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A continuum model of point-defects evolution during irradiation of a multilayer composite material is presented in this work.
Nonstationary balance equations are used to describe production, recombination, transport, and annihilation, or removal, of
vacancies and interstitials in a 3-a-f three-layer system (o« = Cu and 8 = Nb, V, or Ni). In addition, transport and trapping of
point-defects at interfaces are taken into account. Numerical investigation on similarities and differences between Cu/Nb, Cu/V,
and Cu/Ni systems is also performed. A general comparison of model results reveals that average vacancy concentration is typically
higher than SIA one in both layers for all the systems investigated. This is a consequence of the higher diffusion rate of SIAs with
respect to vacancies. Stationary state is reached without saturating interface point-defect traps by all systems but Cu/Ni for the case
of STAs. It can be also seen that Cu/Nb and Cu/V systems have a very similar behavior regarding point-defect temporal evolution
in copper (layer «), while higher SIA concentration at steady state is shown therein by the Cu/Ni structure. Moreover, Cu/V system
displays the lower stationary vacancy concentration in layer f.

1. Introduction

Components of nuclear power systems will be exposed to
aggressive environments of unprecedented magnitude con-
sisting of irradiation, high temperatures, and corrosive fluids
[1, 2]. Therefore, performances of materials in these con-
ditions must be significantly improved to extend reliability,
lifetime, and efficiency of future nuclear reactors [3] such
as fast fission reactors [4, 5] and fusion reactors [6, 7].
In fact, materials degradation during exposure to irradia-
tion environments imposes substantial safety and economic
impediments to the development of nuclear reactors [8].
This is true also for the core of the actual nuclear reactors
generation, which presents exceptionally stringent require-
ments for structural materials due to the combination of high

temperature, high stresses, a chemically aggressive coolant,
and intense radiation fluxes as well as its need for unfailing
mechanical integrity [3, 9].

Detrimental long-term evolution of materials under par-
ticle irradiation is largely due to the production of sustained
net fluxes of point-defects (i.e., vacancies and interstitials)
[3, 10]. The origin of these fluxes is the supersaturation
of point-defects produced by irradiation, which is only
partially diminished by recombination. Moreover, both the
production and elimination of freely migrating point-defects
are spatially biased so that vacancies and interstitials become
separated [10]. In nuclear reactor environments, damage is
also introduced by helium from transmutation reactions
during high-energy neutron irradiation [11, 12]. In particular,
helium is a byproduct of nuclear reactions that create «
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particles (He nuclei) [13, 14]. Due to extremely low solubility
and fast diffusion in metals, He atoms can easily migrate
and combine with radiation-induced vacancies to precipitate
into clusters or bubbles [15]. Moreover, He-ion irradiation
into metals will generate vacancies and nearby self-interstitial
defects [16].

The damaging effects on the mechanical and thermal
properties of materials by the formation of He bubbles and
point-defect clusters (e.g., voids) have received considerable
attention in structural materials working in high radiation
environments [16, 17]. Indeed, these nonequilibrium defects
frequently lead to undesirable microstructural evolutions
such as embrittlement, hardening, and dimensional as well as
chemical instability of both structural and fuel components
[11, 14]. Furthermore, swelling, solute redistribution, and
creep are particularly troublesome in reactor materials sub-
jected to neutron bombardment [18, 19]. Eventually surface
deterioration phenomena such as spallation [20], swelling
[2, 21], and blistering, which may cause wall erosion [15, 22],
flaking of metal surfaces [23], and corrosion [8], may be
observed [14, 21].

Extending performances, operating limits, reliability, effi-
ciency, and lifetimes of present and future nuclear reactors
thus requires the ability to remove radiation-induced point-
defects and to mitigate the effects of He implantation on
irradiated-material properties [11, 12]. Furthermore, candi-
date materials for nuclear applications must possess high
strength and thermal stability in addition to excellent irra-
diation tolerance. However, these properties are difficult to
realize simultaneously in one material because of apparently
intrinsic tradeoffs between them [24]. This challenge calls
then for novel approaches to design materials or special struc-
tures that resist radiation damage while maintaining high
strength and toughness [3, 17].

In principle, a simple and direct approach to avoid the
above deleterious microstructural changes can be realized if
a high density of unbiased irradiation-induced point-defect
sinks or traps can be introduced into the specimen [10]. This
way, point-defects are absorbed and annihilated by enhanced
Frenkel-pair recombination [8, 25] before they aggregate into
clusters [17, 26].

These efforts include controlling the volume fraction and
size distribution of solutes, precipitates, and interfaces with
emphasis on optimizing both Frenkel-pair recombination
rate and stability of the microstructure [10, 19]. Indeed, sur-
faces, grain boundaries, and interphase boundaries are sinks
for radiation-induced point-defects and traps for implanted
species such as helium [27, 28].

