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These studies were performed to investigate the effects of thermal gradient (G)
and growth velocity (V) on the microstructure development and solidification behavior of
directionally solidified nickel-based superalloy PWA 1484. Directional solidification
(DS) experiments were conducted using a Bridgman crystal growth facility. The
solidification velocity ranged from 0.00005 to 0.01 cm/sec and thermal gradients ranged
from 12 to 108 °C/cm. The as-cast microstructures of DS samples were characterized by
using conventional metallography; chemical composition and segregation of directionally

solidified samples were analyzed with energy dispersive spectroscopy in SEM.
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A range of aligned solidification microstructures is exhibited by the alloy when
examined as-cast at room temperature: dendrites, flanged cells, cells. The microstructure
transitions from cellular to dendritic as the growth velocity increases.

The experimental data for PWA 1484 exhibits excellent agreement with the well-
known exponential equation (<G “?V"'*). However, the constant of proportionality is
different depending upon the solidification microstructure: (1) dendritic growth with
secondary arms leads to a marked dependence of A, on G'2¥'#; (2) flanged cellular
growth with no secondary arms leads to much lower dependence of A, on G'2¥*#,

The primary dendritic arm spacing results were also compared to recent
theoretical models. The model of Hunt and Lu and the model of Ma and Sahm provided
excellent agreement at medium to high thermal gradients and a wide range of
solidification velocities. The anomalous behavior of A; with high growth velocity V at
low G is analyzed based on the samples’ microstructures. Off-axis heat flows were shown
to cause radial non-uniformity in the dendrite arm spacing data for low thermal gradients
and large withdrawal velocities.

Various precipitates including y’, (y'+y) eutectic pool or divorced eutectic y', and
metal carbides were characterized. Processing conditions (growth velocity V and thermal
gradient G) exert significant influence on both morphology and size of precipitates
present.

Freckle defects were observed on the surface of nickel-based superalloy MM247
cylindrical samples but not on the surface of cylindrical PWA 1484 samples. The

Rayleigh number (Ra) that represents liquid instability at the interface was evaluated for

v



MM247 and PWA 1484 in terms of a recently proposed theoretical equation. The effects
of segregation, sloped solid/liquid interface and the morphology of dendritic/cellular

trunks on the mushy zone convective flow and freckle formation are also discussed.
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CHAPTER 1.

INTRODUCTION

1.1. Superalloys

The term superalloys refers to a class of materials with a combination of high
strength, creep, thermal fatigue and oxidation-corrosion resistance, as well as
microstructure stability at elevated temperature, i.e. 650°C and above!'~"), Generally a
superalloy is very complex, and often consists of eight or more atomic constituents. In
terms of major constituents, there are iron-based superalloys, cobalt-based superalloys,

and nickel-based superalloys. Some commercial nickel-based superalloys are listed in

Table 1-151.

The high temperature properties of superalloys are determined by their unique
microstructure. For example, nickel-based superalloys generally are comprised of
austenitic face-centered-cubic (fcc) matrix phases (gamma phase, y), ordered
intermetallic precipitated particles (gamma prime, ), and other secondary precipitates
determined by the chemistry of this alloy!'!. Among those phases, gamma prime v plays
an important role in strengthening high temperature properties of alloys. ¥’ has a cubic
ordered crystal structure as shown in Figure 1-1®. Nickel atoms occupy face-centered

positions and aluminum atoms are at the corner positions. When external stresses are



Table 1-1. Nominal compositions of some commercial nickel-based superalloys!*!

Ni ] Al | Cr | Co | Ti [Mo| Ta | W | Re | Nb | Hf | Fe | BCZr
IN718 Bal. 0.5 |19 09 |3 5.1 9 minor
Waspaloy Bal. |14 |19 |195]3 4.2 minor
MM247 Bal. {55 |83 |10 |1 07 13 10 1.5 minor
CMSX-11B | Bal. | 3.6 |125(7 42 105 |5 5 0.1 }0.04
SRR 99 Bal. {55 |85 |5$ 22 28 |95
Rene N6 Bal. | 5.75 |42 | 125 14 (72 |6 5.4 0.15
PWA1484 [Bal |56 |5 10 2 9 6 3




Ni AL

Figure 1-1. Ordered gamma prime phase (7’) crystal structure with Ni atoms at face

centers and Al atoms at cube corners.



applied, dislocations can move readily through the y matrix, but are pinned upon
encountering y'. When the dislocation lines penetrate into ordered y’, the order of atomic
structure (i.e. Ni-Al chemical bonding) will be disrupted and a high energy anti-phase
boundary will be created*®?!, Also, strenzgthening by ¥’ relates to many factors, i.e.
volume fraction and particle size of y'. Previous researchers have shown that the higher
volume fraction of ¥’ there is in matrix, the greater the strengthening effects will

be % 19121, Also the addition of refractory elements, i.e., W, Re, Ta, Hf, can significantly
increase the matrix strength by lattice distortion (solid solution strengthening)"® °!. Those
high melting point elements also provide strong lattice cohesion and reduce high
temperature diffusion.

Superalloys, due to their unique high tempcrature properties, have a wide range of
applications in the aerospace, power generation and chemical industries. Particularly in
the manufacturing of aircraft turbine engine and industrial gas turbines (Figure 1-2), the
application of components made out of superalloys has significantly expanded from 10%
of total engine weight in the 1950s’ to 50% in the 1980s', and reached 60% in the
1990s''> 41, The continual drive for enhanced thrust and improved efficiency from gas
turbines has led to a progressive increase in operating temperature, which, in turn, has
pushed the development of new alloys and innovative process techniques for critical parts
such as turbine blades. Directional solidification has been an important component of this

development.
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Figure 1-2 Assembly scheme of turbine engine components. Nickel-based and cobalt-

based superalloys are employed in the production of turbine blades [®!.



1.2. Directional Solidification and Single Crystal Investment Casting

Versnyder and co-workers at Pratt & Whitney!'?! were the first to suggest using
directionally solidified single crystal superalloys as structural components. Directional
solidification (DS) can offer the following significant advantages''* '*'9! as high
temperature structural parts in turbine engines:

a) Aligned crystal structure minimizes (polycrystalline) or eliminates
(monocrystalline) the weak transverse grain boundaries that has been
observed as sources for creep and thermal fatigue failures.

b) The low modulus <001> oriented growth texture provides significant
enhancement in thermal fatigue resistance.

c) By minimizing or eliminating the boundary strengthening elements i.e., B, C,
Zr, Hf, the solvus temperature could be increased and aliow additional
refinement of the as-cast v’ leading to high creep strength.

Figure 1-3 illustrates a typical configuration of a directional solidification process.

There are two major compartments, a hot zone and a cool zone separated by an adiabatic
baffle insulator to minimize energy transfer between two zones. Initially, the casting
mold sits inside the hot zone above the melting temperature. A chill plate cooled with
water is designed for use at the bottom of the mold to ensure heat extraction from the
bottom. Liquid alloy is then poured into the mold, and the mold is gradually withdrawn
into the cool zone. Solidification proceeds in a directional manner as a consequence of
the thermal gradient created between the upper hot zone of the furnace and the chill plate.

In order to produce DS and single crystal castings free of defects, both casting parts and



BRI RB

Single crystal
selector

Water
cooled chill -

Figure 1-3 Schematic principle of directional solidification process with a single crystal

selector, utilized to cast DS and single crystal superalloy components



operating conditions (metal pour temperature, furnace temperature and withdrawal
velocity) should be designed and controlled correctly. Sufficient heat must be extracted at
the solidus interface by conduction into the solid so that the heat of fusion, AH, does not

accumulate and alter the sign or direction of the thermal gradient G, at the solidus.

1.3. DS and Single Crystal Casting Defects

Directional solidification techniques require stringent process controls to avoid
the formation of extra grains and their deleterious grain boundaries. Understanding the
interrelationships among the many process parameters of casting geometry, alloy
composition, thermal field, and growth rate is required to obtain satisfactory grain
structures. Unfortunately, the many physical phenomena affecting grain formation during
directional solidification are interrelated in a complicated fashion and only qualitatively
understood. These phenomena combine to induce several kinds of defects, such as
spurious equiaxed grains, porosity, channel segregates, and freckles, which cause high
scrap rates for the production of many components.

Channel segregates in the interior of castings and freckle chains along the exterior
of castings are meandering lines of defects composed of small randomly-oriented
equiaxed grains, second phase particles, porosity and the defects enriched with the
eutectic composition!'”). An example is shown in Figure 1-4. After macroetching, freckle
chains appear at the outside surface of shaped castings with defect trails in the direction
anti-parallel to gravity. Freckle grains obviously weaken the high temperature creep

resistance of directionally solidified components due to the transverse grain



Figure 1-4. Typical freckle defects on the surface of a directionally solidified elliptic

cylinder sample of PWA. 1484 superalloy (as pointed by arrows)
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boundaries and the local composition of low melting point eutectic!'),

In the past two decades, significant research has been reported on channel
segregation phenomena. However, many investigations have been based on low melting
point model systems: organic analog solutions of NH,CI-H,0!"®!*) and simple binary
metallic Pb-Sn alloys[m~ 21 These investigations have contributed to an improved
qualitative understanding of the mechanism of channel segregate/freckle formation.
(Hereinafter, only the simpler term of ‘freckles’ will be used.). Unfortunately, freckles
remain a common and serious manufacturing defect in many directionally solidified alloy
systems of commercial importance!**!. Additional research on the physical phenomena
influencing freckle formation in high melting point commercial alloys is required to
establish quantitative relationships that will enable rigorous design and control of the
solidification parameters. The research described in this document defines the
processing-microstructure relationships for the commercial superalloy PWA 1484, and is
intended to decouple some of the complex microstructural interrelationships affecting
freckle formation in PWA 1484. In addition, this work will help establish a quantitative

understanding of the freckle formation mechanisms in this important alloy.



CHARTER 2.

REVIEW OF RESEARCH LITERATURE

2.1. Microstructural Development During Directional Solidification

Microstructure characterization is an important aspect of materials science and
engineering since it is the strategic link between materials processing and materials
behavior. A quantitative understanding of materials development is necessary in making
decisions of processing activity and obtaining desired materials performance.

Microstructures of directionally solidified superalloys can be varied widely. In
terms of morphologies at the growing interface, the typical microstructures include planar
interface, cell, dendrite, and equiaxed grain (Figure 2.1). Although nickel-based
superalloys are very complex with eight or more atomic constituents, the solidification
behavior can be understood with the solidification mechanism for simple binary alloys.

It is well known that, during solidification of many alloys, solute atoms are
rejected from the growth interface and pile up forming a solute-rich boundary layer ahead
of the growth front. The change in concentration modifies the local equilibrium liquidus
temperature Ty which could be described by the equation first derived by Tiller and

Chalmers!®®):

dz xu= -

kD,

11
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(a)

®)

()

()

Figure 2-1. Four types of growing fronts of directional solidification process: (a) planar
interface, (b) cellular structure, (c) dendrites with of A; and A; identified, and (d) equiaxed
grains in front of growing mushy zone.
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which leads to the critical condition for obtaining stability of a planar interface:

_mC,(1-k) _ AT

G,
P =3p— =,

2.2)

where T;(Co) is the liquidus temperature corresponding to the initial alloy composition
(C,), and m is the slope of the liquidus. & is the partitioning coefficient of solute element.
z is distance from freezing interface. As shown in Figure 2-2, the actual temperature
profile in the liquid (7,;) imposed by the heat flux at the growth interface may not match
the equilibrium liquidus temperature profile T;(z). If T, is higher than 7;(z), any
perturbation from a flat S/L interface will not be stable and the growth front will remain
with a planar interface (Figure 2-1(a)). If T, is lower than that of T;(z) at the growth
interface, there will be a zone of constitutional supercooling and any perturbation to the
interface will be stable and will grow into cells or dendrites (Figure 2-1(b,c)). As a resuit
of the constitutional supercooling zone, the growth front will be a zone with both liquid
and solid phase. This area is referred to as the mushy zone.

Figure 2-3!%8! summarizes reported data on the morphological transition of several
directionally solidified superalloys between planar interface, cellular and dendritic
microstructures. [t shows that, when actual G/V increasingly deviates below the critical
(G/V) for planar growth, a progression of microstructure forms as cellular,
cellular/dendritic, dendritic and even equiaxed grains. Also there is a sharp boundary
between planar interface and cellular microstructure, and this boundary line has been
shown to be consistent with Equation 2.2. However, the transition between cellular and

dendritic is not a distinct boundary but a transition band. Also there is no quantitative
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Figure 2-2. Constitutional supercooling formation mechanism

ahead of freezing front in alloys'?”!
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Growth Velocity (m/s)

Thermal gradient (°C/m)

Figure 2-3. Morphologies of directionally solidified nickel base superalloys mapped on a
plot of logV vs. logG. The lines in the map are boundaries defining the various zones
(shadow marks at lowest V: planar interface; empty marks: cellular structure; solid
marks: dendrite; solid shadow marks: equiaxed)®®
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relationship to theoretically define the transition between cell and dendrite, corresponding
to the difficulty of physically identifying the microstructure at transition points between
the two morphologies. More work is needed to quantitatively establish this solidification

map to benefit industry in selecting appropriate process conditions.

