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Abstract: To promote the columnar to equiaxed grain transition (CET) to obtain uniform equiaxed grain, most of the
available theoretical works mainly focus on the growth but ignore the nucleation. Regarding it, a systematical
framework integrating nucleation catalyzed by refiners with dendritic growth, was constructed, where, a new
conception of generalized stability (GS), considering evolving thermodynamic driving force (AG) and kinetic energy
barrier (Q) upon solidification of VTC, was adopted to study the CET position, the grain radius and the mechanical
properties. By adding the refiners, especially the AI-5Ti—1B refiner, the larger thickness of 5—6 mm for equiaxed grain
and finer grain radius of 19 um are exhibited by increasing the AG for nucleation and the GS for growth, possessing
simultaneously improved strength and plasticity. Following a criterion of high AG—high GS, the refiner diameter is

optimized to be 0.3 um.
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1 Introduction

Upon solidification, a transition from
columnar to equiaxed growth commonly takes
place when nucleation of equiaxed grains occurs in
the liquid ahead of the columnar zone, i.e.,
so-called columnar to equiaxed grain transition
(CET) [1,2]. A better understanding or control of
the CET (i.e., either eliminating or enhancing it) is
of great technical and economic importance,
particularly in vertical twin roll casting (VTC)
involving a typical sub-rapid solidification. In the
VTC of alloys, the columnar dendrite grows easily
near the edge of sheets due to positive temperature
gradient (TG), whereas, the equiaxed dendrite

*Pan WU and Jian-qi HU contributed equally in this work

grows easily in the center of sheets due to negative
TG, thus resulting in the CET [2,3]. Such
non-uniform microstructure alleviates mechanical
properties of the thin sheets [4,5], and how to shrink
the fraction of columnar dendrite to unify the grain
distribution, i.e., enhancing the CET, decides
whether the thin sheets of high-performance can be
obtained or not.

Enormous experimental efforts have thus been
stimulated to develop various strategies to control
the CET, e.g., introducing the electromagnetic
field [5,6] and adding refiners [1], etc. Correspondingly,
a large number of theoretical studies have also been
devoted to describing accurately the mechanism of
CET upon solidification. HUNT [7] first proposed
that the structure of casting would grow in the form
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of equiaxed grains when the volume fraction of
equiaxed dendrite f:>0.49 holds in steady-state
solidification, namely the hard blocking mechanism.
Further by relaxing the assumption of constant TG,
FLOOD and HUNT [8,9] introduced one-dimensional
Fourier heat flow equation to deal with temperature
change and proposed a specific temperature
evolution equation. Considering a competitive
growth between the equiaxed and the columnar
WANG and BECKERMANN [10,11]
proposed that, if the undercooling at the columnar
dendrite tip becomes sufficiently large, the equiaxed

grains,

dendrite will have enough time to grow and form
the equiaxed grain zone, which will hinder the
growth of columnar dendrite and enhance the CET.
All the above models assume the hard blocking
mechanism, which, however, seems to be contradicted
with many experimental results where the CET will
still occur whether £:>0.49 holds or not. In view of
this problem, MARTORANO et al [12] pointed out
that the position of CET could not be judged only
by the volume fraction of equiaxed dendrite, but
also from the perspective of solute diffusion,
namely that, only if the constitutional undercooling
is exhausted, the dendritic growth stops and the
CET comes into being.

Also noted that, the above theoretical works
are only concerned with purely kinetic description
of the dendritic growth, which, however, seems not
to be consistent with actual processes including the
prevailing nucleation events, especially by adding
refiners. Following so-called free growth criterion
proposed by GREER et al [13], the nucleation of
grain is related to the refiner diameter. On this
basis, how to quantitatively design the diameter of
refiners to control the CET position or to enhance
the CET, deserves a lot of attention.

To address the above issues, a quantitative
relation between thermodynamic driving force (AG)
and kinetic energy barrier (Q) for the dendrite growth,
i.e., thermo-kinetic synergy [14—20], has been
considered, including three levels, manifestation
(thermo-kinetic diversity), intrinsic characteristics
(thermo-kinetic  correlation) and  application
(thermal-kinetic connection). By modifying the
prevailing thermodynamics to favor the real kinetic
process, the thermo-kinetic diversity is considered
to explain a transition from solute diffusion to
thermal diffusion [14]. Considering simultaneous

dissipation by the sharp interfacial migration
and diffusion, ZHANG et al [15] have constructed a
physically more realistic model, which can describe
quantitatively the interfacial migration (as
represented by effective O due to the mixed effect
of thermal and solute diffusion) evolving against
AG, i.e., the thermo-kinetic correlation, and thus is
applied to the VTC process where sub-rapid
solidification prevails. Following the thermo-kinetic
connectivity [16,17], an analogous procedure for
dislocation evolution upon plastic deformations was
performed. Applying the thermo-kinetic correlation
and connection, a new concept of generalized
stability (GS) is defined as an extension and
unification of the thermal and mechanical stabilities
to evaluate the micro-structural evolution and/or the
dynamic processes involved in both phase
transformations and plastic deformations [18—20],
which can be concisely expressed as
~ Qt AG!

