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Nb-Si alloys have gained much attention over the last decade as the next generation alloys for
high-temperature aero-engine applications due to their low density and improved mechanical
properties. However, the microstructures of these alloys are quite complex and vary significantly
with the addition of elements such as Ti and Hf. Hence, an improved understanding of the phase
stability and the microstructural evolution of these alloys is essential for alloy design for ad-
vanced high-temperature applications. In the present paper, we describe the microstructural
evolution modeling results of the dendritic and eutectic solidification of the binary Nb-16 at.% Si
alloy, obtained using a Phase-Field simulations performed with MICRESS. The effect of
parameters; such as heat extraction rate, the ratio of the diffusivity of the solute in liquid to solid,
and the interfacial energy of liquid and solid interface, on the microstructural evolution during

dendritic solidification is discussed in detail.

Keywords dendritic solidification, eutectic solidification, Nio-
bium silicides, Phase-Field modeling

1. Introduction

Nb-Si based composites have been regarded as potential
new materials for aero-engine components.!'®’ Recent
research in Nb-Si composites has explored a variety of
alloying additions such as Ti, Hf, Cr, Mol both from the
perspective of understanding phase stability of Nb solid
solution, and the NbsSi3; phase, as well as balancing
mechanical properties. For an accelerated understanding of
the phase stability of these Nb-Si alloys, it is essential to
develop the accurate thermodynamic database for the
prediction of phase stability. There has been a significant
progress in the thermodynamic assessment of the various
ternary and quarternary alloy systems such as Nb-Si-Ti, Nb-
Si-Hf, Hf-Si-Ti, Cr-Si-Ti, and Nb-Si-Ti-Hf (Ref 10 and Y.
Yang and Y.A. Chang, unpublished results, 2003-2005).
Using these assessments, it is possible to understand the
phase stability of various phases and tailor the compositions
for required phase fields.

The other important aspect that influences the mechanical
properties of these alloys is the microstructure itself that
evolves during casting of these alloys. The as-cast micro-
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structure has a bearing on the phase stability and thermo-
dynamics, however, does depend on the cooling rate and
other processing parameters, and is affected by the compo-
sition itself. Hence, a means for prediction of microstruc-
tural evolution during solidification in these alloys would be
of a very high significance in the development of under-
standing of the mechanical behavior. Phase-Field model-
ing!""! has been used for modeling of the microstructural
evolution. The current article describes the modeling of
microstructural evolution of the simple binary Nb-16 at.%
Si alloy as a function of cooling rate and other parameters
such as the ratio of diffusivity of Si in Nb(Si) solid solution
to the liquid. The Nb-16 at.% Si alloy was selected because
it is the basis for more complex alloys of greater engineering
relevance. The alloy can be regarded as a representative of
hypo-eutectic binary alloys. In the present study, the Phase-
Field modeling was performed using the software MI-
CRESS,"? a multicomponent, multiphase Phase-Field
modeling tool. This is an important upcoming tool that is
transitioning from being at academic research level to being
applied to understand the materials and processes behavior
to be able to select compositions or tune the process as per
requirement.

2. Phase-Field Modeling of Solidification

Phase-Field models have been used and further devel-
oped in the recent past!'* ') to simulate complex interfacial
patterns during solidification.'®'® The attraction of the
Phase-Field method is in the fact that the explicit tracking of
the interface is completely avoided. Explicit computation of
interface curvatures and normals, as done in the level-set
method,!*! is also avoided in the Phase-Field method. This
is achieved by solving the evolution equations of the Phase-
Field wvariables. The Phase-Field method is a diffuse
interface method, and can be reduced to a sharp interface
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method in the limit of the interface thickness going to
zero.?”) The quality of the solution depends on the interface
thickness. In the present work the quality of the numerical
solution as a function of interface thickness in relation to
grid spacing has not been characterized. However, from the
recent work reported on Phase-Field models for solidifica-
tion,l'”> 211 it has been shown that the interface thickness
must be smaller than the capillary length for the solution to
converge to the sharp interface limit. This was reexamined
by Karma and Rappel!'>! where they reported coefficients
for the so-called thin-interface limit of the Phase-Field
equation. In the thin-interface limit, the interface thickness
only needs to be small compared to the “mesoscale” of the
heat and/or solute diffusion field, and the classical interface
conditions are satisfied for a finite thickness. Their analysis
allowed for the first time fully resolved computations to be
made for three-dimensional dendrites with arbitrary inter-
face kinetics.!*!

