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Understanding the formation of twinned
dendrites (‘feather’ grains)

A.M. Mullis

Institute for Materials Research, University of Leeds, Leeds LS2 9] T, UK

Abstract

The phenomenon of feather grain growth is interesting from both a theoretical and commercial point of view. Here we
report the results of phase-field simulations aimed at understanding the formation of twinned dendrites. We show that, while
a competition between oppositely directed capillary and kinetic anisotropies with a simple four-fold symmetry can produce
low anisotropy structures such as dendritic seaweed, there is no indication that this can give rise to twinned dendrites. In
contrast, adding small components of an anisotropy, with higher order harmonics, can produce features reminiscent of twinned
dendrites and may also be able to stabilise the grooved tip morphology.

Keywords: Twinned dendritic growth, feather growth.

1. Introduction

Due to their deleterious properties, the formation of ‘feather’
grains is a significant problem in the DC casting of commercial
Al alloys [1]. Crystallographic investigations by Henry et al.
[2,3] have shown that feather grains are twinned dendritic struc-
tures the formation of which also involves a change in growth
direction from <100> to <110> with a {11} twin plane. In
Al-Mg alloy, <110> dendrites have also been observed growing
without twin assistance [4]. In one of only a few systematic
studies, Morris and Ryvola [5] found that a minimum solute
concentration is required for feather grain growth. It has been
suggested [6] that this is because the effect of solute addition
is to cause grain refinement, and that twinning occurs only
after a certain degree of grain refinement has been achieved. A
number of authors have also found that high imposed thermal
gradients tend to favour feather grain growth [7].

Despite the importance of dendritic twins in indus-
trial casting practice, there is no general consensus as to
the morphology of a twinned dendrite. Wood et al. [6] have
argued that a stable morphology would be for the dendrite
to display a sharper than normal tip with the twin plane
emanating from the point. Conversely, Henry et al. [3]
have suggested that a twin dendrite would display a split
or grooved tip with the twin plane running down the trunk
from the grove (Figure 1).

A number of cubic systems undergo a change in growth
direction from <100> through <110> to <111> as the
growth velocity is increased; in particular, this has been
observed in situ in the NH,CI-H,O system [8]. This behav-
iour may be due to competition between the surface energy
anisotropy which favours <100> growth at low velocity and
the kinetic anisotropy which favours <111> growth at high
velocity [9]. Such a competition might also stabilise the
grooved tip dendrite morphology.
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Recent years have seen great advances in the under-
standing of crystal growth kinetics from the study of under-
cooled melts. However, such fruitful studies have not proved
possible on Al-alloys, partly because Al,O; is a good hetero-
geneous nucleant. The observation that feather grains can
also be formed in some Cu alloys [10] suggests that Cu is a
potentially suitable analogue for Al.

Velocity-undercooling relationships and microstruc-
tural evolution in Cu-x wt%Sn (x =1, 2, 3, 4) alloy have
been studied by Dragnevski et al. [11,12], with at least three
different growth regimes being identified. At the very low
undercoolings associated with conventional casting, solidi-
fication proceeded by growth along the <100> direction.
As the undercooling was increased, a change in the growth
direction from <100> to <111> was observed, with a likely
<110> intermediate also present. Moreover, X-ray texture
analysis revealed that, in the 2 and 3 wt% alloys, the <111>
dendrites were growing via a twin assisted mechanism,
confirming a previous observation of twinning in the 3 wt%
alloy [13]. Finally, at high undercooling, there was a change
back to the <100> growth direction, with no evidence of
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Figure 1: Schematic illustration of the (a) pointed and
(b) grooved tip morphologies suggested for twinned dendrites.
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twinning being present. In all these systems this transition
back to <100> growth occurred over a very narrow range of
undercoolings (85 < AT <90 K). Equivalent experiments
performed on high purity Cu showed that the <100> growth
direction was preserved at all undercoolings, with no change
in the preferred growth direction or twinning being evident.

Experiments reveal that twinned and untwinned growth
are identified by distinct velocity-undercooling relationships,
each of which is a simple power-law (Figure 2). By extrapo-
lating the growth velocity relationships it is clear that the
fastest growing mode is always the one that dominates.

The results of these studies are thus consistent with the
known facts for feather-grain formation, even if the mecha-
nism giving rise to the morphology is not understood. A
minimum solute concentration is required to induce either
a change in the growth direction or dendrite twinning, with
both <111> growth and twinning being restricted to an
intermediate range of growth velocities. However, what role
the solute plays in bringing about either a change the growth
direction or initiating twinning is unknown. It is, however,
clear from the work of Dragnevski et al. that twinning is
unrelated to grain refinement, with many of their twinned
samples containing only a single grain.