O AG
with O, O°, AG' and AG" having their inherent
meanings at different states for different material
behaviors. For example, for solidification
concerned in the present work, O' and Q" represent
the transient and initial kinetic energy barrier for
interfacial migration, respectively, while AG' and
AG"  represent the transient and initial
thermodynamic driving force for interfacial
migration, respectively. Following the conception
of GS, many cases of metallic material design have
been executed by the criterion of high AG—high GS,
e.g., the a/y transformation of Fe alloys has been
designed to achieve outstanding strength—plasticity
combination [20], and the quantitative designing of
processing parameters upon VTC is realized to
suppress the solidification segregation [18].

The present work aims to study the CET of
Al-Mg alloys fabricated by the VTC and to
quantitatively design the refiner diameters (and/or
composition) by considering the thermo-kinetic
synergy and the GS concept, based on a modular
theoretical framework integrating the nucleation
caused by refiners and the overall solidification
kinetics.

)

2 Theoretical modeling

Upon solidification during the VTC of alloys



Pan WU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1365—-1379 1367

with refiners added, nucleation and growth need to
be considered simultaneously. Here, a modular
framework considering the thermo-kinetic synergy
is proposed as shown in Fig. 1, where, three
modules can be clearly discriminated: (1) Following
the free growth criterion, the volume fraction of the
inhibited nucleation zone (F,) is expressed by the
undercooling (ATg) which introduces the nuclei
number (n") in the nucleation stage; (2) Using the
constitutional undercooling criterion, the critical
nucleus radius (Rr), the instantaneous nucleus
radius (R;), the liquid concentration (Ci), the
concentration on liquid side at the dendrite tip (CT),
the liquid temperature (7i) and the dendrite tip
velocity (V) can be captured by the governing
equation of growth; (3) Associating the refiner
diameter (d) with AG and Q, the GS, the CET
position (X) (i.e., the stop position of columnar
growth) and the final grain size can be solved.
Eventually, the material with optimized properties
can be designed by the criterion of high AG-high
GS.

| Refiner diameter I

| Nucleation |

78]
- Q
Heterogeneous Thermal Multiphase | o
continuous kinetic growth =1
nucleation synergy model (ID
l ¢ I
Free growth ||Driving force and|| Constitutional | 20
criterion energy barrier || supercooling | /&
! '
ATf 5 F. 5 n* AG: Q Rf 2 Ri: C],
[AipFar” {460 [ Auk G
a=2-8G
0" AG

CET, grain size

Fig. 1 Modular framework for present modeling of
solidification upon VTC

2.1 Nucleation model

Under the condition of continuous nucleation
with refiners added, the heterogeneous nucleation
should follow the free growth criterion [13]:

4y 4r
AT, ro_2

_ _ 2
®OASd  d @

where vy is the liquid—solid interface energy, AS, is
the diffusion entropy per unit volume, d is the
diameter of refiner, and /" is the Gibbs—Thomson
coefficient. Upon the equiaxed dendrite, the
temperature will change from 7 (the melt
temperature) to 7; (the liquid temperature outside
the solute diffusion layer) with the distance away
from nucleus as depicted in Fig. 2.

As the equivalent dendrite
envelope radius R; increases, a inhibition nucleation
zone (INZ) will form, where, with continuous
advancement of solute

instantaneous

diffusion layer, the
inactivated refiners will be no longer capable of
generating new grain nuclei. Once AT=AT%, holds,
the thickness of INZ (i.e., the diffusion distance),
Jinz, can be according to the free growth criterion
expressed as

AT,
Oz =|
AT - AT,

JRi, Iz €[0,64] 3)
where dq is the total solute diffusion distance [21].

