Stabilization of Thermosolutal Convective Instabilities in
Ni-Based Single-Crystal Superalloys: Carbon Additions

and Freckle Formation

S. TIN, T.M. POLLOCK, and W. MURPHY

Theeffect of carbon additionson the solidification characteristics of single-crystal Ni-based superalloys
has been studied over a range of composition with large variations in Re, W, and Ta. Under constant
processing conditions, nominaly similar experimental aloys containing additions of 0.1 wt pct C
exhibited a decreased tendency to develop grain defects, such as freckle chains. The carbon additions
resulted in the formation of Ta-rich MC carbides with three distinct morphologies: blocky, nodular,
and script. These carbides all precipitate near the liquidus temperature of the aloy. Intentional
carbon additions also affected the segregation behavior of the constituent elements. Comparison of
experimentally measured distribution coefficients assessed via application of a Scheil-type analysis
revealed reduced segregation of Re, W, and Tain experimental single-crystal alloys containing carbon.
The mechanisms by which carbon additions influence freckle formation are considered.

. INTRODUCTION

NICKEL-BASED singlecrystalsarecritical to the con-
tinued development of high-performance turbine engines,
including aircraft engines and power-generation turbines. As
the levels of refractory aloying additions to these materials
have increased to improve high-temperature mechanical
properties, grain-defect formation during directiona solidifi-
cation has become an increasingly important problem. Typi-
cally, grain defects, such as freckles and misoriented grains,
are caused by the onset of thermosolutal convectiveinstabili-
ties due to dendritic segregation in these multicomponent
aloys.[*-® Preventing these defects is a major challenge,
particularly when solidifying physically large, high-refrac-
tory-content crystals under inherently low thermal-gradi-
ent conditions.

Freckle formation has been a persistent problem in the
solidification of single-crystal Ni-based superalloys since
VerSnyder™ pioneered the process in the 1960s. The pres-
ence of these undesirable grain defects, which lower the
creep and fatigue properties, could potentially result in the
premature failure of critical components. Early efforts taken
to prevent these grain defects included the modification of
gating designs and the application of high thermal gradients
at the solidifying interface.l’¥ The onset of thermosolutal
convection occurs when the buoyancy forces of the segre-
gated solute in the interdendritic region exceed those of the
surrounding viscous forces. Hence, by limiting the size of
the channelsin which solute can be accumulated through the
adjustment of solidification parameters (the applied thermal
gradient (G) and withdrawal rate (R)), the initiation of con-
vective ingtabilities can be minimized.[*3-19 Criteria for
the development of convective instabilities have often been
expressed in terms of dimensionless thermal and solutal
Rayleigh numbers.[”*® Making assumptions for the shape
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of the dendrite tip and accounting for primary dendrite arm
spacing (PDAS) measurements in terms of G and R, the
solutal Rayleigh number can be written ag®

_ 9B [ K
Rs= 9r22ym D (GR) 4

where B isthe solute volume-expansion coefficient, ¢ isthe
set of material parameters that relate to the PDAS selection,
K is the permeability in a unidirectiona temperature gradi-
ent, r is the dendrite tip radius, 7 is the viscosity, and D is
the diffusivity. This expression suggests that the tendency
for convective fluid flow to develop is inversely related to
the product of G and R. Using this and other relationships
involving G and R, various macroscopic criteriawere devel-
oped from experimental data and used to predict the forma
tion of grain defects.!:"16171 |n addition, recent solidification
modeling efforts have also focused on predicting freckle
formation and the role of solute in the breakdown of single-
crystal solidification.®121318]

Preventing the formation of grain defects during solidifi-
cation becomes more complicated when dealing with noncy-
lindrical castings. Rapid transitions in geometry, such as
those seen in blade-shaped components, can often result in
the curvature of the liquidus isotherm that leads to thermal
undercooling and/or localized changes in the solidification
parameters.'*% In single-crystal alloys that exhibit a low
undercooling capacity, the undercooling may result in the
formation of structural inhomogeneities such as misoriented
grains. Although the macroscopic criteria for predicting
grain-defect formation assume uniform thermal gradients,
transitions in geometry may result in localized changes of
the solidification parameters, which can potentially initiate
convective fluid flow and lead to freckle formation.[*4l Cur-
rently, through solidification modeling, mold-withdrawal
profiles can be optimized to a certain degree to prevent the
formation of defects due to component geometry.[*1-14.19.20]

For nominally constant casting-geometry and processing
conditions, it has been previously shown that increasing the
level of tantalum and reducing the levels of rhenium and/
or tungsten in the alloy minimizes the onset of freckling
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under conditions where relatively low thermal gradients are
present.[23 During directional solidification, the progressive
depletion of the high-density refractory constituents (tung-
sten and rhenium) in the segregated solute creates a density
inversion in the mushy zone. Tantalum, which has the oppo-
site partitioning behavior, segregates preferentially to the
interdendritic solute and offsets the depletion of tungsten
and rhenium, subsequently decreasing the driving force for
convection.®2 Although freckles and misoriented grains
can potentially be reduced by optimizing the levels of tanta-
lum, tungsten, and rhenium, this is unlikely to simultane-
oudy benefit the phase-stability, corrosion, creep, and
fatigue properties. Therefore, aloying alternatives that
improve solidification characteristics without significantly
compromising the physical and mechanical properties of the
aloy are highly desirable.

