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Abstract

Controlled diffusion solidification (CDS) is a promising casting process. It involves the mixing of two precursor alloys
that have different masses and temperatures. Small-sized globular grains appear in the microstructure formed in the
process, where a grain refiner does not need to be added. Heterogeneous nucleation and spontaneous nucleation occur
during the mixing step. The heterogeneous nucleation occurs at the crucible wall, while the spontaneous nucleation
takes place in a supersaturated solution exposed to high undercooling and high cooling rates established during the
mixing step. A one-dimensional model was built based on the computational fluid dynamics technique to numerically
predict the redistribution of the temperature and solute in the model. The two-step nucleation theory was employed to
theoretically provide a better understanding of the probability of copious spontaneous nucleation taking place in the
supersaturated solution. The results indicate that the spontaneous nucleation strongly depends on the concentration
of the alloys, thermal gradient between the two precursor alloys, the undercooling forming during the mixing, and the
supersaturation parameter for the supersaturated solution. The microstructure of the CDS process was compared with
that for the conventional casting process; the results show that the small size and non-dendritic microstructure formed
with a low superheat for mixed alloys happens from copious nucleation taking place during the mixing step in the CDS
process. The numerical results were validated with experimental observations and scanning electron microscopy.
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List of symbols Corcu Specific heat of pure Cu (J kg™ K™
Alloy 1, Alloy 2 Precursor alloys D Diffusion coefficient (m?s™")

Alloy 3 Resultant desired alloy D, Pre-exponential factor (m?s™")

Atw Solution atomic weight (g atom™) f Solid fraction

Aty Pure Al atomic weight (g atom™) fL Liquid fraction

Ate, Pure Cu atomic weight (g atom™) AGy Change in Gibbs free energy for volume
Cau Copper concentration wt% AG* Change in Gibbs free energy

G, Alloy 3 concentration Is Nucleation rate

G Alloy 1 concentration (wt%) K. Liquid thermal conductivity (W m™!
G Alloy 2 concentration (wt%) c

G, (S) Prefactor K, Partition ratio

CoL Specific heat of liquid (J kg™ K™") K, Boltzmann constant

Cps Specific heat of solid (J kg™' K™) L Latent heat of fusion (J kg™)

CoLaL Specific heat of pure Al (J kg™' K™")
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L, Latent heat of fusion per unit volume
Um™)

n“ Number of r*

mr Mass ratio (m,/m,) of the two precursor
alloys

N,, Avogadro number (atom™)

Ny Number of solute atoms

Q Activation energy (J mole™)

q Heat source (W m™3)

R, Gas constant (J mole™ ' K™)

r* Nucleus critical radius (m)

T Actual temperature (K)

T Alloy 1 temperature (K)

T, Alloy 2 temperature (K)

Tc Minimum temperature (K)

T Melting temperature of pure solvent (K)

Tiiq Liquidus temperature (K)

Ts Solidus temperature (K)

AT Undercooling below liquidus tempera-
tures (K)

t Time (s)

t, Inoculation time (s)

t. Time at minimum temperature (s)

S Supersaturation factor

4 Volume

V., Atomic volume (m?3)

X1 X, Model dimensions (m)

Xth Thermal diffusion length (m)

Xecu Solute diffusion length (m)

oL Liquid density (kg m~3)

0s Solid density (kg m™)

B: Coefficient of thermal expansion

B¢ Coefficient of solute expansion

a Thermal diffusivity (m?s™")

r Gibbs-Thomson coefficient (m °C)

Au Change in chemical potential (J/kg)

1 Introduction

Controlled diffusion solidification (CDS) is a new casting
process depending on mixing of two precursor alloys that
have different thermal masses to make a desirable alloy.
The microstructure was non-dendritic having small size
grains forming at a different cast and wrought aluminum
alloys. The small size grains form from copious nucleation
occurring during the steps of a successful CDS process
without needing to add a grains refiner [1-5]. Accordingly,
the CDS process circumferences the complex dendritic
microstructure problems like the hot tearing tendencies
associated with the conventional casting [6, 7].

Apelian et al. [8] predicted the first observation for the
CDS process mechanism. They found that the nucleation
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would occur from undercooled liquid distributed in the
resultant mixture of Al-4.5 wt% Cu formed from mixing of
pure Al with Al-33 wt% Cu. Apelian also found that the sta-
ble growth strongly depends on the difference between
the Gibbs free energy for pure aluminum and the resultant
alloy. After that, Symeonidis [9] studied the mechanism
of the CDS process by using the same procedure used by
Apelian. Symeonidis found that the mechanism depends
on three steps, mixing, nucleation, and growth; and the
nucleation occurs in the striations formed from under-
cooled pure aluminum established during the mixing step.

Recently, Khalaf [5] investigated the mechanism of the
CDS process. The mechanism can be explained in three
stages: mixing, nucleation, and growth. Khalaf presented
a model built based on CFD technique to predict the redis-
tribution of the temperature and the solute in the model;
the results indicated that the probability of the nucleation
can occur in an undercooled area existing at the bound-
ary between the precursor alloys that blend during the
mixing step.

