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Abstract—Using numerical simulation in the ProCAST program complex, the conditions of the solidifica-
tion of heat-resistant nickel alloy in curvilinear channels of a ceramic mold have been investigated. It has been
shown that, in practically important cases, the vector of the temperature gradient is oriented along the axis of
the curvilinear channel. In a spiral crystal selector, a cyclic change in the preferred direction of growth occurs
because of the cyclic change in the direction of the vector of the temperature gradient. The fact that the vector
of the temperature gradient is almost always directed along the axis of the curvilinear channel makes it pos-
sible to govern the orientation of the vector of the temperature gradient in space and, therefore, to obtain a
grain with the preferred crystallographic orientation. Based on the results of this investigation, a method of
the grain selection with a desired azimuthal orientation is proposed.
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INTRODUCTION

Nucleation and selection of grains with a required
crystallographic orientation are the initial stages upon
the formation of a single-crystal casting. In industry,
two technologies of grain selection are employed, i.e.,
using a spiral selector (the so-called helicoid) and
using preliminarily prepared seed crystal.

A helicoid ensures the selection of one grain with a
preferred crystallographic orientation from many
nucleated grains. This orientation is characterized by
the smallest angle between the direction [001] and
vector of the temperature gradient; however, the azi-
muthal orientation of the prevailing grains can be arbi-
trary. According to the other technology, the nucle-
ation occurs on a seed, which makes it possible to gov-
ern both the axial and azimuthal orientation of a single
crystal to be grown. However, in this case, the helicoid
is a means of improving the quality of the obtained
single crystal.

The broad applications of crystal selectors make it
urgent to study grain growth depending on the geo-
metric characteristics of the spiral channel employed.

In 2011, Dai et al. [1] used a CAFE module of the
program complex ProCAST to performed a systematic
study of the influence of the geometric parameters of
a spiral crystal selector on the efficiency of the grain
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selection via simulation. The efficiency of the crystal
selector was evaluated based on the length of the path
of the solid phase before obtaining a single crystal. As
the geometric parameters, the authors considered the
take-off angle of the spiral channel, the diameter of
the channel, and the diameter of the spiral rotation.
The authors came to the conclusion that the selection
of grains in the crystal selector occurs for the geomet-
ric reasons, and the efficiency of the selection grows
with a decrease in the take-off angle of the spiral [2].

In 2012, based on experiments, Gao et al. [3] came
to the conclusion that, in the crystal selector, the grain
that is located near the internal wall of the channel
usually becomes winner. In [4], a similar conclusion
drawn based on the results of a simulation in the
CAFE module is explained by the combined action of
several factors, i.e., by the direction of the vector of
heat flux in the crystal selector; the direction of the
preferred growth, and the geometric restriction of the
spiral walls on the grain growth. In [4], it is indicated
that the vector of the heat flux in the crystal selector is
oriented along the axis of the spiral; however, the
effect of this factor on the grain selection was not
cleared up to the end.

In all of the above-mentioned studies, no notice-
able effect of the geometry of the crystal selector on



MECHANISM OF COMPETITIVE GRAIN GROWTH

653

Table 1. Chemical composition of alloy ZhS26, segregation coefficients, and slope of liquidus line for alloying elements

Element C Cr Co Mo w Nb Al Ti \% Ni
Concentration, wt % 0.15 4.9 9.0 1.1 11.7 1.7 59 1.0 0.9 Base
m, 1/K — —14 - —4 11.9 -2.3 —-3.5 —11 -5.5 —
k — 0.9 — 0.8 0.67 0.34 0.85 0.88 0.7 —

the crystallographic orientation of grains was revealed.
The crystal selector makes it possible to significantly
decrease the number of grains, but is not capable of
optimizing the axial orientation of the single crystal to
be grown.

The temperature gradient plays an important role
in the competitive growth of grains. The orientation of
the vector of the temperature gradient determines
which of the [001] directions will be the preferred
direction of growth. According to the theory of Walton
and Chalmers [5], the value of the temperature gradi-
ent determines how far the leading grain grows ahead
of the adjacent grains-competitors. Based on these
concepts, it is assumed that the direction of the tem-
perature gradient is important for grain selection in the
spiral grain selector. Nevertheless, relatively little
attention has been paid to the temperature distribution
in the spiral selectors and the deviation of the vector of
the temperature gradient from the general direction of
the motion of the mold.

