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Dynamic investigation of the finite dissolution of silicon particles in
aluminum melt with a lower dissolution limit*
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The finite dissolution model of silicon particles in the aluminum melt is built and calculated by the finite difference
method, and the lower dissolution limit of silicon particles in the aluminum melt is proposed and verified by experiments,
which could be the origin of microinhomogeneity in aluminum-silicon melts. When the effects of curvature and interface
reaction on dissolution are not considered; the dissolution rate first decreases and later increases with time. When the effects
of curvature and interface reaction on dissolution are considered, the dissolution rate first decreases and later increases when
the interface reaction coefficient (k) is larger than 10~ and the dissolution rate first decreases and later tends to be constant
when k is smaller than 1073, The dissolution is controlled by both diffusion and interface reaction when k is larger than
10-3, while the dissolution is controlled only by the interface reaction when k is smaller than 10~%.
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1. Introduction

Dissolution is an important phase transformation process
in fundamental science. For the dissolution of particles in
metals, early models were proposed based on long-distance
diffusion in the unbounded medium under the assumption of

[1.21 and the sharp interface

local equilibrium at the interface,
model based on the separation of the constitutive phases and
the phase field model derived from the minimization of the
free energy functional were developed recently.>*! However,
researchers mainly focused on the dissolution of particles in
solid metals for the guide of heat treatment. For the dissolu-
tion in liquid metals, the solid could dissolve directly®! if no
inter-metallic compounds are formed, while the inter-metallic
compounds first form in the interface and then dissolve!®! if
inter-metallic compounds exist in the phase diagram, but some

7-101 about the dynamics and mecha-

fundamental problems!
nism of dissolution in liquid metals are still unsolved.

The investigation of the structure of liquid metals was the
cutting-edge topic of the interdiscipline between condensed
matter physics and material science. X-ray diffraction, neu-
tron scattering, and physical property measurement experi-
ments were conducted to confirm the microinhomogeneity in

11-141 and molecular dynamics,

certain liquid metal systems, !
ab initio molecular dynamics, and Monte Carlo simulations
were used to reveal the property and structure of liquids or the
evolution of liquid structure during solidification,'>13-171 but

seldom did researchers focus on the origin of microinhomo-
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geneity in liquid metals from the view of dissolution.

The aluminum-silicon alloys have been implemented in
a wide range of applications due to their high cast ability, high
strength, and low coefficient of thermal expansion.!'3! The in-
vestigation of the dissolution dynamics and mechanism of sili-
con particles in the aluminum melt was not only important for
the smelting of aluminum-silicon alloys, but also important
for the understanding of the long-time unsolved question about
the origin and structure of microinhomogeneity in aluminum—

silicon melts. [11-13.14.19

I Previous studies>*2%/ mainly focused
on the dissolution of silicon particles in solid alloys for the in-
struction of heat treatment, while little work has been done
on the dissolution of silicon particles in aluminum melt. The
infinite!>3! dissolution of primary silicon was studied,?*! but
the dissolution tended to be finite!>>2%! dissolution in reality,
thus the finite dissolution model with a lower dissolution limit
was developed in this article.

In this paper, the finite dissolution model of silicon parti-
cles with a large initial radius of 30 um in the aluminum melt
was built, the lower dissolution limit of silicon particles in the
aluminum melt was proposed and verified by experiments, and
the effects of curvature and interface reaction on finite disso-
Iution were quantitatively investigated by the finite difference

method.
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2. Lower dissolution limit of Si particle in Al
melt

2.1. Model of lower dissolution limit

The size effect would appear when the silicon particles
are dissolved from mesoscale to nanosacle in the aluminum
melt, which results in a significant decrease in the melting
point of silicon particles. Thus, we propose that the parti-
cle radius Rz, with the melting point equal to the dissolution
temperature is the lower limit of dissolution. When the ra-
dius of silicon particles is greater than Rr,,, the structure of
silicon particles is relatively stable and dissolution happens.
When the silicon particles are dissolved to be smaller than
Rz, the structure of silicon particles is unstable and melting
happens, and the melting of these nanoscale silicon particles
that are wrapped by the transition layer could be the origin
of nanoscale microinhomogeneity!!'*!%! in aluminum-—silicon
melts. Thus, the melting point of silicon particles in the alu-
minum melt is determined.