2.2 Dendritic/Cellular Arm Spacings

The average spacing between the primary dendrite arms is termed A or simply
PDAS and the average spacing between the secondary arms is A, or SDAS . The
dendritic/cellular arm spacings of directionally solidified materials are very important
microstructural features that impact mechanical properties of solidified products!'®!. Also
the spacing and morphology of arms directly influence convection in the mushy zone and
dominate the occurrence of grain defects, freckle/channel segregates and porosity in the
microstructure’?® 2% Thus the variation of primary dendritic/cellular arm spacings
during directional solidification has been intensively studied!?® 3'~¢!, Although the
fundamental phenomena of microstructure development and transition are qualitatively
understood, there is still work required to quantitatively describe multi-component
systems, growth with mis-aligned thermal fields, and growth during transient thermal
conditions.

Previous researchers have developed several empirical and theoretical expressions
to relate A; with the variables of alloy composition (C,) for simple binary alloys and the

applied solidification parameters, i.e., thermal gradient (G) and growth rate (V). Early
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experimentalists’®”~ ) correlated A, and A, with the solidification time (t) or cooling rate

(GV) imposed during solidification. Thus
A=m(,) =m,(GV)™" (2.3a)

A =m(t,) =m(GV)™ (2.3b)
where m; ~ m, are simple constants.

Hunt'*"! developed the first theoretical formulation to predict dendrite arm
spacings based upon the imposed process parameters. In Hunt’s model, several
assumptions were invoked to simplify the treatment: 1) the thermal and compositional
gradients in the direction parallel with the growth direction were constant; 2) the tip of
the dendrite or cell was a steady parabolic shape; and 3) the cell or dendrite grew at the
minimum undercooling for a given growth velocity (or maximum growth velocity).

Hunt’s model resulted in a relationship of the form:

L L
kGD]‘}G'?V n
4

A = {2.83({%):[m(l—k)co + (2.4a)

1 1

or A =283(kAT,TD)'G ¥

i
4

when GD << VAT, (2.4b)

The first term in the braces{ } is a combination of material constants for a given
alloy. 7 is the alloy solid-liquid interfacial energy, AS is entropy of fusion per unit
volume, D is the solute diffusion coefficient, m is the slope of the liquidus, k is the solute
distribution coefficient and C, is the alloy composition. G and V are the thermal gradient

and growth velocity at the dendrite tip, respectively.
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Two years later Kurz and Fisher!*!! published a modified theoretical model
utilizing the stability criterion proposed by Langer and Muller-Krumbhaar'*”l. In
addition, Kurz and Fisher assumed that the tips of the cells/dendrites were smooth
ellipsoids, and cells/dendrites form uniform hexagon arrays. Thus, Kurz and Fisher

obtained the following results for cells and dendrites:

’ ! kA];, l
cells: ),1 [GilAT k)]z[e T]z 2.5)
[‘DAT -

dendrites : A, = {4.3[——~ ]‘ VG (2.6)

where I is the Gibbs-Thomson coefficient and AT’ and ATj are the non-equilibrium and
equilibrium freezing ranges, respectively. As in Hunt’s previous model, the first term in
the braces { } for both cells and dendrites is an alloy dependent constant. For dendritic
growth, even though Hunt and Kurz/Fisher applied different arguments, very similar
expressions for dendritic growth were obtained. In fact, the only difference was in the
derived alloy dependent constants.

Although overly simplistic, these two analytic models provide excellent insight
into the growth mechanisms and qualitative agreement with experimental data. More
exacting models are now under development. Hunt and Lut*>**! have reported predictions
of spacing from time dependent finite-difference models of solute transport during array
growth of cells and dendrites. Fully self-consistent solutions were produced for axi-
symmetric interface shapes for well-aligned growth conditions. The analytic relationship

of the results of the numerical models is:
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3
A‘ - 0.156(I~k)a¢¢0.4 D-a‘ An-a,d).z(l _%)‘ G'MV“" (2.7)

with . =—1.131- OISSSIogw( ) 076x10'2[logm( k)]z (2.8)

V. is the critical velocity where the interface will break down from a planar to a cellular
structure and a, is a gradient dependent exponential factor and established from
numerical analysis. An important feature of the numerical approach was that the spacing
selection mechanism was incorporated and no a priori assumptions were required
(marginal stability, minumum undercooling, etc.). The critical spacing was considered
achieved when the composition along the cell groove was nearest in composition to the
equilibrium composition line. A principal result was that spacing deviations below the
critical array spacing lead to overgrowth. Although the model was originally set up for
cells, it was extended to dendritic growth when it appeared to provide reasonable
predictions for dendritic structures. Finally, Hunt and Lu’s model did not consider the
effect of secondary arms or of possible transverse thermal gradients.

Recently, Ma and Sahm!** **! proposed a new analytic model to explain the
variation in primary arm spacing with growth velocity and specifically included the
effects of secondary arm growth on primary dendrite arm spacing. Ma and Sahm’s

analysis concluded that:

A, = 2n(kDT'AT,)* (I-V—)‘G 4

1
‘

29

In this model, dendritic growth was resolved into 2 parts - growth of center core

and growth of side arms. The arm spacings are considered to be the sum of the dendrite
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core diameter and twice the sidearm length. The dendritic core diameter was directly
related to dendrite core tip radius R. The side arm length was determined by local free
growth time and growth velocity until encountering the neighboring arms. The side arm
tip radius was assumed to be equal to the primary tip radius and the side arm growth
velocity was assumed to be equal to the primary growth velocity (for dendritic growth
only). Transverse (i.e., radial) thermal gradients were assumed to be negligible. This
model gave a reasonable dependence of cellular/dendritic spacing on the process
parameters. Ma and Sahm tested their model and the Hunt and Lu model against
experimental data of A, vs. V for directionally solidified succinonitrile-0.35 wt. pct.
acetone, SRR99 superalloy and Pb-Ti alloy and found that their model gave better
agreement.

The ability of mushy zone microstructures to adjust to non-aligned growth
conditions and transient solidification conditions is becoming of increasing interest. Han
and Trivedi’®"! investigated the primary dendrite spacing adjustment process in
succinonitrile-acetone after sudden increases in velocity and proposed there is a range of
stable spacings associated with specific values of G and V, rather than a unique spacing.
Eshelman et al''"? studied the variation in average cellular spacing with velocity and
observed that there was a finite band of velocities in which both cellular and dendritic
structures were stable. Bouchard and Kirkaldy*® summarized work on a large number of
binary metal systems and found the exponents on G and V in Egs. (2.4, 2.6) to be
generally -0.3 to -0.5 and -0.1 to -0.39, respectively, and proposed that the difference

between the measured exponents and the theoretical exponents (-0.5 and -0.25,
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respectively) were mainly due to convection effects. Su et al*" % found that although
the primary and secondary dendrite arm spacings in Al-4.5 wt. pct. Cu adjust quickly to
increases in imposed velocity, the compositional profiles adjust more slowly.

Growth when the dendrites are mis-aligned with the thermal gradient was
examined in succinonitrile-water alloys by Grugel and Zhou!*®!. The primary dendritic
arm spacing in SCN-H,0 alloys were measured as a function of growth velocity and
orientation angle with respect to the applied temperature gradient. The spacings were
found to increase with the angle from 0° to 45° deg at constant composition, growth
velocity and thermal gradient G Grugel and Zhou postulated that the increase in
primary spacing was due to an increase in side arm growth velocity from the off-axis
thermal gradients.

While the effects of V and G on primary arm spacings have been extensively
investigated with simple binary alloys, experimental data on high melting point muiti-
component alloys, particularly at very low thermal gradients consistent with production
conditions, are limited. The present experiments were designed to investigate the cellular
and dendritic solidification behavior of the multi-component Ni-base superalloy PWA
1484 over a wide range of imposed solidification velocities V and thermal gradients G.

Secondary arm spacing also is an important microstructural feature for DS alloys.
Secondary arm spacing A, has been shown to depend on the local solidification time and
cooling rate’®?! for a wide variety of alloys and that A, develops by a coarsening process.
The coarsening may be due to the process of dissolution of smaller arms with sharper tip

radii and growth of large arms with less curvature. Altematively a process of separation
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of the secondary arms by “pinching off” of the neck has also been proposed'*!.
Evidently, an inverse cube root relationship of A, with cooling rate appears

satisfactory!*®!. In addition, secondary arm spacing would affect the transport phenomena

ahead of the growth front significantly. Poirier et al'** *'! stated that the permeability in
the mushy zone was strongly dependent on the secondary dendritic arm spacing (1) as

well as A, when the convective flow was normal to the primary dendritic arms.

2.3 Various Precipitate Phases in DS Superalloys
High temperature mechanical properties of superalloys stem from the various
precipitates, i.e. ordered Y’ and carbides, that act as barriers to deformation. The nature

and distribution of those phases in castings are directly dependent upon the solidification

conditions.

Precipitation of ¥’ is one of the most important reactions in nickel-based
superalloys. ¥’ precipitates are face-centered-cubic (f.c.c.) ordered Nis(Al, Ti) type
intermetallic compounds in superalloy. It is well known that the precipitation of ¥’ in the
y matrix is a continuous process of nucleation, growth and ripening™™5”!'l. y’ precipitates
from y matrix to relieve the over-saturation of the solid solution. The morphology of Y’
precipitate has been shown to progress from spheres, to cubes, to octet cubes and large
irregular geometry patterns'®*!.

The morphological change of ¥’ precipitates is governed by the thermodynamic

forces, and elastic distortion energy from the lattice mismatch between matrix y and
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precipitates y** 5% %1 The distortion energy associated with the solute size differences
will drive the ¥’ to precipitate and grow. At the initial stage of precipitation, the
interfacial energy dominates, and hence precipitates exhibit a spherical shape. As ¥
precipitates grow, the elastic energy contribution increases. Because the <001> growth
directions have the lowest elastic constants, the cubic morphology of ¥’ precipitates is
favored. The octet cubes result from splitting of single cube and this configuration has
been shown associated with a lower elastic distortion energy than that of any other
morphology. With the further growth of y’ precipitate, the neighboring cubes coalescence
into the bigger irregular shaped particles, and lose its coherence with y matrix. Dendrites
of ¥’ have also been observed in some superalloys.

The cooling rates during and after solidification play an important role in the

morphology and size of ¥’ precipitates’®’~

%1 The high cooling rate and large super-
cooling causes high nucleation density with uniform and fine sized precipitate
configuration. In addition, high supercooling creates y+y’ eutectic pool, nucleated directly
from melt!*® %531 y+y’ eutectic pool usually grows at locations such as grain boundaries
or interdendritic regions. In contrast, under a low cooling rate, there is a lower nucleation
density and longer active growth time. The precipitates were observed to grow to larger
sizes. Both y+y’ eutectic pool and divorced eutectic ¥’ are highly undesirable since they
retain a large amount of alloying elements that otherwise could have strengthened the

solid solution matrix. In addition, the y+y’eutectic will decrease the incipient melting

temperature and make solution heat treatment more difficult or impossible!> 71,
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Numerous experimental results of nickel-based superalloys on the mechanical
properties'™ 7 '*12- 1 haye shown that the morphologies of ¥’ precipitates have significant
effect on the mechanical properties. When the volume fraction of ¥’ is around 70~80%
with a size of about 0.5 um, the creep-rupture and hardness could reach a maximum®>'%!,
As the size of ¥’ precipitate increases towards the optimum size, the strengthening
increases since anti-boundary energy is raised when dislocations cut through ordered y’
precipitates. When ¥’ continues to grow and lose the coherence with y matrix, the effect
of strengthening is weakened since dislocations could bypass ¥’ precipitates
easily!!! 65671

Metal carbides (MC) are another common constituent in nickel-based superalloys.
MC provide enhanced creep-rupture resistance for nickel-based superalloys with
equiaxed grain microstructures !'*¢* 8! However directional solidified and single crystal
Ni-based superalloys have minimum or no grain boundaries. Thus there is no need of the
grain boundary strengthening by carbides. Furthermore, experimental results show that

the fatigue life varies inversely with MC sizel* % %!

, and a continuous network of script
carbides drastically reduces the ductility of an alloy by facilitating crack initiation and
propagation. Therefore, the morphology of small uniform and equiaxed carbides are
preferred in superalloys.

Numerous research works [5* %8-72! have investigated the effects of solidification

variables on the morphology of carbides. It is well known that the near-equilibrium

morphology of MC in superalloys is octahedral blocks, and the blocky morphology
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gradually transitions to script with a finer size as carbide growth rate increases. In the as-
cast conditions, carbides are usually of the MC type, where M is Ta, B, Zr, Ti or Mol
Chen et al °® 7 studied MC carbide formation in DS MM247 LC Ni-based superalioy.
The results indicated that MC morphologies and chemistry were determined by the MC
growth rate, MC forming element segregation and surrounding solid geometry. Sun et al
[74] stated that the y+MC eutectic reaction was an important factor to determine the MC
morphology. It was found that high solidification rate causes the quasi-eutectic reaction
of y+MC, and increases the number of MC; script MC formed at medium rate due to

significant segregation in the residual liquids; at low rates of cellular or near-plane

interface growth, eutectic reaction of y+MC took place again.

