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The high-temperature coarsening behavior of c¢ precipitates in a series of NiAlCr, NiAlCrTi,
NiAlCrW, and NiAlCrTa single-crystal alloys was determined at temperatures between 1158 K
and 1473 K (885 �C and 1200 �C). For this purpose, samples were supersolvus solution treated,
water quenched, and then subsolvus aged for times between 0.067 and 96 hours. All of the
measurements revealed an r3 dependence of the average precipitate radius on time, thus
suggesting bulk-diffusion control of the coarsening process. Coarsening kinetics were fastest for
NiCrAl and slowest for NiCrAlTa. The observations were interpreted in terms of the classical
Lifshitz–Slyosov–Wagner (LSW) theory modified to account for the finite volume fraction of
particles, the composition of the precipitates, and the multicomponent nature of the alloys. By
this means, an effective diffusivity for the coarsening process was determined and found to lie
between 0.6 and 1.5 times that for the impurity diffusivity of chromium in nickel. Furthermore,
the modified LSW theory in conjunction with experimental measurements suggested that the
effective diffusivity controlling c¢ coarsening at high temperatures in multi-component
nickel-base superalloys lay in the lower portion of this range.
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I. INTRODUCTION

THE thermomechanical processing (TMP) of nick-
el-base alloys typically focuses on the control of various
microstructural features such as the size (and size
distribution) of grains, strengthening precipitates, and
structure-control phases. The precipitate size/size distri-
bution and volume fraction are particularly important
because they affect plastic flow and recrystallization
during subsolvus hot working, grain growth following
dissolution during supersolvus heat treatment, and
mechanical properties such as strength, creep, and
fatigue during service.[1]

A number of phase transformations affect precipitate
evolution during TMP. These include (1) dissolution
during solution treatment and (2) nucleation, growth,
and coarsening during cooling or isothermal subsolvus
holding following solution treatment. Because of the

importance of such phenomena, extensive work has
been performed to both quantify kinetics and develop
descriptive models. For example, the modeling of
dissolution has been performed using one of three broad
types of approaches, phenomenological,[2–5] analyti-
cal,[6–8] and phase field.[9] In addition, the homogeneous
nucleation and growth of precipitates have also been
treated extensively[10–19]

Precipitate coarsening is frequently controlled by bulk
diffusion for which the analyses introduced by Lifshitz,
Slyosov, and Wagner (‘‘LSW’’)[10,20–23] are usually relied
upon to quantify kinetic behavior. Derived for an
infinitesimal fraction of precipitates in a two-component
system, such approaches have been extended for mul-
ti-component alloys with a finite volume fraction of
precipitates whose composition is not a terminal solid
solution.[24–31]

Coarsening kinetics and associated models for
c¢-strengthened, nickel-base superalloys have received
considerable attention in the literature, e.g., the overview
by Baldan.[32] In the vast majority of cases, behavior is
controlled by bulk diffusion of solute(s) through the c
matrix, yielding a cubic dependence of the average
c¢-precipitate size on time. The corresponding analytical
descriptions fall into one of three categories: (i) those
which are purely phenomenological in nature,[33,34] (ii)
those based on the LSW analysis without consideration
of volume fraction or non-terminal solid-solution
effects,[35–42] and (iii) modified LSW (MLSW) analyses
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which incorporate such influences.[5,43,44] The three
different descriptions of coarsening kinetics thus rely
on expressions of the following forms to describe the
average three-dimensional (3D) radius of the c¢ precipi-
tates �Rc0 , �Rc0o at time t and t = 0, respectively:

ið ÞPhenomenological : �R3
c0 � �R3

c0o ¼ KPðt� toÞ ½1�

iið ÞLSW : �R3
c0 � �R3

c0o ¼ 8DrCcVM

9RT½1þ @ ln v=@ lnCc�
ðt� toÞ

¼ KLSWðt� toÞ
½2�

iiið Þ MLSW : �R3
c0 � �R3

c0o

¼ 8wð/ÞDrCcð1� CcÞVM

9RTðCc0 � CcÞ2½1þ @ ln v=@ lnCc�
ðt� toÞ ¼ KMLSWðt� toÞ

½3�

In these expressions, KP, KLSW, and KMLSW denote
the respective rate constants, D is the effective diffusivity
for the rate-limiting solute, r is the c–c¢ interface energy,
Cc and Cc¢ are the equilibrium concentrations of the
rate-limiting solute in the matrix and precipitate,
respectively, VM is the molar volume of the precipitate,
R is the gas constant, and T is the absolute temperature.
The bracketed term in the denominator of Eqs. [2] and
[3] is the thermodynamic factor in which v denotes the
activity coefficient for the rate-limiting solute in the c
matrix. In Eq. [3], w(/) is a factor used to correct for the
finite volume fraction / of precipitates. In addition to
the diffusivity D (and T in the denominator), various
other terms in Eqs. [2] and [3] depend on temperature in
a complex fashion. These include w(/) (through the
dependence of c¢ volume fraction on T), Cc, and the
thermodynamic factor.

