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RADIATION DAMAGE IN MOLYBDENUM AND TUNGSTEN
IN HIGH NEUTRON FLUXES

by
S. Veljkovic and N. Milasin, Department of Reactor Materials
The effects of radiation on molybdenum and tungsten in high neutron
fluxes are presented. The changes induced, particularly defects with a high
migration activation energy, are analysed. The correlation of these changes
with the basic concepts of radiation damage in solids is considered. An
attempt is made to relate the defects studied with the changes in macroscopic
properties.

I n t r o d u c t i o n
Radiation damage in Mo and W is considerable and it can therefore be easily observed and analysed (1, 2, 3, 4). The radiation effects
in these metals are also interesting because of the role they play in
modern nuclear engineering. The objective of the papers published has
been to determine types of defects and their distribution, interactions
and dependence on irradiation conditions.
Neutron-irradiated molybdenum and tungsten show considerable
changes in their physical properties, e.g. electrical resistivity. The
correlation between the dose and damage is not yet clear, but data indicate that the electrical resistivity of Mo changes by about 45% for a
4xl0 1 9 n/cm 2 integral flux and of W by about 25% at 2xl0 1 9 n/cm 2 .
The results of various authors differ, but this is understandable in
view of the different irradiation conditions (temperature, neutron energy, etc.). The method used in studying radiation damage generally involves measuring the changes of certain physical and mechanical properties. The change in electrical resistivity is often used.
However, it is difficult to draw any conclusions only from changes in electrical resistivity since its reflection of disorder in the
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crystal lattice is unselective. To understand radiation damage better,
some workers have heated specimens and determined the temperature
range and corresponding activation energies for the interaction of particular defects.
In this work fast neutron-irradiation effects were studied in Mo
and to a less extent in W and steel. The method of measuring electrical resistivity was used. Recovery of irradiated specimens was
investigated. Within the range 100°C to 350°C the regions of maximum changes were determined. The types of defects that may occur
and the conditions for them to occur during irradiation are considered.
E x p e r i m e n t a l

procedure

The specimens were in the form of wires 0.1 mm in diameter.
Molybdenum and tungsten were of 99.9% purity. The main impurities
were Cu, Fe and Si. The chemical composition of the steel was as
follows:
Weight %
C
Si
Mn
P
0.81%
0.5% 0 . 5 % 0.06%
Most of the specimens were irradiated without being treated
previously. Some Mo specimens were annealed for 15 min at about
1100°C in an H 2 draft and were then gradually cooled. During the
annealing the specimens were loaded with a small weight to straighten
the wire. The annealing was carried out by means of electric heating.
The specimens were irradiated within a fuel element of the RA
reactor. They were placed in hermetic aluminium cans filled with argon
or helium. The temperature of the specimens was about 50° to 80°C.
Control cans with reference specimens were put into an electric oven
where they were kept at 50°C or 60°C for the same period as the specimens in the reactor. The irradiation conditions are shown in Table I.
After irradiation the specimens were stored for 2-3 months to
allow their activity to decay to a conveniently low level and then the
measurements were carried out. Resistance was measured with the
Thompson bridge since it was between 10*2 to 10"s ohms. The accuracy
of the method is about 0.1%. The current and voltage sources were mechanically connected to the specimens. Error due to possible contact
variations and inhomogeneity of specimens was checked on a great
number of specimens and was found to be 2%. This accuracy is satisfactory since the irradiation conditions and previous treatment were not
given to higher than 5% accuracy.
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The specimens, in metal hermetic cans filled with an inert gas
atmosphere, were annealed in an oil bath (T = + 0.1°C). The lag-time
of the system at annealing was 2 min and at cooling (by placing in ice)
2.5 min. The annealing time was 2 hours. Reference specimens were
also annealed at the same time. Annealing was carried out in temperature steps of 20°C to 30°C.
Results
The effects of neutron irradiation on the specimens are shown in
Table I.
Table I
Change of resistance %
Steel
W

