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Mechanical spectroscopy (damping and elastic modulus as a function of temperature) and transmission
electron microscopy studies have been performed in high purity polycrystalline molybdenum plastically
deformed to different values of tensile and torsion strain. Mechanical spectroscopy measurements were
performed from room temperature up to 1285 K. A relaxation peak in polycrystalline molybdenum
related to the movement of dislocations into lower energy configurations near grain boundaries has been
discovered to appear around 1170 K. The activation energy of the peak is 4.2 eV ± 0.5 eV. This relaxation
phenomenon involves the interaction between vacancies and mobile dislocations near the grain bound-
aries. It should be highlighted that this relaxation process is controlled by the arrangement of vacancies
and dislocations which occur at temperature below 1070 K.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

A broad range of alloys including austenitic stainless steels, fer-
ritic–martensitic steels, refractory metals and titanium alloys have
been investigated in extensive international materials testing pro-
grammes in order to identify potential candidates for the so-called
first-wall region and other parts of a controlled thermonuclear
reactor [1,2]. In particular, molybdenum has a high melting point,
a high specific heat, good corrosion and creep resistance and
strength at high temperatures. In addition, it has a relatively low
thermal neutron cross section. These qualities make molybdenum
attractive for the use in the nuclear industry [3]. Nuclear materials
are exposed to irradiation and the same time to external stresses;
therefore it is of great importance to understand the mechanisms
of interaction between the defects into the material, in order to
predict the long-time behaviour of these materials. Several works
have been reported in the past 50 years about the mechanical
properties in molybdenum and its associated recovery stages
[4–14].

The temperature range around one third of the melting
temperature (0.3 Tm, 865 K), usually related to stage V of recovery,
is particularly interesting in molybdenum due to the strong
influence on the mechanical properties of both the pure metal
and technological molybdenum-based alloys. In fact, in non-
irradiated and irradiated molybdenum at annealing temperatures
within stage V (temperatures higher than 850–900 K), the yield
stress and the ultimate tensile strength begin to decrease [9,11,15].

Mechanical spectroscopy (MS), referred to as the internal fric-
tion method in the early literature, offers unique opportunities to
study the mechanical energy losses due to the dislocation arrange-
ment produced by deformation and its interaction with point
defects [16].

The internal friction in molybdenum single crystals has been
extensively discussed in the 50–1300 K temperature range, see
for instance Benoit [17], Seeger [18], Zelada et al. [19–21] and
Lambri et al. [22]. In particular, for temperatures higher than stage
IV (600 K to 850–900 K) we reported that single crystalline
deformed molybdenum exhibits two damping peaks. The physical
mechanism which controls the damping peak appearing at around
700–800 K (so called the LTP) was related with the dragging of jogs
by the dislocation under movement assisted by vacancy diffusion
[19,20,22]. The damping peak which appears at high temperatures
of around 950–1000 K (so called the HTP) was controlled by the
formation and diffusion of vacancies assisted by the dislocation
movement [20]. In addition, in plastically deformed and electron
plus neutron irradiated high purity single crystalline molybdenum,
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oriented for single slip, the intermediate temperature damping
peak (so called the ITP) was detected at around 900 K. It was
related to the interaction of dislocations lines with both prismatic
loops and tangles of dislocation [21].

Nevertheless, little work is done on the internal friction of poly-
crystalline molybdenum above room temperature. Consequently,
our aim is to study the mechanical energy losses in plastically
deformed polycrystalline molybdenum from room temperature
up to near 45% of the melting temperature (0.45 Tm). In addition,
as it will be shown through the paper, the present results shed
light on the physical driving force controlling the behaviour of
the yield stress, ultimate tensile stress and ductile to brittle transi-
tion temperature in neutron irradiated molybdenum within the
temperature range of stages IV and V of recovery during post-irra-
diation annealing.
Fig. 1. Damping spectra measured during successive thermal cycles for a poly-
crystalline molybdenum sample deformed 1% in tensile and 1.5% in torsion at room
temperature. Full symbols: heating part of thermal cycle. Empty symbols: cooling
part of thermal cycle.
2. Experimental

