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ABSTRACT
Composition Effects on Macroscopic Solidification Segregation of Superalloys
Wei Chen

This research work investigates primarily the composition effects on solidification
macrosegregation, i.e. freckles, in superalloys. First, the freckling mechanism of
superalloys is developed using the physical simulation of freckle formation in specially
designed model alloys. It is found that freckles originate from dendrite irregularities at the
solidification front. The freckle channels flow downward in Nb-containing alloys and
upward in T-containing alloy under horizontal solidification conditions. The horizontal
solidification correctly simulates the horizontal component in remelt ingot where freckling
potential is the highest. Based on the result, key control parameters for freckling are
identified.

Thermodynamic simulation approach is employed to study the solidification
behavior of superalloys. The theoretical prediction yields relative good agreement with
experimental observations of freezing range, solidification sequence, and the occurrence of
secondary phases. Solidification diagram of Ni-Cr-Fe-Nb alloy system is developed using
the simulation approach to predict the phase relationship during solidification. The
simulation results can be used as inputs for freckling criteria.

The sensitivity of freckling criteria relies on the accurate acquisition of the
attributes that are critical to the key control parameters. These attributes include
interdendritic liquid composition, temperature and fraction of solid. Two techniques are
developed in the present study to obtain their correlation. From here, liquid composition
and fraction solid at any temperature in the mushy zone can be obtained.

Composition effects on the key control parameters are investigated in detail.
Liquid density during solidification depends on the composition and the temperature of the
liquid. A significant temperature effect on density change is found. Regression analysis
shows that Nb has more pronounced effect than Ti in reducing the fraction solid. The
dendrite arm spacing and the solidification front angle are largely dependent on the
processing conditions.

Freckling criterion in remelting of superalloys is developed at the end of this study.
A composition related is proposed to account for the alloying effect on freckling tendency.
The model correctly predicts the freckling pattern in Ti- and Nb-containing model alloys.
It also correctly predicts the freckling tendency of industrial alloys.
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1.1. Background

Large, more aggressive jet engines and industrial gas turbine designs have recently
increased the demand for large diameter superalloy ingots for rotating component
applications [1,2]. Commercial ingot production utilizes sequence of one or more
secondary melting (remelting) processes, including electroslag remelting (ESR) and
vacuum arc remelting (VAR). These processes are used to produce quality ingots
following primary melt step, but they can also be a source of defects due to the
complicated operation and the highly complex composition of the alloys. The ingot
diameter has been limited by the strong tendency these alloys have towards the formation
of melt-related defects [2,3].

Typical ingot defects in Ni-based superalloys can be characterized as either
inclusions or segregation-related defects. Examples of segregation defects include freckles
(areas that are enriched in hardening elements) and white spots (areas that are lean in
hardening elements) [2, 4]. Inclusions are primarily clusters of oxides and nitrides.

Over the past three decades, there have been substantial efforts by both industry
and academic institutes to reduce the segregation defects and control of freckles is always
the critical issue [1-9]. Experimental results on freckle formation and freckling
mechanisms in Ni-based superalloys and analog systems are reviewed through extensive
literature survey and inputs from industry. Descriptions and limitations of various
freckling criteria reported in literature are discussed. Based on the summary, the

objectives of research are proposed at the end of this chapter.

1.2. Freckles in Superalloys

1.2.1. Structure of Freckles

Freckles have been observed in two types of commercial casting practices, i.e. directional
solidification and large ingot remelting. Freckles appear as long vertical chains of
equiaxed grains significantly enriched in normally segregating elements in directionally
solidified (DS) polycrystalline or single crystal castings [5,6]. Freckle lines are usually
located on the exterior surface of the casting and associated with micro-porosity and



eutectic phase particles (Figure 1-1). Cross sections of freckle lines reveal that they are as
deep as they are wide (1~2 mm). Freckle lines are evenly distributed around the
circumference of a cylindrically shaped casting. For a turbine blade, they prefer to occur at
root section (thicker section) rather than airfoil (thinner section), which indicates a size
effect of the casting [7].

In ESR and VAR ingots, freckle lines are nearly aligned with the pool profile and
are located in the center to mid-radius region, as shown in Figure 1-2 [2]. They appear as
dark spots when etched on the cross sections of ingots and billets due to the existence of
large amount of eutectic constituents in Nb-containing alloys. A close-up of freckles in
alloy 718 (Figure 1-3) shows that it contains excessive amount of Laves phase that forms a
network outlining the interdendritic areas [8]. Extracted phase particles from the freckles in
alloy 706 are illustrated in Figure 1-4 [9]. Freckles can be found in both ESR and VAR,
but with a higher incidence in ESR. This has been attributed to different liquid pool
shapes, i.e. “U”-shaped pool profile in VAR and “V”’-shaped pool in ESR, and higher melt
rate in ESR [8].

Two fundamental differences exist between DS and remelting processed
superalloys. First, significantly larger remelt ingots (such as VAR alloy 718 of 508 mm in
diameter) are continuously melted and solidified. A convex shaped liquid pool rather than
a planar growth front remains at the solidification front throughout the solidification
process in VAR or ESR. Shop experience indicates that freckles are most likely to occur in
the region of the ingot where the solidification direction is more or less horizontal. The
term “remelting” specifically refers to the continuous solidification process where the
sloped solidification front exists. Second, many of the remelting processed superalloys
contain Nb and Mo as major solute elements, while DS alloys have high contents of Al, Ti,
and refractory elements (Ta, W, etc.). These solute elements are either positive (segregate
preferentially into the liquid, such as Nb and Mo), or negative (segregate preferentially into
the solid, such as W) segregating elements. There are other differences that may not be
clearly defined, for example, the transients during the remelting process. The differences
contribute to different freckling mechanisms though freckle chemistries are shifted towards

eutectic compositions in both cases.



1.2.2. Detrimental Effects

Freckles in full size ingot have a size at least 3 or 4 order of magnitude larger than that of
microsegregation. After forging and heat treatment processes, these inhomogeneous and
discontinuous defects remain in the final product and usually lie along the forging flow
lines. The orientation of the freckle channels has a significant effect on the properties.
Mechanical properties such as tensile, fracture toughness, and fatigue crack growth are
significantly degraded when longitudinal direction of freckle channels is perpendicular to
the loading axis. Excessive amount of incoherent particles (such as the faceted carbide-
nitrides) and chain-like Laves networks in freckles may contribute to the degradation due
to their crack-initiation features. In addition some freckles can develop cracks during the

forging process leading to pre-existing flaws in the part [9].
1.3. Mechanism of Freckle Formation

1.3.1. Density Inversion Theory

Flemings and co-workers first demonstrated the importance of fluid flow in
macrosegregation in a series of papers [10-13], aimed initially at description of inverse
segregation. McDonald and Hunt [14,15], Copley et al [6] used the NH,CI-H,O analogue
system to investigate freckle formation and proposed that freckle segregates were the result
of interdendritic fluid flow driven by density inversion during directional solidification.
The mechanism has, at various times, been applied to non-metallic analogues and low
melting-point alloys such as the Pb-Sn and Al-Cu systems for the explanation of freckle
formation, so as named “density inversion theory” [16-20].

During the solidification of an alloy, a dendritic array forms in the mushy zone
between the liquid (fraction of solid, fs = 0) and the solid (fs = 1). Both temperature and
concentration gradients exist across the mushy region from the top to the bottom, as
illustrated in Figure 1-5 (a) and (b). The density of the interdendritic liquid, which

depends on both the thermal and solutal effects, can be described as following [21]:
p:pox[l+a(T _T0)+B(C_C0)] (1-1)
Where p, is the liquid density of the alloy Cy at liquidus temperature To, o is the thermal

volume expansion coefficient, and [ is the solutal volume expansion coefficient. In most



cases, @ is positive (i.e., liquid density increases when temperature decreases), while 8 can
be either positive or negative, depending on the solute element. When the negative effect
of [ on density outweighs the temperature effect, the liquid density decreases with the
progress of solidification, as shown in Figure 1-5 (d). The inverse density distribution
becomes thermodynamically unstable when the gravity force is acting against the growth
direction of solid. As a result, fluid flow may occur due to the density inversion. From the

discussion a freckling potential can be given by [6],

AW:%(T_TS)(CS _C)(p_pS)DCE, OSCSC*

6a G*? (1-2)
AW :g_g(T _TE)(CEG_ZC)(p_pE) o(c.-c.J, c'scsc,

The maximum freckle potential in a given binary alloy system with limited solid solubility
occurs at the solubility limit (C"), as schematically shown in Figure 1-6. The preceding
analysis is based on driving force only and can be applied to alloy systems in which the

solute element can be either lighter or heavier than the matrix-forming elements.

1.3.2. Freckling in Directional Solidification (DS)

During directional solidification, the upper region of the mushy zone is believed to provide
the favorable conditions for freckle initiation. Different initiation modes have been
proposed. Once the plume develops the fluid flow pattern could be such that cold solute-
rich liquid flows into hotter regions relatively depleted in solute under the influence of
gravity. In an attempt to attain solutal equilibrium this liquid would dissolve the
surrounding (solute depleted) dendrite arms, thus decreasing the resistance to further flow
and ultimately producing a channel.

One of the initiation theories [22,24] states that a small perturbation at the top layer
between the mushy zone and the bulk liquid triggers the fluid flow in the system, as shown
in Figure 1-7. According to Figure 1-5, a buoyancy term results when the density gradient
changes sign at the growth front. However, study by Song and Tewari [23] indicates that
macrosegregation along the length of the directionally solidified specimens is produced
only when there is convection of interdendritic liquid in the mushy zone and mixing in the
bulk liquid.  Convection in the bulk melt alone can not produce longitudinal

macrosegregation such as channel segregates.



The sustained translation of liquid vertically against the gravitational field depends
on there being retained buoyancy and therefore on how rapidly heat and matter exchange

between the moving liquid and surroundings. The ratio between thermal diffusivity, k, and

liquid diffusion coefficient, D,, can be described by Lewis number, 1 :% , having
L

values about 10° for metals [21]. Thus heat redistribution is rapid and the buoyancy is

sustained by composition difference.

1.3.3. Freckling in Remelting

The extrapolation of the composition-driven convection to configurations other than
vertical directional solidification has been cautioned. The heat flow direction changes
gradually from parallel to perpendicular to gravity during remelting of superalloys, which
complicates the liquid flow pattern. Multiple solute elements are either rejected into or
depleted from the interdendritic liquid in the temperature range of 1200°C~1400°C. It is
difficult to determine the liquid density at such high temperatures experimentally. Hence,
the density of liquid has been assumed to be heavier or lighter than surroundings
depending on alloying elements.

Mehrabian and Flemings [13] proposed the interdendritic fluid flow pattern in
alloys with heavy solute elements under ESR conditions. As shown in Figure 1-8, if the
liquid flow lines fan outward, as they would when liquid density is constant, segregation
becomes negative. If they fan inward, as they can do as a result of fissuring or liquid
density that increases during solidification, positive channel-type segregates occur. A
more detailed mechanism of freckle formation in remelt alloy 718 has been proposed
recently [25]. In alloy 718, the partitioning of Nb evidently results in an increase of liquid
density during solidification. When the interdendritic liquid flows into a higher
temperature field, the liquid composition tends to decrease by remelting some of the
solute-lean dendrites in surrounding. This dissolution process provides the basis of the
mechanism by which the channel defects form and propagate.

However, it has been argued by Auburtin and Mitchell [26] that minor alloying
additions such as C, Si, B and Zr, which are all strong positive segregating elements, could
contribute to density inversion for freckling in heavy solutes containing alloys. Heavy



solute elements were removed from the interdendritic liquid by the formation of carbides.
Freckled regions are found to contain vast amount of carbides and these particles do not
contribute to the liquid density.

These freckling mechanisms are each supported by different experimental
evidence. The dilemma to quantify the effects of solute elements on liquid density needs

to be solved in order to establish an acceptable freckling mode in remelting of superalloys.

1.3.4. Controlling Factors
Three vital factors - casting geometry, alloy composition, and processing conditions -
control the freckling tendency in solidification processing of Ni-based superalloys.

The effect of ingot size on freckling was first demonstrated in directionally
solidified Udimet-700 [5]. In that case, the average number of freckles is proportional to
the ingot cross section area (or volume for fixed ingot height). A critical diameter is
required to generate one freckle line.

Remelting of Nb-containing superalloys has long been restricted to a certain size of
ingot due to the segregating tendency. The effect is attributed to the sluggish heat transfer
in large size ingots, which significantly increases the dendrite arm spacing so as to increase
the fluidity of the interdendritic liquid. The size of casting also determines the location of
freckles based on the argument that freckles require a certain slope in the growth front in
order to develop.

Control and optimization of processing conditions have been proved to be effective
to improve the ingot quality of superalloys [8, 27]. First, steady-state melting environment
must be achieved so as to provide a steady supply of liquid metal of constant composition
to the solidification zone. Any abrupt variation in the solidification process that results in
significant perturbation of the flow fields in the mushy zone will give rise to solute
redistribution and hence, macrosegregation. Steady-state solidification depends on arc
behavior, magnetic field, clean electrode, etc. [28]. Second, the melt rate and cooling rate
must be matched for a given material and ingot size to maintain a relatively shallow pool
of constant depth. This becomes increasingly difficult for large ingot due to the poor heat
transfer. Finally, there are transients, namely start-up and hot-top, in each remelt process,

which are also critical in segregation control. A successful control requires comprehensive



process knowledge be integrated into the control program that describe all relevant
dynamics of the melting and solidification processes.

The effect of alloy composition on freckling in superalloys has been manifested by
remelt processing of alloys 718 and 706. The chemistry of alloy 706 is similar to alloy 718
(5 wt.% Nb) except the Nb content is intentionally reduced to about 3 wt.%. This feature
leads to the melting of 914mm (36 inch) 706 ingot, while alloy 718 is limited to 508mm
(20 inch) under the same process conditions [2]. Current freckling theories in remelt
process are based on the assumption that heavier (as compared with Ni) solute elements
increase liquid density, while lighter elements decrease liquid density during solidification.
The assumption lacks experimental and theoretical basis. Also there are other factors that
may depend on composition, such as the flow resistance of the dendritic region.

Composition effect on freckling will be reviewed in detail in the section 1.5.

1.4. Freckling Criteria

Several freckling criteria have been suggested in the literature and are categorized as local

solidification time (LST), Flemings’ criteria, and Rayleigh number.

1.4.1. Local Solidification Time (LST)
From technology standpoint, it is desirable to define a processing window beyond which
freckles will form in the casting. A variety of straightforward mathematical criteria based
on the measurable processing parameters such as the temperature gradient, G (°C/cm), and
the solidification rate, R (cm/min), have been suggested.

To describe the effect of growth rate on freckling, Copley et al [6] proposed that
freckles occur when the local solidification time, LST, exceeds a critical value, LST*.

Liquidus — Solidus
G[R

Liquidus is the temperature at which the liquid alloy begins to solidify, while solidus is the

LST = > LST * (1-3)

temperature at which the solidification ends. This criterion holds true in both directional
solidification and remelting processed superalloys. Yu [8] demonstrated that by improving
the ingot heat extraction, local solidification time is decreased, which results in finer



dendrite arm spacing. These operational parameters are often correlated with dendrite arm
spacing that is also important in defining freckling behavior. Pollock [29] studied single
crystal superalloys where primary dendrite arm spacing, d, 0 G [R™*, and a critical d,
best defines the onset of grain defect formation. A similar relation for secondary dendrite
arm spacing, d, =33.85G [R)™***, in mm, was given in remelting alloy 718 [8]. These
are rationalized by the fact that the resistance to liquid flow is reduced when the
interdendritic spacing gets larger.

Mori and Ogi [30] studied unidirectional solidified Al-Mg and Al-Mg-Cu alloys in
both vertical and horizontal orientations. They found that channel-type segregation form

when the solidification rate, R, is below a critical value, Rc.

R, = A %TL ﬁa [sin0)? (1-4)

Ap is the density change of interdendritic liquid over a temperature change of AT, and 6

is the inclination angle of the solidification interface to the horizontal plane. A is constant.

These criteria offer relatively accurate predictions in directional solidified castings
and have been adopted in a number of numerical models to simulate freckle formation due
to thermosolutal convection. However, they do not account for the effect of alloy
chemistry.

1.4.2. Flemings’ Criterion
Flemings and co-workers [13] considered macroscopically a unit volume in mushy zone in
which mass exchange is only realized by liquid flow with surrounding and freckling

criterion is:

<-1 (1-5)

Where V is the velocity of the interdendritic liquid, OT is the temperature gradient, which
is usually denoted as G in unidirectional solidification. & is the cooling rate, which is the
product of G and R under directional solidification condition. The physical meaning of the
criterion is that freckles will form when the interdendritic liquid flow velocity aligned in
the direction of crystal growth is greater than the solid growth rate. The equation is

difficult to apply due to the implicit form and it is improved to explicit form in chapter 5.



1.4.3. Rayleigh Number
The buoyancy-driven convection tendency was first formulated by Rayleigh and refined by

Jeffries and the thermal Rayleigh number takes the following format [22],

dT 4
gpa
R; :—( Az)q (1-6)
nK
Where is p the liquid density of the alloy, a is the thermal coefficient of volume

expansion, and dT/dz is the temperature gradient. The term in equation (1-6) is

dimensionless and the combination h*/nk has reciprocal units with the buoyancy term.

The equivalent solutal version of it,

o - 9oB(1C , h*

1-7
s D, (1-7)

Where is a is the thermal coefficient of volume expansion, and dC/dz is the composition

gradient. Since in vertical directional solidification, the thermal gradients are positive and
stabilizing, it is of interest to consider the solute effect on the instability. The Rayleigh
number becomes significant when the buoyancy term equal or exceeds the inertia of the
system. Its value is sensitive to the selection of characteristic length of the system, h.
Typical characteristic lengths used in literature are 1) primary dendrite arm spacing; 2)
mushy zone depth.

Sarazin and Hellawell [22] treated liquid disturbance close to the dendritic front,
having a periodicity determined by the primary arm spacing. Thus they used that spacing
as characteristic for the initial perturbation. However, Pollock [7] pointed out that dendrite
fragmentation also contributes to grain defect formation in superalloys and it is likely that
the permeability of the dendritic network influences the criteria, thus the mushy zone depth
is used as h. For porous media, h* is reduced to Kh? where K is the permeability parallel

to primary arms. Following the Kurz and Fisher [31], the outer envelope of the dendrite

arm can be approximated by r :A%h’ where h is depth of mushy zone. Also, since

d%z = %L ,m, is the liquidus slope,
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4
R, = 9PC @K)‘l E (1-8)
9r‘'nm_ H D,

It is clear that the development of convection-induced freckle defects will be enhanced in

high permeability dendrite networks with large dendrite arm spacing. If the arm spacing is

replaced by G %2 [R™¥*, then for a given alloy system, Rs becomes proportional to 1/GR.
Therefore Rayleigh criterion and the cooling rate criterion are similar and Rs is also
proportional to the local solidification time.

Rayleigh number is the most complete criterion available, which combines two of
the three controlling factors: alloy chemistry and processing conditions, but not casting
geometry. Example of using 1/R as characteristic length will be given in chapter 5.

1.5. Composition Effects

In any dendritic solidification, Rayleigh number can be written as [26]:
Ra=f(7,D.,D;,dp/dz,K)xg(G,R,d,,d,,LST) (1-9)
The most researched factor is the “casting conditions factor” (g function) because it
provides insights for the reduction of freckle defects via process control. The
“composition factor” (f function) describes the composition effect in a given alloy with
varied solute content or identical castings of different alloys. The composition factor is not
known to great precision and some of the properties are often artificially rectified to
account for a critical Ra threshold. This section summarizes the present understanding of
composition effects on freckling by reviewing microsegregation theory and its strong
correlation with macroscopic segregation phenomena. Results from literature are

categorized into binary and superalloy systems.

1.5.1. Solute Redistribution in Dendritic Solidification

In dendritic solidification, solute redistribution (microsegregation) occurs in such a way
that substantial differences in alloy content result over distances the order of the dendrite
arm spacing. The classical quantitative treatment of solute redistribution has been derived
initially by Gulliver, Scheil, and Sfann, then improved by Flemings [32]. For a small

volume element inside mushy zone, the Scheil equation is written:
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Ccl=kC,(-f )™ (1-10)

Where C, is the interface composition of the solid when the fraction of solid within the

volume element is f, C,is the initial alloy composition within the volume element. k is

the equilibrium partition ratio between C¢ and the liquid composition C,, k =CJ/C, .

The partition ratio is dependent on temperature and alloy composition. The detailed

formulation of equation (1-10) can be found in Appendix A, in which k is assumed to be

constant. Solidification begins in the volume element and proceeds with a flat solid/liquid

interface. Negligible solid diffusion and complete liquid diffusion are assumed. Liquid
composition is:

C =C, -t )" =C, ", f =1-f, (1-11)

When a temperature gradient exists within a solidifying casting, gradient in fraction

solid and liquid composition must also exist. Macrosegregation depends on the way in

which liquid composition and/or fraction solid vary with temperature. For phase diagrams

whose liquidus is a straight line, the liquid composition with the volume element is simply

related to temperature by:

(1-12)

where T is the temperature of the volume element, Ty is the melting point of pure solvent,
m. is the liquidus slope and m =dT/dC. For an alloy Co with liquidus of Ty, the

dependency of fraction liquid in the volume element on temperature is

— T-T, ) — (k-2)
=g+ Or T =T,, +m, [T, ¥, (1-13)
L >0

In Scheil model, Cy, m., and k are the key material parameters that affect the solute
redistribution. The only factor that is not considered in the model is the eutectic
temperature Tg, or in some cases, the solidus temperature Ts, which determines the
temperature range of solidification:

AT =T, -T. =T, -T, (1-14)
The liquid density change with the mushy zone is dependent on AT and AC, . For binary

alloys with limited solubility C”as shown in Figure 1-6, both AT and AC, reach
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maximum value at C™. This coincides with Copley’s freckle potential theory and will be

used to design freckle-prone alloys.

