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Abstract
The eﬀects of a 2.0 at.% addition of Ta to a model Ni–10.0Al–8.5Cr (at.%) superalloy aged at 1073 K are assessed using scanning
electron microscopy and atom-probe tomography. The c0 (L12)-precipitate morphology that develops as a result of c-(fcc)matrix phase
decomposition is found to evolve from a bimodal distribution of spheroidal precipitates, to {0 0 1}-faceted cuboids and parallelepipeds
aligned along the elastically soft h0 0 1i-type directions. The phase compositions and the widths of the c0 -precipitate/c-matrix heterophase
interfaces evolve temporally as the Ni–Al–Cr–Ta alloy undergoes quasi-stationary state coarsening after 1 h of aging. Tantalum is
observed to partition preferentially to the c0 -precipitate phase, and suppresses the mobility of Ni in the c-matrix suﬃciently to cause
an accumulation of Ni on the c-matrix side of the c0 /c interface. Additionally, computational modeling, employing Thermo-Calc, Dictra
and PrecipiCalc, is employed to elucidate the kinetic pathways that lead to phase decomposition in this concentrated Ni–Al–Cr–Ta alloy.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Tantalum is an important refractory addition to commercial nickel-based superalloys as both a solid-solution
strengthener and a precipitate former. Tantalum has been
shown to increase the high-temperature strength and ductility, and to improve the resistance to creep, fatigue and
corrosion of these high-performance materials used in
land-based and aerospace turbine engines at operating temperatures up to 1373 K [1–6]. The eﬀects of Ta on the
microstructure and mechanical properties of nickel-based
superalloys have been investigated [5,7–11]; however, little
has been done to characterize the morphological and compositional changes due to the addition of Ta.
*
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Phase decomposition in model Ni–Al–Cr alloys has
been investigated in detail by atom-probe tomography
(APT) [12]. The research of Schmuck et al. [13,14] and
Pareige et al. [15,16] combined APT and lattice kinetic
Monte Carlo (LKMC) simulation to analyze the decomposition of a Ni–Al–Cr solid-solution at 873 K. A similar
approach was applied by Sudbrack et al. [17–21], Yoon
et al. [22,23], Mao et al. [24] and Booth-Morrison et al.
[25] for studying Ni–5.2Al–14.2Cr and Ni–7.5 Al–8.5Cr
(at.%) aged at 873 K, and Ni–10Al–8.5Cr (at.%), Ni–
10Al–8.5Cr–2.0W (at.%) and Ni–10Al–8.5Cr–2.0Re
(at.%) aged at 1073 K, which decompose via a ﬁrst-order
phase transformation to form a high number density
(1020–1025 m3) of nanometer-sized c0 -precipitates. We
report on the temporal evolution of a model Ni–10.0Al–
8.5Cr–2.0Ta (at.%) alloy aged at 1073 K that decomposes
to form a microstructure consisting of c0 (L12)-precipitates
in a face-centered cubic c-matrix. Chromium is added to
the binary Ni–Al system to reduce the lattice parameter
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misﬁt between the c0 -precipitates and the c-matrix. The
addition of Ta increases the volume fraction of the c0 -precipitate phase, providing signiﬁcant strengthening. Tantalum also decreases overall alloy diﬀusivity, thereby
improving phase stability and service life by retarding diffusion mediated processes such as c0 -precipitate coarsening,
creep and oxidation [2,3]. The eﬀect of a 2.0 at.% addition
of Ta to a model Ni–Al–Cr superalloy is studied using
scanning electron microscopy (SEM) and APT. The experimental results are complemented by computational modeling employing the commercial software packages ThermoCalc, Dictra and PrecipiCalc, to elucidate the thermodynamic and kinetic pathways that lead to phase decomposition in a concentrated Ni–Al–Cr–Ta alloy.
2. Experimental
High-purity constituent elements were induction-melted
under a partial pressure of Ar and chill cast in a 19 mm
diameter copper mold to form a polycrystalline master
ingot. Samples from the cast ingot then underwent a
three-stage heat-treatment (1) homogenization at 1573 K
in the c-phase ﬁeld for 20 h; (2) a vacancy anneal in the
c-phase ﬁeld at 1503 K for 3 h followed by a water quench;
(3) an aging anneal at 1073 K under ﬂowing argon for
times ranging from 0.25 to 256 h, followed by a water
quench. Microtip specimens and metallographic samples
were prepared from each of the aged sections for study
by APT and SEM.
Vickers microhardness was measured using a Buehler
MicrometTM instrument on samples polished to 1 lm, with
an applied load of 500 g sustained for 5 s, using the average
value of 15 independent measurements made on several
grains. SEM was performed on samples polished to an
0.02 lm ﬁnish and etched in a 100 ml HCl/100 ml deionized H2O/1 g K2S2O5 mixture, employing a LEO Gemini
1525TM ﬁeld-emission SEM operating at 5 kV with a 20–
30 lm aperture and a working distance of 6 mm. APT
microtips were prepared using standard procedures
[26,27], and analyzed with a local-electrode atom-probe
(LEAPÒ) tomograph [28–32] at the Northwestern University Center for Atom-Probe Tomography (NUCAPT).
Pulsed-laser APT data collection was performed at a target
evaporation rate of 0.04 ions per pulse, a specimen temperature of 40.0 ± 0.3 K, a pulse energy of 0.6 nJ, a pulse repetition rate of 200 kHz, and a background gauge pressure
of less than 6.7  108 Pa. Pulsed-laser atom-probe tomography was employed to improve the compositional accuracy of the APT technique by limiting preferential
evaporation [33], and to increase the tip specimen life by
reducing the DC voltage required for evaporation. APT
data were analyzed with the IVASÒ 3.0 software program
(Imago Scientiﬁc Instruments). The c0 -precipitate/c-matrix
heterophase interfaces were delineated with Al isoconcentration surfaces generated by eﬃcient sampling procedures
[34], and detailed compositional information was obtained
with the proximity histogram method [35]. The equilibrium

