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Abstract

Based on 2D phase-field simulations including fluid flow driven by natural convection, columnar dendritic growth of
the B-solidifying Ti-48 at%Al alloy is characterised for different gravity levels ranging from 0 to £15g. Depending on
the direction of the gravity g with respect to the growth direction, different flow regimes emerge which show stable
or unstable dendritic growth dynamics. When gravity and growth directions are parallel, the dendrite tips experience
downward melt flow and individual dendrites grow in a stable manner with a rather small modification of the operating
state. When gravity and growth directions are antiparallel, the impact on the operating state is larger. Eventually, at
higher gravity levels the upward melt flow around the dendrite tips ”destabilises” the dendritic morphology resulting in
tip splitting, branching and local changes in the apparent dendrite growth direction which is an alternative mechanism

for the adjustment of the primary dendrite arm spacing in addition to tertiary arm formation.
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1. Introduction

Dendritic growth during solidification is governed by
the interplay between diffusion of heat and solute, capil-
larity and melt flow which is often neglected due to its com-
plexity. Consequently, experiments have been designed to
suppress natural convection under microgravity conditions
[1] or by using thin samples [2]. Dendritic growth under
pure diffusive conditions has been experimentally and nu-
merically studied [3-7]. The effect of natural convection on
dendritic growth was investigated in experiments [8, 9] and
simulations [10-12]. Gravity effects on the solidification
behavior were simulated for an Al-Cu alloy [13-15] and
analyzed experimentally for a Pb-Sn alloy [16]. The au-
thors observed that depending on the direction and mag-
nitude of the gravity vector, the gravity induced natural
solutal convection affects the primary dendrite arm spac-
ing PDAS. At present, our understanding of the interac-
tion between melt flow and solidification patterns under
different gravity conditions is still incomplete, despite its
relevance for the microstructure formation, e.g. in cen-
trifugal casting. Several newly developed investment cast-
ing technologies make use of moderated to high centrifugal
forces to promote mold filling in thin parts [17]. In particu-
lar, titanium aluminide structural parts are produced with
centrifugal casting processes, both for automotive and air-
craft applications. Herein, accelerations can be as high as
20¢ [18, 19].
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In this paper, we present and discuss 2D phase-field
simulations of columnar dendritic solidification of the bcc
B(Ti) phase of the binary alloy Ti-48at%Al for various di-
rections and magnitudes of the gravity vector. The simula-
tions substantiate and complement the analysis of experi-
mental work for Ti-47.5A1-2Cr-2Nb (all at%) solidification
under microgravity and hypergravity conditions.

The paper is organized as follows: In section 2 the
experimental set-up and the most important microstruc-
tural observations are briefly outlined. In section 3, the
modelling approach and parameters are described. In sec-
tion 4, the simulations results are presented and discussed,
mainly regarding the effect of convective flow on the den-
drite morphology. Finally the results are summarized in
section 5 and outline the most important conclusions.

2. Brief overview of experiments and the impact
of gravity on PDAS in Ti-47.5A1-2Cr-2Nb

The full details of the directional solidification experi-
ments performed in micro- and hyper-gravity and its mod-
elling at the macro-scale will be presented in a separate
paper [20]. Only the results relevant to dendritic growth
morphologies discussed in this paper are presented in the
following.

2.1. Materials and Methods

A 4 kg ingot (70 mm in diameter and 250 mm in height)
of Ti-47.5A1-2Cr-2Nb GE alloy was provided by Safran
Aircraft Engines. Samples for directional solidification
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were spark eroded to produce cylinders with 8 mm diame-
ter and 200 mm length. The furnace for directional solidi-
fication is a gradient zone furnace in which the constrained
crystal growth is achieved using a ” power-down” technique
and controlled using three thermocouples located on the
three heaters of the furnace and one thermocouple in con-
tact with the sample. Directional solidification experi-
ments in hyper-gravity conditions were conducted in the
Large Diameter Centrifuge (LDC) of the European Space
Agency Technical Center in Noordwijk aan Zee, Nether-
lands [21]. In the experiments, the acceleration forces are
opposite to the growth direction; such configuration will be
noted —g¢g in the following. Five acceleration levels corre-
sponding to -1, -5, -10, -15 and -20 g were selected. Micro-
gravity experiments were carried out in the same furnace
aboard the MAXUS 9 sounding rocket on April 7th, 2017.
The samples processed in micro- and hyper-gravity have
undergone the same thermal cycle and the only variable of
the experimental protocol is the gravity level.

