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Abstract. This text presents a mathematical model for the microsegregation during the solidification of a binary alloy,
considering thermodiffusion. Heat and solute mass transfer are evaluated in a dendrite branch by choosing the thermo-
dynamic system in such a way that precludes chemical diffusion through its boundary, but the thermal gradient can drive
thermodiffusion. The aim was to obtain a analytical equation for microsegregation where thermodiffusion parameters
appear explicitly. With such a result, one can easily evaluate whether the phenomena inherent to the solidification process
could enhance thermodiffusion when compared to solute transport without phase change. It seems that thermodiffusion
coefficient should not be the better parameter to indicate the relevance of the Soret effect in the solidification process.
Some dimensionless parameters emerge from the proposed model, which can be more suitable for this assessment.
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1. INTRODUCTION

In the context of solidification, solute segregation means that the growing solid cannot dissolve the entire amount of
components present in the solution, and the excess of chemical elements are rejected into the liquid in front of the solidifi-
cation interface. As a result, the solid structure may present a non-uniform chemical distribution. Microsegregation stands
to this phenomenon evaluated at scale of the smallest solidification structures. In the case of dendritic structures, this het-
erogeneity can be measured on the dendrite branches on the solidified material. On the other hand, the macrosegregation
is the solute heterogeneity measured across the whole material, as a result of the transport of segregated species at the
solid/liquid interface over longer distances compared to microstructures. This transport occurs by diffusion or convection
trough the remaining liquid.

The Soret effect is the diffusion of chemical species in a mixture driven by thermal gradients. This kind of transport
has been systematically neglected on solidification models (Dantzig and Rappaz (2009)). This simplification is based on
the typically low values of the thermodiffusion coefficient in metallic solutions compared to the chemical driven diffusion
coefficient. A parameter commonly used to show that is the Soret coefficient, S, defined by St = DT /D, where
DT is the thermodiffusion coefficient, D is the diffusion coefficient. However, this parameter does not include other
essential phenomena inherent to the solidification process, such as heat transfer, releasing of enthalpy of fusion, and
solute segregation.

Recent results, such as those of references Satheesh and Mohan (2017) and Jafar-Salehi ez al. (2016), suggest that
in the cases studied, the thermodiffusion can influence relevant characteristics of solidified materials in a non-negligible
manner. Accordingly, since the temperature gradient in the liquid is often high, the thermodiffusion may have a consider-
able influence on the composition of the liquid and the solidified final product. These results are perhaps associated with
what has been noted by Platten and Legros, 1984 (Platten and Legros, 2012, p. 576): “The mass fraction gradient estab-
lished under the effect of thermal diffusion is very small (- - -), but our theme is that such a small concentration gradient
disproportionately influences hydrodynamics relative to its contribution to the buoyancy of the fluid. Therefore thermal
diffusion cannot be ignored.” Convection is not taken into account in the present model. However, microsegregation
models are often coupled in multi-scale solidification modeling, where convection can be a significant player.

The present work is part of an effort to assess the influence of thermodiffusion in solidification processes. Initially,
the objective is to obtain suitable parameters to evaluate the effect of thermodiffusion on the microsegregation scale. The
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present work lies in this context. Subsequently, the Soret effect on macrosegregation shall be analyzed.

Several microsegregation models have been proposed. The Gulliver-Scheil microsegregation model (Kurz and Fisher
(1998); Dantzig and Rappaz (2009)) is considered an effective tool for quantifying the solution concentration profile in the
solidification process. Gulliver and later Scheil adopted a one-dimensional closed system defined so that this size is the
half of secondary arm spacing, starting at the center of one of this arm. They could assume symmetry in the composition
profiles at both boundaries. Several assumptions in the present work are similar to that of Gulliver and Scheil.

The scope of the present work is mainly the development of a microsegregation model, including the thermodiffusion
effect, for which the heat and solute transport are evaluated. This is presented in section 2. In subsection 2.] a physical
model is established. Subsequently, in subsection 2.2 this physical model is translated to a mathematical description
resulting in a boundary condition problem. An analytical solution is then proposed in subsection 2.3 The resulting
equation, describing the solid fraction as a function of the temperature, exposes potential useful parameters for assessing
the influence of thermodiffusion in solidification processes (subsection 2.4.