2.4 Segregation Effects in DS Nickel-base Superalloys

Giamei and Kear''”! pioneered the investigation of freckle formation in several
nickel base superalloys and reported on spurious grain locations, freckle chain
morphology, composition and microstructure. The local composition in the freckle chain
was found to be close to the eutectic composition. When remelting samples with freckles
at temperatures just above the solidus, the freckle chains would melt and drain first.
These researchers concluded that the freckle chains were rich with solute from the solute
rejected during dendritic growth and were probably the last region to solidify and form
their inhomogeneous structure. Giamei and Kear proposed that freckles were related to
the imposed solidification parameters (thermal gradient, growth rate and size of castings)

as well as the alloy’s specific composition.
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Research on freckle formation has been conducted in three primary ways: (1)
solidification of analog alloys like aqueous ammonia chloride!'®'%- 291 ; (2) solidification
of metallic alloys including simple binary Pb-Sn and complex superalloys!?* 2207571,
and (3) simulation of the solidification of alloy systems (Pb-Sn, NH,CI-H0, and recently
Ni-base superalloys) by computational models®®*!,

Since the analog alloy solutions are transparent, the solidification process can be
directly observed providing significant intuitive insight into the phenomena. Through
directly observing unidirectional solidification of samples of of ammonium chloride
solutions (30% NH,CI-H,0), Copley and Giamei!'®! found that freckling of the analog
alloy was initiated by the upward flow of convective jets caused by a density inversion in
the microsegregated, solute rich mushy zone. The mechanism is shown schematically in
Figure 2-4. The jets coming from the bottom of the mushy zone were observed to erode
the mushy zone by dissolution and fragmentation of dendrites. It was suggested that
these dendritic fragments served as the nuclei for the equiaxed grains found in freckle
chains. After solidification was completed, the jets formed the as-cast freckle trails. A
parameter A@ was derived to predict the effects of solidification variables on the freckle

formation probability:

_8B.AT.ACAp
68,G’

Ag (2.10)

where B and Bt are the volume coefficients for thermal and compositional expansion,
AT, is the equilibrium freezing range, AC and Ap are composition and density

differences between the segregated and bulk liquids, G is the thermal gradient and g is
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gravity. Eq. (2.10) shows that a high interdendritic density inversion (Ap) and low
thermal gradient (G) would increase A and favor freckle formation. In Ni-Al and Ni-Ta
binary solidification experiments''”), the Ni-Al alloy was more prone to form freckles
than Ni-Ta alloy due to the significant density inversion from aluminum partitioning.

In separate research on the transparent analog NH,CI-H,0, Hellawell ez a/t'**"!
also observed the convective jet (plume) in the bulk liquid and noticed that there is a
micro-segregation channel formed below the upwardly flowing plumes. These channels
originate, not within the dendritic array at any depth, but immediately ahead of the
growth front as a result of a perturbation of the less dense boundary layer into the bulk
liquid. Perturbations that develop into solute plumes in the bulk liquid would be
maintained by entraining the solute rich liquid in the mushy zone below the plumes, as
shown schematically in Figure 2-4. Solute rich liquid would locally depress the liquidus
temperature and remelt the local dendrites to form the open channels in the mushy zone.
Furthermore, Hellawell et al characterized the effects of thermal gradient, growth rate,
dendritic spacing, and interdendritic permeability on channel formation and correlated
those variables with the Rayleigh number (ratio of buoyant driving force to viscous
retarding forces within mushy zone) to determine a critical Rayleigh number of plume

nucleation occurrence. Thus

Ra=§:—:—(ﬂ E-ﬂ,‘%) @.11)

[4

The first term in parentheses is the destabilizing factor related to the density

inversion (i.e., solutal gradient times the volume expansion coefficient due to
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Freckle Defects Originate due to Convective Instabilities

The potentiai for convective instabilities can be
described by the combined Rayleigh Number
(ratio of buoyant to viscous forces):

3
Aa =289 (BtT+&4C,

Sampie and Hellaweli(1964)
Sarazin and Hellawell{1968)

Figure 2-4. Casting defect freckling mechanism for lighter solute-rich segregation at

growth front proposed by Copley and Hellawell!'”!
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composition). The second term in parentheses is normally stabilizing (thermal gradient
times the coefficient of thermal expansion) since hotter, lower density liquid exists in
front of the mushy zone. Thus, normally segregating low-density solutes, or inversely
segregating high density solutes, or low thermal gradients would all increase the value of
Ra number and increase the tendency for freckle chains.

Tewari et al'**?*"*! investigated the effects of primary arm spacing and mushy
zone length on the macrosegregation of Pb-Sn alloy during unidirectional solidification.
Their results showed that increasing the primary arm spacing raised the extent of
macrosegregation and favored freckle formation. Presumably this was because when the
dendrite arm spacing is large, the permeability of the mushy zone is large and convection
through the dendritic mush is easy. Tewari et a/ noted that more systematic experiments
were necessary to investigate the detailed relations between primary arm spacings and
freckle formation.

Heinrich et af®'#2%3] developed a computer model to simulate the unidirectional
solidification of alloys with all-liquid region above a two-phase mushy zone possessing a
lower density liquid phase. The results showed that there were two separate convection
cells: one in the all liquid region and one counter-rotating cell in the mushy zone. The
convective cell in the bulk liquid was normal buoyancy flow due to the radial thermal
gradient. This cell can entrain the interdendritic liquid in the mushy zone and facilitate
the development of thermosolutal plumes. The steady-state computational results showed
liquid plumes emanating from within the mushy zone. After solidification, such plumes

should exhibit freckle segregate phenomena. This result was in excellent agreement with
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Hellawell’s aqueous ammonium chloride solidification experiments. Unfortunately,
Heinrich et al did not discuss the expected effects of the important solidification
parameters such as thermal gradient, growth rate, crucible size, geometry and sample
orientation, etc.

Recently Beckermann et al'’®*!! developed a 2D computational model to simulate
the formation of macro-segregation and freckles caused by muiti-component
thermosolutal convection during the directional solidification of Ni-based superalloy. It
was concluded that the model provided a valuable tool in predicting freckle defects in DS
of Ni-based superalloys. The Rayleigh number was again proposed to act as criterion to

predict the probability of freckle segregates:

_(8p/ p,)gkh
av

Ra, 2.12)

A critical value of Rayleigh number of approximately 0.25 was found based on
experimental data of one directionally solidified nickel-based superalloy. However, the
authors pointed that additional experimental data were highly desired for different
superalloys to further validate the proposed Rayleigh number criterion. The numerical
model also showed that the probability of freckle formation would be doubled if the
orientation of the mushy zone were tilted 10° with respect to gravity.

In order to establish a numerical criterion to predict the freckling onset conditions,
Auburtin et al"* 7! conducted directional solidification experiments on seven types of
nickel-based superalloys, i.e., CMSX-11B, RENE88, NIMS8OA, WASPALOY, MM247

and a variation of IN718, at various angles to the vertical. The results showed that, under
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similar solidification conditions, tilted castings exhibited freckles, whereas vertical
castings were freckle-free. They also developed a modified Rayleigh number equation for
predicting freckling conditions and ranked the order of freckling tendency from the
highest probability as IN718, NIM80A, MM247, CMSX-11B, RENE88, WASPALOY.
The approximate criterion values for the investigated Ni-base alloys were estimated to be
0.65~0.95. In addition, the composition analysis showed that the freckle chains might
actually have a higher density than the bulk liquid.

James et al'®! also reported a high concentration of heavier element segregated to
freckle chains in the study of the remelting processes for VAR (vacuum arc remelting)
ingot 718 and ESR (electro slag remelting) ingot 625. In this case, in contrast to the
phenomenon observed at model-alloys and Pb-Sn alloy, the channel liquid has higher
density and tends to flow downward and to form freckle chains (Figure 2-5).

Pollock et al*®™®! conducted a wide range of directional solidification of multi-
component single crystal superalloys to study the breakdown of single crystal growth.
The results suggested that it was thermo-solutal convection promoting the breakdown of
the single crystal structure as well as grain defects of mis-oriented columnar grains and
freckles. As shown in Figure 2-6 from Pollock!”®), the tendencies for mis-oriented
columnar grains and freckles were seen to significantly increase when the primary
dendrite arm spacing increased above approximately 320 um. Pollock et al found that the

nature and amount of solute played important roles in the formation of freckle segregates.
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Figure 2-5 Freckle formation mechanism for denser solute-rich condition in the VAR and

ESR ingot nickel-based superalloys!”!
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Number of Freckie Chains

Number of Misoriented Grains

Figure 2-6 The effects of primary arm spacings on the freckle formation on DS SX-1

nickel-based superalloy!”®!
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In summary, all the previous investigations showed that freckle segregates are
related to the upward or downward convective flow in the bulk and mushy zone liquids.
Many variables can influence the convection, segregation and microstructural
development during solidification, e.g.,

(1) Compositional Effects (C., k, B, a, n)

(2) Solidification Effects (G and V)

(3) Crucible Geometry and Orientation Effects

These variables are clearly interrelated but can be classified as two types:
alloy variables (composition of alloy, solute partitioning, density inversion, and the
thermophysical properties of the liquid alloy) and process variables (thermal gradient,
growth rate, crucible diameter, crucible orientation, dendritic arm spacing, etc.). These
variables will determine the microstructure during and after solidification and the
propensity for the development of segregation defects. Figure 2-7 shows a schematic of
the directional solidification process and the relevant non-dimensional parameters that are
believed to control convection and freckle formation phenomena. A large number of
experiments utilizing many alloy systems will be required to fully quantify the

relationships among the dimensionless variables shown.
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€e————— =27 —————>| A Buik convection can be described
by the thermal Rayleigh Number
(ratio of buoyant to viscous forces)

Ra = rap g B,AT

Ha

and the aspect ratio
h

r

What is the role of the mushy zone
permeability? Darcy number for

The potential for thermosolutal instabilities can
be described by the combined thermal and
solutal Rayleigh Number near the mushy zone

3
Ra:a—%s- (E-_QA_T‘FQ;S_C)

5D=P_

Figure 2-7. Dimensionless parameters related to convective flow inside mushy zone and

bulk liquid ahead of solidification front



CHAPTER3

RESEARCH OBJECTIVES

The objective of this research are summarized as:

(1) To quantify the directional solidification parameters' effects on the
microstructural development of an important engineering multi-component
superalloy PWA 1484, by analyzing thermal gradient G and growth velocity V
effects on development of the primary dendritic arm spacings and precipitate
formation behavior.

(2) To experimentally investigate freckle formation mechanisms in the alloy PWA
1484 and evaluate the utility of dimensionless parameters that are proposed

theoretically to predict the defect formation phenomenon.
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CHAPTER 4.

EXPERIMETAL PROCEDURES

4.1 Alloy Selection

A typical commercial nickel-based superalloy PWA 1484 was selected as the
experimental material. PWA 1484 is a secondary generation proprietary alloy of Pratt &
Whitney Company and is utilized to produce directionally solidified and single crystal
castings. The nominal and actual compositions of the alloy are listed in Table 4-1. It
shows that there is a high concentration of heavy refractory elements such as tungsten,
tantalum, and rhenium. The sample rods had a diameter of 1.9cm and length of 19~20cm.
The rods were cast in ceramic mold from one heat, and the original microstructure in the
rods was equiaxed.

Another type of nickel-based superalloy MM 247 was also selected as an
experimental material for comparison. This alloy contains high concentration of Cr to
improve oxidation resistance, and Hf to improve the transverse ductility by forming
carbides at grain boundaries. MM247 is widely used to produce equiaxed and
directionally solidified castings. The nominal and actual compositions of the alloy are
also listed in Table 4-1. The MM247 samples had a diameter of 1.27cm and length of
19~20cm. For each sample, a ceramic sheath with diameter 0.2 cm and 10 cm length was

placed at the center of the rod for inserting a thermocouple.
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Table 4-1. The nominal and actual compositions of experimental alloys PWA 1484 and

MM247 (The actual composition data are provided by supplier:

Howmet Corporation, Whitehall, MI.)

AL | Cr | Co |Mo | Ti | W | Ta| Re | Hf | Fe C B Zr
PWAI484 | 56 |5 10 2 6 9 3
(nominal )
PWAL484 | 5.7 | 496 | 988 | 1.89 5.86 | 8.74 | 2.98 0.0238 | 0.001 | 0.0028
(actual)
MM?247 55 |83 [0 07 |1 10 |3 1.5 0.15 0.015 | 0.05
(nominal)
MM247 57 [ 835 {1013 o8 [099 [10 | 307 123 [ 095 [ 0162 | 0015 | 0.045
(actual)
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4.2 Casting Facilities
4.2.1 Casting Furnaces

A vertical Bridgman crystal growth facility at Auburn University was used to
perform all directional solidification experiments. The facility (Figure 4-1) consists of
two furnaces, a loading and withdrawal system, one mechanical vacuum pump, and the
thermal monitoring system. The two furnaces create the vertical thermal gradient and
force the directional solidification of crystal materials. The two furnaces are separated
with an adiabatic insulator layer and connected with a loading channel in the diameter of
6.5 cm. The mushy zone will often be located within the adiabatic zone.

The top furnace is a ATS high temperature furnace with 3800 watts power
capacity and can heat up to a maximum temperature of 1650°C. Two different
geometrical furnaces are used in the experiments, an ATS Model 3350 box furnace with
an adiabatic insulator layer of 13 cm thickness and ATS Model 3320 cylindrical furnace
with an adiabatic insulator layer of Scm thickness. The furnace operation functions,
heating rate, cooling rate, and soaking at given temperatures, can be programmed and
controlled with one temperature controller (ATS 2010).

