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Freckle formation has been investigated in thirty-two distinct experimental single crystal
Ni-base superalloys with large compositional variations. In addition to variations in alloy
chemistry, the components studied in this investigation consisted of cylindrical bars with
different diameters and solid blade-shaped components unidirectionally solidified in
industrial casting trials. The occurrence of freckles was statistically assessed in over four
hundred and seventy single crystal components. Detailed analyses of the microstructures,
segregation behavior and phase transformation temperatures are presented and utilized to
develop regression models capable of predicting the occurrence of freckle formation during
solidification. The significance of the physical parameters incorporated with the model, and
the implication of the model on the approach for alloy design are discussed.
C© 2004 Kluwer Academic Publishers

1. Introduction
Single crystal Ni-base superalloy components are crit-
ical to the operation of advanced gas turbine engines
for both power generation and aerospace applications.
Used extensively in the hot section of turbine engines,
single crystal Ni-base superalloys exhibit a unique com-
bination of physical and mechanical properties that en-
able these materials to sustain significant loads at high
temperatures in corrosive environments with minimal
deformation or degradation. Over the past forty years,
development of both advanced processing technologies
and alloys have enabled modern gas turbine engines to
operate at temperatures in excess of 1600 K to achieve
large efficiency gains and increased power output. Al-
though these single crystal components have inherently
desirable properties to begin with, increasingly high
levels of refractory elements have been alloyed with
the Ni-base material to further enhance high tempera-
ture creep properties.

As the complexity and alloying content of these ad-
vanced high refractory content Ni-base superalloys in-
creases, difficulties associated with manufacture and
processing of single crystal components requires con-
sideration. Tungsten and rhenium additions serve as
potent solid-solution strengtheners in Ni-base super-
alloys and consequently extend the temperature capa-
bility of the alloy [1–3]. These constituent refractory
elements, however, also contribute to the formation of
macroscopic grain defects, such as freckle chains and
misoriented grains. During unidirectional solidification

in conventional Bridgman furnaces, micro-segregation
allows for the accumulation of solute within the den-
dritic mushy zone. With solidification oriented anti-
parallel to the direction of gravity, the compositional
changes associated with solute segregation in the den-
dritic mushy zone results in a density imbalance be-
tween the bulk liquid and the segregated solute. Due to
preferential partitioning of tungsten and rhenium into
the solid phase during solidification, the resultant buoy-
ancy forces associated with the density difference be-
tween the comparatively less dense solute and the bulk
liquid can initiate thermosolutal convection and cause
grain defect formation during solidification.

Since the formation of macroscopic grain defects
containing high angle boundaries is detrimental to the
structural integrity of the cast component at elevated
temperatures, large-scale manufacture of single crystal
components for critical applications is quite challeng-
ing. Early efforts to prevent freckle formation included
modification of gating designs and development of em-
pirical defect maps [4] based on relationships between
processing parameters, such as thermal gradient, G, and
solidification or withdrawal rate, R. More recent stud-
ies pertaining to freckle formation have concentrated
on the development of computational process models
[5–9] and the incorporation of Rayleigh-based crite-
rion to describe the onset of thermosolutal convection
and the subsequent formation of grain defects [10–12].
However, the lack of published data has limited valida-
tion of these models over a broad range of composition
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applicable to commercial and experimental multicom-
ponent Ni-base superalloys. The coupling of thermo-
dynamic databases with solidification models exhibits
great potential, but caution should be exercised when
applying these computational models to experimental
alloy compositions outside the range where the ther-
modynamic models have been optimized. Nonetheless,
these studies have contributed significantly to the un-
derstanding of the processes resulting in grain defect
formation during directional solidification.

