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Atom-probe tomographic study of c/c0 interfaces and compositions
in an aged Co–Al–W superalloy
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Atom-probe tomography (APT) is utilized to investigate, in a Co–9.7Al–10.8W at.% alloy aged at 900 �C for �1000 h, the phase
compositions and partitioning behavior of the two-phase c(face-centered cubic)/c0(L12) microstructure. The APT composition of the
c-matrix (Co–8.97Al–5.69W at.%) agrees well with a previously reported measurement made by energy-dispersive X-ray spectros-
copy; however, the composition of the c0(L12) precipitates (Co–10.03Al–12.48W at.%) is slightly richer in W and Al, and leaner in
Co. Partitioning coefficients and Al interfacial excesses are also calculated.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nickel-based superalloys owe their excellent
strength at ambient and elevated temperatures to their
two-phase c (face-centered cubic, fcc)/c0 (L12) microstruc-
ture consisting of coherent c0-Ni3Al-based precipitates in a
disordered fcc c-Ni–Al based matrix [1–4]. Until recently,
it was believed that analogous Co-based c/c0 structures
did not exist, thus relegating Co-based alloys to applica-
tions at moderate temperatures and stresses. In 2006, Sato
et al. discovered in the Co–Al–W ternary system a c(fcc)/
c0(L12) microstructure analogous to that of Ni-based
superalloys [5]. The Co–Al–W phase diagram presented
by Sato et al. [5] shows that, at 900 �C, the c/c0 two-phase
region is significantly narrower than in the Ni–Cr–Al
phase diagram, stressing the importance of knowing the
exact compositions of both phases, lest the Co–Al–W al-
loy deviates to one of the surrounding three-phase field re-
gions with embrittling phases. High-temperature flow-
stress [6,7] and creep measurements [8–10] of the c/c0

Co–Al–W superalloys with quaternary and higher alloy-
ing additions have shown promise for continued develop-
ment for high-temperature applications. Due to the rather
limited literature available on the Co–Al–W system, fur-
ther validation is necessary to better characterize this
phase diagram at equilibrium and the microstructural
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evolution including the evolution of the c- and c0-phase
compositions during nucleation, growth and coarsening.
Understanding the evolution of these phases is essential
as they exhibit strong deviations from their equilibrium
values in c/c0 Ni–Cr–Al superalloys [11,12]. To date, very
few compositional measurements have been reported in
the literature. The original phase diagram proposed by
Sato et al. remains the standard, and few additional
reports exist on characterizing the Co–Al–W phase dia-
gram. Some have measured the c-compositions in multi-
phase systems but have not reported the c0-compositions
due to questions concerning phase stability [13,14], while
others have attempted to cast single-phase c0-ingots to
study the mechanical properties of the L12 phase [15–
18]. Of all the single-phase c0-alloys, Co–10Al–11W at.%
was the only composition investigated that did not con-
tain secondary phases. Recently, Meher et al. [19] used
atom-probe tomography (APT) to measure the composi-
tion of a ternary Co alloy at 765 �C; additional investiga-
tion is, however, necessary to further develop the phase
diagram of this promising new class of Co-based alloys.

Herein, the nanostructure of a homogenized and aged
Co–Al–W ternary alloy is examined utilizing an ultravi-
olet laser-assisted local-electrode atom-probe (LEAP)
tomograph, which provides precise compositions of
the c- and c0-phases. Given the narrow range of compo-
sition of the c/c0 two-phase field in this ternary alloy,
sevier Ltd. All rights reserved.
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Figure 1. Secondary electron SEM micrograph of etched Co–9.7Al–
10.8W aged at 900 �C for 1006 h. The light contrast reveals cuboidal
c0-precipitates, while dark contrast indicates the c-matrix channels that
have been selectively etched.

Figure 2. APT three-dimensional reconstructions of microtips 1-3,
where the c/c0 interfaces are indicated by 8.6 at.% W isoconcentration
surfaces. Arrows indicate the six c/c0 interfaces present in the
microtips. The Co, Al and W atoms are represented in blue, red and
orange, respectively. Each spot indicates a single atom. (For interpre-
tation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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these precise compositions are essential for alloy manu-
facturing. Additionally, the subnanometer-level spatial
resolution of the LEAP tomograph provides detailed
information on partitioning between the two phases
and segregation behavior at the matrix/precipitate inter-
face in a Co–Al–W alloy, which has previously been re-
ported for Ni–Cr–Al alloys [11,20].