2. MICROSEGREGATION MODEL INCLUDING THERMODIFFUSION
2.1 Physical modeling

The present work concerns the dendritic solidification of a binary metallic alloy. We consider planar dendrite. In
most cases, this implies a serious simplification, since we expect dendrites to be three-dimensional structures. However,
there are also near planar growth. An example is a sample solidifying inside a thin crucible in an in-situ visualization
experiment. The thermodynamic system adopted is a region between two secondary arms of an arbitrary planar dendrite.
Like in the Gulliver-Scheil model, this region is defined in such a manner that it will result in a one-dimensional domain.
Despite this, we will sometimes make reference to the volume (V) and the boundary area (S) of the system. Figure 1 shows
our choice for the system. Above in the figure, light gray is a schematic representation of the halves of two neighboring
dendrite secondary branches. The darker gray strip defines a region (dy x A2 x 1) distant enough from both, tip and base
of the branches so that the two solid-liquid interfaces are near planar. \s is the secondary arm spacing, an important
parameter in dendrite growth (Flemings (1974); Kurz and Fisher (1998); Dantzig and Rappaz (2009)). Considering x an
axis orthogonal to the longitudinal direction of the branch crossing the position Y, we take x = 0 at the center of the
left branch, as shown in the schematic graph below in the figure 1. = X is the position for which dC'/dx = 0 so that
chemical diffusion is precluded there, even in the case where temperature differences between two neighbor branches
would be measurable. A common but often unnecessary simplification is to do X = A2/2. Besides, if L is the branch
length, we choose dy < L. This proposition allows us to neglect any variation on y direction, resulting in a one-
dimensional analysis along x. From the above discussion, in the present work the thermodynamic system consists of a
volume V = Jy x X X 1, initially fully liquid. However, taking 9C' /0y = 0 for Y <y < (Y + Jy), our mathematical
domain reduces to the one-dimensional interval 0 < x < X'. The solidification starts from « = 0 and develops toward
r = X, when the volume is fully solid. During solidification, at any time ¢ there is a planar solid-liquid interface at
x = x*. There is no diffusion driven by chemical gradients trough the system boundaries, because OC'/dy = 0 and
(dC/dzx), = 0.

In order to proceed, additional considerations are necessary for transport phenomena and the concerned physical
properties. For metallic alloys, it is common that Dy > D, where D, and D; are the liquid and the solid solute diffusion
coefficient, respectively. This has been used by Gulliver and by Scheil to neglect the diffusion in the solid phase (back
diffusion) in their microsegregation model (Dantzig and Rappaz (2009)). In the present work, we shall also assume there
is no back diffusion. This is a good approach when the solidification time (¢ ) is less than 10s (Dantzig and Rappaz,
2009, p. 397). This fact takes us to our next simplification.

Our system length is X' ~ Ao/2 (figure 1). On the other hand, Ay evolves proportionally to square root of time (Kurz
and Fisher, 1998, p. 85, 259). Fewer solidification time implies smaller X'. For example, measurements for a wide range of
solidification conditions of Al-4.5wt%Cu, shows that 5 yum < Ay < 10% um (Kurz and Fisher, 1998, p. 87). For t; = 10% s,
the upper limit for the present model, these data show that Ay ~ 10% um. For such a small region, we can consider
diffusion in the liquid fast enough to establish a uniform solute profile in this phase.

We shall also consider local thermodynamic equilibrium at the solid-liquid interface. That is, the equilibrium phase
diagram can be directly used to describe solute segregation and the thermodynamic coordinates (temperature and solute
fraction) on the solid-liquid interface. Moreover, one can later introduce the effects of possible non-equilibrium solidifi-
cation, such that solute trapping in rapid solidification, using an appropriate correction for the partition coefficient Aziz
(1982). The densities of the solid and the liquid phases are considered equal and constant during solidification. Thus, we
do not take into account the solidification shrinkage or any other source of phase movement.

