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Abstract

Coarsening kinetics of cuboidal γ′ precipitates was studied in a single crystal nickel base
superalloy CMSX-4 at five temperatures ranging from 850 to 1000◦C and five ageing times from
100 to 2000 h. The γ′ precipitates preserve their cuboidal shape morphology during ageing at
temperatures from 850 to 950◦C up to 2000 h. At a higher ageing temperature of 1000◦C, the
cuboidal shape is preserved up to 500 h and longer ageing time leads to directional coarsening
of the precipitates and formation of spontaneously rafted microstructure. The coarsening
kinetics of cuboidal γ′ precipitates follows cube rate law and is controlled by volume diffusion
of alloying elements in the γ matrix according to Lifshitz-Slyozov-Wagner (LSW) theory. The
activation energy for coarsening is calculated to be 272.4 kJ mol−1. Critical input parameters
such as γ/γ′ interfacial energy and the effective diffusion coefficient controlling coarsening
kinetics of the γ′ precipitates are estimated and verified by comparing the calculated and
experimental coarsening rate coefficients with those published for numerous multicomponent
as well as binary nickel base alloys.

K e y w o r d s: nickel alloy, single crystal superalloy, ageing, coarsening kinetics, microstruc-
ture degradation

1. Introduction

Nickel base superalloys [1–6] are widely used in
many applications as high-temperature structural ma-
terials because of their unusual ability to retain excel-
lent combinations of mechanical properties and corro-
sion resistance at high temperatures comparing with
other materials such as titanium base alloys [7–13],
iron base alloys [14–16] or structural ceramics [17–20].
A typical microstructure of these superalloys usually
contains L12-ordered γ′ (Ni3(Al,Ti)) precipitates co-
herently embedded in γ (Ni base solid solution) matrix
with face-centered cubic crystal structure. The mech-
anical properties of nickel base superalloys depend on
the volume fraction, distribution, size and morphology
of γ′ precipitates. With sufficient thermal energy, the
γ′ precipitates undergo coarsening. Since this may oc-
cur at later stages of the precipitation process or ser-
vice at high temperatures, the coarsening of γ′ precip-
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itates represents a significant contribution to degrada-
tion processes affecting performance and service life of
critical gas turbine components such as single crystal
turbine blades. Hence, it is important to predict the
coarsening kinetics of γ′ precipitates at temperatures
corresponding to those of turbine components.
The original theory of volume-diffusion controlled

coarsening was developed by Lifshitz and Slyozov [21],
Wagner [22] and recently reviewed by Baldan [23]. Ac-
cording to this theory, particle coarsening process in-
volves competitive growth in which the larger particles
grow at the expense of the small ones and the total
number of precipitates in the system decreases. The
driving force for such particle growth is the reduction
in the total interfacial energy of the system. The rate
of coarsening is governed by the rate at which solute
is transferred through the matrix from the shrink-
ing particles to the growing ones. However, Lifshitz-
-Slyozov-Wagner (LSW) theory was developed for sys-
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tems with small volume fraction of particles approach-
ing zero. Obviously, this zero volume fraction approx-
imation is not valid for nickel base superalloys where
the precipitate volume fraction is often as high as
70 vol.%. As a result of the deficiencies in the LSW
treatment, many theories of Ostwald coarsening of
γ′ particles based on multi-particle diffusion solution
were developed [23–26]. However, they are all based on
the same growth equation made by Lifshitz, Slyozov
and Wagner [21, 22].
The aim of the present work is to study coarsening

kinetics of γ′ precipitates in single crystal superalloy
CMSX-4. The alloy CMSX-4 is a cast nickel base su-
peralloy, which is mainly used in manufacturing single
crystal high-pressure turbine blades for aircraft en-
gines and stationary gas turbines for power engineer-
ing.