The bottom furnace acts as booster fumace (model: WATLOW Full Cylinder
Unit, 425 Watts power capacity), which can reach a maximum temperature of 1100°C.
This furnace is used to adjust the applied thermal gradient. When this furace is used, the
gradient will be in the range of 10~40 °C/cm. When the booster furnace is removed and

substituted with water-cooling coils, the gradient can reach a maximum of 120 °C/cm.
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zone fumnace, booster furnace, vacuum pump, mechanical withdrawal device, and thermal

measurement.
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4.2.2 Loading/Withdrawal System

Samples were loaded into and withdrawn out of the chamber of the furnace using
a mechanical system. Samples were contained in alumina crucibles and inserted in a
retort, which was sealed at the bottom to enable evacuation or purge with argon gas to
minimize oxidation of the alloys at elevated temperature. The retort is an alumina
ceramic tube with an inner diameter of 3.81 cm and length of 57 cm. The top 18 cm
length of the retort is in the chamber of the hot zone. Crucible spacers were used to raise
the alloys into the hot zone inside the retort. The sample, crucible and retort assembly
were attached to a Compumotor Drive system (Parker) that allows precise control of
sample withdrawal velocity using a computer. The withdrawal velocity utilized in this
study varied between 0.00005 cm/sec ~ 0.01 cn/sec. The withdrawal motion of samples
can also be programmed to change velocity or stay at one position for a given time.

The alumina crucibles for loading PWA 1484 samples had an inner diameter of
1.9 cm (out-diameter 2.54cm) and length of 25.4 cm. The samples were grounded slightly
so that a small gap existed between the sample and crucible inner wall. This gap ensured
that the thermal expansion of samples did not break the alumina crucible. For alloy
MM247 samples, the crucibles with an inner diameter of 1.27 cm and outside diameter
1.9 cm were used and fastened with cement so that the crucibles and samples would stand
rigidly within the retort.

While doing the quench experiment, the sample/crucible assembly was locked to

a metal-housing that was attached to a stage by a pin (Figure 4-2). The assembly was
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stage

Figure 4-2 Mechanical clamp assembly designed to perform quench experiment by

dropping sample/crucible into water.



43

loaded inside a mullite tube instead of the sealed retort. The argon atmosphere was
provided by passing commercial purity argon gas at a very low flow rate through the
mullite tube. When performing quenching, the pin was pulled out and the
sample/crucible/metal-housing assembly dropped into the quenching water. All steps

were the same as those used in the previous directional solidification process.

4.2.3 Thermal Measurement and Recording System

Temperature is obviously a critical variable for directional solidification. The
successful implementation of temperature measuring and recording provided valuable
data about the mushy zone location inside the adiabatic zone, the axial thermal gradients,
and the radial thermal gradients that control the macroscopic shape of the growth
interface. The arrangement of thermocouples is illustrated in Figure 4-3. Five B-type
thermocouples were placed to record and monitor temperature at the given locations. To
insert the alumina sheath and thermocouple, a hole with diameter of 0.64cm and depth of
10cm was cut at the center of the sample rod with EDM. Thermocouple #1 (or TC-1) was
inserted at the center of the samples and shielded from the melt by an alumina sheath.
TC-2 was located at 3 cm below the TC-1. The data of these two thermocouples were
used to calculate the vertical thermal gradient and verify the repeatability of
thermal profile. Thermal gradients were calculated using following equation:

o L-L __T-T,
L-L, (-t)xV

@a.1)

where T was temperature of TC-1 at first reading time (t;). T, was temperature of TC-1
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at second reading time (t). V was the withdrawal velocity of the experiment. Hence the
numerator indicates the temperature difference between any two points and the
denominator indicates the distance between the two points.

TC-3 and TC-4 were located at the same vertical level as TC-1 but outside of the
retort at positions perpendicular to each other. The data of these two thermocouples were
used to assess the radial thermal distribution. TC-5 was installed outside of the sample

crucible to evaluate the radial thermal gradient for the sample/crucible assembly.

4.3 Sample Casting Procedures
All solidification experiments were carried out using the following procedures at
a given withdrawal velocity and furnace temperature.

a) Sample was loaded into crucible. The bottom of the crucible was sealed with
cement, which was then heated and cured for 30 minutes. After that, the crucible
with the sample was inserted into the retort, which was sealed with flanges.

b) The thermocouple wires were connected to a feed-through at the flanges.

¢) The sample/ crucible and retort assembly was attached to the stage driven by the
mechanical system and loaded into furnace chamber.

d) Figure 4-4 shows the heat profile utilized in the process. During the temperature
range from 25 °C to 350°C of TC-1 reading, the retort was pumped and purged
with Ar repeatedly with a S minute interval in order to remove any residual air

inside the retort.
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€) When the temperature reading of TC-1 reached 350 °C, the valve connected to the
pump was closed and the valve connected to argon gas was turned on until the
completion of the experiment.

f) Within the temperature range from 700°C to 900 °C, the heating rate was set as
low as 100 °C/hr, which is necessary considering the larger thermal expansion of
alumina ceramics in this temperature range.

g) After reaching the desired temperatures, i.e., 1450, 1500,1550,1600°C, the
samples were soaked for at least 60 minutes prior to initiating withdrawal and
solidification so that the thermal distribution of liquid metal could reach
equilibrium.

h) Sample assembly was withdrawn from the furnace at a given velocity until the
whole sample moved out of the furnace. Then the sample was allowed to cool in

air.

4.4 Specimen Characterization

After completing solidification, the exterior of each sample was visually inspected
to check whether freckle chains were present. Visual inspection was conducted on the as-
cast and etched samples. Macroetching was accomplished by immersing the entire bar in
a solution of 50ml HCI + 2ml HNO; + 5 gm FeCl; for approximately 2 minutes. Sample

bars were then rinsed and dried.
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Samples were sectioned at selected locations where steady-sate solidification was
indicated by the thermocouple responses. Transverse sections, perpendicular to the
growth direction, were cut 15 cm from the bottom of the samples. Longitudinal sections
2cm long in the growth direction were also cut from the center of the cylindrical bar and
immediately adjacent to the transverse section. The sectioned pieces were mounted,
ground and polished using standard metallographic techniques. All polished samples
were etched for metallographic examination using a fresh solution of 10 ml HCI + 10 ml
HNO; + molybdic acid 0.3 gm+15 ml distilled water.

Metallographic examination was performed with an Olympus PMES3 inverted
metallurgical microscope and a JEOL840 scanning electron microscope (SEM)

The transverse samples were used to determine the primary dendrite arm spacing
(PDAS or A,), and longitudinal sections for the assessment of secondary dendrite arm
spacing (SDAS or A;). PDAS (&) was calculated by using the relationship A, = (A/N)*?,
where A is the area of the region within which the dendrite number N will be counted.
SDAS () was calculated using SDAS (A,)= N/L, where L is the length of well-aligned
dendritic trunks and N is the number of second dendritic arms within the segment L.

The chemical analysis of segregation, precipitates and freckle chains was
conducted using an energy dispersion spectrometer (EDS) microprobe attached to the
SEM operated at 20 kV. The analysis used a Tracer Northern 5500 analyzer and LINK
ISIS software with an uitra-thin window detector (UTW). The final composition result of
each phase was the average of at least 5 data points. The equilibrium partition coefficient

of each element was evaluated according to k = Cs/Cr. The composition at the center of a
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dendritic trunk was used as that of the first solid to freeze at the liquidus temperature, that
is, Cs. The composition at the center of the interdendritic region was used as that of the

last liquid to freeze, that is, Cr. The freckle spots were marked and then analyzed using
EDS.



CHAPTER §.

RESULTS AND DISCUSSION

5.1 As-cast Microstructure Development of Directional Solidification Nickel-based
Superalloy PWA1484
5.1.1 Directional Solidification Morphology Development

A number of PWA 1484 cylindrical bars were remelted and then directionally
solidified in the Bridgman crystal growth facility. A wide range of solidification variables
was utilized in order to simulate phenomena occurred in manufacturing as much as
possible. Thermal gradients from 10 °C/cm to 110 °C/cm and growth velocities from
0.00005cm/s to 0.01 cm/s were utilized so that both dendritic and cellular microstructures
could be produced. All process parameters employed are listed in Table 5-1.

Figure 5-1 shows typical cooling curves obtained as sample solidification
proceeds. The mushy zone for this alloy can be estimated as the temperature range 1330
~ 1400°C indicated by TC-1 or TC-2. The cooling curves (additional figures for various
conditions are provided in the Appendix) show that the mushy zone location varies with
growth velocity of a sample. The higher the solidification velocity, the further away from
the hot zone was the position of the mushy zone. The displacement of the mushy zone
results in changes of the spatial temperature distribution and interface geometry, and

influences the microstructural development.

50
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Table 5-1 Solidification matrix with calculated thermal gradients and measured arm

spacings
Exp.# Furnace Withdraw | Thermal | Cooling | PDAS | SDAS | Freckles
Temperature Velocity Gradient | Rate (um) (um) (Yes/No)
(0 (cm/sec) (Clem) | CClsec)

20 1600 0.01 17 0.17 454 | 4238 N
21 1600 0.005 30 0.15 362 N
23 1600 0.0025 35 0.088 376 | 78.6 N
22 1600 0.001 36| 0.036| 359 NA N
24 1600 0.0005 40 0.02 360 NA N
33 1550 0.005 28 0.14 355| 49.6 N
32 1550 0.0025 36 009} 372| 66.6 N
31 1550 0.001 38 0.038 353 NA N
30 1550 0.0005 38 0.019 364 NA N
29 1500 0.0l 15 0.15 470 | 434 N
25 1500 0.005 20 0.1 422 N
26 1500 0.0025 28 007| 385| 654 N
27 1500 0.001 28 0.028 395 NA N
28 1500 0.0005 28| 0.014] 400 NA N
38 1470 0.01 12 0.12] S511| 446 N
37 1470 0.005 18 0.09 434 | 522 N
36 1470 0.0025 21 0.053| 413 NA N
35 1470 0.001 23 0.023 408 NA N
34 1470 0.0005 25} 0013 420 NA N

Quench#1 1600 0.0001 40 0.004 383 NA N

Quench#2 1600 [ 0.00005 40 0.002 450 NA N
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Figure 5-1. Typical thermal cooling curves for DS experiment of PWA 1484. The curves

were obtained with growth velocity V=0.01 cm/s, G,= 12 °C/cm. Axes x=0 indicates the

start point of adiabatic zone (G1, G2: longitudinal thermal gradient from TC-1 and TC-2
individually according to the equation (4.1) at the page of 43)
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The axial thermal gradient is calculated from the temperature data of TC-1 or
TC-2 using Equation (4.1). Calculated results of thermal gradients for all samples are
plotted with the thermal profiles (Figure 5-1 and Appendix). It can be seen that the axial
thermal gradient varies over the mushy zone i.e., at the temperature range from 1400°C to
1330°C. In all experiments, the gradient at the tip of dendrites or cells (Gy) is small.
Behind the tip, the gradient increases in approximately linear fashion until the solidus
temperature at the bottom of the mushy zone. The thermal gradient at the tip of dendrites
or cells (Gy) is utilized in further analysis of growth behavior since the dendritic/cellular
arm spacings and morphologies are significantly influenced by the behavior at the tip
region. The thermal gradients in the Table 5-1 are Gy. for all samples.

Figures 5-2, 5-3, and 5-4 show typical PWA 1484 microstructures produced under
given conditions. The top figures are microstructures of transverse sections perpendicular
to growth direction, while the bottom figures are of longitudinal sections, parallel to the
growth direction. The growth velocity (V) and thermal gradient (Gy) are indicated below
the pictures. The basic solidification microstructures of these samples at room
temperature are comprised of dendritic or cellular cores (y+y’) along with eutectic (y+y'),
metal carbides (MC) distributed throughout the interdendritic area. Some interdendritic
porosity is also evident. All dendrite or cellular cores exhibit excellent alignment with the
axial thermal gradients imposed.

Figures 5-2 (a, b, c) illustrate the microstructural features for samples solidified at
thermal gradient of 17~25 °C/cm. The microstructure transitions from flanged cells (V=

0.0005cmvs) to well-developed dendrites (V=0.01 cm/s) with the increase of growth



Figure 5-2(a). Transverse and longitudinal section microstructure of PWA 1484

sample grown at G=25°C/cm and V=0.0005 cm/s (400pm; )
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velocity. At a growth velocity of 0.01 cm/s (Figure 5-2c), there are large secondary
dendrite arms and well-developed tertiary arms. At a growth velocity of 0.0005 cm/s
(Figure 5-2(a)), the secondary branch arms are almost non-discemable in the longitudinal
section; the transverse section shows the "cross” dendrites, which are often referred to as
flanged cells.

Some authors characterize microstructures like those shown in Figure 5-2(a) as
cellular dendrites. The experimental velocities for transition from cellular to dendritic
growth can be difficult to evaluate as there is often inconsistency on the terminology
employed in the literature. Some researchers prefer to describe a microstructure as
dendritic only when secondary branches can be discemed, e.g., Flemings'*?!. Cells grow
without significant regard to the crystallographic orientation of the crystal structure.
However, Kurz and Fisher”?! note that there is a range of intermediate forms (dendritic
cells and cellular dendrites) when various degrees of crystallographic directionality
persist in the growth form even though no secondary arm development has occurred. The
sample shown in Figure 5-2(a) exhibits microstructures where the underlying
crystallographic orientation is clearly important in the growth process, but no secondary
dendritic arms were exhibited in the as-cast conditions.