It is clear from the ideas of Henry et al. [3] that any
model of dendritic twinning should incorporate capillary and
kinetic anisotropies which can be independently varied in
magnitude and direction. It is also apparent both from indus-
trial experience and our own experiments that solute plays
an important role, with neither a change in growth direction
nor dendritic twinning being observed in pure melts.

In this paper, we use a phase-field model of solidifica-
tion in a binary alloy to study the effect of competing capil-
lary and kinetic anisotropy and to determine whether such a
competition could lead to one of the morphologies proposed
for a twinned dendrite.

2. Computational method

Our investigation was conducted using the binary model
of Warren and Boettinger [14], wherein, for the case of
isothermal solidification in an ideal solution between
components A and B, this leads to transport and anisotropic
phase-equations given respectively by
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where ¢ is the phase variable taking values 0 in the solid and
1 in the liquid, c is the concentration of solute (chemical
species B) in the solvent and ¢ is related to the width of the
diffuse interface, 6 by
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is the effective diffusivity, o is the interfacial
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Figure 2: Velocity vs. undercooling curves for Cu-3 wt%Sn alloy
of the form V « (AT)P [from Ref. 11].

melting temperature, v, is the molar mass and R the gas
constant. The superscripts A and B indicate that the speci-
fied quantity refers to the pure substances A and B respec-
tively. Note that Equation 3 implies that, if o and T, for
each of the species A and B are assigned fixed (i.e. physical)
values, it is not possible to independently vary both 8 and
88. The terms H*P are defined in [14].
The kinetic mobility is given by

My=01-c)M* +cMP 4)

with
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=T 5
621854 (5)

where B is the kinetic coefficient for interface attachment,
and L is the latent heat per unit volume.
Anisotropy is introduced by writing [15]

£(0) = en(6) = &(1 + ycoskO) (6)

where 7 is the anisotropy strength and k is a mode number,
which for cubic metals will be 4.

In common with a number of other formulations of the
phase-field problem, the effect of Equation 6 is to introduce
anisotropy into the interface width. It can be shown by an
asymptotic analysis in the limit of vanishing interface width,
that the effect of introducing anisotropy into the width of
the diffuse interface is to introduce physical anisotropies in
both the surface energy and the kinetics of attachment at
the interface, the magnitudes and directions of which would
normally be coupled [16].

One approach to decoupling the surface energy and
kinetic anisotropies is to assume that the characteristic
time scale, T, is also a function of angle [17-19]. However,
recently we have demonstrated [20] that, by introducing
a complex anisotropy function, 7, the anisotropies can be
decoupled even in those phase-field models in which only
the interface width is assumed anisotropic.

1(0) =1+, cosk,6 +iy; cosk;(6+6y) (7)

Here y, and y, are the amplitudes of the real and imagi-
nary components of the anisotropy, k. and k; are the corre-
sponding mode numbers and 6, is an offset angle. An
asymptotic analysis in the limit & = O reveals that the
capillary anisotropy, with strength y, is a function of y, only,
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while the kinetic anisotropy with strength y, is a function of
y,and y;, permitting the desired decoupling. Incidentally, for
pure four-fold symmetric capillary and kinetic anisotropies,
we require k. =4 but k, = 2.

3. Results

Figure 3 shows a sequence of simulations in which ¥, has been
varied at fixed y;, producing a competition between the capil-
lary and kinetic anisotropies. The computational parameters
used in all the simulations reported here are characteristic of
the Ni-Cu system and are given in [21]. As reported elsewhere,
the formulation of the phase-field problem used here is equiva-
lent to assuming an ideal solution between the two end member
compositions, giving a simple ‘lens’ type phase diagram. The
liquidus temperature for this solution at the (far-field) concen-
tration studied, ¢, = 0.408, is 1594.5 K and the melting interval
is 24 K. The dimensionless undercooling for this system (T-T,)/
(T,-T) is thus =0.85. All simulations were run on at least two
meshes differing in resolution by a factor of V2.

The solute boundary layer in the simulations is clearly
visible, with the highest concentrations being observed in
the residual liquid channels between the dendrite arms and/
or ‘seaweed’ channels. All of the frames are taken after the
same model time. In this particular set of simulations, the
capillary anisotropy, with magnitude vy, =0.30, is directed
towards the sides of the bounding box, with the kinetic
anisotropy being directed towards the corners.

With increasing kinetic anisotropy, capillary dendrites
(a) shrink back and kinetic doublons emerge (b). ‘Dendritic
seaweed’ structures are observed in the regime where the two
competing anisotropies are approximately equal (c) and (d)
before the emergence of kinetic dendrites (e) which eventu-
ally dominate, leaving remnant capillary doublons (f).