Finally, to include the thermodiffusion effect, we argue that solute can diffuses across the system boundaries driven
by thermal gradients. However, we assume that this transport can only be done through the liquid phase. Withal, we
consider thermodiffusion between the system and its neighborhood but not inside the system, where the thermal gradient
is negligible due to its typical size.
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Figure 1: Locus of the thermodynamic system. Above: schematic representation of the halves of two neighboring dendrite
secondary branches (light gray); definition of a region (dy X Az x 1), distant enough from both, tip and base of the branches
(darker gray). Below: schematic solute profiles along an x axis transversal to the branches represented above, at the

position Y. 2 = X is the position for which dC'/dx = 0.

Table 1 summarizes the main hypotheses and assumptions presented above. Two additional simplifications will be
introduced later in the text. Hypotheses H1 to H8 are similar to those established by Gulliver and Scheil Kurz and Fisher
(1998); Dantzig and Rappaz (2009). Different from them, the inclusion of H9 makes the present system a control volume

(an open system).

Table 1: Hypotheses for the present model.

Assumption Modeling concerns

H1 % =0forY <y < (Y + dy) One-dimensional domain 0 < z < X.

H2 Jy< X~ % The solid-liquid interface is locally flat and its position
over time is z* (¢), with 0 < z*(¢) < X.

H3 (%) +=0 There is no solute diffusion across the boundaries due
to chemical gradientes.

H4  Local equilibrium (T, C™) from liquidus and solidus lines.

HS X tf% Solute profile uniform on the liquid phase. In conjunc-
tion with H5, this means that C; = C} everywhere in
the liquid. Cy is the liquidus solute fraction at the given
temperature.

H6  Liquid and solid densities are equal and ~ No solidification shrinkage.

constant

H7  Liquid is static No convection.

H8  Thermodiffusion Solute flows trough the boundaries due to thermal gra-
dients.

H9  Position X’ remains constant If X is constant, the volume of the system is constant
too (V =6y x X x 1).

H10 D;> D, No solute diffusion in the solid phase.
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2.2 Mathematical modeling

The order of \, is about 106 m. The total amount of solute in a control volume defined in accordance to the constraints
HI1, H2, H6 and H8 (table 1) may be expressed as follows

z*(t) X(t) _
/ Chs(z,t)dx + / Cye(z,t) dz = X (t)Cs(t) (1)
0 z*(t)

In the present text, Cg = pg/p is the mass fraction of specie B on a single phase; pg is the mass density of specie B
and p is the mass density of the mixture, a binary alloy (A-B) in the present work. The subscript “¢” refers to the liquid
phase, while “s” indicates the solid phase. Cj is the solute mass fraction averaged over the entire (liquid plus solid)
control volume 0 < x < X(t). We consider that Cs may vary over time. The integration limit 2* is the location of the
solid-liquid interface. For convenience, we will omit the subscript B where only the solute is concerned.

According to hypothesis HS, the solute composition is considered uniform in the liquid region and it is equal to the
liquid composition on the solidification interface, C;, resulting in

/Csder(Xfx*)C’}f:XC’ )
0

For simplicity, the (x, t) function notation have been omitted. Hereafter also (X — z*) = z. Dividing Eq. (2) by X and
defining the volumetric liquid fraction, g, = V,/V = z;/X. Doing this and differentiating the resulting equation with
respect to time, we have

dgs 95 0C, dcy dge L
Csdz | — + C} c;,— =C 3
<></ x) tC T /0 or 9 Ty Ty ®)
where was also defined the volumetric solid fraction g, = (V,/V) = 2* (1/X),, sothat (1/X), dx = dg,, withV, + V, =V,
so dgs = —dg,. The subscript ¢ indicates an instantaneous value at time ¢ and C* = C,(z*,t). In addition, it was made
C =dC/dt.

From the equilibrium phase diagram (hypothesis H4) is defined the partition coefficient: kg = C/Cj}. So, C? (dgs/dt) =
—ko C} (dge/dt). Also, X does not depend on x, allowing to do dz/X = d(x/X) = d(V,/V) = dgs for 0 < z < z*, in
the first integral of Eq. (3). Equation (3) becomes,

d
+(1— ko) CF d’f c €5

1dx (790 (1=99) 5C: dCy
- Csdg, — *d L
X dat f, 2 /0 ot eIy

Equation (4) quantifies the evolution of solute content in a system subjected to the assumptions H1 to H7. If C' # 0,
the system is open and, in absence of convection, the hypothesis HS states that solute flows through the system boundary
by thermodiffusion.

