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This work focuses on a mathematical modeling of the response to irradiation of a multilayer composite material. Nonstationary
balance equations are utilized to account for production, recombination, transport, and annihilation, or removal, of vacancies
and interstitials at interfaces. Although the model developed has general validity, Cu/Nb multilayers are used as case study. Layer
thickness, temperature, radiation intensity, and surface recombination coefficients were varied systematically to investigate their
effect on point defect annihilation processes at interfaces. It is shown that point defect annihilation at interfaces mostly depends on
point defect diffusion.The ability of interfaces to remove point defects can be described by a simplemap constructed using only two
dimensionless parameters, which provides a general tool to estimate the efficiency of vacancy and interstitial removal in multilayer
composite materials.

1. Introduction

Intense irradiation, high temperature, high mechanical
stresses, and the presence of chemically aggressive fluids
make nuclear environment extreme [1, 2]. Under these con-
ditions, materials undergo significant degradation processes
that definitely limit their reliability, lifetime, and efficiency
[2–10].

Point defect supersaturation due to ballistic atomic dis-
placements induced by irradiation and the consequent gen-
eration of sustained net fluxes of vacancies and interstitials
play a major role in the progressive damaging of the material
[11, 12]. Biased production and annihilation of point defects
depress recombination processes, allowing them time for
clustering and nucleating voids [12]. Furthermore, inter-
action of vacancies with He atoms generated by neutron-
activated transmutation reactions finally results in the precip-
itation of He bubbles [4, 9, 13]. These contribute to material
embrittlement and hardening, typically accompanied by
dimensional and chemical instabilities as well as by swelling,
solute redistribution, creep, and associated processes [2, 4–
7, 11–23].

Contrasting degradation processes and eventually
enhancing the radiation tolerance of materials represent
a stringent need in view of the increasing energy demand
worldwide and the unsatisfactory development degree
attained by massive energy production related to renewable
sources. At the same time, improving radiation resistance
poses a tremendous challenge to materials scientists and
technologists addressing future fission and fusion reactors
[11, 24–29].

In principle, a high density of unbiased radiation-induced
point defect sinks could absorb, and annihilate, vacancy and
interstitials by facilitating the recombination of Frenkel pairs
[6, 10, 12, 13, 22, 30, 31]. In this respect, surfaces, grain
boundaries, and interphase boundaries have attracted most
interest [6, 21, 27, 32–37]. Due to the characteristic high
densities of grain boundaries, nanostructured materials have
recently gained much attention [10, 12, 20, 22, 23, 28, 38, 39].
Excess free volume and higher diffusivity of defects at grain
boundaries, combined with shorter diffusion distances of
point defects to interfaces, enhance, indeed, recombination
probabilities [2, 4, 34, 37].However, the use of nanostructured
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materials requires maintaining a high density of interfaces
and grain boundaries during prolonged irradiation [39],
which is not an easy task due to the thermal instability of
nanocrystalline grains and their tendency to coarsen rapidly
even at modest temperatures [28, 40, 41].

In this regard, a possible engineering strategy involves
using multiphase nanostructured materials [6, 22, 42]. In
particular, multilayer composites can be designed to exhibit
enhanced radiation tolerance [6, 11, 20, 42–45]. For example,
Cu/Nb nanolayered composites have been shown to possess
satisfactory dimensional, chemical, and microstructural sta-
bility over a wide range of irradiation conditions [6, 7, 11, 37,
42, 46]. This is mostly due to the positive heat of mixing of
Cu and Nb, which exhibit only terminal solid solubility and
no tendency to form intermetallic compounds [11, 28].

The mechanisms underlying point defect annihilation
at Cu/Nb interfaces have been studied recently by density
functional theory (DFT) [47], molecular dynamics [1, 11, 21,
27, 34, 35, 48], and phase field calculations [37].This provided
considerable detail on the atomistic processes taking place on
relatively short time scales. Nevertheless, the overall mech-
anistic scenario remains largely unknown [23]. Within this
context, developing a continuum approach to describe long-
term evolution of point defects under irradiation conditions
is highly desirable.

Aimed at providing a contribution along this line, the
present work concerns the development and validation of a
mathematical model in space and time continuum addressing
the dynamic behavior of vacancies and interstitials during
irradiation. Nanometer-sized Cu/Nb multilayer composites
are used as case study. Interfaces are described as a continuum
spatial distribution of either neutral or variable-biased sinks
[49]. This allows modeling both noncoherent interfaces such
as grain boundaries and incoherent precipitates, which typi-
cally behave like neutral sinks, and coherent and semicoher-
ent interfaces, which behave like variable-biased sinks [49].
Nonstationary balance equations for vacancy and interstitials
are used to describe production, recombination, transport,
and annihilation, or removal, of point defects at interfaces.
Layer thickness, temperature, radiation conditions, and sur-
face recombination coefficients were varied systematically to
investigate their effect on annihilation processes at interfaces.

The numerical findings show that the kinetics of point
defect annihilation at interfaces mostly depend on their dif-
fusion into the material volume, whereas boundary structure
plays a minor role. Furthermore, interfaces exhibit a capabil-
ity of point defect removal amenable to simple description
based on a map constructed using two parameters, namely,
dimensionless vacancy diffusivity and the ratio between
the characteristic times of point defect recombination and
production. Such maps provide a general tool to estimate
the efficiency of vacancy and interstitial removal and can be
utilized for investigating the behavior of any given multilayer
composite material.

2. Mathematical Model

In this work, it is assumed that interfaces between materials
are capable of adsorbing point defects. It is also assumed

that there are no crossings of defects between interfaces and
that distribution of defects on the interfaces is not spatially
dependent. On the other hand, defect concentrations inside
the layers are assumed to be dependent only upon the dis-
tance from the interfaces. Under these hypotheses, multilayer
composite systems may be analyzed in one spatial coordinate
adopting a simple reaction-diffusion model of a single layer
bounded by two interfaces. The latter ones are assumed
in this work to be perfectly stable under irradiation. This
assumptionmeans that intermixing is negligible and thus that
the proposed model applies to those systems whose alternate
layers are constituted by mutually immiscible elements.