It is important to note that Eqs. [2] and [3] are strictly
applicable to binary alloys. Nevertheless, it is usually
assumed that similar kinetics follow for multi-compo-
nent alloys with calculations based on a single, rate-lim-
iting solute. For ternary alloys, on the other hand, the
work in Reference 31 revealed that rapidly-diffusing
solutes also influence the rate of coarsening. In the
general case, it may be surmised that an effective rate
constant (Keff) equal to the inverse of the sum of the
inverse rate constants for each of the individual solutes
can be defined as the following:

1

Keff
¼ 1

K1
þ 1

K2
þ 1

K3
þ . . . ½4�

It is also implicitly assumed in Eqs. [1] through [3]
that the precipitate distribution is uni-modal. This
restriction has been relaxed in several numerical
approaches designed to treat the coarsening of c¢
distributions that are bimodal.[45,46] Such distributions

may be developed during isothermal subsolvus heat
treatment at two temperatures or supersolvus solution
treatment following by continuous cooling. During the
latter instance, precipitate nucleation and growth often
occur in two ‘‘bursts’’, one at high temperatures
(producing secondary c¢) and the other at a much lower
temperature (yielding tertiary c¢).
The objective of the present work was to explore the

applicability of the modified LSW model for the
description of coarsening in multi-component superal-
loys with special attention to several factors often not
treated in sufficient detail, i.e., the compositions of the
matrix and precipitate, the volume-fraction factor, and
stereological methods used to relate two-dimensional
(2D) precipitate sizes measured on polished sections to
the actual 3D radii in expressions such as Eqs. [1]
through [3]. For this purpose, MLSW model predictions
were first compared to experimental observations of the
coarsening behavior of c¢ in several NiAlCrX model
(single-crystal) alloys; this enabled the direct evaluation
of the effect of different quaternary elements on coars-
ening of a baseline NiAlCr ternary superalloy. These
results were then compared to prior observations for
various commercial powder-metallurgy superalloys con-
taining greater numbers of elements.

II. MATERIALS AND PROCEDURES

A. Materials

Various ternary and quaternary nickel-base alloys
were used in the present work to establish the coarsening
behavior of materials which are less complex than
commercial superalloys, thus providing insight into
possible solute-interaction effects. Specifically, the pro-
gram materials comprised single crystals denoted as
NiAlCr, NiAlCrTi, NiAlCrW, and NiAlCrTa. They
were received as remnants of slabs that had been cast by
General Electric Aircraft Engines (Evendale, OH),
solution treated, and aged for a prior research program
dealing with deformation behavior performed at NASA
Lewis Research Center (now NASA Glenn Research
Center) in the 1990s.[47] The bulk composition of each
alloy in atomic fraction (a/o), determined by GE, is
summarized in Table I. The (average) composition of
the c¢ phase (Table II) was determined by NASA via
electrolytic extraction. As suggested by the results in
Reference 36, the temperature dependence of the com-
position of c¢ for each of the present alloys is likely

Table I. Ni SX Compositions (a/o) and Room-Temperature
Lattice Mismatch d[47]

Alloy Al Cr X d (Pct)

NiAlCr 14.3 10.0 — 0.067
NiAlCrTi 12.9 10.2 1.8 0.169
NiAlCrW 12.9 10.0 2.1 0.143
NiAlCrTa 13.6 9.9 1.6 0.359

d = 2(ac¢ � ac)/(ac¢+ac), in which a denotes the stress-free lattice
parameter.
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small. The influence of a small temperature dependence
on predicted coarsening rates would likely be limited in
view of the noticeable partitioning of the various
alloying elements between the c and c¢ phases and the
importance of the difference in phase composition (as
exemplified by term (Cc¢ � Cc)

2 in the denominator in
Eq. [3]).

B. Experimental Procedures

A number of small sections, each measuring approx-
imately 5 9 5 9 10 mm were extracted from the
single-crystal alloys via electric-discharge machining
(EDM); one of the 5-mm dimensions was parallel to
the h001i solidification direction of the corresponding
slab. Samples of each alloy were encapsulated in quartz
tubes that had been evacuated and backfilled with argon
and first supersolvus solution treated for 1 hour at 1503
K (1230 �C) (NiAlCr) or 1533 K (1260 �C) (the three
quaternary alloys) followed by water quenching. Each
sample was then re-encapsulated in a similar manner
followed by coarsening heat treatment at a temperature
between 1158 K and 1473 K (885 �C and 1200 �C) for a
time between 0.067 and 96 hours followed by water
quenching.

