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A. ABSTRACT

Solidification cracking is a weld defect common to certain susceptible alloys rendering many
of them unweldable. It forms and grows continuously behind a moving weld pool within the two-
phase mushy zone and involves a complex interaction between thermal, metallurgical and
mechanical factors. Research has demonstrated the ability to minimize solidification cracking
occurrence by using appropriate welding parameters. Despite decade’s long efforts to investigate
weld solidification cracking, there remains a lack of understanding regarding the particular effect
of travel speed. While the use of the fastest welding speed is usually recommended, this rule has
not always been confirmed on site. Varying welding speed has many consequences both on stress
cells surrounding the weld pool, grain structure, and mushy zone extent. Experimental data and
models are compiled to highlight the importance of welding speed on solidification cracking. This
review is partitioned into three parts: Part | focuses on the effects of welding speed on weld metal
characteristics, Part Il reviews the data of the literature to discuss the importance of selecting
properly the metrics, and Part Ill details the different methods to model the effect of welding
speed on solidification cracking occurrence.

Keywords: solidification cracking; welding; welding speed; crack initiation; crack growth.

B. NOMENCLATURE

fs Solid fraction
p Pressure
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t Time
Vi Liquid flow velocity
vr Liquidus isotherm velocity
X Distance from weld center
CSz Crack Susceptible Zone
G Temperature gradient
HCS Hot Cracking Susceptibility
K Thermal conductivity
SPV Maximum volumetric flow rate
SRG Maximum volumetric solidification shrinkage
T Temperature
T Liquidus temperature
Ts Solidus temperature
o Thermal diffusivity
Jij Solidification shrinkage
1) Transverse displacement
S Rate of transverse displacement
£ Strain
é Strain rate
)7 Viscosity
A2 Secondary dendrite arm spacing

C. INTRODUCTION

Solidification cracking is a commonly encountered defect during welding, especially in high-
sulfur steels, austenitic steels, and aluminum alloys. Solidification cracks form due to a complex
interplay of mechanical, thermal, and metallurgical factors. Their formation is strongly
dependent on both material composition and welding parameters. To increase productivity,
fabricators aim at reducing manufacturing time by increasing welding speed. This commonly
implies using laser and electron-beam welding processes that involve welding speeds (10%-10?
mm.s!) faster than commonly encountered in arc welding processes (10°-10 mm.s). However,
while the use of fastest travel speeds in arc welding to avoid solidification cracking has been
commonly accepted, it seems not to always apply for the faster speeds encountered during beam
welding that can lead to numerous weld bead defects [1,2] including solidification cracking itself.

Solidification cracking, described by Campbell as “an uniaxial tensile failure in weak materials”
[3], appears at the solidification end inside a mushy zone that is subjected to tensile strains. The
microstructure forms in the solidification zone, referred to as the mushy zone, located at the rear
of the melting zone and bordered by two isothermal surfaces corresponding to liquidus and
solidus temperatures. The semi-solid in the mushy zone has little ductility in the terminal stage
of solidification, when the liquid fraction is no longer high enough for grains to move around and
rearrange in order to accommodate tensile strains. When liquid feeding cannot adequately
compensate solidification shrinkage and thermal contraction of the mushy zone, solidification

cracking occurs along grain boundaries.



Numerous stress-based, strain-based, and strain rate-based models have been proposed to
provide insights into cracking mechanisms, as indicated in reviews on the subject [4-10][11].
Stress-based models assume cracking to occur when tensile stresses exceed the semi-solid
strength. Strain-based models associate cracking with tensile strains exceeding the ductility of
grain boundary liquid films. Strain rate-based models take cracking as the inability of liquid to
feed the gaps opening at the tensile strain rate velocity. Therefore, solidification cracking models
are based on either static (strength, ductility) or dynamic (liquid feeding ability) properties.

Solidification cracking has been modeled in terms of initiation and growth. Some calculations
have shown that the initiation site may be present as a pre-existing defect, leading to the thought
that only growth controls the crack formation. Therefore, welding speed may be important in so
far as it avoids maintaining crack growth during the welding process.