2. Experimental procedure

The alloy CMSX-4 with the chemical compos-
ition Ni-7.0Cr-9.0Co-0.6Mo-6.0W-7.0Ta-3.0Re-5.6Al-
-1.0Ti-0.1Hf (wt.%) was provided by Cannon Mus-
kegon (USA) in the form of a cylindrical ingot with
a diameter of 60 mm and a length of 110mm. The
ingot was cut to smaller pieces using spark machin-
ing and lathe machined to cylindrical rods with a dia-
meter of 8 mm and a length of 110 mm. Single crystal
samples were prepared by seeding using seeds with
[001] crystallographic orientation. Both the seed and
cylindrical rod were put into a high-purity alumina
mould (99.5 %) and directionally solidified (DS) in
a modified Bridgman type apparatus described else-
where [27]. All samples were directionally solidified at
a constant growth rate of V = 2.78 × 10−5 m s−1
and constant temperature gradient in liquid at the
solid-liquid interface of GL= 1 × 104 K m−1 un-
der argon atmosphere (purity 99.995 %). Number of
grains in each DS sample was verified metallograph-
ically using two transverse sections from the bottom
and upper part of the sample. After directional so-
lidification the single crystal samples were subjec-
ted to heat treatments consisting of solution anneal-
ing at 1315◦C for 6 h, quenching and two steps pre-
cipitation annealing at 1140◦C for 6 h and 870◦C
for 20 h in argon. Ageing experiments were per-
formed on samples with a diameter of 8 mm and
thickness of 5 mm at five temperatures of 850, 900,
925, 950 and 1000◦C for different times ranging
from 100 to 2000 h in air. Since the CMSX-4 su-
peralloy exhibits an excellent high temperature ox-
idation resistance, no special surface protection was
required up to an ageing temperature of 1000◦C
[28].
Microstructural analysis was performed by light

optical microscopy (OM) and scanning electron mi-

Fig. 1. Single crystal cylindrical sample after directional

solidification at V = 2.78 × 10−5 m s−1 and GL =
1 × 104 Km−1: S – unmelted part of the seed, DS – dir-

ectionally solidified part of the sample.

Fig. 2. OM micrograph showing the typical microstruc-
ture on transverse section of cylindrical samples after dir-
ectional solidification at V = 2.78 × 10−5 m s−1 and GL
= 1 × 104 Km−1: (a) distribution of dendrites in single
crystal sample, (b) detail of dendritic microstructure. D –

dendrite, I – interdendritic region.
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Fig. 3. SEM micrographs showing the effect of ageing on morphology of cuboidal γ′ precipitates: (a) initial microstructure
before ageing, (b) ageing at 950◦C for 500 h, (c) ageing at 950◦C for 1000 h, (d) ageing at 950◦C for 2000 h, (e) ageing at

1000◦C for 500 h, (f) ageing at 1000◦C for 1000 h.

croscopy (SEM). OM and SEM samples were prepared
using standard metallographic techniques and etched
in a reagent of 12.5ml alcohol, 12.5 ml HNO3 and

13.5 ml HCl. Size and volume fraction of γ′ precipit-
ates were measured on digitalized micrographs using
a computerized image analyser.



316 J. Lapin et al. / Kovove Mater. 46 2008 313–322

3. Results

3.1. M i c r o s t r u c t u r e a f t e r d i r e c t i o n a l
s o l i d i f i c a t i o n a n d h e a t t r e a t m e n t s

Figure 1 shows a sample after directional solidific-
ation in the [001] crystallographic direction. It is clear
that the seed (S) was melted only partially and there
is an excellent junction between the seed and the re-
maining part of DS sample. Figure 2 shows the typical
microstructure on a transverse section of DS samples
after directional solidification. The sample was a single
crystal with well-oriented dendrites, as illustrated in
Fig. 2a. The dendrites are light-grey coloured and the
interdendritic region is dark-grey, as seen in Fig. 2b.
The average primary dendrite arm spacing was meas-
ured to be 230 µm. Figure 3 shows morphology of γ′

precipitates after heat treatments and ageing. Fig-
ure 3a shows initial microstructure of the alloy be-
fore ageing. Nearly square sections of the γ′ precipit-
ates on (001) crystallographic plane as well as similar
nearly square sections on (010) and (100) crystallo-
graphic planes confirmed their cuboidal morphology
before ageing. Volume fraction of the γ′ precipitates
was measured to be (69 ± 1) vol.% and remained con-
stant within the experimental error of measurements
during ageing.

