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Abstract

Defects control such as hot cracking or solidifmat cracking, in
aluminum alloys welding is an important industrissue and must be
carefully examined. This phenomenon is a compleoblem involving
process, material and mechanical loading due toaley. Several tests
have been previously developed in order to chariaetehe material
propensity to hot cracking. The purpose of the gmesvork is to study,
using a new hot cracking test and numerical sinarathe relationship
between mechanical and metallurgical factors ireotd better identify the
parameters leading to hot tearing during welding.

The originality of the test presented here is Hraexternal stress
is applied on the test specimen parallel to thedingl direction. The
advantage of this test, compared to others likeestaaint test, is its
simplicity and therefore its possible for an indizgdtuse. A weld seam is
made with a Tungsten Inert Gas (TIG) arc weldingaothin sheet of
aluminum alloy (6061). The crack initiation occungce steady state
thermal conditions are reached. The present tesbles to distinguish
between the structural effects on a global scaté the microstructural
effects on a local scale. Microstructure controlnimde possible by
adjusting welding power, welding speed and samettetries. The grain
structure which is characterized by the shape,asizkthe growth direction
and which depends on welding current and speed playucial role in the
crack initiation. Microstructural features are alveel using high speed
camera recording and post mortem micrographs. Mechlafactors are
varied by adjusting the welding parameters andaibglied initial stress.
The relationship between welding parameters, gragrphology, and
sensitivity to hot cracking are discussed. Expentalemeasurements and
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numerical results will help to better determinebglband local conditions
at the onset of hot tearing and to compare thoadittons using existing
hot tearing criteria.

Introduction

Welding processes are extensively used to assernbiponents in many
manufacturing industries, such as aeronautics, tekat®n, energy and
automotive. To increase their productivity, constous try to reduce
manufacturing time. This involves for welding opgéras an increase of
welding speed. However, various defects such agdawsing might limit
this increase. Figure 1 illustrates the presenaeahick created during arc
welding on a 6061 aluminum alloy.

Welding process promotes hot cracking phenomenantduhe liquid /
solid phase change. Many aspects must be takeadotmunt to reduce the
cracking risk. This complex phenomenon, involvingtatlurgical and
mechanical factors, is studied using a new testis Tbomplex
phenomenon, involving metallurgical and mechanfeators, is studied
using a new test. This test, shown in Fig 4 anaddhsists to apply a
horizontal tensile before welding, in the weldirigedtion. In comparison,
for example, the programmable deformation cracKiPgR) test and the
controlled tensile weldability (CTW) test consistapplying a variable
tensile strain during welding, not before. Metaligal factors involved
include especially the solidification range, graize and shape, which
alter the permeability of the mushy zone. This workposes to study the
interaction between the process, the material la@dnechanical loading in
order to reduce hot crackirgnsitivity.

Fig. 1. Hot tearing in TIG welding.

Defects caused by welding operation are numerodsasnrelated
to metallurgical factors, welding parameters oeexal conditions. Among
the main welding defects, hot tearing, porosityrasion or sticking can
be quoted. Hot tearing appears at the solidificaéind of an alloy, and is

Page 2



commonly observed in welding. This section deseritlee mechanisms of
hot crack initiation and the main factors respolesior this phenomenon.

During welding, components are subjected to higkerrial
gradients around the melting zone due to localibedt input. The
solidification, zone where microstructure forms,lasated at the rear of
the melting zone and is bordered by two isothesudhces corresponding
to liquidus and solidus temperatures. The mushy zzmresponds to the
interval between the coherency temperature andduwlilt's a zone
between percolated solid (all grains are in cohtiactnation and the solid
coexistence of liquid and solid phases.

Figure 2 shows dendritic grain growth during sdiddition as a
function of solid fraction. Solidification is divedl in several stages (figure
2) [10]. Nucleation is the first step, solid pae& nucleate in the liquid
and are free to move. The material behaves liks@us fluid with a very
low tensile strength. Then, grains grow. Duringdimd), the solidification
rate is high, and the solidification front (soliddid interface) is dendritic.
The solid fraction increases gradually and the taipire approaches the
solidus. The coherency solid fraction is then redcand corresponds to
first solid bridge bonding. The dendritic grain® an contact with each
other and form a coherent solid skeleton. A shagp dh permeability is
then observed, due to the compact network formafltrin liquid films
between the solid grains remain and are subjeotéigh strains, induced
by solidification shrinkage and thermal contractiminthe solid. During
this stage, the strain to fracture of the allowésy weak, because the
liquid can no longer flow to accommodate defornmatand the solid
network is not resistant enough to avoid crackirigally, the last stage
corresponds to the coalescence solid fraction. e isolated liquid
pockets solidify, and the solid fraction tends todvane. The hot ductile
solid can then resist to strain. The stress aransto tensile failure is
rising rapidly.

