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The Effect of Heat Transfer on Local Solidification
Kinetics of Eutectic Al-Si Cast Alloy
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Recently, Fourier thermal analysis (FTA) has been proposed as a suitable technique to obtain informa-
tion about local solidification kinetics in casting alloys. In this work, FTA was applied to a near-eutectic
aluminum-silicon cast alloy in order to seek experimental evidence supporting the solidification kinetics
obtained from this method. Also, a heat-transfer/solidification-kinetics model was used to compare pre-
dictions with experimental results. The metallographic findings, focused on interlamellar eutectic spac-
ings in different locations within a cylindrical casting, support the solidification kinetics obtained from
FTA. The model and experimental outcome including FTA results and metallographic observations sug-
gest that local solidification kinetics depend strongly on local heat transfer, and the analysis of this de-
pendence may be used to explain the observed changes in microstructural characteristics at different
locations within castings.

Keywords AI-Si eutectic, Fourier thermal analysis, interlamellar predictions with regar_d to the soli_dification kinetics data that
eutectic spacings, solidification kinetics result from the numerical processing of the temperature meas-
urements in two locations within a symmetric casting. The fun-
. damental concepts and implementation of this method have
1. Introduction been described elsewhere (Ref 7).
The purpose of this work is:
The modeling of solidification has recently received consid- «  To seek experimental evidence supporting the solidifica-
erable attention and has included among other topics the mod-  tion kinetics obtained from Fourier thermal analysis in an

eling of kinetics of microstructure formation coupled to eutectic aluminum-silicon sand cast alloy
macrqscopic heat flow (Ref l'). The main reasons behind thise  To use a heat-transfer/solidification-kinetics model to pre-
attention are the potentially significant savings in the time re- dict the local solidification kinetics in order to compare pre-

quired for prototyping and in the cost associated with defective dictions with experimental results

castings (Ref 2). However, despite the recent advances i To analyze the information obtained in order to explore the
microstructure formation modeling (Ref 1-4), there are only a effect of heat transfer on the local solidification kinetics
limited number of studies (Ref 5-8) directed toward the analy- within castings

sis of local solidification kinetics as it is influenced by the heat

transfer process involved in casting. During solidification, the

temperature gradients existing in the casting give rise to inho-2, Experimental Procedure

mogeneous volume fraction of solidified phases (Ref 5) and to

the presence of different microstructural characteristic lengths  The experimental array employed in this work is repre-

at different locations within the casting (Ref 6). sented schematically in Fig. 1. Preweighted quantities of a
In order to predict the solidification kinetics of an alloy at
any location within castings, the Fourier heat transfer equations Nomenclature

have been included (Ref 5, 8) in the mathematical modeling of
solidification processes, enabling the investigation of the tem-
perature-gradient effects on the solidification behavior of cast
products.

The verifications between model predictions and experi-
mental results can be properly addressed by using Fourier
Thermal Analysi{FTA) (Ref 5, 7). Because this method is
based on measurements of the actual thermal field of the liquid
metal during solidification, it is expected to be reliable in its
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near-eutectic aluminume-silicon alloy, designated as Al alloy, aT(x, ) afg(x, 1)

and whose composition is shown in Table 1, were melted in aCp —=— = Ol O T(x, )] + Ly BT (Eq1)

resistance furnace under an argon atmosphere. The alloy was

degassed with argon during the 8 min prior to pouring and di-

rectly cast into a green sand mold with a cylindrical casting whereT(xt) is the temperature fieldis the time (seconds)js

cavity of 0.016 m of internal diameter and 0.15 m in height the positionCy, is the volumetric specific hedtjs the thermal

