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Abstract. — The morphology of ' precipitates of AMI1 single crystal superalloys has been
studied by small neutron scattering (SANS), and electron microscopy. Due to the single crystal
nature of the samples, the SANS patterns are anisotropic and exhibit a fourfold symmetry
corresponding both to the shape and to the spatial arrangement of the precipitates in a (001)
plane. Measurements for other sample orientations have allowed us to improve the analysis of the
shape of the precipitates. After creep deformation along the (001) axis, a twofold symmetry
corresponding to the « rafting » of the ¥’ precipitates is observed in the (010) plane. The main
effect of heat treatments at 1 050 °C, commonly used for industrial applications, is the coarsening
of the precipitates. From the displacement of the correlation peaks towards smaller angles, we
deduce an average centre-to-centre spacing between the precipitates which increases with the
annealing time from 0.3 pm to 0.6 um according to the Lifshitz, Slyosov, Wagner behaviour. The
results are compared to electron microscopy measurements, performed on the same samples.

1. Introduction.

Constant efforts have been devoted to study and develop new materials which could improve
the performances of aircraft engines. Nickel based superalloys are used in high temperature
parts such as turbine blades. Indeed, these superalloys exhibit exceptional mechanical
characteristics at high temperatures. Their yield stress increases with temperature [1] and they
can be used in corrosive environments [2]. Such properties and industrial interests have driven
a number of basic studies of these materials.

A key feature in the mechanical properties of the superalloys is their diphasic nature : they
include precipitates which hinder the gliding of dislocations [3, 4]. The matrix is a disordered
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f.c.c. alloy (y phase), in which grow ordered v’ precipitates with L1, structure. The
morphology of the vy’ precipitates (shape, size and spatial arrangement) is a parameter which
plays an important role in the mechanical properties of the superalloys at high temperatures
[5-8]. In the recent superalloys the volume fraction of the ordered phase is rather large at
room temperature (70 %) and it remains almost constant up to 1 000 °C [9]. Moreover, the
manufacture of superalloy single-crystal turbine blades has allowed to achieve substantial
improvement of creep and fatigue properties [6].

The morphology of the v’ precipitates can be modified by heat treatments. A study of the
CMSX-2 superalloy has shown that a microstructure with a regular arrangement of cubic
v’ precipitates (with edge size of 0.45 pm) corresponds to an optimal creep resistance. These
observations have led to define the standard ONERA heat treatment (3 hours at 1 300 °C
followed by 16 hours at 1 050 °C and 48 hours at 850 °C) which is commonly used as reference
[5]. But it has also been reported that the size of the precipitates is not the only relevant
parameter to describe the creep behaviour at high temperatures : their shape and their spatial
arrangement should be also taken into account [9]. When the CMSX-2 superalloy is submitted
to annealing at 1000 °C during a very long time (28 days), the morphology of the
v’ precipitates evolves towards a « bamboo structure » [10]. During tensile deformations of
the CMSX-2 or AM1 superalloys at high temperatures (near 1 000 °C), the y' precipitates
coarsen into the form of platelets perpendicular to the stress axis {4, 9]. The transformation
from cubic into platelet-shaped precipitates (« rafting ») leads to a much lower creeping rate
and therefore to a longer lifetime before rupture at high temperatures [8].

Understanding the origin of the evolution of y' precipitates’ morphology versus annealing
treatment or under stress remains an important problem. Its study is difficult because of the
large number of parameters which can influence the morphology of the y' precipitates [11].
Among these parameters, the mismatch between the lattice parameters, the elastic energy of
the interface and the chemical heterogeneities play an important role but their experimental
observations are rather difficult and some discrepancies about their values are found in the
literature. See for instance [10, 12] and [13] for the lattice mismatch.

The present study concerns the AM1 superalloy [14] which belongs to the same class of
superalloys as the prototype CMSX-2. It is based on the use of small angle neutron scattering
(SANS) : a non-destructive and bulk sensitive technique [15, 16]. Preliminary resuits on single
crystalline samples have shown that SANS experiments permit an analysis of the shape, the
size and the arrangement of the y' precipitates [17, 18]. In the study reported here, we have
investigated these morphological features as a function of the thermal history of the
specimens.