Coarsening behavior was established using images
taken in a scanning electron microscope (SEM). For this
purpose, each heat-treated sample was sectioned along a
plane perpendicular to the solidification direction and
prepared using standard procedures. Metallographic
preparation comprised grinding with SiC papers down
to 800 grit, rough polishing with diamond, final polish-
ing with colloidal silica, and etching in a solution of 33
pct nitric acid, 33 pct glacial acetic acid, 33 pct deionized
water, and 1 pct hydrofluoric acid.

The area fraction of c¢ was determined via point
counting on secondary-electron (SE) or backscatter
electron (BSE) micrographs taken at magnifications
between 5 and 100 kX using a Zeiss Gemini SEM or FEI
Quanta SEM, respectively. SE imaging was performed
using an accelerating voltage of 0.5 kV, working
distance between 3 and 4 mm, and aperture size of
20 lm. BSE imaging was conducted using an accelerat-
ing voltage of 20 kV, working distance of 10 mm, spot
size of 5, and aperture size of 30 lm. At least 2 typical
images (superimposed with ~ 3000 point-count grid
intersections) were used for each test condition/imaging
method. Only one-half of the point-count intersections
lying on halos were counted for SE images with such
features. For the BSE images, particles lying under the
section plane were manually eliminated during point
counting because of the ambiguity introduced by the

finite penetration depth of the electron beam, an effect
quantified by comparing BSE and SE images.
The number of precipitates per unit area was also

determined manually for each heat-treatment condition.
From the precipitate area fraction and number-density
results, an approximate two-dimensional (2D) cir-
cle-equivalent diameter (CED) was determined; the
uncertainty in this quantity was estimated to be less
than 5 pct of the values reported below. It should be
noted that this technique yielded a value of the diameter
of the average precipitate area, herein denoted as da.
The manually-determined values of area fraction and

da were compared to results from automated image
analysis (using the MIPAR software[48,49]) on selected
micrographs that enabled reliable segmentation of the c
and c¢ phases. This method provided the area fraction
and complete 2D CED size distribution as well as the
average CED of the precipitates in the 2D section (�d)
and its standard deviation.
The experimental measurements were complemented

by a stereology investigation used to correlate 2D
metallographic observations and actual 3D features
pertinent to coarsening models such as the ‘‘caliper’’
diameter.[50] For this purpose, a number of hypothetical
distributions of spherical particles, each with a specified
volume fraction and standard deviation, were instanti-
ated into a cubic box using Python. For each instanti-
ation, a number of arbitrarily-oriented planar sections
through the box was taken, and the average diameter of
the 2D circular sections through the ensemble of
particles (�d) was determined and compared to the
average 3D diameter ( �D). These simulations also pro-
vided a relation between �d and da for the precipitates in
2D sections. The results of importance with regard to
the present work were thus twofold: (1) The dependence
of the ratio �d=da on the standard deviation ‘‘s’’ of the 2D
d=�d distribution and (2) the transfer function, jd,
representing the ratio of the average 3D caliper diameter
( �D) to the value of �d as a function of ‘‘s’’. Figure 1
illustrates these quantities for assumed 3D lognormal
distributions of spherical volumes. In such cases, the
results revealed that �d=da is always less than unity
(Figure 1(a)), and jd = �D=�d decreases from values
greater than unity for small 2D standard deviations s to
values less than unity for large s (Figure 1(b)). However,
the simulation plots indicated that the functional depen-
dence on s of �d=daand jd was each essentially linear.

III. RESULTS

The principal results of this investigation comprised
SEM observations of the precipitate structures, corre-
sponding quantitative metallography, and determina-
tion of coarsening rates.

A. Precipitate Observations

Typical examples of the precipitate distributions
developed during heat treatment of the four NiAlCrX
alloys at 1353 K and 1158 K (1080 �C and 885 �C) are

Table II. c¢ Compositions in Ni SX’s (a/o)[47]

Alloy Al Cr X

NiAlCr 18.4 7.8 —
NiAlCrTi 17.3 6.3 2.5
NiAlCrW 18.1 5.0 3.1
NiAlCrTa 18.0 5.7 2.9
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shown in Figures 2, 3, 4, 5, 6, 7, 8, and 9. At the higher
temperature (Figures 2, 3, 4, 5), the precipitates in each
case were largely circular in 2D section after short (0.067
hour) and intermediate (8 hour) times. At the longest
time (96 hours), the precipitates were either circular
(NiAlCrTi) or had begun a transition to a square/
cuboidal-like shape (NiAlCr, NiAlCrW, NiAlCrTa). At
1158 K (885 �C), the volume fraction of precipitates was
noticeably higher for each alloy (Figures 6, 7, 8, 9). In
most cases, the precipitates retained a predomi-
nantly-circular shape in 2D sections, but there was
some evidence of precipitate coalescence, especially at
the longest time of 72 hour (viz., NiAlCr, NiAlCrTa).
The fraction of coalesced particles relative to total
particles at 1158 K (885 �C) lay in the range between 1
and 12 pct. When quantifying coarsening behavior in
these instances, each coalesced entity was counted as
two (or three) particles in the estimation of the average
particle size.