The model takes into account the formation of Frenkel
pairs at a constant and spatially uniform rate, as well as
their diffusion and mutual annihilation. Radiation-induced
vacancies and self-interstitial atoms are considered isolated;
thus the formation of defect clusters like voids and dislocation
loops is not taken into account. This simplifying assumption
typically holds at low point defect concentrations because
of the negligible cluster nucleation rate in these conditions.
In addition, point defects annihilation at grain boundaries
is also neglected. Interfaces are then the only sink for point
defects taken into account in this model. This hypothesis
is justified by experimental evidences in several multilayer
composites [36]. In this regard, it should be pointed out
that since clusters and grain boundaries act as sinks for
point defects, the results of this model may be considered
conservative in terms of point defect concentrations. In other
words, the model outputs represent the maximum achievable
point defect concentrations under the specified operating
conditions.

The evolution of point defects concentration, that is,
vacancies (V) and self-interstitial atoms (SIA) (𝑖), is described
by the following one-dimensional spatial reaction-diffusion
equation,

𝜕𝐶𝑗

𝜕𝑡
− 𝐷𝑗

𝜕
2
𝐶𝑗

𝜕𝑥2
= 𝐾
0
− 𝑅
𝐶
𝑗 = 𝑖, V, (1)

along with its initial condition

𝑡 = 0, ∀𝑥

𝐶𝑗 = 𝐶
eq
𝑗 𝑗 = 𝑖, V,

(2)

where 𝐶𝑗 is the concentration of the point defect of type 𝑗
and 𝐷𝑗 is the diffusion coefficient of the point defect of type
𝑗, while𝐾0 and𝑅𝐶 are the production and the recombination
rates of Frenkel pairs per unit volume, respectively.The reader
should refer to Nomenclature for the significance of the other
symbols.

Diffusion coefficients are expressed in terms of Arrhenius
form for thermally activated events as follows:

𝐷𝑗 = 𝑎
2
𝛼𝑗]𝐷 exp(

𝑆
𝑀
𝑗

𝑘𝐵

) exp(−
𝐸
𝑀
𝑗

𝑘𝐵𝑇
) 𝑗 = 𝑖, V. (3)

The production rate of Frenkel pairs 𝐾0 has been calculated
using the Stopping and Range of Ions in Matter (SRIM)
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technique and depends on radiation conditions and layer
material lattice. The recombination rate of point defects is
expressed as a second-order reaction:

𝑅
𝐶
𝑗 (𝑥, 𝑡) = 𝐾𝑖V (𝐶𝑖 − 𝐶

eq
𝑖 ) (𝐶V − 𝐶

eq
V ) 𝑗 = 𝑖, V, (4)

where the kinetic constant is given by

𝐾𝑖V =
𝛼𝑖VΩ

𝑎2
(𝐷V + 𝐷𝑖) 𝑗 = 𝑖, V. (5)

𝐶
eq
𝑗 is the concentration of the point defect of type 𝑗 at

thermodynamic equilibrium, that is, the concentration value
at a given temperature in absence of radiation. It depends on
temperature according to the following equation:

𝐶
eq
𝑗 =

1

Ω
exp(

𝑆
𝐹
𝑗

𝑘𝐵

) exp(−
𝐸
𝐹
𝑗

𝑘𝐵𝑇
) 𝑗 = 𝑖, V. (6)

Boundary conditions for (1) should take into account the
characteristics of interfaces. In particular, if we assumed a
planar surface, in the case of neutral sinks, the boundary
conditions may be expressed as [50]

𝑥 = 0, 𝑥 = 𝐿 ∀𝑡

𝐷𝑗

𝜕𝐶𝑗

𝜕𝑥
= 𝐾𝑗 (𝐶𝑗 − 𝐶

eq
𝑗 ) 𝑗 = 𝑖, V,

(7)

where 𝐿 is the thickness of the layer. Under the assumption
that the lattice is not severely distorted over the final jump
region, the transfer velocity is equal to

𝐾𝑗 =

𝐷𝑗

𝑏
𝑗 = 𝑖, V, (8)

where 𝑏 is the metal lattice spacing. It is worth pointing
out that the boundary condition of a neutral sink can be
alternately expressed as

𝑥 = 0, 𝑥 = 𝐿 ∀𝑡

𝐶𝑗 = 𝐶
eq
𝑗 𝑗 = 𝑖, V,

(9)

which coincides with the boundary condition of the so-called
perfect sink.

In the case of interfaces acting as variable-biased sinks,
boundaries are modeled considering a surface (interface)
concentration of traps for vacancies, 𝑆totV , and a surface
(interface) concentration of traps for interstitials, 𝑆tot𝑖 . The
occupation probability of traps of each type is taken to
be 𝑓V and 𝑓𝑖, respectively. An interstitial atom adjacent to
the interface is assumed to be able to enter an unoccupied
interstitial trap site or to recombine with the nearest neighbor
trapped vacancy, jumping there from 𝑧 possible adjacent sites
in the matrix. Similar processes are possible for vacancies.
Moreover, trapped interstitials and vacancies may recombine
on interfaces. According to this picture, boundary conditions

at interfaces acting as a variable-biased sinkmay be expressed
as [50]

𝑥 = 0, 𝑥 = 𝐿 ∀𝑡

𝐷𝑗

𝜕𝐶𝑗

𝜕𝑥
= (1 − 𝑓𝑗 + 𝑧𝑓𝑘)𝐾𝑗 (𝐶𝑗 − 𝐶

eq
𝑗 )

𝑗 = 𝑖, V; 𝑘 ̸= 𝑗 = 𝑖, V,

(10)

where traps occupation probabilities are obtained by solving
the following steady-state balance equations [50]:

(1 − 𝑓𝑗)𝐾𝑗 (𝐶𝑗 − 𝐶
eq
𝑗 ) − 𝑧𝑓𝑗𝐾𝑘 (𝐶𝑘 − 𝐶

eq
𝑘
) − 𝛼𝑠𝑓𝑗𝑓𝑘

= 0 𝑗 = 𝑖, V; 𝑘 ̸= 𝑗 = 𝑖, V.
(11)

The parameter 𝛼𝑠 is the surface recombination coefficient
that depends on the specific features of interfaces structure,
such as the distance between trapping sites and their energy.
It may be assumed that all the interface characteristics that
affect point defect absorption or annihilation may be lumped
in this parameter. Factor 𝑧 represents the number of different
jumps to a site by which recombination can occur [50]. In
this work, it is set to be equal to 4 for any material structure.
In this way, the model gives the highest importance to the
effect of the recombination between trapped point defects
with respect to the recombination between a trapped point
defect and a point defect jumping into the interface from the
matrix (cf. (11)). Further details about this choice will be given
in Section 3.

The model consisting of the balance equations (1) along
with their initial conditions, (2), and their boundary condi-
tions, that is, (7), in the case of interfaces acting as neutral
sinks, or (10), in the case of interfaces acting as variable-biased
sinks, allows one to describe the temporal evolution of point
defect concentrations inside a single layer of a given material
undergoing radiation.

A change of variables was used in this work in order
to obtain dimensionless and normalized equations and
parameters. This may help in analyzing the behavior of
the system for different values of the parameters because
this strategy typically reduces the number of parameters.
Following the approach of Krantz [51], it is possible to define
the dimensionless point defect concentrations as

𝐶
∗
𝑗 =

𝐶𝑗 − 𝐶
(𝑟)
𝑗

𝐶
(𝑠)
𝑗

𝑗 = 𝑖, V, (12)

where superscripts 𝑟 and 𝑠 represent the reference and the
scaling value, respectively. Accordingly, the dimensionless
spatial coordinate and time may be defined as follows:

𝑥
∗
=
𝑥 − 𝑥
(𝑟)

𝑥(𝑠)
, (13)

𝑡
∗
=
𝑡 − 𝑡
(𝑟)

𝑡(𝑠)
. (14)
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Let us now assume for the reference and scaling variables
the following expressions:

𝐶
(𝑟)
𝑗 = 𝐶

eq
𝑗 𝑗 = 𝑖, V, (15)

𝐶
(𝑠)
𝑗 =

√
𝐾
0

𝐾𝑖V
𝑗 = 𝑖, V, (16)

𝑥
(𝑟)
= 0, (17)

𝑥
(𝑠)
= 𝐿, (18)

𝑡
(𝑟)
= 0, (19)

𝑡
(𝑠)
=
𝐿
2

𝐷𝑖

. (20)

It may be worth noting that 𝑡(𝑠) can be also regarded as the
characteristic time of interstitials diffusion along the metal
layer.

According to this change of variables, the evolution of
point defects dimensionless concentrations as a function of
the dimensionless time is described by the dimensionless
equation,

𝜕𝐶
∗
𝑗

𝜕𝑡∗
− 𝐷
∗
𝑗

𝜕
2
𝐶
∗
𝑗

𝜕𝑥∗
2
= 𝐴 (1 − 𝐶

∗
𝑖 𝐶
∗
V ) 𝑗 = 𝑖, V, (21)

along with the initial conditions

𝑡
∗
= 0, ∀𝑥

∗

𝐶
∗
𝑗 = 0 𝑗 = 𝑖, V.

(22)

The dimensionless diffusion coefficient 𝐷∗𝑗 is defined with
respect to the diffusion coefficient of SIAs:

𝐷
∗
𝑗 =

𝐷𝑗

𝐷𝑖

𝑗 = 𝑖, V. (23)

Consequently, the dimensionless diffusion coefficient for
interstitials is equal to 1, while the dimensionless diffusion
coefficient for vacancies is typically much smaller than 1, as
the diffusion of interstitials is significantly faster than the
diffusion of vacancies. The dimensionless parameter 𝐴 is
expressed as

𝐴 = √
𝐿
4
𝐾
0
𝛼𝑖VΩ

𝑎2

(𝐷𝑖 + 𝐷V)

𝐷
2
𝑖

(24)

and it represents the ratio between the characteristic times of
point defect recombination and production phenomena.

Dimensionless boundary conditions for the case of neu-
tral sinks are expressed as

𝑥
∗
= 0; 𝑥

∗
= 1 ∀𝑡

∗

𝐷
∗
𝑗

𝜕𝐶
∗
𝑗

𝜕𝑥∗
=

𝐷
∗
𝑗

𝑏∗
𝐶
∗
𝑗 𝑗 = 𝑖, V,

(25)

where the dimensionless parameter 𝑏∗ is defined as

𝑏
∗
=
𝑏

𝐿
. (26)

In the case of interfaces acting as variable-biased sinks, the
boundary conditions may be expressed as

𝑥
∗
= 0; 𝑥

∗
= 1 ∀𝑡

∗

𝐷
∗
𝑗

𝜕𝐶
∗
𝑗

𝜕𝑥∗
= (1 − 𝑓𝑗 + 𝑧𝑓𝑘)

𝐷
∗
𝑗

𝑏∗
𝐶
∗
𝑗

𝑗 = 𝑖, V; 𝑘 ̸= 𝑗 = 𝑖, V.

(27)

The dimensionless steady-state balance equations of occupa-
tion probabilities appear as follows:

(1 − 𝑓𝑗)𝐷
∗
𝑗𝐶
∗
𝑗 − 𝑧𝑓𝑗𝐷

∗
𝑘𝐶
∗
𝑘 − 𝐸𝑓𝑗𝑓𝑘 = 0

𝑗 = 𝑖, V; 𝑘 ̸= 𝑗 = 𝑖, V,
(28)

where the dimensionless parameter 𝐸 is defined as

𝐸 = √
𝑏
2
𝛼
2
𝑠𝛼𝑖VΩ

𝐾0𝑎2

(𝐷𝑖 + 𝐷V)

𝐷
2
𝑖

(29)

and expresses the ratio between the characteristic times of
point defect annihilation at interfaces and net production
phenomena.

