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Abstract

Freckles are misoriented defects formed during the solidification of single-crystal (SC) nickel-based superalloys, which are used for
turbine blades in jet engines and power generators. Freckles can cause degradation in a turbine blade’s mechanical properties at high
temperatures, and their elimination is of prime technological importance. Employing atom-probe tomography (APT), analytical
transmission electron microscopy and dual-beam focused ion-beam microscopy, the chemical compositions of dendritic cores and
inter-dendritic regions for both the freckles and the base material in a multicomponent Ni-based alloy are analyzed. The densities of four
liquid-compounds with the same compositions measured using APT are calculated, and it is demonstrated that the inter-dendritic liquids
have considerably smaller densities than liquids with compositions the same as the dendritic cores. The latter serves as a quantitative
measure for the likelihood of freckle formation.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Turbine engines for aeronautical jet engines or gas-fired
land-based power generators can produce up to 480 MW
[1]. To sustain the extreme conditions of high pressure
(>50 atm), high temperatures (>1200 �C) and high rota-
tional velocities (>104 rpm) prevailing in the combustion
unit, the turbine blades of these engines are currently fab-
ricated from single-crystal (SC) Ni-based superalloys [2–
5]. These alloys consist of a Ni-rich face-centered cubic
(fcc) matrix (c phase) and a large volume fraction (>70%)
of Ni3Al (L12)-type c0 precipitates, and contain alloying
elements responsible for solid-solution strengthening of
the c matrix as well as for reducing the coarsening rate
of the c0 precipitates (e.g. Mo, W, Nb and Re additions).
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Other elements are added, such as Ta, Ti and Nb, to
increase the nucleation current of the c0-Ni3(Al,Ta,Ti,Nb)
precipitates [2,4,5].

Elevation of the engine’s working temperatures is
required to maximize thermodynamic efficiency, that is,
obtaining higher ratios of energy yield to fuel consumption
[2,6]. A major factor limiting the operating temperatures is
the formation of chains of misoriented grains, called “freck-
les” [2,4,7–9], on the surface of the SC turbine blades, which
form during solidification. Freckles introduce internal inter-
faces and serve as nucleation sites for micro-cracks as well as
short-circuit diffusion paths, thereby reducing creep resis-
tance at operating temperatures [1]. Therefore, the prime
technological challenge is to eliminate the formation of
freckles. Complete characterization of an alloy’s crystallog-
raphy, morphology and composition at the micrometer to
nanometer length scales can help us to achieve this goal.

Prior investigations indicated that the formation of
freckles is associated with thermosolutal convection [10–
13] occurring in the mushy zone of the solidification front
in the form of dendrite arms [14,15]. Convection currents
rights reserved.
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occur when the inter-dendritic liquid is either enriched by
light elements or depleted of heavy elements, thus decreas-
ing the liquid’s local density [5]. The effect of W and Re in
promoting, and of Ta and Mo in hindering, freckle forma-
tion is known [7,8,16,17]. There are, however, important
open questions concerning the role of minority elements
in the formation of freckles. It has been suggested that
freckles form when a critical Rayleigh number R is
exceeded [11,18–22]. The Rayleigh number reflects the
competition between the buoyancy force acting on a unit
volume of liquid and the retarding frictional force in the
mushy zone, which is defined by:

R ¼ ðDq=q0ÞgPl
am

ð1Þ

where l is a characteristic length scale of a primary den-
drite-arm spacing, q0 is the average density of the liquid,
and Dq is the difference in the liquid density along the solid-
ification front. The term Dq/q0 is defined as the density
inversion term; P is the average permeability (determined
from the primary dendrite-arm spacing); g is the gravita-
tional acceleration; a is the thermal diffusivity; and m is
the kinematic viscosity of the inter-dendritic liquid. Thus,
freckle formation is anticipated to be sensitive to Dq/q0,
as well as to P of the dendritic array.

Of all the factors in Eq. (1), the Dq/q0 term is the only
one that is directly related to an alloy’s composition. Esti-
mating Dq/q0 is not straightforward, especially in multi-
component systems such as Ni-based superalloys, since it
depends on accurate quantification of all elements. Of pri-
mary interest are the minority elements Hf, Ta, W and Re,
which have concentrations ranging from 0.05 to 3 at.%.
However, they possess relatively large atomic masses
(178.49, 180.95, 183.84 and 186.21 g mole�1, respectively)
and, therefore, significantly affect density inversion of the
liquid during solidification. Employing conventional tech-
niques, such as energy-dispersive X-ray spectroscopy
(EDS), does not permit accurate quantification of elements
with low concentrations (<0.5 at.%), owing to either low
detectability or limited spectral resolution manifested by
peak overlap [23,24]. In view of this, atom-probe tomogra-
phy (APT) [25–31] was used in combination with transmis-
sion electron microscopy (TEM) and EDS to analyze the
compositions of the dendritic and inter-dendritic regions
of both the matrix and the freckles. The marked advantage
of APT is that it offers superior mass resolving power (m/
Dm) and detectability. For instance, a mass resolving
power of m/Dm > 900 at the full-width half-maximum
(FWHM) of the 58Ni2+ peak is obtained for Ni-based
superalloys, and its detectability achieves <10 at. ppm with
a detection efficiency of �50%, regardless of the detected
species. From the measured values of these compositions,
their densities are calculated employing a semi-empirical
method, which obtains the molar volume of a multicompo-
nent compound from the partial molar volume of each con-
stituent as measured in binary and ternary compounds [32].
This procedure yields the so-called density inversion term.
Please cite this article in press as: Amouyal Y, Seidman DN. An atom
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2. Experimental procedures

