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1. INTRODUCTION
1.1 Scope of This Work

With the growing need of improving the efficient use of fossil fuels while reducing the
environmental impact, electric power generation technology is facing great challenges.
During the last decade, the U.S. Department of Energy has been taking steps in that
direction by developing research through cooperation involving Industry, Universities,
and National Laboratories." One example of the many envisioned methodologies
conceives research in technological modules, that can be assembled together and design
power plants for site/region specific markets. It is aimed to design flexible plants, that can
be fueled with coal, natural gas, biomass, petroleum coke (from oil refineries), and
municipal waste. Assuming the implementation of Carbon sequestration, a goal of zero
emissions is proposed in concord with achievement of higher efficiencies: in excess of 60
% for Coal-fueled, and over 75 % for Gas-fueled. These higher efficiencies not only will
result in lower operation costs in electric power production, but also will allow a greatly
important concomitant decrease of green house gas emissions to be managed.

To fulfill these goals it is required to continue research advancements on materials and
process development. Progress in manufacture processing and materials used in the hot
section parts of gas turbines have contributed to obtain an increment of the combined
cycle efficiency over five percentage points during the last three decades > °. Further
improvements of efficiency are expected by increasing the firing temperature and the size
of the gas turbines®. The large VAR superalloy ingots required to produce the rotor discs
for the new generation of gas turbines, and to satisfy the demand of these materials in
power applications (e.g. advanced ultra super critical steam turbines), require the use of
materials with improved resistance to over-aging during the hot working process of the
massive parts’. The material of choice is the alloy 718, which is strengthened by Nb
additions and has been used for decades in the aeronautics industry for fabrication of
rotors in aircraft engines. Unfortunately, the improvements in the creep resistance
obtained by alloy 718 have a concomitant decrease of castability, and the large ingots
have high propensity of developing solidification defects like center segregation, white
spots, and channel segregates like freckles. These problems limit alloy 718 applicability
to 33~35 in. diameter ingots®.

In particular, channel segregates like freckles are highly detrimental. They consist of
discontinuities where the material solidifies as equiaxed grains with a composition high
on alloy elements, elevated percentage of eutectic phases and shrinkage porosity.
Because they constitute crack initiation sites that cannot be corrected during the
subsequent thermo-mechanical treatment and impair the mechanical properties, affected
ingots should be scrapped increasing the production costs. Freckles are also a main cause
of rejection in single crystal manufacture process of superalloy parts, such as gas turbine
blades. Freckles and misoriented columnar grains are unwanted breakdowns of the single
crystal solidification which have been found to be linked with convective instabilities.’
Better understanding and greater body of experimental data about the freckle formation



mechanism in VAR ingots are pursued to make more accurate predictions and propose
strategies to prevent their formation.

Improved control of the process and rigorous quality assurance of electrodes in the VAR
process have contributed to reduce the incidence of freckles in large superalloy ingots,®
but freckles are still found, especially when the VAR process stability is perturbed by
transients which may not be completely characterized.”' Concurrent engineering efforts
are believed to be necessary in the task of expanding the processing window of large
VAR ingots and designing new compositions for superalloy castings.''

Accurate predictive capacity and comprehensive understanding of nucleation and growth
of freckles are needed. Furthermore, it is important to realize that most of the
macrosegregation defects in castings are associated to a common origin. The desirable
advances toward understanding of transport phenomena and freckle formation in VAR
ingots should be also useful in preventing other frequently found patterns like center
segregation.

In 2004, researchers in WVU lead a cooperative research effort within the conception of
the State Technologies Advancement Collaborative initiative by the U.S Department of
Energy, including partnership with Penn State University, Special Metals Corporation
(SMC) and GE."” This project gave continuity to research work previously developed
between WVU and SMC scientists on the compositional effects on the macroscopic
evolution of freckles and the development of a freckling criterion. B4 1o great extend,
the 2004 project motivated and supported the research efforts presented here.

1.2 Objectives
The main objectives proposed in this research were the following:

(1) Systematically investigate the partition coefficients of the major alloying elements
in Ni-base superalloys 1-706 and I-718 (Nb, Al, Ti) through experimental verification
with support of thermodynamic calculation.

(11) Set up solidification model by coupling the outcomes from (1) and the previous
developed model at WVU and verify it by horizontal directional solidification tests.

(1)  Provide the guideline of composition and processing control to minimize the
solidification macrosegregation for the superalloy producer.

1.3 Outline of This Thesis

Chapter two corresponds to the literature review. The most relevant publications with a
direct relation to the objectives are summarized. Chapter three presents the methodology
followed, and its main purpose is to provide a conceptual map for the general methods
and assumptions used, and their impact over the outcomes from this research work.
However, for clarity and completeness some relevant methodological details are also
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included in the corresponding chapters when it was required. Chapter four includes the
most important results obtained in the determination of the partition coefficients of the
solute elements on Ni-base simplified superalloys by experimental approach with
verification by thermodynamic calculations. Chapter five briefly summarizes the
development of an original formulation proposed for a freckling criterion that constitutes
a contribution that provides a tool for theoretical prediction of freckles formation in Ni-
based superalloy VAR Ingots. Chapter six includes an evaluation of the prediction
capabilities of the proposed freckling criterion using available experimental data.
Chapter seven summarizes the important conclusions reached in this research and
includes the future work.

The material presented in this document has been published in the following conferences
and peer reviewed journals:

Conference articles:

Jairo Valdes, Xingbo Liu, Shun-Li Shang, Zi-Kui Liu: Partition Behavior of Nb in the
Ni-Cr-Fe-Nb Alloy System, AEROMAT 18th Conference and Exposition 2007, ASTM,
Baltimore, Maryland USA.

Jairo Valdes, DongEung Kim, Shun-Li Shang, Xingbo Liu, Paul King, Zi-Kui Liu:
Investigation of the Partition Coefficients in the Ni-Fe-Nb Alloys: A Thermodynamic and
Experimental Approach, Superalloys, TMS (The Minerals and Materials Society),
Champion PA, 2008, pp. 333-337

Jairo Valdes, Xingbo Liu, Paul King, Christopher Cowen, Paul Jablonski: Solidification
Front Tilt Angle Effect on Potential Nucleation Sites for Freckling in the Remelt of Ni-
Base Superalloys, 7th International Symposium on Superalloy 718 and Derivatives 2010,
TMS (The Minerals and Materials Society) — Accepted

Journal papers:

Jairo Valdes, Shun-Li Shang, Zi-Kui Liu, Paul King, Xingbo Liu: Quenching Differential
Thermal Analysis and Thermodynamic Calculation to Determine Partition Coefficients of
Solute Elements in Simplified Ni-Base Superalloys, Metallurgical and Materials
Transactions A, vol. 41A, pp. 487- 498

Jairo Valdés, Paul King and Xingbo Liu: On the formulation of a Freckling Criterion for
Ni-Based Superalloy Vacuum Arc Remelting Ingots, Metallurgical and Materials
Transactions A, vol. 41, pp. 2408-2416.



2. LITERATURE REVIEW

The problem of macrosegregation in castings has been recognized for centuries. It has
been reported one of the first technical publications treating the macrosegregation of
bronze in the manufacture of gun barrels authored by Vannoccio Biringuccio in 1540.
Because macrosegregation during solidification involves various physical phenomena, it
is a dynamical research field attractive to many disciplines including mechanical
engineering, materials science, applied mathematics, astro/geophysics, etc. Consequently,
there is a vast literature related to macrosegregation and this review only includes the
most relevant publications with regard to the objectives proposed.

2.1 Manufacture Processing of Rotor Discs for Land Based Gas Turbines

The manufacture process of gas turbine rotor discs by conventional ingot metallurgy
usually includes at least six different steps that are designed to efficiently modify the
chemical composition and microstructure. The final material properties must provide
exceptional integrity for extreme operational conditions. Basically the rotor discs require,
like most critical rotary machine elements, high tensile strength, high ultimate strength,
excellent fatigue resistance and fracture toughness; but with the paramount condition that
all of these properties must be maintained for long periods of time, while exposed to high
temperatures nearing 0.75 times their melting point. Hence, additionally to the mentioned
properties, they should have outstanding creep resistance, dimensional stability and
corrosion resistance at elevated temperatures. To meet all requirements, the chemical
composition of superalloys used generally contains more than 13 different elements
between tuned additions and controlled impurities'”. Furthermore, the final alloying
elements distribution (in solid solution or in precipitated secondary phases), the grain size
distribution and the residual stresses state need to be optimized, and this results in
processing steps with closely controlled parameters within narrow variation ranges (so-
called small processing window). Fig. 2.1 presents a flow diagram of the typical
manufacture route.

Vacuum Induction Melt (VIM) Hot working:
* > -Cogging
-Forging

Electro-Slag Remelting (ESR)

v \ 4

Final heat treatment:
Vacuum Arc Remelting (VAR) -Solution annealing
,l, -Quenching | Machining
- First Aging
Homogenization -Second Aging

heat treatment

Fig. 2.1 Manufacture route for rotor discs of gas turbines.