With the aim of better evaluating metallic multilayers
performances in terms of radiation resistance the following
definition of efficiency is introduced in this work:

𝜂𝑗 = 1 −

𝐶𝑗 − 𝐶
(min)
𝑗

𝐶
(max)
𝑗 − 𝐶

(min)
𝑗

𝑗 = 𝑖, V. (30)

It may be regarded as the efficiency of multilayers for
𝑗-type point defects absorption or removal. The limiting
concentrations𝐶(min)

𝑗 and𝐶(max)
𝑗 represent theminimum and

maximumpoint defects concentrations achievable inmetallic
layers during irradiation, respectively.

While the minimum concentration 𝐶(min)
𝑗 may be easily

identified as the equilibrium concentration 𝐶eq
𝑗 consistently

with (15), the maximum concentration deserves additional
comments. Specifically, it may be thought of as the point
defect concentration achieved under the particular condition
of absence of sinks for point defects. With the aim of better
clarifying this important point, let us consider a single layer
of thickness 𝐿 bounded by two interfaces unable to absorb
defects. Equations (1) still represent the balance equations
for point defects within the layer. However, the coupled
boundary conditions should be now expressed as insulated
ones:

𝑥 = 0; 𝑥 = 𝐿, ∀𝑡

𝜕𝐶𝑗

𝜕𝑥
= 0 𝑗 = 𝑖, V.

(31)
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Numerical solution of (1) along with boundary condition (31)
showed that themaximumachievable point defect concentra-
tion resembles the stationary state one. In particular, it may
be easily found that

𝐶
(max)
𝑗 = 𝐶

eq
𝑗 +

√
𝐾
0

𝐾𝑖V
𝑗 = 𝑖, V, (32)

which expresses the equilibrium between the recombination
rate and the production rate. It may be easily recognized that
the difference between maximum and minimum concentra-
tions represents the scaling concentration introduced by (16),
which is time-independent and assumes the same value for
both vacancies and SIAs. It is worth noting that, according to
its definition, efficiency measures the additional contribution
of interfaces to point defect annihilation being the base case
represented by the contribution of volumetric recombination
only.

Eventually, according to the nondimensionalizing proce-
dure, the efficiency of interfaces for point defects absorption
may be also expressed as

𝜂𝑗 = 1 − 𝐶
∗
𝑗 𝑗 = 𝑖, V. (33)

The nondimensional model obtained through this change
of variables has only four dimensionless parameters: 𝐴, 𝐷∗V ,
𝑏
∗, and 𝐸. This model has been solved for a wide range of
values of all the dimensionless parameters, paying attention
to keeping their physical meaning.

The equations of the dimensionless model were solved
numerically as a time-dependent problem. In the case of
interfaces acting like variable-biased sinks, the system of
equations consists of coupled algebraic and differential equa-
tions. The model was solved through Comsol Multiphysics
using the diffusion and convection module and the ODE and
DAE interfaces. The parameter dependences were studied
through the parametric sweep extension step. The model
parameters were those pertaining to copper and niobium and
their values are reported in Tables 1 and 2, respectively.

3. Results and Discussion

In the following, the behavior of a single layer with isolated
(nonabsorbing) interfaces undergoing irradiation represents
the base case to which the effect of interfaces is compared
when they are modelled as neutral (perfect) sinks and
variable-biased sinks. The same reference allows evaluating
removal efficiency of point defects as function of the relevant
variables and mapping out layers performance in terms of
dimensionless parameters. Results are obtained solving the
dimensionless version of the model. Accordingly, outputs
are shown as a function of dimensionless variables. On
the other hand, interpretation of results is reported with
reference to geometric and operating conditions such as layer
thickness, temperature, and irradiation conditions. This way
model results are better related to practical applications of
multilayers in nuclear field.

Table 1: Model parameters for copper.

Parameters Unit Value Reference
𝑎 m 3.6147 × 10−10 —
𝑏 m 2.556× 10−10 —
𝐸
𝐹
𝑖 J 4.3739× 10−19 [52]
𝐸
𝐹
V J 2.0348× 10−19 [49]
𝐸
𝑀
𝑖 J 0.1314× 10−19 [52]
𝐸
𝐹
V J 1.2817× 10−19 [49]
𝑘𝐵 J K−1 1.3806488× 10−23 —
𝐾
0 m−3 s−1 1020 This work
𝐿 m 10−9–100 This work
𝑆
𝐹
𝑖 J K−1 0 [49]
𝑆
𝐹
V J K−1 3.31356072× 10−23 [49]
𝑆
𝑀
𝑖 J K−1 0 [49]
𝑆
𝑀
V J K−1 0 [49]
𝑆
tot
𝑗 m−2 2.0× 1017 This work
𝑇 K 573.15–973.15 This work
𝑧 — 4 This work
𝛼𝑖 — 0.5 [49]
𝛼𝑖V — 48 [49]
𝛼𝑠 m−2 s−1 0–1030 This work
𝛼V — 1 [49]
]𝐷 s−1 1013 [49]
Ω m3 1.182× 10−29 —

Table 2: Model parameters for niobium.