The samples used in this work were prepared from a single
batch of ‘‘Amax Specialty Metals Corporation’’ low carbon arc cast
3/8’’ diameter rods in A.E.R.E, Harwell, UK. The specifications of
this starting material were: C 0.004%, O2 0.0004%, H2 0.0001%, N2

0.0001%, Fe 0.002%, Ni 0.001% and Si 0.002%. Samples were decar-
burized for 48 h by heating them, using an R.F. induction furnace,
to 1873 K in a partial pressure 8 � 10�3 Pa of oxygen. The oxygen
atmosphere was maintained by continuously bleeding spectro-
scopically pure oxygen through a leak valve. The carbon removal
was monitored by the amounts of CO and CO2 in the residual vac-
uum by using a mass spectrometer. After the decarburization pro-
cess the samples were annealed at 2073 K for 24 h in a vacuum
better than 10�5 Pa to remove the oxygen.

The average grain size was 50 lm. No appreciable change in
grain size could be detected after the heat treatments during the
performed measurements in the present work. The samples were
sheets of 20 mm length, 0.4 mm thickness and 2.5 mm width.

Samples were deformed in tensile at a constant speed of
0.03 cm/min, followed by 1.5% torsion at room temperature.

Damping, Q�1 (or internal friction), and natural frequency were
measured in an inverted torsion pendulum, under a vacuum of
about 10�5 Pa. The maximum strain on the surface of the sample
was 5 � 10�5. The measurement frequency was around 1 Hz
except in the determination of the frequency dependence of the
peak temperature. The heating and cooling rates employed in the
tests were of 1 K/min. A heating and its corresponding cooling
run will be called hereafter a thermal cycle. There was no hold time
once the maximum temperature had been achieved, during the
thermal cycle.

During the run -up and -down in temperature, Q�1 was calcu-
lated from the slope of the straight line which results from the
least squares fitting of the natural logarithm of all the decaying
amplitudes versus time, such that

lnðAnÞ ¼ lnðA0Þ � pQ�1n ð1Þ

where An is the area of the nth decaying oscillation, A0 is the initial
area of the starting decaying oscillation and n is the period number.
For all these measurements the same initial and end values of the
decaying amplitudes were used for eliminating some possible dis-
tortion for the appearance of amplitude dependent damping effects
[23].

Amplitude dependent damping (ADD), i.e. damping as a func-
tion of the maximum strain on the sample, e0, was calculated from
Eq. (2) [19,23,24]

Q�1ðe0Þ ¼ �
1
p

dðlnðAnÞÞ
dn

ð2Þ
The decaying of the oscillations were performed at constant
temperature (T ± 0.5 K). Polynomials were fitted to the curve of
the decaying areas of the torsional vibrations as a function of the
period number by means of Chi-square fitting. Subsequently the
Eq. (2) was applied. Polynomials of degree higher than 1 indicate
that Q�1 is a function of e0, leading to the appearance of ADD
effects, as it can be inferred easily. This procedure allows obtaining
the damping as a function of the maximum strain (e0) from free
decaying oscillations [19,23,24]. The degree of fitted polynomials
was smaller than 3.

The strength of ADD effects is measured through S parameter,
such that [19,23,24].

S ¼ DQ�1

De0
ð3Þ

For transmission electron microscopy (TEM) examinations, thin
foils were prepared with the double jet technique using 12% H2SO4

in methyl alcohol. Observations were carried out in a Phillips
CM200 transmission electron microscope operated at 200 kV.
3. Results

3.1. Mechanical spectroscopy

Fig. 1 shows the damping spectra measured from 800 K up to
1285 K, for a polycrystalline sample deformed 1% in tensile and
1.5% in torsion at room temperature. Full symbols are for heating
runs and the corresponding empties ones, are for cooling. In the
first run up to 1240 K (full rhombus in the figure) the samples
showed an increasing background with temperature. Nevertheless,
on cooling a small damping hump around 1170 K appears. For the
next heating run a step like damping is seen at this temperature
(squares in the figure). During the following heating run (full cir-
cles) a damping peak develops which is clearly observed at
1170 K, but during cooling the peak disappears. In the following
runs, for thermal cycles from room temperature up to 1285 K the
peak stabilizes at around 1170 K (for the last spectrum, triangles,
only the heating run is shown), but it is always absent during the
cooling part of the cycles. The HTP appearing in single crystals can-
not be clearly observed, although a hump around 950 K is present
in the spectra which presents the damping peak at 1170 K, see full
circles and triangles in Fig. 1.



