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Rafting of the c0 particles in the fourth-generation single-crystal nickel-based superalloy MC-NG was investigated in situ using
small-angle neutron scattering. Rafting was induced by high-temperature annealing of a predeformed sample in the absence of
applied stress. The use of extended Porod’s approximation allowed the investigation of the specific area evolution during the micro-
structure change. By comparison with a first-generation alloy, it is found that the alloy composition does not seem to influence the
kinetics of rafting.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Single-crystal nickel-based superalloys are
widely used in aircraft engines since they show good
mechanical properties at high temperatures. These par-
ticularities arise from the presence of two phases: a dis-
ordered face-centred cubic c matrix in which is
embedded a high volume fraction (around 70%) of or-
dered L12 c0-Ni3Al-based precipitates. After the so-
called standard heat treatment [1], the c0 particles adopt
a cuboidal shape with {100} faces and are almost peri-
odically arranged along the h10 0i crystallographic
directions. However, experimental observations have
shown that the particles’ morphology changes from cu-
boid to platelet (or raft) if a deformed material is an-
nealed at high temperature [2]. This morphology
change, also called rafting, was shown to be discrimi-
nated by plastic deformation and by the sign of the lat-
tice parameter mismatch between c and c0 phases [3,4].
This microstructure evolution was first observed in sam-
ples that were deformed during a creep test at very high
temperature (typically 1050 �C and 100 MPa).

Recently, the introduction of refractory elements
such as rhenium (Re) and ruthenium (Ru) in new-gener-
ation nickel-based single-crystal superalloys such as
MC-NG has led to improved mechanical properties in
terms of creep behaviour, as compared with first-gener-
ation alloys such as AM1 [5]. The compositions of both
alloys are compared in Table 1. In the MC-NG alloy,
the formation of a raft microstructure appears to be re-
tarded with respect to AM1 [1]. This delay can be attrib-
uted to the presence of an incubation period and/or the
slower kinetics of rafting. In the present work, the kinet-
ics of rafting is investigated by means of small-angle
neutron scattering (SANS) in order to separate the pos-
sible influence of the refractory elements addition and of
the dislocations on the microstructure evolution which
occurs in the early stages of a creep test.

Two MC-NG single-crystal specimens with axes close
to a h001i direction were provided by SNECMA and
strained in tension along [00 1] at 850 �C with a strain
rate of 1.1 � 10�4 s�1. Their microstructure consists in
a pseudo-periodical arrangement of cuboidal precipi-
tates, as shown in Figure 1. The arrangement of the par-
ticles appears to be less organized in the MC-NG than in
the AM1 alloy [5]. The plastic strains introduced in spec-
imens 1 and 2 were 0.2% and 0.6%, respectively. The
Laue X-ray diffraction technique was used to determine
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precisely the orientations of the h001i crystallographic
axes for each specimen.

The change in morphology of the c0 particles which
occurs during rafting has been examined in detail using
the SANS technique. In situ high-temperature annealing
of a deformed sample was carried out under vacuum
and viewed with the V4 pinhole camera at the Hahn
Meitner Institut [6]. Successive SANS spectra were ac-
quired during the annealing. In this way, the average
morphology of the c0 particles has been characterized
in situ at each step of the particle morphology change.
The associated kinetics was also identified.

In order to avoid multiple scattering, which may oc-
cur in thick specimens, thin slices (1.5 mm thickness)
parallel to the [001] axis and normal to the [01 0] axis
were cut from each deformed specimen by spark ero-
sion. Each sample was then mounted in a boron nitride
(neutron absorber) diaphragm (1 cm wide and 0.4 cm
high) and placed in a high-temperature furnace. The
[010] crystallographic direction was placed parallel to
the neutron beam. During annealing, successive SANS
patterns were acquired. The total in situ annealing time
was around 15 h for both samples. As the [01 0] axis is
parallel to the neutron beam, the SANS patterns contain
the scattering contributions from (10 0) and (001) c/c0

interfaces. The annealing temperatures were 1100 and
1050 �C for specimens 1 and 2, respectively.

