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a b s t r a c t 

The formation of Cu rich precipitates (CRPs) is known to substantially contribute to the embrittlement 

of reactor pressure vessel steels with high Cu contents. CRPs are commonly observed to possess a Cu 

core surrounded by a shell of other segregating solute species like Mn, Ni and Si. Here we calculate the 

segregation energies of substitutional Ni and Si to {100}, {110} and {111} orientated coherent Fe-Cu in- 

terfaces. We find Ni is strongly attracted to all orientations of coherent bcc Fe-Cu interfaces whilst Si 

interacts in a more complex manner, with strong attraction only to the {100} orientation. In calculating 

these segregation energies we also explore different methods, concluding that for this system using an 

external reference bulk (ERB) is optimal. By performing additional calculations we were able to decouple 

the elastic and chemical contributions to segregation energy finding that for Ni the chemical contribu- 

tions dominate whilst for Si the two contributions are more balanced. In conjunction with previous work 

we conclude that should Cu nanoprecipitate sizes influence segregation behaviours it is likely this will 

not be due to the strain state surrounding the Cu nanoprecipitate. It is more probable that this size de- 

pendence would originate from variation in the proportions of the specific orientations of coherent Fe-Cu 

interface that make up the Cu nanoprecipitate’s surface at different sizes. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The presence of Cu, and its interaction with other solute ele- 

ents, in low-alloy reactor pressure vessel (RPV) steels has been 

nown to contribute towards the component’s embrittlement for 

ecades [1,2] . During a pressurised water reactor’s (PWR) oper- 

tion the RPV is exposed to elevated temperatures and neutron 

rradiation leading to changes in its microstructure. Atom probe 

omography (APT) commonly observes the formation of Cu rich 

recipitates (CRPs) which are seen to possess an almost pure Cu 

ore surrounded by a shell of other solute elements, typically Mn, 

i and Si [3–10] . Such core-shell morphologies are also predicted 

hrough Monte Carlo and thermodynamic modelling methods [11–

4] . The formation of CRPs, as well as MnNiSi precipitates (MN- 

Ps), is thought to substantially contribute to RPV embrittlement 

y their acting as barriers to dislocation movement. This embrittle- 

ent is typically observed in Charpy-V impact tests where signif- 

cant shifts in the ductile-to-brittle transition temperatures (DBTT) 

nd upper shelf energy of RPV steels are seen following periods of 

levated temperature and neutron irradiation [10,15,16] . The RPV 
∗ Corresponding author. 
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s a safety critical component and so understanding the processes 

hat lead to its embrittlement is important in assessing the oper- 

ting limits of the component over its lifetime. 

Given the core-shell morphology of CRPs, it has been suggested 

hat the coherent interface between Fe and Cu, that makes up 

he surface of the Cu nanoprecipitate core region, may be acting 

s a site of segregation for the other solute species (Mn, Ni and 

i) that make up the CRP [6,17] . This interface may then assist in

he formation of a large solute enriched region which surrounds 

he Cu nanoprecipitate core region [13,18] . It is proposed these 

arge solute enriched regions could then function as formation sites 

or complex precipitate phases [17,19–22] that some suggest may 

ead to anomalous late-life embrittlement of the RPV [23] . This 

nomalous late-life embrittlement is of considerable interest as it 

s thought to be poorly represented in current embrittlement mod- 

ls. As such, the formation of these MnNiSi-rich complex precipi- 

ate phases could represent a significant barrier to extending the 

ifetime of a PWR. Whilst historically RPV steel compositions were 

elatively high in Cu, more modern alloys have much stricter tol- 

rances on its presence ( < 0.05 at.%). However, even at such low 

oncentrations it is possible the Cu present may still partially con- 

ribute to late-life RPV embrittlement by assisting the formation 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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f MnNiSi-rich regions [17] which may then evolve into complex 

recipitate phases. 