Nanostructured materials have recently gained much
attention for these purposes as they present high densities of
interphase or grain boundaries as sinks [19, 29]. Due to a large
excess-free volume of interface (and grain boundaries) and
higher diffusivity of defects along interfaces [11], vacancies
and interstitials are likely to be annihilated after being at-
tracted to the interfaces. It also appears that reducing micro-
structural dimensions increases radiation resistance because
it shortens the average diffusion distance of point-defects
to interfaces. Indeed, several types of nanocomposites have
exhibited remarkable resistance to radiation and promise to
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offer high resistance to radiation damage accumulation [28,
30], motivating research into potential uses of nanocomposite
structural materials in future fission and fusion reactors [2].

One of the difficulties with this strategy has been main-
taining the high densities of these traps/sinks during pro-
longed irradiation, particularly at very high temperatures,
owing to such processes as radiation-induced (or enhanced)
segregation, precipitation, and grain growth. [31]. In fact, na-
nocrystalline materials have high strength and improved
radiation resistance [32] because of their high density of grain
boundaries, which are sinks for irradiation-induced defects
[24]. Nevertheless, most nanocrystalline materials are not
thermally stable and coarsen rapidly even at modest temper-
atures [24, 33].

Efforts to engineer alloys tolerant to prolonged exposure
to energetic particle irradiation have focused in recent years
on multilayer films as a new concept of high densities of inter-
faces to provide sinks for point-defect annihilation and exter-
nal species traps. Indeed, multiphase nanostructured materi-
als such as nanolaminates could provide advanced radiation
tolerance in comparison to traditional single phase bulk
materials (8, 34].

Multilayer or nanolamellar composites have attracted
much attention over the past decades due to their improved
mechanical properties [35, 36]. Nanolayered composites can
also be designed to produce ultrahigh strengths and en-
hanced radiation damage tolerance via tailoring of length
scales to take advantage of the atomic structure and energetics
of interfaces in order to provide the most effective sites
for point-defect trapping and annihilation [3]. Indeed, the
layered geometry with flat interfaces extending throughout
the sample thickness may provide a benefit in this regard as
compared to equiaxed-grain metals that may rapidly coarsen
under irradiation at elevated temperatures [3]. Studies have
shown that certain multilayer systems may significantly
reduce radiation-induced damage in metallic materials [7,
34]. Moreover, heterophase interfaces in multilayer systems
have also been shown to be effective sinks for radiation-
induced defects with respect to grain boundaries [34, 37].

Therefore, multilayers with enhanced resistance to radia-
tion can be potentially used in nuclear reactors as radiation
protective coatings or fuel pin clad [37]. They may also pro-
vide additional parameters for materials design, beyond
grain size and composition alone, which may be used to
obtain properties that are not simultaneously achievable in
a single material otherwise [34]. However, the advantages for
radiation tolerance are not realized until the relevant length
scale, such as the layer thickness, is reduced to the nanometer
range. It appears then that the enhanced radiation damage
tolerance in nanocomposites is a consequence of short dif-
fusion distance to the nearest sink. At the smallest sizes in the
layered composites of a few nanometers, diffusion distance
to sinks are short enough, due to the huge interface area in
the material, to enable rapid removal of point-defects before
they can form into relatively stable aggregates [28]. Of course,
the geometry of the nanolayered composite materials must
be stable under the extreme irradiation conditions [3]. More-
over, chemical and microstructural stability of interfaces are
also necessary factors. On the other hand, energy deposited
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FIGURE 1: Schematic of (a) the entire system and (b) the half-symmetric part modelled. Layer « represents copper while 8 indicates niobium,

nickel, or vanadium.

by incoming neutrons or ions may lead to extensive intermix-
ing across interfaces, promoting morphological instabilities
in these materials [28].

Several techniques as density functional theory (DFT),
molecular dynamics, and phase field calculations were used
to study the mechanisms underlying point-defect annihila-
tion at interfaces of nanostructured metallic multilayer com-
posites (NMMCs). This covered atomistic scale in enough
detail. However, the overall mechanistic situation remained
largely unknown. In this context, it is highly desirable to
develop a continuum approach that describes long-term evo-
lution of point-defects in NMMCs subjected to irradiation.

In order to provide a contribution along this line, Fadda
et al. [38] modelled the dynamic behavior of vacancies and
interstitials in continuum scale. They used nanostructured
metallic monolayers of Cuand Nb as case study. A continuum
spatial distribution of sinks either neutral or variable-biased
was used to describe interfaces. This enables modelling grain
boundaries and incoherent precipitates, that is, noncoherent
interfaces, as neutral sinks, and coherent precipitates, that
is, coherent interfaces, as variable-biased sinks [39]. Produc-
tion, recombination, transport, and annihilation of point-
defects at interfaces were defined by means of nonstationary
balance equations. The effect of variation in layer thickness,
temperature, production rate of point-defects, and surface
recombination coefficient on annihilation processes at inter-
faces was studied. The present work focuses on modifying
the model mentioned above to take into account surface
characteristics deriving from coupling different metals. To

this end, boundary equations have been modified according
to B-a-8 NMMC scheme (¢ = Cu and 8 = Nb, Ni, or V)
and the temporal evolution of point-defects concentration
investigated. Numerical investigations on similarities and
differences between Cu/Nb, Cu/Ni, and Cu/V systems have
been also performed.

