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Abstract. Ti-Al alloys have replaced Ni-based superalloys in the last stages of some aircraft
engines to improve fuel efficiency. In order to improve their properties, grain refinement has
been investigated via isomorphic inoculation with Ti-Al-Nb particles. This inoculation method
is orders of magnitude more efficient on a particle-by-particle basis than traditional inoculation,
rather than multiple inoculant particles added to form a solidified bulk phase grain, in isomorphic
inoculation each particle added results in the formation of multiple grains. As the particles are
indistinguishable from the matrix after solidification, a model was used to elucidate this
mechanism. Two phenomena were considered to calculate the number of particles acting during
solidification: particle breakup along grain boundaries and complete particle dissolution. The
grain size of the particles was calculated with an empirical model from initial TKD analysis of
the particles and high temperature molten salt heat treatments. Particle dissolution was estimated
via mass transport of the slowest diffusing Nb species. This showed the population of isomorphic
inoculant particles which can act during solidification is near a 1:1 ratio with the number of
grains formed, confirming the mechanism of grain refinement by direct epitaxial growth from
the particles.

1. Introduction

The high specific strength and oxidation resistance of TiAl alloys make them particularly appealing for
use in aerospace applications [1]. Currently they have been introduced in the last low pressure stage of
the GEnx turbine engine as part of its goal to increase fuel efficiency. In order to better utilize these
alloys grain refinement is needed, however, current methods rely on the introduction of brittle ceramic
phases which act as inoculants [2]. Nucleation plays a key role when using such traditional inoculants
for grain refinement. Inoculants facilitate heterogeneous nucleation as they reduce the activation energy
required [3]. Models of heterogenous nucleation are broken into three main categories, spherical cap,
free growth or constitutional supercooling [4]. In the first model, the effectiveness of the nucleant
depends essentially on its characteristics. The kinetics are then determined by the formation of the
nucleus and the adsorption rate of atoms into them. In the second model, heterogeneous nucleation is
considered athermal and the active nucleants are determined by their size distribution. In the third, it is
the constitutional undercooling at the front of growing crystals that triggers the active nucleants. In each
case there is an energy barrier to the formation of new solid from the nucleant particles. In the case of
slow solidification rates, predicting the grain size relies on linking both nucleation and crystal growth
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in a complex manner, highly dependent on experimental conditions and alloy composition. Recent
developments introduced isomorphic inoculants (ISI) as potential grain refiners for cast Ti-Al [5-7],
these particles have a coherent interface with the solidifying bulk, as they solidify by epitaxial growth
rather than nucleation of new solid, and are of the same phase, eliminating the need for brittle second
phase particles. Such grain refiners also have potential to simplify prediction of as-cast grain size due to
the suppression of the nucleation of new solid.

ISI particles are engineered alloy powders to grain refine during solidification without embrittlement.
The ISI alloy is chosen such that at the temperature of a given melt they are of the same phase that will
solidify while also being thermally stable [5]. The ISI alloy is then only effective when used for
solidification of the phase it was designed for. The thermal stability of the ISI particles is achieved
through refractory metal additions, in the case of the Ti-46Al (wt%) alloy investigated here the ISI alloy
is Ti-10A1-25Nb (wt%). This alloy has a melting point above that of the bulk, 1800°C compared to
~1540°C, while existing as B-Ti, the TiAl alloy solidification phase, at high temperature. It is also
important that the ISI particle density remains near that of the parent alloy or excess flotation or settling
may occur preventing their active participation in solidification [6]. The mechanism of solidification
from ISI particles differs from that of traditional inoculants which act as heterogeneous nucleation sites,
but rather solidification occurs by epitaxial growth [8]. This results in solidification without a detectable
interface between the particles and solidified bulk, and as such particles which participate in
solidification cannot be detected ex-situ [7]. This is particularly interesting as since solidification is not
occurring by nucleation of new solid, the energy barrier of nucleation is not encountered and as such
particles of different sizes should induce solidification all at the same, minimal, undercooling as the only
barrier to free growth is the strain from the difference in lattice parameters between the ISI alloy and
bulk. This has interesting implications for validation of solidification models as each ISI particle added
participates in solidification and should be responsible for the formation of an as-cast grain.