Measurements of area fraction (~ volume fraction)
indicated no discernible dependence on heat-treatment
time. For a given alloy/temperature, the volume fraction
variation in almost all cases was within ± 0.02, and
often within ± 0.01 of the average for all times, thus
suggesting that a near-equilibrium state had been
established, except for the very small change typically
associated with coarsening itself (<0.01). Based on these
observations, plots of the volume fraction of c¢ as a
function of temperature (i.e., solvus-approach curves)
were constructed (Figure 10). Each of these curves had a

shape reminiscent of that typically observed for com-
mercial PM nickel-based superalloys[51]; i.e., a steep
increase in fraction with decreasing temperature near the
solvus temperature (at which fraction c¢ = zero) and a
relatively-shallow temperature dependence several hun-
dred degrees Kelvin below the solvus. The plots also
revealed that the solvus temperature was lowest for the
NiAlCr alloy and highest for NiAlCrTa. The NiAlCr
alloy also had the lowest measured area fraction of c¢ at
comparable heat-treatment temperatures.

B. Quantitative Metallography and Coarsening Rates

Measured (2D) particle-size distributions (examples
of which are shown in Figure 11) revealed slightly-asym-
metric patterns skewed to the left of d/�d = 1 (or
equivalently r=�r ¼ 1) with a maximum particle size of
approximately dmax ~ (1.7 to 2)�d. Furthermore, the
standard deviation of the histograms for which the
abscissa is normalized as d/�d lay between approximately
0.30 and 0.40. The present distributions were similar to
those deduced from the 3D results of Voorhees and
Glicksman (V&G),[27] the latter converted from 3D to
2D (Figure 12) using the ‘balls-in-a-box’’ approach
described briefly in Section II.B and in more detail in
Reference 52. There were some differences between the
measured and V&G 2D size distributions, however,
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Fig. 1—Stereology results for assumed lognormal distributions of
spherical precipitate particles: (a) ratio of the average 2D diameter
(�d) to the diameter of the average 2D area (da) as a function of the
standard deviation s of the 2D d=�d distribution and (b) ratio jd of
the average 3D (caliper) diameter ( �D) to the average 2D diameter (�d)
as a function of s.

1 m

0.067 h

8 h

2 m

4 m

96 h

Fig. 2—SEM BSE images illustrating the coarsening of c¢
precipitates in NiAlCr single crystals at 1353 K (1080 �C).
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primarily at small particle sizes (Figure 11). Such
variations were likely an artifact of the moderate
magnifications used to image a large number of parti-
cles, thus obscuring the low end and producing some-
what larger-than-actual peaks in the measured
distributions. Nevertheless, the V&G simulations did
indicate that the normalized standard deviation of the
size distributions for the various volume fractions was in
the range of 0.36 to 0.40 in 2D, similar to that found
experimentally, or 0.39 to 0.40 in 3D.

The V&G 2D distributions also revealed that the
dependence of �d=da on the standard deviation s of the
2D diameters followed the same trend as that for
lognormal distributions, albeit the range of �d=da lay
within a relatively-narrow window (0.944 to 0.930) for
volume fractions of precipitate between 0.1 and 0.45
(Figure 1(a)).

To avoid the difficulty associated with the threshold-
ing/segmenting of a large number of micrographs, the
coarsening kinetics of the four single-crystal alloys was
quantified using values of da derived from point-counted
area fraction and number-per-unit-area measurements.
These data were converted to average diameter �d (and
thence to average 2D radii �r) using a value of �d=da =
0.938, corresponding to the average 2D standard devi-
ation of both the measured 2D size distributions and the
2D V&G distributions, i.e., ~ 0.38 (Figure 1(a)). Typical

results for the four alloys at two different temperatures
(Figure 13) revealed that coarsening kinetics followed �r3

vs t behavior. The slopes of the various lines indicated
that the coarsening rate constant (K) was lowest for the
NiAlCrTa alloy and increased successively for
NiAlCrW, NiAlCrTi, and NiAlCr at both temperatures.
A similar alloy-dependence of the rate constant was
exhibited for the balance of the measurements as shown
in the summary plot in Figure 14. No attempt was made
to derive an apparent activation energy from the data in
this figure because of the complex nature of the
temperature dependence of the various terms in the
modified LSW coarsening expression (Eq. [3]). These
dependences are discussed in more detail in the next
section.

IV. DISCUSSION

All measurements of the rate of coarsening of c¢
precipitates in the NiAlCr, NiAlCrTi, NiAlCrW, and
NiAlCrTa alloys indicated a cubic dependence of
average radius on time, similar to prior investigations
for a number of nickel-base superalloys. In this section,
these observations are interpreted in the context of the
modified LSW relation (Eq. [3]). The various input
parameters are first summarized. Subsequently,

2 m

8 h

4 m

96 h

1 m

0.067 h

Fig. 3—SEM BSE images illustrating the coarsening of c¢
precipitates in NiAlCrTi single crystals at 1353 K (1080 �C).

