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Abstract

The internal friction spectrum of Ni—20at.%Cr polycrystals is mainly characterized by two relaxation peaks: P1
at about 950 K upon heating; P3 peak at about 1100 K upon cooling, respectively, and a large hysteresis in the
peak P3 temperature range. Under some experimental conditions, another peak (P2) is also observed during
heating in the temperature range higher than peak P1. In an Ni-20at.%Cr single crystal, only peak P1 is observed
during heating and cooling. However, when the single crystal is recrystallized, an internal friction spectrum
identical to that of the polycrystal is observed. Furthermore, metallographical observations show that the large
hysteresis in internal friction is related to the presence of discrete carbide precipitates at grain boundaries. When
the grain boundary is free of carbide precipitates, only peak P3 is observed during the heating and cooling run.
In contrast, when the grain boundary contains a continuous distribution of carbide precipitates, only peak P1
is observed during the heating and cooling run. This experimental evidence leads us to attribute peak P3 to
grain boundary relaxation, which is affected by the carbide precipitates, and peak P1 to a relaxation process
taking place in the grains. The hysteresis results from the dissolution-precipitation processes of grain boundary

carbides.

1. Introduction

The high temperature deformation and fracture be-
haviour of polycrystalline materials are strongly affected
by the presence of both grain boundaries and impurities.
A creep rupture phenomenon occurs often by the
formation, growth and interlinkage of grain boundary
microcracks and cavities [1, 2]. It is generally believed
that grain boundary sliding is an essential process which
causes stress concentration and, hence, cavity nucleation
at obstacles along the boundary, such as triple points,
ledges and second-phase particles [1-4]. Accordingly,
the study of the structure and mobility of grain bound-
aries is highly important for the understanding of the
high temperature behaviour of materials. However,
information on movements on an atomic scale cannot
normally be obtained from conventional grain boundary
sliding studies, but can be obtained by internal friction
measurements [5]. A

Phenomenologically, grain boundaries slide in a vis-
cous manner under a shear stress field. This process
manifests itself in an anelastic deformation and then
in internal friction [6-8]. In the earliest work of Ké
[7] in aluminium, a relaxation peak in the high tem-
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perature range was attributed to grain boundary sliding,
since the grain boundary internal friction has been
studied in a wide range of materials [9, 10]. However,
further internal friction experiments have led to ad-
ditional models for the basic mechanism of high tem-
perature relaxation, such as grain boundary migration
[11], the movement of grain boundary dislocations
[12~14] and lattice dislocations [15]. At present, the
detailed mechanism is not well known, and even the
controversy about the origin of the high temperature
relaxation is still not completely resolved [16].

Our previous internal friction results on commercial
Ni-Cr-Ce alloys revealed some anelastic phenomena,
which could be related to the grain boundaries [17-20].
In this paper, we report further results of high tem-
perature internal friction measurements for pure Ni—Cr
alloys. The evolution of the high temperature relaxation
peak, in relation to the grain boundary microstructure,
leads us to attribute the origin of the peak to grain
boundary sliding.

2. Experimental procedure

Ni-Cr alloys were prepared with high purity nickel
(99.99%) and chromium (99.996%) by the Institute of
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Applied Physics, Swiss Federal Institute of Technology
(ETH), Zirich. Polycrystalline alloys with compositions
of 20 and 33 at.% Cr were prepared by vacuum induction
melting followed by casting. Single-crystal alloys with
compositions of 22 and 33 at.% Cr were grown by the
Bridgman technique in an alumina crucible.

The specimens for the internal friction measurements
were spark machined in the form of thin bars 110 (or
60) mm X 2.5 mm X 0.5 mm. Before the measurements,
all the polycrystalline specimens were vacuum annealed
for 10 min at 1323 K to obtain a consistently similar
grain size of about 80 um, and were then aged under
vacuum for 24 h at 1200 K to stabilize the microstructure.
The single crystals were verified by electrolytic etching
and Laue X-ray analysis, and then annealed at 1200
K to eliminate any possible handling effects before the
measurement.

The internal friction measurements were carried out
at low frequency by the free-decay technique in a
computer-controlled inverted torsion pendulum [21].
The measurements were made on heating and cooling
between room temperature and 1273 K at a rate of 2
K min~?, with a maximum strain amplitude of 3 X 1072,
The measurements were performed in a vacuum of
5x107° Torr or better, except for the study of oxygen
effects on high temperature internal friction, where the
vacuum was 5x10~* Torr or less.