Brittle Temperature Range (BTR) is defined as tkengderature
interval corresponding to the solid fractions whire microstructure is in
critical configuration. Hot tearing risk is maximal this temperature
range. The BTR corresponds to the interval betwbhencoherency solid
fraction, where the liquid does not easily circeldtecause of the low
permeability, and the coalescence solid fractionens the solid opposes
mechanical resistance due to rise of the numbsolaf bridges formed.
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Fig. 2. Schematics of hot tearing formation in a colunstaucture (from [10])

In welding, the mushy zone undergoes thermal anahargcal
stresses during solidification [2]. Resulting strasid strain fields are very
complex to predict due to two main factors. Thetfwne is the result of
differential shrinkage imposed by high temperagnradients. The second
one is a consequence of the mechanical propeh@emal dependence on
different phases. All these stresses can causi lims to debond and/or
solid bridges to break causing crack initiation.

Hot tearing is then related to process parametrsh as welding
current and welding speed, but also to the comiposibf the material
welded. Solidification conditions play an importaate in susceptibility to
hot cracking. The chemical composition and the défidation mode
modify the quantity of residual elements with loveltimg point favoring
the survival of residual liquid films. AA 6061, igery sensitive to hot
cracking due to its wide solidification range. Thiloy has structural
hardening, so its high temperature behavior is ¢exap

Thermal contraction is the main factor of mechdnioading in the
mushy zone. The thermal gradient, imposed by thecess, affects
solidification microstructure and heat distributiom the sheet, which
change mechanical loading. From a mechanical pdiniew, the welding
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process leads to a non uniform distribution of terafure, combined with
thermal stresses and localized plastic deformafibie. thermally induced
deformations (solidification shrinkage and thergmhtraction) are exerted
over the BTR. The non-uniformity of thermal gradiand the nonlinearity
in the mechanical behavior of the material, howgviecrease the
complexity of the problem.

The purpose of this research is to explore waysoftiimizing the
welding parameters with respect to hot tearing.s€hdefects strongly
affect the weld quality and then mechanical striengif welded
components. This paper first presents the hokiargghenomenon. Then
an original test developed for hot tearing char&aéon in welding is
presented. Next, experimental results achieved@welding on AA6061
are analyzed. In parallel to this experimental stigation, a thermo-
mechanical modeling of the welding operation isedeped. Finally, the
analysis of the microstructure influence on susbéity to hot cracking is
discussed in order to propose improvements to #idimg process.

It has been seen in the previous section that craitlation is
controlled by metallurgical factors, such as sfitidtion range, grain size
and shape, mushy zone permeability, and by medhlafsictors, such as
stresses, strains and strain rates acting on tishyraone. The purpose of
this work is to study the interaction between meata and metallurgical
factors in order to better identify the parametefisiencing the hot tearing
phenomenon in welding. The originality of this stués to try to
distinguish the process influence on hot crackiggelperimental and
numerical results.
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Fig. 3. Cracking test: state of art

To assess hot cracking sensitivity of an alloyjowss tests have been
developed [3]. In figure 3, the existing tests hbeen classified into two
categories: crack initiation tests (Varestraint tigpe) and propagation
tests (Joining and Welding Research Institute: JWét type). The
mechanical stress applied can be external to teeirapn or produced by
self clamping. These tests are generally diffictdt interpret and
implement in an industrial environment. Moreovet,is difficult to
distinguish the sample geometry effects and theqa® effects, because
cracks are the result of complex interactions betwthese factors. A new
hot tearing test has been developed to better staofet the influence of
the process parameters on the sensitivity to dratifation. It is presented
here after.