1 m

0.067 h

2 m

8 h

4 m

96 h

Fig. 4—SEM BSE images illustrating the coarsening of c¢
precipitates in NiAlCrW single crystals at 1353 K (1080 �C).
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theoretical estimates based on both a rate-limiting solute
as well as all solutes are compared to the 2D rate
constants and values corrected for 2D-to-3D stereology.
Literature measurements of the coarsening rate for
commercial alloys are then compared to MLSW model
predictions.

A. Input Data for Coarsening Analysis

The material/model parameters needed for the coars-
ening analysis consisted of the phase compositions (Cc,
Cc¢), molar volume of the precipitate (VM), thermody-
namic factors, precipitate-matrix interface energy (r),
volume-fraction function (w(/)), and effective diffusivity
for the various solutes (Deff).

The phase compositions at a given temperature were
based on the measured (average) composition of c¢
determined previously by phase extraction[47] (Table II),
the volume fraction measurements (summarized in the
solvus-approach curves, Figure 10), and a simple mass
balance. The resulting ‘‘composition factors’’ in Eq. [3],
i.e., [(Cc(1 � Cc)/(Cc¢ � Cc)

2], showed a marked
dependence on alloy, alloying element, and temperature
(Figure 15). Equally, if not more, important is the fact
that in many cases the magnitude of the composition
factor lay in the range of 10 to 300. Thus, simple

analyses for the rate constant (e.g., Eq. [2]), which
disregard the composition factor, can be expected to
provide predictions that are low by one or two orders of
magnitude.
The molar volume of the precipitate in the alloys was

estimated based on the gram molecular weight and an
approximate precipitate density of 8000 kg/m3. This
yielded VM values between 6.5 9 10�6 m3 and 7 9 10�6

m3. Because of uncertainty in the precipitate density, a
fixed VM of 6.75 9 10�6 m3 was used for all alloys. The
thermodynamic factors were estimated using the Pan-
dat� software. These values showed a moderate depen-
dence on alloy composition and temperature, but were
generally in the range of 1.6 to 3.7 (Al), 1.3 to 2 (Cr), 1.1
to 1.6 (Ti), 1 to 1.25 (W), and 1 to 1.4 (Ta). The
thermodynamic factor increased with temperature for
Al, Ti, W, and Ta and decreased with temperature for
Cr.
The value of the interface energy r was taken from

literature estimates based on the temperature at which
precipitate nucleation occurs during cooling following
supersolvus solution treatment; at this temperature, the
decrease in volumetric free energy is exactly balanced by
the increase in surface energy. An analysis of this sort
for several commercial superalloys has suggested that r
is between 23 and 25 mJ/m2.[51] This value is comparable
to that reported by Baldan,[32] i.e., 21.3 mJ/m2, and

0.067 h

400 nm

96 h

4 m

8 h

2 m

Fig. 5—SEM micrographs illustrating the coarsening of c¢
precipitates in NiAlCrTa single crystals at 1353 K (1080 �C). The
micrograph for the shortest time is an SE image, while those for the
two longer times are BSE images.

1 m

1 h

1 m

8 h

1 m

72 h

Fig. 6—SEM BSE micrographs illustrating the coarsening of c¢
precipitates in NiAlCr single crystals at 1158 K (885 �C).
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Sudbrack et al.[52] i.e., 22 to 23 mJ/m2. In the present
work, a fixed value of 23 mJ/m2 was therefore used.

Of the various approaches to quantify the volume
fraction dependence of the coarsening rate constant,
w(/), that due to Voorhees and Glicksman[26,27] appears
to provide the most reasonable estimate, as suggested by
coarsening data for Ti-6Al-4V in the literature.[53] For
0.1 £ / £ 0.7, the following approximate analytical form
was thus fit to provide a tradeoff between experimental
measurements and the Voorhees-and-Glicksman predic-
tions (Figure 16):

wð/Þ ¼ 13:2/2 � 3:01/þ 1:992 ½5�

The diffusivity in Eq. [3] represents perhaps the most
difficult parameter to quantify for multi-component
systems. Because coarsening rates were predicted based
on both a rate-limiting solute as well as all solutes, it was
necessary to estimate effective diffusivities for Al, Cr, Ti,
W, and Ta. For this purpose, the diffusivity of Cr in the
binary Ni-Cr system[54] was used as a baseline with a
constant (‘‘tuning’’) factor A utilized to adjust for the
influence of other solutes for a given alloy system, i.e.,