The melting point of silicon particles in the air>"! is

T =To(1 - B/2R), (1)

where Ty is the melting point of bulk silicon, f is a constant
related to atomic spacing, and R is the radius of silicon parti-
cles.

Because of the surface tension, the silicon particles in the

aluminum melt would suffer additional pressure dP?8)

dP =20/R, (2)

where o is the surface tension between silicon particles and
the aluminum melt.

According to the Clapeyron equation, the melting point
of silicon particles in the aluminum melt would decrease by
d7 8

P AbH,

—=—n 3)
a7 70NV

where ABH,, (46.4 kI-mol=1)12) and APV, (0.86456 cm?.
mol 1) 3 are the variation of molar enthalpy and volume ac-
companied with the melting of silicon.

Thus, the melting point of silicon particles in the alu-
minum melt yields

AT

When substituting Ty = 1683 K, B = 1.88 nm,*” and
o = 0.35241 J/m?B3! into Eq. (4), the lower dissolution limit
of silicon particles in the aluminum melt is obtained, as shown

B
o), @)

R APH,

in Fig. 1. When the dissolution temperature is 700 °C, the
lower dissolution limit is 2.245 nm, and melting happens when
the radius of silicon particles is dissolved to 2.245 nm.

1200 F
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Fig. 1. Lower dissolution limit of Si particles in Al melt.

2.2. Experimental verification

In order to verify the above mentioned lower dissolution
limit of Si particles in Al melt, the hypoeutectic Al-7 at.%Si,
eutectic Al-12.2 at.%Si and hypereutectic Al-20 at.%Si bi-
nary alloys are chosen to give an integrated authentication, as
shown in Fig. 2(a). The Al-12.2 at.%Si alloy is the eutectic
composition that is composed of symbiotic Al and Si phases,
and the hypoeutectic Al-7 at.%Si alloy consists of primary
a-Al and eutectic Al and Si phases, while the hypereutectic
Al-20 at.%Si alloy is composed of primary Si and eutectic Al
and Si phases. It should be mentioned that the bond energy of
Si-Si pairs (326.5 KJ-mol~') is significantly higher than that
of the Al-Al pairs (186.2 KJ -mol_l),m] which means that the
stability of the Si phase is higher than that of the Al phase, as
revealed by the higher melting point of Si (1414 °C) than that
of Al (660 °C). Therefore, for the melting of the hypoeutectic,
eutectic, and hypereutectic Al-Si binary alloys, the Al phase
first melts, while the Si phase first splits into small Si particles
and then dissolves into the Al melt. Thus, the hypoeutectic
Al-7 at.%Si, eutectic Al-12.2 at.%Si, and hypereutectic Al-
20 at.%Si binary alloys are first melted by high-frequency in-
duction melting to the temperature of about 800 °C in a $12-
mm quartz tube under a vacuum of 3.373 Pa, then the three
Al-Si melts are melt-spun to the copper roller with a diameter
of 22 cm and a rotating speed of 32.8 ms~!, and finally the
final dissolution state of Si particles in Al melts was largely
retained in the thin 40-50 wm thick melt-spun ribbons due to
the rapid solidification process.

The SEM micrographs of the rapid solidified microstruc-
ture of hypoeutectic Al-7 at.%Si, eutectic Al-12.2 at.%Si, and
hypereutectic Al-20 at.%Si binary alloys after induction melt-
ing to a temperature of about 800 °C are shown in Figs. 2(b)—
2(d), respectively. Si particles with a diameter smaller than
10 nm can be found in all the hypoeutectic, eutectic, and hy-
pereutectic Al-Si rapid solidified alloys, and the smallest Si
particle is as small as 8 nm, as indicated by the arrows. Ac-
cording to the lower dissolution limit model in Section 2.1,
the lower dissolution limit of Si particle radius in Al melt at
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800 °C is 2.615 nm, i.e., the lower dissolution diameter is
5.23 nm. Considering that the cooling rate of the melt-spun
process is in the range of 10°~107 K/s, which cannot totally re-
tain the final dissolution state of Si particles in Al melts, and Si
particles will grow or even develop into a large Si phase during
the rapid solidification process. Thus, the Si particles smaller