Carbon additions to equiaxed and directionally solidified
(DS) superaloyswereoriginally intended to strengthen grain
boundaries through the formation of various MC car-
bides.[?223 With the development of single-crystal compo-
nents, grain-boundary strengthening elements such as Hf,
B, C, and Zr were eliminated or intentionally kept at low
levels in an attempt to increase incipient melting tempera-
tures and permit complete solutioning of the ¢ phase.l?2-°
Recently, minor additions of carbon have been reintroduced
to a number of commercial Ni-based single-crystal aloys
toimprovethe mechanical propertiestransversetolow-angle
grain boundaries that are often present in single-crysta
components.[26:27

In this study, the effect of carbon additions on grain-
defect formation during solidification was studied in high-
refractory single-crystal aloys with relatively large varia-
tions in the levels of tantalum, tungsten, and rhenium. Of
particular interest was the influence of carbon additions on
the segregation behavior of the constituent elements and
the relationship between MC carbide precipitation and the
tendency to form freckle defects. Results from detailed anal-
yses of segregation, characterization of carbides, and differ-
ential thermal analyses on a large number of carbon-
containing experimental single-crystal alloys are reported
and compared to similar alloys with no intentional carbon
additions. Based on these observations, a brief discussion
regarding the potential influence of carbon in solution and
carbide precipitation on the processes involved in freckle
formation follows.

II. EXPERIMENTAL MATERIALS AND
PROCEDURE

Twenty-three experimental single-crystal alloyswith vari-
able levels of aloying additions were selected as part of an
experimental program designed to investigate the influence
of alloy chemistry on the breskdown of single-crystal solidi-
fication. Levels of interstitial impurities were kept constant
through the use of a solute-lean master heat, which was
sectioned, remelted, and doped to generate the compositions
listed in Table I. Except for the segregation analyses, results
from the series of aloys containing no intentional carbon
additions have been previously reported by Pollock et al.[?
and are included for comparative purposes.

A production-scale Bridgman furnace was used to simul-
taneously solidify seven solid blade-shaped castings of each
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Tablel. Nominal Compositions of Experimental Single-
Crystal Alloys (Wt Pct)

Alloy Al Cr Co Hf Re Ta W Mo C Ni

SX-1 60 45 125 016 63 70 58 00 0.05 ba

SX-2 61 45 125 015 65 90 58 00 — b
SX-3 57 40 115 012 50 60 50 00 — bd
SX-4 57 50 135 012 50 60 65 05 — bd
SX-5 63 40 135 018 65 60 50 00 — bd
SX-6 63 50 115 018 65 6.0 65 05 — bd
SX-7 63 50 115 012 50 90 50 00 — bd
SX-8 63 40 135 012 50 90 65 05 — bd
SX-9 57 50 135 018 65 90 50 00 — bd
SX-10 57 40 115 018 65 90 65 05 — bd

SX-11 61 45 125 015 50 90 58 00 01 bd
SX-12 61 45 125 015 65 90 58 00 01 bd
SX-13 63 50 135 018 50 6.0 50 05 01 bd
SX-14 63 40 115 018 50 60 65 00 01 ba
SX-15 57 50 115 012 65 6.0 50 05 01 bd
SX-16 57 40 135 012 65 60 65 00 01 bd
SX-17 57 40 135 018 50 9.0 50 05 01 ba
SX-18 57 50 115 018 50 90 65 00 01 ba
SX-19 63 40 115 012 65 90 50 05 01 b
SX-20 63 50 135 012 65 90 65 00 01 ba
SX-21 60 45 125 013 61 78 58 00 0.05 bd
SX-22 60 45 125 013 62 84 58 00 0.05 ba
SX-23 60 45 125 015 68 6.8 60 00 0.04 bad

alloy composition in a ceramic cluster mold under approxi-
mately constant solidification conditions. Schematics of the
furnace and mold configurationswere also reported earlier.?
In al cases, solidification of the single-crystal alloys
occurred under fixed processing conditions, consisting of a
thermal gradient of approximately 10 °C/cm at the growth
front and a constant withdrawal rate of 40 cm/h.

As-cast crystals were etched to assess the number, type,
and location of freckles and misoriented grains. Following
this, castings were sectioned for analyses of carbide mor-
phology and composition, segregation characteristics, and
phase transformations. Carbides were extracted from the as-
cast alloys containing intentional carbon additions using an
electrolytic process.!?® With a platinum sheet acting as the
cathode, small rectangular samples (~5 g) were sectioned
from the dovetail region of the casting, polished, and charged
with ~0.04 A/cm? in a solution of 9:1 HCl:methanol + 1
wt pct tartaric acid for 8 to 10 hours to dissolve the -y
matrix. Theresulting carbideswerethen collected and placed
in aRigaku X-ray Diffractometer (XRD) for lattice parame-
ter measurements. A PHILIPS* XL30 FEG scanning elec-

*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

tron microscope (SEM) equipped with an Oxford energy-
dispersive spectroscopy (EDS) system was used to character-
ize the carbide morphologies and perform qualitative EDS
measurements on the carbides.