2.2. Microstructure evolution with gravity

Figure 1 shows SEM-BSE images of a transverse sec-
tion for the samples solidified in micro-gravity (ug) and in
hyper-gravity conditions (-18¢). A significant reduction
of the average PDAS ), is observed, from Ag, 2800 pm
under pg to Ay ~400 pm under -18 g conditions. The
reason for the reduction of A4, is melt flow in the mushy
zone mainly associated with the segregation of the lighter
element aluminum. A quantitative relation between the
PDAS and the gravity level will be presented in a dedi-
cated paper along with the observed scaling law. Here, it
is sufficient to note that the system’s response to flow is
qualitatively similar to the one described by Bataille [16]
for Pb-50wt%Sn. The PbSn- and TiAl-alloys will likely
differ with respect to the mechanisms behind spacing se-
lection, e.g. by tertiary branching and/or tip splitting [22].
From phase-field modelling, we expected a better insight
into the selection mechanisms, in particular about the dy-
namics and stability of dendrite tips.

3. Modeling

3.1. Phase-field model

For the phase-field simulations, the MICRESS [23] soft-
ware was used. The implemented phase-field model is
based on the multiphase-field concept [24] and includes
multicomponent diffusion. However, it reduces to a sin-
gle phase-field, binary alloy model in the present study.
The numerical implementation respects the thin interface
analysis [25, 26] and comprises a finite-difference correc-
tion to improve the numerical accuracy of the results [27]
and to allow computations with a low number of interface
grid points. The melt flow is simulated by solving the in-
compressible Navier-Stokes equations in a finite difference
formulation. A no-slip condition for the melt flow at the
diffuse solid-liquid interface is modeled as a friction term
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Figure 1: SEM-BSE image of the columnar dendritic structure in
the transverse section for a Ti-47.5A1-2Cr-2Nb alloy processed in mi-
crogravity (ug) and in hypergravity conditions (-18 g), respectively.

in the diffuse interface region as described in [13, 28]. To
model buoyancy forces the Boussinesq approximation is
used. The partial differential equations for flow and pres-
sure are solved on a grid with twice the spacing used for the
concentration field and phase-field (where the grid size is
Ax=Az=0.75 ym), a method suggested by Lu et al. [29)].
In order to calculate the advection term, the flow veloc-
ity is projected on the finer grid using linear interpolation.
The coarser grid for the flow field leads to a computational
speed up by a factor of five for the simulations shown in
this paper.

3.2. Simulation parameters

The Ti-47.5A1-2Cr-2Nb alloy used in the experiments
is approximated for the simulations by a binary Ti-48Al
alloy which has a similar pro-peritectic phase fraction. In
Table 1 the Ti-48 at%Al alloy properties used for the cal-
culations are given. For the binary alloy a linearised phase
diagram approximation defined by the liquidus slope and
partition coefficient is sufficient. Only the density change
by the local composition was accounted in the simulations,
i.e. the temperature dependency of the melt density is ne-
glected.

