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27.1 INTRODUCTION

The application of numerical methods to the meatemodeling in solidification analysis has
received a continuously growing interest over #st twenty years. After having concentrated
their efforts on the thermal and microstructuradctions, research teams have been more and
more interested in the coupled thermomechanicd{sisaThese developments have been
motivated by the efforts done by the casting inguist increase the quality of final products
while lowering the costs. Manufacturers are theergsted in the development of new numerical
tools able to model the thermomechanical respohsasings during the processes. Accurate
calculation of stress and distortions during casinjust the first step, however, as engineers are
more interested in their practical consequencessd&lmclude residual stress and distortion, and

defects such as segregation and the formatioragksrsuch as hot tears. As computing power



and software tools advance, it is becoming incregigipossible to perform useful mechanical
analysis of castings and these important relatbd\ers.

Despite the considerable progress in computatistinattural mechanics, and in the capabilities
of intensive computing, the thermomechanical amalgkcastings is still a challenge nowadays,

for the following reasons:

» Many interacting physical phenomena are involvestiass-strain formation. Stress arises
primarily from the mismatch of strains caused kg steep temperature gradients of
solidification, and depends on the time- and micuasure- dependent inelastic flow of the

material.

» Predicting distortions and residual stresses ihpaslucts means being able to describe and
calculate the history of the cast product andntdrenment on huge temperature intervals.
This makes the mechanical problem highly non-lingaolving liquid-solid interaction and
guite complex constitutive equations. Also the tdemation of reliable values of the

numerous parameters involved in those relatioasvisry difficult task.

» The coupling between the thermal and the mechapioélems is an additional difficulty.
This coupling comes from the mechanical interachietween the casting and the mold
components, through gap formation or the build-ipomtact pressure, modifying locally the

heat exchange. This adds some complexity to thdinear heat transfer resolution.

» As it does not make sense to perform such analyilesut accounting for the presence of
molds and their interaction with the castings,gheblem to be solved is multidomain, often

involving numerous deformable and interacting congmis.



» Shapes of cast parts are by essence complex, Witsthrings out frequent difficulties
regarding the interface between CAD design andrtbehanical solvers, and second

demands great computational resources.

* Inthe case of solidification of semi-finished puats, by continuous casting, the
computational demand is also outstanding, becaube @haracteristic dimensions to be
considered: meters, tens of meters.

This chapter summarizes some of the issues andagpes in performing computational

analyses of mechanical behavior, distortion anetéating during solidification. The governing

equations are presented first, followed by a ldedcription of the methods used to solve them.

Finally, a few examples of recent applicationshae castings and continuous casting are

introduced.

27.2 CONSTITUTIVE MODELSFOR METALLIC ALLOYSIN LIQUID, MUSHY AND
SOLID STATE

The modeling of mechanical behavior requires sotutf the equilibrium equations (relating
force and stress), constitutive equations (relatingss and strain) and compatibility equations
(relating strain and displacement). In casting ysig) the cast material may be in the liquid,
mushy or solid state. Therefore, mechanical modeadincasting processes has to consider

constitutive models for each of these states.

27.2.1 Liquid state: Newtonian model

Metallic alloys are generally considered as Neworfluids. Including thermal dilatation

effects, the constitutive equation can be expreasddllows.
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in which the strain rate tensaris split into a mechanical part, showing the linedation between the
strain rate tensor and the stress devigtand a thermal part. In this equatiqp, is the dynamic viscosity

of the liquid alloy,pis the density, andis the identity tensor. Taking the trace of thipression,

tré =0[v, the mass conservation equation is recovered:
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In casting processes, the liquid flow may be tughtileven after mold filling. This may
occur because of buoyancy forces or forced cornmediie in jets coming out of the nozzle
outlets in continuous casting processes. The nuasirate approach, direct numerical simulation,
is generally not feasible for industrial processeging to their complex shaped domains and
high turbulence. To compute just the large-scale fieatures, turbulence models are used, that
increase the liquid viscosity according to diffédrerodels of the small-scale phenomena. These
models include the simple “mixing length” models two-equation models suchlas, and
large eddy simulation (LES) models, which have bs@npared with each other and with

measurements of continuous castifig.

27.2.2 Mushy state: Non-Newtonian model

Metallic alloys in the mushy state are very complea-phase liquid-solid media. Their
mechanical response is highly dependent on thé teicaostructural evolution, which involves
several complex physical phenomena. To overconsddifficulty, the mushy state may be
considered in a first approach as a single contmuithe mushy material is then modeled as a

non-Newtonian fluid, according to the following edons:
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in whichK is the viscoplastic consistency amdhe strain rate sensitivity. Denotirg,, = /% §s, the

von Mises equivalent stress scalar, ang= %éijvpéijvp the von Mises equivalent strain rate scalar,

Eq. (27.3) yields the well known power lawr,, = K(£,,)™. It can be noticed that the preceding

Newtonian model is actually a particular case efribn-Newtonian one: Eq. (27.1) can be derived from

Eq. (27.3) takingn=1 and K =3y, . The solidification shrinkage is included in thérd equation, as we
can write in the solidification intervagd = g o, + g, 0, With p; and p, the densities at the solidus and

liquidus temperatures, respectively. Hence, we have

1d 1 dg. - ps dgg (27
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27.2.3 Solid State: Elastic-Visco-Plastic Models

