Comparison and Extension of Free Dendritic Growth Models

through Application to a Ag-15 Mass Pct Cu Alloy

SELIS ONEL and TEIICHI ANDO

The formulations of existing free dendritic growth models were compared, and an extended
model was proposed that employs a subregular solution model to compute the driving force for
dendritic growth without Henrian restrictions. These models were also applied to a Ag-15 mass
pct Cu alloy to numerically compare their predictions. Models that address only the thermal,
solutal, and curvature supercoolings do not properly account for the interface kinetics, even
with modifications with the kinetic partition coefficient and liquidus slope. It is only in models
that account for the interfacial driving force, —AG", that the kinetic supercooling is properly
addressed. All of the models in comparison yield numerically similar predictions for the solutal
growth regime, but models that employ the kinetic partition coefficient and liquidus slope, but
do not address the interfacial driving force, fail to correctly describe the thermal control regime.
The solutal-to-thermal transition is characterized by a rapid increase of interfacial driving force,
which causes the tip temperature 7" to increase with increasing growth rate V. The criterion for

the transition stage is given as dIn(—AG*)/dIn V> 1.
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I. INTRODUCTION

IN free dendritic growth, the latent heat of crystal-
lization is dissipated mainly by the thermal diffusion
into the supercooled liquid. Thus, the thermal gradient
ahead of the growing dendrite is negative. Such a
negative thermal gradient may be experienced by equi-
axed dendritic grains growing in the interior of a
solidifying ingot while competing with columnar den-
dritic grains growing from the mold wall. The interest in
producing ingots with predominantly equiaxed grains
initiated the study of free dendritic growth. Early free
dendritic growth models,!"? therefore, considered small
melt supercoolings and local equilibrium conditions at
the solid-liquid interface, as typically encountered in
conventional casting.

In the early 1980s, the need for predicting the
microstructural evolution in rapid solidification
prompted the development of models that more prop-
erly described the free dendritic growth in supercooled
melts. An early model of this kind was developed by
Lipton, Glicksman, and Kurz (LGK).**¥ The LGK
model incorporates the Ivantsov function® to address
the coupled heat and mass transport around a parab-
oloidal dendrite tip in steady-state free dendritic
growth.”! Another important feature of the LGK model
is the replacement of the extremum tip radius with one
determined on the Kurz—Fisher stability criterion.[ The
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model also adopts the linear liquidus approximation
from the earlier models, on which the total supercooling
is defined with three components, namely, the thermal,
solutal, and curvature supercoolings. The adoption of
the three-component total supercooling necessarily fixes
the interfacial liquid and solid compositions at the
liquidus and the solidus, respectively. Such a local
equilibrium interfacial condition, however, occurs only
at low supercoolings.

To account for the nonequilibrium interfacial kinetics
encountered in the free dendritic growth at higher
supercoolings, Lipton, Kurz, and Trivedi (LKT)"
replaced the Kurz—Fisher stability criterion in the
LGK model with the Trivedi-Kurz criterion,’®! which
applies to all values of Péclet numbers. However, the
LKT model inherits the straight liquidus and solidus
approximation and the three-component total superco-
oling, which limits its applicability to only low super-
coolings. To address the nonequilibrium solute
partitioning at high supercoolings, Trivedi, Lipton,
and Kurz (TLK)® extended the LKT model by incor-
poratin]g the solute trapping equation presented by
Aziz'" The TLK model, as presented in Reference 9,
however, still keeps the total supercooling consisting
only of thermal, solutal, and curvature supercoolings, as
well as straight phase boundaries.

Boettinger, Coriell, and Trivedi (BCT) were the first
to correctly address the nonequilibrium solute parti-
tioning at the solid-liquid interface in a free dendritic
growth model.!""! While the BCT model also uses the
Aziz solute trapping model and the Trivedi-Kurz
stability criterion, and is built on straight liquidus and
solidus, it differs fundamentally from the previous two
models because of its consistency with the thermody-
namic requirement that the compositions at the solid-
liquid interface be in the range that gives a positive
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interfacial driving force, as addressed by Baker and
Cahn." Also, the model satisfies the kinetic require-
ment that the interface migrate as the rate atoms attach
themselves to the growing solid, which, at relatively low
supercoolings, may be proportional to the interfacial
driving force."®! The incorporation of the interfacial
driving force allows the BCT model to define the total
supercooling correctly with four components, namely,
the thermal, solutal, curvature, and kinetic supercoo-
lings. The BCT model can be extended for alloys of
binary systems with curved phase boundaries, as shown
by DiVenuti and Ando (DA).I'¥