A multicomponent Ni-based alloy was studied, with
the nominal composition Ni–15.1 Al–7.73 Cr–7.31 Co–
1.97 Ta–0.9 Mo–0.75 W–0.46 Re–0.67 C–0.05 Hf
(at.%), namely ME-15 [13]. This alloy was melted and
directionally solidified by Precision Casting Corpora-
tion-Airfoils (Beachwood, OH) employing the Bridgman
technique with a 0.056 mm s�1 withdrawal rate and an
estimated thermal gradient of 540 K m�1, no cooling
liquid, to form h1 0 0i-oriented cylindrical (12.7 mm
diameter) SC [13]. APT microtips are lifted out [33,34]
from selected regions of interest (ROI) of the bulk using
Ga+ ion-milling employing an FEI Helios NanoLab dual-
beam focused ion-beam (FIB) microscope [35]. Ion-beam
milling is performed in several stages, beginning with a
high-energy, 30 keV Ga+ ion beam, and gradually
decreasing the voltage to 2 keV. Pulsed-laser APT is per-
formed using a local-electrode atom-probe (LEAP) 4000X
Si tomograph [26,27], manufactured by Cameca (formerly
Imago Scientific Instruments). This LEAP tomograph
uses an ultraviolet (UV) laser with a 355 nm wavelength
and in-vacuum optics which focus the beam to a waist
of <5 lm at the e�2 intensity, thereby minimizing micro-
tip heating. The experimental conditions are: (i) a speci-
men temperature of 40 ± 0.3 K; (ii) a gauge pressure of
<5 � 10�9 Pa; (iii) a 200 kHz pulse repetition rate; (iv) a
pulse duration of <10 ps; and (v) an energy of 50 pJ
per pulse, yielding a �20% effective pulse fraction. Data
analysis was performed using IVAS 3.4.1 software (Cam-
eca, Madison, WI) yielding elemental distributions in the
three-dimensional (3-D) nanospace; compositional infor-
mation was obtained employing the proximity histogram
technique [36]. The atomic fraction of an element i, Ci, in
a given analysis volume is determined with an uncertainty
of 2rc, where rc is the standard deviation of an individual
measurement within a population of N atoms [29], which
is given by:
rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cið1� CiÞ

N

r
ð2Þ

Conventional TEM was performed using a Hitachi

HF-8100 microscope to complement and supplement the
APT results. To assist in identification of the freckles,
the surface orientation of freckles and their surrounding
SC were determined by performing electron backscattered
diffraction (EBSD) [37,38] using an Oxford HKL EBSD
(Oxford Instruments). Additional microstructural imaging
and chemical composition analyses were implemented by
field-emission scanning electron microscopy (SEM) using
a Hitachi S-4800 instrument. The chemical compositions
of the dendritic cores and the inter-dendritic regions (at
the 10–100 lm length scale) were ascertained using EDS
[39], employing an INCAx-sight (Oxford Instruments)
detector. To optimize elemental quantification, the X-
ray intensities were calibrated using the Cu Ka peak
-probe tomographic study of freckle formation in a nickel-based
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obtained from a pure reference Cu foil. All measurements
were performed using identical conditions of beam cur-
rent (60 nA) at an accelerating voltage of 20 kV, yielding
�6 kcounts s�1, for an acquisition time of 500 s with a
26% dead time. X-ray spectra were collected with an
energy resolution of 10 eV per channel. For elemental
quantification, the most intense peaks of all elements
were selected, except for Ta, W and Re. The latter were
quantified using the Lb lines (9.2–10.2 keV), which are
less intense than the Ma lines (1.6–2.0 keV) but are
resolvable without overlaps.

Vickers microhardness testing was performed for
selected areas in the dendritic cores and the inter-dendritic
regions to supplement the compositional analysis in these
regions. A Struers Duramin-5 microhardness indentation
instrument was used, applying a force of 490.3 mN for
10 s durations.

The computational thermodynamics package Thermo-
Calc [40–42] was used with a database for Ni-based
superalloys (Thermotech Ni-alloy database ver.8) [43,44]
to supplement and complement the experimental results.
Calculations of the equilibrium compositions of all possi-
ble phases were performed for different temperatures.
Fig. 1. (a) SEM image of the cross-section normal to the growth direction show
of a freckle fragment indicating its preferred {1 1 1} surface orientation (appear
SEM image of the dendritic cores and the inter-dendritic regions in the SC. The
TEM image along the [0 0 1] zone-axis exhibiting a high volume-fraction of cub
from this area showing that the {1 0 0}-faceted precipitates are aligned along th
represented only by elements Al (red/light) and Cr (blue/dark), for clarity. (For
referred to the web version of this article.)
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3. Results

3.1. Microstructural characterization

The directionally solidified alloy comprises a SC and
freckles with typical dimensions of 0.1–1 mm diameter.
Fig. 1a displays a SEM image of a freckle (light) on the
SC background (dark). EBSD analysis indicates that the
SC is uniformly aligned along the h1 0 0i direction, while
the freckle is highly misoriented with respect to the SC
(Fig. 1b and c). Both the SC and freckles possess a den-
dritic microstructure with a typical periodicity of �50 lm
(secondary arm spacing). The inter-dendritic regions con-
tain a larger volume fraction of the c0 precipitates than
the dendritic cores (Fig. 1d), in which the contrast is due
to the c0 precipitates (dark). TEM analysis of the dendritic
cores indicates a volume fraction of �70% of cuboidal-
shaped c0 precipitates surrounded by c channels (Fig. 1e).
Fig. 1f displays a selected-area electron diffraction (SAED)
pattern acquired from the same region, with reflections
from the c(fcc) matrix and the c0(L12) precipitates, indi-
cated by the pattern of alternating strong and weak diffrac-
tion spots. Fig. 1e and f demonstrates that the c0
ing a freckle (light) on the SC background (dark). (b and c) EBSD pattern
s in blue/dark), while the SC is {1 0 0}-oriented (indicated in red/light). (d)
dendritic cores are light due to the high volume-fraction of the c0 phase. (e)
oidal c0 precipitates surrounded by thin c channels. (f) SAED pattern taken
e h1 0 0i directions. (g) APT reconstruction showing both c and c0 phases,
interpretation of the references to colour in this figure legend, the reader is
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Fig. 2. (a) SEM image displaying the four ROIs: the dendritic cores in the
SC (SC-DC); in the freckles (F-DC); the inter-dendritic regions in the SC
(SC-ID); and in the freckles (F-ID). Also presented are 3-D APT
reconstructions of samples lifted-out from the four ROIs: (b) SC-DC; (c)
SC-ID; (d) F-DC; (e) F-ID. All APT reconstructions exhibit two-phase
c + c0 microstructures; these phases are identified by the strong partition-
ing of Cr (blue/dark) to the c phase and of Al (red/light) to the c0 phase.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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precipitates are aligned along the h1 0 0i-type directions
and possess {1 0 0}-type facets. Both sets of diffraction
spots overlap because of the small c/c0 lattice-parameter
misfit (�0.1%) [2].

A detailed analysis of ME-15’s microstructure is pre-
sented elsewhere [45]. This study analyzes compositions at
the coarse and intermediate length scales, which are
SC–freckles with 0.1–1 mm freckle diameter and dendritic-
core–inter-dendritic regions with �50 lm secondary-
dendrite arm-spacing, respectively, using EDS. For the fine
length-scale, c channels/c0 precipitates with an average pre-
cipitate diameter of 0.1–1 lm, APT was employed (Fig. 1g).