In this work we focus on coherent interfaces between bcc Cu 

nd the bcc Fe matrix. High resolution electron microscopy stud- 

es of Cu precipitates in thermally aged α-Fe shows that below 

 nm in diameter these precipitates remain in the bcc phase, 

oherent with the matrix [24] . Evidence from irradiation studies 

sing pressure vessel steels and model alloys suggests that un- 

er irradiation the CRPs formed typically remain below this size 

7,8,25,26] suggesting that coherent interfaces are the appropriate 

odel. Evidence from modelling studies suggests that vacancies 

lay an important role in the diffusion of Cu and the formation 

f CRPs [27–30] . It is plausible, therefore, that CRPs have a finite 

acancy content. In the present work we focus on perfect inter- 

aces and neglect the presence of vacancies. Including the effects 

f co-segregation of multiple species, including vacancies, to the 

nterfaces adds considerable complexity to the picture and we will 

ddress these effects separately in a future paper. 

In this work we use Fe-Cu interfaces simulated with density 

unctional theory (DFT) to investigate the segregation behaviours 

f Ni and Si. By constructing simulation cells containing {100}, 

110} and {111} orientated Fe-Cu interfaces and substituting solute 

pecies of interest into these cells we can explore the influence 

f interface orientation and solute species on segregation. Within 

he literature there are two predominant methods used to cal- 

ulate segregation energy, using either an internal reference bulk 

IRB) [31–36] or external reference bulk (ERB) [37–41] as defined 

n Section 2 . Whilst both IRB and ERB methods have their advan- 

ages and proponents, it is often unclear which method represents 

est practice for a given system. In this work we perform segre- 

ation energy calculations for Ni to all three orientations of Fe-Cu 

nterface using both IRB and ERB calculations. Through this testing 

n the Ni system we identify the ERB calculations as our preferred 

ethod and then apply it to the case of Si segregation. We initially 

xplore the influence of interfacial solute concentration on the seg- 

egation energies of Ni and Si allowing us to identify a simulation 

ell size at which we can consider the interfacial solute concen- 

ration to be effectively dilute. We then use this interfacial solute 

oncentration dilute limit as a basis for investigating the influence 

f bulk solute concentration on segregation. Finally, we performed 

dditional calculations that enable us to decouple the segregation 

nergy contributions associated with the strain state and chemistry 

f the interface site. 

We performed further calculations in which the interface- 

ontaining simulation cells were strained parallel ( εx −y ) and per- 

endicular ( εz ) to the Fe-Cu interface, using the ERB method. The 

eriodic nature of the simulation cells requires us to ensure that 

rtificial strain states present in the simulation cells are not leading 

o unrealistic segregation energies. By straining the simulation cells 

nd calculating new segregation energies it is possible to gain con- 

dence that the findings are not excessively influenced by the con- 

traints on the system and gain further insights into the role strain 

lays in solute segregation. Our previous work used an embedded 

tom method (EAM) potential [42] to investigate how the size of a 

u nanoprecipitate influences the strain in the plane of Fe-Cu in- 

erface ( εx −y ) [43] . By observing how these predicted strains alter 

he calculated segregation energy we can infer the influence of Cu 

anoprecipitate size on solute segregation behaviour. The process 

f straining the simulation cells also allows us to learn about how 

train more broadly influences segregation behaviour, i.e. do the 

olute species prefer compressive or tensile environments. 

Whilst we initially focus on calculating the segregation of Ni 

nd Si to the interface plane itself, we further use our ERB method 

o calculate the segregation energies of Ni and Si to additional sites 

ear to the interface. One would expect that interactions between 

he interface and segregating solute would be strongest when the 
2 
olute is at a site on the interface. However, this is not necessar- 

ly the case and sites near to, but not on, the interface may prove 

ore energetically favourable. 

. Methods 

As mentioned, literature describes two primary methods by 

hich segregation energies are calculated using an internal ref- 

rence bulk (IRB) and an external reference bulk (ERB). Funda- 

entally, both methods of calculating segregation energy rely on 

he comparison of a system’s ground-state energy with the solute 

pecies of interest at a site on the interface and at a site distant 

rom the interface. It is this site which is distant from the inter- 

ace, and therefore considered to be reference bulk, where the dis- 

inction between the two methods exists. Within this work in all 

ases it is an Fe atom that is substituted for solute. 

In this section we will describe the parameters and methods 

sed to perform these segregation energy calculations. The tech- 

iques used to decouple the elastic and chemical contributions to 

alculated segregation energy will also be discussed. We further 

xplain how the simulation cells were transformed in order to 

xplore the influence of simulation cell constraint and interfacial 

train on our segregation energy calculations. Finally we describe 

he methods used to calculate the equilibrium interface solute oc- 

upancies. 