Parameters Unit Value Reference
𝑎 m 3.303× 10−10 —
𝑏 m 2.86× 10−10 —
𝐸
𝐹
𝑖 J 7.386× 10−19 [53]
𝐸
𝐹
V J 4.442× 10−19 [53]
𝐸
𝑀
𝑖 J 0.128174× 10−19 [54]
𝐸
𝐹
V J 1.0254× 10−19 [53]
𝑘𝐵 J K−1 1.3806488× 10−23 —
𝐾
0 m−3 s−1 1020 This work
𝐿 m 10−9–100 This work
𝑆
𝐹
𝑖 J K−1 0 This work
𝑆
𝐹
V J K−1 2.8993625× 10−23 [55]
𝑆
𝑀
𝑖 J K−1 0 This work
𝑆
𝑀
V J K−1 0.9964542× 10−23 [55]
𝑆
tot
𝑗 m−2 2.0 × 1017 This work
𝑇 K 573.15–773.15 This work
𝑧 — 4 This work
𝛼𝑖 — 0.16 [49]
𝛼𝑖V — 36 This work
𝛼𝑠 m−2 s−1 0–1030 This work
𝛼V — 1 [49]
]𝐷 s−1 1013 [49]
Ω m3 1.8× 10−29 —

3.1. Interfaces as Perfect Sinks. A single 100 nm thick layer of
copper undergoing radiation with a defect production rate
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Figure 1: Spatial profiles of (a) vacancy and (b) SIA concentrations in a single layer of copper bounded by two interfaces acting as neutral
sinks at different dimensionless times (𝑇 = 773.15K; 𝐿 = 1 × 10−7m; 𝐾0 = 1 × 1020m−3 s−1).
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Figure 2: Temporal profiles of average (a) vacancy and (b) SIA concentrations in a single layer of copper of different thicknesses 𝐿 bounded
by two interfaces acting as neutral sinks (𝑇 = 773.15K; 𝐾0 = 1 × 1020m−3 s−1).

𝐾
0
= 10
20m−3 s−1 at the temperature 𝑇 = 773.15K is taken

into account as a base case. The interfaces are assumed to
behave as perfect sinks, and (9) is adopted as boundary con-
ditions. Spatial profiles of vacancy and SIA concentration are
shown in Figure 1 at different dimensionless times. Besides
the expected parabolic profile, it is easy to notice that the
initial concentrations increase according to the production
of point defects by irradiation. Indeed, at the beginning, the
concentrations are too low for either volume or interface
recombination to have an effect on the build-up. Then, when
the production rate is compensated by the recombination
rate, point defects concentrations will start to level off and

spatial profiles become time invariant; that is, a stationary
state is reached. It may clearly be seen that concentrations at
interfaces remain constant according to (9).

The dimensionless average concentrations of vacancies
and SIAs defined as

⟨𝐶
∗
𝑗 ⟩ =

∫
1

0
𝐶
∗
𝑗 (𝑥
∗
) 𝑑𝑥
∗

∫
1

0
𝑑𝑥∗

𝑗 = 𝑖, V (34)

are reported in Figure 2. Results are shown in a double-log
plot versus dimensionless time for different layer thicknesses
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Figure 3: Temporal profiles of average (a) vacancy and (b) SIA concentrations in a single layer of copper bounded by two interfaces acting
as neutral sinks undergoing irradiation with different production rates of point defects (𝑇 = 773.15K; 𝐿 = 1 × 10−7m).

of a single copper layer (𝐾0 = 1020m−3 s−1;𝑇 = 773.15K). By
comparing Figures 2(a) and 2(b), it may be seen that average
SIA concentration always reaches the steady state at the
characteristic time 𝜏1, while average vacancies concentration
profile becomes time-invariant at the characteristic time 𝜏2 >
𝜏1. It might be worth noting that SIAs concentration reaches
the stationary state before vacancies’ one because 𝐷𝑖 > 𝐷V,
which implies that interstitials reach interfaces faster than
vacancies causing a higher annihilation rate of the former.

As a general result, it can be seen that the steady-
state point defect concentrations increase as layer thickness
increases. This is due to increasing length of the diffusion
path, which reduces the additional contribution of point
defect annihilation at interfaces. Indeed, at a very large layer
thickness, the only effective phenomenon of point defect
removal is the volume recombination and model results
approach the ideal case of isolated interfaces: ⟨𝐶∗𝑗 ⟩ = 1, 𝑗 =
𝑖, V.

A peculiar behavior of the system for large layer thickness
isworth noting. In this case, depending on the layer thickness,
it may happen that the steady-state average concentration
of SIAs results to be lower than the one corresponding to
the ideal case of isolated interfaces, that is, ⟨𝐶∗𝑖 ⟩ = 1,
while the average concentration of vacancies results to be
simultaneously higher, that is, ⟨𝐶∗V ⟩ greater than unity. In
this case, in a paradoxical way, the presence of interfaces
capable of absorbing defects makes the layer performance
worsen. Referring to the results reported in Figure 2(a), it
appears that presence of absorbing interfaces in a single layer
undergoing irradiation enhances the removal of vacancies
only if the thickness is equal to or smaller than 100 nm.
On the contrary, absorbing interfaces in thicker layers cause
an average vacancy concentration higher than the case of
nonabsorbing (i.e., isolated) interfaces. The reason of this

behavior may be explained considering the different diffusiv-
ity of interstitials and vacancies. Indeed, since vacancy and
SIA concentrations do not have the same dynamic behavior,
interstitials reach interfaces where they are annihilated, while
vacancies remain in the layer bulk without the possibility
to efficiently recombine due to the decreasing interstitials
concentration.

The effects of defect production rates 𝐾0 on the dimen-
sionless average concentrations of vacancies and SIAs are
reported in Figure 3 in a double-log plot versus dimension-
less time for a single layer of copper of 100 nm thickness,
undergoing radiation at the temperature 𝑇 = 773.15K.
The defect production rate does not affect the characteristic
times for the onset of steady state in both vacancy and SIA
concentration profiles. However, the defect point steady-state
concentrations increase as 𝐾0 increases. For instance, the
presence of interfaces in a single layer of 100 nm results to be
ineffective in vacancies removing for a defect production rate
of 1025m−3 s−1; that is, ⟨𝐶∗V ⟩ at steady state is higher than unity
(cf. Figure 3(a)).

Figure 4 shows the dimensionless average concentrations
of vacancies and SIAs in a double-log plot versus dimension-
less time for a single 100 nm thick layer of copper irradiated
with the defect production 𝐾0 = 1020m−3 s−1 at different
temperatures. Temperature does not noticeably affect the SIA
steady state concentration in the range investigated, that is,
300–700K. On the contrary, characteristic time of vacan-
cies annihilation at the interfaces decreases as temperature
increases and the steady-state vacancy average concentration
reduces too. It can be seen that at the lowest temperature
investigated interfaces result to be ineffective in vacancy
removal.