The sample preparation and the experimental procedure are described in section 2. The
small-angle scattering results are reported in section 3 ; they show interesting features related
to the single crystal character of the materials. Finaily the results are discussed in section 4
and compared to observations using electron microscopy.

2. Material and experimental procedure.

The chemical composition of the AM1 superalloy is shown in table I ; the density is equal to
8.6 and the melting point is close to 1350 °C. The single crystal has been grown at the
SNECMA foundry by the directional solidification method. It has a cylindrical shape (13 mm
of diameter), with the growth axis parallel to the {001} crystallographic direction. Samples
were cut by spark-erosion into small discs of about 1 mm thickness perpendicular to the
{001} direction.

A preliminary annealing has been performed in order to homogenize the chemical
composition of the alloy (T = 1300 °C for 45 minutes). Subsequent quenching in the air
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Table 1. — Chemical composition of the AM1 superalloy (wt %).

Ni Co Cr Mo w Al Ti Ta

Balance 6.5 7.5 2.0 5.5 5.3 1.2 8.0

produces relatively homogeneous and small size ¥’ precipitates. After cuiting, each disc was
submitted to annealing at 7 = 1 050 °C for times from 0 to 480 hours. This thermal treatment
was performed in air and quenching was realized by pulling out the samples from the oven to
the air at room temperature. A mechanical polishing of disc surfaces was performed after heat
treatment in order to avoid spurious scattering from the oxidized surface.

Due to the large size of the precipitates after annealing (about 0.5 wm), small values of
g = 4 7 (sin 8)/A have to be reached for the measurements (2 @ is the scattering angle). So
the experiments were performed using the small-angle scattering instrument D11 at the ILL
[19, 20]. A wavelength of 10 A (with 9 % FWHM) was selected and the following
configurations were chosen for the sample-detector distance D and the collimation length of
the beam C :

i) D=35m, C=40m in order to explore the range 6 x 1004 < g <6x 107341,
hereafter called small-q range.

i) D=15m, C=20m 15x103<g<1.5x10"2A"' or D=10m, C =10m
2x 103 <g<2x 1002 A", hereafter called large-q range.

The experiments reported here were performed at room temperature. Considering the
chemical composition of the two phases given by the measurements of Blavette et al. [21, 22],
the average scattering lengths of the two phases can be calculated ((b,) = 0.75 x
1002 em; (b.) = 0.83 x 10" 2cm). Their difference is noticeable, so these superalloys
produce an intense neutron scattering at small angles ; measurements with good statistics can
be obtained in less than 20 minutes.

Transmission Electron Microscopy (TEM) observations have been performed with a JEOL
200 CX apparatus on samples mechanically polished down to 80 um and electrothinned in a
Milligan bath (10 % HCIO,, 90 % 2-Butoxyethanol (Ethylene Glycol Monobutyl Ether)) with
a voltage of 13.5 V. Then the samples were rinsed with Ethanol. The dark field technique has
been used to reveal the precipitates. Scanning Electron Microscopy (SEM) observations of
sample surfaces have been performed after chemical etching with a JEOL JSM 6400
apparatus.

3. Results.

3.1 TyricAL SANS PATTERNS. — In figure 1 are presented typical iso-intensity contours of
the SANS patterns obtained from AM1 samples corresponding to different thermomechanical
histories. They illustrate the different types of results which can be obtained.

In (a), the sample was annealed during 2 hours at 1 050 °C, the (001) axis was parallel to
the direction of the incident neutron beam and the measurement was performed in the small-g
range. The SANS pattern shows a characteristic fourfold symmetry indicating that both the
shape and the arrangement of the precipitates evolve with a strong anisotropy along the
crystallographic direction of the specimen. If the sample were not a single crystal, this
information would disappear. Furthermore four peaks are observed along the {100) and
{010) axes of the reciprocal lattice. These correlation peaks show that in the direct space, the
precipitates are rather regularly arranged on the nodes of a simple cubic « superlattice » of
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<100 > 10-2 A1 < 100 > 510-3 41
< 001 >
<010> <010>
(a) (b) (¢)
Fig. 1. — SANS iso-intensity contours obtained from AM]1 superalloy samples with different thermo-

mechanical history : a) annealed 2 hours at 1 050 °C, small g range, (001) plane, b) annealed 2 hours at
1050 °C, large g range, (001) plane, c) crept at 950 °C, o =280MPa, &= 1.5% along the
{001 direction, small q range, (010) plane.

