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Small angle neutron scattering as a function of temperature, differential thermal analysis, electrical resis-
tivity and transmission electron microscopy studies have been performed in low rate neutron irradiated
single crystalline molybdenum, at room temperature, for checking the evolution of the defects agglom-
erates in the temperature interval between room temperature and 1200 K. The onset of vacancies mobil-
ity was found to happen in temperatures within the stage III of recovery. At around 550 K, the
agglomerates of vacancies achieve the largest size, as determined from the Guinier approximation for
spherical particles. In addition, the decrease of the vacancy concentration together with the dissolution
of the agglomerates at temperatures higher than around 920 K was observed, which produce the release
of internal stresses in the structure.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear materials are exposed to external stresses and at the
same time to irradiation and temperature. Because of that, it is of
great importance to understand the behaviour of the defects pro-
duced as a function of temperature, in order to predict the long
time behaviour of these materials.

Molybdenum has a high melting point, a high specific heat,
good corrosion, creep resistance and strength at high tempera-
tures. In addition, it has a relatively low thermal neutron cross-sec-
tion. These qualities make molybdenum attractive for the use in
the nuclear industry [1,2].

Several works have been reported about the radiation damage
in molybdenum [3–13]. The appearance of five stages of recovery
has been proposed depending of their temperature range. They
can be defined as stage I, below 120 K; stage II, from 120 K to
330–350 K; stage III, from 330–350 K to 600 K; stage IV, from
600 K to 850–900 K and stage V, for temperatures higher than
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850–900 K [3,8,10,14]. For instance, in stage III, it has been re-
ported that in neutron irradiated molybdenum at room tempera-
ture, a subsequent annealing at temperatures between 473 K and
573 K lead to an increase in the yield stress and in the ultimate ten-
sile strength (UTS); which is promoted by the movement of vacan-
cies [8,10,14]. Besides this, in mechanical spectroscopy tests, it was
found that annealing at temperatures of the stage V is required for
restoring the characteristic of the damping peak related to the
dragging of jogs by the dislocation under movement assisted by va-
cancy diffusion [15]. Indeed, the damping peak in neutron irradi-
ated samples is less intense and appears at smaller temperatures
(600 K) than in only pre-strained samples (800 K). Subsequent
annealing during the mechanical spectroscopy tests at 973 K did
not change too much the peak position of the relaxation in irradi-
ated samples. However, an annealing at 1073 K moves the peak po-
sition to around 800 K, due to the recovery of the structure in stage
V [15,16].

It should be pointed out that, in the above referenced works
both, the movement and the interaction of vacancies and/or clus-
ters of vacancies with dislocations have been observed indirectly,
through the study of the response of several experimental tech-
niques. For this reason, we have realised small angle neutron scat-
tering (SANS) studies in order to corroborate more directly the
evolution of the vacancies and/or aggregates as a function of
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temperature and then to confirm the previous obtained results. In
addition, scarce information is reported concerning to the shape
and/or concentration of the interacting defects with dislocations
as a function of the annealing temperature.

In the present work we have performed ‘in situ’ SANS as a func-
tion of temperature, differential thermal analysis, electrical resis-
tivity and transmission electron microscopy studies in neutron
irradiated single crystalline molybdenum, for checking the evolu-
tion of defects agglomerates promoted by the neutron irradiation
in the temperature interval between room temperature (RT) and
1200 K.

The use of SANS for observing the evolution of defects agglom-
erates promoted by the neutron irradiation is particularly interest-
ing in molybdenum, due to the fact that the traditional technique
of positron annihilation spectroscopy for watching the vacancies
and/or clusters of vacancies cannot be used. This is because the
very high background due to the emitted radiation of the neutron
irradiated samples. In addition, when molybdenum is irradiated
with low flux and low dose, SANS appears to be an excellent com-
plement to transmission electron microscopy (TEM) characterisa-
tion, especially when the TEM resolution is not enough to resolve
agglomerates of few vacancies.
Fig. 1. Left axis: behaviour of the electrical resistivity at room temperature as a
function of the annealing temperature, full points. Empty point, ER value prior to
irradiation. Right axis: heat flow as a function of temperature measured from
differential thermal analysis in an irradiated sample.
2. Experimental