In a SANS experiment, the scattering vector
q!¼ kf

!� ki
!

, where ki
!

and kf
!

are the incident and scat-
tered wave vectors, respectively, has to be chosen with
respect to the size of the inhomogeneities in the investi-
gated sample. In the case of single-crystal Ni superal-
loys, which contain chemical inhomogeneities whose
size is a few hundredths of a nanometre, the q range
should be in the order of 10�4–10�3 Å�1. However,
the absence of periodic arrangement of the particle ob-
served in the MC-NG alloy leads to the absence of the
correlation peak usually observed in [7]. The position
of the correlation peaks provides information on the in-
ter-particle distance, thus allowing the investigation of
the microstructure evolution. The investigation of the

rafting kinetics was therefore performed in a higher q
range (10�2–10�1 Å�1), allowing the use of Porod’s
approximation [8]. In this way, the microstructure evo-
lution that occurs during rafting was examined through
the determination of the specific area of the particle/ma-
trix interfaces.

In both specimens, the neutron wavelength was 6 Å
and the sample-to-detector distance was 16 m to allow
the smallest q range attainable (0.02–0.2 Å�1) to be ex-
plored without too much loss of neutron flux. After
annealing, SANS patterns with k = 19 Å were recorded
so as to widen the investigated q range towards lower q-
values for the analysis of the final microstructure. After
sufficient ageing time, c0 platelets (or rafts) are expected
to form perpendicular to the [001] tensile axis. The
SANS signal is therefore expected to decrease in the
low q range along the [100] and/or [010] direction.
The experimental data were reduced using BerSANS
software [9]. The data were averaged along the [100]
and [001] crystallographic directions using rectangular
masks.

Figure 2 shows the rough two-dimensional SANS
patterns of sample 1 acquired before and after 20 h of
high-temperature annealing. Similar results were ob-
tained in the case of sample 2 after 15 h of annealing
at 1050 �C. The fourfold symmetry, with extensions
along the [100] and [001] crystal directions, observed
on the SANS pattern obtained at room temperature
prior to annealing is representative of the cuboidal
shape and of the spatial arrangement of the c0 precipi-
tates after the standard heat treatment. The fourfold
symmetry seems to become twofold after the high-tem-
perature annealing, as shown in Figure 1b. The scatter-
ing pattern appears to be concentrated towards the low
q-values, with smaller scattering branches. This phe-
nomenon indicates that coarsening of the particles took
place. On the other hand, the SANS intensity seems to
decrease along the [100] direction during annealing.
This result could indicate a directional c0 particle coars-
ening of type N, which results in a lamellar c/c0 structure
normal to the tensile axis. As the lattice parameter mis-
match is negative in the investigated alloy [10] and a ten-
sile plastic strain was introduced, the resulting
microstructure corresponds to the expectations. This re-
sult is confirmed by scanning electron microscopy
(SEM) observations performed after the high-tempera-
ture annealing on both specimens used in the SANS
experiment, as shown in Figure 3.

Figures 4 and 5 show the scattering intensity against
the scattering vector (I(q)) after data reduction and cal-
ibration obtained for specimens 1 and 2, respectively,
before and after the high-temperature annealing and
along the [100] and [001] directions. By comparison be-
tween the two figures, we observe that, in both speci-
mens and before the annealing, the scattered intensities

Table 1. Chemical compositions (wt.%) of the AM1 and MC-NG superalloys [5]

Alloy Cr Co W Mo Re Al Ti Ta Hf Others Density (g/cm3)

AM1 7.8 6.5 5.7 2 – 5.2 1.1 7.9 – – 8.6
MC-NG 4 – 5 1 4 6 0.5 5 0.1 0.1 Si, 4 Ru 8.75

The Ni content balances the whole composition.