Figures 5-3(a, b, c) illustrate the development of microstructure at the high
thermal gradients of 54~91 °C/cm. A transition from flanged cells to dendrites is again
observed as V increases. However, there is one significant difference between Figure 5-2

(c) and Figure 5-3 (c). The secondary arms are not as well developed in Figure5-3 (c) as
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Figure 5-3(a) Transverse and longitudinal section microstructure of PWA 1484 sample

grown at G=54°C/cm and V=0.0005 cm/s (400pm : e )
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Figure 5-3(b). Transverse and longitudinal section microstructure of PWA 1484 sample

grown at G=70°C/cm and V=0.001 cm/s (400um: e=me= )
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those at Figure 5-2 (c), and the arm spacings are much smaller in Figure 5-3 (c) (see the
detailed discussion in the next section). Both were grown at a growth velocity as 0.01
cm/sec, but under different thermal gradients. It has been shown that the primary arm
spacings decrease with increasing thermal gradient [****! and cooling rate [2% 3!+ 43.52.59.67.
94-96]

Samples were also grown at V= 0.0001 and 0.00005 cm/s with thermal gradient G
=40 °C/cm. Each sample was grown for approximately 6 cm and then quenched to
preserve the mushy zone microstructures. Transverse and longitudinal sections of these
samples are shown in Figure 5-4. Examination of the cells near their tips in the
longitudinal section shows evidence of secondary arms on some cells. It also seems
probable that the flanged cells shown in Figure 5-2, 5-3 likely also exhibited secondary
arms near their dendrite tips and that this morphology degenerated into the flanged cells
seen at room temperature.

In order to provide insight into the morphological transition, the present results
are plotted in Figure 5-S with the previously published data of other nickel-based
superalloys'?®!. Figure 5-5 shows the transition between dendrites and equiaxed grain
structures in this investigation goes to much lower G/V values than previous reports.
More work is needed to quantitatively define the transition between dendrites and

equiaxed grain structures.
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Figure 5-4 (a) Transverse and longitudinal section microstructure of PWA 1484 sample

grown at G=40°C/cm and V=0.0001 cm/s (666pm: e )
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Figure 5-4 (b) Transverse and longitudinal section microstructure of PWA 1484 sample

grown at G=40°C/cm and V=0.00005 cm/s (666um: s )
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5.1.2. Primary Arm Spacing (A1)

The primary arm spacings (A;) of dendrites or cells are usually correlated with
three different process parameters, G™'2V""%(m**sec 02505y, cooling rate GV (°C/s),
and growth velocity V (cm/s). The PWA 1484 data are evaluated with respect to each of
these below.

Figure 5-6 illustrates the primary cells/dendritic arm spacings (1;) of PWA 1484
correlated with the process parameter G2V (Note: G'*V"is the independent
variable in the Hunt (Eq. 2.4) and Kurz and Fisher (Eq. 2.6) models for dendritic growth).
The velocities utilized and the morphologies of each sample's microstructure at room
temperature (flanged cellular, mixed cellular/dendritic, or dendritic) are identified by the
symbols in Figure 5-6. At the highest values of G2V (i.e., lowest cooling rate), the
samples exhibit cellular microstructures after cooling to room temperature. At the lowest
values of G'*V"'* (i.e. highest cooling rates), the samples exhibit well-aligned dendritic
microstructures with secondary arms. Intermediate values of GV yielded samples
that displayed mixed resuits. Intermediate values of G2V utilizing high velocities
(i.e., 0.005 and 0.01 cm/sec and low gradients) produced dendritic microstructures.
Intermediate values of G2V with a low velocity of 0.0005 cm/sec produced
flanged-cellular microstructures. Intermediate values of G™*V""* with an intermediate
velocity of 0.001 cm/s produced microstructures with mixed flanged-cellular and
dendritic growth. The results of Figure 5-6 show two distinct growth regimes: (1)

dendritic growth with a marked dependence of A, on the imposed process
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parameter G and (2) flanged cellular growth with a much smaller dependence of

A1 on the imposed process parameter G2V/4,

Figure 5-7 shows that very large dendritic spacings are available at low
solidification velocity and low thermal gradients (or high G**V*%). One superalloy
IN718 sample cylinder of diameter 0.6 cm and 5 cm length was previously frozen with
approximate values of V = 10"° cm/s and G~ 1°C/cm. Although only a single primary
dendrite developed, extensive secondary and tertiary arms are present. The secondary
arm lengths grew as large as the sample macro-dimensions giving A, >6000um.

Numerous experiments of solidification'*>**?*! have shown the exponents of
growth velocity V and thermal gradient G are often not simple constants of -0.5 and
-0.25, but can vary with process conditions. Bouchard and Kirkaldy!**! summarized
exponential relationships of primary arm spacing with G and V for various binary alloys
in steady-state heat flow solidification. Variations of -0.37~-0.54 for the exponent of G
and -0.11 ~ -0.75 for V's exponent were found. McCartney and Hunt!”*! stated that
convective mixing during solidification plays an important factor in the variation of
exponents. In McCartney and Hunt’s investigation, a specially designed Al-Mg-Si alloy
was selected to perform directional solidification experiments so as to minimize
gravitational fluid flow in the liquid. The result showed exponents of -0.55 and -0.28 for
G and V, respectively, very close to the theoretical values. A number of directionally
solidified superalloy expt:riments[32"“"""‘9 %9 have shown there are good linear

relationships to evaluate A; with G2V, although the measured V exponents are not

exactly -0.25. Generally, all these experiments were conducted at high G of 100 ~
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200 °C/cm, except IC 50 (Ni3AL) with 54 °C/cm'?®]. The present work shows one linear
relationship for samples with well-developed dendritic microstructure, and another linear
relationship for samples with flanged cells.

Figure 5-8 shows the dendritic/cellular arm spacings () versus the cooling rate
GV. The result is similar to Figure 5-6. There are two tendencies of arm spacing
development; dendritic growth with a strong marked dependence of A, on the imposed
cooling rate and flanged-cellular growth with a decreased dependence of A, on the
cooling rate.

In order to better understand the individual roles of V and G, as opposed to their
coupled effects (as exhibited by the theoretical growth parameter G2V~ and cooling
rate GV), the experimentaily determined primary spacings are plotted versus V in Figure
5-9. The gradients achieved in the samples are also shown in the Figure 5-9 and lines
approximating constant G for five representative thermal gradients have been estimated
and are included. As noted before, dendritic microstructures are exhibited at V> 0.001
cn/s while flanged-cellular microstructures are exhibited at V< 0.001 cm/s. Mixed
microstructure of cells and dendrites are seen at V = 0.001~ 0.0025 cnvs.

Figure 5-9 shows that for all thermal gradient G > 28°C/cm, A decreases with
increasing growth velocity V, as expected. Also slopes of A -V or exponents of V
decrease with decreasing imposed thermal gradient G. Figure 5-10 shows the exponents
of V for various thermal gradients. As the imposed gradient G increases, the exponent of

V appears to be approaching the theoretical value of a4 = -0.25. Similar exponents of V
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were found under high gradients by Kim!?®! (-0.17) and Ma/Sahm!**! (-0.19). However,
for G = 17~25°C/cm, primary arm spacings A, first decrease with increasing V for 0.0005
<V<0.001 cn/s but then unexpectedly increase with increasing V for V> 0.001 cmm/s. For
velocities as low as these, theoretical considerations indicate that the primary arm spacing
should always decrease with an increasing velocity!***!*?], unless the thermal gradient
also decreases with increasing velocity as reported by Jamgotchian ez al'®! and Grugel
and Zhou!*’!. Significant decreases in experimental thermal gradient cannot explain the
unusual behavior seen in the present samples as the axial thermal gradient is reasonably
constant at 20~25 °C/cm.

The primary arm spacing results were compared to earlier intuitive models
proposed by Hunt!*"!, Kurz and Fisher*!], as well as against the recent theoretical models
proposed by Ma and Sahm*, Lu and Hunt!*?**),

The physiochemical properties (D, I, AT, and k) of PWA 1484 required for

comparing the primary arm spacing data are shown in Table 5-2.

Table 5-2 Thermo-physical parameters of PWA 1484 employed
for theoretical analysis of arm spacings

k 0.83
D (cm’/s) 2x107
[ (°C *cm) 1x10”

AT, (°C) 70
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k was evaluated using the Scheil equation and the solid-fraction data of PWA
1484. A 2.5 cm long and 1.9 cm diameter sample of PWA 1484 with a thermocouple
inserted in the center was melted and frozen 6 times. The cooling curves obtained were
evaluated by the method of Backerud " to identify the fraction solid /', vs. temperature
relationship. The maximum and minimum experimental curves thus obtained are shown
in Figure 5-11. AT of PWA 1484 is found to be 70 °C. The fraction solid vs. temperature
relationship was estimated using Scheil’s™**! equation, assuming that the liquidus and

solidus are straight lines, viz.,

T.-T

=1 5.1

fo=1-1

A pseudo-binary partition coefficient of k = 0.83 is seen in Figure 5-11 to give good
agreement with the observed solidification behavior. Such a pseudo-binary partition
coefficient is in general agreement with the elemental partition coefficients shown in
Table 5-3 (page 102).

The Gibbs-Thomson coefficient I" is approximately 1 X 10~ cmK for many
alloys®?l. This value was utilized in the theoretical estimations below. The mean
diffusion coefficient D in the liquid was determined following the theory of constitutional

supercooling where D = Agi %21, The critical velocity ¥, for planar growth was

estimated as V. = kV, following Kurz and Fisher'*'. V is the approximate transition

velocity for cellular-to-dendritic growth.
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Figures 5-12(a, b, ¢) compare experimental primary arm spacings data with the
theoretical models of Hunt!*’!, Kurz and Fisher'*!], and Ma and Sahm!** utilizing
equations (2.4), (2.6), (2.9), respectively. Ma and Sahm’s theory provided the best
prediction of both the primary dendritic arm spacing data as well as the dependence upon
V under high gradients (Figure 5-12 (a), G~100 °C /cm) and medium gradients (Figure 5-
12(b), G~70 °C /cm). However none of these theories satisfactorily explained the
unexpected increasing A, with increasing V seen at low thermal gradients.

The analytic expressions for cellular and dendritic spacings from Lu and Hunt's
more recent numerical results*>*! are plotted in Figure 5-13 separately. According to
their model, the actual spacing for any condition could be any value between the array
stability limit (a minimum and equal to equation (2.7)) and the upper spacing limit for
either cells or dendrites. The upper spacing limit is typically twice the minimum array
stability limit. In Figure 5-13a (high thermal gradient) and Figure 5-13b (low thermal
gradient), the cross-hatched area represents the available spacings for the given
conditions. Good agreement is seen between the predictions of Lu and Hunt’s model and
the experimental data for conditions of dendritic growth at high thermal gradient. As
before, poor agreement is exhibited by Lu and Hunt’s model for the decreasing
dependence of A, on V at low thermal gradients. The unusual behavior is examined more

closely in the following discussion:
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(A) Cell and Dendrite transition

It is well known that directional solidification microstructures will transition from
planar to cellular to dendritic as the velocity increases for the range of velocities
considered here. Previous research 4>#3%8101:102] hag shown that at intermediate ranges of
velocity, cells and dendrites can co-exist and spacings are intermediate to those predicted
for dendritic and cellular growth. McCartney and Hunt!*! reported a discontinuous range
between dendrite and cell spacings for their neutrally buoyant Al-Mg-Si alloy directional
solidification experiments. Lu and Hunt's"***! numerical calculation also showed that
two spacing solutions were possible at a given solidification condition: (i) one solution
for dendrite growth with a larger value of A,  and (ii) another solution for cellular growth
with a smaller value of A, The samples grown at low velocities in the present
experiments (i.e., 0.001 and 0.0005 cm/s) typically exhibit flanged-cell microstructures
(i.e., Figure 5-3a) for all investigated thermal gradients and the observed spacings are
between the values predicted by Lu and Hunt’s numerical calculation for steady dendritic
or cellular growth. Additional theoretical work is clearly needed to address the complex

problem of mixed mode growth.

(B) Effects of Off-Axis Heat Flow
The theoretical models proposed by Hunt*"), Kurz and Fisher*?}, and Hunt and
Lu®? assume no transverse thermal gradients and neglect the growth of secondary arms.
Only the Ma and Sahm model* incorporated the phenomenon of secondary arm

growth during dendritic solidification, even though transverse thermal gradients (Gy) are
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also assumed to be negligible. In this model, the dendrite tip radius of the side arms was
assumed to be equal to the dendrite tip radius of the primary trunks and the growth
velocity of the side arms was assumed to be related to the longitudinal growth velocity V
by Vs=V(1-V/V), where V¢ is the critical velocity for planar interface instability. It
seems reasonable to assume that if G >0, then the mean side arm growth velocity would
be increased. With such a modification, Ma and Sahm’s analysis could be applicable to
growth conditions where the dendrites are not aligned with the thermal gradient.

Grugel and Zhou!*”) investigated the effects of off-axis heat flow on the primary
dendrite spacings for succinonitrile-1.4 and 4.7 wt. pct. water alloys and found good
empirical correlation between the spacings and the angular relationship between the
dendrite growth direction and the total thermal gradient. Grugel and Zhou defined the

orientation angle ¢ such that

G
tan(¢) = =~ (5.2)

where Gr is the thermal gradient in the transverse direction and G is the thermal gradient
in the longitudinal direction. These researchers found that the primary spacings increased
with misalignment angle from 0-40° for constant conditions of composition, velocity, and
thermal gradient. For increasing angles from 50-70°, the secondary arms assumed the
roles of primary arms and the spacings rapidly decreased. Grugel and Zhou correlated A

with the heat flow geometry and found for the succinonitrile-1.4 wt. pct. water alloy that

4,($) = 4,($=0)+120tan’ ¢ (um) (53)
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where the 120 factor is an empirically determined fitting parameter. Thus the primary
spacings of the samples in the misaligned thermal field were equal to the theoretical
spacings during aligned growth (¢=0) plus a correction factor that depended upon the
misalignment angle ¢. Although the data were limited, Grugel and Zhou found a
correction factor of approximately 260tan2¢ for misaligned growth in succinonitrile-4.7
wt. pct. water alloy. Thus the factor in front of the tan’¢ term does not appear to be
constant. More work on the basis of this factor is clearly needed.