(with an insulated top and bottom). In order to record the ther- conductivity,L; is the volumetric heat of fusiofyx, t) is the

mal history of the alloy during cooling, two 0.0003 m diam solid fraction, and the subscrigndicates the metal domain (

bore, type K thermocouples, with alumina sheath, 0.0016 m= 1) or the mold domain & 2). The term involvind(x.t) is

outside diameter, were introduced at the mid-height of the sandhull except for the metal domain during solidification. Assum-

mold cavity at two different distances from the center of the ing temperature independence of the thermal conductivity and

casting. Thermocouple outputs were recorded on a personaihat there is not heat flux in tfeand Zdirections for a cylindri-

computer with data recording and processing facilities. The cal system, Eq 1 reduces to:

cooling curves obtained were numerically processed using the

FTAmethod (Ref 7in order to obtain information about the so- aT(r. 1

lidification kinetics of the region of the casting near the inner - ~ *' 7

thermocouple. P ot '
After solidification, the specimen was cut in half in order to

verify the positions of the thermocouples, and a cross section of

the specimen was polished for microstructural observation.Qa= Qc* Qs

Three zones of interest were considered during metallographic

examinations of the cross section of the cylindrical probe: (1)

nter of the pr =0m, (2 f the pr r ) -
géootg rr?, z;ng (%)oizfér&rlr:e(;)iaté r(egi(()ar?rg;tgogfn?. Z?t(:nfilf)n Qa Qq: andQs are thg vqlumetrlc heat accumulatlpn flow, the
was focused on the average interfacial distances between e"%\‘flglwun;:;rpl)ce::]tei\?él?/ls'?cl)psact)ll(\)/g ﬂEO(;Nf’g(?ng t?r?evg(;lﬁr;fert;ﬁilggegé r;eat
tectic lamellae. function of time and position within the casting, must be de-
scribed. This information is provided by the solidification ki-
2.1 Heat-Transfer/Solidification-Kinetics Model netics model coupled to the heat-transfer calculations.
. . e In this work, it is assumed that no thermal impedance exists
Hgat Trarpfer. Durlng the cooling anql §oI|d|f|cat|on of the at the interface between the mold and the cast?ng (i.e., the air
aluminum-silicon alloy in sand molds, it is assumed that the gap formation has not been considered). Also, itis assumed that

macroscopic heat flow IS governed b_y _c_ond_uctl\_/e heat trans_ferthere is a convective heat transfer at the external mold surface
and latent heat generation due to solidification (i.e., convective

i " ~and an instantaneous filling of the mold cavity. Accordingly,
effects are not considered). Then the energy balance applied he following boundary and initial conditions were used to
the metal/mold system can be written as:

oT(r, )0 afyr, 1)
O+ L
or 0 ot

1
T (Eq 2)

0 d
—
arD

wherer is the radial position within the system, and the terms

solve Eq 2:
Table 1 Chemical composition of alloy Al
Composition, wt% Metal/mold interface: kg, Z—:— = ks% (Eq 3a)
Alloy Si Fe Cu Mn Mg Zn Al
Al 1143 051 062 019 010 0.05 bal

External mold surface: ksg—T =h(Tgri~ Tw) (Eq 3b)
r ,

whereh is the convective heat transfer coefficient at the exter-
nal mold surface, and the subscripts m, s, and Rt refer to the
metal, the sand mold, and the external surface of the mold, re-
spectively. The initial conditions that were considered during
the simulation are the pouring temperattirg, for the metal
domain and the room temperatufg, for the mold domain.

In order to solve Eq 2, a discretized description of the cylin-

) I drical metal/mold system is generated in the form of a finite dif-

ference mesh, composed of a known number of cylindrical
(1) Sand Mold (4) Data Acquisition volgme eIgrnentg (VE). When=il (.i.e., metal domain) and

. Hardware during solidification, the thermal history of a VE can be ob-

(2) Specimen tained from the evolution of the local heat flow accumulation

5} Personal Computer term,Q, (see Eq 2), which in turn can be simulated through the

(3) Thermocouples ® P knowledge of the net heat exchange of the VE to its sur-

Fig. 1 Schematic representation of the experimental array roundingsQ., and of the latent heat released as a result of local
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solidification,Qg, during the computing time step. Rearranging o R;

Eq 2 for the metal domain: 5r Me ATZ (Eq8)
aT(rY) a, 0 JaTrH0 Qq Qs
at :Tﬂg ar B+C_p: ZF+ C_p (Eq4) whereRg is the radius of the eutectic growing graipg,is

the eutectic growth constant, aAd is the eutectic under-
cooling,ATg = Tg —T. Calculations were performed usipg
wherea,is thethermaldiffusivity of the metal, adé is the = 5x 10-6(m/s[PC?) (Ref 1).