Fig. 3. Square of frequency (proportional to elastic shear modulus) curves
corresponding to spectra in Figs. 1 and 2. Full symbols: heating part of thermal
cycle. Empty symbols: cooling part of thermal cycle.

Fig. 4. Damping spectra measured during successive thermal cycles from 800 K up
to 1285 K, for a polycrystalline sample deformed 5% in tensile and 1.5% in torsion at
room temperature. Full symbols: heating part of thermal cycle. Empty symbols:
cooling part of thermal cycle.
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In the other hand, annealed samples present an increasing back-
ground with temperature in the heating and cooling runs, but do
not show any damping peak.

Fig. 2 shows the internal friction spectra in Fig. 1, but for the
300–900 K temperature range. The most prominent feature is that
for cooling runs which did not present the peak at 1170 K (empty
squares and circles in Fig. 1) they show, in this temperature range,
a damping peak between 500 K and 600 K, see empty squares and
circles in Fig. 2. These peaks do not appear during the correspond-
ing heating runs; see full symbols in Fig. 2.

This low temperature peak appears at lower temperature than
the LTP in single crystals and its behaviour is different. The LTP
was present in the heating and cooling runs [19,20,22], while the
peak in the present polycrystalline samples, as said before, only
appears in the cooling runs when the peak at 1170 K disappears.

Fig. 3 shows the moduli (square of frequency) in the tempera-
ture range 300–1285 K, which correspond to the spectra in Figs. 1
and 2. The square of the frequency decreases as the temperature
increases and presents slope changes at temperatures correspond-
ing to those of the internal friction peaks at 500–600 K and 1170 K.
In the last cooling run presented in the figure (empty circles) there
is a noticeable modulus increase at the temperature where the
internal friction peak at around 500 K appears. Spectra, also pres-
ent an important drop at around 1070 K which means that the
modulus of the sample decreases noticeably for temperatures
higher than 1070 K.

Fig. 4 shows the damping spectra measured from 800 K up to
1285 K, for a polycrystalline sample deformed 5% in tensile and
1.5% in torsion at room temperature. Full symbols are for heating
and the corresponding empties ones, are for cooling. The first heat-
ing run, up to 1285 K (rhombus) shows an increasing damping
with temperature. For the following runs (squares and circles)
the damping values grow, presenting a clear step like increase
above 1150 K. Damping values are almost ten times higher than
the ones measured in 1% deformed samples, see Fig. 1. The differ-
ence in the damping values between the samples deformed 1% and
5%, becomes more evident for temperatures higher than 1150 K. In
this case, for 5% deformed samples, the damping peak at 1170 K
cannot be clearly distinguished from the high internal friction
background.

The square of the frequency in the temperature range 300–
1285 K, which correspond to spectra in Fig. 4, are shown in
Fig. 5. This figure shows that the square of the frequency presents
an important drop at around 1070 K which means that the
Fig. 2. Damping spectra in Fig. 1, but for the 300–900 K temperature range.
Symbols mean as in Fig. 1.

Fig. 5. Square of frequency (proportional to elastic shear modulus) curves
corresponding to spectra in Fig. 4. Full symbols: heating part of thermal cycle.
Empty symbols: cooling part of thermal cycle.
modulus of the sample decreases noticeably for temperatures
higher than 1070 K. This behaviour is similar, but more intense,
to the one exhibited by the samples deformed 1%.



Fig. 7. TEM micrograph for polycrystalline molybdenum after room temperature
plastic deformation, 1% tensile plus 1.5% torsion.