The breakdown of single crystal solidification in Ni-
base superalloys can be attributed to both alloy compo-
sition and processing parameters. For a specific alloy
composition, systematic variations in processing pa-
rameters revealed that a critical primary dendrite arm
spacing, λ1, exists below which the onset of thermoso-
lutal convection is suppressed [13]. Additionally, stud-
ies designed to investigate the influence of alloy compo-
sition have identified tungsten, rhenium, tantalum and
carbon additions to be statistically significant with re-
spect the formation of freckle defects during solidifica-
tion [14, 15]. Hence, similar to the Rayleigh analysis,
the development of effective prediction criteria that can
be used to assess the susceptibility of single crystal cast-
ings to form defects requires incorporation of both com-
positional and processing variables. In this study, neural
networks were applied to assess the relative effects of
individual variables on grain defect formation. Further-
more, detailed analyses of thirty-six distinct experimen-
tal single crystal alloy compositions unidirectionally
solidified over a range of processing conditions were
used to develop a physically-motivated semi-empirical
model for prediction of freckle formation.

2. Experimental
A large number of experimental Ni-base single crystal
alloys were analyzed to elucidate the influence of alloy
composition on thermosolutal convection and freckle
formation. Twenty distinct alloy compositions were so-
lidified in large ceramic investment molds under con-
stant processing conditions as solid blade-shaped com-
ponents. An additional twenty-four casting trials were
used to unidirectionally solidify twelve experimental
alloys as cylindrical bars with varying diameters. In to-
tal, forty-four industrial casting trials were conducted
and thirty-two distinct alloy compositions were investi-
gated. Geometries of the cast components varied from
blade-shaped castings to cylindrical bars with diame-
ters of 12.7, 15.7 and 19.0 mm. Compositions of these
experimental single crystal alloys are grouped in three
separate alloy series: SX, ME and CE, Table I. Follow-
ing solidification, all of the unidirectionally solidified
castings were macroetched in a hot nitric bath to reveal
the presence of high angle grain boundaries associated
with freckle chains and misoriented grains. The num-
ber, location and size of the defects were statistically
assessed for all of the experimental alloy compositions.
With the solidification of seven blade shaped compo-
nents or fourteen cylindrical bars per casting trial, four
hundred and seventy castings were analyzed over the
course of the investigation.

TABLE I Nominal compositions of the experimental single crystal
Ni-based alloys (wt.%)