Until this point we did not use hypotheses H9 and H10. In fact, Eq. (4) is suitable where diffusion in the solid cannot
be ignored. Also, the first term of Eq. (4) take into account the variations of the parameter X’ (e. g. related to the evolution
of secondary arm spacing). For our model, dV = dX (H1).

However, in the present work we deal with a simplified version of Eq. (4), by applying H9 (X is constant) and H10
(no back diffusion) to get

dC* dgé =
dt + (1= ko) G a ¢ ©)

ge

To proceed, we must evaluate C by assessing the solute flow through the boundary system. For a system with volume
V and boundary surface S, without chemical reaction, the mass balance of a solute B in a mixture is

d/ -
I dV——/] -1 dS (6)
a B SB

where pp = mg/V, with mg being the mass of solute in V; J is the flux of B such that [fB] =kgm 2s” L
Dividing Eq. (6) by the total mass of the system, p V, and applying assumption H5 (p constant and uniform in V), we

have

th/CBdV /SJB'“dS (7
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V is considered constant over time (hypothesis H9) and 1/V can enter the time derivative. Then, the left side of Eq. (7)

is then recognized as C'.
Also, using the hypotheses H3 and HS, we have that j = fT, the vector of solute flux by thermodiffusion, which can
be noted as (De Groot and Mazur, 2013, p. 275),

. Lg; =
it =g VT @®)
Lg, is the Onsager’s phenomenological coefficient related to thermodiffusion of solute B. Lg, is not readily available, but

can be written in terms of a thermodiffusion coefficient, DY, whose dimension in the International System of Units is
[DT] =m?s~*K~t. DT is done by (De Groot and Mazur, 2013, p. 276)

Ly, = pCy Cs DT T? ©)

C) is the solvent mass fraction, so that Cy Cy = Cg (1 — C3). Equation (9) will be useful later in this work. However, for
now we maintain Eq. (8) to take ;T into Eq. (7), to get

1 Lg,

pV T2

where we consider Lg, and 7" uniform over S.

To evaluate the surface integral on (7) we shall take a heat balance over V. Hypothesis H7 restricts heat transfer to
conduction alone so that thermal balance over the constant V is

or dgs
—dV=— | ¢ n Ly dV 11
pc/v 8td /Sq ndS—l—/V o rd (11)

Ly is the enthalpy of fusion with [Ls] = Jm™3. Applying Fourier’s law for the heat flux and the hypotheses of table 1
allowing consider uniform fields over V, done

C= /ﬁT-ﬁds (10)
S

- pc., dIl'" Ly  dge
VT -7ndS=—V —+ =V — 12
/s " R @ TR (12)
where we have used dg;/dt = —dge/dt. The property & is a convenient average of the thermal conductivity « over the

entire surface S. If the thermodiffusion is believed occurs mainly through liquid surface, then & — k. In the present text
the k notation is kept.

Using the result (12) in Eq. (10), and then in (5) done

dcy cLgy 1 dI'  LggLy 1 dge (13)

dt kT2 dt pk T2 dt

Assuming that the liguidus curve can be approximated locally by a straight line with a slope m,, we obtain T' — I} = m, C}
and dC}/dt = (1/my) dT'/dt. T is the melting temperature of the pure solvent. Using this approach in Eq. (13) and re-
arranging done

d
(97 +(1—]€())C;%:

(ko —1) |T* (T —T) +

my Lgq Ly } dge <mchBq dT (14)

(ko — V)pR| dt R +ng£>dt

Taking an aluminum alloy as reference (table 2), we can evaluate the order of each term of Eq. (14):

myg Lgg Ly N
Pk

Based on the above statements we will neglect the first term on the right side of Eq. (14), that is, the contribution of

thermal inertia'. For the cases where this holds, the differential Eq. (14) becomes separable, and the resulting boundary
value problem is as follows.