Suppose the refiners to be uniformly
distributed within the melt, the volume fraction
(F) of these activated refiners can be expressed
as [21]

F,=1 —43—“(Ri Fong ', @)

where 7; is the number of refiners generated in each
step of nucleation, so the number of instantaneous
grains in each step can be expressed as

a

5 =F,,(N(d)~n") &)

where N(d) is the distribution function for diameters
of the refiners, as reflected by the number of
refiners with diameters of [d, d+Ad] [22,23]:

Ad (Ind —Ind)*
d) =" exp| 6
Md) od~2mn exp{ 2y* } ©)

where d is the geometric mean of the diameter
distribution of refiners, o 1is the geometric
standard deviation, and no is the total number of
nuclei during solidification. As the solidification
proceeds, the solute diffusion layer expands and the
nucleation process stops when the two inhibited
nucleation regions impinge each other, at which
Fy=0 is satisfied.
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Fig. 2 Schematic diagram of local undercooling and grain envelope hypothesis with growing dendrite

2.2 Growth of CET

In the present modeling, both the dendrite
envelope of columnar grain and the equiaxed grain
are assumed to be spherical, where, the growth
direction of columnar grains is from the casting
roller wall to the center of sheet. Two key
parameters, the critical nucleation radius Rr. and the
instantaneous nucleation radius R; must be
calculated and compared. An equivalent envelope
for dendritic growth with three-phase is shown
schematically in Fig. 2, where, a spherical growth is
assumed, so that the critical radius of grains can be
solved as

1/3
3
R, =| —— 7
fe (4nn j 7

where n* can be obtained by Eq. (5). Furthermore,
the instantanecous nucleus radius in the growth
process can be solved as

R =R (1- /)" (8)
where f; is the volume fraction of the extra-dendrite
liquid (see Fig.2). On this basis, the diffusion

distance of grain during solidification can be solved
by [23]

3 R.-FR
%=k [l‘zRi ﬁj )
fe i

1

An effective performance of the above
framework requires solving the dendrite tip velocity
(V), as follows [24]:

4y"Dim (1-k)C,
r

V= (Iv''(Q))*

(10)

with
-1 Q 1.195
v (Q)= 0.4567(1—) (11)
_G-G (12)
C -k
where C, is the concentration on liquid side at the

dendrite tip, C; is the liquid concentration, & is the
non-equilibrium solute redistribution coefficient, m
is the slope of the liquidus, and Iv"! is the inverse of
Ivantsov function. Thereafter, the volume fraction
of liquid phase can be given as

3(1- f)3
Sy = X, (13)
_oh _
=SV (14)

where S is the area occupied by the equivalent
envelope per unit volume upon dendritic growth
(see Fig.2). To calculate the volume fraction and
the concentration change between the solid and
liquid phases, the solute conservation equation for
grain growth is introduced as follows:

.o,
ot

s -o)

1-k)C, —
(1-k) PR

=/fa
(15)

lf (5,2 + aflxc )
Sy (16)

where f; is the solid volume fraction, and f; is the
volume fraction of inter-dendrite liquid, the
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conservation of fgtfstf=1 always holds. Details to
deduce Egs.(15) and (16) are shown in
Supplementary Materials (SM). Substituting Egs. (9),
(10) and (14) into Egs. (15) and (16), the evolution
of concentration and volume fraction of solid
and liquid in the solidification process can be
obtained.

Two inherent relations hold between the
solution distribution of solid and the temperature
gradient of liquid as

on_HY,

a C, o / (1

&l (18)

where H is the latent heat of the alloy, C, is the heat
capacity of the alloy, ¢ is the cooling rate of the
system, 7 is the liquid temperature, and 7¢q is the
equilibrium liquidus temperature. By iteration of
Egs. (17) and (18), the evolution of temperature can
be obtained.

In order to deduce the CET position measured
under the condition of sub-rapid solidification, the
interface migration velocity by Eq.(10) and a
smaller time step At selected (as compared to
general casting solidification [21]) must guarantee
the following relation [25—27]:

X

t+At

=X, +ALV,,, (19)

which indicates that the growth length X of
columnar crystals is related to the dendrite growth
rate and the selected time step. Since the CET
occurs as the growth of columnar grains stops, the
CET position can be determined by iteratively
solving only the length of columnar growth. The
final grain radius is calculated by Eq. (7) in the final
calculation step of solidification.

2.3 Thermo-kinetic synergy of CET model

Applying the present model, the CET position
and the final grain radius can be predicted, provided
that sufficient information for composition and
processing (including refiners) is given. As
mentioned in Section 1, to design the refiner for
expected performance wupon solidification, a
thermo-kinetic modeling of AG, QO and GS
integrating nucleation and growth is exhibited.