Most of the research is aimed at elucidating the metallurgical processes involved in
solidification crack initiation and growth. Nevertheless, our ability to predict solidification
cracking needs to better understand welding stress and strain patterns in addition to the
metallurgical processes. Reviews of solidification cracking theories [4—10][12] highlight that both
metallurgical and mechanical factors must be present for solidification crack formation. This is
particularly true for modeling travel speed effect on solidification cracking as faster welding speed
changes solidification rate, elongates thermal fields, modifies grain structure, and influences
thermal strain cells surrounding the mushy zone.

Little research work has been reported in the literature on the relationship between travel
speed and solidification cracking. This review, part lll of the series, focuses on the models
developed to simulate the effect of welding speed on solidification cracking behavior. The
present work is presented in two sections: modeling the solidification cracking mechanics and
modeling the effect of welding speed on solidification cracking initiation and growth.

D. Solidification cracking criteria

Solidification cracking should be examined in terms of initiation and growth. Such a distinction
is of importance since the mechanisms involved and conditions required to initiate a crack can
differ from the ones to grow a crack. The initiation is associated with the formation of an initiation
site, such as a defect, from which a crack may grow under specific conditions. The nature of the
initiation site and the path of the growth are part of the interrogations that solidification cracking
models must answer.



I. Crackinitiation

While some cracking models consider the maximum stress a liquid film can sustain [13-15][16]
most assume that fracture in the mushy zone is strain limited [17-19]. Arguing that a large
solidification range permits a large buildup of strain and a greater likelihood to crack [20,21], it
has been demonstrated that cracking will occur if the accumulated strain exceeds a ductility limit
represented by characteristic ductility curves established for specific alloys.

Limited ductility models associate solidification cracking susceptibility to the length of the CSZ.
The different strain theories developed [17,20,22—-30] initially applied to castings [31-33][34]
explain solidification cracking in terms of the time rate of extension developed in the liquid films
(Figure 1) and have been compared for castings [35]. The rate of extension per unit of time is a
function of the thermal and mechanical stresses.
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Figure 1 Schematic of strain theories associated with solidification cracking.

Ductility-based models have recognized that strain rate is also an important factor, but only
insofar as it serves to determine how much strain can be accumulated during the time of
solidification [18,19]. However, recent developments suggest that the strain rate may actually
play a more direct role in the liquid fracture mechanism [36,37]. These liquid feeding models
associate longer mushy zone with difficult liquid feeding ability and high susceptibility to
solidification cracking. The Hagen—Poiseuille law states that the volumetric flow rate of a liquid
through a channel decreases with increasing channel length and with decreasing channel opening
due to the resistance to flow caused by the viscosity of the liquid.

The hot tearing criterion proposed by Clyne and Davis [38] is based on the assumption that, in
the last stage of freezing, liquid feeding is difficult in order to accommodate by mass feeding the
strain applied during this stage. This cracking susceptibility coefficient referred to as Hot Cracking
Susceptibility (HCS) is defined by the vulnerable time period tv during which solidification cracking
may develop, and the time tr available for stress-relief process where mass feeding and liquid
feeding occurs [38]:

HCS = Y = fe97loo (Eq. 1)
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, Where tqg, tggand t,o are the times when f=0.99, f:=0.90 and fs=0.40, respectively. Similar
criteria were developed using different critical solid fractions simulating feeding [39—41][42] and
later associating the solidification crack initiation to the mushy zone decohesion [43].

The prominent Rappaz-Drezet-Gremaud (RGD) model [37,44,45][46,47], founded on physical
bases, considers both uniaxial tensile deformation and shrinkage feeding and has been applied to
aluminum welding [45]. The maximum deformation rate sustainable by the mushy zone before
crack nucleation at the root of dendrites was determined by:
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, Where T is temperature, T liquidus temperature, Ts solidus temperature, fs solid fraction,
€ strain rate normal to growth direction, 1, secondary dendrite arm spacing, G temperature
gradient in growth direction, [ solidification shrinkage, u liquid viscosity, p,, metallostatic
pressure, p. cavitation pressure, and 97 liquidus isotherm velocity. The welding speed effect is
implicitly related to the liquidus isotherm velocity 9. Faster speeds lead to greater J; values
and smaller A, values. Pressure drop magnitudes (101-102 kPa) are not always sufficient for crack
nucleation (liquid fracture requiring 10°>-107 kPa) by cavitation [4]. Combined with thermal fields
calculations, the RDG has been proven useful in determining the solidification cracking
susceptibility of AA6016 when laser-beam welded [48]. This model is implemented into other
models to calculate the pressure drop along the feeding channel and therefore the driving force
for crack growth from a pre-existing pore using mass-balance [36,49,50] or pressure-balance
[51,52] conditions.