1.5.2. Analog Systems
Analog systems include non-metallic aqueous system, NH,CI-H,O, and low melting-point
metallic systems, such as Al-Cu, Al-Mg, and Pb-Sn.

Sarazin and Hellawell [22] studied channel formation in Pb-Sn, Pb-Sh, Pb-Sn-Sb
alloys in which solute is less dense than solvent and the liquid density inside mushy zone is
positive (density inversion). Effects of solute concentration on freckling are summarized
as follows. 1) Lower concentration limits exist below which channels do not form. In the
Pb-Sn system lower limit lies between 2.5 and 5.0 wt pct Sn and in the Pb-Sb system
between 1.0 and 2.0 wt pct Sh. Channels are narrow and sharply defined at lower
composition ranges. 2) There is no sharply defined upper limit for channel formation.
Channels become diffuse, of irregular section, and confined to the center of the specimen
as the concentration increases. The information is summarized in Figure 1-9. The principle
change with composition is an increasingly open or permeable dendritic mesh, as a fraction
of liquid within the array arises (without significant change in the primary dendrite
spacing. Therefore, as the fraction of liquid increases, liquid entrapment becomes more
efficient and the circulation allows broader channels to develop. There are both lower and
upper limits to the dendritic permeability, which allow such circulation patterns to become
stabilized and maintained.

A similar behavior has been seen in Ni-Al binary alloys [5]. These alloys (Al
solubility = 21 wt pct) were cast under conditions suitable for single crystal growth. At 1
and 5 wt pct Al no freckles are evident. Spurious nucleation, caused by relative local
cooling conditions, did result in large grains rather than single crystals. At the level of 8
wt pct Al a few freckle grains can be noted and at 10 wt pct Al the structure is freckled

profusely.
1.5.3. Ni-based Superalloys

Ni-based superalloys are multicomponent alloys in which more than one solute element is
added to the matrix for strengthening, oxidation and corrosion resistance, and other

13



purposes. A list of superalloys that have been reported in literature for freckling using DS
or remelt process is given in Table 1-1. These alloys contain various levels of Al, Ti, Nb,
Mo, and W as solute elements [2, 5, 33-35].

Table 1-1: Chemical compositions of alloys reported for freckling (wt pct)

Alloys Ni Cr Fe Co Mo W Nb Ti Al C Si

718 Bal. 18 18 - 3 - 5.4 1 05 0.025 0.2
706 Bal. 16 38 - - - 3 175 025 0.015 0.2
625 Bal. 22 44 - 9.1 - 353 03 02 0.02 0.2
Waspaloy Bal. 20 - 13 425 - - 3 13 003 -
720 Bal. 16 - 15 3 125 - 5 25 0015 -
Udimet700 Bal. 14 - 1475 38 - - 419 3.6 0.075 0.06
Mar-M200 Bal. 9 - 109 - 132 1 23 49 0.14 0.07
A-286 255 147 Bal. - 125 0.3V 15Mn 21 02 0.02 0.7

No phase diagram is available for these complex alloy systems and the majority of
solidification studies rely on experimental and empirical approaches. Material parameters
such as liquidus slope, liquidus temperature, and partition ratio differ from those obtained
in respective binary systems due solute interactions. An element having partition ratio less
than unity will be rejected into interdendritic liquid during solidification, such as Ti and
Nb. The matrix forming elements, such as Ni, Cr, Fe, and Co, all have partition ratios
close to one. The partition ratios in superalloys have been summarized by Sung [36].

Experimental alloys with factorial designed composition variations are often used
to investigate microsegregation behaviors. The contribution of refractory alloying
additions, Re, Ta, and W to the breakdown of solidification of single crystal superalloys
was studied [7, 29]. It was found that higher level of Ta is effective in suppressing the
formation of both freckles and columnar grains, while the effects of Re and W are weaker.
No correlation between defect formation and the solidus, liquidus, or freezing ranges of the
alloys was apparent. Another example is a series of Ni-Cr-Fe-Nb alloys with variation of
Cr, Fe, and Nb [37]. Results indicate that a high level of Cr (20 wt pct) together with
certain amount of Fe (10 wt pct or above) will cause the formation of Laves in eutectic.
Laves can be avoided if Cr addition is reduced to 12 wt pct. Replacement of Fe with an

optimum level of Co also eliminates Laves formation. These studies provide valuable
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insights to understand real behavior in commercial alloys. However, they are often time-
consuming and restricted by the availability of resources.

Thermodynamic calculation of multicomponent phase diagrams using the
CALPHAD (CALculation of PHAse Diagrams) method has been proved to be a successful
method to reduce the amount of experimental work in research and development.
Preliminary results in solidification simulation exhibit reasonable agreement with
experiments [38, 39]. The approach will be explored in the present research to study the

solidification segregation in model alloys.

1.6. Objectives of Research

Freckles are casting defects that form in superalloys as result of the thermosolutal

convection of interdendritic liquid during solidification. Experience in directional

solidification shows that the fluid flow is driven by density inversion in the mushy zone.

However, the theory has difficulty to explain the freckling phenomena in remelting of

superalloys due to the distinctive differences in processes and alloys. Freckle occurrence is

known to be dependent on alloy chemistry, casting geometry and casting conditions.

Freckle formation has been avoided in ingot production by carefully controlling the

processing conditions. However, as gas turbine industry calls for more elaborate alloying

additions, the process seems to have reached certain limits. No systematic study is

available to provide a definite assessment of the alloying effect on freckle formation.

Based on the literature review, the objectives of this research work are proposed:

= Understand the freckling mechanism in remelt processing of Ni-based superalloys. In
particular, the density inversion theory will be verified.

= |dentify key controlling parameters of freckling in remelting process superalloys.

= Determine composition effect on the key controlling parameters by (1) investigating
solidification behavior in model alloy systems using advanced thermodynamic
simulation approach; (2) experimentally determine the key controlling parameters of
model alloys.

= Develop freckling index based on composition effects.
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Figure 1-1 (upper-left): Freckles in DS MM200.

Figure 1-2 (upper right): Freckles in VAR alloy
706 ingot.

Figure 1-3: (left): SEM microstructure of freckles
in ESR alloy 718.

l_._—J = & “.
(a) (b) (c)
Figure 1-4: SEM of extracted phases from freckled area. (a) NbC carbide; (b) Laves; (¢) n.
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Figure 1-5: (c) Composition and (b) density profiles through (b) an upward growing
dendrite. (a) Trace A along a dendrite axis and trace B, interdendritic, with reference to a
phase diagram (a).
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Figure 1-6: (top) A phase diagram with limited Figure 1-7: Schematic showing the
solid solubility, C*; (bottom) the dependence density inversion theory and interface
of freckle potential on composition. perturbation.
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Figure 1-8: Interdendritic flow pattern in remelting by Mehrabian [13].
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Figure 1-9: Composition effects on freckling in Pb-Sb and Pb-Sn binary systems.
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2.1. Introduction

The purpose of this chapter is to introduce the experimental and theoretical techniques that
are used for the determination of various quantities of solidification in the current study. It
describes the basic features and theories of the techniques. Details that are closely related
to the current research are also included in the specific chapters to follow. It is not
intended to contain all the details of methods and please refer to requisite references if

more information is needed.

2.2. Alloy Selection

2.2.1. Model Alloys

Three model alloys are designed to verify the density inversion theory in superalloys.
They are Ni-rich alloys with 20 wt pct Cr to form face-centered-cubic primary solid
solution, y. A direct comparison is made between composition with addition of Ti, whose
atomic weight is lighter than Ni and will cause density inversion, and compositions with
additions of Nb, which assimilate commercial Nb-containing superalloys that showed
freckles in VAR or ESR ingots. Levels of Ti and Nb are selected to be slightly lower than
their solubility limits at which the freckling potentials reach to maximum according to
Copley (see Chapter 1 section 1.3.). The chemical compositions are given in Table 2-1.
Figure 2-1 shows the isopleth at 20 wt pct Cr of the Ni-Cr-Ti, Ni-Cr-Nb and Ni-Cr-Fe-Nb
(18 wt pct Fe) systems.

The alloys were prepared at Technology Processing Center (TPC), Special Metals
Corporation at Huntington, WV, using vacuum induction melting as 22 kg (50 Ibs) and 100
mm (4 inch) diameter cylindrical ingots. These ingots are designated as HV8851,
HV8852, and HV8853. Levels of trace elements, such as C and Si, were reduced during
melting to minimize their effects on segregation. Samples were taken from the top
sections of the ingots for metallography and differential thermal analysis (DTA). The
same composition designs were used in the horizontal solidification at Daido Steel
Corporation, Japan. The method is described in section 2.3 and the compositions are also
given in Table 2-1. These ingots are designated as RN902, RN903, and RN904.
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Three series of Ni-based model alloys were prepared in a previous project [40] to
investigate the alloying effects of Nb, Ti and Al on terminal phases. Ti/Nb ratio (atomic
pct) varies at levels of 1, 1.5, and 2 in the following alloy systems: 1) Ni-20Cr-18Fe-Nb-
Ti; 2) Ni-20Cr-18Fe-Nb-Ti-1Al; 3) Ni-20Cr-36Fe-Nb-Ti. It was revealed that three
secondary phases, Laves phase, &NisNb, and n-NisTi, form during eutectic reaction.
These alloys will be used in the present study to investigate the influence of the
composition variables on freckling tendency. The alloys were prepared using similar

procedure as stated in previous paragraph. The actual compositions are given in Table 2-1.

2.2.2. Industrial Alloys

Industrial superalloys 718, 706 and 625 are selected in the current research. All of the
three alloys contain certain levels of Nb that is heavier than Ni. Alloy 718 also has small
amounts of Ti and Al. Shop experience indicates that these alloys are freckle-prone in
VAR or ESR when the ingot size exceeds certain limit. In this study, alloy 718 was
processed by VAR at Special Metals Corporation and the samples were obtained in as-cast
condition. Alloy 706 was processed by ESR. Freckles were found in an alloy 625 billet,
which was originally processed using VAR and forged to billet. Specimens of 625 were
taken from both freckled and non-freckled areas. Table 2-2 lists the chemical

compositions of the selected alloys.

2.3. Horizontal Solidification

In VAR or ESR, the norm of growth fronts gradually changes from vertical to horizontal
orientations. There is always a horizontal component of solidification, where the
probability of channel segregation is the highest. Horizontal solidification is analogous to
solidification from sidewall of a large ingot; therefore it can be used as physical simulation
of freckle formation in remelting under controlled experimental conditions.

The schematic of the horizontal solidification setup is shown in Figure 2-2. The
crucible is of rectangular shape with a dimension of 220mm (height) by 140mm (length)
by 30mm (width). It is made of two layers of high purity alumina (99.8%) to prevent from

cracking during solidification. The crucible is heated from three sides and cooled from one
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side. The cooling is realized by using an alumina chill block at one side of crucible with
argon flowing in and out of it. Alloys are melted in an induction furnace and poured at
around 1500°C into the crucible which is pre-heated at 1100~1200°C. Unidirectional
solidification is controlled by changing the argon flow rate and monitored by
thermocouples inserted into the ingot at about 20mm intervals along the growth direction.
Horizontal solidification of the three model alloys (Ni-20Cr-6Ti, Ni-20Cr-8.4Nb,
and Ni-20Cr-18Fe-7Nb) was carried out at the research laboratory of Daido Steel
Corporation in Japan. Ingots were sectioned in the longitudinal plane for preliminary

macrostructure examination and then shipped to US for further analysis.

2.4. Differential Thermal Analysis

Differential Thermal Analysis (DTA) has been widely utilized to simply and accurately
measure the temperatures of phase reactions in materials, as well as to obtain small as-cast
samples with controlled cooling rate. It measures the temperature difference, AT,
between a small sample of the metal to be characterized and a transformation free
reference material undergoing the same thermal cycle. During solidification process, heat
release by phase transformation taking place in the sample induces peaks to appear on the
temperature difference line, which would be otherwise perfectly flat, provided that the
weights of sample and reference have been properly matched.

TA1600 DTA cell is used in the current study. Test specimens weighed from
200mg to 300mg and were measured using a precision balance before testing. Pure Ni is
used as the reference material because its melting point (1450°C) is higher than that of
most superalloys and it is transformation free at test temperatures up to 1420°C. Another
advantage of using pure Ni reference is that its specific heat is similar to Ni-based alloys so
that a relatively flat baseline of temperature difference can be obtained. The DTA cell was
calibrated to within +2°C for both upper and lower temperature limits using pure silver and
Ni. Samples were heated to 900°C at 100°C/min, then ramp to 1400~1420°C at 20°C/min.
The furnace was held at the peak temperature for 3~5min before cooling down to 900°C at
20°C/min. Sample and reference were protected from oxidation by flushing pure argon

(99.9995% purity) through the furnace chamber during testing.
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2.5. Metallography

2.5.1. Sample Preparation

Samples were grind by using #240, #400, #600, and #800 grit silicon carbide paper
(Buehler). The samples were then polished by using 3 micron diamond paste, and 1
micron and 0.3 micron alumina powder abrasive on imperial cloths. The polishing was
completed with a 0.05-um alumina abrasive powder on imperial cloth. Most of the
solidified samples were examined in as-polished condition using scanning electron
microscope. The freckled samples were etched using appropriate etchant to reveal

segregation features.

2.5.2. Optical Microscopy
Optical microscopy was performed at Metallography Laboratory, Special Metals
Corporation, using LECO optical microscope.  Microphotographs were taken at

magnifications of 12x to 100x.

2.5.3. Scanning Electron Microscopy (SEM)

SEM analysis was conducted on a JEOL-6400 Scanning Electron Microscope equipped
with a fully automated PGT Energy Dispersive Spectrometer. The operating voltage was
20keV and the current of the condenser lens was 0.3nA. Photomicrographs were taken
using both back-scattered electron (BSE) image mode and secondary electron image mode.
BSE mode reveals contrast based on atomic weight of the elements, the heavier the
element, the brighter is the contrast. Thus it helps to identify dendritic segregation since
the interdendritic areas consist of Nb-rich phases such as Laves and &. X-ray elemental
mapping is another powerful tool in SEM to reveal elemental segregation by scanning
selected element distribution in the sample.

2.5.4. Energy Dispersive Spectrometry (EDS)
EDS utilizes a special detector attached in the SEM chamber to collect characteristic X-ray
photons excited from the metal sample by the electron beam. Correction algorithm is used

to quantitatively determine the chemical composition by comparing the collected elemental
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intensities with available standards. Multi-element standards and pure element standards
were both used in the EDS analysis. It is not the subject of the current study to detail the
calculation procedure and please refer other textbooks if interested.

A statistically significant point count technique was incorporated with EDS to
obtain the solute profiles in the solidified samples. A 6 by 6 square mesh was used and a
computer program automatically carried out the measurements at each node with 100
second collection time. Details of the data processing technique are given in Chapter 6.

2.6. CALPHAD (CALculation of PHAse Diagrams)

CALPHAD method is a computation method used to predict the phase behavior of
complex, multicomponent materials based on the extrapolation of high-order properties
from their lower-order binary and ternary systems. Recently developed databases for
superalloys have made the accurate calculation possible for various phase reactions [39].
Several advantages are offered by the method, such as accurate prediction of
multicomponent phase reactions and replacement of empirical treatments that would
otherwise be used. The method is used in the current study for solidification simulation

and segregation study.

2.6.1. Thermo-Calc ™

(Thermo-Calc ™ is the trade name of the Division of Computational Thermodynamics,
Royal Institute of Technology, Stockholm, Sweden.)

CALPHAD (CALculation of PHAse Diagrams) method calculates phase equilibria through
Gibbs energy minimization approach if the Gibbs energies of various phases as functions
of temperature and compositions are known. Free energy functions of highly complex,
multi-component materials are based on the extrapolation of high-order properties from
their lower-order binary and ternary systems which are available in literature. The
thermodynamic model used to describe the properties of phases can be represented by a

general equation [38]:

AG :AGO +AGideal +AGXS

mix mix

(2-1)
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ideal
mix

where AG®is the free energy of the phase in its pure form, AG is the ideal mixing term

and AG.,

is the excess free energy of mixing of the components.

The free energy of the substitution model for a multicomponent system is written:

AG =% xAG! +RTY xInx +3 5 xx, zQV(xi —xj)V (2-2)

[ E v
where x, is the mole fraction of the component i, AG.” defines the free energy of the phase

in the pure component i, T is the temperature and R is the gas constant. Q, is an

v
interaction coefficient depending on the value of v. In practice the value of v lies between
0 and 2. Ternary interactions are often considered but there is little evidence of the need for
interaction terms of a higher order than this. Various forms of excessive terms have been
considered and reviewed in reference [39].

Once the thermodynamics of the various phases are defined phase equilibria can be
calculated using software package such as Thermo-Calc ™ which is the program used in
this work. The main module of the program is a Gibbs energy minimization process called
Poly-3. Scheil solidification simulation can be calculated by conforming to the local
equilibrium assumption. The calculation starts with the nominal composition of the alloy
and completely liquid phase in the system. By stepping with small decrements of the
temperature, one can determine the new composition of the liquid and then remove the
amount of solid phase formed by resetting the overall composition to the new liquid
composition before the next step. This procedure naturally treats the appearance of new
phases at eutectic reactions or the disappearance of phases at peritectic reactions. The
outputs of Scheil module in Thermo-Calc include composition, temperature, and

thermodynamic variables such as free energy, entropy, and specific heats, etc.

2.6.2. NiFe-Database

NiFe-database is a specially developed database for Ni-based and Fe-based superalloys. It
contains the thermodynamic parameters for the description of various phases in
superalloys. These parameters are extrapolated from simple binary and ternary constituent
diagrams and have been verified extensively using experimental data. During simulation

runs, Thermo-Calc uses special subroutines to import the parameters into the calculation
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module. The database used in the current study is version 3 developed by Saunders [39]
and includes the following elements: Ni, Cr, Co, Fe, Mo, Nb, Ti, Al, C, B, and N. Among
them, C was not used in any of the simulations of model alloys in the current study.

2.7. Liquid Density Calculation

Accurate prediction of liquid density during dendritic solidification is critical in the study
of macrosegregation in Ni-based superalloys. Direct measurements of liquid density of
transition metals and alloys have been experimentally difficult due to the high melting
points of these materials [41, 42]. Not until recently have people been able to compile the
related properties for the calculation of liquid density using theoretical treatment [43].

The basic descriptions of density of pure metal in solid and liquid states are:

P = Py [ﬂl+C{ [(T _20)]_3’ T<Ty (2-3)
d
P =Py +d_¢[¢r_TM)v T>Ty (2-4)

where a is the linear expansion coefficient, p,, and p,, are densities of pure metal at

20°C and melting point T,, respectively, dp/dT is the temperature coefficient of liquid

density. For each element, the density used is the lesser of its solid and liquid densities
when extrapolated to the temperature at which the alloy density is calculated [41, 43].

The molar volume, Vi, of the pure element can be calculated using V, =M, /p, ,
where M; is the atomic weight of the element. Then the liquid density of an alloy is

m_2M
PEV

- S XV, +avY

(2-5)

where Xi is the atomic fraction of the component and AV " is the mixing volume. The
mixing volume is independent of temperature and only depends on composition. A simple

regression was done to obtain the following equation [43],
AVY =b, +b X, +b, X, +b, X, (2-6)

where X’s are summations of atomic fractions of different elements, and b’s are constants.
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METALS, a computer program developed by National Physics Laboratory (NPL,
UK), is based on a similar model described above. The model is held to be accurate to
about 5%. After the mixing effect is corrected, the calculation error is reduced to less than
3% as compared with experimental liquid densities of superalloys. The comparison was
made between METALS*’s calculation and experimental data obtained from [43], in
which no trace elements (C, P, S, Si, N, or Zr) were considered in the calculation. The
similar METALS program was used in reference [26] and postulation of adding various
amounts of C and Si was made. Liquid with higher-than-normal amount of Si in alloy 718
seemed to become lighter with solidification. However, it is unlikely to occur in model
alloys (HV8851 to HV8853) since the C and Si contents were intentionally reduced to

minimize their effects on density.

2.8. Summary

The model alloys and experimental methods applied in the current study are summarized.

1. The following model alloy systems are used in the current study:
a. Ternary (Ni-Cr-Ti, Ni-Cr-Nb) and quaternary (Ni-Cr-Fe-Nb) alloys
b. Ni-20Cr-18Fe-Nb-Ti
c. Ni-20Cr-36Fe-Nb-Ti
d. Ni-20Cr-18Fe-Nb-Ti-Al
e. Industrial alloys 718, 706, and 625

2. Horizontal solidification setup is used to physically simulate freckle formation in
model alloys HV8851 (RN904), HV8852 (RN903), and HV8853 (RN902).

3. Differential Thermal Analysis (DTA) is used to determine the characteristic
temperatures of the alloys and fraction of solid versus temperature relations.

4. Optical microscopy, SEM, and EDS are used to analyze the microstructures and
chemical compositions.

5. Thermodynamic calculation code, Thermo-Calc ™, and NiFe-Database (version 3),
are used for theoretical simulation of solidification in Ni-based alloys.