3.2. E f f e c t o f a g e i n g o n m o r p h o l o g y
a n d s i z e o f γ′ p r e c i p i t a t e s

Figures 3b to 3d show the effect of ageing at 950◦C
on morphology of the γ′ precipitates. It is clear that
a nearly square section, which is the typical shape on
{001} crystallographic planes, confirms that cuboidal
morphology of the precipitates is preserved during
ageing up to 2000 h. On the other hand, higher ageing
temperature of 1000◦C and longer ageing time than
500 h (Fig. 3e) results in transformation of cuboidal
precipitates to elongated ones, as shown in Fig. 3f. As
shown recently by Gebura and Lapin [29], formation
of elongated γ′ precipitates is connected with develop-
ment of spontaneous rafted microstructure, which is
formed initially within the dendrites and then in the
interdendritic region during isothermal ageing of the
CMSX-4 superalloy for long ageing time. In order to
avoid the effect of morphological changes on coarsen-
ing kinetics of cuboidal γ′ precipitates, morphological
stability of the γ′ precipitates was evaluated from their
shape factor F defined as

F =
4πA

P 2
, (1)

where A and P is the cross sectional area and peri-
meter of the γ′ precipitate on {001} crystallographic
planes, respectively. Taking into account Eq. (1), one
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Fig. 4. Dependence of shape factor of the γ′ precipitates
on ageing time. The ageing temperatures are indicated in

the figure.

can calculate a shape factor of 1 and 0.785 for a circle
and an ideal square, respectively. Figure 4 shows evol-
ution of shape factor of the γ′ precipitates with the
ageing time at five applied ageing temperatures. The
shape factor ranges from 0.749 to 0.788 and is very
close to a theoretical value of 0.785 representing an
ideal square. The measured values of the shape factor
indicate stability of the cuboidal γ′ precipitates dur-
ing ageing at temperatures ranging from 850 to 950◦C
for up to 2000 h. On the other hand, the ageing at
1000◦C is connected with a sudden drop of the shape
factor from 0.79 measured after ageing for 500 h to
a value of 0.24 after 1000 h, which is connected with
a development of spontaneously rafted microstructure
in the alloy [29].

3.3. C o a r s e n i n g k i n e t i c s o f c u b o i d a l
γ′ p r e c i p i t a t e s

The measured statistical data (minimum 1000 pre-
cipitates measured at each ageing regime) of size
defined as an edge length am of the cuboidal γ′ precip-
itates were fitted by a log-normal distribution function
ϕ(am) in the form

ϕ (am) =
1

σs
√
2π
exp

[
− (ln am − ln a)2

2σ2s

]
, (2)

where a is the mean value and σs is the variance of log-
-normal distribution. Figure 5 shows log-normal distri-
bution curves resulting from the statistical evaluation
of the size of γ′ precipitates after ageing at 950◦C. Fig-
ure 6 shows dependence of mean size of γ′ precipitates
on the ageing time. The mean size a increases with
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Fig. 5. Examples of log-normal distribution curves for size
of cuboidal γ′ precipitates after ageing at 950◦C. The age-

ing times are indicated in the figure.

increasing ageing time and temperature. The LSW
theory predicts that the mean size of precipitates a
increases with time t according to the following equa-
tion [23]

a3 − a30 = kt, (3)

where a0 is the mean size of γ′ precipitates at ageing
time t = 0 s and k is a material constant at a given
temperature. Figure 7 shows dependence of normal-
ized size of γ′ precipitates on the ageing time. It is
clear that the normalized size values can be well fitted
by a linear regression function according to Eq. (3) at
each studied temperature. The correlation coefficients
r2 of these fits are better than 0.98.
Assuming material constants k obtained from lin-

ear regression analysis of experimental data shown in
Fig. 7, the activation energy for coarsening of cuboidal
γ′ precipitates can be calculated according to equation
in the form

k = k0 exp

(
− Q

RT

)
, (4)

where k0 is a material constant, Q is the activa-
tion energy for coarsening, R is the universal gas
constant and T is the absolute temperature. Fig-
ure 8 shows dependence of material constant k on
inverse temperature in the form of Arrhenius dia-
gram. From this figure, the activation energy for
coarsening is calculated to be 272.4 ± 2.3 kJmol−1.
This activation energy for coarsening of cuboidal
γ′ precipitates can be compared with values ran-
ging from 247 to 280 kJmol−1, which were repor-
ted for various nickel base alloys, as summarized
in Table 1 [30–37]. It is clear that the meas-
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ured Q = 272.4 kJmol−1 corresponds very well to
a value of 272 kJ mol−1 reported by Kim et al.
[35] for Ni-10.4Cr-8.W-1.8Mo-4.4Al-1Ti-1.1Nb-8.3Co-
-3.2Ta-0.8Hf-0.1Zr-0.02B-0.1C (wt.%) alloy and is
very close to values of 268 kJmol−1 and 277 kJmol−1