The alloy was prepared by arc-melting 99.95% Co,
99.999% Al and 99.97% W under argon gas. Cast ingots
were homogenized at 1300 �C for 2 h, aged at 900 �C for
1006 h (�42 days) and subsequently quenched in water.
The homogenized alloy composition was Co–9.3Al–
11.0W, as measured on polished samples by energy-
dispersive X-ray spectroscopy (EDS) using a Hitachi1

field-emission scanning electron microscope (SEM),
S4700. Standards for each element were used in the
EDS analysis. SEM microstructure imaging was per-
formed on aged samples etched with a solution of
100 ml deionized H2O, 10 ml of 65% HNO3, 50 ml of
32% HCl and 10 g of FeCl3. APT specimens were fabri-
cated using an FEI Helios Nanolab microscope,
equipped with an electron gun and a Ga focused ion
beam (FIB). Three microtips were sharpened with Ga+

ions to �50 nm radius, with a final FIB energy of
5 keV at a current of 16 pA. APT measurements were
performed with a Cameca 4000X-Si LEAP tomograph
with a picosecond ultraviolet (wavelength = 355 nm) la-
ser energy of 30 pJ per pulse, a pulse repetition rate of
200 kHz, a microtip temperature of 35 K, and evapora-
tion rates (ion per pulse) of 3% for microtip 1 and 5%
for microtips 2 and 3. These conditions were chosen
based on a calibration study of the homogenized Co–
9.3Al–11.0W alloy, in which the composition was mea-
sured as a function of laser pulse energy, microtip tem-
perature, pulse repetition rate and evaporation rate.
During this study it was found that the composition of
the homogenized sample as measured by APT was
Co–9.65Al–10.77W. All results were analyzed using
Cameca’s IVAS 3.6.2 APT software.

Figure 1 shows an SEM micrograph of a representative
etched cross-section of the alloy. The structure consists of
a high volume fraction of c0 (80 ± 4%) as determined by
the line intercept method measured from backscattered
SEM micrographs of unetched samples oriented near the
1 Certain commercial equipment, instruments or materials are identi-
fied in this article to foster understanding. Such identification does
not imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the
purpose.
001-orientation, which is in agreement with the 83 ± 5%
calculated from pixel counting image analysis of the same
micrographs. Figure 2(a–c) displays APT reconstructions
for microtips 1, 2 and 3, which contain 30, 38 and 8 million
atoms, respectively. Ga contamination from ion milling
was <0.009 at.%. As anticipated (Fig. 1), c0-precipitates
are too large to be fully encompassed in an APT microtip,
so the reconstructions exhibit only partial c0-precipitates.
The c/c0 interfaces in Figure 2(a–c) are represented by or-
ange 8.6 at.% W isoconcentration surfaces. All microtips
contain a c-channel between two c0-precipitates imaged
partially due to their large size. As anticipated from the
SEM image of closely packed cuboidal precipitates
(Fig. 1), all c/c0 interfaces are planar with the exception
of interface 3b in microtip 3, which contains a slight degree
of curvature. Subsequent transmission electron micros-
copy (TEM) on the aged sample revealed a very small
amount of l-phase, which was not observable by SEM
analysis. The small volume fraction is unlikely to affect
the compositional results of the c- and c0-phases.
Figure 3. Proximity histograms of the five interfaces displayed in
Figure 2, for (top) Co, (middle) W and (bottom) Al.



Table 1. Calculated values of the relative Gibbsian excess, CB;C
A ¼ A½B;C�; and change in interfacial free energy, Dr, across each interface.