High growth velocities during directional solidification can move a sample’s
mushy zone down and out of the adiabatic zone, thus producing non-negligible transverse
(i.e., radial) thermal gradients, especially when the axial thermal gradients being utilized
are themselves quite low. In this case, the growth interface changes to a concave surface
instead of a flat plane (Figure 5-14). Heat flux lines are not straight outside of the
adiabatic zone where a radial thermal gradient exists. This radial gradient could promote
and accelerate the growth of secondary arms, which, in turn, would block and suppress
the growth of neighboring primary arms and enlarge the primary arm spacings.

An experiment was conducted to investigate the longitudinal (G) and radial (G,)
thermal gradients in the Bridgman-type furnace for a number of withdrawal velocities.
Thermocouples were placed along the centerline and along the outside of a sample. The
test was performed at a furnace setting of 1200 °C. Figure 5-15 shows typical cooling
curves measured during testing. Analysis of thermocouple data shows that when

G <30 °C /cm, the ratio of transverse to longitudinal thermal gradient (G, /G) varied
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Figure 5-14. (a) Schematic mechanism of growth interface morphology transiting from
flat to concave or convex caused by heat flux directions and mushy zone position. (b) the
displacement of the position of mushy zone at adiabatic zone at various velocities, and

corresponding radial thermal gradients at mushy zone.
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from 0.4, 0.3, and 0.2, respectively for velocities of 0.01, 0.005, 0.001 cn/s. Thus G, /G
increased for increasing velocities, as expected.

Significant radial thermal gradients should increase the primary spacings along
the outside edge of the samples. Figure 5-16(a) shows the spacing distribution for a high
velocity sample and a low velocity sample grown at low imposed gradient G ~ 20°C/cm.
The measurements were performed along two mutually perpendicular diameters. The top
two curves (diamonds) were measured on a sample grown at 0.01 c/s. The bottom two
curves (triangles) represent the spacing distribution from a sample grown at 0.0005 cm/s.
The high velocity sample exhibits the greatest radial thermal gradient and the greatest
variation in primary dendritic arm spacing, as expected. The low velocity sample exhibits
the smallest radial thermal gradient and uniform primary dendrite arm spacing. Figure 5-
16(b) shows additional spacing data including data from high G; samples. At high G,
(>30°C /cm), the observed dendritic arm spacings were uniform regardless of velocity.

Misalignment of growth direction and thermal gradient provides for enhanced
growth of the secondary arms that find themselves rotated closer to the maximum thermal
gradient. Conversely, secondary arms on the opposite side will find their growth retarded
since they are rotated away from the maximum thermal gradient. In the limit of a
complete rotation through 90°, the secondary arms would obviously become primary
arms. Such conditions could be realized by rapid withdrawal of a sample from the
furnace followed by air cooling. Quantitative theoretical treatment of the effects of such
misalignment would require numerical modeling the coupled solute/ thermal diffusion

fields at the dendrite tips.
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5.1.3 Secondary Dendritic Arm Spacing (A;) (SDAS)

Figure 5-17 shows the relationship of secondary dendritic arm spacings A; with
the cooling rate. This relationship indicates a monotonic decrease in A, with increasing
cooling rate. By using regression analysis, the exponent (m) of cooling rate A, =C(GV)"
was found to be -0.38, which is close to the theoretical result and previously published

data for nickel-based superalloys (~0.33)!'*3%, Figure 5-17 also contains other published

data of superalloys, which are in good agreement.
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5.1.4 Precipitated Phases in As-cast DS PWA 1484

As indicated in the cooling curves (Figure 5-1 and graphs in the Appendices),
after the solidification from Ty = 1395°C to Ts = 1335°C, the sample was continuously
exposed to high temperature environment for a certain time, the amount of time of which
samples exposed to high temperature can be determined by the thermal gradient and the
growth velocity of sample. When the growth velocity is lower, the sample is exposed to
the high temperature environment for longer time and the microstructure exhibits more
coarsening. However, the cooling process after solidification would not affect the

primary dendritic/cellular arm spacings that are determined during solidification.

(5.1.4.1) ¥ Precipitate Formation

There are two types of ¥’ constituents in the directionally solidified PWA 1484
superalloy: A) the y’ precipitated from y matrix (i.e., the dendrites) to relieve the over-
saturated y phase matrix during the cooling process directly after solidification; B) the Y’
particles nucleate from the residual eutectic melt and are present in the inter-dendritic
region. The size and morphology of both y’ constituents vary with the cooling rate as
reported.
(A) Y Precipitates in the Cells/Deadrites

Figure 5-18 (a, b) illustrates y’ precipitates in one sample, which was grown for
approximately 6 cm at G= 40°C /cm, V=0.01 cm/s and then quenched in water. Figure 5-

18(a) shows the microstructure located at the tip of the dendritic trunks of mushy zone.



Figure 5-18. ¥’ precipitates located at the tip of (a) dendritic trunks and (b)
interdendritic region of mushy zone of the PWA 1484 sample grown about 6 cm at G=

40°C /cm, V=0.01 cn/s and quenched in water.
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Fine uniformly distributed spheroid ' precipitates were formed. These initial spheroidal
¥ precipitates are believed to have nucleated from the solid matrix during quench instead
of from the melt. The first deposited dendritic/cellular matrix of PWA1484 should be
only y phase. Bhambri ez al'®®! reported similar phenomenon in their study of DS Inconel
713C alloy. In their study, the uniformly distributed spheroidal v’ precipitates were also
observed at the tips of the dendritic trunks. However, there were no y’ precipitates
observed in splat-cooled samples. Figure 5-18 (b) shows the microstructure at the tip of
interdendritic region of the mushy zone. It shows larger y’ precipitates were formed
compared with those shown in Figure 5-18(a).

Figure 5-19(a) displays the microstructure located at the center of dendritic trunks
from a sample grown at G= 15°C /cm, V=0.01 cm/s and cooled in the air. [t can be seen
that the ¥’ precipitates exhibit a cuboidal geometry. Figure 5-19(b) shows the
microstructure at interdendritic regions, where neighboring individual ¥’ precipitates have
coalesced together and the geometry is more irregular.

Figure 5-20(a, b) shows the y’ precipitates in the dendritic trunks and inter-
dendritic region from a sample grown at G= 28°C /cm and V= 0.0005 cm/sec and cooled
in air. In this case, Y’ precipitates are large irregular particles with the interdendritic

particles being significantly larger than the dendritic particles.
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(®)
Figure 5-19. v precipitates located at the tip of (a) dendritic trunks and (b) interdendritic

region of mushy zone of a PWA 1484 sample grown at G= 15°C /cm, V=0.01 cn/s and

cooled in air
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(®)
Figure 5-20. y' precipitates located at the tip of (a) dendritic trunks and (b)

interdendritic region of mushy zone of a PWA 1484 sample grown at G=28°C /cm,

V=0.0005 cn/s and cooled in air



(B) Interdendritic Precipitates

Previous investigations have shown that the eutectic pools are formed in very
short temperature range (AT = 5K) above the eutectic temperature!®>”>!, When the cooling
rate is high enough, the solute-rich residual liquid is supercooled to eutectic temperature,
and a high density of eutectic (y'+y) nuclei are produced. During solidification, those
nuclei form the small fan-like eutectic microstructures with lamellar y phase inside.
Figure 5-21 shows the typical eutectic y'+y observed in a sample, which was grown at
G=15°C/cm and V=0.01 cm/s.

When the cooling rate is comparatively low and the local solidification time
becomes longer, the eutectic microstructure can become divorced, as shown in Figure 5-
22(a, b). The difficulty of nucleating y’ allows the y phase to “overshoot”, taking Ni and
other y forming elements from the eutectic liquid, and leaving the residual liquid rich in y’
forming elements.

Neither normal nor divorced eutectics are desirable in the production of DS
superalloy components. Both are detrimental to mechanical properties of the alloy since
they consume necessary strengthening elements for alloy. Successful heat treatment after
solidification is required to dissolve these phases. Eutectic constituents can also be

suppressed by eliminating segregation during directional solidification.
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Figure 5-21 Typical eutectic y'+y pool located at interdendritic region from a

sample grown at G= 15°C/cm and V=0.01 cm/s and cooled in air
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Wi g

Figure 5-22. Typical divorced eutectic y’ colony observed in a sampie grown at
G =28°C /cm, V=0.0005 cm/s and cooled in air. (a) ¥’ with a few of lamellar y phase; (b)

Y without lamellar y phase.
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(5.1.4.2) Metal Carbides

Figures 5-23 (a, b, ¢) show some typical carbides (MC) observed in the DS
PWA1484 superalloy samples. MC carbides form only in the interdendritic areas.
Compositional data from EDS experiments indicated M = Ta for as-cast PWA 1484(see
Table 5-3 at page 102). The morphology and size of the carbides are dependent on the
cooling rate during and after solidification. Carbides can be classified in several types in
terms of their morphology, i.e., script, plate-like, or blocky. Generally, at high growth
velocities, the carbides have smaller sizes and exhibit a script morphology. At low
growth velocities, the alloys are exposed to high temperature for longer times and
carbides will coarsen to larger sizes with blocky or plate-like geometries elongated in the
growth direction.

When the velocity is sufficiently low (solidification will be near planar interface
conditions), the formation of carbides will be suppressed and only a few large blocky
carbides are present (Figure 5-23(c)). These carbides are occasionally “connected” by
very fine MC chains (Figure 5-24), which existed along the grain boundaries. This is
because the growth interface of the sample grown at 0.00005 cm/sec does not exhibit a
perfect planar interface, so there are still shallow valleys along the interface and grain
boundaries. Those valleys and grain boundaries become solute-rich areas and provide

favorable chemical conditions for carbide formation.
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(b) V=0.0005 cm/s

Figure5-23 (a, b) Typical metal carbide morphologies observed in samples grown

at 0.01 cm/s (script) and 0.0005 cm/s (plate-like)



Figure5-23 (c) Typical metal carbides morphologies observed in a sample grown

at 0.00005 cmy/s (blocky)

Figure 5-24 Small carbide chain along grain boundary observed in a sample

grown at V=0.00005cm/s
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The velocity dependence of the present MC geometry indicates that the
solidification variables have a significant effect on carbide growth. The longer the
cooling time after solidification (i.e., lower cooling rate), the larger the size and the more

regular geometry carbides will exhibit.
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5.2 Segregation Effects on Freckle Defect Formation
5.2.1 Segregation in As-cast DS PWA 1484

Elemental distributions in as-cast DS PWA 1484 were measured with energy
dispersive spectroscopy (EDS) using a JEOL 840 scanning electron microscope on
transverse and longitudinal sections of an as-cast sample. The composition of dendrite
trunks, interdendritic regions, and other second phases (MC, ¥', y) were analyzed on a
sample grown at V = 0.0005cm/s and G = 40 °C/cm. These results are listed in Table 5-3.

The EDS results show that Ta, Mo and Al segregate to the interdendritic regions
while W and Re segregate inversely to the dendrites. The carbides are found to be mainly
tantalum carbides. Due to the segregation, the compositions of ¥’ precipitates and y
matrix in the dendritic trunks are not the same as those in the interdendritic regions. The
equilibrium partition ratio (x) can be used to describe the degree of segregation during
alloy solidification. In this study the approximate partition ratio is estimated in terms of
x=Cy/Cr, where C; is the concentration of an element at the center of a dendrite and C_ is
the concentration at the center of the interdendritic region. These results are listed in
Table 3 and exhibit good agreement with published data for simple binary nickel-base
alloys.

Figure 5-25 shows the results of composition analyses from different transverse
sections from the bottom to the top of one as-cast sample. These results indicate that little
macrosegregation occurred during solidification. This indicates minimal convection

within the sample during solidification.
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Table 5-3. Composition distribution data on as-cast DS PWA 1484

(V=0.0005 cm/s and G = 40 °C/cm.)