According to the results presented so far, the ability of a
single layer of copper bounded by interfaces which behave as
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Figure 4: Temporal profiles of average (a) vacancy and (b) SIA concentrations in a single layer of copper bounded by two interfaces acting
as neutral sinks undergoing irradiation at different temperatures (𝐿 = 1 × 10−7m; 𝐾0 = 1 × 1020m−3 s−1).

neutral sinks to remove radiation-induced defect is affected
by layer thickness, as well as defect production rate and
temperature. Moreover, concentrations of interstitials and
vacancies show a significantly different behavior.This finding
may be explained by the diverse diffusion rate of interstitials
and vacancies.

3.2. Interfaces as Variable-Biased Sinks. In order to generalize
this study, the model is also solved assuming the interfaces
behaving like variable-biased sinks. Then, (10) is adopted as
boundary conditions of (1). The most important parameter
of thismathematical description is the surface recombination
coefficient 𝛼𝑠. As already stated, it lumps the specific interface
features affecting interaction with point defects. Unfortu-
nately, it may be difficult to a priori evaluate. Therefore,
it is taken as an unknown parameter of the model and a
parametric sensitivity is performed to evaluate the effect of
𝛼𝑠 on model outputs.

Temporal profiles of the average concentrations of vacan-
cies and SIAs as well as occupation probabilities of traps
of vacancies and SIAs are reported in Figure 5 for different
values of the surface recombination coefficient. When the
surface recombination coefficient 𝛼𝑠 is nil, occupation proba-
bility of each of defect traps continuously increases with time
(cf. Figure 5(a)), although more slowly while approaching
steady state. As the parameter 𝛼𝑠 increases, 𝑓V first increases,
then it starts to decrease, and finally it reaches a steady state.
It can be seen that steady-state occupational probability of
vacancy traps decreases as 𝛼𝑠 increases. The occupational
probability of interstitial traps is shown in Figure 5(b). At
relatively low values of the parameter 𝛼𝑠, 𝑓𝑖 steady-state
value decreases as 𝛼𝑠 increases. However, 𝑓𝑖 profile becomes
invariant as the surface recombination coefficient increases.

Looking at the equation describing the occupation proba-
bilities, it can be inferred that the dissimilar behavior of
interfaces for interstitials and vacancies is likely due to the
different diffusivity of the defects.

On the other hand, according to mathematical descrip-
tion of Brailsford and Bullough [50] the specific interface
structure, whose features are lumped in the recombination
coefficient, results not to affect the average point defect
concentrations. Indeed, it is evident in Figures 5(c) and
5(d) that average concentrations profiles of point defects are
invariant with respect to the parameter 𝛼𝑠. Thus, it may be
concluded that the recombination between a trapped point
defect and a point defect jumping into the interface from the
matrix is the only effective mechanism of defect annihilation
at the interfaces (cf. (28)). Since the model overestimates the
effect of recombination between trapped point defects with
respect to recombination between a trapped point defect and
a point defect jumping into the interface from the matrix,
as already discussed in Section 2, the first one results to
be unquestionably negligible. Moreover, at the considered
operating conditions (i.e., 100 nm thickness, defect produc-
tion rate of 1020m−3 s−1, and 500∘C) the temporal profiles
of the average concentrations of vacancies and SIAs do not
change whether interfaces act as neutral or variable-biased
sinks (see comparison between Figures 2, 5(c), and 5(d)).
The same result was obtained when varying the operating
conditions (not shown). In other words, it can be concluded
that interfaces of copper layers catalyze the point defect
annihilation reaction acting as perfect sinks whatever their
structure/nature. These model results are in agreement with
experimental ones of Mao et al. [22] who observed that
Cu-Nb interfaces behave like perfect sinks for vacancies in
copper.
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Figure 5: Temporal profiles of occupation probability of (a) vacancy and (b) SIA traps, and average concentrations of (c) vacancies and (d)
SIAs in a single layer of copper bounded by two interfaces acting as variable-biased sinks for different values of the surface recombination
coefficient, 𝛼𝑠 (𝑇 = 773.15K; 𝐿 = 1 × 10

−7m; 𝐾0 = 1 × 1020m−3 s−1).

3.3. Comparison between Copper and Niobium Layers. As
already pointed out in Section 1, Cu-Nb interfaces have been
found to be highly stable under radiation and, for this reason,
they are largely studied in the literature. In this work, the
effect of interfaces also in single Nb layers is studied for the
sake of completeness.With the aimof congruently comparing
copper and niobium layers, the point defect production rate
in the latter ones is calculated through the SRIM software
program. In particular, it has been found that the radiation
generating a defect production rate of 1020m−3 s−1 in copper

layers produces point defects at the rate of 5 × 1020m−3 s−1 in
layers of niobium.

Temporal profiles of the average vacancy and SIA con-
centrations in a 100 nm thick single layer of copper and
niobium undergoing irradiation with a production rate of
1020m−3 s−1 and 5 × 1020m−3 s−1, respectively, are compared
in Figure 6. It may be clearly seen that time for the vacancy
steady-state achievement is smaller for niobium than for
copper (cf. Figure 6(a)). This result is likely due to the
higher vacancy diffusion coefficient in niobium. Moreover,
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Figure 6: Temporal profiles of the average (a) vacancy and (b) SIA concentrations in a single layer of copper and niobium bounded by two
interfaces as neutral sinks (𝑇 = 773.15K; 𝐿 = 1 × 10−7m; 𝐾0 = 1 × 1020m−3 s−1).

the steady-state concentration of vacancies is quite lower
in a layer of niobium. On the contrary, the steady-state
concentration of interstitials is lower in layers of copper, while
interstitial concentration steady-state achievement is almost
the same for both metals (cf. Figure 6(b)). The effects of layer
thickness, point defects production rate, and temperature on
average point defects concentrations are basically the same
for both copper and niobium (not shown). Moreover, model
simulations of niobium layers predict identical behavior for
both cases of interface acting as neutral or variable-biased
sinks.

