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Motion and Remelting of Dendrite Fragments during
Directional Solidification of a Nickel-Base Superalloy

J.P. GU, C. BECKERMANN, and A.F. GIAMEI

The formation of spurious grains during the directional solidification of a Ni-base superalloy is
studied by modeling the movement and remelting of dendrite fragments originating in channels inside
the mush. Such channels exist because of thermosolutal convective instabilities during solidification
and persist as freckle chains in the solidified material. The fragment model is linked to a phase
equilibrium subroutine for multicomponent Ni-base superalloys, as well as to a previously developed
solidification and convection code. A parametric study is performed to investigate the effects of
initial fragment location and size on the fragment paths and survivability in the melt for one of the
channels predicted in a typical directional solidification simulation. It is found that only a small
window of initial conditions exists which leads to spurious grain formation. This window corresponds
to medium-sized fragments originating near the mouth of the channel. Other fragments either remelt
completely or sink into the channel. The need for an accurate fragment generation model is discussed.

I. INTRODUCTION

THE avoidance of grain defects is of critical importance
in the directional solidification of single-crystal castings.
Two types of defects commonly observed in Ni-base su-
peralloy components are so-called freckle chains and iso-
lated ‘‘spurious’’ grains, both of which can feature highly
misoriented, equiaxed grains. Recent examples of such
grain defects, including micrographs, can be found in the
experimental work of Pollock and Murphy,[1] who noted
that the onset of freckle formation occurs under the same
conditions as for the spurious grains.

The formation of freckle chains or channel segregates
due to thermosolutal convective instabilities is relatively
well understood since the original work of Giamei and
Kear.[2] In a companion article,[3] we presented a detailed
solidification and melt convection model, coupled with a
phase equilibrium subroutine for Ni-base superalloys, that
allows for a realistic prediction of channel segregates in
directional solidification of superalloys. The reader is re-
ferred to Reference 3 for a review of related work in this
area. Figure 1 shows an example of model calculations for
a convectively unstable case corresponding to the CMSX2
alloy. Noteworthy is the long, open channel in the mush,
through which highly segregated liquid flows upward to
feed a low-density plume, or finger, above the channel in
the single-phase liquid region. In the solidified casting, the
channels persist as regions of strong macrosegregation con-
taining a chain of equiaxed grains.

The equiaxed grains inside the channels originate from
separation of secondary or tertiary dendrite arms from the
main trunks in the channels during solidification.[4,5,6] The
separation is generally thought to occur at the joints (or
‘‘necks’’) between an arm and its trunk and is caused by
localized remelting and coarsening. Hellawell[7] and others
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(references therein) have proposed mechanisms for the de-
tachment process, but predictive models are not available.
The separated dendrite fragments are subject to drag
forces from the relatively strong melt flow in the channels,
to their own weight, and to blocking by other dendrite
arms. Sometimes, a fragment can rotate only slightly but
stays otherwise fixed, leading to the presence of a mini-
mally misoriented equiaxed grain in the channel (micro-
graphs in Reference 1). The presence of highly
misoriented grains in the channels indicates that some
fragments undergo more extensive rotational and transla-
tional motion.

Experiments with transparent model alloys have shown
that the low-density plumes associated with the channels
sweep some of the dendrite fragments into the bulk liq-
uid.[4–9] If the fragments survive in the melt above the mush,
they can grow into equiaxed grains in front of the advanc-
ing columnar front and may even block it. Jackson et al.[4]

were the first to show that such a scenario, involving frag-
ments, can be responsible for a columnar-to-equiaxed tran-
sition. If only a few fragments are swept out and/or survive,
they will block the columnar front only temporarily and
eventually may be overgrown, leading to the presence of
isolated spurious grains, depending on the orientation of the
fragment relative to the parent grain. This mechanism for
spurious grain formation in superalloy directional solidifi-
cation was strongly suggested by the experiments of Pol-
lock and Murphy.[1] It is opposed to other theories that rely
on direct nucleation of equiaxed grains in the undercooled
liquid in front of the columnar dendrite tips.[10–13]