4 O.A. Lambri et al. / Journal of Nuclear Materials 453 (2014) 1–7
Fig. 6 shows the behaviour of the S parameter during the suc-
cessive thermal cycles for the sample deformed 1% in tensile and
1.5% in torsion, at room temperature, in Fig. 1. S curve for the third
thermal cycle was not plotted for the sake of clarity, but it almost
overlaps on curve for the fourth thermal cycle. S values for samples
stretched 2% and 5% increase as the deformation degree increases,
but the whole trends are similar than those for the sample
deformed 1%.

3.2. Transmission electron microscopy

Fig. 7 shows the dislocation arrangement resulting after room
temperature plastic deformation, 1% tensile plus 1.5% torsion, in
polycrystalline molybdenum. As it can be observed deformation
give rise to a heterogeneous pattern of dislocations, where disloca-
tions appear very tangled in some zones and in addition, a lot of
short and rough dislocations develop.

In Fig. 8a, a bright field micrograph of a grain boundary with
dislocations near it, can be seen. The dark field, Fig. 8b, reveals
clearly dislocations segments in one grain and dislocations
agglomerated near the grain boundary. Fig. 8b was obtained by
the (2, �1, 1) reflection of the selected area diffraction pattern
(Fig. 8c and d).

Fig. 9a and b shows zones with tangles of dislocations and
planar arrays of dislocations, respectively, for a sample deformed
plastically 1% tensile plus 1.5% torsion, after performing the ther-
mal cycles in the mechanical spectrometer.

As it can be seen from the micrographs Fig. 9a and b the dislo-
cation structure is re-arranged after the successive thermal cycles
in the spectrometer, leading to a configuration of less entangled
dislocations. In addition, a high magnification image of the upper
left zone of Fig. 9b is shown in Fig. 9c and d. Fig. 9c (bright field)
and d (dark field) show a dislocation wall, probably due to the
recovery process, where dislocations move from a tangled orienta-
tion to form a sub-boundary during the annealing at high temper-
atures [25,26]. The movement of dislocations into this lower
energy configuration is part of the recovery process.
4. Discussion

The modulus drop in Figs. 3 and 5 shows that around 1070 K the
sample suffers a softening due to the increased mobility of the
dislocations produced by deformation. This is also revealed by
the marked increase both in the internal friction background (see
Figs. 1 and 4) and S values (see Fig. 6), from this temperature
Fig. 6. S = DQ�1/De0 as a function of temperature during successive thermal cycles
for a polycrystalline molybdenum sample deformed 1% in tensile and 1.5% in
torsion at room temperature. Full symbols: heating part of thermal cycle. Empty
symbols: cooling part of thermal cycle.
onwards. Taking this into account, the internal friction of the sam-
ple was measured by cycling in temperature only down to 1070 K,
instead of decreasing the temperature in the cooling run down to
room temperature as in the previous thermal cycles. Fig. 10 shows
the damping for the last heating run presented in Fig. 1 (full trian-
gles). In the subsequent cooling run from 1285 K the sample was
only cooled up to 1070 K (empty triangles in Figure). In the next
heating run from this temperature (full squares) the damping peak
at 1170 K was not present. This indicates that the peak has to be
related to a process occurring at temperatures below 1070 K.

The activation energy of the peak at 1170 K was measured for
samples deformed 1% in tensile and 1.5% in torsion. Fig. 11 shows
the Arrhenius plot (the frequency dependence of the peak temper-
ature, Tp) [16] for the measured values at three different frequen-
cies 0.8 Hz, 1.4 Hz and 7 Hz, see Section 2. Inset in Fig. 11 shows
the damping peaks after the background subtraction for the differ-
ent oscillating frequencies. Damping background subtraction was
done by using cubic polynomials through Peak Fit V.4 soft [27].

The activation energy, H, obtained from the plot is
4.2 eV ± 0.5 eV. This activation energy is higher than the ones
obtained in single crystalline molybdenum for the LTP, ITP and
HTP, which were 1.6 eV, 1.9 eV and 2.7 eV; respectively. In addi-
tion, the activation energy related to the present work, damping
peak at 1170 K in plastically deformed polycrystalline samples, is
very close to the self diffusion energy for molybdenum, �4.5 eV
[28,29].