800-(3‘)
Al—7 at.%Si

o 700 _ /
g Al—12.2 at.%Si
[0}
5 GOO.B Al—20|at.%Si
]
3
g 5001
g
& 400+

300 s ey -
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Si/at.%

o
(_b9.b nm

¢ W,

D Qe
C/ Si particle

(o)

than 10 nm that are found in the rapid solidified hypoeutectic
Al-7 at.%Si, eutectic Al-12.2 at.%Si, and hypereutectic Al—
20 at.%Si binary alloys are very close to the corresponding
lower dissolution diameter given by the model, which verifies
the correctness of the lower dissolution limit model proposed
in Section 2.1.

A { s W
. O “9Y0 nm
ﬂu/Si patticle ’ A
r ) '
0

Fig. 2. (color online) Phase diagram of the Al-Si binary alloy (a) and SEM micrographs of the rapid solidified microstructure of
Al-7 at.%Si (b), Al-12.2 at.%Si (c), and Al-20 at.%Si (d) binary alloys after induction melting.

3. Finite dissolution of Si particle in Al melt
3.1. Basic assumptions
(i) The silicon particles are spheres with the same size.
(i1) The liquid aluminum matrix is finite, and there is no
mass transfer across the external boundary of the aluminum
melt.
(iii) The diffusion coefficient is irrelevant with time and

(b) no mass transfer across boundary

matrix
(liquid aluminum)

matrix

(liquid aluminum)

particle
(silicon)

barticle

(silicon)

Cp (b) finite dissolution

concentration.

(iv) The effect of convection is neglected.

3.2. Finite dissolution model

The dissolution tends to be finite dissolution in reality, so

the dissolution model of silicon particles in finite aluminum
melt is built, as shown in Fig. 3(a). Silicon particles with a

1 no curvature and interface reaction

2 curvature and interface reaction

matrix
(liquid aluminum)

particle
(silicon)

R r—L L

Fig. 3. Finite dissolution model of silicon particles in aluminum melt with (a) model description and (b) concentration distribution.
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radius of R are dissolved in finite aluminum melt with the ra-
dius ranging from R to the external boundary L, and there is
no mass exchange across the boundary. L is determined by the
average concentration Cyp of silicon (see Eq. (11)). Figure 3(b)
shows the concentration distribution of silicon in finite alu-
minum melt, and Curves 1 and 2 represent the conditions that
the effects of curvature and interface reaction on dissolution
are not considered respectively. Cp and Cy are the concentra-
tion of silicon in the silicon particle and the liquid aluminum
matrix respectively. Cy is the maximum solubility of silicon in
aluminum in the liquid side of the interface at the dissolution
temperature, and r is the radial distance between the liquid
aluminum matrix and the center of the silicon particle.

3.3. No effects of curvature and interface reaction

3.3.1. Mathematical description

Diffusion in silicon particles and the liquid aluminum ma-

trix conform to the second Fick’s diffusion law[2¢]
oc* 19 ([, dcCP
- - Dpi 5
ot r2or (r or ) ’ )
ocM 1.9 [, yocM
= —_—__ (D 6
ot r2 or (r or ) ’ ©)

where the superscript M and P represent the liquid aluminum
matrix and silicon particles respectively, and they have the
same meaning in subsequent equations.