volume fraction of the c0 -precipitate phase, /eq, was estimated by averaging the values obtained from the lever rule
of the extrapolated equilibrium concentrations of Ni, Al,
Cr and Ta.
Spatial convolution eﬀects, such as ion trajectory overlap and local magniﬁcation eﬀects, have been cited as possible sources of misleading results in the APT analysis of
nickel-based superalloys [12]. A comparison of the composition proﬁles across the c/c0 interfaces measured by APT
to those simulated by the lattice kinetic Monte Carlo technique for a model Ni–5.2Al–14.2Cr (at.%) alloy [24],
showed no evidence of artiﬁcial interfacial broadening in
the APT data due to ion trajectory overlap. Local magniﬁcation eﬀects due to diﬀerences in the required evaporation
ﬁelds of diﬀerent phases are unlikely in Ni–Al–Cr superalloys containing only the c-matrix and c-precipitate phases
because the evaporation ﬁelds of the phases are essentially
identical.
The overall composition of the master ingot was determined by inductively coupled plasma (ICP) atomic-emission spectroscopy to be 80.01Ni–9.75Al–8.21Cr–2.02Ta
(at.%) and was indistinguishable, within experimental
error, from the targeted composition of Ni–10.0Al–
8.5Cr–2.0Ta (at.%). ICP chemical analysis was also used
to determine the compositions of the c-matrix and c0 -precipitate phases of a sample aged at 1073 K for 256 h after
phase extraction by anodic dissolution of the c-matrix
phase with a 1:1 aqueous solution of citric acid and ammonium nitrate at constant current density. We note that the
standard errors for all quantities are calculated based on
counting statistics and reconstruction scaling errors using
standard error propagation methods [36], and represent
two standard deviations from the mean.
The commercial software package Thermo-Calc [37] was
used to estimate the values of /eq and the equilibrium comð1Þ, and c0 -precipitate
positions 0of the c-matrix, C c;eq
i
c ;eq
phases, C i ð1Þ, at a pressure of 1 atm, using a database
for nickel-based superalloys developed by Saunders [38].
The tracer diﬀusivities of the atomic species in the c-matrix
phase were calculated employing Dictra [39] with the
mobility database due to Campbell [40] and employing
the Saunders thermodynamic database. Additionally, precipitation modeling was performed with the commercial
software program PrecipiCalc [41,42], employing the Saunders thermodynamic database and the mobility database
due to Campbell. PrecipiCalc applies thermodynamic and
kinetic data from Thermo-Calc and Dictra to continuum
models of precipitation for multi-component, multiphase
alloys to provide a uniﬁed treatment of nucleation, growth
and coarsening.
3. Results
A 2.0 at.% addition of Ta to a model Ni–10.0Al–8.5Cr
(at.%) alloy aged at 1073 K results in a 47 ± 5% increase
in the microhardness (Fig. 1) over the full range of aging
times, t = 0–256 h. The microhardness of Ni–Al–Cr–Ta
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Fig. 1. Vickers microhardness measurements for Ni–10.0Al–8.5Cr–2.0Ta
and Ni–10.0Al–8.5Cr (at.%) aged at 1073 K. The addition of 2.0 at.% Ta
results in a 47 ± 5% increase in the microhardness over the full range of
aging times, t = 0–256 h, due to increases in solid-solution strengthening
and to a dramatic increase in the value of /.

varies from 3.3 to 3.6 GPa, with peak microhardness occurring between t = 1 and 16 h. For Ni–10.0Al–8.5Cr (at.%)
aged at 1073 K, the microhardness varies over a narrow
range, 2.15–2.5 GPa, with peak microhardness occurring
at 4 h [19,20]. The increase in the microhardness due to
the addition of Ta is a result of both the added solid-solution strengthening provided by Ta and the dramatic
increase in the value of the c0 -precipitate volume fraction,
/. At 256 h, for example, the value of / from the phase
extraction results is 18.9% for Ni–Al–Cr and 36.4% for
Ni–Al–Cr–Ta. The values of the equilibrium volume fractions, /eq, estimated by APT and from Thermo-Calc for
Ni–Al–Cr–Ta are presented in Table 1, and compared to
the values of / at 256 h, as measured by both APT and
phase extraction.

3

between secondary c0 -precipitates is measured to be
4.3 ± 1.3 nm, while the value of ke–e for the primary c0 -precipitates is 109 ± 63 nm, as measured by a method developed by Karnesky et al. [43]. A solute-depleted,
precipitate-free shell with a thickness of 5.7 ± 1.1 nm surrounds the primary c0 -precipitates. The bimodal distribution is only observed in the as-quenched state. With
aging, the secondary c0 -precipitates are likely consumed
by an Ostwald ripening process to decrease the total c/c0
interfacial free energy of the system.
The morphology of the Ni–Al–Cr–Ta alloy evolves from
spheroidal-to-cuboidal c0 -precipitates with signiﬁcantly
rounded edges, and ﬁnally to cuboidal and parallelepipedic
c0 -precipitates aligned along the elastically soft h0 0 1i-type
directions (Fig. 3). For aging times beyond the as-quenched
state, the primary c0 -precipitates develop an {0 0 1}-faceted
cuboidal morphology with rounded corners, as seen by
both SEM (Fig. 3b) and APT (Fig. 4) for a sample aged
for 0.25 h. We note that the c0 -precipitates in Figs. 3b
and 4 exhibit both spheroidal and cuboidal characteristics.
The value of R(t = 0.25 h) at which primary c0 -precipitates
in this Ni–Al–Cr–Ta alloy undergo the transformation
from a spheroidal-to-cuboidal morphology is estimated
from APT to be 61 ± 7 nm.