2. Mathematical Model

Let us consider the system depicted in Figure 1(a) where a
layer of metal « is in between two layers of metal 3 [40].
The evolution of point-defect, that is, vacancy (v), and self-
interstitial atom (SIA) (i) concentrations in layers o and f is
described by the following one-dimensional spatial reaction-
diffusion equations:
62 2~(p)
oc/ _D(y)a c/
ot I ox?

along with their initial conditions

:K(()y)—Rg') j=iLv y=a,pf5 @
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C;”) = *Ci.y) j=ihv y=ap .
Equations (1) represent the material balance of point-defects
in each layer, where C;y) is the concentration of the point-
defect of type j in layer y and D;.y) is the diffusion coefficient
of the point-defect of type j in layer y, while K(()V) and R(Cy)



are the production and the recombination rates of Frenkel
pairs per unit volume in layer y, respectively. *CEV) is the
concentration of the point-defect of type j in layer y at
thermodynamic equilibrium, that is, the concentration value
at a given temperature in absence of radiation. The reader
should refer to the Nomenclature section for the significance
of other symbols.

Diffusion coefficients are expressed in terms of Arrhenius
form for thermally activated events as follows [41]:

2 (M Mg
D;Y) = (a™) (Mvjl’ )exp - kséﬁ )
j=ivy=ap
where
MS(.Y)
Mv;w _ (x;y)vD exp k; j=ivy=ap (4

In this work, the production rate of point-defects is assumed
to be time and spatially independent. It has been calculated
using Transport of Ions in Matter (TRIM) [42], which is a
Monte Carlo computer program that calculates the damage
associated with the ion’s energy loss in a material by means
of efficient statistical algorithms. The recombination rate of
point-defects is expressed as a second-order reaction [39]:

2 W (A _x ~) * (1)
RY =K (G =rcl)(cr - e)) y=ap )
where the kinetic constant is given by
)

)
b _ % @
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v (a(y))Z (Diy +Dvy) y=ap. (6)

The concentrations at thermodynamic equilibrium depend
on temperature according to the following equations [39]:

(621 )
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Boundary conditions for (1) (see Figure1) should take
into account the characteristics of the interfaces composing
the system. Specifically, interfaces between metals o and 3

are modelled as variable-biased sinks considering a surface

concentration of traps for interstitials, “’tsfa_ﬁ )

, and a surface
concentration of traps for vacancies, t(’tS(f‘_lB ) Itis worth high-
lighting that these parameters values depend upon the metal
couple a-f under investigation. The occupation probability
of traps for each point-defect type is taken to be f; and f,,
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.
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In this work, z is set equal to 4 for any material structure
[43]. Similar processes are possible for vacancies. Moreover,
trapped interstitials and vacancies may recombine on the
interface. Accordingly to this picture, boundary conditions at
the interface between metals o and f3, may be expressed as
follows [43]:

x=—; Vt

L
2
(y)
p i
7 ox

(- g (0 ey @

j=iLbvs k#j=iv; y=a,p,

where L is the thickness of layer y. Boundary conditions (8)
state that SIAs can reach the interface only if, in addition
to a concentration gradient, there are unoccupied SIA traps
(1 - f; > 0) or trapped vacancies to annihilate with (f, > 0).
Analogous considerations can be made for vacancies. Under
the assumption that the lattice is not severely distorted over
the final jump region, the transfer velocities are equal to

(y)
D:
) J L
;= po J=bny=ab )
where b is the lattice spacing.

Trap occupation probabilities are obtained by solving the
following balance equations:

df, K
T 0 0) e (€ -

dt tot o(@-) j
5
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K
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along with their initial condition
t=0,
(11)
f]' =0 ] =1i.

Temporal evolution of trap occupation probability by the
point-defect of type j depends upon fluxes to the interface
arriving from both metal layers, & and f3, and the recombina-
tion mechanisms occurring at the interface. Specifically, first
and second terms on the right-hand side of (10) represent
the flux of the point-defect of type j arriving from layers «
and f3, respectively, to occupy available traps at the interface.



Advances in Materials Science and Engineering

Moreover, third and fourth terms are the flux of the point-
defect of type k coming from layers o and f3, respectively, to
recombine with trapped point-defects of the type j. Last term
quantifies the recombination of trapped SIAs with trapped
vacancies. The positive or negative sign preceding the terms
indicates whether the associate mechanism causes an increase
or a decrease of trap occupation probability. It should be

noted that (10) allow introducing interface structure features

by means of trap concentration for point-defects, tOtSE.“_ﬁ ),

and the surface recombination coefficient, ;. However, it
was demonstrated in previous study [38] that point-defect
annihilation at the interfaces is a diffusion-limited process
and that point-defect evolutions are not affected by the «;
value. Hence, o, has been set equal to zero in this work,
which means that there is no surface recombination between
trapped point-defects.