The purpose of the present study is to investigate the
possibility of fragments generated within channels to be
advected by the bulk liquid and survive to form spurious
grains. A model for the fragment movement and remelting
is developed that pertains to realistic conditions involving
a multicomponent Ni-base superalloy. This fragment model
is linked to the directional solidification model for the pre-
diction of channel segregates described in the companion
article.[3] Parametric studies are performed for a typical di-
rectional solidification case to quantify the conditions nec-
essary for fragments to cause spurious grain defects.
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Fig. 1—The initial conditions for the calculation (from the directional solidification simulation of Case 4 at 5071 s in Ref. 3): (a) isotherms in Kelvin,
(b) velocity vectors (in m/s) and solid fraction contours (in 20 pct increments) and (c) normalized mixture concentration pattern of Ti.

II. GOVERNING EQUATIONS

In modeling the motion and remelting of individual den-
drite fragments, only the dilute limit of the fragment vol-
ume fraction tending to zero is considered. In other words,
the effect of the fragments on the melt convection and so-
lidification process modeled in Reference 3 is neglected. Of
course, the changing melt velocity, temperature, and com-
position strongly influence the fate of the fragments, as
modeled subsequently. A more comprehensive model of
equiaxed solidification with melt convection that takes into
account the motion of free crystals at any volume fraction
has recently been presented.[14,15,16]

The translational motion of a dendrite fragment of ve-
locity, vs, equivalent diameter, d, and density, rs, can be
described by Newton’s law, i.e.,

dv 3 r rs l l5 2 (v 2 v ) |v 2 v |C 1 (1 2 ) g [1]s l s l Ddt 4 r d rs s

where vl and rl are the velocity and density of the liquid
(melt), respectively; CD is a drag coefficient; g is the
gravitational acceleration; and t is time. The first term on
the right-hand side of Eq. [1] is the drag force exerted
by the liquid, and the second is the buoyancy force. The
liquid velocity, vl, is known from the directional solidi-
fication simulation of Reference 3. By assuming a spher-
ical fragment shape, the drag coefficient can be
calculated from[17]

24
0.687C 5 (1 1 0.15Re ) [2]D Re
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Fig. 2—Schematic illustration of the concentration profiles (for an element
with a partition coefficient less than unity) and diffusion lengths for a
melting fragment.

Table I. Initial Fragment Locations and Sizes, and Summary of Results

x (m)
diameter (mm)

y (m)

0.0189

400 300 200 100

0.0193

400 300 200 100

0.0197

400 300 200 100

0.0963 J v j j J v j j J v j j
0.0882 J J j j J J j j J J j j
0.0821 J J J j/ J J J j/ J J J j/
0.0740 J J J J J J J J J J J J

v—Advected out of the channel, survives, and deposits on the mushy zone.
j—Advected out of the channel, but completely remelts.
J—Remains inside the channel and survives.
j/ —Completely remelts within the channel.

where Re is the Reynolds number based on the relative
velocity between the dendrite fragment and the melt, i.e.,

|v 2 v |r ds l lRe 5 [3]
m

and m is the melt viscosity. The second term on the right-
hand side of Eq. [2] can be neglected, for Re , 0.2. The
solution of Eq. [1] requires an initial location, which is
somewhere in the channel in the mush (Figure 1) as spec-
ified subsequently. The initial velocity is taken to be zero.
At the end point of its path, the velocity of a surviving
fragment is abruptly set to zero when the local volume frac-
tion of solid (in the mush) predicted in the directional so-
lidification simulation exceeds 0.01. At this point, the
fragment is thought to be ‘‘captured’’ by the dendritic net-
work. In reality, the solid fraction at which a fragment is
captured will depend on the fragment size relative to the
dendritic spacings and other factors, but the present choice
is sufficiently realistic to determine an approximate end
point of the path of a surviving fragment.