In the solid state, metallic alloys can be modeli¢ider as elastic-plastic or elastic-viscoplastic
materials. In this latest class of models, ondefdimpler is expressed as follows, but it should

be mentioned that a lot of models of different ctxity can be found in the literatufe’
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The strain rate tensar is split into an elastic component, an inelagtian(reversible)



component, and a thermal component. Equation (2yiBlals the hypoelastic Hooke's law,
whereE is Young's modulusy the Poisson's coefficient, asd a time derivative of the stress
tensore . Equation (27.5c¢) gives the relation between tiedaistic strain rate tensef and the
stress deviatos, in which g, denotes the scalar static yield stress, belowhwhicinelastic
deformation occurs (the expression between brackeesluced to zero when negative). In these
equations, the temperature dependency of all tr@hviad variables should be considered. The
effect of strain hardening may appear in such aghlog the increase of the static yield stress

and the plastic consistensywith the accumulated inelastic straip), or with another state

variable that is representative of the materialcitire. The corresponding scalar equation

relating stress and inelastic strain rate von Miseariants is:

a'eq =0, +K(:‘:eq)m (27

Inserting this into Eq. (27.5c) simplifies it to:

3de (27
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Although metallic alloys show a significant straséie sensitivity at high temperature, they
are often modelled in the literature using elaptastic models, neglecting this important effect.
In this case, Eq. (27.7) still holds, but the flsiress is then independent of the strain rateajt m

depend on the accumulated plastic strain becausteanfi hardening.

27.2.4 Implementation Issues

As stresses and distortions are generated mairtheisolid phase, the mechanical modeling of a

cast part may be restricted to its solidified regab any instant. However, this approach, often



used in the literature, has several drawbackst, [eiogng so, the volumetric shrinkage that affects
the mushy zone cannot be taken into account. Setomdquid and mushy regions may alter the
distortion and stress of the solidified regionsdfly, the mechanical behavior of the mushy zone
is of crucial importance to quality problems. Thiss preferable to consider the entire casting,
including the mushy and liquid regions.

To avoid managing different constitutive equatitorsthe different states, numerous
authors have modeled the liquid and mushy statevi@hsimply by lowering the value of the
Young modulus and taking Poisson coefficient closg, using then a single elastic-viscoplastic
(or elastic-plastic) constitutive model for theigmtastin§** However, this approach may
suffer from numerical difficulty, and furthermorails to account accurately for the significant
thermal dilatation and shrinkage that affect theshyuand liquid regions.

To overcome these difficulties, other authors udédfarent constitutive equation for the
different physical states of the alloy. The whasting is modeled, and the constitutive equation
is chosen according to the local state. One impheatiert* simply changes the constants in Eq.
(27.5) to model the different states. Using a ptalsi-reasonable (high) value for the elastic

modulus, and settingh=1, g, =0, andK =, allows Eq. (27.5) to approximate Eq. (27.3) for a

Newtonian fluid, as the generated elastic straigs/ary small. Another approdch®uses a
viscoplastic equation for the mushy and liquidetand an elastic-visco-plastic equation for the
solid state.

In each of these previous mechanical models, ¢juedj mushy, and solid zones are
considered as a single continuum. The velocithefliquid phase is not distinguished from the
velocity of the solid phase, and the individual digges and grain boundaries are not resolved, so

fluid feeding, porosity formation, and hot teareug clearly oversimplified. In the context of
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stress-strain prediction, this approximation seeatisl. To predict defect formation from first
principles, however, might require a multiphaserapph, involving the different phases,
including liquid, solid, and even gas. Recent apphes, like those developed by Nicolli €f al
and Fachinotti et & take into account the mechanical interaction betwaedeformable solid
skeleton and the liquid phase, the momentum trabsfisveen the two phases being expressed

by a Darcy law.

27.2.5 Example of Constitutive Equations

Material property data are needed for the spealfay being modeled and in a form suitable for
the constitutive equations just discussed. Thisgures a significant challenge for quantitative
mechanical analysis, because measurements areasenped in this form, and only rarely

supply enough information on the conditions towalteansformation to an alternate form. As an
example, the following elastic-visco-plastic congtve equation was developed for the austenite
phase of steel by Kozlowski etaby fitting constant strain-rate tensile tests fidfray”> *’and

constant-load creep tests from Suzuki &ttal the form required in Egs. (27.5)-(27.7).

4.465x 10
T

. ym

oq= f%c<aeq—ao> exp[—
where

o =4.655¢10 + 7.14 10(% ¥ 1.2 10 @* (27
0, =(130.5- 5.12& 10T 4"

f, =-0.6289+ 1.114« 10T

1/m=8.132- 1.54 10T
withT[K], o,, 0,[MPa]
This equation, and a similar one for delta-fertitaye been implemented into the finite-element

codes CON28f and THERCAST and applied to investigate several problems iringlv

mechanical behavior during continuous casting.
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Elastic modulus is a crucial property that decreagéh increasing temperature. It is
difficult to measure at the high temperatures ingoarto casting, owing to the susceptibility of
the material to creep and thermal strain durintaadard tensile test, which results in
excessively low values. Higher values are obtafnau high-strain-rate tests, such as ultrasonic
measurementd. Elastic modulus measurements in steels neawtttis temperature range
from ~1 GP&° to 44 GP&® Typical modulus data by Mizukami ef4include values ~10 GPa
near the solidus and have been used in previougsasa” %

The density needed to compute thermal strain in @3s1), (27.4) or (27.5d) can be
found from a weighted average of the values ofifferent solid and liquid phases, based on the
local phase fractions. For the example of plain ¢tarbon steel, the following equations were
compiled” based on the solid data for ferrit§,(austenitey), and deltad) from Harste et &
3L and the liquid [) measurements from Jimbo and Crdmb
pka/m)=p, L +8, §+ps G5 +A |
0, =7881- 0.32Z {C » % 10T %(C?H

_100[8106- 0.5I 9C )] (27
¥ 7 [100- (%C )][L+ 0.008(%€ )] -9)
100[801% 0.4T 9C )]

% = T100— (%C ][+ 0.013(%C )]
9 =7100- 73(€ ) [0.8- 0.09(% )Jf °C ¥ 155!

Specialized experiments to measure mechanical grepéor use in computational models

will be an important trend for future researchhisffield.