By referring to Figure 1(b), boundary conditions set can
be completed by the following ones:

x=0; V¢t
o9C@ (12)
aJ =0 j=iw
X
3L
x=—; WVt
2
" (13)
a] =0 j=im
X

Boundary conditions (12) express the symmetry of the sys-
tem, while (13) state that the right end of layer S is treated as
free surface.

The model is given by the balance equations (1) along with
their initial conditions, (2), and their boundary conditions,
that is, (8) in the case of the interface between metals o and
B modelled as variable-biased sinks, (12) in the case of the
symmetric surface of the entire system, or (13) in the case of
the free surface. It allows one to describe the spatial-temporal
evolution of point-defect concentrations inside layers « and
B undergoing radiation.

It is worth mentioning that in this work it was assumed
that point-defects produced inside a layer can not be trans-
ferred to the adjacent ones. Indeed, point-defects generated
within each layer may be annihilated by recombination inside
the layer or they can migrate to the interface. There, each
point-defect is trapped or annihilated by surface recombi-
nation. With the aim of explaining why point-defect cannot
cross the interface, let us consider, as an example, a vacancy
diffusing from inside the layer toward the interface. At
this point, vacancy can be trapped if unoccupied vacancy
traps are available (f, < 1) or can react with a trapped
interstitial if present (f; > 0). Even in the worst scenario,
that is, no availability of both unoccupied vacancy traps
and trapped interstitials at the interface, a vacancy can not
cross the interface since under these conditions its flux
decreases to zero (cf. (8)). It should be also considered
that the point-defect concentration at the interface is always
lower than the one inside the layer [38]. This means that

if a point-defect, coming, for instance, from layer o would
cross the interface, the same defect should then diffuse in a
countergradient manner (i.e., from low concentration regions
to high concentration ones) inside the layer 3. Latter event
is not physically possible and then crossing the interface by
point-defects is not allowed. On the other hand, metal layers
influence each other’s behavior through the evolution of the
point-defect trap occupation probability fractions. Indeed, it
can be seen (cf. (10)) that these variables behavior is affected
by point-defects fluxes coming from both layers.

A change of variables was used in this work in order to
obtain dimensionless and normalized equations and parame-
ters by following the same procedure reported elsewhere [38].
Dimensionless variables and parameters, as well as scaling
and reference values, are summarized in Table 1. It may be
worth noting that °t can be also regarded as the character-
istic time of interstitial diffusion along layer «, while the
dimensionless diffusion coefficient 8" is defined with respect
to the diffusion coefficient of SIAs in layer a. According
to this change of variables, the evolution of dimensionless
point-defect concentrations in layer y as a function of the
dimensionless time is described by the following equations:

9] 2. )
K swoN A (1 Py
ot 7 o0& P (14)
j=iLv Y=,
along with the initial conditions
T=0; V¢
(15)

) L
ij =0 j=iv y=ap.

At the interface between metals « and § modelled as
variable-biased sinks, dimensionless boundary conditions
may be expressed as

un 3 5 (16)
wn_r _ J.wm
9; o 2 (1-f;+2f) oM X
j=iv k+j=iv; y=a,p.

The dimensionless balance equations of trap occupation
probabilities appear as follows:

df; o' 6@
J _ ) _ J (@) _ k (o)
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TaBLE 1: Dimensionless variables and parameters and scaling and reference values.
Name Expression
. C;Y) _ rCEY)
Dimensionless point-defect concentration ij = 56‘7@ j=Lv =5
j
x—"x
Dimensionless spatial coordinate &= o
x
. . . t - rt
Dimensionless time T= o
(y) 4DEY)
Dimensionless diffusion coefficient &Y = j=iLv; y=a, B
7T 9p®
1
p»
Dimensionless lattice spacing oV = I Y= B
Y) )
o [praran @ eop)
a s (a®)’ D) v=ohs
(D)
) 2
o 8117 K" () -
- EJ' = 2y ) ) jEbviy=op
16 (totsfi“’ﬁ)) (xiv Q('V) (D1 + Dv )
oL’
_ Fi=————— j=iw
J (-f3) 1(e0) >
tot S] Di
Reference concentration rCY) = *CEY) j=iLv y=a,f5
Reference spatial coordinate "x=0;
Reference time "t =05
K(y)
Scaling concentration SC?') = 7(()” j=iLv y=a,f5
K
w
. . . . 3L
Scaling spatial coordinate xX==
12
Scaling time t=—
D;

along with their initial conditions

7=0,

fi=0 j=iw.

(18)

Dimensionless boundary conditions for the symmetric
surface of the entire system may be expressed as
E=0;, Vvr

an'a) (19)

o¢

while dimensionless boundary conditions represent the free
surface on layer f3 as

=0 j=1iv

E=1; vr

® (20)
K, j=iw.
9

With the aim of illustrating and discussing model results,
additional auxiliary quantities needed to be introduced.
Specifically, let us define the average point-defect concentra-
tion in layer « and in layer f3 as

@ @

X =3L X ©ds j=iv, (21)
—®_3(" » .