Until now, the nucleation in the CDS process has been
presented as an event occurring in an undercooled area,
without applying any of the nucleation theories such as
classical nucleation theory (CNT). The CNT states that the
homogenous nucleation needs a high undercooling to
form from pure metals [10]. However, the CDS process
offers less undercooling [3], and thus, it would be difficult
to produce homogeneous nucleation from pure metals.
Meanwhile, heterogeneous nucleation needs a catalyst
[11], which is either available at the mold wall or conven-
tionally added as a grain refiner [12]. Therefore, during the
CDS, heterogeneous nucleation can occur only at the cru-
cible surface from the undercooled precursor alloy. How-
ever, this is not the case to form copious nuclei growing
in stable condition that was proved for the CDS process
[1,5,13,14].

The two-step nucleation theory generalizes from the
classical nucleation theory to present the nucleation from
undercooled supersaturation solution precisely [15]. The
theory was proved after many experiments and simula-
tions carried out on different systems such as water vapor
[16], protein formation [17], solid-solid transition in metals
and alloys [18], and p-aminobenzoic acid [19]. It was built
based on the fact that the nucleation can occur by creating
fluctuations in the density within the system, starting at
the higher density locations. The theory suggests that the
nucleation can be optimized by shifting the phase region
of the liquid with a higher density, or by enabling the fluc-
tuations within the liquid.

In this study, the probability of occurring spontane-
ous nucleation in the CDS process was studied in detail.
The two-step nucleation theory was successfully applied
to solve and prove the probability of copious nucleation
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Table 1 Experimental

Designation Alloy 1 Alloy 2 mr  Allo
designations with 9 y y 3 Coy
independent parameters and Mass(g) T,(°C) T;q(°Q) Mass(g) T,(°C) Tyq(°Q) (Wt%)
constants for the laboratory
CDS experiments Ex1 63 665 660 105 560 549 6 47

(CDS and quenching)

Ex2 54 670 660 17.5 560 549 3 7.7

(CDS and quenching)

Ex3 CDS (Ex6 parameters, T, at 665 °C) poured into cold quenchant at — 18 °C

(CDS and M. quenching)

Ex4 350 g of Al-4.7 wt% Cu poured into cold quenchant at — 18 °C

(M. quenching)

Ex5 350 g of Al-7.7 wt% Cu poured into cold quenchant at — 18 °C

(M. quenching)

Ex6 290 667 660 47 555 549 6 4.7

(CDS)

Ex7 290 675 660 47 555 549 6 4.7

(CDS)

Ex8 290 688 660 47 555 549 6 4.7

(CDS)

Ex9 350 g from Al-4.7 wt% Cu poured at 670 °C into hot crucible preheated to

(Conv.) 560 °C

Ex10 Conventional casting for Al-4.7 wt% Cu remelted at 655 °C and solidified

(Conv.) in the same crucible

taking place in an Al-Cu metal system cast via the CDS pro-
cess. The experimental evidence coupled with a numerical
model supported the discussion in this work.

2 Experiments

Table 1 shows the designation of the experiments along
with the independent parameters and the constants for
all the experiments carried out in the present study. Alloy
1, Alloy 2, and Alloy 3 with mr 6 and 3 demonstrated in
Table 1 were placed in the Al-Cu phase diagram shown
in Fig. 1a.

Two CDS experiments, named Ex1 and Ex2, were carried
out by direct mixing of Alloy 1 (pure Al) into Alloy 2 (Al-33
wt% Cu) shown in Fig. 1b, with mass ratio (mr) of 6 and 3
to make the resultant alloy (Alloy 3) with concentrations
of Al-4.7 and Al-7.7 wt% Cu, respectively. Then, the mix-
ture was directly quenched by the vacuum ribbon caster
widely discussed by Khalaf and Shankar [20] to prepare
ribbons for the CDS process. The cooling rate employed
by the ribbon caster was reported to range from 10* K/s
[21] to more than 10° °C/s [22]. The solidified samples in
the form of small broken ribbons were collected and pre-
pared to make samples for scanning electron microscopy

(SEM) examination. The SEM analysis was carried out on
the mounted samples with a JEOL JSM-7000F.!

CDS experiment named Ex3 was carried out by mixing
Alloy 1 into Alloy 2 through a 9-mm-diameter funnel with
mr 6 and Alloy 1 temperature being 665 °C to make the
resultant alloy with a concentration of Al-4.7 wt% Cu; the
mixture was quenched directly into moderate quenchant
at — 18 °C. Figure 1c shows a schematic diagram demon-
strating the mixing step through the funnel. The smallest
thickness area, between 500 um to 1 mm, was chosen to
make samples for the SEM examination. The quenchant
was made from a mixture of commercial antifreeze solu-
tion and dry ice [1]. Two conventional casting experiments
for Al-4.7 wt% Cu and Al-7.7 wt% Cu alloys named Ex4
and Ex5, respectively, were quenched directly at 5 °C
superheat into the moderate quenchant as in Ex3.

