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a b s t r a c t

In this paper, long-term thermal treatment of a binary Ni–Al model nickel-based superalloy was
performed at 1000 �C for 50 h, 100 h and 200 h. The evolution of the c/c0 interface was studied. As the
treatment time increased, the c0 precipitates coarsened and grew. Regular interface instability was
observed that the shape of the c/c0 interface changed from flat to wavy. This interfacial instability was
caused by the dynamic balance of strain energy and surface energy at the interface between the two
phases. In addition, secondary c0 precipitates were observed after long-term treatment and some of
the larger ones took on pillow-like shapes. The pillow-shaped distortion was because that the growth rate
of the cube vertices was faster than that of other locations due to the different strain states at different
locations.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-based single-crystal superalloys, which consist of a high
volume fraction of ordered L12 c0 precipitates coherent with the
disordered fcc c matrix, are widely used in turbine blades and tur-
bine disks because of their excellent creep resistance [1–3]. The
creep resistance and deformation behavior of these superalloys
are sensitively affected by the morphology and size of c0 pre-
cipitates [4–6]. Rafting is a common and important phenomenon
during the creep process of nickel-based single crystal superalloys
[7,8], during which the morphology and size of the c0 precipitates
change. At the same time, the c/c0 phase interface also changes. It
is important to study the phase interfacial evolution for under-
standing the relationship between microstructure and properties.
Some researchers investigated the rafting and focused on the mor-
phology change of the c0 phase and the c/c0 interfacial dislocation
in the creep process. The c/ c0 phase interface evolution and irregu-
lar instability has been shown [9–12]. In addition, the c/c0 phase
interface irregular instability has also been shown in the long-term
thermal treatment process (or thermal exposure in some papers)
[13,14], which is a simplified method for investigating the influ-
ence of high temperature on the microstructure. However, few

studies specifically talked about this question. As we known, only
Prof. Zhu’s group discussed the relationship between different
types of interfacial protrusions and dislocation motion in the creep
process for a DD6 superalloy [15].

In present study, the evolution of the c/c0 phase interface in a
model nickel-based single-crystal superalloy was investigated at
the atomic scale. Regular interface instability was observed and
its mechanism was discussed in detail.

Nickel-based single-crystal superalloys are composed of many
elements. These alloying elements affect the property differently
depending on the external conditions [16–19]. This complicates
evolution of the c/c0 interface, thus a model alloy was selected in
present study.

2. Experimental

To investigate the intrinsic evolution of the c/c0 phase interface, a binary model
alloy with the chemical composition of 82.71% Ni–17.29% Al (at.%) was selected. The
ingot was directionally solidified in the h001i direction at a constant withdrawal
rate of 2 mm/min by the Bridgman technique. The single-crystal ingot was subject-
ed to solid-solution treatment at 1330 �C for 1 h under flowing argon atmosphere,
followed by a water quench. Then the alloy was aged at 870 �C for 32 h, also fol-
lowed by a water quench to room temperature [20].

Slices with the thickness of about 0.4 mm were cut from the single crystal ingot
to prepare long-term thermal treatment specimens. The slices were sealed in silica
envelopes and thermal treated in a tube furnace at 1000 �C for 50, 100, and 200 h,
followed by air quench. For scanning electron microscopy (SEM), the specimens
were mechanically polished and electrically etched in a solution of 48%
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H2SO4 + 40% HNO3 + 12% H3PO4. For transmission electron microscopy (TEM), the
specimens were thinned by mechanical abrasion and then electrically polished at
30 V in a solution of 13% perchloric acid and 7% glycerin in acetic acid.

The SEM experiments were operated using Quanta 600F at an accelerating volt-
age of 20 kV. The TEM experiments were operated using JEM-2010F microscope at
an accelerating voltage of 200 kV. The high resolution TEM experiments were also
performed using JEM-2010F at an accelerating voltage of 200 kV. The beam was
h001i orientation.

3. Results and discussion

Fig. 1 shows the microstructure evolution under thermal treat-
ment at 1000 �C for 50, 100, and 200 h. The specimen exhibited a
two-phase c/c0 microstructure (Fig. 1(a)) before long-term thermal
treatment. The initial primary c0 precipitates were generally cubic
with an average size of �300–500 nm. The c0 precipitates grow up
in size with increasing aging time (Fig. 1(b)–(d)). The growth rates
in all three dimensions were nearly same. Over time, the initial
cubic c0 precipitates connected to each other and gradually coars-
ened. After 50 h (Fig. 1(b)), the c0 precipitates obviously grew. The
average size was �2 lm, and some particles reached 3 lm. After
100 h, the average size grew to �3–4 lm, as shown in Fig. 1(c).
After 200 h, the average size increased further to �5 lm (Fig. 1(d)).

Secondary c0 precipitates were observed after thermal treat-
ment, revealed by the [001]-axis diffraction pattern shown in
the inset of Fig. 1(c). The average size of these secondary pre-
cipitates was �100 nm. After 50 h, a small amount of these parti-
cles were generated. After 100 h, their number obviously
increased. After 200 h, a large amount of secondary particles can
also be observed, as shown in Fig. 1(d).

It was worth of attention that after long-term thermal treat-
ment, the phase interface between the c0 precipitates and the c
matrix changed from straight to wavy, as shown in the red square
in Fig. 2(a). These waves occurred in regular arrays, as shown in
Fig. 2(b). The high-resolution electron microscopy image in
Fig. 2(c) shows that the c/c0 phase interface was not straight. There
were atomic-scale steps oriented in the h001i direction. The

high-resolution image was obtained from the wave-peak region,
marked by the white square in Fig. 2(b).

Note that some of the larger secondary c0 particles took on pil-
low-like shapes, while the smaller ones were cubic, as shown by
the white frame in Fig. 2(a). The formation of the pillow-like shape
was caused by the faster growth rate of the cube vertices.

In nickel-based single-crystal superalloys, the c0 and c phases
remain coherent because their lattice parameters are close. The lat-
tice parameter of the c0 phase is slightly larger than that of the c
matrix for the model alloy in the present study, generating an elas-
tic stress field near the c0/c interface area. The c0 precipitates and c
matrix are subjected to compressive stress and tensile stress,
respectively, as schematically shown in Fig. 3(a).

It has been reported that the interfacial evolution was deter-
mined by the balance of strain energy and interface energy [21–
24]. The strain energy comes from the lattice misfit of the two
phases. The phase interface instability can be explained from this
point. By measuring the interplanar spacing from the high-resolu-
tion TEM images, the lattice parameters of the two phases can be
obtained. The measurement method was schematically shown in
Fig. 3(b). Ten sets of interplanar spacings were measured per time
at the location away from the interface, then performing measure-
ment three times at different locations. These measurements were
averaged to obtain the final results, given in Table 1. The lattice
misfit of the two phases was calculated by

d ¼ ac0 � ac

ac
; ð1Þ

where ac0 and ac are the lattice diameters of c0 and c, respectively.
The lattice misfit between the two phases increased with thermal
treatment time. To keep the phases coherent, the strain energy
caused by lattice misfit at the phase interface will increase.

The elastic strain energy can be expressed as [21]

W ¼
Z ee

0
rijdee

ij; ð2Þ

Fig. 1. Microstructure evolution with standard heat treatment (a) and long-term thermal treatment at 1000 �C for 50 h (b), 100 h (c) and 200 h (d).
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