27.3 MODEL DEVELOPMENT
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27.3.1 Thermo-mechanical Coupling

Coupling between the thermal and mechanical ansigsses from several sources. First,
regarding the mechanical problem, besides thenstaée due to thermal expansion and
solidification shrinkage, the material parametdrthe preceding constitutive equations strongly
depend on temperature and phase fractions, as shawa previous section. Second, in the heat
transfer problem, the thermal exchange betweendktng and the mold strongly depends on
local conditions such as the contact pressureeoptesence of a gap between them (as a result of

thermal expansion and solidification shrinkage)isTit explained in the next two paragraphs.

Air gap formation: conductive-radiative modeling
In the presence of a gap between the casting @&nhdfd, resulting from their relative
deformation, the heat transfer results from coremirconduction through the gas within the gap

and from radiation. The exchanged thermal flyx,, can then be written:

Keas oT*-T.% (27.1
qgap = (Tc _Tm) T 0
g i+i_1 )
& &

c m

with k. (T) the thermal conductivity of the gasthe gap thickness,. andT,, the local surface

gas
temperature of the casting and mold, respectivghand ¢, their gray-body emissivitiegrthe Stefan-
Boltzmann constant. It is to be noted that the catide part of the flux can be written in more dleia
take into account the presence of coating layeth@mold surface: conduction through a medium of

thicknessg,,,, of conductivityk . (T) . It can be seen that the first term tends to ityfias the gap
thickness tends to zero: this expresses a perdetact condition;T, andT, tending towards a unique

interface temperature. The reality is somewhatdiifit, showing always non perfect contact condition

Therefore, the conductive heat exchange coeffidignf = k . /g should be limited by a finite value

gas
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h,. corresponding to the “no-gap” situation, and chelseon the roughness of the casting surface. A

recent benchmark exercise has demonstrated thiéicagih impact of the consideration of gap formatio
on temperature prediction in shape castth@pecific examples of these gap heat transfer taers

provided elsewhere for continuous casting witHudirication®* and continuous casting with mold flék.

Effective contact : heat transfer as a function of contact pressure
In the case of an effective contact, the condudieat flux increases with the contact pressure

according to a power la#. Still denotingh, the heat exchange coefficient corresponding to no

gap and no contact pressure, we can write, in dadensure the continuity with the gap

situation:

Ocontact = (ho + ApcB)(Tc _Tm) 5-2)71

with p_ the contact pressurd,andB two parameters which depend on the materialgytésence of

coating or lubricating agent, the surface roughnasd the temperature. The parameters and poskily
laws governing their evolution need to be deterchieeperimentally.

Figure 27.1 is a graphic representation of the Brelhange coefficient in both cases. It should
be noted that a smoothing method around the neudsddion has been suggested by Laschet et

al3’

<INSERT FIGURE 27.1 HERE>

kgas

27.3.2 Numerical solution

We focus here on the resolution of the momentunseamtion, from which distortions and

stresses can be calculated. The energy consentnmt discussed in this paper.

Momentum conservation

At any time, and in any location of the solidifyintaterial, whatever its current state (liquid,



14

mushy or solid) the momentum conservation is exga@dy:

Ole+pog-py=0[s-Op+og-p0y=0 (27.1
2)

whereg denotes the gravity arpthe acceleration. The acceleration is actualljceable only in liquid
pools, when they are affected by convection.

The weak form of the preceding equation can beidda Keeping the velocity and
pressure as primitive unknown variables, it is teritag®:

oV’ js(v):.é*dv—j pOI dv - jT w*ds—jpg w*dv+jp‘;'|‘t’ 'dv =0
Q 0Q Q Q

Q

(27.1

op' [P tré"dv =0 3)
Q

whereT is the external stress vectgrthe gravity. In such a velocity-pressure formwlatithe second

equation is a weak form of the incompressibilityiraflastic deformations.

Finite element formulation and numerical implementation

The thermal-mechanical modeling equations justguresl must be solved numerically, owing to
the complex shape of the casting process domathoégdh finite-difference approaches are
popular for fluid flow and solidification analysis compute the temperature field, the finite
element formulation is preferred for the mechanagllysis, owing to its historical advantages
with unstructured meshes and accurate implicittgwiwof the resulting simultaneous algebraic
equations.

Spatial discretization using finite elements, camebli with time discretization using finite
differences, yield a set of non-linear equati®ys,(\,P) =0, in which the unknowns are the
velocity components and the pressure value at eadé of the finite element mesh. In some

formulations, the incompressibility condition iselitly included in the momentum equation

using a penalty technique to enforce it. This fissual a velocity formulatiorr___ (V) =0 in
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which the velocity field is the only unknown, buhieh is known to give rise to pressure locking
problems when the incompressible inelastic stragmme too larg&. In the preceding
formulations, nodal velocities can be replaced bgah displacements, as they are linked by the
time integration scheme.

Solving the previous global finite element non-nsystemr___ =0 can be a daunting

mech

task that is subject to significant convergencéadlifties. Generally, it is solved using a full or
modified Newton-Raphson meth8Ywhich iterates to minimize the residual error i E
(27.13). These methods require local consistergeiainoperatorgs/os anddp/d:in order to

form a global consistent stiffness matei___ /ov .*°

mech,

At the local level, when the constitutive equatiomnglve strain rate dependency, then an

algorithm is also required to integrate the counstie equations to provide an estimates(
and p(¢) and the previously mentioned tangent operatorseiWhe constitutive equations are

highly non-linear, it is very useful to employ anglicit algorithm to provide better estimates of
inelastic strain at the local level. Many methodsébeen develop&d* which require solving
two or more ordinary differential equations at ebottal integration point. The bounded Newton-
Raphson method developed by Lush &ahd later improved upon by ZHwas implemented
into a user-subroutine in ABAQUS and found to imgrgreatly accelerate the solutithn.
Alternatively, an operator splitting method canused to march through time by alternating

between the global and local levels without itenatt either level® **

Boundary conditions: modeling of contact conditions. Multidomain approaches

At the interface between the solidifying materiatiahe mold, a unilateral contact condition (i.e.