6. METALS, a program provided by NPL, UK, is used for liquid density calculation.
The error of calculation is estimated to be less than 3% of experimental values.
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Table 2-1: Chemical compositions of model superalloys (wt pct, Ti/Nb in at pct)

Type Heat Ni Cr Fe Nb  Ti Al C Si Ti/Nb
Design® | 80 20 6
Ni-Cr-Ti[HV8851| 73.9 19.89 5.94 0.0039 0.023
RN904 | 74.15 20.17 5.7 0.009 <0.01
Ni-Cr- | Design® | 71.4 20 8.6
Nb HV8852| 71.06 20.13 8.36 0.0067 0.036
RN903 | 70.57 20.09 8.57 0.004 <0.01
Design®| 55 20 18 7
HV8853| 54.83 20.18 17.73 6.94 0.013 0.044
Ni-Cr- [ RN902 | 54.43 19.95 17.76 7.13 0.014 0.03
Fe-Nb | CK-30 47 20 18 15
CL-2 55 20 10 15
CL-3 95 12 18 15
HV8582 59.83 20.16 5.16 14.03 0.03 0.07
HV8549 50.59 19.93 1825 5.33 5.55 0.36 0.1 2.02
718 |HV8520 49.53 19.36 18.06 7.32 5.09 0.11 0.12 1.35
CL-4 50 20 18 8 4 1
HV8524 32.69 20.02 36.04 5.39 543 0.05 0.11 1.95
706 |HV8523 32.81 20.32 36.47 5.75 4.27 0.04 0.1 1.44
HV8552 32.36 19.81 35.02 7.79 3.9 0.04 0.12 0.97
HV8586 41.81 16.06 35.37 3.23 2.94 0.03 0.01 1.77
HV8550 48.55 19.94 18.09 7.72 4.01 112 0.04 0.09 1.01
718+Al |HV8522 49.19 19.19 1738 741 532 1.13 0.04 0.11 1.39
HV8521 49.18 20.73 18.83 5.62 424 118 0.05 0.1 1.46
HV8551 49.56 19.69 18.21 5.37 559 114 0.04 0.09 2.02
718+X |HVE8583 54.79 19.95 5.15 14.27 5.01Mo 0.15 0.09
HV8584 57.77 20.07 5.15 14.28 1.95Si 0.04 1.95
Note:
a, b, ¢: Ni-Cr-Ti alloy (HV8851, RN904), Ni-Cr-Nb (HV8852, RN903), Ni-Cr-Fe-Nb (HV8853, RN902).
1. 718 type = Ni-20Cr-18Fe-Nb-Ti.
2. 706 type = Ni-20Cr-36Fe-Nb-Ti.
3. 718+Al = Ni-20Cr-18Fe-Nb-Ti-1Al.
4. 718+X, X =Mo or Si.
5. RN902 through RN904 are alloys melted at Daido Steel Corporation, Japan.
6. HV ingots are alloys melted at TPC, Special Metals Corporation, WV.
7. CKand CL alloys are from reference [23].
8. Ti/Nb ratio is atomic ratio.

Table 2-2: Chemical compositions of industrial alloys 718, 706 and 625 (wt pct)
Alloys  Ni Cr Fe Mo Nb Ti Al C Si
718 5401 18.19 17.77 3.01 5.41 0.98 0.56 0.04 0.03
706 41.39 16.3 37.03 0.12 2.98 1.7 0.19 0.01 -
625 60.28 22.09 4.4 9.1 3.53 0.29 0.26 0.02 0.03
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Figure 2-1: Isopleth of (a) Ni-20Cr-Ti, (b) Ni-20Cr-Nb, and (c) Ni-20Cr-18Fe-Nb,
calculated by Thermo-Calc.
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Figure 2-2: Schematic of horizontal solidification setup (top view and side view).
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3.1. Introduction

The puzzle of freckling phenomenon in superalloys is associated with heavy alloy
additions such as Nb and Mo. These elements are very sensitive to dendritic segregation,
and freckles are likely to occur in a superalloy containing a certain amount of Nb. The
density inversion theory, which describes the buoyancy force for interdendritic liquid flow,
was accepted in general to explain freckling in superalloys containing Al and Ti.
However, it faces difficulty in Nb-containing superalloys. The aim of present study is to
develop a physical model for freckle formation in superalloys. It is critical to identify the
key control parameters for freckling that are measurable attributes during solidification.
This chapter begins with the examination of freckles in an alloy 625 billet, which
contains Nb and Mo as the major strengthening elements. Three model alloys were
designed by purposely adding Nb or Ti in the alloys to generate density gradient in the
interdendritic liquid during solidification. Favorable processing conditions for freckle
formation are physically simulated in horizontal solidification setup. Key control
parameters for freckling are identified through investigation of alloying chemistry,

structural features and temperature data of freckled alloys.

3.2. Freckling in an Alloy 625 Ingot

Alloy 625 contains Nb and Mo as strengthening elements and is a typical case of having
heavy solute elements in the interdendritic region. Freckles in a vacuum arc remelt (VAR)
alloy 625 billet has been analyzed in this section. There was a recorded power interruption
during the VAR process. The ingot is 33 inch in diameter and was forged to 16 inch
square billet before the freckled area was cut out. The nominal and actual chemical

compositions are given in Table 3-1.

Table 3-1: Nominal and Actual Chemical Compositions of Alloy 625 (wt pct)
Ni Cr Fe Mo Nb Ti Al C Si

Nominal Balance 215 2.5 9.0 3.6 0.2 0.2 0.05 0.2
Actual Balance 2209 440 910 353 029 026 0.024 0.038
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3.2.1. Freckle Appearance

The macrostructure of longitudinal sections of the 625 billet illustrates the face and side
view of freckles, as shown in Figure 3-1. The freckle spots are stretched into elliptical
shapes in longitudinal direction because of the forging deformation and the cut-up surface
location. The distribution of spots clearly outlines the molten pool profile in the VAR
process. The average width of the freckles is in the order of millimeters. Numerous tiny
spots that have sizes less than 1mm are visually observed in the vicinity of the big spots.
The length of the trail shown in the side view of Figure 3-1 (b) is about 100 mm.

Figure 3-2 shows the enlarged views of both the transverse and longitudinal cross
sections of freckles. It has sharp, well-defined boundary at bottom side, which is close to
the bottom of the molten pool, and diffuse boundary at topside. These features are
believed to imitate the freckles in as-cast condition since the forging process has little
effect on changing the macroscopic segregation. It only changes the curvature of the pool
shape through the forging deformation.

Scanning electron microscopy (SEM) illustrates that freckles are actually mixture
of network with excessive amounts of heavy solute elements (bright contrast in BSE mode)
and islands of normal composition, as shown in Figure 3-3. Segregation are more
concentrated in the bottom, where the boundary is sharp and well-defined, and less
concentrated as close to the top until the boundary becomes blurred and indistinguishable
with the matrix. The lower portion of the freckled area contains significant amount of
large globular Laves phase, as seen in Figure 3-4. In areas approaching the upper region,
the size and the amount of Laves are both reduced. Arrays of fine needle-shaped
precipitated decorate the grains between the globular phases. These phases are identified
to be &-NizNb.

An elemental scan using EDS across the freckled area is shown in Figure 3-5. It
can be seen that the freckled area is enriched in Nb and Mo, lean in Ni and Cr, with Fe
content slightly lower than the surrounding matrix. Quantitative chemical analysis of the
precipitates by EDS is given in Table 3-2. Laves phase is significantly enriched with Nb
and Mo. &-Ni3Nb is enriched in Nb. Both of these phases are Nb-rich products, which

indicates that freckles are rich in heavy solute elements.
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Table 3-2: Chemical Composition of Phases in Freckles in Alloy 625 (at pct)
Ni Cr Fe Mo Nb Ti Al

O-NisNb 6728 519 111 474 1998 084 0.85
Laves 3011 182 206 27.77 2125 030 0.30

3.2.2. Discussion

The addition of Nb in Ni-based superalloys promotes the precipitation of coherent y”
strengthening phase, while it also causes the formation of Laves phase during
solidification. Nb segregation is the controlling factor in the development of solidification
microstructure in these alloys. The existence of excessive amounts of Laves and & phase in
the freckled region indicates that the channel segregate is a collection of the interdendritic
liquids that are rich in normally segregating Nb (partition ratio less than 1). These phases
also contain high levels of Mo, whose atomic weight is higher than Ni. The Al and Ti
contents are limited in the alloy and C and Si levels are considered to be negligible.
Hence, the density of liquid in mushy zone is evidently dominated by the segregation of
heavier elements, Nb and Mo.

The gradual increase of the size and amount of Laves from the topside to the
bottom side of freckles implicates that heavy interdendritic liquids seep through dendrite
array and agglomerate into solute-enriched region, eventually solidify into freckles.

The sharp boundary at bottom side and diffuse boundary at topside of freckle
channels is a unique feature in remelting process that has been more or less omitted in
other studies. A similar freckle morphology was shown in as-cast ESR alloy 718,
however, no explanation was given [8]. This unique appearance, together with visual,
chemical, and metallographic data, specify a set of observations that a successful model for
freckling in remelting process must explain. A detailed freckling mechanism will be

described in the following sections through the physical simulation of freckle formation.

3.3. Physical Simulation of Freckling in Model Superalloys

Freckles in production ingots are often found by “accident” after ingot conversion to billet
and no detailed thermal history and as-cast structure can be obtained. Hence, it is preferred
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that freckles are generated under controlled solidification conditions with specially
designed alloy chemistry. The physical simulation technique can provide significant
insights for the understanding of freckling problem in real production.

Physical simulation of freckle formation is realized using the horizontal
solidification setup described in chapter 2. Three model alloys, Ni-20Cr-6Ti, Ni-20Cr-
8.6NDb, and Ni-20Cr-18Fe-7Nb (see Table 2-1 for compositions) were used for horizontal
solidification. Freckles were observed in all three alloys. The ingots were sectioned in the
longitudinal planes and macro-etched for visual examination. One of the ingot halves was
used for microscopic investigation. Temperatures were recorded versus time during each

of the runs and are presented in the following sections.

3.3.1. Freckle Appearance

3.3.1.1 Visual Examination

Ni-20Cr-6Ti (HV8851-Special Metals Corp., RN904-Daido Steel Corp.)

Columnar grains in alloy HV8851 are shown in Figure 3-6(a), and these grains are tilted at
an angle of 50 degrees from the horizontal plane. Three channels can be clearly seen
visually on the longitudinal plane and they seem to be associated with segregation in the
lower portion of the ingot. It is seen that two small channels emerge from the region and
gradually grow into one as the solidification proceeds away from the chill. A lot of freckle
channels are seen on the transverse cross section of the ingot, however, no specific number
can be obtained due to the poor contrast between the freckles and the matrix. The angle
between the longitudinal axis of the columnar grains and the horizontal plane is about 50

degree. The angle is defined as the solidification front angle in this study.

Ni-20Cr-8.6Nb (HV8852, RN903)

Only one freckle channel is seen on the upper half of the longitudinal section of HV8852,
as shown in Figure 3-6(b). The freckle appears like black streak probably due to the
excessive eutectic precipitation in the freckled region. Two freckles are observed on one
half of the transverse cross section. The columnar grains are tilted at an angle of 40 degree
with respect to the horizontal plane.
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Ni-20Cr-18Fe-7Nb (HV8853, RN902)

At least four freckle channels are seen on the longitudinal section of HV8853, two of
which stretch from the top continuously to the bottom of the ingot (Figure 3-6(c)). These
channels are aligned in the vertical direction with their tops being inclined towards the chill
surface. 15 channels are seen on one half of the transverse cross section of the ingot. The

columnar grains are tilted at an angle of 30 degree.

3.3.1.2. Microstructures

Metallographic specimens were cut from locations on the ingots as shown in Figure 3-7 ()
to (c). These specimens were prepared using the procedure described in chapter 2.
Following analysis were performed: (1) Microstructure of freckles; (2) Measurement of

secondary dendrite arm spacing, d, with respect to x, the distance from the chill surface.

Ni-20Cr-6Ti
The transverse sections of freckles in HV8851 are shown in Figure 3-8 (a) and (b), with
directions of crystal growth and gravity force given on the photomicrographs. It is seen
that freckles appear as dark spots on the transverse surface and are intermixed with long
needle-shaped phases. The needle phase can be as long as the width of the freckle spot and
has higher incidence near freckles. They make it difficult to visually differentiate the
boundary between freckles and matrix.

One of the transverse cross sections is enlarged using SEM with the top and bottom
regions shown in Figure 3-8 (c) and (d) respectively. The needle-shaped phase is
identified to be n-NizTi, which are precipitation products in solid state, while the eutectic n

is formed at the end of solidification.

Ni-20Cr-8.6Nb

Transverse sections of two freckles are illustrated in Figure 3-9 (a). They are more clearly
distinguished from the surrounding matrix than HV8851, with sharp boundaries at solidus
side (close to solidus) and diffuse boundaries at liquidus sides (close to solidification

front). This feature is also evident in the longitudinal section of freckles, as shown in
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Figure 3-9 (b). Two types of phases are identified in the freckled region, the eutectic &
NisNb (bright phase in Figure 3-9 (d)) and needle-shaped &-NisNb. More eutectic d-Ni3sNb

phases are observed on the solidus side of freckles, which indicates more Nb-segregation.

Ni-20Cr-18Fe-7Nb
The transverse cross section of freckle is shown in Figure 3-10 (a), with sharp boundary on
the solidus side and diffuse boundary on the liquidus side. It is clear that dendrite arms are
completely melted at the solidus side of freckle defining a sharp boundary, while remnants
of incompletely melted dendrite debris are mixed with freckle liquid that blurs the
boundary on the liquidus side. It is also very clear in the longitudinal section of freckles
(Figure 3-10 (b)). The dendrites are melted regardless of their orientation at the solidus
side. It appears that the freckle line lies at an angle with the secondary dendrite arms
formed in front of the freckle.

The eutectic phases inside the freckled area are shown in Figure 3-10 (d) and they
are mixtures of Laves, d-Ni3sNb and y phase. Small amount of NbC was also observed in

freckles. The intimate feature implicates that they formed at similar temperatures.

3.3.2. Channel Initiation
Extensive research has been done on freckles, however, few results have been published on
how these channel segregates initiate during solidification process. It is proposed that
freckles originate from widening interdendritic channels in the interior of vertically
directionally solidified Pb-Sn ingot in which freckling is controlled by density inversion
[18]. Bridge and Beech [44] implied that major segregates originate at irregularities on the
growth front resulting in the entrapment of a significant pocket of liquid by the advancing
front. The large driving force for fluid flow would accentuate any instability caused by the
irregular interface. However, no evidence of freckle initiation in Ni-based superalloys has
been given.

Considering the Ni-20Cr-6Ti alloy, at the start of freezing the Ti rich liquid
between the dendrites is lighter than the bulk liquid and tends to move upwards. Vertical
motion is only possible if liquid moves away from the chill at the bottom of the solidifying

ingot. One of such evidence is shown in Figure 3-11. Two fine channels are seen to flow
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upwardly away from the chill and then converged as the two crossed over. One channel
was developed from the space between the primary dendrites and the other one is
associated with irregular dendrites. The widths of the channels are in the same order as the
primary arm spacing and are both enriched with eutectic ) phase. Some micro-porosity is
found in one channel, indicating the liquid solidified at last. The observation indicates that
freckles originate from irregularities at the solidification front. Due to the tilted angle of
the primary dendrites, space between the arms provided the preferred flow channel.

It is anticipated that freckles would originate from the Nb-enriched heavier liquid in
Ni-Cr-Nb and Ni-Cr-Fe-Nb alloys following a similar pattern from top of the ingots.
Unfortunately, no sample was available to trace the channels back to their origin.
However, a large number of such irregularities would be expected in any dendritic growth
situation, as illustrated clearly in the freckle channel which is located near the bottom of
HV8853 ingot (Figure 3-12). The interdendritic liquid flow out of the opening between
disordered primary dendrites, then continue to flow down through possible opening spaces
while the direction is averted more vertical as it becomes bigger in width. The
interdendritic liquid seems to feed the main stream from above.

These observations provide solid evidence that freckles in Ni-Cr-Ti alloy is caused
by the flow of lighter interdendritic liquid enriched with Ti, while the freckles in Nb-
containing alloys are caused by downward flow of heavier interdendritic liquid.

3.3.3. Temperature Data

Temperatures during solidification were recorded by inserting six thermocouples (T/C)
along the growth direction. Figure 3-13 shows the temperature distributions along the
distance from chill at various time intervals. Liquidus temperature is defined as the peak
value on the T(t) curve before the temperature begins to drop. The liquidus temperatures
are 1374°C for RN904, 1364°C for RN903, and 1351°C for RN902. Thus the distance (x)
of the freezing front from chill, and the distance of isotherms at 50°C or 20°C below
liquidus, are shown in Figure 3-14 (versus time). The cooling rate at the location of T/C is
obtained to be the time for the liquid to cool from the liquidus to 50°C below (Figure 3-15
(@). On the other hand, the temperature gradient, G, which was defined as the mean

temperature gradient in the region from freezing front to the position 50°C below liquidus,
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is shown in Figure 3-15 (b). Because the solidification proceeds away from the side chill,
the movements of growth front and the solidus position become increasingly apart with
time. The local growth rates of liquidus and the isotherms that are 50°C (or 20°C) below
liquidus were taken as the slopes of those shown in Figure 3-14. These terms have the
same unit as R, the solidification rate, and they are shown in Figure 3-15 (c).

In this study, all of the ingots were solidified under controlled conditions in attempt
to prolong the local solidification time that would provide favorable conditions for
freckling. Solidification ranges (difference between liquidus and solidus from DTA
experiments) were used as references for cooling control by adjusting the air flow rate
through the cooling block. It can be seen that the cooling rates, temperature gradients, and
local growth rates continued to decrease as the solidification fronts moved away from chill.
As a result, the local mushy zone depths, which are defined as the distance between
liquidus and 50°C (or 20°C) below, increase with time and can be as large as 40mm. This
value is in the same order of magnitude as those observed in production VAR process. For
example, the pool depth changes from 148mm at center of the ingot to 86mm at the edge
for 508mm in diameter VAR ingot at a melt rate of 276 kg/hr [8].

3.3.4. Secondary Dendrite Arm Spacing (SDAS)
Secondary dendrite arm spacings of HV8852 and HV8853 were measured on the
transverse cross sections of the samples shown in Figure 3-7. The measurements were
carried out on each sample by dividing the distance of several equally spaced secondary
arms with the number of spacings included. These values were then averaged and the
standard deviation of measurements was calculated. The results are shown in Table 3-3
and Figure 3-16.

It is noted that the secondary arm spacings for the two alloys are remarkably

different although their cooling rates are similar. Correlation between cooling rate (&,

°C/sec) and d, (um) is calculated for both alloys. For HV8852, d, =134.93[&7°%",

adjusted R-square = 0.98951. For HV8853, d, =111.54[2°'**, adjusted R-square =

0.90914. The last two data points of d, in each alloy were rejected because solidification at
these locations started from the opposite side of chill surface. Since there is no difference

in cooling rate, the variation of d;, can be attributed to the composition effect. Both alloys

39



have Nb additions, while HV8853 contains 18 wt pct of Fe. Future study is needed to
substantiate the composition effect on d.

Table 3-3: SDAS of horizontal solidification ingots (um)

X (mm) HV8852 HV8853
8.33 145.61 (16.23) 106.28 (11.72)
25.00 173.91 (33.83) 123.12 (10.03)
41.67 178.64 (19.14) 163.88 (12.28)
58.34 179.68 (12.35) 201.99 (16.27)
75.01 193.28 (67.42) 248.13 (18.97)
91.68 116.35 (13.79) 236.01 (16.46)
108.35 107.48 (19.54) 208.01 (34.83)

“X” is the distance from chill. Numbers in parenthesis are the standard deviations of measurements.

The permeability, which is a measure of the fluidity resistance of the medium, is
anisotropic because of the directional nature of the columnar-dendritic structure. In
horizontal solidification, interdendritic liquid flows in the direction that is normal to the
primary dendrite arms where the permeability depends upon the secondary dendrite arm
spacing (dy) as well as the primary arm spacing (d;) and liquid fraction (f.). This direction
is parallel to the direction of gravity force. In alloy HV8852, d, slightly increases from
146 um at the beginning of solidification to 193 um at 80mm from chill. In HV8853, it
increases remarkably from 106 um at the beginning of solidification to 248 pum at 80mm
from chill. The drastic increase of dendrite arm spacing in HV8853 caused the
permeability to increase with the progress of solidification, hence, the freckle flows would
become increasingly severe. It is analogous to the melt rate transients observed in
remelting which induces significant increase of dendrite arm spacings. This is consistent

to the number of freckles observed in both of the alloys.

3.4. Mechanism of Freckle Formation
The mechanism of channel flow depends on the physical structure at the interface between
bulk liquid and the solidifying solid, namely the mushy zone. Several structural features

can be defined in mushy zone, such as the solidification front, isotherms, iso-fraction solid,
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and mushy zone depth, according to the local temperature profile or the fraction ratio
between liquid and solid. These structural characteristics, together with the density
difference inside the mushy zone, contribute to the formation of freckles in these alloys. In
this section, they are described under the horizontal solidification condition. The purpose
of the present study is to develop a freckling mechanism that can successfully explain the
occurrence of freckles in the physical simulation of model alloys. Applicability of the
mechanism to remelting process will be discussed. Key control parameters for freckling

are identified.

3.4.1. Isotherms

Isotherm is a contour line on which every point has the same temperature. Direction
normal to isotherms represents the direction of maximum thermal gradient, i.e. the heat
flow direction. Columnar grains grow against the heat flow direction. In vertically
directional solidification, heat is extracted from the bottom of ingot and the isotherms are
parallel to solidification front so that the columnar grains are aligned in the vertical
direction.

In the horizontal solidification of model alloys, tilted columnar grains are seen in
all cases and isotherms can be drawn as a set of parallel lines perpendicular to the long axis
of the grains. This is illustrated in Figure 3-18. Thus the overall temperature gradient
across the ingot is tilted. This is attributed to positive temperature gradient between the
top and the bottom of the solidifying ingot. After pouring, exothermic material was placed
on top of the melt to prevent it from oxidation. This keeps the top surface hotter than the
bottom surface of the ingot where there is no heat source. Heat sinks at the chill surface
and the bottom surface would result in a tilted direction for heat flow, i.e. a tilted
temperature gradient. The tilt angle is identical to the solidification front angle, which is
defined as the angle between the long axis of the columnar grain (heat flow direction) and
the horizontal plane. The angle can be adjusted by changing the gas flow rate through the

chill block and the amount of exothermic on top of the ingot.
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3.4.2. Solidification Front (Freezing Front)

Solidification front is the interface between the bulk liquid and the mushy zone, where the
fraction of liquid equals one and the temperature equals to the liquidus of the bulk liquid.
Since the chemistry of the bulk liquid is different from location to location, the temperature
of freezing front may also vary.