Single crystals used in this work were prepared from zone re-
fined single-crystal rods of molybdenum in A.E.R.E., Harwell. The
residual resistivity of the samples is about 8000, tungsten being
the main residual impurity. Samples with the h1 1 0i crystallo-
graphic tensile axis were annealed and then deformed in extension
(3%) at a constant speed of 0.03 cm/min, followed by torsion (1%) at
RT. After the plastic deformation process the samples were irradi-
ated, at RT, with neutrons during 10 h. Neutron irradiation was
performed at the Siemens SUR 100 nuclear reactor, RA-4, of the Na-
tional University of Rosario – National Atomic Energy Commission
of Argentina. The fluxes of thermal, epithermal and fast neutrons at
the position where the samples were placed, were 5.7� 1011 n/m2 s,
8.1 � 109 n/m2 s and 5.0 � 1011 n/m2 s, respectively. Taking into
account previous reported works [13,17] an estimation of the irra-
diation dose in dpa (displacement per atom) is around 10�5. In
addition, an estimation of the amount of vacancies promoted in
the samples during 10 h irradiation, calculated by means of
SRIM2006.02 [18] would be around 5 � 1014, which gives rise to
an initial (after irradiation) vacancy concentration of about
5 ppm. Details about the sample characteristics and irradiation
conditions are described elsewhere [15].

The electrical resistivity, ER, measurements were performed at
room temperature by the eddy current decay technique [19]. The
ER values were measured both prior to irradiation and after irradi-
ation as a function of the annealing temperature. Samples used in
ER were single crystalline cylindrical rods of 5 mm diameter and
50 mm length. Annealing treatments were performed by heating
the sample at a rate of 1 K/min under pure argon at normal pres-
sure followed by cooling into the furnace, under the same protec-
tive atmosphere.

Differential thermal analysis, DTA, studies were performed in a
Setaram TGA-92 equipment using platinum–rhodium crucibles.
The heating and cooling runs were performed with a rate of 5 K/
min, under argon atmosphere at normal pressure. Samples in DTA
studies were cylinders of 5 mm diameter and 2 mm length, which
were taken from the same rod of the sample used in ER studies.

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.
Small angle neutron scattering (SANS) studies were performed
at the D11 instrument (Institute Laue-Langevin) as a function of
temperature from RT up to different maximum temperatures,
using a heating rate of about 4 K/min, under high vacuum. Cooling
runs were also recorded. Data collected on the two-dimensional
detector were azimuthally averaged, corrected for background
and absorption and normalised to the absolute cross-section,
employing GRASP V. 3.4 software [20–22]. The two dimensional
detector was located at 5.5 m, using a counting time of 90 s. The
incident neutron wavelength was 0.45 nm, giving rise to momen-
tum transfer values between 0.2 nm�1 and 1.3 nm�1. The sample
used in SANS experiments was a cylinder of 2 mm length and
5 mm diameter, which was cut from the same rod of the sample
used in the ER test. The axis of the cylinder (h1 1 0i) was positioned
parallel to the incident beam into a vanadium sample holder. The
sample was subjected to the following thermal history ‘in situ’ at
the diffractometer: first heating up to 1200 K, subsequent cooling
down to 400 K. New heating up to 1270 K followed by an annealing
at this temperature (1270 K) during 1 h and subsequent cooling
down to room temperature.