The flow pattern is expected to be affected by the ge-
ometry of the calculation domain. To get an idea about
this influence, simulations are performed in a rectangular
domain of 450x1050 um? and 900x 1050 um?. Initially, a
spherical seed is set at the bottom center. The general co-
ordinate system is defined in Figure 2. The boundary con-
ditions are set to be periodic in z-direction for concentra-



tion, phase-field, pressure and flow. A fixed concentration
of 48 at% Al is set on the top boundary, for pressure and
velocity a zero gradient condition is set on the top and bot-
tom boundaries. The computational domain moves with
the dendrite tips (i.e. moving frame calculations) at a
constant distance of 450 pm between the most advanced
tip and the top boundary. The thermal parameters for
modelling directional solidification in the so called ”frozen
temperature approximation” are a constant temperature
gradient in z-direction of 120 K cm~! and a constant cool-
ing rate of -0.3Ks~! which corresponds to a pulling ve-
locity of Va1 =25 um s~1. An interface thickness of 3 pum
and a phase-field mobility of jg; = 1072 cm* J~1s™! were
selected by calibration of these parameters under purely
diffusive conditions and steady state growth conditions ac-
cording to the thin-interface limit. The flow pattern in a
2D calculation domain is qualitatively different compare to
3D flow as shown for equiaxed case by [30, 31]. Thus, our
results will be different compared to experimental 3D flow
scenario but they demonstrate basic principles concern-
ing the interaction between flow and tip operating state.
The boundary conditions are not fully representative for
the experimental case, especially the conditions at the top
boundary does not represent a link to the far-field melt
flow established at the macro-scale [32] of the whole melt
volume. Keeping this limitation and the confinement to
2D in mind, one may not expect a quantitative match
to experimental results. Therefore, the aim of the sim-
ulations is rather a fundamental study of the interaction
between columnar growing dendrites with solutal driven
convection, induced by their own segregation, under sys-
tematically varied gravity conditions in a generic set-up.

4. Results and discussion

4.1. Effect of gravity level on 8(Ti) dendrite growth

The results of 2D phase-field simulations of 8(Ti) den-
drite growth show the different dendritic morphologies in
the mushy zone according to the direction and magnitude
of the gravity vector. Figures 2 and 3 show spatiotempo-
ral plots of the solid-liquid interface contours (at a solid
fraction f, = 0.5) for a domain width of W =450 ym and
W =900 um, respectively. For the case of W =450 pm,
the microstructure remains dendritic and stable for pos-
itive and low negative gravity levels (from -3¢ to 15g¢).
Compared to the pure diffusive case (0g), the tip posi-
tion is more advanced for positive gravity and falls be-
hind for negative gravity levels, i.e. the steady state tip
temperature varies with the gravity level. At -4¢, a tran-
sition between dendritic and branched structures is ob-
served. For -20g to -5 g, the microstructure is branched
with an decreasing number of splitting events. At -5 ¢ the
microstructure and splitting events are periodic while they
seem to be random between -10¢ and -20¢. In Figure 3,
similar observations can be made for the wider domain,
but the transition from dendritic to branched morphol-
ogy has already occurred at -1g. The cases at -4 g for

W =450 pm and -1 g at W =900 pm show splitting events
during early stages of growth, while they reached stable
dendritic growth afterwards.
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Figure 2: Spatiotemporal plots of the solid/liquid boundary for dif-
ferent gravity levels after 200s. Domain width is 450 um. A positive
gravity vector is oriented in the same direction as the growth di-
rection, a negative gravity vector in the opposite direction. The red
rectangle represents the moving calculation domain. Please note that
the interface does not move further outside the moving calculation
domain.

The selected dendritic growth structures are correlated
with the melt flow pattern. In Figure 4 concentration maps
are superimposed to flow streamlines at different gravity
levels and times for the domain width W =450 um. After
50s, steady state is not yet reached for all gravity lev-
els, but several features can be observed already. For all
positive gravity levels, the convection rolls are largely sym-
metric with respect to the dendrite axis and the dendrite
tips are opposed to a downward flow that transports ”bulk
liquid” to the tip which has a lower Al-composition com-
pared to the tip composition, thus reducing the solutal
undercooling. In this case, the dendrite tip has favorable
growth conditions [13]. For gravity levels ranging from
-3¢ to -1g, the central dendrite remains dominant, with
symmetric convection rolls but with an upward flow at the
dendrite tip. Upward flow transports supersaturated lig-
uid from the interdendritic region to the dendrite tip, but
also transports the Al-rich liquid away from the tip to-
wards the melt volume. In this case, the flow destabilizes
the dendritic growth pattern. For -15 g and -10 g, a change
of the PDAS by branching can be observed in qualitative
agreement to the experimental result given in Figure 1.