0 x t
(n/cm 2 )

T
(°C)

Mo

I

4.0 xlQ 19

55-60

112

II

2,4 xlO 19

65-75

25

Series

113

-2

-

+8

Molybdenum in series I was not treated before irradiation. Molybdenum in series II was annealed in H 2 . The tungsten and steel were
not pretreated.
The investigation of specimens after irradiation included: a)
plotting of isochronal annealing curves in the temperature range up to
350°C. Results for Mo in series I and II are shown in Figs. 1 and 2.
An

ARC

AR
ARO

KH>

100

90
80

90

— o — series II
— i — series I

80

70

70

60

60

(17)'

50

50

40

40

(19)

30

30

20

20

10

10
O

8 §

oo

T-I

Fig. 1

O

O

(N

(N

PI

\o

Fig. 2

T°C

66

S. Veljkovic and N. Milasin

b) plotting of dR/dT against T from the data from Fig. 2 (Fig. 3).
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c) plotting of isochronal annealing curves for W and steel.These
are in general in agreement with the known data. The results for steel
are given in Fig. 4.

Fig. 4 - Fe(steel) - series II
- x -USSR (ref.(5))
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d) measurements of resistance at two temperatures to determine
the change of the temperature coefficient on irradiation.
The experiments showed that the temperature coefficient (a)
was decreased by irradiation. The

'192

ratio for unirradiated Spe-

lt 20'C

cimens was 0.192, and for irradiated 0.3. After annealing the irradiated
specimens up to 210°C this ratio decreased to 0.21. The resistance
ratio for unirradiated specimens mainly agrees with results reported in
R °
the literature

