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a b s t r a c t

The structural stability of the single-crystal PWA 1483 superalloy has been investigated by internal friction
(IF) and dynamic modulus measurements from room temperature to 1073 K. The examined samples were
in the solubilized state.

The vibrating reed technique with electrostatic excitation and frequency modulation detection of flex-
ural vibrations has been employed. Frequency was ∼350 Hz.

IF spectra recorded in successive test runs on the same samples show a Q−1 maximum (M1) above
ynamic modulus
islocation structures

623 K, whose intensity and position change from one run to another; in correspondence with M1 the
modulus undergoes a slow decrease followed by a sudden increase. Sometimes another maximum (M2)
has been observed at lower temperature (∼523 K).

After each run the values of the modulus and of Q−1 change indicating that a progressive irreversible
transformation occurs. Damping phenomena have been attributed to the rearrangement of dislocation
structures in the disordered matrix. This rearrangement modifies the density and the average distance of

natio
pinning points. This expla

. Introduction

Ni-based superalloys with biphasic structure (� + �′) are usually
mployed to build up hot parts of gas and aeronautical turbines.
or such applications the mechanical stability of the material is of
tmost importance. Anelastic behaviour of these materials has been
xtensively investigated by different techniques [1–8].

Hermann et al. [2] have shown that the CMSX-4 alloy exhibits
wo relaxation peaks: activation enthalpy �H ∼= 3.10 eV and limit
elaxation time �0 ∼ 10−16 s (peak 1), �H ∼= 2.7 eV and �0 ∼ 10−13 s
peak 2). From the comparison of �H values of the two peaks
ith the diffusion energies of Ni and Al obtained in a Ni3Al single-

rystal by the diffusion experiments of Frank et al. [9], peak 2 was
ttributed to the diffusion of Ni in the sub-lattice of Ni sites. Peak 1,
ith higher activation enthalpy, was ascribed to the diffusion of Al

toms which jump into the nearest neighboring sites of Ni forming
nti-site defects.
A peak with �H and �0 close to those of peak 1 [2] has been
bserved by other investigators [1,3,4] who have given alternative
nterpretations. The peak was attributed by Gadaud et al. [1] to Ni
iffusion whereas Mourisco et al. [3,4] considered it as a Zener peak.

∗ Corresponding author. Tel.: +39 0672597182.
E-mail address: roberto.montanari@uniroma2.it (R. Montanari).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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n is supported by transmission electron microscopy (TEM) observations.
© 2009 Elsevier B.V. All rights reserved.

In alloys with a periodic structure of the ordered phase �′

Gadaud and Rivière [6] found a peak at 10 Hz, which was attributed
to thermoplastic deformation induced by chemical gradients.

This paper presents the results of internal friction (IF) and
dynamic modulus measurements performed in repeated test runs
on the same samples to assess the microstructural stability of the
single-crystal of the PWA 1483 superalloy in the solubilized state.
The experimental conditions were chosen to avoid the appearance
of the aforesaid peaks 1 and 2 in the examined temperature range:
the resonance frequency (∼350 Hz) used in present experiments
involves that peaks 1 and 2 appear at higher temperatures.

Transmission electron microscopy (TEM) observations have
been carried out in the samples in the as-received condition and
after test runs to follow the microstructural evolution of the mate-
rial.

2. Material and experimental

The examined superalloy had the following chemical com-
position in wt%: C 0.05–0.09, Cr 11.60–12.70, Co 8.50–9.50, Mo

1.65–2.15, W 3.50–4.10, Ti 3.90–4.25, Al 3.40–3.80, Ta 4.80–5.20,
Ni to balance. As shown in Fig. 1, the material was a single crys-
tal of � phase hosting the ordered �′ phase, whose particles have
typical square shapes of an average size of about 1 �m. The �′

phase was substantially homogeneously distributed with channels

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:roberto.montanari@uniroma2.it
dx.doi.org/10.1016/j.msea.2008.09.107
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have been carried out in the as-received material and after succes-
sive test runs.

Fig. 4(a and b) shows the material before IF tests. Micrographs
display the different structures observed in the PF zones (a) and in
the zones with homogeneous distribution of �′ phase (b).
Fig. 1. Structure of the superalloy.

f ∼100 nm between the particles; some particle-free (PF) zones of
he matrix with size of 1–2 �m were also observed.

IF and dynamic modulus measurements have been carried
ut with bar-shaped samples (50 mm × 6 mm × 0.7 mm) using
he method of frequency modulation. The VRA 1604 apparatus
mployed in the experiments was previously described in detail
10]. Q−1 values have been determined from the logarithmic decay
f flexural vibrations. The resonance frequency was ∼350 Hz. The
amples have been heated from room temperature to 1073 K at a
ate of 1.7 × 10−2 K s−1. The strain amplitude was kept lower than
× 10−5. Repeated test runs have been performed with the same

amples to assess the microstructural stability of the material.