The experimental system

A simple original hot tearing test for thin sheleés been developed in this
study. The aim is to impose an external and cdettahechanical loading
promoting cracking, to study the process and naténfluence on hot
cracking susceptibility. This test allows the iaitbn of a hot tear under
controlled experimental conditions.
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Fig. 4. Longitudinal tensile specimen with TIG weld seam

The test originality is to promote crack initiatidhrough a single
solicitation. It involves applying a controlled &le preload in the welding
direction and not perpendicular to it as in mangcking tests, before
welding without additional filler material (figuré). During welding, the
specimen is clamped on both sides between two jakes process used is
the Tungsten Inert Gas process (TIG), also called Gungsten Arc
Welding (GTAW). This process uses a tungsten re&drgcelectrode to
create an electric arc, and an inert gas, geneaadJgn, to protect metal
against oxidation. A weld seam is made on a pédepileed sheet in the
longitudinal direction. Hot tearing test is placad a mobile two axes (X,
Y) table, as depicted in figure 6. During the tébg welding arc is in a
fixed position, and the sample is translated inltimgitudinal direction at
a constant speed. The used sheets are thin (2.3amuinthe samples, cut
with a water jet machine, are 265x50mm? in sizecrbBtructure variation
obtained by changing the welding speed and chaon§densile initial
stress, allow us to investigate structural effectdiot tearing.

The test advantage, compared to other hot tea@sts such as the
Varestraint test, is its simplicity which is intetimg for an industrial use.
In addition, the simple sample geometry and boundanditions make
the 2D numerical simulation of the test easy. Thecmanical condition
applied to the plate is assumed flat. Indeed, nteasnts using strain
gauges showed that the tensile stress imposedebtesh and the welding
cycle generate plane strain. The used sheets iaré2tB mm) and permit
2D modeling. In this test, control microstructusepiossible by adjusting
thermal cycle, depending on welding power, speed sample size.
Microstructural characteristics are observed udmigh speed camera
recording and post mortem analysis. The high speedera is in static
position to observe the weld pool rear.
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Fig. 5. Welding condition of the first test campaign.

Six welding speeds, between 5 mm/s and 20 mm/< stedied. Four
tests were conducted for each speed by varyingviieing current in the
range [130A, 260A]. The exact welding conditiorsiew in figure 5. The
alternative current in TIG welding is necessary alaminum. At each
cycle, there is a polarity reversal that breaksaluenina layer formed on
the surface. The ratio welding current / weldingexp is set to have full
penetration. A 3 mm arc length is imposed for ladl velding tests, which
corresponds to a welding voltage of about 10 \otal, 24 samples have
been studied with varying welding parameters angtea stress of 200
MPa (0,8 mm initial displacement imposed at the ganend). Note that
the welding speed range is rather high for TIG wgJdorocess and that
the weld seam is started far away from the jawthabthe initial stress is
uniaxial.
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Fig. 6. Two axes table with hot tearing test

These tests allow the cracks initiation in quaatighary state, in the
mushy zone where complex solidification mechanisre observed. A
crack initiate, for all conditions tested, transaly to the welding
direction and then propagates along the centerdsmehown in figure 1.
Dendritic columnar grains are present at the fudlonndary,whereas
dendritic equiaxed grains are visible in the cenfer our welding
conditions. Crack initiation occurs at the fusioaubdary between the
columnar grains. Crack initiation is a combinatadfrbrittle microstructure
at the fusion boundary and a large tensile stremsentrated in the liquid
film present between these grains. A longitudinehstle facilitates
transversal cracks initiation between columnar rgrainore easily than
transversal tensile.

The study of complex coupling between process, fadteand
mechanical loading requires an experimental ingatitn but also a
numerical analysis for hot cracking study. Indeieds necessary to have
information on the strain and stress field arouml welding pool during
cycle to better understand cracking mechanism.

Numerical modeling

Chihoski [4] was the first to study stress disttibo around a moving
localized heat input on thin sheets of aluminunoyallThe temperature

Page 9

Hot tearing



distribution and the thermal dependent mechaniealbior of the alloy
require numerical modeling to determine the stdésisibution.

In addition to thermal and mechanical aspectsnibemetallurgical
issue must be solved by assessing microstructueabnpeters. A
simulation (with Sysweld finite element softward)aoweld seam in TIG
process is made on a thin sheet of aluminum aflegice the choice of 2D
modeling. A displacement is imposed as boundarglition to the sample
before welding. This displacement gives rise toreélgad stress and this
displacement is determined so that the tensileingadorresponds to the
yields stress of the alloy (+ 200MPa). The tengikload and the welding
direction are along y axis (figure 7). The heatrseumodeled as a
Gaussian and welding speed is 15 mm/s. Quadrildtei@ elements are
used to sheet mesh. A fine mesh (8-node (Q8)késl in the welded
region. The purpose of this section is to undedsthe preload influence
on stress and strain fields in the mushy zoneeatehr of the weld pool.