3. Results

A typical internal friction spectrum as a function of
temperature for the alloy Ni~20at.%Cr is shown in Fig.
1. It is mainly characterized by two internal friction
peaks, marked P1 and P3, upon heating and cooling,
respectively, as well as a large hysteresis in the tem-
perature range peak P3. During heating, the first peak
(P1) superimposed on a high temperature background
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Fig. 1. Internal friction Q™' and frequency F measured on (1)

heating and (2) cooling vs. temperature of Ni-20at.%Cr poly-
crystals.

appears at about 950 K. A sharp increase in the internat
friction background occurs at about 1185 K, which is
accompanied by a large drop in frequency. For some
experimental conditions, another peak (P2) is also
observed during heating in the temperature range higher
than peak P1 (cf. Fig. 8, later). Since the dynamic
shear modulus G is proportional to the square of the
frequency, this decrease in frequency is indicative of
a softening of the alloy. Upon cooling, the background
remains high and peak P3 occurs at about 1100 K.
This peak is followed by a rapid decrease in the internal
friction, as well as a recovery in frequency. Because it
happens in the P1 peak temperature range, it is difficult
to recognize the presence of peak P1 upon cooling.

The effect of the vibration frequency on the internal
friction spectrum is presented in Fig. 2. The peak
temperatures of peaks P1 and P3 both shift to higher
temperatures with increasing frequency. This means
that the phenomena responsible for the peaks are
thermally activated. However, the sharp increase and
the rapid decrease in internal friction during the thermal
cycles seem not to be sensitive to the changes in the
frequency. This is indicative of non-thermally activated
phenomena, such as phase transformation processes.
The activation energy for the relaxation process of peak
P1 deduced from the Arrhenius plot, is 2.92 eV. It is
then very close to the activation energies of lattice
diffusion of Ni (2.96 eV) and Cr (2.94 eV) in Ni-20at.%
Cr alloy [22]. In the case of peak P3, it is difficult to
subtract a high temperature background as in the case
of peak P1. In addition, the peak is obviously affected
by the frequency-independent decrease in the internal
friction upon cooling. Consequently, the activation en-
ergy cannot be precisely determined in this case.

To localize the origin of these two relaxation peaks,
internal friction measurements have been performed
in Ni-20at.%Cr single crystals. In this case, only the
P1 peak is observed, at the same temperature and with
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Fig. 2. Effect of the frequency on internal friction spectrum of
Ni-20at.%Cr polycrystals.
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a similar peak height as in the polycrystalline alloy,
during heating as well as during cooling (Fig. 3). The
activation energy for peak P1 is found to be 2.87 eV.

These results lead us to suggest that the origin of
peak P1 may be within the grains, and that peak P3
and the large hysteresis may be related to the presence
of grain boundaries.

In proposing the above assumptions, it is interesting
to survey the evolution of the internal friction spectrum
during the transition from a single-crystal to a poly-
crystalline state. The two following experiments have
been carried out. First, the internal friction spectrum
of Ni—20at.%Cr single crystals was measured (Fig. 4,
curves 1 and 2). The specimen was then cold rolled
at room temperature by about 12%. The specimen was
measured again in the pendulum. The first heating is
shown by curve 3 in Fig. 4. After annealing for 6 h
at 1200 K to recrystallize and stabilize the structure,
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Fig. 3. Internal friction Q™! and frequency F measured on (1)
heating and (2) cooling vs. temperature of Ni-20at.%Cr single
crystals.
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Fig. 4. Evolution of the internal friction spectrum of an
Ni-20at.%Cr single crystal (1, 2) initial state; (3) the heating
run after cold rolling by about 12% at room temperature and

(4) the cooling run after annealing for 6 h at 1200 K; (5)
subsequent heating and (6) cooling run.
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peak P3 appeared immediately upon cooling (Fig. 4,
curve 4). During the subsequent thermal cycles, an
internal friction spectrum identical to that of the
polycrystal was observed (Fig. 4, curves 5 and 6). In
another experiment, the specimen was cold rolled suc-
cessively up to 12%, and internal friction measurements
were performed after each cold rolling. Then, the
evolution of the spectrum from that of a single crystal
to a polycrystal was clearly observed. Metallographical
observations on these two specimens confirmed both
that the recrystallization was taking place when peak
P3 was appearing, and showed also the presence of
discrete carbide precipitates at the grain boundaries.

From this experimental evidence, it is possible to
conclude that peak P3 and the large hysteresis are
associated with the grain boundaries, and that peak
P1 is related to a relaxation process taking place in
the interior of the grains. A recent detailed analysis
revealed that peak P1 may be related to a Zener
relaxation process [23].