Alloy Al Cr Co Hf Re Ta W Mo C Ni

SX-1 6.0 4.5 12.5 0.16 6.3 7.0 5.8 0.0 0.05 Bal.
SX-2 6.1 4.5 12.5 0.15 6.5 9.0 5.8 0.0 – Bal.
SX-3 5.7 4.0 11.5 0.12 5.0 6.0 5.0 0.0 – Bal.
SX-4 5.7 5.0 13.5 0.12 5.0 6.0 6.5 0.5 – Bal.
SX-5 6.3 4.0 13.5 0.18 6.5 6.0 5.0 0.0 – Bal.
SX-6 6.3 5.0 11.5 0.18 6.5 6.0 6.5 0.5 – Bal.
SX-7 6.3 5.0 11.5 0.12 5.0 9.0 5.0 0.0 – Bal.
SX-8 6.3 4.0 13.5 0.12 5.0 9.0 6.5 0.5 – Bal.
SX-9 5.7 5.0 13.5 0.18 6.5 9.0 5.0 0.0 – Bal.
SX-10 5.7 4.0 11.5 0.18 6.5 9.0 6.5 0.5 – Bal.
SX-11 6.1 4.5 12.5 0.15 5.0 9.0 5.8 0.0 0.10 Bal.
SX-12 6.1 4.5 12.5 0.15 6.5 9.0 5.8 0.0 0.10 Bal.
SX-13 6.3 5.0 13.5 0.18 5.0 6.0 5.0 0.5 0.10 Bal.
SX-14 6.3 4.0 11.5 0.18 5.0 6.0 6.5 0.0 0.10 Bal.
SX-15 5.7 5.0 11.5 0.12 6.5 6.0 5.0 0.5 0.10 Bal.
SX-16 5.7 4.0 13.5 0.12 6.5 6.0 6.5 0.0 0.10 Bal.
SX-17 5.7 4.0 13.5 0.18 5.0 9.0 5.0 0.5 0.10 Bal.
SX-18 5.7 5.0 11.5 0.18 5.0 9.0 6.5 0.0 0.10 Bal.
SX-19 6.3 4.0 11.5 0.12 6.5 9.0 5.0 0.5 0.10 Bal.
ME-1 6.8 7.0 7.5 0.14 4.6 6.1 2.4 1.5 0.00 Bal.
ME-2 6.7 7.0 7.5 0.14 4.6 6.1 2.3 1.5 0.00 Bal.
ME-3 6.7 7.0 7.5 0.13 1.4 6.0 7.3 1.5 0.00 Bal.
ME-4 6.7 7.0 7.5 0.14 1.4 6.1 7.2 1.5 0.00 Bal.
ME-5 4.4 7.0 7.5 0.12 4.4 6.0 7.2 1.5 0.00 Bal.
ME-6 4.4 7.0 7.5 0.13 4.5 6.0 7.1 1.5 0.00 Bal.
ME-7 4.8 7.0 7.5 0.14 1.5 6.4 2.5 1.5 0.00 Bal.
ME-8 4.9 7.0 7.5 0.14 1.5 6.5 2.5 1.5 0.00 Bal.
ME-9 6.5 7.0 7.5 0.14 4.5 5.8 7.0 1.5 0.13 Bal.
ME-10 6.4 7.0 7.5 0.14 4.4 5.8 7.0 1.5 0.12 Bal.
ME-11 4.6 7.0 7.5 0.14 1.4 6.2 7.4 1.5 0.13 Bal.
ME-12 4.5 7.0 7.5 0.14 1.4 6.1 7.4 1.5 0.13 Bal.
ME-13 4.6 7.0 7.5 0.14 4.7 6.2 2.4 1.5 0.13 Bal.
ME-14 4.7 7.0 7.5 0.15 4.8 6.2 2.4 1.5 0.13 Bal.
ME-15 7.1 7.0 7.5 0.15 1.5 6.2 2.4 1.5 0.14 Bal.
ME-16 7.0 7.0 7.5 0.14 1.4 6.2 2.4 1.5 0.13 Bal.
CE-1 5.6 7.0 7.5 0.00 2.8 8.4 4.5 1.5 0.00 Bal.
CE-2 5.5 7.0 7.5 0.00 2.8 8.1 4.3 1.5 0.00 Bal.
CE-3 5.8 7.0 7.5 0.28 2.9 4.0 4.6 1.5 0.00 Bal.
CE-4 5.8 7.0 7.5 0.31 3.1 3.9 4.7 1.5 0.00 Bal.
CE-5 5.8 7.0 7.5 0.00 3.0 3.9 4.8 1.5 0.14 Bal.
CE-6 5.8 7.0 7.5 0.00 3.0 4.0 4.8 1.5 0.14 Bal.
CE-7 5.5 7.0 7.5 0.27 2.8 8.2 4.5 1.5 0.13 Bal.
CE-8 5.4 7.0 7.5 0.26 2.9 8.4 4.5 1.5 0.12 Bal.

Constituent phases associated with the as-cast mi-
crostructure of each alloy composition were carefully
analyzed using both optical and electron microscopy.
Temperatures corresponding to the phase transforma-
tions of the constituent phases in the experimental al-
loys, including solidus and liquidus temperatures, were
measured using a SETSYS 18 Differential Thermal
Analysis (DTA) unit. Finally, a modified-Scheil analy-
sis was used to characterize the partitioning behaviour
of the various alloying elements in the experimental al-
loys. Additional details of the experimental materials
and procedure can be found in previous investigations
by Tin and Pollock [14, 15].

3. Results
Microstructural analyses of the as-cast single crys-
tals revealed heavily segregated dendritic microstruc-
tures in both the blade-shaped components and the
cylindrical bars, Fig. 1. The dendritic microstructures
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Figure 1 Micrographs of the as-cast dendritic microstructures corresponding to: (a) blade-shaped components and (b) bar-shaped components.