Commonly, the manufacture process starts with a stage of Vacuum Induction Melting
(VIM) to produce an electrode free of contaminant elements. In the VIM stage about 30
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elements are refined from the superalloy stock, including critical elements like Oxygen,
Nitrogen, Carbon, Sulfur, and low melting point metals introduced with the recycled
material.'® The obtained electrode with a refined composition is then remelted in
secondary steps of Electro Slag Remelting (ESR) and Vacuum Arc Remelting (VAR).
The ERS/VAR steps are intended to adjust the chemistry of the alloy but more
importantly, to provide a sound ingot, with homogeneous macrostructure and free of
solidification defects. Next, the as-cast VAR ingots are subject to a homogenization heat
treatment to dissolve the precipitated eutectic phases, decrease the uneven distribution of
alloying elements within the dendrites (microsegregation coring) and refine the grain size
to optimize the microstructure for hot working. The following hot working steps are
composed of cogging the ingots to billets with the appropriate size and shape, while
providing grain refinement by recrystallization of the plastically deformed material. The
near shape billets are forged to pre-shaped discs that consequently receive a final heat
treatment. This heat treatment usually is accomplished by to steps. The primary step
consists of solution annealing followed by quenching and aging (precipitation hardening).
The secondary step usually is a lower temperature aging that reduces the residual thermal
stresses, which is crucial in order to adhere to the tight tolerances required in the final
shape after machining. Also, the secondary aging has the objective of stabilizing the
secondary phase precipitates. The last step of manufacture consists of machining to the
final dimensions within the tolerances. Certainly, there are many different configurations
for the production of discs by ingot metallurgy approach, some of which aim to decrease
the incidence of macrosegregation defects for large size ingots by including more
remelting steps”.

Tin et al.'® presented results on integrated modeling manufacture approach by combining
computational models proposed through the years for the individual stages of secondary
remelting, hot working, and final heat treatment, and obtained predictions of
microstructure evolution. By assuming the presence of macrosegregation defects, the
material points were traced through the processing and concluded, as empirically known
through industrial practice, that segregation patterns like freckles located at the midradius
of the ingot could not be eliminated by machining from the final shape and prevention
was the only available solution to avoid their presence on the finished part.

2.2 Macrosegregation Defects in Castings

The term macrosegregation is used to describe the non homogeneous distribution of the
alloying elements in a casting. Regularly, macrosegregation patterns extend over
distances that range from millimeters to several centimeters and are characterized for
having a local solute content that is higher (positive segregation) or lower (negative
segregation) than the nominal composition of the alloy. As the chemical composition
influences the microstructure and thus the properties of the material, the
macrosegregation impairs the response to the operational requirements.

It has passed more than four decades since it was first recognized that virtually all the
macrosegregation patterns could be linked to a common origin, lying on interactions
between the solidifying metal and flow of the remaining liquid. At the vicinity of the



advancing liquid-solid interface, the liquid typically has a chemical composition enriched
in solute elements due to the decreased solubility of the alloying additions in the solid
with respect to the liquid phase (microsegregation). Because of numerous causes
associated to the physical phenomena and processing conditions, the segregated liquid in
the microscale is transported over long distances. The interdendritic liquid flow could
fracture, erode and remelt crystals of already formed solid, producing discontinuities and
the lack of chemical homogeneity observed in the macroscale. It could be driven by
solidification/thermal contractions (shrinkage), natural convection, and external
influences, which in turn are dependent on the heat transfer, buoyancy, liquid metal
properties, and electromagnetic Lorentz forces from the arc processing dynamics. At the
end of solidification, the macrostructure might exhibit a combination of patterns
including center segregation, A-segregates, V-segregates, white spots, tree rings and
freckles. Differently to microsegregation, which occurs in small scale distances and can
be corrected by the use of engineered heat treatment processes' , macrosegregation
patterns are practically impossible to eliminate because the require correcting actions that
are economically or technically prohibitive. Figure 2.2 depicts some examples of
macrosegregation geometrical distributions that could be found within an ingot. The
symbols (+) and (-) correspond to locations where the alloying elements content is higher
or lower than the nominal composition respectively.

Hot top

¥ J 1
segregation | E: . ‘

*+.| A-segregates

+
+

V-segregates
-"""-.._ +f++
+ .+
e Negative
+ - +|cone segregation

Fig. 2.2 Typical macrosegregation patterns in steel ingots

Depending on the context, freckles, V-segregates and A-segregates are frequently
referred with exchanged names since they have similar chemistry and share microscopic
morphological characteristics®™. Regardless of the name given, freckles are channel
segregates that are critical and it is of utmost importance to prevent them. Being
discontinuities inside the ingot, they can lead to cracking during forging and if not
detected timely, may act as internal stress concentration sites ostensibly decreasing the
fatigue strength and may cause catastrophic failure in service®'. Figure 2.3 shows a set of
freckles extending over the columnar dendrites region in a horizontal directionally
solidified casting. Chen'’ experimentally investigated the chemical composition of
freckles found in a Ni-base superalloy ingot corresponding to commercial alloy 625.
After hot working, freckles’ macroscopic orientation and general characteristics still
prevailed, as expected, and could be easily traced on a billet forged to 16 in. square
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section from a 33 in. diameter ingot. Table 2.1 shows the obtained chemical composition
of the as-cast ingot and the chemical composition of the phases found within the typical
freckle channel. In general, high amounts of delta phase (8-Ni3Nb), laves phases and

porosity were found.

o
. ol O) ey
Fig. 2.3-Freckles in horizontally solidified castings of simplified (a) and commercial Ni-
base superalloys (b)'*.

Similarly, segregated chemical composition on freckle channels was measured by Yu et
al* for the case of superalloy 718. A considerable amount of laves phases was also
observed, and the segregated material inside the channel had consistently higher amounts
of Niobium and Titanium.

13,22

Table 2.1- Composition (Wt.%) of freckle channel segregates

(Wt.%) Ni Cr Fe Mo Nb Ti Al | Si
Matrix 625 Bal. |22.09|4.4 9.10 |3.53 |0.29| 0.26 | 0.03
3-Ni;Nb 67.28 |5.19 | 1.11 [4.74 |19.98 | 0.84 | 0.85 | -
Laves 30.11 | 18.2 |2.06 |27.77|21.25]0.30]0.3 |-
Matrix 718 Bal. | 18.58 | 17.62 | 3.38 | 546 |0.97|0.67]0.12
Freckle - 718 | 52.55|17.36 | 15.23 | 3.51 |9.43 |1.33]0.43|0.16

The physical metallurgy of Ni-base superalloys is a major field of research and details are
available in textbooks and numerous technical publications. >** It is believed that the
systematic approach used for chemical composition design in the formulation of new
single crystal alloys should also be useful in the development of novel wrought alloys
with increased castability. Nevertheless, processing optimization should advance
concomitantly with the new developed compositions as well as with the increasing
demand of the traditional alloys like 718, since the macrosegregation defects incidence
involves not only the material chemistry, but is strongly influenced by the physical
phenomena involved during manufacture. After many years of dedicated research, the
complexity of the interacting phenomena giving origin to macrosegregation defects still



impose a challenge to scientists on the fundamental academic aspects, as well as on the
practical industrial applications.zs’26

2.3 Characteristics of Freckles in Alloy 718 VAR Ingots

Channel segregates found on VAR ingots received the name ‘freckles’ due to their dark
spots appearance in the etched cross sections during macroscopic metallographic
analysis. Their different chemical composition with respect to the bulk material and
presence of porosity makes them easy to recognize by the conventional macroetching
techniques. Differently from the freckles found on directional solidification of single
crystal superalloy castings, which are preferentially located at the surface and aligned
with the gravity direction, freckles found in VAR ingots are usually located in the
midradius area of the ingots and with different orientations. It was found that their
orientation is correlated to the density of the material solidified within the channel or
freckle trail. When the density is higher than the bulk (like in the cases of alloy 718 or
high speed tool steels) freckle channels are oriented closely aligned with the liquidus
isothermals. When the material within the freckle has lower density than the bulk (as in
the case of some austenitic stainless steels) they are parallel to the direction of gravity.*’
Fig. 2.4 shows the cross section of a VAR ingot made of alloy 718 (left), where the
freckling region is recognized at the midradius area, and in the right side a longitudinal
section of an alloy 718 ingot shows freckles alignment with the isotherms.

Fig. 2.4-Freckles in VAR ingots of alloy 718. Left: cross section macrograph from a

0.508 [m] diameter ingot’. Right: Longitudinal section macrograph of a 0.520 [m]
diameter?®.