The LKT, TLK, and BCT models have been widely
used because of their relatively simple analytic formu-
lations, but not without limitations. The three-compo-
nent total supercooling assumed in the LKT and TLK
models in their original forms!”*”) fixes the interfacial
solute concentrations at local equilibrium values. The
Aziz solute trapping model, used in the TLK and BCT
models, has been instrumental but, as described in
Reference 10, applies only to dilute alloys, although it
can be readily replaced with an improved model.'>'¢
Henrian restrlctlons also apply to the Baker—Cahn
equatlon[ for the interfacial driving force employed
in the BCT model. These limitations of the models have
led some of their users to contrive modifications. The
LKT and TLK models, originally defined only on the
thermal, solutal, and curvature supercoolmg have been
used with the “kinetic liquidus slope”!" and/or a

“kinetic supercoolln% in an effort to address the
interface kinetics.'” ™! The BCT model itself has been
used with the klnetlc liquidus slope in the Trivedi-Kurz
criterion.”*2% The latter modification is also made in a
recent BCT-based model® in which the effects of non-
Fickian mass transport on solute partitioning are
addressed. Such modifications, however, have not been
validated.

One of the objectives of the present work was to
elucidate the differences among the formulations of the
existing free dendritic growth models (LKT, TLK, BCT,
DA, and modified models) and further provide a
numerical comparison of these models through applica-
tion to a Ag-15 mass pct Cu alloy. In addition, an
extended model is proposed in which the interfacial
driving force is directly computed with a thermody-
namic solution model to lift the Henrian restriction on
the Baker—Cahn equation. This modification, applied to
the DA model in the present study, is also numerically
tested by comparison with the existing models The
effects of the non-Fickian mass transport® are not
addressed, as they are not essential to the arguments
presented in this article.

II. COMPARISON OF EXISTING FREE
DENDRITIC GROWTH MODELS

All of the existing models described here (LKT, TLK,
BCT, DA, and modified models) consider steady-state
growth of a dendrite, represented by a paraboloid of
revolution, into an alloy melt of composition C,
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supercooled to T.. below the liquidus temperature 7
(Co).

A. LKT and TLK Models

The original LKT model'”! considers the total super-
cooling, defined by AT =T, — T.(Cp), to consist of
three components, the thermal (AT)), solutal (AT,), and
curvature (AT,) supercoolings (Figure 1(a)). The three
supercooling components are given, respectively, by the
three terms on the right-hand side of
AT=AT,+AT.+ AT, :%IV(E) +mp(Co—C})+ 20

P

[1]

where AH, is the molar enthalpy of fusion, ¢, is the
spemﬁc heat, m; is the slope of the equlhbrlum liquidus,

7 is the solute concentration in the liquid at the
interface, I is the Gibbs—Thompson coefficient, r is the
tip radlus I,(P,) is the Ivantsov function,”?*** and P, is
the thermal Péclet number. Equation [1], the total
supercooling equation, is solved for the tip velocity V'
and the tip radius r with the aid of the Trivedi—-Kurz
stability criterion,[g] which, for free dendritic growth
under the conditions of equal thermal diffusivity and
conductivity, gives
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Fig. 1—Thermal and mass diffusion fields and supercooling compo-
nents in free dendritic growth. (a) Local equilibrium at the tip. The
total supercooling is comprised of three components, AT,, AT,, and
AT,. (b) Nonequilibrium compositions at the tip. The total superco-
oling is comprised of four components, AT,, AT,, AT,, and AT;.
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where o* is the stability parameter,”® ** P_ is the solutal
Péclet number, ky is the equilibrium partition coefficient,
and &, and ¢, are functions of, respectively, P, and P,
and ko, as defined in Reference 8. Despite the adoption
of the Trivedi—Kurz criterion, Eq. [2], which applies to
all ranges of Péclet numbers, the LKT model, defined on
the three supercooling components, only predicts local
equilibrium interfacial solute concentrations. For CdSGS
where interface kinetic effects are important, LKT!
suggest to include in Eq. [1] a kinetic supercooling
expressed as V/u, where pu is the interface kinetic
coefficient.® The validity of such a correction is
discussed later in this section.