R20°c

Discussion
These experiments give some additional information about the
irradiation changes of transition metals with a body-centered cubic
lattice. A detailed study was made of Mo. The information for W and
steel is preliminary.
The study of isochronal curves of irradiated Mo suggests a considerable variation in the behavior of defects which are active above
200°C. The specimens of series I showed an appreciable percentage of
defects which remained up to 300°C and above (about 35%). At these
temperatures the defects were gradually removed without a marked characteristic temperature. The specimens of series II had a characteristic
active temperature range around 240°C at which a fair amount of defects
were removed. They also reacted more rapidly than series I in all
stages including the gradual annealing above 300°C. Their percentages
were therefore smaller (below 20%) at the higher temperatures. In addition, some differences in the peak height for the well-known process
at about 150°C (Fig. 3) are apparent. This difference has the opposite
sign of the changes in the high temperature region (Figs. 2 and 3).
On the basis of the available data it is not possible to explain
these differences by the irradiation conditions, except possibly for
some qualitative interpretations. On the whole one can only compare
our data for series II with those of Peacock and Johnson (4). Their
data for annealing of specimens irradiated at 40°C with 1-4 x 10"
n/cm 2 are similar to ours. However, experiments with lower fluxes and
lower irradiation temperatures show that all changes induced by irradiation (measured by change in resistance) are removed by annealing
at 300°C. Kinchin and Thompson (1) experimented with the temperatures of -196"C and 30°C, and Nihoul (3) with -196°C, with integral fast
neutron fluxes from 1017 to 10" n/cm 2 .
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The results of series II, where the maximum is pronounced at
240°, enable it to be studied for the first time. So far it has been noted
only as a rudimentary peak by some authors and then its position
varied from 260°C (1) to 320°C (3). Other authors do not report it at all.
Also smaller peaks at higher temperatures, 350°C, 450°C, appearunsystematically. On the whole it seems less pronounced at higher irradiation doses, when continual annealing is predominent, as shown in our
series I. For example, Pravdiuk and Ivanov (5) did not find it at all in
specimens irradiated with 1020 n/cm 2 .
It is interesting that in unirradiated deformed specimens (6) the maximum is more pronounced than otherwise, except in our experiments reported above. The appearance of this maximum is perhaps associated
with the pretreatment of the specimens of series II since the heating
at - 1000°C and simultaneous loading of specimens brought about some
plastic deformations. However, these defects cannot be added to those
induced by irradiation since the reference specimens made of the same
unirradiated material did not show any appreciable changes in resistance on annealing. One may rather suppose that the defects caused by
deformation interact with the defects created by irradiation.
To get a clear picture of the characteristics of the damaged zone,
one should know about the defects in it. In our case the defects formed
at around 150°C to 250°C and in the high-temperature continual annealing region of the isochronal annealing curves are of interest.
The maximum at 150°C has been discussed in detail by various
authors and has been attributed to vacancies or complexes of interstitial atoms (dumbbell, split interstitials etc.). The maximum at 250°C
is not specified.
On the basis of the data for temperatures from 80°K to 800°K, by
analogy with the best studied metal Cu, Nihoul has suggested the
following regions of defect reactions in Moistage I, up to 120°K;stage
II, from 120°K to 350°K; stage III, from 350°K to 600°K; stage IV, from
600°K to 900°K; stage V, above 900°K. Accordingly, the maximum at
150°C (423°K) is in stage III.
The present-day concepts about the importance of focussing processes emphasize possible nonisotropic distribution of defects round
the center of the damaged zone. With the increased local concentration
of defects they can also coalesce so that especially at higher temperatures the number of polyvacancies or agglomerates of interstitial atoms
may increase considerably. The knowledge of these processes is advancing all the time. Some general relationships can already be stated.
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Stages I and II represent the migration of interstitial atoms
towards near vacancies., i.e. the interaction of close Frenkel pairs.
Stage III is attributed to the migration of dumbbell defects, stage IV
to vacancies and stage V to self-diffusion (7).
These assumptions are based on the knowledge of activation
energies for migration of defects, Em. These energies are obtained
from isothermal annealing curves at temperatures near the active regions on the isochronal curves.
Calculations and measurements give the following values*: for
E^, 0.16 - 0.2 eV; for E m> 1 - 1.5 eV; for Em of complex interstitial
atoms (dumbbell), 0.6 - 1 eV. This applies to metals with a facecentered cubic lattice. In metals with a higher melting point the activation energies are larger, e.g. E^ = 1.08 for Cu, and Em - 1.5 eV for
Ni (corresponding to an annealing temperature of about 270°C).
The activation energy for i\lo at about 150°C is 1.25 - 1.3 eV. It
would seem natural to associate the maximum with the migration of
vacancies, but the arguments for other types of defects are strong
enough for this to be unacceptable. One of the arguments is based on
the fact that the position of the maximum corresponds to stage III, for
which also the kinetics of annealing suggests processes involving complex