A two-step process was used to characterize segregation
and to subsequently assess distribution coefficients (k) via a
Scheil-type analysis. Thistechniqueis similar to the ranking
technique reported by Gungor®), Huang, et al.? and
Nastac.®! As-cast samples were first sectioned normal to
the (001) growth direction. Next, an EDS line scan that
traversed the primary dendrite core into the interdendritic
region was used to determine whether individual elements
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segregate to the dendrite core or the interdendritic region.
A second series of analyses were then conducted to measure
the composition at points in a square grid composed of 225
points. The grid was placed over a representative section
of the dendritic microstructure, covering ~1.2 mm2. The
composition data acquired for the individual elements were
then ranked according to their characteristic segregation
behavior. For elements having distribution coefficients
greater than 1, as determined previously by the line scan,
the composition data were ranked in descending order and
plotted on an apparent-fraction solid scale, yielding a Scheil
plot. Composition data for elements segregating to the inter-
dendritic regions were ranked in ascending order and plotted
in the same manner. Distribution coefficients were then
extracted by fitting the plots with a Scheil equation® and/
or a modified Scheil analysis,® which accounts for back-
diffusion.

Cs = kCo(1 — fo<? (2]
Cs = KCo(1 — (1 — 2ak)fkV1-2ak [3]

where C; is the local composition of the solid, C, is the
nomina alloy composition, « is the Fourier number, and f
is the fraction of solid. This analysis assumes that the data
collected were representative of the entire sample and that
the distribution coefficients were constant. Steps were taken
to determine the validity of these assumptions. First, the
mean composition from the EDS point measurements was
compared to the actual compositions of the different samples
measured using X-ray fluorescence (XRF). Experimental
Scheil plots generated from the point measurements were
also compared to theoretical Scheil plots with constant k
values, to detect any deviations between the two curves.
Quantitative composition measurements have been carried
out onaPHILIPSXL30 FEG SEM equipped with the Oxford
EDS system.

Finaly, a SETARAM SETSYS 18 differential thermal
analysis (DTA) unit was used to investigate the effects of
aloying composition on alloy solidus, liquidus, and carbide
preci pitation temperatures. Prior to testing of the experimen-
tal alloys, the DTA unit was calibrated with high-purity Ni
(99.99 + pct) and Ag (99.9999 pct) at scanning rates of 3
°C/min, 5°C/min, 10 °C/min, and 20 °C/min using aplatinum
reference. All tests were conducted in a purged ultrahigh-
purity argon atmosphere (flow rate ~70 cc/min) using high-
purity alumina crucibles. Once calibrated, cylindrical sam-
ples (4 mm in diameter and ~3 to 4 mm in height) with
masses ranging from 200 to 250 mg were prepared from the
various aloys. Since the samples prepared for DTA were
relatively large and had a diameter of approximately 10
times the characteristic segregation length (the PDAYS), it
could be assumed that the analysis was representative of the
entire aloy. Due to the effects of undercooling, only the
DTA traces collected during heating were evaluated. The
heating cycle of the samples consisted of

(1) room temperature to 1000 °C at 20 °C/min,
(2) 10-minute isothermal soak at 1000 °C, then
(3) 1000 °C to 1550 °C at 5 °C/min.

For this particular application, ascanning rate of 5°C/min
was determined to yield the best combination of temperature
accuracy and peak resolution. Following the DTA experi-
ments, the samples were metallographically prepared and
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Fig. 1—The influence of aloy chemistry on the number of freckle chains
for constant solidification conditions. Columns representing the noncarbon
containing alloys are striped and the corresponding columns for the carbon
containing aloys are shaded gray.

examined to ensure that no major contamination or interac-
tion with the alumina crucibles occurred during the analyses.

1. RESULTS

Figure 1 summarizes the results of solidification experi-
ments on alloys SX-1 through SX-20. Under constant proc-
essing conditions, carbon additions of 0.1 wt pct to the
experimental alloys had a strong beneficial influence on the
average number of freckle chains observed on single crystals
solidified in investment cluster molds. Previous investiga-
tions have shown that while levels of Re, W, and Ta strongly
influence grain-defect formation, no statistically significant
effects were measured with similar variations in Al, Cr, Co,
Hf, and Mo levels!? Consequently, for fixed levels of Re,
W, and Ta, carbon additions of 0.1 wt pct reduced the number
of freckle defects for all alloys investigated. Upon closer
examination of the results, however, the effectiveness of the
carbon additions in reducing freckle defects did vary from
aloy to alloy. For example, substantial improvementsin the
solidification characteristics were observed in aloys SX-12
and SX-20, while only minor improvements occurred in
alloys SX-15 and SX-16. Alloys containing elevated levels
of tantalum in conjunction with the intentional carbon addi-
tions were least prone to the formation of freckle defects
(aloys SX-17 through SX-20). Neither the dendrite mor-
phology nor the devel opment of secondary and tertiary den-
drite arms in the as-cast alloys was affected by additions of
carbon (Figure 2). To better understand the mechanism(s)
by which carbon influences the solidification process, crys-
tals of each of these alloys were further analyzed in detail
in their as-cast form.

A. Carbides

With the addition of 0.1 wt pct carbon to the experimental
alloys, asmall volume fraction of MC carbides (where “M”
indicates metallic elements) formed during solidification.
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(b)

Fig. 2—Optical photomicrographs of the as-cast dendritic microstructure
present in the dovetail region of specimen (a) SX-2 and (b) SX-12. Note
the significant development of secondary and tertiary dendrite arms under
the imposed solidification conditions (R = 40 cm/h, and G = ~10 °C/cm).