The susceptibility of an alloy to solidification cracking was associated with the ratio of
dT/d(fs¥2) and dT/d(fs¥3) for columnar and equiaxed structures, respectively [10], with T
temperature and f; solid fraction. Solidification cracking is formed when:

feca > T=p S+ L1 - JT=F VE)w.]] Fﬂ (Eq. 3
s

The criterion is in the same category as the Feurer criterion [53], which associates cracking to the
condition “Rate of volume increase > Rate of volumetric liquid flow”. Hence, high absolute values
of dT/d(fs/2) metrics near the end of solidification (i.e. fs close to 1) are related to long channels
that are hard to feed and are crack susceptible [10,54]. This criterion has been successfully
applied to a weldability investigation and especially in ranking aluminum alloys [55,56] and
magnesium alloys [57] in terms of solidification cracking susceptibility.

Even though some criteria have been based on equilibrium diagrams [38,39,58], welding
implies non-equilibrium and complex back-diffusion conditions. The back-diffusion effect was



investigated on the undercooling value for grain boundary coalescence [59]. Solid diffusion
coefficients affect the final coalescence temperature. While standard backdiffusion models are
efficient for neutral grain boundary conditions, repulsive conditions move for fast elemental

diffusion (Lever rule) the final freeze temperature to lower values, with an undercooling
achievable as high as 60 K (Figure 2) [59].

Figure 2 Influence of backdiffusion on solidification path and coalescence of a binary alloy for two type of
interfaces: attractive (y,4, = 0) and repulsive (4, = 3yg) [59]

Misorientations of grain boundaries have been numerically proven to delay coherency and
subsequently affect solidification crack formation [45,60]. Figure 3 shows the portion of
coalesced grain boundary along two grain boundaries for attractive and repulsive conditions [59].
Bridging starts at higher temperatures for attractive boundaries with a difference of almost 20K
[59]. Supposing a cooling rate in welds of 100 K-s, this represents up to 1 to 10 mm longer mushy
zone for welding speeds of 5 and 50 mm-s’?, respectively. Whether welding speed can affect
these coalescence behaviors by changing surface tensions of growing grains remains unresolved.
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Figure 3 Calculated fraction of grain boundary in a binary alloy for two type of interfaces: attractive (yg, = 0)
and repulsive (y,, = 3y4) [59]

These criteria can successfully compare alloys and estimate the inherent propensity of a
solidifying microstructure to solidification cracking. The physical basis is that deep narrow throats
are difficult to feed. One question remains about the range of solid fraction to consider for



cracking evaluation. In fact, the overall temperature range for solidification may not be important
but rather only what happens between the coherency and the rigidity temperatures. The point
at which the semisolid is strong enough to resist the tensile strains without liquid feeding is ill-
defined.

II. Crack growth

It may not be initiation but growth that is critical for solidification cracking. Indeed, some
works have associated initiation to cavitation induced by pressure drop in castings [37], but the
pressure drops measured in welding (102 kPa) are too small for cavitation (10%-10° kPa) if the
partial pressure of the dissolved gases is low [36]. For example, in-situ measurements in casting
estimate a pressure drop of 22 kPa when observing solidification crack initiation in Al-0.5 wt.%Cu
[61]. Therefore pre-existing nuclei were suggested to be present prior to solidification [36] such
as oxide bifilms [62]. With this point of view, the evolution of a pre-existing initiation site into a
growing crack is modeled.

There is also an awareness that solidification cracking is not just be an interdendritic but rather
an intergrain-related phenomenon, as observed using EBSD (Figure 4) and metallographic
techniques [63,64]. Therefore, criteria for cracking were recently derived, focusing on events
occurring at the grain boundary [10,36,54] including opening of intergrain spacing, lateral growth
of grains towards each other, and intergrain liquid feeding. Care must be taken for
microstructural models as faster welding speeds lead to greater undercooling and delayed grain
boundary coalescence [59]. Therefore, the delay in coalescence lengthens the feeding channels
in addition to concentrating the overall strain across a single channel. This explains the harmful
effect of centerline grain boundary formation on solidification cracking.