3. Results and discussion

3.1. Electrical resistivity and differential thermal analysis studies

The behaviour of the electrical resistivity of irradiated samples
is shown in Fig. 1, in the left axis. Empty symbol indicates the value
of the ER before the neutron irradiation. The ER increases, as the
annealing temperature is increased, up to a maximum at around
600 K. At higher temperatures the ER curve begins to decrease. In
addition, a stage (plateau) around 1000 K appears and subse-
quently at higher temperatures the ER starts to decrease again.
As it was recently explained [15], the increase in the ER values
from 300 K up to 600 K, coincides with the stage III of recovery
in irradiated samples; which was related to the movement of
vacancies [8,10,14]. It has been reported that in neutron irradiated
molybdenum at room temperature, a subsequent annealing at
temperatures between 473 K and 573 K produces an increase in
the yield stress and in the ultimate tensile strength (UTS) [8],
due to the appearance of internal stresses within the tempera-
ture range of the stage III [15]. The appearance of internal
stresses in stage III, due to the reorganization of the defects out



Fig. 2. Scattering intensity as a function of the scattering vector q for different
temperatures measured during the first heating. Circles: 296 K, squares: 608 K,
triangles: 919 K, diamonds: 1035 K, squared triangles: 1203 K.

Fig. 3. Scattering intensity as a function of the scattering vector q for different
temperatures measured during the first cooling, empty symbols: circles: 1175 K,
triangles: 954 K, inverted triangles: 754 K. Full symbols, values measured during
the first heating: circles: 296 K, triangles: 919 K, squared triangles: 1203 K.

Fig. 4. Scattering intensity as a function of the scattering vector for different
temperatures measured during the thermal cycles. First heating, full symbols:
circles: 296 K, triangles: 919 K. First cooling, x: 954 K. Second heating, empty
symbols: triangles: 922 K, squared triangles: 1264 K. Measurement at 1196 K after
annealing at 1270 K–1 h: inverted empty triangles. Second cooling, empty dia-
mond: 945 K.
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of thermodynamic equilibrium, leads to the locking of dislocations
during the first run-up in temperature for irradiated samples in the
mechanical spectroscopy test. It gave rise to an amplitude depen-
dent damping background without the appearance of the damping
peak (at around 800 K). In contrast, by increasing the annealing
temperature to 973 K (stage V), which is higher than the tempera-
ture for the maximum observed in the ER curves, the damping peak
appears during the cooling without dependence on the amplitude
of vibration. This behaviour was explained considering the move-
ment of vacancies to the dislocations [15,23,24]. Besides this, it
was also reported that the yield stress and the UTS also decreases
with an increase of the annealing temperature at temperatures
higher than about 973 K [8,16].

Also in the right axis in Fig. 1 is shown the thermogram mea-
sured for an irradiated sample, after the subtraction of the base
line. DTA spectrum exhibits a clear endothermic reaction within
the 450–750 K temperature range, with a maximum at around
650 K followed by an exothermic reaction developed between
around 750 K and 1000 K, with a maximum at about 820 K. It
should be mentioned that it was complicated to detect these heat
flow changes, from DTA measurements. Even if they were repro-
ducible in different tests, the magnitude of the reactions was quite
small. It could be related with the small quantity of defect pro-
moted by the low flux irradiation, see Ref. [15].

The temperature intervals where these reactions appear are in
reasonable agreement with the salient features of the ER curve.
The first endothermic peak at around 650 K can be related to the
maximum in ER which corresponds to the stage III of recovery. In
fact, the development of internal stresses in the Stage III can be
thermodynamically related to the increase of internal energy from
a metastable state after irradiation to another metastable state at a
higher energy valley, when vacancies start their movement.

The exothermic reaction can be related to the decrease in the ER
values from 600 K and with the development of the stages IV and V
of recovery. In these stages the movement of vacancies towards the
dislocations would take place in order to decrease the free energy
of the structure. Indeed, it is in agreement with the appearance of
the damping peak in the mechanical spectroscopy tests during the
cooling, after an annealing to 973 K (stage V) [15,23]. At tempera-
tures higher than 1000 K, the DTA curve seems to develop another
exothermic reaction related to a further recovery of the irradiated
structure at higher temperatures [10,14,15]. A further recovery of
the radiation damage at temperatures higher than 1223 K has been
also reported earlier in the literature [14–16].

