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Dendritic Growth in an Aluminum-Silicon Alloy

H. Kaya, E. Gadirli, and M. Giindiiz

(Submitted December 16, 2005, in revised form May 8, 2006)

Unidirectional solidification experiments have been carried out on an Al-3 wt.% Si alloy as a function of
temperature gradient, G and growth rate, V. The samples were solidified under steady-state conditions with
a constant growth rate of 8.20 pm/s at different temperature gradients (1.97-6.84 K/mm) and with a
constant temperature gradient (6.84 K/mm) at different growth rates (8.20-492.76 pm/s). Microstructure
parameters (primary dendrite arm spacing, /,, secondary dendrite arm spacing, 1,, dendrite tip radius, R
and mushy zone depth, d) were measured as a function of temperature gradient and growth rate. The
experimental results have been compared with the current theoretical models and similar experimental

works.
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1. Introduction

Aluminum alloys with silicon as a major alloying element
are a class of alloys, which are the basis of many manufactured
castings. This is mainly due to the outstanding effect of silicon
in the improvement of casting characteristics, combined with
other physical properties, such as mechanical properties and
corrosion resistance (Ref 1). The microstructure formation
during solidification depends on the alloy characteristics and
primarily is a function of the temperature profiles at the
solidification interface. When a metallic alloy is solidified, the
most frequently observed solid morphology is the dendritic
microstructure (Ref 2). In the dendritic solidification of alloys,
the solute redistributes due to the difference in solubility
between the liquid and solid phases. The solute rejected from
the solid-liquid interface develops a region in the liquid in
which the actual temperature is lower than the liquidus
temperature and leads to constitutional supercooling (Ref 3).
Dendritic microstructures are characterized by the microstruc-
ture parameters. Numerous solidification studies have been
reported with a view to characterizing the microstructural
parameters such as primary dendrite arm spacing (4,), second-
ary dendrite arm spacing (4,), dendrite tip radius (R) and mush
zone depth (d) as a function temperature gradient (G) and
growth rate (V) ahead of the microscopic solidification front
(Ref 4-16).

A literature survey shows that several theoretical studies
(Ref 6-10, 17-23) and theoretical models (Ref 20, 22, 24-31)
have been used to examine the influence of solidification
parameters (G, V) on microstructure parameters (4;, 4., R
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and d). According to these results an increase in the
solidification parameters results in a decrease in microstruc-
ture parameters.

Theoretical models have been proposed in the literature to
describe 4, as a function of 7, G and C, by Hunt (Ref 24), Kurz
and Fisher (Ref 25), Trivedi (Ref 26), Hunt and Lu (Ref 20) and
Bouchard and Kirkaldy (Ref 27, 28). Hunt allowed for the
interaction of the diffusion fields between neighboring cells.
The relationship between A; and solidification parameters (G, V,
C,) for a spherical dendritic front with the growth condition for
dendrites is determined by the minimum undercooling. Equa-
tion (1) presents the Hunt model,

M =2.83[m (k — 1)DI'** CA#By02G03 (Eq1)

where m is liquidus slope, k is partition coefficient, D is
diffusion coefficient in liquid and I" is Gibbs-Thomson
coefficient.

Another theoretical model to characterize A; as function of
G, Vand C, was developed by Kurz and Fisher (Ref 25). They
assumed that the shape of the cell or dendrite can be
approximated as ellipsoids and using the marginal stability
criterion for an isolated dendrite or cell, they simplified their
results for the low velocity (V< V.y/k) and for the high velocity
(V> V k) regimes (where V is the critical velocity at which
the planar interface becomes unstable). For V>V (/k, Kurz and
Fisher obtained,

=43[m(k — 1)DI/K?]**

C(()),ZS V—O,ZS G—045 (Eq 2)

Another theoretical model to characterize 4, as function of
G, V, C, was developed by Trivedi (Ref 26). Trivedi modified
the Hunt model by inserting marginal stability criterion.
Equation (3) presents the Trivedi model,

