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Abstract

Atomistic simulations have revealed an unconvertidoehavior of point defects at interfaces found
in multilayer composites synthesized by physicaboradeposition but the observed mechanisms that
involve point-defect annihilation are subject toné+scale limitations. So, a mathematical model that
describes long-term evolution of point defectsuctsmaterials under irradiation is presented is thork.
Firstly, the effect of interface point-defect trapp and recombination mechanisms on point-defect
concentrations has been studied. In addition, fieeteof interface self-interstitial atoms loadinghich has
been seen during collision cascades, and consetitivacancies has been studied too. Two interface
configurations have been considered between meta$-a-p three-layer systemu(= Cu andp = Nb, or
V), KSmin and KS. These interfaces correspond to ground-state efetfree KS structures respectively.
The respond to irradiation of the systems invetiddere, Cu/Nb and Cu/V, depends on both, interfac
characteristics and bulk properties. Nonetheldss,irifluence of the properties of one metal in poant-
defect evolution of the other metal is only effeetif there are constitutional vacancies at therfate, i.e.,
for KSmin. Especial attention has been paid to the beha¥itre same metal (Cu) when it is surrounded by
diverse metals (Nb, or V) with the aim of comparqantitatively our model predictions with experirted
results reported elsewhere. The lower concentraimacancies in Cu layer of Cu/Nb system at stesidte

is due to the low mobility of vacancies in niobium.



1. I ntroduction

Heterophase boundaries are interfaces with a greatplexity between crystals of dissimilar
chemistry, structure and orientation. The increzfsaterfacial area respect total volume can maltenml
behavior to be influenced or even determined bywabmoundaries. Thus, nanoscale metallic multilayer
composites (NMMCs) with ultra-high strengths antiarced radiation damage tolerance could be designed
tailoring layer thickness to take advantage of #temic structure and energetics of the interfgdgs
Nevertheless, the increase of interfaces numbastienough as they must be of the correct {#Zpeln spite
of their well-known importance, it has not beengible to study heterophase boundaries in detail last
years in which the situation has changed thanks#byses with increased resolution and sensithasides
to high-performance computational resour@s

Variations in composition, stress or temperatueg/ wause some interfaces to change easily from a
metastable state to another one of almost the samaggy which makes them affect a wide variety of
processefd]. Kurdjumov—Sachs (KYp] and Nishiyama—Wassermann (NY8)7] orientation relations are
commonly found in close-packed fcc/bece interfacesndy the former the most studied. Despite their
incommensurate character, a quasi-periodic pattepatches may be present in these interfaces.i e
case of the interface atomic configuration termes| K& Cu/Nb multilayer composites which have been
used as model systems. While in;KBere are patches of undercoordination, i.e.rfexte areas where a Cu
and Nb atom are practically above each other, riohpa of undercoordination exist in KBB]. KS; is
obtained joining Cu and Nb layers with the KS otaion relation. However, interfacial Cu plane i§Hs
homogeneously strained and rotated in such a watyntlakes this interface slightly favorable eneungdity
respect K& As a consequence, K8ontains an extra interface between the strainafacial Cu plane
(Cu,) and the rest of Cu layer, ¢Gu, in addition to Ca/Nb one.

Lattice mismatch in heterophase interfaces maydmmmodated by lattice strain, or by misfit
dislocations injection which makes component cigsta return to the unstrained state. The existarice
misfit dislocations can be proved by means of aedistry analysis throughout the interfddé. For such
analysis, the relaxed structure and the correereate stat§9,10], in which the interface is coherent, are
needed. There are two sets of parallel misfit degion in Cu/Nb interface of KSand there is one set in
each interface of KS(Cu/Nb and CyCu). Parameter values characterizing above setsteffacial
dislocations present in K&nd KS can be found iiRef. (4) while their relative arrangement is illustrated in
Ref. (11).

Real Cu/Nb interfaces are not atomically flat ewemultilayer composites synthesized by physical
vapor deposition (PVD). Shear elastic constant€wNb interfaces have been demonstrated to beyhighl
temperature dependent and easily influenced bystidye densityf12]. Therefore, interfaces with different
atomistic roughnesses may have different shednesifes. Severe plastic deformation (SPD) techsique
allow to create Cu/Nb interfaces with differentemtation of the habit planes to that of K&hd KS [13].
This is the case of the interface studied in abwok (Cu/Nhyg and that has been compared with, Kk8&d
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KS; (Cu/Nhyg). Cu/Nhbypg contains three sets of parallel misfit dislocasiofihe dissimilarities found in the
interface shear response of Cujitand Cu/NB,q do not proceed from the difference of interfacergg
[14] but from the difference in misfit dislocation stture. Just one set of Cu/jbmisfit dislocations has a
Burgers vector within the interface plane which liep that the interface shears in that directioa., ithe
transverse direction along interface, but not kinathe horizontal direction along interface. Toier two
sets have Burgers vectors with non-zero compometite direction perpendicular to interface. Thes&fitn
dislocations are not able to glide within the ifdee by themselves, they would need climb to occur.
Nevertheless, misfit dislocation climb is unlikeétyoccur[13].

Light-ion beams are frequently used to study tfieces of radiation on materials propertigs].
Such bombarding particles provoke atomic displacemthat lead to the creation of self-interstingdms
(SIAs) and vacancies mostly. These defects predasin a region close to the irradiated surfacerevien
amount is negligiblg16] and can be removed by means of recombination. @rtbe most promising
strategies in the mitigation of radiation damagé¢hes introduction of heterophase interfaces withagiced
ability to annihilate point defecfd]. An Embedded-Atom-Method (EAM) potential develogexm Cu and
Nb single-element potentials, and the Ziegler—BieksLittmark (ZBL) universal potential were joinéal
describe the interatomic and short range repulsitegactions respectively in Cu/Nb multilayers carsipes
[17]. The resulting potential was used to simulateigiolh cascades nearby Cu/Nb-KiSterface as well as
in single Cu and Nb crystals. The number of poiefiedts produced per keV of primary knock-on atom
(PKA) energy in Cu/Nb multilayers was 50-70% lowean in single Cu and Nb crystdls7]. This unique
response of Cu/Nb NMMCs to irradiation arises fribra extraordinary behavior of point defects in Qu/N
interfaces. Indeed, void density and size in Cwedsyof Cu/Nb NMMCs decrease when reducing the
thicknesq18].