3.1. Effect of the grain boundary precipitates

To understand the evolution of the internal friction
spectrum with temperature and, in particular, the hys-
teresis, a detailed microstructural analysis by trans-
mission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) was performed [18, 19]. It was
shown that the sharp increase in internal friction cor-
responds to the critical temperature of the dissolution
of the grain boundary carbides of the form Cr,C,. A
microstructural analysis, performed on the specimen
which gave the internal friction spectrum in Fig. 1,
revealed the presence of discrete carbide particles with
sizes of about 1 um. The results showed clearly that
the carbides dissolve completely at 1200 K and pre-
cipitate during subsequent cooling. Therefore, the in-
ternal friction hysteresis should be associated with the
dissolution on heating and precipitation on cooling of
the grain boundary carbides Cr,C,;, which correspond
to the sharp increase and the rapid decrease in internal
friction respectively.

Furthermore, to determine the effect of grain bound-
ary precipitates on the conditions of the appearance
of peak P3 and on the hysteresis, internal friction
measurements were performed on specimens with a
specific grain boundary structure. Figure 5 shows the
internal friction spectrum of an Ni-10at.%Cr alloy,
which do not contain any grain boundary carbides. A
stable peak P3 was observed during heating and cooling,
with an activation energy of 2.7 eV. The hysteresis and
peak P1 were absent. This is an indication that the
observed hysteresis is strictly related to the presence
of the precipitates at grain boundaries. The internal
friction spectrum was also measured in Ni-20at.%Cr
after annealing for 15 min at 1383 K, followed by 24
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Fig. 5. Internal friction Q™! and frequency F measured on (1)

heating and (2) cooling vs. temperature of Ni-10at.%Cr poly-
crystals.
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Fig. 6. Internal friction Q! and frequency F measured on (1)
heating and (2) cooling vs. temperature of Ni-20at.%Cr poly-
crystals after annealing for 15 min at 1373 K and then for 24
h at 1200 K.
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h at 1200 K. The specimen then contains a continuous
distribution of grain boundary carbide precipitates. In
this case, only peak P1 was observed, with a little
hysteresis during the heating and cooling cycles, and
peak P3 did not appear (Fig. 6). This spectrum is very
similar to that of a single crystal (Fig. 3).

3.2. Effect of the concentration of chromium

The internal friction spectra in Ni-33at.%Cr alloys,
in both single-crystal and polycrystal forms, are similar
to those of Ni-20at.%Cr. The internal friction spectra
of the polycrystalline alloys are shown in Fig. 7. The
temperature of peaks P1 and P3 both shift to higher
temperatures with increasing chromium content, but
the peak height of peak P3 is clearly decreased. In
addition, the critical temperature corresponding to the
dissolution and precipitation process seems to appear
at a slightly higher temperature in Ni-33at.%Cr than
in Ni-20at.%Cr. The shift of the peak temperature
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Fig. 7. Internal friction Q™' measured on (1) heating and (2)
cooling vs. temperature on (a) Ni-20at.%Cr and (b) Ni-33at.%Cr
polycrystalline alloys.

may result from the dependence of the activation energy
on the solute concentration, because the energy of
lattice diffusion increases with the solute concentration
in the Ni-Cr system. If peak P3 is related to a relaxation
process at grain boundaries, the changes in peak P3
caused by increasing chromium may be related to the
change in grain boundary diffusivity and also to the
concentration of solute atoms in and near the grain
boundaries.

3.3. Effect of oxygen on internal friction spectrum

It is known that, in nickel and nickel alloys, oxygen
penetration along grain boundaries can lead to a reaction
with the carbides present at the grain boundaries. That
reaction dissolves the carbides, forming CO and CO,
[24, 25]. In a previous investigation [20], internal friction
measurements were performed in Ni-22at.%Cr-Ce in
an oxygen-contaminated environment (i.e. a vacuum of
over 5X10~* Torr). A continuous attenuation of the
internal friction hysteresis between heating and cooling
cycles was observed. As a result, a new stable internal
friction spectrum was observed after about 20 cycles,
which was characterized by a stabilized peak P3 upon
heating and cooling.

To identify further the effect of oxygen on the internal
friction spectrum, a specimen of Ni-22at.%Cr alloy was
pre-oxidized in air for 1 h at 973 K, then measured
in the same environments as in the previous cases. The
process was obviously accelerated: the hysteresis dis-
appeared after only five thermal cycles (Fig. 8). The
microstructural analysis, after the disappearance of the
hysteresis, revealed that the grain boundaries were free
of any carbides. These results indicate that oxygen
penetration acts as an irreversible process to dissolve
the grain boundary carbides, which leads to a stabilized
peak P3 without hysteresis. This gives strong support
to the above conclusions that peak P3 and the large
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Fig. 8. Evolution of the internal friction spectrum Q™! and
frequency F measured on heating and cooling vs. temperature
during different thermal cycles for Ni~22at.%Cr alloy, pre-oxidized
in air for 1 h at 973 K.

hysteresis are related to grain boundary relaxation
processes.