.1. Density functional theory (DFT) parameters 

All simulations in this work were performed using density 

unctional theory (DFT), an ab initio quantum mechanical sim- 

lation method. These DFT calculations were implemented in 

ASP 5.4.4 [44] on the University of Manchester’s Computational 

hared Facility (CSF). All the calculations described below used 

rojector augmented wave (PAW) pseudopotentials [45] with the 

erdew, Burke and Eisenhof generalised gradient approximation 

GGA-PBE) [46] used for the exchange-correlation (XC) functional. 

he Fe pseudopotential treats 8 ( 3d 

7 4s 1 ) electrons as valence, the 

u pseudopotential treats 11 ( 3d 

10 4s 1 ) electrons as valence, the 

i pseudopotential treats 10 ( 3d 

8 
4s 2 / 3d 

9 
4s 1 ) electrons as va- 

ence and the Si pseudopotential treats 4 ( 3s 2 3p 

2 ) electrons as 

alence. All calculations were spin polarised using collinear mag- 

etism with initial spins for Fe set to 3.0 μB , Cu set to 0.0 μB , Ni

et to 1.0 μB and Si set to set to −1.0 μB . Methfessel-Paxton smear- 

ng [47] was used with σ = 0 . 15 eV . In all cases ionic relaxations

ere performed with the dimensions of the simulation cells kept 

xed. The total energy convergence criterion for the self-consistent 

oop was set to 10 −5 eV whilst the convergence criterion for the 

onic relaxations was set to 10 −4 eV. 

For both segregation energy calculation methods we use the 

onvention that negative values correspond to attraction, i.e. there 

s a reduction in energy associated with solute moving from the 

ulk to the interface. Conversely, positive segregation energies in- 

icate solute atom is repelled by the interface. 

.2. Internal reference bulk (IRB) 

The IRB method calculates segregation energy as 

 

I,IRB 
seg,i 

= E FeICu 
i − E FeICu 

b , (1) 

here E I,IRB 
seg,i 

is the calculated segregation energy of solute I to 

n on-interface site (an example of which is shown in cell 1a 

rom Fig. 1 ), E FeICu 
i 

is the ground-state energy of simulation cell 1a 

here an Fe atom at the interface is substituted for a solute atom 

nd E FeICu 
b 

is the ground-state energy of simulation cell 1b (also 

hown in Fig. 1 ) where an Fe atom is substituted for a solute atom



A.M. Garrett and C.P. Race Journal of Nuclear Materials 556 (2021) 153185 

Fig. 1. Example simulation cells required to calculate segregation energy using the 

IRB method where the Fe atoms are in orange, the Cu atoms are in green and the 

segregating solute species is in blue. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Example simulation cells required to calculate segregation energy using the 

ERB method where the Fe atoms are in orange, the Cu atoms are in green and the 

segregating species is in blue. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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n the reference bulk Fe region, which is taken to be the site fur- 

hest from the interface. What we aim to calculate with Eq. (1) is 

he change in energy associated with a solute atom moving from 

ulk Fe (a site infinitely distant from a Cu nanoprecipitate) to a 

ite at the Fe-Cu interface (the surface of our Cu nanoprecipitate). 

n this case our reference bulk Fe is a site inside a simulation 

ell containing an interface, hence the name internal reference bulk . 

ere we require that the substituted solute atom is beyond the ef- 

ective interaction range of the interface so that it can be treated 

s if it were truly in bulk Fe and thus infinitely distant from the 

nterface. One proposed advantage of this method is that because 

he solute atoms have identical separations from their periodic re- 

eats when at the interface and reference bulk sites then the error 

ntroduced by solute-solute interactions will be cancelled allowing 

or the use of smaller solute spacings in the plane of the interface. 