Three CDS experiments, Ex6, Ex7, and Ex8, were car-
ried out by mixing Alloy 1 into Alloy 2 through a 6-mm-
diameter funnel with mr 6 and Alloy 1 temperature being
667, 675, and 688 °C, respectively; the mixture solidified
in the same crucible as that of Alloy 2. The conventional
process experiment named Ex9 was carried out by pour-
ing 350 g of Al-4.7 wt% at 670 °C into a hot empty cruci-
ble preheated to 560 °C through a 6-mm-diameter funnel
as shown in Fig. 1d. The temperature was measured by a
thermocouple inserted into the empty crucible. Samples

' JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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from Ex6 and Ex7 were remelted and solidified into the
same crucible to represent the conventional casting pro-
cess experiment named Ex10. The solidified samples from
Ex1 to Ex10 were prepared for optical microscope images
and scanning electron microscopy tests. A stereo micro-
scope type NIKON? AZ 100 Ml was used. Figure 1e shows
half of the solidified samples for the experiments Ex6 to
Ex10 showing the location of the optical microstructure
images specimen pointed by square. Samples from Ex1 to
Ex10 were remelted to quantify the liquidus temperature
for the resultant alloy, Alloy 3, from the transient thermal
data taken from the thermocouple inserted in Alloy 3 and
obtained during the cooling and solidification process. The
results showed that the nucleation occurred at 649 and
640 °C, which confirmed that the compositions for Alloy 3
were Al-4.7 wt% Cu and Al-7.7 wt% Cu, respectively.

2 NIKON AZ 100 M is a trademark of Eberbach Corporation, Ann
Arbor, MI.
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3 Spontaneous nucleation
in a supersaturated solution

The generalized CNT can be applied to a supercooled
liquid and supersaturated solution to form a crystal.
The fluctuation in solute and density with high cooling
rate can form clusters with critical size (r*=20¢ /AGy),
where AGy =L, AT/T, and AG,=-Au/V,, for pure alu-
minum and Al-Cu supersaturated solution, respectively,
and V,,=Atw/p, [23], Atw=Ccu(at%) Atc,+ Cy(at%)
At,, Atc,=63.546 g/atom, Aty =26.981 g/atom, and
ps=2535.65+26.215Cu extrapolated from experimental
data [24]. The chemical potential is Au=R, TS, where S
is the supersaturation ratio equal to zero at liquidus line,
and S=Ln(C/C,,,) is a positive fraction at less than the lig-
uidus temperature, where Cand C, are the concentration
and the concentration at saturated state, respectively [25].
S=Ln(C/C,,,) can be applied for hypereutectic alloys such
as the Al-Si system, where (C/C,,,) > 1. Further, the value
of S=Ln(C/C,,) = (C—C,,)/(100 - C,,,) was reported to be
an acceptable approximation for the chemical potential
Au [19]. S=(C, - C_)/(C —C;) was used for Al-Cu hypoeu-
tectic [26], for Ccu of less than the maximum solubility
(5.7 wt%), where S=0, positive fraction, and 1 at the lig-
uidus line, between the liquidus and solidus lines, and at
the solidus line, respectively. The concentrations in the S
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equation were extrapolated from the Al-Cu phase diagram
in atom%.

Equation (1) can be used to predict the nucleation rate
Is(S) (s~'V~") as a function of (S). The Is(S) is defined as the
probability to make critical nuclei during the cooling of
an alloy. In Eq. (1), k,=1.3806x 1072, C,(S) =[871D, (0)?
N/(a* AGY), a=361.49x 1072 m and 404.9x 1072 m for
copper and aluminum, respectively, N, =[(C_,)osN,,J/Atw
represents the number of copper atoms in the molten
alloy, and N,,=6.22x 10?* atoms™". Further, in Eq. (1),
the free energy (AG*(S)=16m03 /3AG,) represents the
energy barrier to the nucleation as a function of (S),
where oy is 0.116 J/m* [27] and o5 =T, /T, [28] for
pure aluminum and Al-Cu solution, respectively, and
I'=1.595x 107" - (1.595x 10~%)Ccu, L, =Lps, and
L =385000-717Cu were extrapolated from experimen-
tal data [24]. The spontaneous nucleation occurs at very
short time in the liquid solution when AG*(S) approaches
zero [29], and the calculations for AG*(S) and Is(S) strongly
depend on the value of o, which is in a range from 30 to
250 mJm™2 for liquid metals and alloys [18].

Equation (2) can be used to predict the number of nuclei
forming to have a critical size [10]. AG*(S) =T k,Ln(N,) is the
free energy at n“=1; Eq. (3) is found by mathematical manip-
ulation to predict the supersaturation ratio (S;) as a function
of (T) and C_, at the beginning of the nucleation events. Fur-
ther, S, =(C,(at%)/C (k,— 1)) —(1/(k,— 1)) can be predicted
as a function of C_, where k,=0.1277 is the partition ratio
extrapolated from the Al-Cu phase diagram on at%. S,
was calculated by the iteration technique, which starts by

(d)

(b)

Solute|Diffusion g— =0

Alloy 1 Alloy 2

o

(e)

changing C, (at%) to calculate Tj;,=660.45-5.90175C, +
0.03406(C,,)*—0.00355(C,,)> - 5.62833x 107%(C,) ™, T,=66
0.45-45.77569C,,—2.1527(C,,)*+1.04077(C,,)* +0.01019(
Ccu)4, and the two equations for S;. Hence, the iteration ends
when the values of S, are equal. T, C,, and S, were found at
the beginning of the nucleation events. Another iteration
was used to calculate Is(S), T, and all the other parameters
starting from S, and increasing by a certain amount until
reaching the final 7. The T};, and T are empirical equations
obtained from a regression fit of simulation data for the
equilibrium binary Al-Cu phase. Further, T¢c=549.9 °C is for
copper more than 5.7 at%.