No direct observation of the movement of solidification front is possible in the
present study. However, several small-scale castings under similar conditions have been
quenched or recorded by X-ray camera in real time to obtain the ingot structure during the
solidification process [44]. Figure 3-17 shows a sequence of photographs taken during
solidification of Al with 20 wt pct Cu alloy [44]. Channel segregates were observed and
the solidification front was retarded at the bottom of the ingot. Cu is heavier than Al,
which results in positive density gradient along the mushy depth. Since Nb-containing
model alloys have similar positive density gradients, curvatures of solidification fronts are
expected.

Two effects may contribute to the curvature of solidification front. Here Nb-
containing alloys are used for illustration. First, it is the result of bulk liquid convection
caused by the settling of solute atoms during solidification. Since Nb is heavier than Ni,
the Nb atoms will tend to settle to the bottom of ingot which results in the enrichment of
Nb in that region [13]. Second, the continuous flow of channels pushes the Nb-rich liquid
into the bulk liquid at bottom of ingot. Based on phase diagram principle, the Nb-rich
liquid at the bottom would have a lower liquidus temperature than that of the liquid at the
top. The overall temperature gradient across the solidifying ingot should be tilted and
uniform as it is determined by the furnace setup. Thus the freezing front of Nb-containing
alloy should be more vertical than the isotherms, which would otherwise be parallel to the
isotherms. The situation in the Ni-Cr-Ti alloy is reversed. In this case Ti atoms tend to
move upwards so that Ti enriched liquid would stay at top of ingot and the freezing front
lags in this region. This would result in a solidification front that is parallel to the
isotherms. The postulated curvatures of freezing front in model allots are illustrated in
Figure 3-18. Direct proof of the curvature effect was not possible. However, it is
reasonable to assume that the convection would occur in the bulk liquid during
solidification permitted by the prolonged solidification time. Macrosegregation of solute
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elements along the vertical axis of the ingot would provide indirect evidence for such bulk

liquid convection.

3.4.3. lIso-Fraction Liquid

During dendritic solidification, fraction of solid, i.e. the ratio between the volume (or
weight) of solid and the total volume of metal in the mushy region, gradually changes from
0 at the top to 1 at the bottom of mushy zone. Iso-fraction solid refers to the contour line
on which each point has the same fraction of solid. For vertical DS, iso-fraction solids are
identical to the isotherms since the bulk liquid is of uniform composition.

In horizontal solidification, the situation is complicated by the non-uniform solute
concentrations in the bulk liquid. As shown by the schematic phase diagram in Figure 3-
19, bulk liquid of lower concentration (alloy 1, C1) with a temperature drop of AT from its
liquidus (Toz) will have a fraction solid of bc/ac. While bulk liquid of higher concentration
(alloy 2, Ci,) will have a fraction solid of ef/df with the same AT. Obviously, bc/ac is
greater than ef/df. Thus, alloy 1 has greater fraction solid than alloy 2 with same
temperature drop from liquidus. In other words, in order to have the same fraction of solid,
alloy 2 will need to have greater decrease in temperature. Contours of iso-fraction solids in
both Ti and Nb containing alloys are illustrated in Figure 3-18. In Nb-containing alloys in
which the solidification surface is retarded at the bottom of ingot, the iso-fraction solid lies
at angle with respect to the isotherms and inclines more vertically. In Ti-containing alloy,

the iso-fraction solid contours lied more horizontally than the isotherms.

3.4.4. Freckling Mechanism
During horizontal solidification of model alloys, solute elements redistribute into either
liquid or solid, resulting in large density gradient of liquid inside mushy zone. Under the
influence of gravity force, the interdendritic liquids tend to flow out of their interdendritic
pockets and along preferred directions. The prevalence of irregularities at the freezing
front enables these small streams of liquid to agglomerate into large streams, often through
spaces between dendrite arms, as shown previously in Figures 3-11 and 3-12.

Once the channel is developed, it will move in the direction where the resistance of

the surrounding medium is the smallest and the driving force of flow maintains maximum.
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The resistance term is represented by permeability, which is anisotropic in columnar
structures, assuming other factors are constant. It is shown that flow perpendicular to the
direction of the primary dendrites should be noticeably easier than that parallel to dendrites
due to a permeability 2.5 to 4 times greater [26]. The driving force term is described by
the density difference along the mushy depth. Based on phase diagram, liquid at higher
temperature will have less solute content. Thus a pocket of liquid in a cool region will
tend to move to a higher temperature region where the liquid is less dense (for both Nb and
Ti alloys). Under the influence of gravity, flow will align itself to the vertical (gravity)
direction, either upward or downward.

In Nb-containing model alloys, iso-fraction solid lies at an angle that is more
vertical with respect to the isotherms. However it is reasonable that the angle is very
small. Under the influence of gravity, the channel tries to align itself with a route that is
vertical and has enough permeability for flow. From the macrostructure of the ingot, the
channel moves in a direction that is parallel to the isotherm in the upper part of the ingot.
That is through the space perpendicular to primary dendrites where the permeability is
high. As it flows down more and becomes wider, the channel moves to a more vertical
direction. It means that at early stage of development, freckle channel needs greater
driving force and permeability in order to maintain a continuous momentum. As it
becomes wider and contains enough mass in its stream, it prefers the shortest path with
respect to the gravity direction.

For Ni-Cr-Ti alloy, iso-fraction solid lies more horizontally than isotherms. The
channels move in a more vertical direction with respect to isotherms, which favor a greater
driving force and smaller flow resistance. This results in nearly vertical freckle trails in
HV8851 ingot.

For channel initiation, the driving force must exceed the resistance of the system.
The severity of the channel segregation, i.e. the number of freckles, is determined by how
much the driving force exceeds the resistance of the solidifying system, that is the ratio of
the two terms. The Nb-containing model alloys form freckles by downward flow of
interdendritic liquid. However, only 2 freckles were detected in HV8852, while 15 were
found in HV8853. This must be related to the driving force as well as the resistance in the
system, as explained by the Rayleigh number developed in chapter 6.
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In order to increase the volume of liquid in the stream, solute-rich interdendritic
liquid from surroundings need to feed the channel as it flows and melts the dendrite arms
on its path. The solute-rich liquid has a lower liquidus temperature than solute-lean
dendrites, hence, it remelt the dendrites on both sides of the stream. The well-developed
dendrites on the solidus side are melted and freeze again once the solidification passes the
region. Therefore, a sharp boundary forms at the solidus side. However, the liquidus side
has higher temperature and it takes longer for the region to melt and solidify so that
dendrites can re-grow from the region. The remelt process also may not be complete due
to higher temperature. Hence, diffuse boundary results. The appearance is in agreement
with the observation of freckles in alloy 625. The feeding mostly comes from the
interdendritic liquids on the liquidus side where the remelt process is not complete. Such

evidence can be found in Figure 3-12.

3.4.5. Application to Remelting Process
The horizontal solidification assimilates the horizontal component in remelt process where
freckles have the highest propensity to form. The main difference between the two
processes is the curvature of the freezing front. For Nb-containing superalloys, the front is
retarded at bottom of the ingot and becomes more vertical in horizontal solidification
process. However, it changes gradually from vertical to horizontal orientation as it
approaching the ingot center in remelting process. As a result, freckle channels become
more horizontal as they flow toward the center of the ingot. It is illustrated in Figure 3-20.
However, the difference in the freezing front curvature will not affect the
applicability of the horizontal solidification method. This can be explained by the fact that
most of the freckles in remelt ingots are found in the mid-radius region where the slope of
the freezing front is steep and vertical. As the front becomes horizontal toward the center,
freckles are likely to be terminated. This is due to the diminishing effect of driving force
for channel flow. Thus the horizontal solidification correctly simulates the horizontal
component in remelting process where freckles are most likely to form for Nb-containing
superalloys. For superalloys with light solute elements such as Ti and Al, horizontal

solidification correctly represents the remelting process. In conclusion, the result obtained
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from the physical simulation in this study can be applied to assess the freckling potential

for different Ni-based superalloys.

3.5. Key Controlling Parameters

Freckle potential and severity are the two concepts frequently used to describe the
freckling behavior and sometimes no attempt is made to differentiate between the two.
According to density inversion theory, freckle potential is determined only by the liquid
density gradient. However, as shown in this study, freckle potential and severity are
dependent on the driving force as well as the resistance of the system. In this way, both
freckle potential and freckle severity are controlled by the key control parameters that will
be shown below.

From the analysis in section 3.4, freckle channel flows upward when the liquid
density inversion incurs, while it flows downward if heavy solute elements such as Nb
partitions into liquid and causes negative density gradient. It can be rationalized that
uniform distribution of density of the interdendritic liquid could be obtained by balanced
additions of both light and heavy elements. Nevertheless, the way the liquid density
changes in mushy zone provides the driving force for freckling. The resistance of liquid
flow in the system also plays a vital role in that if the resistance is great enough the
severity of flow can be reduced. The permeability is used to describe the easiness for
liquid flow and is determined by dendrite arm spacing, d; and d,, and the fraction of liquid
in mushy zone. Little knowledge is available for the composition effects on these factors.

Based on the analysis, the key control parameters for freckling in superalloys can
be identified as follows:

1) Density difference (Ap) of interdendritic liquid. It is depends on the composition
difference and temperature difference of the alloy.

2) Primary and secondary dendrite arm spacings (d; and d>).

3) Fraction of liquid ( f,).

4) Solidification front angle (6).

It is noted that processing conditions are another important control parameter that was not

studied in detail in the current research. Composition effects on the key control parameters

will be thoroughly investigated in chapter 4 and chapter 5 using numerical and
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experimental approaches. In chapter 6, the key control parameters will be incorporated

into the freckling criterion developed.

3.6. Summary

The results and discussion in this chapter are summarized as follows:

1.
2.

10.

Freckles in alloy 625 are significantly enriched with Nb and Mo.

Sharp boundary on the solidus side and diffuse boundary on the liquidus side are
observed for freckles in 625. Freckles contain large amount of Laves and d-Ni3NDb.
Freckle formation in model alloys has been investigated in physical simulation using
horizontal solidification. Freckles are generated in all of the three model alloys.

In alloy HV8851 (Ni-Cr-Ti), freckles initiate at the bottom of the ingot and flow
upward during solidification.

In alloys HV8852 (Ni-Cr-Nb) and HV8853 (Ni-Cr-Fe-Nb), freckles originate at the top
of ingots and flow downwards.

2 freckle channels are seen on one half of the ingot cross section of HV8852, while 15
are found in HV8853. The number of freckles cannot be obtained in HV8851 due to
the poor contrast, however, freckles occurrence is prevalent in the alloy.

Solidification front angles are 50, 40, and 30 degrees for alloys HV8851, HV8852, and
HV8853 respectively.

Diffuse boundary on the liquidus side and sharp boundary on the solidus side are
observed in the freckles of all the alloys.

Freckling mechanism in horizontal solidification is proposed. The physical simulation
can be applied to freckling study in remelting of superalloys.

Key control parameters for freckling are identified to be the liquid density difference,
the dendrite arm spacings, the solidification front angle, and the fraction of solid (or

liquid) during solidification.
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Figure 3-3: Scanning electron microscopy
of freckled area:

Upper left: top of freckled area

Top: mid-height of freckled area

Left: bottom of freckled area.

(b)

Figure 3-4: Segregation and phases in freckled area of alloy 625. (a) secondary electron
image; (b) back-scattered electron image of the same field from (a).
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Figure 3-5: Quantitative EDS analysis on the line-scan across the freckled area.
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Figure 3-6 (a): Longitudinal cross section of HV8851 revealing freckles.
(Chill side is on the right. Gravity force pointing downward.)
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Figure 3-6 (b): Longitudinal cross section of HV8852 revealing freckles.
(Chill side is on the right. Gravity force pointing downward.)
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Figure 3-6 (c): Longitudinal cross section of HV8853 revealing freckles.
(Chill side is on the right. Gravity force pointing downward.)
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Figure 3-7: Cut-up plans for (a) HV8851, (b) HV8852, and (c) HV8853. Photos show the
longitudinal cross section and d2 were measured on the transverse cross sections.
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(a) (b)

(©) (d)

Figure 3-8: Freckles in HV8851. (a) Optical microphotograph (double arrow indicates the
growth direction); (b) shows the secondary electron images of one freckle in (a); (c) is the
enlarged area of the lower region in (b); (d) is the back-scattered electron image of the
enlarged area of the upper region in (b).

55



(c) (d)

Figure 3-9: Optical photomicrographs of (a) transverse and (b) longitudinal cross sections of
freckles in HV8852. (Double arrow is the growth direction and single arrow is gravity
direction). (c) is the SEM image of longitudinal section of freckles, solidus side is on the left.
(d) is the back-scattered electron image of eutectic constituents in freckled area.
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(c) (d)

Figure 3-10: Optical photomicrographs of (a) transverse and (b) longitudinal cross sections of
freckles in HV8853. (Double arrow is the growth direction and single arrow is gravity
direction). (c) is the SEM image of transverse cross section of freckle (growth direction
points upward.) (d) shows the eutectic constituents in freckled area.
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Figure 3-11: Freckle initiation in HV8851. Optical photomicrograph shows two freckle trials
originating from bottom of the ingot.
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Figure 3-12: Longitudinal section of freckles in HV8853 showing the irregularities of
dendrites and downward freckle flow. (Gravity force points downwards and ingot grows to
the left)
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Figure 3-13: Temperature profiles of (a) HV8851
(Lig.=1373°C), (b) HV8852 (Lig.=1364°C), and
(c) Hv8853 (Lig.=1351°C). Dash lines are the
liquidus temperatures of the model alloys.
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Figure 3-14: Positions of liquidus and isotherms
that are 50°C (20°C) below liquidus of (a) HV8851,
(b) HV8852, and (c) HV8853.
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Figure 3-15: (a) Cooling rate, (b) thermal gradient,
and (c) moving speeds of model alloys during
horizontal solidification.
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Figure 3-16: Secondary dendrite arm spacings versus distance from chill in horizontally
solidified model alloys (HV8852: Ni-20Cr-8.6Nb and HV8853: Ni-20Cr-18Fe-7Nb).

Figure 3-17: Horizontal solidification of binary Al-20Cu at different intervals during
solidification. Chill is on the right hand side and crystal grows from right to left [44].
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Figure 3-19: Schematic phase diagram shows that for two liquid alloys and the same temperature drop from liquidus, the fraction of
solid of alloy 1 is greater than that of alloy 2. Here the fraction of solid is defined as the ratio of bc/ac for alloy 1, and ef/df for alloy 2.
Since bc/ac > ef/df, fraction solid of alloy 1 is greater than alloy 2.
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4.1. Introduction

Freckle segregates in solidification is a macroscopic phenomenon that is intimately
associated with the alloy of interest. The key control parameters of freckling, which were
identified in chapter 3, can be traced back to the solidification metallurgy that is
independent of processing conditions. However, there is insufficient data available to
define the solidification behavior of these multicomponent alloys. When working with
such highly alloyed materials, information is based purely on empirical knowledge. This
chapter will study the fundamental solidification metallurgy in model superalloys. The
objective is to develop renovated models that can be applied in microscopic and
macroscopic segregation studies.

4.2. Approaches

4.2.1. Model Superalloys
Industrial Ni-based superalloys contain Ni, Cr, Co and Fe as the matrix-forming elements,
and additions of Nb, Ti, Al and Mo to promote solution and precipitation hardening. In
contrary to their benefits in improving mechanical properties, these solutes have
pronounced effects on the solidification structure. First, these alloys are prone to the
formation of freckle defects in remelting when certain levels of solutes were added.
Second, secondary phases form at the late stage of solidification. These incoherent phases
can cause incipient melting in forging and welding due to their low melting temperatures.
They also consume significant amounts of solutes that are needed for the precipitation of
strengthening coherent phases. Therefore, it is critical to define the influences of
individual alloying element and their interactions on the final ingot structure. This is
realized by the design of model superalloys that contain only the vital few alloying
elements. In this study, four model alloy systems are selected to investigate the alloying
effects and the interactions of Cr, Fe, Nb, Ti and Al.

Ni-Cr-Fe-Nb system is chosen as the first example to study the alloying effects of
Cr, Fe, and Nb. The quaternary system represents the simplest, yet the most fundamental

case of the complex Nb-containing superalloys. It is generally accepted that the
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segregation of Nb dominates the solidification sequence in these alloys. Thus, this model
alloy system focuses on the Nb effect by excluding the interactions of other solute
elements. Both equilibrium and Scheil modules in Thermo-Calc were employed to
simulate the solidification behaviors in a series of model alloys. The results are validated
by observations of experimental Ni-Cr-Fe-Nb alloys. A pseudo-solidification diagram is
established to explain the alloying effects on solidification sequence and secondary phases.

Based on the comprehensive understanding of Ni-Cr-Fe-Nb alloys, other
composition variables are included to expand the model alloy systems. Ti is the
strengthening element used in alloys 718 and 706 to promote the precipitation of y'
During solidification, it induces the formation of n-NisTi in competition with the
formation of Laves and &-Ni3Nb. The interaction between Ti and Nb is studied by varying
the Ti/Nb ratio. The simulated results are validated by the observations in experimental
Ni-Cr-Fe-Nb-Ti alloys. Low and high levels of Fe are also considered to simulate the
chemistries of 718 and 706 type of alloys.

One of the important parameters for freckling study is the difference between
liquidus and solidus, e.g. the freezing range. In a binary system, the freckling potential
reaches the maximum value at the solubility limit where the freezing range becomes the
largest. This represents the maximum contribution of temperature difference to the density
change of liquid. The effect is difficult to visualize in multicomponent alloys due to the
lack of phase diagrams. CALPHAD method is applied to calculate the solidification
ranges in the above model alloys. The freezing ranges of experimental alloys are measured
using DTA and the results are compared with prediction. Regression analysis is performed
to generate relations between freezing range and key composition variables.

4.2.2. CALPHAD Method in Solidification Simulation

CALPHAD method provides a powerful tool for the understanding of materials behavior
in equilibrium conditions. Under such conditions, critical temperatures, composition
ranges for the formation of phases can be defined for multicomponent systems. However,
traditional equilibria are not directly applicable to predicting the development of

solidification structures, which is well away from equilibrium conditions. Simulation of
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solidification process is accomplished by coupling local equilibrium effect with global
non-equilibrium assumptions.

Solidification under equilibrium conditions can be described by the lever rule and
assuming linear liquidus and solidus lines, the composition of the solid (Cs) as a function
of fraction solid transformed (fs) is given by the equation

C, = ﬁ (4-1)
where k is the partition coefficient and is constant during solidification, and C, is the

composition of the original liquid alloy. This can be re-arranged to give

_ 1 LT _
N 0

where T and Ts are the equilibrium liquidus and solidus temperatures. The limiting case

to equilibrium solidification is to assume that solute diffusion in the solid phase is small
enough to be considered negligible, and that diffusion in the liquid is extremely fast, fast

enough to assume that diffusion is complete. The Scheil equation can be written as

C, =kC, (- f, )™ (4-3)

—1_ Ts -T _
e )

The treatment above is the traditional derivation of the Scheil equation. However, it is not

and

possible to derive the equation if the partition ratio, k, is dependent on temperature and/or
composition, as in the case of multicomponent superalloys.

Using a special CALPHAD routine the disadvantage can be overcome. The
physical process of Scheil solidification can be schematically shown in Figure 4-1. A
liquid of composition Cy is cooled to a small amount below its liquidus to T;. It
precipitates out solid with a composition Cg; and the liquid changes its composition to C;.
However, on further cooling to T2 the initial solid cannot change its composition owing to
lack of diffusion and it is effectively ‘isolated’. A local equilibrium is then set up where
the liquid of composition C; transforms to a liquid C., and a solid with composition Cs;

that is precipitated onto the original solid with composition Cs;. This process occurs
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repeatedly during cooling and, when k<1, leads to the solid being lean solute and the liquid
becoming more and more enriched in solute as solidification proceeds. This procedure
naturally treats the appearance of new phases at eutectic reactions or the disappearance of
phases at peritectic reactions.

In the present study, equilibrium calculation module is used to obtain the phase

diagrams. The Scheil module is applied to simulate the solidification of model alloys.

4.3. Solidification Diagram of Ni-Cr-Fe-Nb System

As-cast Nb-containing Ni-based superalloys consist of primary y phase, which is a face-
centered-cubic solid solution of Ni, Cr, and Fe, and secondary phases such as &-NizNb and
Laves. The segregation of Nb during solidification dominates the type of secondary
phases to form. Quaternary Ni-Cr-Fe-Nb system, which represents the simplified case of
industrial alloys with y matrix and solute addition of Nb, is of vital importance for the
understanding of Cr, Fe, and Nb alloying effect. However, there is no detailed data
available that can provide a comprehensive picture of the system. In this section, the
advance CALPHAD approach will be used to develop the solidification diagram of the
quaternary system. Four experimental Ni-Cr-Fe-Nb alloys, HV8853, CL-2, CL-3, CK-30
are selected to validate the theoretical prediction. The chemical compositions of model

alloys are given in Table 2-1.