X ZEL/sz ©de j=iv, @22

respectively. The average dimensionless point-defect net-
production rates are also introduced:

w 1/3
n® = 3J AW (1- @y de, (23)
0
1
ool j AP (1- xP ) ae. (24)
2 hy
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The dimensionless point-defect fluxes are expressed as

aX(‘V)

) _ 4 S e = 25
Ji" =9, o j=iLv y=ap. (25)
Model equations are solved by using the commercial soft-
ware COMSOL Multiphysics 3.4, along with the parameters
reported in Tables 2-5.

3. Results

In what follows, copper is represented by metal & while metal
B is nickel, niobium, or vanadium. Results are shown in
a double-log plot (Figures 2-9) and they are obtained by
solving the dimensionless version of the model illustrated
in the previous section. All the results belong to the half-
symmetric part of the layered system depicted in Figure 1.
Temporal profiles of average point-defect concentrations
in layers « (Cu) and 3 (Nb, Ni, and V) are shown in Figures
2 and 3, respectively. Total irradiation time is around 90.5s
[19], which corresponds to a dimensionless time of 5 10°. Tt
can be seen in Figure 2(a) that )_(f“) constantly increases from
the equilibrium concentration until T = 0.2. Then, average
concentration of SIAs in layer « remains constant up to 7 =
10°. This behavior can be observed for all the systems investi-
gated. However, there is a different evolution in Cu/Ni system

for later times. Indeed, in this case, Xf.“) abruptly increases
to reach a higher stationary SIA average concentration with
respect to Cu/V and Cu/Nb systems. Figure 2(b) shows the
temporal evolution of the vacancy average concentration in
layer «, Xf,“). Significant differences can be observed with

respect to the behavior of XE“). First, it can be seen that the

Xi“) stationary state is reached at longer times (r = 10%)

and, secondly, the stationary value of X(V“) is higher compared

to the steady-state )_(E“) value. The overall evolution of )_(5“)
appears quite similar for all the systems investigated, even if
the Cu/Ni system shows a slightly lower stationary value of
the vacancy average concentration.

The corresponding temporal profiles of SIA and vacancy
average concentrations in layer 3 are shown in Figures 3(a)

and 3(b), respectively. It can be seen that )_(E’B ) reaches a
stationary value at approximately the same time in Cu/V and
Cu/Nb systems, while a little longer is needed for the Cu/Ni

one. However, Z(ﬁ ) maintains this value in V layer during the

whole irradiation exposure, while an increase and a decrease
in Ni and Nb layers, respectively, can be observed at longer
times. Then, a new stationary state is reached in these two
layers. Figure 3(b) reveals that the average concentration of

vacancies in layer f3, Xiﬁ ) at steady state is higher in Nb and
Ni layers than in V one. It can be also observed that stationary
state is reached earlier in the Cu/V system with respect to
Cu/Ni and Cu/Nb ones.

In order to explain differences and similarities in the
temporal evolution of point-defect average concentrations
shown so far, it can be useful to investigate the advance-
ment of all relevant phenomena concurring to produce,
annihilate, and transport point-defects inside the systems.

Point-defects production rate is temporal and spatially con-
stant (cf. (1)) but it depends upon the metal layers are made of.
Specifically, the dimensionless point-defect production rate
has the following values: 0.40107, 2.88107°, 0.73107°, and
2.18107 for Cu, Nb, Ni, and V, respectively. On the other
hand, point-defects recombination rate depends upon their
concentration. This means that the net-production rate of
point-defects is time and spatial dependent. The combined
effects of these two phenomena are shown in Figures 4(a)

and 4(b), where the temporal profiles of the average point-

defect net-production rate in layer «, T and layer B, o

are reported, respectively. It can be clearly seen in Figure 4(a)

that T does not significantly vary up to 7 = 10, for all
the systems investigated. Then, a decrease down to a new
stationary state is observed in the Cu/Ni systems. On the
other hand, average point-defect net-production rate in layer
« does not show any significant variation in the Cu/V and
Cu/ND systems all along the irradiation period. A different
time evolution of average point-defect net-production rate

may be observed in layer 3. Indeed, Figure 4(b) shows that

T remains constant for all the systems studied only until

7 = 10*. Then, it keeps its initial stationary value in V layer
while a significant decrease occurs in Ni and Nb layers.
Besides recombination in the bulk, there is another mech-
anism affecting point-defect annihilation, which is point-
defect flux to the interface between the two metals. Temporal
profiles of point-defect fluxes from layer « and layer f3 to the
interface between the two metals are depicted in Figures 5 and
6, respectively. SIAs diffuse much faster than vacancies (cf.
Figures 5(a) and 5(b)); then SIA flux reaches its maximum
earlier than vacancy one. It should be also noted that SIA
and vacancy fluxes from layer o to the interface have the
same value for all systems once the steady state is reached.
Moreover, it can be seen that only point-defect fluxes from
layer o in Cu/Ni system present differences, even though
small, with respect the other systems investigated. On the
other hand, Figure 6 shows that point-defect fluxes from layer
B strongly depend upon the system investigated. SIA flux