A =2.83[m(k — 1)DI'L*# 0¥y ~05G-03 (Eq3)

where L is a constant depending on harmonic perturbations.
According to Trivedi, for dendritic growth, L can be any value
between 10 and 28. These theoretical models are very similar at
high growth rate for 1; and the difference among them is only a
constant.
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Hunt and Lu (Ref 20) investigated the cellular/dendritic
array growth by using a numerical model. They presented
analytic expressions that fitted with the numerical results.
According to the Hunt and Lu model, in the absence of
convection, the dimensionless primary dendrite arm spacing is
given by,

N = 0.07798 V/(a70.75)(V/ _ G/)0.75G/—0.6028 (Eq 4)

where, 2 = JAT,/(Tk), G' = GTK(AT,)*, V' = VIki(DAT,),
AT, =mCyk = 1)/k and a=-1.131-0.1555 log G’ -
0.007589 (log G’)* where A/, G’ and V” are dimensionless
parameters.

Another theoretical model was proposed by Bouchard and
Kirkaldy (Ref 27, 28). These authors calculated the primary
dendrite spacings and assumed the solidification under the
conditions of unsteady-state heat flow.

1/2

. 16 C\2G.erp\ " (Eq5)
= a _—_——

LA T S mey q

where G,¢ is a characteristic parameter ~600x6 K - (cm)”", a;
is the primary dendrite-calibrating factor, which depends on the
alloy composition (see Appendix A).

Langer and Miiller-Krumbhaar (Ref 22) carried out a detailed
numerical analysis of the wavelength of instabilities along the
sides of a dendrite and predicted the scaling law as 4,/R = 2.
Using the scaling law 1,/R = 2, the variation in 1, for small
peclet number conditions given by Trivedi and Somboonsuk
(Ref 29) was obtained as,

A = (8TDLJkVAT,)> (Eq6)

where AT, is the difference between the liquidus and solidus
equilibrium temperatures.

For secondary dendrite spacings, Bouchard and Kirkaldy
(Ref 27, 28) derived an expression, which is very similar to the
marginal wavelength formula (Ref 7).

N 1/3
4r D
Ay = 2ma; 72(—>
Co(1 —k)°Te \V

where a, is the secondary dendrite-calibrating factor, which
depends on the alloy composition (see Appendix A) and 7% is
the fusion temperature of the solvent.

As mentioned above, the Hunt (Ref 24), the Kurz-Fisher
(Ref 25) and the Trivedi (Ref 26) models were used to find the
relationships between R as a function Vand C,. R is given

(Eq7)

R=[2I'D/m(k — 1)]*°C; 03y =03 (Eq8)
R=2x[CD/m(k — 1)*C;05p=03 (Eq9)
R=[2kT'DL/m(k — 1)**C; 03y =03 (Eq 10)

in Hunt model (Ref 24), Kurz and Fisher model (Ref 25) and
Trivedi model (Ref 26), respectively (Eq 8-10). As can be seen
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from Eq (8-10) the theoretical models for R are also very
similar and the difference among them is only a constant.
Rutter and Chalmers (Ref 30) and Tiller et al. (Ref 31)
derived mushy zone depth formula from the constitutional
supercooling criterion in the absence of convection.

AT,
d =
G

(AT(,: —mAC(,:TL—Ts) (qul)
where 71 and T are liquidus and solidus temperature of the
solvent, respectively.

The aim of the present work was to experimentally
investigate the dependency of the 4,, 4,, R and d on G and V'
in the directionally solidified Al-3 wt.% Si binary alloy system
and to compare the results with the current theoretical models
(Ref 20, 22, 24-31) and previous experimental results (Ref 5,
11-16, 32-63).