Figure 2 Micrographs revealing macroscopic grain defects on the surface of directionally solidified: (a) blades and (b) bars.

corresponding to the blade and bar-shaped components
appeared quite similar and are reflected in the cor-
responding primary dendrite arm spacings, λ1. Cor-
responding spacings were measured to be 410, 340,
400 and 460 µm, respectively for the blade-shaped
components and the cylindrical bars (12.7, 15.7 and
19.0 mm diameter). Microstructures were comprised
primarily of γ ′ precipitates distributed within a γ

matrix. Contained within the interdendritic regions
of a large number of alloys were large pools of γ –
γ ′ eutectic. Various Ta-rich MC carbides were also
observed to reside within the interdendritic regions
of alloys containing intentional additions of carbon,
Fig. 1.

Formation of macroscopic grain defects, such as
freckle chains and misoriented grains, on the surfaces of
the various castings can be seen in Fig. 2. After assess-
ing the character of defects for each of the castings, a
statistical average was taken for each distinct alloy com-
position and processing condition. Freckling results for
the three alloy series are summarized in Fig. 3. Previ-
ous analyses revealed variations in tungsten, rhenium,
tantalum and carbon levels are statistically significant
factors with respect to the formation of freckle defects
[14, 15]. Tungsten and rhenium additions induce freckle
formation while tantalum and carbon additions tend to

suppress the processes leading up to the formation of
freckles. Variations in the levels of cobalt, chromium,
molybdenum and hafnium were determined to be in-
sensitive to macroscopic grain defect formation during
solidification.

The segregation characteristics of the constituent el-
ements in the experimental single crystal compositions
were assessed using a modified Scheil analysis [14–
16]. The refractory elements, rhenium, tungsten and
tantalum were determined to exhibit the largest degree
of segregation during solidification. Tantalum tended
to partition preferentially to the solute, while tungsten
and rhenium were revealed to segregate preferentially
to the solid phases during solidification. A compilation
of experimentally measured distribution coefficients, k,
are listed in Table II. The magnitude of the coefficients
corresponds to the degree of segregation during solid-
ification. Since the partition coefficient is defined as
k = CS/CL, where CS is the composition of the solid
phase and CL is the composition of the liquid phase,
measured values of k greater or less than unity corre-
spond to preferential segregation to the solid phase or
liquid phase, respectively.

Results from the DTA were used to reveal the in-
fluence of alloy composition on solidus and liquidus
temperatures for these experimental single crystals,
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Figure 3 Number of freckle chains observed on the surface of the various cast components.

Table III. The thermal measurements also indicated
precipitation of the Ta-rich MC carbides occurred as
part of a eutectic reaction between the corresponding
solidus and liquidus temperature of the alloy. Con-
sistent with a temperature invariant phase transforma-
tion, the eutectic MC carbide temperatures were much
less sensitive to shifts in composition than the solidus
and liquidus temperatures. Over the wide range of al-
loy composition investigated, the majority of the car-
bide eutectic temperatures were reported to occur at
∼1386◦C (1659 K). Unlike the solidus and liquidus
temperatures that varied from 1381–1436◦C and 1342–
1371◦C, respectively, all of the measured eutectic MC

T ABL E I I Average fitted distribution coefficients for the experimental
Ni-based alloys