Point-defects formation energies in Cu/Nb inteea@nd bulk constituent metals were compared
with the purpose of evaluating the point-defecppiag capacity of such interfaces. Molecular Dyreani
(MD) simulations revealed similar and smaller palefect formation energies away from Cufhib
interfaces and close to them respectively. SomeSs show similar formation energies to interfacial
values at distances of up 1 rj4j. The relaxation process analysis of a Cu SIA katdt nm from Cu/Nb
interface showed a spontaneous migration to tlefade without any energetic barrier or a very $imad.
The sites of lowest point-defect formation energie€u/Nh,q interfaces are located in the regions of the
guasi-periodic pattern commented previously thaium coincide with the misfit dislocation interteas
(MDils). A Density Functional Theory (DFT)-based &qmation was given in strain terms for vacan¢i€y.

A high corrugation exists in MDIs because a Cu atemearly on the top of a Nb atom and they repulse
each other. The introduction of a vacancy in threggons decreases the corrugation. The cost renhuofi
introducing a Cu vacancy is such that it ends upgoenergetically favorable unlike what happenssiolat

of MDI regions. This means that a lower energyriaiee, KS,in, can be found removing appropriate Cu
atoms from K@ and KS [4]. In addition, Gonzalez et al. calculated the fdioreenergy of a vacancy in the
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second plane of both sides of Cu/Nb interface Miars and the migration energy to the interfacians.
Vacancy formation energies are between bulk anerfaxte values, and vacancy migration energies are
lower than in the bulk20], so a successful vacancy trapping effect of Cufitdrface is expected.

A Cu atom removal or insertion in K8loes not form compact point defects after relaxabut it
changes the atomic volume in an extensive regionfaa interface reconstruction leads to the craatiod-
and 5-atoms rings in the 3-atom ring netwptk A point defect can be seen as a square edgecdisio
loop of atomic dimension§4,11]. If the two edge segments of the dislocation Igbpe in contrary
directions, a screw segment is created. This wbaldinfavorable energetically unless a screw disitmta
with opposite Burgers vector already exists asia tase. The elimination of the screw segment d&etw
edge ones results in a screw dislocation with agjog) a kink pair. Thus, a small patch climbs ormenadt
plane from Cu/NDb interface converting into X{&1]. On the other hand, the insertion or removal o&imm
in Cu, plane of KS provokes the shifting of a small patch from@u to Cu/Nb interface becoming KS

Away from Cu/NRyq interfaces, point-defect formation energies amglar to the values obtained in
single Cu and Nb crystal as it occurs in Cu/Nb rayler composites synthesized by PVD, but highly
variable in their vicinity for vacancigd3]. The sites of lowest point-defect formation enesgh Cu/Ngyqg
are located in MDI regions too. No constitutionalcancies are present in Culpipinterfaces since all
vacancy formation energies are positive. Furtheemao point-defect delocalization occurs. The pgnal
energy associated to strained,@lane of K$ is compensated with the energy gained by avoidaigfit
dislocations from intersecting at the same interfptane (K9. Hence, differences in the interaction of
Cu/Nbypg and Cu/Nbyg interfaces with point defects may be caused byirtheility of Cu/Nkpg misfit
dislocations to shift one atomic plane.

In order to test the influence of thermodynamioparties and interface geometry on the atomic
structure as well as on interface point-defect fron energies, EAM interaction potentials wereeditto
different values of dilute heats of mixif@l] and lattice misfit[22] respectively keeping the rest of
parameters unchanged. Variation of dilute heatwmiging, and therefore bonding strength, does nfgtcaf
significantly the atomic structure or Cu vacancynfation energies, but it does affect Cu SIA foriomti
ones. Variation of lattice misfit alters signifitgnthe atomic structure due to changes in the imisf
dislocation spacing and the dislocation characMdr.lattice misfits showed Cu point-defect formatio
energies lower than bulk values except in one fas&acancies. An increase of low vacancy formation
energy sites is usually associated to an incre$4Dd density so other semicoherent interfaces ddug
design to trap point defect effectively.

Cu/Nhyq interfaces not only act as sinks for point defethey are catalysts for point-defect
recombination too. Kink-jog pairs formed after a &om insertion or removal, have dipolar elastads
that allow long-range interactions between themis Tauses a significant increase of the criticatatice
for Frenkel-pair recombination compared to Cu snglystal[11]. On the contrary, the critical distance for
Frenkel pair recombination in the interfacial Nlae is not increased as markedly as in the Cu ec&use
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Nb point defects remain compact. But, despite thienkel pairs formed in Nb layer can also takeaatige

of the mechanism that aid rapid point-defect recoation in Cu layer if they migrate to the inten@dCu
plane [4]. In addition, the emission of SIAs from the intexés may play an important role in the
annihilation of radiation damage. MD simulationsniastrated that Cu SlIAs are loaded in Cu/Nb inteda
during the collision cascadgz3]. Next, such SlAs interact with the remaining vagas in Cu layer even if
the latter are some planes away from the interfAc®lA is emitted from the interface causing anamiged
movement of adjacent Cu planes atoms that endsthathannihilation of a vacancy. The creation of low
vacancy formation energy sites in Cu layer as altre$ SIAs loading confirms the existence of lor@mnge
SlA-vacancy interactions. The SIA emission mechanisan be seen both in Cu/Np and Cu/Nlyq
interfaces but it has a greater range of interadtidhe last ones.

Point-defect clusters delocalize forming 4- andt&ms rings in Cu/NRq interfaces as single SIAs
and vacancief24]. Either single point defects or SIA clusters ekiong set 1 of misfit dislocations while
vacancy clusters extend along set 2. Taking asemrede ground-state interface, K point-defect cluster
formation energy increases linearly with the numbgipoint defects in the cluster unlike in single C
crystal. The lack of thermodynamic driving forces €lustering besides the higher configurationatagy
of isolated point defects than forming a clusteggast a tendency of point-defect clusters to divide
smaller ones and occupy different MDIs which maybgeeficial due to the reduction of void formation.