Using a digital image-analysis technique, the volume frac-
tion of the carbides was measured to be approximately 1 to
2 pct. Optical microscopy on metallographically prepared as-
cast specimens revealed that all carbides were preferentially
located in the interdendritic regions surrounded by a -y
matrix. Three different carbide morphologieswere observed:
blocky, script, and nodular. Examples of these three morphol -
ogies are shown in Figures 3 through 5, respectively, in
samples that were subjected to electrolytic etching for long
periods of time to remove the surrounding nickel material.
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Fig. 3—SEM micrograph of ablocky Tarrich carbide with lamellar growth
extensions in a deeply etched sample.

The EDS analyses indicated that these carbides consist pri-
marily of Tawith small amounts of Ni, Hf, Co, Cr, and Mo.
Stoichiometric TaC has a lattice parameter of 4.4547 A, a
density of 14.5 g/lcm?®, and a cubic NaCl-type crystal struc-
ture. Lattice parameters of the extracted carbides were influ-
enced by the presence of minor amounts of Ni, Hf, Co, Cr,
and Mo and varied from 4.430 to 4.448 A (Table I1).

Blocky carbides made up a very small fraction of the
carbides present in the microstructure of the various samples.
Their characteristic blocky, faceted shape was revealed only
after the surrounding -y’ matrix was etched away (Figure
3). These carbides were typically very large (>10 um),
occasionally had lamellar growth extensions, and had no
detectable orientation relationship with the surrounding
nickel crystal.

Script carbides were more commonly observed than
blocky carbides. Careful extraction of these carbides
revealed large, lacy, interconnected structures composed of
rods or sheets (Figure 4). The Chinese script-like morphol og-
ies that were observed on polished samples were actually
cross sections of these large lacy structures. Interestingly, a
strong orientation relationship existed between the radial
[100] and [010] dendrite growth directions and the script
carbides. Therods or sheets that comprise the lacy structure
were al oriented parallel to the [100] or [010] dendrites.

The third carbide morphology identified in these Ni-based
superalloys consisted of carbide rods and sheets with submi-
cron nodules uniformly spaced all along the surfaces (Figure
5). Unlike the script carbides, the orientation of these “ nodu-
lar” carbides was not restricted to the (010) directions. The
majority of the carbides examined from aloys SX-11
through SX-23 were either of the nodular or script morphol-
ogy. An interesting observation regarding the nodular car-
bideswastheir preferential presence at the edges of castings.
This may indicate that trace elements such as Si, N, and O
influence carbide morphology, since these elements would
be present in dlightly enhanced quantities in near-surface
regions of the castings, due to the use of investment molds.
In most of the alloys with carbon additions, carbides of
all three morphologies were observed throughout the entire
length of the blade-shaped casting in both the airfoil and
dovetail regions. On average, corresponding PDAS measure-
ments taken from the airfoil and dovetail region of the cast-
ingswere ~410 and ~450 pm, respectively. Thus, the slight
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Fig. 4—(a) SEM micrograph of alacy script carbide revealing an interconnected structure composed of rods and sheets. (b) Back-scattered SEM micrograph
of apolished cross section showing the orientation dependence of script carbides found in the interdendritic regions with the radial dendrite growth directions.
(c) SEM micrograph of a lacy carbide sheet. (d) SEM micrograph of script carbide rods.

differencein thermal gradients between the airfoil and dove-
tail region of the castings during solidification did not signifi-
cantly affect the development of these carbide morphol ogies.

The blocky carbides, which apparently form at the highest
temperature, had little to no solubility for elements other
than tantalum and hafnium. However, small amounts of Ni,
Co, Cr, and, occasionally, Mo were detected in the script and
nodular carbides. In some instances, the carbides observed
within the castings were completely nodular or script types,
indicating that overall aloy chemistry is also important to
carbide morphology. Table Il lists the majority carbide mor-
phology (consisting of >75 vol pct) identified for each of
the alloysinvestigated. In spite of the variation in morphol-
ogy and composition of the carbides, no correlation was
found between carbide morphology and/or chemistry and
the tendency to form freckleswithin this set of alloys. Metal-
lographic examination and seria sectioning of the as-cast
specimens revealed no instances of grain nucleation at the
carbides.

B. Segregation Characteristics

Because carbon additions and/or carbide formation in the
mushy zone during solidification could potentially result in
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qualitative changesin the solidification path, the segregation
characteristics of constituent elements in carbon-containing
and comparable carbon-free alloys were studied in the as-
cast crystals.

Quantitative EDS measurements across the primary den-
drites normal to the [001] growth direction revealed that
Ta, Al, and Ni segregate preferentialy to the interdendritic
regions while Re, W, Co, Cr, and Mo segregate to the den-
drite core (Figure 6). To validate the major assumptions
made in the two-step Scheil analysis described earlier, the
mean composition calculated from the EDS point measure-
ments from representative samples was compared to compo-
sitions determined by XRF in Table Ill. The differences
between the two sets of composition data are negligible,
indicating that the area being sampled was representative of
the entire specimen. Comparison of the experimental data
and the fitted Scheil analysis for Tain aloy SX-12 (Figure
7) shows good agreement, except in the very early stages
of solidification (within the first few percentages of fraction
of solid). Similarly good agreement was found for all other
constituent elements, indicating that the assumption of a
constant k value was reasonabl e. When determining distribu-
tion coefficients using this method, k and « values were
weighted such that the best fit between the experimental and
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Fig. 5—(a) Back scattered SEM micrograph of nodular carbides present
in theinterdendritic regions of apolished cross section. (b) SEM micrograph
of nodular carbides present in the forms of rods and sheets.