3.2. EDS analysis of the four RIOs

Four RIOs are defined: (i) the dendritic cores in the SC
(SC-DC); and (ii) in the freckles (F-DC); (iii) the inter-
dendritic regions in the SC (SC-ID); and (iv) in the freckles
(F-ID). These four ROI are indicated in Fig. 2a.

Three EDS measurements were performed for three sepa-
rate regions in each one of the four ROIs. EDS spectra were
collected from areas of �10 � 10 lm2, which are small
enough that the ROIs are resolved, and they are simulta-
neously large enough to allow statistically reliable data
acquisition from the inhomogeneous c/c0 texture. To verify
the quality of the data, it was made certain that the statistical
sampling standard deviation of the three measurements was
comparable with the instrumental error; both relative errors
range between 0.2 and 4%, depending on the element. The
concentrations of Ni, Al, Cr, Co, Mo, Ta, W and Re were
quantified for these four ROIs (Table 1).

Table 1 demonstrates that Al and Ta partition to the
inter-dendritic regions of the SC (SC-ID), whereas Co, W
and Re partition to the dendritic cores of the SC
(SC-DC). This agrees with the known tendency of the for-
mer elements to partition to the liquid, and the latter to
partition to the solid during solidification [4,7,8,16,17].
The same trend is observed within the freckles: Al and
Ta partition to the inter-dendritic regions (F-ID), and
Co, W and Re partition to the dendritic cores (F-ID). A
partitioning preference for Cr and Mo is not noticeable
(Table 1), owing to the relatively large uncertainties typical
of EDS and the proximity of the concentrations of these
elements measured at ROI SC-DC and SC-ID, as well as
F-DC and F-ID. The concentrations of C and Hf were
not analyzed in this way because the concentration of Hf
is below the EDS detection limit, and the concentration
of C is below the quantification limit [39].

3.3. APT analysis of the four RIOs

To obtain accurate analyses of the compositions of the
four ROIs with a better detection limit, APT analysis was
performed in combination with EDS-SEM [46]. Dual-beam
FIB microscopy was employed to lift out selectively speci-
mens in the form of micrometer-size beams from the four
ROIs of ME-15 [33,34]. These wedge-like beams are
Please cite this article in press as: Amouyal Y, Seidman DN. An atom
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attached to silicon microposts, and then sharpened to nee-
dle-shaped microtips with a radius of curvature �40 nm for
APT analysis [45]. A total of ten, eight, six and four
specimens were successfully lifted out from ROI SC-DC,
-probe tomographic study of freckle formation in a nickel-based
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Table 1
Compositions of the four ROIs analyzed using EDS; only elements Ni, Al, Cr, Co, Mo, Ta, W and Re are above the quantification limit; all concentrations
are in at.%.

Element SC, dendritic cores
(SC-DC)

SC, inter-dendritic
regions (SC-ID)

Freckle, dendritic
cores (F-DC)

Freckle, inter-dendritic
regions (F-ID)

Ni 67.26 ± 0.12 68.04 ± 0.28 67.05 ± 0.41 67.38 ± 0.28
Al 11.20 ± 0.07 12.88 ± 0.38 10.38 ± 0.32 12.13 ± 0.21
Cr 7.68 ± 0.10 7.16 ± 0.35 8.38 ± 0.22 8.22 ± 0.19
Co 8.04 ± 0.03 6.94 ± 0.21 8.33 ± 0.12 7.25 ± 0.11
Mo 0.84 ± 0.01 0.86 ± 0.02 0.93 ± 0.04 0.98 ± 0.05
Ta 1.15 ± 0.03 2.01 ± 0.22 1.07 ± 0.11 1.87 ± 0.14
W 3.05 ± 0.04 1.87 ± 0.15 2.99 ± 0.15 1.83 ± 0.14
Re 0.77 ± 0.04 0.25 ± 0.06 0.86 ± 0.08 0.34 ± 0.06
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SC-ID, F-DC and F-ID, respectively, and analyzed using
LEAP tomography. Further data analyses, including 3-D
reconstructions of the chemical identities and locations of
the atoms detected, reveals that only five specimens from
ROI SC-DC and one specimen from each of ROI SC-ID,
F-DC and F-ID exhibit a two-phase c + c0 structure. The
remainder of the specimen exhibits a single-phase c0 struc-
ture. Fig. 2 displays 3-D APT reconstructions taken from
the four ROIs. For clarity, only two elements are pre-
sented: Al (red/light) and Cr (blue/dark). Both phases are
identified from the strong partitioning of Al to the c0 phase
and Cr to the c phase, which are distinguished by 14, 14, 5
and 13 at.% Cr isoconcentration surfaces for ROI SC-DC,
SC-ID, F-DC and F-ID, respectively. Fig. 2 exhibits a clear
distinction between the c matrix and large primary c0 pre-
cipitates (diameter >30 nm) in ROIs SC-ID, F-DC and F-
ID. For ROI SC-DC, small secondary c0 precipitates
(diameter <5 nm) are also identified. A list of the composi-
tions of the c and c0 phases as measured with LEAP tomog-
Table 2
Compositions of the c and c0 phases in the four ROIs analyzed using APT; the c
at.%.

Element in phase SC, dendritic cores
(SC-DC)

SC, inter-dendritic
regions (SC-ID)

Ni c 53.669 ± 0.039 45.513 ± 0.160
c0 68.913 ± 0.031 67.666 ± 0.056

Al c 3.621 ± 0.008 4.060 ± 0.040
c0 17.673 ± 0.013 19.143 ± 0.025

Cr c 20.792 ± 0.021 26.688 ± 0.114
c0 2.46 ± 0.005 3.105 ± 0.009

Co c 14.758 ± 0.018 16.804 ± 0.087
c0 5.282 ± 0.007 5.124 ± 0.012

Mo c 1.301 ± 0.005 2.277 ± 0.030
c0 0.479 ± 0.002 0.619 ± 0.004

Ta c 0.097 ± 0.001 0.221 ± 0.09
c0 1.859 ± 0.004 2.265 ± 0.008

W c 3.529 ± 0.008 2.689 ± 0.033
c0 2.853 ± 0.005 1.931 ± 0.007

Re c 2.148 ± 0.006 1.341 ± 0.023
c0 0.158 ± 0.001 0.084 ± 0.002

Hf c 0.0082 ± 0.0004 0.097 ± 0.006
c0 0.0119 ± 0.0003 0.030 ± 0.001

Fe c 0.059 ± 0.001 0.201 ± 0.009
c0 0.0119 ± 0.0003 0.012 ± 0.001

B c 0.016 ± 0.001 0.110 ± 0.007
c0 0.0138 ± 0.0003 0.020 ± 0.001

Please cite this article in press as: Amouyal Y, Seidman DN. An atom
superalloy. Acta Mater (2011), doi:10.1016/j.actamat.2011.07.030
raphy for the four ROIs, with a measurement uncertainty
of 2rc (Eq. (2)) appears in Table 2.