Taking into account that the peak is developed in plastically
deformed samples and that the peak is not resolved in annealed
samples, the peak has to be related to a relaxation process involv-
ing dislocations. In addition, the peak was not present in single
crystalline samples [19–22] and, besides, the temperature range
where the peak appears, near 0.4 Tm (1170 K), is the expected tem-
perature range for the grain boundary peak [16,30,31]. Conse-
quently, this damping peak can be related to the movement of
dislocations into lower energy configurations near grain
boundaries.

ADD experiments, also confirm this point, see Fig. 6. In fact, the
strong increase in S values indicates that a larger mobility of dislo-
cations starts at temperatures where the 1170 K peak begins to be
developed, see inset in Fig. 11, in agreement with the above
exposed. Besides, from TEM micrographs, it is evident the reorga-
nization of the dislocation arrangements after annealing during
the thermal cycles, see Figs. 7–9.

Moreover, the peak temperature depends on the degree of plas-
tic deformation, as it is shown in Fig. 12. Despite the background



Fig. 8. (a) Bright field in polycrystalline molybdenum after room temperature plastic deformation, 1% tensile plus 1.5% torsion. Note the presence of a dislocation arrange
near the grain boundary. (b) Corresponding dark field, obtained from one diffracted spot reported in (c). As can be seen only one grain is in the Bragg position. (d) Selected
area diffraction pattern and its corresponding explanatory diagram (Zone Axis [001]).
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subtraction could not be realized due to the high internal friction
values, the displacement of the peak maximum can be clearly
observed. Fig. 12 shows the position of the peak for three different
tensile deformations 1%, 2% and 5% plus an additional 1.5% in tor-
sion in all the cases. The scale of the internal friction is logarithmic
and the position of the damping peak is indicated by means of
arrows. It can be seen that the higher the tensile deformation,
the higher is the temperature where the peak appears. This indi-
cates that when the density of dislocation increases, dislocations
and also sub-boundaries near grain boundaries are more entangled
leading to a shift of the peak to higher temperatures. In addition, as
said before, the appearance of ADD effects within the range of the
peak temperature at 1170 K, see Fig. 6, clearly indicates that the
relaxation at 1170 K involves the movement of dislocations and
sub-boundaries near grain boundaries.

Furthermore, it should be pointed out that the damping peak at
1170 K has to be related to the processes that dislocations suffer at
temperatures below 1070 K, because the peak does not appear in
the warming run if the sample is not cooled below 1070 K.

As it was shown (see Fig. 1), the peak is present during the heat-
ing, but it is absent during the subsequent cooling. This, can be due
to the rearrangement of the dislocation structure after the anneal-
ing at 1285 K. Deformed structure recovers after annealing to
1285 K in order to decrease its free energy, in agreement with
the recrystallization temperature reported for molybdenum,
1173 K [3]. Even, if only a partial recrystallization occurs, since
the grain size does not change clearly, both damping and modulus
curves show a clear recovery. It is revealed by the decrease in the
modulus and the increase in the damping values (see Figs. 1 and 3–
5) in agreement with the less tangled arrangement of dislocations
after thermal cycles performed at the pendulum (see Fig. 9a and b).
This process leads to a rearrangement of defects in polycrystalline
molybdenum which will inhibit the appearance of the peak at
1070 K during the cooling.

The absence of the peak at 1070 K during the cooling has to be
related also to the appearance, at the same time, of the damping
peak at around 500–600 K, see Figs. 1 and 2. Pinning of dislocations
by vacancies was reported to appear within the temperature inter-
val 400–700 K [32]. Moreover, vacancies in molybdenum tend to
agglomerate at around 550 K [33], so during the cooling vacancies
could agglomerate around that temperature, interacting with the
dislocations arrangement through a pinning process giving rise to
the damping peak at around 500 K. In a subsequent heating run,
dislocations are already pinned by vacancies agglomerates and
then the damping peak at around 500 K does not appear.