Stresses and strains are generated by externahdpadermal loading
induced by welding and heterogeneity of the meda®dnbehavior in
different areas due to thermal gradient. The thérdependence of
Young's modulus, thermal expansion coefficient aield strength is
taken into account. The temperature ranges of mbf@pperties is 0°C to
700°C. The non-linearity of material propertieshigh temperature range
is taking into accountsing the hot rheological data studied by Mais@nfsi.
In this study, the solidification shrinkage is mtedeby a tabulated law in
the solidification range. The weld pool shape aizd are directly related
welding speed and current and sample geometrywEle pool geometry
has a strong influence on the stress and stratribdison. An elongated
weld pool representative of our experimental rasidt simulated by
adjusting the heat source parameters. The heattedfezone is best
described by a mixed hardening (ratio of kinemat@rdening and
isotropic hardening), because of the alternateihgadndergoes during
welding. The dissolution of precipitates in the tenl zone and the
restoration of the hardening in the heat affectedezwill be taken into
account. The strain comparison obtained by numlesiozulation with the
elasto-plastic laws or elasto-visco-plastic lawsifig shown that very few
differences, viscosity is neglected. This relatvaimple model is applied
to the test geometry to study the preload influemtéhe susceptibility to
hot cracking. Strain rate, necessary to study D& Rriterion,is calculated
in post processing using the simulation resufthen, this model is used to
propose possible optimization of welding in ordelimit crack initiation.
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Fig.7. Strains evolution for developed test

Figure 7 shows the strain evolution during weldamd cooling in
three points of the weld pool: one point in the dveknter, one in the
mushy zone at the fusion boundary and the lagtérheat-affected zone.
The normal straine(l1=¢xx), transverse to the weld, is shown in the weld
center. For two other points, we have chosen toesgmt the longitudinal
strain €22= gyy). These points and strain direction were chosen
agreement with experimentally observed cracks ilogadind orientation.
In the BTR, represented by two vertical black limesigure 7, the strain
evolution promotes hot cracking in the weld. Indethé fusion boundary
is subject to positive strain, mainly due to shaigé, thus facilitating crack
initiation. Moreover, results in figure 6 show asjiive longitudinal strain
rate at the solidification end, most important foint located at the fusion
boundary, in the mushy zone.

The transverse strainext) in the weld center is positive at
solidification end which facilitates crack propagat The strain at the
point located at the weld center (transverse teniltwice lower than on
the fusion boundary in the mushy zone (longitudieaisile) in the BTR
which is in accordance with experimental observejocracks always
initiate transversely, at the fusion boundary. Tikk of liquation cracking
is limited, as the point situated in the heat afdczone exhibit a negative
strain.
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Fig.8. Influence of a pre-load stress on the longitudstedin at the fusion
boundary

Simulation is used to show the influence of a feniiitial stress on
the mushy zone. Two cases are studied here: anspecsubjected to
longitudinal tensile stress and a second with Zeitial stress, i.e not
clamped. The longitudinal strain evolution at thesién boundary is
presented figure 8. In the BTR, the strain is yhpercent greater for the
case with traction than without. A pre-load stregacerbates the tensile
loading at the fusion boundary in the welding di@t and consequently
promotes hot cracking initiation.

However, mechanical loading of the sheet is netdhly parameter
affecting hot cracking initiation. Metallurgy playmn important role and
should be considered.

Experimental results
In situ observation

High speed camera recordings of the mushy zonenglwielding were
carried out, in order to observe crack initiativushy zone observation is
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complicated by the formation of oxide at the wettblpsurface. With an
improved gas protection, the weld pool boundaryeapp as can be seen in
figure 9. In-situ observations permit a better ustinding of the hot
tearing initiation concerning solid fractions arehdrite morphology.