Table 2 demonstrates that, in addition to the elements
belonging to the ME-15’s nominal composition (Section 2),
Fe and B are also detected as impurity elements. Their con-
centrations are 0.010 ± 0.001 at.% for B in the c0 phase in
ROI F-DC. In addition, C, Pt and Ga ions are also
detected and quantified (typical concentrations <0.7 at.%
each), but are not included in Table 2 since their presence
is associated with the Ga+ ion-milling process [33–35].
After excluding these three elements, all the concentrations
in Table 2 are renormalized to 100 at.% in each phase.
Based on the concentrations in Table 2, the partitioning
ratios Kc0=c

i [45,47] of the elements detected are calculated:

Kc0=c
i ¼ Cc0

i

Cc
i

ð3Þ

where Cc
i and Cc0

i are the concentrations of a given element
i in the c and c0 phases, respectively. Fig. 3 is a schematic
oncentrations of Ni, Al, Cr, Co, Mo, Ta, W, Re, Ha, Fe and B are given in

Freckle, dendritic cores
(F-DC)

Freckle, inter-dendritic
regions (F-ID)

67.106 ± 0.076 45.251 ± 0.135
67.935 ± 0.055 67.054 ± 0.105
5.018 ± 0.017 5.165 ± 0.039
19.548 ± 0.025 19.643 ± 0.048
8.975 ± 0.023 31.463 ± 0.107
2.947 ± 0.009 3.275 ± 0.018
11.719 ± 0.026 12.589 ± 0.063
6.287 ± 0.013 5.467 ± 0.024
1.514 ± 0.009 2.400 ± 0.026
0.335 ± 0.003 0.894 ± 0.009
1.628 ± 0.009 0.076 ± 0.005
1.039 ± 0.005 1.045 ± 0.010
3.385 ± 0.014 1.932 ± 0.023
1.761 ± 0.007 2.280 ± 0.015
0.561 ± 0.005 0.932 ± 0.016
0.129 ± 0.002 0.249 ± 0.005

0.011 ± 0.002
0.023 ± 0.002

0.073 ± 0.002 0.082 ± 0.005
0.008 ± 0.000 0.013 ± 0.001
0.022 ± 0.001 0.098 ± 0.005
0.010 ± 0.001 0.056 ± 0.002

-probe tomographic study of freckle formation in a nickel-based

http://dx.doi.org/10.1016/j.actamat.2011.07.030


Fig. 3. The partitioning ratios Kc0=c
i of all elements detected by APT, for

the four ROI, calculated using Eq. (3) based on the APT results in Table 2.
Values of Kc0=c

i < 1 indicate c phase preference and Kc0=c
i > 1 indicates c0

phase preference. The Kc0=c
i ¼ 1 case (equal preference) is indicated by a

dotted line.

Fig. 4. VHN measured in the four ROI, indicating larger VHN values in
the dendritic cores, where the general VHNs in the freckles are
considerably larger than in the SC.
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representation of the measured Kc0=c
i values in Table 2 and

for the four ROIs.
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3.4. Microhardness testing of the four RIOs

Vickers microhardness testing for the four ROIs was per-
formed to supplement their compositional analyses, given
that the microhardness is sensitive to the concentration of
solid-solution strengthening elements as well as to the vol-
ume fraction of the c0 precipitates. The conditions listed in
Section 2 were chosen so that the characteristic diameter of
a tested region ranges between 13 and 15 lm, which is small
enough to resolve the ROI from each other and, simulta-
neously, it is large enough to probe the inhomogeneous c/
c0 texture with a characteristic precipitate diameter of
1 lm. For each ROI, 30 micro-indentations were performed,
and the average values were calculated as well as the normal
standard deviations of Vickers microhardness number
(VHN). The average VHN for the four ROI are: 390 ± 11
and 532 ± 27 for the dendritic cores in the SC (SC-DC)
and in the freckles (F-DC), respectively, and 369 ± 12 and
448 ± 27 for the inter-dendritic regions in the SC (SC-ID)
and in the freckles (F-ID), respectively. Fig. 4 displays these
VHN for the four ROI.

4. Discussion

4.1. How to combine 3-D APT with EDS

Section 3.2 demonstrated that the compositions mea-
sured using EDS analyses are representative of large length
scales, the four ROIs, typically up to 100 lm dendritic-arm
spacing. The EDS detectability is too small to quantify the
concentrations of the minority elements such as Hf, Fe and
B. Moreover, the quantification uncertainty does not
enable one to recognize any clear partitioning preference
for Cr and Mo (Table 1). Alternatively, the APT results
in Section 3.3 provide the advantage of superior mass
-probe tomographic study of freckle formation in a nickel-based
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Fig. 6. A lever-rule diagram plotted for two ROIs: the dendritic cores (F-
DC, empty circles) and the inter-dendritic regions (F-ID, full squares) of
the freckle. The ordinate is the difference between the average concentra-
tion of an element i in the pertinent ROI, Cavg

i , measured using EDS, and
its concentration in the c phase, Cc

i , measured using APT. The abscissa is
the difference between the concentrations of i in the c0 and c phases,
Cc

i � Cc
i , measured using APT. The elements shown are those detected by

EDS only, while the concentrations of the other minority elements as well
as the c0 volume fractions, /c0 , are interpolated using the linear-fitting
formulae represented by the dotted and solid lines for ROIs F-DC and F-
ID, respectively.
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resolving power and detectability, which are applicable for
smaller length scales of 10–100 nm. It is now demonstrated
how to extract elemental compositions combining APT and
EDS/SEM, which have two disparate length scales. In this
manner, elemental quantification is obtained with the same
sensitivity and accuracy characteristic of 3-D APT in par-
allel with acquiring results that are representative of large
regions, such as the four ROIs.

The lever rule method is applied [48–54], which is based on
the principle of mass conservation for the concentration of
each element i measured in the c and c0 phases, Cc

i and Cc0

i ,
respectively, and its average concentration Cavg

i in a given
ROI containing both c and c0 phases [45], which is given by:

Cavg
i ¼ Cc

i þ ðCc0

i � Cc
i Þ � /c0 ð4Þ

where /c0 is the volume fraction of the c0 precipitates. The
Cavg

i values are measured in the entire ROI using EDS/
SEM (Table 1), while Cc

i and Cc0

i are measured using
APT (Table 2). For each element i, the difference between
Cavg

i and Cc
i is calculated and also the difference between

Cc0

i and Cc
i . Next, ðCavg

i � Cc
i Þ vs ðCc0

i � Cc
i Þ is plotted for

all elements detected by EDS for the four ROI. The result
yields a linear dependence, a lever-rule-type diagram, with
a slope equal to /c0 . Fig. 5 is a lever-rule diagram for the
average concentrations in the SC dendritic cores (SC-DC,
circles) and inter-dendritic regions (SC-ID, squares) [45].