When the temperature increases, vacancy agglomerates dis-
solve and vacancies migrate to the dislocations and grain bound-
aries easing, at around 1070 K, the mobility of the dislocations
near the grain boundaries and giving rise to the appearance of
the peak at 1170 K. In fact, this mechanism is in agreement with
the activation energy calculated for this process 4.2 eV ± 0.5 eV
which corresponds to a value for self diffusion, indicating a process
of vacancy motion to dislocations.

The interaction mechanism between vacancies and disloca-
tions, within the temperature range of stage V, described in this
work is important in order to understand the behaviour of the
mechanical properties of polycrystalline molybdenum at temper-
atures within this stage. Wrosnky and Johnson [9] reported that
neutron irradiated polycrystalline molybdenum at 313 K followed
by annealing at temperatures over 400 K lead to an increase in the
yield stress and in the ultimate tensile strength (UTS). This behav-
iour was attributed to the diffusion of vacancies produced by irra-
diation towards the lattice sinks during the annealing process,
leading to the promotion of vacancy clusters which increase the
frictional stresses in the lattice [9]. Cockeram et al. [15] explained
the increase in temperature of the ductile to brittle transition
temperature (DBTT) in neutron irradiated samples, on the basis
that diffusion rate of point defects in molybdenum was slow
enough at temperatures less than 1073 K. That leads to the nucle-
ation of a fine dispersions of voids and dislocations loops pro-
duced by irradiation, giving rise to a decrease in the dislocation
mobility [15].



Fig. 9. (a and b) TEM micrographs for room temperature plastically deformed polycrystalline molybdenum (1% tensile plus 1.5% torsion) after performing the thermal cycles
in the mechanical spectrometer. (c and d) High magnification images of the upper left zone of (b). (c) Dislocation wall (bright field). (d) Dark field of the zone (e). (f) Selected
area diffraction pattern and its explanatory diagram (Zone Axis [001]).

Fig. 10. MS spectra measured during thermal cycles, but with cooling down to
1070 K. Full symbols: heating part of thermal cycle. Empty symbols: cooling part of
thermal cycle. Broken arrows indicate the heating and cooling parts.

Fig. 11. Arrhenius plot for the peak at 1170 K. Tp: Peak temperature. xp: Circular
frequency at the peak temperature. Inset: damping peaks after the background
subtraction for the different oscillating frequencies, see explanation in the text.
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Fig. 12. Damping spectra measured during the heating part of thermal cycles for
samples stretched at different degree. Torsion: 1.5% in all the cases. Triangles: 1%,
squares: 2%, rhombus: 5%. Arrows indicate the approximate temperature of peak.
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In the present work we show that in polycrystalline molybde-
num the damping mechanism of the peak at 1170 K is related to
a process occurring when most of the excess of vacancies produced
by plastic deformation are removed by annihilation at dislocations
to produce recovery by the movement of dislocations into lower
energy configurations. Remember that the peak starts to develop
after the thermal cycle anneals the sample up to 1223 K, see rhom-
bus in Fig. 1, and in molybdenum the excess of vacancies promoted
by neutron irradiation recover markedly after annealing at temper-
atures over 1000 K [33]. Then, it can be proposed that in polycrys-
talline molybdenum the behaviour of the yield stress, UTS and
DBTT could be controlled by the interaction process between clus-
ters of vacancies and dislocations, where the larger dislocation
contribution corresponds to dislocations located at the grain
boundaries.
5. Conclusion

A damping peak in high purity polycrystalline molybdenum
related to the movement of dislocations into lower energy config-
urations near grain boundaries has been discovered to appear
around 1170 K. It should be highlighted that this relaxation process
is controlled by the arrangement of vacancies and dislocations
which occur at temperature below 1070 K. This is revealed by
the fact that the appearance of the peak at 1170 K, is conditioned
to the cooling of the sample below 1070 K. Vacancies agglomerates
interacting with dislocations at temperatures below 1070 K are
required to promote the relaxation process at 1170 K. The activa-
tion energy of the peak for this process is 4.2 eV ± 0.5 eV.
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