Interface Relative excess (nm�2) Dr (mJ m�2)

Co[Al,W] W[Co,Al] Al[Co,W] Co[Al,W] W[Co,Al] Al[Co,W]

1a �10.76 ± 2.54 �4.18 ± 1.09 0.97 ± 0.23 3.01 ± 0.90 20.66 ± 7.30 �1.11 ± 0.32
1b 8.12 ± 6.48 3.94 ± 3.07 �0.75 ± 0.62 �1.64 ± 2.34 �12.79 ± 21.60 0.49 ± 0.66
2a �8.922 ± 3.90 �5.31 ± 2.68 �0.832 ± 0.36 2.09 ± 1.10 49.81 ± 18.36 1.01 ± 0.46
2b �20.76 ± 3.08 �6.76 ± 1.00 1.79 ± 0.26 10.54 ± 3.08 52.43 ± 1.00 �3.66 ± 0.25
3a 1.71 ± 3.46 1.19 ± 2.38 �0.17 ± 0.34 �1.69 ± 0.96 �51.98 ± 59.00 0.67 ± 0.39
3b �17.14 ± 5.06 6.29 ± 2.20 1.57 ± 0.45 5.61 ± 3.54 �33.16 ± 17.64 �2.03 ± 0.85
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Interfacial segregation behavior was measured using
the proximity histogram (or proxigram) method [21],
which yields concentration profiles. Figure 3 shows
interfacial compositions ranging ±5 nm from the c/c0

interface, defined by the inflection point of the majority
species, Co. The far-field composition of all species devi-
ates from the average by �0.05–0.2 at.%. The concentra-
tion of Al fluctuates more than those of Co and W; this is
simply an artifact of the smaller scale of the y-axis when
compared to the Co and W plots. The partitioning ratios

are defined by ki ¼
Cc0

i
Cc

i
, where i = Co, Al or W, which are

0.91, 1.11 and 2.19, respectively. In the Co–Al–W system,
W shows greater partitioning behavior than Al. This is
unlike in the Ni–Cr–Al system, where the Al partitioning
ratio is largest [20]. This difference may be the result of the
supersaturation of W being greater than that of Al in the
initial c0-nuclei. For a ternary alloy, the relative Gibbsian
interfacial excess is calculated using:

CB;C
A ¼ CA � CB

cc
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A � Cc
Acc0
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cc
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where CB;C
A is the Gibbsian interfacial excess of element

A relative to elements B and C; CA;CB and CC are the
Gibbsian interfacial excesses of elements A, B and C,
respectively, and are determined using the proximity his-
togram method [22]. The variables Cc

i and Cc0
i are the

concentrations of element i in the c-matrix and the c0-
precipitates [23,24].

The relative Gibbsian interfacial excess and the reduc-
tion of interfacial energy were calculated and are pre-
sented in Table 1 [25]. The relative excess values for Co,
Al and W at each interface presented in Table 1 vary be-
Table 2. Average c- and c0-phase compositions measured in this study as com
phase L12 structure alloys [16,18].

This study c (at.%)

Co Al W

Co–9.7Al–10.8W

Tip 1 85.48 8.90 5.61
Tip 2 85.36 8.89 5.75
Tip 3 85.16 9.12 5.72
Average 85.33 ± 0.16 8.9 ± 0.13 5.69 ±

Sato et al.a

Co–9.2Al–9W
85.4 9.2 5.4

Co–9Al–7.5W 85.5 8.9 5.6
Inui et al.b (PC) – – –
Miura et al.b (PC) – – –
Inui et al.b (SC) – – –

The alloys listed below the bold horizontal line are attempts to produce pol
a Data reported graphically in the phase diagram; the diameter of symbol imp

reported explicitly by Sato et al. [5].
b The values reported are the nominal alloy compositions of attempted casti
tween negative and positive values, implying that the
interfacial composition is continuously changing, which
implies, in turn, that the system is not at thermodynamic
equilibrium. A positive excess implies a reduction in the
interfacial energy, whereas a negative value implies an in-
crease in interfacial energy; this follows from the Gibbs
adsorption isotherm, assuming that the solute species
obey Henry’s law. Specifically, the Gibbs adsorption iso-
therm for an element A, at constant temperature T, pres-
sure P and chemical potentials li of B and C, is given by

dr
dci

� �
T ;P ;lB;lC

¼ �kBTCB;C
A

where kB is Boltzmann’s constant. The change in r due
to the relative Gibbsian interfacial excess is obtained by

integrating dr
dci

� �
[23,25]. In summary, detailed analyses

of the concentration profiles yield three basic physical
quantities concerning c/c0 interfaces, which are impor-
tant for understanding the coarsening behavior of c0-
precipitates.