interstitial atoms (3). The second argument is associated with the specification of the vacancy process, based on data for quenched Mo. It is known that
at quenching interstitial atoms practically do not appear because of high formation energy (4-5 eV), so that isochronal annealing curves have only one
maximum at higher temperatures and this is associated with the activity of vacancies. On irradiation and deformation this maximum is obtained in
most cases, but lower maxima also appear and they can be attributed
to interstitial atoms. In quenched Mo Nihoul (3) obtained a maximum
at 450°C and the associated activation energy E^ w a s > 2 e V . Thus the
maximum at 150°C would not be likely to correspond to vacancies. In
some ways it seems to agree with the characteristics of stage III.
The maximum at 250°C (240°C in this work) is closer to. stage IV
both in its position and in its activation energy (Em =1.5 eV). It has
been noticed that this peak shifts up to 320°Cand its E m to about 1.7 eV.
Here migration of vacancies can be assumed with some certainty.Lower
values for Em than those at quenching and frequent absence of the
maximum at 450°C may be due to the complex nature of the defects.
• i " interstitial
T • vacancy
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The appearance of divacancies or other complex defects is possible,
particularly in irradiated and deformed specimens, although in quenched
specimens this is less pronounced. The results of calculations of the
activation energy in Cu: for both kinds of defects are particularly interesting Em = 0.9 Ev, Emv= 0.6eV (8). Because of the high melting
point the activation energies of the same defects in Mo will be proportionally higher than those of Cu, but there is a difference in the Em
for 250°C and 450°C similar to that for Cu. Thus the process at about
250°C could be associated with divacancies or similar agglomerates.
It is of importance that this maximum is more distinct in deformed specimens of Mo. It is known that serious modifications of mechanical properties take place in irradiated materials, which can be associated with blocking of dislocations by the formed defects. A special
role is attributed to vacancies whose annihilation is accelerated in systems with higher dislocation concentration (defect sink). For this
reason an increase of the maximum at about 250°C in deformed irradiated specimens would be expected, and the vacancy mechanism proved.
The appearance of a higher percentage of defects which continuously recover at higher temperatures in strongly irradiated specimens (without deformations) is a result of saturation effects and may
be associated with increasing interaction of the vacancies from the
centers of overlapping zones. Electron-microscopy data for irradiated
Mo indicate finely dispersed agglomerates (clusters) that are fairly
resistant at higher temperatures, which is characteristic of small agglomerates of vacancies (9). The variety of shape, position etc., allows a
continuous annealing process without high individual maxima. This
phenomenon is intensified with increasing radiation dose. At high
neutron fluxes and high irradiation temperatures the defects created in
Mo can be highly resistant.
This discussion suggests that the kinetics of radiation damage
in metals should be studied in more detail. As shown by an analysis
of the peak at 250°C, the development of more complex defects out of
primary defects can be affected by pretreatment of specimens, the
integral neutron flux and the irradiation temperature. Further investigations, particularly to estimate the influence of previous deformation on the distribution of defects, will be made in our next, experiments. Experiments with smaller doses are interesting because of a
more or less linear increase of damage and absence of saturation defects. The influence of the temperature during irradiation is not quite
clear either and will be studied in detail.
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One can conclude that the variety of different vacancy processes
indicates their increased concentration in damage zones. This justifies the concept of the regional distribution of defects in metals with
high melting points, such as Mo.
No attempt at a similar analysis of W and steel has been made.
The results available in the literature indicate a very active zone about
340°C in W, which mainly corresponds to vacancies. Because of a
greater mobility of defects in steel, the effect of irradiation is on the
whole small, and further annealing causes serious changes in the resistance of both measured and reference specimens.
Resume
EFFET DE L'IRRADIATION SUR LE MOLIBDENE ET LE WOLFRAM
DANS UN FLUX DE NEUTRONS RAPIDES
On a presente les resultats obtenus apres 1'irradiation du molibdene et du wolfram dans un flux de neutrons rapides. Une analyse
des changements provoque's par 1'irradiation a etc faite, suivie d'une
discussion particuliere sur le genre des defauts avec les energies
elevees d'activation pour la migration. Les changements obtenus ont
ete mis en correlation avec les conceptions fondamentales sur 1'endommagement des corps solides. Un essai a ete fait pour trouver une
relation entre les de'fauts etudie's et les changements des proprietes
macro scopiq'ues.
P e 3 10 M e

PA^MOAKTMBHOE HAPyillEHME MOJIMB^EHA M BOJIb$PAMA
B FIOTOKE BblCTPHX HEfiTPOHOB

peayJibTaTbi oSJiyMeHMH MOJinSflena M BOJibi|>paMa B
noTOKe GbiCTpbix HeifapoHOB. DpOBefleH aHajiMS BOSHHKIIIHX
npnu6M B ^acTHOGTM o6cy>KflajiCH BHfl flec^eKTa c BHCOKMMM
UMOHHbiMM 3HeprnHMH MHrpaijjiM. PaccMOTpeHO cooTHOiueHwe
HHUX M3MeHeHMH c ocHOBHbiMM npeflCTaBJieHMflMM o HapymeHMM TBepTea. CAeJiaHa nonwTKa onpeflejiMTb oTHOiueHMe
M H3MeHeHMri_MMKpOCKOnMMeCKMX CBOHCTB.
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