The time t,=1/{Is(S)V} represents inoculation time
required to form an embryo with a critical radius (r*) in
homogenous nucleation [30]. V represents the volume of
the thermal boundary layer that forms the undercooled
region in Alloy 1 with a depth of (X;,)2=4at where a=k/
(0, Cpy) are calculated as a function of temperature and
t=2x 10" s is arbitrarily chosen within the range of nucle-
ation of the primary Al system [31].

I5(5) = G () exp (A S 1) U

ncr — NL eXp (—AG*(S)/ka> (2)

S, = <\/1 67[(Vr$1)6§L/3ka(Ln(NL)))/TRO. (3)
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Fig.3 a Effect of the supersaturation factor on the critical free
energy at different copper concentrations, b effect of the super-
saturation factor on the critical radius at different copper concen-
trations, ¢ effect of the copper concentration on Ny, d effect of the
undercooling on the nucleation rate and nucleation prefactor cal-

Figure 2a shows a comparison between the critical
free energy (AG*) for pure aluminum (solvent) and the
supersaturated solution calculated as a function of (S) for
Al-1 wt% Cu taken as an example, where the AG* coor-
dinate was drawn in the logarithmic scale. In Fig. 2a, the
critical free energy for the supersaturated solution was
significantly lower than that for pure aluminum exposed
to the same undercooling (AT); accordingly, the probabil-
ity of spontaneous nucleation is notably taking place in
the undercooled supersaturation liquid solution of the
hypoeutectic Al-Cu system. Figure 2b shows the change of
Swith the AT=T,-Tfor C_, from 1 to 5 wt% Cu to cover the
area in phase diagram limited to less than the maximum
solubility of copper in the primary aluminum (~ 5.9 wt%).
In Fig. 2b, S proportionally increases with AT, suggesting
that the effect of S on the spontaneous nucleation rate is
compatible with AT and the nucleation begins at S of an
approximately 0.41 for all C_; in addition, a higher AT is
required to start the nucleation for the higher C_, solution.
Figure 2b also shows that the spontaneous nucleation can
occur at AT less than 30 °C for the Al-Cu system under
investigation depending on C,,

The CDS process can employ required undercool-
ing when choosing an appropriate mass ratio and the
temperatures of Alloy 1 and Alloy 2 during the mixing
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(e) ®

culated as a function of the supersaturation factor, e effect of the
supersaturation factor on the nucleation rate at different copper
concentrations, and f effect of the supersaturation factor on the
inoculation time at different copper concentrations

process. Numerical simulations were carried out using
a mathematical model to provide a better understand-
ing of the transient thermal and solute redistribution at
the end of the blending process when atomic diffusion
dominated prior to the nucleation event. The model was
built based on that Alloy 2 breaks down to small masses
by turbulent agitation and distributes in the Alloy 1 matrix
that represents the bigger mass existing in the mixture [5].
Figure 2¢, d shows a schematic diagram drawn to under-
stand the mixing step in the CDS process. Figure 3¢ shows
a schematic diagram for the mixing step, showing that the
Alloy 2 breaks to small masses surrounded by Alloy 1. This
result was checked by ANSYS software. Figure 2d shows a
schematic diagram formulated to emulate a liquid pocket
of Alloy 2 surrounded by Alloy 1. Further, Fig. 2d shows
the location of the one-dimensional model employed in
the present study covering an area between Alloy 1 and
Alloy 2. Figure 2e shows a schematic diagram for the one-
dimensional model having two separated domains of Alloy
1 and Alloy 2 coexisting in the liquid state in the mixture.
In Fig. 2 (e), the boundary conditions appear at the outer
boundary, and the heat transfers from Alloy 1 toward Alloy
2, while the solute transports from Alloy 2 toward Alloy 1.
Further, points 1 to 4 were chosen in the Alloy 1 domain
to calculate the cooling curve at different locations near
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the boundary between Alloy 1 and Alloy 2. The dimen-
sion of the model was X; +X,=25 pm, which was chosen
based on the microstructure observations from experi-
ments already available in the literature [2], where X, and
X, are calculated according to the mass ratio [5]. The Peclet
number was significantly less than one (< 1) within the
dimensions employed in the simulation [5], which cancels
the advection effect caused by the thermal and solute gra-
dient in the liquids, although high thermal and solute gra-
dients exist in the Alloy 1 and Alloy 2 domains.