The compositions of each phase were measured in a
region of interest (3–6 million atoms for the c-phase
and 13–15 million atoms for the c0-phase) located at
least 10 nm away from the c/c0 interface. Results for
these measurements are displayed in Table 2. Composi-
tional measurements for the c-phase were recorded in
the three microtips. The composition of the c0-phase
was taken from the large c0-volume located below the
Al interface 1a and above interface 2b in microtips 1
and 2. The compositions of the other c0-precipitates
are not reported because their volume is much smaller
than those of the large precipitates from microtips 1
pared to the compositions reported by Sato et al. [5] and near-single-

c0 (at.%)

Co Al W

77.58 9.96 12.49
77.42 10.09 12.46
– – –

0.07 77.50 ± 0.11 10.03 ± 0.09 12.48 ± 0.02

78.1 9.9 12.0

78.7 9.0 12.3
77 12 11
78 10 12
79 10 11

ycrystalline (PC) and single crystal (SC) single-phase c0 ingots.
lies an error bar of ±0.5 at.%. Neither compositions nor their errors are

ngs of single-phase c0-alloys.
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and 2, which gave rise to fluctuations in composition
due to the small number of atoms in those precipitates.

In Figure 4, our c- and c0-compositional measure-
ments are superimposed on the Sato et al. phase dia-
gram, which measured phase compositions on two
alloy cross-sections by field-emission electron-probe
microanalysis (FE-EPMA). Our c-composition, mea-
sured by LEAP tomography, is in excellent agreement
with the FE-EPMA results. The LEAP tomographic
composition for the c0-phase is, however, slightly richer
in W and Al (by �0.5 and 0.1 at.%, respectively, which is
close to the statistical uncertainty in the Al concentra-
tion); the c0-phase is leaner in Co (by �0.5 at.%) than
the upper c0-solvus curve of the Co–9.2Al–9W alloy.
Sato et al. aged their Co–9.2Al–9W and Co–9Al–7.5W
alloys for 72 h at 900 �C, while we used a much longer
aging time, �1000 h, for an alloy richer in W (Co–
9.7Al–10.8W) and thus with the larger c0-volume frac-
tion. The discrepancy in the location of the c0-solvus
curve indicates that equilibrium had not been achieved
for Sato et al.’s 72 h treatment. The small magnitude
of this discrepancy, for alloys aged for 72 and 1006 h,
indicates that after 1006 h our specimens are nearer their
equilibrium c- and c0-concentrations. Longer aging
times are needed to confirm this hypothesis.

In summary, atomic partitioning coefficients, segrega-
tion behavior and the reduction in the interfacial free en-
ergy of the c/c0 phase interfaces of a Co–9.7Al–10.8W
superalloy aged at 900 �C for 1006 h have been mea-
sured using APT. The c-phase matrix composition, as
measured by LEAP tomographic analyses, agrees well
with the FE-EPMA measurements reported for W-lea-
ner specimens (Co–9.2Al–9W and Co–9Al–7.5W) aged
at 900 �C for a shorter time, 72 h, while the c0-phase
composition exhibits somewhat higher concentrations
of W and Al (�0.5 and 0.1 at.%, respectively) and lower
Co concentrations (by �0.5 at.%) [5]. The close agree-
ment in the c- and c0-compositions between the two
studies (aging times of 72 and 1006 h) indicates that
the phase compositions are close to their equilibrium
values, but this must be confirmed by additional exper-
iments on specimens aged for longer times.
(b) 
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Figure 4. Co–Al–W phase diagram at 900 C published by Sato et al.
[5], (a) with compositions of the c- and c0-phases, as measured in this
study (orange dots), as well as (b) the compositions of the near-single-
phase L12 structure taken from Sato et al. [5] (grey) and literature
[16–18] values (green). The solid orange diamond marks the nominal
composition as measured by APT, while the orange striped diamond
indicates the composition as measured by EDS. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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