Remelting of the fragment in the bulk melt is a more
complicated topic and requires careful consideration of the
mass, species, and heat fluxes at the solid/liquid interface.
As discussed in References 9, 18, and 19, there is a clear
transition between thermally driven remelting at relatively

high superheats and solutally driven dissolution at lower
superheats. For example, for an alloy with vanishing solid
solubility, remelting would always be thermally driven if
the liquid temperature is above the melting point of the pure
solvent. As can be seen in the left panel in Figure 1, in the
present system the temperature of the melt above the mushy
zone is relatively close to the liquidus temperature corre-
sponding to the initial composition, and it can be verified
that remelting in this melt is solutally driven. In fact, the
fragment is small enough and the time scales are long
enough that the fragment can safely be assumed to be in
thermal equilibrium with the melt around it, and latent heat
effects can be neglected. We will continue to call remelting
what is actually modeled as a dissolution process.

Figure 2 shows a schematic illustration of the concentra-
tion profiles in the fragment and the surrounding melt dur-
ing remelting (for an element with a partition coefficient
less than unity). The average solute concentration of ele-
ment m in the solid, , changes due to phase change andmCs

back diffusion according to[20]

m mdC dV r A Ds s s s sm mr V 5 (C 2 C ) (r 1 ) [4]s s si s sdt dt ls

where is the solute concentration in the solid at themCsi

interface; As 5 pd 2 is the fragment surface area; Vs 5
pd 3/6 is the fragment volume; is the diffusion coeffi-mDs

cient of species m in the solid; and ls is a solid diffusion
length (Figure 2), which is defined as in other back-diffu-
sion analyses.[20,21,22] The initial value of is taken to bemCs

the one of the solid closest to the initial location of the
fragment, as calculated in the directional solidification sim-
ulation. A balance of the species fluxes of element m at the
solid/liquid interface gives the time rate of change of the
fragment volume:[20]

dVsm m m m m(C 2 C ) r 5 r h A (C 2 C )li si s l m s li ldt [5]
mr A Ds s s m m1 (C 2 C )si sls

where and are the average and interfacial, respec-m mC Cl li

tively, solute concentrations in the liquid, and is a con-mhm

vective mass transfer coefficient (of element m). The
difference ( 2 ) is the solutal undercooling or super-m mC Cli l

heat in the liquid. The average liquid concentration, , ismCl

known from the directional solidification simulation, while
is related to the temperature through the liquidus surfacemCli
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liquid fraction
(a)

(b)

Fig. 3—(a) Initial fragment locations (black dots) in the center channel
of Fig. 1. (b) Equilibrium liquid velocity at which a fragment of a given
diameter is stationary due to a complete balance of drag and gravity
forces.

and is obtained from phase equilibrium calculations, as sub-
sequently shown. The definition of is illustrated in Fig-mhm

ure 2. In this study, is calculated from a simplemhm

Sherwood number, Sh, correlation for spheres:[23]

mh dm 1/21/2 mSh 5 5 2.0 1 0.6Re Sc [6]
mDl

where Scm 5 m / /rl is the Schmidt number, and ism mD Dl l

the mass diffusivity in the liquid.
Equations [4] and [5] are generally valid and can, in the-

ory, be solved for the evolutions of the fragment volume
and concentrations. The principal difficulty lies in the spec-
ification of the interfacial concentration in the solid, ,mCsi

and the solid diffusion length, ls. For example, in the limit

of no back diffusion, one would need to back up along the
concentration profiles in the solid during remelting to ob-
tain .[24] This would require, in turn, storing (in computermCsi

memory) the concentration profiles at every point in the
mushy zone as the solid forms—something that was not
done. Alternatively, with the inclusion of back diffusion,

would be given by phase equilibrium. However, themCsi

diffusion length, ls, cannot be based on the assumption of
simple parabolic concentration profiles in the solid, as has
been shown to be a good approximation in solidification
analyses,[3,20–22] because during remelting the profiles are
likely to contain local extrema and a very strong gradient
near the interface.[24] Although this problem could be over-
come by the choice of higher-order profile approximations,
a more simple approach is taken in the present study. It is
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Fig. 4—Results for the initial fragment location at x 5 0.0192 m and y
5 0.0963 m and four different initial fragment diameters: (a) fragment
paths and (b) evolution of fragment diameters.