including contact release) generally applies:
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onh<0
920 512)7.1
(enh) g=0

whereg is the local interface gap width (positive whengap exists effectively) amlis the local
outward unit normal to the part. The fulfilment®d. (27.14) can be obtained by means of a penalty
condition, which consists in applying a normal s$rgectofT proportional to the normal distance or the

normal velocity difference (or a combination oflpptia a penalty constapg:

T =an =), (V= Vpee) ()N (52)7-1
Different methods of local adaptation of the pgnatiefficienty, have been developed,
among which the augmented Lagrangian meffiobllore complex and computationally
expensive methods, such as the use of Lagrangépliautt may also be uséd.
The possible tangential friction effects betweert pad mold can be taken into account

by a friction law, such as a Coulomb model for ins& In this case, the previous stress vector

has a tangential componeit, given by:

(27.1

1
Tr ="M chvi(v_Vmold)

- moIdH

where p, = -0, = on[nis the contact pressure, amdhe friction coefficient.

The previous approach can be extended to the raniath context in order to account for the
deformation of mold components. The local stressors calculated by Eq. (27.15) can be
applied onto the surface of the mold, contributimgn to its deformation. For most casting
processes, the mechanical interaction betweenastepcoduct and the mold is sufficiently slow
(i.e. its characteristic time remains significarthwespect to the process time) to permit a
staggered scheme within each time increment: thehamecal problem is successively solved in

the cast product and in the different mold comptseh global updating of the different
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configurations is then performed at the end oftittme increment. This simple approach gives
access to a prediction of the local air gap gizar alternatively of the local contact presspye
that are used in the expressions of the heat ganeéfficient, according to Egs. (27.10) and

(27.11)¥

27.3. 3 Treatment of Regionsin the Solid, Mushy and Liquid States

Solidified regions: Lagrangian formulation

In casting processes, the solidified regions gdiyezacounter small deformations. It is thus
natural to embed the finite element domain intortiaerial, with each node of the
computational grid corresponding with the samedspdirticle during its displacement. The
boundary of the mesh corresponds then to the sudfthe casting. This method, called
Lagrangian formulation, provides the best accurglogn computing the gap forming between
the solidified material and the mold. It is alse thore reliable and convenient method for time
integration of highly non-linear constitutive eqoat, such as elastic-(visco)-plastic laws

presented in section 27.2.3.

Mushy and liquid regions: ALE modeling

When the mushy and liquid regions are modeledaerstime domain as the solid (cf. discussion
in section 27.2/8), they are often subjected tgdatisplacements and strains arising from
solidification shrinkage, buoyancy, or forced cocti@n. Similar difficulties are generated in
casting processes such as squeeze casting, wheratite domain is highly deformed. In these
cases, a Lagrangian formulation would demand freguemeshings in order to avoid mesh
degeneracy, which is both computationally costhd detrimental to the accuracy of the

modeling. It is then preferable to use a so-cadidiitrary Lagrangian Eulerian formulation
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(ALE). In an Eulerian formulation, material movésdugh the computational grid, which
remains stationary in the “laboratory” frame ofereince. In the ALE formulation, the updating
of the mesh is partially independent of the velpoitthe material particles in order to maintain
the quality of the computational grid. Several noeihcan be used, including the popular
“barycentering” technique which keeps each nodbeageometrical centroid of a set of its
neighbors. This method involves significant eximanplexity to account for the advection of
material through the domain, and the state varsatleh as temperature and inelastic strain must
be updated according to the relative velocity betwtée mesh and the particles. In doing this,
some surface constraints must be enforced in éodemsure mass conservation, expressing that
the fluxes of mesh velocity and of fluid particlelecity through the surface of the mesh should
remain identical. A review on the ALE method inidification modeling is available, together

with some details on its applicatiéh.

Thermomechanical coupling

Because of the interdependency between the themdamechanical analyses, as presented in
section above, their coupling should be taken aumount all during the cooling process. In
practice, the cooling time is decomposed into tinbeements, each increment requiring the
solution of two problems: the energy conservatiod gne momentum conservation. With the
highly nonlinear elastic-visco-plastic constitutieguations typical of solidifying metals, the
incremental steps required for the mechanical aisatp converge are generally much smaller
than those for the thermal analysis. Thus, theseaivalyses are generally performed in
succession and only once per time increment. Howavéhe case of very rapid cooling, these
solutions might be preferably performed togethetl(iding thermal and mechanical unknowns

in a single set of non-linear equations), or etgEsate but iteratively until convergence at each
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time increment, otherwise the time step has torbmdtically reduced.

27.3.4 Hot tearing analysis

Hot tearing is one of the most important consegegit stress during solidification. Hot tearing
is caused by a combination of tensile stress artdllmegical embrittlement. It occurs at
temperatures near the solidus when strain condestvéthin the interdendritic liquid films,
causing separation of the dendrites and intergaarmulcks at very small strains (on the order of
1 percent). This complex phenomenon depends oalifiey of liquid to flow through the
dendritic structure to feed the volumetric shrinkattpe strength of the surrounding dendritic
skeleton, the grain size and shape, the nucleafisapersaturated gas into pores or crack
surfaces, the segregation of solute impurities,thadormation of interfering solid precipitates.
The subsequent refilling of hot tears with segregdiquid alloy can cause internal defects that
are just as serious as exposed surface crackshottiearing of aluminum alloys is reviewed
elsewherd§ Hot tearing phenomena are too complex and irsefftly understood to model in
detail, so several different criteria have beerettgped to predict hot tears from the results of a
thermal-mechanical analysis.