As it was already remarked in Section 1, the movement of
vacancies above described and reported in previous works, is pro-
posed on the basis of indirect results obtained from several exper-
imental techniques. For this reason, we have made SANS studies in
order to corroborate more directly the evolution of the vacancies
and/or aggregates as a function of temperature and then to confirm
the previous obtained results.

3.2. The SANS diagrams

Figs. 2–4 show the differential scattering cross-section, I, as a
function of q (q being the modulus of the scattering vector), mea-
sured in situ at the D11 diffractometer for different temperatures,
in the previously neutron irradiated sample. For the sake of clarity,
only some curves of the whole set of the experimental data are
plotted in the figures. Curves shown in the plots are those corre-
sponding to temperatures where clear changes appear in the I vs.
q behaviour of the sample, as a way to highlight their differences.
Indeed, they were studied mainly for q smaller than about
0.4 nm�1, which is where the differences can be observed more
easily. The error in each experimental point in the plotted figures
is less than 5%.



O.A. Lambri et al. / Journal of Nuclear Materials 385 (2009) 552–558 555
Fig. 2 shows the behaviour of I for different temperatures mea-
sured during the first heating up to 1200 K. The curve measured at
room temperature (296 K), prior to starting the warming run,
exhibits an increase in I for small values of q. This increase is the
strongest one in comparison to the reported for the other curves,
owing to the generation of defects and/or defect-clusters promoted
by the neutron irradiation. In the curve corresponding to 608 K, a
slow decrease in the intensity, for q smaller than 0.5 nm�1 can be
observed. The curves which were measured at intermediate tem-
peratures between 296 K and 608 K, did not exhibit clear changes
between them.

The first decrease at 608 K in the scattering curves, measured
during the first warming, can be related to a smaller quantity of de-
fects interacting with the incident beam, owing to that some of
them during their movement were annihilated in some sinks of
the lattice. However, not all the vacancies that moved at this tem-
perature were annihilated. Indeed, a reorganisation of vacancies is
also occurring, as it is revealed thorough the maximum measured
in ER and to the endothermic reaction in the DTA thermogram (see
Fig. 1). This reorganisation of defects produces the pinning of the
dislocations which lead to the increase both in the yield stress
[8] and the UTS [8,14] and to the damping background without
the appearance of the damping peak during the first heating after
irradiation in the mechanical spectroscopy tests [15].

A subsequent decrease in the values of I could be found for the
curve measured at 919 K, for q values smaller than about 0.5 nm�1.
As it can be inferred from Fig. 2, this decrease is larger, with respect
to the curve recorded at 296 K, than the previous one occurred at
600 K. It indicates that the quantity of defects promoted by the
irradiation is decreased by the recovery within the temperatures
of the stage V, in agreement with the decrease in the values of
ER after its maximum and with the exothermic reaction in the
thermogram of Fig. 1. This reduction in the I values within the
stage V of recovery can be related to the migration of vacancies to-
wards the dislocations, owing to the appearance after annealing to
973 K of the damping peak [15]. The next decrease in the values of
the intensity of scattering appears for temperatures higher than
1050 K and it is related in part to a subsequent recovery of the
structure and also to a temperature effect of the lattice. Regarding
to the recovery mechanism, this decrease results in agreement
with (a) the start of the new decrease in the ER curve for temper-
atures at around 1050 K, (b) the beginning of the exothermal reac-
tion at around 1050 K in the DTA test and (c) the restoration of the
damping peak-temperature in irradiated samples during mechan-
ical spectroscopy tests after annealing to about 1050 K. Indeed,
the temperature of the damping peak after irradiation was around
600 K and it is restored to the values exhibited in a sample only
plastically deformed without irradiation, i.e., 800 K, when the tem-
perature of annealing during the mechanical spectroscopy tests is
increased at around 1050 K [15].

It should be stressed that, the recovery effects observed in SANS
studies up to annealing temperatures of about 1050 K, are related
to the recovery of vacancy-type point defects out of thermody-
namic equilibrium, since the dislocation structure is still stable,
i.e., the dislocation density and arrangement of dislocations is the
same. In fact, it can be assured since both, the peak height of the
damping peak does not change in strained samples during succes-
sive thermal cycles up to temperatures smaller than 1050 K [23];
and from TEM studies that reveal the same kind of dislocation
arrangement and dislocation density [15,16].