Fourier zero curve or baseline, which can be calculated, for  The effect of grain impingement on the solidified volume is
symmetrictemperaturefields(Ref7),byusingthethermocou-,, o into account by using the Johnson-Mehl (Ref 9) approxi-
plereadingsattwopositionswithinthecasting: mation to describe the solid fraction:

(T, -TPU Q. A
ZF = Gmmg= C_p (Ea 5) fs=1-exp(-(4/3) mNg R?) (Eq9)

In Eq 5.r is the radial position, relative to the symmetry axis of ~ Furthermore, in order to enhance the simulated cooling
the casting, the subscripts 1 and 2 refer to the inner and the oute¢urve fitting relative to experimental results near the end of
thermocouple positions within the casting, respectively@nd  freezing, the growth rate of the eutectic microconstituent is
represents the net volumetric heat flow exchanged by the censlowed (Ref 10) by the factor (1fg).

tral region of the casting (the region situated between the sym-  The coupling between macroscopic heat flow and solidifi-
metry axis,r =0 andr,, = (ry +r,)/2) to the surroundings. cation kinetics models was achieved by using a fully two-way
Equation 6, obtained by rearranging Eq 4 in tern@p$hows  coupling, as described by Sasikumar (Ref 11).

that d_urlng sol_ldlflcatlon, the instantaneous v_olumetrlc latent Equation 2 was solved by the implicit finite difference
heat liberated in the central region of the casting can be calcuipethod. During solidification, the local changes in the frac-
lated from the difference between the cooling rate, measured afi, s of solid within the casting are calculated at the beginning

the inner thermocouple position and #iebaseline curve: of every interval of time by inputting the temperature field at

this time into the solidification kinetic model. The results ob-

_ T ZFD E tained are then used during the calculation of the next tempera-
Qs=Cp Dljat - g (Eq 6) ture field.

This model was used to generate simulated cooling curves
in the conditions corresponding to the experimental measure-
¥nents. The thermophysical data used during calculations are

FTA, of solidification kinetics information. A detailed descrip- shown in Table 2

tion of the numerical processing of the cooling curves in order
to obtain quantitative information on solidification kinetics is Table 2 Selected data used during simulation
givenin Ref 7.

Solidification Kinetics. The model assumes instantaneous

Nucleation and growth constants (metal)

nucleation of the equiaxed eutectic grains and uses a simple, _ ; 51, 18 3
empirical nucleation law that correlates the number of eutecticg = 3 56x 10 2/m3 [PC2
nuclei and the cooling rate by employing a parabolic equation pz =5x 10°
of the form: Thermal conductivity (metal)(a)
k=77.36 Wim PC
2 ks=122.26 Wim PC
A mBTO o
Ng=A+ Bo—0 (Eq7) Thermal diffusivity (metal)(a)
Ptor=T, = 3.19x 105 m2/s
ag=5.5% 10 m%/s
n ¢ = 2450 kg/m?
wereN is the nucleation site density. The const&rasdB are Ly =9.5x10° I
shown in Table 2 and were determined experimentally from Sand mold
grain density (number/fiversus cooling rate data. Those data ¢ = 1500 kg/m?

were obtained by measuring the numbers of grains by the meanhermal conductivity (mold)
intersection method on several probes of Al alloy cooled at dif- k = -5 54x 1071973 + 1.88x 106T2—1.48x 102T+ 1.35  W/mCPC
ferent cooling rates and by linking—by numerical regression— peat capacity (mold)

the eutectic grain density to the cooling rate data when the. gogoc ¢ = —951x 103 T2+ 1.19T + 740.69 JkgPC
probe achieved the eutectic temperature of the alloy (Ref9). T<600°C cpp: 1045.03 + 0.13 JikgPC

The eutectic grains are assumed to be spherical in shape, anfd= 20 W/m?2 [PC
the rate of growth of eutectic grains is calculated using the rela-

tionship: (a) Subscripts: 1, liquid; s, solid
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The cooling curve derivativedT/dt) for the thermocouple
positioned at, of Fig. 2 and 3 corresponding to the experimen-