. Results

In successive test runs with the same samples a Q−1 maximum
M1) has been always observed at temperatures above 623 K. Its
osition does not depend on the resonance frequency and ran-
omly changes from run to run while its intensity tends to decrease
ith increasing the number of thermal cycles. Sometimes M1 was

ccompanied by another maximum (M2) at lower temperature
∼523 K) and of lower intensity. Both the maxima have an irregular
hape. After some test runs the maxima disappear; these results are
llustrated in Fig. 2(a and b).

In correspondence of M1, the modulus shows a slow decrease

ollowed by a sharp increase. In the case of M2, which is quite
road in the first run (Fig. 2a), the modulus change seems shifted
o a higher temperature with respect to the central position of the

aximum. In the second run (Fig. 2b) M2 is narrower and the cor-
espondence is good.
Fig. 2. (a and b)Q−1and (f/f0)2 vs. temperature in the first test run (a). The trends in
the successive runs with the same sample are displayed in (b); f0 is the resonance
frequency measured at room temperature before each test run.

At the end of each test run the modulus value at room tempera-
ture is higher than the original one while that of Q−1 is lower. The
variations of E and Q−1 occur mainly in the first runs, then negli-
gible changes are observed (Fig. 3); after stabilization the Young’s
modulus has increased ∼4% with respect to the original value.

To understand the nature of such behaviour, TEM observations
Fig. 3. Q−1and modulus values at room temperature after successive test runs.
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Fig. 4. Zone without (a) and with (b) particles of �′ phase before IF test ru

In PF zones the dislocations are partially arranged to form net-
orks with cells dimensions of about 50 nm. These structures are
ot present in the zones containing the �′ particles. Here dis-

ocations are mainly concentrated in the channels between the
articles.

After some test runs the dislocation networks disappear and
nly some cells of large size can be observed. As shown in Fig. 4c),
n the zones with homogeneous �′ distribution the dislocation den-
ity decreases. Several of the remaining dislocations form pairs
superdislocations) in the channels, mostly at the �–�′ phase
oundaries.

. Discussion

The main characteristics of the aforesaid anelastic phenomena
an be summarized as follows:

1. the positions of maxima M1 and M2 (when present) do not
depend on the resonance frequency and randomly change in each
test run;

. modulus changes in correspondence of Q−1 maxima;

. after each run the original values of the resonance frequency f0
and of Q−1 at room temperature are modified.

These results are compatible with an irreversible microstruc-
ural transformation taking place in successive steps giving rise to
−1 maxima. When the transformation has been completed the
tructure is stable and the maxima are no more observed in the
F spectra. The occurrence of an irreversible transformation is in
greement also with the trend of Q−1 and f0 measured at room
emperature after successive test runs (Fig. 3). They progressively
hange and finally tend to constant values when transformation has
een completed.

The explanation is based on the evolution of dislocation struc-
ures observed by TEM. For simplicity, it is assumed that the only
ontribution to dislocation damping comes from free dislocations.
t low frequencies, i.e. in the kilohertz range, the Granato-Lücke
tring model for dislocation damping [11] predicts the following

elationships:

−1 ∝ �l4ω (1)

�G

G
∼= −ˇ�l2 (2)
ne with homogeneous distribution of �′ particles after eight test runs (c).

where ˇ is a constant, � the dislocation density, l the average length
between pinning points, ω/2� the vibration frequency. Although
Eq. (2) refers to the shear modulus G, the same effect occurs also
for the Young’s modulus. According to Eqs. ((1) and (2)), a decrease
of � and l leads to higher values of modulus and lower values of
Q−1.

Dislocation networks are no more observed after some cycles
of heating and cooling. The growth of cells occurs by coalescence,
namely two or more cells of smaller size form a cell of larger size.
The process requires that the walls separating the cells, which
merge together, disappear. When a wall breaks up the disloca-
tions forming the wall become free and are able to give their
contribution to the damping, thus � increases determining the ini-
tial modulus decrease and the ascending part of a IF maximum
(see Eqs. (1) and (2)). When dislocations rearrange in the walls
of the new cell of larger size they cannot contribute to damp-
ing so modulus increases and Q−1 decreases (descending part of
maximum). Cell growth ends when the cells reach a size com-
parable to that of the corresponding PF zone. At that point the
material has a stable microstructure which cannot be further mod-
ified by successive heat cycling in the temperature range examined
here.

5. Conclusions

From experimental results it is possible to conclude that the
microstructure of the PWA 1483 superalloy in as-fabricated con-
dition is not stable. Following heating the cells observed in �′

particle-free (PF) zones tend to grow forming cells of larger size.
The irreversible process is not continuous but proceeds by steps
occurring in successive test runs and each transformation step gives
rise to an IF maximum. The microstructural stability is reached
when the cell growth leads to a size comparable with that of the
corresponding PF zone.
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