MICRESS is based on the multiphase field model
reported by Steinbach and co-workers.**! MICRESS uses
ThermoCalc’s TQ interface with ThermoCalc software to
calculate the thermodynamic quantities from the database
that are then used for the calculation of molar Gibbs
energies, and hence chemical potentials to calculate the
driving force at the diffusing interface for the motion of the
interface. A successful application of the model to multi-
component directional solidification in Ni-based alloys has
also been reported recently.?*! This work indicated that the
oscillations that occur in the solidification velocity and in
the concentration profiles of the components depend on the
pulling speed as well as the alloy composition. The form of
the Phase-Field free energy functional in MICRESS is such
that it allows for the multicomponent multiphase represen-
tation quite easily. Much work on the solidification mod-
eling using the Phase-Field method has concentrated on
complex morphologies of dendritic solidification®! in
relation to the process parameters coupled with the fluid
[26] \ithout independency on the eutectic solidifica-
tion.l*”? MICRESS does have the capability to address both
dendritic and eutectic solidification processes in the same
simulation owing to its versatility in modeling multiple
phase transformations.

In the present study, MICRESS has been used to
simulate the microstructural evolution during solidification
of a binary Nb-16 at.% Si alloy. The hypo-eutectic alloy
composition proceeds with dendritic solidification of an
Nb(Si) solid solution until the eutectic temperature is
reached, where the solidification proceeds via the eutectic
reaction giving Nb3Si and Nb(Si) eutectic. The Nb;3Si
phase further undergoes eutectoid reaction into NbsSis and
Nb(Si). The eutectoid reaction being sluggish, results in the
three-phase microstructure in the binary alloy. The present
work is limited to the binary alloy with 16 at.% Si that
results in the calculated values of eutectic temperature of
1917.8 °C and the eutectic composition of 17.5 at.% Si
using the ternary thermodynamic database.l'® The model
has been applied to dendritic and eutectic solidification of
the present alloy to study the evolution of the Nb(Si) and
Nb;Si phases in the microstructure, and the results are
presented in this article.
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3. Results and Discussion

3.1 Dendritic Solidification in Nb-16 at.% Si

The dendritic morphology obtained during solidification
is affected by various physical parameters such as heat
extraction from the system domain, ratio of solute diffusiv-
ity in liquid to solid, and the interfacial energy between the
solid and the liquid. The effect of these parameters will be
discussed in this section. Separate 400x400 and 200x200
grid-calculation-domains with grid spacing of 0.05 pum have
been used for the solidification microstructure modeling.

The nucleation in MICRESS has been modeled as either
an effect of kinetic undercooling that can be applied to
homogeneous nucleation or a seed density model following
a particular site distribution for a heterogeneous nucleation.
The nuclei may be off equilibrium in Phase-Field descrip-
tion and hence a very small critical radius may result in
dissolution. Hence the curvature effect is turned off till the
nuclei have reached a stable size. This process would need
the minimum under-cooling that is needed for a nucleation
event as an input. The model described above could be used
very effectively in the cases where there is continuous
growth as in the case of directional solidification. In cases
where the critical nucleus size is much smaller than that of
the grid spacing, the curvature parameter in the Phase-Field
model that is a function of the Phase-Field variables is often
replaced by an analytical model that would depend on the
distance between the nuclei in space.!?®!

The seed density model®® is more often used in the
cases of heterogeneous nucleation where inoculants are
added as sites for heterogeneous nucleation. The nucleation
sites follow a designated size distribution in time. First the
biggest particles nucleate as heat is extracted at a radius
specified undercooling. As they start growing and releasing
latent heat they immediately start interacting with other
potential nucleation precursors. Depending on the heat
extraction rate and the number and sizes of all the other
seeding particles, the temperature will drop more or less
well below the liquidus temperature thereby defining the
number of seeds that will be activated.

In this present study, the former nucleation model is
used.

3.1.1 Effect of Heat Extraction Rate from the Sys-
tem. In the present simulation series, the latent heat of
different phases has been taken into account; the effect of
temperature is evaluated by the global interaction of latent
heat and heat extraction. There is no temperature gradient in
the calculation domain. Figure 1 shows the time evolution
of the dendrites of Nb(Si) phase plotted as a function of Si in
the system, where the start of under-cooling is specified to
be 10° and the heat extraction rate is 300 x 10° J/m?/s.
Figure 1 also shows the evolution of temperature and
volume fraction of Nb(Si) phase during solidification.