Equations (4) and (5) are the heat and solute diffu-
sion equations solved numerically by the CFD technique
using FORTRAN, respectively [32]. The term g in Eq. (1)
represents the heat generated from phase change. It
was canceled in the simulation for the temperature dis-
tribution prior to the nucleation event. The parameters
used in the model were as follows: D = D, exp [-Q/R,T|
is the coefficient of diffusion for the liquid phase evalu-
ated as a function of temperature, D,=8.10x 107" m?s™
[33], R;=8.31432 Jmole™" K™' [33], Q=3.89x 10* Jmole™
[33], and K, =95 Wm™'k™" [34]. In Eq. (4), p was p, and
p,=2700 kg m~3extrapolated from Factsage® for the lig-
uid and solid phase, respectively; Eq. (6) can be used to
evaluate p, as a function of temperature and solute con-
centration because there is a large difference in the tem-
perature and the solute values between Alloy 1 and Alloy
2 at the beginning of the mixing. In Eq. (6), the parameters
were f; = —4.032 + (1.654E — 2)T — (2.53E — 5)T? + (1.23F — 8)T?,
B = 22.19678 + (0.1629)C + (9.0973E — 4)C2 + (2.004E — 5)C3
used with a temperature between 549.8 and 700 °C and
C from 0 to 33 wt% Cu [5]. Further, in Eq. (4), Cp was Cp.
and Cps=766 J kg™' K™' [35] which were used to calculate
the heat capacity of the liquid phase and solid phase,
respectively; Cp = Cp 2 (Al/100) + Cp ,(Cu/100) was
taken as a function of aluminum and copper concentra-
tion to achieve better accuracy in the simulation, where
Coa=1180 J kg K™ and Cpi, =495 J kg™' K [36],
and Al and Cu are the aluminum and copper in wt%,
respectively. Further, in Eq. (4), G = Cpsf, + o (1= 1),
p=pfi+p (1-£) K=KF+K(1-1£)5], where fs is
evaluated in Eq. (7) [37] and k,=0.145 for the Al-Cu sys-
tem in wt%.

oT

pCaE =V .(KVT)+gq (4)
¢ _ o
T V- (DVO) (5)

3 Factsage (TM) 6.1, Thermfact and GTT, Technologist-1976-2009.

pu(T,C) = 3150 + f; (T — 549.8) + f(C — 33) ©6)

T.—T Uk =1
1 (T — - 7
fo=1 ( /Tm_TLiq) Co 7

S

4 Heterogeneous nucleation in the CDS
process

The heterogeneous nucleation occurs in the mixture at
the crucible wall from the precursor alloy that has a higher
liquidus temperature during the mixing step. The other
precursor alloy acts as a heat sink for the first precursor
alloy. The probability of copious heterogeneous nuclea-
tion increases when higher AT is employed between the
two precursors alloys. This publication was dedicated to
studying the probability of spontaneous nucleation taking
place in the CDS process.

5 Results and discussion

Figure 3a shows AG*(S) calculated for different C_, start-
ing from 1 to 5 wt% Cu. In Fig. 3a, AG*(S) was approxi-
mately within the range of 107'° J that is required to start
the spontaneous nucleation in the supersaturated solu-
tion for the Al-Cu system. The range of AG*(S) confirms
the change in free energy calculated for the protein crys-
tal, organic, and inorganic materials nucleated from the
dense liquid [38]. Figure 3b shows the change in the criti-
cal radius of the copper nuclei (r*) with S for different C_,.
In Fig. 3b, the smallest r* forms with higher S occurred at
the lower AG*(S), and r* would be between 0.6 and 1.2 nm.
Figure 3c shows N, as a function of C_. In Fig. 3¢, N pro-
portionally increases by adding copper to the alloy. N
was between 10% and 10%° m3 for C_, between 1 and 5
wt%, respectively, which within the range of 102 m=3 is
used to calculate the steady-state nucleation rate in the
CNT for typical metals [10]. Figure 3d shows the change
in Is(S) and prefactor {C;(S)} for the undercooled liquid
solution of Al-1wt% Cu taken as an example. In Fig. 3d,
C,(S) continues to decrease with increasing AT taking the
same trend in CNT [29] because C,(S) is a function of 1/52.
Further, Fig. 3d shows that Is(S) increases at a low rate
with lower AT and then drastically increases after AT of
approximately 3 °C. However, the nucleation rate consid-
ered from the CNT increases to reach a maximum value
and then decreases because of the competition between
AT and T [29]. Figure 3e shows the change in Is(S) with
C., taken between 1 and 5wt% Cu. In Fig. 3e, Is(S) is sig-
nificantly greater for a higher C_, because more copper is
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SEI

Fig.4 a SEM microstructure image of CDS experiment Ex1 for mr
6 illustrated in Table 1, b SEM microstructure image of CDS experi-
ment Ex2 for mr 3 illustrated in Table 1, ¢ another SEM microstruc-

available to nucleate in the solution. The maximum val-
ues for Is(S) were calculated to be 1.75x 10%°, 1.49x 10%°,
1.53x10%",7.14x10%,and 2.19x 10**s~'m~3for C,, of 1-5
wt%, which occurred at S of 0.67, 0.713, 0.74, 0.77, and
0.8, respectively. One can suggest that the copious spon-
taneous nucleation strongly depends on the undercooling
and the solute concentration. Figure 3f shows the effect
of C., change on t,, calculated for C,= 1 and 5 wt%; the t,,
coordinate was drawn in logarithmic scale. In Fig. 3f, t,, sig-
nificantly decreases with increasing (S), and the calculated
t, was 1073 s at the beginning of the nucleation (5=0.42)
and drastically decreases to less than 107'% s when $>0.6
taken as an example. The higher C_, would significantly
decrease the t, to become less than 107" s for S=0.8 and
Cou=5 wt% Cu.