Tablell. Carbide Morphology and L attice Parameter
Measurements for Experimental Alloys

Majority Carbide Lattice Parameter,

Alloy Morphology A
SX-11 script 4.440
SX-12 mixed 4434
SX-13 nodular 4.441
SX-14 script 4.440
SX-15 nodular 4.446
SX-16 nodular 4.441
SX-17 nodular 4.442
SX-18 nodular 4.443
SX-19 nodular 4.441
SX-20 mixed 4.430
SX-22 script 4.448
SX-23 nodular 4.444

*Magjority carbide morphology is defined as the morphol ogy that
makes >75 pct of the carbides.

Scheil analyses occurred in the region where the apparent
fraction of solid ranged from ~0.3 to 1.0. Table IV lists the
distribution coefficients for al constituent elements in a
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Fig. 6—Linescan of SX-11 across the primary dendrite core showing the
elements segregating (a) to the dendrite core and (b) to the interden-
dritic regions.

number of carbon-containing and carbon-free experimental
single-crystal alloys. Significant deviations between the
experimental ranked distribution data and Scheil analyses
were observed with small changes in k (Figure 7); hence,
the precision of this method falls within an estimated +0.05
of the values reported in Table IV.

Due to the volume of material sampled by the electron
beam during the EDS analysis, certain sources of error need
to be addressed when using the Scheil-fitting method of
determining equilibrium distribution coefficients. Since the
electron beam is providing an average composition for a
finite volume of material sampled, this does not accurately
predict the segregation behavior intheinitial and final stages
of solidification. Figure 7 clearly shows a deviation between
the experimental data and the fitted Scheil curve during the
initial stages of solidification. The deviation in the final
stages of solidification, however, is minimized when back-
diffusion is taken into consideration. Nevertheless, this
method is effective in revealing trends and differences in
segregation behavior among this set of alloys.

Figure 8 shows a comparison of the tantalum distribution
curves for two nominally identical aloys with and without
carbon additions (alloy SX-12 contains carbon). The data
show that for both alloys, tantal um segregation to theinterde-
ndritic region occurs in a very similar manner up until
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Tablelll.

Representative Comparison of Chemistries for Segregation Analysis (Wt Pct)

Element SX-9 Mean EDS SX-19 Mean EDS SX-6 Mean EDS SX-16 Mean EDS
Al 5.75 5.99 6.20 6.47 6.20 6.23 5.70 5.96
Cr 4.60 481 3.70 3.80 4.60 4.80 3.74 3.87
Co 13.10 13.38 11.20 11.44 11.15 11.41 13.20 1341
Ni 55.50 54.68 56.80 55.94 57.70 58.05 57.50 56.35
Ta 9.10 9.22 9.00 9.20 6.35 6.17 6.17 6.27
W 5.05 521 5.05 5.56 6.50 6.59 6.45 7.15
Re 6.40 6.60 6.50 7.25 6.30 6.32 6.50 6.83
Y — — 0.1 — — — 0.11 —
Mo 0.04 — 0.55 0.48 0.55 0.50 0.03 —
Hf 0.17 — 0.1 — 0.17 — 0.1 —
C 0.00 — 0.1 — 0.00 — 0.1 —
20 156 |
[ ® - Ta (SX-12), EDS Measurements ‘ [ ©  Ta (SX-2)
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Fig. 7—Comparison of experimental dataand theoretical Scheil curvesfor
Tain SX-12. Theoretical Scheil curves were plotted, accounting for limited
back diffusion with Eq. [2], using distribution coefficients of 0.8 and 0.9
for Ta and a Fourier number («) of 0.01. Slight variations in k result in
significant changes in the slope of the Scheil curve.

approximately a 0.5 apparent fraction of solid. Separation of
the curves at this point indicates a change in the segregation
behavior due to carbon. The difference in the overal slope
of thetwo curvesis captured by the fitted distribution coeffi-
cientsfor thetwo aloys. In the case of the carbon-containing
aloy (SX-12), the value of k is obviously an average which
represents the segregation behavior both before and after
carbide precipitation. The fitted distribution coefficients for
aloys SX-2 and SX-12, respectively, are 0.69 and 0.80. In
both cases, aFourier number of 0.01 was used to account for

Apparent Fraction Solid

Fig. 8—Comparison of the Ta distribution for nominaly similar aloys
with and without carbon additions. Separation of the curvesindicatesforma-
tion of TaC in the mushy zone at ~0.5 fraction solid in alloy SX-12.

the limited back-diffusion taking place during solidification.
Referring to the results shown in Table 1V, the carbon addi-
tions result in less segregation of the refractory constituents
which are known to affect freckling, including W, Re, and
Ta. Figure 9 reveals the differences in the distribution of W
in alloys SX-2 and SX-12. Interestingly, despite the absence
of W in the carbides, the segregation behavior of W was
significantly affected by the carbon addition. In aloys SX-
6 and SX-16, wherethe beneficial effect of carbon on freckle
formation is less pronounced, a smaller change in the parti-
tioning behavior of W and Rewas measured in the alloy with
the carbon addition. Finally, comparison of the distribution