3.4. Removal Efficiency of Point Defects. In order to verify
the effect of interfaces features in a wide range of system
conditions, the model was solved for different layer thickness
assuming interfaces acting as neutral or variable-biased sinks
for both copper and niobium.The results of these simulations
are reported in Figure 7 in terms of point defects absorption
(removal) efficiency, with the latter being defined according
to (30). Interfaces efficiencies for interstitial removal as a
function of thickness in a single layer of copper and niobium
are reported in Figures 7(a) and 7(b), respectively. It may
be clearly seen that nature of interfaces does not affect the
removal efficiency of small thickness layers in both cases. On
the contrary, significant differences arise for large thicknesses.
Indeed, efficiency for interstitial removal keeps being almost
unitary when assuming that interfaces are neutral sink,
while it goes down to zero if interfaces are variable-biased
sinks. This happens because if interfaces are variable-biased
sinks the only effective mechanism of recombination is that
between a trapped point defect (typically interstitials) and
a point defect jumping into the interface from the matrix
(typically vacancies). However, while interstitials reach inter-
faces very quickly, vacancies struggle to reach interfaces from
the bulk in layers of large thickness. This fact gives rise

to the low interstitials removal efficiency that characterize
thicker layers. It can be although seen that high efficiency of
interstitial efficiency is shown by layers of up to about 0.01m
thickness.

Efficiency for vacancies removal is shown in Figures
7(c) and 7(e) for copper and in Figures 7(d) and 7(f) for
niobium. Efficiency presents very high value (close to unity)
in layers of small thickness (up to about to the order of
10−7m). Then efficiency rapidly goes down to zero as the
layer thickness increases, and it reaches negative values for
larger thicknesses. Negative efficiency for vacancy removal
can be explained as follows. Interfaces remove interstitials
faster than vacancies. Therefore, as the efficiency for the
interstitial removal increases, a larger quantity of vacancies
cannot be removed by volume recombination and therefore
accumulates. This means that presence of interfaces pro-
motes the accumulation of vacancies up to reach a steady-
state concentration which is higher than that in absence of
interfaces. In the case of interfaces as variable-biased sinks
this effect partially mitigates for larger thicknesses. Indeed,
when the efficiency for interstitial removal decreases as the
layer thickness increases, interstitials concentration increases
and volume recombinationwith vacancies can efficiently take
place.

Based on the results presented above, it might be con-
cluded that point defect concentrations inside multilayered
composite material are primarily affected by layer thickness,
while it seems that interface nature (incoherent or semico-
herent) plays a significant role only for very large layers.
In addition, for each element, it is possible to identify a
layer thickness threshold, above which the interfaces become
inefficient to remove point defects. This layer thickness
threshold depends on the type of point defect considered,
as well as on temperature and defect production rate. As
an example, Figure 8 shows efficiencies for the vacancy and
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Figure 8: Removal efficiency of point defects as a function of the thickness 𝐿 of a single layer of copper (a-b) and niobium (c-d) undergoing
radiation at different temperatures.

interstitial removal in copper and in niobium as a function
of layer thickness at different temperatures. Efficiency of
point defect removal starts to decrease at larger thickness
as temperature increases. This is because of temperature
dependence of point defects diffusivity. Moreover, it may be
observed that interstitial efficiency is affected by temperature
in lesser degree due to the higher diffusivity of this point
defect with respect to vacancies.

Efficiencies for vacancy and interstitial removal in copper
and in niobium are reported as a function of the layer thick-
ness for different point defect production rates in Figure 9.
As the point defect production rate increases, the efficiency

for the removal of vacancies reaches the unitary value at
smaller thickness because higher rates of production clearly
require higher density of sinks to remove point defects. For
instance, at𝑇 = 553.15Kpoint defects produced at the rate of
1020m−3 s−1 in copper and 5 × 1020m−3 s−1 in niobium would
be theoretically removed with an almost unitary efficiency in
a multilayer composite material with 10 nm layers of copper
and 100 nm layers of niobium.

It is reported in the literature that advantages for radiation
tolerance are not realized until the relevant length scale of
multilayers, such as the layer thickness, is reduced to the
nanometer range. This result is justified as a consequence of
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Figure 9: Removal efficiency of point defects as a function of the thickness 𝐿 of a single layer of copper (a-b) and niobium (c-d) undergoing
radiation with different production rates of point defects.

short diffusion distance to the nearest sink in such systems.
Indeed, in the layered composites of a few nanometers, diffu-
sion distance to sinks is short enough to enable rapid removal
of the point defects before they can form into relatively
stable aggregates [37]. While the considerations mentioned
above qualitatively agree with the results presented in this
work, some additional comments are deserved from the
quantitative point of view. In fact, model results seem to
indicate that the effective layer thickness strongly depends
upon radiation conditions and materials involved and that
layer thickness should not necessarily be on the order of
few nanometers. In addition, it appears that thin layers are
needed to remove vacancies, while interstitials are efficiently

removed also in thicker layers. These findings form the
basis for the need to explore experimentally the stability of
layered composite materials over a broad range of irradiation
conditions and layer thickness.

3.5. Efficiency Maps. Results shown above clearly indicate
that point defect absorption and removal strongly depend on
temperature and irradiation conditions. Therefore, materials
and thickness should be accurately selected in order to ensure
radiation resistance. On the other hand, materials cannot
be freely chosen since a couple of immiscible elements are
needed in order to guarantee stable interfaces. In addition,
even if few nanometers thick layers present very high point
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defect removal efficiency, there are doubts that thin lay-
ers remain stable under irradiation. For instance, although
interfaces in Cu-Nb composites have been proved to be
stable, intermixing in Cu-Nb composites may be actually
neglected only when considering relatively large thickness
layers. Indeed, the lattice results to be really undisturbed at
10–20 nm from the interfaces [22]. Therefore, interfaces of
thinner layers would not be stable under irradiation because
of the chemical intermixing. On the other hand, if we refer to
Figure 8(a), it can be seen that, in order tomake a 20 nm thick
layer of copper effective, temperature should be increased.
Indeed, under the specified radiation conditions, a higher
temperature could help remove point defects at the interfaces.
However, it is worth noting that temperature cannot be
extensively increased in a nuclear reactor.