parameter L, parallel to the crystallographic f.c.c. lattice. The parameter L is deduced from
the position of the first correlation peaks because the higher order correlation peaks are not
observed, indicating that translational order between the precipitates is only of short range.

In (b) the same sample is studied but in the large-g range. Far from the correlation peaks,
one expects to observe mainly the Fourier transform of the average form factor of the
individual precipitates and a fourfold symmetry is again observed according to a cuboidal
shape of the precipitates. The single crystal character of the sample allows one to analyze the
scattering in the observation plane as a function of the direction with respect to the
crystallographic axes and also as a function of the orientation of the sample with respect to the
incident neutron beam. Hence an anisotropic analysis of the average shape of the precipitates
can be obtained as will be shown below.

In (c) the sample has been subjected to a classical ONERA heat treatment, and
subsequently submitted to a creep test at SNECMA laboratories under the following
conditions : T = 950 °C, tensile stress o = 280 MPa, until a deformation of 1.5 % was
obtained. With such a thermomechanical treatment, the 7y’ precipitates coarsen and become
like platelets perpendicular to the {001) creep axis [6]. Figure 1c shows the SANS pattern
obtained in the small-q range with the {001) axis perpendicular to the neutron direction. As
expected a « cigar-shaped » scattering pattern is observed corresponding to the platelet-shape
of the precipitates ; again the single crystal character of the sample allows one to observe this
evolution. Due to the large size of the platelets, no correlation peak can be observed along the
{100} axis which is parallel to their faces. However, along the (001) axis, the absence of
correlation peak in the small-q range leads to assume that the interdistance between the
platelets is broadly distributed.
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As shown by these examples, the SANS technique appears well suited to the study of the
v’ precipitates of superalloys and it has been used first to study the evolution of their
morphology as a function of heat treatments.

3.2 INFLUENCE OF HEAT TREATMENTS ON THE MORPHOLOGY OF THE ¥’ PRECIPITATES.

3.2.1 Large-q range experiments.

3.2.1.1 Study on the (001) plane. — As stated above, in this ¢ range, far from the correlation
peaks, one expects to observe mainly the Fourier transform of the average form factor of the
individual precipitates. Figure 2 shows the iso-intensity contours of the SANS patterns for
samples annealed at 1 050 °C during 0 h, 2 h, 32 h and 480 h. A fourfold symmetry is observed
for all the samples with slight deviations which are attributed to imperfect alignment of their
{001) axis with respect to the incident beam. Nevertheless, for none of the samples, the
cross-shape is well pronounced. This can be attributed to some orientational disorder or to a

(a) (b)

(¢) (d)

10241

Fig. 2. — SANS iso-intensity contours in the (001) plane from AM]1 superalloy samples for several
annealing times at 1050 °C: a) before annealing, b) annealed 2 hours, c¢) annealed 32 hours, d)
annealed 480 hours. The arrows indicate the (100} directions.
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curvature of the cubes’ faces. Except a slight deformation of the SANS pattern in the first
stage of annealing, there is no drastic modification of its shape with annealing time. In the ¢
range of interest which is far from the correlation peaks, one studies the anisotropy of the
asymptotic behaviour along the different axes. The asymptotic behaviour of the intensity
scattered in {100) and (110) directions is plotted in figure 3 for two samples (annealed
during 2 and 68 hours at T = 1 050 °C). The slopes of the curves Ln (/) vs. Ln (g) are close to

Ln(I)j

s b * ] e <100>
+ <110 >
ol
2...
'\"..
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n
() (q)
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ol + ., + <110>
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-6 f
3 >

(b) Ln(q)

Fig. 3. — Ln (7) versus Ln (g) along the directions {100) and (110) for AMI superalloy samples with
different annealing times at 1 050 °C : a) 2 hours, b) 68 hours. The slope corresponding to — 3 and — 4
are shown by continuous lines, g* corresponds to the position of the correlation peak.
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— 3 for the first sample in both directions, while for the sample annealed during 68 hours, they
are close to — 3 and — 4 respectively for the {100) and (110} directions. These analyses
provide more detailed information on the shape of precipitates, which will be discussed in the
next section.