2. Experimental Procedure

The Al-3 wt.% Si alloy samples were prepared by melting
weighed quantities of Al and Si of >99.9% purity in a graphite
crucible placed into a vacuum melting furnace (Ref 54). After
allowing time for melt to become homogeneous, the molten
alloy was poured into 13 graphite crucibles (250 mm in length
4 mm ID and 6.35 mm OD) in a hot filling furnace (Ref 55).
Each specimen was than positioned in a Bridgman-type furnace
(Fig. 1 and 2) in a graphite cylinder (300 mm in length 10 mm
ID and 40 mm OD). After stabilizing the thermal conditions in
the furnace under an argon atmosphere, the specimen was
grown by pulling downwards at a constant rate by means of a
synchronous motor. Samples were solidified under steady-state
conditions with a constant growth rate (8.20 pm/s) and
different temperature gradients (1.97-6.84 K/mm), and with a
constant temperature gradient (6.84 K/mm) and different
growth rates (8.20-492.76 um/s) as shown in Table 1. After
80-120 mm steady-state growth of the samples, they were
quenched by pulling them rapidly into the water reservoir.

2.1 The Measurement of Temperature Gradient, G and
Growth Rates, V'

The temperature of the Bridgman-type furnace was con-
trolled by a Pt/Pt-13%Rh thermocouple placed between the
heating element and the alumina tube. The temperature can be
controlled to about £0.1 K during the run. The thermocouples
were placed into capillary alumina tubes (0.8 mm ID, 1.2 mm
OD) which were positioned approximately 10 mm apart and
parallel to the heat flow direction inside the crucible (Fig. 2).
Throughout the experiment, temperature distribution was
obtained by measuring the temperature in the sample by three
chromel/alumel thermocouples (K-type), which were placed in
the sample. All the thermocouple outputs were taken to data-
logger and computer (Fig. 1).

Signals from three thermocouples were recorded simulta-
neously by means of a data-logger to measure the temperature
gradients at the solid/liquid interface in the liquid. When the
second thermocouple was at the solid-liquid interface and the
third thermocouple in the liquid, their temperatures were used
to obtain the temperature gradient, G. G can be kept constant
during the run by keeping constant the temperature of the
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Fig. 2 The details of the Bridgman-type directional solidification furnace, (a) Hot and cold stages of the furnace, (b) the sample

cooler and the hotter part of the furnace, and the distance
between them.

The growth rate was calculated through two different
methods. In the first method, the values for the growth rate
were calculated from the measurements of the time taken for
the solid/liquid interface to pass the thermocouples separated by
a known distance. In the second method, the total solidification
time and solidification distance (on the longitudinal section of
the polished sample) were measured. The ratio of the distances
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to the times gives the growth rates, and these were similar in
both methods.

2.2 Metallographic Examination

The directionally solidified and quenched specimen was
removed from the graphite crucible and then ground to observe
the solid-liquid interface. The longitudinal section, which
included the quenched interface was separated from the

Journal of Materials Engineering and Performance



Table 1 Microstructure parameters (A, A, R and d) for the directionally solidified Al-3 wt.% Si alloy and the experimen-

tal relationships

G, K/mm Va llm/S )"l(tr)a pm )"l(ar)’ pm )"l(ave)’ pm )‘-29 pm R7 pm ds pm ;“2/R
1.97 8.2 827+81 793 £80 810+80 89+7.0 44+3.5 2400 +209 2.02
3.1 8.2 734+£62 706+59 720£62 76+6.2 36+2.9 1950+186 2.11
4.25 8.2 620+46 60044 61060 65+4.0 31+2.8 1300+136 2.09
5.56 8.2 544 +55 516+52 530+56 53+5.3 27+2.0 1030+ 88 1.96
6.84 8.2 465+40 455+37 460+39 42+24 20+1.9 825+80 2.1
6.84 16.52 377+36 363+34 370+£36 34+2.8 16+1.6 664 +56 2.1
6.84 41.53 325+29 315+28 320+32 25+1.5 11+1.5 440+32 2.13
6.84 82.42 260+24 246+23 253+27 19+1.6 82+0.8 330+45 1.92
6.84 163.6 196 +22 19419 195+£20 12+1.1 5.8£1.1 250+28 2.11
6.84 492.76 146 +11 144+13 145+13 6.4+0.8 3.3+0.6 19016 2.33

Experimental rela- I = kG Jan= kG e = kG I = kGO R=kG"P d=kG % Jy/Roye=2.09

tionships (constant V)