At the beginning of solidification, the

nucleation predominates. Upon forming the nuclei,
the total driving force can be expressed as [17]

AG=AG" + f.AG, (20)

where f; can be obtained according to Egs. (13), (15)
and (16), and the positive and negative driving
forces, AG" and AGs, can be respectively derived
from [28]

AG =2 1)

fe

AG, =(kC = C)RT; (22)

where y can be obtained by the Gibbs—Thomson
constant /=0/Sv, and R is the molar gas constant.
Following Ref. [28], Eq. (21) is suitable for both
homogeneous and heterogeneous nucleation, from
which, the increased AG" corresponds to the
decreased Ry, which can be achieved by adding the
refiner (in this work) or increasing the AT%,.
Following Ref. [18], the effective Q can be
approximated as the weighted contribution from
two parts: the nucleation energy barrier Q" and the
growth energy barrier Os. Herein, the solid fraction,
fs, should be introduced as a weighting factor.

Therefore, the total effective @ during the
solidification can be obtained as
0=0"(1-f)+0.1, (23)

where O can be provided by the CET model as
3
0" =G, =— ™ 1(0).0<(90°180°)  (24)
3(ac”)

where AG. is the critical nucleation work. Since the
heterogeneous nucleation with refiners follows the
free growth criterion, the minimum nucleation
angle on the refiner should be 90° [13]. The kinetic
energy barrier in the growth process Qs can be
given according to Eq. (10) as

2 *
_ vy d(C, —C)
2 _RT‘h{ 4D,(1-k)C] } (25)

where vy is the initial velocity of grain growth.
Following an analogous procedure by
Refs. [16—20], the GS prevailing in the CET can be
given as
0 AG

A:Q* Ve (26)
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3 Experimental and calculation procedure

Alloy compositions of alloys in this study are
listed in Table 1, where three cases including no
refiners added and two alloys of refiners with
different diameters added are considered. All three
alloy systems have the same nominal concentration
of Al-5wt.%Mg with or without refiners fabricated
at the same casting speed of 2 m/min. The mean
diameters of two alloys of refiners, AlI-5Ti—1B and
Al-5Ti—0.25C, are 0.6 and 0.8 um, respectively
[29]. Firstly, the Al ingot (99.99%) was melted in a
resistance furnace heated to 750 °C. Then, the
refiners of two alloys in Table 1 were added and
melted until the temperature was reduced to 680 °C.
The Mg bar (99.99%) was pressed into the melt
through a titanium cover coated with BN coatings.
After degassing and clearing off the dross, the
30%LiF—70%LiCl molten salt was first dried and
then sprinkled into the melt [30].

Table 1 Parameters of Al-5wt.%Mg alloys

Alloy Refining agent Ca(s:::lri;p?)ed/
Al-5.18wt.%Mg Without 2
Al-5.12wt.%Mg Al-5Ti—1B 2
Al-5.15wt.%Mg Al-5Ti—0.25C 2

The schematic illustration of twin-roll casting
setup used is shown in Fig. 3. In the process of
casting, the fully melted alloy is poured from the
ladle into the tundish and successively flows
through the core nozzle to the melt pool formed by
the side dam and casting rollers. High-speed
cooling water is fed into the casting rolls, and the
molten alloys gradually solidify on the surface of
the rolls. When passing through the roll gap, the
casting rolls squeeze the solidified shells on both
sides into a strip of certain thickness. The
equipment parameters are listed in Table 2. In this
work, the casting speed, the pressure of cooling
water, and separation rolling force were 2 m/min,

Table 2 Equipment parameters of TRC
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Ladle =

Tundish =3
Core nozzle _wp-

Casting roller =
Cooling water ==

Y 4

Sheet

Fig. 3 Schematic diagram of twin-roll casting setup

0.4 MPa, and 400 kN, respectively. The as-cast and
rolled sheets were obtained simultaneously by the
parking methods.

Samples with 10 mm x 10 mm X 5 mm cubic
were cut from the as-cast and rolled sheets for the
three cases listed in Table 1, respectively. Position
of the CET was observed with a Leica DMIS000M
optical microscope (OM) after the samples were
polished and etched with Keller reagent (1 mL
HF + 1.5 mL HCI + 2.5 mL HNO; + 95 mL H,0) for
7—8 s. Microstructure morphologies were analyzed
by Helios G4 CX scanning electron microscopy
(SEM). Samples for SEM investigation were
etched with Keller’s reagent for 3—5 min. The grain
radius was determined by electron backscattered
diffraction (EBSD), with step diameters of 4 and
1 um. Samples for EBSD were electrolytically
polished in a mixed solution of 10% perchloric acid
and alcohol at 20V and 0-5°C for 10s. The
Channel-5 software was used to conduct statistical
characterization of grain radius. For the micro-
hardness measurement, a SHIMADZU HMV-2
microhardness tester was used with a load of
9.807 N and a holding time of 15 s. The tensile test
samples were made into national standard tensile
parts with thickness of 1.8 mm and total length of
90 mm. Tensile tests were carried out by an Instron