The PDAS selection for -10 g at an early stage between
30s and 50s is shown in Figure 5. At 30s, one can see an
upward flow at the central dendrite tip and downward flow
at the sides. From 30s to 45 s, the dendrites on the side are
growing faster than the central one because of favorised
growth conditions induced by downward flow. Between



Density (liquid) (p)

Density variation (9p/dc)

Kinematic viscosity (v)

Liquidus slope (m;)

Partition coefficient (k4;)

Diffusion coefficient in the melt (D;)
Interfacial energy (o)

Interfacial energy anisotropy (eJ;)
Transformation entropy density (AS™)

3.7-106 gm™3 [45

]
—1.77-10*  gm—3at%Al~!  [45]
1.89-1076  m2s71 [46]
-11.268 Kat% ! [47]
0.9 - [47]
3.107° m?s~1! [48]
0.1 Jm~—2 [49]
1.1% - [49]
0.62 Jem—3K~! [49]

Table 1: Physical and numerical parameters used in the simulations.
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Figure 3:

Spatiotemporal plots of the solid/liquid boundary for different gravity levels after 200s. Domain width is 900 um. A positive

gravity vector is oriented in the same direction as the growth direction, a negative gravity vector in the opposite direction. The red rectangle
represents the moving calculation domain. Please note that the interface does not move further outside the moving calculation domain.

45s and 50s, the PDAS is about to change as well as
the flow pattern, dendrites on the sides experience upward
flow, the central dendrite splits at the tip. One can also
remark that the distances between concentration isolines
in the tip region are smaller when the tips are exposed to a
downward flow compared to those within an upward flow.

At times t > 50 s, the microstructure remains dendritic
with a single dendrite for gravity levels between -3 g and
+15¢g. Furthermore, when the gravity level is between
-15¢ and -5 g, a succession of splitting events can be ob-
served which leads to a decreasing PDAS. The convection
rolls evolves dynamically over time.

To characterize the velocity fields in Figure 4 by a sin-
gle number, we have applied the following procedure: first
we averaged the flow velocity in the z-direction for every
x position, then we determined the maximum of all aver-
aged values Vgoax. Vghax as a function of the gravity level
is plotted in Figure 6(a) for both domain widths. For pos-
itive gravity levels, flow velocities are negative at the tip,
as was show in Figure 4. For negative gravity values, up-
ward and downward flows occur at the dendrite tips. Only
the maximum value for the upward flow is shown in the

figure, as the corresponding values for downward flow are
the same. The absolute values of the flow velocities are
lower when gravity is positive, i.e. for the case of a rather
localised convection role, compared to identical negative
values and the corresponding large scale convection pat-
tern in the bulk melt. This can be seen directly in the
concentration field (Figure 4), e.g. by the shape and posi-
tion of the isoline. The domain size affects the melt flow
velocity as well, for the wider domain the velocities are
higher (both for negative and positive gravity levels). Sta-
ble dendritic growth occurs when the flow velocity is below
or close to the pulling velocity. Branched morphologies oc-
cur when the maximum positive velocities are above twice
the pulling velocity. In between these two cases growth
remains dendritic, i.e. at -4 ¢ for W =450 ym and at -1g
at W =900 pum, after only one splitting event.