MD simulations revealed that delocalized pointedées migrate along set 1 of misfit dislocations
from a MDI to a neighboring one in Cu/pNp interfaces[24]. In between, the delocalized point defect
extents and reside on both MDIs at the same tirhe.tfansition from delocalized state to extendesl aml
vice versa requires the nucleation of thermal kpairs at neighboring MDI and between both MDIs
respectively. Then, a kink-jog of the delocalizexinp defect annihilates with a kink-jog of the timad kink
pair permitting the transition between states. ftakinks nucleation or annihilation determines ¢nergy
barriers in the migration path which are small@mtim the bulk. On the contrary, DFT calculationggest
that vacancies stabilize at MDIs once they getpeap19]. Nevertheless, supercell size limitations do not
allow considering delocalized vacancies in the Vestk. In Cu/NRpq interfaces, point defects are expected
to migrate in a conventional way due to the predami edge character of the three misfit dislocasiets
and the incapacity of point defects to delocaiZg. Formation, migration and dissociation of poinfeas
clusters in Cu/NRq interfaces are governed by a multistage procedis similar mechanisms to single
point-defect migration ong®4]. Either delocalized point defects or thermal kp#irs can be represented
by dislocation segments and, saddle points in tlggation path of point defects correspond to diagtamm
nucleation or annihilation. Hence, minimum energyhs may be analytically calculated with dislocatio
mechanics mode[5].

The reduction of layer thickness decreases pafaeall concentrations and fluxes to the interface.
Nevertheless, point-defect concentrations are sengitive to sink efficiencf26]. Indeed, different atomic
configurations results in different misfit dislomat structures that interact in turn differentlytivipoint
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defects. Different void denuded zones (VDZ) widihere seen near Cu/Nb interfaces depending on their
crystallographic charact¢t8]. Sink efficiency of Cu/Ng interfaces is higher than Cu/Npone but none

of them get decorated with voids unlike grain bames in nanocrystalline Ci27]. Thus, synthesizing
multilayer composites that remain free of voidpassible if layer thickness is reduced until VDZ=an
neighboring interfaces overlap.

He-irradiated Cu/Nb NMMCs are thermally stablecantrast with grains in nanocrystalline Cu that
significantly coarse28]. Nevertheless, while He ions only transfer a srimatition of their kinetic energy
to Cu and Nb atoms, morphological stability of Co/NMMCs may be compromised if they are irradiated
with energetic neutrons or heavy id29]. Neutrons or heavy ions collide with Cu and Ninaanitiating a
ballistic phase followed by the formation of a tmat spike. The temperature reached is much hidiar t
the melting one so a transient liquid phase formsl the energy is dissipated to surrounding atoms.
Thermal spikes lead to the formation of point-defelusters and, due to mixing across heterophase
interfaces, an interfacial amorphous layer whogekiiess is proportional to the square root of dose.
Radiation-induced mixing is independent of integfarystallography and may be reduce by choosing low
solubility metals with minimal liquid interdiffusity as multilayer composite constituent30,31]. In
addition, the interdiffusion region of one integashould not overlap with the interdiffusion regiohan
adjacent interface to avoid layer pinchoff andréifi@e, minimum layer thickness of Cu/Nb NMMCs slibu
be between 2 and 4 nj29].

The mechanisms underlying point-defect annihitated NMMC interfaces has been covered in
enough detail at atomistic scale. Neverthelessy #re subject to time-scale limitations so a cantm
approach that describes long-term evolution of {pdéfects in irradiated NMMCs is highly desirable.
order to provide a contribution along this lined#8a et al. validated a mathematical model to stiny
dynamic behavior of vacancies and interstitialh@mostructured metallic monolayers of Cu and[BRj.
Layer boundaries were described as continuum s$upis$iaibution of sinks either neutral or varialile&sed
[33]. The effect of variation in layer thickness, temgpere, point-defects production rate, and surface
recombination coefficient on annihilation procesatterfaces was also addressed. In our previask
[34], above model was modified to take into accounérfate characteristics deriving from coupling
different metals and, to allow metal layers inflaeneach other’s behavior through the evolution of
interfacial variable-bias sink occupation.

The present work goes a step further and compareantitatively, model predictions with
experimental results in Cu/Nb and Cu/V NMM@35]. In such experiments, both multilayer composites
were synthesized by PVD. Hence, we have focusad®KSy,, and -KS interfaces ¢ = Cu and3 = Nb or
V). These interfaces correspond to ground-state defdct-free KS structures respectively. The former
contains constitutional vacancies, whose conceotras higher in Cu/Nb interface than in Cu/V oaed,
according to Mao et al., they seem to play a kég/ iroCu vacancy concentration dissimilarities begtw the
two systems at the steady state. They believeithatface constitutional vacancies trap interdstiand
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facilitate vacancy recombination. Moreover, the amentional behavior of point defects in above
interfaces has to be considered. Accordingly, banm@quations and initial conditions have been tathp
[34]. Point-defect interactions with damaged and prisboundaries tend to be differ¢B86]. KS; may be
seen as K& loaded with SIA437]. Thus, we have investigated the effect of intexf&tA loading 23] and
constitutional vacancie38] on the long-term point-defect evolution. Cu/Nb- a0d/V-KS, interfaces
have the same number of constitutional vacanciesviil, however, the areal MDI density is different.

Therefore, the effect of trap concentration hasite®lyzed too.



2. M athematical model

We consider the same system described in ourquswvork[34], where a layer of metal is in
between two layers of metfl(cf. Figure 1a). Therefore, some points explained in detail iahswork will
not be commented again and the reader should tefebove-mentioned reference. However, all the
necessary equations that allow the model resolutitihbe presented here for the sake of clarityeTh
evolution of point defects, i.e., self-interstitaioms (SIA) (i) and vacancies (v) concentrationayersa

andp is described by the following one-dimensional gpaeaction-diffusion equations:

ac
ot

o°ct)
-0 Sk R =iv y=ap @

along with their initial conditions
t=0,0x C="C" j=iv, y=a,B (2)

C" is the concentration of the point defect of tyjelayery, D! is the diffusion coefficient of the
point defect of typg in layery [26], while K{” and RY are the production and the recombination rates of

point defects per unit volume in Iayerrespectively.*CfV) is the concentration of the point defect of type |

in layery at thermodynamic equilibriug83]. As the production rate of point defects is asgitirae- and
spatial-independent in each lay84], the recombination rate of point defects is exggdsas a second order

reaction[33]:
RY (x,t) = KW (Cim —*Ci(y’)(Cﬁy) _*C\Ey)) y=a,pB: ©)

where K ") is the kinetic constant.