assumed that the average solute concentrations in the frag-
ment do not change during remelting, i.e.,

mdCs 5 0 [7]
dt

Without resolidification, would thus remain at the initialmCs

value where the fragment originated. Given the lack of
knowledge of the exact concentration profiles in the initial
fragment and other uncertainties in the model, the preced-
ing approximation is still expected to give reasonable re-
sults for the average melting rate. Combining Eqs. [4] and
[5], the back-diffusion term can now be eliminated to yield

dVsm m m m m(C 2 C ) r 5 r h A (C 2 C ) [8]li s s l m s li ldt

Note the subtle difference in the left-hand sides of Eqs. [5]
and [8], which originates from the preceding combination
( can still be different from for interface equilibrium).m mC Cs si

Also note that all elements in the multicomponent alloy
must satisfy Eq. [8] simultaneously and that must bemCli

less than (i.e., the melt must be constitutionally super-mCl

heated) for remelting to occur. The initial fragment volume
needed to solve Eq. [8] is subsequently specified in a par-
ametric study.

III. SOLUTION PROCEDURES

As detailed in Reference 3, phase equilibrium in the pres-
ent simulations is calculated using the subroutine developed
by Boettinger et al.[25] for Ni-base superalloys. In solving
Eq. [8] for each solute, the equilibrium liquid concentra-
tions at the interface, , are linked to the known temper-mCli

ature, T, from the directional solidification simulation
through the liquidus surface. Because all cannot be cal-mCli

culated from the knowledge of temperature alone, an iter-
ative procedure with a modified call to the phase
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Fig. 5—Results for the initial fragment location at x 5 0.0192 m and y
5 0.0882 m and four different initial fragment diameters: (a) fragment
paths and (b) evolution of fragment diameters.

equilibrium subroutine is required. The algorithm can be
outlined as follows:
(a) guess all ;mCli

(b) make the following call to the phase equilibrium sub-
routine:

m mT, C (for n-1 elements) ⇒ C (for one element), others [9]li li

where n is the total number of solutes;
(c) solve Eq. [8] for one element to obtain dVs /dt;
(d) solve Eq. [8] to update for (n 2 1) elements; andmCli

(e) go back to (b) until convergence.
The preceding procedure was found to converge quickly if
some underrelaxation of the concentrations was used.

After updating the volume (or equivalent diameter) of
the fragment at each time-step, the particle is moved ac-
cording to the solution of Eq. [1]. All fragment calculations
are performed simultaneously with the directional solidifi-
cation simulation, so that the liquid velocity, temperature,
and (average) concentrations continuously change in time
and space. Equation [1] was discretized implicitly, whereas

Eq. [8] was discretized explicitly. The results were found
to be independent of the time-step. The liquid quantities are
only available at the discrete grid points used in the direc-
tional solidification simulation[3] and were, thus, carefully
interpolated to the location of the fragment. The calcula-
tions for a particular fragment were stopped when the frag-
ment became stationary or when it completely remelted.

IV. CONDITIONS

The fragment motion and remelting calculations were
performed in conjunction with the directional solidification
simulation of Case 4 in Reference 3, because this simula-
tion predicts a large open channel in the mush near the
middle of the cavity (Figure 1). Case 4 simulates the solid-
ification of the single-crystal, eight-element CMSX2 alloy
(65.8Ni, 8.0Cr, 5.0Co, 1.0Ti, 6.0Ta, 5.6Al, 0.6Mo, and
8.0W, by wt pct) with a mean temperature gradient of 20
K/cm and a casting speed of 10 cm/h inside a 5 3 15 cm
rectangular cavity. The primary dendrite arm spacing is 400
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Fig. 6—Results for the initial fragment location at x 5 0.0192 m and y
5 0.0821 m and four different initial fragment diameters: (a) fragment
paths and (b) evolution of fragment diameters.