In our previous work [6], we investigated the influ-
ence of the cyclic change in the direction of the pre-
ferred growth based on the example of the solidifica-
tion of a toroidal casting and came to the conclusion
that the cyclic change of the growth conditions in the
toroidal channel in fact eliminates the advantages of
one grain before others.

Based on these facts, we devoted the present article
to a study of the relationship between the conditions of
solidification, geometry of the crystal selector, direc-
tion of the vector of the temperature gradient, and the
competitive character of grain growth. Based on this
study, we have shown the opportunity of the selection
of grains with an assigned azimuthal orientation.

COMPUTATIONAL EXPERIMENT

At the first stage of the work, we investigated the
thermophysical features of the solidification of nickel
heat-resistant alloy in a curvilinear channel. In this
part of the work, the simulation of the process of the
solidification of the casting was performed using the
thermal module of the ProCAST system [7]. The
result of the simulation using this module is the tem-
perature distribution in the metal at different time
moments up to the complete solidification of the cast-
ing. Based on these data, we calculated the tempera-
ture gradient G on the liquidus isotherm and the rate
W of the displacement of this isotherm along the axis
of the casting.
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The chemical composition of the alloy and the
thermophysical properties of the ceramic shell used in
the calculations are given in Tables 1 and 2. The tem-
perature of the solidus of the alloy is 1591 K (1318°C);
the temperature of the liquidus is 1683K (1410°C).
The thermophysical properties of the alloy were calcu-
lated for the conditions of equilibrium solidification based
on its chemical composition in the COMPUTERM
(ProCAST) thermodynamic database.

In this part of the work, we intended to simplify the
model of the process of directional solidification by
assigning the temperature distribution on the external
surface of the mold that imitates the displacement of
the mold from the heating zone into the zone of cool-
ing of the setup. Using the UserFunction module of
the ProCAST system, at each time step, we assigned
the temperature on the external wall of the mold,
which was calculated according to the following rule:

Tmina TSTmin
T = u:TL+GenV(Z_VT)9 Tmin Sus,rmax’ (1)
T T=>T

max> max

where T is the time, 7} is the liquidus temperature,
Tin = 1200°C, and T, = 1450°C.

The temperature field on the surface of the mold
was characterized by a linear law of variations in tem-
perature along the z axis and by a constant tempera-
ture gradient G,,, = 5000 K/m in the region of

T.in < T <T,,; the mold was moved along the Z axis
at a velocity of V"= 83.3 um/s. The initial temperature
of the metal and the mold was equal to 7,,,, = 1450°C.
The temperature of the lower end of the casting, which
had contact with the conditional crystallizer, changed

in accordance with (1) from 7,,,,to 7.,

A series of computational experiments was carried
out that were characterized by the different assigned
thermal conductivity coefficient A, of the alloy, the
coefficient of heat transfer at the metal—mold bound-

Table 2. Thermophysical properties of the material of the
mold

Property Dimensionality Value
Coefflcu'aqt of thermal W/(m K) 29
conductivity
Heat capacity J/(kg K) 1200
Density kg/m> 2700
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Table 3. Parameters that describe nucleation and growth
kinetics of dendrites in ZhS26 alloy

Parameter Dimensionalty Value
Gibbs—Thomson Km 2 x 1077
coefficient, I
Coefficient of diffusion | j2 ! 1 x 1079
in the melt, Dy
a, ms~! K2 0
a; ms~! K73 3.44 x 107°
ATy K 0.5
ATy K 0.1
Miax m~? 1x 108

ary, and distance H from the lower end of the mold,
i.e., the crystallizer, to the bend. The coefficient of the
thermal conductivity A, of the alloy changed in the
range of 2—40 W/(m K). The coefficient of heat trans-
fer at the metal—-mold boundary took the values o, =
2000 and 10000 W/(m K). The distance H was taken
to be equal to 20, 50, and 100 mm.

