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Secondary c0 precipitation in a commercial single crystal Ni-based superalloy after the 1100 �C isother-
mal aging has been investigated by atom probe tomography. After the isothermal aging for 300 s,
1800 s and 3600 s, a bimodal size distribution of larger primary c0 precipitates and numerous smaller
secondary c0 precipitates was obtained. It is proposed that the secondary c0 precipitated via a non-clas-
sical nucleation mode. The coarsening of secondary c0 precipitates well obeys the classical LSW theory.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Commercial single crystal Ni-based superalloy AM1, belonging
to the Re-free first generation single crystal Ni-based superalloys,
has been extensively used as the materials for high pressure gas
turbine blades and vanes in various aircraft engines [1]. As a result
of the specific microstructure, e.g. no grain boundary, large
amounts of coherent L12-ordered c0 precipitates with c matrix,
high c0 solvus and so on, single crystal Ni-based superalloys have
superior high temperature creep properties [2,3]. In particular,
their mechanical properties were significantly impacted by the
morphology, the size-scale, the volume fraction and the distribu-
tion of c0 precipitation, which mainly rely on the alloying compo-
sitions and thermal history [4–6].The precipitation of c0 phase
has been widely studied in various Ni-based alloys, e.g. Ni–Al–Cr
alloys [7–12], polycrystalline superalloys [13–18], single crystal
superalloys [19], etc. Atom probe tomography (APT) is a unique
and powerful technique, which is able to locate alloying elements
and quantify composition at the atomic scale and in the three
dimensions [20–23]. It could allow a better understanding of the
c0 precipitation at a very early stage and the subsequent c/c0 inter-
face evolution. Thanks to state-of-the-art local electrode atom
probe (LEAP) with faster data acquisition and larger analyzed vol-
ume, the investigation on c0 precipitation was greatly facilitated in
single crystal Ni-based superalloys.

Two populations of c0 precipitation would appear in single crys-
tal Ni-based superalloys via different thermal history, i.e. the pri-
mary c0 precipitation (at high temperature) and secondary c0

precipitation (at low temperature). Fast cooling rates, such as those
undergoing water quench from the high-temperature single c field,
typically lead to the formation of a monomodal size distribution of
refined c0 precipitates. By contrast, slow cooling rates or isothermal
annealing would result in the formation of a bimodal size distribu-
tion of c0 precipitates [19]. Furthermore, even a multimodal size
distribution of c0 precipitates (including tertiary c0) may occur in
some cases of polycrystalline superalloys [16]. Recently, different
populations of c0 precipitation in a commercial polycrystalline
Ni-based superalloy René 88 DT (processed through powder metal-
lurgy and used in turbine disks) has been systematically investi-
gated by means of APT [15–17,24,25]. Nevertheless, it still lacks
of the quantitative composition analysis on different populations
of c0 precipitation in commercial cast single crystal Ni-based
superalloys. The secondary c0 precipitates should be avoided in
the commercial single crystal Ni-based superalloys after a standard
heat treatment. During the prolonged aging at intermediate
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temperatures or creep deformation at elevated temperatures, how-
ever, c channels will widen due to the coarsening of primary c0

precipitates. Numerous secondary c0 precipitates could form inside
the widened c channels. Those finer secondary c0 precipitates are
believed to strongly interact with the deformation dislocations
and eventually affect the creep properties [26]. In this work, the
secondary c0 precipitation via isothermal aging at 1100 �C was
investigated by APT.
2. Experimental

As-cast ingots of single crystal Ni-based AM1 superalloy with a composition of
Ni–12.15Al–2.41Ta–1.41W–7.15Co–8.55Cr–1.48Ti–1.22Mo (at.%) were provided by
SNECMA, (Gennevilliers, France). Solution heat treatment at 1300 �C for 24 h was
performed on the single crystal ingots with subsequent air cooling to eliminate
chemical segregation. In order to obtain the highest possible cooling rates, thin sec-
tions of the solution heat-treated samples (�1 mm) were solutionized in single c
phase field at 1300 �C for half an hour, followed by a rapid water quench. The cool-
ing rate was estimated to be as high as 1000 �C/s. Isothermal aging heat treatments
at 1100 �C for 300 s, 1800 s and 3600 s with subsequent water quench were carried
out. The base samples and isothermal aged samples were termed A0, A300, A1800
and A3600, respectively.