Closer observations made by Chen revealed that the freckles formed in VAR ingots show
characteristics at a finer scale not observed in the superficial freckles found on directional
solidified castings. It was pointed out that freckle channels had sharp boundary surfaces
on the bottom (toward the direction of gravity), where the laves phases rich in Niobium
are preferentially located, while the top boundary surface of the channel was more diffuse



with higher porosity. Fig. 2.5 gives an example for these observations for a strongly
etched VAR freckle. It was suggested that the freckling mechanism explaining the
formation of freckles in VAR ingots should take these morphological characteristics into
account.

1mm S
Fig. 2.5- Boundary fine scale morphology characteristics of freckles found in VAR

ingot"?

2.4 Mathematical Modeling of the Transport Phenomena During Solidification of
Metallic Alloys

Pure metals and eutectic composition alloys solidify isothermally at the melting point
temperature and at the eutectic temperature respectively. Differently, solidification of
general alloys occurs not at a single value but over a range of temperatures. Typically, a
transition zone called mush is formed at which solid and liquid phases coexist in an
intricate solid dendritic array saturated with molten metal. Let a metallic binary alloy A-B
with hypoeutectic composition C, (Wt. %) be at molten state, at a temperature
sufficiently higher than its correspondent liquidus temperature Ty. If the crucible has low
heat conductivity and is cooled from the bottom surface, equilibrium phases eventually
will show the spatial distribution represented in Fig. 2.6. (A section of the hypothetical
phase diagram is included for reference). Assuming that heat flow is one dimensional, the
solid phase region and the mush layer will develop a flat lower boundary at temperature
Ts which corresponds to the solidus point of the alloy and the fraction liquid fi. (referred
also as gr) is equal to zero, while the fraction solid fs is equal to one (also represented by
¢ or gs). With increasing distance along the z-axis it is noted that the volume fraction of
liquid fi increases in the mush layer until it becomes unity (solid fraction decreases to
zero) at a distance H from the lower boundary of the mush. In that location, temperature
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is equal to 71, and defines the position of the plane associated with the interface mush-
bulk liquid.

Due to the continuous heat transfer and progress of solidification, the isotherms and
hence the boundaries move along the z-axis at the rate of growth of crystals R. In
practice, during directional solidification processing the furnace maintains the selected
temperature gradient fixed in position, while the crucible containing the solidifying metal
is pulled down at an appropriate growth rate.

b

r

z

Ce

B (Wt.%)
Fig. 2.6 Representation of the mush layer on directional upward solidification

During solidification, atoms of the solvent are selectively taken from the parent liquid to
form the crystals that make up the dendrites. Hence, the liquid in the proximity of the
solidification front is segregated by the ejected solute atoms. There are two hypothetical
limiting cases for the extent of microsegregation of the interdendritic liquid during
solidification. The first case occurs if thermodynamic equilibrium exists during
solidification, that is, solid and liquid compositions at the interface are given by the phase
diagram. Consequently, the composition of the solid can be determined in terms of the
fraction solid formed from equation [2.1], where k corresponds to the partition coefficient
of the solute given by k=Cy/C;, and C is the nominal solute content of the parent liquid.
— kC,

Yo fik—=D+1
The solidification under equilibrium conditions assumes that there is infinite diffusion of
the solute in the solid and liquid phases. The second limiting case considers no diffusion
of solute in the solid phase, and infinite diffusion of solute in the liquid phase. With those
conditions, the composition of the solid phase with respect to the solid fraction formed is
given by the Scheil equation, which can be written as:

C, =kC,(1— f,)*™ [2.2]

A great number of research efforts are dedicated to obtain accurate predictions of the
microsegregation measured experimentally. Models using analytical and numerical
approaches have been proposed to include the effect of back diffusion of solute to the
solid phase, the transport of solute by convection/diffusion in the near interdendritic

[2.1]
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liquid, interdendritic liquid undercooling, and coarsening of the dendrite arms among
others. > In many cases, when the solidification occurs near equilibrium, the phase
diagram can be used to describe the thermodynamical state with appropriate accuracy;
and if further simplifications are required, it is common to find that the liquidus and
solidus curves are deemed to be linear. That is, the partition coefficient k is considered
constant. The assumed linear relation between the composition of the interdendritic liquid
and the local temperature is given by equation [2.3] where T is the eutectic temperature
of the hypothetical binary alloy; Cg is the corresponding eutectic composition for the
system and I" is the constant slope of the liquidus.
T=T,+I'(C-C,) [2.3]

With the positive temperature gradient established in the system represented in Fig. 2.6,
an associated density distribution develops in the liquid phase. At the same time, due to
the above mentioned partition of the solute elements and microsegregation, the
interdendritic liquid shows a compositionally induced density gradient. Usually, the
influence of the compositional variation of density is dominant in the mush and that is
why the solute partition coefficient is very important. The effects of temperature (7) and
composition (C) over the density are determined by equation [2.4].

p=p,X[1-a (T-T,)+ S (C-C,)] [2.4]
Where py is the density of the alloy at liquidus temperature Tr, o* is the thermal volume
expansion coefficient, and B* is the solutal volume expansion coefficient. Usually a* is
positive, meaning that the density increases with decrease in temperature, while B* could
be either positive or negative depending on the solute segregating in the mushy layer.
When the value of B* is negative and its associated effect is greater than the temperature
associated term, the density of the interdendritic liquid at mush regions will be smaller
than the density of the bulk liquid, and then, a buoyancy driving force is set up for
convection. Fig. 2.7 shows a representation of the density distribution in the system
considered above, when B* is negative.

-~

P

PL

Fig. 2.7- Liquid density distribution in the mush and bulk liquid region
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As briefly mentioned in section 2.2, the interaction between the interdendritic liquid flow
and the solid array involves transport of heat and solute that can change the dynamics of
dendritic growth producing enhanced or delayed growth, remelting, detachment, and in
general, may strongly perturb the local solid fraction and consequently affect the final
microstructure of the casting.’’ The transport of mass, momentum, energy and species
during solidification can be mathematically described by considering a single or multi-
region domain. A single region domain, takes the whole space occupied by the
solidifying material as the system under analysis, and uses a single set of conservation
equations that equally applies for every point. A multi-region domain separates the
system as composed by different zones: solid, mush and bulk liquid, and uses different
local sets of conservation equations for each case, while the overall solution is obtained
by complementing these sets of equations with the corresponding boundary interaction
relationships. Single domain approach has found more acceptance and continued
development since it gives the possibility of using computational tools to obtain
numerical approximate solutions without the additional task of keeping track of the
evolving boundaries. In fact, one of the complications in the analytical solutions based on
multi-region domain is that the height of the mush needs to be determined with the set of
unknowns.

Besides the general characteristics already mentioned, there is a fundamental concept that
is included in virtually all mathematical modeling of the transport phenomena during
solidification of alloys. It is assumed that the mush layer is composed of two
interpenetrating phases, i.e., the ‘forest’ of solid dendrite crystals and the interdendritic
liquid filling all the interstices, and that each phase can be described by the usual field
quantities, which are continuous in that phase at the micro-scale, but discontinuous on the
entire space. It is assumed that the state of the system in the microscopic scale is then
governed by the usual continuity equations combined with the appropriate interfacial
boundary conditions. However, the solution of the conservation equations is not practical
because of the highly convoluted topography of the interfacial surface. To solve this, the
scale at which the system is described most be modified and resort to the fine internal
structure of the mush region is made to treat it as a single continuum phase.’’ The
description scale is altered by averaging the microscopic conservation equations over
some representative elementary volume. This, results in the establishment of macroscopic
conservation equations that in conjunction with constitutive relations, can be used to
solve practical engineering problems.*>

The constitutive relations describe the interactions between phases linking the so-called
interfacial transfer terms, which appear during the averaging process, to the macroscopic
transport. Consequently, the constitutive relations have the important function of
establishing a way to incorporate microscopic processes such microstructure
development, interfacial stresses, and interfacial heat and mass transfer.

The volume averaging methodology requires a careful selection of the representative
volume element size. It needs to be sufficiently big to include complete microscopic
information but small enough as to remain differential within the hypothesis of a
continuum, so the averaged quantities could be represented by continuous functions of
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space and time. For example, it was postulated by Flemings and Nereo™ that the solid
fraction within the elementary volume should be equal to the local volume averaged
value. The macroscopic length scale is of the order of 10™" to 10° m, and the microscopic
features of the mushy zone are of the order of 10 to 10° m.

In consistency to the size conditions, the elementary volume length scale is usually of the
order of 10™ to 10 m, which is fortuitous because matches the average size of the typical
computational element resulting from the discretization of the domain in numerical
simulations. The averaging procedure sometimes is explicitly explained in the
establishment of the models, while in others it is intrinsic or just tacitly implied.