Figure 4 EBSD map of aluminum AA6052 laser welds revealing intergrain growth of solidification crack [63].

Mechanisms for solidification crack growth have received only limited attention in the
literature. Following nucleation of the solidification crack, specific conditions in terms of stress
[65] or strain [51,66—68] are required to grow the crack. Stress based models applied solid-state
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fracture mechanics to liquid film rupture, taking into account surface energy effects and a
modified Griffith criterion [65]. A pressure based model assumed a microscopic gas pore to grow
as a pore [69,70] or a crack [51][71-73] if the sum of pressures contributing to its growth (liquid
pressure drop and dissolved gas pressure) exceeds the pressures contributing to its shrinkage
(metallostatic pressure, capillary pressure, atmospheric pressure). Simplified mass balance
approaches [36,67,68] consider the crack opening due to transverse deformation to be
compensated by advancement of the crack and feeding of liquid. These models predict crack
formation when the net expansion of the intergranular space exceeds the liquid feeding flow rate.
Since maintaining the crack tip within the mushy zone is required to obtain continuous cracking
as proven by in-situ observations [74], modeling growth seems more important than crack
initiation to understand welding speed effects.

Early observations on stainless steels have suggested that solidification cracking susceptibility
is associated with tortuosity of the grain boundary path [75]. E.g. primary austenite solidification
generates straight grain boundaries that are easy to follow by crack growth (Figure 5a). On the
other hand, tortuous ferrite grain boundaries make solidification crack growth difficult (Figure
5b). This was proposed as an explanation for the smaller solidification crack susceptibility of
primary ferrite than primary austenite solidification microstructures.
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Figure 5 Schematics of intersecting grains occurring during stainless steel solidification [75].

A recent model on crack growth considered that transverse displacement along the grain
boundary due to shrinkage and thermal contraction is just compensated by liquid feeding (Figure
6) [36]. This model follows experimental data showing that a critical displacement rate for
cracking exists for fixed conditions of alloy, heat input, and travel speed (Figure 6) [76]. It
implements the RDG model for pressure drop in the intergrain region and adapts the welding
conditions for Feurer’s theory for castings [53]. Feurer’s theory states that solidification cracking
is possible when the maximum volumetric flow rate SPV (feeding term) is greater than maximum
volumetric solidification shrinkage SRG [53]:



SPV > SRG (Eq. 4)
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Figure 6 Cracking susceptibility of Alloy 6060 for variable 4043 filler dilution shown as a function of local strain
rate [76].

Considering a rate of transverse displacement (SL) applied on grains of length CSZ (distance
from rigidity to coherency point), the crack tip must grow at the welding speed (s) to maintain
itself in the mushy zone (Figure 7). This model suggests that stable crack growth occurs if liquid
back-flow cannot adequately compensate for displacement [36]:

S Si’l1+19Lh2

6, = sz (Eq. 5)
, Where h1 and hy are intergrain liquid film thicknesses at rigidity and coherency points,
respectively. Therefore longer mushy zones, i.e. high CSZ, are more susceptible to cracking.
However, obtaining a continuous centerline crack requires, moreover to cracking conditions, that
crack growth velocity equals welding speed. So it may be possible to go from continuous

centerline to intermittent cracks at faster welding speeds. The liquid feeding ability 9, is given
by [36]:

K . d@p)

9, =
L= s, ax

(Eq. 6)

, Where K is permeability, u is liquid viscosity, AP is pressure drop, x is position along intergrain
liquid film, and fiis liquid fraction. This model was applied for understanding different weldability
behaviors in AA 2xxx aluminum alloy families [77].
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Figure 7 schematic of crack growth model associating crack advance, liquid feeding, and rate of opening [36].

This model [36] can be related to the effect of welding speed on the CSZ length as calculated
using Rosenthal. Indeed, increasing s lengthens the CSZ and this was associated with a drop in
weldability. Nevertheless the present model does not provide such a straightforward conclusion.
In fact, even though the CSZ increases and the liquid feeding ability 9, drops, the weldability may
be improved because the crack tip must now grow faster to maintain its tip into the mushy zone.

