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Abstract

For a Ni-5.2 Al-14.2 Cr at.% alloy with moderate solute supersaturations, the compositional
pathways, as measured with atom-probe tomography, during early to later stage y'(L1,)-
precipitation (R = 0.45-10 nm), aged at 873 K, are discussed in light of a multi-component
coarsening model. Employing nondilute thermodynamics, detailed model analyses during quasi-
stationary coarsening of the experimental data establish that the y/y' interfacial free-energy is 22-
23+7 mJ m”. Additionally, solute diffusivities are significantly slower than model estimates.
Strong quantitative evidence indicates that an observed y'-supersaturation of Al results from the
Gibbs-Thomson effect, providing the first experimental verification of this phenomenon. The
Gibbs-Thomson relationship, for a ternary system, as well as differences in measured phase

equilibria with CALPHAD assessments, are considered in great detail.
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L. Introduction

The precipitation process of a new phase from a supersaturated solid solution is
commonly divided into a sequence of three stages: (i) nucleation of the new phase; (ii) growth of
the nuclei and accompanying depletion of solute from the matrix; and (iii) coarsening (Ostwald
ripening) of the precipitates of the new phase, which may operate in isolation or concurrently. In
references [1-4], we report on the early-stages of isothermal, stress-free precipitation from a
nondilute Ni-5.2 Al-14.2 Cr at.% alloy as monitored with transmission electron microscopy
(TEM), atom-probe tomography (APT), and lattice kinetic Monte Carlo (LKMC) simulations.
This work builds on the seminal research of Schmuck et al. and Pareige et al. [5,6], who were the
first to demonstrate that experimental APT observations, in conjunction with LKMC simulations,
yields a detailed atomic-scale picture of the early-stage decomposition of a model Ni-Al-Cr
alloy. For the Ni-Al-Cr alloy that is the focus of our investigations [1-4], radial distribution
function analyses of the APT data [1] demonstrate that the solutionized alloy is not a perfect
random solid-solution. Although Cr atoms are randomly distributed in the y(fcc)-matrix, a
dispersion of congruent L1, type Ni,Al short-range order (SRO) domains with an average radial
extension of 0.6 nm results from Al diffusion during water quenching after solutionizating the
alloy at temperatures above the two-phase field. As the alloy is aged at 873 K, the Al atoms in
solution substitute for kinetically trapped Cr atoms in the SRO domains. The SRO processes
distinctly precede Al-rich phase separation by nucleation of y'(L1,) Niy(AlCr,,) precipitates,
which initiates between 0.0083 and 0.167 h. During the reaction stage dominated by nucleation (¢
< 0.25 h), a sharp rise in the y'-number density (N,) of (5.9+1.7)x10* m” s’ with a constant mean
precipitate radius (<R>) of 0.75 nm is observed, which is an upper bound estimate for the critical

y'-radius [2]. Consistent with models of diffusion-controlled growth [7,8], the small y'-nuclei are
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surrounded by a region of Al-depletion and Cr-enrichment that extends 3 nm from the y/y'-
interface [3]. With aging from 0.25 h, the transformation enters a period of concomitant
nucleation and growth that is characterized by an increasing <R> value as the rate of new
nucleation events diminishes and concludes when the peak precipitate number density (N, =
3.2x10* m™) is reached after 4 h of aging [2]. The last reaction stage of concomitant growth and
coarsening (¢ = 4-1024 h) consists of a power-law decay in N, of —0.64+0.06 as the precipitate
volume fraction, ¢, increases. This monotonic decay in N,, as well as the disappearance of
chemical transients associated with high-order flux terms during diffusion-limited growth [3],
establishes that the reaction enters quasi-stationary coarsening state after 4 h of aging, where the
matrix supersaturation in the far-field changes slowly with time. A linear regression analysis of
<R>® for t = 4 h yields a coarsening rate constant of (8.8+3.3)x10™* m’ s and a reasonable value
for <R(0)> of 0.97 nm, which is the value of <R> at which coarsening commences and it
corresponds to an aging time of ca. 2 h [2]. The uniform and random distribution of coherent,
spheroidal y'-precipitates are retained out to at least 1024 h (<R> = 7.7#3.3 nm) and
transformation is near its equilibrium volume fraction, ¢, of 15.620.4 %. Throughout the phase
transformation, a fraction of the y'-precipitates are interconnected by necked regions [2]. These
necked regions result from early-stage coagulation and coalescence of y'-precipitates in near
proximity without significant (less than a unit cell) precipitate migration and without the
formation of an anti-phase boundary in the necks, where the initial joining of the precipitates (i.e.
coagulation) occurs primarily prior to 4 h of aging, and the highest percentage of interconnection
(304 %) corresponds to the smallest interprecipitate spacing (5.9+0.8 nm).

The dependence of interfacial concentration on the curvature of the interface (i.e. a

capillary effect) is addressed with classical thermodynamic Gibbs-Thomson equations for a
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single precipitate with a radius R (see [9]). In solid two-phase binary alloys with stress-free (i.e.
negligible lattice parameter misfit) spherical precipitates, the Gibbs-Thomson effect predicts an
increased solid-solubility at the interface (on both the matrix and precipitate sides of the
interface) that decays as 1/R during isothermal aging. The product of the increase in interfacial
solid-solubility for a particular phase and R value is the capillary length of that phase. This
increase in solubility, and therefore the capillary length, is more pronounced in systems with
high interfacial free-energies and large curvatures of the Gibbs free-energy surface of that phase.
The associated compositional deviations are thought to be significant when R is less than several
nanometers; that is, when the capillary lengths for both phases are ca. 0.1 nm. Due to challenges
in measuring chemical composition within and across nanometer-sized precipitates these effects
have not been observed experimentally.