reported for Ni-14Mo-6.2Al-6.2Ta (wt.%) and
Ni-8.5Cr-9.7W-1.8Mo-4.5Al-1Ti-1Nb-9.6Co-5.2Ta-
-0.1Hf-0.1Zr-0.01B-0.1C (wt.%) alloys, respectively
[30, 35]. Figure 9 shows dependence of mean size of the
precipitates a3 − a30 normalized by the activation en-
ergy for coarsening Q, absolute temperature and uni-
versal gas constant on the ageing time. Using linear
regression analysis, the kinetic equation for coarsen-
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Ta b l e 1. Activation energy for coarsening of γ′ precipitates Q in various nickel base alloys

Activation energy Ageing Ageing
Alloy composition (wt.%) for coarsening Q temperature time Reference

(kJ mol−1) (◦C) (h)

Ni-14Mo-6.2Al-6.2Ta 268 927–1093 0–100 [30]
Ni-24.3Cr-19.6Co-1.8Nb-1.6Ti-0.75Al0.52Mo-1.02Fe-
-0.3Mn-0.5Si-0.03C

247 704–760 0–4000 [31]

Ni-1Ti-5.62Al-6Ta-7.9W-0.6Mo-4.6Co-7.8Cr (CMSX-2) 256–263 800–950 0–1000 [32]
Ni-15.5Cr-10.8Co-5.6W-2.1Mo-3.2Al-4.6Ti-0.2Nb-0.4Hf-
-0.08B-0.07C

255 800–900 0–10000 [33]

Ni-33.8Fe-16.5Cr-1.24Al-1.2Ti-0.27Co-3.3Mo-0.26Si (Ni-
monic PE 16)

280 700–850 0–1000 [34]

Ni-10.4Cr-8.W-1.8Mo-4.4Al-1Ti-1.1Nb-8.3Co-3.2Ta-
-0.8Hf-0.1Zr-0.02B-0.1C

272 870–1020 0–300 [35]

Ni-8.5Cr-9.7W-1.8Mo-4.5Al-1Ti-1Nb-9.6Co-5.2Ta-
-0.1Hf-0.1Zr-0.01B-0.1C

277 870–1020 0–300 [35]

Ni-6.8Al-12Mo-7.6Ta 255 800–1100 0–100 [36]
Ni-6.8Al-12Mo-7.7W 251 800–1100 0–100 [36]
Ni-6.2Al 262.5 550–700 0–200 [37]
Ni-7Cr-9Co-0.6Mo-6W-7Ta-5.6Al-1Ti-0.1Hf-3Re
(CMSX-4)

272.4 850–1000 0–2000 Present work
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ing of cuboidal γ′ precipitates can be written in the
form

a3 − a30 = 9.724× 10−15t exp
(
−272400

RT

)
. (5)

The correlation coefficient r2 of this fit is 0.98.

4. Discussion

The experimental coarsening data show a cube
rate law which suggests that volume diffusion controls
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time.

coarsening process of the γ′ precipitates in the stud-
ied CMSX-4 superalloy as long as the particles remain
discrete and cuboidal. It is worth to analyse whether
the coarsening kinetics of the γ′ precipitates can be
predicted analytically using physically sound thermo-
dynamic data according to a standard LSW coarsen-
ing equation in the form [23]

(
a3 − a30

)1/3
= k1t

1/3, (6)



J. Lapin et al. / Kovove Mater. 46 2008 313–322 319

where k1 is the coarsening rate coefficient defined as

k1 =

(
64DeffC∞σΩ2

9RT

)1/3
, (7)

where C∞ is the molar solid solubility of controlling
solute in the matrix, σ is the precipitate/matrix inter-
facial energy, Ω is the molar volume of the precipitate
and Deff is the effective diffusion coefficient. The ef-
fective diffusion coefficient in the γ matrix should be
related to the fluxes of all n components according to
relationship in the form [38]