The pouring temperature of the experimental alloy and the tal and predicted curves, respectively, are shown in Fig. 4, in-
thermocouple locations are shown in Table 3. The resulting cluding the thermal analysis baselines for zero Fouzierfq
cooling curvesTversug) for the inner and outer thermocouple  5), once again, of the experimental and predicted cooling
positions, obtained during the cooling and solidification of the curves. The trend and shape of both paramed@fdt@ndZF)
Al alloy are shown in Fig. 2 and the predicted cooling curves show a very close resemblance with the results obtained from
according to the solidification model are shown in Fig. 3. FTA processing of cooling curves associated to other eutectic

In order to obtain local solidification kinetics information—  System alloys, in particular for eutectic gray castiron (Ref5, 7).
related to the metal region near the inner thermocoup]e_using The solidification rates obtained from the FTA method show
the experimental data, the experimental cooling curves were@n initial maximum of a relatively small magnitude followed
numerically processed using the Fourier method (Ref 7). Theby a significantly larger second maximum, attained almost at
simulated cooling curves were also treated using this method the end of solidification (Fig. 5). The experimental and pre-
The results obtained are shown in Fig. 4 to 8. dicted solid fractions in the central region of the casting, ob-
tained from FTA, are shown in Fig. 6. Regarding Fig. 5 and 6, at
the initial stage of solidification, the relatively slow operating so-
lidification rate produces a slow solid fraction increment that

3. Results and Discussion

Table 3 Experimental conditions and thermocouple

locations shows an initial restriction for solidification development in the
Pouring Thermocouple locations central part of the casting. This restriction is progressively
Alloy temperature, °C ry, m Iy m eliminated as the solidification of the cast reaches the end.
Al 680 0.0005 0.004 Figure 7 _shows t_he solid fraction and <_3Ierivative c_ooling-
curve evolution obtained from FTA processing of experimental
600 600
s ~
&~ 580 r1=0.0005 m O 5801 r1=0.0005m
2 o
= 560 £ 560-
g £
g 540 2= 0.004 m & 540
E‘ E. 2= 0.004m
& 520 S 520
500 . . . 300 . . .
0 20 40 60 30 0 20 40 60 80
time (s) time (s)

Fig. 2 Experimental cooling curves at the locations of interest,

shown in Table 3 Fig. 3 Predicted cooling curves at the locations of interest,

shown in Table 3
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Fig. 4 Experimental and predicted temperature derivatives,

andZF thermal baselines at the center of the eutectic Al-Si bar
using FTA
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Fig. 5 Experimental and predicted solidification rates at the
center of the eutectic Al-Si bar using FTA
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cooling curves. Here, it can be observed that the last liquid so-fects the microstructural characteristics of the solid formed at
lidifying in the central part of the casting solidifies under a different positions within the casting.
more negative cooling rate promoting large undercooling in  Figure 10 also shows a very close dependence of the solidi-
this zone. Accordingly, Fig. 8 shows the experimental solid fication evolution on the local heat transfer. @srepresents
fraction obtained from FTA and the apparent eutectic under-the heat flux exchanged from the local volume to its surround-
cooling (Ref 12) as a function of time. The eutectic growth ings, the model outcome indicates that local solidification de-
theories (Ref 13, 14), based on experimental evidence, indi-pends on the possibility of latent heat extraction from the local
cates that an increment in the operating undercooling duringvolumes to the external zones of the system. This in turn is re-
solidification promotes a finer eutectic microstructure, with stricted by the low heat extraction capacity of the sand mold. It
narrow spacings between eutectic lamellae. Hence, FTAresultss a well-known fact that the heat extracted from the casting is
indicate the presence, in the thermal center of the casting, of a&ontrolled by the low thermal diffusivity of the sand mold (Ref
liquid metal that solidifies under an increasing degree of under-16). The amount of heat that can be transferred through the
cooling, and this in turn implies the presence in this zone of fine mold imposes a dynamical restriction on the cooling kinetics of
and narrowly spaced eutectic silicon flakes. Metallographic the casting.
findings confirm the presence, at the thermal center of the cast- During the cooling process, when the region near the met-
ing, of a eutectic microstructure that shows very narrow inter- al/mold interface reaches the eutectic temperature, local solidi-
facial distances between eutectic lamellae, as shown in Fig. 9fication starts. Because the latent heat generated cannot be
which presents the interlamellar spacings in the central regioneasily transferred to the mold, due to the restrictions mentioned
near the symmetry axis of the casting (Fig. 9a), the external re-above, the heat accumulation in this region produces changes
gion near the metal/mold interface (Fig. 9b), and in the interme-in the thermal gradients acting within the casting.
diate region (Fig. 9c). Figure 11 shows the solidification model predictions for the
Similar effects have been shown by other eutectic alloy sys-local solidification rates and the local thermal gradients as a
tems. In eutectic gray cast iron (Ref 6, 15), the presence of
microstructural length refinement in the region near the ther-