2.4.1 Local Solute Redistribution Equation

In a series of articles published at the end of the 1960s decade, Flemings and co-
workers®?*?* developed an expression to calculate the macrosegregation caused by
interdendritic flow driven by thermal and solidification contractions. It was considered a
differential elementary volume as mentioned above with a set of complementary
suppositions to obtain analytical solutions for quantitative comparisons with experiments.
The additional assumptions included: no solid enters or leaves the differential element,
solute only crosses the boundaries due to liquid flow induced only by solidification
shrinkage or thermal contractions, liquid composition and temperature within the element
are uniform at any time ¢, the solid phase density is constant, and there is no porosity.
Given the importance of the local solute redistribution equation on the formulation of
mathematically based freckle criterions, its complete derivation is included in appendix
A. The local solute redistribution equation is presented as follows:

AR LT [25]

oC, - C,
Equation [2.5], even when used in combination with an arbitrary linear distribution of
fraction liquid with temperature over the mush layer, was successful to describe
quantitative macrosegregation induced by casting design parameters affecting the heat
flux in time or by sudden changes in the heat transport, like the formation of a gap
between the solid casting surface and the mold due to shrinkage.”*

Mehrabian et al.’**’ complemented the local solute redistribution equation by adding the
gravitational effect. The macrosegregation related to fluid flow was quantitatively studied
for the first time considering transport due to the solidification and thermal contractions,
and the effect of gravity acting on a fluid of variable density. By further analysis of the
equation of local solute redistribution, a flow instability discussion was included to
predict if an incipient channel from a regular group, which has a perturbed greater
diameter will unstably continue growing or not. The conclusions drawn established the
base to what became to be known years after as the Flemings’ criterion for freckling.

The analysis starts by multiplying equation [2.5] by the partial derivative (0C1/0T)yy,, to
obtain equation [2.6]:

agL:_[
T  1-k C, oT
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Anytime the left hand side (LHS) of equation [2.6] is positive, (0gi /0T > 0), implies that
the solid volume fraction increases with decreasing temperature, which means that
solidification reaction progresses. Since the quantity inside the brackets on equation [2.6]
is negative (Due to the liquidus relation on the hypoeutectic compositions), the flow of
interdendritic liquid from hotter to colder regions always stabilized any perturbation in
the size of the channels, due to the fact that the inequality [2.7] turns to be valid. Any
channel with greater size than its neighbors, will host a flow with increased velocity
value which will lead to faster solidification, and hence its size will trend to decrease
again to the stable value.

v-VT

(
If the increased size channel perturbation occurs when the flow is in the direction from
the cold region to the hot region, inequality [2.7] does not hold valid. Two different
results are taken into account by visualizing the effect over the parenthesis term in the
RHS of equation [2.6]. If 0 > (v-VT /¢) > -1, then solidification reaction still progresses
(0gs/0T < 0), and the increased flow through the unstable bigger diameter channel will
induce its reduction in size. Lastly, if (v-VT /e) < -1, the factor in parenthesis on the
RHS of equation [2.6] will be negative, and hence 0g;/0T < 0, which means remelting
occurs and the channel will unstably increase in size with decreasing temperature creating
a macroscopic channel type defect.

)>0 [2.7]

Besides the contribution of the gravitational effect for the model construction and the
instability of channels analysis; Mehrabian et al’s publication, contributed to unfold for
the specific application, the use of computer assisted numerical solutions to release the
limitations imposed by the analytical solutions.™ It is opportune to mention here that the
development of solidification simulation models and computer codes to assist the
manufacture process design had a relative slow evolution when compared to the use of
computational tools in the solid mechanics area, essentially due to the complication of the
presence of the reacting liquid phase.”® Only after more than one decade passed it was
held the first Symposium on Modeling of Casting and Welding Processes.

2.4.2 Volume Averaging Method

To review the fundamental aspects of the volume averaging technique, the classical
definitions, theorems and identities are presented along with the final forms for the
conservation of mass and momentum equations>>. The derivation of these equations is
summarized in appendix B. The equations of conservation of mass and momentum are
essential because they have a direct involvement with the mechanics of freckle formation.
The procedures typically followed for the conservation of energy and species are
supported in the same conceptual frame and their detailed development could be found in
many articles. *>4%*!

Consider an averaging volume on the mush dV (representative elementary volume -
REV) bounded by an averaging area dA (representative elementary area — REA), with a
centroid located in the internal point C as represented in Fig. 2.8. The position of the
centroid with respect to coordinate system 0X;X,X3 is given by vector Xx. An arbitrary
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point P in dV has a position with respect to the fixed coordinate system given by vector r,
while its position with respect to the centroid is given by vector &

Fig. 2.8 Elementary averaging volume in the mush

Any microscopic tensor y (density, enthalpy, temperature, velocity, stress, etc) describing
a property of the liquid (yr) or solid phase (ys) with a field distribution within the
microscopic averaging volume dV (for arbitrary point P) has a corresponding
macroscopic representative average Wi or Ws associated to the centroidal point C.

The equations of conservation in the macroscale are constructed by using the classical
theory of continuum mechanics** and the averaging process is included in the appendix
B. The final expression for the conservation of mass is given by equation [2.8], where Vi,
vector represents the averaged liquid velocity.

V-V, =0 [2.8]
Similarly, following the derivation presented in appendix B, the averaged conservation of

momentum equation becomes:
3)

1 oV | R . _ 1. .. C o
PUC I VLYY=V 4 p, g+ OV~ ) Vot 0]
[2.9]

Where P/ is the intrinsic volume average pressure, / is the averaged viscosity of liquid,
vector g is the gravity acceleration, K is a symmetric anisotropic tensor of second order
representing the permeability of the mush, and C* is a third order resistance tensor. Both
K* and € are depend on the morphology characteristics of the solid dendritic array like
the interdendritic spacing, volume fraction of solid phase, coarsening, etc.

The fourth term on the RHS of equation [2.9] includes a third order resistance tensor c®
that should be determined experimentally. This term is proportional to the square of the
interdendritic liquid velocity, and because the interdendritic liquid flow is slow, it is
frequently neglected. When solid motion is considered it could be demonstrated that C**’
is proportional to the relative velocity between solid and liquid phases.
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The volume averaging method can also be used for systems with more than two phases in
dV. For example, Wang er al*’ have used this approach to treat separately the near-
interdendritic liquid from the rest of the liquid phase inside dV in order to give closer
detailed analysis to the microscopic events. This approach has been found especially
useful to avoid ‘smearing’ of important microscopic phenomena such nucleation,
undercooling, and to incorporate the models for growth of the tip of dendrites. Further
examples of using multiple phases in dV include porosity formation, presence of inert
particles* and castings of composite materials. The method considers that each phase k in
dV occupies a volume dV,. The part of dV occupied by phase k is bounded by the
interfacial area Ax which has outwardly directed normal unit vector n; and wy is the
velocity vector of the interface. The phase distribution function (analogous to 7y function
in appendix B) is defined as X, and is equal to unity in phase k and zero otherwise. Then,
the volume average value < y; > of a microscopic quantity y; of phase k is given by
equation [2.10]:

1
W)= [wiXudv [2.10]
av

By letting y;=1, the expression for the volume fraction of phase k is obtained in equation
[2.11] and consequently equation [2.12] is valid when no porosity is formed.

Vi
=" 2.11
8 dV [ ]
> g =1 [2.12]

The volume averaging technique is considered to have advantage with respect to other
methods because the relationships between the microscopic equations and their
corresponding averaged expressions in the macroscale are explicit and can be further
elaborated without recurring to completely empirical expressions.”* As mentioned in
section 2.4, the complementary constitutive relations associated with the interfacial
balances that appear during the averaging process (like the areal integral terms in
equations [B.9] and [B.10] in the appendix section) give crucial links to incorporate the
evolution of the solid structure and the transport phenomena on a microscopic level to the
macroscopic description.*

2.4.3 Application of Diffusive Mixture Theory

Bennon and Incropera®® obtained a set of macroscopic conservation equations by using
the classic theory of diffusive mixtures. The fundamental concepts on which the method
is based are: the components of the mixture are treated as independent subsystems and
their interactions need to be taken into account appropriately, the mixture macroscopic
quantities are described by the mathematical result of the combined properties of the
components in the mixture, and the equations governing each component physics have
correspondent versions describing the collective behavior of the mixture. Originally, the
theory assumes that the components are inert, so for extending its application on
solidification where the components are non-inert, it is required to involve relationships
that account for the behavior of the constituents in the atomic scale as the phase diagram,
fictitious volume fractions for the reacting constituents and empirical relationships
regarding internal interactions of a constituent with itself. As classically defined, a
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constituent (o) represents a basic chemical element or a compound, whereas a phase (k)
represents a certain amount of matter that is homogeneous in microstructure, distinctively
separable in the continuum and could be composed by a single or multiple constituents. A
phase not necessarily should be homogeneous in chemical composition. In this
conceptual frame, the representative elementary volume similar to the one depicted in
Figure 2.8 could be regarded as a continuum composed of (a) constituents distributed on
(k) separable phases. The mean velocity of all constituents in phase k is represented by
the phase velocity vector V;. Meanwhile the so-called absolute (total) velocity of
constituent o in phase k is represented by Vi % and the velocity of constituent o relative
to the velocity of its phase k is the diffusion velocity of a and is given by (Vi * - Vy).
Similarly, the actual density of constituent o in phase k and the volume fraction of
constituent o in phase k are given by px “ and gx * respectively. Equation [2.28] expresses
the partial density of constituent a in phase k as follows:

pL =8P [2.13]
Regarding phase k, its actual density and volume fraction within the continuum are
expressed by pr and gi by respectively. The partial density of phase k, which could be
regarded as its contribution on the density of the total representative volume is given by
equation [2.14]