APT samples were prepared by cutting 0.2 � 0.2 � 20 mm3 rods from above-
mentioned heat treated samples and by electro-polishing in a 10% perchloric acid
in an acetic acid electrolyte at 25–30 V. A fine-polishing was then performed in a
2% perchloric acid in butoxyethanol solution at 5–10 V to form needle-shaped spec-
imens having a radius of curvature of �50 nm. APT specimens were analyzed by
laser-pulsed local-electrode atom probe (LEAPTM) at 40 K and a gauge pressure
<2 � 10�11 Torr. Pulses of green laser light (532 nm wavelength) were applied at
a 100 kHz repetition rate with an energy of 0.6 nJ pulse�1, yielding an evaporation
rate of 1.20% (�4 million atoms were collected per hour). Data analysis was per-
formed using IVASTM 3.6.2 software and compositional information was obtained
by employing the proximity histogram (proxigram) methodology [27].
3. Results and discussion

Fig. 1 shows the c0 precipitation evolution after the isothermal
aging at 1100 �C for different times. A monomodal size distribution
of primary c0 precipitates in A0 sample (Fig. 1a) was obtained by
the very high cooling rate. It exhibits the following microstructural
features, i.e. irregular morphology of c0 precipitates in the size
ranges of �30–50 nm, high connectivity of c0 precipitates, diffuse
c/c0 interface, far-from-equilibrium compositions in both c and
c0 phases [28]. After the 1100 �C isothermal aging, a bimodal size
distribution of c0 precipitates with larger primary c0 precipitates
and numerous smaller secondary c0 precipitates was obtained.
Fig. 1. APT reconstructions showing the c0 precipitates in four AM1 samples (a) A0,
(b) A300, (c) A1800 and (d) A3600. 11 at.% Cr iso-concentration surfaces (iso-
surfaces) for A0 sample and 12 at.% Cr iso-surfaces for A300, A1800 and A3600
samples were adapted to delineate the c/c0 interfaces.
Moreover, c0-free zones with �10 nm thick surrounding the
primary c0 phase can be clearly seen in A300, A1800 and A3600
samples by the aid of 12 at.% Cr iso-concentration surfaces (iso-
surfaces). With the increase of isothermal aging time, the size of
primary c0 precipitates was markedly increased. According to the
compositions given by the proxigrams in Fig. 2a, all of the alloying
elements could be classified into two categories: c0-forming ele-
ments (Al, Ni, Ta and Ti) and c-forming elements (Cr, Co, Mo and
W). Three zones can be defined as illustrated by the Cr concentra-
tion profile of A3600 sample in Fig. 2b. The concentration profiles
of all elements in the primary c0 phase are flat and remain almost
constant with the increasing isothermal aging time. However,
there exist obvious concentration gradients in the surrounding c
phase, which correspond to the c0-free zones. Flat concentration
profiles are followed in the secondary c0 and c coexistence zones.
The width of c0-free zone is found to be �7 nm when the primary
c0/c interface width is taken into account. Moreover, as the isother-
mal aging time increases, the concentrations of c-forming ele-
ments raise while the concentrations of c0-forming elements
decrease in the secondary c0 and c coexistence zones. It indicates
that the increasing c-forming elements are rejected from the grow-
ing primary c0 precipitates. Since the volume fraction of primary c0

phase is high in AM1 alloy, the compositional variation in the pri-
mary c0 phase should be less pronounced in comparison with c
matrix.