mal center of the casting has been explained as an effect of th 1

increasing degree of undercooling in the final solidifying liquid

metal. - 0.8
In order to gain more insight into the factors affecting the so- &

lidification kinetics within the casting, it is interesting to ex- %) 0.6

plore the process phenomenology through the examination of™

the interdependence existing between the various features as¥3 0.4

sociated with the solid-fraction evolution in different locations =

within the metal as revealed by the model. = - 0.2
Figure 10 shows the solidification model predictions for the )

local solidification rates and the volumetric heat flow dissi- 0

pated,Q., as a function of time considering three positions in- 20 40 60 S0 100

side the casting. Here (c) refers to the symmetry axis of the time (s)

cylinder,r = 0 m, (i) to the metal/mold interfacez= 0.008 m,
and (m) to the intermediate region situated=a0.004 m. Note
that the relative positions within the melt clearly affect the local
evolution of solidification rates and the thermal events. This in
turn modifies the local conditions during solidification and af-

Fig. 7 Derivative of the experimental cooling curve and vol-
ume fraction of solidified Al-Si near-eutectic alloy at the center
of the rod casting using FTA

1 1 10
0.8 0.8: 8
.6 6 >
0.6 | predicted - %) f g
f; 0.4/ N 4473
0.4 | N e
0.2 AT, 2
0.2 experimental ] e
' ] : 0
0 0020 " 40 60 S0 100
0 20 40 60 80 100 time (s)
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Fig. 6 Experimental and predicted volume fractions of solidified
Al-Si eutectic alloy at the center of the rod casting using FTA

Journal of Materials Engineering and Performance

Fig. 8 Experimental volume fraction of solidified Al-Si eutec-
tic alloy and apparent eutectic undercooling in the central region
of the casting
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function of time in the casting regions discussed previously. A regions of the casting). in Fig. 10) and controls the solidifica-
closer examination of the results shown in Fig. 11 indicates tion evolution within the casting. Thus, the latent heat liberated
that, when the outer casting zone, (i), starts its solidification during the eutectic solidification of the outer zones and the heat
and as the latent heat cannot be easily transferred to the moldextraction rate imposed by the low thermal diffusivity of the
then the local heat accumulation produces a reduction of the loimold are related to the changes observed in the local thermal
cal thermal gradients acting on the inner regions (m) and (c).gradients in the casting, which restrict the solidification of the
This in turn modifies the heat exchanges between the differentinner zones by controlling the amount of heat that can be trans-

Fig. 9 Interlamellar spacings in different positions of the test
casting. (a) central region= 0 m. (b) External regiom,=
0.008 m. (c) Intermediate regianz 0.004 m

1083 Volume 8(1) February 1999

ferred from the inner casting regions to the outside.

Model predictions show that the solidification process starts
almost at the same time in all the regions of the casting, as re-
vealed by the sudden increase in the solidification rates, corre-
sponding to the three casting positions (see Fig. 1G; ts).