.3. External reference bulk 

The ERB method calculates segregation energy as 

 

I,ERB 
seg,i 

= (E FeICu 
i − E FeCu 

i ) − (E FeI 
B − E Fe 

B ) , (2) 

here E I,ERB 
seg,i 

is the segregation energy of solute I using the ERB 

ethod, E FeICu 
i 

is the ground-state energy of simulation cell 2a 

shown in Fig. 2 ) where an Fe atom at the interface is substituted 

or a solute atom, E FeCu 
i 

is the ground-state energy of simulation 

ell 2b with no substitution at the interface, E FeI 
B 

is the ground- 

tate energy of simulation cell 2c where an Fe atom in the bulk 

e simulation cell is substituted for a solute atom and E Fe 
B 

is the 

round-state energy of simulation cell 2d with no substitution in 

he bulk Fe. Here we similarly aim to calculate the change in en- 

rgy associated with a solute atom moving from a site within bulk 

e to a site at the Fe-Cu interface. Whilst in the IRB method we 
3 
se a region of our interface-containing simulation cell to act as 

ur reference bulk Fe, here in the ERB method we use a separate 

imulation cell, external to the one which contains the interface 

o act as our reference bulk Fe. In order to conserve the quanti- 

ies of each species in the calculation it is necessary to subtract 

rom each solute-containing simulation cell (2a and 2c) an equiva- 

ent simulation cell which is solute-free (cells 2b and 2d). We can 

onsider the first expression in brackets from Eq. (2) to effectively 

e the energy associated with swapping an Fe atom for a solute 

tom at the interface and the second expression in brackets to be 

he energy associated with swapping an Fe atom for a solute atom 

n the reference bulk Fe. One advantage of the ERB method is that 

e should be able to use shorter simulation cells in the direction 

ormal to the interface since it is only the interfacial region that 

eeds to be well represented. However, this method does require 

our calculations to be performed per segregation system though 

he reference bulk values can be re-used. A further advantage of 

he ERB method is that it allows us to effectively explore how in- 

erfacial and bulk solute concentration ( C I and C B respectively) in- 

uence segregation behaviour. For example, if we use a reference 

ulk cell that contains 2 × 2 × 2 bcc Fe unit cells then we have 16

e atoms. When we substitute one of those Fe atoms for a so- 

ute atom then we have an effective bulk solute concentration of 

 / 16 = 6 . 25 at. % . Table A.1 shows the reference bulk Fe simulation

ell sizes used and their corresponding bulk solute concentrations. 

Within the ERB method we also decouple the chemical and 

lastic contributions to the calculated segregation energy. Whilst 

here are several ways to quantify this distinction, in this method 

e opted to do so by first relaxing the ionic positions of simu- 

ation cells 2a and 2c. We then take these ionic positions as an 

nput for a second calculation were we substitute the solute out 

f the relaxed simulation cell and replace it with Fe. We can then 

alculate the ground state energy of these simulation cells which 

re effectively strained as if a solute atom were in them but with- 

ut the solute atom present, which we denote as E FeI ′ Cu 
i 

for the 

nterface-containing simulation cell (2a) and E FeI ′ 
B 

for the reference 

ulk simulation cell (2c). We can then write the elastic contribu- 

ion to segregation energy as 

 

I,ERB 
seg,el 

= (E FeI ′ Cu 
i − E FeCu 

i ) − (E FeI ′ 
B − E Fe 

B ) . (3) 

Clearly the chemical contribution must make up what remains 

f the total segregation energy, E I,ERB 
seg,i 

giving the expression for the 

hemical contribution: 

 

I,ERB 
seg,ch 

= (E FeICu 
i − E FeI ′ Cu 

i ) − (E FeI 
B − E FeI ′ 

B ) . (4) 

.4. Cut-off energy and k point density convergence 

Simulation cells were fixed to a DFT derived Fe lattice param- 

ter of 0.283 nm as in previous work [43] . Cut-off energy and k 

oint density convergence studies were performed with a 16 atom 

100} orientated Fe-Cu interface with Ni only for the IRB method 

nd with both Ni and Si for the ERB method. A k point density 

quivalent to a 16 × 16 × 16 Monkhorst-Pack (MP) grid [48] for a 

cc Fe unit cell and 400 eV cut-off energy gave segregation ener- 

ies converged to < 0.01 eV in all cases. In some cases it is not

ossible to achieve exact k point equivalence due to geometrical 

onstraints, in which case the MP grid was chosen to give as simi- 

ar values to the ideal case as possible. 