Finally, the number of splitting events is shown in Fig-
ure 6(b) for all negative gravity levels, again for both do-
main widths. The number of splitting events Ng has been
normalized by the number of primary arms Np to scale the
results obtained for different domain widths. The behav-
ior is similar for both domain widths and shows that the
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Figure 5: Initial evolution of the dendritic array at the bottom of the calculation domain superimposed with the flow pattern, the concentration
isolines are given for 48.8, 48.9, 49 at% Al with the red, green and blue isolines. Gravity level = -10 g and W =450 um. The selected cut out

is 600x600 pm?2.

number of splitting events increases with the magnitude of
the gravity level. For W =900 pum splitting sets in already
at -1g, however this compares to -5 ¢ for the smaller do-
main which leads to similar flow velocities approximately
twice the pulling velocity.

4.2. Operating state of dendritic structures

In this section, we discuss in more detail the change
of the dendrite tip operating point under the influence of
melt flow. As was shown in Figures 2 and 3, the dendrite
tip position depends on the gravity level. The change of
the tip position is linked to the dependency of the selection
constant ¢* from the flow velocity, which was investigated
by Ben Ammar and Pomeau [33] using scaling laws. If
the solutal boundary layer is thin compared to the hydro-
dynamic layer, they conclude that selection is possible for
any amplitude of the flow and that the selection constant
is the same as without flow. A more precise description
of the selection mechanism with flow is given by Bouis-
sou and Pelcé [34, 35]. In their analytical study, surface
tension is treated as a singular perturbation. The result of
the calculation is that the selection mechanism is the same
as in the absence of flow, i. e. the anisotropy of interface
stiffness selects the tip radius p and the tip velocity Viip
according to the solvability criterion pQVtip = const.

Bouissou et al. performed experiments on the evolution
of p and Vi, with flow during dendritic growth in pivalic
acid solution [36, 37] and ammonium bromide [37, 38], and
made the following observations:

e the interface remains parabolic near the dendrite tip,

e p?Viip is constant during growth in the presence of
external flow,

e during columnar growth p?V;;, does not depend on
the transverse component of the flow and increases
linearly with the component of the flow parallel to
the growth direction (i.e. the longitudinal compo-
nent).

This relation between p2Vtip and longitudinal flow veloc-
ity is given by the empirical law (derived from analytical
solutions in [34, 35]):

—o— W = 450um
300 | |I=a) .®- W =900um

150 4 Branched .,
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0 Pulling velocity
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Figure 6: (a) Growth morphology and average z-flow velocity as a
function of the gravity level. The pulling velocity at 25 pms~1! is
represented by a green dashed line. (b) Number of splitting events
divided by the number of primary arms as a function of gravity level

for both domain widths.
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Cp = 47 Ypatt
0 doD,

where dj is the capillarity length, Dj is the diffusion
coefficient in the liquid, Vaow and V,un are the flow and
pulling velocities ( Vhow is the averaged flow veloctiy mea-
sured in longitudinal z-direction), respectively, and the co-
efficient x is depending on the interfacial energy anisotropy.
The authors experimental measurements on pivalic acid
results in values of x =6400 and Cy =340 [35]. Other ex-
periments performed with succinonitrile by Lee et al. [39]
could not be explained by equation (1), since p?Vi, was
shown to decrease with flow velocity, which indicated pos-
sible disparity between chemical and thermal growth.
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Figure 7: Steady state tip radius p and tip temperature T};, versus
gravity level.

To compare our simulations with the empirical law (1),
we first show the steady state tip radius p and tip temper-
ature Tii, for different gravity levels in Figure 7. In the
gravity range for stable dendritic growth, the tip radius
exhibits a minimum around 0g, with a small influence of
the domain width W on the results. The tip temperature
increases monotonically with gravity level. The tip ra-
dius was calculated by fitting of the tip shape obtained by
phase field to a parabola. The length of the box used for
the fitting was around 10 times the tip radius. Tip radius
values were averaged at steady state ie between 150 to 200
s. From the measurement of tip radii, pQVtip has been cal-
culated and plotted versus the maximum flow velocity, see
Figure 8. A linear fit according to Eq. (1) gives Cyp =104
and xT =3000 for positive gravity levels and xy~ = 10000
for negative gravity levels, thus for positive gravity levels,
the dependency between p2Vtip and flow velocity is less
pronounced. These values can be compared to x = 6400
and Cjy =340 found by Bouissou [35] for dendritic growth

in pivalic acid with downward flow at the tip. Despite the
difference between the materials, the same order of mag-
nitude is observed.
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Figure 8: p2Vﬁp versus flow velocity comprising data for different
domain sizes.