Deff Cr m2=s
� �

¼ A �DNi�Cr

¼ A � 0:00036 exp � 34278=T Kð Þð Þ ½6�

The value of A, whose magnitude was of the order of
unity, was chosen to provide the best match between
measured and predicted coarsening rates over the
temperature range of interest. To estimate the effective
diffusivity of the other solutes, Rene88/alloy 718 diffu-
sion-couple data at 1423 K (1150 �C)[55] (Table III) were
used. Specifically, the ratio of the diffusivity of a given
solute to that of Cr was taken to be the same as that
from these former measurements. This ratio was
assumed to be independent of temperature in view of
the similarity in diffusion activation energy (viz., ~ 285
kJ/mol) commonly observed for Ni-X binary alloys.[54]

The tantalum solute, for which no data are available in
Reference 55 (or elsewhere), was assumed to have a
diffusivity equal to that of chromium.

B. Comparison of Measured and Predicted Rate
Constants

A comparison of measured and predicted coarsen-
ing-rate constants (Table IV, with values plotted in
terms of nm3/s) quantified the importance of the
interaction of different solutes in a given alloy, stereo-
logical factors to convert 2D to 3D measurements, and
the limitations of the modified LSW model at high
volume fractions of precipitate. In line with the plot in

72 h

1 m

1 m

8 h

1 m

1 h

Fig. 7—SEM BSE micrographs illustrating the coarsening of c¢
precipitates in NiAlCrTi single crystals at 1158 K (885 �C).

1 μm

72 h

1 μm

8 h

1 μm

1 h

Fig. 8—SEM BSE micrographs illustrating the coarsening of c¢
precipitates in NiAlCrW single crystals at 1158 K (885 �C).
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Figure 14, the measured 2D values for each alloy (third
column of the table, denoted as K for brevity) exhibited
a 2 to 3 order-of-magnitude variation over the temper-
ature range investigated. One might conclude that such
a variation is primarily due to the temperature depen-
dence of the effective diffusivity. Per Eq. (6), the
diffusivity does increase by a factor of approximately
500 between 1158 K and 1473 K (885 �C and 1200 �C).
However, the import of other material coefficients is
obscured by their different dependences on temperature.
In particular, the composition factor increases with

increasing temperature and the function w(/) decreases
with temperature as the volume fraction decreases.
In the fourth and fifth columns of Table IV, two sets

of model predictions of the rate constant are summa-
rized: One based solely on the solute whose value of K is
lowest (i.e., the rate-limiting solute, RLS) and the other
based on all the solutes per Eq. [4]. Note that all entries
in these two columns have been normalized by the
coefficient A in Eq. [6]. The calculations for the various
alloys revealed that no single alloying element controls
the coarsening behavior in all cases, although Cr was
found to be the RLS more often than other elements
with Al being the second most common. Furthermore,
by analogy with ‘‘parallel’’ electric circuits, the value of
Keff derived from Eq. [4] when all solutes are considered
is always less than that for any individual element. In the
extreme case for which the values of K of the
non-rate-limiting solutes are only slightly greater than
that of the RLS, Keff would be approximately one-half
or one-third that of the RLS in a ternary or quaternary
alloy, respectively. Hence, it is not surprising that a
number of instances in Table IV do indeed show that
the K derived considering all of the alloying elements is
lower in comparison to the RLS estimate by a factor in
the range of 1.5 to 3.
The final two columns in Table IV provide estimates

of the coefficient A in Eq. [6], derived by dividing the
measured value of K in column 3 (with or without a
stereological correction to obtain the pertinent 3D
quantity) by model predictions (normalized by A). For
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1 m

1 m

72 h

Fig. 9—SEM BSE micrographs illustrating the coarsening of c¢
precipitates in NiAlCrTa single crystals at 1158 K (885 �C).
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the present precipitate-size distributions, the 2D stan-
dard deviation was ~ 0.4 yielding jd = �D/�d ~ 1.18
(Figure 1(b)). The stereological correction to r3 and the
measured 2D coarsening rate constant was thus 1.183 =
1.64, i.e., a relatively-substantial quantity. Using the
stereologically-corrected measurements and model pre-
dictions based on all of the alloying elements, the value
of A was found to lie in a relatively-narrow range
between approximately 0.6 and 1.5 for all of the test
conditions, except those for the lowest temperature,
1158 K (885 �C). Thus, in most cases, the effective
diffusivity for Cr was comparable to that for chromium
in nickel.
In contrast to the findings at higher temperatures, the

values of A at 1158 K (885 �C), were much larger for the
NiAlCr, NiAlCrTi, and NiAlCrW alloys. Such a finding
may be attributable to (1) the large volume fraction of
precipitates (‡ 0.6) at this temperature and the fact that
the function w(/) changes very rapidly with / and thus
may not be accurate and/or (2) the contribution of
particle coalescence to coarsening which has not been
taken into account. With regard to the former influence,
the highest values of A (~ 4 to 5) were found for
NiAlCrTi and NiAlCrW for which the volume fraction
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was in the range 0.65 to 0.70. For NiAlCr at 1158 K
(885 �C), the volume fraction was slightly lower, but still
somewhat high (i.e., 0.61). The value of A for NiAlCrTa
at this temperature contrasted with the other values
despite its high volume fraction (0.67), and thus war-
rants further investigation.