3.2.1.2 Changing the orientation of the sample with respect to the neutron beam. — In a next
step, measurements were performed on the sample annealed during 128 hours at
T = 1050 °C for different orientations of the sample rotated around the {100) crystallogra-
phic axis which was set vertical (and perpendicular to the incident neutron beam). Some
SANS patterns are shown in figure 4 for several values of the w angle, the value
@ = 0 corresponding to the neutron beam parallel to the (001) axis. So, close to this value,
we found again the fourfold symmetry previously described. When w is changed, the planes
perpendicular to the rotation axis remain invariant, thus the two streaks along the
{100% direction corresponding to these planes are always observed whereas the other streaks

( a ) ( e )
(b) (d)
< 100 >
(e)jz [ -
010 > 10 -2 A_l
Fig. 4. — SANS iso-intensity contours of an AM1 superalloy sample annealed during 128 hours at

1050 °C, for different orientations « of the crystal around the crystallographic axis {100) :
a) w=—475b) w=-27.5%c¢c) w=2.5",d) w=232.5e) w=45". For w = 0, the neutron beam is
aligned to the {001) axis.
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(previously parallel to the {010} disappear when the angle « is different from 0° or 180°). The
features described up to now are consistent with a cubic shape of the ¥’ precipitates.
However, when the  value is close to 45°, new streaks in the (111} type direction appear ;
they are observed within a very narrow  range. These new streaks are only observed for
large values of g (g=>1.5x 1072 A-Y). This means that the origin of these streaks
corresponds to « small » distances in the direct space.

The same investigation has been performed on the sample annealed at T = 1 050 °C during
0.5 hour. In spite of a careful search, such streaks in the (111} directions have not been
observed for this sample.

3.2.2 Small-q range observations in the (001) plane. — As shown in figure 1, in this g range,
one can investigate « large » distances in the direct space, and correlation peaks corresponding
to the rather regular arrangement of the precipitates are observed. Figure 5 shows the
evolution of the SANS pattern as a function of the annealing time at 1 050 °C. It is clearly
visible that the positions of the correlation peaks evolve towards smaller angles during
annealing.

| I |
410-3A-1
< 100 >
N :/‘,,
~ < 010 >
(e)

Fig. 5. — SANS iso-intensity contours in the (001) plane from AM1 superalloy single crystals for several
annealing times at 1050 °C: a) before annealing, b) annealed 0.5 hours, c¢) annealed 2 hours, d)
annealed 32 hours, ¢) annealed 480 hours.
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The intensity profiles along the {010} axes are plotted in figure 6 (linear scales). They have
been obtained from the 2D patterns by integration over a strip of finite width
(Ag ~ 1.8 x 10-* A1) along the (100) direction. They clearly show the evolution of the
correlation peaks with the duration of annealing.

Prior to annealing the specimen exhibits a very broad maximum around ¢ =2 x
1073 A-" and at very small ¢ (¢ < 10~3 A1) the iso-intensity contours are circular i.e. the
intensity scattered close to the origin is isotropic (Fig. 5a). So the expansion of the scattered
intensity as a function of ¢ limited to the second order terms, is valid in this g range where the
intensity is insensitive to the cubic anisotropy. A detailed description of this behaviour would
need to build a model which takes into account the cuboidal shape of the precipitates, their
size and their interdistance, comparable to that developed by M. Hennion et al. [23] for
ellipsoids. In a first approximation, although the system is not diluted, a Guinier plot of the
intensity scattered in the small ¢ range has been made and is shown in the insert of figure 6. It
corresponds to the intensity scattered in the {110) direction along which no correlation peak
is observed. The slope at small g allows us to estimate a radius of gyration R, = 0.1 pm. This
corresponds to a diameter D = 0.26 pm for a spherical particle and to an edge a = 0.2 pm for
a cubic particle. These estimates are consistent with the value deduced from the position of
the correlation peak (Tab. II). Let us stress however that the radius of gyration concept is
only valid for dilute systems without interparticle interference. In the present case, these
conditions are not fulfilled. In a densely packed system the contributions to the Guinier
behaviour arise from the long-range behaviour of the correlation function. However from the
observed behaviour of the scattered intensity around ¢ = 0, we can conclude that the Guinier
approach probes the same length scale as the analysis of the correlation peaks and that
probably such an analysis would be well adapted to investigate earlier stages of the
precipitation.

