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Abstract

In the conventional theory of radiation damage, it is assumed that the main effect of irradiation is due to formation of
Frenkel pairs of vacancies and self-interstitial atoms (SIAs) and their clusters. The difference in absorption of vacancies
and SIAs by primary or radiation-induced extended defects (EDs) is thought to be the main reason of microstructural
evolution under irradiation. On the other hand, the recovery of radiation damage is thought to be driven exclusively by
thermal fluctuations resulting in the vacancy evaporation from voids (void annealing) or dislocations (thermal creep)
and in the fluctuation-driven overcoming of obstacles by gliding dislocations (plastic strain). However, these recovery
mechanisms can be efficient only at sufficiently high temperatures. At lower irradiation temperatures, the main driving
force of the recovery processes may be due to nonequilibrium fluctuations of energy states of the atoms surrounding
EDs arising as a result of scattering of radiation-induced excitations of atomic and electronic structure at EDs. In the
present paper, the mechanisms of nonequilibrium fluctuations that result in such phenomena as the void shrinkage under
irradiation at low temperatures (or high dose rates), irradiation creep and irradiation-induced increase of plasticity under
sub-threshold irradiation was considered.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A majority of radiation effects studies are con-
nected with creation of radiation-induced defects in
the crystal bulk. A subsequent evolution of micro-
structure is thought to be driven exclusively by ther-
mally activated processes such as the point defect
diffusion and evaporation from extended defects
obeying essentially the same lows as those without
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irradiation. However, there is an increasing evidence
of that the so called thermally activated reactions
may be modified under irradiation. Thus, results of
molecular dynamics (MD) simulation [1] have
shown that vacancies can be emitted from voids
not only by thermal fluctuations but also by the col-
lision events in the vicinity of voids, which result in a
biased formation of vacancies due to the lower
energy barrier involved. A subsequent diffusion of
the ejected vacancies away from the void under cer-
tain conditions may result in the radiation-induced
void dissolution [2,3]. There is also some evidence
.
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from MD simulations that a biased formation of
vacancies occurs also in the vicinity of the disloca-
tion cores [4]. One of the technologically important
consequences of this effect is a mechanism of irradi-
ation creep [5], which is based on the radiation and
stress induced difference in emission (RSIDE) of
vacancies from dislocations differently oriented with
respect to the external stress.

These are examples of the mechanisms based on
the radiation-induced production of Schottky defects

[6], which often act in the opposite direction as com-
pared to the mechanisms based on Frenkel pair pro-
duction in the bulk. Another important class of
fluctuation-induced reactions includes the unpin-
ning of dislocations from the obstacles during plas-
tic strain. Defects formed under irradiation in the
bulk act as additional pinning centers resulting in
the well-known effect of radiation-induced harden-
ing. On the other hand, there is less known but well
established effect of the increase in plasticity of met-
als under sub-threshold irradiation [7,8].

In the present paper, these phenomena will be
considered with account of the radiation-induced
excitations of atomic structure such as focusing
collisions and unstable Frenkel pair production
near crystal defects. Effects due to the excitations
of electronic structure will be shortly discussed in
conclusion.
2. Void evolution with account of radiation-induced

emission of vacancies

It is known that not all the energy of the primary
knock-on atom (PKA) is spent on the production of
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Fig. 1. Illustration of different point defect production schemes in perfec
ranged crowdions: SIA is the self-interstitial atom, VAC is the vacancy
produce defects in ideal lattice; (b) vacancy formation at extended
dislocations (?) and grain boundaries (GB).
stable defects. A considerable part of the PKA
energy is spent on the production of unstable Fren-

kel pairs (UFP) [9] and focusons that can propagate
through the lattice along the close packed directions
by the focusing mechanism [10]. Focusons transfer

energy along close packed directions of the lattice,
but there is no interstitial transport by a focusing
collision, which enlarges their range considerably
as compared to that of a crowdion. The energy range
in which focusons can occur has an upper limit EF,
which has been estimated to be about 60 eV for Cu,
80 eV for Ag and 300 eV for Au [10]. A focuson
loses its energy continuously, which determines its
propagation range. If the relative energy loss per
hit is eF then a focuson with initial energy E, will
have the energy Ev after propagating at a distance
lv