Experimental rela- ;»1(“-) = k7V0'28 )vl(ar) = kgVO'27 j‘l(ave) = kgVO'ZS )\/2 = k10V0'47 R= k“ V0'45 d= k12V0'38

tionships (constant G)
Regression constant (k)

Correlation coefficient ()

ky =49.09 (um®**- K% r1=-0.983
ky = 49.44 (um®>* - K%4%) ry=—0.985
ky=1166.8 (nm®>3-K%4") ry=—0.991
ks =140.9 (um®*?- K38 ra=-0.972
ks=73.28 (um®* - K%>° rs=—0.969
ke=4677.0 (um®'!-K*® re = —0.986
k7= 866.96 (um'>®-sn™0%%) r7=-0.993
kg =812.93 (um'?7 - sn™02) rg=—0.995
ko=851.14 (um'*®-sn™0-8 ro =—0.994
kio=124.17 (um"*7 - sn~%47) ri0=—0.989
iy =54.95 (um'* - sn~04 i =-0.996
ki»=1819.7 (um'-3* - sn~0-3%) r12 = —0.999

Z1@w: The values of the primary dendrite arm spacing obtained from the transverse section using the triangle method
Z1(ary: The values of the primary dendrite arm spacing obtained from the transverse section using the area counting method

A(ave): Average values of A, and A,

growth din:cli

=osi
(c) Measurements of &; % and d
on the longitudinal section

S G
. T ¥

(1)
L Dendrite “m

)

(d)Measurement of R on the longitudinal section

(a),(b)Measurements of A, both triangle and area
counting methods on the transverse section

Fig. 3 The schematic and photographic illustration of dendritic structures
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Fig. 4 Solidification microstructures of Al-3 wt.% Si alloy (a) longitudinal (b) transverse sections for G = 4.25 K/mm, V' = 8.2 um/s, (c) longi-
tudinal (d) transverse sections for G = 6.84 K/mm, V' = 16.5 um/s, (e) longitudinal (f) transverse sections for G = 6.84 K/mm, V' = 492.8 pm/s

(SEM)

specimen. Thereafter, transverse and longitudinal sections of
the specimens were cut from the samples and cold-mounted in
epoxy-resin. The samples were wet ground down to grit 2500
and mechanically polished using 6, 3, 1 and 1/4 pm diamond
paste. Finally the specimens were etched with an acid solution
(100 mL H,O and 4 mL HF) to reveal the microstructure.
The microstructures of the specimen were investigated
under an optical microscope (Olympus, BH-2) and a scanning
electron microscopy (SEM, LEO-1 model) (Fig. 3 and 4).

2.3 Measurements of Microstructure Parameters
()" /] )\'21 Rl d)

The primary dendrite arm spacing A, was obtained by
measuring the distance between the nearest two dendrites tips.
A1 was measured on the transverse section (perpendicular to the
growth direction). Figure 3(a) and (b) and Fig. 4(b), (d) and (f)
give more accurate results than the A, values measured on the
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longitudinal section (parallel to the growth direction). Two
different methods were used to measure the primary dendrite
arm spacings on the transverse sections. The first method is the
triangle method (Ref 56). The triangle is formed by joining the
three neighboring dendrite centers, and sides of the triangle
corresponded to Ay (see Fig. 3). The second method is the
area counting method (Ref 33, 55-57). In this method, A
values were measured on the cross-section, at least in four
different regions of each specimen (see Fig. 3). 4y is equal to
(1/M)(A/N)™> where M is the magnification factor, A is the total
specimen cross-sectional area and N is the number of primary
dendrites on the cross-section. /1, values were measured by
averaging the distance between adjacent side branches on the
longitudinal section of a primary dendrite. Each of side-branch
spacing data reported here is the average of the initial 4, values
from 5 to 10 primary dendrites for each specimen. R was
measured by fitting a suitable circle on the dendrite tip side. d is
defined by the distance between tip side and root side of the

Journal of Materials Engineering and Performance
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cation parameters, (a) Variation of microstructure parameters as a
function of G at the constant V' = 8.20 pum/s. (b) Variation of micro-
structure parameters as a function of V at the constant G = 6.84 K/mm

dendrites (Fig. 3a, ¢ and 4a, c, ¢). This parameter was measured
as far from steady-state condition in the dendrites as possible,
and taken to be the average value of these measurements.