Deff = Do exp

(
−Qeff

RT

)
, (8)

where the pre-exponential factor Do is defined as

Do =
n∑

i=1

xiDoi, (9)

where xi is the mole fraction of i-th element in the
γ′ precipitate and Doi is the pre-exponential factor of
i-th element in the γ matrix. The effective activation
energy for diffusion Qeff is defined as

Qeff =
n∑

i=1

xiQi, (10)

where Qi is the activation energy for volume diffusion
of i-th element in the γ matrix.
Assuming Eq. (7), at minimum one critical input

parameter has to be calculated by fitting experimental
data. The attempt will be made to derive either ef-
fective diffusion coefficient Deff or interfacial energy
between the γ matrix and γ′ precipitate σ, which are
both unclear input data for the studied CMSX-4 su-
peralloy.
Firstly, an effective diffusion coefficient will be de-

rived to fit experimental coarsening data for the stud-
ied CMSX-4 superalloy. As results from the chem-
ical composition of the γ′ precipitates of Ni-8.6Al-
-1.4Ti-8.7Ta-2Cr-5.8Co-5.7W-0.7Mo-0.6Re (wt.%)
and the γ matrix of Ni-0.8Al-0.2Ti-0.6Ta-16.5Cr-
-17.4Co-8.2W-1.6Mo-9.2Re (wt.%) reported by Wan-
derka and Glatzel [39], the main element which should
be transferred from a dissolving γ′ precipitate to a
growing one is Al and in less extent Ti, Ta and other
elements. Since no reliable data are available for diffu-
sion coefficients of the alloying elements in the γ mat-
rix of CMSX-4 superalloy, we can only refer to values
calculated according to Eq. (8) and taking data of Qeff
= 272 kJ mol−1 and Do = 3.9 × 10−5m2 s−1 measured
for volume diffusion of Al in ternary Ni-Al-Ti alloy by
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Karunaratne et al. [40]. Due to very good agreement
between the effective activation energy for volume dif-
fusion Qeff and activation energy for coarsening of
the cuboidal γ′ precipitates, only the pre-exponential
factor Do will be used as a fitting parameter. Since
there is lack of available literature data about the solid
solubility of Al in the γ matrix of the studied CMSX-4
superalloy, the values of 6.55, 6.90, 7.17, 7.48, and 8.57
(at.%) measured for nickel base superalloy Udimet 700
with the chemical composition given in Table 2 at 850,
900, 925, 950, and 1000◦C, respectively, will be used
in our calculations [41]. The corresponding calculated
molar solubility C∞ of Al in the γ matrix (density
of the matrix is assumed to be 8700 kgm−3) is 9093,
9609, 9996, 10447 and 12027mol m−3 at 850, 900, 925,
950 and 1000◦C, respectively. For the γ′ precipitate/γ
matrix interfacial energy σ, we can refer to values
ranging from 6 to 90mJm−2 [42–45]. The value of
σ depends on a large number of factors such as tem-
perature, composition of the γ matrix, and volume
fraction of γ′ precipitates. Since no data are avail-
able about the temperature dependence of interfacial
energy σ for the superalloy CMSX-4, the values of
Li et al. [38] calculated for superalloy Nimonic 115
with the chemical composition given in Table 2 were
used in the form of σ = 94.603–0.0368 T, where tem-
perature T is in ◦C and σ is in mJm−2. Assuming
Eq. (7) and taking reduced pre-exponential factor of
Do = 2.7 × 10−5m2 s−1, one can calculate coarsening
rate coefficient k1 for the cuboidal γ′ precipitates in
CMSX-4 alloy at each ageing temperature. Figure 10
shows temperature dependence of calculated and ex-
perimentally measured coarsening rate exponents for
the γ′ precipitates in the studied CMSX-4. It is clear
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Ta b l e 2. Chemical composition (in wt.%) of multicomponent Ni base alloys shown in Fig. 11