The effects of heat extraction from the system on
dendrite morphology and branching were investigated.
Simulations were performed using 11 nucleation sites of
the Nb(Si) phase in the melt for the three cases of heat
extraction rate values (100 x 10°, 300 x 10° and 1000 x 10°
J/m*/s). Figure 2(a) shows the microstructures for the three
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Fig. 1 Time evolution of Nb dendrites in liquid Nb-16 at.% Si.
The heat extraction rate is 300 x 10° J/m/s

cases of heat extraction values after 25% of the Nb(Si) phase
has been solidified. Figure 2(b, c) shows the associated
temperature and volume fraction evolution. Figure 2 sug-
gests that higher heat extraction causes higher tendency for
front instability leading to more secondary dendritic arm
formation and higher solidification rate, which seems to
agree with the experimental observations of dendritic
solidification reported in the literature.

3.1.2 Effect of Ratio of Solute Diffusivity in Liquid to
That in Solid. The Si diffusivity in the solid Nb phase has
a significant effect on secondary dendrite arm formation on
primary dendrites and also on the concentration gradient of
solute from core to the periphery of the dendrite. To study
this effect, two ratios of the Si diffusivity in liquid to solid
Nb(Si) are considered—10 and 100. The composition
profiles along a line across the dendritic microstructures

are extracted from two different heat extraction rates
(200 x 10° and 300 x 10° J/m%/s), for these diffusivity
ratios. Figure 3 shows a case where the ratio of diffusivities
has been maintained at a value of 10. The associated
composition profile does not show any coring effect
(concentration gradient caused due to solidification of
enriched liquid resulting in a lower solute content at the
core of the dendrite) due to change in heat extraction rate.
This could be due to the higher solute diffusivity in the
solid. Typically, the solute diffusivity in the solid is close to
two orders of magnitude lower than that in the liquid phase.

For the case of the ratio of diffusivities being 100 coring
does occur as there is not enough time allowed at higher
temperature for diffusion to occur. Figures 4 and 5 show this
effect explicitly. Figure 4 shows one dendrite column
growing from the corner of the simulation domain at an
angle of 45°. The case with solute diffusivity ratio of 10 in
liquid to solid does not show a color gradient from the core
of the dendrite to the interface. However, the case of slow Si
diffusivity shows the concentration gradient which indicates
coring. The same behavior is also observed in simulations
with multiple dendritic seeds as shown in Fig. 5. The
composition profiles along the lines across the same
dendrite for the cases of high and low solute diffusivity in
solid are shown in Fig. 5. The tendency of formation of side
branches is also related to the solute diffusivity ratio in
liquid to solid. As seen in Fig. 4(b), faster diffusion of the
solute in solid phase causes reduced segregation which in
turn reduces the tendency of the solid front instability, as a
result of which faster Si diffusivity in solid phase lowers the
tendency of formation of side branches from dendrites.

3.1.3 Effect of Interfacial Energy Between Liquid and
Solid. Solid/liquid interfacial energy does influence the
evolution of the morphology of the solidifying dendritic
phase. For the case of a lower interfacial energy, the system
will try to increase the surface area causing more branching
in the dendritic morphology. This is evident in Fig. 6. The
growth velocity or mobility of the interface also has an
effect on side branch formation and front stability. While
low mobility of the interface causes less tendency to form
dendritic side branches, high growth velocity can cause
front instability and disintegration of the solidification front.
The parameters that were chosen are based on the fact that
the surface energies of some of the metallic materials are in
the range of 10-100 mJ/m?. Another important factor is the
anisotropy in the interfacial energy of the solid-liquid
interface. The anisotropy of the solid-liquid interface does
influence the stability and the morphology of the tips of the
dendrites.!”>! The effect of the anisotropy and its sensitivity
toward the overall solidification process have not been
rigorously characterized in the present study.

3.2 Dendritic and Eutectic Solidification in Nb-16 at.% Si

The binary Nb-Si phase diagram contains an eutectic,
L — Nbs3Si+ Nb at 1917.8 °C. The eutectic occurs at
17.5 at.% Si as calculated using the ternary thermodynamic
database. In this solidification simulation of the hypo-
eutectic alloy Nb-16 at.% Si, the Nb dendrites are formed as
the primary phase until the system reaches a given under-
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Fig. 2 (a) Effect of heat extraction rate on dendritic morphology at fixed volume fraction. Finer structures result with the increased heat
extraction rates. (b) Temperature versus time. (c) Volume fraction of solid Nb phase versus time
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Fig. 3 Dendritic solidification microstructures solidified at the heat extraction rates of 200 x 10° J/m*/s and 300 x 10° J/m®/s

cooling (10 °C) below eutectic temperature, when the
remaining liquid attains the eutectic composition. At that
point, the eutectic microstructure nucleates and grows from
the dendrite-liquid interface. Figure 7 shows the micro-
structure evolution at an intermediate time 21 s. In this case,
a heat extraction rate is 45 x 10° J/m’.