The local equilibrium conditions (given by the equality of chemical potentials at the
interface), which are sufficient to describe the Gibbs-Thomson effect in binary systems [10], are
insufficient for ternary systems, as there are four concentrations that define the interfacial
composition (two for each phase) but only three equilibrium conditions. An additional condition
is, therefore, necessary. In the Kuehmann and Voorhees (KV) coarsening model [11], this
constraint is given by the flux balance (mass conservation) at the moving precipitate/matrix
interface, and Gibbs-Thompson equations are derived for a general nonideal and nondilute
ternary two-phase mixture in the mean-field limit of small volume fractions. The KV model for
nondilute coarsening in ternary alloys [11] builds on the general n-component model developed
by Umantsev and Olson [12], but includes the influence of capillarity on precipitate composition.
The KV model, therefore, allows both the matrix and precipitate compositions to deviate from

their equilibrium values. The KV model [11] employs the following assumptions: (i) the system
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is in a quasi-stationary-state, that is, the matrix supersaturation changes slowly with time; (ii) the
off-diagonal terms of the diffusivity matrix are negligible; (iii) the precipitates are spherical; (iv)

stress effects are negligible; and (v) implicitly the evaporation-condensation mechanism is

operative. Denoting the diffusivity matrix, D, , in a ternary system as:

— Dll D12 D13
D,=|D, D, D,|, (1)
D3l D32 D33

the assumption that the off-diagonal terms can be neglected may be reasonable for Al, where
D,, >> D, [13]; this assumption is, however, questionable for Cr as D, and D, are
approximately the same [13]. The elastic stress effects are insignificant for the range of ¥'
precipitate radii we investigated (R = 0.45 to 10 nm), as governed by the small lattice parameter
misfit between the y and y' phases (8 = 0.06:£0.04 % [14]). The other assumptions of the KV
model are directly addressed in the Results section.

In the limit ¢ — o, the exponents of the power-law temporal dependencies for an n-
component system are the same as those of the LSW model (binary case) [15,16], while the
coarsening rate constants for <R(7)> and the y-matrix supersaturation of solute species i (AC}),

K* and k¥, differ [12]. The explicit relationships derived for a ternary alloy are [11]:

<R(1)>" -<R(0)>"=K"'t; )
¢ 3
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where n = 3, m = -1, and g = -1/3 are the temporal exponents. The quantity <R(0)> is the mean
precipitate radius at the onset of coarsening; ¢ is the equilibrium volume fraction of the
precipitates; < C""7 >is the average far-field concentration of i in the y-matrix; and C]"* is the
equilibrium solute-solubility. In this asymptotic treatment, it is worthwhile noting that Equation
4 physically describes the <C!"/ > decay at a certain rate toward the composition of a single
perfectly flat y/y' interface achieved at infinite time, where the latter quantity is equivalent to
[ 8

Magnetic measurements of the Curie temperature were first employed in Ni-Ti alloys
[17], and later in Ni-Al alloys [18,19], to determine indirectly the temporal evolution of the
matrix supersaturation during precipitation. For y'-strengthened Ni-Al alloys, magnetic
measurements [18,19], as well as more recent direct one-dimensional atom-probe measurements

'3 relationship during coarsening.

[20], confirm that the matrix supersaturation of Al obeys the 1
Recent APT investigations of the coarsening behavior in Al-Sc-X (X = Mg [21] or Zr [22])
alloys and a Ni-Al-Cr-Re [23] alloy demonstrate that the temporal dependence of the solute
supersaturation agrees with or is close to ca. —1/3 for the fastest-diffusing solutes only. For the
Ni-Al-Cr alloy studied, the calculated diagonal terms of the intrinsic diffusivity matrix ('D}*) at
873 K for the two solute species [24] (Equation 1) are close in magnitude, where ‘Dfj =
2.222x10® m? s and ‘D%, = 6.999x10%' m* s”, and the ratio, a,, of ‘Dfj, to ‘Dfy, is 3.175.
During the quasi-stationary state (¢ = 16h), it is determined that both the power-law dependences
of the Al (-0.33+0.04) and Cr supersaturations (-0.3420.07) in the y-matrix agree with the model
value g = —1/3 for multicomponent coarsening [2].

Given the fine scale of the nanostructures investigated, several to hundreds of y'-
precipitates can be analyzed during an individual atom-probe tomographic (APT) analysis (with

6
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a typical analysis volume of 10x10x100 nm’ or 100x100x100 nm’ for the conventional
tomograph or LEAP tomograph [25], respectively). This provides sufficient data to evaluate
precisely the mean interior concentration of component i of the y'-precipitates, < C!"" >, and the
compositional profiles that extend across and into the nanometer-sized precipitates. During the
reaction stage when nucleation dominations, solute-rich nuclei contain supersaturations of both
Al and Cr, which are ca. 2 at.%. above the y'-equilibrium composition, C?"*?[2]. With increasing
aging time, the measured solute supersaturations continuously decrease as < C!"™ > approaches
C!"* and the y'-precipitates’ <R> values increase. Compositional profile analyses established
that a gradual decrease in Cr concentration towards the precipitate core that persists up to 64 h of
aging is consistent with Cr atoms kinetically trapped during nucleation and growth of the y'-
precipitates [3]. In this article, we assess the origin of these solute supersaturations with the KV
model. The transformation kinetics are considered in greater detail with analytical expressions
developed by the KV model for the Ni-Al-Cr alloy, as was performed for Ni-Al-Mo alloys [26]
and an Al-Sc-Mg alloy [21,27]. From our APT measurements [2], the y/y' interfacial energy, 0",
and effective solute diffusivities are determined using ideal dilute-solution theory and
CALPHAD assessments [28,29] of the nonideal and nondilute thermodynamics of the y- and y'-

phases employing the KV model.

I1. Experimental Procedures
High purity constituent elements (99.97 Ni wt. %, 99.98 Al wt. %, and 99.99 Cr wt. %)
were induction melted under an Ar atmosphere to minimize oxidation, and then chill cast ina 19
mm diam. copper mold to produce master ingots. The overall alloy composition, C;, was
determined to be 80.5, Ni-5.2, Al-14.2, Cr at. % employing inductively coupled plasma atomic-

7
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emission spectroscopy. To ensure chemical homogeneity, cast ingots, consisting of coarse (0.5-2
mm diam.), equiaxed, and twinned grains [14], were homogenized at 1573 K for 24 hours.
Subsequently, the temperature was decreased to 1123 K and the ingot was held for 3 h in the
y(fcc)-phase field. By virtue of the smaller undercooling, this heat treatment reduced the
concentration of quenched-in vacancies and suppressed y'(L1,)-precipitation during the water
quench to room temperature. As-quenched sections were aged at 873 K for times ranging from
0.0333 to 1024 h. Further details on sample preparation, operational conditions and
measurements for APT and transmission electron microscopy (TEM) experiments can be found
in references [2,14,23]. APT data was visualized and analyzed with ADAM 1.5 [30], where the
v/y' interfaces are delineated with 9 at.% Al isoconcentration surfaces generated with efficient
sampling procedures [31] and the composition profiles are obtained with the proximity histogram
method [32].
III. Results

