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Abstract

During casting of aluminum alloys, the partiallylidied material is submitted to thermally induced
strains that can lead to severe casting defectsasibot tearing. In this work, carried out in tfeene

of the European project VIR[CAST], the rheologidahavior of a partially solidified AA5182
aluminum alloy has been investigated in order twvjgle constitutive equations to predict hot tearing
in DC casting. Shear and tensile experiments haaen lperformed using specific experimental
devices and procedures previously designed for \aiys. In the small strain (<0.2) and high solid
fraction (>0.8) domain investigated here, the musbge is coherent. The stress-strain behavior is
therefore dominated by the viscoplasticity of thaids phase, but exhibits a significant strain
hardening. The behavior of the mushy zone is madbiea compressible constitutive equation in
which an internal variableé, representing the state of cohesion of the mssntrioduced. The model
accounts for solid fraction, stress state, strate and strain effects. The parameters that gawern
evolution of C with strain have been determined and appear toobgparable to those for Al-Cu
alloys.

Keywords: rheological behavior, constitutive equation, alomm alloys, mushy zone, solidification, stress-
strain modeling.

1. Introduction

Aluminum alloys solidification processes such aedal chill (DC) casting, laser welding or
mould casting involve thermally induced deformasi@mising from the contraction that occurs during
solidification and subsequent cooling. These stratan lead to severe casting defects such as
macrosegregation, porosity and hot tearing. In rotdeunderstand the formation of these defects,
important modeling efforts have been undertakerenmtdg directed towards the development of
thermomechanical models for the solidifying alldyZ], rheological models of the mush [3-5] and hot
tearing criteria [6]. In particular, constitutivguations of the mush have been developed takimg int
consideration the main aspects that are pertinethiet prediction of hot tears [7,8]. The mushy zne
treated as a compressible porous material satuvatbdiquid exhibiting some strain hardening. The
effect of the liquid on the solid skeleton is takemo account via a hydrostatic pressure term.
Moreover, the partial cohesion of the mushy zonentsoduced as an internal variable of the
constitutive model. In order to develop relevamstautive equations, experimental data are require
during solidification for different stress stateslid fractions and strain rates. These data haes b
obtained recently in shear, compressive and tersfeditions for an Al-Cu alloy using devices
specifically developed for this purpose [9, 10,.11]

In particular, the shear and tensile behaviorsbateeved to be of great importance for the
generation of the casting defects, although comspresstress states can also play a role in specific
regions of the casting. In addition, in DC castthg accumulated strain is relatively small (in any
case less than 20%) and the strain rates are ks than 18 s%). This paper describes briefly the
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theoretical aspects of the rheological model andsgmts the experimental identification and
validation of the model parameters for an indus&ik5182 alloy in these two stress states.

2. Rheological model of the mush

The model that has been adopted for the rheologiehbvior of the mush is summarized
hereafter. More details can be found in [8] and].[Thhe mush is treated as a viscoplastic porous
medium saturated with liquid. The effect of straim the behavior of the partially solidified alloy i
accounted for by introducing an internal variaBléhat describes the state of cohesion of the mush.
Since the evolution of this internal variable ismsilered as stress state dependent, it also ascimuint
the different mechanical response between tensitt ampressive stress states. The constitutive
equation is written on the effective solid stresssbr 63 that allow us to take into account the

mechanical effect of the liquid phase:
6.=c+p |, 1)

where o is the total (applied) stress tensor apdis the liquid interstitial pressure. An associated
viscoplastic potentiaf) is describing the relation between the effectiskdsstress tensor and the
solid phase plastic strain rate tens‘:@r (normality rule):

LR
=t 2)

S

The external variables for the constitutive modet #aken to be(&s,és,T) where T is the

temperature. The internal variables are the tripfescalars ¢s, C, s). The variablegs is the solid
volume fraction. The variabl€ represents the cohesion of the solid skeletorvands between zero
and unity. The variable has the physical dimension of a stress and iesgmts an average isotropic
resistance to plastic flow offered by the solid gshéhat constitutes the solid skeleton. In theges
version of the modek is taken as constard £ s). This is because we are solely interested irnitjle
temperature behavior of the solid, for which iteasonnable to assume that the plastic flow resista
is constant [7]. Here the viscoplastic potentiates simply:

