Thermo-Calc simulations under equilibrium and non-equilibrium (Scheil) conditions.

Fig. 3—Results of Gleeble hot ductility tests. Samples tested at
lower temperatures show good elongation and ductility prior to
fracture. The ZDT is between 1375 �C and 1410 �C and the ZST
between 1430 �C and 1450 �C.
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dendritic structure but frequently are situated in
inter-dendritic spaces. MnS is a low melting eutectic
with a much lower solidification point than the bulk
metal. As a result, MnS will remain in its liquid
phase after the bulk has solidified and form a liquid
interface at grain boundaries of the solid bulk
metal.

2. The broken red circle displays the presence of
globular particles more numerous in population.
The particles are inherent to the grain boundaries of
the fracture surface and enriched in solute elements
Mn, Al, and in particular, Si. The size (approxi-
mately between 5 and 20 lm) and globular mor-
phology of the particles correlate well with the size
and shape of the fracture initiating cavities that are
presented in Figure 5(a).

The fractures observed in Figure 5 support the
argument that solidification cracking during welding
initiates as stage 3 hot cracking in the final stages of
solidification after the dendrite to grain transition when
the volume fraction of liquid is< 0.1. It appears that the
hot cracks nucleate inter-granularly at pockets of
eutectic liquid segregated at the grain boundaries.

C. Crack Propagation

1. Propagation via coalescence of nucleated
inter-granular hot cracks

In practice, alloys with high fractions of liquid in the
vulnerable solidification range are not susceptible to
solidification cracking.[2,41] Cavities and gaps between
grains that may form in the mushy zone of such alloys
due to solidification shrinkage, presence of non-wetted
inclusions, thermal contraction, or external tension are
easily filled with liquid due to the adequate permeability

of the mushy zone and sufficient amount of available
liquid that is represented in the final structure by
non-equilibrium eutectics.[41] Much more important is
the mechanism of solidification crack propagation when
there is little residual liquid remaining. Information on
semi-solid fracture in such cases is rare. To summarize
the findings available to date, it would appear that
bridging of grain boundaries is an essential feature of
the fracture surface.[31] Moreover, the closer the semi-
solid material gets to the temperature range of its
maximum vulnerability to hot cracking, i.e., 0.9 to 0.95
fraction solid, the greater the fraction of grain bound-
aries connected to each other, or coalesced.[42]

In Section III–B, solidification cracking is found to
nucleate as inter-granular hot cracks when the volume
fraction of liquid is < 0.1. Tomography analysis in
Figure 6(a) suggests that in the initial stage crack
propagation is driven via the coalescence of crack
cavities. In this stage, there is no chance for the crack
propagation through a continuous liquid film as such a
film does not exist. Eskin[43] shows that a solidification
crack propagates through the liquid film in more alloyed
materials and through solid bridges in less alloyed
materials. SEM examination of the fracture surfaces in
Figures 6(b) and (c) reveals complex fracture surfaces.
Islands of inter-granular fracture are located on
inter-dendritic fracture regions. Examination of
Figure 6(c) reveals that the islands appear to have
coalesced during the fracture process and propagated
into the inter-dendritic region.

2. Propagation via hot tearing
Most of the reports on solidification cracking describe

the failure of semi-solid alloys at relatively large
fractions of liquid (hot tearing), when grain boundaries
are completely covered with liquid.[10,19–21] The

Fig. 4—Synchrotron X-ray radiograph showing crack nucleation sites. Measured temperature in the molten weld pool during testing is
superimposed onto the radiograph. Crack nucleation temperature is extrapolated and related to solid fraction.
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mechanism of crack propagation in the case of hot
tearing—through liquid film by dendrite arm separa-
tion—is obvious. An example of this type of fracture is
observed in Figure 7 which displays the fracture surface
on the bulk crack, away from the site of fracture
nucleation. The fracture observed in Figure 7 is
inter-dendritic and categorized as stage 2 hot tearing.
Stage 2 hot tears occur at higher volume fractions of
liquid prior to the dendrite to grain transformation, in
comparison to the stage 3 hot cracks which occur after
the dendrite to grain transformation.

Crack grows at a fairly even rate inwards, towards the
weld center and sample free surface. The kinetics of
damage growth towards the free -surface from the
sample core is in agreement with similar studies on
binary Al-Cu,[19,44] ternary Al-Si-Cu,[17] and other
commercial alloys.[21]

D. A Three-Stage Mechanistic Model for Solidification
Cracking During Welding of Steel

From the results presented in this study, a three-stage
mechanistic model for solidification cracking during
welding of steel is proposed. Three distinct stages for
solidification cracking are illustrated in Figure 8.