C. Effect of Precipitate-Matrix Lattice Mismatch
on Coarsening Rate

It has been suggested that increasing magnitudes of
the mismatch d in the lattice parameters of the c¢ and c
phases (e.g., d from � 0.1 to � 0.7 pct) can noticeably
decrease the coarsening rate, especially for long-times
(1000’s of hours) at high temperatures.[56] The present
single-crystal alloys had relatively-small levels of posi-
tive lattice mismatch at room temperature (Table I).[47]

After decreasing these values by ~ 0.17 pct to account
for the often-observed decrement in mismatch from
room temperature to ~ 1373 K (1100 �C),[47,57] the
high-temperature values of d would be slightly negative
(� 0.1 pct) for NiAlCr, almost zero for NiAlTi and
NiAlW, and slightly positive (+ 0.2 pct) for NiAlCrTa.
Thus, the magnitudes of d for the present single-crystal
alloys (i.e., £ 0.2 pct) were substantially less than the
maximum values exhibited by the alloys in Reference 56.
Hence, it can be surmised that lattice mismatch likely
played a minor role in the present coarsening
observations.
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Table III. Diffusivity Data from Rene88/Alloy 718 Diffusion

Couple Heat Treated at 1423 K (1150 �C)[55]

Element D 9 1015 (m2/s) D/DCr

Cr 1.92 1.0
Al 5.89 3.07
Co 9.41 4.90
Fe 3.87 2.02
Mo 3.61 1.88
Nb 4.11 2.14
Ti 4.48 2.33
W 3.02 1.57
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D. Measured and Predicted Rate Constants
for Multi-component Alloys

A comparison of measured and predicted coarsen-
ing-rate constants for multi-component powder-metal-
lurgy (PM) c-c¢ superalloys exhibited a similar behavior
to the model single-crystal alloys. Attention was focused
on 4 materials (LSHR, Alloy 10, IN-100, and Rene 88),
which were coarsened at temperatures at which the
volume fraction of c¢ was equal to or less than ~ 0.5. The
coarsening data came from References 51 and 58, which
also contained the overall alloy and c¢ phase composi-
tions. The bulk of the prior measurements employed
SEM observations on 2D metallographic sections. For
several of the PM superalloys heat treated at rela-
tively-low temperatures, however, the microstructure
was too fine to discern via SEM, and transmission
electron microscopy (TEM) was therefore used to
determine precipitate sizes. In TEM, the entire 3D
precipitate cross section is imaged, and hence no

stereological correction is needed to interpret measured
rate constants.
Measured rate constants for the multi-component PM

superalloys are summarized in the third column of
Table V. The corresponding predictions based on a
rate-limiting solute (RLS) or on all of the alloying
elements are shown in the fourth and fifth columns. As
for the single-crystal alloys, the predictions based on all
of the elements in a given alloy were approximately
one-half to one-third of those based on the rate-limiting
solute. The ratio of the measured rate constants (with-
out or with a stereological correction of 1.18 for
converting 2D average radii to 3D) to the model
predictions based on all solutes again provided estimates
of the coefficient A in Eq. [6]. As expected, including the
stereological correction to the measurements (except for
those based on TEM) yielded a value of A which was 65
pct higher (~ 1.183 – 1) than those not corrected for
stereology. The final column of Table V, summarizing

Table IV. Comparison of Measured and Predicted Coarsening Rate Constants

Alloy
Temp
(K)

2D Meas K
(nm3/s)

3D Pred K/A
(RLS) (nm3/s)

3D Pred K/A All
Elem (nm3/s)

A = Meas (No Stereo)/
Pred (All Elem)

A = Meas (w/Stereo)/
Pred (All Elem)

NiCrAl 1158 24.6 28.4 (Al) 21.4 1.15 1.88
NiCrAl 1353 1199.7 2779 (Al) 1989 0.60 0.99
NiCrAl 1373 1850.3 4609 (Al) 3274 0.57 0.93
NiCrAlTi 1158 19.4 12.8 (Al) 7.1 2.73 4.49
NiCrAlTi 1353 776.9 2335 (Cr) 1093 0.71 1.17
NiCrAlTi 1438 2377.2 11,400 (Cr) 5441 0.44 0.72
NiCrAlTi 1448 4635.2 15,314 (Cr) 7707 0.60 0.99
NiCrAlW 1158 10.3 8.9 (W) 3.5 2.94 4.84
NiCrAlW 1353 627.5 1439 (Cr) 695 0.90 1.48
NiCrAlW 1408 1208.2 4216 (Cr) 2208 0.55 0.90
NiCrAlTa 1158 7.0 17.1 (Al) 14.3 0.49 0.80
NiCrAlTa 1353 361.6 1505 (Ta) 617 0.59 0.96
NiCrAlTa 1448 2171.5 10,496 (Cr) 3868 0.56 0.92
NiCrAlTa 1458 1699.2 12,611 (Cr) 4808 0.35 0.58
NiCrAlTa 1473 3929.0 16,669 (Cr) 6644 0.59 0.97