TablelV. Distribution Coefficients for Experimental Alloys

Element SX-2 SX-12 SX-3 SX-13 SX-6 SX-16 SX-9 SX-19 SX-10 SX-20
Al 0.81 0.86 0.89 0.88 0.87 0.90 0.87 0.88 0.84 0.87
Cr 1.16 113 1.08 1.05 1.07 1.06 112 112 117 113
Co 1.08 113 1.05 1.05 1.07 1.03 1.07 1.06 1.10 1.08
Ni 0.94 0.95 0.95 0.96 0.95 0.95 0.95 0.95 0.94 0.93
Ta 0.69 0.80 0.79 0.88 0.80 0.89 0.77 0.83 0.74 0.76
W 154 1.38 154 1.39 1.42 1.36 154 144 1.42 1.39
Re 1.60 1.49 1.43 142 1.38 1.33 143 1.36 141 141
Mo — — — 1.46 1.40 — — 1.35 — —

*Distribution coefficients were determined by fitting the modified Scheil analysis, which accounts for back diffusion to the experimental
data. In al cases, a = 0.01. The estimated precision of the average fitted k values was determined to be approximately =0.05.
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Fig. 9—Comparison of W distribution for nominally similar aloys with
and without carbon additions. Although no W was detected in the carbides,
the segregation behavior of W was atered by the carbon addition.
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Fig. 100—DTA traces from nominaly similar aloys SX-1 and SX-23.

coefficientsfor Al, Cr, Co, and Ni in Table1V revealssimilar
behavior for comparative carbon—carbon-free alloys.

C. Differential Thermal Analysis

DTA of the as-cast experimental single crystals revealed
information on the effects of alloy composition on the solidus
liquidus and carbide precipitation temperatures. Figure 10
shows the results for aloys SX-1 and SX-23, which are
quite close to one another in composition. Note for both
aloys the presence of an MC carbide peak just below the
liquidus temperature. Thisis consistent with the segregation
data (Figure 8), which also indicate that the precipitation of
the carbides occurs just below the liquidus temperature. The
traces for these two alloys are very similar in appearance,
except that the higher level of carbon in SX-1 results in a
more pronounced carbide peak occurring at ~1385 °C, and
the dlightly higher levels of Reand W in alloy SX-23 appar-
ently result in amodest increase in the liquidus temperature.
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Fig. 11—Differences observed in the DTA traces of aloys SX-2, SX-11,
SX-12, and SX-22 illustrate the effects of composition on liquidus, solidus,
and carbide precipitation temperatures.

TableV. Liquidus, Solidus, and Carbide Precipitation
Temperature Measurements for Experimental Alloys

with Carbon

Tc, Carbide

T., Liquidus* Ts, Solidus* Precipitation**
Alloy (0 (0 (®)
SX-11 1396 1360 1386
SX-12 1399 1358 1390
SX-13 1398 1361 1383
SX-14 1409 1367 1391
SX-15 1408 1366 1389
SX-16 1413 1371 1391
SX-17 1397 1364 1386
SX-18 1393 1358 1386
SX-19 1388 1350 1386
SX-20 1383 1342 1377
SX-22 1411 1363 1383
SX-23 1415 1360 1381

*Liquidus and solidus temperatures are reported from integrated
heat flow curves.

** Carbide dissolution temperatures are reported from d Temper-
ature curves.

Results from the DTA shown in Figure 11 further reveal
the effect of alloying additions on the liquidus and MC
carbide precipitation temperatures. Alloys SX-2 and SX-12
are nominally the same composition, with the only difference
being the addition of ~0.1 wt pct carbon to alloy SX-12.
Compared to alloy SX-2, carbon lowers the liquidus temper-
aturein aloy SX-12 by 6 °C and resultsin a carbide dissolu-
tion reaction occurring in the mushy zone at ~9 °C below
the liquidus temperature. The DTA traces of aloys SX-11
and SX-22, respectively, suggest that the rhenium additions
dightly increase the liquidus, while aluminum additions
reduce liquidus temperatures. In addition, the less pro-
nounced endothermic MC carbide peak observed in aloy
SX-22 is most likely due to the lower carbon content in
the aloy. Collective results of the DTA analyses (Table V)
indicate that the MC carbide dissolution temperatures (1377
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°C to 1391 °C) are much less sensitive to shifts in composi-
tion, compared to the solidus (1342 °Cto 1371 °C) or liquidus
(1383 °C to 1415 °C) temperatures, within this set of experi-
mental alloys. Based on these results fewer freckle defects
were associated with alloys in which carbide dissolution
temperatures approached those of the liquidus, Figure 12.