COMPOSITION

Al Cr Co | Mo | Ta w Re Ni

nominal 5.66 | 496 | 9.88 | 1.89 | 8.74 | 5.86 | 2.98 | 60.03

average 488 | 551 1 917 | 231 [ 9.11 | 8.09 | 345 | 57.49

dendrite(y+y') | 4.51 | 5.28 | 9.57 | 1.93 | 7.43 | 9.55 | 4.7 | 57.02

dendritic y 223 | 8.77 | 12.6 | 3.09 | 2.77 | 11.6 | 8.59 | 50.29

dendriticyy | 6.28 | 2.8 | 7.15 | 1.16 | 10.7 | 7.25 | 1.41 | 63.25

inter-dend.(y+y)| 5.07 | 5.65 | 9.07 | 224 | 104 | 7.39 | 2.58 | 57.62

inter-dend.y | 2.57 | 10.1 | 12.1 | 489 | 403 | 8.84 | 5.78 | 51.67

inter-dend.y' | 6.61 | 2.35 | 6.53 | 0.87 | 153 | 5.05 | 0.19 | 63.19

eutectic y’ 685|204 | 637 | 082|176 | 3.62 | 0.29 | 62.6

carbide 95.9 4.14
partition 089 | 093|106} 086|072} 129 | 1.82
partition x* | 091 | 1.09 | 1.06 077 | 1.17 | 1.47

*average alloy composition (wt %): data measured at Auburn University using EDS.
*Partition (x=Cs/C.): effective equilibrium partition ratio calculated in this work.
*Partition (x*): effective equilibrium partition ratio determined by Ref [26]
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bottom to the top of a sample cast at V= 0.0005 cm/s and G = 40 °C/cm
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5.2.2 Casting Defect Freckling Experiments

A series of PWA 1484 cylindrical samples were directionally solidified under a
wide range of parameters (Table5-1). Figure 5-26 shows the typical polycrystalline, well-
aligned macrostructure of those samples. Higher growth velocities typically yielded
smaller grain sizes in the alloy. When grown at a velocity of 0.00005 cm/s (G=40°C/cm),
a sample with bi-crystals was produced. At high velocity of 0.01-0.005 cm/s, many sliver
and isolated equiaxed grains were formed at the perimeter surface of the samples (Figure
5-26). The large supercooling caused by high velocity enables equiaxed grains to
nucleate in competition with the primary dendrites. Such a grain could become a sliver
defect if it were misaligned with growth direction.

Industrial experience with this alloy indicates that freckle defects are a common
problem. However, no freckle chains were observed on any of the cylindrical PWA 1484
samples. Since freckle chains are believed to result from buoyancy perturbations at the
growth front, additional directional solidification experiments were conducted with
special measures that were utilized to attempt to enhance potential buoyancy instabilities

and form defects.

(5.2.2.1) Non-continuous growth

Non-steady growth conditions (starting and stopping of the mushy zone) were
believed to contribute to the buoyancy instabilities that cause freckle chain defects. Three
growth velocities, namely, 0.01, 0.001, 0.0005 cm/s were selected to run the non-
continuous growth directional solidification. In all three cases, furnace temperature was
set at 1550°C and booster furnace was above 1000°C to keep the thermal gradient as low
as possible. As the samples were withdrawn from the furnace, unlike previous operations.

>

withdrawal occurred for a given distance (i.e., 1 inch), then stopped for 7 min., and
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Figure 5-26. lllustration of one typical macrostructure of as-cast DS PWA 1484
(V=0.0lcm/s; G=25 °C /cm)
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then withdrawal resumed at the same velocity and distance until suspended again and so
on, until the whole sample moved out of the furnace. Figure 5-27 shows the typical

cooling curves for non-continuous solidification.

(5.2.2.2) Mechanical Perturbations During Solidification

When a sample is continuously withdrawn from furnace, a mechanical
perturbation was applied by shaking the retort and sample assembly. In this way,
mechanical perturbations were created at the interface. Three growth velocities, namely,
0.01, 0.001, 0.0005 cm/s were selected, and in all three cases, furnace was set at 1550°C
and booster fumace was above 1000°C. The retort was shaken 5-10 times repeatly by
hand at every displacement of 2.54 cm (1 inch) until the whole sample was withdrawn

from the furnace. The angles of the retort were about 5° to the vertical during shaking.

(5.2.2.3) Solidification Perturbations due to Change of Section Size

Figure 5-28 illustrates section size changes of a cylindrical sample. When a
solid/liquid interface goes through the decreased cross section, the heat flux would be
enhanced and there is an increase in longitudinal gradient G, whereas at the increased
cross section, the strong heat flux would be relieved and hence a decrease in gradient G.
Under either condition, the equilibrium status should be disturbed, and perturbation at the
interface would be expected. Two growth velocities, namely, 0.01, 0.001cm/s were
selected, and in both cases, the furnace was set at 1550°C and booster fumace was above
1000°C.

However, no freckle defects were observed on the surface of any of these

samples. It is obvious that these attempts were not sufficient to produce the freckles.
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Figure 5-27. Typical thermal cooling curves for non-continuous growth DS experiment of
PWA 1484 (a sample with withdrawal V=0.01cm/s and G ~ 5~10°C/cm). x=o0 represents

the exit position of hot zone.
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Figure 5-28. lllustration of cylinder sample of PWA 1484 with section size changes
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(5.2.2.4) Directional Solidification of MM247

MM247 is also a nickel-based superalloy used commercially to produce turbine
blades. Nominal and actual compositions of MM247 are listed in Table 4-1 (at the page
38). MM247 cylindrical bars were remelted and directionally solidified under the
conditions listed in Table 5-4. Samples were macro-etched with 100m!l HCL + 10 ml
H,0,. Although freckle chains were observed at the surface of the sample (Figure 5-29)
grown at V= 0.0005 cnv/s, the other two higher velocity samples did not have freckle
chains on the surface.

Figures 5-30(a, b, c) illustrates transverse section microstructures of directionally
solidified MM247. The process parameters are also marked below the pictures. It shows
that as-cast DS MM247 has very similar microstructural features as that of DS
PWAL1484. At high growth velocity i.e., 0.005cm/s, well-developed dendrites with
secondary branch arms are formed in the sample, while the dendritic trunks transition to
simple cross dendritic and flanged-cellular morphologies when the velocity decreases to
0.0025 and 0.0005 cm/s, respectively.

Whitesell!'®! studied the arm spacing development of DS MM247. In that
investigation, MM247 cylinders were remelted and directionally solidified in a Bridgman
type furnace. Figures 5-31 and 5-32 illustrate the dependence of arm spacings (A, and A,)
on the process parameters G V2 and cooling rate GV (°C/s). Obviously, there is no

significant difference in A, and A, between MM247 and PWA 1484,
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Table 5-4. MM247 directional solidification process parameters and microstructural

results

Run#1 | Run#2 | Run#3
Velocity V (cm/s) 0.005 | 0.0025 | 0.0005
Thermal gradient G (°C/cm) 24 32 35
Cooling rate (°C/s) 0.12 0.08 0.0175
Primary arm spacings (A, um) 470 500 495
Secondary arm spacings (A um) 58 85 na
Temperature at hot zone (°C) 1600 1600 1600
Temperature at booster furnace (°C) ~1000 | ~1000 ~1000
Freckle defects no no yes
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Figure 5-29. lllustration of freckle chains observed on the surface of DS MM247 sample
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Figure 5-30(a). Transverse section and longitudinal section microstructure of DS MM247

sample grown at V=0.0005 cm/s and G=35 °C /cm (400im: )
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Figure 5-31 Primary dendritic and cellular arm spacings of DS MM247 and PWA1484

correlated with solidification parameter G V%% (m™"/* sec'* K0
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The secondary phases found in as-cast MM247 samples include eutectic (y'+y)
pools, divorced eutectic Y’ and metal carbides MC. It is observed that, for the sample

grown at 0.005 cm/s, there are plenty of small size eutectic (y'+y) pools and script metal
carbides MC, while for the sample grown at 0.0005 cn/s, there are plenty of divorced
eutectic ¥ and block shape carbides MC.

The compositions at different regions and precipitates were analyzed using the
same procedures as that for DS PWA 1484 samples. The phase compositions and

partitioning results are similar to PWA 1484 and are listed in Table 5-5.

(5.2.2.5) Furnace Design Effects

Table 5-6 gives the numbers of samples with freckle chain defects and the
conditions under which the samples were grown. These results show that freckle defects
are formed only in the samples of alloy MM247 and that most of the samples with freckle
defects were grown in the cylindrical furnace. Compared with the box furnace, the
cylindrical furnace has the adiabatic zone with the thickness of 5 cm, while the box
furnace adiabatic zone has a thickness of 13 cm. This difference resulted in the
displacement of mushy zone out of the adiabatic zone.

Figure 5-33 shows the positions of the mushy zone in the adiabatic zone for the
two furnaces and also speculates on the qualitative geometry of the growing interfaces of
DS samples. The figure shows that the mushy zone shifts down when the growth velocity
and/or the temperatures of furnace are increased. It also shows the mushy zone of DS

samples grown in the box furmace are located in the upper section of the adiabatic zone
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Table 5-5 Composition distribution at data on an as-cast DS MM247 sample grown at

V=0.0005 cm/s and G=35°C/cm

Al Ti Cr | Fe | Co | Mo Hf | Ta w Ni

nominal | 5.50 | 1.00 | 8.30 | 0.00 |10.00{ 0.70 | 1.50 | 3.00 |10.00{60.00

average | 5.05 | 1.02 [ 9.42 | 0.13 | 8.80 | 0.97 | 1.63 | 3.27 |13.32]|56.38

dendrites | 4.86 | 0.61 | 8.26 [ 0.10 [ 9.49 [ 0.77 | 1.05 | 1.80 [15.10]/57.93

inter-dend. | 5.13 | 1.04 | 9.96 | 0.08 | 8.86 | 0.84 | 2.65 | 3.22 |11.37[56.85

MC 0.00 {10.57| 0.42 | 0.11 | 0.00 | 0.83 {14.09]{61.39{11.46| 1.30

freckle | 5.18 1 0.88 | 7.89 | 0.09 { 8.79 | 0.78 | 1.55 | 3.19 |13.16]58.53

Partitionk | 0.95 { 0.59 | 0.83 | 1.25| 1.07 [ 0.92 | 0.40 | 0.56 | 1.33 | 1.02

Table 5-6. Summary of the number of freckling samples and the corresponding

experimental conditions
Freckling ratio
Thickness of | Position of Grow}h Ther.mal
MM247 PWA | the insulator's mushy zone velocity | - gradient
1484 | bortom (cm) (cm) (cm/sec) | (°C /cm)
[Box furnacet  1/5 0/5 13 1.5~9 0.0005 25~40
Ci'.ll;‘:;'c':a' 5/8 02 5 45~8 | 0.0005 35
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Figure 5-33. The displacement of the mushy zone in/or under adiabatic zone in the DS
experiments: Position y=0 indicates the exit position of the chamber of hot zone.
Diamond, square, and triangle marks indicate the position of mushy zone in box fumnace
(a); Circle marks indicate the position of mushy zone in cylindrical furnace (b)
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(1.5 ~ 9cm) while the mushy zone of DS samples in the cylindrical furnace are outside
the adiabatic zone. As a result, the samples grown using the cylindrical fumace would be
expected to have larger radial thermal gradients at the growing interface than those grown
in the box furnace. Larger radial thermal gradients could create a convective flow inside

the mushy zone and result in the formation of freckle defects!’8>%-9!
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5.2.3. Discussion of Freckle Formation Mechanism
(5.2.3.1) Rayleigh Number Calculation for Investigated Alloys

As discussed in the literature review, formation of freckle chains is the result of
upward convective flow in the mushy zone. However there are many variables that can
influence the convection, segregation, and microstructure development during
solidification. Those variables include alloy variables (composition, solute partitioning,
stable or unstable density inversion, and thermophysical properties of the liquid alloy)
and process variables (thermal gradient, growth velocity, sample size, growth orientation,
and spatial thermal distribution). The influences of these variables inter-relate in a very
complex manner and the interaction makes it difficult to analyze the effect of each
variable individually. Therefore dimensionless parameters that usually include systematic
chemical and physical properties, have been suggested to evaluate their combined effects
on freckle formation.

The most popular dimensionless parameter for freckle formation tendency is the
Rayleigh number in the mushy zone. Rayleigh number represents the ratio of buoyant
force to viscous force for the flow, and is often utilized to characterize the onset of fluid
flow in unstable systems. The higher R, the stronger is the convective flow in the liquid.

Rayleigh number for freckling tendency can be expressed as:

R‘ :Mg_Kh (5.3)
av

as proposed by Worster''®! and adopted by Bergman !}, Sung 5 and Beckerman **°').

Ap is the density difference between the interdendritic liquid and the bulk liquid ; pois



122

liquid alloy density at a given temperature; K describes the mushy zone permeability; A
is the local depth of mushy zone from the tip of cells/dendrites; g is gravitational
acceleration; o and v are thermal diffusivity and kinematic viscosity of liquid alloy,
respectively.

This equation, which correlates variables including alloy composition,
partitioning, mushy zone morphologies, process conditions, and alloy thermophysical
properties, is used in this study.

The term of (Ap/po) in Equation (5.3) represents the liquid density inversion

caused by chemical segregation over the mushy zone and is given by:

_f‘£= Po —pr(h)
Po Po

(5.4)
where py is the liquid density at the tip of dendrites or cells, or the density of the bulk
alloy at the liquidus temperature (i.e., 1400°C for PWA 1484). pr(h) is the liquid density
at location below the tip at given distance A, evaluated at the local temperature T and
segregated liquid concentration. In order to simplify the calculation, the local liquid
density over the mushy zone is assumed to be a linear relationship from liquidus to
solidus. The measured compositions at interdendritic or cellular regions from the present
DS samples (Table 5-3) are used as the eutectic liquid concentrations at the bottom of
mushy zone to calculate density pr(H), where H indicates the height of the mushy zone.
pr(h) is determined by [po-pr(H)] *W/H.