from layer S to the interface (cf. Figure 6(a)), ]i(ﬂ ), is much
lower in the Cu/Ni system. In this system an abrupt decrease

of ]i(ﬁ ) at 7 =~ 10° can be also observed. Temporal profiles

of ]i(ﬁ ) in the other two systems are quite similar, even if a
slight decrease can be seen in the Cu/Nb system at longer
dimensionless times. Concerning ]iﬁ ), it can be seen (cf.
Figure 6(b)) that Cu/Ni system presents the lowest values
also in this case, but there is a slight decrease instead of an
abrupt one. Vice versa, the highest vacancy flux occurs in
Cu/V system at any dimensionless time, even if its steady-
state value is closer to the one pertaining the Cu/Nb system.
In addition, J 1(};; ) does not show a decrease in Cu/Nb system
as in the case of ]1.('8).

It should be pointed out that point-defect production
and bulk recombination phenomena are only dependent on
the properties of the layer where they are taking place. On
the other hand, point-defect flux to the interface depends
upon the properties of the two adjacent layers (recalling
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TABLE 2: Model parameters for copper.

Parameters Unit Value Reference

a m 3.6151071° —

b m 25561071 —

"E, J 4.374107" [44]

"E, J 1.666107" [45]

ME, J 0.131107" [44]

ME, J 1154107% [45]

kg JK! 1.3806488 10> —

K, m7’s! 2.0510% This work

L m 3001071 This work

Fs, JK! 10.257107% [46]

Fs, JK! 1.878107% [47]

My, s 0.2010" [46]

My, s 0.7610" [46]

tor gl p) m™ 0.13-3.2010"7 Tables 3, 4, and 5

tor gl A m 0.13-3.2010"7 Tables 3, 4, and 5

T K 573.15 This work

z — 4 This work

« — 1 [39]

o, — 48 This work

o m?s? 0 This work

a, — 1 [39]

v s 10" [39]

Q m’ 1.182107% —
TABLE 3: Model parameters for niobium.

Parameters Unit Value Reference

a m 3.3031071° —

b m 28611071 —

FE, ] 7370107" [48]

*E, ] 4.791107" [45]

ME, ] 0.128107" [48]

ME, ] 1.458107" [45]

kg JK! 1.3806488 107 —

K, m7s! 1.3710% This work

L m 3001071 This work

'S, JK! 0 This work, [49]

Fs, JK! 2.899107% [50]

My, s 0.8110" [48]

My, s 2.0110"° This work, [50]

tor gl m 3.2010'7 (5]

tor gl m 3.2010'7 (5]

T K 573.15 This work

z — 4 This work

« — 0.16667 [39]

o, — 144 This work

a m s 0 This work

«, — 1 [39]

v st 10 [39]

Q m’ 1.802107% —
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TABLE 4: Model parameters for nickel.

Parameters Unit Value Reference

a m 3520107 —

b m 2.489107"° —

"E, ] 7.899107" [44]

"E, ] 2.195107% [45]

Mg ] 0.256107" [44]

Mg, J 2.059107" (45]

kg JK! 1.3806488107% —

K, m7>s! 2.2710% This work

L m 3001071 This work

Fs, JK! 20.561107% This work, [51]

Fs, JK! 26921073 [47]

My, s 0.7910" This work, [51]

My, s 4.4410" This work, [52]

torgler m2 0.1310" (53]

torglort m2 013107 (53]

T K 573.15 This work

z — 4 This work

« — 1 [39]

o, — 48 This work

o m st 0 This work

«, — 1 [39]

v s 10" [39]

Q m’ 1.094107% —
TABLE 5: Model parameters for vanadium.

Parameters Unit Value Reference

a m 3.020107%° —

b m 2.615107° —

FE, ] 6.80910°" (48]

*E, ] 4.021107" [45]

ME, ] 0.160107" [48]

ME, ] 0.993107" [45]

kg JK! 13806488107 —

K, m’s! 0.8910% This work

L m 3001071 This work

fs, JK! 0 This work

Fs, JK! 4446107 [54]

My, s 1.4010" (48]

My, s 1.5810% This work, [55]

tor (V) m 0.5010" (5]

tor V) m 0.5010" [5]

T K 573.15 This work

z — 4 This work

« — 0.16667 [39]

a;, — 144 This work

a, m s 0 This work

«, — 1 [39]

v st 10 [39]

Q m’ 14581072 —
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FIGURE 2: Temporal profiles of average (a) SIA and (b) vacancy concentration in layer «.
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FIGURE 3: Temporal profiles of average (a) SIA and (b) vacancy concentration in layer f3.