3.1. Experimental observations of supersaturation and equilibrium and nonequilibrium
composition of the y and y' phases

Figure 1 presents a typical 3-dimensional image that is obtained with APT for a specimen
aged for 4 h at 873 K. Over the reaction period investigated, the fine-scale nanostructure exhibits
some coalescence among the uniform distribution of spheroidal y'-precipitates. Figures 2 displays
the temporal evolution of the far-field composition -in the y-matrix, <CJ;/ > with time as
supersaturation is relieved. Following Marquis and Seidman [21,27], the equilibrium
composition and compositional rate constants of the matrix phase are deduced from the
experimental measurements of <C/'/ > in quasi-stationary state ¢ = 16 h with Equation 4

assuming the model p value of —1/3. The fit to Equation 4 is marked with solid lines in Figure 2,



Acta Materialia— Received 22 March 2006, received in revised form 2 August 2006; accepted 7
August 2006.

where the extrapolation of the fitted curves to shorter aging times is denoted with dashed lines.
This fitting procedure yields a goodness of fit of 70% or better for each i. The extrapolated
values for C for Al and Cr are 3.13+0.04 and 15.6110.09 at.%, respectively, while the Al and
Cr rate constants are determined to be 0.186:0.022 and —0.14+0.05 at.fr. s'”, respectively. The
law of mass conservation mandates that the relationship in Equation 4 also obtains for the
solvent Ni, thus providing a veracity check for the fitting procedure used. From the experimental
measurements of <CJ” > (Figure 2), the C[ value is 81.26+0.09 at.%, satisfying mass
conservation, since the sum of the concentrations of Ni, Al and Cr in the y-phase is 100.00+0.11
at. %.

In the KV [11] analysis, they derive a Gibbs-Thomson relationship (see Equations 16 and
17 for each solute species in their article) that describes the influence of interfacial curvature on

precipitate composition for a coarsening spherical precipitate of radius R in a ternary alloy. For

the y'-phase, in the asymptotic limit when both solute supersaturations decay as £, and
assuming <R> = R, it can be shown that their Equations 16 and 17 simplifies to:
< C‘r(t) > _C'_y'.eq o K!'.KVI—HB; (5)

where k! is a compositional rate constant; <C!""(f)> is the average precipitate
concentration in their interiors; and C!"“ is the precipitate composition at a flat interface, which
is equal to the equilibrium value of the precipitate composition. Analogously to the y-matrix
phase, the < C’"™(f) > values for the y-precipitates are fit to Equation 5, yielding CI"*? and x7
values with a goodness of fit of 70% or better (Figure 3). To obtain more precise values for the
quantities C"*** and x/*" the<C!"™(t=4 h)> value was included with the quasi-stationary-
state values (r = 16 h) in the fitting. The latter’s inclusion is reasonable, since the temporal

exponent for <R(f)>" — <R(0)>" (Equation 2) is 0.29+0.05 for ¢ = 1 h (in reasonable agreement
9
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with the model prediction of n=1/3) and a linear monotonic decay of N, is observed for =4 h
[2].

As seen in Figure 3, the y'-precipitates’ cores are supersaturated with Al (19.1+2.8 at.%)
and Cr (9.7+2.1 at.%) at ¢t = 0.167 h. These supersaturations in the y'-precipitates decrease
continuously and the measured <C!"™ > is 16.70£0.29 at.% Al and 6.91+0.20 at.% Cr at ¢ =

1024 h. Utilizing Equation 5, the extrapolated values for the C7*** values of Ni, Al, and Cr are

76.53+0.25, 16.69+0.22, and 6.77+0.15% at.%, respectively, while the x|'" values are —
0.48+0.13, 0.22+0.11, and 0.2620.08 at.fr. s', respectively. The excess or deficiency of solute
with respect to the equilibrium compositions, that is, the supersaturation, is summarized for both
phases as a function of <R> and aging time in Table 1. Table 2 lists the rate constants and the
equilibrium phase compositions determined independently from the measured concentrations of
each component as they evolve temporally. In both phases, conservation of mass flux constrains
the summation of the elemental rate constants to zero. Within experimental error, the
independent measurements of the rate constants sums to zero, thereby confirrﬁing that the fitting

procedures are reasonable.

3.2. Comparison of APT measurements to calculated values based on CALPHAD
thermodynamic assessments

The Ni-Al-Cr system [28,33] and commercial Ni-base superalloys [29] have been the
subject of a number of CALPHAD thermodynamic assessments, accessible from the commercial
software package ThermoCalc [34). Standard ThermoCalc procedures were employed to
calculate an equilibrium state for Ni-5.24 Al-14.24 Cr at.% (C7) at a constant pressure (1 atm)

and 873 K. Table 3 contains a comparison of the APT measurements of the y'-equilibrium

10
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volume fraction (¢), the composition of the critical nucleus (C!™"), € and C'*? with
calculated values from the thermodynamic databases. The value of ¢ is determined directly
with  APT from C and C!" of each component using the lever-rule,

= (C}’"" -C; )/(C}’ - C,T"""), to have an average value of 15.6 % (Table 3). For a specimen
aged for 1024 h, the ¢-value measured directly from the APT analyzed volumes is 15.6+6.4 at.%
[2], establishing that the transformation is near completion. The thermodynamic assessments
predict lower values of ¢ than the experimental values with 7.49 at.%, 12.34 at.%, and 12.83
at.% predicted by Huang and Chang’s [33], Dupin et al.’s [28], and Saunders’ [29] databases,
respectively. As the Dupin et al. and Saunders databases yield reasonable values of ¢ when
compared to our experimental value, only the calculated compositional quantities of these two
databases are listed in Table 3, and these databases are used to calculate the thermodynamic
quantities needed to analyze data with the KV model. The database of Huang and Change is not
considered further as it is not in agreement with the experimental value of ¢”.