.5. Solute separation and interfacial spacing convergence 

When performing segregation energy calculations with an in- 

erface we find the two most difficult parameters to converge are 

he solute separation and interfacial spacing. Due to the period- 

cally repeating nature of the simulation cell there will be effec- 
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Table 1 

Simulation cell lengths and interfacial solute concentrations required for C I dilute limit segregation 

energy calculations for Ni and Si with the convergence tolerances they provide. 

Species Orientation Cell length (atoms) Conv. tol. (eV) C I ( at · nm 

−2 ) Conv. tol. (eV) 

Ni {100} 16 0.01 1.38 0.03 

{110} 32 0.02 2.20 0.03 

{111} 24 0.01 1.80 0.02 

Si {100} 16 0.03 1.38 0.05 

{110} 32 0.02 2.20 0.01 

{111} 24 0.03 1.80 0.02 

Fig. 3. Example wrapped simulation cells containing {100} orientated Fe-Cu interfaces. The 2 × 2 wrap nomenclature refers to the number of columns in each direction 

parallel to the interface used to make up the simulation cell. The equivalent effective interfacial solute concentrations ( C I ) are also shown. 
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ively two interfaces within it. It is thus important to ensure that 

he spacing between those two interfaces is sufficiently large that 

ny solute elements substituted into the simulation cell are inter- 

cting with one interface at most. This interfacial spacing conver- 

ence can be tested by calculating the segregation energy of a so- 

ute element in increasingly long simulation cells (in the direction 

ormal to the interface) until increasing the length of the simula- 

ion cell no longer significantly alters the segregation energy cal- 

ulated. For Ni this testing was performed for all interface orien- 

ations using both the IRB and ERB calculation methods with the 

imulation cell lengths from Table A.2 given in Appendix A ). For Si 

his testing was only performed using the ERB method but again 

sing the cell lengths given in Table A.2 . 

Similarly, the periodically repeating nature of the simulation 

ells means that any substituted solute element will interact with 

ts periodic repeats in the directions perpendicular and parallel 

o the interface. Given the previously discussed requirements for 

nterfacial spacing, our simulation cells are sufficiently long that 

he solute-solute interactions in the direction perpendicular to the 

nterface are negligible. Parallel to the interface the solute-solute 

eparation is much smaller. To counter this interaction the solute- 

ontaining simulation cell can be wrapped in near identical solute- 

ree interface-containing columns of atoms to increase the distance 

etween the solute atom and its periodic repeats in the plane of 

he interface. This process additionally reduces the effective inter- 

ace solute concentration ( C I ), measured as the number of atoms 

er unit area. Whilst we are primarily interested in calculating seg- 

egation energies at the dilute limit with respect to interfacial so- 

ute concentration, we can also learn about the relationship be- 

ween interfacial solute concentration and segregation energy dur- 

ng this process. Examples of these wrapped simulation cells are 

hown in Fig. 3 with their effective interface solute concentrations 

abelled. Table A.3 (in Appendix A ) details the interfacial solute 

oncentration along with the number of simulation cells in the x 

nd y directions to create the wrapped simulation cell. In this work 

e calculate the change in segregation energy with decreasing in- 

erface solute concentration for all interface orientations to find the 
4 
ilute limit which we then use in all studies not focussed on the 

nfluence of interfacial solute concentration. Both Ni and Si use the 

ame interfacial solute concentrations as the dilute limit. 

.6. Strained interfaces 

As previously mentioned, by straining the interface-containing 

imulation cells we can simultaneously explore the influence of Cu 

anoprecipitate size on segregation energy and also ensure artifi- 

ial strains induced by our chosen dimensions of simulation cell 

ren’t excessively contributing to the segregation behaviours we 

bserve. Within the framework of ERB segregation energy calcula- 

ions we found the segregation energy values for both Ni and Si to 

ll three orientations of Fe-Cu interfaces. The interface-containing 

imulation cells were strained to −3%, −2%, −1%, 0%, 1%, 2% and 

% in the plane of the interface ( x − y directions) in the first strain

tudy. In the second strain study the interface-containing simula- 

ion cells were deformed perpendicular to the interface ( z direc- 

ion) to strains of 0%, 1%, 2%, 3%, 4%, 5% and 6%. In both strain

tudies the simulation cells were strained and then the ionic posi- 

ions were allowed to relax whilst the dimensions of the simula- 

ion cells were held fixed. 