Point defects tend to get trapped in MDI regiohBIBIMCs interfaceq21,22]. In our previous work
[34], interfaces between metats and B were assumed to have a surface concentrationaps tfor

interstitials, *'S“#, and a surface concentration of traps for vacancies“®, as in Brailsford and

Bullough’s original work[39]. This means that traps for SIAs and vacanciesreated as different physical
entities, which is appropriate when point defeet®ain compact and well localiz¢t3]. However, trapped
SIAs and vacancies at interfaces of multilayer cositps synthesized by PVD delocalize in a similayw
and form kink-jog pairg4]. Thus, only one trap typology is considered irs twork which is capable of
accommodate both SIAs and vacancies. Moreover t-peiiect delocalization significantly increases the

critical distance for Frenkel-pair recombinatidd]. So, if a point defect jumps to an interface sitese to a

9



trapped opposite point defect, they recombine. &fee, boundary conditions at the interface between

metalsa andp may be expressed as:

L ()aCny) W ([ch—c») i =i o
x=5; Lt Dij:(l—fj—fk+sz)KjV (Cj —ij) j=iv, kzj=iv, y=a,p 4)

where L is the thickness of laygrand Kf") is the transfer velocity of the point defect gbey from layery

to the interface. A point defect may go into an eoupied trap site, either by a SIA or a vacancy, or
recombine with the nearest trapped opposite pafeat, jumping there fronz possible adjacent sites in
the matrix. In our previous wollld4], z was set equal to 4 for any material structure atingrto Brailsford

and Bullough’s work. Thus, the two interface anlaition mechanisms consisting of a point defect jungp

to an unoccupied trap and to an occupied trap byottposite point defect can be considered to have a
prefactor of 1 and 4 respectively. As point defetitisnot remain compact in PVD multilayer composites
interfaces, the original physical meaning of givinga value of 4 may be lost. Nonetheless, the etiea
value in point-defect annihilation at the interfdmgween metalsé andp has been evaluated in next section.

Point-defect trap occupation probability is ob&rby solving the following balance equations:

df, K (@ @

d_ - (1 f — f ) tot (a B) (C(ia) _*CJ'(H)) 4 fl totS(a B) (C(Of) CIEH))
Kw) K# . . .
+ 01, = ) gy (CF ' CP)- 2t gy (G0 ) i=iv kz =iy ©)
aS
- totS(a—ﬂ) fJ fk
along with their initial condition
t=0, f =f° j=iv (6)

J J

where 'S“#) s the surface concentration of traps for poirfeds andd is the surface recombination

coefficient. Temporal evolution of trap occupatimmobability by the point defect of tygedepends on the
fluxes of SIAs and vacancies to the interface arg\from both metal layers, andp, and the recombination

of trapped SIAs with trapped vacancies. Fadda. 82 demonstrated that point-defect evolution in a ineta

monolayer did not depend off; value. Hence,d; has been set equal to 0 in the same way thatiin ou

previous worl34] where we also studied metallic multilayer compessiés here. The present work focuses

on KSnin and KS interfaceq4]. While the latter does not possess constitutisaeancies, the former has 2-
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3 vacancies per MOB8]. Neither K, nor KS possesses constitutional SIAs. For a temperaiomiéas to
the one of this work, it was seen that a clusteb-@& SIAs or vacancies added to K&e., defect-free
interface, dissociated into smaller clusters antupied different MDIJ24]. Moreover, according to above
study too, if a SIA or vacancy cluster is adde& 8, i.e., the ground state structure, the SIAs oaxaEs
constituting the cluster are likely to evaporatenirit and remain isolated thereafter. Therefores, #&ssumed

that each MDI is capable of accommodate 2-3 SIAvawancies. K&, and KS differ in the initial

conditions of point-defect trap occupation probitie#, f°, which may be in the range [0,11,° takes a nil

value for both interface structures. Howevéf, takes a nil value for KSand a unity value for K.

By referring toFigure 1b, boundary conditions can be completed by the ¥otig ones. In the case

of the symmetric surface of the entire system, bdaoy conditions may be expressed as:

oCc(®

x=0; 0Ot
o0x

=0 j=iv (7

while in the case of the free surface on Igydsoundary conditions may be expressed as:

3L oc{? o
2' 6>J< =0 j=iv (8)

The model consisting of the balance Egs. (1) aleitg their initial conditions, Egs. (2), and their
boundary conditions, i.e., Egs. (4) in the casthefinterface between metalsandp3 modelled as variable-
biased sinks, Egs. (7) in the case of the symmstniface of the entire system, or Egs. (8) in teemf the
free surface, allows one to describe the spatraptwal evolution of point-defect concentrationsides
layerso andp undergoing radiation.

In order to obtain dimensionless and normalizegaigns and parameters, a change of variables has
been used in this work following the same procedepsrted previously34]. Dimensionless variables and
parameters, as well as scaling and reference vahrebe found in above work. According to this denf
variables, the evolution of dimensionless pointedefconcentrations in layer as a function of the

dimensionless time is described by the followingawpns:

a)(]gy) a2y .
_5»(}/) DAY - A(V) 1_ '(V) v) =V =a,p; 9
or S L=x"x") J 4 o ©)

along with the initial conditions
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r=0,0¢& )((V’ =iV, _y=a,pB (10)

At the interface between metats and B modelled as variable biased sinks, dimensionleamdbary
conditions may be expressed as:

1 ox;” _3 2 . .
f=30r o= =50 fi-frzf) g X’ j=iv k#j=iv y=ap (11)

The dimensionless balance equations of trap ocimupptobabilities appear as follows:

df 5 5 o]
[ P @, O @
E—Ej {(1 f]- fk)m(a))(j ijm(a))(k
) 5P 1 e
+EP| -, - ) (m)(jm—zf (m)(ﬁ”’) j=iv kz =iy (12)
-F, f,f,

along with their initial conditions

(13)