mm.[3] The thermophysical properties and other conditions
are the same as in Reference 3. As a first approximation, the
density ratio, rs /rl, was taken to be 1.025, which was ob-
tained through an extrapolation of available solid densities
for Ni-base superalloys to the liquidus temperature.[26]

The fragment calculations were initiated at a time of
5071 seconds into the simulation of Case 4, for which the
temperature, liquid velocity, solid fraction, and (Ti) species
concentration fields are shown in Figure 1. Because of large
initial and final transients due to a finite domain height,
quasi-steady directional solidification conditions are never
fully achieved in Case 4, and the fields continually evolve.
Preliminary simulations revealed that at earlier times, when
the middle channel is less developed, liquid velocities are
too small to sweep fragments out of the channel into the
bulk melt. The same is true at later times, when the flow
above the channel strongly interacts with the top boundary.
The present initial time (5071 seconds), as well as the cast-
ing parameters of Case 4, should therefore only be viewed
as being representative of conditions where detached den-

drite fragments can be swept into the bulk liquid, survive,
and form spurious grains, as subsequently shown.

Since presently there is no theory available that allows
for the prediction of dendrite detachment inside a channel,
a parametric study was performed to investigate the effect
of initial fragment location and size on the subsequent
movement and remelting. The initial fragment locations are
given in Table I and are illustrated in Figure 3(a). The or-
igin of the coordinate system is in the lower-left corner of
the domain (Figure 1). The 12 locations inside the channel
correspond to four different heights with three points each,
evenly distributed over the width (where the solid fraction
is less than 0.01). At each location, four different initial
fragment sizes (100-, 200-, 300-, and 400-mm diameter)
were simulated. These sizes were thought to be represen-
tative of typical fragments observed in micrographs[1] and,
as is subsequently shown, allow for a complete character-
ization of the fragment behavior in the present system. Cer-
tainly, a fragment much larger than the primary dendrite
arm spacing would be unlikely to exist.
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Fig. 7—Results for the initial fragment location at x 5 0.0192 m and y
5 0.0740 m and four different initial fragment diameters: (a) fragment
paths and (b) evolution of fragment diameters.

The present choices of initial fragment diameters can also
be understood by calculating from Eq. [1] the equilibrium
liquid velocity at which a fragment of a certain diameter
becomes stationary due to a complete balance of upwardly
directed liquid drag and downwardly directed gravity
forces. As illustrated in Figure 3(b), for the range of liquid
velocities encountered in the channel of the present direc-
tional solidification simulation (Figure 3(a)), a fragment
would need to be smaller than about 400 mm to be swept
out into the bulk liquid. It should be kept in mind that this
range of velocities is unique to the conditions of Case 4 in
Reference 3, and other alloys and casting conditions will
produce different velocities. As discussed in the companion
article, the predicted plume velocities are thought to be re-
alistic for the limited buoyancy forces and mush permea-
bilities present in Case 4.

V. RESULTS AND DISCUSSION

The results for each of the four initial heights are shown
in Figures 4 through 7. The paths of the fragments were
found to be relatively insensitive to the horizontal location
in the channel, and only the results for the middle location
are shown in the figures. The fate of all simulated fragments
is summarized in Table I.