Thermodynamic assessment predictions for the equilibrium composition of the y-matrix
are near the experimental values, although the experimental values are slightly more depleted in
Al (3.13£0.04 at.%) and enriched in Cr (15.61+0.09 at.%) than predicted. The agreement is not
as close for the y'-phase. From phase-equilibria, the C]* value, as well as the driving force for y'-
nucleation, can be calculated from the common tangent plane between the initial composition on
the y-matrix free-energy surface with the y'-precipitates’ free-energy surface. In agreement with
the thermodynamic database predicted trends, the critical y'-nucleus is observed to be
supersaturated with Al (18.3+0.9 at.%) above the Al solvus concentration (16.69+0.22 at.%) at a

supersaturation of 1.61 at.%, similar to the predicted Al supersaturations of 1.81 at.% [28] and

11
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1.19 at.% [29]. The observed critical y'-nuclei are highly depleted in Ni, ca. 4 at.%, relative to the
experimental C[;*, while assessments predict significantly smaller deviations (< 0.25 at.%).
This high Ni depletion, where <CJ;™ > = 72.4+1.1 at.%, most likely results from fast Al
diffusion during the quench from the solutionizing temperature, 1123 K, which produces a
distribution of Ni,Al-type L1, SRO domains in the as-quenched alloy [1]. The most striking
discrepancy between the experiments and the CALPHAD predictions is the Cr concentrations in

the y'-phase. Contrary to the predicted trend of CJ;'<CL, it is found that critical nuclei contain

ca. 2.5 at.% of Cr above the C,** value. For the discussed binary Gibbs-Thomson formulation,
the observed trend requires the curvature of the Gibbs free-energy surface of the y'-phase to be
negative, which is inconsistent with a positive curvature needed for thermodynamic stability. In a
ternary alloy, the thermodynamic description, however, is less straightforward and the Gibbs-
Thomson relationship depends on three curvatures [11]. In reference [3] we show that Cr atoms
are kinetically trapped in the nucleating y'-precipitates; the observed trend is therefore a kinetic
effect that is not described by thermodynamics and assessments based on thermodynamics such

as the CALPHAD approach.

IV. Discussion
1. Determination of y/y' interfacial free-energy and solute diffusivities
The coarsening rate constant, K*', Equations 2 and 3, for the temporal evolution of the
precipitate radius in a y plus y' ternary alloy is given by [11]:

rir'yr
K* =_80_VL; (7
9A

12



Acta Materialia— Received 22 March 2006; received in revised form 2 August 2006; accepted 7
August 2006.

where V! is the average atomic volume per mol of the y-precipitate phase; o™ is the y/y'
interfacial free energy. The coefficient A contains thermodynamic and kinetic information for the

alloy as given by:

p r -
A= 1‘; - (pAlG.::AMl + pCrGrMCr) + D_C'(pAlGrHCr + pCrGI’.'rCr) ; (8)

AlAl CrCr
where ijis shorthand notation for the partial derivatives of the molar Gibbs free-energy of
phase k as given by:

G B
o R

&)
The quantity p, is the magnitude of the partitioning as defined by p, =C!** —-C!“. While, the
compositional rate constant, K}"’W , for the evolution of the y-matrix solute supersaturation for a

ternary alloy during quasi-stationary coarsening is [11]:

(0} A,
pA!(pAtGLIAt * pCrG:UCr) + pCr(pAl Gl + PCrG.r:‘rCr) .

KV
!

1]

(10)

There are different models accounting for diffusional field overlap associated with
systems with nonzero volume fractions; see reference [9] for an overview of this problem. The
restriction of small volume fractions can be removed by substituting K(¢) into Equations 2 and 4
with:

K(¢)= f($)K™; and (11)
K/(9) = (F(@®) """ (12)
where f{¢) is the ratio of the finite volume fraction rate constant to the rate constant of the KV

model, K(¢)/K*. The values of f(0.156) for six different models vary over a small range (1.65 —

13
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2.35) [9,35] and Brailsford’s and Wynblatt’s [36] theoretical value of 2.3 is chosen as being
representative.

By measuring independently the coarsening rate constants for <R> and the evolution of
the average concentration of solute in the matrix, it is possible to determine the interfacial free-
energy and the solute diffusivity, independently of one another, as first shown by Ardell [18,19]
for a binary alloy, and later for a ternary alloy by Marquis and Seidman [21,27]. Utilizing
Equations 7— 12, the relationship for o' in a nonideal, nondilute y plus y' ternary alloy with a

finite volume fraction is given by:

(KKV)MKT‘W
A0 2N, R S

i ZVJ,"p: (PGl + 2P PGl + Per' Gl (13)

The measured Al diffusion coefficient (diagonal term), D7, is an effective measure of the
operating diffusional processes, as determined from either k7" for solute species i and it is
given by:

213
offi 9(K KV) Pi (pAIZGIAMI g (1 + aD)pA!pCrGLICr + pCrZG}:rCr)
AlAL = : ’

4k f (@) (PArzG:qw +2puPe,Glc, + pCrzG.‘i.'rCr)

; (14)

where the constraint o, (the ratio of solute diffusivities) is taken to be 3.175 based on the
calculated intrinsic diffusivities. For the special case when one solute diffusivity is much greater
than the other, a simplified expression that removes this constraint can be derived [21,27]. It
follows from Equation 14 that an average D based on the compositional evolution of both

solute species is:

9(KXV )2I3(pM " pCr) - (PAH’ZGI“M" + (l + 0 )PmPCrGjﬁ:cr + pCrzc;},‘rCr) .

<D¥ >= : (14b)

AIAL % :
4("3‘1{“, + K5 )f (¢) (pAfZGZlMI +2PuPe.Glcr + pCrzG.::'rCr)

14
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where < DZ

7. > is determined directly from the constraint condition, < DY, >=3.175 < D7, >.

It is important to note that after algebraic rearrangement f{¢) is not present in Equation 13; while
it is present in Equation 14.