The TLK model,” also built on the thermal, solutal,
and curvature supercoolmgs adopts the kinetic parti-
tion coefficient k = C/C; given by!'°

ko + BoV
1+ B,V

where C% is the solute concentration in the solid at the
interface and f is the solute trapping coefficient. The
kinetic partition coefficient k replaces the equilibrium
partition coefficient k¢ in Egs. [1] and [2]. Although these
equations predict C; = C; ~ C at high V, such predic-
tions contradict the underlying assumption that the total
supercooling consists only of the thermal (AT,), solutal
(AT,), and curvature (AT,) supercoolings, which neces-
sarily requires that both Cg and C; be fixed at the
curvature-corrected solidus and liquidus at 7', respec-
tively (Figure 1(a)).

k= B3]

B. BCT Model

The latter dilemma is overcome in the BCT model!"
by invoking the need to address the response functlon
for the interface temperature and composmon ! For
this purpose, BCT adopt a linear kinetic law:['

AG*

- ;@(RTJ 4
where 7" is the interface temperature, AG" is the free
energy change across the interface, and V| is the
maximum crystallization ve1001ty 3] Equation [4] states
that the interface Velomty is 5lngly dependent on the
driving force, i.e., —AG", which is a function of 7~ and
C; (Figure 2) Equatlon [4] is derived from the more
generdl form, V= Vo[l —exp (-AG/RT)], for the
conditions where —AG/RT" is sufficiently small.!

Another key feature of this model is the adoptlon of
the anal%/tlcal expression for AG™ given by Baker and
Cahn!!

AG N e )
RT*_(I_CS)'ln(lfcg)(l <

CLCy!
—cp e
[5]

where ;" and C{' are the equilibrium solute concen-
trations in mole fractlon defined at 7". Equation [3] is
obtained on Henrldn condltlons and, as such, applies
only to dilute alloys.!'” Therefore, BCT, in combining
Eqgs. [4] and [5], apply further approximations by
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Fig. 2—Schematic illustrating the tangent-to-curve rule!’ to deter-
mine the driving force, —AG¥*, for the growth of a dendrite with a
tip radius r.

neglecting the products of mole fractions, which, after
Gibbs—Thompson correction, yields

r v
T =Ty+m,C, — [6]

roon
where T, is the melting point of the pure metal,
u=Volko —1)/my, and m, is the so-called kinetic
liquidus slo?e which is shown in Figure 1(b) and

defined by!
l—k(l —1n,§o) .

!
m; = my,
L 1 — ko

Equation [6] permits defining another supercooling
component, AT}, the kinetic supercooling, which ac-
counts for the nonequilibrium interfacial kinetics, as seen
in Figure 1(b). While no ambiguity exists on the defini-
tions of the thermal and curvature supercoolings, liter-
ature indicates that the division between the solutal and
kinetic supercoolings has not always been clear to the
users of the model. This ambiguity originates from
Eq. [6], which, despite its correctness, may seem to
suggest that the solutal supercooling be defined with the
kinetic liquidus slope as AT. = mpCy — mLCL (2229308 op
AT, = mt, (Cy — C5).2%) The correct ex ression, how-
ever, should be AT.=m.(Cy— C}) because the
solutal supercooling by definition is the actual decrease
of liquidus temperature caused by the solute buildup at
the interface. With the latter definition of AT, the kinetic
supercooling should be what is left of the total superco-
oling, which, based on Egs. [6] and [7], is given by!!¥

At mi.Colko — k(1 —Inf) | N

(I —ko)[1 = (1 =K)L(Pe)] 8]
= (m. —ml)CHg
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Thus, the V/u term does not solely re r resent the kinetic
supercooling except for pure metals,™ for which the first
term in Eq. [8] is zero. For binary alloys, AT}
depends not only on V but also on C; and varies
from zero at low growth rates where k = k; and
Vie~0 to n/ILC()(kO -1 - ll’lko)/(ko - 1) + V/,u, or
[my —m) (k =1)]Cy+ V/u, at very high growth rates
where ) (k = 1) is the slope of the Tj line between the
liquid and the solid, given by mL(k =1)=mrInky/
(ko — 1) Thus, the first term in Eq. [8] can be
regarded as the kinetic supercooling required to restrict
solute partitioning at the interface.

Adding Eq. [8] to Eq. [1] gives the expression for the
total supercooling of the BCT model:

ATger = AT, + AT, + AT, + AT},

AH/‘ m’L/mL
=—I,(P Coll —
e P+ mCo | = T L@y
] D
+ = [9]
roop

The BCT model combines Eq. [9] with the Aziz solute
trapping kinetics, Eq. [3], and the Trivedi-Kurz crite-
rion, Eq. [2], given on the kinetic partltlon coeflicient k
1nstead of kg, to solve them for V, T, r, C;, and k.