Dimensionless boundary conditions for the symmetuidace of the entire system may be expressed as:

oy
=0, 0Or =0 =iV 14
'3 % ] (14)
while dimensionless boundary conditions represgrttie free surface on laygras:
ayP
=1, Or L. =0 j=iyv 15
¢=1 % J (15)

Average dimensionless concentrateonl net-production rate of the point defect of type jayery,

X and Y respectively, as well as dimensionless flux of poant defect of type j from layer to the
interface between metats andf3, Jf”), have been defined as in our previous wi@4] with the aim of
illustrating and discussing model results. Modeliapns are solved by using the commercial software
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COMSOL Multiphysics 3.4, along with the parametersCu, Nb and V reported in our previous w$ad]
except the value of parametar, which has been evaluated in next section befetting it, and"'s“#,

which have been set equal to 2.5 times the valﬂé%&?”‘ﬁ) reported in above work. The latter is due to

KSmin and KS capacity to accommodate 2-3 SIAs or vacanciesacthevDI as it has been explained

previously.
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3. Results

In'what follows, copper is represented by metaihile metalf is niobium, or vanadium. Results are
shown in a double-log ploF{gures 2-9) and they are obtained by solving the dimensieiession of the
model illustrated in the previous section. All thesults belong to the half-symmetric part of thgetad
system depicted ifrigure 1. Firstly, the effect of parameter value in point-defect evolution is evaluated
as it has been indicated previously. This paramegnsitivity is performed in Cu/Nb NMMCs for eithe
KSmin or KS; interface configuration. Three2 values are considered, 0, 1 and 4. It should bednthat a nil
value of parameterz for KS; permits point defects in the matrix to jump onty wnoccupied traps,
canceling the mechanism consisting in the recontibimaf a point defect jumping from the matrix withe
nearest trapped opposite point defect (cf. Eqg.. B KSnin, @ nil value of parametee cancels both
interface annihilation mechanisms and suppressis-gefect fluxes. This last case represents tisemde
of point-defect traps.

The corresponding temporal profiles of averagatpdefect concentrations in Cu and Nb layers of
Cu/Nb system for the different values af are shown irFigures 2 and 3, respectively. It can be seen in
Figure 2a that)‘(lg“) constantly increases from the equilibrium conadran untilt = 0.2. This behavior can
be observed for alt values and for both interface configurations exéepKSni, with z =0. In this case,

)‘(E“) continues increasing until~ 10°. Then, average concentration of SIAs remains eonstp tot ~ 10’

in Cu layer. However, there is a different evolatior KS;, with z =0. Indeed,;‘(l(“) abruptly increases to

reach a stationary SIA average concentratitbgure 2b shows the temporal evolution of vacancy average
concentration in Cu layer. Initiallf." increases until longer times thﬁj‘f) except for K&in with 2=0. In
this case, vacancy and SIA average concentrati@uifayer show the same behavior. Similarly‘(li‘@, no

differences can be observed for K&tween the three values of until T~ 10’ . Then,)‘(,(,“) also increases

abruptly for z =0 to reach a stationary vacancy average concemtréai contrast)‘(,(,“) achieves a maximum

for KSmin with 2 equal to 1 and 4, to then decrease until steadg & reached. In all cases, the stationary

value of)‘(f,“) is higher compared to the stationary valuggﬁf except for K&n with z =0 that is equal.

Figures 3a and3b show the temporal profiles of SIA and vacancy agerconcentrations in Nb

layer respectively for the different values of It can be seen a similar behavioo‘(&f) compared t()‘é“) for

both interface configurations with the differentues of z. The same occurs wiﬁf,s) with respect to‘(l(,“),

although, some differences can be observed eith&lA or vacancy average concentrations. Firs?(jff),

decreases betwear~ 10° andt ~ 10 for all the cases studied except for#Swith z =0. Secondly;‘(‘(,ﬁ)

does not reach a maximum and decreases beforey stdd as‘(,(,“) for KSmin with 2 equal to 1 and 4.
Instead, a stationary vacancy average concentr&ioaached in Nb layer after the initial increaSe,
according to the results &igures 2 and3 for the different values of parameter, the overweighting of the

mechanism consisting in the recombination of a fpdefect jumping from the matrix with the nearest
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trapped opposite point defect seems not to betaféedndeed, point-defect evolution is not affectey the
increase of z value from 1 to 4 either for }Sor KS,. Therefore, the value of parameteris set equal to 1
and the following results correspond to this vallige effect of no interface recombination (K&th z =0)
and point-defect traps absence flxSvith z =0) is analyzed more extensively in the discussexgtion.

Now, a comparison between the respond of Cu/Nb@my systems to irradiation for K& and
KS; interface configuration is performed. Some detadsymented previously for Cu/Nb system would not
be analyzed again and the reader should referdeeaparagraphs. The corresponding temporal profiles
average point-defect concentrations in layer€Cu) andp (Nb, or V) are depicted irigures 4 and5,

respectively. It can be seenkingure 4a that)‘(l@“) does not show any difference between Cu/Nb an/ Cu/
systems and neither does it between,K8nd KS. Similarly, )‘(,(,“) exhibits the same behavior for K

both systemsHigure 4b). On the contrary, there is a different evolutbfr)‘(,(,“) depending on the interface
configuration for each system, Cu/Nb or Cu/V. Tt be seen too when comparing Cu/Nb to Cu/V for
KSmin-

Figures 5a and5b show the temporal profiles of SIA and vacancy agerconcentrations in laypr
respectively. In contrast ly‘ogﬁ ) in Cu/Nb system that decreases before reachiragltstate, SIA average

concentration in V layer maintains the stationaajue reached after the initial increase duringrest of

irradiation time. Furthermore, there are no diffees in the evolution q‘tgﬂ) between K&in and KS in

Cu/V system unlike in Cu/Nb one. Even thoq‘éﬁ? initially increases to reach a stationary valualirthe

cases studied except for Cu/V-KSsystem, whereif,ﬁ) reaches a maximum and decreases before reaching

steady state, significant dissimilarities can besesbed in the temporal profiles of vacancy average
concentration in laye.