3.1. Morphological development
The microstructure of the material as-quenched from
1503 K consists of a bimodal distribution of c0 -precipitates,
with primary c0 -precipitates of radii, R(t = 0 h), on the
order of 30–40 nm, and smaller secondary c0 -precipitates
with an average radius, hR(t = 0 h)i, of 6.4 ± 1.1 nm. From
APT, the number density, Nv(t = 0 h), of the primary c0 precipitates is 3 ± 2  1021 m3, occupying a volume fraction of 28 ± 13%. The value of Nv(t = 0 h) of the secondary
c0 -precipitates is 1.3 ± 0.1  1023 m3, with a volume fraction of 11 ± 1%. The average edge-to-edge distance, ke–e,

Table 1
Equilibrium c0 -precipitate volume fraction, /eq, determined by APT, ICP
chemical analysis, and thermodynamic modeling employing Thermo-Calc
for Ni–10.0Al–8.5Cr–2.0Ta (at.%) aged at 1073 K.
Technique used to estimate /eq

/eq (%)

Lever rule with APT compositions, 256 h
Lever rule with APT equilibrium compositions
ICP chemical analysis, 256 h
Thermo-Calc using Saunders database [38]

37.2 ± 8.9
37.0 ± 9.0
36.4
38.17

Fig. 2. APT reconstructed three-dimensional (3D) image of a Ni–10.0Al–
8.5Cr–2.0Ta (at.%) alloy aged at 1073 K for 0 h. The solute elements that
partition to the c0 -precipitates, Ta and Al, are shown in black, while Cr,
which partitions to the c-matrix, is shown in white; Ni atoms are omitted
for clarity. The morphology of the c0 -precipitate phase is spheroidal in the
as-quenched state, and a bimodal particle size distribution is apparent.
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Fig. 3. SEM images of a Ni–10.0Al–8.5Cr–2.0Ta (at.%) alloy aged at 1073 K for (a) 0 h, (b) 0.25 h, (c) 1 h, (d) 4 h, (e) 16 h and (f) 64 h. The primary c0 precipitate morphology evolves from spheroidal c0 -precipitates to a cuboidal and parallelepipedic morphology with primary c0 -precipitates aligned along
the elastically soft h0 0 1i-type directions.

The cuboidal morphology of the primary c0 -precipitates
persists with longer aging, and for aging times of 4 h and
longer, the c0 -precipitates align along orthogonal h0 0 1itype directions (Figs. 2 and 5). For aging times of 64 and
256 h, the primary c0 -precipitates have a non-equiaxed,
rectangular parallelepipedic morphology with {0 0 1}-type
facets. We note that the direction of c0 -precipitate alignment was veriﬁed employing selected-area electron diﬀraction patterns using conventional transmission electron
microscopy, with an Hitachi HF-8100 at an accelerating
voltage of 200 kV, for a sample aged for 256 h at 1073 K
(Fig. 6).
3.2. Compositional evolution
The compositional information generated by APT permits the study of the temporal evolution of the phase compositions, and of the concentration proﬁles at the c0 precipitate/c-matrix interface (Fig. 7). The c0 /c interfaces
are deﬁned by employing the inﬂection-point approach to
determine a threshold isoconcentration surface that represents the average of the far-ﬁeld plateau concentrations
of the c0 -precipitate and c-matrix phases [19]. The phase
compositions at and away from the interface evolve tempo-

rally, and the interfacial widths, deﬁned as the distance
between the plateau concentrations of the two phases,
decrease with aging time (Fig. 8). Interestingly, an accumulation of Ni is observed 2 nm into the c-matrix. We note
that there is no evidence of non-monotonic (conﬁned) segregation of Ta at the c0 -precipitate/c-matrix heterophase
interface.
3.3. Partitioning of elemental species
The partitioning behavior of the elements can be determined
quantitatively by calculating the partitioning ratio,
c0 =c
K i , the ratio of the concentration of an element i in the
c0 -precipitates, to the concentration of the same element i
in the c-matrix (Fig. 9). Aluminum and Ta are observed
to partition to the c0 -precipitates, while Cr and Ni partition
to the c-matrix. The strong partitioning of Ta to the c0 -precipitates increases the partitioning of Cr to the c-matrix
and of Al to the c0 -precipitates when compared to the
results obtained for a ternary Ni–10.0Al–8.5Cr (at.%) alloy
[19,20]. For example, for
a sample aged at 1073 K for
c0 =c
0.63 ± 0.01 to
256 h, the value of K Cr decreases from
c0 =c
0.26 ± 0.03 and the value of K Al increases from
2.20 ± 0.02 to 3.17 ± 0.01, due to the formation of a signif-
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The larger c0 -precipitates nucleate ﬁrst, and subsequently
undergo high-temperature growth. As the alloy cools, however, the diﬀusion ﬁelds associated with the primary c0 -precipitates shrink and growth slows [44]. With additional
cooling, a signiﬁcant solute supersaturation develops in
the interprecipitate spaces, resulting in a secondary burst
of precipitation (Fig. 2). In a recent study of multimodal
precipitation in the commercial nickel-based superalloy
Udimet 720 Li, Radis et al. [44] found that multimodal precipitation is highly dependent on alloy cooling rate, and
noted that this phenomenon has been observed to occur
in other nickel-based alloys during continuous cooling.
The nucleation of c0 -precipitates during the quench from
1503 K was modeled with PrecipiCalc, which incorporates
the results of the classical models of nucleation, growth and
coarsening. These calculations were performed assuming a
continuous quench rate of 20 K s1 and a c0 -precipitate/
c-matrix interfacial free energy of 25 mJ m2, based on
results from concentrated Ni–Al–Cr alloys [18,25] aged at
873 K. The c/c0 solvus point was determined experimenFig. 4. APT reconstructed 3D image of a Ni–10.0Al–8.5Cr–2.0Ta (at.%)
alloy aged at 1073 K for 0.25 h. The primary c0 -precipitates in the APT
reconstruction have both spheroidal and cuboidal characteristics. The
radius at which the c0 -precipitates undergo the spheroidal-to-cuboidal
morphological transformation is measured to be 61 ± 7 nm. Tantalum
and Al are shown in black, Cr is shown in white, and Ni atoms are omitted
for clarity.