The liquid density calculations followed the approach proposed by Sung and

Poirier ['%%,
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Y M.X,

P Ay .5)
v, = -f;’-.;’-u +001x f(D)] (5.6)
f(M)y=a,+aT +a,T* +a,T’ (5.7)

where M; is the atomic weight of element ; (g/mol) of the alloy; X; is the atomic fraction
of element i; V; (cm*/mol) is the molar volume of each pure element i; AV¥ is the
mixing volume and M is the number of elements; p;’ (g/cm’) is the density of each
element at 20 °C; ag~a; are thermal expansion coefficients for the elements of the
superalloy; T (K) is the local temperature. The relative values for the refractory elements
can be found in Sung '), The X; of each element are calculated using actual measured
compositions listed in Table (5-3) for PWA 1484 and Table (5-5) for MM247. The

density inversion and local density of PWA 1484 and MM247 calculated are shown in
Table 5-7.

Table 5-7. Calculated density inversion over mushy zone and liquid density at the solidus

and liquidus temperature for PWA 1484 and MM247 alloys

MM247 PWA 1484

Ti=1613K | p=7872(g/em’) |T=1673K| p=8.409 (g/cm’)

Ts=1553K | p=7816(g/em’) | Ts=1603K| p=8.385 (g/cm’)

(Appo)™ (Wt %) 0.0071 0.00285
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The terms K and  in the Equation (5.3) describe the morphology at the front of

solidification interface. A refers to the depth of mushy zone measured downward from the

tip of dendrites or cells. For a given thermal gradient, 4 = TLG_ r , and T is liquidus

temperature.

As noted above, K denotes the mean liquid permeability over the mushy zone,

and is evaluated by using the equation:

3
K=k,x425) (5.8)
where K, =6x107 1%, and A, is the primary arm spacing?'**?'!}_ Here actual measured
A from a specific sample is used for calculation of K. Also in the equation (5.8) &; is the
average solid fraction at the mushy zone height 4 and is given by &, = % f £,dy 0%,

Local solid fraction €; is estimated from PWA 1484 solid fraction data (Figure 5-10).

Calculated values of €;and €, over the mushy zone are listed in Table 5-8.

Table 5-8. Solid fraction of PWA 1484 Ni-based superalloy

T-T(K) 1 2 3 5 10 13 19 28 40

& 0.05 0.1 0.2 04 0.6 0.7 0.8 0.9 0.99

& 0.025 | 0.045 | 0.086 | 0.162 | 0.32 | 0.397 | 0.515 | 0.628 | 0.73
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The remaining terms a and v in the Equation (5.3) represent the thermal

diffusivity and kinematic viscosity of the liquid respectively. An approximate value of

av=5x10"2m* /s* is used throughout this study in evaluating the Rayleigh

number®**'%2, g is gravitational acceleration and equals 9.81 m/s’.

After the determination of all the factors in Equation (5.3), Rayleigh numbers

were calculated for several directional solidification samples. The detailed processing

parameters for these samples are listed in Table 5-9

Table 5-9. Directional solidification parameters and results for PWA 1484 and

MM247 employed for theoretical estimation of Rayleigh numbers

V |ATe| M
G (K/m) (Appo)! | g/av (m?/s) | Freckle
(cm/s) | (K) | (um)
Sample #1 | 2800 | 0.005 | 70 | 355 | 0.0029 | 1.962x102 | No
<
% Sample #2 | 3500 [0.0025| 70 [ 376 | 0.0029 | 1.962x10">| No
g Sample #3 | 3800 |0.0005| 70 | 364 | 0.0029 | 1.962x10">| No
Sample#1 | 2400 | 0.005 | 60 | 470 | 0.0071 | 1.962x10%| No
§ Sample #2 | 3200 [0.0025| 60 [ 500 | 0.0071 | 1.962x102| No
2 [Samplc#3 | 3500 |0.0005| 60 | 495 | 0.0071 | 1.962x102| Yes
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In terms of equations (5.3) ~ (5.8), and the variables are provided from Table 5-6

~ Table 5-8, Rayleigh number can be calculated as follows:

r = (Bp/p,) gKh

av
3
=(.é£)” xix(i)x_m_l;&xh
Po H va g’
_2 )3 2
=(A_p)"x(§-)x6x10"x/1,’xfl—-_‘+)-xh— (5.9)
po au 83- H

- 2
—6x10~ x (22 x( By 28N, ;2 (AT/G)
Py @ g2 (AT, /G)

_ o3
=6x10"" X(A_p_),, x(ﬁ.)x(_l_L:)x_l_xéquz x AT
v

o a g, °

Figure 5-34 illustrates the variation of Rayleigh number with solid fraction
through the mushy zone for selected DS PWA 1484 and MM 247 alloys. Under similar
solidification parameters (i.e., thermal gradient and growth velocity), the estimated values
of Rayleigh number of DS MM247 are larger than those of DS PWA 1484. Hence the
growth front of PWA 1484 is predicted to be more stable than that of MM 247. This is
consistent with the experimental observation that freckle chains are seen only on the
surfaces of some of MM 247 samples but none on any PWA 1484 samples. Rayleigh
number increases with solid fraction, reaches a maximum at around 10% solid fraction,
and then decreases with increasing solid fraction. This can be explained since the
Rayleigh number is proportional to both permeability and density inversion over mushy
zone. The permeability decreases with increasing solid fraction (i.e., deeper to the mushy

zone) while the density inversion increases with solid fraction.
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Figure 5-34. Illustration of calculated Rayleigh number with solid fraction in mushy zone

for DS MM247 and PWA 1484 under various conditions
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Further research is required to better understand the permeability and density
inversion over the mushy zone in order to confidently calculate Rayleigh numbers. For
example, Hellawell ** and Tewari **! reported critical Ra in the range of 0.063~0.07 for
the onset of thermal-solute convection in the DS Pb-Sn alloys, while Burgman {'!
reported values around 35~50 for DS Pb-Sn alloys. Beckermann * proposed critical Ra
=0.25 for Ni-based superalloy, while Sung %! calculated the value to be approximately

25 for a nickel-based superalloy NS.

(5.2.3.2) Effects of Process Variables on the Freckle Formation:

(A) Effects of Alloy Compositions and Partitioning (k)

It is obvious from the equation R, = (_Ap/po—)gl(h that larger density inversion

av

sp of the segregated solute-rich liquid results in larger system Rayleigh number, and

o
increases the probability of forming convective flow and freckle chains.

The density inversion is determined by alloy composition and the segregation of
alloying element during solidification. Such chemical segregation can cause the local
liquid density to decrease if light elements are preferentially rejected out from (i.e. for a
partition coefficient less than unity) or if heavy elements are preferentially incorporated
into the solid (i.e., for a partition coefficient greater than unity). In simple Pb-Sn binary
alloys and NH4CL-H,O, the density inversions are significant, therefore freckle chains

are readily formed!'*%!-24),
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The multi-component superalloys are more complex since every element has its
own partition coefficient. Both light elements and heavy elements can segregate to the
liquid. The density inversion is the sum of the results of all the individual element
segregations. For alloy MM247, chemical analysis shows the heavy element tungsten
segregates to the solid. This leads to the density inversion ahead of the growth interface.
In PWA 1484, heavy elements rhenium and tungsten segregate to dendritic / cellular
trunks too. However, tantalum segregated to the liquid and compensated for the density
loss caused by the depletion of W and Re. Therefore the density inversion ahead of the
interface is minimized. Addition of Ta in PWA 1484 creates a stable growth condition
and minimizes the probability of forming freckles as well as strengthens the alloy by
increasing the volume percentage of y’ precipitates.

[n addition, chemical reactions during solidification can also influence the density
inversion. There are more carbides formed in MM247 than in PWA 1484. The formation
of carbides can consume more of the heavier elements i.e., Hf and W, and decrease the
liquid density. This could increase the density inversion of MM247 and promote the

convective flow and freckle formation.

(B) Effects of Process Conditions (G, V)

The process conditions (G, V) directly affect the morphology and permeability of
the mushy zone. The morphologies can be characterized with primary arm spacing 4,
secondary arm spacing A, mushy zone height (h), and dendritic or cellular trunks contour

shapes which are related to the solid-fractions. Generally, large arm spacings A lead to
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high permeability and allow convective flows to penetrate readily into the mushy zone,
and assist the formation of channels and freckles.

As shown by the freckle phenomena among the MM247 samples, freckle chains
only exist on the surface of the sample grown at 0.0005 cm/s. Compared with the samples
grown at the higher velocities of 0.005 and 0.0025 cmy/s, the 0.0005cm/s sample had
larger arm spacings (~500um) and flanged cellular trunks which are presumably less
resistive to the convective flow through the array of trunks (refer to Figure 5-30).

Pollock?®! investigated the breakdown of single crystal solidification in high
refractory nickel-based superalloy and found that the freckle chains occurred only when
the primary arm spacing exceeded a critical value, i.e., 320um. Tewari®® studied the
influence of primary arm spacing and mushy zone length on the macrosegregation during
directional solidification of Pb-Sn binary alloys and found that the extent of
macrosegregation increased with increasing primary arm spacings and the freckles were
suppressed when primary arm spacings were small. Sarazin!?"! also noted that an increase
of thermal gradient and growth velocity decreases the primary spacing and reduces the

tendency for freckle formation.

(C) Effects of Non-Axial Thermal Gradients

Freckle chains have not been observed on any DS PWA 1484 sample in the
present investigation, where the thermal distribution during solidification is axisymmetric
and the growth interface is stable. The axial thermal symmetry is evidenced by

microstructure development, i.e. axial symmetric arm spacings distribution and well-
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aligned dendrites or cells. This type of thermal symmetry can suppress potential
perturbations and convective flow ahead of the growing interface. In this study, transients
in crucible shaking, start/stop withdrawal, and section size changes all failed to perturb
the stable situation in PWA 1484 DS. Therefore the solute-rich liquid at the front of the
growing interface did not form upward plumes or channels and no freckles were
produced.

When the heat flux across the growing interface is non-symmetric, the situation
can be different. Auburtin er al'”*"" reported a study on freckle formation and freckle
criteria in superalloys. These researchers demonstrated when the inclination angle
between the growth front interface and gravity is not zero, the tilted DS samples
exhibited freckles in contrast to the vertical samples which did not have freckles.
Beckermann et al'™! stated that even a small inclination (less than 10°) could
significantly lower the critical Rayleigh number and induce freckle chain formation.

In a report by Overfelt et all'"}, freckle chains were observed on the surface of an
elliptical PWA 1484 sample. Figure 5-35 illustrates that the freckle chains extend from
middle height to top, and contained small equiaxed grains and porosity. The freckle
chains are about Imm wide. In this investigation, the directional solidification of PWA
1484 alloy was conducted in Howmet Corporation’s commercial directional casting
facility in Whitehall, ML. (Figure 1-3). One cluster of 6 vertical circular and elliptical
cylinder samples was arranged as shown in Figure 5-36 with the important dimensions

marked.
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I

Figure 5-35. Illustration of freckle chains observed on the surface of DS PWA 1484
elliptic cylindrical sample!'*!
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0.81X3.56 cm

Height ~21 cm

1.85X3.81 cm

Figure 5-36. Illustration of an investment cast cluster of samples.
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The casting result shows that only the largest elliptical sample with the major axis
radially orientated exhibited freckle chains on the surface. The chains were on the surface
toward the outside of the cluster. All the samples in the cluster were located along a
perimeter line and hence there was no axial thermal symmetry in any sample. The lack of
axial thermal symmetry in the largest elliptical cylinder is believed to be especially
significant. It is well known that the natural convective flow direction in the liquid is
downward in the low temperature region and upward in the high temperature region. This
creates lateral convective flow from cold to hot regions at the bottom of the bulk liquid

and presumably was primarily responsible for the freckles in the sample.



CHAPTER 6.

CONCLUSIONS

(1) The experimental data for PWA1484 exhibits excellent agreement with the
well-known exponential equation (A;cG 2V'*). However, the constant of
proportionality is different depending upon whether the solidification microstructure
contains secondary arms or not. The presence of secondary arms increases the spacing
between dendrites and leads to a greater sensitivity of A, on G2V, while the primary
spacings are much less sensitive to changes in the solidification parameter G'?V/” when
the secondary arms are not preserved.

(2) The primary dendritic arm spacing results were compared to recent theoretical
models. The models of Hunt and Lu!*>*! provided excellent agreement at medium to
high thermal gradients and a wide range of solidification velocities. The exponent of V
was shown to vary with the imposed thermal gradient in the experimental results. At high
thermal gradient (88~ 108 °C/cm), the exponent was measured as —0.19, approaching the
theoretical value of —0.25. Off-axis heat flows were shown to cause radial non-uniformity
in the dendrite arm spacing data for low thermal gradients and large withdrawal
velocities.

(3) Y precipitates initiate as small spheroids, and the morphologies develop to

cubed, and then irregular. At high growth velocity, small scale y'+y eutectics are

135
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preferentially formed, while large scale divorced eutectics dominate when the growth
velocity is quite low.

(4) Carbide morphologies are largely dependent on the process conditions: script
carbides formed at high growth velocity, plate-like carbides formed at low growth
velocity, and blocky carbides formed at near-planar interface conditions.

(5) The compositions of PWA1484 lead to less density inversion and perturbation
probability ahead of the growth interface than that of the MM247 alloy, therefore PWA
1484 alloy has the better anti-freckling ability than MM247 alloy.

(6) In order to successfully implement Rayleigh number Ra as a critical
parameter to estimate freckle formation potential, more precise expression of
permeability at mushy zone needs to be developed, and more precise measurement of

solute concentration over mushy zone is required.
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Figure A-1: V=0.01 cn/s and G=17 °C/cm. Furnace setting temperature = 1600 °C
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Figure A-13: V=0.001cm/s and G=28 °C/cm. Fumace setting temperature =1500 °C
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