To determine o and D¢ from Equations 13 and 14 requires that the molar Gibbs free-
energy of the y-matrix be known. For the general case described by nonideal and nondilute

solution theory, such as the alloy discussed herein, CALPHAD methods can be employed to
calculate the G_fj at a given composition. Table 4 presents G’; and G’; for two thermodynamic
assessments [28,29], and ij for the ideal solution evaluated at the solvus compositions. For the
free-energy of the y-matrix evaluated at C"?, the two CALPHAD assessments predict ij with
similar magnitudes. They predict, however, a more highly curved free-energy surface than ideal
solution theory with respect to all solute species combinations. To determine ¢ and DZ,; from
Equations 13 and 14,V is defined as N,(a")’ /4, where a’ is the lattice parameter of the y'-phase
(0.3554 nm [37]) and N, is Avogadro’s number, yielding V) = 6.7584x10° m* mol”. Table 5
displays the o]’ calculated from the experimental values of K*¥'= (8.8+3.3)x10” m® s and x;"*"
(Table 2) employing Equation 13, with the calculated G’; (Table 4) and measured equilibrium
compositions (Table 3). The CALPHAD assessments take into account the excess free-energies
of mixing and the magnitudes of G';and are 1.5 to 12 times larger than those for ideal solution
theory (Table 4). Interestingly, both the CALPHAD assessments and ideal solution theory yield
approximately the same value for o!’", 22-23+7 mJ m”. Equation 13 consists of a constant
prefactor term multiplied by a polynomial term (in parenthesis) that depends on G, (always > 0)
and p;. For the alloy under investigation, two terms of the polynomial are greater than 0, as both

p.’ and p.’ are greater than 0, and one term is less than 0, since p,p., is less than 0. The
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calculated individual terms in the polynomial do differ significantly between ideal solution
theory values and CALPHAD assessments; however, the sum of negative and positive
contributions yields polynomial values that are in near agreement. The calculated polynomial
values are 4612, 5025, and 4794 J mol ™ at.fr. for ideal solution theory, Dupin et al.’s database,
and Saunders’ database, respectively, which differ within 9% of each other and yield values in
near agreement for o!'”".

A model prediction of the coarsening rate constant for <R>, K(¢), is determined from
Equation 11 (using Equations 7-8) to be 1.29x10™% m’ s”, utilizing the calculated intrinsic
diffusivities (Table 6) and an interfacial free-energy of 22.5 mJ m™”. The calculated K(¢) is
approximately 15 times larger than the measured rate constant of (8.8+3.3)x10** m’ s, which
implies that the experimental coarsening kinetics are significantly slower than the model
predictions. Correspondingly, as seen in Table 6, the effective solute diffusivities determined by
Equations 14 and 14b, are one order of ﬁuagnitude smaller than the predicted intrinsic
diffusivities in the matrix phase. The smaller rate is attributed to diffusion occurring in both the y
and y'-phases [2], where tracer Al and Cr diffusivities at 873 K in pure Ni,Al are 2.7x10% m* 5™

[38] and 1.4x10™ m” s [39], respectively.

2. The influence of capillarity on the y'-precipitate composition

The Ni-rich corner of the equilibrium Ni-Al-Cr phase diagram at 873 K and calculated
tie-lines presented in Figure 4 were calculated with ThermoCalc employing the two
thermodynamic assessments [28,29]. Equilibrium concentration predictions by ThermoCalc are
largely based on an empirical fitting to available experimental data. The Ni-Al-Cr system has

been extensively studied experimentally between 1023 to 1123 K [37], while at 873 K phase
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equilibria data is limited. Therefore, the thermodynamic assessments at 873 K yield calculated
quantities that are approximate. As seen in Figure 4, an experimental tie-line, deduced directly
from the APT compositional measurements, differs significantly from the calculated tie-lines,
which, indicates the inability of the extant thermodynamics assessments to account adequately
the final equilibrium state. The Dupin et al. database gives a better y'/(y'+y) solvus curve than
does the Saunders et al. database, while the inverse is true for the (y'+y)/y. The inclusion of a
capillary effect on the y'-precipitate composition in the KV model leads to the prediction that the
trajectory of the y-matrix composition must lie along the tie-line, while the y'-precipitate’s
trajectory does not. As shown in Figure 4, our experimental results provide the first experimental
verification of this effect, where <C/"/ > and<C!"™ > values are plotted employing open
triangles and open diamonds, respectively. The y'-precipitate’s trajectory clearly does not folldw
the tie-line. The slope of the matrix trajectory is predicted by the KV model to be the ratio of the
difference in elemental partitioning, p,/p;, The measured slope of the matrix trajectory is
1.53£0.05, and is close to the predicted slope of p,/p., = 1.36+0.10, from the extrapolated
equilibrium phase compositions. To test if the origin of this behavior is due to capillarity, the
measured solute supersaturations in y'-precipitates (Table 2) are compared to the calculated
predictions below.

In the alloy under investigation, the y'-precipitates exhibit an enhanced solid-solubility of
Al and Cr that decays with time (Figure 3). In reference [3], it is shown that the Cr enhaﬂcement
results from kinetically trapped Cr atoms in the nucleation and growth of y'-precipitates, leading
to a gradient in Cr concentration within the y'-precipitates. While, the Al concentration within the
y-precipitates, even after the shortest aging times, has a constant plateau concentration

throughout the core. The decay of the Al supersaturation with time, as the precipitates grow, may
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result from capillarity, which, for ternary systems, can be tested using the Gibbs-Thomson
relationship for the precipitate [11]. The magnitude of this effect depends strongly on the
solution thermodynamics of both phases, & , and R, and for a single precipitate in a nonideal

and nondilute ternary alloy the supersaturation is given by [11]:

20" (Vimiy + Vi + Vint,) 1
(GiwGlc~(Gha))r R
(PuG + PoGle) GlunGloe = (Gucr) |

(GL'MIG}.;C:- & (Gf;;c,)z)/\

AC! = <Cl()>-C/“ =

(_Ecr_(< CLI(5) > ~Ci?) - -;’A(< CLl (1) >-CL ))

CrCr AlAl
(15)
Where W is the molar volume of component i in the y'-precipitate phase, the coefficient A is
defined by Equation 8, and the éix coefficients n; of a form similar to A, are defined in an
Appendix to reference [11]. Unlike the case of a binary alloy, this Gibbs-Thomson relationship
contains two terms, where the first-term decays as 1/R.