1. Stage 1: nucleation of inter-granular hot cracks
During weld pool solidification, after the transition

from the dendrite to the grain structure when the
volume fraction of liquid is < 0.1 and temperature is
approaches solidus 1703 K (~ 1430 �C), solute elements
(Mn, Si, Al) and impurities (S) segregate to grain
boundaries. As a result, liquid pockets with eutectic
chemistries form at the inter-granular regions. Under a
nominal tensile strain of ~ 3.25 pct, hot cracks form
sub-surface at the inter-granular sites where pockets of

Fig. 5—Images of fracture initiation sites showing (a) tomography image of fracture initiation sites identified in Fig. 4, (b) SEM image of the
fracture surfaces in as-solidified faceted ferritic grains, the facets result from brittle inter-granular fracture, (c) magnified SEM image of the
porosity inherent to the faceted grains, (d) SEM image of solute-enriched grain boundary eutectics inherent to the fracture surface. The orange
broken circles highlight two low melting point Type III MnS particles while the broken red circle highlights the presence of numerous globular
particles enriched in solute elements (Si in particular) inherent to grain boundaries.
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residual eutectic liquid are concentrated, as illustrated in
Figure 8 and evidenced in Figure 5. Traditionally a
crack would initiate at the weakest point. The theory
proposed in this study suggests the opposite i.e., that
cracks initiate in the latest stages of solidification when
the ductility and strength are already building up.
Cracks will also initiate, constantly, prior to this, when
liquid fraction is higher and strength and ductility are
zero. However, as the liquid fraction is high in this
instance, the solid skeleton is highly permeable, and any
crack openings are immediately filled with inter-den-
dritic liquid. As solidification proceeds, and the liquid
fraction becomes very low, the permeability of the solid
is vastly reduced. In this case, any opening of a crack
cannot be filled by the remaining liquid. As a result, the

first permanent cracks (pockets of air not filled by
liquid) only begin to appear in the terminal stages, when
the material has some ductility and strength, but low
permeability and liquid feeding.

2. Stage 2: coalescence of hot cracks by inter-granular
fracture
As the strain increases, the hot cracks then coalesce

inter-granularly through the fracture. Some cracks do
not coalesce so the cracks remain isolated; meanwhile
other cracks do coalesce with each other but remain
isolated from the bulk crack, as evidenced in Figure 6.
Eventually the coalescence of cracks propagates through
the grain structure to the solidifying dendritic structure,
as illustrated in Figure 8.

Fig. 6—Images of initial damage propagation stages: (a) a tomography image of hot crack distribution illustrating isolated cavities, coalescence
islands away from the bulk crack, and also islands that propagate to the bulk crack, (b) an SEM image of dendritic fracture observed on the
corresponding sample. The dendrites have islands of inter-granular fracture located upon them, (c) closer examination of the inter-granular
islands showing signs of coalescence between islands and into the inter-dendritic structure.

Fig. 7—Images of bulk fracture surfaces: (a) a tomographic image of columnar crack growth path, (b) an SEM image of columnar dendritic
fracture morphology observed on the bulk fracture surface showing inter-dendritic fracture associated with stage 2 hot tearing.
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3. Stage 3: propagation by hot tearing
Once the coalescence of the inter-granular hot cracks

has propagated through to the solidifying dendrites, hot
tearing begins. At this stage, the volume fraction of
liquid is higher and inter-dendritic fracture is observed
from the separation of primary dendrite arms as a result
of tensile deformation as shown in Figure 8 and
evidenced in Figure 7. As the propagation is linked to
the solidifying dendrites, the propagation path is related
to that of the growing dendrites in terms of direction
(towards the heat source) and in a velocity of ~ 2.3 mm/
s[36]. Strain is the driving force for crack propagation
and continues to develop with solidification. If solidifi-
cation and strain continued indefinitely, cracks would
continue to propagate, via the mechanisms proposed,
indefinitely. The rate of solidification and strain will
affect the rate of crack propagation. If the driving force
(strain) is removed completely, then cracks would lose
the force driving propagation and growth. In such an
instance, it is proposed that a certain amount of the
crack, likely the advancing crack tip, where higher liquid
fraction is present, would be filled with eutectic
inter-dendritic liquid. As solidification proceeds, the
eutectic liquid would eventually solidify to heal at least a
portion of the crack.

IV. CONCLUDING REMARKS

In a previous study, an in situ synchrotron X-ray
imaging experiment[36] was presented to observe and
quantify the initiation and growth kinetics of solidifica-
tion cracking during welding of steel. In this study, the
mechanisms for solidification cracking are elaborated by
identifying the thermodynamic state and localized struc-
ture features at both nucleation sites and the resultant
fracture surfaces. A three-stage mechanistic model for
solidification cracking during welding of steel is
proposed:

Stage 1 Nucleation of inter-granular hot cracks:
cracks nucleate inter-granularly in sub-surface where

maximum volumetric strain is localized and volume
fraction of liquid is less than 0.1; the crack nuclei occur
at solute-enriched liquid pockets which remain trapped
in increasingly impermeable skeletons.
Stage 2Coalescence of cracks via inter-granular fracture:

as the applied strain increases, cracks coalesce through
inter-granular fracture; the coalescence path is preferential
to the direction of the heat source and propagates through
the grain boundaries to solidifying dendrites.
Stage 3 Propagation through inter-dendritic hot

tearing: inter-dendritic hot tearing occurs along the
boundaries between solidifying columnar dendrites with
higher liquid fraction.
The above model can provide an insight into the

nucleation and propagation mechanisms for solidifica-
tion cracking during high-solidification-rate processing
of steel. Future solidification cracking criterion shall be
based on the application of multiphase mechanics and
fracture mechanics to the failure of semi-solid materials
during welding of steel.
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