Pr = 8Py (2.14]
The mass fraction of constituent a in phase k and the mass fraction of phase k are defined
by equations [2.15] and [2.16] respectively:

=P [2.15]
P
fi=Et [2.16]
Py

k
Since the change in volume fraction of one phase is at expense of another phase within
the elementary volume and should not vanish simultaneously, the equality of equation
[2.17] is established:

D g =1 [2.17]
k

With all the preliminary relations defined, the conservation of a general specific quantity
O associated with the phase k in the representative control volume V of surface A
(analogous to the REV and REA in section 2.1.2), is given by the balance between the
accumulation, net flow by advection and diffusion, and its volumetric generation
according to equation [2.18]:

P
aj[,ok¢>k]dvk + [lpV.8,1-ndA, = [~ T, -ndA, +[S.av, [2.18]

Where the unit vector n is the outward normal vector to the surface A, vector Ji is the
flux of quantity ¢ through A, and scalar Sk is the volumetric source which takes into
account the generation or annihilation of ¢, and the area A, is assumed given by the
product gidA. Since the volume V is arbitrary, the differential form of equation [2.18] is
valid and is given by equation [2.19] after applying the classical calculus theorems of
Gauss and Leibnitz:
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9 — R
g(pk¢k)+V-(kak¢k)=—V-(ngk)+ngk [2.19]

With equation [2.19] the equations of conservation of mass, momentum, energy and
species for phase k are obtained by replacing appropriately the tensor representations of
Ok , Jx and Sy. The total conservation equations are obtained by summing the individual
phase equations for all phases within V. As mentioned above, closure of the system of
conservation equations is obtained by using supplementary relationships; in particular,
the phase diagram is fundamental to relate the phase compositions with temperature.

Although valuable advances have been obtained on the evolution of thermodynamical
microscopic models and numerical simulations on the macroscale, coupled phenomena
descriptions at scales ranging several orders of magnitude are still a great challenge. It is
believed that new methods are required to maintain the complete required detail at the
fine len%tsh scale while allowing solutions at reasonable cost from the computational point
of view.

2.5 The Mush Layer Conceived as a Porous Media and Permeability Tensor

Mehrabian ef al. *® proposed the use of porous media theory to describe the velocity of
the interdendritic liquid in the mush through the Darcy law*’. The validity of this
treatment is assured because the flow of the interdendritic liquid is slow with negligible
inertia effects at the microscale so linearity is maintained. Given the empirical origin of
the Darcy law, a macroscopic averaged description is tacitly conceived for the microscale
liquid - solid interactions.

The permeability in the mush layer plays a fundamental role in the mechanics of the
interdendritic liquid flow that causes macrosegregation. Basically, it represents the
impedance to the flow and together with the acting driving forces, determines if unstable
convection will evolve. The mush layer permeability tensor is a function of position and
time, and due to the directional morphology of the columnar dendritic array, it has
anisotropic nature. This characteristic is expected since the dendritic array has different
spacings between the primary arms (A;) with respect to the spacings between the
secondary arms (A;). (Primary Dendrite Arm Spacing-PDAS also is referred as d;, while
the Secondary Dendrite Arm Spacing-SDAS is alternatively referred as d»). Particularly,
because the dendrites have a four-fold symmetry, the permeability is a symmetric,
transversely isotropic tensor, which turns to be advantageous for using two dimensional
domain simplifications. It has been proven by experimentation that increasing cooling
rates in the mush decrease the interdendritic spacings while the increase of solute content
on the microsegregated liquid tends to increase the interdendritic distances*™® *°. Poirier’’
performed experiments using Pb-Sn and borneol-paraffin alloys to obtained empirical
multilinear regression equations for the permeability tensor components in the parallel
(Kp) and normal direction (K,) to the primary dendrites (which are aligned with the
temperature gradient vector). The parallel and normal directions to the primary dendrites
arms were assumed as constituting the principal directions of the permeability tensor and
equation [2.20] is used when the permeability is referred to the principal axes (coordinate
axes oriented along the orthogonal principal directions). This assumption in justified,

18



given the fact that the experimental apparatus used confines the measured flow to the
same direction on the applied pressure gradient and the samples used were directionally
solidified so the orientation of the columnar dendrites is known a priori and properly
selected before the corresponding tests. Poirier’s equations best fit the experimental data
for liquid fractions between 0.19 and 0.66 and are presented as follows:

K, 0 0
K=|0 K, © [2.20]
0 0 K,
K, =K, [2.21]
K, =37510"-f*- 2 [2.22]
K, =3.62-10° f > . 0% . B [2.23]

where A, [m] is the PDAS, A, [m] is the SDAS and f;. is the liquid fraction. The relation
between the parallel component of permeability K; and the square of the PDAS () in
equation [2.22] was found to be in agreement with previous experiments performed by
Streat and Weinberg’'. When the model of a bundle of straight capillars was used to
describe the parallel component, Streat and Weinberg found a tortuosity factor of 4.6 for
the hypoeutectic alloy Pb-20 Sn evaluated. On the other hand, experiments developed by
Murakami ef al.” using borneol-paraffin system showed that the normal permeability is
proportional to the square of the PDAS and to the cube of the liquid fraction.

Oryshchyn and Dogan® found that the degree of anisotropy of the permeability tensor
depends on the alloy system. It was found that at the same liquid fraction, the anisotropy
degree of Fe-2Cr-0.5C was greater than the anisotropy degree in Al-5Cu. This
dependence of the permeability to the alloy system has also being intuited by knowledge
over years of experience by metallurgy scientists’*, but have not been sufficiently
addressed with experimental verification to the author’s knowledge. In fact, most of the
quantitative calculations for convective flow on superalloy mushy zones use the
experimental equations for permeability obtained from experiments using low melting
point alloy systems.

Because the dendrite arms are too fragile at higher liquid fractions, experimental
approach to determine the permeability components does not give significant data. To
find expressions for the permeability components at liquid fractions greater than 0.65,
Bath er al.’® used numerical simulations to obtain the velocity fields and infer the
permeability in the normal direction Ky by approximating the dendrites cross sections to
simple shapes like cruciforms. In this fashion, piecewise functions have been defined for
the permeability components along the mush. However, the expressions provide
discontinuous descriptions that in some simulations induced discrete jumps of about two
orders of magnitude in the calculated interdendritic liquid velocity fields near the liquid

19



fraction of the transition (f;=0.7). Fig. 2.9 shows an example of the unrealistic jump in
the definition for the anisotropic components of permeability.
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Fig. 2.9 Variation of the permeability components and the permeability ratio with the
liquid fraction (e =fi, K=Kz and K;=Knn)*®

2.6 Mechanisms of Freckle Formation

In this section, the description of the proposed freckling mechanisms is reviewed by
considering the vertical unidirectional solidification of the hypoeutectic binary alloy of
Fig. 2.6.

2.6.1 Density Inversion

As previously mentioned, after the positive thermal gradient (dT/dz) is imposed and
solidification process evolves, composition and density gradients develop along the mush
layer as a result of the partitioning of solute elements. If light elements are rejected
toward the liquid phase or the heavy elements are depleted from the interdendritic fluid,
then density gradient (dp/dz) will be positive along the mush (density inversion
condition). This positive gradient extends up to a plane right above the tip of the primary
dendrites, including a thin boundary layer of segregated liquid that builds ahead of the
solidification front as schematically depicted in Fig. 2.7. The density gradient changes
sign at the top of the boundary layer and density decreases at higher positions in the bulk
liquid region, farther from the chill.”’

Inside the mush layer, the buoyancy forces may become sufficiently strong to overcome
the frictional resistance offered by the dendritic array and upward flow of interdendritic
liquid will occur. Because of the considerable difference between the thermal diffusivity
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and the mass diffusivity, the interstitial liquid transported to higher temperature positions
has a faster capacity to equilibrate its temperature than its composition with the new
surroundings and remelts/erodes the already formed dendrite arms. The regions with
perturbed solid fraction and upwelling segregated liquid evolve to chimneys, through
which plumes of interdendritic liquid are projected into the bulk liquid, and lastly may
solidify as the defects known as freckles.