FðE;EvÞ given by
lv
FðE;EvÞ ¼ l0

F lnðE=EvÞ;
with l0

F ¼ b=eF; and eF � 10�2 � 10�1; ð1Þ
where b � 0.3 nm is the atom spacing along the
close packed directions. In an ideal lattice a focuson
does not produce defects along its path (Fig. 1(a)).
However, if the focuson has to cross an extended
defect (ED), a vacancy may be produced in its sur-
roundings (Fig. 1(b)) as has been demonstrated in
[1] by means of MD simulations. The focuson prop-
agation range in ideal lattice, l0

F, decreases with
increasing lattice temperature due to random ther-
mal atomic displacements. Thus, for Au it has been
estimated to decrease from 66b at 0 K to 39b at
340 K and to 19b at 1190 K [10]. So the vacancy
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t and real crystals: (a) Frenkel pair formation in the bulk by short-
, arrows show the propagation directions of focusons that do not
defects due to interaction of long-ranged focusons with voids,
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production by this mechanism decreases with
increasing temperature.

Another mechanism of the radiation-induced
vacancy emission from EDs, which is essentially
temperature independent, is based on the produc-
tion of unstable Frenkel pairs (UFPs) near EDs
[5]. An ED such as a void or a dislocation is sur-
rounded by a region of a radius Rcap, in which a
point defect is unstable since it is captured by the
ED athermally [9]. The capture radius for self-inter-
stitial atoms is larger than the one for vacancies due
to the lower migration energy and stronger interac-
tion with ED. If a regular atom in the region
Rv

cap < r < Ri
cap gets an energy E > Ev it may move

to an interstitial position, where it can be athermally
captured by the ED, leaving behind it a stable
vacancy. Since the capture time is about 10�11–
10�12 s [5], the process can be described as an effec-
tive emission of a vacancy by the ED due to its
interaction with an UFP. As the energy of the sys-
tem is increased as a result of vacancy formation,
the minimum transferred energy, Ev, should exceed
the energy of vacancy formation at a particular ED.

These mechanisms have been incorporated in the
rate theory [2,5] by modifying the so called local

equilibrium concentrations of vacancies, ceq
v , which

are determined by the rates of vacancy emission
from EDs due to thermal or radiation-induced fluc-
tuations of energy states of atoms surrounding the
EDs. Generally, ceq

v is given by the sum of the ther-
mal and the radiation-induced constituents:
Fig. 2. (a) Comparison of thermal and radiation-induced equilibrium PD
K = 10�6 s�1; (b) void growth rates during Ni+ ion bombardment of Ni
from the surface: K1 = 10�2 s� 1 (100 nm), K2 = 5 · 10�2 s�1 (50 nm), K

3 eV, kFD = 0.1, dislocation bias for SIAs, dd = 0.1, other material para
ceq
v ¼ cth

v þ cirr
v ; and cth

v ¼ exp � Ef
v

kBT

� �
; ð2Þ

cirr
v ¼

KFbl0
F

Dv

þ
KUFPbðRi

cap � Rv
capÞ

Dv

; ð3Þ

where KF is the effective production rate of focusons
[2] and KUFP is the UFP production rate [5], Ef

v is
the vacancy formation energy at a given ED and
Dv is the vacancy diffusion coefficient.

Comparison of thermal and radiation-induced
equilibrium PD concentrations at a flat surface for
a typical neutron flux (Fig. 2(a)) shows that the
latter dominates completely at temperatures below
0.5 TM, where a majority of radiation effects is
observed.