4.3.1. Ternary Systems

The liquidus surfaces of the two constituting ternary systems, Ni-Cr-Nb and Ni-Fe-NDb,
have been generated using Thermo-Calc and are shown in Figure 4-2 (a) and (b). The Ni-
Cr-Nb diagram is identical to the diagram found in literature [45]. Primary Phase fields of
y, 0-NisNb, and Laves, exist in both of the ternary solidification diagrams (Figure 4-2).
Primary a-Cr phase forms near the Cr-rich corner. An invariant eutectic reaction of L
— (y + 0-Ni3Nb + Laves) occurs in both systems (e2 and e3). Figure 4-2 (c) shows the
projection of the univariant eutectic lines onto the Nb concentration versus temperature
plane. Locations of e2 (1182°C) and e3 (1157°C) are the invariant eutectic points in the

respective systems. Both Cr and Fe have partition ratios slightly higher than one based on
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the calculation, which means they are all matrix-forming elements and their partitioning
behaviors are similar. Also the interactions of Cr-Nb and Fe-Nb are similar to each other
according to the ternary liquidus projection. Due to the similarity, Cr and Fe can be treated
as one single variable. Thus, it is expected that the Ni-rich Ni-Cr-Fe-Nb system has a
solidification surface similar to those of the ternaries if [Cr+Fe] and [Nb] are used as the
two variables. Formation of a-Cr within the composition range of interest needs not be

considered since the high Cr content is normally not seen in Ni-base superalloys.

4.3.2. Quaternary System: CALPHAD Approach

Scheil simulations were conducted on Ni-Cr-Fe-Nb alloy compositions with systematic
variation of Cr, Fe, and Nb. (Composition ranges for calculation: 5 < [Nb] < 20, 5 < [Cr],
20 < [Cr+Fe] < 40, all in wt pct). Most alloys encounter one of the two binary eutectics,
y NizNb and y/Laves, until the solidification is terminated by ternary L — (y +NisNb +
Laves) reaction. The calculated reaction sequences and eutectic amounts of the

experimental alloys are given in Table 4-1.

Table 4-1: Calculated Solidification Sequences and Amounts of Eutectic

Alloy Primary Secondary Eutectic Ternary Eutectic Eutectic%
HV8853 L - (L+Yy) L- (L+y+)29) L - (y + 0+ Laves) 23

CL-2 L (L+y) Lo (L+y+9) L - (y + O+ Laves) 67

CL-3 Lo (L+y) L~ (L+y+D9) L — (y + O+ Laves) 56
CK30 L~ (L+y) Lo (L+y+Laves) L — (y+ &+ Laves) /8

Examples of temperature and liquid compositions versus fraction solid (fs) of alloy
HV8853 are shown in Figure 4-3. According to the prediction, these experimental alloys
should form significant amounts of eutectic in solidification. Also binary and ternary
eutectic constituents should be present in the interdendritic areas of as-cast alloys.

A pseudo-ternary solidification diagram of the Ni-Cr-Fe-Nb system is shown in
Figure 4-4. The calculated liquid (Cr+Fe) and Nb compositions of the experimental alloys
were plotted on the solidification diagram. It was found that the compositions of the binary
y/Ni3zNb eutectic fall into the region bounded by el, e2, and e3, and those of binary y/Laves

locate in the region of e2e3e4. (The position of e4 is arbitrary and it is not important in the
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current study since a-Cr would be present in very small amount in the compositions
considered). It is interesting that for most of the alloys calculated, the terminal eutectic
compositions lie on a line connecting e2 and e3, while e2 and e3 are the same as the
ternary eutectic points in Figure 4-2. Obviously the monovariant lines of the ternary
systems represent the extreme boundaries where Cr or Fe content reduces to 0 in the

quaternary system.

4.3.3. Experimental Results

The average compositions of ternary (y +NisNb + Laves) eutectics in the experimental
alloys were determined using EDS and given in Table 4-2. These measured eutectic
compositions are distributed close to location €3 in Figure 4-4. According to Thermo-Calc
prediction, these invariant compositions should distribute on a line connecting e2 and e3.
The deviation is caused by the difficulty in separating binary and ternary eutectics in EDS

measurement since they are intermixed together.

Table 4-2: Average Eutectic Composition in Experimental Alloys by EDS (wt pct)
Alloy Ni Cr Fe Cr+Fe Nb
HVv8853 51.33 12.57 10.98 23.55 25.12
CL-2 53.85 15.46 7.68 23.14 23.01
CK-30 44,53 17.45 16.07 33.52 21.95
CL-3 54.45 8.59 13.55 22.14 23.41

The solidification sequence of a Ni-rich Ni-Cr-Fe-Nb alloy predicted by the solidification

diagram can be summarized as follows:

Primary Secondary eutectic Terminal eutectic
L-(L+y) O L-(L+y+d) or O L — (y + 0+ Laves)
L - (L +y +Laves)
Typical DTA solidification curves of alloy HV8853 are shown in Figure 4-5. A single

eutectic reaction peak was detected at the cooling rate of 20°C/min (curve B in Figure 4-5).
Previous experience shows that slow cooling rates increase the sensitivity of the test [40].
Thus, a cooling rate of 5°C/min was applied and the result is shown as curve A in Figure 4-
5. Obviously two eutectic reactions occurred in the temperature range of eutectic

reactions.
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The microstructure of DTA sample with 5°C/min cooling exhibits two types of
eutectic products, blocky and intermixed eutectic (Figure 4-6 (a)). The blocky-shaped
phases were identified by EDS to have chemistry close to NisNb, however, it is difficult to
discern the chemistry of individual phases in the intermixed eutectics due to the fine
structure. It is believed to be the ternary eutectic of (y + &NizNb + Laves). A close-up of
the intermixed eutectic is illustrated in Figure 4-6 (b). It is clear that the eutectic is an
intimate mixture of phase with bright contrast, phase with less bright contrast, and the
eutectic y (dark areas in between the bright phases). Similar eutectic morphologies were
observed in CL-3. Qualitative EDS (Figure 4-7) of CL-3 shows that phase with bright
contrast is enriched with Nb and Ni (NizNb), while phase with less bright contrast has high
content of Nb, equal amounts of Ni, Cr, and Fe (Laves). The result validates the prediction
that HV8853 forms y/&NisNb eutectic followed by the eutectic reaction of L - (y + 0+
Laves).

Reference [37] reported that alloy CK-30 forms Laves as the major eutectic
constituent and no NisNb was detected by X-Ray diffraction.  This contradicts the
prediction by Thermo-Calc that a ternary eutectic should form in the alloy. The
microstructure of the alloy exhibits a large amount of y/Laves eutectic (Figure 4-8 (a)).
The close-up of the eutectic region shows that the Laves lamella are coated with a layer of
phase with brighter contrast in the BSE image (Figure 4-8 (b)). Trace amounts of small
brighter particles are also observed besides the Laves eutectic. It is difficult to determine
the chemistry of these bright phases due to the size limit in EDS. From the morphology,
they are formed at the very last stage of solidification. This indicates that alloy CK-30
does form ternary eutectic at the final stage of solidification although the amount of NizNb
is too small to be detected by X-Ray diffraction. The intermixed ternary eutectic

morphologies are also observed in CL-2 and CL-3, as shown in Figure 4-9.

4.3.4. Alloying Effects

In order to form binary y/Laves eutectic in the Ni-Cr-Fe-Nb system, the combined [Cr+Fe]
content must exceed a certain value, which lies between 32 wt pct and 35 wt pct. This is
consistent with previous prediction [37]. Since HV8853 represents the case in which only

ternary eutectic could form under fast cooling conditions, the relationship of its [Cr+Fe]
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and Nb liquid concentrations can be used as an estimate to predict what binary eutectic will
form in an alloy. In Figure 4-10, AB is defined as [Cr]+[Fe]+0.9[Nb]=44. If an alloy has
a composition located above AB ([Cr]+[Fe]+0.9[Nb]>44) in the primary y phase field, it
will form y/Laves eutectic. If the composition is located below AB, y/NisNb eutectic
results. In both cases, solidification terminates with invariant L - (y + &+ Laves) reaction.
When Fe content is increased, the two-fold y/Laves and y/dunivariant lines are
shifted towards the direction of higher Nb. The solidification range is enlarged assuming
constant Nb solubility. This reduces the total amount of eutectic in the alloy. Hence, the
amount of Laves is reduced. This is consistent with the discovery [37] that Cr has a more
pronounced effect to form more Laves eutectic than Fe. The trend is show in Figure 4-10.
The pseudo-solidification diagram of the Ni-Cr-Fe-Nb system generally describes
the solidification behavior of Nb-containing superalloys consisting of y matrix with Ni, Cr,
and Fe as the major constituents and Nb-rich secondary phases, such as Laves and NizNDb.
Most of the commercial Ni-base Nb-containing superalloys have basic alloying chemistries
similar to the quaternary alloys in the present study. However, caution is advised to apply
the current diagram to commercial alloys due to the presence of other solute elements such
as Mo, Ti, Si, and C. These alloying additions will influence the solidification behavior as
well as the types of secondary phases to form. Current version of NiFe-database does not

contain C and Si. Future work is needed to incorporate these alloying effects.

4.4. Freezing Range of Model Alloys

CALPHAD prediction yields two important outputs, i.e. fraction of solid and freezing
range, for freckling study in superalloys. For binary alloys, these data can readily be
obtained from available phase diagrams. However, there is no phase diagram for
superalloys due to the complex chemistry. The difficulty can now be avoided by using
CALPHAD method which offers the advantage of theoretically predicting these parameters
through thermodynamic computation.

In this section, alloying effects on the freezing ranges of Ni-Cr-Fe-Nb-Ti and Ni-
Cr-Fe-Nb-Ti-Al model alloys are thoroughly investigated. Predicted results are compared
with experimental data from DTA for validation. Fractions of solid versus temperature
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relations are calculated by Thermo-Calc using the alloy compositions given in Table 2-1.
The predicted results, together with experimental determination of fraction solidified
versus temperature curves will be described in detail in the chapter 6.

4.4.1. Freezing Range (AT =T, -Ty)
Liquidus (T, ) of an alloy is defined as the temperature at which solidification begins. The
definition of solidus (Tg) varies from study to study. In binary phase diagram, solidus

temperature is the end of equilibrium solidification. However, real solidification occurs in
non-equilibrium manner and extends into eutectic region. In this case, solidus is the
temperature at which the primary solidification ends and eutectic reaction begins. In
Thermo-Calc, the solidus can be detected as the first deflection point on the fs(T) curve
during solidification. In DTA, it is the end point of the primary solidification curve. The
last two definitions are used in the current study.

Freezing range data are extracted from the Thermo-Calc simulations of model
alloys. The results are given in Table 4-3. Experimental results are obtained from DTA
tests with a constant cooling rate of 20°C/min (Table 4-3). The temperatures at the end of

eutectic solidification, T., are also included in Table 4-3. The experimental values of

freezing range are compared with those predicted by CALPHAD, as shown in Figure 4-11.
The comparison exhibits fair correlation between the experimental and theoretical values.

The correlation between experimental and predicted values are given as:

AT. =1.299[AT,;, —40.7876, RZ, =0.855. (4-5)

adj
The significant correlation shows that Thermo-Calc is capable to predict the trend of
freezing ranges among alloys. For example, Thermo-Calc shows that HV8853 has a larger
freezing range than HV8852, which agrees with DTA findings. However, difference of
absolute values between the two methods has been observed. The discrepancy can be
attributed to the DTA equipment error, alloy composition, and Kkinetic effect that is not
considered in Thermo-Calc. As stated in chapter 2, the equipment error of DTA is
calibrated to be within £2°C. The kinetic effect is assumed to be small under the current
DTA experimental conditions, future work is needed to quantify this effect. In order to

illustrate the alloying effect on the discrepancy, correlation coefficients between the

74



characteristic temperature difference and compositions using Microsoft Excel were shown
in Table 4-4.

Table 4-4: Correlation of difference in characteristic temperature
(between DTA and Thermo-Calc) and alloy compositions.

Composition ATpra-ATtc Tspra-Tstc Tupra-Tute

Cr 0.21 -0.18 0.16
Fe 0.39 -0.14 0.47
Nb 0.31 -0.51 0.01
Ti 0.33 -0.16 0.37
C 0.30 -0.43 0.06
Si 0.62 -0.55 0.45
Al -0.34 0.16 -0.37

A correlation coefficient of 1 means strong positive correlation between the two sets of
data and vice versa, while 0 means no correlation. Si has significant effect in enlarging the
freezing range in DTA as compared with Thermo-Calc. This is realized by increasing
liquidus and reducing solidus temperatures in DTA. It is because Si is not included in
NiFe-database for calculation. Fe tends to increase the liquidus and Nb tends to decrease
the solidus in DTA measurement as compared with Thermo-Calc. The three 706-type
alloys have the noticeable difference between Thermo-Calc and DTA. It is postulated that
the coexistence of high contents of Nb, Ti, and Fe may cause the deviation. More study is
needed to substantiate the composition effect. It is cautioned that other factors must be
considered together with composition effect to explain the discrepancy between Thermo-
Calc and experimental methods.

No correlation can be found between total solidification range (T, —T.) obtained

from DTA and Thermo-Calc prediction. The discrepancy is attributed to the predictability
at the end of solidification by Thermo-Calc, where the composition of the solute-rich
liquid is much higher than nominal composition. Thermo-Calc and the database are not

intended for the use at these enriched concentrations.
4.4.2. Alloying Effects

Multi-linear regression analysis is conducted to correlate the freezing range with major

alloy compositions. The equation for those obtained using Thermo-Calc is
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AT, =724.9-19.225[Cr]| -3.279 (JFd —18.434 INY] —9.228 [TT} (4-6)

The adjusted R square value represents the significance of regression, Rjdj =0.925.

Terms in brackets are the weight percentage concentrations. For the freezing ranges by
DTA, the regression equation is
AT, =463.867 —10.2576 [jCr] -1.491[JFd -12.77 INY -5.297 [T} (4-7)

Razdj =0.88. Both of the regression analysis are statistically significant. Equations (4-6)

and (4-7) can be applied to the following composition ranges: 16<[Cr]<22, 4<[Fe]<36,
3<[Nb]<14, 0<[Ti]<5.6, all in wt pct. Comparisons of regressions are shown in Figure 4-
12 (a) and (b). It is interesting to note that the order of alloying effects predicted by
Thermo-Calc is similar to that obtained from DTA, which again indicates good
predictability of Thermo-Calc.

Results show that all the alloying additions considered decrease the freezing range
to some extent. Among them, Nb and Cr have the most significant effects. This is because
the most of the model alloys have solute concentrations higher than their solubilities in
matrix. According to the binary phase diagram as shown in Figure 4-1, the increase of
solute concentration tends to decrease freezing range once it exceeds the solubility.
However, if it is smaller than the solubility, the increase of the solute concentration will
increase the freezing range. This effect restricts the application of equations (4-6) and (4-
7) for dilute alloys. More work is needed to develop alloying effect on freezing range of

dilute alloys.
4.5. Solidification Sequence and Secondary Phases

4.5.1. Solidification Sequence

The prediction of secondary phases in experimental alloys can be illustrated in Figure 4-
13. The size, shape and intermixed morphologies of the phases can be used to determine
their reaction sequences. For example, two stages of eutectic reactions happen in HV8582
(Figure 4-13 (a)). The large kidney-shaped phases are &NizNb, which is formed in the
binary eutectic reaction right after the primary solidification of y phase. During the

eutectic reaction, y phase continues to grow on the primary dendrites, while & islands form
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in the interdendritic liquid. As the temperature continues to decrease, a ternary eutectic
reaction occurs when the residual liquid transforms into y + & + Laves intermixed eutectics
at the end of solidification. These eutectic constituents are adjacent to the kidney-shaped
phases. Micro-porosity (less than 1 micron) near the ternary eutectic indicates that
shrinkage occurs during the last stage of solidification. The argument is substantiated by
the DTA cooling curve (Figure 4-13 (b)) in which two distinctive reaction peaks are

detected during the last stage of solidification.

4.5.2. Secondary Phases

Three types of secondary phases, i.e. Laves, &NisNb, and n-NisTi, form in eutectic
reactions of Ni-Cr-Fe-Nb-Ti-(Al) alloys. It was shown [12] that the amount of n phase
increases with the Ti/Nb ratio, while the amount of Laves decreases at the same time. Ti
seems to have a significant effect on the formation of secondary phases during eutectic
solidification in a way that only trace amount of d phase is seen in Thermo-Calc prediction
and none has been observed in experimental alloys. Thus, CALPHAD method can be used
to investigate the competition effects between Ti and Nb quantitatively.

A series of Ni-Cr-Fe-Nb-Ti alloy compositions are selected for Scheil simulation.
Cr and Fe contents are kept at 20 and 18 wt pct respectively, two levels of Ti and Nb
additions are used as shown in Table 4-5. The compositions of experimental alloys are
also used in the calculation. Solidification sequences and volume fractions of secondary
phases are extracted from the data files. It is shown that & phase only appears in alloys
with small Ti/Nb ratio. With the increase of Ti/Nb ratio, Laves and n phases become the
major eutectic constituents. If the ratio exceeds certain limits, n phase reaction becomes
the first eutectic reaction in sequence.

In 706-type of model alloys (HV8523, HV8524, and HV8552), only Laves phase is
seen in the interdendritic region. These alloys have 36 wt pct Fe and significant amounts
of Nb and Ti. It is believed that a single eutectic reaction of Laves/y happens in these
alloys. (Figure 4-14)

In 718-type of model alloys (HV8551 and HV8550, with 1 wt pct Al), two types of
globular Laves particles form an intermixed structure with n phase (gray contrast), as

shown in Figure 4-15 (a) and (b). The difference of particle size is attributed to the
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difference of their reaction temperatures. The finer Laves particles are believed to form at
a lower temperature than that of bigger particles during solidification. However, the two
reaction temperatures should be very close due to the intimate structure and a single
eutectic reaction on DTA curve of the alloy (Figure 4-15 (c)). DTA may not be sensitive

enough to pick up the two reactions that are very close in their reaction temperatures.

4.5.3. Composition Effects

Excessive secondary eutectic phases in superalloys can cause incipient melting problem in
high temperature forging and welding processes. However, no data is available in
literature to illustrate the correlation between amount of secondary phase and composition
variables. In this study, Thermo-Calc is used to calculate the amounts of secondary phases
in model alloy systems. Regression analysis is attempted to determine the relationship

between the amount of Laves and alloying additions. The result is given as follows

Laves(%) = -60.6481+1.695[Cr] +0.73d Fd +2.79d N +1.208 T} , RZ =0.934 (4-8)

adj
It is seen that increase of alloying contents will increase the amount of Laves formed in the
alloy, with the effects diminishing in the order of Nb, Cr, Ti, and Fe. The result is
consistent with the prediction from the solidification diagram of Ni-Cr-Fe-Nb, which
indicates that Cr and Nb have more pronounced effects on the formation of Laves. Fe has
been repeatedly shown to be responsible for Laves formation in Ni-based superalloys.
However, equation (4-8) and the solidification diagram of Ni-Cr-Fe-Nb show that the
effect of Cr addition is more significant than Fe. No Al effect on Laves formation can be
found by the regression analysis.

The regression relationship between the amount of n phase and alloying additions
is given by the following equation

Eta(%)=38.34-1.7267[Cr| -0.524 Fe +4.317{T{ -4.8L A) , R% =0.959 (4-9)

adj
The increase of Ti content will increase the amount of | phase formed in the alloy. This is
in good agreement with experimental observation. However, other alloying additions such
as Cr, Fe, and Al, tend to reduce the amount of n.

Both equations (4-8) and (4-9) can be applied to alloys with the following
composition ranges: [Cr] =20, [Fe] =18 or 36,4 <[Nb] < 12,1 < [Ti]<9,0<[Al] <1, in
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wt pct. Again the direct application of equations (4-8) and (4-9) is cautioned since Nb and

Ti levels in most of the compositions are equal to or higher than solid solubilities.

4.6. Summary

Results and discussions in chapter 4 are summarized as follows:

1.
2.

Model superalloys are designed and systematically investigated using CALPHAD.
Solidification behaviors, such as solidification sequence, the amount and occurrence of
secondary phases, and freezing ranges of model alloys, can be simulated using
CALPHAD method with relatively good predictability.

A pseudo-solidification diagram of Ni-Cr-Fe-Nb alloy system by using [Cr+Fe} and
Nb as the two variables. The predicted results exhibit good consistency with actual
data of the experimental alloys, which demonstrated the merits of the method.

Cr has some more pronounced effect than Fe in promoting Laves formation.

Cr and Nb have more significant effects in reducing the freezing range than Fe and Ti.
Equations (4-6) and (4-7) are restricted for alloys with high levels of Nb and Ti.
Application to dilute alloys is restricted.

Nb have more pronounced effect on Laves formation that other elements as shown in
equation (4-8). Ti increases the amount of n phase, while Cr, Fe, and Al all suppress
the formation of n, as shown in equation (4-9). Again both equation are restricted for

alloys with high levels of Nb and Ti. Application to dilute alloys is restricted.
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Figure 4-1: Schematic of Scheil solidification module in Thermo-Calc.

Table 4-3: Freezing range (T -Ts) obtained using Thermo-Calc and DTA (°C)

Alloy DTA Thermo-Calc DTA Thermo-Calc

T Ts Te  To Ts  Te | TeTs ToeTe | TieTs ToTe

HV8851 | 1348 1264 1239 | 1345 1250 1222 84 109 95 123
HV8852 | 1356 1242 1196 | 1340 1228 1189 | 114 160 112 151
HVv8853 | 1356 1176 1144 | 1369 1190 1183 | 180 213 179 186
HV8549 | 1292 1146 1103 1281 1161 1140 | 146 188 121 141
HV8520 | 1274 1155 1100 | 1264 1145 1134 119 173 119 130
HV8524 | 1307 1192 1092 1254 1195 1151 | 115 215 58 103
HV8523 | 1307 1201 1104 | 1276 1202 1153 | 106 203 74 123
HV8552 | 1279 1212 1109 | 1255 1212 1153 68 171 43 102
HV8551 | 1280 1141 1091 | 1269 1135 1089 & 139 189 134 180
HV8521 | 1290 1147 1097 | 1294 1135 1098 | 143 194 159 196
HV8522 | 1242 1147 1089 | 1244 1147 1089 | 94 153 97 155
HV8550 | 1274 1158 1097 | 1268 1152 1099 | 116 176 116 169
HV8582 | 1279 1198 1131 | 1271 1209 1185 | 81 148 62 86
HV8583 | 1244 1176 1129 | 1239 1184 1147 68 115 55 92
718 1342 1175 1131 | 1353 1140 1117 | 167 211 212 236
706 1393 1189 1153 | 1391 1170 1132 | 204 240 221 259
625 1353 1177 1138 | 1350 1145 1110 | 176 215 205 240

Note: T is the liquidus, Ts is the solidus, T is the temperature at the end of eutectic reaction.
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Figure 4-2: Liquidus projection diagrams of (a) Ni-Cr-Nb and (b) Ni-Fe-Nb systems
calculated using Thermo-Calc. The projection of monovariant eutectic lines onto the Nb vs.
temperature plane of both systems is given in (c).
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Figure 4-3: Scheil solidification simulation of HV8853, (a): fraction solid vs. temperature and
(b): liquid composition vs. fraction solid.
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Figure 4-4: Pseudo-ternary solidification diagram of Ni-Cr-Fe-Nb alloy system.
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Figure 4-5: DTA cooling curve of Figure 4-7: EDS spectrums of eutectic
HV8853 at 20 and 5 °C/min showing phases in alloy CL-3.

eutectic reactions.

