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[ledeTbl B NEPBUYHbIX KpUCTaNNAX ANS AEHAPUTHO-PO3ETOYHOI
MOPDOOrMYECKoil TPaHCDOpPMALLAM NPU MOAENMPOBAHIM 3aTBEP/EBAHNS
OWHAPHBIX CMNABOB C NEPEMELLNBAHNEM

When primary crystals with a cubic lattice grow from the stir-
ring binary melt, additional branches grow as well as the main
dendrite branches. Dendritic morphology is replaced by rosette
morphology when sufficiently strong stirring takes place. The
morphology changing very influence on all properties of solidi-
fying alloy. In particular, crystal morphology influence on propa-
gation of waves, which used for diagnostic of internal structure
of metal. Wave scattering on microstructure non-uniformity is
high depend from crystals size and its morphology. So analysis
of conditions of dendrite-rosette transition may have great im-
portance on possibility of diagnostic of internal defects.

The behavior of the morphology is investigated depend-
ing on the distribution of the solute concentration, both due

to stirring and due to the influence of neighboring branch-
es. Stirring increases the solute concentration gradient in
front of the phase boundary and promotes the growth of
additional branches in this direction. Calculations have also
been made for various values of surface tension anisotropy,
including for facet crystals growth. Initially, the perturbation
is always perpendicular to the surface of phase boundary,
it is directed approximately along the solute concentra-
tion gradient. Subsequently, the branch bends depending
on the ratio of anisotropy and the degree of stirring, which
determines the magnitude of the concentration gradient.
Moreover, strong temperature noise and washout degree
lead to arise defects of impurity trapping.
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Koraa nepsuuHble KpUCTamibl C KyOUUYeckol peLleTKon pa-
CTYT U3 MepemMellBaeMoro bMHapHOro pPacnnasa, Kpome
OCHOBHbIX BETBEN [EHAPUTOB PACTYT ewWeé 1 [JONONHUTENb-
Hble BeTBW. [pK [OCTAaTOUHO CUIBHOM MepemeLInBaHNY
AeHApUTHaA MOPOONOraA CMEHAETCA Ha PO3ETOYHYIO. V13-
MeHeHne MophONorMM 3aMeTHO BAVSIET Ha BCE CBOMCTBa
3aTBEpPAEBaloLIEro Crnaga. B yactHoCTH, BNnaHMe Mopdorno-
M KPUCTANIOB Ha PAcnpOCTpaHeHne BOJH UCMOMb3yeTcs
ANA IMAarHOCTUKI BHYTPEHHEro CTPOeHVst MeTanna. Pacces-
HYie BOJIH Ha HEOAHOPOAHOCTU MUKPOCTPYKTYPbI BO MHOTOM
3aBUCUT OT pa3mepa KpUCTafioB 1 Ux Mopdonoruu. Takum
00pa3oM, aHanv3 ycnoBuii nepexofa AeHApPUT-PO3eTKa Mo-
XET 1MMeTb 00MblIoe 3HauYeHne AN BO3MOXHOCTU [narHo-
CTUKVM BHYTPEHHWX e HEKTOB.

Introduction

Solidification during casting of binary alloys is often as-
sociated with the formation of primary crystals in the form
of dendrites. Since the dendritic morphology is one of the
reasons for the deterioration of the mechanical properties of
alloys, casting methods have become widespread, in which
the growth of primary crystals occurs when these crystals
move in the melt and the dendritic morphology transforms
to the rosette one.

Dendrite structure for many alloys also have strong scat-
tering capability for wave propagation, especially for ultra-
sound waves with wave length value near crystal size. So
dendrite-rosette transition can decreasing scattering and
improve defects detection.

The dendritic morphology of primary crystals during so-
lidification of binary alloys is associated with the anisotropy
of the surface tension energy depending on the direction
of the normal to the surface. For the case of a cubic lattice
with predominant crystal growth in the [100] and analogous
directions, primary crystals are dendrite with an angle of
/2 between the main axes.

Usually, the maximum solubility of the second compo-
nent of the melt (solute impurity) in the solid phase of the
primary crystals is less than the concentration of solute in the
melt. Therefore, in front of the boundary between the solid
phase and the melt, there is a zone with an increased con-
centration of solute in the liquid. To ensure crystal growth,
the excess solute in this zone must have time to diffuse into
a zone far from the boundary - the so-called diffusion-con-
trolled growth.

