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ABSTRACT

In thiswork amethod to estimate grain growth parameters during equiaxed
eutectic solidification is presented. The method assumesfree grain growth
before impingement and an exponential dependence of the grain growth
rate on undercooling. In order to validate the method, a heat transfer /
solidification kinetics (HT/ SK) model was implemented. Once validated,
the method was used to estimate experimentally the kinetic parameters of

KEYWORDS
Solidification;
Kinetics;
Growth;
Eutectic;
Al-S;
Modeling.

equiaxed growth of anear eutectic Al-Si alloy not modified an modified with
Sr. Results shows that eutectic grain growth parameters of eutectic Al-Si
change as a consequence of eutectic modification with Sr.

© 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Control of solidification microstructuresisvita for
thedevd opment andimprovement of thequality and prop-
ertiesof thefina cast products. Prediction of theforma:
tionand evolution of thecast microdtructureisintimately
linked to understand the solidification kinetics (SK). For
such apurposg, different kindsof mode shave been de-
veloped inthelast couple of decades. Intheworks of
Liuet a.M and Nakagjimaet a.? are discussed recent
methodol ogicd progressesinmodeling of solidification
and cadting.

Themodd susedin computer smulationsof solidifi-
caioninvolvecd culationson nucleation and growth ki-
neticswhichinturn depend ontheavailahility of nucle-
ation and growth laws capableto reproduce the experi-

mental behavior. Therefore, thereisanecessity to de-
velop new experimenta methodsto obtain dataalowing
thesimulation of SK for specificdloys.

Fourier thermal analysismethod (FTA) has been
used to study SK of different systemsof metallurgica
interest likecommercia aloys® and meta matrix com-
posites. Thismethod has been described in detail by
Frasetd .. FTA givesonly SK informationontheevo-
lution of solidfraction, fs, and solidificationratedf/dt. In
order to obtain moredetalled information about kinetics
of eutectic equiaxed growth, someeffortshavebeenre-
ported on the devel opment and validation of method-
ologiesdlowinggrangrowth characterization during so-
lidification of undercooled melts. Thefollowing expo-
nentia equation hasbeen usedtodescribeequiaxed grain
growth asafunction of theundercooling (AT):
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()= pat ®
Ineq.(1) Risthegrainradius, tistime, pandnarethe
growth parametersand AT=T _-T, defines undercool -
ing, where T _istheeutectic temperatureand T isthe
ingantaneoustemperatureduring solidification. Degand
et al.l¥ performed experimentswith Al-Si eutectic al-
loy. They found that if thevalue of theexponential coef-
ficient niskept constant at 2in eg. (1), accordingto the
classical theory of eutectic growth, the presence of Sr
decreasesthevalue of the preexponential growth co-
efficient of modified eutectic.

Diozegi and Svensson” have proposed amethod
to obtain thegrain coefficients p and n from solid frac-
tion evolution and grain density data using the
Kolmogorov, Johnson, Mehl and Avrami graingrowth
moded (KIMA). They vdidated their method usingvol-
umegrain density and ssmulated cooling curves, gen-
erated by aHT/SK model for eutectic gray iron. How-
ever therearenot availablereportsinthe open litera-
ture onthe applications of their method to experimen-
td eutecticdloys.

It has been mentioned that Al-Si eutectic modifi-
cation with Sr occurs as aconsegquence of changesin
nucl eation and growth mechanism of eutectic silicon.
Thereforeit could beinteresting to test any methodol -
ogy intended to obtain grain growth parameterswith
Al-Si eutectic aloy, not modified and Sr modifiedin
order to detect possible changesin the eutectic growth
coefficients.

Accordingly, the purpose of thiswork wasthe de-
vel opment and validation of amethod for determina-
tion of eutectic grain growth kinetic coefficientsand
the application of the method to the case of a near
eutecticAl-Si aloy, not modified and modified with
Sr.

MATHEMATICAL MODELING

Free growth model and method for deter mining
growth coefficients

If itisassumed that EQ. (1) describesthe depen-
dence of thegrain growth rate on undercooling aplot
of log (dR/dt) versuslog (AT) would givevauesof n
and . Thegrowthrate dR/dt can be obtained using a
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graingrowth modd linkinginstantaneoussolid fraction
and grainradiusand known dataon solid fraction evo-
Iutionand graindengty. Inthisway, anequivdent grain
radius can be obtained every timestep, At, recorded in
thecooling curve,

Itisassumed that during solidification of thesample
thereare N spherica grainsof meanradiusR devel op-
ingfredy at thesametime. N isthe number of grains
per unit volume. Thesolid fractionintheearly stages of
growth at atimetisgiven by thefollowing equation
where Fs and R are the solid fraction and radius at

timet, respectively:
Fs' =%1:N(R‘)3 )

Thedensty of grainsper unit volumeinthesample, N,
can be determined by metall ographic methodsand Fs
can beobtained from FTA. Thus, itispossbleto esti-
matetheinstantaneousgrainradius, R'. Theevolution
of grainradius asafunction of time can be obtained
fromeq.(3).
dR R t+dt — Rt
dt o At ®)
Theinstantaneousundercooling during solidifica
tion, AT, can be obtained from the temperature regis-
teredinthecooling curve.