III. Strain partitioning

Little work has been made on strain partitioning in the solidifying weld metal, and modeling
the welding speed effect requires strain partitioning input as it changes grain structure.
Solidification cracking has been known for a long time to be intergranular but modeling intergrain
phenomena are challenging. Therefore, early simple models considering solidification cracking
as an interdendritic phenomenon have involved into complex models dealing with intergrain
conditions.

Early observations of the mushy zone during solidification have highlighted that strain is
distributed across solid and liquid phases and that the grain displacements depend on
solidification path [18]. The mechanical behavior of semi-solids is complex to characterize [78,79]
and model [80][81,82]. Therefore, simplifications are done when applying this knowledge
specifically to a weld mushy zone. Because solidification cracking occurs along grain boundaries,
a simple model partitioned local displacement rate (8) across N grains between the grain

boundary liquid (SL) and grain (86) displacements [36,67]:

This simplified strain partitioning model was efficient to estimate critical conditions for
solidification crack growth in simplified equiaxed and columnar structures [36,67]. Nevertheless,
partitioning of the thermal strain in the mushy zone must involve a complex interaction between
grain morphology, grain coherency, and grain boundary orientation relative to strain. Grains
located along the weld centerline, where cracking is most often observed, are typically the only
grains oriented normal to transverse strain, and should experience a proportionately higher strain
rate. The strain rate partitioning model as described by Eq. 5 is too simple to effectively account
for differences in grain structure involving curvature. In case of complex grain structures, 3D
multi-physic modeling is necessary to efficiently describe the strain partition at each individual
grain boundary [83]. Nevertheless, this strain-partition equation highlights the importance of
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grain refinement on lowering solidification cracking susceptibility as strain and strain rate are
distributed across more grain boundaries in refined microstructures [77].

E. Simulating travel speed effect

Solidification cracking susceptibility is correlated to the solidification path and the mechanical
strains acting on the solidifying material. The basic reason behind solidification cracking is the
inadequate feeding of solidification and thermal shrinkage arising from thermal stresses. Feeding
liguid over long, tortuous and narrow paths is an impediment. Solidification cracking models
should be able to highlight the effect of welding speed on the feeding path morphologies. Even
though neural network models have highlighted the importance of travel speed on solidification
cracking [84], physics-based models are required to understand how underlying mechanisms for
cracking are affected by welding speed.

Modeling the welding speed effect is complex because it involves weld solidification
microstructure, thermo-mechanical analysis, and fluid-flow in a semi-solid field (Figure 8). Travel
speed affects thermo-mechanical and microstructural conditions at the trailing edge of the weld
pool. Little work has been performed to correlate the weld metal cracking susceptibility to the
thermo-mechanical strains that develop in the weldment during welding. Modeling these effects
and their impact on solidification crack formation remains a difficult subject. Therefore, only
multi-scale, multi-physics models, as the ones used to investigate weldability and solidification
cracking behavior [85-98][99,100], can efficiently simulate welding speed effect on solidification
crack formation. Complex simulations to describe the travel speed effect must include modeling
both microstructure and thermo-mechanical cells with the implementation of solidification
cracking criteria. Several examples are given below.
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Figure 8 Methodology for modeling of solidification cracking during welding [95].

Thermo-mechanical modeling was performed for autogenous, full-penetration, IN718 GTA
welds [95]. The cracking criterion was the achievement of tension in the mushy zone for the
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range of 0.6 to 0.9 solid fraction. Large accumulated tensile strains are associated with great
solidification cracking susceptibility. Solidification cracking is predicted to occur at slow welding
speeds (Figure 9) where the mushy zone is in tension because the surrounding base material
already cools down. At fast welding speed, the surrounding material continues to heat while the
mushy zone solidifies, generating stiffer compressive stresses at the trailing edge of the weld pooal,
and subsequently avoiding solidification cracking.
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Figure 9 weldability diagram showing range of welding speed and current generating solidification cracking in
full-penetration IN718 GTA welds [95].