Clearly, such competition can result in a low effective
anisotropy, giving rise to morphologies such as doublons.
Boettinger et al. [22] have speculated that doublons may
play an important role in the formation of feather grains
and indeed, frozen in dendritic seaweed and doublons have
been observed directly in deeply undercooled Cu [23].
There is, however, no evidence of dendrites propagating
with a steady-state grooved tip as the result of competition
between simple four-fold symmetric anisotropies.
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Figure 3: Solute map for alloy
solidification with a competition
between capillary anisotropy
(direct towards the sides of the
box) and kinetic anisotropy
(directed towards the corners of
the box), for y,/y, = 0.083, 0.117,
0.133, 0.166, 0.183 and 0.217.

Figure 4: Solidification morphology resulting from growth under a
composite four-fold + eight-fold anisotropy.

Consequently, we have also looked at the effect of intro-
ducing higher order components to the anisotropy and have
found that even small higher order components can have
a profound influence on growth morphologies, a point first
noted by Alain Karma. In particular, for a system which has
predominantly a four-fold symmetry with minor components
of higher harmonics of a four-fold symmetry we may write

cos2m(6 + 6,)

n@) =1+ Y 7™ cos4mo +iy"™ (8)

m=1

The growth morphology that results is distinctly different
from the standard dendritic morphology, as is shown in
Figure 4, where we have used the anisotropy with n =2,
Y =0.02, y¥ =-0.0007 and 3V = y¥ = 0. That is, the
model has a predominantly four-fold symmetry in both the
capillary and kinetic anisotropies with a small, opposing,
eight-fold component superimposed.

7Y =0.02 is a relatively large anisotropy and four well-
developed primary dendrites should result. Instead we observe
doublon-like channels running along the primary trunk,
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Figure 5: Composite contour maps of (a) the tip of a doublon
and (b) the tip of a dendrite with a steady state groove. Growth
direction is from right to left.

Figure 6: Solute map in the tip region of a ‘grooved tip dendrite’.

although the trunks themselves have a far greater degree of
regularity than we would expect of doublons resulting from
growth under low anisotropy. Although still not a twin, this
morphology now has a far greater superficial resemblance to
the twin dendrite morphology than the ‘seaweed’ structure
above. In particular, analogies might be drawn between a
straight twin boundary and the central doublon channel
and between a wavy twin boundary and the residual liquid
channels occurring between the dendrite side arms. As a
result of this simulation, we believe that anisotropy compo-
nents with higher order symmetry play an important role in
the stabilisation of the grooved tip morphology.

This idea is supported by the following simulations,
produced during an investigation into the implicit anisotropy
introduced by the regularity of the finite difference mesh. Figure
5a shows a simulation of a doublon growing under ‘normal’ low
anisotropy conditions. The early frames (towards the right of
the Figure) show that the tip is unstable and is increasing in
radius. At a critical curvature the tip flattens and develops a
bifurcation. Following bifurcation, the two ‘tip’ branches rapidly
outgrow the ‘trough’, thus developing the narrow channel along
the trunk characteristic of the doublon morphology. The early
evolution of the feature in Figure 5b appears similar. The tip
is unstable and its radius is increasing. At a critical curvature,
the tip flattens and again develops a bifurcation. However, in
this case, a stable groove is developed which is then propagated
along with the dendrite in a steady-state fashion, resulting in a
morphology at the dendrite tip akin to that proposed by Henry
etal. [3]. A detailed view of the tip region is shown in Figure 6.
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However, exactly why the morphology shown in Figure 5b
is stable is not clear; this morphology was produced by a simu-
lation in which the parameter space had been chosen so as to
exaggerate the implicit anisotropy so that the phenomenon
could be studied [21]. What is clear though is that the mesh-
induced anisotropy does not have a simple four-fold symmetry.
In fact, when the dominant four-fold component of the mesh
induced anisotropy was removed a small 16-fold symmetric
component was revealed (note that due to the process used
to remove the four-fold component of the implicit anisotropy
we cannot tell whether an eight-fold component was present,
although it would seem likely that it was).

4. Summary and Gonclusions

Despite their importance in industrial casting practice,
dendritic twins are a solidification microstructure about
which surprisingly little is known and for which no
convincing theoretical model has been proposed. Henry
et al. [3] speculated that twinned dendrites have a split or
grooved tip, but without proposing any rigorous theoretical
framework in which this could be established. In this paper
we have reported some preliminary phase-field results which
show that the grooved tip morphology can indeed propagate
as a stable solidification morphology and appears to be stabi-
lised by, an as yet uncharacterised, superposition of four-fold
symmetric and higher order components of the anisotropy.
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