Fig. 3 shows the behaviour of I vs. q curves for temperatures
where clear changes appear during the cooling (empty symbols),
after the first heating up to 1200 K (showed in Fig. 2). In order to
facilitate the comparison of the results, curves measured during
the first heating at 296 K, 919 K and 1203 K were also plotted by
means of full symbols.
The I values measured in all curves during the cooling are smal-
ler than the corresponding ones of the curve measured during the
first heating at 919 K. In fact, the curve measured at 754 K during
the cooling (inverted empty triangles) is similar to the measured
at 919 K during the first heating (full triangles). Nevertheless, it
is observed that the I curves after having reaching the smallest va-
lue at 1203 K during the heating, increase during the cooling. These
values are slightly smaller than the measured during the first heat-
ing at approximately the same temperature, as it can be inferred by
comparing the curves of empty and full triangles. Therefore, the
decrease in the scattering curves measured at temperatures higher
than 1050 K could have also overlapped to the recovery effect, the
effect of the temperature increase on the lattice during the warm-
ing, as it was previously mentioned. In contrast, the decrease mea-
sured at around 920 K is controlled mainly by the recovery of the
structure in stage V, involving the movement of vacancies to
dislocations.

Fig. 4 shows a summary of the I vs. q curves measured at differ-
ent temperatures during all warming and cooling runs measured in
SANS experiments. Full circles and triangles correspond to curves
measured during the first heating at 296 K and 919 K, respectively.
The curve indicated by x corresponds to a measurement at 954 K
during the first cooling. Empty equilateral triangles and empty
squared triangles correspond to measured data during the second
warming at 922 K and 1264 K, respectively. The inverted empty tri-
angles correspond to a temperature of 1196 K measured during the
second cooling after the annealing at 1270 K during 1 h. The curve
measured at 1270 K at the end of the annealing treatment, when
the cooling has started (not plotted in the figure), overlaps to the
curve measured at 1196 K. Empty diamonds correspond to a curve
measured at 945 K during the second cooling after the annealing
treatment. As it can be seen from Fig. 4, the annealing at 1270 K
leads to smaller I vs. q curves than before annealing. The measured
curve at 1196 K during the second cooling (inverted empty trian-
gles) is even smaller than the one measured at 1264 K during the
second warming (empty left squared triangles). In addition, the
curve measured at 945 K during the second cooling (empty dia-
monds) is clearly smaller than another curves measured at very
close temperatures, during the previous two warming and cooling.

The behaviour of the whole group of I vs. q curves for heating
and cooling runs during the SANS experiment corroborates that
at around 608 K, the excess of vacancies promoted by the irradia-
tion start their movement, where some of them are annihilated
at the sinks of the lattice, in agreement with previous works
[8,15,16]. In addition, at around 920 K the recovery of the structure
in the stage V of recovery starts. At around 920 K the structure of
the molybdenum moves from an energy valley towards a smaller
energy valley, in agreement with the results of Fig. 1 and previ-
ously reported results [15]. The decrease in the I vs. q curves
is related to the decrease in the quantity of vacancies out of ther-
modynamic equilibrium, due to their movement to dislocations
as it was above already mentioned.

The behaviour of the scattering curves at higher temperatures,
is in accordance with a temperature of recovery of the radiation
damage higher than 1223 K, as it was mentioned [10,14,15] and
with both, the decrease in the ER curve at temperatures of about
1200 K and the starting of another exothermic reaction at around
1100 K in the DTA thermogram. At higher temperatures than
around 1050 K both, the quantity of vacancies and the dislocation
density decreases by recovery [15,23].

As summary of this section we have corroborated that: (a) at
600 K a reorganisation of the structure take place where the con-
centration of vacancies decreases, but there exist still a lot of them
out of thermodynamic equilibrium. (b) at temperatures higher
than 920 K (stage V, T > 850–900 K), the concentration of vacancies
out of thermodynamic equilibrium decreases markedly.