Figure 4a-d shows SEM microstructure images of
samples from quenched CDS experiments named Ex1
and Ex2 presented in Table 1 quenched by a copper
wheel. Figure 4a shows the SEM microstructure image
of a sample from the experiment named Ex1. In Fig. 4a,
innumerable spherical morphologies form with gradient
distribution in two areas separated by a scribble line. The
morphologies pointed by arrows exist in the area hav-
ing a higher number of spherical morphologies, while
unregular morphologies dominate in the other area.
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ture image for CDS experiment Ex2, and d magnified SEM micro-
structure image for the square shown in ¢

Figure 4b, c shows SEM microstructure images taken
from a different location for samples from the CDS
experiment with mr of 3 named Ex2 in Table 1. In Fig. 4b,
C.,=0 was quantified by an SEM point scan in different
locations in the area known as pure aluminum, reveal-
ing that the time of mixing before quenching is not
sufficient to diffuse the copper in the entire mixture as
already reported [5]. Further, the spherical morphologies
and unregular morphologies exist in the entire micro-
structure. The spherical morphologies increase near the
pure aluminum area as shown in the area surrounded
by the square. Figure 4c shows another area filled with
different morphologies in the samples of Ex2 chosen
away from the pure aluminum locations. In Fig. 4c, two
areas separated by a scribble line exist in the microstruc-
ture, showing that most of the spherical morphologies
pointed by arrows noticeably exist in one area and the
unregular morphologies appear in the other area. Fig-
ure 4d shows a magnified SEM microstructure image
pointed by the square shown in Fig. 4c, revealing that
the size of the spherical morphologies is clearly of less
than 1 um.The Ccu in the spherical morphologies shown
in Fig. 4a-d was quantified by SEM point scan, and it was
found to be changed from 2 to 15 wt% Cu. The results
obtained from Fig. 4a-d demonstrate that the copper
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15.0kV

Fig.5 a SEM microstructure image of sample for moderate
quenched CDS experiment named Ex3 in Table 1, b SEM micro-
structure magnified image of sample for the experiment named
Ex3, ¢ SEM line scan for Ccu of sample for experiment named Ex3,
d SEM microstructure image of sample for moderate quenched

would diffuse in the mixture in a certain area of the pure
aluminum, creating a gradient in the copper distribution.
The probability of nucleation exists in the CDS mixture
during the mixing and quenching steps; therefore, copi-
ous nucleation in a supersaturated solution takes place
in the lower C_, area exposed to a high cooling rate and
certain undercooling in CDS. Then, other copious nuclea-
tion takes place in the entire mixture exposed to a high
cooling rate with high undercooling during the quench-
ing process.

Figure 5a—f shows the SEM microstructure images and
line scan data of samples from the experiments named
Ex3, Ex4, and Ex5 exposed to a moderate quenchant.
The moderate quenchant employs high undercool-
ing and lower cooling rate compared with that for the
copper wheel. Figure 5a, b shows the SEM microstruc-
ture images for the experiments named Ex3. Figure 5a
shows the copious spherical morphologies pointed by
arrows distributed in the entire microstructure. Fig-
ure 5b shows a magnified SEM microstructure image
from another CDS sample for Ex3. In Fig. 5b, two types
of morphologies, spherical shape pointed by arrows and
the unregular shape, form in the microstructure. The Ccu

—s— Ccu

,—-—"\B

8 10 12 14 16 18
X(um)

i ¢ 2 4 6

X1,000  10@m WD 100mm

experiment named Ex4 in Table 1, e SEM microstructure image of
sample for moderate quenched experiment named Ex5 in Table 1,
and f SEM line scan for Ccu of sample for the experiment named
Ex5

was quantified by the SEM point scan for spherical mor-
phologies to be between 41 and 45 wt% Cu.

Figure 5¢ shows the C_, quantified by SEM line scan
between points A and B crossing one of the unregular mor-
phologies shown in Fig. 5b that was overlaid in Fig. 5¢c. In
Fig. 5¢, the Ccu changes from zero at point A and B to reach
the maximum of 42 wt% Cu on the unregular morphology.
Figure 5d shows an SEM microstructure image of a sample
from conventional casting named Ex4 for Al-4.7 wt% Cu
quenched by the same moderate quenchant. In Fig. 5d,
spherical morphologies pointed by arrows and unregular
morphologies appear in the microstructure, where the
spherical morphologies concentrate near the edge that is
exposed to higher cooling rate and higher undercooling.
The Ccu on the morphologies changes from 41 to near 50
wt% Cu. Figure 5e shows an SEM microstructure image
of a sample from conventional casting for Al-7.7 wt% Cu
quenched by the same quenchant. In Fig. 5e, unregular
morphologies dominate in the entire microstructure,
whereas the spherical morphologies would rarely form.
Figure 5f shows the magnified SEM microstructure images
overlaid on the elemental line scan AD for Al-7.7 wt% Cu
conventional experiments named Ex5, showing that the
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Fig.6 a-d simulation result showing the cooling curve, copper
concentration, and cooling rate for the points 1 to 4 for the experi-
ment Ex6 in Table 1, a cooling curve, b copper concentration, ¢
copper concentration at minimum temperature (T) pointed by cir-