In the measurements of 4;, 4, R and d, 150-200 values for
each G and V were measured to increase statistical sensitivity.
Thus, the values of 4;, A,, R and d were measured as a function
of G and V for the Al-3 wt.% Si system.

3. Results and Discussion

Al-3 wt.% Si alloy was solidified with a constant V at
different G and with a constant G at different ¥, and typical
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microstructures of this alloy are shown in Fig. 4. The
dependency of the 4;, 4,, R and d on G and V was calculated
by a linear regression analysis. These calculations have led to
the establishment of the following general relationships;

(}\.1, 7\.2, R, d):kiG_a'

()\,1, A2, R, d)=kiV7bi

where k; are various proportionality constants, and a; and b; are
various temperature gradient and the growth rate exponent
values, respectively. Experimental observations show that the
values of A}, 4,, R and d decrease as G and V increase. The
relationships between microstructure parameters (4;, 4, R and
d) and the solidification parameters (G and V) with a constant
C, composition have been obtained to be A;(ave) = kG0,
do = kaG "%, R=ksG ", d=kG " and Aigave =
ko028, ) = kyoV "4 R = ky V0N, d = kyp VO,

As can be seen from Table 1 and Fig. 5, the values of 4y, /,,
R and d decrease as G increase at a constant V. The average
exponent values of 4;, 4,, R and d in Al-3 wt.% Si alloy for
different G and constant " were found to be —0.47, —0.58,
—0.59 and —0.89, respectively. The values of 4;, 4,, R and d
decrease as V increases at a constant G. The average exponent
values of ;, », R and d for different 7 and constant G were
found to be —0.28, —0.47, —0.45 and —0.38, respectively. These
relationships show that the dependency of the 4y, /5, R and d on
G are stronger than on V.

The exponent values of 11, 4,, R and d for Al-3 wt.% Si
alloy obtained in the present work are for the most part in good
agreement with the exponent values of 4;, 1,, R and d obtained
in previous works (Ref 5, 11-16, 32-53) for different alloy
systems.

The comparisons of the experimentally obtained 4; values in
present work with the calculated 4; values by the Hunt (Ref
24), the Kurz-Fisher (Ref 25), the Trivedi (Ref 26), the Hunt-Lu
(Ref 20) and the Bouchard-Kirkaldy (Ref 27, 28) models are
given in Fig. 6(a-d). The physical parameters of Al-3 wt.% Si
alloy used in calculations for the values of 1, 4, R and d with
the theoretical models are given in Appendix A. As can be seen
from Fig. 6(a), the calculated values of 4; with the Trivedi (Ref
26) model agrees very well with our experimental values, but
calculated values of 1; with the Kurz-Fisher (Ref 25) model
gives higher value and the Hunt (Ref 24) model gives smaller
value than our experimental values (for constant V'and different
G and constant G and different V).

It can be noted from Fig. 6(b) that the calculated value of 4,
with Hunt-Lu (Ref 20) model gives smaller value than the
experimental values at growth rates higher than 20 pm/s. On
the other hand, the values of 4; are in good agreement with the
experimental values at growth rates smaller than 20 pm/s. It
can be seen from Fig. 6(c) that the calculated values of A, with
Bouchard-Kirkaldy (Ref 27, 28) model are in good agreement
with our experimental results for a constant V' (V' = 8.2 um/s)
and different G (1.97-6.84 K/mm). As can be seen from Table
1, both theoretical temperature gradient exponent (0.50) and the
experimental exponent (0.47) are very close to each other, but
A1 values exhibit discrepancies from the experimental values
for a constant G (6.84 K/mm) and different V' (8.2-492.7 pm/s)
(see Fig. 6d). As can be seen from Eq 5, this might be because
of the theoretical exponent value of 4; is 0.50 for growth rate
(¥) but experimentally obtained exponent value of ¥ is 0.28.
Although, the Hunt (Ref 24), the Kurz-Fisher (Ref 25) and the
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Fig. 6 Comparison of experimental and theoretical 4, values as a function of ¥ and G for Al-3 wt.% Si alloy

Trivedi (Ref 26) models leads to a theoretical exponent value of
0.25 for the growth rate, Bouchard-Kirkaldy (Ref 27, 28) model
leads to a theoretical exponent value of 0.5 for the growth rate.