In addition to the primary c0 precipitates, a large amount of sec-
ondary c0 particles with a high number density and near-spherical
shape formed in c matrix after the isothermal aging at 1100 �C for
300 s, 1800 s and 3600 s (e.g. in Fig. 3). It is worth noting that those
secondary c0 precipitates are very small and their precipitation
appears able to be prohibited, which is obviously different from
the primary c0 precipitation in Fig. 1a. Fig. 4a shows the proxigrams
for secondary c0 precipitates in A300, A1800 and A3600 samples.
The concentration profiles of all the elements appear to be very
similar in A300 and A1800 samples. It means that the precipitation
of secondary c0 is likely to enter a steady state during the isother-
mal aging from 300 s to 1800 s. After the isothermal aging for 3600
s, obvious concentration gradients are revealed in the c phase sur-
rounding these secondary c0 precipitates for all the elements
except for W. It may be due to the low diffusivity of W [3]. The vol-
ume fraction of secondary c0 precipitates is relatively low in the
secondary c0/c coexistence zone, as a result, the compositional var-
iation in the secondary precipitates is remarkable after the isother-
mal aging for 3600 s. Fig. 4b clearly shows the different zones
linked with the secondary c0 precipitates in the proxigrams. A c
phase zone with �3.5 nm wide can be defined around the small
secondary c0 precipitates, which is much narrower than the c0-free
zones. Due to the existence of concentration gradients in the c
phase around the primary and secondary c0 precipitates, it is not
possible to give an accurate composition for c phase. Table 1 gives
the value of the interface width for the primary c0/c and secondary
c0/c interfaces. Table 1 reveals that the primary c0/c interface
width decreases with the first increasing isothermal aging time.
However, it tends to slowly rise for the secondary c0 precipitates.
The error bar associated with the interface width is ±0.2 nm based
on the bin size used for computing the proxigrams. In addition, the
concentration profiles have to be convoluted by a Gaussian func-
tion with a full width at half maximum of �1 nm [29]. An slight
increase in interface width for A3600 sample was attributed to
the enhanced concentration gradient in front of c0 precipitates. It
is worth noting that the interface widths for both the primary
and secondary c0 precipitates in AM1 alloy were substantially lar-
ger, corresponding to the compositionally diffuse interfaces, com-
pared to the interface widths from René 88 DT alloy in [24]. It
may reveal that the differing precipitation mechanisms act under
the different compositions and thermal processes.
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Fig. 2. (a) Proxigrams showing the concentration profiles of all alloying elements across the primary c0/c interface delineating with 11 at.% Cr iso-surface in the APT
reconstruction of A0 sample and 12 at.% Cr iso-surface for A300, A1800 and A3600 samples. (b) Proxigram of Cr across the primary c0/c interface in A3600 sample was
adapted to illustrate the different zones.

Fig. 3. An APT reconstructed volume showing a large amount of secondary c0

precipitates in A3600 sample with 12 at.% Cr iso-surfaces.
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It has been suggested that the primary c0 precipitation occurs
via a spinodal decomposition when the AM1 alloy was quenched
by extremely fast cooling or high undercooling [28]. The supersat-
uration of secondary c0/c coexistence zone should be significantly
lower than that in the initial AM1 alloy since the primary c0 precip-
itation should have decreased the supersaturation. Unlike the
interconnected primary c0 precipitation at the very early stage,
the secondary c0 precipitates seem to be mutually separated. In
addition, the secondary c0/c interface width is significantly nar-
rower than the primary c0/c interface. The smallest sizes obtained
for the primary and secondary c0 precipitates are �30 nm and
�1 nm in diameter in AM1 alloy, respectively. That is attributed
to the much higher supersaturation in the initial AM1 alloy. Hence,
it suggests that the secondary c0 precipitation mechanism might
differ from the primary c0. As seen in Fig. 4a, furthermore, the sec-
ondary c0/c interface is diffuse and the concentrations of all ele-
ments vary inside the very small secondary c0 particles, which is
in good agreement with the two typical characteristics of non-clas-
sical nucleation mechanism [30]. The concentration of c0-forming
elements increasingly raise while c-forming elements concentra-
tion decrease with the increasing isothermal aging time; this
indicates that the composition of secondary c0 precipitates is far-
from-equilibrium in the early stage in A300 sample. Based upon
the precipitation behavior stated above, it is thus speculated that
the secondary c0 precipitation might take place via a non-classical
nucleation mode. However, a more detailed study is required to
further prove this precipitation mechanism. As mentioned in
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Fig. 4. (a) Proxigrams showing the concentration profiles of all alloying elements across the secondary c0/c interface delineating with 11 at.% Cr iso-surface in the APT
reconstruction of A0 sample and 12 at.% Cr iso-surface for A300, A1800 and A3600 samples. (b) Proxigram of Cr across the secondary c0/c interface in A3600 sample was
adapted to illustrate the different zones.