icantly
higher volume fraction of c0 -precipitates. The value
c0 =c
of K Ta for the Ni–Al–Cr–Ta alloy at 256 h is 10.25 ± 0.07,
and the partitioning of Ni is unaﬀected by the addition of
Ta.
4. Discussion
4.1. Morphological development
The morphology of the c0 -precipitates is observed to
evolve from a bimodal distribution of spheroidal c0 -precipitates in the as-quenched state to cuboids with signiﬁcantly
rounded edges, and ﬁnally to cuboids and rectangular parallelepipeds aligned along orthogonal h0 0 1i-type directions. The c0 -precipitates that form the bimodal
distribution in the as-quenched state nucleate rapidly during the quench due to the small barrier height to nucleation
caused by the large supersaturations of alloying elements.

Fig. 6. After aging for 256 h, the primary c0 -precipitates have cuboidal
and parallelepipedic morphologies with {0 0 1}-type facets, and are aligned
along the h0 0 1i-type crystallographic directions, as conﬁrmed by a
selected-area electron diﬀraction pattern taken along the ½1 1 0 zone axis.

Fig. 5. An APT reconstructed 3D image of cuboidal and parallelepipedic primary c0 -precipitates aligned along h0 0 1i-type directions from a Ni–10.0Al–
8.5Cr–2.0Ta (at.%) alloy aged at 1073 K for 64 h. Tantalum and Al are shown in black, Cr is shown in white, and Ni atoms are omitted for clarity.
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Fig. 8. The temporal evolution of the widths of the concentration proﬁles
across the primary c0 -precipitate/c-matrix interface for a Ni–10.0Al–
8.5Cr–2.0Ta (at.%) alloy aged at 1073 K. The interfacial widths are
observed to decrease with increasing aging time. The species with the
largest diﬀusivity in the c-matrix, Al and Ta, have the smallest interfacial
widths, while the opposite is true for Ni and Cr, the slower diﬀusing
species.
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Fig. 7. The elemental concentration proﬁles across the primary c0 precipitate/c-matrix heterophase interface for a Ni–10.0Al–8.5Cr–2.0Ta
(at.%) alloy aged at 1073 K. The phase compositions evolve temporally,
and the widths of the concentration proﬁles decrease with increasing aging
time. An accumulation of Ni is observed to develop on the c-matrix side of
the interface, evidence of a kinetic eﬀect associated with the addition of
Ta. The concentration proﬁles shown here represent the average of all of
the interfaces in the analyzed volume.

tally by diﬀerential thermal analysis to be 1393 K, which
agrees well with the value of 1412 K predicted by
Thermo-Calc and employed in the PrecipiCalc modeling.
The results of the PrecipiCalc modeling are shown in
Fig. 10, and predict a bimodal distribution of c0 -precipitates. Primary c0 -precipitate nucleation is predicted to
begin at a temperature of 1380 K due to a bulk free energy
driving force for nucleation, DFnuc, of 123 J mol1, and
continues to a temperature of 1357 K. Primary c0 -precipitate growth follows nucleation, and values of hR(t)i of
28.2 nm, Nv(t) of 2.7  1021 m3 and / of 25.7% are predicted for a temperature of 1194 K. According to the simulation results, signiﬁcant secondary c0 -precipitate
nucleation begins at a temperature of 1190 K due to a value
of DFnuc of 132 J mol1 and continues throughout the
remainder of the quench. The ﬁnal as-quenched microstructure is predicted to be a bimodal distribution of c0 -precipitates, with primary c0 -precipitates with hR(t)i and /
values of 30.2 nm and 31.5%, respectively, and secondary
c0 -precipitates with hR(t)i and / values of 0.8 nm and

Ni-(a)
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Cr-(a)
Ta-(a)

10

Partitioning Ratio, K γ '/γ
i

0

Ni-(b)
Al-(b )
Cr-(b)

5

2
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0

Fig. 9. The temporal evolution of the partitioning ratios, K ic =c , of the
constituent elements i of (a) Ni–10.0Al–8.5Cr–2.0Ta and (b) Ni–10.0Al–
8.5Cr (at.%) aged at 1073 K. In both alloys, Al and Ta are observed to
partition to the c0 -precipitates, while Cr and Ni partition to the c-matrix.