Heat transfer and solidification kinetics (HT/SK)
model and inver seheat transfer modeling

TheHT/SK model ssimulatesthe cooling and so-
lidification of acylindrica body of metd, thermadlyiso-
lated at itstop and bottom, in order to obtain thermal
histories of eutecticAl-Si alloy under cooling condi-
tionscloseto theexperimenta conditionspresentinthis
work. Themode assumesthat, at thebeginning of the
cooling process, theentiremetal domainisat thesame
initial temperature. It isal so assumed the description of
all heat transfer resi stances at theexterna boundary by
acombined hest transfer coefficient, obtained fromex-
perimental cooling curvesand the useof inverse heat
transfer modeling to smulatethe cooling of theliquid
metd intoametallicmould. Thecooling of themeltand
the heat flow toitssurroundingsissimul ated assuming
that heat transfer within themeta isgoverned by con-
ductive heat transfer and latent heat generation dueto
solidification, constant thermo physica propertiesand
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unidirectiond radia hest flow.

The energy balance applied to the metal system
under study described above can bewritten as:

v OT(r,t wld , OT(r,t v ofs(r,t

op K e T S0
where Cp' and k™ are respectively the volumetric heat
capacity and thetherma conductivity of themetd, T (r,
t) isthetemperature, ristheradial postion, tisthetime
and L’ isthevolumetric heat of fusion

Theboundary conditionsare:
aT
r=0 e 0 5
=" —k‘“z—:—:heﬁA(T—Tw) (6)

Ineq.(6) h,, isthecombined heat transfer coefficient,
which smulatesthe heat extraction from the outer sur-
faceof themetal, located at r=r, .. Tosolveeq.(4),
fs(r,t), thesolid fraction asafunction of timeand posi-
tion within the casting must be known. The SK model
describedinapreviouswork onAl-S adloys? iscoupled
to the heat transfer cal cul ations.

Theeutectic grainsare assumed to be sphericd in
shapeandtherate of growth of eutectic grainsiscacu-
latedusing eq. (1) withp=5x10*mSt°C2andn=2.
Latent heat of eutecticAl-Si wasobtained from FTA
applied to the experimental melts. The other thermo
physica propertiesof eutecticAl-Si aloy used during
calculationscan befoundin®.

Eq. (4) wassolved numerically by discretizing the
cylindricad metd systemintheformof afinitedifference
mesh composed by aknown number of cylindrical vol-
umeeements(VE) and usingtheexplicit finitediffer-
encemethod. Inorder to fulfill thestability needs, time
step for calculationswas set at 0.0025 s.

For inverseheat transfer modeling, themodd pre-
viously described and the basic ideas mentioned by
Santoset al.[*% were used to obtain the global or com-
bined heat transfer coefficient, h ., asafunction of time
or temperature. For instance, the semi empirical heat
transfer coefficient used during cal cul ation of the cool -
ing of the probe during thestage of cooling of theliquid
probeisgiven by thefollowing equationwhere T, _is
theinstantaneoustemperature at the outer volumeele-
ment of themeta domain:

hy =51+4.8x107°* exp(—ji—g‘l) 7
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EXPERIMENTAL PROCEDURE

Méetswereproduced inaneectricfurnacewithan
argon atmosphereto obtain anear eutecticAl-Si dloy
using burdensof commercial purity silicon and A356
aloy. Chemica composition wasadjusted using spark
emisson spectroscopy. TABLE 1 showschemica com-
position of theexperimentd baseand S modified melt.