my ¢ Lg,

(ko — 1) T? (T — ) ~ 10% 10%; ~10% T?g,~10°

(ko —1) 1 dgy = s dr (15)
e T P+ E
with the boundary conditions

9(T)=1 at T=1 (16)
where 71 is the liguidus temperature related to the nominal solute fraction. Physically, we are restricted to T € [T¢, T});
T is the eutectic temperature. To simplify writing, it was defined E, considered a constant:

E— ™My LBq Lf7
(ko —1)pFk

1" A derivation from the present approach has been presented in Santos Filho and Heringer (2020), where thermal inertia is taken into account, but
not the latent heat. This is made by evaluating the thermal gradient at the boundary of the liquid phase only.

a7)
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2.3 Resolution of the boundary value problem

Our goal in this section is to solve the the differential subject to the boundary condition, summarized at Egs. (15) and
(16). Taking f(T') as the integrand at right side of Eq. (15), we can verify that, for 0 < T' < T,

T2 =
IO =mr e~ 2

102

En— 1

o

T2(n—1) (T _ j})n

n={1} —--

(18)

0
10° ¥ n={1,2} — ’{
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Figure 2: Percentage error when taking 1, 2 and 3 summation terms compared to f(7"). In these results were used
E =10%K3, T} = 500K. The approximation fails for T ~ 7.

Figure 2 shows the deviation between f(7") and the results of the summation proposed in Eq. (18), taking 1, 2 and 3
terms. E and 7 values are indicated at the figure caption. These results show that we can safely consider the first and
the second terms of the sum, neglecting the rest. Even for |[T'— 7}| ~ 1K (low solute concentrations) the error is around
21072 % (figure 2, red curve). However, Eq. (18) clearly fails for 7" too close to 77, i.g. 0 < |T'— T}| < 1K. Other
values for E and I} have also been used with similar conclusions. Then, the approximation proposed is

1 E
f(T)%T_rZJ;_TQ(T_j})Q (19)

Equations (15), (18) and (19) lead to the following differential equation

1 1 E
ko—1) —dge = — dT 20
R = e
Integrating both sides of Eq. (20) considering the limits from the boundary conditions (16) done
1+2E/7]23 72E/§3
T —"T \ Fo 1 T\ Fo—t 2F 2T - T 2Ty — T
o= (75)" (&) \wovplren wm-p) e
o~ T (ho— DI |TT-T) T (T~ %)
Finally, the solid fraction g, considering thermodiffusion effect is then
1+2E/’1f“3 —2E/qu3
T —"T\ Fo-1 T\ Fo-t 2F 2T - T 2Ty =T
9521—< f)° ()0 exp 2{ 7 _ 20 f} (22)
T -7 T ho - DIP |[TT -5 T (T - 5)
It can be noted that, if £ = 0, Eq. (22) equals the Gulliver-Scheil solution for microsegregation.
2.4 Dimensionless parameters
From the exponents of equations (22) or (21) we recognize that
E_ mgLBqu i o mZCAOCBODT,.ZBQLf (23)
T (ko —1DprT*  (ko—1)RT?
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where Eq. (9), evaluated at Tp, have been used (the pair (C'y, gy0, 7o) is a point on the liquidus line). The term (p Cyo Cro DT)
is a coefficient for thermodiffusion. We can group the parameters appearing in Eq. (23) in different ways, as follows.

my DTLf My DTLf my DT Lf
1 Tlho 1) 2 —+ Hs Tlho-1) 7 ° 4= Tlho 1) Cho Cro 7} (24)

The dimensionless term H; quantifies the solute segregation strength. More segregation implies more solute available
to diffuse through the liquid. On the other hand, in Ly /% the amount of enthalpy liberated due to solidification (pointed by
Ly) is rated to how easy the heat is driven away by conduction (quantified by ). Higher L; /% indicates greater temperature
gradient, leading to more thermodiffusion. In this way, Ho could represent the influence of the heat transfer with phase
change on thermodiffusion. The specific heat is absent because the effect of thermal inertia has been neglected. Hy does
not include the influence of solute segregation on thermodiffusion. To do so, it should be considered at least the parameter
H3 = Hy Hy or Hy. We could also include in Hy (the last of Egs. (24)) the term (kg — 1)~! from the exponents in (22)
or (21), resulting this quantity appearing squared in the denominator of a whole dimensionless parameter, H, defined as
follows.