14.2%, respectively. The predicted values of Nv(t) for the
primary and secondary c0 -precipitates are 2.7  1021 and
3.4  1025 m3, respectively.
The PrecipiCalc predictions of the values hR(t)i, / and
Nv(t) for the primary c0 -precipitates of 30.2 nm, 31.5%
and 2.7  1021 m3 are in good agreement with the measured
values
of
30–40 nm,
28 ± 13%,
and
3 ± 2  1021 m3. The PrecipiCalc predictions for the sec-
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Fig. 10. The values of the c -precipitate number density, Nv(t), radius,
hR(t)i, and volume fraction, /, during the water quench from 1503 K for
Ni–10.0Al–8.5Cr–2.0Ta (at.%), as modeled by PrecipiCalc. A bimodal
distribution of c0 -precipitates is predicted for the as-quenched state with
primary c0 -precipitates with hR(t)i and / values of 30.2 nm and 31.5%,
and secondary c0 -precipitates with hR(t)i and / values of 0.8 nm and
14.2%. The predicted values of Nv(t) for the primary and secondary
c0 -precipitates are 2.7  1021 and 3.4  1025 m3, respectively.

ondary c0 -precipitate properties of 0.8 nm, 14.2% and
3.4  1025 m3 diﬀer, however, from the experimental values of hRi, / and Nv(t) of 6.4 ± 1.1 nm, 11 ± 1% and
1.3 ± 0.1  1023 m3, respectively. The accuracy of the predictions for the primary c0 -precipitates indicates that the
thermodynamics and kinetics of the c/c0 phase transformation are modeled correctly. Inaccuracies in the predictions
of the properties of the secondary c0 -precipitates may be
due to the limitations in of the extant models of nucleation
and growth upon which PrecipiCalc is based. These models
are best suited for dilute, misﬁt-free, binary alloys with
near-zero volume fractions of the secondary phase, and
hence very small elemental supersaturations. These conditions are not satisﬁed for a concentrated quaternary Ni–
Al–Cr–Ta alloy with an equilibrium precipitated volume
fraction of 37.0 ± 9.0%, and a complex bimodal microstructure in the as-quenched state. We note that eﬀorts to
improve the predictive power of this modeling technique
and to incorporate the eﬀects of variables such as lattice
misﬁt are ongoing [42]. The PrecipiCalc predictions are
highly dependent on the choice of the alloy cooling rate,
the shape of the cooling curve, the c/c0 -interfacial energy,
and the kinetics and thermodynamics of the alloy during
the quench. Thus, the modeling predictions can be modiﬁed by adjusting any of these parameters.
Fig. 11 shows the PrecipiCalc predictions of the values
of DFnuc, the eﬀective nucleation rate, Jeﬀ, and the critical
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Fig. 11. The evolution of the bulk driving force for nucleation, DFnuc, the
eﬀective nucleation rate, Jeﬀ, and the critical radius for nucleation, R*,
during the quench. Decreases in the magnitude of DFnuc are predicted at
1380 and 1190 K due to the nucleation of primary and secondary c0 precipitates, respectively. The magnitude of DFnuc increases and the values
of R* decrease during the quench. This ﬁgure was calculated using
PrecipiCalc.

radius for nucleation, R*, during the quench. Decreases
in the magnitude of DFnuc are predicted at 1380 and
1190 K due to the nucleation of primary and secondary
c0 -precipitates, respectively. For the remainder of the
quench, the driving force for phase separation increases
rapidly. This is due to the increasing c-matrix supersaturation values that are not suﬃciently consumed by primary
c0 -precipitation growth, due, in turn, to the exponentially
decreasing diﬀusivities with decreasing temperature. As
expected, the predicted values of R* decrease rapidly as
the magnitude of DFnuc increases.
The composition of the primary c0 -precipitates in the
as-quenched state is measured to be 76.04 ± 0.04
Ni–17.02 ± 0.02Al–3.37 ± 0.02Cr–3.57 ± 0.03Ta (at.%),
while the secondary c0 -precipitates have a composition
of 76.05 ± 0.05Ni–16.82 ± 0.03Al–4.60 ± 0.03Cr–2.53 ±
0.03Ta (at.%). We note that the composition of the
larger c0 -precipitates is closer to the equilibrium composition of 75.24 ± 0.04Ni–16.48 ± 0.07Al–3.20 ± 0.06Cr–
5.03 ± 0.07Ta (at.%) estimated from APT data. The primary
c0 -precipitates reject Cr to the c-matrix and preferentially
consume the supersaturation of Ta, which partitions
strongly to the c0 -phase. As such, the secondary c0 -precipitates nucleate from a Cr-enriched and Ta-depleted c-matrix,
resulting in Cr and Ta concentrations that are 36% larger
and 29% smaller, respectively, than those measured for the
primary c0 -precipitates.
The morphological development of nickel-based superalloys has been shown to proceed from spheroidal-to-
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cuboidal-to-cuboidal arrays and ﬁnally to solid-state dendrites [45]. The c0 -precipitates of the Ni–Al–Cr–Ta alloy
studied herein undergo the ﬁrst two transitions, transforming from spheroids-to-cuboids at an aging time of 0.25 h,
and forming cuboidal arrays by an aging time of 4 h. The
sizes at which these transitions occur are a function of
the magnitude of the lattice parameter misﬁt, and are partially diﬀusion controlled [45]. The elastic self-energy of a
precipitate increases as R3, while the heterophase interfacial free energy increases as R2. Thus, as growth and coarsening proceed, and the average c0 -precipitate radius
increases, the elastic energy ultimately determines the precipitate morphology and is decreased by the formation of
cuboidal c0 -precipitates. The evolution of the spheroidal
c0 -precipitates into cuboids in the Ni–Al–Cr–Ta alloy commences at an aging time of 0.25 h, when the c0 -precipitates
have an average radius of 61 ± 7 nm. In contrast, the
radius at which the microstructure becomes cuboidal for
the base Ni–Al–Cr alloy was estimated to be 88 nm at
an aging time of 64 h at 1073 K [20]. The lattice parameters
of the c-matrix and the c0 -precipitates of the Ni–Al–Cr–Ta
alloy are estimated from PrecipiCalc to be 0.3589 and
0.3603 nm, respectively, resulting in a lattice parameter
misﬁt, d, of 0.0039. The value of d of the Ni–Al–Cr alloy
was previously estimated to be 0.0022 ± 0.0007 [20]. The
addition of 2.0 at.% Ta increases the lattice parameter misﬁt by 78%, resulting in a spheroid-to-cuboid transition that
occurs at a smaller c0 -precipitate size, and at an earlier
aging time. For aging times of 64 and 256 h (Figs. 3f, 5
and 6), the c0 -precipitates have a non-equiaxed, rectangular
parallelepiped morphology with {0 0 1}-type facets. The
parallelepipedic morphology of the c0 -precipitates further
minimizes the elastic energy [46,47].
The alignment of the c0 -precipitates results from the
minimization of the elastic interactions between the c0 -precipitates, where the elastic interaction energy depends on
the elastic anisotropy, the diﬀerence in the elastic constants
of the two phases, and the sign and magnitude of the misﬁt
strain [48–50]. The alignment of c0 -precipitates into cuboidal and parallelepipedic arrays was found to occur after
64 h of aging at 1073 K for the base Ni–Al–Cr alloy [20],
while the formation of arrays begins at 4 h for the Ni–
Al–Cr–Ta alloy. The increased lattice parameter misﬁt
due to the addition of Ta leads to c0 -precipitate alignment
at smaller precipitate radii and earlier aging times in the
Ni–Al–Cr–Ta alloy. The cuboidal c0 -precipitates in both
alloys have a coherent cube-on-cube relationship with the
c-matrix, with clearly deﬁned {0 0 1}-type facets, and are
aligned along the elastically soft h0 0 1i-type directions
(Fig. 6).
4.2. Compositional evolution
From the APT results, Al and Ta partition strongly to
the c0 -precipitate phase, while Ni and Cr partition to the
c-matrix phase, in agreement with past experimental results
[5,10,11,51–54]. The equilibrium composition of the c0 -pre-