Al Cr Co Ni Ta W Re Mo

SX-1 0.85 1.06 1.06 0.96 0.74 1.39 1.39 –
SX-2 0.81 1.16 1.08 0.94 0.69 1.54 1.60 –
SX-3 0.89 1.08 1.05 0.95 0.79 1.54 1.43 –
SX-6 0.87 1.07 1.07 0.95 0.80 1.42 1.38 1.40
SX-9 0.87 1.12 1.07 0.95 0.77 1.54 1.43 –
SX-10 0.84 1.17 1.10 0.94 0.74 1.42 1.41 –
SX-11 0.87 1.11 1.09 0.93 0.72 1.44 1.39 –
SX-12 0.86 1.13 1.13 0.95 0.80 1.38 1.49 –
SX-13 0.88 1.05 1.05 0.96 0.88 1.39 1.42 1.46
SX-16 0.90 1.06 1.03 0.95 0.89 1.36 1.33 –
SX-19 0.88 1.12 1.06 0.95 0.83 1.44 1.36 1.35
SX-20 0.87 1.13 1.08 0.93 0.76 1.39 1.41 –
ME-2 0.92 1.13 1.07 0.97 0.78 1.54 1.37 1.23
ME-4 0.92 1.15 1.09 0.96 0.76 1.36 1.38 1.25
ME-6 0.89 1.07 1.05 0.96 0.79 1.38 1.35 1.20
ME-7 0.94 1.07 1.05 0.98 0.78 1.58 1.25 1.13
ME-10 0.89 1.15 1.09 0.94 0.87 1.31 1.30 1.27
ME-11 0.92 1.06 1.04 0.98 0.89 1.28 1.28 1.20
ME-14 0.95 1.06 1.04 0.97 0.89 1.35 1.30 1.18
ME-15 0.95 1.13 1.09 0.98 0.84 1.40 1.23 1.24
CE-1 0.85 1.15 1.10 0.97 0.72 1.39 1.42 1.30
CE-4 0.89 1.12 1.10 0.97 0.67 1.39 1.39 1.25
CE-5 0.88 1.13 1.08 0.98 0.76 1.25 1.39 1.28
CE-8 0.86 1.15 1.10 0.97 0.77 1.35 1.34 1.30

carbide temperatures fell within the relatively small
range of 1377–1393◦C for all three sets of alloys. Al-
though the γ ′ solvus temperatures were determined
from alloys in the as-cast condition and are not the
true equilibrium values, these temperatures provide ex-
tremely useful information when determining parame-
ters for solution heat-treatments.

3.1. Physically based linear
regression model

During conventional directional solidification pro-
cesses, the onset of thermosolutal convection corre-
sponds with the ratio of the buoyancy forces and
surrounding frictional forces, similar to the Rayleigh
analysis. Since the solutal density inversion scales ac-
cordingly with the buoyancy forces, the magnitude of
the driving force resulting in fluid flow can be estimated
using the measured partitioning coefficients and rela-
tions describing liquid densities as a function of com-
position. Densities of the bulk liquid and solute were
estimated using the relationships reported by Sung and
Poirier for measuring liquid densities of similar Ni-
base superalloys [17]. Frictional forces, on the other
hand, are proportional to the morphology of the mushy
zone and resulting primary dendrite arm spacings. With
knowledge of these parameters, linear regression can be
applied to develop simple empirical relations between
freckle formation, alloy composition and mushy zone
morphology. For the non-carbon containing ME and
CE series of alloys, which exhibited variations in both
alloy chemistry and primary dendrite arm spacings (due
to varying bar diameters) the relation can be written as
follows:

� = −41.4 + 400

(
�ρ

ρ

)
+ 31.7

(
λ1

λ∗

)
(1)

where � is the number of freckle defects, �ρ/ρ is the
normalized density difference between the solute and
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T ABL E I I I Solidus, liquidus, carbide eutectic and γ ′ solvus temper-
atures of the experimental Ni-based alloys