The dependency of the steady state concentration at
the tip, ctip, and the boundary layer thickness Ip are shown
in Figure 9. The mass boundary layer thickness is defined
here as the vertical distance between the dendrite tip and
the iso-contour at 48.6at% Al (white lines in Figure 4).
Both, the solute concentration at the tip and [ decreases
with increasing gravity level. The flow pattern in Figure
4 showed for all negative gravity levels, that the dendrite
tip is fed by aluminum rich interdendritic liquid by the up-
ward flow. As a consequence, the boundary layer thickness
increases, too. In contrast, the boundary layer thickness
is reduced with downward flow. The impact of flow on the
boundary layer thickness is decisive for the formation of
branching structures, as we will see in the next section.
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Figure 9: Al-concentration at the tip cy;p and boundary layer thick-
ness lp versus gravity level.



4.2.1. Branched structures

A major observation is that the stable columnar den-
dritic growth pattern turns into a highly branched struc-
ture when the melt flow pattern becomes unstable. This
happens above a critical negative gravity level and depends
on the domain size as well. To analyze the mechanisms
leading to branched structures, the structure evolution for
-5 g and W =450 pm as shown in Figure 4 will be described
in more detail. It will be shown that the interplay between
the growth of neighboring dendrites and the convection
roles in the melt leads to periodic oscillations in the den-
dritic growth velocity.
In Figure 10, concentration maps superimposed with ve-
locity streamlines are shown for the time interval between
114 s and 128 s. At the beginning, the left dendrite (1) is
growing at a lower tip temperature than dendrite (2) on
the right. The tip of dendrite (1) is exposed to a down-
ward flow while the tip of dendrite (2) is exposed to an
upward flow. It is important to note that the maximum of
the downward flow between the convection rolls is shifted
slightly to the right from dendrite (1), thus it is off-axis.
In the following, dendrite (1) changes its growth direction,
i. e. the growth direction is now tilted against the preferred
crystallographic growth direction, towards the maximum
of the downward flow stream. At the same time, dendrite
(1) accelerates and eventually grows ahead of dendrite (2).
Between 120 s and 122 s, the flow pattern changes in re-
sponse to the change of the dendrite arrangement and the
increasing Al segregation ahead of the accelerating den-
drite (1). At around 124 s, the convection rolls have been
rearranged and the tip of dendrite (1) is exposed to an
upward flow, showing a decreasing growth velocity accom-
panied by a tip splitting event.

Now, dendrite (2) is taking the role of dendrite (1) and
a similar processes takes place in a periodic manner. This
can be seen in Figure 11. The evolution of the tip veloc-
ity Viip, tip radius p (measured with the same method as
in section 4.2 but at every second without averaging and
when the tip remains parabolic), boundary layer thickness
Iy and the flow velocity in z-direction at the tip, Vaow,
are plotted for a time interval ranging from 110 s to 170 s.
The Vi, curves show that the two tip velocities are out-
of-phase and oscillate around the pulling speed. The tip
velocity is linked to the boundary layer thickness, when
the boundary layer thickness is small, i.e. a steep concen-
tration gradient, the tip velocity is large and reciprocally.
The boundary layer thickness is also affected by the melt
flow. When the flow velocity is negative, i.e. downward
flow on tip, lp is smaller and when the flow velocity is
positive, i.e. upward flow, lp is larger. The curves of the
measured tip radii p are not continuous because they were
only measured before tip destabilization and splitting. The
tip radius itself is phase shifted to the tip velocity, when
velocity is high, the tip radius is low and reciprocally. The
period of the oscillations is approximately 30 s.