The mass is conserved in the particle-matrix interface

dR [ oCM p [ OC?
g =2 () L (%) L o

The boundary and interface conditions are

ocM oc?
(w)wza(&Jw:“ ®)

CM=¢ (r=R"), C®=Cp (r=R"), 9)

where Cip is the solubility of silicon in aluminum at the disso-
lution temperature.
The initial and geometrical conditions are

CM=Cy (t=0,r>Ry), C°=Cp (=0, r <Ryp), (10)
RYCy+ (L> —R}) Cm = LCa. (11)

3.3.2. Difference scheme description

There is no analytical solution for the finite dissolution,
so the finite difference method is used to obtain the numerical
solution. The silicon particle and the surrounding liquid alu-
minum matrix are dispersed into N + 1 grid nodes numbered
by n=0,1,...,m,...,N along the radius direction, and node
0, m, and N represent the position of the center of silicon par-
ticles, the particle-matrix interface, and the external boundary
of the liquid aluminum, respectively. The change rates of the

concentration for a specific node in the silicon particle and the
liquid aluminum matrix are

dc?  acP rdf\ act
= =1,2,....m—1 12
dr orf \ dr ot’ (n=12,....m=1), (12)
dcM  9cM /dM acM
= ( ;Z) S, (n=mt1. N=1). (13)
n

The relationship between the migration rate of the
particle-matrix interface and a specific node in the silicon par-
ticle and the liquid aluminum matrix is

dr,I: rEdR

dl :Fa, (n:1,2,...,m71), (14)
dM L-—™MdR

d: = L—In€ G (n:m—i—l,...,N—l). (15)

Substituting Egs. (5) and (14) into Eq. (12), and Egs. (6)
and (15) into Eq. (13) yield
dC;  mdCrdR 52 0C, pd°C,
dt R o dt P orP ar*’
(n=1,2,....m—1), (16)

+D

dey'  L—n'9C dR 2 9CY \d*CY
dt  L—R aM dt ™M oM orM?’
(n=m+1,....N—1). (17)

The difference scheme of Egs. (16) and (17) is described
as follows:

c'-cl _ n G —Co R R
At R/ 2 At
2 (C/ _C/ )
P 1 —1
FpPT ol
n ()
(¢l —2ci+cl)
+DPm? — ,
(R7)
(n=1,2,....m—1), (18)
ci'-cl  N-nCl —CiRI*'_RI
At L-R 2 At
X DM(N —m) ©.-C,
[Ri4+ (n—m)(L—RJ)/(N —m)] L—RJ
(el —2cl+cly)
FDM(N —m)2 2 7,
(L—R/)
(n=m+1,....N—1). (19)
The difference scheme of Eqgs. (7) and (8) is
R/ _RJ
Cp—CG)——
(G =C) At
- pM (N—m) 4C;1+1 —3G _errH-Z
2(L—RJ)
cl,—4c +3Cp)
B PT( m—2 m—1
D > R ) (20)
Cl=C5,CL=C_4- 21
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3.4. Results and discussion

When the initial radius Ryp = 30 um, the initial concentra-
tion Cp = 1 and Cy; = 0, the geometrical condition Cp = 0.16,
the interface condition Ct and Cip, and the diffusion coefficient
D (see Eq. (22)) are substituted into the difference equations
and solved, the dynamic dissolution curve of silicon particles
and the concentration distribution of silicon during dissolution
were obtained, as shown in Fig. 3. From Fig. 4(a), the disso-
lution rate first decreases and later increases with time. From
Fig. 4(b), the concentration gradient always exists in the alu-
minum melt, which indicates that the dissolution is controlled
by diffusion

D = Doexp(Q/R,T), (22)

where Dy is 2.08x 1077 m?-s~!,B33 0 is 25740 J-mol~!, 133!
Ry is 8.314 J-mol~!-K ™!, and 7 is the dissolution temperature
ranging from 700 °C to 1100 °C.
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Fig. 4. (color online) Finite dissolution of silicon particles in aluminum
melt without considering effects of curvature and interface reaction (a)
dynamic dissolution curve and (b) concentration distribution.

3.5. Effects of curvature and interface reaction

The relationship between curvature and interface concen-
tration is given by ?#

Ci(R) = Ci (=) exp < il ) (23)

RR,T
where Ci(e0) is the interface concentration of the planar in-
terface, ¥ is the interfacial free energy, and V is the mo-
lar volume of the particle. In this paper, ¥ and V are taken

as 0.35241 J-m =201 and 12.04x107% m?-mol~!,*! respec-
tively.