Fig. 6a. Guinier representation for an irradiated sample measured during the first
heating for different temperatures: full circle: 296 K, empty circle: 393 K, full
diamond: 546 K, empty diamond: 608 K, full triangle: 745 K, empty triangle: 816 K,
full square: 877 K, inverted full triangle: 988 K.
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On the other hand, in order to show the powerful resolution of
SANS for this kind of characterisation, a TEM micrograph is shown
in Fig. 5, where the small agglomerates promoted in these low flux
neutron irradiated samples were not resolved.

3.3. The Guinier plots

In order to study the evolution of the arrangement of vacancies
in irradiated samples during the annealing treatments, Guinier
plots (ln I vs. q2) [20,22,25] for the scattering curves measured dur-
ing the SANS tests, were performed. The Guinier approximation for
the cross-section is [20]:

I ¼ dr
dX
¼ CG exp �

q2R2
g

3

 !
; ð1Þ

where CG is the Guinier constant and Rg is the radius of gyration of a
particle. Assuming a spherical particle of radius, R, we have:

Rg ¼
3
5

R: ð2Þ

Then, from the slope in a ln I vs. q2 plot, the radius of the particle,
assumed spherical can be obtained.

Fig. 6(a) shows the Guinier plots for scattering curves measured
during the first warming in the SANS experiment. In this figure the
base line is shifted for clarity. As it can be seen from a naked-eye
examination, curves for temperatures smaller than 816 K exhibit
a Guinier zone (linear region) between about 0.1 nm�2 and
0.3 nm�2. Nevertheless, in order to diminish ambiguous analysis,
straight lines were fitted by means of Chi-square (v2) fit [25].
The behaviour of the Chi-square coefficient was evaluated for dif-
ferent groups of (ln(I) vs. q2) data pairs beginning from about
0.7 nm�2 towards the higher ones. Data pairs (ln(I) vs. q2) were
added and subtracted in order to sweep the q�2 range between
0.7 nm�2 and 0.04 nm�2. In addition, the q2 interval for performing
the best fitting was also obtained from the same procedure, as it
was already reported [25]. Fitted straight lines are plotted by
means of full lines in Fig. 6(b). The length of the interval for fitting
is indicated in the figure by means of the length of the straight line.
In Fig. 6(b) are only plotted the straight lines for the so called low
Fig. 5. (a) TEM micrograph for an irradiated sample. (b) Selected area d
q2 range, with Chi-square coefficients smaller than 2 � 10�3, where
the linearity is completely evident. Details of the fitted curves are
listed in Table 1.

Straight lines for the so called high q2 range were not plotted,
since the slope of the curves exhibited a markedly dispersion, even
if the Chi-square coefficients were still smaller than for the low q2

range, see Table 1. In addition, straight lines at q2 values smaller
than about 0.1 nm�2 cannot involve more than tree points
(Dq2 � 3 � 10�2 nm�2) and consequently they were not taken into
account in the present work.

The appearance of straight lines also in the zone of high q2 val-
ues, even if the behaviour of their slopes did not revealed physical
meaning, can be related to the non-spherical shape of the agglom-
erates of vacancies [20]. Therefore, the behaviour of the radius of
the particles as a function of temperature, calculated by combining
Eqs. (1) and (2) from the slope of the straight lines in the low q2
iffraction pattern: g1 = (�1, 0, 1), g2 = (0,�2, 0), zone axis [1, 0, 1].



Fig. 6b. Straight lines fitted to the Guinier representation, according to fitted
parameters detailed in Table 1. See explanation in the text. Symbols correspond as
in Fig. 6(a).

Table 1
Details of the fitting procedure for the low and high q2 ranges in the Guinier plots.
Subscripts 0 and f mean, the initial and the final value for q2 range, respectively,
where the fitting procedure was done. m and h are the slope (arb. units nm2) and the
ordinate (arb. units) of the fitted straight lines, respectively.