cipitates suggests that Al, Ta and Cr occupy the Al sublattice sites of the L12-ordered c0 -phase of the Ni–Al–Cr–Ta
alloy at 1073 K. A recent ﬁrst-principles study of this alloy
conﬁrms that Ta and Cr substitute preferentially at the Al
sublattice sites of the Ni3Al-L12 structure [55], in agreement with previous work on this subject [12,53,56–71].
The measured c0 -precipitate volume fractions (Table 1)
are close to their equilibrium values, suggesting that the
Ni–Al–Cr–Ta alloy may be undergoing quasi-stationary
state coarsening. The ﬁrst comprehensive mean-ﬁeld treatment of precipitate coarsening, due to Lifshitz and Slyozov
[72] and Wagner [73], is limited to very dilute binary alloys
with spatially ﬁxed spherical precipitates whose initial compositions are equal to their equilibrium values. Umantsev
and Olson (UO) demonstrated that the exponents of the
temporal power-laws predicted for binary alloys by LSWtype models are identical for concentrated multi-component alloys, but that the explicit expressions for the rate
constants depend on the number of components [74]. In
the UO model, the asymptotic solution for the supersaturation of solute element i, DCi(t), the diﬀerence between the
concentration in the far-ﬁeld c-matrix, < C c;ff
i ðtÞ >, and
ð1Þ, is:
the equilibrium c-matrix solute-solubility, C c;eq
i
c;eq
ð1Þ ¼ ji;UO t1=3 ;
DC ci ðtÞ ¼< C c;ff
i ðtÞ > C i

ð1Þ
DC ci ðtÞ

and is
where ji;UO is the coarsening rate constant for
related to the partial derivatives of the chemical potentials,
the c0 -precipitate/c-matrix interfacial free energy, the partitioning ratios of the alloying elements and the diﬀusivities
of the elements [74]. The temporal evolution of the supersaturations of the alloying elements in the c-matrix and
c0 -precipitate are observed to follow approximately the
t1=3 prediction of the UO model (Fig. 12). The supersaturations of Ni, Al, Cr and Ta in the c-matrix evolve as
t0.33±0.04, t0.35±0.05, t0.31±0.04 and t0.30±0.04, respectively, while the supersaturations of the same elements in
the c0 -precipitates evolve as t0.33±0.03, t0.36±0.05,
t0.28±0.04 and t0.36±0.03, respectively. Quasi-stationary
state coarsening has begun by an aging time of 1 h, and
continues throughout the aging times
studied here.
c0 ;eq
ð1Þ
and
C
ð1Þ
estimated from
The values of C c;eq
i
i
APT data employing Eq. (1) are listed in Table 2, and compared to the equilibrium values predicted by Thermo-Calc
and the concentrations measured by APT and ICP analysis
at 256 h. The phase compositions after 256 h of aging are
near their equilibrium values, suggesting that the magnitudes of the c-matrix supersaturations are small and that
the c0 -precipitate growth and coarsening regime is nearly
complete.
The most striking feature of the concentration proﬁles
across the c0 -precipitate/c-matrix heterophase interface
(Fig. 7) is the accumulation of Ni in the c-matrix roughly
2 nm from the interface. This eﬀect was observed at all c/
c0 interfaces, regardless of direction, and is likely kinetic
in origin, resulting from a decrease in the diﬀusivity of Ni
in the c-matrix. Estimates of the tracer diﬀusivities from
Dictra predict a threefold decrease in the calculated c-
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Fig. 12. The magnitude of the values of the supersaturations, DC i ðtÞ, of Ni, Al, Cr and Ta in the c-matrix and c0 -precipitates for Ni–10.0Al–8.5Cr–2.0Ta
(at.%) alloy aged at 1073 K. The magnitudes of the DC i ðtÞ values decrease as approximately t1=3 in the coarsening regimes for both phases, as predicted by
the Umantsev and Olson (UO) models for quasi-stationary state coarsening.