Similarly, a lever-rule diagram is plotted for the average
concentrations in the freckle dendritic cores (F-DC, circles)
and inter-dendritic regions (F-ID, squares) in Fig. 6.
Fig. 5. A lever-rule diagram plotted for two ROI: the dendritic cores (SC-
DC, empty circles) and the inter-dendritic regions (SC-ID, full squares) of
the SC. The ordinate is the difference between the average concentration of
an element i in the pertinent ROI, Cavg

i , measured using EDS, and its
concentration in the c phase, Cc

i , measured using APT. The abscissa is the
difference between the concentrations of i in the c0 and c phases, Cc0

i � Cc
i ,

measured using APT. The elements shown are those detected by EDS
only, while the concentrations of the other minority elements as well as the
c0 volume fractions, /c0 , are interpolated using the linear fitting formulae
represented by the dotted and solid lines for ROI SC-DC and SC-ID,
respectively.
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A linear regression analysis is performed for each of the
four ROI, which exhibit a linear dependence with R2 values
of 0.97, 0.97, 0.79 and 0.96 for ROI SC-DC, SC-ID, F-DC
and F-ID, respectively. The linear curves are constrained to
intercepting the origin, so that they comply with the gen-
eral form of Eq. (4).

Figs. 5 and 6 show a marked degree of consistency
between the quantitative results from EDS and 3-D APT,
indicated by reasonable fits to linear regression trend lines.
The lever rule method was used earlier [48–54] to confirm
the consistency between the concentrations measured by
3-D APT and the nominal concentrations, as well as to
evaluate the volume fractions of the phases. This study
demonstrates, however, a more powerful application of
this method, which enables one to derive the average con-
centration of any element in the four ROIs, even for those
not detected by EDS. This is achieved by deriving a master
equation for every ROI with Cc

i and Cc0

i as input values
from APT measurements (Table 2), and yielding accurate
average concentrations of each element in the entire ROI.
The curve-fitted master equations are

CSC-DC
i ¼ Cc

i þ ð0:73� 0:05Þ � ðCc0

i � Cc
i Þ ð5Þ

for ROI SC-DC

CSC-ID
i ¼ Cc

i þ ð0:86� 0:06Þ � ðCc0

i � Cc
i Þ ð6Þ

for ROI SC-ID

CF-DC
i ¼ Cc

i þ ð0:41� 0:08Þ � ðCc0

i � Cc
i Þ ð7Þ
-probe tomographic study of freckle formation in a nickel-based
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Fig. 7. The average concentrations of Ni, Al, Cr, Co, Mo, Ta, W, Re, Hf,
Fe and B in ROI SC-ID calculated employing the lever rule method (Eq.
(6) and Fig. 5), indicated by the blue bars. These values are calculated
based on the concentrations measured in the c and c0 phases (green and
red bars, respectively) using APT. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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for ROI F-DC, and

CF-ID
i ¼ Cc

i þ ð0:84� 0:07Þ � ðCc0

i � Cc
i Þ ð8Þ

for ROI F-ID. First, the c0 volume fractions in ROIs
SC-DC, SC-ID, F-DC and F-ID are derived from Eqs.
(5)–(8), and their respective values are: /c0 ¼ 73� 5;
86� 6; 41� 8 and 84 ± 7 vol.%. Secondly, the average
concentrations of all elements detected by APT from Eqs.
(5)–(8) are interpolated for ROIs SC-DC, SC-ID, F-DC
and F-ID, respectively. Fig. 7 exemplifies the relationship
between the concentrations of elements measured in the c
and c0 phases of ROI SC-ID, Cc

i and Cc0

i , respectively,
and the corrected average concentration value in this
ROI, CðSC-IDÞ

i .
It is seen that the concentration of each element in the

entire ROI SC-ID (CðSC-IDÞ
i , blue bars) has an intermedi-

ate value between its concentration in the c (green bars)
and in the c0 (red bars) phases. An accurate value of
Table 3
Compositions of the four ROIs calculated using the lever rule methodology, ta
(Table 2); all concentrations are given in at.%.

Element SC, dendritic cores
(SC-DC)

SC, inter-dendritic regions
(SC-ID)

Ni 64.80 ± 0.80 64.58 ± 1.51
Al 13.88 ± 0.71 17.04 ± 0.95
Cr 7.62 ± 0.88 6.39 ± 1.29
Co 7.84 ± 0.46 6.75 ± 0.61
Mo 0.71 ± 0.04 0.85 ± 0.07
Ta 1.38 ± 0.09 1.98 ± 0.13
W 3.04 ± 0.03 2.04 ± 0.02
Re 0.70 ± 0.09 0.26 ± 0.06
Hf 0.011 ± 0.001 0.039 ± 0.001
Fe 0.025 ± 0.001 0.038 ± 0.005
B 0.014 ± 0.001 0.033 ± 0.001
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CðSC-IDÞ
i is determined from /c0 in ROI SC-ID (Eq. (6)).

A similar procedure was performed for the other ROIs.
Table 3 presents the corrected concentrations in ROIs
SC-DC, SC-ID, F-DC and F-ID, based on Eqs. (5)–(8).

These corrected concentrations are graphically repre-
sented in Fig. 8.

The advantage of this methodology is the ability to
exploit both techniques: (1) EDS is useful for the length
scale >10 lm, but has poor detectability (>0.2 at.%); and
(2) 3-D APT offers excellent detectability (10 at. ppm)
and mass resolving power (practically m/Dm > 900 at
FWHM), but can only be employed for the 10–200 nm
length scale. This unique combination provides high detect-
ability measurements, which represent large areas, pro-
vided that possible correlations between different EDS
measurements are examined statistically (Section 3.2).
Moreover, it can be used for any two-phase system, no
matter how far the system is from thermodynamic
equilibrium.