Columnar grains Hot cracking

Fig.9. Video recording image during welding showing theldypool tail

Two areas with distinct granular structure can bseoved on the in-situ
recording, in the re-solidified zone: a columnandtitic zone on the edge
of fusion zone, and an equiaxe dendritic zone ie tienter. The
solidification rate is minimal at the fusion boungand is maximal at the
center (as opposed to the thermal gradient). Honvexehe lowest speed
welding, the fusion zone is composed entirely ofucmar dendritic
grains. When the welding speed becomes greater thanlimit of
solidification speed, equiaxed grain formation igsgible. Theoretical
considerations have explained these results. Timeaion of an equiaxe
dendritic zone is promoted by high undercoolinghat liquidus isotherm.
Undercooling is favored by high solidification sdeand low thermal
gradient [3]. The thermal gradient is lower in tienter of the fusion zone,
which explains the nucleation of equiaxed graithia zone.

Observation with high speed camera confirms thatks initiate in
the columnar zone, in a direction transverse toableling direction. As a
result, and depending on welding parameters, cstogkis observed in the
equiaxe zone. In addition, bifurcation and a lamgjihal propagation are
present in the equiaxed grains zone.
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Post-mortem study of crack morphology

After welding, the samples are cut out to obtaimssrsection views. The
microstructure is studied using a combination dfiaah microscopy and
scanning electron microscopy.

. P (
Migroporosity” . Eutg
: Lt

D:r -

Fig.10. Observation of cracks: (a) macrograph top viey,nficrograph in
transverse section, (c) SEM fracture.

Microscopic observations of cracked areas (figudb),lclearly show
intergranular cracks generated by a debondinggofdifilms. Indeed, the
coalescence solid fraction, corresponding to theetoboundary of the
BTR is reached first between two dendrites of thmes grain, and then
between two grains, which promotes the initiatiérinter granular cracks
rather than intragranular. The presence of liguichsf at the end of
solidification is visible on the fracture surfacesing scanning electron
microscopy (cf. figure 10c).

The microstructure observation revealed a very adtaristic grain
structure, with peripherical columnar grains, oréeh in a direction
perpendicular to the welding direction, and cergiliaxed grains, for our
welding conditions [6,7]. The zone width depends the welding
parameters that vary, namely, with current and gpeziding. Hot tearing
sensitivity is also correlated to the grain morplgglin the mushy zone. It
is generally admitted that columnar dendrite molpipg with dendrites
growing in the thermal gradient direction, gengralbserved for rather
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low solidification speed and/or high thermal gradif3], is more sensitive
than equiaxe dendric morphology. This can be undedsby the fact that
liquid feeding between the equiaxed grains is ifatdd even at the
solidification end, as well as crack healing byl feeding. It has been
confirmed with these observations that for mosthef samples, the crack
initiation occurs between the dendritic columnaaigs, on the weld pool
edges.

This is not a surprising result, because this areabines an
unfavorable microstructure, and the higher stramel, as shown in
previous section. The longitudinal applied tengiteload during the test
favors also transverse cracking between columrangyr

Grain disorientation

""’JI/AMIIIII -

ok l-. -1‘--;
. EAl

Welding

direction Py

Equiaxed zone

i
.‘ L)
\ ] Columnar zone

Weld pool Mushy zone Solid

Fig.11. Microstructural characteristics in welding.

The morphology of the fusion zone is also charasdr by
quantitative parameters, such as grain shape aadthe growth direction
and the disorientation between grains (figure 1A9r instance, the
emergence of columnar dendritic grains at the cdirte increases hot
cracking sensibility, according to Hunziker [8].tHfe thermal conditions
leading to the formation of various grain morphdaésgare well known, the
relationship between welding parameters and miarcktre is still not
fully explained, because of the complex relatiopshbetween these
parameters and the temperature field.

For our tests, a columnar dendritic zone aboutnin® on each side
and an equiaxe dendritic zone about 2 mm are foltmvever, the
proportion of each grain morphology zone is a fiorctof welding
parameters. A correlation between the relative sfatese zones and the
crack propagation can be seen. When the equiaxth wiohe is small
compared to the total width of the cord, crack wélhd to spread more
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easily in a large longitudinal crack. Moreover, whihe weld seam is
shifted closer to one edge, the crack always tegidrom that side. A
thermal asymmetry is then created in the weld bead.