Theéeffect of the presence of eutectic modification
on thegrain growth kinetic parameterswas explored
by triplicatefor the same Sr modified, (S addition) and
non-modified (no Sr addition) near eutecticAl-Si aloy.
Theaddition of strontium wasaccomplished usingAl-
10%Sr magter dloy. Thermd andysistest sampleswere
taken by submerging acylindrica stainlesssted test cup

TABLE 1: Chemical composition of experimental alloys
S Fe Cu Mn Mg Zn S Al

Not
Modified 12.6 0.45 0.02 0.1 0.25 0.02 0.0001 Bal
Sr
Modified 12.5 0.42 0.02 0.1 0.24 0.02 0.0196 Bal

(0.03 minner diameter, 0.05minheightand 1.5mmin
thickness, covered with boron nitride) intothemelt. The
cupswerekept submerged for approximately 30 sec-
ondsto alow them to reach thebath temperature. Then,
they wereremoved from themelt and placed on ather-
mal analysistest stand wherethey wereisol ated ther-
mally at the top and at the bottom. In order to record
thethermal history of thealloy duringitscooling and
solidification, two thermocouples, typeK, withaumina
sheath, 0.0015 m OD, wereintroduced in theliquid
sampl e at the same depth at two different radial posi-
tions. Thermocouples output wasrecorded in aper-
sona computer connected to aNI FieldPoint cFP 1804
dataacquisition system. A calibration procedure was
performed with 99.9 % aluminum. The experimental
cooling curveswerenumericaly processed using FTA
method in order to obtaininformation about theevolu-
tion of solid fraction during solidification of thesample.

For microgtructurd analysis, the sampleswere sec-
tioned transversally and prepared by standard polish-
ing procedures. The microstructure of the specimens
was observed using optical microscopy. In order to
reved theeutectic grain boundariesand determinegrain
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density, acombination of the methods of thermal and
chemicad etching proposed by Degand et d ¢ wasused
inorder to achievegood grain boundary resol ution. Pol-
ished, instrumented samplesare held in afurnace dur-
ing 10 minutes at atemperature of about 560°C, and
then quenched inwater. A second step consistsin etch-
ing the surface of the sampleswith Poulton’s etchant
(60%HCI, 30% HNO,, 5%HF, 5% H,0) during 30-
60 seconds.

RESULTSAND DISCUSSION

Inorder to validate thegrain growth characteriza-
tion method proposed in thiswork, the HT/SK model
described previoudy wasused to smulatethe cooling
and solidification of acylindrical casting of eutectic
Al-S alloy under cooling conditionssimilar totheex-
perimental conditions present during experimentation
with aheat transfer coefficient obtained from experi-
mental cooling curvesusing inverse heat transfer mod-
ding.

The radius of the casting wasr = 0.015 m and
two cooling curveswere obtained for volumed ements
located at two different radial positions(rl=0andr2
=0.005m). The cooling curvesweresimulated by the
mode and numerically processed using FTA method.
Thevolumegrain density predicted by themodel was
5.2x 108graingm?d.

Figure 1 showsthe cooling curves predicted by
the model and the solid fraction evolution obtained
from FTA numerical processing of these curvesand
the parts of the cooling curve and the solid fraction
curvethat are used for grain growth kinetic calcula-
tions. The cooling curve dataused to cal culatethe ther-
mal undercooling includesthe section of the curve
corresponding to the point of maximum undercooling
and a point near to the point of maximum recales-
cence, shown at timestl and t2in Figure 1. During
thistimeinterval, using the known number of grains
per unit volumeand the solid fraction evolution asa
function of time predicted by FTA, itispossibleto
caculatetheevolution of thegrainradius.

Figure 2 showstheplot of log (dR/dt) versuslog
(AT) generated by the method, whereit canbe seena
good fit to alinear equation, with an intercept of -
5.31, i.eapreexponential growth coefficient of u=
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Figurel: Cooling curvespredicted by the HT/SK eutectic
Al-S modd and FTA solid fraction evolution and description
of the time interval used to perform grain growth
characterization
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Figure 2 : Logarithmic plot of grain growth rate against
under cooling obtained from themethod proposed in thiswork

4.9x 10, and an exponential coefficient of 2.0which
suggests, when compared to the growth coefficients
used by themodel (u=>5 x 10 and n = 2), that this
methodol ogy could be used to obtain the growth co-
efficientsfor equiaxed eutectic grain development.

Accordingly the method was applied to experi-
mental information related to the estimation of the
growth coefficientsfor the near eutecticAl-Si aloy
under study, non-modified and modified with Sr. Ex-
perimental cooling curves were numerically pro-
cessed using FTA to obtain the solid fraction evolu-
tion. Figure 3 showstypical macroetched, not modi-
fied, Figure 3(a), and Sr modified samples, Figure
3(b). Thevolume grain density determined for not
modified and Sr modified samples was roughly 7
x10% and 1 x 107 grains/m?® respectively.