Roller Roller Rolling Cooling channel Casting Pressure of
diameter/mm width/mm force/kN diameter/mm speed/(m'min") cooling water/MPa
360 100 0—-400 300 0-30 0-0.4
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5967 universal tensile test machine equipped with
video extensometer at an initial strain rate of
6.7x107*s7L.

Five differential equations, i.e., Egs. (5) and
(14)—(17) are calculated to solve five variables, i.e.,
n', fi, f, Ci and Ti. The initial conditions of five
differential equations are applied as follows:

27)

(=1

Il
a S — o

Il
3

The values of Cy and 7y are 5.0 wt.% and
937 K, respectively. Other parameters are listed in
Table 3. The Cl* and V can be directly solved by
Egs. (10) and (18) in each step, assuming to be
independent on the solidification time. The
fourth-order Runge-Kutta method is applied to
solving these differential equations. The termination

criteria of nucleation and dendrite growth
respectively are
F,, =0, nucleation stops
N (28)
C, —C, =0, growth stops

4 Results

4.1 Microstructures and grain radius

The microstructures of as-cast samples for the
three cases in Table 1 are shown in Fig. 4, where,
for all three kinds of alloys, two red lines are
labeled, representing the CET position. Since the
solidification of AI-Mg alloy sheet during the VTC
starts from its two sides in contact with the rollers
to its center, the columnar grains appear in its two
sides and the equiaxed grains appear in its center
(Figs. 4(a—c)). Comparing the results for cases with
and without refiners, the samples without refiners
have less area of equiaxed grains with a thickness
of 3-3.5 mm. With the refiner of AI-5Ti—0.25C
added, the area of central equiaxed grains increases
and its thickness reaches 5—5.5 mm (Figs. 4(d—f)).
With the refiner of AlI-5Ti—1B added, the thickness
of the equiaxed grain area increases to 5—6 mm
(Figs. 4(g—h)). Correspondingly, the representative
morphologies of grains and the histograms of grain
radius distribution are exhibited in Fig. 5, where,
for as-cast samples, 40% of the grains have a radius

over 60 pum without refiners added (Figs. 5(a) and
(d)). After adding the AI-5Ti—0.25C refiner,
samples exhibit slightly refined grains ranging less

Table 3 Basic parameters used in VTC process of Al—
Swt.%Mg for calculations of CET model (present model,
PM)

Parameter Value Source
Solute diffusion coefficient, 5
Dy/(m*s™h) 3x10 271
Melting temperature of Al,
T./K 933.45 [27]
Gibbs—Thomson coefficient, 5
[/(K-m) 2.4x10 [27]
Partition coefficient, £ 0.48 [27]
Liquidus slope, m/(K-wt.% ') —5.84 [27]
Latent heat of melting, g
H(m™) 9.53x10 [27]
Thermal conductivity of melt,
a(W-m- K1) 134 [27]
Heat capacity 2.5x10° [27]
(298-900 K), C,//(J-m3-K™1)  ((2.43-2.92)x10%)
Geometric mean of
distribution, d /um 0.77 [25]
TiB, refiner diameter, ds/um 0.6-0.8 [25]
TiC refiner diameter, 0.7-1.0 [29]
dc/}.tm
Geome'trlc.: starldard 05 [25]
deviation, o
Total number of refiners 1
(TiBa, TiC), N/m™ 2.5x10 [25]
Volume fraction of initial
outer liquid phase, fio/% 99.98 PM
Volume fraction of initial L
solid phase, £0/% 1x10 PM
Volume fraction of initial L
inner liquid phase, fi0/% 1x10 PM
Calculation step, At/s 1073 PM
ne/m 2.5x10!! PM
Alloy density, p/(kgm™) 2627 [27]
Calculation tolerance, f 107 PM
Initial composition,
Co/wt.% 30 PM
Domain diameter, 20 PM
dw/mm
Initial temperature, 973 PM

TyK
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than 80 um, with an average radius of 21 pum
(Figs. 5(b) and (e)), whereas, the refining of
Al-5Ti—1B is more effective with the radius
distribution ranging less than 70 um and an average
grain radius of 19 um (Figs. 5(c) and (f)). Although
the crystal orientation of the rolled samples seems
more uniform than that of the as-cast specimen,
analogous tendency with changing refiners does
hold for the evolving average grain radius
(Figs. 5(g—1)). This evidences the heredity of
average grain radius from the as-cast to the rolled
specimens.