With increasing annealing times, the correlation peak becomes sharper corresponding to a
better ordering of the vy’ precipitates and shifts towards smaller ¢ indicating an increase of
their interdistance (coalescence). For annealing times larger than 32 hours, they move

1
neutrons/sec Ln (I)
7

8

103q (A1)

Fig. 6. — Intensity profiles along the {010) axis calculated from the iso-intensity contours for AM1
superalloy single crystals with different annealing times at 1 050 °C : (O) before annealing, (4 ) annealed
2 hours, (0) annealed 8 hours, (e) annealed 16 hours, (A) annealed 32 hours. Insert : Guinier plot of
the intensity along the {110} direction for the sample before annealing.
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Table II. — Position of the correlation peak g* and centre-to-centre spacing L between
precipitates, for different annealing times ¢,.

t, 0 0.50 2 8 16 32
(hours)
q* 2.17 1.80 1.75 1.50 1.28 1.05
(10-3.A-!
L 0.29 0.35 0.36 0.42 0.49 0.60
(wm)

towards the beam stop and can no longer be observed. It may also be noted that in the small q
range, the shape of the SANS iso-intensity contours evolves from a cross shape for
intermediate heat treatments (2-32 hours) to a square shape for longer times (Fig. 5e).

4. Discussion.

SANS studies of the precipitation or coalescence of the ¥’ phase of superalloys have already
been performed in polycrystalline samples [24, 25]. However the single crystal nature of our
samples allows us to get more detailed information on the evolution of the shape and the size
of the vy’ precipitates.

4.1 SHAPE OF THE ¥ ' PRECIPITATES. — Although the SANS patterns at large g (Fig. 2) have
a fourfold symmetry, information concerning the shape of y’ precipitates is delicate to obtain
because the interparticle interferences are mixed with the Fourier transform of individual
particles. However, some information can be obtained from the asymptotic behaviour of the

scattered intensity (i.e. when i* ~ q—L~ = 1).
q 27
For a perfectly cubic precipitate with sharp edges, one expects the following behaviour :
— I ~g~?along the {100) direction perpendicular to the cube faces
— I ~g~*along any (hkO) direction perpendicular to the edges
— I ~g~%along any other (hkl) directions.

However, it is important to note that any distortion, even small, with respect to the perfect
cube, induces another asymptotic behaviour which becomes relevant. Thus, the ¢~ °
behaviour is unlikely to be observed ; for instance if the cubes are rounded, one must consider
the asymptotic behaviour of curved interfaces i.e. :

— I ~ g~ *along a normal to spherical surfaces
— I ~ g3 along a normal to cyclindrical surfaces
— I ~g~%along a normal to almost planar surfaces.

Furthermore, if there is an ensemble of precipitates with some orientational disorder, it is
clear that the asymptotic behaviour [ ~ g ~” with the smallest exponent n, will extend farther
than the others around the normal to the mean interface. This means that asymptotic
behaviour is generally governed by the smaller n exponent.

The asymptotic behaviour in the (100> and (110} directions of a single crystal sample have
been studied as a function of the annealing time (Fig. 3 shows two typical cases which have
been observed). For short time of annealing (a few hours) the slopes of the double logarithmic
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plots are approximately the same in both directions and their values are about — 3 between
2 g* and 8 ¢g*. For large annealing times, the slope is about — 3 along the (100) direction
between 3 ¢g* and 16 g* and — 4 along the (110} direction in the same g range.