boundary condition (16)). Therefore, we should study in
detail which point-defect flux the interface depends on.
Besides point-defect diffusion coefficient and lattice spacing,
which do not generate differences in layer « since it is the
same metal (Cu) for all the systems, flux relies on point-
defect concentration at the interface and trap occupation
probabilities. Time evolution of point-defect concentrations
at the interface located at & = 1/3 for both layers « and f3 is
shown in Figures 7 and 8, respectively. It can be seen that time
evolution of SIA (cf. Figure 7(a)) and vacancy (Figure 7(b))
interface concentration in copper layer is approximately
the same for all systems investigated up to 7, equal about

10*. Then, we can observe an abrupt increase of the SIA
concentration in the Cu/Ni system and a slight decrease of
vacancy concentration for the same system. Similar behavior
can be seen in Figure 8(a), where the concentration of SIAs at
the interface in layer f3 is reported. A different evolution can
be observed in Figure 8(b), where it clearly appears that the
lower steady-state concentration of vacancies occurs for the
Cu/V system.

Lastly, temporal profiles of trap occupation probabilities
by point-defects are shown in Figure 9. Trap occupation
probability by SIAs (Figure 9(a)) increases and then it reaches
a stationary state for all the systems investigated. It can be
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FIGURE 4: Temporal profiles of average point-defect net-production rate in (a) layer « and (b) layer S.

also seen that stationary value is higher in the Cu/Ni system
and lower for the cases of Cu/Nb and Cu/V, which behave
similarly, even if steady state is reached by Cu/V system
sooner than by Cu/Nb one. A different behavior is shown
by vacancy trap occupation probability (cf. Figure 9(b)).
A similar behavior of Cu/V and Cu/Nb systems can be
observed. Instead, f, in Cu/Ni system reaches a maximum
followed by a decrease down to a stationary state. It should
be noted that f; and f, have similar values at steady state
in Cu/Nb and Cu/V systems, their temporal evolution being
very different than Cu/Ni coupled layers.

4. Discussion

Before starting to discuss the results shown in the previous
section, it is worth recalling that thin layered systems are
designed with the aim of increasing interfaces” density. This
way, surface available for point-defect annihilation increases
and their concentration within the system consequently
decreases. Indeed, the technological goal is to maintain the
concentration of SIAs and vacancies as low as possible, in
order to limit clustering and then material damage induced
by irradiation. Therefore, discussion of numerical simulation
results should begin by commenting on and comparing
point-defect concentration within the systems investigated.
The behavior of the same metal Cu (layer «) is also worth
highlighting, when surrounded by diverse metals f3.

Temporal profiles of average SIA and vacancy concen-
trations in layer « and layer 8 are shown in Figures 2 and
3, respectively. A general comparison reveals that vacancy
average concentration is typically higher than SIA one in both
layers for all the systems investigated. This is a consequence
of the higher diffusion rate of SIAs with respect to vacancies.
Moreover, stationary state is reached by all systems inves-
tigated. It can be also seen that Cu/Nb and Cu/V systems

have a very similar behavior regarding point-defect temporal
evolution in layer « (cf. Figure 2), while different profiles are
shown at longer times by the Cu/Ni system. Specifically, latter
system reaches a higher Z@ with respect to the other systems
investigated, along with a lower steady-state vacancy average
concentration. The mechanisms giving rise to the different
behaviors underlined above are worth analyzing.

First result is as follows: higher X;“) should be due to
higher net-production rate of SIAs and/or lower SIA flux to
the a-f3 metals interface. Inset in Figure 5(a) confirms this

explanation with respect to ]i(“). On the other hand, lower

value of ﬁ(a) at longer time of Cu/Ni system (cf. Figure 4(a))
may be explained as an effect of the higher recombination

rate generated by the higher value of Xf.“) (see (23)). The
lower SIA flux shown by the Cu/Ni system is now worth

enlightening. Examination of (16) reveals that ]i(“) depends
on a proportionality constant, SIA concentration at the
interface, which shows a higher value according to X;“) (see
Figure 7(a)), and trap occupation probabilities. Specifically,

]i(“) decreases as f; increases. Figure 9(a) indeed shows that
f; reaches its maximum value, that is, f; = 1, only in the
case of Cu/Ni system. This finding may then explain the lower
value of ] i(“) for this system and its peculiar behavior shown
in Figure 2(a). Saturation of SIA traps at Cu/Ni interface
can also clarify the lower steady-state vacancy concentration

z(f") shown by the same system (cf. Figure 2(b)). In fact, as

explained above, the higher value of XE“) decreases the point-
defect net-production rate, which, in turn, decreases X(v“). The
lower level of this variable may also explain the lower value
of ]5“) (cf. Figure 5(b)) through the lower value of vacancy
concentration at the interface (cf. Figure 7(b)). Finally, the
decrease of f, shown in Figure 9(b) may be also elucidated
as an effect of the reduced vacancy flux to the interface.
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FIGURE 5: Temporal profiles of (a) SIA and (b) vacancy flux from layer « to the interface between metals & and f3.
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Mechanisms illustrated above are also responsible for point-
defect average concentration in nickel layer (cf. Figure 3).