Now the void growth (or shrinkage) rate is given
by the usual expression [2]

dR
dt
¼ 1

R

h
ZV

v Dv�cv � ZV
v Dvceq

v � ZV
i Di�ci

i
; ð4Þ

where is the void capture efficiency for vacancies
(subscript ‘v’) and SIAs (subscript ‘i’), is the mean
concentration of point defects determined by the rate
equations. The product Dvceq

v is the effective vacancy

self-diffusion coefficient, which determines the rate of
the void thermal and radiation-induced dissolution.
The latter does not depend on temperature in con-
trast to the void growth rate due to the biased
absorption of vacancies from the bulk, which de-
creases with decreasing irradiation temperature due
to enhancement of the point defect recombination
concentrations at a flat surface for a typical neutron dpa damage,
calculated by Eq. (4) for different displacement rates and distances
3 = 20 · 10�2 s�1 (20 nm). l0

F � 10b, EF = 60 eV, Ed = 30 eV, Ef
v ¼

meters are given in [3].
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in the bulk. As a result, the net growth rate may be-
come negative below some temperature (or above
some dose rate).

Some experiments indicate that voids can shrink
with decreasing temperature (or increasing dose
rate) after they have been formed under more favor-
able conditions [3,11,12]. According to Steel and
Potter [3], voids formed during Ni+ ion bombard-
ment of Ni at 923 K shrink rapidly when subjected
to further bombardment at temperatures between
298 and 823 K. Between 923 and 973 K, the void
growth proceeds to fluences near 3 · 1021 m�2and
is followed by the shrinkage as the voids distance
to the surface decreases due to sputtering of the sur-
face by the ion beam. The authors have attempted
to explain the observations using the rate theory
modified to include the interstitials injected by the
ion beam. However, this effect is negligible due to
a very low ‘production bias’ introduced by injected
SIAs (about 0.1%). Fig. 2(b) shows the results of
the present model, which neglects the production
bias but takes into account the increasing dose rate
with decreasing distance to the surface as it was
reported in Ref. [3]. The production rates of focu-
sons, UFPs and stable freely migrating point defects
have been expressed via the displacement rate per
atom, K, by the following equations

KF � K
Ed

EF

Z Ef
v=EF

1

ln x ln x
EF

Ef
v

� �
dx;

KUFP � K
Ed

Ef
v

� �3
2

; KFD � K � kFD; ð5Þ

where kFD is the cascade efficiency for producing
freely migrating point defects. Assuming Ri

cap�
Rv

cap � b one finds that the UFP effect dominates
over the focuson effect if l0

F < 50b, which is likely
to be the case in the temperature range under inves-
tigation. It can be seen in Fig. 2(b) that the void
growth rate becomes negative with decreasing tem-
perature or the distance from the surface in agree-
ment with experimental data.

A more general trend of the void swelling is
its saturation with increasing irradiation time,
which is a common feature for a number of materials
[12,13]. The present mechanism of radiation-induced
void shrinkage may be responsible for the swelling
saturation as the void sink strength increases with
time thus decreasing a positive constituent to the
void growth rate [2].

The saturation phenomenon is intrinsically con-
nected with a void ordering observed in very diffe-
rent radiation environments ranging from metals
to ionic crystals [12–19]. It’s tempting to suppose
that ordering phenomena might be a consequence
of the energy transfer along the close packed direc-
tions provided by focusons. If the focuson length,
lF, were larger than the void spacing, l, the voids
would shield each other from focuson fluxes along
the close packed directions, which would provide a
driving force for the void ordering. A serious objec-
tion to this hypothesis comes from the temperature
dependence of lF estimated in Ref. [10]. Further
molecular dynamic simulations of the focuson prop-
agation at various temperatures would be helpful to
check the hypothesis.