Figure 1. SEM observation of the MC-NG microstructure before
annealing (white: c; black: c0).
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along the [10 0] and [001] directions show a similar q�4

behaviour, which is typical of a cuboidal particle shape
[11]. Furthermore, the scattered intensity along [00 1] re-
mains constant throughout the thermal treatment in
both specimens. However, after the high-temperature
annealing, the scattered intensity along the [100] direc-
tion seems to be smaller than before annealing in the
low q-value range (Figures 4b and 5b). The observed
asymmetric behaviour of the scattered intensity is the
signature of a morphology change of the c0 precipitates
from a cuboidal shape to that of a platelet normal to the
[001] crystallographic axis.

Figure 2. SANS patterns obtained in sample 1 (a) before annealing at room temperature (k = 6 Å, 0.002< q < 0.08 Å�1) and (b) after 20 h of
annealing at 1100 �C (k = 19 Å, 0.002 < q < 0.03 Å�1).

Figure 3. SEM observation of the microstructure obtained after high-
temperature annealing (white: c; black: c0): (a) specimen 1; (b)
specimen 2.

Figure 4. Normalized IðqÞ curve for sample 1 (0.2% plastic strain, T = 1100 �C): (a) along [001]; (b) along [100].

Figure 5. Normalized IðqÞ curve for sample 2 (0.6% plastic strain, T = 1050 �C): (a) along [001]; (b) along [100].
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As the investigated q range corresponds to the
Porod’s regime, the scattered intensity, which is aver-
aged in angular sectors where the signal is assumed to
be isotropic, is related to the specific area. Figure 6
shows the evolution of the relative change in specific sur-
face area with the annealing time for both samples and
for the (100) and (001) c/c0 interfaces. The relative
change in specific area is defined as follows:

DRðtÞ
R0

¼ RðtÞ � R0

R0

ð1Þ

where R0 is the specific area determined at the beginning
of the annealing (t = 0), and RðtÞ is that obtained at the
time t of the high-temperature annealing.

In each sample, the specific area of the (001) inter-
faces remains almost constant throughout the whole
annealing.

The decrease in the specific area of the (100) inter-
faces is clearly visible. In both specimens, this decrease
can be fitted with an exponential decay with similar time
constants (time constants of 274 ± 78 min and
231 ± 21 min, respectively). As temperature does not af-
fect the diffusion processes involved in the microstruc-
ture evolution, we can consider the role of plastic
strain, which is larger in specimen 2 than in specimen
1. We can reasonably speculate that the dislocations cre-
ated during plastic deformation and/or vacancies pro-
vide fast diffusion paths for the atomic diffusion
involved in rafting.

Moreover, if these results are compared with those
from a similar experiment carried out on the AM1 alloy
[12], we can see that the kinetics of rafting is comparable
to that observed in MC-NG. Véron and Bastie found
that the microstructure evolution was completed after
around 8 h of ageing at 1100 �C in a AM1 specimen that
was plastically deformed up to 0.2%. We can deduce
from this remark that the diffusion processes involved
in rafting do not seem to depend even on the alloy com-
position. This confirms the crucial role of plastic strain
and associated dislocations and/or vacancies in the dif-
fusion processes involved in strain-induced rafting.

The kinetics of c0 phase rafting was investigated
in situ using small-angle neutron scattering during
high-temperature annealing of deformed specimens of
the MC-NG nickel-based superalloy. The use of Porod’s
approximation allowed us to follow the microstructure
evolution through the high-temperature annealing dur-
ing which rafting occurs. Comparing these results with
those formerly obtained for another alloy leads to the
conclusion that the addition of heavy refractory
elements to an alloy does not seem to affect the kinetics
of rafting. This point is explained by the role of disloca-
tions and/or vacancies in the diffusion mechanisms
involved in rafting, through the pipe diffusion process
and/or the vacancy diffusion mechanism.
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Figure 6. Evolution of the relative change in specific area with annealing time: (a) specimen 1; (b) specimen 2.
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