None of these kinds of asymptotic behaviour corresponds to perfect cubic shape of
precipitates :

— for the sample annealed during 2 hours the ¢~ behaviour in both directions would
indicate cylindrical distorsions of the faces and of the edges (but with different curvatures) ;

— for the sample annealed during 68 hours, there is almost no change for the intensity
scattered normal to the faces but a ¢~ * dependence is observed along the normal to the edges.
This may be interpreted either by the formation of sharper edges or by a double curvature of
the edges. The latter assumption is consistent with the possible existence of truncated corners
as discussed below from the streaks observed along the (111} directions.

The transmission electron microscopy (TEM) photographs of figure 7 confirm that the
precipitate faces are not perfectly flat. Furthermore, it is observed that face orientations are
slightly distributed with respect to the crystallographic axes. This may modify the asymptotic
behaviour if the observed g range is not large enough. Some photographs also reveal the
existence of very small y’ precipitates (a few hundred of A) in the y matrix. These
precipitates are probably due to the small change of the volume fraction of the
v’ phase between 1050 °C and room temperature. However, they represent a very small
volume of the sample and their contribution to the SANS pattern which occurs mainly at large
g, is assumed to be negligible under the present experimental conditions.

The qualitative evolution of the SANS pattern for longer annealing times (Fig. Se) can also
be understood by the analysis of TEM photographs. Indeed, after the well known
improvement of the cuboidal shape and of the regularity of the arrangement of the
precipitates for annealing time of about 16 hours [5], the increase of the duration of the heat
treatment leads to a departure from the cuboidal shape, with a more complicated concave
shape resulting from the coalescence of two or three adjacent parallelepipeds.

We have also analysed the asymptotic behaviour of the streaks along the {111) direction
(Fig. 4). Along this direction the slope is close to — 2.7 and such a value is consistent with the
existence of planes perpendicular to {111} type directions. Thus it seems reasonable to
assume that the streaks are associated with a truncature of the cube corners. The high
sensitivity of these streaks to the orientation of the sample is consistent with the alignment of
the truncated corners along the (110} directions. In order to check this hypothesis we
simulated the 2D Fourier transform of regular arrangements of rectangles with different types
of corner truncatures. The diffusion patterns, in this 2D simulation, present streaks similar to
those which have been observed when the truncatures are large enough. However in the 3D
sample, the truncatures have not to be so large because they are aligned along the
{110) axis and this may explain why they disappear when the incident beam is not parallel to
a (111) plane. For a better understanding of this effect, it is of interest to consider, instead of
the truncated cubes, the almost plate-like inter-precipitate <y regions perpendicular to the
{111} directions. The fact that these streaks have been observed only for long annealing time
(128 hours at 7 = 1050 °C) shows that one of the effects produced by very long heat
treatment is to erode the (111) corners, a feature which seems difficult to observe by electron
microscopy technique but which can be important to understand the evolution of the
precipitates. In the above discussion, we only analysed the symmetry and the asymptotic
behaviour along a few crystallographic directions, while the SANS patterns of this single
crystalline samples actually contain more information. A detailed study would require a
complete set of orientations of the sample which could then be compared with results of 3D
Fourier Transform simulations.
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<

1 um

Fig. 7. — TEM observations of the 7y’ precipitates of the AM1 samples annealed at 1 050 °C during : a)
16 hours, b) 128 hours.

4.2 SIZE OF THE 7y’ PRECIPITATES. — When the correlation peaks are observed, i.e. when the
size-distribution of the precipitates is not too broad, an approximate Bragg law can be applied
to determine the average interdistance L between centres of mass of the y' precipitates
using : ¢* = a 2 7/L, where ¢* is the scattering vector of the maximum of the intensity, and
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a is a constant close to 1 which depends on the shape and on the size distribution of the
precipitates [25]. Due to the coarsening of the precipitates and taking into account the limited
resolution of the instrument, correlation peaks were only observed for annealing times up to
32 hours at 1 050 °C. In this range, ¢* and L were determined (assuming a = 1) and the
results are reported in table II. In order to check the validity of this determination, some
samples were also studied by scanning electron microscopy (SEM). Figure 8 shows a
photograph obtained on the sample annealed during 2 hours. From the number of precipitates
on the photograph, their average interdistance was estimated to be between 0.35 pm and
0.40 pm depending on the considered region of the sample surface, in good agreement with
the SANS determination (Tab. II). However it is important to note that :