Casting conditions that produce faster solidifimatand alloys with wider freezing ranges
are more prone to hot tears. Thus, many critegaalely based on thermal analysis. That of

Clyne and Davie¥ simply compares the local time spent between titiwal solid fractionsg
and g, (typically 0.9 and 0.99, respectively), with tln¢al local solidification time (or a

reference solidification time). The “hot crackingsseptibility” is defined as:

_toge —t 27.1
HCStlyne— 099 090 (7)

-t
090 040
Criteria based on classical mechanics often assuao&s will form when a critical stress is
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exceeded, and they are popular for predicting eratkower temperaturds. This critical
stress depends greatly on the local temperaturstaaid rate. Its accuracy relies on
measurements, such as the submerged split-chsiléetest for hot tearing;>’

Measurements often correlate hot tear formatioh tiné accumulation of a critical level of
mechanical strain while applying tensile loadinghivi a critical solid fraction where liquid
feeding is difficult. This has formed the basis fi@any hot-tearing criteria. That of Yamanaka et
al>® accumulates inelastic deformation over a brittsrtemperature range, which is defined, for

example agy, 0 085,099 for a Fe-0.15wt%C steel grade. The local conditarfracture

initiation is then:

E 2N e > ¢ (27.1
gsl n cr
8)

in which the critical strairg,, is 1.6% at a typical strain rate 8k10™ s*. Careful measurements during

bending of solidifying steel ingots have revealed @ltstrains ranging from 1 to 3.8%>° The lowest
values were found at high strain rate and in crack-seagjtixdes (e.g. high-sulfur peritectic sté&ljn
aluminum rich Al-Cu alloys, critical strains were reporfemin 0.09 to 1.6% and were relatively
independent of strain rat&. Tensile stress is also a requirement for hot teargtom®® The maximum
tensile stress occurs just before formation of a criiaal.®

The critical strain decreases with increasing straie, presumably because less time is
available for liquid feeding, and also decreasesfioys with wider freezing ranges. Won etal
suggested the following empirical equation for ¢hiéical strain in steel, based on fitting

measurements from many bend tests:

0.02821

cr T 031 .
& 3 3JATB 0.8638

(19)



21

where ¢ is the strain rate antilTg is the brittle temperature range, defined between the tatopes
corresponding to solid fractions of 0.9 and 0.99.

More mechanistically-based hot-tearing criteridude more of the local physical
phenomena that give rise to hot tears. Felfrand more recently Rappaz efahave proposed
that hot tears form when the local interdendriticiid feeding rate is not sufficient to balance the
rate of tensile strain increase across the mushg.Zbhe criterion of Rappaz et al. predicts
fracture when the strain rate exceeds a limit véthaé allows pore cavitation to separate the

residual liquid film between the dendrites:

1 AzszTH P Ps ~ P (27.2
= — — - -v. =" H .
2 R[ 180/1| Ds ( m pc) Vr Os 0)

in which A, is the secondary dendrite arm spacpmgis the local pressure in the liquid ahead of the

mushy zonepc is the cavitation pressurg; is the velocity of the solidification front. The quaig#R

andH depend on the solidification path of the alloy:

1 (Mg.2F(T) (27.2

U

2

Tu 2 1
.
dT H =J g1 FM=_=[ 9.dT
T, gl AT ’ 1)

where the integration limits are calibration parametdrnshvalso have physical meaniffgThe upper
limit T, may be the liquidus or the coherency temperature, wheléower limitT, typically is within the

solid fraction range of 0.95-0.99.

27.3.5 Model Validation

Model validation with both analytical solutions agxjperiments is a crucial step in any
computational analysis and thermo-mechanical moglédimo exception. Weiner and Bofey
derived an analytical solution for unidirectionalidification of an unconstrained plate with a

unique solidification temperature, an elastic-patijeplastic constitutive law and constant
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properties. The plate is subjected to sudden seidaench from a uniform initial temperature to
a constant mold temperature.

This benchmark problem is ideal for the validatidrtomputational thermal-stress
models, as it can be solved with a one-dimensioeash, as shown in Figure 27.2. Numerical
predictions should match with arbitrary precisi@e@ding to the mesh refinement. For
example, the solidification stress analysis cod®@N@D"* and the commercial code ABAQUS
were applied for the conditions in Table 2%:1The solidification temperature interval is spread
over a small (0.2C) artificial temperature range about the fusiangerature of 1494.4°C. The

instantaneous surface quench is modeled with feghextion,q,,, = h(T-T,), to lessen the

instabilities caused by these extreme conditiohg. dlastic-perfectly-plastic constitutive

equation withg,(MPa) = 0.03+ 20(1494.4C-T )/494was transformed to a numerically

challenging rate formulation with the form of EQ7(5c), by settingn=1 andK =6.67x 10°
MPa-s** This represents a limit case for this elasticwiplastic expression. To model the
unconstrained plate with a single row of elemeatgeneralized plane strain condition was
imposed in the y and z directions (parallel toghgace) by coupling the displacements of all
nodes along the edges of the slice domain as shofigure 27.2* The constant axial strain

assumed under this condition is computed by satigfg single extra scalar equation:

j o,dS=F, (27.2
<INSERT FIGURE 27.2 and TABLE 27.1 HERE>

Figures 27.3 and 27.4 compare the temperaturetesss profiles in the plate at two

times. The temperature profile through the solididyshell is almost linear. Because the interior
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cools relative to the fixed surface temperatugeshitrinkage generates internal tensile stress,
which induces compressive stress at the surfacia Ndi applied external pressure, the average
stress through the thickness must naturally eceral, and stress must decrease to zero in the
liquid. Stresses and strains in both transversetians (y and z) are equal for this symmetrical
problem. The close agreement demonstrates thatcbatputational models are numerically
consistent and have an acceptable mesh resol@@nparison with experimental measurements
is also required, to validate that the modelingiaggtions and input data are reasonable. Plant
experiments are especially important when validgtiredictions of more complex phenomena,

such as hot tearing.