In the second part of the work, we examined the
process of the formation of the macrostructure of the
casting block, which consists of the starter block, crys-
tal selector, and three cylindrical samples (using the
vertical directional solidification in the setup for crys-
tal growth by the Bridgman method).

We simulated the following technological process.
At the initial time moment, an empty mold mounted
on the crystallizer was placed into the furnace for pre-
heating of the mold at an initial temperature equal to
293 K (20°C). After the furnace reached the necessary
temperature (at a time of ~1 h) and a short holding at
a temperature, the crystallizer with the melt poured
into the mold moved downward at a constant velocity
of 5 mm/min (83.3 um/s). The temperature of the
upper heater in the process of directional solidification
was 1813 K (1540°C), while that of the lower heater
was 1873 K (1600°C) and the initial temperature of the
ZhS26 alloy was 1873 K (1600°C).

To simulate the grain growth, the module CAFE of
the ProCAST program complex for the computer sim-
ulation of foundry processes was used.

It was assumed that, in the starter block, only the
surface nucleation of grains occurred on the surface
that was in contact with the crystallizer. The opportu-
nity of the nucleation of grains on the surface of the
mold or the nucleation of grains in the bulk of the melt
before the growth front has not been considered.
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The dependence of the number of grains on the
degree of the supercooling of the melt in the CAFE
module is determined by the normal distribution

2
dn — Nmax exp _l AT - ATN , (2)
d(AT) ATA2r 20 AT,
where AT is the supercooling; ATy and AT, are the
parameters of a Gaussian distribution, and n,,,, is the
maximum density of the nucleation centers. The

parameters of the surface nucleation used in the calcu-
lations are given in Table 3.

The coefficients of the

v =a,AT ’ 4 a;AT ’, which connects the growth rate
v ofthe dendrite tip with supercooling AT, were calcu-
lated using the CAFE module. The necessary data,
i.e., the slope of the liquidus line m; and the segrega-
tion coefficients k; for the main alloying elements
present in the ZhS26 alloy, were estimated using the
binary phase diagrams of the systems of Ni with the
alloying elements. The chemical composition of the
ZhS26 alloy and other data that were used to calculate
coefficients a, and a5 are given in Tables 1 and 3. The
details of the calculation of these coefficients are given
in [8].

kinetic equation

ANALYSIS OF THE RESULTS
OF THE COMPUTATIONAL EXPERIMENT

Direction of the Vector of the Temperature Gradient

In order to establish the relationship between the
direction of the vector of the heat flux and the thermo-
physical properties of the metal and the mold, a series
of computational experiments on the directional
solidification of a casting in the form of a bent cylinder
with a diameter of 8 mm was carried out.

Figure 1 displays the results of calculations in
which the heat-transfer coefficient at the metal—mold
boundary was o, = 2000 W/(m K) and the coefficient of
the thermal conductivity of the alloy was assigned in the
form of the function A(7) calculated based on the chem-
ical composition of alloy using the COMPUTERM
(ProCAST) thermodynamic database. The process of
solidification was considered for the case of a ceramic
mold with a flat massive wall (Fig. 1a) and for the case
of a thin-walled ceramic mold with a wall thickness of
6 mm (Fig. 1b).

The 3D model of the flat mold represented a paral-
lelepiped with a base L = 50 < 50 mm. On the side sur-
faces of the parallelepiped formed by the planes x = 0
and x = L, adiabatic conditions were assigned. Thus,
the mold represented a wall that was infinite on the
coordinate x. On all other surfaces of the mold in con-
tact with the external medium, the temperature distri-
bution given by Eq. (1), which imitated the process of
directional solidification, was specified using the
UserFunction module. Figures 1c—1f display the typ-
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Fig. 1. Temperature distribution in the ceramic mold and in the casting: (a, c—f) thick-walled mold; (b, g, h) thin-walled mold;
and (i) orientation of the vector of the temperature gradient in the metal (G) and in the mold (Gy) relative to the axis of the inclined

portion of the channel. Axis is shown by the dashed line.

ical results of the simulation that relate to the case of
directional solidification in the mold in the form of a
flat massive wall.