Figure 4-6: Back-scattered electron images of HV8853 (DTA, 5°C/min).
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(d)
Figure 4-9: BSE images of CL-2 where the bright phases on the edge are NizNb (a) and (b).
BSE images of CL-3 where the bright phases are NizNb (c) and (d).
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Figure 4-15: (a) Back-scattered electron image and (b) DTA cooling curve of HV8551.
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Table 4-5: Results of Thermo-Calc simulation of Ni-Cr-Fe-Nb-Ti-Al system

Composition (wt pct) at.% | Eutectic vol. percent
Cr Fe Nb Ti Al Nb+Ti Ti/Nb 1st 2" | Laves Eta Delta
20 18 4 1 0 5 049 | & L 1.7 0.6 3
20 18 4 3 0 7 146 | n L 3.5 6 0.3
20 18 4 6 0 10 291 ' n L 5.6 18 -
20 18 4 9 0 13 437 |n L 6.4 35 -
20 18 6 2 0 8 065 L n 53 23 29
20 18 6 4 0 10 129 | n L 8 11 0.2
20 18 6 6 0 12 194 | n L | 101 193 -
20 18 6 9 0 15 291 ' n L | 125 37 -
20 18 9 1 0 10 022 | L n 9.8 0.6 5
20 18 9 3 0 12 065 L n 14 6.8 -
20 18 9 6 0 15 129 | L n | 207 208 -
20 18 12 2 0 14 032 | L n 21 28 35
20 18 12 5 0 17 081 L n 30 148 -
1993 1825 533 555 0 1088|202 | n L 78 176 -
19.36 18.06 7.32 509 0 1241 135 L n 11.8 17 -
20 18 8 4 0 12 097 | L n 13 115 -
20.02 36.04 539 543 0 1082 195 L n | 238 45 -
20.32 3647 575 427 0 1002 144 L n 21 4 -
19.81 3502 779 39 0 1169 097 L n 25 4 -
16.06 35.37 323 294 0 617 | 177 | L n 4.4 6 -
1994 1809 7.72 401 112 1173 | 1.01 | L n 122 7.6 -
19.19 1738 7.41 532 113 1273 | 139 | L n 144 114 -
20.73 1883 562 424 118 986 | 146 | L n 7.7 7.9 -
19.69 1821 537 559 114 1096 | 202 | L n 9.1 119 -

Note: “L” stands for eutectic Laves.
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Composition, Temperature and Fraction Solid in Solidification:
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5.1. Introduction

The correlation of liquid composition, temperature, and fraction solidified during the
dendritic solidification of superalloys is of great value in understanding macrosegregation
phenomena such as freckles. Two theoretical approaches have been applied to predict
these attributes. First, for binary alloys whose liquidus has linear relationship with
composition, the liquid composition is simply related to fraction solid and temperature by
Scheil model. Second, CALPHAD method employs thermodynamic principles to obtain
these relations of multicomponent alloys based upon same assumptions as Scheil model,
e.g. complete diffusion in liquid that results in uniform liquid concentration and negligible
diffusion in solid. Although both treatments provide good guidelines, real solidification of
multicomponent alloys often deviate from the theoretical predictions due to the complexity
of alloy chemistry and processing conditions.

It is vitally important to develop simple and reliable experimental techniques that
can actually measure these attributes in materials obtained from solidification conditions
close to real production. However, very few published data is available to meet these
requirements. Experimental techniques to investigate the attributes include quantitative
metallography, X-ray diffraction analysis, EDS and microprobe measurements. The
strategy for application is often cumbersome and time-consuming due to the requirement
of strict controls over multiple experiments.

The aim of this work is to develop simple-to-use and accurate experimental
strategies to quantitatively determine the detailed solute redistribution profile and fraction
solid versus temperature relation in multicomponent alloys. These results, together with the
measurement of secondary dendrite arm spacing at the end of this chapter, will provide

significant insights for the study of the key control parameters in freckle formation.

5.2. Solute Redistribution

The extent of solute redistribution, that is, segregation of solute elements over distances on

the order of dendrite arm spacings, can be measured by one of the following: (a) amount of

non-equilibrium eutectic, (b) amount of non-equilibrium secondary phase, (c) minimum
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solid composition, (d) ratio of minimum to maximum composition of the primary phase, or

(e) composition versus fraction solid profiles, which will be discussed in this section.

5.2.1. Microsegregation Profiles

The typical dendritic structure for analysis is shown as a back-scattered electron image
whose contrast is determined by the local concentration of heavy elements, such as Nb
(Figure 5-1). The higher the Nb concentration, the brighter is the contrast. The main
features in Figure 5-1 are the primary and secondary dendrites and the interdendritic
eutectic phases as Nb becomes more enriched towards eutectic region. A simplified
dendrite model is shown in Figure 5-2. Nb concentration increases monotonically from the
dendrite core to the outside layer of eutectic with the progress of solidification, hence, the
curve in Figure 5-2 represents the composition profile during solidification. It is possible
to determine the same composition profile in a solidified sample by employing the
systematic point count method [46].

In the systematic point count method, a test grid with a regular array of test points
is superimposed on the image as Figure 5-1. The concentration profile during
solidification can be obtained by putting these data in ascending or descending order
depending on the partition ratio. In the current study, coordinates of a coarse square-mesh
virtual grid were programmed onto the sample surface. Composition at each grid point was
measured using a fully automated Energy Dispersive Spectrometer (EDS) attached to the
scanning electron microscope (SEM). Other operating conditions are described in chapter
2. The step size (the distance between two consecutive measurements) is approximately
the same as the secondary dendrite arm spacing of the specimen (50~100 microns). A total
of about 150 measurements were obtained from each sample. Most of the samples used
were melted and solidified at 20°C/min in the TA-1600 DTA cell. The data from the EDS
measurements were processed using the procedure described in Appendix B to obtain
elemental redistribution profiles in solid.

The solid composition profiles of HV8851 (Ni-20Cr-6Ti), HV8852 (Ni-20Cr-
8.6Nb), and HV8853 (Ni-20Cr-18Fe-7Nb) are shown in Figure 5-3. In these alloys, solid
concentrations of Nb and Ti increase monotonically with solidification, which results in

their enrichments in the interdendritic liquid. Matrix forming elements such as Cr and Fe
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prefer to distribute in primary phase, hence, the liquid continues to be depleted of these
elements. The average of all of the measurements for each element was taken and
compared with nominal alloy composition. The differences between them are given in
Table 5-1. It is seen that most of the average values are comparable with the nominal
compositions, which means that the measurement obeys the solute conservation
assumption. The average concentration of Nb in HV8853 is much higher that nominal
value. This is due to the very few points with extremely high concentrations. They were
probably located in the secondary eutectic phases such as NbC carbide in which the C
content cannot be accurately determined because of equipment limits.

Liquid composition in the interdendritic region can be calculated from the
measured solid composition profile. Assuming complete solute mixing in the liquid, the
composition of the remaining interdendritic liquid at any fraction solid is given as

. fq .
- C,—[ Cldf
C'L :O_.rOL (5_1)

1-f
C!, Ci,and C, are the liquid, solid, and nominal compositions of solute i respectively.

fs is the weight fraction of solid and df is the differential element of the fraction

solidified. It is assumed that no solute transport between the volume element and
surrounding so that total weight of solute in the volume equals to the nominal composition
throughout solidification.

Figure 5-4 shows the liquid composition profiles from equation (5-1) of HV8851,
HV8852, and HV8853. Ti and Nb are solute elements in these alloys and they both
segregate monotonically into the interdendritic liquid during solidification. It should be
noted that the liquid composition at the last 10~20% solidification are not calculated due to

the lack of precision of measurement in the interdendritic region.

5.2.2. Partition Ratio

When equilibrium exists at the interface during solidification of an alloy, the ratio of
concentrations between liquid and solid is known as its equilibrium partition ratio. This
ratio provides effective measure of solute segregation. If it is close to unity, then there is
very little partitioning of element between liquid and solid. If it is less than unity, there is
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preferential partitioning to the liquid, and vice versa. Therefore, it is essential to have
reasonably accurate values of partition ratios for solidification simulations.

In the current study, the partition ratio k; of an element at any given fraction solid
fs can be calculated as the ratio of the interpolated interface solid composition to the

composition of the remaining liquid obtained by using equation 5-1. Figure 5-5 shows the
partition ratios of elements in the three model alloys versus fraction solid. The ratios of Cr
and Fe remain almost constant and slightly above 1 throughout the solidification. The

partition ratio of Ti increases from 0.68 to 0.88 when fg changes from 0 to 0.8. Nb ratio
increases from 0.54 to 0.74 with f, changing from 0 to 0.8 in HV8852, and increases from
0.44 to 0.8 with f; changing from 0 to 0.8 in HV8853. It is interesting to note that the

solute partition ratios increase during solidification for both Ti and Nb. Knorovsky et al
[54] measured the partition ratio of Nb in both quenched and solidified welds of alloy 718.
Their result shows that kyp is not statistically different between the beginning and the end
of solidification and it was assumed to be constant during solidification.

The discrepancy between model alloys and industrial alloys can be attributed to the
higher solute concentration and absence of solute interactions in model alloys. Both of
Nb-containing model alloys have much higher Nb contents (HV8852: 8.6 wt pct, HV8853:
7 wt pct) than alloy 718 (5 wt pct). This may correspond to different locations on the
phase diagram and result in difference of kyp. In model alloys, single solute element (Nb
or Ti) is present in the interdendritic liquid. Their solubility in y matrix may increase
during solidification due to the lack of competition. However, the change of solubility of
individual solute is limited when multiple solutes are present in the system due to their
interactions. A parallel analysis of solid, liquid, and partition ratios are conducted on
industrial alloys [53] and k ratios of Ti and Nb are found to be nearly constant during

solidification.

5.3. Fraction of Solid

Several important solidification parameters can be extracted from the fraction solid versus

temperature curve as shown in Figure 5-6.
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1) The shape of fs(T) curve during solidification of primary y phase.

2) Freezing range of the alloy (T, -T;).

3) Total solidification range of the alloy (T, —T;).

4) Volume fraction of eutectics

Character 1) is of great importance in current study since it can be used in the calculation
of permeability. It also provides the link between liquid composition and temperature so
that the liquid density can be obtained. Character 2) was previously investigated in chapter
4 and it can be used to determine the depth of mushy zone if the processing condition is
known. Character 3) is important to determine the incipient melting point. If the total
range is large, the alloy may have a low incipient melting point that is critical in forging
and heat treatment. Character 4) represents the extent of solidification. 3) and 4) are not
studied in this study.

The major approach for obtaining fs(T) curve is through interrupt quenching of
semi-solid samples during equiaxed or directional solidification. Area fractions are
measured and correlated with quenching temperatures. The method is time-consuming and
requires strict environmental protection due to the reactive nature of transition elements.
The purpose of the present section is to develop a quantitative approach used for the
determination of the fs(T) curves from DTA data. The method is very attractive due to its
accuracy and the reduction of required analysis time. Results of model alloys are verified

using quenching data and exhibits general agreements.

5.3.1. Quantitative DTA

The transformation rate during solidification of an alloy, df /dt, can be used to determine

the relation between fraction solidified and transformation temperature under a constant
cooling rate. Traditionally, the information can only be obtained by measuring the volume
fraction of solidified area in sample whose structure has been frozen by quenching during
solidification cycle. Differential Thermal Analysis (DTA) provides valuable information
about the rate of growth and characteristic temperatures during solidification. A
theoretical treatment of DTA is developed in the current study to determine evolution of

fraction of solid with respect to solidification time and temperature.
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The determination of solidification rate from thermal analysis is based on the fact
that the amount of heat supplied to, or carried away from a sample is directly proportional
to the solidification rate. In the DTA setup schematically shown in Figure 5-7, the

following heat balance applies [47]:
df d
A (C pRWpr ~ CpsWps )+ d_ts (_ AH )Ns = d_? (5-2)

Where dQ/dt is the amount of of heat carried away from the sample during solidification,
A is the reference cooling rate (°C/min), C,, and C,; are the heat capacities of the
reference and sample materials (cal/g °C), W, and W, are the reference and sample
weights (g), (—AH) is the sample latent heat of solidification (cal/g), and df /dt is the

sample solidification rate (min™). The first term on the left side of equation (5-2)
represents the transformation-free term and the second one is related to solidification. In
the temperature range of solidification in Ni-based superalloys (1400°C~1200°C),
radiation heat transfer is the dominant mode of heat loss from the sample to the

surrounding environment. The following equation is applied:

R poefrs -T7) (5-3)

dt
where A is the area of the sample, ois the Stefan-Boltzman constant, € is the emissivity of
sample material, T, and T, are the sample and furnace temperatures respectively. In this
study, T, is assumed to be equal to the reference temperature, T,. Since Tq /T, =1,
equation (5-3) can be simplified to

O('j—? = Age(T -T{)= Ace AT (T, - T, ) = y (T2AT * (5-4)

where y =4Ace and AT*=T, -T;.
If there is no transformation, the baseline heat balance can be described as
A (C prWpr = CpsWos ) = yTR3 (AT, (5-5)
AlC.W,, —C..W
ATBL - ( PR " PR . PS PS) (5'6)
2P

Then the latent heat of solidification can be obtained by integrating equation (5-2) from the

beginning (time = 0) to the completion of solidification (time = t, ) assuming constant A:
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AH = [ (AT *-AT,, ) EL [ ﬂﬁdt (5-7)

where AT’ is the baseline-corrected temperature difference.
Solid fraction at any time and temperature can then be calculated by

A YTe
ft)=— (AT) LR dt (5-8)
° AH W,

The constant y can be estimated by calibrating the equipment with pure Ni, whose total

heat of solidification and liquidus temperature are known.

5.3.2. Model Alloys

Fraction solidified versus temperature relations in model alloys are obtained using the
method as described in previous section and the results are shown in Figure 5-8 through
Figure 5-11. For the purpose of comparison, the fs(T) curves predicted by Thermo-Calc
are also given.

The quantitative DTA analysis and Thermo-Calc prediction exhibit good
consistence in the relative position of fraction solid at any given temperature for all of the
model alloys considered. For example, DTA analysis shows that HV8549 has higher
fraction solid and wider solidification range than HV8520, which is in agreement with
those predicted by Thermo-Calc. Excessive eutectics in model alloys that are observed in
the experimental alloys are successfully predicted using DTA approach. The difference
between the absolute values of fraction solid is that because of the intrinsic difference
between Thermo-Calc methodology and experimental conditions. This will be discussed
in section 5.5.

The quantitative DTA analysis is also compared with interrupt quenching results
obtained for industrial alloys [53]. These results were obtained by measuring the area
fraction of solid in samples that have been quenched from different temperatures during
solidification. Both manual point counting method and automated image analysis were
used to measure the volume fractions of solid. Modified DTA setup was used for melting
the sample so the temperature can be controlled within +2°C. The quenched sample has
the approximately the same size as a DTA sample. Please refer to pages 33 to 36 of

reference [53] for detailed description and accuracy of the quenching test. The effect of
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back diffusion in solid is prohibited in the interrupt quenching experiment. Results of
industrial alloys 718 and 625 from quenching experiment are compared with those
obtained using quantitative DTA method as shown in Figure 5-12. Fraction of solid data
using quantitative DTA analysis is closer to quench experiments than those predicted by
Thermo-Calc, especially at later stage of solidification. It is noted that alloy 718 exhibits
lower fraction solid than alloy 625 using all of the three approaches provided no solid
diffusion and complete liquid mixing.

The relative good agreement between quantitative DTA analysis and other
techniques indicates that DTA analysis can be used as a simple and reliable method to
determine fs(T) curve during solidification. The discrepancy among the absolute values
obtained using different methods is of reasons other than composition effect. More work is
needed to study these effects. Therefore the quantitative DTA method provides a simple
way to study composition effect on the fraction solid evolution during solidification for
different alloys. The method offers advantages of time-saving and accuracy as compared
with quenching test. Detailed study of the effects of various properties in equation (5-2) is

needed in the future to improve the approach.

5.3.3. Alloying Effects
Various studies indicate that freckles are likely to initiate at mushy zone locations
correspond to a liquid fraction of the order of 0.4~0.6 where fluid flow leading to freckles
will develop more easily in regions of higher permeability. In industrial freckle-prone
alloys, such as 718 and 625, eutectic reactions only occur when 80~90% of the liquid have
been solidified. Thus, it is important to determine the alloying effects on the fraction solid
evolution curve during the primary phase solidification.

The fraction of solid versus temperature relation affects the permeability in two
folds, e.g. the absolute value of fs and the slope of fs(T) curve. Mathematically, these

effects are represented by a single parameter, a, since the primary solidification section of
the fs(T) curve can be fitted using exponential equation, f, =e™*", where AT =T, -T .

Example of alloy HV8853 is shown in Figure 5-13. Since the exponential curves always
originate from 1, the pre-exponential coefficient is assumed to be 1. The higher the a, the

greater is fs, providing the same temperature difference from liquidus. The a values of
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model alloys and three industrial alloys obtained from fs(T) of quantitative DTA analysis
are given in Table 5-2.

Linear regression analysis is conducted to correlate o with nominal alloy
composition. Cr, Fe, Al, Nb, and Ti concentrations are used for regression. However,
only Nb and Ti are found to be statistically significant. The equation is given as follows:

a =-0.0397 +0.002836 [jNb] +0.002131 {Ti] (5-9)
The adjusted R square value of the regression analysis is 0.814. P values of the
coefficients of Nb and Ti are 0.0008 and 0.0014 respectively. (P value is statistical factor
used in hypothesis test to indicate statistical significance, P<0.05 means good statistical
significance.) Terms in brackets are the alloy composition in wt pct. The statistics of the
equation are significant, the regression exhibits strong correlation between response and
variables. The dependence of a on Nb and Ti concentrations are shown in Figure 5-14.
Comparison between predicted and actual values of a is shown in Figure 5-15. Equation
(5-9) shows that Nb addition has more pronounced effect in reducing fraction solid than Ti.
No apparent effects of Cr and Fe can be found on a. Equation (5-9) applies to Ni-20Cr-
18(or 36)Fe-Nb-Ti-1Al system where the composition ranges are: 3<[Nb]<7.8 and
0.3<[Ti]<5.6, all in wt pct. It is noted that the equation also applies to industrial alloys
such as alloys 718, 706, and 625.

5.4. Secondary Dendrite Arm Spacing

Permeability depends on the primary and secondary dendrite arm spacings as well as the
fraction of solid in the mushy zone. It has been found [8] that poor heat extraction during
remelting process results in longer local solidification time, which produces large dendrite
arm spacings that freckles are easier to flow. It is generally agreed that processing
conditions dictate these characteristic lengths. No systematic study has been reported in
literature regarding composition effect on dendrite arm spacings in superalloys. In order to
develop acceptable freckling criteria, the role of composition in the evolution of dendritic
spacings is investigated in the present study.

Secondary dendrite arm spacings, d,, are measured in model alloys solidified at the

same cooling rate of 20°C/min in DTA. It is intended to eliminate the processing effect,
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thus, to study the composition effects on the dendritic structure, such as fraction solidified
as well as dendritic spacings. These samples were solidified in an equiaxed manner so that
only d, can be measured. The results are given in table 5-2 and plotted against the Nb, Ti,
and Ti/Nb ratio for each model alloy systems in Figure 5-16. The error bars are +/-
standard deviations of measurements.

In Ni-20Cr-18Fe-Nb-Ti model alloys, d, increases from 37um to 45um, as the
Ti/Nb ratio changes from 1.35 to 2, with a maximum standard deviation of 5.4um. When
the Fe level is 36 wt pct in the system, d, increases from 34um to 40um, as the Ti/NDb ratio
increases from 1 to 2. The maximum standard deviation of measurement is 4.7um. When
1 wt pct Al is added to the system, no significant change of d, with Ti/Nb ratio can be
found. However, the absolute values of d, in Ni-Cr-Fe-Nb-Ti-Al alloys are 5~9um smaller
than alloys without Al additions at Ti/Nb ratios of 1 or higher. The differences in d are
higher than their corresponding standard deviations of measurements, hence, the
observations are statistically significant. No conclusion of Al effect can be drawn due to
the lack of data. Plots of d, against Nb and Ti are shown in Figure 5-16 (b) and (c). No
apparent trend can be found in these graphs.

It is difficult to experimentally determine the composition effect on d, due to the
amount of measurements involved. Result included in the current study is preliminary,
which means no firm conclusion can be drawn. However, result of d, in model alloys
RN904 and RN903 (horizontal solidification, chapter 3) indicates that composition effect
does exist and needs further investigation.