Casting trials of TiAl using TiAIND ISI particles were carried out which showed each ISI particle
added was responsible for the formation of multiple as-cast grains. Simple models were developed to
account for the thermal and chemical effects of the ISI/melt interaction on the number of particles
present during solidification. Taking into account these effects, the number of active ISI particles was
used to predict the as-cast grain size assuming each particle formed a single grain.

2. Casting Trials

In order to test the efficacy of ISI particles as nucleant particles casting trials were carried out [5—7]. ISI
particles were produced from commercially pure metals in an induction heated cold crucible apparatus
as a bulk ingot. Drillings taken from the ingot were cryomilled for 3h under Ar and 3, 6, 9, or 11h under
air to produce particles of different sizes. Particle size distributions had median (D50) sizes ranging from
233 um (3h under Ar) to 48 um (11h under air) as measured by SEM image analysis. There exists no
simple way to add particles to the cold crucible apparatus used for the casting trials as melting and
solidification are conducted under a high purity Ar atmosphere to prevent oxidation of the TiAl. In order
to add the particles to the melt they were then mixed with pure Al powder in a 1:1 ratio and compressed
to form a pellet which could held by means of a quartz vacuum tube until the TiAl was fully molten at
which point the vacuum could be released and the pellet would fall into the melt. A target mass of 1g of
ISI particles was added during each trial to TiAl ingots of roughly 40g. An interaction time of 20 s
between the particles and melt was used in each trial to ensure there was no cooling effect from the
particles on solidification. In each casting trial the grain size was reduced and equiaxed fraction
increased compared to a reference ingot cast without ISI particles or accounting for the solutal effects
of the Nb [5].

The as-cast grain size and equiaxed fraction, assuming spherical grains, can be used to
calculate the number of equiaxed grains formed during solidification, while the size distribution of
particles and mass of particles added yields the number ISI particles added. Figure 1 shows how these
values compare across all casting trials. In conventional inoculation, where the inoculant particles act as
heterogeneous nucleation sites, and as such an energy barrier exists in order for solid to grow from the
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particles, the size distribution of inoculants is of critical importance, as the largest particles require the
smallest undercooling to nucleate new solid they act first during solidification and the smallest particles
are not active participants in solidification [9]. As such, the ratio of particles added to new grains formed
is always less than 1:1, i.e., often 100 to 1000 or more particles need to be added to form a single new
grain. This is in stark contrast to Figure 1 where in each trial more than 1 grain is formed by each particle
added. It is then evident that further phenomena are occurring while the ISI particles are interacting with
the melt to make this possible. While interacting with the melt the particles are subjected to both thermal
and chemical conditions which will affect their properties. Both these factors must be accounted for in
order to use ISI particles to predict the as-cast microstructure.
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Figure 1: Relationship between the number of grains formed and number of ISI particles added

3. Thermal Effect: Particle Microstructure

Casting trials involving more highly stable TiTa particles which could survive prolonged contact with a
TiAl melt revealed that dissolution was occurring preferentially along grain boundaries within the
particles [6]. This is then likely also true of the TiAIND particles used here which were processed in the
same manner. The internal particle microstructures are then of critical importance. Initial investigations
of the TiAIND ISI particles by optical or SEM investigation did not have the resolution to reveal the
internal microstructure of the particles. In order to evaluate the microstructure electron transparent
samples was removed from 3h and 9h milled particles to be analysed by TEM and TKD. A TEM
micrograph is shown in

Figure 2a from a 3h milled particle. The process of cryomilling resulted in a superplastically deformed
nano-scale microstructure consisting of elongated grains after only 3h of milling. Further milling did
not significantly change the grain size, however TKD analysis showed the fraction of low angle grain
boundaries decreased with further milling, while high angle grain boundaries increased. The median
grain size within the as milled particles was 35 nm [7].
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Figure 2: Microstructure of 3h cryomilled TiAIND particles a) TEM micrograph of as milled particles
and b) SEM BSE micrograph after 20s of interaction with molten CaF at 1600°C