This overall mechanism is widely accepted and has been supported by experimental
observations and numerical simulations on analogous transparent systems and metallic
alloys.** °” Single crystal alloys for turbine blades with a high content of refractory
elements are especially susceptible to freckles formed by this mechanism, as well as
some cast and wrought superalloys like Waspaloy’®. Details about the nucleation and
propagation of freckles caused by upward flow of segregated interdendritic liquid have
been studied extensively by experiments on analogous translucent systems as ammonium
chloride aqueous solutions (NH4Cl4+H,0). The detailed sequence of events interpreted
(although stages certainly overlap) starts with the growth of a continuous solid on the
chilled surface and the initial growth of the mush layer. The boundary layer of segregated
liquid on top of the primary dendrites becomes gravitationally unstable and double
diffusive fingers evolve on the interface mush-bulk liquid. This fine scale convective
pattern is followed by the appearance of larger convective plumes that increment in
strength and number. With time, strong convective plumes are accompanied by chimneys
formation in the mush. The number of chimneys decreases because of competence for
downwelling liquid from the bulk and some channels are choked by the advance of the
crystallization front. At the end of solidification, the remaining channels will be
preser;ged as vertical zones containing highly segregated material with the lowest melting
point.

Although acceptance of thermosolutal convection origin of freckles in upward
solidification is fairly generalized, universal agreement about their specific nucleation
points and evolution has not being reached. Sample and Hellawell®® proposed that
channels originate at the growth front and propagate back into the mush. For the channels
to form, it is required that the boundary layer convective pattern to induce perturbations
on the solid fraction and the local liquidus temperature at the proximity of the primary
dendrites tips. Numerical simulations and experiments have been used to support this
proposed nucleation site and evolvement.**®! ¢% 635

On the other hand, Worster® used linear stability analysis of thermosolutal convection on
“ideal” mush layers and proposed that two possible modes of convection can occur
independently. The first mode called boundary layer mode corresponds to the mentioned
double diffusive fingers on the interface mush-bulk liquid, which leaves the fluid in the
mush stagnant, whereas the second convection mode denominated mush layer mode
happens within the mush and causes perturbations in the solid fraction that lead to the
formation of chimneys.””®*®> The hypothesis of nucleation of the channels inside the
mush layer also is supported by theoretical and experimental results. °*%7-

Experiments supporting the mechanism of freckles nucleation at the tips of the dendrites
region are based on induced shear movement of the bulk liquid at the boundary layer
vicinity. The experimental arranges used consist on a cylindrical mold chilled in the
bottom, with upward directional solidification of analogous systems like NH4CIl-H,0 and
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Pb-Sn. The shear displacement of the bulk liquid layers near the solidification front is
created by precession using rotation of the mold (< Srpm) around an inclined axis (25 deg
from the vertical) or by spin-up / spin-down sequences around a vertical mold developing
an Ekman layer (like the convection patterns induced in a vertical washing machine). It
is concluded that the effect of blocking the evolution of channels is due to the disruption
of the double diffusive convective cells in the boundary layer that are required for the
channels to grow from the top of the dendrites downward into the mush. However, it
could be argued that the experiments support the model of nucleation of channels inside
the mush as well, by interpreting the effect of shearing as breaking the entrance of bulk
liquid into the mush, so the channels do not evolve within the mush because there is not
enough reposition liquid for a continuous flow to evolve.

2.6.2 Downward Flow

If the density gradient is negative, it will be gravitationally stabilizing and the liquid in
the mush and in the bulk liquid region will be stratified and no density inversion will be
present. When the heat flux is not aligned with gravity, the solidification front is not
perpendicular to the gravity vector and it has been proposed that the heavier liquid in the
mush will tend to seep between the dendrites, following a path almost parallel to the
liquidus isotherm melting/eroding the dendrites on its path and give origin to the freckles
seen on VAR ingots.zs’ 69

The proposed mechanism for freckling in VAR ingots has been conceived mostly based
on the observed morphology and characterization of freckles in solidified ingots.
Auburtin et al’® used freckles composition determined by Scanning Electron
Microscopy/Energy-Dispersive Spectroscopy (SEM/EDX) and compared it with the
segregation profiles to conclude that the freckles formed from a mush region between 0.4
to 0.6 solid fractions, which corresponded to the location of the isotherm 20 K below
liquidus.

Considerably less detailed information is found in the literature regarding the sequence of
events leading to the nucleation and growth of freckles in VAR when compared with the
density inversion case. Freckles usually form in the midradius of the ingot and more
frequently are found when the molten metal pool has a steeper “bowl shape” like in the
ingots remelted during the Electro Slag Remelting process (ESR). Numerical simulations
corroborate the foundry practice knowledge that abrupt variations on the controlling
parameters of VAR induce perturbations in the temperature and composition of the
interdendritic liquid that should have a strong influence on freckle nucleation and growth.
717273 Nevertheless, no direct simulation of freckles in VAR for industrial application
has been accomplished, mostly because of insufficient high temperature physical
properties data needed, lack of understanding of the effects from the microscopic scale
processes and excessive computational requirements of the transient multiscale,
multiphysics, models.

It has been proposed that horizontal directional solidification experiments better resemble
the freckling conditions for VAR ingots.'* ’* 7 Results showed that freckles can
propagate without the influence of the electromagnetic Lorentz force, indicating that it
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would be possible that freckles in VAR ingots have a nucleation mechanism that is not
necessarily linked to the bulk liquid convection patterns.

A better understanding of the freckling mechanism on VAR ingots is required to devise
accurate predictions and more efficient prevention strategies. As noted by Asta ef al. ’°,
much of the knowledge about the effects of the convection and its effect on the
microstructure is fragmented or incomplete. The degree of complexity of the interaction
between the convective flow and the microstructure is even increased by the
experimentally demonstrated fact that convection depends on the microstructure (e.g. the
permeability in the mush), but the convection affects the dendritic arm spacing and
changes the permeability itself.* "’

2.7 Criterions for Freckle Prediction

Prediction of freckling has been attempted using different approaches. Mathematically
derived criterions and predictions based on numerical solution of the continuity equations
are the main tendencies as remarked by Auburtin.”® The early criteria proposed were
constructed by functional forms involving controlling operational parameters like the
temperature gradient in the solidification front, rate of growth, and cooling rate.”’

As mentioned previously in section 2.1.1, Flemings and Nereo™ developed a
mathematical description of macrosegregation and postulated the so called local solute
redistribution equation, which constituted the basis for the Flemings’ criterion for
freckling presented as the inequality [2.24]. Basically, it states that a freckle will form if
the following inequality holds valid (i. e., the liquid flow from colder to hotter regions is
faster that the rate of crystals growth)™.

e [2.24]
v-VT <_1

£

The criterion proposed by Flemings et al. presents a physical explanation of the remelting
effect of the already established convective flow, but it requires linking the interdendritic
flow with its causes, associated to the thermal-chemical conditions and geometrical
aspects of the phenomenon. For that reason, some authors consider the Flemings’
criterion as defining whether a channel will evolve unstably rather than as a criterion for
the nucleation of a channel.> ¢

Pollock and Murphy” found that for single crystal superalloy SX-1 it was possible to
define a critical value, based on thermal conditions of directional solidification, below
which the onset of defects was not expected. The condition is expressed in the subsequent
equation [2.25] where G represents the gradient and R the growth rate.

G'"*R"*<0.95 [2.25]

The criterion expressed by equation [2.25], has the inconvenience that it does not give
any additional information regarding the location for the nucleation of the defects within
the casting and it is difficult to extend to different compositions.

Because the interdendritic flow results from natural convective instabilities, the criterion
with currently wider acceptance is the one based on the Rayleigh number concept. The
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Rayleigh number could be defined as the ratio between the buoyancy and the viscous
dissipation forces. For convection in the mushy zone, the driving force is essentially a
result of compositional buoyancy and the viscous dissipation is related to flow impedance
through the dendritic array. It has the advantage that incorporates the thermal and
compositional effects over the freckling tendency. The value of the Rayleigh number
criterion defining the threshold between the freckling and non freckling conditions is
denominated critical Rayleigh number. If the Rayleigh number for a determined set of
conditions is below the critical value, then freckles are not expected to form, but it is
possible that the system could have a Rayleigh number higher than the critical value and
yet no freckles being formed.™

Although the Rayleigh number is adopted from the mathematical description of
convection through the dimensionless system of continuity equations,”’ no consensus has
been reached regarding its formulation. Yang er al. ®' reviewed a series of Rayleigh
number criterions proposed by various authors and noted that the main difference
between formulations lies in the meaning each author gave to the characteristic length of
the system.

Beckermann et al.** presented a criterion based on the maximum Rayleigh number using
a formulation similar to the one deduced by Worster® and expressed by equation [2.26],
where (Ap/po) is the relative density inversion, g is the gravity, K is the averaged
permeability, 4 is the distance measured from the top of the mush to the point of interest,
o 1s the thermal diffusivity and v is the kinematic viscosity.