C. DA Model—an Extension of BCT Model

The BCT model can be made applicable to curved
liquidus and solidus that are often encountered in rapid
solidification. For this purpose, DiVenuti and Ando
(DA)!' replace Eq. [6] with

T = T,.(C5) —§—ATk [10]

where 7;(C) is the liquidus temperature as a function of

solute concentration C. This permits writing Eq. [2] as!"*!
I'/o*

2(42) e, PeCol1K) :
1-(1-0 L (P.) ¢

r =

[11]

P AH
L g,

which rigorously accounts for the curved liquidus in a
manner consistent with the original Trivedi—-Kurz crite-
rion.’®) We note that dT/dC equals m,, and not nt;, for
a straight liquidus regardless of the value of C;. Thus,
the BCT model, as it is, correctly incorporates Eq. [11].

DA keep the Aziz solute trapping equation, Eq. [3],
and, by eliminating the products of mole fractions,
rewrite the linear kinetic law, Eq. [4], for curved liquidus
and solidus as

C5/(T AT~ CH (T +AT)+ 50

, Co{ LK1 -Ink+InC/(T* +AT,) - InCy/(T"+AT,)] }

1+(1_k) (Pc>
=0 [12]

2452—VOLUME 39A, OCTOBER 2008

Note that Eq. [12] is equivalent to Eq. [6] if
T.(C) =Ty +m,C. Thus, the DA model reduces to
the BCT model for linear liquidus and solidus.

D. Modified Models

The success of the BCT model has led some users of
previous models to use them with modifications based
on Eq. [6] in an effort to more properly address the
nonequilibrium interface kinetics at high Péclet num-
bers. These modifications are characterized by the
introduction of a ‘“kinetic supercooling” V/u or the
replacement of the equlhbrlum liquidus slope m; with
the kinetic liquidus slope m; defined by Eq. [7].L7:17-19]
For example, a TLK-based model with such modifica-
tions is described on

AH; 2r v

ATviod Lk = —21 v(Po) +m(Co— Cp) +—+—
Cp roou
(13]
Ir'/o*
r= P‘AHf 2mLP Co 1—ko) é [14]
t1-(-k)L(Pe) ¢

both of which clearly differ from those of the BCT
model. Thus, such modifications fail to remedy the
previous models. This is also understood from the fact
that Eqgs. [6] and [7], as we have seen earlier, come
from the linear kinetic law, Eq. [4], and the
Baker—Cahn equation, Eq. [5], neither of which
applies to the previous models The modified Triv-
edi-Kurz criterion with 7/ q. [14], has been used
also with the BCT model, fob- 23 but such a modifica-
tion is an unnecessar(}/ correction of the already
correct BCT model.'*?

III. EXTENTION FOR NONDILUTE ALLOYS

While the existing models have been useful and
widely used in rapid solidification studies, they are
still limited to dilute alloys due to the Henrian
restrictions placed on the Baker—Cahn and Aziz
equations. In the present work, a new approach to
calculating the interfacial driving force with a tem-
perature-dependent subregular solution model®? is
introduced to circumvent at least the restriction on
the Baker—Cahn equation. The solution model devised
after Gaskell®®! and Murray,[34] but with a modifica-
tion to make the model more self-consistent, is
represented by

G = C1G) + (.G + RT(C InCy + CIn Cy) + G*5
[15]

T
G”:QMM{W¥:M+M@QQO—$

[16]
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XS

oG T
XS = GXS 4 ¢y 3C :[A+B(2C2—1)]<1—?)C§
[17]
XS—GXS+C8 XS—(A+2BC) - De [18]
o 18C2 o 2 T !

where G and G*° are, respectively, the Gibbs free energy
and excess free energy of binary solutions of compo-
nents 1 and 2; C; and p'S are, respectively, the mole
fraction and the excess chemical potential of component
i; and A, B, and t are constants, which need to be
determined for the phases of interest. The terms G, G*°
and ;X5 in these expressions are fully consistent with
each other ie., G = Cufs + Cufs.

