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Abstract: In order to quantitively model the real solidification process of industrial multicomponent alloys, a non-isothermal phase
field model was studied for multicomponent alloy fully coupled with thermodynamic and diffusion mobility database, which can
accurately predict the phase equilibrium, solute diffusion coefficients, specific heat capacity and latent heat release in the whole
system. The results show that these parameters are not constants and their values depend on local concentration and temperature.
Quantitative simulation of solidification in multicomponent alloys is almost impossible without such parameters available. In this
model, the interfacial region is assumed to be a mixture of solid and liquid with the same chemical potentials, but with different
composition. The anti-trapping current is also considered in the model. And this model was successfully applied to industrial

Al-Cu—Mg alloy for the free equiaxed dendrite solidification process.
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1 Introduction

The phase-field model becomes a powerful tool
which can describe the complex interface pattern
evolutions [1-5]. It describes the microstructure using a
set of conserved and nonconserved field variables that
are continuous across the interface regions. Phase field
models of solidification have been originally developed
for pure materials [6,7] and then extended to alloys
[8—11]. Since industrial alloys are almost multi-
component alloys and contain more than two main
solutes, phase field models are then extended to
multicomponent systems [12—16]. But most of the phase
field models for alloys solidification are under the
isothermal assumption and do not consider the latent heat
release [17,18]. Recently, the non-isothermal phase field
models for alloy solidification [19-22] are also
developed, but none of them is fully coupled with
thermodynamics database, especially for the thermal
transportation equations.

In multicomponent alloys, phase equilibrium, solute
diffusion behaviors and latent heat release are no longer

the same as that in binary alloys because of solute
interactions. A convenient way to solve this problem is
coupling the solidification model with thermodynamic
and diffusion mobility database [23,24]. Thus, phase
equilibrium, solute diffusion transportation and latent
heat release can be accurately predicted. There has been
a great effort in the past years concerned with the
assessment of thermodynamic and diffusion mobility
database in multicomponent alloys [25-27].

In this work, we develop a non-isothermal phase
field model for multicomponent alloy fully coupled with
thermodynamic and diffusion mobility database to
quantitively model the real solidification process of
industrial multicomponent alloys. Furthermore, industrial
Al—Cu—Mg alloy is taken as an example to study the free
equiaxed dendrite solidification process by this model.

2 Non-isothermal phase-field model for
multicomponent alloys

2.1 Governing equations
The total free energy of the system is defined as
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where F is the total free energy of the system, fis the

free energy density, £2is the volume integration on space,

¢ is the gradient energy coefficient and ¢ is the phase
field ranging from zero in liquid to one in solid.

In this work, the free energy density is defined as
[28]

F(@.CLCope,C ) = hy (D) fS(CP,C5 v, C ) +

[1=hy (D1 (CL,CT e, Cr ) + wg () 2)
where
C; = hy($)C; +[1-hy(HIC 3)

where S is the solid phase, L is the liquid phase and #,is
a mixing function for phase; the equilibrium
compositions Cl-S and Cl-L in a given point are not
independent of each other, but restricted by the same
chemical potential condition; where /,(¢) and g(¢) are
given as

hy () = ¢ (64" —15¢+10) 4)
g(p) =4 (1-¢) (5)

Then the governing equations for the phase-field
can be expressed as [29]
op oF
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where M is the phase-field mobility and g is the
chemical potential of the ith solute.

The time evolution of diffusion field under mass
conservation condition can be given by

aC n—1 n—1
VZMsz x =V MV ®)
o k k=1
where M, is the diffusion mobility. If the diffusion
mobility follows a mixture rule assumed as
My = hy()My +[1 = hy(PIM Q)

where Ay is a mixing function for diffusion, the Eq. (8)
for diffusion field can be re-written as
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where D;;’ is the diffusion coefficient in solid (p = S) or
liquid (p=L) phase. Under the assumption that
Dy << Dy , we can re-write the diffusion equation as

aac {[1 hy()] ZDLVCL} (12)

In order to eliminate chemical potential jump [30]
effect, an antitrapping term should be introduced into the
diffusion equation:

n—1
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Using the energy conservation law, the thermal
diffusion equation can be described as

or 0¢
=VkVT +AH - h, 15
¢y @)= (15)
where 7 is temperature, k is thermal conductivity, AH is
the latent heat, c, is specific heat capacity and can also
be described by the mixture rule:

= +[1-h ($)lcy (16)