_(ApIp)g-K-h
a-v

Ra [2.26]

To validate their formulation, full numerical simulations were performed with the
parameters used on each of the upward solidification experiments by Pollock and
Murphy”® on Superalloy SX-1, and the local Rayleigh numbers calculated at the initiation
sites of simulated freckles were considered as the critical values. The corresponding
average was compared with the threshold value (transition value between freckle and no-
freckle) obtained from the set of maximum Rayleigh number values calculated from the
original experimental data. A critical averaged value of 0.25 was determined from the
simulations with vertical domains and it was consistent with the values determined on
complementary simulations for other single crystal superalloy compositions. The
difference between the threshold obtained from the experiments and the simulations was
considered within the uncertainties related with the experimental thermal parameters.
Additionally, it was shown that the inclination angle with respect to gravity decreased the
threshold values.*” Beckermann et al’s contribution has the disadvantage that its
application for VAR ingots freckling prediction is limited because its derivation is
focused on the upward flow mechanism caused by density inversion, and its validation
assumed that the freckles should form in the solidification front proximity (fraction solid
<0.2). Yang et al. *' presented a freckle criterion for upward directional solidification of
alloys. Their approach consisted of developing a Rayleigh number criterion from the
Flemings form by considering the mushy layer as a porous media with variable
permeability and assuming that the interdendritic flow could be described by the Darcy
law. Their proposed form is presented in equation [2.27] as follows, where Ap is the
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relative density change as previously defined, g is the gravity, /7 is the permeability, v is
the liquid kinematic viscosity, f7 is the liquid volume fraction and R is the crystal growth
rate.

_(4p)-g-11 1
v-f, R

Ra [2.27]

The approach assumed the permeability as a scalar defined by Poirier’s formula for flow
parallel to the primary dendrites direction.”® Their criterion was evaluated using
directional solidification experimental data for Pb-Sn, Pb-Sb and Pb-Sn-Sb alloy systems
and provided an improvement to the resolution for the freckling prediction with respect to
the Rayleigh number criterions reviewed, but a critical Rayleigh number value could not
be defined because of overlapping of various experimental observations. In a subsequent
work, Yang et al. extended their form to include the effect of the slope of the
solidification front and performed horizontal solidification experiments for verification.'*
The modified criterion form had the weakness that the formulation included the angle
that the velocity vector formed with the isotherms, which is not known a priori, and
makes it difficult to establish an accurate prediction of freckling.

Auburtin et al. evaluated the influence of the orientation of the solidification front with
respect to the gravity vector.”® To include this geometrical effect, they modified the form
originally proposed by Sarazin and Hellawell** by replacing the characteristic length with
an expression including the permeability of the mushy zone. The modified criterion
obtained is presented in equation [2.28], where Dr is the thermal diffusivity, 4; is the
primary dendrite arm spacing and K is the permeability in the vertical direction, which is
related to the tilt angle a of the solidification front with respect to the horizontal plane,
and the parallel (Ky) and perpendicular (Kx) components of the permeability by the
following equation [2.29]. The formulation of K was originally presented by Scheidegger
defining the directional permeability of anisotropic porous media in two-dimensional

case. 8
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Experiments were performed using a directional solidification furnace with the capacity
of inducing a tilted solidification front forming an angle between 0 deg and 35 deg with
the horizontal, permitting an evaluation of the proposed form. Their Rayleigh number
criterion provided a good resolution in the prediction of freckling for the experimental
results. However, their criterion shows a monotonically increasing trend with increasing
the tilt angle, although the flow driving force should decrease at high tilt angles.

The critical Rayleigh number values for the different alloys were in a range between 0.65
and 0.95. The deviation from unity was attributed to secondary features of the dendrite
morphology.™
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2.8 Laboratory Scale Freckles Produced during Nearly Horizontal Directional
Solidification

Most of the research work reported in the literature involving experiments with
laboratory production of freckles and evaluation of predictions for their formation, use
analog systems with upward directional solidification®" " ”. Experiments inducing
freckle channels during horizontal directional solidification of Ni-base superalloys, that
resemble the solidification conditions in the mush of VAR ingots are scarce and in most
cases use similar experimental arrangements and methodology.'* ' ™ Basically, the
experiments seldom reported involve melting the superalloy on a separate induction
furnace and pouring the melt into a properly preheated high purity alumina rectangular
crucible (~200 mm high x 140~180 mm long x 50 mm thick). A cooling system is then
turn on, so a constant low temperature is slowly reached and maintained in one of the
vertical surfaces (chill) while the rest of the crucible walls and bottom are maintained at a
constant high temperature (above liquidus) by use of active heating. This way, the
solidification occurs with directional columnar dendritic growth at overall low cooling
rates, and the primary dendrites growth direction in the mush forms an acute angle with
respect to the gravity acceleration vector. The solidified slabs are then sectioned for
macroscopic metallographic analysis. First the slabs are cut through horizontal planes to
detect the cross sections of potential freckle channels formed, and if that is the case, the
slabs are carefully sliced through vertical longitudinal planes to provide side views of the
channels after some grinding and polishing (like the ones presented in Fig. 2.3). Fig. 2.10
shows a schematic representation of the typical experimental setup.
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Fig. 2.10-Experimental setup furnace for near horizontal directional solidification'*

2.9 Prevention of Thermosolutal Convection

Industrial practice has gained a certain degree of maturity in the production of VAR
ingots with diameters up to 32 in. Unique cases have been reported where the production
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of ingots with diameter up to 36 in. has been successful®, but certainly are not the norm at
the current state of the processing. To avoid the evolution of macrosegregation defects on
the larger ingots, the foundry engineers rely on maintaining process parameters within
tight ranges and strict quality control through automation and normalized procedures.
Basically, to produce an ingot without incidence of macrosegregation defects it is
required to keep constant key parameters: current, voltage, arc length and melting rate,
which result in steady heat transfer, steady magneto-hydrodynamics processes and
consequently unperturbed steady solidification. X. Wang recently evaluated the effect of
processing parameters of VAR on freckle formation by remelting an ingot with variable
diameter and variations in the arc gap (changes in current density)’. Freckles were formed
in the center and midradius of the ingot due to those variations, and these reported results
exemplify the fact that as a consequence of the characteristics of the direct current arc
process, the key parameters are interrelated and highly dependent on the dimensional
quality of the process.

+ DG
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Bupply

Vacuum

| Stingor

Fig.2.11-Schematic view of a VAR furnace’'

In general shallow molten metal pools, corresponding with low melting rates are known
to decrease the probability for macrosegregation defects like freckles, but at the same
time, shallow pools increase the occurrence of white spots, so superalloy melt shop
engineers end up with narrow ranges for the melting rate. Special control of the
composition and geometry of the electrode are fundamental to maintain an even
distribution of the arc and assure a well distributed heat transfer between the electrode
and the molten pool. Strong and stray magnetic fields need to be controlled in order to
prevent variations in the symmetry of the current and hence variations on the electrode
surface and the shape of the molten metal pool. Excellent accuracy in alignment of the
electrode and high speed control of the positioning assures a constant arc gap and annulus
(tubular space between the electrode and the copper crucible in Fig. 2.11), resulting in
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constant current and prevention of preferential melting and side arching. In particular,
side arching could lead to catastrophic failure if not controlled on time.

The scale of the installed VAR process equipment make improbable the use of alternative
ways to block the formation of defects like precession or rotation to halt the evolution of
channeling, and hence on freckles formation, as it has been successfully done on the
small experimental apparatus. A typical VAR ingot is several meters long and weight
more than 20 Tonnes. In general, it is difficult to implement external forces to affect the
fluid dynamics occurring on the mush in order to control the macrosegregation patterns.
Nevertheless, the current distribution inside the molten pool is not known with accuracy,
and it has been shown that the convection in the bulk molten metal highly depends on the
competing effects of the natural thermal convection and the Lorentz forces and it is
highly probable that these convection patterns affect the nucleation and growth of
freckles. From the academic point of view, contributions to prevention of the
macrosegregation focus on further refinement of the gained understanding of the
mechanisms and development of tools to provide conceptual support to tradeoffs on the
regulating aspects like the thermal conditions at the solidification front and chemical
composition of the alloys. Common lines of interest include decreasing the driving force
and increasing the impedance to the interdendritic liquid flow. *” *® For reduction of the
driving force, the methodology relies on systematic alloy design; by including controlled
additions of alloying solute elements that may help control the density change of the
interdendritic liquid by directly contributing on the final density or by forming secondary
phases which become irrelevant on the interdendritic density change like high melting
point carbides. Meanwhile, increasing the impedance to the convective flow has been
pursued by including additions of chemical elements that promote the precipitation of
secondary phases that may act as drag enhancers on the mush. Also, further
understanding of the microscopic phenomena and how to incorporate the relevant effects
to macroscopic models is receiving considerable attention, particularly with the
promising advances in new methodologies like the phase field theory or the cellular