Equations [15] through [18] permit calculating the
1nterfa01al driving force —AG" by the tangent-to-curve
rulet? illustrated in Figure 2; i.e.,

2TAS
AG* = Gs(T", C*)—I———gL(T* C3) [19]

where Gs(T*, C%) is the free energy of the solid at C¥, AS
is the molar entropy of fusion, and g; is the equation of
the line tangent to the G, curve at Cj. Substituting
Eq. [19] in Eq. [4] then yields an equation that replaces
Eq. [6] of the BCT model or Eq. [12] of the DA model.
We keep the Aziz equation, Eq. [3], in this model despite
its Henrian limitations, but it can be readily replaced
with an 1mproved model such as the ones presented by
Aziz and Kaplan'® and Abbaschian and Kurz.!'®!

IV. NUMERICAL COMPARISON OF THE
MODELS

The existing models (Section II) and the extended DA
model (Section III) were numerically compared by
applying them to the free dendritic growth in a Ag-23
at. pct Cu (Ag-15 mass pct Cu) alloy. The choice of this
alloy was justified on the basis of the availability of
thermodynamic data® " and the opportunity for
verification with the prior computation results presented
in Reference 11.

The value of m; required in the LKT, TLK, and BCT
models, and also in the modified TLK model defined by
Eqgs. [3], [13], and [14], was determined on the Ag-Cu
phase diagram to be —520.6 in K/mole fraction using
the straight line between the melting point of Ag and the
point on the liquidus at C, (15 mass pct or 0.23 in mole
fraction). The mole fraction—based value of k, was then
determined to be 0.393 from the C'/Cy’ at the eutectic
temperature. The curved equilibrium liquidus and sol-
idus and their metastable extensions required in the DA
and extended DA models were calculated with the
subre}gular solution model using the data in the litera-
ture.> 37 Figure 3 shows the calculated equilibrium
and metastable phase equilibria. The values of the other
parameters used in the present study are shown in
Table 1.
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Fig. 3—Ag-Cu phase diagrams calculated with the subregular solu-
tion model.?? Metastable extensions of liquidus and solidus and
metastable miscibility gap are also shown.

Table I. Parameters for Ag-23 At. Pct Cu Alloy Used
in the Present Work
Ty 1234 K
my —520.594 K/mol fraction
ko 0.393 mole fraction/mol fraction

AH/cp 374 K
D 2.1 x 107° m%/s for TLK, modified TLK,
and BCT models
D(T") = Doe E/RT™ for DA and extended
DA models (Dy = 1 x 1077 m?/s,
E = 36 x 10° J/mol)
o 6.6 x 107> m?%/s
1/Bo 2 m/s for TLK, modified TLK, and BCT models
D(T")/ay for DA and extended DA models
(ap = 5 x 107" m)
Vo 2000 m/s
r 1.53 x 107" mK

Figure 4 compares the values of V, r, k, Cs, and C}
calculated with the six models. At supercoolings up to
about 85 K, all the models predict similar behaviors of
V,r, k, Cs, and C;. This is expected at low to moderate
supercoolings where the kinetic supercooling is insignif-
icant and solute diffusion—controlled growth prevails. At
higher supercoolings, all the models, except the LKT
model, predict a sharp jump of V, r, and k to higher
values (Figures 4(a) through (c)). The corresponding
values of C§ and Cj also change abruptly, with both
converging to C, (Figure 4(d)).

The abrupt changes in V, r, k, C§, and Cj reflect the
transition from solute diffusion— controlled growth to
thermal diffusion—controlled growth,” " which is veri-
fied in Figure 4(c) where the value of k increases sharply
from that of ky to nearly unity. The BCT, DA, and
extended DA models predict similar transition behav-
iors over a relatively narrow range of AT beginning
approximately at 85 K. The TLK and modified TLK
models, however, yield nonunique values of V, r, k, C%,
and Cj over a AT range from about 50 or 65 K to 85 K.
Previous studies also presented such nonunique
values of V.?") The LKT model, which assumes local

VOLUME 39A, OCTOBER 2008—2453



140 160

180

100 120 140 160

20 40 60 80 20 40 60 80
AT (K) AT (K)
(a) (b)
1 T T — — e . , . 0.55 T T T T T T T T T
o ./
TLK T TLKm) 0.5F R
09} : -
Ext. DA / 0.45 1
! —_
0.8 E =) i
- '1 3 0.4
= BCT =
S 07 ! { 89% 1
£ ] £
= . .03 i
3 0.6 =
= DA C o025 E
; ©
05 | o2t L
0.15 i
0.4 U, L
0.1 i
03 . . . . . . . . . 0.05 . . . . . . . . .
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
AT (K) AT (K)

(©)

(d)

Fig. 4—Predicted kinetics of free dendritic growth in Ag-15 mass pct Cu as a function of total supercooling: (a) tip velocity, (b) tip radius, (c)

partition coefficient, and () solute concentrations at tip.

equilibrium and no interface kinetic effects, predicts no
transition to thermal growth.