The investigation of point-defect production, spart and annihilation phenomena may help to
explain differences and similarities shown in tamporal evolution of point-defect average concéiatna
between the systems studied. Point-defect productites in layers. and 3 are constant temporally and
spatially but, they have a different value for eacétal[34]. On the contrary, point-defect recombination
rates in layers. andp depend upon SIA and vacancy concentrations irr kagadp respectively. Thus, the
corresponding temporal profiles of the average tpd@fect net-production rate in layersandf, which are
the result of combining point-defect production pi®ena with recombination one, are showiriigures
6a and6b, respectively. It can be seenfigure 6a thatlI(*) keeps constant at any time for both systems
investigated, Cu/Nb and Cu/V, and both interfacefigoration considered, K and KS. This can be
considered to occur too R (Figure 6b) for Cu/V system as the decrease observed faKS very
small. On the other hand, average point-defecpraduction rate in Nb layer shows a significantrdase,
which is more notable for K&, than for KS, before steady-state is reached.

Point-defect flux to the interface between the twetals represents the other mechanism affecting

point-defect annihilation in addition to bulk recbmation. The corresponding temporal profiles oinpo
15



defect fluxes from layex and layei to the interface between the two metals are redartFigures 7 and

8, respectively. It can be seen kgure 7a that ]f“) shows the same behavior for all the systems

investigated. The higher diffusivity of SIAs allovilsem to get the interface between metals fastm th
vacancies. Consequently, SIA flux achieves a maminearlier than vacancy one (€figures 7a and D).

There are no differences in the evolutiorifﬁf between both systems, Cu/Nb and Cu/V, but onlyKiSy,
not for KSnin.

It can be seen iRigure 8a that]l(ﬁ ) increases to reach a stationary value for alctdses considered.

Only SIA flux from layerp in Cu/V-KS, system maintains this value during the whole ia&dn exposure.

For the rest of caseg(,ﬁ

) decreases before reaching steady state. Theisaué of the decrease is very
small in Cu/V system for K&n. In Cu/Nb system, the decrease is more notabl&K&yi, than for KS.
Figure 8b shows that vacancy flux from lay@rstrongly depend upon the system investigated had t
interface configuration. It should be noted thatce the steady state is reached, the fluxes of &hkbk
vacancies from layes, or layerp, to the interface have the same value for eacticplar system and
interface configuration.

Besides the transfer velocity of point defectshi interface, which does not generate differemtes
layer a since it is the same metal (Cu) for all the systenvestigated, point-defect flux relies on point-
defect concentration at the interface and poinectefrap occupation probability (cf. Eq. (4)). Disghe
differences between the values of point-defect eptration at the interface and point-defect average
concentration, their temporal profiles show a v&milar behavior. So, the former are not shown hém
the other hand, and lastly, temporal profiles aptoccupation probabilities by point defects angicted in
Figure 9. Trap occupation probability by SIA&iQure 9a) increases and then it reaches a stationary state
for all the cases studied. It can be also seertlieastationary value is higher for Kian for K, in both
systems, Cu/Nb and Cu/V. Steady state is reachmtesdy Cu/V system than by Cu/Nb one either fog KS
or KSyin. The stationary value df is the same in both systems for K&t not for K. For this case, the
steady-state value ¢f is higher for Cu/Nb system than for Cu/V one. Vagatrap occupation probability
shows a similar behavior to SIA one for KB both systems (cfrigure 9a and 9b). Neverthelessf,

behaves very different for K due to the initial condition.
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4. Discussion

Thin layered systems are designed with the ainintoease interfaces density. The higher the
available surface for annihilation of point defedtse lower their concentration within the systdrhis was
demonstrated at very different time scalé$,26]. Cu/Nb interfaces synthesized by PVD are virtually
inexhaustible sinks for radiation-induced pointed#$[4,11]. SIA and vacancy delocalization allows long-
range interactions between them which facilitatenkel-pair recombination. Cu SIAs are loaded atNbBu/
interfaces during the collision cascades and thelrsequent emission promotes enhanced recombination
near the interfacg23]. However, the effect of interface point-defectppeng and recombination
mechanisms on the long-term evolution of point disfdhas not been investigated. So, before comparing
model predictions in Cu/Nb and Cu/V NMMCs, it is dodiscussing the influence of above mechanisms
on point-defect concentrations.

Temporal profiles of average SIA and vacancy cotraéions in Cu and Nb layers of Cu/Nb system
for the different values o are shown irFigures 2 and3, respectively. In previous section, it has been
stated that point-defect evolution is not affedgdthe increase of z value from 1 to 4 either f@k or
KS:. KSmin, 1.€., ground state structure, along a value odqual to 1, can be considered the reference case
among the cases studied as it is the one that amostrately represents reality in multilayer comfessi
synthesized by PVD. On the other hand,; Ki®., defect-free structure, can be seen agK8aded with
SIAs. Thus, interface SIA loading (KSwith z=1) decreases steady-state values of vacancy a&verag
concentration in Cu and Nb layers with respectht® reference case (dfigures 2b and3b respectively)
while, on the contrary, the stationary SIA averagacentration value does not show any differenc€un
layer (cf.Figure 2a) or increases slightly in Nb one (éfigure 3a). These value differences are caused by
dissimilarities on the evolution of average poiefatt net-production rate and/or point-defect ftaxthe
interface between metals. Either in Cu or Nb laglex, higher flux of vacancies for K&cf. Figures 7b and
8b respectively) results in the lower value of vagaawerage concentration. On the contrary, the mighe
point-defect net-production rate for KScf. Figure 6b) is responsible of the higher SIA average
concentration value in Nb layer.

For KS, temporal profiles of point-defect average conaitns are independent af value up ta
~ 10'. But then, if point-defect trapping is allowed tpgint-defect recombination at the interface is not
(KS; with z =0), point-defect average concentrations increefsé&igures 2 and3) until bulk recombination
compensates the suppression of point-defect flukednterface due to the saturation of traps sSind
vacancies, i.e.f; + f, = 1 (results not shown here). So, with respect to @haivalent case in which
interface recombination is allowed (K@ith z=1), it can be concluded that either SIA or vacaaegrage
concentration at steady state increases when montgoation of point defects occurs at the interfd€e
neither point-defect trapping nor point-defect mabmation at the interface are allowed gg3with z =0),
steady-state value of SIA and vacancy average otrat®n increases and decreases respectively in

comparison to the rest of cases studiedKgjures 2 and3). This case represents the absence of traps for
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point defects. Since there is no point-defect ftaxthe interface between metals, the only annibitat
mechanism of point defects is the bulk recombimatnd, consequently, evolution of SIA and vacancy
average concentration show the same behavior.