Figure 4(a) shows the paths of each of the four initial
fragment sizes for a launching point near the mouth of the
channel. The three smaller fragments are advected verti-
cally upward out of the channel, whereas the 400 mm frag-
ment sinks to the bottom of the channel (until the solid
fraction becomes greater than 0.01). The paths of the three
smaller fragments start to differ once the liquid velocities
become smaller in the upper part of the liquid region (Fig-
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ure 1) and the size differences start to dominate. The cor-
responding time evolutions of the fragment diameters are
shown in Figure 4(b). It can be seen that the 100 and 200
mm fragments survive about 9 and 25 s, respectively. Since
the lengths of their paths are similar, it is clear that the
smaller one moves at a much higher velocity. This can be
expected from Eq. [1], because the relative velocity, |vl 2
vs|, decreases with decreasing diameter, d. On the other
hand, the diameter of the 300 mm fragment decreases much
less (although the melting rates are about the same), and
this fragment eventually sinks back down and hits the top
of the mushy zone not too far away from the mouth of the
channel. Such surviving fragments will then continue to
grow in the imposed temperature gradient. They can either
be overgrown by the advancing columnar dendrites or prop-
agate at the expense of the parent crystal, depending on
both crystal orientations and growth direction. In any case,
the surviving fragments are a source of spurious grains in
directional solidification. The coincidence between freckle
formation and the presence of spurious grains in Ni-base
superalloy solidification has been noted by Pollock and
Murphy,[1] who show some micrographs of such grains em-
bedded in the otherwise single-crystal structure. If many
fragments survive, they can completely block the advancing
columnar front and cause a columnar-to-equiaxed transi-
tion, as also shown in Reference 1. Although the largest
(400 mm) fragment sinks directly into the channel, its di-
ameter decreases too, indicating that the upward flowing
melt in the channel is constitutionally superheated. Only
near the bottom, the fragment starts to grow again. The
presence of (equiaxed) grains inside freckles has already
been discussed in Section I.

The results for an initial fragment location 8.1 mm fur-
ther down in the channel are shown in Figure 5. The main
difference to the previous figure is that only the 100 and
200 mm fragments are advected out of the channel, while
both large ones sink into it. This can be explained by the
lower liquid velocities further down in the channel. Both
of the smaller fragments remelt completely. Indeed, addi-
tional simulations for this initial location did not yield a
fragment size that results in a surviving fragment outside
of the channel and, hence, any spurious grains.

Figure 6 shows results for an initial fragment location at
about midheight in the open channel. None of the fragments
is advected out of the channel, although the smallest one (100
mm) moves slowly upward a small distance until it completely
remelts. The larger three fragments sink into the channel and
survive. In fact, they remelt only slightly (Figure 6(b)). Note
that the sink time is, as expected, much longer for the 200
mm fragment than for the 300 and 400 mm fragments.

Finally, Figure 7 indicates that, if free dendrite fragments
are generated in the lower half of the open channel, they will
all sink into it and survive. The diameters of the three larger
ones stay about constant, while the smallest fragment actually
grows before becoming stationary. This far down into the
channel, the melt flow is too weak to advect fragments against
gravity, and the melt is very close to liquidus conditions.

VI. CONCLUSIONS

The motion and remelting of free fragments originating
in channels inside the mushy zone during directional solid-

ification of a single-crystal Ni-base superalloy has been in-
vestigated for several initial fragment sizes and locations
inside a typical channel. The parametric study indicates that
there exists only a relatively small window of initial con-
ditions that result in a fragment being advected out of the
channel, surviving, and ultimately forming an isolated spu-
rious grain. In the present system, this window corresponds
to medium-sized fragments (around 300 mm) originating
near the mouth of the channel. If the fragments are too
small, they may be advected out of the channel but remelt
completely in the melt above the mushy zone. If the frag-
ments are too large or originate too low in the channel, they
remain inside the channel, where most survive and form
the equiaxed grains usually observed in freckle defects.

The present study corroborates the experimental findings
of Pollock and Murphy[1] regarding the simultaneous oc-
currence of freckle defects and spurious grains, linking their
origin to fragmentation of dendrites. However, the model
does not allow for the prediction of the exact final location
of spurious grains in superalloy castings. This is due to the
fact that no relation is available to calculate the exact lo-
cation, time, and frequency of fragment generation in a
channel. Even if such a relation were available, it is un-
likely that the initial fragment size would be known with
much accuracy. The present results show that the fragment
survivability and final location are quite sensitive to the
initial conditions.

Although the calculations provide some insight into frag-
ment motion and remelting, they were only performed for
typical casting conditions and one alloy composition. The
fragment behavior will be different for other imposed tem-
perature gradients, casting speeds, or alloy compositions,
making it difficult to derive general criteria for spurious
grain formation. However, linking the fragment calculations
to comprehensive solidification simulations, as was done
here, provides some predictive capabilities.
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