3. Irradiation-induced dislocation climb and glide

There are two main mechanisms of dislocation
movement, namely, dislocation climb and glide,
which result in a plastic strain under applied stress.
Dislocation climb is a relatively slow diffusion lim-
ited process resulting in material creep at high tem-
peratures when the thermal vacancy self-diffusion
is effective. Irradiation is known to enhance the
creep rate, which becomes temperature independent
below �0.5 TM under typical neutron fluxes. Con-
ventional irradiation creep models are based on the
so called stress-induced preferential absorption
(SIPA) of radiation-produced point defects by dislo-
cations [20] or other extended defects [21] differently
oriented with respect to the external stress. Conse-
quently, these models can yield a significant and
temperature independent irradiation creep only
when the bulk recombination of point defects is neg-
ligible. An alternative mechanism of irradiation
creep proposed recently [5] is based on the radiation
and stress induced difference in emission (RSIDE)
of vacancies from dislocations of different orienta-
tions with respect to the external stress. This differ-
ence is due to the difference in vacancy formation
energies, which is proportional to the external
stress. The resulting creep rate may be approxi-
mated by a simple expression:

_eRSIDE � qdDvcirr
v

rx

Ef
v

; ð6Þ

which is very similar to the usual expression for the
thermal creep rate [5], but the radiation-induced
self-diffusion coefficient, Dvcirr

v , stands here for the
thermal self-diffusion coefficient, Dvcth

v , and the va-
cancy formation energy , Ef

v, stands for kBT. Conse-
quently, the RSIDE creep is essentially temperature
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independent in contrast to the SIPA creep rate [5].
Another difference between the RSIDE and SIPA
models is that the RSIDE creep should be observed
under sub-threshold irradiation, when production
rate of stable Frenkel pairs is zero. Sub-threshold
irradiation could be used for experimental verifica-
tion of the RSIDE mechanism.

Such verification has not been performed yet to
our knowledge, but there is experimental evidence
of plasticity increase under low temperature sub-
threshold electron or gamma irradiation, which
has been discovered in early sixties [7] and investi-
gated extensively thereafter (see e.g., [8]). Single
crystals of Zn, Sn, In and Pb have been irradiated
at liquid nitrogen temperature (78 K) with electron
flux density ranging from 1017 to 1018 m�2 s�1 and
energies below and above the threshold displace-
ment energies, the latter being 0.7 MeV (Zn),
0.8 MeV (Sn, In) and 1.2 MeV (Pb). At such low
temperatures plastic strain occurs via dislocation
glide, the rate of which is limited by thermally acti-
vated unpinning of dislocations from local obsta-
cles. The over-threshold irradiation has resulted in
the well-known effect of radiation-induced harden-
ing due to formation of additional pinning centers.
But with decreasing beam energy below the thresh-
old level the plastic strain rate under irradiation
increased as compared to that prior or after
irradiation.

The thermally activated plastic strain rate under
external stress, r, can be described approximately
by the following equation:

_eT ¼ bLq0
dwT;

wT ¼ x0 exp �U a � ðr� riÞta

kBT

� �
;

ri �
lb
2p

ffiffiffiffiffi
qd

p
; ð7Þ

where wT is the frequency of the dislocation
‘jumps’ over the obstacle, x0 is the frequency fac-
tor, q0

d is the density of gliding dislocations, qd is
the total dislocation density, L is the mean distance
between the pinning centers, l is the shear modu-
lus, Ua is the binding energy between a dislocation
and the pinning center, r and ri are the external
and internal stresses, respectively, ta is the activa-
tion volume, so that Ur

a ¼ U a � ðr� riÞta is the
activation energy of the dislocation ‘jump’ over
the obstacle. This energy can be obtained by atoms
surrounding the pinning centre either due to the
thermal fluctuations (which occurs with a fre-
quency wT) or due to the scattering of radiation-
produced excitations such as focusons and random
recoil events. In the case of electron irradiation, the
frequency of focuson-induced jumps, wF, can be
estimated as follows. The production rate of
focusons with initial energy E (per atom), KF(E),
is given by [2]