Therefore, it appears that when designing a multilayer
material it is essential to take into account irradiation condi-
tions as well as chemical, physical, and technical constraints.
It would be desirable to have different efficient alternatives
and select the most suitable one depending upon the tech-
nical constraints at hand. The system behavior depends on
a large number of parameters. Thus, identification of all
possible combinations and classification of them in terms of
efficiency performances might result to be cumbersome and
time-consuming. In this regard, the dimensionless modelling
approach developed in this work may be helpful to reduce
complexity and difficulties of the task.

Specifically, multilayers performances in terms of point
defects removal can be mapped out in terms of only two
dimensionless parameters, named 𝐴 and𝐷∗V . As an example,
vacancy removal efficiency map is reported in Figure 10,
where contour lines for 𝜂V = 0 and for 𝜂V = 1 are reported as
a function of the two dimensionless parameters mentioned
above. These lines define three different areas, where the
removal efficiency is almost unitary (white area), where the
removal efficiency falls from one to zero (light grey area), and
where it is negative (grey area). The main feature of this map
is that it is invariant with respect to the other dimensionless
model parameters, 𝐸 and 𝑏∗, which have to be taken into
account when considering interfaces behaving as variable-
biased sinks. Similar map and considerations can be applied
to the interstitial removal efficiency.

The map reported in Figure 10 can be easily utilized to
predict or estimate vacancy or interstitial removal efficiencies
of systems of interest. Indeed, given radiation conditions
in terms of point defect production rate and temperature,
and selected layer thickness and element made of, the
representative point of the system under investigation can be
identified by calculating only the two dimensionless param-
eters mentioned above. As an example of this approach,
Figure 10 shows in the vacancy removal efficiency map also
some points corresponding to different radiation conditions
and thicknesses of copper and niobium layers. A set of sys-
tem conditions where layered materials theoretically exhibit
radiation resistance is easily recognized as falling in the white
area.

4. Concluding Remarks

The present work provides a generalized continuum model
of the point defects dynamics in nanometer-sized multilayer
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Figure 10: Removal efficiency map in terms of the dimensionless
parameters 𝐴 versus𝐷∗V and effect of layer thickness 𝐿, point defect
production rate 𝐾0, and temperature 𝑇 on removal efficiency for
copper (black symbols) and niobium (white symbols).

composites. Numerical findings regarding the Cu/Nb case
study indicate that the point defect removal capability of
individual Cu and Nb layers terminated by interfaces behav-
ing as neutral sinks is affected by layer thickness, defect
production rate, and temperature. Interstitials and vacancies
exhibit significantly different behavior due to the different
diffusion rates of interstitials and vacancies in bulk materials.
To a first approximation, interfaces modelled as variable-
biased sinks do not depress average point defect contents.
Recombination between point defect trapped at interfaces
and incoming point defects represents the only effective
point defect annihilation mechanism, being recombination
between point defects trapped at interfaces negligible. Cu/Nb
interfaces mostly behave as perfect sinks independent of
their structure, in agreement with experimental findings
demonstrating the tendency of behaving as perfect sinks for
Cu vacancies shown by Cu/Nb interfaces. The most effective
layer thickness strongly depends on irradiation conditions,
and not necessarily it must range on the nanometer scale.
In this regard, asymmetry exists between vacancies and
interstitials.

Interestingly, the performance of multilayers in terms
of point defect removal can be mapped out using two
parameters, namely, dimensionless vacancy diffusivity and
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the ratio between the characteristic times of point defect
recombination and production. In principle, such maps can
be used to estimate the efficiency of vacancy and interstitial
removal in any given multilayer composite material. Once
irradiation conditions are defined in terms of point defect
production rate, temperature, and layer thickness, the mate-
rial behavior can be assessed by calculating only the two
mentioned dimensionless parameters.

Nomenclature

𝑎: Lattice constant, m
𝐴: Dimensionless production rate of point

defects, —
𝑏: Lattice spacing, m
𝐶: Concentration of point defects, m−3
𝐷: Diffusivity, m2 s−1
𝐸: Dimensionless surface recombination

parameter, —
𝐸
𝐹: Activation energy of formation of point

defects, J
𝐸
𝑀: Activation energy of mobility of point

defects, J
𝑓: Occupation probability, —
𝑘𝐵: Boltzmann constant, J K−1
𝐾: Transfer velocity, —
𝐾𝑖V: Recombination factor of the antidefects,

m3 s−1
𝐾
0: Production rate of point defects, m−3 s−1
𝐿: Domain thickness, m
𝑅
𝐶: Removal rate of point defects due to

recombination, m−3s−1
𝑆
𝐹: Entropy for formation of point defects,

J K−1
𝑆
𝑀: Entropy for mobility of point defects, J K−1
𝑇: Temperature, K
𝑡: Time, s
𝑥: Spatial coordinate, m
𝑧: Number of jumps, —.

Greek Letters

𝛼: Diffusion parameter of point defects, —
𝛼𝑖V: Combinatorial factor, —
𝛼𝑠: Surface recombination coefficient, m−2 s−1
𝜂: Efficiency, —
]𝐷: Debye frequency, s

−1

Ω: Atomic volume, m3.

Superscripts

∗: Dimensionless
(eq): Equilibrium
(max): Maximum
(min): Minimum
(𝑟): Reference
(𝑠): Scaling.

Subscripts

𝑖: Self-interstitial atom
𝑗: Point defect of the type 𝑗
V: Vacancy.
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