Now, the evolution of phase field,
concentration field and temperature field are governed by
Eq. (6), Eq. (13) and Eq. (15), respectively. The phase
field control and solute field control equation using
explicit difference algorithm is named as Euler method.
And the temperature control equation using alternating
direction implicit method is also referred to the ADI
method. In this work, the phase equilibrium between
solid and liquid in Eq. (3) and (7), chemical potentials in
Eq. (7), solute diffusion coefficients in Eq. (12) and (13),
latent heat in Eq. (15) and specific heat capacity in Eq.
(16) can be gotten by fully coupling with the
thermodynamics and diffusion mobility database, which
will be shown in Section 3.

solute

2.2 Phase-field parameters

In the phase-field equation, there are three
parameters: phase-field mobility M, gradient energy
coefficient ¢ and height of the parabolic potential w. w
and ¢ can be obtained from the interfacial energy o and
the interface width 24 wusing the one-dimension
equilibrium solution [29]:

edw
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where the interface 24 is defined as the width over which
@ changes from ¢, to ¢,.

The phase-field mobility M is correlated with the
interface kinetics and its equation can be given as [29]

11 Jw P
YW 4t 19
m M ay2s mf (19)

If a infinite interface mobility is applied [31], which
is m —> oo, the phase-field mobility can be expressed as
[31]
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where E is the equilibrium state.

3 Thermodynamics and diffusion description
in multicomponent alloys

3.1 Thermodynamics

In the case of multicomponent alloys, integral Gibbs
energy for each phase depends on its constitution,
temperature and pressure, and this can be described by a
thermodynamic model [32] as

Gldeal G

G = GO mix mix (23)

where G° is the contribution of pure components of
phase to the Gibbs energy, G;Sffl is the ideal mixing
contribution and G, is the contribution due to
non-ideal interaction between components, also known
as the Gibbs excess energy of mixing. When Gibbs
energy in Eq. (23) is obtained, the other thermodynamics
related parameters, such as phase equilibrium
concentration, chemical potential, latent heat and specific
heat capacity, can all be calculated out accurately, for

example:

S L
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oT
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There are a large number of thermodynamic models
for various substances in different state [33]. For
example, for FCC, BCC, HCP solid solution phases and
liquid phase, the Gibbs energy G, for ternary alloy can be
written as [34]
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Such work has been proved powerful, since there
are several available software systems which are capable
of estimating the phase equilibrium as a function of
pressure, temperature and the composition of alloying
elements, such as Thermo-Calc [35], PANDAT [36], and
MTDATA [37]. In this work, the properties of
thermodynamics are all obtained by Thermo-Calc
through TQ interface. The thermodynamic description of
Al—Cu—Mg system will be shown in Section 4.

3.2 Diffusion coefficients
For the case that the elements are substitutional, the
diffusion coefficient defined in the volume-fixed frame
of reference, D,] , can be expressed as [38]
Z@lmq%“k (28)
oc;

where C; is the mole fraction of component i, y is the
chemical potential of component k£, and J;, is the
Kronecker delta. It can be observed that the 9z /0C; is
a purely thermodynamic parameter which corresponding
to the thermodynamic factor and can thus be evaluated
from the thermodynamic description of the system. The
parameter €, is the mobility of specie £ in a given
phase and will be discussed later.

The chemical diffusion coefficients, by eliminating
the concentration element n, can be deduced as

D} =DJ -D, (29)

where n is the solvent and D;-/ is given in equation (28).
The diffusivity D,; is the most convenient one for
practical calculations. Determination of the diffusion
mobility parameter in Eq. (28) requires the use of
experimental diffusion data. Tracer or self diffusivity
D; , 1s generally determined from diffusion studies using
isotopes and directly related to the mobility €, by

means of the Einstein relation as
D; = RTY, (30)

Using the diffusion coefficient expression in Eq.
(29), the concentration of element # is eliminated and an
(n—1)x(n—1) chemical diffusion matrix is obtained. Then
the concentration dependent solute diffusion coefficients
in Eq. (13) can also be accurately obtained.

It is worth noting here that the thermodynamic
factors in Eq. (28) are also obtained by Thermo-Calc
through the TQ interface.
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4 Application to AI-Cu—Mg alloy

The thermodynamic description of Al-Cu—Mg
system now can be used from BUHLER et al [39]. Using
the parameters for the thermodynamic description of
Al-rich ternary Al-Cu—Mg alloys, G** for liquid phase
can be evaluated as

Gl&z)i(quid = Xa1XCu [(—66622 +8. 1T) +
(46800 —90.8T + 10T In T)(x — Xcy ) -

2812(x,; — Xy )* 1+ Xa [ (—12000 +8.5667) +

(1894 —3T)(xa; — Xygg) +2000(x; — Xygg) 2]+
XeuXygl(~36984 +4.7561T) ~8191.29(xc, — Xy,)]

(€2))
For AI-FCC primary solution, G* is given by

G&e = Xppxc [(-53520+2T) +
(38590 — 2T)(x 5, — Xy )+ 1170(x 5, — %y )21+
Xpru[(4971=3.5T) +(900+0.423T)(x o — Xy ) +
950(x 41 — Xtg) 21+ XeyXyrg (-22279.28+5.868T)  (32)

Tracer diffusion is the diffusion of a tracer in the
matrix of an alloy. The impurity or self diffusivity D: ,
in ternary Al-Cu—Mg is given in Table 1. The other
parameters used in the simulation are given in Table 2.