KFðEÞ ¼ jeP F

dr
dE

dE; ð8Þ

where je is the electron flux, dr/dE is the differential
cross section for producing a PKA of energy and PF

is the probability of the focuson production by a
PKA [10]. The focusons can transfer energy to the
pinning center along z � 2 close packed directions,
where z is the coordination number. Accordingly,
the number of focusons of energy higher than Ur

a

coming to the pinning center per unite time is given
by the integration of the product of KF(E) and the
number of atoms in cylindrical region of the length
lv

FðE;Ur
aÞ and radius rd � b and the ratio (z � 2)/z

over the PKA energy:

wFðje;Ee;Ur
aÞ ¼ je � l0

F �
pr2

d

t
z� 2

z

�
Z EmðEeÞ

Ur
a

lnðE=Ur
aÞP F

dr
dE

dE; ð9Þ

Em ¼
2Ee Ee þ 2mec2ð Þ

Mc2
; ð10Þ

where Ee is the electron beam energy, me and M are
the electron and the target masses, respectively, c is
the light velocity and Em is the maximum trans-
ferred energy, t is the atomic volume. The frequency
of focuson-induced jumps decreases with increasing
temperature due to decreasing focuson propagation
range.

The temperature independent contribution to the
dislocation unpinning comes from random recoil
events (RRE). The frequency of RRE-induced
jumps, wRRE, can be estimated in a similar way to
result in the following expression

wRREðje;Ee;Ur
aÞ ¼ je �

4pr3
d

3t

Z EmðEeÞ

Ur
a

dr
dE

dE; ð11Þ

The total rate of plastic strain under irradiation is
given by the sum

_eðje;Ee;Ux
a ; T Þ ¼ bLq0

d½wFðje;Ee;Ur
aÞ

þ wRREðje;Ee;Ur
aÞ þ wTðT ;Ur

aÞ�:
ð12Þ



Fig. 3. Temperature dependence of the strain rate Zn under
sub-threshold electron irradiation given by Eq. (12) at the follow-
ing irradiation and material parameters: Je = 5 · 1017 m�2 s�1,
Ee = 0.5 MeV, r = 1 MPa, Ua = 0.3 eV, qd = 1014 m�2, l0

F � 50b,
L = 10�7 m.
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Temperature dependence of strain rate calculated
by Eq. (12) for the case of sub-threshold electron
irradiation of Zn is shown in Fig. 3. It can be seen
that irradiation-induced strain rate exceeds the ther-
mally activated one below 80 K in agreement with
experimental data. The contributions from the
focussing and random recoil events at these low
temperatures are of the same order of magnitude.

4. Summary and outstanding problems

Nonequilibrium fluctuations of energy states of
the atoms surrounding crystal defects arise as a
result of their interaction with radiation-induced
excitations in the ionic system. These fluctuations
result in radiation-induced recovery processes such
as the void shrinkage and plastic strain, which
should be taken into account in modeling of the
microstructural evolution under irradiation.

Excitations in the ionic system considered in the
present paper are not the only reason for the accel-
eration of fluctuation-driven processes. When swift
ions or electrons bombard a solid target, they lose
energy mostly by creating electronic excitations.
These excitations transfer their energy to the lattice
(due to electron-phonon coupling) and to the crystal
defects (due to electron-defect coupling) resulting in
the ‘thermal’ spikes in the corresponding sub-sys-
tems. These spikes may be much more powerful in
the defect regions than those in the perfect lattice
due to the large difference in the corresponding cou-
pling times (especially at low temperatures when the
electron-phonon scattering becomes weak). As a
result, the thermally activated processes (such as
defect emission, migration, etc.) are enhanced,
which also should be taken into account in model-
ing of the radiation-induced microstructural evolu-
tion. This will be done in subsequent work.
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