1) the value obtained by SANS corresponds to an average over about 10! precipitates, in
the bulk specimen, while those obtained by SEM are averaged over less than 10 precipitates
at the surface of the specimen ;

ii) As the distribution of size is rather broad, the value obtained by SANS may be slightly
overestimated due to a larger contribution of the large precipitates, and to the assumption
that: a = 1.

iii) The agreement between values of obtained from both techniques becomes worse for
long annealing times (up to 30 % of difference) but in this case the number of precipitates
observed by SEM is small and the inhomogeneous coarsening in the specimen due, for
instance, to the dendritic structure has to be taken into account [26].

From electron microscopy observations, it can be noted that the precipitates have rather
the shape of parallelepipeds ; the cubic shape being only an « average » model shape as

< 100 >

< 010 >

Fig. 8. — SEM observation of the ¥ ' precipitates of the AM1 superalloy sample annealed during 2 hours
at 1 050 °C.
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previously reported by Caron ef al. [5]. Therefore the position of the precipitates on the nodes
of a cubic « superlattice » is only an average arrangement with no long-range order. This is
probably one of the causes of the absence of second-order correlation peaks.

In figure 9, the average volume of the precipitates L > has been plotted versus the annealing
time ?#,: it increases proportionally with the duration of the annealing except for short
annealing times. As in the present case, it is assumed that at room temperature the volume
fraction of the ¥’ phase does not depend on the previous heat treatments, one can conclude
that the growth of the precipitates is controlled by a mechanism of coalescence. The results,
shown in figure 9, are consistent with the usual coalescence theory of Lifshitz, Slyosov and
Wagner [27]. This means that simple diffusion is not the only mechanism limiting the growth
of the precipitates ; there are also topological constraints which can induce the « collapse » of
small precipitates into larger ones, as shown by the results of TEM. Let us also remark that
L3(~1,) represents the average volume of the precipitates under the assumption that the
growth of the precipitates is the same along the three cubic axes.
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Fig. 9. — Evolution of the average volume of the v’ precipitates versus annealing time 7, at 1 050 °C.

From a technological point of view the ¢} dependence of L can be used to predict the size
of vy’ precipitates after heat treatment, a parameter which is of particular importance for the
mechanical properties of these alloys.

5. Conclusion.

As shown by this study, the single crystal character of the samples permits detailed
information to be extracted from SANS investigation. The scattering patterns recorded for
different orientations of the specimens provide information on the evolution of the average
shape of the precipitates during coarsening. In particular starting from a rather spherical
shape in a cubic arrangement, the precipitates become cubic shaped but the asymptotic
behaviour indicates that the edges are not sharp and that the faces are not flat. Possible
truncatures of their corners are suggested after a long annealing. Also the centre-to-centre
spacing between the precipitates which is determined from the correlation peak, has the
advantage to be averaged on a large number of precipitates eliminating the possible effects
due to inhomogeneities in the sample.

It is important to note that experiments can be performed in an oven, allowing « in situ »
measurements during the thermal treatments [18]. As the scattering is rather intense (an
exploitable SANS pattern can be obtained in less than 5 minutes), the study of the kinetics of
the coalescence (for which the main evolution occurs during a few hours) or of the
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precipitation is now possible on the same sample without necessity of quenching different
specimens.

As shown by the observation performed on the crept sample, the SANS technique also
permits us to study the oriented coalescence of the y’ precipitates on these single crystalline
samples. This study can be made on quenched samples but the possibility to perform « in
situ » experiment would allow us to observe the early stage of the « rafting ». This would
permit a better understanding of the mechanisms and of the kinetic of this transformation
which is also very important for the mechanical properties of these alloys.
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