A finite element method was later used to investigate solidification cracking in autogenous
mild steel GTA welds [65][90,101]. Thermo-mechanical modeling generated thermal fields and
associated thermal-induced stresses in the mushy zone. The model is based on applying solid
fracture mechanics to the liquid phase. A solidification crack was considered to form when the
local stress exceeded a critical stress o calculated for each temperature [65]:

0er(T) = w{(—l)_ - (= )_} (Eq. 8)

1o 2n+1 2n+1

, Where y is surface energy at temperature T, and n and 1, are constants independent of
temperature. The crack is considered as a typical mode-I cracking and thus the crack formation
is associated with mapping in the weld region of the distribution of the stress component normal
to the welding direction (Figure 10) [65]. Simulations are performed for a weld made in a Fish
Bone specimen that is a narrow trapezoidal plate. Results show that increasing welding speed
has an ambiguous effect, both increasing and decreasing solidification cracking susceptibility
(Figure 11) [65]. This effect is associated to the transitional strains when starting welding on a
cold material. It must be noted that, since solidification cracking occurs preferentially in the
narrow edge of the Fish Bone specimens, the tests are looking at the effect of welding speed on
two different aspects: crack growth (Figure 11a) and crack arrest (Figure 11b). The solidification
crack length is high at fast welding speeds and associated to larger transverse deformations and
stresses after the specimens have cooled down.
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Figure 10 Simulated transverse stress and deformation distribution after cooling for three welding speeds.
Welds are performed on a Fish Bone specimen that is a narrow trapezoidal plate [101].
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Figure 11 Simulated effect of heat input and welding speed on solidification crack length in Fish Bone
specimens of trapezoidal shape when starting from: (a) narrow edge and (b) wide edge [101].

The deformation of the fusion weld mushy zone, as a critical factor in solidification cracking,
has been simulated by combining a 3D multi-scale model of solidification and microstructure with
a deformation model that includes the effects of solidification shrinkage, thermo-mechanical
forces and restraining forces [88]. This simulation focuses on AA6061 GTA welds. Welding speed
influences the deformation rate of the weld mushy zone. Adapting Coniglio and Cross strain
partition model [36,67] to a simulated solidifying mushy zone enables one to link micro-scale
phenomena to macro-scale characteristics. Increasing welding speed at constant heat Q leads to
higher cooling rates (Figure 12a) and higher deformation rates averaged across the weld (Figure
12b). Moreover, deformation rates are observed to decrease with increasing solid fractions. The
simulated deformation rates are in agreement with experimental data performed on AA6061 GTA
welds at 4 mm-s* and 130 A [102]. The smaller deformation rates at higher heat inputs agree
with the measured decrease in strain rate when preheating prior to welding (because of smaller
temperature gradients) and the associated observation of reduced solidification cracking
susceptibility [103].
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Figure 12 Variation in AA6061 GTA welds for various welding parameters as a function of average solid
fraction of (a) maximum cooling rate and (b) average internal deformation rate [88]. Captions indicate
welding speed and current, e.g. V2/95 corresponds to a speed of 2 mm.s ™ and a current of 95A.

3D Multiphysics modeling has been recently applied to Al-Mg-Si welds [83]. The model
consists of four modules to cover the overall metallurgical, thermal, and mechanical aspects of
fusion welding [83]. A welding solidification module creates from granular models of semi-solids
the weld microstructure based upon welding conditions (Rosenthal equation) and solidification
mode (Scheil-type):

2n(T-Ty)KR [—S(R—x)]
—a - exp |—— (Eq.9)
, Wwhere Ris the radial distance from the weld centre, x is the distance from the weld centre along
the weld line, Ty is the initial temperature of the workpiece, s is the travel speed of the torch, Q
is the heat transferred from the torch to the metal, and K and « are the thermal conductivity and

diffusivity of the base metal, respectively.

A thermo-mechanical analysis module predicts the deformation of the weld mushy zone due
to solidification contraction and base metal response. The deformation of each liquid channel (§)
is decomposed into an internal component (§;,,;) and an external component (&,,;) [83]:

8 = 8int + Oext (Eq. 10)

(6int) is the result of solidification shrinkage and (8,4;) is induced by the thermal expansion and
contraction of surrounding base metal.