(25)

2
_ my LBq Lf _ my D Lf E
T i Ay A ¢

By including a minus signal in the right side of Eq. (25), we force H to take the signal of DT (for m, < 0). H seems
to be suitable for evaluating the thermodiffusion effect during the solidification of a binary alloy. However, grouping the
quantities in Egs. (24) in another way could result in a parameter with more appropriate physical meaning. That is not the
scope of the present work. For now, applying the definition (25) in Eq. (22), we have finally

. <T_Tf)<k0112H) <T>2He { 2HT{ 2T -1 2Ty — T }} (26)
S: — —_— X —_— J—
I T 7% ) P NTTr—1)  Tm-7)

Equation (26) is the final result of the present microsegregation model including Soret effect. According to Eq. (26), the
influence of thermodiffusion on solidification path is affected by both, the solute segregation and the amount of enthalpy
of fusion liberated in the process. Thermal inertia proved to be negligible in this mechanism compared to both segregation
and latent heat.

3. RESULTS AND DISCUSSIONS

In this section, we compare the results from the present model with those without the thermodiffusion effect (Gulliver-
Scheil equation). The aim is to assess the conditions for which thermodiffusion becomes non-negligible in the context of
microsegregation.
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Figure 3: Solidification paths for an pseudo-alloy based on Sn-Bi system, calculated using Gulliver-Scheil equation and

the present model for arbitrary values of parameter H.
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Figure 3 shows solidification paths calculated from Eq. (26). These results were obtained using properties of an Sn-Bi
alloy (summarized at table 2) except for the parameter H, which values were artificially imposed from H = 0 (Gulliver-
Scheil) to H = 1072.

The sign of H cause the curve of solid fraction versus temperature be above (H < 0) or below (H > 0) of the path
calculated using Gulliver-Scheil equation. The strength of Soret effect is quantified by |H|, the absolute value of H. Figure
4 shows the percentage difference between the solidification path calculated using the indicated H and that using H = 0
(no thermodiffusion). That means, % Difference = 100 (|gs — gs,1=0|)/(gs,H=0). The physical parameters used in these
results are from the phase diagrams of Sn-Bi and Al-Cu alloys. It can be noted that, for these cases, the difference is
around 1 % for |H| ~ 10~ and increases for higher values of |H|. These results suggest that H is an important parameter
to decide whenever thermodiffusion is non-negligible for the microsegregation of binary alloys.
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Figure 4: Evaluation of H influence using the percentage difference between the solidification paths calculated from
Eq.(26) and from Gulliver-Scheil equation. The curves were produced using Sn-Bi (lower curve) and Al-Cu (upper
curve) phase diagrams, except for the imposed parameter H.

The arbitrary values of H in the figures 3 and 4 makes those conditions pseudo-alloys. Figure 5 shows results for real
alloys. The main graph at the top of figure 5 is the solidification path of Sn-35wt%Bi, from T}, to the eutectic temperature
(412K). The smaller graph is a magnification of the same curve near the eutectic temperature. The graph at the bottom of
figure 5 shows the percentage difference between g, calculated using (26) with real H and g, calculated for Sn-35wt%Bi
with H = 0 (Gulliver-Scheil).

Table 2: Physical properties and calculation conditions.
Value [Reference]

Property Sn-Bi Al-Cu

Nominal solute fraction, Co [wt%] 35.0 4.5

Initial liquidus temperature, T [K] 448.0 918.4

Melting point, 7} [K] 505.11 [Vizdal et al. (2007)] 933.6 [Aksoz et al. (2010)]
Liquidus slope, my [K (wt%) "] —1.6314 —3.37

Partition coefficient, kg [-] 0.368 0.17

Thermal conductivity %, ke [Jm ™' s 'K~ 25 [Giordanengo et al. (1999)] 140 [Giordanengo et al. (1999)]
Enthalpy of fusion, Ly [Jm™?] 4.3 - 10% [Chen er al. (1998)] 8.43 - 108 [Aksoz er al. (2010)] ©
Thermodiffusion coefficient, D [m?>s *K™*] —1.67-10"'" [Eslamian ef al. (2010)]®  6.21 - 1072 [Bhat (1975)]
Density, p [kgm_3] 8.7 - 10 [Dobosz and Gancarz (2018)] 2.4 - 103 [Plevachuk ef al. (2008)]

@ It was considered & = k.

b DT was evaluated from the thermodiffusion factor ar = DT To/D, with ar = —0.396 for Sn-Bi (Eslamian et al. (2010)); D is the chemical
diffusion coefficient (D = 1.89 - 107 m? s ).