4.2. c/c0 phase preference of elements for the four ROI

For the SC, ROIs SC-DC and SC-ID, Fig. 3 indicates
normal partitioning behavior of Al and Ta to the c0 phase
(Kc0=c

i > 1) and of Cr, Co, Mo, W, Re and Fe to the c phase
(Kc0=c

i < 1) [7,8,16,17,45,47,55,56]. The partitioning behav-
ior of Hf is, however, inconsistent: Kc0=c

Hf ¼ 1:44� 0:08 (c0

preference) for ROI SC-DC and Kc0=c
Hf ¼ 0:31� 0:02 (c

preference) for ROI SC-ID, which can be explained by
the sensitivity of Kc0=c

Hf to the Cr and Co concentrations
[45]. A similar trend is observed in the freckle, ROI F-
DC and F-ID, except for W and Ta, which deviate from
their normal partitioning behavior: Ta partitions to the c
phase in ROI F-DC with Kc0=c

Ta ¼ 0:702� 0:005, and W to
the c0 phase in ROI F-ID, Kc0=c

W ¼ 1:18� 0:02. The result
that Kc0=c

Ta is <1 for ROI F-DC is exceptional, since the sub-
stitutional formation energy of Ta in the c0 phase is consid-
erably smaller than in the c phase [47,57–60]. This can be
understood, however, considering the Al depletion in
ROI F-DC (11.36 at.%, Table 3 and Fig. 8a), and noting
that Ta atoms occupy the Al-sublattice sites in an ordered
Ni3Al(L12) phase [61–75]. The case of Kc0=c

W > 1 observed in
king into account the concentrations measured by EDS (Table 1) and APT

Freckle, dendritic cores
(F-DC)

Freckle, inter-dendritic
regions (F-ID)

67.47 ± 0.62 63.56 ± 1.66
11.36 ± 1.21 17.32 ± 1.05
6.35 ± 0.40 7.79 ± 1.87
9.35 ± 0.33 6.61 ± 0.44
1.00 ± 0.08 1.14 ± 0.08
1.37 ± 0.03 0.89 ± 0.07
2.68 ± 0.09 2.23 ± 0.06
0.37 ± 0.03 0.36 ± 0.03

0.021 ± 0.004
0.045 ± 0.003 0.024 ± 0.002
0.017 ± 0.001 0.063 ± 0.001
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Fig. 8. The average concentrations of Al, Cr, Co, Mo, Ta, W, Re, Hf, Fe
and B in the four ROIs calculated employing the lever rule method
(Table 3). Comparison between the concentrations in ROI SC-ID (green
bars) and SC-DC (red bars) indicates that Al, Ta, Fe, Hf and B partition
strongly to the liquid in the SC, whereas W and Re unequivocally exhibit
solid-phase partitioning. For the freckle, a similar trend is observed
comparing ROI F-ID (cyan bars) and F-DC (blue bars), except for Ta and
Fe, which exhibit solid-phase partitioning. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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ROI F-ID, which is unusual for multicomponent Ni-based
alloys, can be explained by the relatively small concentra-
tion of Ta in ROI F-ID (0.89 ± 0.07 at.%, Table 3 and
Fig. 8b). The interplay between Ta and W in Ni-based
alloys was investigated and explained [47,57]. In addition,
Cr exhibits a larger partitioning ratio in the freckle
(Kc0=c

Cr ¼ 0:361� 0:001, ROI F-DC) with respect to the SC
(an average of Kc0=c

Cr ¼ 0:125� 0:008 in ROI SC-DC)
(Fig. 3a). Also, Re is found to have larger partitioning
ratios in the freckle: Kc0=c

Re ¼ 0:253� 0:004 in ROI F-DC
and Kc0=c

Re ¼ 0:267� 0:007 in ROI F-ID (Fig. 3b) with
respect to the SC, where Kc0=c

Re ¼ 0:073� 0:001 and
0.063 ± 0.002 in ROIs SC-DC and SC-ID, respectively.
This indicates that the chemical composition of the alloys
affects the partitioning ratios of its elements.

4.3. Solid/liquid partitioning behavior of all elements

The methodology rests upon the assumption that the
chemical composition of the dendritic cores in the SC is
equal to that one of the first solid formed; whereas the
composition of the inter-dendritic regions is equal to that
of the last remaining liquid prior to solidification [12,15].
The tendency of each element to partition to solid or liquid
during solidification can be inferred from Fig. 8. For the
SC, Al, Ta, Fe, Hf and B partition strongly to liquid, which
is distinguished by comparing the concentrations of these
elements in the inter-dendritic regions (SC-ID, green bars)
and in the dendritic cores (SC-DC, red bars). Mo exhibits a
similar trend, but more ambiguously, owing to its large rel-
ative errors (Fig. 8b). Conversely, W and Re unequivocally
exhibit solid-phase partitioning (Fig. 8b), and a similar
trend is observed for Cr and Co, limited by relatively large
error bars (Fig. 8a). These characteristic behaviors of solid
and liquid partitioning were observed in earlier studies,
except for Mo, which was found to partition to the solid
[8,13,55]. For the freckle, it is observed that Al, Co, Mo,
W and B exhibit the same above-mentioned solid/liquid
partitioning behavior. No clear partitioning preference in
the freckle is discerned for Cr and Re, however, since they
have relatively similar concentrations in the dendritic cores
(F-DC, blue bars) and in the inter-dendritic regions (F-ID,
cyan bars), considering the error bars. The explanation for
this is based on the mechanism of freckle formation [10–
13,76,77], indicating that abrupt changes in an alloy’s local
composition occur close to the solid/liquid interface, in
which Al and Ta partition to the inter-dendritic liquid
and of Cr, Co, Mo, W and Re partition to the solid den-
dritic cores. Nucleation of freckles occurs, however, in
the upper region of the liquid, far from the solid
[18,19,78,79], where the composition of the liquid is homo-
geneous and close to the nominal value. Variations in the
local composition within the freckles are assumed, there-
fore, to be moderate compared with the SC [45].

Importantly, it is found that the solid/liquid partitioning
behavior for Ta and Fe is inconsistent with respect to the
-probe tomographic study of freckle formation in a nickel-based
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SC. This means that the general trend of Ta and Fe is
liquid-phase partitioning; however, within the freckle Ta
and Fe partition to the solid.

A general correlation is found between the solid/liquid
partitioning of elements at the micrometer scale (10–
100 lm) during solidification and the c/c0 partitioning of
the same elements at the nanometer scale (10–100 nm) dur-
ing the c! c0 + c (different composition) phase transfor-
mation. This trend has been observed in different alloys
[55,56] and explained elsewhere [45]. This correlation is
revealed by comparing Figs. 3 and 8, which show that
Cr, Co, W and Re partition to the solid, ROI SC-DC in
Fig. 8, and also to the c phase in Fig. 3. Following this
trend, a c phase preference of Mo, Kc0=c

Mo < 1, is observed
in Fig. 3b and, therefore, solid phase partitioning is antic-
ipated. Actually, Fig. 8b points to the opposite partitioning
tendency. This is, however, associated with poorer resolu-
tion between the bars denoting ROIs SC-DC and SC-ID,
owing to large relative errors. In this manner, Al and Ta
partition to the liquid (ROI SC-ID, Fig. 8), and also to
the c0 precipitates (Fig. 3). This effect is not discussed with
respect to Hf, Fe and B, since they are minority elements
and their phase partitioning behavior is most likely dic-
tated by inter-atomic interactions with other elements
[47,57,80–82].