IV. DISCUSSION

Over therange of compositionsinvestigated in these high-
refractory nickel-based single crystals, carbon additions are
beneficial in reducing the number of freckle defects that
form during solidification. Whileitiswell known that carbon
additions result in the formation of Tarich MC carbides,
the freckle-generating mechanisms affected by the carbides
have not yet been investigated. Considering Eq. [1], a num-
ber of potential interactions could be responsible for the
reduced tendency for initiation of thermosolutal convective
instabilities. (1) Carbon additions alter the segregation
behavior of the constituent elements and/or the solidification
path of the alloy. (2) The precipitation, growth, and coales-
cence of refractory carbides, which have a density higher
than that of the surrounding liquid, affects the viscosity
and local fluid-flow patterns associated with thermosolutal
convective instabilities. (3) Carbide precipitation in the
mushy zone during solidification lowers the permeability of
the dendritic network. (4) Carbide networks that develop
within the interdendritic regions of the mushy zone inhibit
the dendrite fragmentati on process and suppressthetransport
of dendrite fragmentsthat subsequently lead to the formation
of grain defects.

Results from this study reveal that the segregation behav-
ior of the constituent refractory additionsinthesingle-crystal
aloys were affected by the precipitation of nodular and/or
script carbides in the mushy zone. Distribution coefficients
for a number of nominaly similar alloys with and without
intentional carbon additions were measured using a Scheil-
type analysis. In general, the coefficients determined in this
study did not vary significantly from those reported in the
literature for similar alloys.[3%%3 The abrupt separation of
the tantalum distribution curves (Figure 6) was observed in
al comparative carbon-containing and carbon-free aloys,
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regardless of the resultant carbide morphology. After separa-
tion, the tantalum distribution curves for the carbon-con-
taining alloys were 1 to 2 wt pct lower than their carbon-
free counterparts. The 1 to 2 wt pct (~0.5 at. pct) deviation
was consistent with the TaC reaction, consuming the 0.1 wt
pct (~0.5 at. pct) carbon in solution.

It is interesting that the precipitation of Ta-rich MC car-
bidesis beneficial, since it would deplete tantalum from the
liquid in the mushy zone. In alloys with no carbon, the
enrichment of tantalumintheliquid isbeneficia with respect
to stabilizing against convective instabilities, as exhibited
by a comparison of the results from alloys SX-7 through
SX-10in Figure 1. However, the reduced distribution coeffi-
cients for tungsten and rhenium in the carbon-containing
aloys indicate that comparatively higher levels of these
high-density refractory elements were present in the liquid
phase of the mushy zone during solidification. The Navier—
Stokes equation for the upward buoyancy force (f,) due to
thermal and solutal gradients during unidirectional solidifi-
cation ig%3

f,= =gp(Br(T — T*) + Bc(C — C¥) (4]

where
Br=—(0InpldT)c (5]
Bc = —(d In pldC)r (6]

and T* and C* are the average temperature and concentra-
tion, respectively, and g is the gravitational constant. This
indicates that convection occurs when the temperature and
concentration-density gradients exceed some critical value.
Liquid densities are known to vary as a function of refrac-
tory-element content. However, for complicated multicom-
ponent aloy systems, liquid densities can only be
quantitatively estimated.[3*3* Based on the liquid-density
data from asimilar alloy!® (PWA 1484), it is expected that
increasing the concentration of tungsten and rhenium in the
segregated solute lowers the density gradient between the
solute and the bulk liquid during solidification. Hence, the
driving force for the convective fluid flow which subse-
quently leads to the formation of grain defects can be
decreased by minimizing the extent of tungsten and rhenium
segregation during solidification.

The measured carbide dissolution temperatures are insen-
sitive to minor changes in aloy chemistry and variations
in carbide morphology. Except in alloy SX-20, where the
liquidustemperatureis 1383 °C, DTA datareveal that carbide
dissolution for these experimental aloys occurs at ~1386
°C. This temperature is very close to that of the proposed
trough (~1380 °C) in the nickel-rich region of the Ni-Ta
C ternary system, which leads to the formation of y/TaC/
Ni;Tal*® Depending on the levels of other alloying constit-
uents, dissolution of nodular and/or script carbides may be
occurring anywhere from 2 °C to 34 °C below the liquidus
temperature of the aloy, as estimated in the present DTA
apparatus. Although there were variations in the bulk-alloy
chemistry, the compositions of the script and nodular car-
bides remained relatively unchanged, as revealed by EDS
measurements and their | attice parameters. The uniformity of
the nodule spacing on the surfaces of these lamellar nodular
carbides and their lack of orientation dependence suggests
that the solidification path of the alloy may have been altered
by afinal TaC/y eutectic reaction. A similar MC/y reaction
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has been reported by Willis in directionaly solidified and
quenched MAR-M002137 and by Frasin directionally solidi-
fied NiTaC composites.[*¥ Intricate script carbides, on the
other hand, apparently have their growth directions con-
strained by the surrounding (001) dendrites.!3%4%44 |t has
been well documented that eutectic microstructures are sen-
sitive to local solidification conditiong*? and can vary sig-
nificantly in multicomponent alloys. Although the script
and nodular carbides differ in appearance, no relationship
between the resulting carbide morphology in the as-cast
samples and the measured distribution coefficients could be
determined. Relative to comparable aloys without inten-
tional carbon additions, less segregation of Re, W, and Ta
was measured in as-cast alloys that contained carbides,
regardless of morphology.