The thermal effects of the TiAl melt on the particle microstructures cannot be evaluated from the casting
trials as the epitaxial growth mechanism made location of the original particles impossible. Furthermore,
during the casting trials the particles were also subjected to the chemical effect of the melt. In order to
evaluate the microstructure of the particles during solidification the thermal effect must be separated
from the chemical effect. To that end a high temperature molten salt heat treatment was carried out on
representative samples of 3h and 9h milled particles. A high temperature molten salt was chosen which
did not react with the particles, CaF, and was stable at the melt temperature of 1600 °C. In order to
replicate the casting conditions alumina crucibles containing CaF were heated to 1600 °C until the salt
was completely melted then a representative sample of particles added to the CaF for 20s then quenched
in water. After this heat treatment there was significant grain growth,

Figure 2b shows an SEM BSE micrograph of a 3h milled particle where the grain size has
increased to be nearly 40 um. These easily delineated interior grains were measured across multiple
particles, both 3h and 9h milled, the results of which are shown in Figure 3. While the 9h milled particles
tended to have smaller grain sizes, and the 3h larger, this corresponded to the 9h particles themselves
also being smaller. The heat treated grain size was found to depend more on the size of the particles than
their milling time, particles of similar size with either milling time had similar grain sizes. The average
grain size across all the particles was found to be 37 um, three orders of magnitude greater than the
average as milled microstructure. A linear trend was observed between the particle size and interior
grain size after heat treatment independent of milling time:

Gs=0.1069(Ps)+1.773

Where Gs is the resultant interior grain size and Ps the size of the milled particles. This trend could
then be used to predict the grain size of particles after interaction with the melt.
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Figure 3: Measured grain sizes within particles of different sizes after replicating interaction with the
melt.

4. Chemical Effect: Solid Dissolution

The design criteria of an ISI particle requires that they be thermally stable in the melt, i.e., their melting
temperature is above that of the melt, however while the particles do not melt there is also the chemical
effect of the molten TiAl which must be considered. Since preferential dissolution was observed in TiTa
particles [6], it stands to reason that the particles also undergo partial or complete dissolution. As with
the thermal effect, this cannot be evaluated from the casting trials alone. In order to evaluate the chemical
dissolution of the particles a simple dissolution model was developed based on the work of Hsu and Lin
[10], and validated through a rod dipping experiment.

4.1. Dissolution Model

A simplified first calculation model was developed to evaluate how dissolution is affecting the ISI
particles. The casting trials were conducted in a complex environment, involving 3D fluid flow induced
by the induction field, and the entire population of particles, these first calculations simplify the flow to
1D and the particle distributions are simplified to ten particle sizes each which do not interact with one
another. In these calculations dissolution was according to film theory, i.e., the rate limiting step is the
transport of the solute away from the interface [11]. This theory considers there is no solute buildup
effect in the liquid, that it is an infinite medium. The model developed by Hsu and Lin builds upon film
theory by also incorporating the volume of liquid the particles are interacting with, if solute buildup is
a factor in the dissolution kinetics it is then considered [10]. Their model operates under the assumption
that the dissolution rate is controlled by the transport of solute atoms through a boundary layer between
the particles and the bulk liquid. This model was adapted for use with the ISI particles as shown in the
schematic, Figure 4.
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Figure 4: Schematic of dissolution model

The particles are not stationary in the melt, as such in order to calculate the width of the boundary layer
their velocity relative to the liquid must be known. To simplify the 3D fluid flow only the maximum
relative velocity, when the particle settling velocity is opposite that of the the liquid velocity, was
considered. This was calculated by a force balance on the particle, shown in Figure 4, where the drag
force (Dr) and buoyancy (B) act opposing the weight (W) of the particle. The relative velocity (Vi) is
then:

el —

_ [49D(ps — pL)
Ve \/ o /3CDpL

where g is acceleration due to gravity, D is the particle diameter, ps and pr the particle and liquid density
respectively and Cp the drag coefficient, which is dependent on the Reynolds number. As the particles
remain in a laminar flow regime Cp can be taken as [12]:

Cp =24/Re Re < 53
Cp =045 53 <Re

The initial velocity of the particles was taken to be the liquid velocity (assuming stationary particles)
then the velocity, Reynolds number and drag coefficient calculations were iterated ten times, until
variation was less than 1%. These values are needed to calculate the width of the fluid velocity boundary
layer &, which is the distance from the particle where the fluid velocity returns to 99% of'its free-flowing
velocity. In reality this boundary layer around a sphere is non-uniform, compressed at the front of the
particle and elongated in the rear. To simplify the boundary layer calculations the particles are instead
considered to be cuboid and the boundary layer only considered on the faces parallel to Vi, this is
shown schematically in Figure 4. The mass transfer boundary layer taken to be the layer used for the
dissolution calculations can be found by dividing the boundary layer by the Schmidt number yielding:

5 = (D,5r)/(vVRe)

Where 8 is the mass transfer boundary layer, Dy the liquid diffusion rate of Nb, r the particle radius, v
the kinematic viscosity of the melt and Re the Reynolds number. The Nb diffusion rate in the liquid was
calculated using the stokes-einstein relation as there is no literature data available. The thermophysical
properties of our case required to implement the method of Hsu and Lin are given in Table 1.
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Table 1: Thermophysical Properties for Dissolution Calculations

Variable Symbol  Units Value Ref

Solute Liquid Diffusion Do m?/s 2.14 x107? PW
Particle Density Ps g/ m? 5.01 x10° [7]
Liquid Density pL g/ m? 3.82x10° [13]

Solute Molecular Weight M g/mol 93 [14]
Solute Liquid Concentration Co mol/ m? 0 PW
Solute Interface Concentration Ci mol/ m? 8164 [15]
Kinematic Viscosity v m?%/s 4.93x107 [16]
Dynamic Viscosity n Pas 1.88x10°3 [16]
Temperature T °C 1600 PW

4.2. Experimental Validation

A further experiment was needed to validate the dissolution of TiAINb in molten TiAl using the above
model. As with the thermal effect the addition of particles to the melt could not validate the model as
the particles could not be located after solidification. A larger sample of TiAINb which could be inserted
into the melt, be easily located after solidification and would survive prolonged contact with the melt
was needed. In order to fabricate such a sample a further bulk TiAINDb ingot was produced from pure
elements in the same manner as for the ISI particles, a rod could then be produced by vacuum pulling.
A quartz tube was inserted into the molten TiAINb and a vacuum applied, the molten TiAINb was pulled
up the tube and solidified as a rod 5 mm in diameter and ~10 ¢m long. This rod could then be inserted
into molten TiAl in a controllable manner under the same conditions as the casting trials, i.e.,
temperature and interaction time. The resultant rod/ingot assembly could be cross sectioned in order to
measure the change in the rod diameter after interaction with the melt. An optical micrograph of the rod
and measured radii along its length are shown in Figure 5. The average measured dissolution length
after 20s of interaction with the melt at 1600°C was 94 um.

Depth from Rod bottom (mm)

2500
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Rod Radius (um)
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Figure 5: Optical micrograph and measured radii of TiAIND rod after 20s interaction with melt. The
grey line represents the initial radii and the black radii of either side of the rod after dissolution.

The details of the rod dipping were used in the dissolution model, namely the starting diameter of 5 mm,
a length of 1 cm dipped into the melt and an interaction time of 20 s. The model then calculates the
dissolution length over time as shown in Figure 6. After 20s of interaction with the melt the dissolution
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length was 97 um, close to the experimental value of 94 um. This means the model and assumptions are
reasonable for the given experimental conditions and can be applied to the real particle size distributions
used in the casting trials.