In the present work, the 4, values experimentally obtained
as a function of growth rate have been compared with the
values of 4, calculated from the Trivedi-Somboonsuk (Ref 29)
and the Bouchard-Kirkaldy (Ref 27, 28) models, and the
comparisons are given in Fig. 7(a) and (b), respectively. As can
be seen from Fig. 7(a), the calculated values of A, from the
Trivedi-Somboonsuk (Ref 29) model as a function of (C, V)%
agree very well with our experimental values. In contrast,
Fig. 7(b) shows that the calculated values of A, with the
Bouchard-Kirkaldy (Ref 27, 28) model as a function of c, 033
V967 do not agree with our experimental values. This might
be due to the different exponent value of the growth rates for
the theoretical model (0.67) and the experimental work (0.47).

There is a clear difference between the exponent values
obtained in the Trivedi-Somboonsuk (Ref 29) and the Bou-
chard-Kirkaldy (Ref 27, 28) models. Briefly, the theoretical
Bouchard-Kirkaldy (Ref 27, 28) model, relating primary and
secondary dendrite spacings with growth rate, has not agreed
with the experimental resuts.

Figure 8(a) shows the comparisons of the experimentally
obtained R values as a function of (C,7)™*° in a constant G
with the values of R calculated from the Hunt (Ref 24), the
Kurz-Fisher (Ref 25) and the Trivedi (Ref 26) models. It can be
seen from Fig. 8(a) that the calculated values of R based on the
the Kurz-Fisher (Ref 25) and the Trivedi (Ref 26) models are in
good agreement with our experimental values. The values of R
calculated with the Hunt (Ref 24) model are slightly smaller
than our experimental values.

18—Volume 16(1) February 2007

The results of the constitutional supercooling criterion
(Ref 30, 31) calculated from Eq 11 are compared with the
experimentally measured d values in Fig. 8(b). As can be seen
from Fig. 8(b), the experimental results for the d values are
slightly smaller than the predicted d values by the constitutional
supercooling criterion (Eq 11).

The values of 4,/R for Al-3 wt.% Si alloy are also given in
Table 1, and the average value of A,/R is found to be 2.09.
The value of /,/R for undercooled dendrites was estimated to
be 2.1 for pure substances by Langer and Miiller-Krumbhaar
(Ref 22). Thus, the average value of A,/R obtained in the
present work for Al-3 wt.% Si alloys is approximately equal
to the value of Ay/R estimated by Langer and Miiller-
Krumbhaar (Ref 22) for pure substances. In addition, the
experimental value (2.09) is also very close to 2.0, 2.08, 2.8
and 2.8 values reported by Trivedi and Somboonsuk (Ref 29)
for Succinonitrile-Acetone, and Kaya et al. (Ref 16) for
Succinonitrile-CBr,, Gilindiiz and Cadirli (Ref 15) for Al-Cu
alloys, and Liu et al. (Ref 61) for Succinonitrile-5.6 wt.%
H,O alloys, respectively. But, the experimental values are
quite different from some of the other experimental results
(Ref 12, 13, 58-60, 62, 63) (see Table 2).

4. Conclusions

In Al-3 wt.% Si alloy was directionally solidified under two
sets of growth conditions: constant 7 (8.20 um/s) and variable
G (1.97-6.84 K/mm) and constant G (6.84 K/mm) and variable
V' (8.20-492.76 pm/s). Their microstructural features of
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the grown samples were observed on the longitudinal and
transverse sections of the specimen to examine the influence
of the solidification parameters (G, V) on the microstruc-
tural parameters (1, A, R, d). It was found that the
microstructure parameters (4;, 4., R, d) decrease as the
solidification parameters (G, V) increase.