It was stated that Cu/Nb and Cu/V systems show a
very similar behavior, being the only significant difference
represented by the vacancy average concentration in vana-
dium layer (metal f). Specifically, Cu/V system presents a
lower steady-state value of Xffs ), which cannot be explained
because of vacancy net-production rate. Indeed, Figure 4(b)

reveals that I of the Cu/V system is similar to Cu/Nb and
higher than Cu/Ni even if latter ones both show a higher

stationary value of Xff; ). On the other hand, Figure 6(b) shows
a constantly higher vacancy flux from layer f3 to the interface

between metals o and 8 in the case of Cu/V system. This
finding may instead explain the lower stationary average
vacancy concentration characterizing V layer.

To conclude, differences in the irradiation behavior
shown by the systems investigated may be explained on the
basis of both surface characteristics and bulk layer properties.
Specifically, the peculiar behavior of Cu/Ni system is due to
the lower value of the parameter thlgcu’Nl) (see Tables 2-5),
which induces a faster saturation of SIA traps occupation
probability. Instead, higher diffusivity of vacancy in vana-

dium layer causes the lower stationary value of )_(f,ﬁ ) in Cu/V
system.
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5. Concluding Remarks

In the present work, a continuum model of point-defect evo-
lution in multilayer composites was developed. Numerical
investigation on similarities and differences between Cu/Nb,
Cu/V, and Cu/Ni systems were also performed. A general
comparison of model results reveals that average vacancy
concentration is typically higher than SIA one in both layers
for all the systems investigated. This is a consequence of
the higher diffusion rate of SIAs with respect to vacancies.
Stationary state is reached without saturating interface point-
defect traps by all systems but Cu/Ni for the case of SIAs. It

can be also seen that Cu/Nb and Cu/V systems have a very
similar behavior regarding point-defect temporal evolution
in copper (layer ), while higher SIA concentration at steady
state is shown therein by Cu/Ni. Moreover, Cu/V system
displays the lower stationary vacancy concentration in layer

Differences in the irradiation behavior shown by the
systems investigated may be explained on the basis of both
surface characteristics and bulk layer properties. Specifically,
the peculiar behavior of Cu/Ni layers is due to the lower
value of the interface concentration of traps for point-defects
characterizing this system, which leads to the saturation of
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SIA traps. Instead, higher diffusivity of vacancies in V layer
causes the lower stationary value of vacancy concentration in Transfer velocity, m s~

kg: Boltzmann constant, J K™

K:
layer f8 of Cu/V systems. K;,: Recombination factor of the antidefects,

K:

1

As a final concluding remark, model results reveal varia- m3s!
tions in interfacial Cu vacancy sink efficacy as a function of Production rate of point-defects,
interface type. Specifically, while Cu/Nb and Cu/V interfaces m3s!
are comparable in terms of point-defects absorption, Cu/Ni L Layer thickness, m
system results to be much less effective. These findings are Re: Removal rate of point-defects due to

. . -3 -1
recomblnatlon, m 3 S

Fg: Entropy for formation of point-defects,

qualitatively in agreement with the results reported by Mao
et al. [19]. Indeed, they indicate that the average point-defect
absorption probability should be highest for Cu-Nb interfaces

-1
and lowest for Cu-Ni interfaces with a moderate sink strength M JK . )
associated with Cu-V interfaces in between the two other S: Ent_rlopy for mobility of point-defects,
systems. Work toward a quantitative comparison between JK
model predictions and Mao et al. experimental results is along **!S: Concentration of traps for
the way. point-defects, m ™
T: Temperature, K
Nomenclature t: Time,s
x:  Spatial coordinate, m
a: Lattice constant, m z:  Number of jumps, —.
A:  Dimensionless production rate of
p o1n.t-defec‘Fs, o Greek Letters
b:  Lattice spacing, m
C: Concentration of point-defects, m ™~ a: Diffusion parameter of point-defects, —
D: Diffusivity, m*s™" «;,: Combinatorial factor, —
E: Dimensionless parameter of point-defect o Surface recombination coefficient, m ™ s™"
jumps from the matrix, — x: Dimensionless concentration of point-defects, —
F: Dimensionless parameter of point-defect §: Dimensionless diffusivity, —
surface recombination, — vp: Debye frequency, s~
FE: Activation energy for formation of My. Migration attempt frequency, s™*
point-defects, | 7:  Dimensionless time, —
ME: Activation energy for mobility of @®: Dimensionless lattice spacing, —
point-defects, ] Q: Atomic volume, m’
f:  Trap occupation probability, — & Dimensionless spatial coordinate, —.
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Superscripts

*: Equilibrium
r: Reference

st Scaling

(a):  Layer of element «
(p):  Layer of element y
(B):  Layer of element 3
(a-f3): System formed by elements o and S.

Subscripts

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