140
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Figure 6: Calculated dissolution over time for TiAINb rod in TiAl at 1600°C

5. Chemical and Thermal Effects on ISI Particles

The adapted model of Hsu for the chemical, dissolution, effect and the analytical grain size relation for
the thermal, grain growth, effect can both then be applied to the ISI particle size distributions used in
the casting trials. The known number of ISI particles added to the melt is increased by the thermal effect
of grain growth/grain boundary dissolution, and simultaneously decreased by the chemical dissolution
of some particles. Each of these effects is shown separately in Figure 7. Accounting for only thermal
effects greatly increases the supposed number of active ISI particles, moving the distributions away
from the 1:1 ratio of ISI: grains formed and into the regime of traditional inoculation [9]. In contrast
accounting for only the thermal effect of particle dissolution moves the distributions further from 1:1 in
the other direction with each particle responsible for even more new grains than previously. However,
when both effects are considered, by firstly applying the chemical effect of particle dissolution then the
thermal effect of grain growth on the dissolved particle sizes the ratio approaches 1:1, with the exception
of the 11h milled sample. The median size of these particles, ~50 um, is significantly smaller than that
of the other distributions, ~110-230 pm, additionally in the case of the 11h milled particles the
dissolution model predicts over 96% of the particles dissolving completely, this is likely an
overestimation and results in fewer ISI particles predicted during solidification.
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Figure 7: Relationship between the number of grains formed and number of ISI particles added
considering different interaction phenomena
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The calculated number of active ISI particles taking into account the chemical, thermal effects or both
can then also be used to predict the as-cast grain size. Since ISI particles have been shown to induce
solidification by epitaxial growth a 1:1 particle to grain relation can be inferred [8]. In the case of the
casting trials the equiaxed volume of each ingot is known, so dividing this by the number of active ISI
particles gives a grain volume which, assuming spherical grains, yields an estimated grain size. This is
shown for each size distribution in Figure 8a considering: no interactions with the melt (particles
introduced), only a thermal effect (grains introduced), only a chemical effect (particles remaining) or
both a chemical and thermal effect (grains remaining). With the exception of the smallest introduced
particle distribution considering both thermal and chemical effects predicts grain sizes most similar to
those measured. However, the trend of predicted grain sizes increases with decreasing particle size while
the experimental trials decrease grain size with decreasing particle size. This also points to an
overprediction of the dissolution of small particles, leading to fewer predicted active ISI particles and
larger predicted grain size. Even considering this it can be seen in Figure 8b that considering both
thermal and chemical effects results in predictions closer to the experimental values. It is also interesting
to note that when considering only the thermal, grain growth/ particle breakup, effect the predicted as-
cast grain sizes are consistently 60-70% smaller than the experimental across all particle distributions.
This indicates that there is a strong relationship between the internal grains of the particles and the as-
cast grain size and that further work is needed to better estimate the dissolution of the particles to predict
the grain size more accurately.
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Figure 8: Predicted grain size and difference from experimental grain size for given introduced size
distributions

6. Conclusions

ISI particles show significant potential as a tool to model as-cast grain size as they bypass the nucleation
energy barrier by inducing solidification by epitaxial growth. However, the number of particles added
to the melt does not correspond to the number of grains formed. This is due to both chemical and thermal
effects of interaction between the melt and particles. The thermal effect of the interaction results in grain
growth within the particles, which break up along their grain boundaries, while the chemical effect
results in dissolution of some particles. Both these factors work together to change the number of active
ISI particles present during solidification; dissolution decreases their number while particle breakup
increases them. Taking into account both these effects using an empirical model for grain growth and a
dissolution model based on the work of Hsu and Lin [10], the number of ISI particles present during
solidification can be calculated. If the smallest particle size distribution is disregarded due to an
overestimation of the dissolution of small particles, the predicted grain sizes are relatively close to those
measured from experimental trials. In order to apply ISI particles to improve grain size modelling a
dissolution model is needed which can account for dissolution of these small particles more accurately.
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Additionally, the calculations could be simplified by manufacturing the particles using atomisation so
each particle has a single grain rather than cryomilling which resulted in nano scale superplastically
deformed grains.
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