4.4. Computational thermodynamics

With the compositions of the four ROIs calculated
(Table 3), each of these ROI is now considered as a differ-
ent alloy, and computational thermodynamic simulations
are performed for these ROIs using Thermo-Calc
(Section 2).

First, the transition temperatures between the following
phases are simulated, in the following sequence:
liquid! c! c0 for the four ROIs. It is found that the tem-
Fig. 9. The c, c0 and liquid phase fields in the four ROIs, calculated for the
average compositions listed in Table 3 using Thermo-Calc. The degree of
super-cooling initiating the solidification is inferred from the difference
between the c-liquidus lines for ROIs SC-DC and SC-ID.
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peratures at which the first solid forms, namely the c liqui-
dus, vary from one ROI to the other, and their values are
1663, 1631, 1681 and 1638 K for ROI SC-DC, SC-ID, F-
DC and F-ID, respectively. The c solidi are 1618, 1576,
1639 and 1588 K, and the c0 solvi are 1529, 1598, 1459
and 1572 K for ROIs SC-DC, SC-ID, F-DC and F-ID,
respectively. Fig. 9 describes schematically the phase-field
variations across the four ROIs.

Fig. 9 demonstrates that the difference between the c-liq-
uidus curves for ROIs SC-DC and SC-ID is DT = 32 K,
which is the degree of super-cooling initiating the solidifica-
tion. For freckles, it is shown, similarly, that they nucleate
from the SC inter-dendritic liquid, ROI SC-ID, for a
degree of super-cooling of DT = 50 K. Comparisons
between the two inter-dendritic regions of the SC, ROI
SC-ID, and the freckle, ROI F-ID, indicates that they have
similar phase fields. This is reasonable, since these two
ROIs are basically the same liquid continuously connected.
Knowledge of the liquidus temperatures is important for
calculating the liquid densities (Section 4.5).

4.5. Precipitation of the c0 phase in the four ROIs

The phase fields drawn in Fig. 9 imply that the nucle-
ation currents of the c0 precipitates will vary from one
ROI to the other. This feature is indicated by the degree
of super-cooling from the c0 solvi to a certain temperature
within the c + c0 two-phase field. For example, for cooling
to T = 1073 K, the degrees of super-cooling are
DT = �456, �503, �386 and �499 K for ROIs SC-DC,
SC-ID, F-DC and F-ID, respectively. This implies that
the volume fraction of the c0 precipitates, /c0 , will attain
the largest values in both inter-dendritic regions, and ROIs
SC-ID and F-ID. The smallest /c0 value is, therefore,
Fig. 10. Comparison between the volume fractions of the c0 phase
calculated for 1073 and 1450 K using Thermo-Calc (blue and green bars,
respectively), and from the lever-rule method (red bars) for the four ROIs.
The volume fractions of the c0 precipitates correlate with the degree of
super-cooling from the c0 solvi to 1073 K (Fig. 9). (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 11. The local densities calculated for ROI SC-DC, SC-ID, F-DC and
F-ID using Eq. (9) based on the average compositions of these ROI
(Table 3). The horizontal dashed line represents the average density
corresponding to the nominal alloy’s composition, and the relative
deviations of the local densities from this average value are indicated by
numbers.
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expected in the freckle dendritic cores, ROI F-DC. The /c0

values were calculated for T = 1073 and 1450 K for the
four ROIs using Thermo-Calc. Fig. 10 displays the calcu-
lated /c0 values, exhibiting the trend just discussed.

Fig. 10 demonstrates a good agreement between the /c0

values for ROIs SC-DC, SC-ID, F-DC and F-ID calcu-
lated using Thermo-Calc for T = 1073 K: 69.93, 92.00,
50.56 and 92.66 vol.%, respectively, which agree with the
values calculated using the lever rule method: /c0 ¼
73� 5; 86� 6; 41� 8 and 84 ± 7 vol.%, respectively
(Section 4.1). This trend is supported by examining the
SEM image in Fig. 1, where the freckle dendritic cores
appear in light contrast, which is equivalent to a small
value of /c0 . Conversely, the dark contrast of the SC indi-
cates a larger volume fraction of the c0 phase.

It is anticipated that the regions rich in c0 precipitates,
ROIs SC-ID and F-ID, will exhibit higher values of microh-
ardness and vice versa. Fig. 4 demonstrates the opposite
behavior: the inter-dendritic regions both have smaller val-
ues of the VHN than the dendritic cores, whereas the
freckle’s microhardness value is generally greater than that
of the SC. This trend is surprising, since the microhardness
of the c0 precipitates is significantly greater than that of the c
phase [2], with a characteristic difference as large as 45% [83].
This apparent disagreement between the microhardness val-
ues presented in Fig. 4 and the volume fractions of c0 in
Fig. 10 is explained by the difference in compositions of
these four ROIs. Tungsten is added to Ni-based alloys for
solid-solution strengthening of the c matrix [2,4,5]. Indeed,
the concentrations of W in SC-DC, SC-ID, F-DC and F-
ID are 3.04 ± 0.03, 2.04 ± 0.02, 2.68 ± 0.09 and
2.23 ± 0.06 at.%, respectively (Table 3). These values corre-
spond to microhardness values of 390 ± 11, 369 ± 12,
532 ± 27 and 448 ± 27 measured for ROI SC-DC, SC-ID,
F-DC and F-ID, respectively (Section 3.4).
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4.6. Calculation of liquid densities in the four ROIs

Based on the compositions measured for the four ROIs
(Section 4.1) and the liquidus temperatures calculated for
these ROIs (Section 4.4), the densities of the multicompo-
nent liquids with the same compositions as these four ROIs
for their pertinent liquidus temperatures are estimated.
Thus, the difference in liquid density across the solidifica-
tion front Dq is assessed from Eq. (1), which is the driving
force for freckle formation. Calculating the densities of
multicomponent liquids is not straightforward, owing to
complex inter-atomic interactions. Use of first-principles
calculations [84,85] is limited to simple systems such as bin-
ary or ternary alloys [86,87]. Therefore, a semi-empirical
method due to Sung et al. [32] is employed to evaluate
the liquid density. Their method uses the fact that the
molar volume in a non-ideal solution is not linearly depen-
dent on the molar fractions of the constituent elements
and, therefore, includes a volume of mixing term DVM.
Eq. (9) is the relationship between the liquid density q
and the molar mass Mi of a given element i and its mole
fraction xi:

q ¼
P

ixiMiP
ixiMi=qi þ DV M ð9Þ

The same semi-empirical expression is employed for
DVM [32], and it is calculated for the compositions of the
four ROIs (Table 3) for the liquidus temperatures (Sec-
tion 4.4). The same calculation was performed for the nom-
inal composition (Section 2), yielding an average density of
6.83 g cm�3. The densities calculated for ROIs SC-DC, SC-
ID, F-DC and F-ID are 7.98 ± 0.20, 6.86 ± 0.15,
9.01 ± 0.49 and 6.39 ± 0.18 g cm�3, respectively. Fig. 11
displays these densities graphically.