4.2 Theoretical prediction

By the modeling in Section 2, the CET
position and the grain radius can be directly solved
by Egs.(7) and (19), respectively, with the
corresponding parameters listed in Table 3.
Corresponding calculation results are shown for
comparison with experimental results in Fig. 6. It
can be seen that, for the case without refiners, the
CET occurs at 3.11 mm away from the edge, in

Fig. 4 Photograph and SEM observations of as-cast Al-5wt.%Mg alloys without refiners (a—c), with Al-5Ti—0.25C
refiner (d—f), and with Al1-5Ti—1B refiner (g—i)

good consistency with the experimentally measured
3.5mm. For cases with Al-5Ti—0.25C and
Al-5Ti—1B refiners added, the CET positions are
reduced to 2.34 and 2.21 mm, respectively, also in
good consistency with the experimentally measured
2.5 and 2.3 mm (see Fig. 6(a)). The average grain
radius calculated by the present model is reduced
from 62 pm respectively to 17 and 14 um by the
addition of Al-5Ti—0.25C and Al-5Ti—1B, which
are in good consistency with the experimentally
measured evolution from 65 to 21 um and to 19 pum,
respectively (see Fig. 6(b)). Clearly, the CET
can be enhanced by adding refiners, especially with
Al-5Ti—1B, which expands the equiaxed dendrite
area and reduces the grain radius, favoring a more
uniform distribution of grain morphology.

4.3 Mechanical properties

Evolution of the hardness along the thickness
of rolled sheets is presented in Fig. 7(a), where,
owing to the central segregation universal in the
VTC [18], the hardness in the middle corresponding
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Fig. S EBSD images (a—c, g—i) and grain radius distribution (d—f, j—1) for as-cast (a—f) and rolled (g—1) samples without
refiners (a, d, g, j), with AI-5Ti—0.25C refiner (b, e, h, k), and with Al1-5Ti—1B refiner (c, f, i, )

to the 0 mm is all lower than that on their two sides.
In comparison, the higher central hardness prevails
by the addition of refiners (e.g., HV 81.6 and HV 75.3
in the center), whereas, the central hardness without
refiner is only HV 66.7. Further, the hardness with
Al-5Ti—1B is higher than that with Al1-5Ti—0.25C.
Tensile stress—strain curves of the rolled
samples for three alloys are compared in Fig. 7(b),

where, the yield strength (YS), the ultimate tensile
strength (UTS) and the strain to failure (StF)
increase simultaneously with the addition of refiner.
After adding refiners, the YS and UTS of alloys
with AI-5Ti—1B (145 and 217 MPa) are higher than
those with AI-5Ti—0.25C (130 and 208 MPa),
whereas, the StF with AI-5Ti—1B (8.2%) is lower
than that with A1-5Ti—0.25C (9%).
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Fig. 7 Hardness (a) and stress—strain (b) curves of rolled samples for three Al-5wt.%Mg alloys

5 Discussion

In Section 4, the alloy with Al-5Ti—1B favors
the larger fraction of equiaxed grains and the finer
grain radius (see Fig. 6), which corresponds to the
simultaneously improved strength and ductility (see
Fig. 7(b)), as compared to the alloy without refiners.
Firstly, the quantitative relation between the
thermo-kinetic relationship for solidification (i.e.,
AG, Q, and corresponding GS) and the as-cast
microstructure (i.e., CET position and grain radius)
are analyzed. Secondly, the thermo-kinetic
connectivity from solidification to the strength
and plasticity is briefly described. Finally, based
on the AG and GS, the refiner diameter and
alloy concentration are optimized to increase
simultaneously the strength and plasticity.