Temperature/K

C‘('u‘lw/c'
0.022
0.020
0.018

4 0.017

0.013

0.012

0.011

0.010

0.008

0.003

Table 1 Diffusion data used in simulation

Parameter D; H(m?s™")
Impurity C'hffl'lSI(')n coefficient 1.06x10~7 exp( —24000)
of Cu in liquid Al [40] RT
Impurity d.1fﬁ.1510.n coefficient 9.9x10°5 exp( —71600)
of Mg in liquid Al [40] RT
Self diffusion coefficient of 116x10~7 exp( —21330)
liquid Al [41]
Table 2 Parameters used in simulation
Parameter Value
Interface energy, o/(J'm 2) 0.093
Initial alloy composition (mole fraction, %) Cc,= 1.1, Cyg=1.8
Initial temperature/K 900
Initial cooling rate/(K-s ') 1.0x10°
Molar volume, V,,/(m* mol ") 1.06x10°°
Grid size, Ax/m 1.0x107%

Thermal conductivity/(W-m K" 190

Figures 1(a) and (b) show the temperature field and
phase field in the whole system, respectively. The
solidification time is 4.5x107° s. Figures 1(c) and (d)
show the concentration field of Cu and Mg, respectively,
both in solid and liquid. They show that the temperature
field has less gradient than concentration fields since the
thermal conductivity is almost 10° times larger than the
solutes diffusion coefficients.

| [ NENEN |
Sooooo2o2I0
— I dmh D=1 00D

Cyg/%

0.025
0.024
0.023
. 0.022
L 0.021
0.019
0.018
0.017
0.010
0.009

Fig. 1 Simulation results of Al-1.1% Cu—1.8% Mg dendritic solidification process (= 4.5x107 s): (a) Temperature field; (b) Phase

field; (c) Cey; (d) Cyg
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Figure 2 shows the distribution of diffusion
coefficients in the whole system. It shows that the
diffusion coefficients are all highly concentration
dependent, both diagonal (Dcycy and Dygnv,) and
off-diagonal (Dcymg and Dygey). It shows that the
off-diagonal diffusion coefficients (Dcymg and Dyigey) are
about 10% of diagonal ones (Dcucy and Dyigmg).

Figure 3 shows the latent heat and specific heat
capacity distribution in the whole simulation area. It
shows that the latent heat and specific heat capacity are
both concentration and temperature dependent. They
both change a lot in the whole system. It is almost
impossible to get these parameters accurately if the
model is not coupled with thermodynamics database.
Quantitative simulation of solidification in multi-
component alloys is also impossible without such
parameters available.

JDCuCu/ mz's_l)

DMgCu"{ m?+s™")

-8.1x 10713

-1.4x 10710
{24 x 10710
-33x 10710
-4.3 % 10710
-52x 10710
-5.4x 10710
-5.5% 10710
6.2 10710
=7.1x 10710

5 Conclusions

1) A non-isothermal phase field model was
developed for multicomponent alloy fully coupled with
thermodynamic and diffusion mobility database, which
can accurately predict the phase equilibrium, solute
diffusion coefficients, specific heat capacity and latent
heat release in the whole system.

2) These parameters are not constants and their
values are dependent on local concentration and
temperature. Quantitative simulation of solidification in
multicomponent alloys is almost impossible without such
parameters available.

3) In the model, the interfacial region is assumed to
be a mixture of solid and liquid with the same chemical
potentials, but the different compositions.

DcuMgf(mz' S_])

-6 x 10710
-23x 10710
24 x 10710
-2.9x 10710
=3.6x 10710
-4.2x10710
-4.7x 10710
4.8 10710

Dyygg/(m?+s7")

¢ /(Jmol™-K™)

sl
[ttt T

LILIILILILILILILD
Loo—lioe—aoe

Fig. 3 Latent heat and specific heat capacity distribution at solidification time 4.5x107 s: (a) Latent heat; (b) Specific heat capacity
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4) The anti-trapping current is also considered in the

model. For example, industrial AlI-Cu—Mg alloy for the

free

equiaxed dendrite solidification process can be

studied by the above model.
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