C., was more than zero on the areas A and D and the C_,
fluctuates from 42 to around 50 wt% Cu on the unregular
morphology between points B and C. The conclusion sug-
gested from Fig. 5a—f is that copious spherical morpholo-
gies can form when moderate cooling rate, high under-
cooling, and limited C_, employed in the supersaturated
solution formed in the alloys. Further, the agitation during
the mixing process is also required to enable better dis-
tribution to the nucleation in the entire mixture regard-
less of the size of the product. Therefore, the spherical
morphologies obviously appear in the entire mixture in
the CDS samples and concentrate on the edge for con-
ventional casting for 4.7 wt% Cu. However, the spherical
morphologies rarely appear in the middle of the sample of
conventional casting for C_, of 4.7 and 7.7 wt% Cu because
of lower undercooling, lower cooling rate, and high C_,
existing in the middle of the samples.

Figure 6a—d shows the simulation results for the cooling
curve, C, and cooling rate for points 1-4 shown in Fig. 2e
placed in the Alloy 1 domain at 10, 20, 30, and 40 nm from
the interface between Alloy 1 and Alloy 2 within the cop-
per diffusion length (Xcu)?=4D, t [39], respectively. The
initial conditions T;, T,, C;, and C, for mr 6 were chosen for
the experiment Ex6 in Table 1 to be 665 °C, 555 °C, 0 wt%
and 33 wt% for Alloy 1 and Alloy 2, respectively, to make
Al-4.7 wt% Cu as a resultant alloy (Alloy 3). The mesh size
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cle, d cooling rate, e temperature distribution in Alloy 1 and Alloy
2 domains covering the thermal diffusion length, and f simula-
tion results showing the cooling curve in Alloy 1 domain at 5 um,
10 um, and 15 pm

and time step were 5 nm and 1x 107'%s, respectively. Fig-
ure 6a shows the simulation results for the cooling curve at
points 1-4. In Fig. 6a, T was 608.5,609.3,610,and 610.9 °C
at which dT/dt=0 leading to eliminate the nucleation after
35%x107%,6%107°,9.5%107% and 1.45x 1078 s for points
1-4, respectively [11, 40]. Figure 6b shows the copper con-
centration at points 1-4, showing that the C_, builds up
faster near the interface at point 1 (10 nm) and requires
more time to appear at point 4 (40 nm). Figure 6c shows
the simulation results for C_, shown in Fig. 6b. In Fig. 6c,
the C,, pointed by circles represents the concentration
at T shown in Fig. 6a, which reaches 3.4, 0.66, 0.15, and
0.05 wt% happened at the time (t.) of 3.5x 107, 6x 107°,
9.5x 1077 and 1.45x 1078, respectively. The suggestion
that t, shown in Fig. 3f is supposedly less than . to enable
spontaneous nucleation occurring from a maximum num-
ber of embryos to reach the critical size in the supersatu-
rated solution for the CDS process. Figure 6d shows the
cooling rate (AT/At) calculated at each mesh for points 1-4.
In Fig. 6d, the higher cooling rate would be 9.9x 10" °C/s
near the interface at the beginning of the heat diffusion;
hence, the cooling rate drastically decreases to less than
3.3x10% °C/s after 3x 107 s. This implies that CDS can
be considered as a high cooling rate process and the AT
employed during the CDS process dependson T, and T, [1,
5]. According to the results from Fig. 6a—d, one can suggest
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Fig.7 a, b, and c typical light optical microstructure images for the
experiments Ex6 to Ex8 listed in Table 1, a Ex6, b Ex7, ¢ Ex8, d simu-
lation results for cooling curve and copper concentration at point

that the copper diffuses in the Alloy 1 domain, leading to
change of the pure metal to an undercooled alloy that
would be exposed to a higher cooling rate with certain
undercooling. This would result in a better environment
for spontaneous nucleation based on the two-step nuclea-
tion theory that depends on the change in the density of
the undercooled solution. Figure 6e shows the simulation
results of the temperature distribution drawn around the
thermal diffusion length using the CDS model shown in
Fig. 2e. In Fig. 6e, the thermal gradient between Alloy 1
and Alloy 2 would be sufficient to achieve the required
AT shown in Fig. 2b to enable spontaneous nucleation
for a small C_,. The thermal and solute diffusion length
always increases with the elapsed time resulting in an
increase in the nucleation area. Further, the thermal gra-
dient between Alloy 1 and Alloy 2 enhances the nuclea-
tion from Alloy 1 by enabling the heat issued during the
nucleation event to transfer toward Alloy 2, contrary to
the conventional casting that has only one alloy with a
certain temperature [5]. Figure 6f shows the simulation
results for the cooling curve at three points placed in the
Alloy 1 domain at 5 um, 10 um, and 15 pm from the inter-
face between Alloy 1 and Alloy 2. In Fig. 6f, the Ccu is not
feasible at the points, indicating that the elapsed time for
the simulation (1 x 107%s) is less than the time required to
diffuse the copper from Alloy 2 to reach the three points;
therefore, the pure aluminum still exists in Alloy 1 domain.