5.5. Discussion

5.5.1. Kinetic Effects

5.5.1.1. Solid-state diffusion effect

The solute redistribution model developed by Brody and Flemings [48] can be used to
estimate the significance of solid-state diffusion during solidification, which, for a
parabolic growth rate, is given by

= D.t
Cl =KC,[L- (L 20K)F Jieer , @ = o

(5-10)
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Here, k is the equilibrium distribution coefficient, Dy is the diffusivity of solute in solid
(assumed constant in the derivation of the equation), t, is the local solidification time, L is

half the dendrite arm spacing. The back-diffusion potential depends on the diffusion

distance (L), the time available for diffusion (t, ), and the diffusivity in the solid ( Dy).

For a DTA Sample of alloy 718 with 20 °C/min cooling rate, the local solidification

time t, equals to 600 sec with 200°C solidification range. The average secondary dendrite
arm spacing is about 100 microns, thus, L =50 microns. For the major solute element Nb,

D, =7.5%10’ exp(2-64"10%.|.) micron?/second. The value of a calculated for Nb

diffusion yields values of 0.05 and 0.003 at 1337°C and 1137°C, respectively. Since the
values of a <<1, Nb diffusion in the solid can be neglected under the solidification
conditions. The liquid composition of quenched 718 samples was compared with the as-
calculated liquid composition and they match to each other very well. The dendrite core
compositions of quenched samples at various temperature drops are similar, which also
indicates that the diffusion of Nb is negligible in the solid during solidification. Similar
results were found for other alloying elements. In conclusion, effect of solid-state
diffusion on the solid composition profile can be neglected under the applied experimental

conditions.

5.5.1.2. Cooling Rate Effect
Cooling rate may affect the solute distribution profile, as well as the fraction of eutectic
formed in solidification. It has been shown in the previous section that back-diffusion in
solid is negligible under the currently employed cooling condition.

Faster cooling rates will introduce certain degree of undercooling before

nucleation. The classical treatment describes the undercooling as, AT = ML(Co —Ct),
where C, is the composition of the liquid ahead of dendrite tip, M is the slope of the

liquidus line in the phase diagram. The fraction eutectic, f_, can then be calculated using

e e C -C
f — _ f 0 S f 0 = t 0 _11
E (1 s )@cht B LN —Ct k) (5-11)
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In the above equations, C{™ is the maximum solid solubility and f; is the fraction of

solid formed at tip temperature. Please see reference (Sarreal and Abbaschian, 1986, [49])
for development of equations.
In DTA test of alloy 718 with a cooling rate of 20°C/min, AT =10°C was

encountered. Using the values of k =0.46, C¢™ =9.3wt.% for Nb, the fraction eutectic

ranges from 0.09 to 0.10 for undercooling ranging from 5°C to 15°C respectively, which is
close to measured fraction eutectic of 0.07-0.11 [54]. It is clear that the cooling rate effect
on the fraction of eutectic formed under the applied solidification conditions is negligible.

5.5.2. Experimental versus CALPHAD

It is beyond the scope of the present study to validate the applicability of CALPHAD
method in solidification segregation study. However, since various results have been
generated via both CALPHAD and experimental methods, it is worthwhile to
phenomenally compare the experimental data with CALPHAD prediction.  The
comparison is made clear by the following table (Table 5-3). Good correlation in Table 5-3
means that if alloy 1 exhibits higher value than alloy 2 in experimental observation, the
same trend will be found in CALPHAD prediction.

Table 5-3: Correlation of CALPHAD and experimental results.

Solidification Study Good Not Good Ref.
Solidification diagram i Ch.4
Solidification sequence i Ch.4
Secondary phases i Ch.4
Freezing range i Ch.4
Fraction of solid i Ch.5
Solid and liquid composition i Ch.5 & [2]
Partition ratio i Ch5&[2]

Comparison is based on results in model Ni-based alloys and industrial alloys 718,
706, and 625. The temperature data of experimental alloys were obtained using DTA and
the composition was measured using Energy Dispersive Spectrometry. DTA uses
continuous cooling scheme which means that the accuracy of temperature data depends on

the magnitude of undercooling and the sensitivity of the equipment to pick up reaction
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temperatures. It becomes more difficult to discern a reaction temperature if the amount of
heat output for a specific reaction (such as eutectic reaction) is small or several reactions
overlap in their temperatures. However, the DTA equipment employed in the current
study is considered to be relatively accurate. It is shown that CALPHAD performs
relatively well in the prediction of phase equilibrium. However, the absolute values of
prediction, especially the solid and liquid compositions, always deviate from those found
in experiments. This can be attributed to solid-state diffusion, dendrite coarsening,
localized solute transport by liquid convection, solute concentrations, higher order (>3)
solute interactions, and undercooling, etc. Hence, it is more suitable to use CALPHAD

method for comparison between different alloys than to apply it directly in real practice.
5.6. Summary

Results and summary in chapter 5 can be summarized as follows:

1. A statistically significant systematic point count technique is developed to determine
the composition profiles during solidification of multicomponent alloys.

2. Segregation profiles of model alloys HV8851, HV8852, and HV8853 are obtained.
Result shows that Nb and Ti redistribute preferentially into the interdendritic liquid.

3. The partition ratios of Nb and Ti increase with the progress of solidification.

4. Quantitative DTA analysis method is developed to determine fs(T) relation in
superalloys. The method is simple and accurate as compared with quenching test.

5. fs(T) curves of model alloys are determined using quantitative DTA analysis.

-a AT

6. The primary phase solidification curve can be fitted using f, =e equation.

7. Composition effects on fs(T) relation can be obtained by correlating o with
composition variables. The following equation is obtained using regression analysis
for Ni-Cr-Fe-Nb-Ti-Al alloys: a = -0.0397 +0.002836 [{Nb] +0.002131 ([T .

8. No clear relation between alloying addition and secondary dendrite arm spacing can be
found in the current study. More work is needed in the future.

9. CALPHAD prediction is suitable for comparison between different alloys. However, it

is cautioned to use the method directly in real practice.
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Figure 5-1: Dendrite structure in Ni-based superalloys (Back-scattered electron image).

Eutectic
growth
Y
—| fele—

Solid Composition

Fraction Solid (fs)

Figure 5-2: Schematic of monototnic increase of solid Nb concentration in model alloys.
* fe is the volume fraction of eutectic constituents.
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Table 5-1: Average solid composition in systematic point count measurements. (wt%o)
* Values in parenthesis is the standard deviation of EDS measurements.

Nominal (8851) EDS Average Difference (o)
Cr Ti Cr Ti Cr Ti
19.89 5.94 19.99 6.03 |-0.10 (0.45) -0.09 (0.30)

Nominal (8852) EDS Average Difference (0)
Cr Nb Cr Nb Cr Nb
20.13 8.36 20.80 7.97 |-0.67 (0.45) 0.39 (0.33)

Nominal (8853)

EDS Average

Difference (o)

Cr Fe Nb Cr Fe Nb Cr
20.18 17.73 6.94|19.84 17.31 7.67

Fe Nb

0.34 (0.45) 0.42 (0.43) -0.73 (0.31)

Table 5-2: a and d, of model alloys

Alloys Nb Ti a dz (um) o (um)
8851 0 6 -0.0413 - -
8852 8.36 0 -0.0277 - -
8853 7 0 -0.0191 - -
8549 5.33 5.55 -0.0119 44.66 5.37
8520 7.32 5.09 -0.013 37.31 5.04
8550 7.72 4.01 -0.0115 39.20 6.65
8522 7.41 5.32 -0.0096 - -
8521 5.62 4.24 -0.0137 35.05 2.33
8551 5.37 5.59 -0.0123 35.37 2.49
8552 7.76 3.88 -0.0076 33.59 2.81
8523 5.75 4.27 -0.0097 41.10 4.69
8524 5.39 5.43 -0.0091 40.19 0.89
8586 3.23 2.94 -0.0302 - -

718 5.41 0.98 -0.0198 - -
706 2.98 1.7 -0.0252 - -
625 3.53 0.29 -0.0317 - -

Note: g is the standard deviation of d, measurement.
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Figure 5-3: Solid composition profiles in
model alloys (a) HV8851, (b) HV8852,
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Figure 5-8: fs(T) curves of HV8851, HV8852 and HV8853 by Thermo-Calc (left) and
quantitative DTA analysis (right).
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Figure 5-9: fs(T) curves of HV8520 and HV8549 by Thermo-Calc (left) and
quantitative DTA analysis (right).
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Figure 5-10: fs(T) curves of HV8551, HV8550, HV8520 and HV8521 by Thermo-Calc (left)
and quantitative DTA analysis (right).
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6.1. Introduction

Several criteria have been developed based on density inversion theory in attempt to
explain freckling phenomena in directional solidification (see summary in chapter 1).
However, none of them offers a satisfying solution for freckling problem in remelt
processed superalloys where heavier interdendritic liquid and sloped solidification
interface are present. Addition of multiple solute elements makes it increasingly difficult
to produce large diameter ingots that are free of freckles. It is vitally important to have a
process model that is capable to consider both alloying and processing effects.

The main purpose of this chapter is to develop a freckling model based on
instability of interdendritic liquid flow under remelt conditions. The horizontal component
in remelt ingot has the highest propensity to freckle formation and can be correctly
simulated using the horizontal solidification experiment. Key control parameters identified
under horizontal solidification conditions are incorporated into the criterion and a
sensitivity study is given to account for various sources of error encountered during the
measurement and analysis of these parameters. Composition effects on the driving force
and resistance for interdendritic liquid flow are discussed in detail. Based on the analysis,
a composition-related freckling criterion, e.g. the relative Rayleigh number, is proposed.
The proposed criterion is then used to analyze the freckling tendencies of model alloys
HV8851 (Ni-20Cr-6Ti), HV8852 (Ni-20Cr-8.6Nb), and HV8853 (Ni-20Cr-18Fe-7Nb) that
have been designed for the physical simulation of freckling. Effects of process conditions,

such as the pool geometry and ingot size, are also discussed.

6.2. Rayleigh Criterion

A solute redistribution model for a small volume element inside the mushy zone is shown
in Figure 6-1. Solute enters or leaves the element only by fluid flow and mass flow in or
out of the element by diffusion is neglected. Solute redistribution within the volume
element can be described by the following equation after Flemings’ analysis [13] (please

refer to Appendix A for derivation of equation (6-1)):
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of, _ M-pB V T Of,
=- 6-1
oC, %—k %Jr £ %_L (©-1)

Where f, is the volume fraction of liquid, C, is the liquid composition, (3 is the

solidification shrinkage, k is the equilibrium partition ratio, V is the vector form of
interdendritic fluid flow velocity, € is the cooling rate. The equation reduces to Scheil
condition when the flow velocity becomes zero and solidification shrinkage is neglected as
shown in Figure 6-1.

Multiplying both sides of equation (6-1) leads to:

of _ 01 f, 9c 0y VT 62)
oT fd-k C,_ oT £

The quantity inside the first pair of brackets is always negative regardless of the value of k.
The term on the left of eq. (6-2) becomes negative if the following condition is reached:
vV mT
<
£

-1 (6-3)

That is, the fraction of liquid in the volume element increases with the decrease of
temperature. Interdendritic liquid flow becomes unstable and the perturbed channel grows
as remelting occurs in the volume element until it becomes visible as freckle segregate.
Figure 6-2 is a schematic illustration of stable and unstable liquid flow under both vertical
DS and sloped remelting conditions. In both configurations,

e=-0OT[R (6-4)
R is the vector form of the crystal growth rate. Combining (6-3) and (6-4), the freckling

criterion of (6-3) becomes:

Vi g (6-5)
R

In equation (6-5), n is the vector of crystal growth direction. Here vector forms are used
because the direction of maximum liquid flow may be different from the crystal growth
direction in remelting. It is noted that R is the local crystal growth velocity of
columnar grains and may not be equal to the overall solidification speed of the ingot. The

physical meaning of equation (6-5) is that if the component of interdendritic flow velocity
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along the direction of crystal growth is greater than the crystal growth rate, freckles will
form as a result of unstable fluid flow.
The interdendritic flow velocity through the volume element is linearly related to

the pressure gradient due to density difference and D’ Arcy’s law applies:

;__Opy )
V= o, F(®,x,y) (6-6)

Where 1 is the viscosity of interdendritic fluid, N is the permeability, g is acceleration due

to gravity, Ap is the density difference inside the mushy zone. F(B,x,y) is the pool

geometry factor including effects of solidification front angle (6, the angle between the
longitudinal axis of columnar grains and the horizontal axis) and the (x, y) coordinates of
the location of interest in the mushy zone. Definitions of the coordinate system and the
effect of pool geometry factor will be discussed in section 6.5.1. The channel flow
velocity is determined by the driving force due to density gradient as well as the resistance
of the dendritic network.

Substituting (6-6) into (6-5) leads to the explicit freckling criterion:

9 X, y DApEgD” >1 (6-7)
nf, Rm

Since R is the ingot growth rate with vertically upward direction, R can be replaced by
R [8in@, where R is the nominal ingot growth rate. In remelt process, the angle between
freckle channel and crystal growth direction is not readily known, hence, equation (6-7)

can be re-written as:

Ra = F9xyL[—l—>Rc (6-8)
nf,  Rsin@

Ra is Rayleigh number and Rc is the critical Rayleigh number for freckle formation. Here
the concept of Rayleigh number is used because equation (6-8) described the situation that
unstable convection occurs when the buoyancy contribution exceeds the restraining
pressure, which is physically similar to the formulations of Rayleigh numbers by Sarazin
and Hellawell [22]. The reason why various forms of Rayleigh number are present is that
the nature of the liquid convection is not fully understood. The Rayleigh numbers
described by equations (1-6) and (1-7) treat the dissipation of heat or mass to the

surrounding environment to be the limiting factor for freckle flow. If the rate of
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dissipation is fast enough, no continuous flow can be sustained. Hence, the thermal
diffusivity or the liquid diffusion coefficient appears in the denominator. However,
equation (6-5) describes the situation where the competition between the interdendritic
flow and the crystal growth dominates the convection pattern. Freckles will form if the
interdendritic flow outpaces the local crystal growth. Thus, the local crystal growth rate
becomes the limiting factor for channel flow. This is of practical importance since it
relates the processing conditions (overall ingot growth rate) with the freckling criterion.

In the current study, horizontal solidification has been used as the physical
simulation of freckling. It correctly simulates the horizontal component in remelting
ingots where the freckling tendency is the highest. It is noted that the freckling model in
equation (6-8) incorporates all of the key control parameters that have been identified and
investigated in previous chapters. Freckling potentials of model alloys will be compared
with experimental result from horizontal solidification in section 6.5. Therefore the

freckling criterion is capable to explain the freckling phenomena in remelt superalloys.

6.3. Sensitivity of Key Control Parameters

The sensitivity of the freckling criterion depends on those of the key control parameters,
which can be obtained via either experiments or numerical evaluation. The sensitivities of

the experimental equipment and numerical methods are discussed in this section.

6.3.1. Viscosity
Viscosity of liquid can be numerically evaluated for any alloy composition at any

temperature through the following expression published in references [50, 51]:

n = Aexp(B/RT) (6-9)
Ao L7x107 Dp*° 077 M ™°
exp(B/RT, )
B =265

R=8.3144 J/mol K

It is assumed that viscosity does not vary significantly during solidification from alloy to

alloy and is only dependent on temperature.
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6.3.2. Permeability
The liquid flow in remelting is mainly parallel to the slope of mushy zone, e.g. normal to
the primary dendrite arms. The permeability depends upon the secondary dendrite arm
spacing (dy) as well as d; and f_and is expressed by the following [52]:

M, =9.66x107°d % d ;™ f>* (+31%) (6-10)
The permeability is in m®. Dendrite arm spacings are in um. The permeability for flow
that is parallel to primary dendrite arms is given by:

M, =3.75x107d/ f? (+30%) (6-11)
Here dendrite arm spacing is in m. Auburtin [26] has evaluated the permeability of
VAR/ESR ingots. It has been observed that flow perpendicular to the direction of primary
dendrites should be easier than that parallel to the dendrites due to a permeability of 2.5
times higher.

6.3.3. Liquid Density
Direct measurement of liquid density of Ni-based superalloys is difficult because of the
high melting temperature and reactive nature of the alloy. Liquid density can be expressed

using the following equation:
0
0=p, E@+ 3 BAC, + 86T (6-12)

Thus the accuracy of density calculation depends on the type of equipment used to measure

composition and reaction temperatures.

6.3.3.1. Composition Measurement — EDS

In the current study, EDS is used as the primary tool to measure elemental compositions.
To determine the random fluctuation caused by the equipment, a homogenized alloy 625
sample was used. A 10um by 10um area on the sample surface was covered by a virtual
9x9 grid and composition at each grid point was measured using EDS. Because the sample
has been homogenized and the sampling area is very small, variation in the group of data
represents the random fluctuation of the equipment only. Standard deviations of each
alloying element are used for regression analysis to generate a relation between the

standard deviation and the nominal alloy compositions. The equation is written:
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STDEV =0.0106 [JC] +0.2387 (6-13)

The R square of regression analysis is 0.9526, [C] is the nominal composition in wt pct.
Equation (6-14) indicates the dependence of standard deviation on alloy composition,
which shows that the standard deviation increases with the alloy composition. For
example, for 55 wt pct of Ni, the standard deviation of measurement would be 0.82 wt pct.

6.3.3.2 Reaction Temperature — DTA

The TA-1600 DTA cell used in the current study has been calibrated at both higher and
lower bounds of interested reaction temperatures by pure nickel and silver standards. The
accuracy of calibration is within £2°C. As discussed previously in section 5.5, other
factors may also contribute to the ability of DTA to determine characteristic temperatures
of complex alloys. These factors include the undercooling, chemistry effect (especially the
trace elements), and the sensitivity of the equipment in discerning adjacent reaction

temperatures.

6.3.3.3. Liquid Density Calculation — “Metals”

Basic theoretical treatment of density calculation has been given previously in chapter 2.
“Metals”, a computer program compiled and provided by National Physics Lab in UK, is
adopted and improved to calculate liquid density in the current research. The model is held
to be accurate to about 5%. After the mixing effect is corrected, the calculation error is

reduced to less than 3% as compared with experimental liquid densities of superalloys.

6.3.4. Fraction of Solid

Fraction of solid, fs, can be determined using the quantitative DTA technique described in
chapter 5. The accuracy of the method depends on the equipment of DTA and the model
itself such that other forms of heat loss may be included. It is assumed that at the
temperature of interest of superalloys, radiation heat transfer is dominant and no data is
available to quantify the effects of other heat loss modes. Since it is of more importance to
compare the evolution of fs between alloys than to obtain an absolute value and the relative
order of results is in good agreement with that determined by Thermo-Calc, accuracy of

the approach is only related to the DTA equipment (x2°C).
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Other methods, such as interrupt quenching combined with image analysis and
regression analysis of liquidus as described in reference [53], also employ DTA as the
major experimental technique. Image analysis can be realized using automated software or
manual counting of the quenched solid (or liquid) areas using available photographs, both
of which could introduce bias. The undercooling of the interrupt quenching is estimated to
be 5°C and needs to be corrected for the temperature data. Regression analysis of liquidus
of series of Ni-based alloys was described in detail in reference [53]. The analysis yielded
a linear correlation between the liquidus temperature and the elemental concentrations in
the liquid. The results can give relatively accurate prediction of liquidus of alloys with
dilute solute concentrations. The prediction may deviate from reality due to higher-order
interactions of the elements when they are significantly enriched in the liquid during
solidification.

6.4. Composition Effects

From eq. (6-8), the Rayleigh criterion can be separated into two-folds as (1) Composition

related: Apl/f, and (2) Processing condition related: 1/Rsin@8. The solidification front

angle (6) can be affected by composition, but more significantly by processing conditions.

6.4.1. Driving Force
The driving force for freckle formation is provided by liquid density difference in the

mushy region. Equation (6-13) can be transformed by substituting Scheil equation:

i_p = z ﬁiCio [(1_ fs )k_l _1] + BT (T _To) = pi(Apc +Ap; ) (6-14)

0
It is clearly shown in equation (6-14) that density difference is affected by both solute
redistribution and temperature change. The total density change can be broken down as
Ap. , the solutal density change, and Ap; , the thermal density change.

The solutal density difference depends on the nominal alloy composition (C), the
partition ratio (k) and the solutal expansion coefficient [, of each element. Alloying

elements with smaller partition ratio and higher nominal concentration such as Nb and Ti
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would have larger impacts on the density difference. Thermal effect can be explained as
that density changes with temperature even if there is no composition difference in liquid.
The effect of temperature difference depends on the freezing ranges (equations (4-5) and
(4-6)) as well as the thermal expansion coefficient ;. The larger the freezing range, the
greater the temperature effect. Based on previous discussion (chapter 4), for dilute alloys
freezing range increases with solute concentrations and decreases if the concentration

exceeds solubility. Effect of 3, is discussed in the following paragraph.

Table 6-1: The breakdown of liquid density changes in model alloys

Alloys 6Ti  8.6Nb 18Fe-7Nb 718 706 625

Fraction Solid (fs) 04 04 0.4 0.4 0.4 04

Solutal Ap, (kg/m?) -39 118 50 3297 -21.15  27.05
Thermal Ap; (kg/m®) 13 20 28 265 2129  16.26
Total Ap (kg/m°) -26 138 78 59.47 014 4331
AT (°C) -12.32  -1856  -26.9  -2571 -202 -16.06
dp/dT (kg/m®°C) -1.055 -1.078  -1.041  -1.031 -1.054 -1.012

Note: 6Ti=Ni-20Cr-6Ti, 8.6Nb=Ni-20Cr-8.6Nb, 18Fe-7Nb=Ni-20Cr-18Fe-7Nb.