4. Discussion

The most important result in the present investigation
is the experimental evidence which can prove the origin
of grain boundary internal friction in Ni-Cr alloys. In
particular, the behaviour of grain boundary internal
friction is intimately related to the grain boundary
microstructure.

It is known that the particles of a second phase may
precipitate preferentially at grain boundaries and
impede or block grain boundary relaxation [8, 10, 26].
Physically, this blocking effect arises from the internal
stress produced by the particles impeding the boundary
sliding [26]. Mori ez al. [26] established a new model
for grain boundary sliding and associated internal fric-
tion, taking into account the blocking effects of second-
phase particles. According to these authors, when there
is no diffusion around the blocking particles, the re-

laxation strength A is given by
A=Ay/(1+ mar/A?) 1)

Here, A, is the relaxation strength when the boundaries
are free from the second-phase particles; A is the
interparticle spacing; 24 is the grain size, and r is the
radius of the blocking particles. It is obvious that the
higher the size and the density of the particles are,
the lower is the relaxation strength. It seems reasonable
that both effects make the sliding more difficult and
decrease the boundary mobility. With this point of view,
it is possible to explain the grain boundary internal
friction behaviour observed in Ni-Cr alloys.

The occurrence of the hysteresis (Fig. 1) is indicative
of two states: (1) a low-temperature state with strong
pinning points at the grain boundaries, leading to a
low level of internal friction; (2) a high-temperature
state associated with the decrease in the number or
size of pinning points, leading to a high internal friction
background. TEM observations [16] have revealed that
the pinning points could be Cr,C; carbide particles and
ledges. These carbide particules can be considered as
strong pinning points, regarding their size and their
density at grain boundaries. Using the model of Mori
et al., we can estimate approximately the blocking effect
of Cr,C; carbide particles in Ni-20at.%Cr. If we consider
peak P3 as a grain boundary peak free of any carbide
particles, and by taking r=0.5 pm,
a=40 pm, A=1 um and A,=50X10"3, we obtain
A=0.78%1073 This means that the Cr,C, carbide
particles block almost completely the grain boundary
relaxation, which is in good agreement with the ex-
perimental results (Figs. 1 and 6).

Upon heating, the grain boundaries are strongly
pinned by Cr,C; carbide particles and no grain boundary
motion is possible. Only the anelastic phenomena taking
place within the grains, peak P1 related to Zener
relaxation and an internal friction background are ob-
served (Fig. 1). When the critical temperature of carbide
dissolution is reached, the grain boundaries are denuded
of second-phase particles and the boundary mobility
increases abruptly, leading to macroscopic grain bound-
ary sliding. As a result, a sharp increase in internal
friction accompanied by a reduction in shear modulus
is observed. During cooling, the grain boundary sliding
is quite easy, with only the grain boundary ledges acting
as pinning points, which leads to relaxation peak P3.
As the boundary mobility is high, a high level of internal
friction is observed. When the critical temperature of
carbide precipitation is reached, the carbide particles
appear simultaneously at grain boundaries, and the
boundary mobility is suddenly decreased. Consequently,
the grain boundary sliding is impeded again. Then, a
significant decrease in internal friction, accompanied
by an increase in shear modulus, is observed. Because
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it occurs in the same temperature range as peak Pl,
peak P1 is effectively buried in the curve obtained upon
cooling.

Indications of a similar hysteresis behaviour in internal
friction have also been observed in molybdenum, owing
to the precipitation and dissolution of extremely fine
particles [27].

When the grain boundary is free of any carbide
precipitates, the boundary mobility is high throughout
the temperature range. Because no significant change
occurs during the thermal cycles, a relaxation peak
related to the steady mobility of grain boundary sliding
is observed (¢f. Fig. 7). In contrast, when the grain
boundaries contain a high density of carbide particles,
the particle blocking effect on grain boundary sliding
is so strong that no grain boundary relaxation phe-
nomena can be observed in the temperature range
investigated, as shown in Fig. 8.

5. Conclusions

A high temperature internal friction relaxation peak,
as well as a large hysteresis between heating and cooling
cycles in the temperature range of the peak, are observed
in Ni-Cr alloys. The origin of these phenomena are
both related to grain boundaries. The relaxation peak
can be explained by grain boundary sliding, which is
affected by grain boundary carbide precipitates. The
large hysteresis is attributed to the dissolution and
precipitation of grain boundary carbides. We further
conclude that internal friction measurements can be a
useful method to study the dynamic process of grain
boundary sliding.
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