In our case, the columnar grains growth direct®mmcharacterized by
an angle of 80 degrees relative to the weldingctiva. Grain orientation
also affects the ability of the liquid to feed timeishy zone. Wang showed
the importance of disorientation between two graif. This
disorientation also limits coalescence and possibeck healing. The
maximum disorientation found in our tests is ak@®itdegrees. However,
crack initiation does not occur where the grains kighly disoriented
between them in our case. The distance betweelnitiation and first
crack initiation appears rather constant, betweand4 cm.

Influence of process parameters

Welding parameters are classified as cracking orcrecking conditions

for a given tensile initial stress. Figure 12 shawe crack sensitivity

evolution of 6061 alloy as a function of welding rameters. After

welding, the cracks were first revealed by dye pmamé testing. The

results highlight several failure modes, dependingorocess parameters,
figure 11. For high welding speed, some small trarse cracks are
observed at the beginning of the welding line a& fasion boundary,

which deviate rapidly to propagate in a large ltudjnal crack (width of

0.6 mm on average). However, when speeds are lothere is a

succession of fine transverse cracks (less thgmn3in width) that do not

reach the central equiaxe zone. For each weldiagdsexcept the lowest,
there is a critical welding current above whichckiag is observed. It can
be observed that large longitudinal cracks are aigerved for high

welding speed (20 mm/s).
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Fig.12. Hot cracking map with a pre-load stress of 200MPa.
RDG criterion

To finish this study based on pre-loading influemee hot cracking
initiation, the crack initiation criterion develapeby Rappaz, Drezet,
Gremaud (RDG criterion) [10] has been used to compmt cracking
sensitivity. This criterion is applied as post pssing of finite elements
calculations presented before. The RDG criteri@asebl on the calculation

of a critical depressioépmwon dendrite foot requires the total strain rate
of the solid skeleton perpendicular to the graiowgh direction and the
liquid ability to flow between grains calculatedings Carman Kozeny
permeability model developed for porous media. Tfbemulas for
calculating this depression are presented belowe(ef1 and 2)u andf
correspond respectively to liquid viscosity andstdidification shrinkage.
The temperature T, the temperature gradients Gifi@, strain rate
é-(T)and the solidification speedt, are deduced from the numerical

simulation of the welding test made in parallel &xperimental
investigations.
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The characteristic Iengtl42 (spaces between the secondary dendrite
arms) is extracted from the micrographs. The eimiuiof the solid
fraction fs(T) is calculated using Scheil-Gullivelation. The pressure
evolution, calculated along dentrictic columnariggais shown on figure

13. The pressure drop evolution was calculated by fatig the red line in figure
13.
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Fig.13. Influence of preload on the RDG pressure drop.

The pressure drop is greatest at the fusion boyndaar the dendrite
foot where hot tear initiate. It is more importdot the test with traction
than the test without. This seems to confirm theuémce of the tensile
preload in the welding direction on the hot cragkisensitivity. The
connection between the RDG pressure drop and thdingeparameters
allows us to highlight the metallurgical, proceas anechanic interactions.

Page 18



Conclusion

It has been demonstrated that solidification creghs a faceted problem,
with many influencing parameters. Many studies @ranhhot tearing but
few of them have studied the relationship betweesthanical aspect
induced by the process and microstructure. A neiginal and simple test
has been developed to promote hot cracking irotiatApplying a tensile
preload on the welding direction promotes crackation for our welding

conditions. Knowledge of mechanical loading impoa#dws us to work

on the interaction between material and procesackiitg phenomenon is
the correlation of sensitive microstructure andical mechanical loading.
Cracks initiated for all our welding conditions, the peripheral zone,
which has a columnar grain structure, while thetra¢érzone of equiaxed
structure is more resistant to the phenomenon.

Observation using high speed camera helps us terhetderstand the
mechanisms of crack initiation and the bifurcatiainthe grain scale.
Moreover, the mapping representing the field cragkiased on welding
conditions shows the importance of welding powetttan crack initiation
and the different failure types. The microstructabaracteristic lengths
measured are introduced in the RDG criterion ineprtb introduce
microstructural parameters in hot cracking sengjtiv

New tests will be accomplished by varying the tiengreload in order
to deepen the cracks initiation conditions in weddiln order to optimize
the process, localized heating could be envisagéd] [and the
microstructure of the critical zone changed. Thawnges will also occur
on mechanical loading of the mushy zone thus renvgamportance of
structural effect on crack initiation. An other imgement is to modify the
microstructure by acting on the process (actinguoaify grain orientation,
grain size, zone proportion) to reduce hot cracking
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