Table 1
The widths of primary c0/c and secondary c0/c interfaces in the A0, A300, A1800 and
A3600 samples.

Sample Width of primary c0/c (nm) Width of secondary c0/c (nm)

A0 6.2 ± 0.2 N/A
A300 4.6 ± 0.2 3.8 ± 0.2
A1800 4.6 ± 0.2 3.8 ± 0.2
A3600 5.2 ± 0.2 4.2 ± 0.2
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Booth-Morrison et al. [10], local magnification effects, which may
cause some artifacts in the precipitates shape, are not present in
the c/c0 dual-phase superalloys because the evaporation fields of
the two phases are essentially identical. Therefore, the secondary
c0 precipitates size obtained from the APT reconstructed volumes
can be considered as reliable. Fig. 5a–c give the size distribution
of secondary c0 precipitates in the three aged samples. Mean radii
of the secondary c0 precipitates in A300, A1800 and A3600 samples
are 1.61 ± 0.72 nm, 1.78 ± 0.89 nm and 2.15 ± 1.30 nm,
respectively. Due to the relatively large primary c0 precipitates
and the relatively small analyzed volume by APT, it was not possi-
ble to study the coarsening of primary c0 precipitates. However, the
APT technique is suitable for analyzing the coarsening of secondary
c0 precipitation. It has been widely proposed that the coarsening of
c0 precipitates in Ni-based superalloys occurs via Ostwald ripening
[15]. Typically, the time-dependent coarsening process is depicted
in terms of the LSW model [31,32], i.e.

�r3
t � �r3

0 ¼ kt; ð1Þ

where �rt is the mean particle size at a time t, �r0 is the mean particle
size at the onset of coarsening (at t = 0), and k is the coarsening con-
stant. Fig. 5d shows that the experimental data appears to fit well
with the classical LSW coarsening model expressed by Eq. (1) for
the secondary c0 precipitates. The k value obtained from the slope
is 0.0018 nm3 s�1, which is comparable to the values reported in
[15] for secondary c0 precipitates.
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4. Conclusions

In summary, a bimodal size distribution of c0 precipitates
with large primary c0 precipitates and numerous smaller second-
ary c0 precipitates was obtained after the isothermal aging at
1100 �C. Different specific zones, i.e. the primary and secondary
c0 phases, the primary and secondary c0/c interfaces, the second-
ary c0/c coexistence zone and the c0-free zone, could be clearly
derived in proxigrams. The primary and secondary c0 precipitates
are surrounded by the c0-free zones with �7 nm and �3.5 nm
widths, respectively. The secondary c0 precipitation occurs with
the following characteristics: diffuse interface, variable composi-
tion inside c0, far-from-equilibrium composition, which suggests
a non-classical nucleation process. This possibility needs to be
confirmed by further detailed work. The coarsening of secondary
c0 precipitates was found to be in good agreement with the clas-
sical LSW model.
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