Chen et al. [40] have proposed a scaling law for the

tip splitting frequency 7; and applied it to an AlCudwt%
alloy. They have found: n, = AD,/ Vp2ull with a constant
prefactor A ranging from 0.3 to 3. Our results lead to
A =~ 6 which is in the same order of magnitude, however,
here the tip splitting appears along a quasi-stationary pro-
cess and is related to the interplay with gravity induced
melt flow compared to the purely diffusive, but transient
growth conditions investigated in [40].

The results for higher negative gravity levels (< —b5g) are
not periodic anymore but the following trends can be iden-
tified:

e The PDAS selection is already affected by the melt
flow at an early stage of the solidification process,
i.e. directly after the onset of the first interface in-
stabilities, see Figure 5.

e At a later stage, instationary flow pattern leads to
oscillations of the dendrite tip velocities Vi, around
the pulling velocity Vpu. Consequently, the tip radii
oscillates as well. These oscillations may trigger tip
splitting events.

e The number of temporal changes of the growth direc-
tion and of corresponding tip splitting and branching
events is increasing with increasing gravity levels and
flow velocities, respectively, see Figure 6.

e The branching process comprises (i) a change of the
apparent dendrite growth direction and (ii) the re-
alignment of the growth direction with the preferen-
tial crystallographic direction.

The evolution of a single dendrite tip along a branching
process is detailed in figure 12 by a cut out from the tip
region of dendrite (1) in Figure 10. In the first three pic-
tures, the dendrite growth direction is aligned with the
crystallographic preferred direction, but the isoconcentra-
tion lines are not symmetric around the dendrite tip, in-
stead they are tilted to the right caused by the downward
melt flow which is also off centered to the dendrite axis.
Beginning at t =114 s, the growing tip responds to the con-
centration field and changes its growth direction towards
the steepest gradient (smallest distance of the isolines) in
the concentration field which is tilted to the vertical axis,
pointing towards the largest downward flow velocities. At
the same time, the tip velocity increases (compare Fig-
ure 10) because the concentration gradient gets steeper
and Vi, ~ Ve. Under pure diffusive growth conditions,
small modifications of the symmetry of the solutal pro-
file caused by the superposition of the diffusion fields of
neighboring dendrites may lead to a slow sideward move-
ment of individual dendrites, called ”phase diffusion” [41],
which evens out the dendrite spacings. Compared to this,
the flow induced change of the tip trajectory is an extreme
event and leads to a faster adjustment of the dendrite spac-
ings.

At around 119 s, the flow pattern starts to respond
to the modified growth configuration and the convection
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Figure 10: Temporal evolution of the concentration field superimposed with velocity streamlines between 114 s and 128 s (domain width
W =450 pm, gravity level -5 g). The white line visualizes the isoline for 48.6 at% Al.
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Figure 11: Evolution of the tip radius, tip velocity, boundary layer thickness and flow velocity at the tip. The red and black curves correspond
to the dendrites marked 1 and 2 on Figure 10, respectively.



rolls reorganize in a way that the local flow around the tip
changes from downward to upward flow. Correspondingly,
the concentration gradient becomes smaller, the tip veloc-
ity decreases and the tip radius increases. At this point,
the dendrite tip exhibits an intermediate instability result-
ing in a tip splitting event. Both tips continue to grow,
now again along the preferred crystallographic orientation
because the impact of the melt flow on the symmetry of
the concentration field is reduced, i.e. the isolines are al-
most symmetric and parabolic around the vertical axis. At
123 s, two tips are well developed but later on, a single tip
becomes stable again, growing along the symmetry plane
of the upward flow between two convection roles.