Alloy Ni Al Cr Co W Ta Ti Mo Other

Nimonic 80A Bal. 1.4 19.5 2.4
Nimonic 90 Bal. 1.5 19.5 16.5 2.5
Nimonic 105 Bal. 4.7 15.0 20.0 1.3 5.0
Nimonic 115 Bal. 4.9 14.2 13.2 3.8 3.2
Nimonic 263 Bal. 0.5 20.0 20.0 2.9 5.8
PE 11 Bal. 0.8 18.0 2.3 5.2 34 Fe
PE 16 Bal. 1.2 16.5 1.2 3.3 34 Fe
PK 33 Bal. 2.1 18.0 14.0 2.4 7.0
Udimet 700 Bal. 4.5 15.0 19.0 3.5 5.0 4 Fe
IN-738 Bal. 3.4 16.0 8.5 2.6 1.7 3.4 1.7 0.9 Nb
CMSX-4 Bal. 5.6 7.0 9.0 6.0 7.0 1.0 0.6 0.1 Hf-3Re
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Fig. 11. Dependence of calculated coarsening rate coeffi-
cient k1 on experimentally determined one for the studied
CMSX-4 superalloy and various nickel base alloys reported
by Li et al. [38]. The chemical composition of multicom-

ponent nickel base alloys is given in Table 2.

that the CMSX-4 shows significantly lower coarsen-
ing rate coefficients than those of Nimonic 115 [38]
over the studied temperature range. As a validation
of this approach, coarsening rate coefficients k1 of the
studied CMSX-4 are compared with those of numer-
ous multicomponent nickel base alloys as well as with
binary Ni-Al systems reported by Li et al. [38]. Fig-
ure 11 shows summary graph of dependence of cal-
culated coarsening rate coefficient k1 on experiment-
ally determined one. It is clear that the results for the
CMSX-4 are in a very good agreement with those for
multicomponent alloys with the chemical composition
given in Table 2 but deviates from the results for bin-
ary Ni-Al alloys, where the coarsening rate coefficients
were calculated by Li et al. [38] to be too slow.
Secondly, temperature dependence values of γ′

precipitate/γ matrix interfacial energy σ will be de-
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rived to fit experimental coarsening data for the stud-
ied CMSX-4 superalloy. Assuming Eq. (7) and taking
Qeff = 272 kJmol−1, Do = 3.9 × 10−5 m2 s−1 [40]
and the same values of molar solubility C∞ [41] of Al
in the γ matrix as in the previous calculations, the
same coarsening rate coefficients k1 can be calculated
using the values of γ′ precipitate/γ matrix interfacial
energy defined by a relationship in the form of σ =
65.495− 0.0254T , where temperature T is in ◦C and
σ is in mJm−2. Assuming ageing temperature range
from 850 to 1000◦C, the calculated interfacial energy
values σ vary from 43.905 to 40.095mJm−2.
Figure 12 shows evolution of experimentally meas-

ured and calculated size of the γ′ precipitates with
ageing time. The evolution of the size calculated either
by using an effective diffusion coefficient or estimated
values of γ/γ′ interface energy corresponds very well
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to the measured data and confirms the validity of the
adjusted input parameters for calculations of mean
size of the cuboidal γ′ precipitates.

5. Conclusions

The investigation of coarsening kinetics of cuboidal
γ′ precipitates in single crystal nickel base superalloy
CMSX-4 suggests the following conclusions:
1. During ageing at temperatures ranging from 850

to 950◦C up to 2000 h the γ′ precipitates preserve
their cuboidal shape. At a higher ageing temperature
of 1000◦C the cuboidal shape of the precipitates is
preserved up to 500 h and longer ageing time leads to
their morphological instability characterized by direc-
tional coarsening and formation of spontaneously raf-
ted microstructure.
2. The coarsening kinetics of cuboidal γ′ follows a

cube rate law behaviour and is controlled by volume
diffusion of alloying elements in the γ matrix accord-
ing to LSW theory. The calculated activation energy
for coarsening of 272.4 kJmol−1 corresponds to the
activation energy for volume diffusion of Al in ternary
Ni-Al-Ti alloys.
3. The coarsening rate coefficients of cuboidal γ′

precipitates have been calculated by the method based
on the LSW theory. Critical input parameters such
as γ/γ′ interfacial energy and the effective diffusion
coefficient controlling coarsening kinetics of cuboidal
γ′ precipitates are estimated and verified by compar-
ing the calculated and experimental coarsening rate
coefficients with those published for numerous mul-
ticomponent as well as binary nickel base alloys.
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