Q=0(P,7,,T,9..C) . (3)
where I5S and G_ are the effective pressure on the solid skeletod the Von Mises stress
(E :—%tr(&s) and o’ :gtr(Ss:Ss)j with S, denoting the solid phase deviatoric effective

stress tensorg, = 6 + EI ). The expression of the viscoplastic potentialppised in [8] introduces

both the softening effect of liquid saturated poves a pressure dependent term and the effect of
partial cohesion via the internal varialile

Q=— o __(AP?+Ag/ b , (4)
(n+1)(CSo)”( )

where 1h is the strain rate sensitivity (taken as tempeeatundependent here), and
&= Aexp(—%] is the strain rate reference. The functidgsand As depend solely on the solid
fraction and are taken from the literature on doyopis viscoplastic materials [12-13]. Now applying

Eq. (2) to the expression of the viscoplastic pua¢(Eq. (4)) leads to the expression of the strate
tensor as implemented in the Finite Element codA@BS:
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For the fully solid material, for whiclgs =1 andC =1, the effective stress is the applied stress (Eq.
(1)). Moreover, fogs=1, A, =0, A, =1, and Eq. (5) reduces to the classical power-laa piirely

viscoplastic dense material. Note also that whenlitjuid pressure effect is neglected, the effectiv
stress reduces to the applied stress.

The evolution equation for the partial cohesioreinal variable assumes that both the increase of
by interlocking of dendrites and its decrease lgrrengement scale with a scalar measure of the
macroscopic plastic strain rate for any type of stress state so that :

dc _ o c ),
E_a(gs’x)(l C*(gs,x)]ge’ (6)

Where &, = 1,%85 ;¢ and a(gs, X) andC’ (gs, X) are two functions of the solid fraction and of

the stress triaxialityX = E/ﬁs . We have shown that in the case of pure shs=0)( a(gS,O) and

c (g,S ,0) are increasing functions of the solid fraction @ad be considered as rate independent in
first approximation [7,8].

3. Experimental identification in pure shear

The dependence af andC* with the solid fraction is first determined inpaire shear stress-
state. The apparatus used for shearing the alldiarsolidification range is shown in Fig. 1. More
details concerning the experimental procedure eafobnd in [9]. The alloy is initially melted ineh
container and the inner cylinder is inserted in ligeid that subsequently fills the gap between the
two cylinders. The melt is then cooled down at mstant rate (-5 to —20°C/min) and the test is edrri
out at a given temperature. The solidification patbalculated with a numerical model accounting fo
back diffusion in the solid [14]. Shearing of theish is imposed by the vertical translation of the
inner cylinder at a constant speed and therebytaonstrain rate. Grooves were machined on the
surfaces of the two cylinders in order to avoigsige.

;'4;?‘-!* i
S Resulting

Imposed displacement T ,
strain

Outer cylinder

Innercylinder

MushyAlloy

Fig.1. Translation Shear Test.

The experimental determination of the characterMctionsa(gS,O) andC’ (gS,O) is carried out

on a grain refined AA5182, so that the dendritestwa considered as equiaxed. Therefore, isotropy of
the behavior is assumed. The results of isotheshabr experiments are plotted in terms of Von
Mises stress as a function of the macroscopicrs{féig. 2). Stress-strain curves exhibit a gradual
increase of stress with strain before reachingsaoglastic plateau after 10 to 20% strain. Since
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typical strains in DC casting do not exceed 10 %rig case, modeling of the shear behavior requires
to take into account this strain hardening. Thee raffect on the maximum stress at a given
temperature (solid fraction) as well as the effi#cthe solid fraction at a given strain rate areadly
demonstrated in fig. 2. Stress increases both mitteasing strain rate and increasing solid fractio

The strain rate sensitivity valuﬁ/1 is characteristic of the fully solid phase behavio
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Fig. 2. Shear behavior of AA5182. Von-Mises stresain curves for different solid fractions andastrrates.
Experimental data (thick curves) and comparison wathlytical predictions (thin curves).