After the start of solidification, there exists a hindering effect,
related to the local thermal gradient changes, that slows the so-
lidification rates acting in the inner zones of the casting, and
this trend continues until most of the heat liberated by the so-
lidification of the outer zone is dissipated through the met-
al/mold interface. When this is achieved, the inner regions
accelerate its solidification by increasing sequentially its so-
lidification rates. Furthermore, the relative magnitude of the

0.24 == [0

( )/' QC

m
Q \(i) Ax108 £
° -
g 0.12 §
=1 2x10% 2

0] -3x10°

time (s)

Fig. 10 Solidification rates and volumetric heat flow dissi-
pated,Qc, as a function of time and position inside the casting,
predicted by the model. (c) refers to the region near the symme-
try axis of the cylindem, = 0 m; (i) to the metal/mold interface,

r =0.008 m; and (m) to the intermediate region situated at
r=0.004 m.

0
—_ L-1000 a
é 2000 g
= =
e._a.“ -3000 Q
g
L-4000
0 L5000
0 20 40 60 80
time (s)

Fig. 11 Solidification rates and local thermal gradients as a
function of time and position inside the casting predicted by the
model. (c) refers to the region near the symmetry axis of the cyl-
inder,r = 0 m; (i) to the metal/mold interface= 0.008 m; and

(m) to the intermediate region situated at0.004 m.
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maximum local solidification rates indicates that the under- silicon flakes. Metallographic findings confirm the presence, at
coolings acting when solidification develops more intensively the thermal center of the casting, of an eutectic microstructure
in the external and in the central region of the casting are largetthat shows very narrow interfacial distances between eutectic
than those present during the solidification of the intermediate lamellae. This supports the solidification kinetics obtained
region of the casting. This implies finer interlamellar spacings from FTA.
at the edge and in the center of the casting than those presentin Comparing the FTA results corresponding to experimental
the intermediate region, as shown by the metallographic ex-data with those associated with the simulation solidification
amination of the test probe (see Fig. 9). model used in this work, one can observe a close resemblance

Figure 12 shows the solid fraction and the eutectic under-between the shape of the experimental cooling curves, deriva-
cooling evolution of the external and central region of the cast- tives of the cooling curves, thermal analysis baselines, solid
ing predicted by the model. In this figure, it can be seen that thefraction evolution, and solidification rates with those obtained
last liquid alloy in the central region solidifies with an increas- from the Fourier analysis of the predicted cooling curves. Thus,
ing degree of undercooling. This shows that the model predic-th.e computerIS|muIat|on predictions are in good agreement
tions follow the experimental findings. The presence, at the With the experimental results. _ N
thermal center of the casting, of a liquid alloy that can achieve ~ During solidification of eutectic cast aluminum-silicon un-
considerable undercooling during the last stages of solidifica- Modified alloys, the characteristic microstructural lengths de-
tion can be explained as a result of the evolution of internal P€nd on the position in the cylindrical casting. The observed
thermal gradients during the solidification process. This in turn trénd is as follows: very narrow interlamellar spacings at the
can be the reason behind some phenomena that have been efd9€ of the casting followed by an intermediate zone showing
countered in other alloy systems, specifically the occurrence ofC0arSer spacings and relat|vely_th|ck silicon flake_s. Finally, at
secondary nucleation (Ref 6) and the effect called inverse chill e thermal center of the casting very narrow interlamellar
in gray irons. spacings are fpund again.

With regard to the simplified assumptions used in this work, The analysis of the model outcome shows that the heat ex-

the roll of fluid flow and of the air gap formation on the effects traction restriction imposed by the low thermal diffusivity of

discussed above must be established. It is thought that the prestbe sanq mpld produces changgs in the |nternfal thermgl gradi-
; : ents acting in the different positions of the casting. This in turn
ence of an air gap promotes the mentioned effects.

; . . . regulates the energy exchanges of the local regions of the cast-
Finally, the model and experimental results, including FTA g 9y g g

. . - ing and controls the local solidification kinetics. As a result of
results and metallographic obs_er_v_atlo_ns, S.UQQESt that there is this situation the operating conditions during local solidifica-
strong dependence of local solidification kinetics on local heat i, are different in different positions of the casting.
transfer, and the analysis of this dependence may be used to ex-
plain the observed changes of microstructural characteristics at
different locations within castings. Acknowledgment
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