The curvatures of the Gibbs free-energy surfaces for the y-phase and y'-phase are
calculated using the Dupin et al. [28] and Saunders [29] thermodynamic databases for Ni-base
alloys (Table 4). Unlike the y-phase, where the two databases are in near agreement at the
equilibrium composition, the Saunders database predicts large curvatures in the Gibbs free-
energy surface for the y'-phase, while the Dupin et al. database predicts curvatures of similar
magnitude to those of the y-phase. For the y-phase, since the curvature predictions of both

databases are nearly equivalent, they yield approximately the same value (~22.5 mJ m™) for the
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y/y' interfacial free-energy (Table 5) determined from the rate constants for R and AC] using
Equation 13,

For ternary systems, Equation 15, unlike the analogous equation for the binary case,
contains a second term, denoted AC!', which is a function of the time-dependent solute
concentrations in the far-field region of the matrix-phase. To determine the overall contribution
of this term to the power-law temporal dependence of the Al supersaturation with <R>, AC}" is
calculated from <C%7(¢)>-Cl at each aging time with the measured solute diffusivities,
<D¥, > and< DZ,, > (Table 6). It is plotted on a double logarithmic plot versus <R> in Figure
5. Since the relationship in Equation 15 depends on R, and not ¢, ACZ' is affected by the ratio of
the two solute diffusivities, a,,; that is, for a constant a,-value (independent of diffusivities’
magnitudes), Equation 15 yields equivalent AC! values. Figure 5 demonstrates that the
contribution of the second term to the Al supersaturation is small for the Ni-Al-Cr alloy studied,
but not insignificant for the smallest precipitates evaluated with the Saunders database. Where
the quantity AC%"is ca. 0.15 at.% at an <R> value of 1 nm, while for the Dupin et al. database,
AC}7is ca. 0.03 at.% at the same <R> value. The higher values of AC," determined from the
Saunders database evaluation results from the larger free-energy curvatures for the y'-phase, as
AC!" is directly proportional to (PMG.’;: + pC,Gf;'c,). This suggests that the second term may
make a significant contribution to the supersaturation in the precipitates when the precipitate
phase’s free-energy surface is highly curved.

Figure 6 exhibits the experimental measurements of AC}, compared to the predictions of
Equation 15 (including AC%"") using the Dupin et al. and Saunders thermodynamic databases.

Exceptionally good agreement is found between the experimental data and the prediction of the
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KV model employing the Dupin et al. database. This result provides unequivocal proof that the
enhancement of Al solubility in the y'-precipitates with decreasing <R> results from capillarity.
Furthermore, the agreement suggests a shallow free-energy surface for the y'-phase, as predicted
by the Dupin et al. database, is appropriate for the y'-phase in Ni-5.2 Al-14.2 Cr at.% at 873 K.
To the best of our knowledge, this is the first experimental verification of this aspect of the
capillary effect in the solid-state. And it has been obtained from direct compositional
measurements of nanometer-sized precipitates employing APT.

As seen in Table 1, the measured ACY,-values are slightly larger than the measured AC}, -
values. Since the thermodynamic assessments incorrectly predict the behavior of the Cr
supersaturations, a similar analysis for Al supersaturations cannot be applied to Cr. The temporal
behavior with respect to <R> can, however, be evaluated. Figure 7a presents a double
logarithmic plot of ACY, versus <R>. For aging times in the quasi-stationary-state (¢ = 16 h), the
temporal power-law of ' (solid-line) fits the experimental measurements with a goodness fit of
95% consistent with general trend for capillarity. As seen from the extrapolation of this fit
(dotted-line), the measured ACY, values at shorter aging times are slightly higher than the fit’s
prediction, which, like ACY,, may result from a non-negligible AC~" term for <R> < 1.27 nm.
As a comparison, Figure 7b presents the negative AC. (<R>) values predicted by the
thermodynamic assessments as determined from Equation 15, when ACZ" is assumed to be zero.
As is the case for Al, the Dupin et al. assessment (dashed line) predicts a larger Cr
supersaturation due to a more shallow y'-free energy surface. We emphasize that the observed
trend in Cr supersaturation is a direct result of kinetically trapped Cr atoms for aging times up to

64 h [3].
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V. Summary and Conclusions

We present detailed results and analyses that both supplement and complement those

reported in reference [2] on atom-probe tomography (APT) measurements of the nanostructural

and compositional evolution in a low to moderate supersaturated Ni-5.2 Al-14.2 Cr at. % model

superalloy undergoing a first-order isothermal (873 K) phase transformation, y(fcc) = y(fcc) plus

y'(L1,) leading to the following results and conclusions:

The coarsening kinetics of the y'-precipitates, with measured radii ranging from 0.45 to
10 nm, are analyzed with a coarsening model for a ternary alloy developed by Kuehmann
and Voorhees (KV) (Equations 2-15) that includes capillary effects on precipitate
composition. The KV model is based on a general model of an n-component alloy
without capillarity [12], applicable to nonideal and nondilute systems with near-zero
volume fraction. The KV model is modified [36] to incorporate the influence of a finite
volume fraction to obtain coarsening rate constants (Equations 11 and 12) and solute
diffusivity (Equations 14 and 14b), where the measured equilibrium y'-volume fraction is

15.6%, Table 3.

Extrapolations based on Equations 2 and 5 from the measured y-matrix far-field and y'-
precipitate core compositions to ¢ = o permit the equilibrium solvus line compositions to
be determined (Table 3). Compared to CALPHAD predictions based on two
thermodynamic databases [28,29], which predict reasonably the y'-equilbrium volume
fraction, our extrapolated solvus and measured critical radius compositions differ (Table
3). The experimental measured critical radius composition is 72.4+1.1 Ni-18.3£0.9 Al-

9.3+0.7 Cr at.% at a radius of 0.75 nm.
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The composition trajectory of the y-matrix (Figure 4) follows the experimental tie-line
with a slope of —1.36+0.36, while the trajectory of the y'-precipitate composition does not
follow the tie-line, thereby providing the first experimental evidence of this behavior
predicted by the KV model for ternary systems whose decomposition behavior is

influenced by capillary effects.