While the transition from solute to thermal diffusion
control is a well-understood phenomenon,!'!) whether
these models correctly predict the transition still needs
to be verified. For this purpose, we examine if the
predicted values of C% and C; would actually give
the interface a positive driving force for migration at the
predicted value of 7.

Figure 5 shows 7" vs AT predicted by the models in
comparison. Examine first the predictions by the TLK
model. At AT = 60 K, two values of 7" are predicted,
i.e., T  may be 1054 or 1108 K. Suppose " = 1054 K,
then the predicted value of partition coefficient k is 0.411
(Figure 4(c)), which is only slightly higher than k,. Thus,
solute diffusion—controlled growth would be predicted if
T" were 1054 K. For this condition, C} and Cj are
predicted to be 0.137 and 0.333, respectively
(Figure 4(d)). The curvature-corrected values of Cg
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Fig. 5—Predicted variations of tip temperature with total supercool-
ing.
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and C}7 at 1054 K are calculated from
T"=Ty+mC— 2F/1 with the predicted value of tip
radius (r = 4.73 x 107® m) and the equilibrium parti-
tion coefficient (ky = 0.393) to be 0.131 and 0.333,
respectively. Thus, the interface remains essentially at
local equilibrium, as expected from the three-component
supercooling adopted in this model. When substituted in
Eq. [5], these values of Cy, C}, Cy/, and C/ at 1054 K
give —AG = 0.23 J/mol, which gives V ~ 0.06 m/s
when substituted in Eq. [4], while the TLK model itself
predicts a similar value of V for the diffusion-controlled
growth at AT = 60 K (Figure 4(a)). Thus, for diffusion-
controlled growth, the TLK model yields predictions
that are numerically consistent with those by the models
that account for the interfacial driving force.

If 7° were 1108 K at AT = 60 K, k would be 0.96
(Figure 4(c)). Thus, thermal diffusion—controlled growth
is predicted. The terms C and Cj are, respectively, 0.231
and 0.240 (Figure 4(d)). With the predicted value of tip
radius (- = 2.78 x 1077 m), the curvature-corrected C¢/
and C}7 at 1108 K are calculated to be 0.094 and 0.240.
Thus, C; = €} (local equilibrium with respect to Cj) is
predicted, which contradicts the prediction of thermal
growth. This dilemma obviously results from the assumed
three-component supercooling, which necessarily fixes C}
at 7. The value of C§ (0.231), which is much larger than
C4 (0.094), is predicted only because the predicted high
growth rate (Figure 4(a)) gives a high value of k (0.96)
through Eq. [3]. Wlth these values of concentrations,
Eq. [5] yields —AG"™ = —741 J/mol, suggesting that no
growth by thermal control would actually be possible
under these conditions. Figure 6 schematically illustrates
how such a negative driving force would result at 1108 K.

At supercoolings above about 85 K, the TLK model
predicts only thermal diffusion—controlled growth
(Figure 4). Although the occurrence of growth by
thermal diffusion control itself is not argued, whether it
occurs in the manner predicted should still be examined.
As a test, we estimate —AG" at AT = 100 K, where

= 1110 K (Figure 5); k = 0.994 (Figure 4(C)); Ci
and C% are, respectively, 0.231 and 0.232 (Figure 5(d));
and C{ and C;" at 1110 K corrected for the predicted
value of tip radlus (r = 1.08 x 107" m) are, respec-
tively, 0.916 and 0.233. The same procedure with Eq. [5]
yields —AG" = —785 J/mol. Thus, thermal diffusion—
controlled dendrite growth is not possible in the manner
predicted. In fact, the predicted values of 7" in Figure 5
are much higher than the 7|, temperature of the alloy
(estimated, for the straight liquidus and solidus, to be
1050 K[“]) i.e., thermal diffusion— controlled growth
would not be p0331b1e at such a high 7".

The failure of the TLK model in properly predicting the
thermal control regime is caused by the inappropriate
adoption of the solute trapping equation (Eq. [3]) in a
model that is based only on AT,, AT, and AT,, ie.
(Eq. [1]). In such a model, C; is necessarily ﬁxed at the
curvature-corrected local equ111br1um value at T". Con-
sequently, the condition k ~ 1, required for thermal
diffusion—controlled growth, is satisfied only if 7° ~
T;(Cy). For such a condition, Ci= C;~ C/ =
C{ /ky = Cy = 0.23 and Eq. [5] reduces to
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G
T'=T(Co)
g
AG”
GL /
Gs(r)
Gs
Cs™ Csx C=C % Co C

Fig. 6—Thermal growth at a tip temperature near the liquidus tem-
perature is not possible, since the interfacial driving force (—AG*) is
negative.