The computational experiments were performed
for the case of a massive mold with different arrange-
ment of the casting relative to the central plane y =
25 mm (Fig. 1a). In one series of the experiments, the
axis of the lower part of the casting (to the point of the
bend) was located in the plane y = 25 mm, as is shown
in Figs. 1a, 1d, and If. In another series of experi-
ments, the axis of the upper part of the casting (after
bend) was located in the plane y = 25 mm, as is shown
in Figs. 1c and le.

The simulation showed that the orientation of the
vector of the temperature gradient G at the isotherm
T in the metal depends on the angle between the axis
of the casting and the vector of the temperature gradi-
ent G;in the ceramic mold at the same isotherm, and
also on the distance to the lower base of the casting,
i.e., to the crystallizer. At a sufficient distance from the
crystallizer (Fig. le, 1f), the temperature distribution
in the casting depends only on the temperature distri-
bution in the mold. Therefore, regardless of the value
of the coefficient of the thermal conductivity of the
metal and of the heat-transfer coefficient at the
metal—mold boundary, the direction of the vector G'is
close to the direction of the vector G. If the vector G; is
oriented along the axis of the casting, then the tem-
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perature gradient in the metal will also be oriented
along the axis of the casting (Fig. le). If the vector G;
deviates significantly from the axis of the casting, then
the temperature gradient in the metal will also exhibit
a strong deviation from the axis of the casting (Fig. 1f).
The vectors G and G; are shown in Fig. 1i by arrows,
while the direction of the axis of the channel is shown
by dashed lines.

If the distance H to the crystallizer is small, the
larger part of thermal energy is transferred from the
two-phase zone to the crystallizer through the casting,
rather than through the shortest path via the ceramics.
In this case, the temperature field in the metal is
formed under the effect of the crystallizer. The iso-
therms in the metal remain perpendicular to the axis of
the curved casting at a distance of several diameters d,,
from the crystallizer.

The thermal resistance at the metal—mold bound-
ary plays an important role in the orientation of the
temperature gradient in the metal. Even at identical
values of the coefficients of the thermal conductivity
of the metal and ceramics, the existence of even a
small thermal resistance at the metal—mold boundary
is sufficient for vector G be directed along the axis of
the channel.

In the case of a thin-walled mold, the vector G;

changes its direction, along with a change in the orien-
tation of the ceramic shell (Figs. 1g, 1h). Therefore, in
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Fig. 2. Procedure of casting for obtaining single crystals
with an assigned azimuthal orientation (schematic).

the thin-walled mold, the vector of the temperature
gradient G and, therefore, the vector of the heat flux,
are always oriented along the axis of the casting.

Based on the results of the performed calculations,
the following conclusion can be made. Most probably,
the vector of the temperature gradient G will be ori-
ented along the axis of the channel of the grain selector
(1) if the coefficient of the thermal conductivity of the
metal is higher than that of the mold; (2) if there is
thermal resistance at the metal—-mold boundary; and
(3) ifthe distance from the two-phase zone in the cast-
ing to the crystallizer does not exceed several diame-
ters of the channel cross section.

Effect of the Curvature of the Crystal-Growth Channel
on the Grain Selection

The crystallographic orientation of the columnar
grains that grow in the casting remains almost constant
relative to the laboratory coordinate system during the
entire process of directional solidification. The orien-
tation of the vector of the temperature gradient also
remains unaltered (as well as of the rate of growth)
upon the orientational solidification of simple cylin-
drical castings.

Upon solidification in a curvilinear channel, the
temperature gradient G changes its direction following
the turn of the channel, which can lead to a change in
the preferred direction of growth. During solidifica-
tion in a helicoid, the temperature gradient changes its
direction cyclically, which leads to a cyclic change in
the preferred direction of growth. This circumstance
principally distinguishes the competitive grain growth
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in the helicoid from the growth of castings with the
rectilinear axis of symmetry.

It is known from the available experimental data
and results of simulation that the misorientation of
two grains by an angle less than 10° does not give an
advantage to any of the competing grains, and it is
impossible for one grain to be displaced by another.
However, a cyclic variation in the preferred direction
of growth and a turn in the channel create conditions
under which the internal grain is capable of extruding
the competitor and of forming a single crystal at an
angle of misorientation of 5° [6].