In a nutshell, variations in the growth direction and
tip splitting are induced by the interplay between the flow
pattern and the dendritic growth dynamic. Resulting de-
viations from an Ivantsov type growth behavior can be
interpreted as flow induced anisotropy caused by the per-
turbations of the local concentration field around the den-
drite tip which affects the local growth velocity of the solid-
liquid interface. This effect has been already observed in
phase-field simulations for equiaxed growth with flow [42].
Supplementary simulations (not presented here) have shown
that with a stiffness anisotropy twice higher, the split-
ting effects are suppressed. This means that the ten-
dency for tip splitting and branching is material depen-
dent. How sensitive the dendritic growth structure re-
sponds on melt flow depends on the alloy as well. The den-
dritic growth morphologies inferred from metallographic
pictures at least suggest the conclusion that the anisotropy
of the bee S-Ti/melt interface is rather weak.

Any impact of melt flow on the solidification morpholo-
gies, either on the shape and dynamics of individual den-
drites or on the PDAS selection in dendritic arrays be-
comes more likely for a larger ratio of the solute diffusion
layer over the hydrodynamical boundary layer. The results
in this paper have been achieved for D/V};, =120 ym, the
results by Steinbach [13] on Al-Cu for D/Vy;, =75 ym and

those observed by Bataille [16] on Pb-Sn with D/V;), = 34 pm.

In all three examples, the PDAS changes at higher gravity
levels. Recently, Zimmermann et al. published experi-
ments on the effect of microgravity and hypergravity on
Neopentylglycol-(D)Camphor, an organic and transparent
alloy [43]. No PDAS changes was observed even at higher
gravity and flow velocities close to the ones in our Ti-
Al simulations, i.e. up to a few hundred of micrometers
per seconds. This discrepancy can be explained by the
much smaller diffusion layer thickness, and therefore much
weaker perturbation of the solutal field by flow, of about
4 pm which is at least one order of magnitude lower than
in this work, Steinbach [13] and Bataille [16].

5. Conclusion

The phase-field method was applied to simulate the
evolution of solidification microstructures of Ti48 at% Al
during directional solidification including buoyancy driven
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melt flow under different gravity levels. In similar stud-
ies so far, the major aspect was to investigate the effect of
melt flow on the primary dendrite spacing with the general
behavior that upward flow reduces the spacing and down-
ward flow leads to an increase of the spacing. The results
in this paper are focused on the operating state of the den-
drite tips, e.g. tip undercooling and its stability against
tip splitting or changes of the apparent growth direction.

On one hand, in the case of positive gravity, a stable
configuration with symmetric convection rolls can be ob-
served with downward flow around the dendrite tips. Even
for high values of positive gravity (15g), the maximal flow
velocity does not significantly exceed the pulling velocity
of 25pm/s. On the other hand, if the gravity value is neg-
ative, the dendrite tips are exposed to upward flow and the
dendritic growth pattern destabilises when the flow veloc-
ity reaches a critical value of twice the pulling velocity.
At least for smaller anisotropies of the interfacial stiffness,
tip splitting can occur. In addition, dendrites may change
their growth direction, not growing along the preferential
crystallographic direction but following the steepest chem-
ical gradient in the flow affected concentration field. This
can be also considered as an alternative mechanism for
the adjustment of the primary dendrite arm spacing, in
addition to tertiary arm formation and phase diffusion.

If the melt convection is comparable to the diffusion
fluxes, dynamical changes in the flow pattern prevents sta-
ble parabolic, Ivantsov-type concentration isolines around
the dendrite tips. As a consequence, a dynamic inter-
change between flow and growth pattern is observed which
can also result in quasi-periodic oscillations in the op-
erating state of neighboring dendrites linked to periodic
changes of the rotational direction of melt flow vortices.

An investigation with three-dimensional simulations should

be done, where the influence of dimensionality, domain size
and gravity levels are to be studied in details. A highly
branched microstructure may have an impact on the frag-
mentation of dendrite arms and thus enhance the number
of equiaxed grains during CET. This requires simulations
linking flow, microstructure and mechanical forces to fur-
ther elucidate the correlation between solidification mor-
phology and fragmentation [44].
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