5.1 Thermo-kinetic analysis
Values of ATy, for the three alloys calculated

by Eq. (2) and equilibrium liquidus temperature 7eq
calculated by commercial software Thermo-Calc
are shown in Fig. 8, where, analogous to Ref. [30],
different values for ATt show different crucial time,
i.e., the beginning of nucleation, the beginning
of growth, and the ending of nucleation. For the
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Fig. 8 Evolution of temperature 77 with solidification
time ¢ for three alloys
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solidification without refiner, as for #£ti(n), the
condition of AT>AT¢ holds and the nucleation
begins, favoring a main nucleation-controlled
mechanism. As for £¢(g), the growth begins due to
the recalescence corresponding to the condition of
AT=ATmax, favoring a mainly growth-controlled
mechanism. As for £#i(nq), the condition of
AT>ATy, holds and the nucleation quits, favoring a
pure growth-controlled mechanism. For the
solidification with the refiner of Al-5Ti—1B, the
main nucleation-controlled mechanism and the
main growth-controlled mechanism also hold at
b(n)<t<t(g) and r>1:(g), respectively, whereas,
since a weak recalescence leads to the condition of
AT>ATy,» holding for the whole post-recalescence
stage, the pure growth-controlled mechanism
vanishes. For the solidification with the Al-5Ti—
0.25C refiner, since the absent recalescence
extinguishes the #(g) and #(ng), the solidification
simultaneously controlled by nucleation and growth
begins as £t3(n).

By calculating Egs. (20)—(26), values of AG, O
and GS can be solved, further deducing the
evolution for " and ¥, as shown in Fig. 9. For the

mainly nucleation-controlled stage, by adding
@) {96
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19 [ —e— Without refiner
—o— Al ST! 0.25C 4 95
. 18 _+AI—5T|—]B
g 17} 194
j 93
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15} 192
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refiners, the higher AG (i.e.,, 16.55 and
16.67 kJ/mol)) and the lower O (calculated by
Eq. (23)) for nucleation prevail, whereas, the AG
without adding refiner is only 15.95 kJ/mol (see
Fig. 9(a)) (As mentioned in Section 2.3, the higher
AG and lower Q corresponding to the smaller Ry,
provided by adding refiners is equivalent to
increase in ATy [28]. Typically, by adding the
refiners, the required energy fluctuation of the
undercooled liquid decreases. The refiners as a
heterogeneous core provide part of the driving force.
Thus, the total driving force provided by adding
refiners seems to be approximately equivalent to the
driving force provided by the higher undercooling
without refiners) (calculated by Eq.(20)). Given
AG and Q, the GS for nucleation is calculated by
Eq. (26), exhibiting the lower values (i.e., 0.121 and
0.119) with refiner (see Fig. 9(b)). After adding
refiners, as the refiner diameter d decreases, i.c.,
from the Al-5Ti—0.25C of 0.8um to the
Al=5Ti—1B of 0.6 um, the increased AG (i.e., from
16.55 to 16.67 kJ/mol) in contrast with a decreased
O for nucleation, favors the decreased GS for
nucleation (i.e., from 0.121 to 0.119). Physically, by
adding smaller refiners (Al-5Ti—1B), the lower GS

(b)
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—<O— AI-5Ti-0.25C
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Generalized stability
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Fig. 9 Evolution of solidification parameters with time ¢ for three alloys: (a) Thermodynamic driving force AG and

kinetic energy barrier Q vs t; (b) Generalized stability vs # (c) Number of nucleus n" vs ; (d) Growth velocity V vs ¢
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for nucleation favors a higher n" (Fig. 9(c)), which
produces a larger fraction of equiaxed grain and a
lower CET position, as revealed in Fig. 6(a).

For the mainly growth-controlled stage, by
adding refiners, the much lower AT for growth
provides the much lower AG (16.55 and
17.31 kJ/mol) and higher GS (0.121 and 0.101),
whereas, the AG and the GS without adding refiner
are 18.97kJ/mol and —0.013 respectively, as
depicted in Figs. 9(a) and (b). After adding refiners,
as the d decreases, the increased AG (from 16.55 to
17.31 kJ/mol) seems to be in contrast with the
decreased GS for growth (from 0.121 to 0.101 kJ/mol)
due to the absent recalescence. Physically, the lower
GS for growth favors a higher V (Fig. 9(d)), which
also produces a larger fraction of equiaxed grain
and a lower CET position.

On this basis, by adding the refiner, a new
strategy is thus proposed: the higher AG for
nucleation and higher GS for growth, respectively
favor the higher n" and the lower V, producing the
relatively ideal microstructure with the lower CET
position and the finer grain radius. After adding the
refiners, however, as d decreases, the increased AG
for nucleation is accompanied by the decreased GS.