The fact that the vector of the temperature gradient
is almost always oriented along the axis of a curvilinear
channel makes it possible to affect the direction of the
vector of the temperature gradient and, therefore, to
lead to a situation where the desired crystallographic
orientation becomes the preferred direction of growth.

Controlling the Process of Grain Selection

The control of the selection of grains with the nec-
essary azimuthal orientation is connected to the
opportunity to govern the direction of the vector of the
temperature gradient. Figure 2 displays the simplest
variant of a grain selector for selecting three grains
with identical axial orientation and the desired azi-
muthal turn. The grain selector consists of a starter
block and three inclined channels rotated relative to
the direction of directional solidification by 120°.

Figure 3 shows the results of simulating the process
of directional solidification using the Bridgman
method with a velocity of the displacement of the
mold of V= 83.3 um/s. The figure shows the macro-
structure and the pole figures for the sections of the
grain selector at different distances from the crystal-
lizer. As a result of the competitive growth, grains with
arbitrary azimuthal orientations and axial orientations
close to [001] are retained at the outlet from the starter
block (section d). Some of these grains turn out to be
located near the entrance into the inclined channels
C.. As was shown above, in each of these channels, the
vector of the temperature gradient G' was oriented
along the axis of the channel. Therefore, each of these
channels has its own preferred direction of growth
and, correspondingly, in each channel, a grain that has
a preferred orientation relative to the vector G; in a
given channel becomes a winner.

Figure 4 displays the pole figures for single crystals
that were formed in the grain selectors C,, C,, and C;.
On the whole, it can be recognized that the selection
of grains on the azimuthal orientation does occur in
the grain selectors. The azimuthal orientation of single
crystals G, G,, and G, corresponds to the orientation
of the corresponding grain selectors, although the
accuracy of the orientations is not too great.

It is important to note that the selection of grains
with the required azimuthal orientation depends on
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Fig. 3. Results of simulating the macrostructure in the starting block and in grain selectors Cy, C,, and Cs: (a) appearance of grains

on the external surface of casting; (b1—el) macrostructure in sections b—d; (b2—e2) pole figures for directions <001> relative to
the normal to the plane of cross sections b—e.

(el)
G
Grain G, Grain G,
Grain G;

Fig. 4. Orientation of grains in grain-selection channels Cy, C,, and Cs in section f (see Fig. 3) at entrance to casting.
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the number of grains at the inlet into the inclined grain
selector. The greater the number of grains at the inlet
to the channel, the greater the probability of the pres-
ence of a grain with the required azimuthal orientation
in this ensemble of grains. Therefore, the greater the
number of grains at its inlet, the higher the accuracy of
the azimuthal orientation of grain at the outlet from of
the inclined channel.

The conditions for the successful selection of grains
with the required azimuthal orientation can be formu-
lated as follows:

(1) The nucleation of the maximum number of
grains at the bottom of the starter block is desirable.

(2) The length of the starter block should be suffi-
cient to suppress grains with axial orientations far from
the normal to the crystallizer.

(3) A large number of grains with the required axial
orientation and different azimuthal orientations should
take place near the inlet to the grain selector.

(4) The construction of the ceramic mold and geo-
metric characteristics of the channel should ensure the
orientation of the vector of the temperature gradient
along the axis of the inclined channel of the grain
selector.

CONCLUSIONS

The direction of the vector of the temperature gra-
dient at the liquidus isotherm during the solidification
of metal in the curvilinear channel depends on the
conditions of the solidification and on the thickness of
the mold walls.

Upon the solidification in a shell mold, when the
external surface of the mold assigns the turns of the
axis of the casting, as a rule, the direction of the vector
of the temperature gradient is close to the direction of
the tangent to the axis of the casting. This gives the
opportunity to govern the orientation of the vector of
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the temperature gradient and, therefore, to influence
the preferred direction of growth.

Based on the suggested method of controlling the
preferred direction of growth, the construction of a
grain selector for obtaining grains with a desired azi-
muthal orientation was proposed.
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