Table 2
0
ð1Þ, determined by APT, ICP chemical analysis, and thermodynamic
Equilibrium compositions (at.%) of the c0 -precipitate, C ci ;eq ð1Þ, and c-matrix, C c;eq
i
modeling employing Thermo-Calc for Ni–10.0Al–8.5Cr–2.0Ta (at.%) aged at 1073 K.
0

0

0

0

Technique

c ;eq
ð1Þ
C Ni

c ;eq
C Al
ð1Þ

c ;eq
C Cr
ð1Þ

c ;eq
C Ta
ð1Þ

APT, 256 h
APT, extrapolated
ICP, 256 h
Thermo-Calc

75.37 ± 0.05
75.24 ± 0.08
75.56
76.47

16.56 ± 0.08
16.48 ± 0.07
16.57
17.00

3.25 ± 0.09
3.20 ± 0.06
3.28
2.66

4.82 ± 0.09
5.03 ± 0.07
4.58
3.88

Technique

C c;eq
Ni ð1Þ

c;eq
C Al
ð1Þ

C c;eq
Cr ð1Þ

c;eq
C Ta
ð1Þ

APT, 256 h
APT, extrapolated
ICP, 256 h
Thermo-Calc

81.65 ± 0.01
81.68 ± 0.04
83.17
81.37

5.23 ± 0.03
5.18 ± 0.08
5.49
5.68

12.66 ± 0.03
12.70 ± 0.02
10.74
12.11

0.47 ± 0.03
0.44 ± 0.06
0.60
0.84

matrix tracer diﬀusivity of Ni, DcNi , from 6.06 to
2.02  1018 m2 s1 due to a 2.0 at.% addition of Ta (Table
3). This decrease in Ni diﬀusivity is signiﬁcant because Ni
becomes the least mobile species in the c-matrix phase.
Hence, as phase decomposition proceeds, Ni partitions to
the c-matrix and accumulates on the c-matrix side of the

c0 /c interface. The diﬀusivities of all of the atomic species
decrease due to the addition of Ta, thus the c0 -precipitate
coarsening kinetics are expected to decrease. We note that
the calculations of the c-matrix diﬀusivities used herein are
dependent on the thermodynamic predictions from the
Saunders database. Since the Saunders database predicts
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Table 3
Tracer diﬀusivity of element i in the c-matrix, Dci , of Ni–10.0Al–8.5Cr and Ni–10.0Al–8.5Cr–2.0Ta (at.%) calculated with Dictra, and Campbell [40] and
Saunders [38] databases at 1073 K.
Alloy (at.%)

DcNi (1018 m2s1)

DcAl (1018 m2s1)

DcCr (1018 m2s1)

DcTa (1018 m2s1)

Ni–10.0Al–8.5Cr
Ni–10.0Al–8.5Cr–2.0Ta

6.06
2.02

13.9
12.6

5.13
4.80

–
5.14

an equilibrium partitioning ratio for Ta of 4.61, while a
value of 11.4 is measured herein, the predictions of the
database are not absolutely accurate. As such, the predictions of the c-matrix kinetics likely suﬀer from some inaccuracy, as previously observed in comparisons of
microanalysis results of diﬀusion couples to Dictra predictions [42].
The widths of the concentration proﬁles across the c0 precipitate/c-matrix interface are observed to decrease with
increasing aging time (Fig. 8), which is a kinetic eﬀect. As
aging progresses, the two species with the largest predicted
diﬀusivities in the c-matrix, Al and Ta (Table 3), have the
smallest interfacial widths, while the opposite is true for Ni
and Cr, the slower species. This is expected, though the diffusivities of the atomic species in the c0 -precipitate, for
which there are no extant kinetic databases that include
Ta, also play an important role in determining the interfacial widths. The interfacial widths of model nickel-based
superalloys have been measured to range from a single
atomic layer to up to 5 nm, depending on the alloy system
and temperature studied [24,75,76].
4.3. Comparison with other Ni–Al–Cr–X alloys
This work is part of a systematic investigation of the
eﬀects of dilute refractory additions on the c/c0 phase
decomposition of a model Ni–10.0Al–8.5Cr (at.%) alloy
aged at 1073 K. A 2.0 at.% addition of W [19,20] was previously found to increase the microhardness and decrease
the coarsening kinetics of the c0 -phase. Tungsten was found
to partition preferentially to the c0 -precipitates, with no evidence of non-monotonic (conﬁned) segregation of W at the
heterophase interface. The addition of W led to stronger
partitioning of Al to the c0 -precipitates, and of Cr to the
c-matrix, than was measured for the base Ni–Al–Cr alloy.
The Ni–Al–Cr–W alloy, like Ni–Al–Cr–Ta and the base
Ni–Al–Cr alloys, undergoes a c0 -precipitate morphological
evolution from spheroids-to-cuboids, as well as alignment
of the cuboids along the elastically soft h0 0 1i-type
directions.
A 2.0 at.% addition of Re [22,23] was found to result in
the strong partitioning of Re to the c-matrix, and increased
the partitioning of Al to the c0 -precipitates and of Cr to the
c-matrix. Rhenium was found to decrease the coarsening
kinetics, and to stabilize the spheroidal morphology of
the c0 -precipitates, allowing the c0 -phase to remain spheroidal after aging to 256 h. A high degree of c0 -precipitate
coagulation and coalescence was detected, in contrast with
the Ni–Al–Cr–Ta and Ni–Al–Cr–W alloys. Additionally,