AG* (1-0)
Ry~ (= G-I

which yields —AG" ~
growth is possible.

Figure 5 also suggests that the modified TLK model,
despite the adoption of the V//u term in Eq. [13] and the
kinetic liquidus slope »7; in Eqs. [13] and [14], also fails to
properly address the thermal diffusion regime as the
predicted values of 7° exceed 7T, (1050 K) at
AT < 155 K. In addition, Eq. [5] yields a negative
driving force. For example the driving force at
AT = 1()0 K, where 7° = 1080 K, k = 0.980, C§ =
0.231, = 0.236, r = 2.02 x 107" m, Cﬁq:0115
andCeq = 0293 is calculated to be —382 J/mol. At
higher supercoolings, where T < To, ATMod-TLK, glVEN
by Eq. [13], becomes similar to ATcT, given by Eq. [9],
and the predictions by the modified TLK model approach
those by the BCT model, as seen in Figures 4 and 5. Thus,
the modified TLK model numerically agrees with the BCT
model at very high supercoolings.

The BCT model predicts the 7" values to be suffi-
ciently below 7, (1050 K for straight liquidus and
solidus) at all values of AT in the thermal diffusion
regime (Figure 5). The DA and extended DA models
also satisfy the condition T < T, for thermal diffu-
sion—controlled growth. (7, = 1072 K if computed
with the subregular solution model.) Also, the BCT,
DA, and extended DA models all predict a positive
interfacial driving force for all values of AT (Figure 7).
The predicted values of driving force exhibit full
parallelism to those of growth rate shown in Figure 4(a),
reflecting the adoption of the linear kinetic law of Eq. [4]
in these models. The values of the driving force
predicted by the three models are smaller, by an order
of magnitude, than those estimated from the C; and C§
values predicted by the TLK and modified TLK models,
thus yielding lower and more reasonable values of V.

— C0~ In k() [20]

—803 J/mol; ie., no thermal
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The values of 7" predicted by the TLK, modified
TLK, BCT, DA, and extended DA models decrease with
1ncreasmg 4 untll the solutal-to-thermal transition sets
in, where 7~ increases to a maximum as full transition to
thermal control is achieved at a sufficiently high value of
V' (Figure 8). Such a T* — IV inversion has been pre-
dicted to occur during the transition from solutal
dendritic growth to planar thermal growth under
constrained growth conditions®®*% and also during
the solutal-to-thermal transition in free dendritic
growth.m’zo] It should be noticed, however, that full
transition to thermal growth must occur such that the
maximum value of 7 still stays below T,. The latter

—AG* (J/mol)

20 40 60 80 100 120 140 160 180 200
AT (K)

Fig. 7—Predicted interfacial driving force (—AG*) vs total supercool-
ing. Positive values of driving force are assured by the use of
Eq. [15] in the BCT model and Eq. [19] in the DA and extended DA
models.

1120
1100
1080
1060 [
1040

T (K)

1020

1000 f
980 | \
960 | LKT\

940

. " . . .
6 -5 —4 -3 -2 -1 0 1 2 3

10 10 10 10~ 10° 10 100 10 10" 10
V (m/s)

Fig. 8—T" vs V predicted by different models. All models predict
numerically similar values of 7" at low values of V, where the
growth rate is limited by solute diffusion in the liquid. The 7% — V
inversion reflects the transition from solutal-to-thermal control. For
the linear kinetic law, as assumed in the BCT, DA, and extended
DA models, the criterion of the transition stage is given as
dIn(—AG*)/dIn V> 1.
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condition is satisfied in the BCT, DA, and extended DA
models.