The determination of the functiong andC* that govern the shear behavior of the mushy zéne a
small strains is carried out by using isothermaezimental data. For isothermal and constant strain
rate conditions, Eq. (6) can be integrated analiificIn order to describe the behavior of the ol
phase (values af, A, Q, andn), we use the results of Van Haaften et al. [18ggiin table 1.

A set of C*, a) values is determined for each couple of straie eatd solid fraction. Averaged
values ofC* and g are calculated for each solid fraction considetimgf these functions are strain
rate independent. The functions:
g 1/3 0
a(gs,0)= g +ay 7= 55 and C'(gs,0)=1-(1-g,) Y
S
describe reasonably well the evolution@fand a with the solid fraction in pure shear, with a smal

number of fitted parameters (values in table 1)thWhese functions, good agreement between
experimental stress-strain curves and predictioabiained (fig.2)

Solid state parameters Mushy zone parameters
Alloy (Al-Cu: ref. [10], AA5182: ref. [15]) (Al-Cu: ref [10], AA5182: this work)
-1 coal
s(MPa) [ A(s) | Q(kd/mol)| n p a, a, g° k
AA5182 52 2.65 10 125 3.44| 0.315 10.54 0.0632 0.94 100
Al-Cu 4.77 9.10 154 38| 0.11| 445 1.07%q 094 100
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Table 1 : Rheological parameters of the model inftiiig solid state &, A, Q,N) and in the mushy zone
(P, g, y, g§°a‘ ,K) for Al-Cu and AA5182 alloys. The solid state paetens are obtained from [15]

4. Tensile behavior

The tensile behavior of AA5182 alloy during solid#tion is studied using the apparatus shown in
Fig 3.

®
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Water cooling__ o/ | ®
[

Fig. 3. Schematic of the tensile experimental get-u

The initially solid specimen is completely remeltey induction in its middle part, and then
cooled at a controlled cooling rate of 1°€Euntil the temperature in the centre reaches aicevalue
in the solidification range. At this temperatureganured by a thermocouple, deformation is carried

out at constant velocityQ.02nm s *). Fig. 4 shows typical stress-displacement cumtesarious

solid fractions. Displacement is not transformetd istrain since the length over which deformation
takes place is not known. The curves show that mmaxi stress increases with increasing solid
fraction. In addition, two different behaviors ambserved: at solid fraction higher than 0.94, the
tensile stress is quite large before fracture bap drery rapidly at fracture; whereas for smallelids
fractions, it reaches lower values and decrease® g@adually. This solid fraction of 0.94 seems
therefore to correspond to the coalescence soadtiim at which solid bridges start to form
extensively between the dendrites [16]. Howevee, thaterial is brittle owing to the presence of
residual liquid films.

Since there is a strong inhomogeneity of the teatpes, solid fraction and, consequently,
strains in the tensile sample, the model respamsemputed with the help of numerical simulations
using the FEM code ABAQUS 6.4. The present model (&) and Eq. (6)) has been implemented
using the user subroutine CREEP, [17], and neglgcthe liquid pressure. The thermal field is
considered as an input and does not evolve witk.ti#xs shown in Fig. 5, only one quarter of the
specimen was modeled and axi-symmetric conditiom®wsed. The axial displacement was imposed
on the upper boundary of the computation domainthedsum of the reaction forces was recorded.
The mesh was refined close to the center of theirsie® where most of the deformation takes place
owing to the solid fraction gradient. On the othand, it was rather coarse in the fully solid regio

In order to account for coalescence in our matielrheological functiorr is taken as:

1/3
a(gs, X < 0):a0+allgs—gl,3 expk @s — 9™ ) (8)

— Ys

where g2 is the solid fraction at which coalescence starts.
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As demonstrated by Fig. 4, the experimental resalé reasonably well reproduced for the
following couple of parameterg®® = 094 and k =100. Note that the fracture of the sample is not
(and can not be) predicted, since the model doemaade any fracture criterion. However, knowing

the displacement at the onset of fracture from eyreriments, the computation of the axial strain
field for this displacement can help to determime tensile ductility of the mushy zone (see Fig.5).