T
(K)

q2 range q2
0 � 10/q2

f �
10 (nm�2)

Fitted
points

m h v2 � 103

296 Low 1.2459/2.8123 8 �440.65 5.879 1.08
High 2.5500/4.3160 7 �160.57 5.138 0.21

393 Low 1.2448/2.8106 8 �408.00 6.286 1.03
High 3.1082/4.6812 6 �70.551 5.280 0.11

540 Low 1.2561/2.5646 7 �496.31 6.917 1.15
High 2.8276/4.3350 6 �138.21 6.049 0.63

608 Low 1.2533/2.5606 7 �458.44 7.342 0.498
High 2.5606/4.6695 8 �123.00 6.508 0.71

745 Low 1.2517/2.5587 7 �411.68 7.711 1.47
High 2.5587/4.0008 6 �172.00 7.107 0.52

816 Low 1.2342/2.7948 8 �367.70 8.089 3.58
High 2.5334/4.9842 9 �104.20 7.403 0.82

877 Low 1.2021/2.4871 7 �524.10 8.842 3.45
High 2.4871/4.5702 8 �127.44 7.949 1.27

919 Low 1.2177/2.5096 7 �424.81 9.164 2.00
High 2.5096/4.6009 8 �111.81 8.401 0.74

Fig. 7. Size of the particles considered as spheres as a function of temperatures,
calculated from the Guinier approximation. See explanation in the text.
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range, is an approximation and it must be considered as a qualita-
tive observation of the evolution of the defects in the microstruc-
ture as a function of temperature. Fig. 7, shows the behaviour of
the radius of the particles (assumed to be spheres) as a function
of temperature.

It should be highlighted that at temperatures of about 550 K,
the largest size of agglomerates is obtained, in reasonable agree-
ment with the ER and DTA results. In addition, the increase in
the yield stress and UTS [8] and the appearance of an amplitude
dependent damping background without the damping peak during
the first heating after irradiation [15] are also in agreement with
the decrease in the mobility of dislocations by the development
of agglomerates of vacancies promoted by the irradiation within
the stage III. Increasing the temperature at values higher than
those for the maximum in the ER curve (approx. 600 K), the size
of agglomerates of vacancies decreases (Fig. 7), allowing the move-
ment of dislocation to start which leads to the subsequent decrease
in internal stresses of the microstructure.

At temperatures higher than 816 K which are in stage IV and
also close to temperatures within the stage V of recovery, the
non-appearance of Guinier zones can be related to both, the disso-
lution of aggregates controlled thermally, and to the absorption of
vacancies by the dislocations, as it was previously proposed [15]. In
addition, during the second heating run Guinier zones were not
found for the temperatures detailed in Table 1 within the studied
q2 interval, owing to which vacancy agglomerates do not appear.

As summary of this section, in stage III (300–350 K to 600 K) the
movement of defects out of thermodynamic equilibrium take
place, leading to the growing of agglomerates, which give rise to
the reported behaviour in the electrical resistivity, DTA, mechani-
cal spectroscopy, yield stress and UTS studies. At higher tempera-
tures than about 816 K the dissolution of agglomerates starts.

4. Conclusions

The behaviour of the scattering curves as a function of temper-
ature was appropriate for detecting the mobility of defects and
their rearrangement and/or dissolution in stages III, IV and V in
neutron irradiated molybdenum at low flux and dose. This result
represents a valuable tool for studying the evolution of the vacan-
cies in irradiated molybdenum, particularly when consider
positron annihilation and transmission electron microscopy
limitations.

The starting of the mobility of vacancies out of thermodynamic
equilibrium at temperatures within the stage III of recovery was
found. At around 550 K, the agglomerates of vacancies achieve
the largest size, as determined from the Guinier approximation
for spherical particles. In addition, within the stage III a small de-
crease of the vacancy concentration was observed.

It was verified that the decrease of the vacancy concentration
and also the dissolution of agglomerates occur at temperatures of
the stage V, leading to the release of internal stresses.
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