< INSERT FIGURES 27.3 AND 27.4 HERE>

274 APPLICATIONS

27.4.1 Application to Mold Casting

Braking disks

The finite element software THERCAST for thermonwetbal analysis of solidificatiGihas
been used in automotive industry to predict digiog of braking discs made of grey iron and
cast in sand mold¥. A particular attention has been paid to the axtgon between the
deformation of internal sand cores and the cass péhis demands a global coupled
thermomechanical simulation, as presented abovard-&y.5 illustrates the discretization of
the different domains involved in the calculatidhe actual cooling scenario has been

simulated: cooling in mold during 45 min, shake and air cooling during 15 min. Figure 27.6
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gives the temperature evolution in different polotsated in a horizontal cross section at mid-
height in the disc, showing the influence of diffiet physical phenomena : solidification after 2
min, solid state phase change after 20 min. Therdeftion of the core has been calculated,
bringing out the thermal buckling of core bladelsey are exposed to very high temperature, and
their dilatation is too much constrained, resuliimgheir deformation, as shown in Figure 27.7.
This deformation causes a difference in thickness/éen the two braking tracks of the disc.
Such a defect needs heavy and costly machiningatpes to get qualified parts. Instead,
process simulation allows the manufacturer toaistnative geometries and process conditions

in order to minimize the defect.
<INSERT FIGURES 27.5, 27.6 and 27.7 HERE>

Similar thermomechanical calculations have beenemadhe case of plain discs, leading
to comparisons with residual stress measurementsdays of neutrons and X-ray diffractiin.
As shown in Figure 27.8, calculations are constsigth measurements, the difference being

less than 10 MPa.

<INSERT FIGURE 27.8 HERE>
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27.4.2 Application to Continuous Casting of Steel, Primary Cooling in Mold

The two-dimensional transient finite-element thdrmachanical model, CONZ **has been
applied to predict temperature, displacement,rstsdress and hot tearing during primary
cooling in continuous casting of steel. This Lagiian model tracks a transverse slice through
the strand as it moves downwards at the castingdsjpereveal the entire 3-D stress state. The 2-
D assumption produces reasonable temperature poedidecause axial (z-direction)
conduction is negligible relative to axial adventid In-plane mechanical predictions should be
reasonable because bulging effects are small @&drttliscretized casting direction is modeled
with the appropriate condition of generalized plstirain.

The mechanical properties of steel used with tlasdehwere discussed in Sections 27.2.5
and 27.3.2 and in Table 27.1 and feature temperatependent elastic modulus and
composition-dependent elastic-viscoplastic cortstbehavior and density. Two specific
example applications with this model are presented: 1) predicting the ideal taper of the mold
to minimize gap formation during slab casting aipdiritling the critical casting speeds to avoid

quality problems related to bulging below the mold.

Ideal Taper of a Slab Casting Mold

Thermal and mechanical behavior were simulatedsiica through the centerline of the wide
face of the solidifying steel shell (Figure 27.23,it moves down through the continuous casting
mold. The total shrinkage strain predicted for glise has been shown to provide an accurate
and economical estimate of the ideal taper thatlghme applied to the narrow faces of the mold,
in order to avoid formation of an air gap. The @raffects are reasonably small and were
ignored in this analysis. The total heat flux (greged from the heat flux profile) was forced to

match an empirical equation that was obtained faccurve fit of many measurements under
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different conditions at a typical slab caste€omputing ideal taper is useful application of
computational models, in order to minimize the peais associated with excessive air gap
formation, or pressure on defect formation and petidity.

Sample results are given in Figure 27.9 for a §f@00 mm thick slab mold, based on
standard conditions of 1000 mm width, 800 mm wagkimold length, and 1.5 m/min casting
speed. These figures show the effect of steel gradeeat flux, shell thickness, surface
temperature, and ideal narrow-face taper, allfasetion of distance down the mold wall. Taper
is presented as %/mold. A mold flux with 12C5solidification temperature was assumed for the
0.13%C peritectic steel and a 1220mold flux for the low and high carbon steels, ethis
typical of industrial practice. The practice of ating mold powders with high solidification
temperature and low viscosity was proposed by \téotfroduce lower, but more uniform heat
transfer rates to help avoid cracks in depressimsitive grades, such as peritectic sté&ls.
Slags with opposite properties are used for lowldagh carbon steels, to help avoid sticker

problems.

<INSERT FIGURE 27.9 HERE>

The results show that the higher solidificationpemature mold flux, combined with the
rougher shell surface produce a lower heat fluxterperitectic steel (Figure 27.9a). The lower
heat flux produces a thinner shell (Figure 27.8tglso produces a hotter shell surface
temperature (Figure 27.9c). This effect appeamitaveigh the importance of the extra
shrinkage of the peritectic steels. Thus, peritestieels experience less shrinkage and require

less taper than either low or high carbon steetpufg 27.9d).
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The low carbon steel (0.07%C) experiences moragtiel strain than other grades, owing
to its microstructure being mainly composed of sidifa phase. The delta-ferrite phase creeps
faster than the stronger austenite phase founthar steels. The extra creep generated in the
compressive solid surface layer tends to allowinitexior shrinkage to have more effect in this
grade. The net effect is that low carbon steel egpees a thicker shell with more shell

shrinkage and taper than for the other grades.

As for every case studied in this work, signifidgmhore mold taper is needed just below
the meniscus than near mold exit. Thermal shrinlstigén dominates the need for taper.
However, before implementing new taper designsamteperating casting mold, these results
must be modified to account for several phenomedmahaffect ideal taper. These include the
thermal distortion of the narrow face, relativatgodistortion at the meniscus, the expansion and
thermal distortion of the wide face, the decreaseide face perimeter due to the change in
mold cavity dimensions down a funnel mold, andlfindhe variation in thickness of the
resolidified mold flux layers down the mold. Moretdils are provided by Thomas and Ojéta,

but clearly, more work is needed before the moegllts can be safely used in practice.