TS TMC TL γ ′
(solidus)◦C (carbide)◦C (liquidus)◦C (solvus)◦C

SX-1 1352 – 1412 1238
SX-2 1340 – 1405 1263
SX-3 1393 – 1436 1248
SX-4 1376 – 1420 1223
SX-5 1379 – 1429 1234
SX-6 1333 – 1411 1244
SX-7 1333 – 1401 1273
SX-8 1337 – 1397 1275
SX-9 1331 – 1407 1244
SX-10 1336 – 1406 1267
SX-11 1360 1386 1396 1264
SX-12 1338 1390 1399 1240
SX-13 1361 1383 1398 1231
SX-14 1367 1390 1406 1246
SX-15 1368 1388 1412 1212
SX-16 1371 1391 1413 1246
SX-17 1364 1386 1397 1248
SX-18 1359 1386 1393 1254
SX-19 1364 1386 1386 1272
SX-20 1340 1377 1383 1260
ME-1 1335 – 1397 1317
ME-2 1333 – 1396 1312
ME-3 1331 – 1393 1308
ME-4 1331 – 1393 1305
ME-5 1393 – 1426 1237
ME-6 1396 – 1428 1260
ME-7 1390 – 1416 1246
ME-8 1391 – 1417 1242
ME-9 1355 1383 1390 1305
ME-10 1354 1378 1389 1305
ME-11 1376 1391 1412 1222
ME-12 1378 1391 1412 1220
ME-13 1378 1393 1416 1207
ME-14 1379 1393 1415 1209
ME-15 1355 1377 1381 1300
ME-16 1358 1378 1384 1297
CE-1 1369 – 1402 1321
CE-2 1370 – 1403 1322
CE-3 1381 – 1416 1272
CE-4 1379 – 1416 1266
CE-5 1371 1385 1409 1237
CE-6 1370 1385 1410 1239
CE-7 1366 1386 1393 1291
CE-8 1364 1385 1393 1294

the bulk liquid, λ1 is the observed primary dendrite arm
spacing in microns, and λ∗ corresponds to the critical
dendrite arm spacing for SX-1 [13] (317 µm). With
constant component geometries and resulting primary
dendrite arm spacings for the SX series of experiments,
the magnitude of the buoyancy force was the only sig-
nificant parameter resulting in freckle formation in the
non-carbon containing alloys. Therefore:

� = −1.7 + 171

(
�ρ

ρ

)
(2)

Carbide precipitation in these experimental alloys
was identified to have a significant beneficial influence
in preventing the formation of freckles during solidifi-
cation. Consequently, the carbon-containing alloys in
the SX, ME and CE series of experiments were con-
sidered separately. Carbon containing alloys in the ME

Figure 4 Correlation between the actual and predicted number of freckle
defects using the linear regression models.

and CE series were regressed to follow:

� = −25.6 + 119

(
�ρ

ρ

)
+ 17.97

(
λ1

λ∗

)

+ 573.7

(
TL − TMC

TNi

)
(3)

while the corresponding relationship for the carbon-
bearing alloys in the SX series was:

� = −17.6 + 451

(
�ρ

ρ

)
+ 573.7

(
TL − TMC

TNi

)
(4)

where TL and TMC are the liquidus and carbide eutec-
tic temperatures, respectively, and TNi is the melting
point of pure Ni (1728 K). Significantly fewer freck-
les were observed in alloys which precipitation of the
carbides was measured to occur close to the liquidus
(TL − TMC < 11◦C). Application of these relationships
for compositions within the range of alloys investigated
show that the model was reasonably accurate in pre-
dicting the actual number of freckle defects forming on
the surfaces of the castings for a wide range of alloys
and process conditions, Fig. 4. Possibly due to the geo-
metrical constraints associated with the complex blade-
shaped casting geometry of the SX alloys, the CE and
ME alloys displayed better agreement between the ac-
tual and predicted number of defects.

4. Discussion
Development of new single crystal alloy compositions
with enhanced high temperature creep properties re-
quires a detailed understanding of how compositional
changes influence aspects such as solidification pro-
cessing and solution heat treatment. Although tung-
sten, rhenium and tantalum are effective strengtheners
and improve the mechanical properties of the alloy, the
overall content of these additions must be carefully bal-
anced to optimize physical and mechanical properties
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with commercial production requirements. The present
investigation has focused on the development of models
capable of predicting the susceptibility of experimental
alloys to freckle formation as a function of both com-
position and processing parameters.

During unidirectional solidification, the onset of ther-
mosolutal convection and the subsequent formation of
freckle defects occur when the driving force for fluid
flow exceeds the surrounding frictional forces. Hence,
the occurrence of freckles can be expressed as a func-
tion of two competing forces. The de-stabilizing term
is proportional to the magnitude of the buoyancy forces
associated with the solute-induced density inversion
(�ρ/ρ), while the stabilizing term is closely related to
the frictional parameter associated with the morphol-
ogy of the mushy zone. The solidification parameters,
thermal gradient (G) and solidification rate (R) gov-
ern the morphology of the mushy zone and are related
to the resultant primary dendrite arm spacings [18],
G−1/2 ×R−1/4 ∝ λ1. Furthermore, the precipitation of
carbides within the mushy zone was also observed to
suppress freckle formation. Thus, the term represent-
ing the retarding frictional force is expressed as a func-
tion of both λ1 and a carbide precipitation term. Lin-
ear regression equations incorporating these parame-
ters, Equations 1 to 4, were demonstrated to provide a
reasonably accurate correlation with the occurrence of
freckle defects, Fig. 4.