no evidence of conﬁned (non-monotonic) interfacial Re
segregation was detected for Ni–Al–Cr–Re, unlike commercial nickel-based superalloys, such as René N6, which
exhibits signiﬁcant conﬁned (non-monotonic) interfacial
segregation of Re of 2.41 atoms nm2 [77,78]. The eﬀects
of Re and Ta in modern nickel-based superalloys are dramatically diﬀerent, though both decrease the kinetics of
c-phase decomposition, leading to phase stability at high
temperature.
The accumulation of Ni on the c-matrix side of the c0 /c
heterophase interface is unique to the addition of Ta, due
to a decrease in the value of DcNi from 6.06 to
2.02  1018 m2 s1 for a 2.0 at.% addition of Ta. The
value of DcNi was calculated to decrease to
4.92  1018 m2 s1 [20] and 4.05  1018 m2 s1 [23] due
to the additions of W and Re, respectively, leading to a
deceleration of the coarsening kinetics. The values of DcNi
are, however, apparently still suﬃcient to transport Ni
atoms away from the c0 /c interface during phase decomposition of the Ni–Al–Cr–W and Ni–Al–Cr–Re alloys,
avoiding Ni accumulation. The bimodal distribution of
c0 -precipitates in the as-quenched state is also unique to
Ni–Al–Cr–Ta among the Ni–based alloys we have studied
to date. The bimodal distribution is due to the initially high
value of the Ta supersaturation in the c-matrix, and to the
relatively large diﬀusivity of Ta in the c-matrix. The value
of DcTa of 5.14  1018 m2 s1 is signiﬁcantly greater than
the values of DcW and DcRe of 4.93 and 1.07  1019 m2 s1,
respectively, in the model Ni–Al–Cr alloys.
5. Summary and conclusions
The eﬀects of a 2.0 at.% addition of tantalum to a model
Ni–10.0Al–8.5Cr (at.%) superalloy aged at 1073 K for 0–
256 h were assessed using mainly SEM and APT, leading
to the following conclusions:
 The addition of Ta results in a 47 ± 5% increase in
microhardness due to increases in solid-solution
strengthening and to a dramatic increase in the volume
fraction of the c0 -phase. After 256 h of aging, the value
of / from phase extraction results is 18.9% for Ni–Al–
Cr and 36.4% for the Ni–Al–Cr–Ta alloy. The equilibrium volume fraction of the c0 -phase for the Ni–Al–
Cr–Ta alloy is estimated by APT to be 37.0 ± 9.0%.
 The morphology of the c0 -precipitates evolves from a
bimodal distribution of spheroidal precipitates in the
as-quenched state to primary c0 -precipitate cuboids with
signiﬁcantly rounded edges, and ﬁnally to cuboidal and
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parallelepipedic c0 -precipitates with clearly deﬁned
{0 0 1} facets, aligned along the elastically soft h0 0 1i
directions.
The morphology of the c0 -precipitate phase is spheroidal
in the as-quenched state and a bimodal particle size distribution is apparent. The smaller secondary c0 -precipitates
are observed to have an average radius of 6.4 ± 1.1 nm
and the larger primary c0 -precipitates have radii on the
order of 30–40 nm. A solute-depleted, precipitate-free
shell with a thickness of 5.7 ± 1.1 nm surrounds the primary c0 -precipitates. Precipitation modeling employing
the commercial software program PrecipiCalc predicts
that primary and secondary c0 -precipitate nucleation
begin at 1380 and 1190 K, respectively. The smaller secondary c0 -precipitates are only observed in the asquenched state and disappear between 0 and 0.25 h of
aging at 1073 K due to coarsening of the primary c0 precipitates.
The transition from a spheroidal-to-cuboidal morphology commences at an aging time of 0.25 h, when the primary c0 -precipitates have an average radius of
61 ± 7 nm. In contrast, the radius at which the microstructure becomes cuboidal for the base Ni–Al–Cr alloy
is estimated to be 88 nm at an aging time of 64 h at
1073 K [20]. The addition of 2.0 at.% Ta increases the lattice parameter misﬁt, d, by 78%, from 0.0022 ± 0.0007
[20] to 0.0039. This increase in d results in a spheroid-tocuboid transition that occurs at a smaller c0 -precipitate
radius and at an earlier aging time than for the base ternary Ni–Al–Cr alloys, to minimize the free energy associated with elastic misﬁt.
Alignment of primary c0 -precipitates into cuboidal and
parallelepipedic arrays occurs after 4 h of aging at
1073 K for the model Ni–Al–Cr–Ta alloy, while the formation of arrays was observed to begin after 64 h for
the base Ni–Al–Cr alloy. The increased lattice parameter
misﬁt due to the addition of Ta leads to alignment at smaller primary c0 -precipitate radii and earlier aging times in
the Ni–Al–Cr–Ta alloy.
Aluminum and Ta partition to the c0 -precipitates, while
Cr and Ni partition to the c-matrix. The strong partitioning of Ta to the c0 -precipitates increases the partitioning
of Cr to the c-matrix and of Al to the c0 -precipitates, when
compared to the results of the base Ni–Al–Cr alloy.
The concentration proﬁles of the constituent elements of
the Ni–Al–Cr–Ta alloy across all c0 -precipitate/c-matrix
interfaces exhibit an accumulation of Ni on the c-matrix
side of the interface. This eﬀect is likely due to the diminution of the mobility of Ni in the c-matrix caused by
the addition of Ta, and was not previously observed in
alloys with 2.0 at.% additions of W or Re.
The widths of the concentration proﬁles across the c0 precipitate/c-matrix interface are observed to decrease
with increasing aging time. Upon aging, the atomic species with the largest diﬀusivities in the c-matrix, Al and
Ta, have the smallest interfacial widths, while the opposite is true for Ni and Cr, the slower species.
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 For aging times of 1 h and longer, the temporal evolutions of the supersaturations of the alloying elements
in the c-matrix and c0 -precipitates are observed to follow
approximately the t1=3 prediction of the Umantsev–
Olson quasi-stationary state coarsening model.
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