Some of the conclusions derived from the present work are
as follows:

1. The values of 4, calculated from the Trivedi (Ref 26) model
agree very well with the experimental 4, values, but calculated
values of /; from the Kurz-Fisher (Ref 25) model are slightly
higher, and from the Hunt (Ref 24) model are significantly
smaller than the experimental 4, values, respectively. The cal-
culated values of A; with Hunt-Lu (Ref 20) model are smaller
than the experimental values at growth rates higher than
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20 pm/s, but the values of A; are in good agreement with
experimental values at the growth rates smaller than 20 pm/s.
The calculated values of /; with Bouchard-Kirkaldy (Ref 27,
28) model are in good agreement with the experimental 4, val-
ues for the case of constant V and variable G, but the A; values
are quite different than the experimental 4, values for the case
of constant G and variable V.

2. The calculated A, values are in very good agreement with
experimental 1, values for the Trivedi-Somboonsuk (Ref 29)
model, but the Bouchard-Kirkaldy (Ref 27, 28) model, relat-
ing A, with 7] does not agree with the experimental resuts.

3. The calculated values of R with the Kurz-Fisher (Ref 25)
model and the Trivedi (Ref 26) models are in good agreement
with the experimental R values in this work. The calculated
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Table 2 The A,/R values for some metallic and organic
systems in the literature

Systems A>/R values Ref.
- 2.10 (Theoretical value) (Ref 22)
Al-3 wt.% Si 2.09 This work
PVA 4.64 (Ref 12)
CAMP 3.33 (Ref 13)
Al-(3, 6, 15, 24) wt.% Cu 2.8 (Ref 15)
SCN-(5, 10, 20, 40) wt.% CTB 2.08 (Ref 16)
SCN-ACE 2.0 (Ref 29)
SCN 2.5 (Ref 47)
CBrys-10.5 wt.% C,Clg 3.18 (Ref 58)
CBry4-7.9 wt.% C,Clg 3.47 (Ref 58)
PVA-0.82 wt.% ETH 38 (Ref 59)
H,0-NH,Cl 4.68 (Ref 60)
SCN-5.6 wt.% H,O 2.8 (Ref 61)
NH,4CI-70 wt.% H,O 4.02 (Ref 62)
SCN 3.0 (Ref 63)

SCN, Succinonitrile; PVA, Pivalic acid; CAMP, Camphene; ACE,

Acetone; ETA, Ethanole; CTB(CBry), Carbon tetrabromiire

values of R with the Hunt (Ref 24) model is slightly lower

than our experimental values.

4. The experimental values of d are slightly higher than the d val-

ues calculated from the constitutional supercooling criterion.

The 7,/R value obtained in this work is in good agreement
with both the theoretical value (2.10) (Ref 22) and values ob-
tained by Trivedi-Somboonsuk (Ref 29), Liu and Hellawell
(Ref 61), Giindiiz and Cadirli (Ref 15) and Kaya et al. (Ref
16). The A,/R values obtained in some organic systems (Ref

58-60, 62) are however, higher than our experimental results.

Appendix A

The physical constants for Al-3 wt.% Si alloy. Physical

properties of Al-3 wt.% Si alloy used in the calculations

Liquidus slope (m)

Diffusion coefficient in the liquid (D) 4300 pm?/s (Ref 65)
Equilibrium partition coefficient (k) 0.13 (Ref 64)
The Gibbs-Thomson coefficient (I ) 0.196 (K-Im) (Ref 66)
The harmonic perturbations (L) 10-28 mJ/m? (Ref 26)
Equilibrium melting point of Al-3 851 K (Ref 64)
wt% Si (T¢)

Primary dendrite-calibrating factor (a;) 250 (Ref 28)
Characteristic parameter (G,¢ 600x6 K/cm (Ref 28)
Secondary dendrite-calibrating factor (a;) 9 (Ref 28)

2.25 (K/wt.% ) (Ref 64)
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