Maximum Casting Speed to Avoid Hot Tearsin Billet Casting

The model was next applied to predict the maximasting speed allowable, while avoiding
excessive bulging and hot tearing. Simulationg stathe meniscus, 100 mm below the top of
the mold, and extend through the 800-mm long maottikzelow, for a caster with no sub-mould
support.

The model domain is an L-shaped region of a 2-Bstrarse section, shown in Figure
27.10. Removing the center portion of the sectidmch is always liquid, saves computational

cost and allows a pressure boundary conditionabaids stability problems related to element
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“locking” that may occur with fixed-displacementwalary conditions.
<INSERT FIGURE 27.10 HERE>

The instantaneous heat flux, given in Eq. (27.28)% based on fitting many plant
measurements of total mold heat flux and diffemittg?® It was assumed to be uniform around
the perimeter of the billet surface in order todae ideal taper and perfect contact between the
shell and mold. Below the mold, the billet surfaemperature was kept constant at its
circumferential profile at mold exit. This elimiregt the effect of spray cooling practice
imperfections on sub-mold reheating or cooling tredassociated complication for the
stress/strain development. A typical plain carbteelsvas studied (0.27%c, 1.52%Mn, 0.34%Si)

with 1500.7°C liquidus temperature, and 1411.8 Slitilas temperature.

(Mw/ )= 5-0.2444( sed. t< 1.0se (27.2
| ~ |4.7556( se9:"*" t> 1.0se 3)

Simulation results are presented here for one-quafite 120 mm square billet cast at
speeds of 2.0 and 5.0 m/min. The latter is thécatispeed at which hot-tear crack failure of the

shell is just predicted to occur.

The temperature and stress distributions in a & @ection through the wideface of the steel
shell cast at 2.0 m/min are shown in Figure 27 .4tlfeur different times during cooling in the
mold. Unlike the analytical solution in Figure 2,/tBe surface temperature drops as time
progresses. The corresponding stress distributiongualitatively similar to the analytical
solution (Figure 27.4). The stresses increase tmith, however, as solidification progresses.

The realistic constitutive equations produce adaggion of tension near the solidification front.
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The magnitude of these stresses (and the corresgpsitains) are not enough to cause hot

tearing in the mold, however.

INSERT FIGURE 27.11 HERE>

Figure 27.12(a) shows the distorted temperaturéocos near the strand corner at 200 mm
below the mold exit, for a casting speed of 5.0 m/fhe corner region is coldest, owing to
two-dimensional cooling. The shell becomes hotter thinner with increasing casting speed,
owing to less time in the mold. This weakens thalshllowing it to bulge more under the

ferrostatic pressure below the mold.

<INSERT FIGURE 27.12 HERE>
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Figure 27.12(b) shows contours of “hoop” stressstaicted by taking components in the x
direction across the dendrites in the horizontalipo of the domain and the y direction in the
vertical portion. High values appear at the offraarsub-surface region, due to a hinging effect
that the ferrostatic pressure over the entire éegts around the corner. This bends the shell
around the corner and generates high subsurfasietsiress at the weak solidification front in
the off-corner subsurface location. This tensitess peak increases slightly and moves towards
the surface at higher casting speed. Stress coatientis less and the surface hoop stress is
compressive at the lower casting speed. This itecao possibility of surface cracking.
However, tensile surface hoop stress is generaeavithe mold at high speed in 27.12(b) at the
face center due to excessive bulging. This tessitss, and the accompanying hot-tear strain,

might contribute to longitudinal cracks which peag&t the surface.

Hot tearing was predicted using the criterion in B8 with the critical strain given in
Eq. 19, and a 90% temperature of 1459.9 °C. Irielastin was accumulated for the component
oriented normal to the dendrite growth directioecduse that is the weakest direction and
corresponds to the measurements used to obta@/EL. .Figure 27.12(c) shows contours of
hot-tear strain in the hoop direction. The highedties appear at the off-corner sub-surface
region in the hoop direction. Moreover, significgritigher values are found at higher casting
speeds. For this particular example, hot-tearrsgaceeds the threshold at 12 nodes, all located
near the off-corner subsurface region. This is edusy the hinging mechanism around the
corner. No nodes fail at the center surface, itespfithe high tensile stress there. The predicted
hot-tearing region matches the location of off-ariongitudinal cracks observed in sections
through real solidifying shells, such as the oreéyped in Figure 27.13. The bulged shape is also

similar.
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<INSERT FIGURE 27.13 HERE>

Results from many computations were used to fiedctitical speed to avoid hot tear
cracks as a function of section size and workinddrrength, presented in Figure 27 l4These
predictions slightly exceed plant practice, whislyénerally chosen by empirical trial and error.
This suggests that plant conditions such as mplertare less than ideal, that other factors limit
casting speed, or those speeds in practice coulitbeased. The qualitative trends are the same.
This quantitative model of hot tearing has enalbhedhy useful insights into the continuous
casting process. Larger section sizes are morepgtilsle to bending around the corner, so have
a lower critical speed, resulting in less produttiincrease than expected. The trend towards
longer molds over the past three decades enalblighear casting speed without cracks by

producing a thicker, stronger shell at mold exit.

<INSERT FIGURE 27.14 HERE>

27.4. 3 Application to Continuous Casting of Steel, Secondary Cooling

Thermomechanical simulations are used by steelraakeanalyze stresses and strains all along
the secondary cooling zone. One of their thrustesprediction the bulging of the solidified

crust between the supporting rolls which is resfmador the tensile stress state in the mushy
core, which in turn induces central macrosegreggtioc’ Two and three-dimensional finite
element models have been recently developed, lmasad original “global non steady-state”
approach which provides results on the whole len§the caster. The approach implemented in

THERCAST software is described in detail elsewlfér€. The constitutive models are those
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presented in section 27.2.5 The contact with supyprolls is controlled by a penalty
formulation derived from what has been presentexkation 27.3.2 using penalty coefficients
attached to the different rolls and continuouslg@dd in order to control the numerical
penetration of the strand. Figure 27.15 showsehalts obtained on a vertical-curved machine
(strand thickness 0.22 m, casting speed 0.9 mimaterial Fe-0.06wt%C) in a region located
around 11 m below the meniscus. The pressurellith reveals a double alternation of
compressive and depressive zones. First, alongfithied surface, the material is in a
compressive state under rolls where the pressaohes its maximum, 36 MPa. Conversely, it is

in a depressive (tensile) state between rolls, vtteg pressure is minimum (-9 MPa).