1 (10 nm) for T, equal to 665, 675, and 690 °C, e and f typical light
optical microstructure images for the experiments Ex9 and Ex10
listed in Table 1, e Ex9 and f Ex10

Further in Fig. 6f, the minimum temperature (T;) at the
points was 627.5, 635.3, and 640.5 °C, which occurred at
the time change from 2.5x 1076, 4.4x 1075, and 6.4x 107°
s, resulting in an average cooling rate ((TLiq—TC)/t) of
1.4x107,6.1x10%and 3.6 x 10°*/s and AT of 32, 25, and
20 °C, respectively. According to the above, the sponta-
neous nucleation dismisses far from the copper diffusion
length in pure aluminum area, although the high cooling
rate and undercooling exist. The homogeneous nuclea-
tion for pure aluminum requires AT around 190 and 175 K
as reported by Turnbull and Kelton, respectively [10]. The
nuclei occurring from spontaneous nucleation can be con-
trolled to employ as a self-grain refiner, and this will be the
future work.

Figure 7a-c shows the typical optical microstructure
images for CDS experiments named Ex6, Ex7, and Ex8 in
Table 1 mixed through a 6-mm-diameter funnel with mré
at T, equal to 667, 675, and 687 °C, respectively. Figure 7a
reveals a globular with few rosette shape grains forming
in the entire microstructure with an average grain size
between 175 and 200 um without adding grain refiner,
demonstrating that the grain growth is in a stable con-
dition. Figure 7b reveals the rosette shape grains with a
few globular and dendritic microstructure forming in the
entire microstructure with an average grain size between
400 and 450 pm, which shows the grain growth in partially
stable condition. Figure 7c reveals the dendrite forming
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in an entire microstructure with an average grain size
between 1400 and 1500 pm, indicating that the growth is
an unstable condition. The smaller grain size with mixed
microstructure appears when Alloy 1 was mixed at super-
heat less than 10 °C, revealing that a copious heterogene-
ous and spontaneous nucleation occurs during and after
the mixing step. Figure 7d shows the simulation results
for the cooling curve and C, at point 1 (10 nm) for CDS
experiments named Ex6, Ex7, and Ex8 simulated for T, of
665, 675, and 690 °C with mr 6 and T, fixed to 555 °C. In
Fig. 7d, T changes from 608.5, 612, and 620 °C for T, of
665, 675, and 690 °C, respectively; therefore, AT increases
for the lower T, resulting in an increase in the nucleation
rate and decrease in the grain size. The conventional cast-
ing experiment named Ex9 was designed to enhance the
heterogeneous nucleation by pouring Al-4.7 wt% Cu into
hot empty crucible preheated to 560 °C (approximately
the same as Alloy 2 temperature in the CDS experiments);
the AT employed by Alloy 2 effect was omitted. Figure 7e
shows the typical optical microstructure for Ex9, revealing
that dendrites with average size approximately 1500 um
dominate in the entire microstructure. Figure 7f shows the
typical optical microstructure for conventional casting
named Ex10 in Table 1, showing that dendrites having an
average grain size of more than 3 mm dominate the entire
microstructure. One can suggest that the improvement in
the spontaneous nucleation occurring during the mixing
step between Alloy 1 and Alloy 2 is a better way to form
a smaller grain size with a non-dendritic microstructure
without adding grain refiner.

6 Summary

The present study is focused on providing a better under-
standing of the nucleation events occurring in the super-
saturated solution that can establish in the CDS process.
Pure aluminum at different temperatures was mixed into
Al-33 wt% Cu eutectic alloys through a 6-mm-diameter
funnel with mr 6 to produce a resultant alloy (Alloy 3) with
4.7 wt% Cu. Mixtures made via CDS process and molten
alloys from Alloy 3 were quenched by a copper wheel
and liquid quenchant to provide more understanding
for the nucleation events. The heat and solute equations
were solved numerically by the CFD technique to find the
redistribution of the temperature, solute, and to find the
undercooling required to take place spontaneous nuclea-
tion. The conclusions can be summarized as follows:

1. The CDS process can be involved in high cooling rate
processes. A higher cooling rate with sufficient under-
cooling occurs near the boundary between Alloy 1
and Alloy 2 and decreases far from the boundary. The
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undercooling and the cooling rate strongly depend on
T, T,, and mr. The undercooling is sufficient to create
spontaneous nucleation from a supersaturated liquid.
The nucleation begins in higher liquidus temperature
alloy starting near the boundary with lower liquidus
temperature alloy. The nuclei can act as a catalyst for
the second nucleation taking place from the rest of the
supersaturation solution, resulting in a microstructure
with small grain size, where a grain refiner does not
need to be added.

2. Heterogeneous nucleation takes place in the mixture
at the crucible wall depending on the crucible tem-
perature. The heterogeneous nucleation occurs from
higher liquidus temperature alloy during the mixing
step.

3. Two-step nucleation theory can be employed to intro-
duce a better explanation of the spontaneous nuclea-
tion events in an undercooled supersaturation solu-
tion.

4. The effect of the latent heat of fusion issued from
the nucleation has a limited effect on the nucleation
events in the CDS process, contrary to the conven-
tional casting.

5. The model used in the present study provides a better
understanding of the cooling curve, temperature dis-
tribution, and solute distribution in the CDS process.

The simulation results match the experimental results
and provide a better understanding of the nucleation in
the supersaturation solution occurring during the CDS
process.
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