. 89 90
automata technique 990,

All the improvements in the process that have already been obtained so far cannot totally
prevent macrosegregation and in particular, freckles formation. Besides, the tendency of
increasing the diameter of VAR ingots is steady, as emerging technologies in power
generation are demanding increased yields of high quality superalloy ingots. The new
challenges make necessary to focus on the fundamental mechanisms of formation of
macrosegregation for effective prevention. A clear evidence of this need is that about 12
percent of the articles presented in the latest International Symposium on Liquid Metal
Processing and Casting, held in September 2009, were related to optimization of
processing aiming to prevent macrosegregation defects.
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3. METHODOLOGY

As reviewed in chapter two, the macrosegregation defects that develop during
solidification in the VAR processing are known to be consequences of thermo-solutal
convection occurring in the bulk liquid and the mushy layer. Considering that these
defects have a common origin, the research work presented here focused in the
prevention of freckles, with the confidence that advances in their prevention will also be
valuable and feasible for other defect patterns. The evolution of the convection flow in
the mush layer can be interpreted as the departure from the balanced condition on which
the driving forces are counteracted by the resistance imposed by the dendritic array.
Improved physical interpretation of the mechanism of freckling in VAR ingots and more
accurate experimental data related to the magnitudes of the interacting forces are essential
toward the final goal of preventing macrosegregation. With respect to the impedance or
resistive force, the main parameters are the viscosity of the molten metal and the
permeability of the partially solidified mush layer. Their experimental determination
implies great difficulties, because of the high temperatures required (1300 C ~ 1450 C).
In regard to the driving force, density measurements of the molten liquid are difficult for
the same reason, and scientists need to rely on theoretical assumptions to determine the
density gradient in the mush layer. The approach adopted in this research was to make a
contribution on the estimation of the driving force, by means of obtaining accurate data
useful to determine the density gradient, and proposing a criterion for freckling prediction
with an improved resolution to discern between the conditions of ‘Freckle — No freckle
formation’. Consequently, the conceived experimental tasks included two stages of
experiments. The first stage conceived the measurement of the partition coefficients of
the major strengthening alloying elements with verification supported by
thermodynamical calculations through cooperation with researchers at the Phases
Research Lab at Penn State University. This cooperative effort is very valuable because
complements the contribution of Sung and Poirier’' by covering a different alloy system,
towards the final goal of constructing an extense index of measured partition coefficients
which can be used to refine the databases that support the thermodynamic calculations
used in computational modeling and prediction of solidification macroscopic defects. The
second stage envisioned the verification of the proposed freckle criterion by confronting
its performance for freckle prediction against experimental data of horizontal directional
solidification. This chapter aims to provide a general description of the methods followed
while addressing the impact of the important variables and decisions over the outcome of
this research. Certainly, further details of the methodology are included in the
presentation and analysis of the experimental results.

3.1 Experimental Determination of the Partition Coefficients of Major Solute Elements
on Simplified Ni-Base Superalloys

3.1.1 Model Alloys Preparation

Because the Ni-based superalloys of interest in this research contain various alloying
elements, (see table 3.1) a systematic approach was required to isolate the different
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effects obtained by these additions. Therefore, simplified model alloys were produced
with varying major alloying elements including the strengthening solute elements within
the ranges found on commercial superalloys. The complete set of nominal alloys
designed is presented in table 3.2. The model alloys were produced following a process
that started by adding the appropriate amounts of pure metals and compressing the
mixture of powder and fragments with a manual hydraulic press. Weighting of the
components was performed using an analytical scale with 0.001 g resolution and the
conformed wafers were melted using a tri-arc button furnace.

Table 3.1 Chemical compositions of the commercial alloys of interests (wt%)

Alloy | Ni |Co| Cr | Fe |[Nb|Mo| Ti | Al| C | Si
IN-718|53.62] 0 [18.19]17.77|5.41]3.01]{0.98]0.56|0.04|0.03
IN-706|41.39]0.03| 16.3 |37.03|2.98/0.12| 1.7 |0.19/0.01| 0O
Table 3.2 Chemical compositions of the model alloys designed (wt%)
Alloy ID Specific Cr|Fe|Nb| Al | Ti

1 15 3

2 15 4.5

3 Ni-Cr-Nb | 15 6

4 20 3

5 20 4.5

6 20 6

7 513

8 515

9 10 3

10 Ni-Fe-Nb 10 5

11 18] 3

12 18] 5

13 36| 3

14 36| 5

15 18110 3

16 Ni-Cr-Fe-Nb | 20 [ 18 | 3

17 18118 5

18 20110 | 5

19 15 0.6

20 Ni-Cr-Al | 20 0.6

21 18 1.0

22 20 1.5

23 15|10 0.6

24 Ni-Cr-Fe-Al | 20 | 10 0.6

25 15|20 1.0

26 20 | 20 0.6

27 15 0.5

28 Ni-Cr-Ti | 15 1.5

29 20 0.5

30 20 1.5
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Careful cleaning of the furnace chamber interior was executed between charges followed
by various cycles of vacuum/pressure of ultra high purity Argon to flush the air inside the
chamber. A liquid Nitrogen cold trap was installed in the vacuum line to eliminate carbon
contamination due to back streaming of pump oil vapor’>. All melting steps were
conducted under an ultra high purity Argon atmosphere at a gage pressure of about 2 psi
to avoid any potential leaking of air into the chamber, and Titanium strips were located
inside the chamber, near to the high temperature zone, to induce selective oxidizing, and
protecting the sample material during the arc melting. To obtain homogeneity, each
solidified button was remelted at least three times, turning it upside down between melts.
Two different buttons of approximately 2 g were prepared for each model alloy
(independent repetitions), aiming to decrease the effect over the final composition of the
experimental errors related to the weightings of the raw materials and to the possible
partial mixing during the melting steps. All melting-solidification cycles were finished by
inducing a vast flow of ultra high purity Argon in order to induce a very fast cooling of
the solidified buttons. Usually, the buttons reached room temperature at approximately 10
minutes after the arc was turn off.

Fig. 3.1- Centorr Moel STA Reed Tri-Arc Furnace with water cooled resistor bank,
electrodes head and heart.

Fig. 3.2 — Model alloys preparation steps. (1) Raw materials (2) Conformed waffle (3)
Before melting with Ti piece for Oxygen capture (4) Button solidified
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It was found that some fragments extracted from the produced buttons had the existence
of discrete spots with uneven compositions related to partial mixing, although the
previsions taken to provide good mixing. All samples with those inhomogeneities were
rejected and were produced again. To be on the safe side, additional buttons were added
to all compositions in order to increase the number of fragments with the appropriate
composition distribution for the rest of the experimental process. The nearly doubled
work load for the processes of melting, cutting, and metallographic preparation for
Scanning Electron Microscopy /Energy-Dispersive X-ray (SEM/EDS) analysis, was
alleviated by involving the support of a student monitor from the Mechanical and
Aerospace Engineering Department at WVU. The increase amount of material also
permitted to ensure an improved randomness of the error inherent to experimental
procedures. Fig. 3.1 shows the Centorr Model 5TA Reed Tri-Arc Furnace” used, while
Fig. 3.2 schematically shows the steps followed for buttons preparation.

3.1.2 Differential Thermal Analysis (DTA) Procedure

The model alloy samples were sectioned with diamond saw to prepare specimens with
sizes between 80 and 250 mg for regular DTA and quenching Modified DTA
experiments (MDTA). Larger fragments where kept for SEM/EDS analysis of the fast
cooled as-cast condition.

High purity AlLOs; powder and cups were used as reference material and crucibles
respectively, and the atmosphere was controlled by maintaining ultra high purity Argon
flow at 2 cn’ s for all DTA runs (calibration and regular DTA). Sample thermocouple
calibration was performed using the melting point temperature of Silver (99.99 wt %) and
Nickel (99.99 wt %) standards, at a rate of 0.17 Ks™. For the calibration, the onset
temperature of melting was determined on the heating cycle by using the method of
extrapolation, described by Boettinger and Kattner’ , on which the onset temperature is
taken as the intersection between the forward extrapolated baseline of the DTA curve (AT
vs T) right before melting onset, and the linear asymptote of the DTA curve just after the
melting onset, corresponding to the negative slope segment of the downward endothermic
peak.

By the calibration of the DTA instrument using melting signals of the pure metal
standards (Ag, Ni) it was assured that the effect of the characteristic time responses of the
heat transfer flow within the instrument and the heating rate effect would not affect the
measurements’?, and that the possible differences between the measured transition
temperatures and the real phase boundaries temperatures were mostly related to the
compositional heterogeneity of the rapidly cooled as-cast samples”. The DTA
experiments were performed using heating and cooling rates identical to the ones used on
the calibration runs, i.e., of 0.17 Ks™ for regular DTA experiments. The incipient melting
temperature value was determined on the heating cycle as the onset melting temperature
measured by using the method of extrapolation, while the liquidus temperature was
determined by the maximum of the endothermic peak also during heating”*°. All DTA
experiments were performed at least three times for each specimen, two different
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