In the case of a motionless melt, a number of additional
branches also arise in the zone between the main ones. But
since diffusion of solute from this zone is hindered, and be-

MoBeaeHne MopdONOrMM UCCNeayeTca B 3aBUCUMOCTY OT
pacnpefeneHna KOHUEHTPaLMK PAacTBOPEHHOIO BELLECTBa, Kak
V3-3a nepemMellnBaHUA, TaK ¥ 1U3-33 BAWAHWA COCEMHVX BETBEN.
MepemMellnBaHVe YBENMUMBAET rPAAVIEHT KOHLEHTPALMM PacTBO-
PEHHOro BellecTBa nepef $Ha3oBoi rpaHuLelt 1 cnocobcTayeT
POCTY AOMNOMHUTENBbHBIX BETBEN B 3TOM HarnpasneHui. Takxke bbinv
BBIMOJIHEHBI PACUeTbl MPU Pa3INUHbIX 3HAUEHWAX aHU30TPOMNUK
NOBEPXHOCTHOTO HATKEHWS, B TOM YMCIe Af1A POCTa rpaHHbIX
KpvcTannos. [lepBoHauanbHO BO3MYyLIEHVe BCErda neprneHan-
KyNIPHO MOBEPXHOCTM rpaHuLbl pazaena ¢a3, OHO HamnpasieHo
NPUON3UTENBHO MO TPAAMEHTY KOHLIEHTPALMM PACTBOPEHHOIO
BelllecTBa. BnocnencTum BeTBb 3rvibaeTcs B 3aBUCHMOCTY OT CO-
OTHOLEHNS aHWU30TPOMMM 1 CTEMEHW NepemelLVBaHNs, KOTopast
onpeaenseT BeNMUNHy rpaveHTa KOHLEHTPaLUMK.,

sides, the main branches during growth additionally "dump"
solute into this zone, the growth of such additional branches
is suppressed. Over time, secondary branches begin to grow
from the main branches.

In the case of the movement of the melt relative to the
growing primary crystal, a part of the melt with a high solute
concentration is removed from the zones between the main
branches. Additional branches are given the opportunity
for growth and the dendritic morphology becomes rosette.
Typically, this type of morphology results in improved me-
chanical properties of the alloy. Solidification within flow is
often used in practice in a wide variety of casting methods.

In the general case of the movement of the melt relative
to the growing crystal, the branches of the crystal change
growth direction in comparison with the stationary case.
This applies to all branches: additional, secondary, branches
when splitting from the main, etc. Here we will consider the
case of bending of additional branches that appear in the
case of rosette morphology of a growing crystal.

In this work, we briefly analyze the morphology of such
growing additional branches for the two-dimensional case
by the phase field method, which is perhaps the only meth-
od that can correctly describe the details of the morphology
of growing crystals.

The direction of the branches depends on the ratio of
surface tension anisotropy and the intensity of removal of
solute. Such removal is named washout in this work. The an-
isotropy of the surface tension energy vy is described as

Y =v,(1+¢,cos4¢), (1)
where @ is the angle between the X-axis and the normal
to the crystal surface, and €4 determines the degree of
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anisotropy. In this case, undercooling near such a surface due to its curvature will decrease proportionally expression [11:

2

0
Y+8_go);:y0 (1-15¢,cos4¢). )

With a sufficiently high anisotropy in the above expression, negative value of (2) arises for some directions ¢, which con-
tradicts the principles of thermodynamics. This means that there are no surfaces in the crystal, which have such an angle be-
tween the normal and the coordinate axis. Such crystals are called faceted [2]. That is, not all surface orientations are possible.
Angle ¢ will be denoted @_ when right hand of the expression (2) for undercooling equals 0.

In view of the possible strong dependence on the degree of anisotropy, calculations were also made for the such high
anisotropic case of faceted crystals.

Phase-field model
The used initial phase field model for binary melt is described in detail early [3]. Here we present only the equations them-
selves for the phase variable ¢ and solute concentration U.

In the case of faceted crystals the phase field method requires regularization of the equation for phase field evolution [1].
So, the equation for the phase variable ¢ has the form [1,4,5] :

T (Q)%z V-W(e) Vo)-0,[W (e )W, (©)d,6 |+0,[W (@)W, (¢)0.9 |+ —¢° —10¢ (1—¢2)2
for the case when the angle @is in the range
§i+gom S(pég(i+1)—(pm, i=0-3,

where now

¢ =arctan (;ﬁ /— Gf j

is angle between gradient ¢ and X-axis, W(¢) and 1(¢#) are proportional to 1+ €4 cos(4¢), t — time, A — coupling parameter, 6 —
thermal and concentration undercooling. Here ¢ is in the range of allowable directions of normal to crystal surface.
For cases of regularized values, when surface with such angle does not exist, the equations for gare

< (o )[ “’S“’J@ v [W(“’"’)} b+ —0° ~200 (1-97),

coso,, ) Ot cos®,,

for angles

and
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cose, ) ot cosQ,,

12



Impurity trapping defects within dendrite-rosette morphology transformation during modeling of solidification of binary alloys under stirring

for angles

T T
—I— S| =i+ , 1=1,3.
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And the equation generalizing the diffusion equation to the case of solute propagation in the layer, which is transitional
between phases:

a+ia

= v-(pﬂvm]'atjﬁﬁ[q) [1+@-k)]],
2 dt 2 20t
where D — dimensionless diffusion coefficient, k — partition coefficient.