Now, a comparison between point-defect concepotnati within the systems investigated is
performed. Especial attention is paid to the betranef the same metal Cu (laye), when it is surrounded
by diverse metalf (Nb, or V). Cu/\q interfaces are capable of accommodate 2-3 SIAsoancies per
MDI as Cu/NB,q ones but their areal MDI density is differef88]. According to Mao et al[35],
constitutional vacancies seem to play an impontaletin Cu vacancy concentration dissimilaritie$waeen
the two systems studied at the steady state. Soemcal simulation results for K& and KS interface
configurations are compared too. Temporal profieaverage SIA and vacancy concentrations in layers
andp are represented figures 4 and5, respectively. SIA average concentration in layshow the same

behavior for all the cases studied (Efgure 4a). This is due to the absence of differencesIi® (cf.

Figure 6a) and]E“) (cf. Figure 7a). On the other hand, a general comparison of ¢iselts reveals that
vacancy average concentration in laygegroup by interface configurations, ks or KS; (cf. Figure 4b),

while in layerp, SIA and vacancy average concentration group Biesy, Cu/Nb or Cu/V (cfFigures 5a
and5b respectively). However, differences can be fouetivieen the cases that belong to each group except

in )‘(f,“) for KS;. The lower steady-state vaIues;‘é‘f‘) correspond to Cu/Nb- and Cu/V-KSystems (cf.

Figure 4b) and are the result of a higHé?) before reaching a stationary state f@Qjure 7b). For KSyin,

dissimilarities in)‘(,(,“) between Cu/Nb and Cu/V systems are caused byeatiifes in vacancy flux from

layera too.],(,“) reaches steady state in Cu/V system but, in CofMdh vacancy flux from layer continues

increasing for a while (cf. inset &igure 7b) becausg, decrease (recalling boundary condition (11) and cf

inset of Figure 9b). This causes that, betweers 3 10 andt =~ 2 10, the vacancies annihilated at the
interface are more than the vacancies producealyard which decreasep@ﬁ“) in Cu/Nb system (cfFigure

4b). Consequently, steady-state value‘(ﬁ‘f) is lower in Cu/Nb system than in Cu/V one for S Before

comparing vacancy-concentration results in layerto results reported irRef. (35), point-defect

concentrations in layd¥ are analyzed too. Differences in the steady-staliee of)‘(gﬁ ) and)‘(ff ) petween the

four cases investigated can be explained by me&tre @volution ofi® and]#

respectively. Thus, the
higher the average point-defect net-production iralayerf at longer times (cfrigure 6b), the higher the
stationary value of SIA average concentrationKajure 5a). And, the higher the vacancy flux from layer

to the interface at longer times (dfigure 8b), the lower the stationary value of vacancy averag

concentration (cfFigure 5b). As in )‘(,(,“) for Cu/Nb-KSin system, there is an interval in Whiczrﬁﬁ)
decreases for Cu/V-K& system (cf.Figures 4b and 5b). Mechanisms illustrated above are also
responsible of this effect in this case. This coné that the decrease of vacancy average condentssen

before reaching steady state in Cu layer of Cutesn and V layer of Cu/V one for K& is due to the
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lower diffusion coefficient of vacancies in the ethmetal, niobium and copper respectively. Sohirts the
respond to irradiation of the systems investigdtete depends on both, interface characteristicsbatid
properties. The presence of interface constitutimagancies makes decrease the concentration of SIA
slightly, if at all, and increase the concentratdivacancies significantly in each system.

Lastly, vacancy-concentration results in layerare compared to results reported Ref. (35).
According to experimental results, vacancy conedian at the center of 30-nm Cu layer was 1.9 times
lower in Cu/Nb system than in Cu/V one. Similargpctions, a factor of 2 instead of 1.9, were olediffor
vacancy average concentration in kinetic Monte &€annulations. As commented previously, the caaé th
most accurately represents reality in multilayemposites synthesized by PVD corresponds tg,KS

interface configuration along 2 value equal to 1. For this case, vacancy condamrat the center of Cu

layer (results not shown here due to the similisdéh vacancy average concentration) ﬁﬁ‘& (cf. Figure

4b) are approximately 1.8 and 1.9 times lower respelgtin Cu/Nb system than in Cu/V one. Mao et al.
associated the lower Cu vacancy concentration NIHK S, system to its higher probability of absorbing
a vacancy at the interface. Either CuiiNor Cu/V,.q interfaces are capable of accommodate 2-3 SIAs or
vacancies per MDI but the areal MDI density is ~ides higher in Cu/NRq interface than in Cu/yq one.
However, the lower the point-defect trap concerdmatthe lower the vacancy average concentration
according to our results (k& with z =0). So, the explanation for above factor valuds8-and ~1.9, points

to the diffusivity of vacancies that is lower inpp®r than in niobium and makes Cu vacancy condgrira
decrease in Cu/Nb system before reaching steatty Stiais results in a stationary value which isdothan

in Cu/V system. In spite of the very good qualitatagreement between experimental results and odeim
predictions, it is worth to discuss some detailse Pproduction rate of Frenkel pairs has been catledlfor
copper, niobium, and vanadium layers with the 1adn conditions reported iRef. (35) using Transport

of lons in Matter (TRIM)[40]. Then, a factor of I® has been applied. According to Mao et al., this
normalization achieved a perfect agreement betwe@absolute concentrations of Cu vacancies caémlila
in their rate-theory model and the experimentahdhievertheless, a factor of ~2.41*#nd ~1.17 18 is
needed in Cu/Nb and Cu/V system respectively with model which is quite smaller than 40
Experimental results are given only in Cu layegélan) so it would be recommendable to have vacancy

concentration in laye (Nb, or V) too. Thus, it could be estimated adador each metal layer.
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5. Conclusions