Using the experimentally determined rate constants for the average precipitate radius
[(8.8+3.3)x10* m® s'] and the matrix supersaturation (Table 2), the interfacial free-
energy and the effective diffusion coefficients of Al and Cr are determined independently
of one another (Tables 6 and 7). The y/y' interfacial free-energy is (22-23)+7 mJ m™ for
ideal solution thermodynamics and thermodynamics based on CALPHAD assessments
(Table 5), respectively. The observed kinetics are slower than what is predicted by the
KV model, which is attributed to non-negligible slower diffusivities within y'-precipitates
than matrix diffusivities to the overall diffusional processes. Accordingly, the effective

diffusivities are 15 times smaller than the calculated matrix diffusivities (Table 6).

The expression for the Gibbs-Thomson relationship in the precipitate phase derived by
the KV model for a ternary system contains two terms, where the first decays as 1/R
(Equation 15). This relationship is evaluated in detail for the temporal evolution of the
measured Al supersaturation in y'-precipitates (Table 1) in Figures 7 and 8. The second-
term in Equation 15 is found to contribute less than tenths of an at.% to the overall Al
supersaturation (Figure 5) and a detailed analysis provides strong evidence that the
observed supersaturation is due to capillarity. In contrast to predictions by CALPHAD

thermodynamic assessments, the y'-precipitates (Table 1) are supersaturated with Cr
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above their equilibrium composition, which is a result of kinetically trapped Cr atoms for

aging times up to 64 h [3].
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Table 1. Temporal evolution of the mean y'-precipitate radius, solute supersaturations in the y-
matrix, and solute supersaturations in the y'-precipitates for Ni-5.2 Al-14.2 Cr at.% aged at 873 K

as determined by APT.

t <R>+ O AC + O ACL = O AClL + o ACLE o
(h) (nm) (at.%) (at.%) (at.%) (at.%)
0.167 (744024  2.06%0.03 -1.39 +0.06 24+1.3 29x10
025 (754014  1.94+0.03 -1.41 £ 0.06 1.6+0.5 2.4+04

1 0.89 +0.14 1.62 +0.04 -1.25 £0.06 1.11 £0.32 2.03+0.26

4 1274021 0.84+0.04 -0.59 +0.08 0.96 + 0.24 1.25 +0.17
16 21404 04820025 0.33 £0.05 0.50 +0.16 0.56 +0.11
64  28.06  0.32+0.028 -0.28 +0.06 0.48 £0.18 0.39 +0.12
256 41508  0.17£0.025 -0.14 £ 0.06 0.27 £0.14 0.31£0.10
1024 77,33  0.14:0.028 -0.04 + 0.06 0.01+0.18 0.14 +0.13

Table 2. Compositional coarsening rate constants (k" ) determined from Figures 3 and 5 in the
y-matrix and y'-precipitates for Ni-5.2 Al-14.2 Cr at.% aged at 873 K as measured by APT.

Ni Al Cr
Measured coarsening rate constants for y-matrix
far-field composition, (at.% s'”) =E3 IgEa i
Measured coarsening rate constants for y'- 48 + 13 22411 26 + 8

precipitates’ interior composition (at.% s'°)
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Table 3. A comparison of APT measurements and quantities obtained by CALPHAD
thermodynamic assessments for Ni-5.2 Al-14.2 Cr at.% aged at 873 K

Ni Al Cr

Equilibrium volume fraction determined by lever-
rule calculation with measured concentrations® (%)
Measured volume fraction from APT images of

15.6 +4.3 156 +09 155+1.9

specimens aged for 1024 h (%) [2] Duakeh

Calculated equilibrium volume fraction (%) [33] 7.49

Calculated equilibrium volume fraction (%) [28] 12.34

Calculated equilibrium volume fraction (%) [29] 12.83

Measured critical y'-nucleus composition® (at.%) [2] 72.4+1.1 18.3+0.9 9.3+0.7
Calculated critical y'-nucleus composition (at.%) 7536 16.43 8.21
28] ; ; :
Calculated critical y'-nucleus composition (at.%) 7491 17.40 769
[29] ) ) )

lg:::;:;]red equilibrium composition of y'-precipitates 76532025 16.69+022 6.77+0.15
Calculated equilibrium composition of y'-
precipitates (at.%) [28]
Calculated equilibrium composition of y'-
precipitates (at.%) [29]

75.59 14.55 9.57

74.97 16.21 8.82

Measured equilibrium composition of y-matrix 8126 £0.09 3.13+0.04 15.61 +0.09

(at.%)
Calculated equilibrium composition of y-matrix 81.17 3.3 14.90
(at.%) [28]
Calculated equilibrium composition of y-matrix

34 ! .04
(at.%) [29] 81.3 3.62 15.0

* gg4 is calculated using the lever-rule, ¢;3 = (€ - C7)/(C]* - )
® This estimation is based on an average composition over the roral distribution of y'-precipitates
where stationary-state nucleation dominates (# = 0.167-0.25 h), including overcritical y'-nuclei,

and is therefore a lower bound [2].
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Table 4. Curvatures in the molar Gibbs free-energy ( G?) surface of a given phase () evaluated

at the equilibrium composition with respect to components i and j obtained from ideal solution
theory and CALPHAD thermodynamic assessments.

G Ideal Solution® Dupin et al. database =~ Saunders database [29]°¢
(J mol'") [28]" (J mol'!)
(J mol™)
Glun 242,383.30 365,962.25 336,512.41
Glucr 8.932.48 113,606.62 99,076.303
Gercr 55.443.18 117,511.87 117,229.52
Glun . 359,893.91 1,259,600.1
Glic, - 334.701.72 968,769.9
Gorcr _ 491,645.8 1,010,737.9

* Ideal solution: G, = RI(- CLINCS" O™, G = RT(1- CRCE €2 "), anll
Gy, = R,T/C}* evaluated at the equilibrium composition determined by APT.