<INSERT FIGURE 27.15 HERE>

Examination of the pressure state within the ssitiell close to the solidification front (i.e. close
to the solidus isotherm), reveals that the striéesnates. The steel is in a tensile state (negati
pressure of about —2 MPa) when passing in fronolg, while it is in a compressive state in
between, the value of pressure being around 2U&8. These results agree with previous
structural analyses of the deformation of the $idid shell between rolls, such as those carried
out in static conditions by Wiinnenbéfgyliyazawa and Schwerdtfedéor by Kajitani et af’

on limited slab sections moving downstream betwe#la and submitted to the metallurgical
pressure onto the solidification front. The inflaerof process parameters on the
thermomechanical state of the strand can thenuokest using such numerical models. An
example is given by Figure 27.16, presenting tmsiggity of bulging to the casting speed. It

can also be seen that bulging predictions aretsan$d the roll pitch, a larger pitch between two
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sets of rolls inducing an increased bulging. Thes®erical simulations can then be used to
study possible modifications in the design of aombus casters, such as the replacement of large

rolls by smaller ones in order to reduce the péutl the associated bulgifit).

27.5 CONCLUSIONS

Mechanical analysis of casting processes is growirsgpphistication, accuracy, and phenomena
incorporated. Quantitative predictions of tempemgtdeformation, strain, stress, and hot tearing
in real casting processes are becoming possiblapGtations are still hampered by the
computational speed and limits of mesh resolugspecially for realistic three-dimensional
geometries and defect analysis. Further developraetneeded in fundamental models of
defect formation over multiple length scales, améfficient convergence algorithms to solve the
equations. Fundamental measurements, includinguastification of interfacial conditions,
material constitutive properties and conditionsdefect formation are also needed. However,
solidification processes are growing in maturitg amprovements gained by trial and error in
the plant are becoming more expensive. As compuypavger and software tools continue to
advance, advanced computational models will becewvee more important in the years to come.
Future advances to casting processes will incrghsiely on advanced computational models

such as the thermo-mechanical models discussed here
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Figure 27.1. Modeling of the local heat transfegféioient in the gap and effective contact
situations.
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Figure 27.2. One-dimensional slice-domain for moesolidifying plate.
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Temperature [C] Vertical section

Figure 27.7. Deformation of core blades in a ragéaition, after a few seconds of cooling. On
the left, displacements have been magnified bytfd 00. The temperature distribution is
superimposed. On the right, the difference in théds between the two braking tracks is shown.
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Figure 27.8. Residual hoop stresses (left) andfatliesses (right) in a radial section on as-cast

plain discs made of grey iron. Top line: calculatatues; bottom line: measured values.
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(a) Temperature (b) Hoop stress (c) Hot-tear strain

Figure 27.11. Distorted contours at 200 mm belovdneait.

Figure 27.13 Off-corner internal crack in break-sl¢ll from a 175 mm square bloom.




49

6

_’§ 5[ ]
S [
£
E I
o 4Fr j
3 [
8 [
-
o 3T ]
£ [
=
& [
I L .
O 2L ° R
= [ Working 4 ~0 ]
2 [ CON2D Mold Length Plant 4 ad
O 1} |—— 1000mm ® 2000 data 5

[ |--©-- 700mm ® 1990 data ]

=s= 500mm A 1970 data
| | | Loy

%00 120 140 160 180 200 220 240 260
Section Size (mm x mm)

Figure 27.14. Comparison of critical casting spebdsed on hot-tearing criterion, and typical

plant practicé? (After Li, C. and B.G. Thomas, Thermo-mechanidaité Element

Model of Shell Behavior in Continuous Casting o#&f Modeling of Casting, Welding

and Advanced Solidification Process X, San Destin,May 25-30, 2003, TMS, 2003.)



50

vl
'n“ e
T

T

ot
$A.'H

ac
-
oral?
i
i

v
= i

el
A

s

]
14
L]
e

Maximum pressure

ﬁ Tensile state in surface

Tensile state near

T
(I'. | o
B TN,
T
= oy
A Wh
.

' solidification front in

Fression

AE+005 Mushy zone
'3.22222E+DDB

2. 44444E+006 \
1.B6GE7E+D0G
111111 0 .24

0.24 S

- GEGEET

-1 44444E+008
l:fz.zzzzzauua
-~ 3E+006
max=3.57331E+007
min = 5.7627ZE+006

Pressure [Pa]

Figure 27.15. lllustration of the results of thécadations in the middle of the secondary cooling
zone, at a metallurgical length of about 11 m. @ntop left view, the finite element mesh can
be seen, with a fine band of 20 mm. On the rigbtwithe pressure distribution reveals
compressive and depressive zones, the latter loleg to the solidification front (the mushy
zone is materialized by 20 lines separated by tmial Ag, = 0.05).



51

1.20E-03
1.00E-03
8.00E-04

6.00E-04

4.00E-04

2.00E-04

bulging calculated on the upper side (m)

0.00E+00

9.5 10 1 11 11.5 12 125 13

-2.00E-04
metallurgical length (m)

‘—o—Vc:1.2m/min ——Vc=0.9m/min ——rolls ‘

Figure 27.16. Slab bulging calculated at two ddfercasting speed: 0.9 m/min and 1.2 m/min.
The slab bulging increases with the casting spegafiter N. Triolet and M. Bobadilla,
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