A continuum model of point-defect evolution in rilalyer composites is presented in this work. In
order to compare quantitatively model predictionshwexperimental results in multilayer composites
synthesized by PVD35], previous work boundary equations and initial abods [34] have had to be
adapted. Firstly, the effect of interface annildlatmechanisms on the long-term evolution of pdietects
has been studied. If SIAs and vacancies can bpddaput cannot recombine with the opposite poifeate
at the interface between metals, SIA and vacanogeamrations within the system increase. However, i
none of the two mechanisms is operative, i.e.,raesef traps for point defects, SIAs and vacanbedsave
similarly which leads to a rise and a drop in tlenaentration of SIAs and vacancies respectively. In
addition, the effect of interface SIA loading andnstitutional vacancies has been investigated o b
comparing the results corresponding totSnd KS interface configuration. The presence of interface
constitutional vacancies makes decrease the coatent of SIAs slightly, if at all, and increaseeth
concentration of vacancies significantly. The latsein agreement with VDZ measuremefit8] that reveal
a higher sink efficiency in Cu/Njyinterfaceq13] than in Cu/Nb.g ones[4] for vacancies. On the contrary,
interface SIA loading has the reverse effect togtesence of constitutional vacancies at the iatexfThe
emission of SIAs loaded at the interface promotdsarced recombination near the interface accoriing
Liu et al. [23]. So, this agrees too with our results that predicsignificant decrease of vacancy
concentration when SlAs are loaded at the interface

The respond to irradiation of the systems investid here, Cu/Nb and Cu/V, depends on both,
interface characteristics and bulk propertiess ltvbrth highlighting that point-defect flux to ti@erface
depends upon the value of point-defect trap comatom, which is characteristic of each metal ceupp,
and the properties of the two adjacent layers (fagaboundary condition (4)). However, the influenof
the properties of one metal in the point-defectl@wan of the other metal is only effective if tieeare
constitutional vacancies at the interface, i.er, K&min. This can be seen in the temporal evolution of
vacancies. The concentration of vacancies decrdasfese reaching steady state in Cu layer of Cu/Nb
system because the diffusivity of vacancies is lowaiobium than in copper. It occurs similarlyVhlayer
of Cu/V system. A comparison of model results f@.k shows no differences between Cu/Nb and Cu/V
system regarding SIA temporal evolution in coppaydr o), while in layerp, SIA concentration at steady
state is lower in niobium than in vanadium. On ttker hand, the lower steady-state value of vacancy
concentration in layes. andp correspond to Cu/Nb and Cu/V system respectivetyKiSy,. Irradiated
Cu/Nb NMMCs had numerous voids in Cu layers atethe of the experiment but no voids were seen in Nb
layers due to the high and low mobility of vacasaiespectively in these metal laygt8]. Hence, the high
concentration of vacancies in Nb layer should roab issue in terms of damage.

As a final conclusion, there is a very good ga#ie agreement between our model predictions and
results reported ifRef. (35). Indeed, vacancy concentration at the center ofa@er and average one are
approximately 1.8 and 1.9 times lower respectivelZu/Nb system than in Cu/V one for K$ So that the
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agreement is quantitative too, a factor of ~2.4F aAd ~1.17 10 should be applied in Cu/Nb and Cu/V
system respectively to the production rate of Fetplairs calculated using TRIM for each layer (8b, or

V) instead the factor of 1Dsuggested by Mao et al. and used in the presert Whe small value of above
factors could mean that, although Cu vacancy cdraton differences between Cu/Nb- and Cu/VxsS
systems are determined at longer time scales, laydticomposites designed at the nanometric scajebm
governed by mechanisms that occurs in lower tinadesc In the case of having also experimental vacan
concentration in layep (Nb, or V) too and not only in Cu (laye, it could be estimated a factor for each
metal layer that in turn may allow relating intexacharacteristics and bulk properties with the mtage of
the factor. After validation with data of experintggarried out in other systems, point-defect cotregions
may be calculated for any NMMC whose propertiesewarown without the need of further experiments or

atomistic simulations.
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Nomenclature
A dimensionless production rate of point defegts,

C concentration of point defects;>;

D diffusivity, m? s*;

E dimensionless parameter of point-defect jumps ftloenmatrix,-;
F dimensionless parameter of point-defect surfaceméination,-;
f trap occupation probabilitys;

K transfer velocitym s*;

Ki  recombination factor of the anti-defeats, s*;

Ko  production rate of point defects]> s™*;

L layer thicknesan;

Rc  removal rate of point defects due to recombinatiohs™;

'S concentration of traps for point defeats?;

t time,s
X spatial coordinatem;
y4 number of jumps;;

Greek letters

as surface recombination coefficiemti? s*;

X dimensionless concentration of point defegts,
o dimensionless diffusivity,
T dimensionless time;

dimensionless lattice spacing,

V.

dimensionless spatial coordinatg,

Superscripts

*

equilibrium;
@ Jayer of element;
0) layer of element;
@) layer of elemeng;

@ system formed by elementaandp;

Subscripts

i self-interstitial atom;

i point defect of the typg
v vacancy.
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Figurel Schematic of (a) the entire system and (b) the-datimetric part modelled. Layer

represents Copper whifeindicates Niobium, or Vanadiufi34].
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Figure?2 Temporal profiles of average (a) SIA and (b) vagaconcentration in Cu layer of Cu/Nb

system for different values of parameter
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Figure3 Temporal profiles of average (a) SIA and (b) vagaooncentration in Nb layer of Cu/Nb

system for different values of parameter
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Figure4 Temporal profiles of average (a) SIA and (b) vagacuncentration in layer (z =1).

33



KS . KS

min 1

----CUN —
----Cu/Nb

10°10° 10" 10° 102 10" 10° 10" 10% 10° 10* 10° 10° 10" 10® 10° 10"

10*

- -
--------------

10°

10°

(B

KS _ KS

min 1

----CUN —
----Cu/Nb

10°10° 10" 10° 102 10" 10° 10" 10% 10° 10* 10° 10° 10" 10® 10° 10"

T

Figure5 Temporal profiles of average (a) SIA and (b) vagazuncentration in layey (z =1).
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