Figure 4 showstypical plotsof log (dR/dt) ver-
suslog (AT) for an experimental non modified, Fig-
ure4(a) and Sr modified, Figure 4(b) near eutectic
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Al-Si dloy.

Preexponentia and exponentia coefficientsob-
tained from experimental dataare shownin TABLE
2. It can be seen that thereisastatistically significant
difference between growth coefficientsfor not modi-
fied and Sr modified samples, which suggest that Sr
maodification has changed thefunctional relationship
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Figure4: Logarithmic plot of grain growth rate against

under cooling obtained fromdatafor: (a) not modified and (b)
Sr modified samples

Figure3: Typical macroetched samplesof (a) not modified and (b) Sr modified experimental alloys
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TABLE 2 : Growth kinetic coefficients obtained for not

modified and Sr modified probes
Alloy Log (w) B n
Not modified -6.6+-4 25x107 2+-0.2
S modified -8+-.2 1x10°® 3.1+/-02

between equiaxed grain growth rate and undercool -
INg.

It can be seen that there is some dispersion for
the coefficientsobtained using thismethod. Infact this
method, aswell asthe method proposed by Diozegi
and Svensson!™, arevery sensitiveto changesin un-
dercooling and volume grain density data, and these
aspects must be evaluated very carefully in order to
obtain reproducibleresults.

In order to explore the validity of the obtained
grain growth parameters, thesegrain growth lawsand
experimental grain density wereintroduced into the
HT-SK model devel opedinthiswork inorder to smu-
late the cooling curves of aunmodified and aSr modi-
fiedAl-S aloys. Figure5 showsexperimenta Figure
5(a), and predicted, Figure 5(b), cooling curvesfor
unmodified and Sr modified eutectic, Al-Si alloys.
From Figure5itisclear that thereisagood agree-
ment between experimental and predicted cooling
curvesfor not modified and Sr modified Al-Si eutec-
tic aloy, suggesting that the method devel oped in this
work could be used to obtain kinetic parametersto
describe quantitatively grain growth during equiaxed
solidification modeling.
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Figure5: (a) Experimental and (b) simulated cooling curves
of not modified and Sr modified eutectic using nucleation
dataand grain growth coefficientsgenerated in thiswork

CONCLUSON

Itisproposed amethod usngasmplifiedfreegrain
growth model for the determination of eutectic grain
growth parametersduring eutectic solidification.

Themethod hasbeen validated using aheat trans-
fer/solidificationkineticsmodd.

The method was used to study anear eutecticAl-
Si dloy, withand without Sr additions.

Results suggest that growth parametersof Al-Si eu-
tectic change as a consequence of eutectic modifica
tionwith .

—== Pyl Paper
ACKNOWLEDGEMENTS

Theauthorsacknowledge DGAPA UNAM, for its
financia support (Project IN113912) andtoA. Ruiz,
andA. Amarofor their valuabletechnical assistance.
C. Gonzalez-Rivera acknowledges CONACYT
Mexico for itssupport through asabbatical grant.

REFERENCES

[1] B.Liu, Q.Xu, T.Jing, H.Shen, Z.Han; J.of Metals,
63, 19 (2011).

[2] K.Nakajima, H.Zhang, K.Oikawa, M.Ohno,
P.G.Jhonsson; 1SIJ International, 50, 1724 (2010).

[3] H.Cruz, M.Ramirez-Argaez, A.Juarez, A.Garcia,
C.Gonzalez-Rivera; J.of Mater.Eng.and Perf., 18,
441 (2009).

[4] A.Cetin, A Kalkanli; J.of Mater.Process.and Tech.,
209, 4795 (2009).

[5] E.Fras, FKapturkiewicz, A.Burbielko, H.F.Lopez;
AFS Transactions, 101, 505 (1993).

[6] C.Degand, D.M.Stefanescu; G.Laslaz.Proc.Int.
Symp.on Advanced Materials and Technology for
the 21st Century, Honolulu, USA, 55, (1995).

[7] A.Dioszegi, |.L.Svensson; J.of Cast Met.Res., 18,
41 (2005).

[8] Y.H.Cho, A.K.Dahle; Met.mater. Trans.A, 40A,
1011 (2009).

[9] C.Gonzalez-Rivera, B.Campillo, M.Castro,
M.Herrera, J.Juarez; Mater.Sci.Eng.A, A279, 149
(2000).

[10] C.A.Santos, J.M.V.Quaresma, A.Garcig; J.of Al-
loy and Compd., 319, 174 (2001).

— Pt icly Science
ﬂaVMnW