Blocky carbides with their faceted features, however, are
indicative of microstructures formed in the liquid, where
near-equilibrium growth is possible. With the density of TaC
being almost twicethat of the Ni-based alloy near itsliquidus
temperature, it would be reasonable to assume that if the
blocky carbides were to form ahead of the solidifying pri-
mary dendrite tips, they would sink and coalesce due to
gravitational forces, which are antiparallel to the solidifica
tion direction. The interaction of the solid carbide particles
and the advancing solid/liquid interface may potentially
result in drag forces that inhibit the formation of convective
channels. However, it is till unclear when precipitation of
the blocky carbides occurs. While their composition and
morphology suggest that precipitation occurs in the liquid,
detecting their formation in the DTA and evauating their
role in affecting viscosity and local fluid-flow conditionsis
difficult due to their small volume fraction. The magnitude
of the endothermic peak corresponding to the solvus temper-
ature of these blocky carbides may be too small to detect
and can be easily masked by other transformations, particu-
larly the script and nodular carbides.

In previous studies of carbide morphologies in Ni-based
aloys, blocky and script carbides were reported to exhibit
similar growth characteristics regardless of composi-
tion.[23%-411 The morphologies of script and blocky Ti or
Nb-rich MC carbides were determined to be governed by
the solidification parameters G and R“*44 However, the
presence of three distinct Ta-rich MC carbide morphologies
characterized in the aloys from the present study does not
adhere to these conventional relationships. First, the nodular
MC carbide morphology seems to be unique to Ni-based
aloys containing Ta-rich MC carbides and has not been
reported in alloys that contain Ti, Nb, or Hf-rich MC car-
bides. Under constant G and R values, carbide morphologies
that are constrained by the surrounding dendritic structure
can be affected by changesin composition, which drastically
increase or decrease the solidus and liquidus temperatures
of the aloy. As reported by Quested, it seems likely that
carbide morphology isnot simply afunction of thesolidifica
tion parameters, but is also influenced significantly by subtle
chemical changes during solidification.[

Extensive investigations of freckling in transparent and
binary aloy systems have shown that the onset of thermoso-
lutal convection occurs in the upper portion of the mushy
zone, where the fraction of solid is no greater than 0.5 to
0.6%6-81 At a higher fraction of solid, the permesbility of
the dendritic network istoo low for solute-driven fluid flow
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to develop. According to Eq. [1], the permeability of the
upper regions of the mushy zone is directly proportional to
the solutal Rayleigh number for the onset of convectivefluid
flow. Changes in the upper regions of the mushy zone,
such as the formation of dense carbide networks, should, in
principle, lower the permeability and diminish the tendency
for freckling. Accordingly, carbide precipitation closest to
the liquidus would be expected to provide the most benefit
in altering the permeability of the mushy zone, where con-
vective cells are likely to develop. In this study, al of the
aloys in which carbide dissolution was observed to occur
close to the liquidus temperature (AT < 11 °C) have essen-
tially zero grain defects (Figure 11). For this set of aloys,
the absence of freckle chains cannot be attributed entirely
to the presence of carbide, because a number of these alloys
aso have elevated levels of tantalum (9.0 wt pct), which is
also beneficial in reducing grain defects. However, compari-
son of the results from alloys containing 6.0 wt pct Ta does
suggest a trend between freckling and the relative carbide
precipitation temperature. Thiscorrelationis currently being
investigated in greater detail through aseparate study involv-
ing single-crystal aloys with nominally identical levels of
tantalum and carbon.

To summarize, the resultsof thisstudy clearly demonstrate
that the presence of carbon lowers the tendency for grain-
defect formation during solidification of high-refractory
nickel-based single crystals. The carbon additions ater the
segregation behavior of elements known to influence the
onset of convectiveinstabilitiesin carbon-freealloys, includ-
ing Re, Ta, and W. Carbon additions also result in the precipi-
tation of carbides near the liquidus temperature. Due to
inadequate knowledge of the dependence of liquid density
on composition and the degree to which the presence of
carbides affects fluid flow and/or liquid properties, it is
difficult to isolate the mechanism(s) by which carbon sup-
presses defect formation. Although it is likely that having
the carbon in solution and precipitating carbides near the
liquidus both contribute to preventing the breakdown of
single-crystal solidification, it may be possible to assess
these effectsindividually through further systematic changes
inalloy chemistry; such experimentsarein progress. Finally,
it is worth noting that making relatively minor changes in
alloy composition through carbon additions is a promising
approach to devel oping new alloysthat are amenableto low-
gradient solidification.

V. CONCLUSIONS

1. Carbon additions to high-refractory, single-crystal Ni-
based superalloys are beneficial in lowering the tendency
for the development of freckle-type defects during unidi-
rectional solidification under relatively low thermal-gra-
dient conditions.

2. For the range of compositions investigated, intentional
carbon additions resulted in the formation of three Ta-
rich carbide morphologies: blocky, script, and nodular.
Precipitation of script and nodular carbides occurred
below the liquidus temperature in the mushy zone dur-
ing solidification.

3. A dlightly lower degree of tantalum, tungsten, and rhe-
nium segregation was measured in as-cast aloys with
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intentional carbon additions. Regardless of carbide mor-
phology, the distribution coefficients of refractory ele-
ments (Ta, W, and Re) in alloys containing carbon were
lower than comparable alloys containing no carbon
additions.

Carbon, aluminum, and tantalum additions lower the lig-
uidus temperature, while tungsten and rhenium additions
modestly increase the liquidus temperatures for the range
of compositions investigated.

Carbide precipitation temperatures are less sensitive to
shifts in bulk composition than the solidus and lig-
uidus temperatures.
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