The densities of the inter-dendritic liquids of the SC and
freckle, ROIs SC-ID and F-ID, are significantly smaller
than those of the dendritic cores, ROIs SC-DC and F-
DC. The difference between the densities of ROI SC-ID
and SC-DC is, essentially, a driving-force for freckle for-
mation. A relative difference of Dq/q0 = 16.55% implies a
high probability of freckle formation, as earlier observa-
tions indicate that freckles appear when Dq/q0 exceeds 2–
5% [55]. It is emphasized that Dq/q0 within the freckles
attains a larger value (38.25%), thereby implying that ther-
mosolutal fluxes occur extensively within freckles, resulting
in more than one misorientation.
5. Summary and conclusions

A multicomponent Ni-based alloy, ME-15, was investi-
gated employing APT combined with EDS to track the
solid/liquid and the c(fcc)/c0(L12) partitioning behaviors
of its different elements. The directionally solidified ME-
15 alloy exhibits a two-phase (c + c0) SC microstructure
with freckles. EDS composition analyses were performed
in the following four ROI: the SC dendritic cores
-probe tomographic study of freckle formation in a nickel-based
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(SC-DC); inter-dendritic regions (SC-ID); the freckle
dendritic cores (F-DC); and inter-dendritic regions
(F-ID). APT measurements were performed for specimens
lifted out from these four ROI using a dual-beam FIB
microscope. The following conclusions are reached:

1. The hierarchical microstructure of the ME-15 alloy
(Fig. 1) consists of: (a) misoriented freckles with a length
scale of 0.1–1 mm diameter embedded in the SC; (b)
dendritic cores and inter-dendritic regions with a mean
periodicity of �50 lm are present in both the SC and
freckles; and (c) these four ROIs contain c channels
among c precipitates with an average diameter 0.1–
1 nm.

2. EDS measurements were performed in the four ROIs
(Fig. 2) at the 10–100 lm length scale. The elements
Ni, Al, Cr, Co, Ta, Mo, W and Re were detected
(Table 1), while Hf and C are below the detection and
quantification limits, respectively. These results consti-
tute the raw data, which were optimized by combining
APT and EDS measurements.

3. APT analyses were performed for the four ROIs at the
10–100 nm length scale, and the concentrations of Ni,
Al, Cr, Co, Ta, Mo, W, Re, Hf, Fe and B in the c and
c0 phases were measured. For the SC, it was found that
Al and Ta partition to the c0 phase, whereas Cr, Co, Mo,
W, Re and Fe prefer the c phase (Kc0=c

i < 1). A similar
trend was observed in the freckle, except for W and
Ta, which deviate from their normal partitioning behav-
ior: Ta partitions to the c phase in ROI F-DC and W to
the c0 phase in ROI F-ID. This result is explained by the
sensitivity of Ta to the Al concentration (Fig. 8) and
that of W to the Ta concentration.

4. Highly accurate APT analyses of specimens lifted-out
and ion-milled were obtained, which is due to the use
of a UV laser (355 nm wavelength) and specially
designed in-vacuum optics, which focus the beam to a
waist of <5 lm at the e�2 intensity, thereby minimizing
microtip heating. Thus, high detectability (<10 at. ppm)
and mass resolving power (practically m/Dm > 900 at
the FWHM) are obtained.

5. The lever-rule methodology was employed to quantify
the elemental concentrations from relatively large
regions with length scales of 10 lm–1 mm, which is typ-
ical for EDS, together with the superior mass-resolving
power and detectability of APT. The concentrations of
the elements Ni, Al, Cr, Co, Ta, Mo, W, Re, Hf, Fe
and B are thus quantified in the four ROIs (Table 3).
For the SC, Al, Ta, Fe, Hf and B partition strongly to
the liquid phase, and Mo exhibits a similar trend, but
less clearly (Fig. 8b). Conversely, W and Re unequivo-
cally exhibit solid-phase partitioning (Fig. 8b), and a
similar trend is observed for Cr and Co, limited by their
relatively large error bars (Fig. 8a).

6. It was found that the solid/liquid redistribution of ele-
ments correlates with their c/c0 partitioning. The ele-
ments that prefer the solid phase are the same ones
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that partition to the c phase. The inverse is true for
the elements partitioning to the liquid phase, as they
partition to the c0 phase.

7. Based on the calculated compositions of the four ROIs
(Table 3), computational thermodynamic simulations
were performed for these ROIs using Thermo-Calc.
The calculated liquidus temperatures for the four ROIs
are 1663, 1631, 1681 and 1638 K (Fig. 9).

8. Employing Thermo-Calc, the calculated volume fractions
of the c0 precipitates for ROIs SC-DC, SC-ID, F-DC and
F-ID at different temperatures were obtained. For 1073 K,
the /c0 values are 69.93, 92.00, 50.56 and 92.66 vol.%,
respectively, which agree with the /c0 values extracted
from the lever rule method (Section 4.1). It is concluded
that the inter-dendritic regions are rich in the c0 phase.
Additional comparisons of the /c0 values with the microh-
ardness values of the four ROIs indicates that solid-
solution strengthening of the c matrix is the main factor
contributing to the microhardness of the SC and freckles.

9. The compositions measured for the four ROIs (Table 3)
and the ROI calculated liquidus temperatures (Sec-
tion 4.4) were used to estimate the densities of the mul-
ticomponent liquids with the same compositions as the
four ROI. The densities calculated for ROIs SC-DC,
SC-ID, F-DC and F-ID are 7.98 ± 0.20, 6.86 ± 0.15,
9.01 ± 0.49 and 6.39 ± 0.18 g cm�3, respectively; for
the nominal composition, an average density of
6.83 g cm�3 is obtained (Fig. 11). This yields a relative
difference of Dq/q0 = 16.55% between the densities of
the ROIs SC-DC and SC-ID, which serves as the driving
force for freckle formation, implying a high probability
of freckle formation.
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