Most conventional single crystal Ni-base superalloys
exhibit an inherent tendency to form convective insta-
bilities during unidirectional solidification. The multi-
component nature of these alloys results in severe den-
dritic segregation of tungsten and rhenium into the solid
phase during solidification that depletes the solute of
dense refractory elements and increases the magnitude
of the buoyancy forces. Conventional approaches taken
to improve the solidification characteristics of these al-
loys have concentrated on tantalum additions that offset
depleted levels of tungsten and rhenium in the solute
by segregating preferentially into the liquid, thereby
minimizing the density inversion. Results from this in-
vestigation clearly show that better understanding the
complex interactions occurring within these industri-
ally pertinent alloys and exploiting these effects can
also enhance the intrinsic solidification characteristics.
For example, aluminum additions have been typically
associated with freckle formation [19, 20] in Ni-base
superalloys. The present models, however, tend to indi-
cate that in certain alloys elevated levels of aluminum
can actually prevent the onset of thermosolutal convec-
tion. Due to its low density and characteristic partition-
ing behavior, aluminum additions contribute directly to
the development of the density inversion in the mushy
zone. Indirectly, aluminum additions decrease the liq-
uidus temperature of the alloy, Table III. With solidus
temperatures typically defined by the invariant temper-
atures associated with the pools of γ − γ ′ eutectic,
changes in liquidus temperatures influence the freezing
range of the alloy and the resulting mushy zone mor-
phologies, Equations 3 and 4. Although the primary
dendrite arm spacings were unaffected, these morpho-
logical changes in the mushy zone suppress freckle

formation and are consistent with previous statistical
analysis from alloys in the ME and CE series [14]. Mi-
nor additions of carbon also improve the solidification
characteristics of Ni-base superalloys. In addition to
precipitating out as carbides during solidification, car-
bon additions to Ni-base superalloys have been demon-
strated to minimize dendritic segregation by altering the
partitioning characteristics of the constituent elements
[14, 15]. Both of these effects associated with carbon
additions inhibit the formation of freckle chains.

As the design requirements for high-temperature
structural materials in gas turbine engines become in-
creasingly demanding, the utilization of advanced ma-
terials and alloy compositions is required to achieve the
desired performance and efficiency gains. Optimiza-
tion of gas turbines for aerospace, power generation
and marine applications has created a need for spe-
cialty alloys with different attributes due to various de-
sign criteria and constraints governing each application.
Due to the high costs associated with the materials de-
velopment, experimental alloys are typically developed
under laboratory conditions and optimized using ther-
modynamic and mechanistic property-prediction algo-
rithms with little consideration of the difficulties associ-
ated with the commercialization of the manufacturing
process. Development of an effective model capable
of predicting the occurrence of freckles during casting
can greatly assist in the evaluation of experimental al-
loy compositions. In summary, the model presented in
this study contributes significantly to the understanding
the various complex elemental interactions in multi-
component Ni-base superalloys and is critical for the
development of alloys optimized for both properties
and processing.

5. Conclusions
(1) The onset of thermosolutal convection and the for-

mation of freckles during unidirectional solidification
are sensitive to both changes in primary dendrite arm
spacing and alloy composition.

(2) The occurrence of freckle on single crystal cast-
ings can be effectively expressed as parameters relating
the magnitude of the buoyancy forces and the morphol-
ogy of the dendritic mushy zone.

(3) Grain defect formation during unidirectional so-
lidification can be suppressed by exploiting the com-
plex interactions occurring within these multicompo-
nent alloys.
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