This work also uses a model of the effect of stirring during solidification, similar to previous one [1], characterized by the
parameter S — the intensity of stirring. The value S determines the zone in melt, within which stirring periodically "resets" the
current solute concentration to the initial concentration in the melt. So, a value of 5% means that wherever the solute concen-
tration is less than 1.05 relatively to initial one, it is periodically equated to unity. Forced reset of the concentration value to the
initial concentration in the melt simulates a washout of solute.

At the initial stage of growth of such branches, for the case when the growth is not yet influenced by neighboring branch-
es, the direction of their growth is determined by the ratio of the degree of anisotropy and the degree of washout. The latter
may be determined as the thickness of the transition zone between the solid phase boundary and the region of space where
the "excessive" concentration of solute is reset (white zone in further pictures).

Further the calculations are presented for a binary melt with a dimensionless initial undercooling of 0.1, D = 3, a spatial step
of 0.8 relative to the characteristic interface width, and a time step of 0.01 relative to the relaxation time.

Results ondary branches in the region of the neck of the dendrite,
A number of calculations were performed for differ- usually suppressed by the growth of the main branches, can

ent cases of generation of additional branches. In the first form additional branches.

case, calculations were made for different degrees of an- Because influence of neighboring additional branches

isotropy for the same washout 7% (Fig. 1). For this case both of them begin grow in parallel directions.

a small level of thermal noise was added with its rapid The morphology of additional branches significantly

change in time and space relative to the characteristic depends on the noise level, that is, fluctuations during
growth time and crystal size. The main crystal axes are crystal growth. Noise arises due to temperature and con-
rotated by an angle 1/4 relative to the coordinate axes — centration fluctuations of the melt, due to crystal growth
this improves the accuracy for the case of a regularized defects, due to irregular washout, and many other rea-
solution [1]. Note that for the numerical implementation sons. Figure 3 shows the evolution with low-frequency
of the regularized solution, there may exist small sections noise in time and space, with medium and strong thermal

of the crystal surface with a "forbidden" orientation, when noise. As the noise increases, the crystal grows faster. Ad-
the right-hand side of (2) is negative. This is due to the nu- ditional branches appear in large numbers, which begin
merical approximation of the derivatives near the points to split after thickening.
where the surface changes orientation in a jump [2]. It is The morphology also strongly depends on the degree
also seen that for all high degrees of anisotropy, the effect (intensity) of the washout (Fig. 4). Calculations were made
of stirring is practically the same. at a constant value of anisotropy 0.03 and for different de-
With an increase in anisotropy, the main branches are grees of washout. With an increase of the washout intensity,
pulled out and, accordingly, additional ones are suppressed. the growth of crystals accelerates, the number of addition-

Note that the growth of additional branches is observed al branches and their splitting increases. In case of 20% the
only for the case of anisotropy of 0.03, which is characteristic growth is very fast, so the solute may be trapped inside pri-
for the crystallization of metals (Fig. 2). It is seen that sec- mary crystal.
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Fig. 1. Evolution of a crystal during stirring at different
degrees of surface tension anisotropy. The rows of
drawings correspond to different values of €4:0.01,

0.03, 0.09, 0.17(the regularized solution for this case)
from top to down. The black area is the solid phase of
the primary crystal, the gray area is the melt zone with
stirring — where the reset of concentration of solute takes
place, the white area is the melt without stirring (without
resetting) in the zone near the crystal boundary. The
picture in the leftmost column show

an initial round crystal nucleus.

Fig. 2. Evolution of a crystal with anisotropy of 0.03.
Washout is 7%.

Fig. 3. Evolution of growth with medium (upper row) and
strong (lower row) temperature noise. The washout and
anisotropy parameters are the same as in Fig. 2.

Fig. 4. Evolution of morphology for different washout
degree: 2%, 5%, 10%, 20% from top row to down one.
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In figure 4 it is clearly seen that at the initial stage, with
a sufficiently high washout intensity, the perturbation of the
crystal boundary is perpendicular to this boundary. Further,
leaving the border region with a high concentration gradi-
ent solute, the crystal begins to bend in accordance with the
anisotropy of surface tension, trying to minimize the surface
energy.

Besides, strong temperature noise (Fig.3) and/or wash-
out degree (20%, Fig. 4) may lead to formation of closed im-
purity areas inside growing crystal.

Conclusions

1.The appearance of additional branches is characteristic
only for the values of the anisotropy coefficient of surface
energy, €4 =0.02-0.03, which is characteristic for metallic
crystals.

2. With increasing of temperature fluctuations, the
growth of primary crystals is accelerated and the number of
additional branches increases. Subsequently, upon expan-
sion, the additional branches can split into two.

3. Strong temperature noise and washout degree are fac-
tors of arising defects of impurity trapping.
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