¢ Averaged between values for Al-3wt%Cu and for Al-6wt%Cu.
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Figure 5: Top — Solidification paths for an Sn-35.0wt%Bi alloy calculated using Gulliver-Scheil equation (H = 0) and the
present model; the overlapping graph is an enlargement close to the eutectic temperature. Bottom — Percentage difference
between the solidification paths calculated using Gulliver-Scheil equation and the present model, for Sn-35.0wt%Bi alloy.

Taking into account the data from table 2 considering the Sn-35wt%Bi, we find H ~ —4.16 - 10~* . Therefore, for
this alloy, according to figure 3 (bottom), we can wait an effect of thermodiffusion on g, around 10~' %, compared to the
case disregarding thermodiffusion. Actually, the graph at the bottom of figure 5 shows this percentage difference along
the solidification path of Sn-35wt%Bi. The variation is from ~ 0.53 % at the beginning of solidification to ~ 0.29 % at
the eutectic temperature. In conclusion, for this case, the Soret effect on the evolution of the solid fraction seems to be no
significant. However, this does not mean this effect can not be relevant for other phenomena during solidification (about
this, consider the statement of (Platten and Legros, 2012, p. 576) (see verbatim on page 1).

For the Al-4.5wt%Cu we have H ~ 8.15 - 10~°. The percentage difference variation is from ~ 0.85 % at the beginning
of solidification to ~ 0.9 % at the eutectic temperature. It should be note that the average percentage difference is smaller
for Al-4.5wt%Cu than for Sn-35wt%Bi. This is coherent with the fact that |Hg,35wt%Bi| > |HA14.5wt%cu|- The precedent
inequality seems mainly influenced by DsTn:sswt% Bi| > |Df§1 L 5wt%Cu | However, this is not straightforward considering
all other parameters concerned: (Ly /K), (myg/ T (ko — 1)). More alloys shall be evaluated to verify if H (or H3) is a better
parameter than DT in the assessment of thermodiffusion effect on solidification process.

4. CONCLUSIONS

In this work, we have presented the analytical development of a microsegregation model that includes the thermod-
iffusion effect. This model applies to binary alloys solidification. A thermal balance allows assessing the temperature



R. Heringer
Analytical Model of Microssegregation in the Solidification of a Binary Alloy Including Thermodiffusion Effect

gradient on the system boundary, the driving force for thermodiffusion. The term of thermal inertia was neglected face to
enthalpy releasing and segregation contributions.

A set of dimensionless parameters emerges naturally from the model, which correlates thermodiffusion, heat transfer,
and the amount of solute segregated due to solidification. In single-phase transport, D7 is enough to evaluate the thermod-
iffusion effect. Nevertheless, in solidification processes, in addition to the thermodiffusion coefficient itself, the solute
content, the liquidus slope, the partition coefficient, and the enthalpy of fusion influence the thermodiffusion relevance in
solidification phenomena.

Depending on the value of |H|, we can attempt a non-negligible difference between the solidification paths calculated
using the present model and those without thermodiffusion (Gulliver-Scheil equation). The present model was applied
to calculate the solidification path of Sn-35wt%Bi and Al-4.5wt%Cu alloys, for which |[H| ~ 4.16 - 10~* and |H| ~
8.15 - 107>, respectively. The results have shown no significant relevance of the thermodiffusion effect on solid fraction
path in these cases. Keeping other conditions from table 2 and varying H, it was found that |H| ~ 1072 causes a percentage
difference of the order of 1 %. This difference increases for higher values of |H|.

More studies are necessary to verify the usefulness of H and Hy; 5 3y as similarity parameters.
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