Table V. Coarsening Behavior for Multi-component c–c¢ Superalloys

Alloy
Temp
(K)

2D Meas K
(nm3/s)

3D Pred K/A
RLS* (nm3/s)

3D Pred K/A All
Elem (nm3/s)

A = Meas (No Stereo)/
Pred (All Elem)

A = Meas (w/Stereo)/
Pred (All Elem)

LSHR 1033 0.0069** 0.189 0.0833 0.082 0.082
LSHR 1116 0.422** 2.09 1.06 0.40 0.40
LSHR 1200 3.38 17.4 9.63 0.35 0.58
LSHR 1366 99 549 345 0.29 0.47
Alloy
10

1116
1200
1366

0.367**
5.11
183

2.71
23.0
697

1.39
12.7
432

0.26
0.40
0.42

0.26
0.66
0.70

IN-100 1373 299 1479 469 0.64 1.04
Rene88 1273 18.1 77.1 28.9 0.63 1.03

*In all cases, Cr is the rate-limiting solute (RLS).
**No stereological correction needed for 2Dfi 3D because all measurements came from TEM foils. All other 3D data inferred using stereological

correction of 1.18.
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the values of A for which the measurements were
corrected for stereology (where appropriate), indicated
trends which were similar to those found for the
single-crystal alloys (Table IV). Specifically, values of A
equal to approximately unity were found for the two
second-generation PM superalloys, IN-100 and Rene 88.
For the third-generation PM superalloys (LSHR and
Alloy 10, each with generally-higher levels of refractory
additions), A was lower, generally in the range of 0.4 to
0.7, except for two of the cases. The source of the low
value of A for Alloy 10 heat treated at 1116 K (843 �C) is
unknown. By contrast, the low value of A for LSHR
coarsened at 1033 K (760 �C) was likely due to a
transition from coarsening controlled by bulk diffusion of
solutes through the cmatrix to one limited by diffusion of
refractory solutes across matrix-precipitate interfaces, i.e.,
so-called trans-interface diffusion control.[59]

V. SUMMARY AND CONCLUSIONS

A series of model superalloy single crystals (NiAlCr,
NiAlCrTi, NiAlCrW, NiAlCrTa) was supersolvus solu-
tion treated and then subsolvus annealed to establish the
kinetics of c¢ coarsening of precipitates. The following
conclusions were drawn from this work:

1. All of the alloys exhibit a cubic dependence of the
average particle radius on time. At a given temper-
ature, the coarsening rate is fastest for NiAlCr and
progressively decreases for NiAlCrTi, NiAlCrW,
and NiAlCrTa.

2. The temperature dependence of the rate constant
for the coarsening of c¢ in nickel-base supealloys is
confounded by the specific dependences on the
effective diffusivity and concentration factor, both
of which increase with temperature, and the vol-
ume-fraction function which decreases with increas-
ing temperature.

3. A modified LSW analysis of experimental data for
the NiAlCrX alloys has demonstrated the impor-
tance of incorporating the influence of all solutes on
coarsening predictions as well as taking proper
account of the stereology of 2D vs 3D microstruc-
tural observations. In particular, the predicted rate
constant is reduced by a factor of 2 to 3 when all of
the solutes are considered rather than merely that
which appears to be rate limiting. For precipitate
distributions developed during coarsening, the
stereological factor needed to convert the average
2D radius to the corresponding 3D quantity is ~ 1.6.

4. For each of the alloys investigated here, an effective
diffusivity whose value lies between 0.6 and 1.5
times that for impurity diffusion of chromium in
nickel can be used to provide estimates of the
coarsening rate. The principal exception to this
finding appears to be those cases comprising a
volume fraction of precipitate greater than or equal
to ~ 0.6 at which the volume-fraction function may
not be applicable and/or particle coalescence effects
have to be considered.

5. For PM nickel-base superalloys (LSHR, Alloy 10,
IN-100, Rene 88) containing greater numbers of
elements, the modified LSW analysis (incorporating
all solutes) with an effective diffusivity of ~ 0.5 to
1.0 times that for impurity diffusion of chromium in
nickel provides reasonable estimates of coarsening
rates except for temperatures below ~ 1073 K
(800 �C). In this latter regime, a mechanism other
than that based on bulk diffusion appears to be rate
limiting.
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