The interface reaction decreases the speed of the solute
atoms from particles into the matrix, which results in the real
interface concentration Cy that is lower than Ci by ACy, as
shown in Fig. 2. Aaron and Kotler!?! gave out the relation-
ship between the dissolution rate dR/d¢ and ACt when the
separation of solute atoms from particles conform to the screw
dislocation mechanism

% = —k(AG))?, (24)
where k is the interface reaction coefficient. The smaller £ is,
the more difficult for the separation of solute atoms from par-
ticles into the matrix. Since the growth of the silicon phase
in aluminum-silicon alloys conforms to the screw dislocation
mechanism, 333! the inverse function of Eq. (24) could be
used to reveal the effects of the interface reaction on the in-
terface concentration

[ 1dR
AG = (| —=—2 2
G k dr (25)

According to Egs. (23) and (25), the interface concentra-
tion is obtained as

2V 1 dR
Cr (R) = Ci (o) exp (RIZJ) g @

When substituting Eq. (26) into Egs. (7) and (9) and
considering a wide range of the interface reaction coefficient
(k=107>-10""), the dynamic dissolution curve of silicon par-
ticles is obtained (see Fig. 5). The dissolution rate first de-
creases and later increases with time when k is larger than
10~!, and the curvature effect induced by the decrease in the
particle radius at the later stage of dissolution could acceler-
ate dissolution, as shown in Fig. 5(a). When £ is smaller than
1073, the dissolution rate first decreases rapidly and later tends
to be constant, which indicates that the effects of curvature
could be neglected, as shown in Figs. 5(b)-5(d).

Figure 6 shows the concentration distribution of silicon
in finite aluminum melt during dissolution when the effects
of curvature and interface reaction are considered. From
Figs. 6(a) and 6(b), when the interface reaction coefficient (k)
is larger than 1073, the concentration gradient of silicon in the
aluminum melt exists and decreases with time, which indicates
that incomplete and non-uniform diffusion of the silicon hap-
pens in the aluminum melt, and the concentration gradient of
silicon decreases with the decrease in k; thus the dissolution
is controlled by both the diffusion and the interface reaction.
From Figs. 6(c) and 6(d), when k is smaller than 10~#, there
is no concentration gradient of silicon in the aluminum melt,
which reveals that the interface reaction rate is so slow that the
silicon has enough time to conduct complete and uniform dif-
fusion in the aluminum melt, thus the dissolution is controlled
only by the interface reaction.
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Fig. 5. Dynamic dissolution curve of silicon particles in finite aluminum melt considering the effects of curvature and interface reaction
when the interface reaction coefficient k is equal to (a) 1 x 107!, (b) 1 x 1073, (¢) 1 x 10~%, and (d) 1 x 1075.
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Fig. 6. (color online) Concentration distribution of silicon in finite aluminum melt during dissolution considering the effects of
curvature and interface reaction when the interface reaction coefficient k is equal to (a) 1 x 107!, (b) 1 x 1073, (c) 1 x 10~*, and (d)

1x1073.
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4. Conclusions

(1) A model of the lower dissolution limit of silicon parti-
cles in the aluminum melt is proposed and determined, and the
model is verified by experiments, which could be the origin of
microinhomogeneity in aluminum-silicon melts.

(2) The finite dissolution model of silicon particles in the
aluminum melt is built and calculated by the finite difference
method, and the quantitative effects of curvature and interface
reaction on the dissolution rate and dissolution mechanism are
obtained.

(3) When the effects of curvature and interface reaction
on finite dissolution are not considered, the dissolution rate
first decreases and later increases with time.

(4) When the effects of curvature and interface reaction
on finite dissolution are considered, the dissolution rate first
decreases and later increases when the interface reaction coef-
ficient (k) is larger than 10!, while the dissolution rate first
decreases and later tends to be constant when k is smaller than
1073,

(5) The dissolution is controlled by both diffusion and in-
terface reaction when & is larger than 1073, while the dissolu-
tion is controlled only by interface reaction when k is smaller
than 10~%.
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