The individual contribution of the solutal and thermal effects is worth of attention.
Table 6-1 is the breakdown of the liquid density changes. For alloy HV8852, 15% of the
density change comes from thermal effect, while it increases to 36% in alloy HV8853. In
HV8851, the thermal effect is even greater. The large thermal density change is due to the
nature of transition metals, e.g. Ni, Cr, Nb, etc. The temperature coefficient of liquid

density, dp/dT, is —1.159 kg/m3/°C for pure Ni. This value is comparable with those

obtained for model alloys and industrial alloys in Table 6-1 since Ni is the major
constituent of the alloys. For alloy 706, the absolute value of solutal density difference is
almost the same as the thermal density difference. The significant thermal contribution to

the change in liquid density is the intrinsic nature of Ni-based alloys.
6.4.2. Resistance

The fluidity resistance is affected by the permeability in two folds. First, low permeability

in dendritic region will shift the freckle initiation site to a lower fraction of solid. Some
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people defined this place as the solidification front. Accordingly the driving force to float
up the solute enriched liquid does not become large enough to form freckles since the
solute is not sufficiently enriched in the interdendritic liquid at the solidification front.
Second, in some cases some local channel flow will persist in the mushy zone. However,
these channels will be dissolved or become discontinuous if the permeability is low. From
regression analysis of Pb-Sn alloys [Poirier 1989], the liquid permeability normal to
primary dendrites depends on both primary and secondary dendrite arm spacings and
fraction of solid (equation 6-10). It is noted that these attributes are only the measurable
characteristics of dendrite morphology. There are other features that cannot be easily
obtained may also influence the permeability. The characteristic morphology of dendrites
that contribute to a low permeability (vise versa) is described as follows:

1) Smaller dendrite arm spacing, including d; and d,.

2) Higher fraction of solid.

3) Smaller curvature at the tip of dendrite.

4) Higher order dendrites tend to form easily.

Character 1) is probably the most important factor that influences permeability. It has been
frequently related to processing conditions such as G and R. However, almost no data is
available for composition effects on dendrite spacings. The composition effect on spacings
needs more thorough investigation. Effect of fraction solid in character 2) can be
illustrated by equation (5-4), in which a describes the absolute value and the shape of
fs(T). Alloy with higher levels of Nb and Ti has higher a, i.e. lower fraction solid in the
mushy zone at the same temperature drop. Nb has more pronounced effect than Ti.
Character 3) means that dendrites are easily connected with each other because of the high
growth rate of dendrite tips. Character 4) means that the space for flowing liquid, i.e.

flowing channel, is narrow. Future study is needed for alloying effect on 3) and 4).

6.5. Freckling Tendency of Model Alloys

6.5.1. Relative Rayleigh Number

In industry, remelt ingots for different superalloys are often produced with comparable size

and geometry. It can be simplified that the pool geometry and processing conditions are
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similar for various alloys provided the processes and ingot size are the same. A
composition-related freckling index, Ra*, is proposed to address the composition effects
on freckling tendency. Since it is derived from Rayleigh number by excluding the
processing effect, it is called the relative Rayleigh number and can be defined as follows:
Ra* = 2P S Re» (6-15)
fL
Rc* is the critical number for freckle formation. It is noted that the constant and the
dendrite arm spacings (d; and d,) in permeability can also be ignored during calculation.
Equation (6-15) makes it possible to assess the freckling potential using data of
microsegregation, such as the relations of composition, temperature and fraction of solid in
mushy region. These data of model alloys during solidification as experimentally
determined in previous chapters are used to investigate their freckling tendencies due to
composition effects. Since microsegregation increases with the decrease of temperature,
Ra* will vary with fraction solid along the depth of mushy zone, which will be illustrated
in the next section.

Figure 6-3 shows the flowdown from the key control parameters to composition-
related and processing-related freckling potentials. These two potentials must be combined
to evaluate the total freckling tendency in superalloys. As stated previously, future work is
needed to determine the composition effect on dendrite arm spacings.

6.5.2. Freckling Tendencies in Model Alloys

The density differences in the model alloys are plotted against temperature
difference from liquidus in Figure 6-4. HV8852 exhibits greater density changes than
HV8853, while HV8851 has inverted density gradient along the depth of mushy zone. If
the dendrite arm spacings are neglected in the calculation of permeability, the permeability
changes in the descending order of HV8853, HV8852, and HV8851, as shown in Figure 6-
5. At this time, permeability is determined by fraction solid inside mushy zone. Since the
density difference increases and the permeability decreases with the progress of
solidification, it would be expected that the relative Rayleigh number reaches maximum in
the mushy zone. Figure 6-6 and 6-7 show the Ra* of the alloys versus temperature

difference and fraction of solid respectively. The maximum Ra* occurs at 10°C below
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liquidus for HV8851, 16°C for HV8852, and 26°C for HV8853. The fraction of solid at
these temperatures is 0.3 to 0.4 for all of the three alloys. This is consistent with results of
industrial castings [26] where freckles are likely to initiate at 15-20°C below the liquidus
temperature at which the fraction solid is typically 0.4 to 0.6. The Ra* value of HV8853 is
lower than HV8852, however, more freckle channels are observed in HV8853. It means
that additional factors need to be considered to assessment their freckling potentials.

One of such important structural features is the secondary arm spacing (d,). d, of
HV8852 is almost constant throughout the freezing process, while that of HV8853
continues to increase from the beginning to about 70% of total ingot solidification, as
shown in Figure 3-16. The angle of solidification front (6) also affects the freckling
tendency. These values are reported in chapter 3 (HV8852 at 40 degrees and HV8853 at
30 degrees). dyand B are included in the calculation of Ra and the maximum value versus
distance from chill is shown in Figure 6-8. It is noted that the factor, F(8,x, y), can not be
calculated due to its implicit form. However, it also contributes to the freckling tendency.

As shown in Figure 6-8, the maximum value of Ra in HV8853 is smaller than that
in HV8852 up to the mid-length of ingot where it begins to exceed that of HV8852. The
magnitude of change in Ra in HV8853 is significantly greater than HV8852, which
implicates that the severity of interdendritic liquid flow is enhanced due to the greater
decrease of flow resistance. This is similar to the transients in remelt process when abrupt
change in melting conditions leads to drastic changes of pool profile and dendrite arm
spacings. Freckles are more likely to appear under these perturbed circumstances as
compared with steady state solidification. It should be noted that Figure 6-8 shows the
total Rayleigh number of model alloys under horizontal solidification condition, which
combined both effects of composition and processing conditions.

No comparison of HV8851 was made due to the lack of dendrite arm spacing data.
However, it would be expected that it has significantly larger dendrite arm spacing than
Nb-containing model alloys because of its mush slower cooling condition. The large
dendrite arm spacing and the prolonged solidification time provided favorable conditions
for freckle flow. Also the solidification front angle (6) also increase the freckling potential

as described by equation (6-8).
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6.6. Freckling in Industrial Alloys

The composition-related freckling index in equation (6-15) is applied to assess the
freckling potential in industrial alloys 718, 706, and 625. Density difference and
permeability (no dendrite arm spacings considered) vs. temperature drop from liquidus are
shown in Figure 6-9 and 6-10. Liquid density change in alloy 718 is higher than those of
alloy 625 and 706, while there is almost no density difference in alloy 706. The
permeability of the alloys decreases in the order of 718, 706, and 625. These results are
calculated from composition determined using systematic count method and fs(T) relation
obtained using quantitative DTA.

The composition-related freckling index, Ra*, is shown against temperature drop
and fraction of solid in Figures 6-11 and 6-12. It is clear that alloy 718 has the highest
freckling potential among the three alloys. The maximum value occurs at 26°C below the
liquidus with fs of 0.4. Freckling potential in alloys 625 is lower than 718 but higher than
706. It occurs at 15°C below liquidus with fs of 0.36 (alloy 625). Freckling potential in
alloy 706 is close to zero. The prediction agrees with industry experience that the limit of
ingot size for the three alloys decreases in the order of 706, 625, and 718.

It is noted that for the large remelt ingot, processing conditions are also critical to
prevent the formation of freckles. Both processing conditions and composition effect must

be integrated to provide optimum solution for the production of freckle-free ingots.
6.7. Discussion

6.7.1. Processing Conditions
In previous contexts, we assume constant processing conditions. However, solidification

rate (R), solidification front angle (6), and the pool geometry factor F(B,x, y) in Rayleigh

criterion are directly related to processing conditions (section 6.4). From the process point
of view, the conditions can be categorized into steady state and non-steady state
(transients). It is generally known that freckles are prone to form at high melt rates, while
white spots are more likely to occur at low melt rates. Thus, there is a process window that

is limited by the formation of these macrosegregation defects. Finding the optimum
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process window under steady state conditions is often the most critical step to produce a
defect-free remelt ingot.

However, the solidification process will deviate away from steady state if there is
any abrupt variation or transients. These transients result in significant perturbation of the
flow fields in the mushy zone that lead to solute redistribution and, hence,
macrosegregation. Many factors, such as poor electrode quality, transverse magnetic field,
and melt rate excursion, contribute to transients. Here the melt excursion is used as an
example to illustrate processing effects on the Rayleigh criterion. A melt rate excursion
starts with gradual increase from the nominal steady state melt rate, followed by a rapid
increase to a peak, a sudden decrease to a minimum, then gradually recover to the nominal
melt rate. The peak variations were adopted from reference [2] and the steady state
parameters taken from reference [8] for VAR alloy 718. The calculated thermal and
dendritic parameters are given in Table 6-2. When the melt rate drops from maximum to
minimum, the most noticeable changes are the decrease of pool depth at ingot edge and the
increase of secondary dendrite arm spacing at ingot center. These changes result in a
smaller 6 angle (growth direction becomes more horizontal) and higher permeability, both

of which will enhance the tendency for channel flow according to Rayleigh criterion.

6.7.2. Ingot Size

The larger the ingot, the smaller the processing window is to produce defect-free ingots.
For a given alloy, there is a size limit beyond which it is difficult to maintain the ingot
quality. Better process control and modified alloy chemistry are two effective ways to
increase the limit. As discussed in previous section, precise control of processing condition
helps to reduce the fluctuation, thus, reduce the risk of freckling. The alloy chemistry can
be modified such that the Ra in equation (6-8) is reduced. This will also decrease the total
tendency for freckle formation provided the same processing conditions and ingot size. If
the Ra is lower than the critical value for freckling, the ingot size can be increased without
incurring freckle defects. For example, alloy A has a size limit of ®; (critical Ra = Ry). If
alloy B has a modified composition such that its Ra is smaller than R; provided constant

processing conditions, it can be produced with an ingot size larger than ®;.
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6.8. Summary

The results and discussions are summarized as follows:

1.

10.

11.

Rayleigh freckling criterion is developed for remelting process of Ni-based
superalloys. It incorporates the key control parameters for freckle formation and
processing conditions.

The freckling criterion can be broken down into composition-related and process-

related as those shown in section 6.4.

Relative Rayleigh number, Ra* (Ra* =

Afp L ), IS proposed to account for composition
L

effects on freckle formation.

Liquid density difference depends on the nominal composition, elemental partition

ratio, and the freezing range of alloys.

Significant thermal effect is found on liquid density difference. The large thermal

effect is the intrinsic nature of Ni-based alloys.

Permeability of dendrite network depends on the characteristics of dendrites, i.e.

dendrite arm spacings, fraction solid, tip curvature, and higher order dendrite arms.

Ra* reaches maximum in HV8851, HV8852, and HV8853 at fraction solid of 0.3~0.4

and temperature drop from liquidus of 16~26°C.

Ra* in industrial alloys decreases in the order of 718, 625, and 706. The maximum

Ra* of alloys 718 and 625 occurs at fraction solid of 0.3~0.4 and temperature drop

from liquidus of 15°C~26°C.

The increase of freckling tendency with distance from chill is greater in HV8853 than

in HV8852 if d, and 6 are considered in calculation of Ra. This may contribute to

higher tendency for freckling in HV8853 as observed in experiment.

Solidification transients, melt rate excursion in particular, affects the solidification

front angle and the dendrite arm spacing. The abrupt change in dendrite morphology

results in increase of permeability and higher potential of freckle formation.

The freckling criterion can be applied to increase the ingot size through precise process

control and modification of alloy chemistry.
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Figure 6-1: Schematic illustration of volume element during remelt solidification and mass
balance in the volume element inside mushy zone.
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Figure 6-2: Schematic illustration of change in flow behavior in the mushy zone during
solidification under vertical DS (with density inversion) and remelt (without density
inversion) conditions. (double arrow is the growth direction of primary dendrites, single
arrow is the flow direction of the interdendritic liquid.)
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Figure 6-4: Liquid density change versus temperature difference of model alloys.
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Figure 6-6: Relative Ra* versus temperature difference of model alloys (no d, considered).
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Figure 6-8: Maximum Ra versus distance from chill of horizontally solidified model alloys
HV8852 and HV8853 (d, and 8 are considered in calculation).
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Table 6-2: Melt Rate Excursion of VAR 718

Melt Parameters Center Edge |Units
R 3.58 3.58 mm/min
LST 41.85 28.23 |min
Max pool depth 149.93 101.12 |mm
G 0.43 0.63 |°C/mm
cool rate 1.53 2.27  |°C/min
SDAS 117.01 102.42 |micron
R 2.48 2.48 mm/min
LST 55.15 28.23 |min
Min pool depth 136.97 70.10 |mm
G 0.47 091 |°C/mm
cool rate 1.16 2.27  |°C/min
SDAS 128.45 102.42 |micron

Diameter = 508 mm, AT = 64°C, Nominal melt rate = 276 kg/hr,
Liquid density = 7486 kg/m®, Ingot growth rate (R) = 3.03 mm/min,
Variation of melt rate = 50 kg/hr. LST = local solidification time.
Center: SDAS = 123.24 micron, pool depth = 102.42 mm
Edge: SDAS = 148 micron, pool depth = 85.61 mm
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Figure 6-9: Liquid density change versus temperature difference of industrial alloys.
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Figure 6-10: Permeability vs. temperature difference of industrial alloys (no d, considered).
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Figure 6-11: Relative Ra* vs. temperature difference of industrial alloys (no d, considered).
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Figure 6-12: Ra* versus fraction of solid of model alloys (no d, considered).
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Chapter 7

Conclusions

7.1. Conclusions

Following conclusions are drawn from the present investigation:

1.

Freckles in Ni-based superalloys are caused by density-driven interdendritic fluid flow.
Downward flow of interdendritic liquid that is denser than bulk liquid is responsible for
freckling in Nb-containing alloys, while liquid density inversion accounts for freckling
in Ti-rich alloys.

Freckles initiate at irregularities in the dendritic region and are likely to originate from
the primary dendrite space. Freckle channel tends to align itself in the direction with
high gravity potential and permeability. The iso-fraction solids provide the maximum
space for freckle flow.

Key control parameters, namely the liquid density gradient inside mushy region, the

freezing range (AT =T, -T,), the fraction of solid (f), primary and secondary
dendrite arm spacings (d, &d, ), and solidification front angle (8), for freckling in
remelt Ni-based superalloys are identified.
Composition effects on fraction of liquid curve, f,_(T), is determined as follows:

a = -0.0397 +0.002836 [jNb] + 0.002131 [Ti]
Where f, = eTT) and terms in brackets are nominal alloy compositions in wt pct.

The equation applies to following composition ranges: [Cr]=20, [Fe]=18 or 36, [Al]=0
or 1, 3<[Nb]<7.8 and 0.3<[Ti]<5.6, all in wt pct. Nb is seen to have more pronounced
effect than Ti in increasing the fraction of liquid.

Rayleigh criterion incorporating the key control parameters is developed to account for

freckling in remelt process:

Ra =F(8,x, y)ﬂt—lli > Rc
nf,  Rsin@

Composition effects can be illustrated by using relative Rayleigh number:
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6.

Ra* = Apn >Rc*

L
Solidification diagram of Ni-Cr-Fe-Nb alloy system is developed via CALPHAD
method. Increase of [Cr+Fe] and/or Nb contents favor the formation of Laves phase in
the alloy. The predicted ternary eutectic reaction, L — (y + & + Laves), is validated by
observations in experimental model alloys.
Experimental techniques, namely systematic point count EDS and quantitative DTA
analysis, are developed to determine the composition, fraction solid, and temperature

relations during solidification of multicomponent superalloys.

7.2. Contributions

The most significant contributions of this work are

1)

2)

3)

4)

Identification of the key control parameters for freckle formation under
horizontal solidification conditions. It is based upon the successful physical
simulation of freckling in model alloys and the careful examination of freckles in both
model alloys and industrial alloy. The key control parameters can be readily applied to
remelting conditions since the physical simulation correctly represents the horizontal
component in remelt ingot where the freckling potential is the highest.

Discovery of the alloying effect on the liquid density change and fraction of solid
during solidification of superalloys. The key composition variables studied are Nb
and Ti, which are major strengthening elements in freckle-prone industrial alloys.
Development of simple and accurate techniques for the determination of the
solidification characteristics in multicomponent superalloys. The methods can
significantly improve the sensitivity of the freckling criterion and reduce the time
needed for measurement.

Development of the solidification diagram of Ni-Cr-Fe-Nb alloy system using
CALPHAD approach. The diagram is capable to predict the solidification sequence
and the alloying effects on secondary phases. More confidence is gained in applying
CALPHAD method to solidification simulations.
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Appendix A:

Solute Redistribution Model in Solidification

Equation (1-10)

For usual casting and ingot solidification, microsegregation can be accurately predicted by
the solute redistribution equation provided there is no diffusion in the solid and complete
liquid mixing. For the volume element shown in Figure 6-1, assuming no mass exchange
with the surrounding environment, the mass balance in the volume element can be written
as:

(1-k)c, df, =-f,dC, (A-1)
Where C, is the liquid composition within the volume element, f_ is the fraction of
liquid in the volume element. k is the equilibrium partition ratio, k =C; /C, , where C; is
the interface solid composition. Integrate both sides of (A-1):

C. =kC,(@- f )™ (A-2)
The equation (A-2), for the case of no solid diffusion, describes solid composition as a

function of fraction solid during solidification. It therefore can be used to describe the

severity of microsegregation.

Equation (6-1)

Here mass flow in or out of the volume element during the solidification is considered.
Solute enters or leaves the element by diffusion is neglected.
Conservation of solute mass in the volume element during solidification requires:
Q[ — ~
E( C)=-00p f,CV (A-3)
Where is the local average density, is the local average composition of liquid and solid, is
the liquid density, is the local velocity of interdendritic liquid relative to solid.

Conservation of total mass in the volume element gives:

138



P —-0tp, 1V (A-4)

Expanding the right side of equation (A-4):

Q[ — . .

a(p )=-C,00p, fV - p_f,V OIC, (A-5)
And substituting equation (A-4):

0 (~ op =

E(pc):CLa_f_poLV [c, (A-6)

The change in solute mass of the volume element per unit time is the sum of the changes of
the liquid and solid phases:

%(ﬁé):%( sfs(_:s +poLCL) (A-7)

Where C. is the local average composition of the solid, p is the solid density. Now

assume the equilibrium partition ratio, k, applies at the liquid-solid interface, no diffusion

in the solid, and solid density is constant during solidification.

Then:
0 (= of
E(Csps f)=kC, p, = (A-8)
and if no pores form:
fo+f =1 (A-9a)
df =—df, (A-9b)
Substituting equations (A-8) and (A-9) in (A-7):
0 (= of aC (o, )
—|pC)=-kC p,—=+p, f - +C — A-10
S (pC)=kc p, Shvp f, v, SR (A-10)
An expression similar to equation (A-7) is now written for the total mass of the element:
0,\_0
5 (P)= (osf + o 1,) (A-11)

Substituting (A-9), (A-10) and (A-11) in (A-6) and rearranging:

of oC d
_kCLpS_L+poL ath_CLps (pL)

P - p, fV C, (A-12)

or
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oC, _ _H-K Laf—L—\m]]c:L (A-13)
ot -BHf, ot

where Sis the solidification shrinkage:

B= Ps =P (A-14)
Ps
From chain rule,
ne, =29 (A-15)
g Ot

£is the cooling rate. Combining equations (A-13) and (A-15):

of, _ M-Bg . VmTAOf, )
e oy 19

The above equation is used to describe the local solute redistribution considering the

interdendritic liquid flow by solidification shrinkage. The flow instability criterion from
equation (A-16) can also be applied to the liquid flow caused by density inversion as

described in chapter 6.
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Appendix B:

Square —Mesh Systematic Point Count Metallographic Technique Combined with
Energy Dispersive Spectrometry to Investigate Microsegregation

Microsegregation in Ni-based superalloys provides the fundamental knowledge to
understand the macrosegregation behavior, e.g. freckling, of the alloys. A simple,
statistically significant experimental technique, originally developed by Gungor [46], is
improved in the current study to measure the solute redistribution profiles in solidified Ni-
based alloys using Electron Dispersive Spectrometry (EDS) chemistry analysis.

A two dimensional coarse square mesh with an average step size (the distance
between two consecutive measurements) of 60~100 microns was used in the measurement.
At least 4 fields were chosen for each sample. A total of about 150 measurements per
sample were obtained. The manner of sampling and sample size (number of
measurements) were chosen in order to obtain statistically significant results according to
Gungor.

The data were processed in the following manner and result of a DTA sample of
alloy 718 is used to demonstrate the procedure:

1. The as-measured compositions were plotted versus their data number (Figure B-1 (a)).

2. The scattered composition data were put in ascending (or descending) order and the
sorted compositions versus ordered data number were plotted.

3. Ordered data number axis (x-axis) was converted to volume fraction by dividing each
data number by total data number. The composition versus volume fraction solid was
then plotted.

4. Volume fraction of solid axis was converted into weight fraction solid using the

following equation,

fs = Z p; LAV /p (B-1)
J:

where fg and V; are the weight and volume fraction of datum i. p; is the density
(g/cm®) of datum j, p is the average density of all data. Since for Ni-based alloys

p; = p (Knorovsky 1989 and current study), fg =V can be assumed (Figure B-1
(b)).
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5. The solid composition versus weight fraction solid data was fitted using the following

equation, y =a+bx+cx?, y=In(C,/C,), x=In(f ), f, =1-f.
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1 | | |
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Figure B-1: (a) Nb composition versus scattered data and (b) Nb composition versus
fraction solid profile obtained in alloy 718 DTA sample.
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