A fluid flow module calculates the variation in fluid velocity and pressure within the micro
liquid channels of the semisolid. Externally-applied deformations on liquid channels act as a
driving force to induce fluid flow from weld pool into the mushy zone network. The flow is
calculated using Navier-Stoke and Poiseuille equations.

Once the metallurgical and thermo-mechanical conditions are calculated, a crack initiation
module applies a cracking criterion (in this case Kou’s cracking criterion [10]) to identify cracked
liguid channels [83]. The model was implemented for solidification cracking during autogenous
GTA welding of the AA6061 aluminum alloy [83]. Welding speed and current varied from 2 to 5
mm-s— and from 95 to 140 A, respectively [83]. The pressure dropped continuously up to 0.8
solid fraction and then stabilized as external deformation rates are smaller above 0.8 solid fraction
(Figure 13). The pressure drop was the highest for small welding speed because of a long
columnar zone present in the weld microstructure.
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Variation in AA6061 GTA welds of average pressure as a function of solid fraction for a clamped

weld with various welding parameters [83]. Captions indicate welding speed and current, e.g. V2/95
corresponds to a speed of 2 mm.s and a current of 95A.

Combining the pressure drop with the Kou crack index defined a cracking susceptibility of the
weld (Figure 14) [83]. The external lateral applied strain rate is 0.1 s—%. The crack initiation is
likely to occur at the root of the liquid channels [83]. The model agrees with experimental work
whereby increased travel speed lowers the susceptibility of the weld mushy zone to solidification
cracking. Specifically, a faster travel speed increases the cooling rate, which lowers the number
of unbridged channels capable of developing defects at high solid fractions where the
accumulated deformation and slow fluid velocity can promote solidification crack initiation [83].
Calculated critical deformation rates for cracking are between 0.1 and 0.25 s’*. Moreover the
model successfully predicted solidification crack localization along grain boundaries, initiation by
micro-cracks formation near the fusion zone, and its growth into a macroscopic solidification
crack towards the centerline [83]. All these calculations agree with experimental works of other

researchers [36,76,104,105].
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Variation in AA6061 GTA welds of Kou crack index as a function of solid fraction for a clamped

weld with various welding parameters. External lateral applied strain rate is 0.1 s~ [83]. Captions
indicate welding speed and current, e.g. V2195 corresponds to a speed of 2 mm.s* and a current of

95A.
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F. SUMMARY

During the last 20 years, interdendritic boundary conditions were examined to model
solidification crack formation in welding. More recently, the grain boundary is the region of
interest to better understand cracking phenomenon and in particular its relationship with welding
speed. Modeling welding speed effect on solidification cracking requires: 1) microstructural
simulation of solidification in the mushy zone; 2) calculations of local strain rates for crack
formation in order to maintain the crack tip in the mushy zone (equals crack growth velocity); 3)
add thermal fields surrounding the weld metal to calculate local tensile conditions surrounding
the mushy zone and compare to critical strain rates for cracking.

Recent developments have suggested that, because of its effect on both cross-sectional area
and elongation of welds, welding speed affects weldability in a different manner depending if Q,

%or cross-sectional area remains constant. Moreover, considering local indexes such as local

strain rate, or global indexes such as crack length, represent different measurements of
weldability that do or do not account for thermo-mechanical field variation with welding speed,
respectively. Therefore both experimental conditions and metrics must be chosen carefully to
assess usefully weldability.

Numerous conclusions are drawn from this review. There are no easy rules to follow regarding
travel speed and weldability because both current and welding speed must be examined
simultaneously. The effect of travel speed on dendrite pressure drop and solute back-diffusion
come into play when applying new cracking models but an investigation of weld speed must
implement moreover modeling of the thermo-mechanical stress state in the mushy zone.
Therefore, since solidification cracking is a kinetics problem, variable speed should be a useful
tool to test the model. Nevertheless, selecting a proper weldability testing device is difficult as it
needs to enable the investigation of both laser and arc welding, where laser welds are up to 10?
times faster than arc welds. The establishment of standards for weldability testing is desired for
both industrial and academic research laboratories to allow data to be reliably compared
between different research laboratories [106]. The present review proves that this problem is
even more important for comparing weldability data about welding speed effects on solidification
cracking.
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