The origin of the 7% — V inversion may be understood
by rewriting Eq. [4] as

Vo(—AG*) 1

R V
At low supercoolings where solutal growth prevails, the
increase in driving force is still insignificant (Figure 7)
and Eq [21] predicts a nearly hyperbolic decrease of 7"
with increasing V. At higher supercoolings, increased
solute trapping causes the values of C; and Cj to
deviate from the local equilibrium values (Figures 4(d)
and 9) and the driving force begins to build up.
Equatlon [21] suggests that a 7" — V inversion, i.e.,
dT"|dV > 0, would result if the driving force increases
more rapidly than ¥, or more specifically if
d(—AG*)/dV>RT"/Vy, or dIn(—AG*)/dIn V> 1. Thus,
the latter condition defines the solutal-to-thermal tran-
sition stage. The calculated free energy curves in
Figure 10 show how the shift of Cj increases
g.(T%,C%), and hence —AG”, from a low leue at the
beginning of the transition to a high value toward
the end of the transition. At yet higher supercoolings,
the growth rate increases rdpldly as pdl‘tlthl’llCSS (mds—
sive) growth sets in, hence causing 7" to decrease again.
Thus, the 7" — V inversion, i.e., the solute-to-thermal
transition, can be understood properly only in a model
that addresses the interfacial driving force.

T = 1]

V. CONCLUSIONS

The differences in the formulations of existing free
dendritic growth models were discussed and an extended
model was proposed that employs a subregular solution
model to compute the driving force for dendritic growth.
These models were applied to a Ag-15 mass pct Cu alloy
to numerically compare their predictions. The following
are the major conclusions reached.

1200
T o
1150 0(BCT) Liquidus
Solidus . _
- T (Cy=1117K
< 1100f  Cg
[} T,(Cp)=1072.1 K
=}
© T =1052.1 K
o 1050f
% BCT(c) 1049.5K]|
£
o
2 10001
|_
950 f
CO= 0.23
900 ‘ ‘ ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Mole fraction of Cu

Fig. 9—Interfacial solute concentrations calculated as a function of
tip temperature.
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Solutal growth Gy
7341 . —

AT=865K T =1031.1K

C¢=0.197 C| =0.423
~ 736} 4
g V=068mis r=219x10%m
3 73t g
0]
=
S 74k .
] G
g 742f 5 1
C ’,/
7] -
2 T4 _/ ~ 4 .aG" =29 Uimol
(U] 9 & / T

. . . S I
0.25 03 0.35 0.4 0.45
Mole fraction of Cu
(a)

Transition stage

AT=865K T =1062.6K
C4=0.230 C_ =0.295
V=636m/s r=563x10" m

Gibbs Free Energy, G (J/mol)

|
0.25 03 0.35
Mole fraction of Cu

(b)

Fig. 10—Increase in driving force from (a) a low value typical of
solutal growth at the beginning of the transition stage to (b) a high
value near the end of the transition where thermal growth sets in.

1. Models that are based only on the thermal, solutal,
and curvature supercoolings (e.g., LKT and TLK)
do not properly account for the interface kinetics,
even with the inclusion of V/u in the total superco-
oling and the replacement of the equilibrium parti-
tion coefficient and liquidus slope, ko and m;, with
the kinetic partition coefficient and liquidus slope, &k
and m7,, defined, respectively, by Egs. [3] and [7].

2. The BCT model and its extensions (DA and ex-
tended DA) correctly address the interface kinetics
by adopting a linear kinetic law. The kinetic super-
cooling, as well as the thermal, solutal, and curva-
ture supercoolings, is properly defined in these
models. The kinetic supercooling, defined by
AT, = AT — AT, — AT, — AT,, has a component
that depends on C; in addition to the V/u term, as
seen explicitly in Eq. [8] of the BCT model. The
ATy reduces to V/u only for pure metals.

3. Equations [6] and [7] for the interface (tip) tempera-
ture 7" and the kinetic liquidus slope m', given in
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the BCT model are obtained by combining the lin-
ear kinetic law and the Baker—Cahn equation for
the interfacial driving force, and as such do not ap-
ply to models that do not properly address the
interfacial driving force.

The Baker—Cahn equation for the interfacial driving
force used in the BCT and DA models can be re-
placed with a thermodynamic solution model to cir-
cumvent the Henrian restrictions.

. All the models in comparison yield numerically sim-

ilar predictions for the solutal growth regime. Mod-
els that employ 7", m,, and k but do not address
the interfacial driving force can still predict the
occurrence of the transition from the solutal-to-
thermal control. However, the values of 7" pre-
dicted for the thermal regime far exceed 7, and
those of C; and C% yield a negative driving force.
Models that account for the interfacial driving force
(BCT and its extensions) properly predict the ther-
mal growth regime.

. The solutal-to-thermal transition stage is character-

ized by a rapid buildup of interfacial driving force,
which causes 7" to increase with V. Based on the
linear kinetic law, the criterion for the transition
stage is given as dIn(—AG*)/dIn V> 1.
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