5.2 Design by high AG—high GS

As for the general cases without refiners, as
ATy, increases, the higher AG must be accompanied
by the lower Q for the whole solidification
process [18]; such trade-off relationship is called as
the thermo-kinetic correlation [20]. By adding
refiners, two phenomena can be summarized as
follows. As compared to the case without refiners, a
new thermo-kinetic trade-off balance is established,
1.€., the AG for nucleation increases and the GS for
growth decreases, particularly with the decreased
refiner diameter d. As for the cases after adding
refiners, the trade-off balance of high AG for the
nucleation and low GS for the growth is broken,
although the thermo-kinetic correlation also holds
for both the nucleation-controlled stage and the
growth-controlled stage; such event cannot be
realized without refiners. As clearly shown in
Fig. 9(a), the higher AG for nucleation is followed
by the higher GS, favoring the lower CET position
and finer grain radius. This philosophy seems to be
closely similar to a previous article on solidification
of the VTC [18], where, an artificial modulation for
casting speed and speed of cooling water breaks the

trade-off relationship between the initial AG (for
nucleation) and the final GS (for growth), so that
the high AG (suppress the centerline segregation)
and the high GS (suppress the edge segregation)
can be achieved simultaneously to optimize the
solidification microstructure.

Following the basic procedure dealing with
the criterion of high AG—high GS in Ref. [18], an
optimized combination of parameters can be
obtained to enhance the CET (Fig. 10), where, the
comparison between AG and GS evolving with the
alloy concentration Co and refiner diameter d is
shown. As d decreases, the increased AG and the
decreased GS (Fig. 10), respectively enhance the n*
and ¥, and vice versa. Analogously, as C increases,
the decreased AG and the increased GS,
respectively restrain the " and V, and vice versa. To
enhance the CET, an enhanced »" and restrained V'
should be satisfied, requiring the higher AG and
higher GS simultaneously. On this basis, a trade-off
intersecting point for d and Cp must be satisfied,
before which, the higher d restrains the n” due to the
decreased AG and the lower Cy improves the V" due
to the decreased GS, but after which, the lower d
improves the 7 due to the decreased GS and the
higher Cj restrains the n” due to the decreased AG.
This philosophy can be evidenced by the present
model calculations, where, following the criterion
of high AG—high GS, an optimal combination of
d=03 pm and Co of 6wt% Mg satisfies the
relatively high »n" and low V, which enhances the
CET. This result is similar to Ref. [13], where, a
thorough consideration of how the modeling could
direct refiner design is considered and the grain size
shows a minimum as the optimal average particle
diameter.

N
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T

Generalized
stability for growth
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(=]
T

—
(9]

Driving force for nucleation,
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Fig. 10 Evolution of driving force for nucleation AG and
generalized stability for growth with refiner diameter d
and alloy concentration Cp
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As mentioned in Section 4.3, by addition of
refiners, the YS and the StF increase simultaneously,
and particularly as d decreases from 0.8 um
(Al-5Ti—0.25C) to 0.6 ym (Al-5Ti—1B), the YS
increases to 145 MPa but the StF decreases to 8.2%.
Such favorable strength—ductility relationship should
stem basically from the thermo-kinetic relationship
for phase transformations [17,18,20,31,32]. According
to Ref. [18], the outstanding strength—ductility
resulting from the high AG—high GS for dislocation
slip is origin from the high AG-higher GS for
sub-rapid solidification of Al alloys. In this work,
by addition of refiners, the AG for nucleation and
the GS for growth simultaneously
producing the increased YS, UTS and StF. However,
after adding the refiners, as for the d larger than the
optimal d of 0.3 um, although the increased AG and
the decreased GS produced the increased YS and
decreased StF (see Fig. 7(b)) simultaneously with
decreased d, the slope of increased AG is larger than
that of the decreased GS, producing the drastically
increased YS and slightly decreased StF.

increase,

6 Conclusions

(1) A thermo-kinetic model for sub-rapid
solidification coupling nucleation and growth is
established, where, a quantitative control by a
theoretical connection among refiner diameter,
solidification models and as-cast microstructure has
been performed.

(2) Theoretical calculation and experimental
verification of CET position and grain radius with
three refiners were carried out. By adding the
refiners, especially Al-5Ti—1B refiner, the larger
fraction of equiaxed grain and fine grain radius are
exhibited, possessing simultaneously improved
strength and plasticity.

(3) Through the thermo-kinetic analysis, by
adding refiners, a new strategy is thus proposed, the
higher AG for nucleation and higher GS for growth
exist simultaneously, which favors the higher n* and
lower V, producing the superior microstructure with
lower CET position and grain radius.

(4) Following thermo-kinetic correlation and
connectivity, the superior microstructure produced
by higher AG for nucleation and higher GS for
growth, possessing the improvement of YS and StF.
Based on the high AG—high GS criterion, the

combination of 0.3 pum and Al-6wt%Mg is
optimized.
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