In the simulation, the Nb(Si) phase has been considered
as an anisotropic phase (i.e., the interfacial energy is
anisotropic) and the eutectic NbsSi particles of faceted
shapes with <110> type facets and with kinetic anisotropic
factor of 0.5 for each facet. This parameter represents a

factor that would increase the surface energy in a preferred
direction and decrease the mobility in other directions.
Depending on the isotropic or anisotropic or faceted nature
of the phases, and on different process parameters, there can
be different morphologies of the eutectic microstructure.
The typical value that would suit most alloy systems
(private communication with MICRESS support group)
would be between 0 and 0.5. For example, it can be lamellar
growth of two phases, or one phase can be rod shaped in the
matrix of the other phase. In either case, both the phases
grow continuously from the melt. The volume fraction of
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Fig. 4 Effect of diffusivity of Si on dendritic morphology. (a) High, (b) Low diffusivity in solid Nb(Si). Lower diffusivity results in
higher tendency for branching and also coring (can be observed as the concentration gradient from core of the dendritic arm towards the
solid solid-liquid interface)
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Fig. 5 (a) Effect of high diffusivity of Si in solid Nb. (b) Low diffusivity of Si in solid Nb. Note: The coring effect in the case of
lower diffusivity of the solute in solid dendrite phase
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Fig. 6 Effect of solid-liquid interfacial energy on dendritic morphology: (a) lower interfacial energy, and (b) higher interfacial energy.
More branching appears when interfacial energy is lower in (a)

6 Journal of Phase Equilibria and Diffusion Vol. 28 No. 1 2007



Basic and Applied Research: Section |

27
=2 18 4
@
X 9
0 L] T
0.0 2.0 40 6.0
Distance (micrometer)
0045
004
0%
8 0m
o
£ 0ms
5w o
l:; 0oi5 /
om
0006 1 ,/
1] - " r
0 5 10 15 2D 5
Time (sec)

Fig. 7 Dendritic and Eutectic solidification simulation of the Nb-16 at.% Si alloy. The composition profile of Si is shown across the
dendrite and the eutectic structure in the bottom half of the microstructure. The associated change in the slope of the volume fraction
versus time graph should be noted after 19 s that marks the start of the eutectic solidification

the Nb3Si under fully solidified condition is around 50% in
the present alloy—Nb-16 at.% Si. Experimental observation
shows that for hypo-eutectic Nb-Si binary alloys, the inter-
dendritic eutectic structure consists of niobium rods and
plates dispersed in the Nb;Si intermetallic matrix.*”) This
would also confirm the Phase-Field results on the morphol-
ogy of the eutectics reported by Lewis et al.*”) that higher
volume fractions of the second phase would result in the
plate-like morphologies. In the present simulation, a peri-
odic boundary condition is maintained and the solid-liquid
interface thickness is taken as 0.175 um which corresponds
to 3.5 grid points. The Phase-Field methodology needs
the diffuse interface thickness to be at least 3—4 grid
points for its numerical stability. The effect of the process
parameters and physical quantities on the eutectic solidifi-
cation is currently being studied and will be reported
subsequently.

4. Summary

Multicomponent Nb-Si composites are regarded as
potential future candidates for the aero-engine components.
In the present study, Phase-Field modeling using MICRESS
has been performed on the binary Nb-16 at.% Si alloy to
understand the microstructural evolution of Nb(Si) and the
eutectic Nb3Si phase. The effect of the heat extraction that
manifests as cooling rates, results in a finer microstructure

with increased heat extraction rates. The same is seen with
lower solute diffusivity in the solid. Coring is observed for
the cases of lower solute diffusivity in the solid. Using
MICRESS, it was possible to simulate the dendritic
solidification followed by eutectic solidification in one
simulation due to its ability to represent multiple phase
transformations. The modeling of subsequent eutectoid
transformation after solidification resulting in eutectoid
NbsSiz phase will be reported subsequently.
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