71 a 9s=0.96T =540°C
gs=0.94 T =548°C
61 ¢ 9s=0.92T =555°C
gs=0.86 T =570°C
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Fig. 4. Tensile behavior of AA5182 (stress vs disphaent) at various solid fractions. Experimentatih
curves) and numerical simulation results (thin egjv

tensile
axis
_000e+00 +2.45%24=-0Z2
J9ETe-01 +Z2.Z220=-02
_934e-01 +2.087e-02
_90le-01 +1 _884=—02%2
_BATe=-01 +1 _A20e-02
_834e-01 +1.477e—-02
.800=-01 + +1.274e—-02
L TETe-01 +1.070e-02
.734e-01 +2 _671e—-072
JF00e-01 +hH_638=e-03
GBETe-01 +4 _E05=—-073
J633e-01 +2.571=—03
_600e-01 il +5.383e-04
Solid fraction field Axial strain field

Fig. 5. Solid fraction field (left) used for numeal simulations (input) and computed axial strahdf (right) at

the onset of fracture (result) f{gg=0.96 in the center of the sample (one quarteh®sample section is
shown).

5. Comparison with Al-Cu alloys

Qualitatively, the rheological behavior of AA5188ring solidification is very similar to that
of Al-Cu model alloys (see references [9,10,11]pthb in shear and tensile stress states.
Quantitatively, the stress levels are comparablestrasses are, on the whole, higher for AA5188 tha
for Al-Cu in similar conditions. A first explanatiofor this difference is the fact that the fullylido
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AA5182 exhibits higher viscoplastic stresses athhigmperature. However, this might not be a
sufficient explanation: in the case of pure shde,5182 alloy exhibits also higher valuescofand

C’, for the same solid fraction. In order to illuséréhis case, Fig. 6 shows an example of comparison
between the present experimental data and the medebnse for two different sets of parameters
(see table 1) :

1. Solid state parameters of AA5182, values of musine parametersa andC*) obtained for Al-

Cu alloys (ref. [10] and table 1).

2. Solid state parameters of AA5182, mushy zonarpaters obtained for AA5182 (Eq. (7), table 1).
The agreement with the measured curves is gooldeiriwo sets of parameters, though much better
with the second one (see Fig.6).

Concerning the tensile behavior, the values ol’pleirrelmetersg;OaJ andk, determined with the help of
numerical simulations, are the same for the twayall
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Fig. 6.Shear behavior of AA5182. Comparison between erpmrtal and model results with two different sets
of parameters and for two different strain rated swiid fractions. Thick solid lines: experimentahees; thin
solid lines: model curves with AA5182 mushy zoneapaeters; dashed lines: model curves with Al-Cuhmus
zone parameters.

6. Concluding remarks

The rheological behavior of a partially solidifiéd\5182 has been investigated in shear and
tension. Results are well reproduced by a phenologital model previously developed for Al-Cu
alloys. This model introduces the concept of caresif the solid skeleton. The effect of cohesion on
the rheological behavior is taken into accounthmy internal variabl€. Its evolution is governed by
two functions and accounts for strain effects anelss state dependence. Here we have presented the
model identification in two particular stress statehear and tension. In order to generalize thaemo
to any stress state, the dependence€ wiith the triaxiality X could be determined by making simple
assumptions based on compressive testing (see [A&)similar way to what has been done for Al-
Cu alloys [10].

This work shows that the method used to charaetennd to model the rheological behavior
of Al-Cu model alloys can be applied without magtifficulties to an industrial alloy. Moreover, the
discussion in part 5 shows that, in a first appr@tion, the functions and C* that govern the
evolution ofC can be written with the same form and parametdrstever the alloy. Consequently,
the rheological behavior of an alloy could be eated using Al-Cu data, provided that the behavior
of the solid alloy at high temperature is knownr§maetersA, Q, n ands). However, if a good
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accuracy is needed, experimental identificatiotheke functions is required for every specificallo
at least in pure shear and tension. Moreover, ¢hsile ductility of the mushy zone might be very
sensitive to the alloy composition and microstroetuwhich requires to perform tensile testing on
every alloy if one is interested in the maximumsiknstrain or strain rate that can sustain thehmus
Such information would be needed to propose adawtrig criterion [6, 19, 20].
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