* Calculated equilibrium y-composition of 0.0393 at. fr. Al and 0.1490 at. fr. Cr [28]
© Calculated equilibrium y-composition of 0.0362 at, fr. Al and 0.1504 at. fr. Cr {29]
* Calculated equilibrium y'-composition of 0.1455 at. fr. Al and 0.0957 at. fr. Cr [28]
“ Calculated equilibrium y'-composition of 0.1621 at. fr. Al and 0.0882 at. fr. Cr [29]
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Table 5. Free-energy of the y/y' interfaces, o/'", at 873 K in Ni-5.2 Al-14.2 Cr at.% calculated
from the experimental values of the coarsening rate constants for the average precipitate radius

and the supersaturation of solute species i employing Equation 13 with solution thermodynamics
described by the ideal solution and CALPHAD databases in Table 4.

ot ollr <o s

Thermodynamic models ( mJArfn"z) (mJCrrn'Z) (mJ m?)
Ideal solution theory 21.1%£5.2 23.8 +10.1 2247
Dupin et al. database [28] 223+55 25.1+10.7 237
Saunders database [29] 21453 24.1 £10.3 227

Table 6. A comparison of the calculated intrinsic solute i diffusivities, 'DJ, and measured solute
diffusivities D determined by Equation 14 and 14b.

Calculated intrinsic Measured diffusivities® (effective)
diffusivities* 10*' (m*s™) 10" (m%s™)
Campl.)e.ll mobility database faesl solition Dupin et al. Sainders
[40] utilizing Saunders database database
129] theory (28] database [29]
D 1.6 +£0.5 1.1+£04 1.2+04
‘Dfe 9999 DEe 1.4+0.7 1.0+05 1.1+05
eff
<Diw > 1.5+ 0.6 1.1+£04 1205
i fee eff
D 6.999 <Dic> 049019 034+0.13 037x0.15

* Intrinsic diffusivities [24], 'D/, for face-centered cubic Ni-5.24 Al-14.24 Cr at.% calculated
with the thermodynamic database developed by Saunders [29] and the mobility database
developed by Campbell [40] for Ni-based superalloys. The a;, is the ratio of 'Dfj;, to ‘DLz,

® Measured solute (j) diffusivities, D;J}T"', at 873 K in Ni-5.2 Al-14.2 Cr at.% calculated from the

experimental values of the coarsening rate constants for the average precipitate radius, K*, and
the supersaturation of solute species i, k**" (Table 2), employing Equation 14 using ap = 3.175
with solution thermodynamics described by the ideal solution and CALPHAD databases in Table
4.
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Figure captions

Figure 1. (a) A typical APT image for a Ni-5.2 Al-14.2 Cr at.% specimen at peak number
density, (3.2+0.6)x10* m™, after aging for 4 h at 873 K. This image shows that the fine-scale
unifrom distribution of y'-precipitates is a mixture individual spheroids, <R> = 1.27+0.21 (2],
and spheroids in various stages of coagulation and coalescence. Observed coalescence occurs
primarily between pairs of y'-precipitates, although coalescence between multiple y'-precipitates
is also observed (white arrow). The ~770,000 atoms contained within the 18x18x46 nm’
analyzed volume are omitted to allow visualization of the y/y'-interfaces with gray 9 at.% Al

isoconcentration surfaces.

Figure 2. The average far-field y-matrix concentrations for Ni-5.2 Al-14.2 Cr at.% specimens
aged at 873 K. The equilibrium phase composition (C,“) and coarsening rate constants (k,"*")
are deduced by fitting the aging states in a quasi-stationary-state (r = 16 h) to Equation 4. The
solid lines denote the fitting, while the dashed lines mark the continuation of the fit to shorter
aging times.

Figure 3. The average concentrations in the interior of the y'-precipitates for Ni-5.2 Al-14.2 Cr
at.% specimens aged at 873 K. The equilibrium phase composition (C,” “?) and coarsening rate
constants (k; ") are deduced by fitting the aging (¢ > 4 h) to Equation 5. The solid lines denote
the fitting, while the dashed lines mark the continuation of the fit to shorter aging times.

Figure 4. Partial isothermal section of the Ni-rich corner of the Ni-Al-Cr phase diagram at 873 K
calculated utilizing ThermoCalc [34], employing Dupin et al.’s [28] and Saunders’ [29]
thermodynamic databases. APT measurements of y'-precipitate and y-matrix compositions as
they evolve temporally are marked with open diamonds and triangles, respectively. Note well
that the calculated phase boundaries differ from the experimentally determined points on the
solvus lines. Calculated phase diagram courtesy of Research Prof. Gautam Ghosh and Dr.
Natalie Dupin.

Figure 5. For y'-precipitation in Ni-5.2 Al-14.2 Cr at.%, a double logarithmic plot of the second
term in the Gibbs-Thomson relationship (Equation 15), which describes the Al supersaturation in
the y'-phase, was calculated from the measured compositions, calculated [28,29] free-energy
curvatures of both phases (Table 4), and effective diffusivities (Table 6) versus <R>. The power-
law relationships marked with the solid (Saunders) and dashed (Dupin et al.) lines are the best-
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fits to the data, and are added to the first term to obtain the database predictions for the Gibbs-
Thomson relationships in Figure 6.

Figure 6. Supersaturation of Al within the y'-precipitates, as determined by APT for Ni-5.2 Al-
14.2 Cr at.% aged at 873 K (Table 1), are compared to the Gibbs-Thomson relationship derived
by Kuehmann and Voorhees for a ternary alloy (Equation 15) [11] using the thermodynamic
assessments of Dupin et al. [28] and Saunders [29]. The Dupin and Saunders databases calculate
similar curvatures in the Gibbs free-energy surface for the y-phase, yielding almost identical
values for the calculated interfacial free-energy, 0" (Table 5). For the y'-phase, however, the
Saunders database predicts larger curvatures in the free-energy surface than the Dupin et al.
database, leading to a shift in supersaturation to lower values.

Figure 7. Supersaturation of Cr within the y'-precipitates, (a) as determined by APT for Ni-5.2
Al-14.2 Cr at.% aged at 873 K (Table 1), are compared to (b) the 1st term of the Gibbs-Thomson
relationship derived by Kuehmann and Voorhees for a ternary alloy (Equation 15) [11] using the
thermodynamic assessments of Dupin et al. [28] and Saunders [29]. Although these assesments
predict that the Cr supersaturation within the y'-precipitates increases, a decay is observed
experimentally. In the quasi-stationary state (z = 16 h), a temporal power-law dependence of -1
is observed. The deviation from this dependence at shorter aging times may result from a
nonnegligble contribution from the second term of the Gibbs-Thomson relationship (Equation
15).
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