.7. Interface-adjacent segregation 

In addition to the segregation site directly on the interface, we 

ave also chosen to calculate the segregation energies of both Ni 

nd Si to sites adjacent to the interface. These segregation ener- 

ies are calculated again using the ERB method except that in this 

ase the E FeICu 
i 

term represents the ground-state energy of a sim- 

lation cell with solute sitting at one of interface-adjacent sites il- 

ustrated in Fig. 4 . All interface-adjacent sites used in this study for 

he {100}, {110} and {111} orientated Fe-Cu interfaces are shown 

lso in Fig. 4 where site 1 represents the on-interface solute po- 

ition. It is important to note that the sites for each interface ori- 

ntation are not equivalent, i.e. site 2 in the {110} cell is not the 

ame position as site 2 in the {111}. The numbering of the sites 
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Fig. 4. Plots illustrate the additional sites to which solute was substituted in the 

interface-adjacent site study for simulation cells containing {100}, {110} and {111} 

orientated Fe-Cu interfaces. Fe is depicted in orange, Cu in green and the substitu- 

tional solute atom in blue. In these examples the solute atom is substituted into site 

2 for all Fe-Cu interface orientations. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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efers to the atomic layer on which the site sits with respect to 

he interface, i.e. site 2 is on the second atomic layer back from 

he interface. 

.8. Equilibrium interface solute occupancy 

Having calculated the segregation energies of Ni and Si to effec- 

ively dilute interfaces for all three orientations at a range of effec- 

ive bulk solute concentrations using the ERB method, we are then 

ble to use the Langmuir-McLean binary isotherm equation [49–

1] to calculate the influence of temperature on the equilibrium 

olute occupancy (i.e. the fraction of sites on the interface occu- 

ied by solute). 

. Results and discussion 

In this section we present our comparison of segregation energy 

alculation methods, the solute segregation energies we calculate, 

he influence of strain on segregation energy and the Langmuir- 

cLean binary isotherm findings. We will further discuss the im- 

lications of these findings in the context of solute segregation to 

ifferent morphologies of Cu nanoprecipitates. 

.1. Reference bulk comparison 

Here we present our results regarding the comparison of the 

RB and ERB segregation energy calculation methods when applied 

o the segregation of Ni to all three orientations of Fe-Cu interface. 

e initially show the difference in response to increasing inter- 

acial spacing and decreasing interfacial solute concentration. We 

hen justify our use of one method over the other for this partic- 

lar application. In this comparison the ERB method results use a 

ulk Ni concentration of 0.40 at.%. 

Figure 5 shows the calculated segregation energy for increas- 

ng interfacial spacing to all three interface orientations using both 

egregation energy calculation techniques, IRB and ERB. The ERB 

ethod is relatively insensitive to interfacial spacing suggesting us- 

ng longer, more computationally expensive, simulation cells is un- 

ecessary. In contrast, the IRB method requires much longer sim- 

lation cells to achieve similar levels of convergence. For example, 

o achieve a convergence tolerance of < 0.01 eV for Ni segregation 

o a {100} orientated Fe-Cu interface the IRB method requires a cell 

ontaining at least 32 atoms whilst for the ERB method 16 atoms 

re sufficient. It is worth noting that the IRB and ERB methods do 
5 
ot converge to the same value with increasing interfacial spac- 

ng because the two methods are not necessarily converged with 

espect to interfacial solute concentration or bulk solute concen- 

ration for the simulation cell sizes used, as discussed below. 

Figure 6 shows the influence of interface solute concentration 

 C I ) on the calculated segregation energy. We plot this as C −1 
I 

so

hat as the x axis values increase we approach the dilute limit we 

ish to converge towards. Simulation cell lengths for the interfa- 

ial solute concentration convergence study were chosen to be as 

hort as possible whilst still giving good interfacial spacing conver- 

ence for the ERB calculation method (i.e. 16, 32 and 24 atoms for 

he {100}, {110} and {111} orientation respectively) to reduce com- 

utational costs. Again, we would not expect the two methods to 

onverge to the same segregation energy value in this study be- 

ause the IRB method is not converged with respect to interfacial 

pacing whilst the ERB method is. For this interfacial solute con- 

entration study the relative superiority of one method over the 

ther is less distinct. It does appear that for an equivalent inter- 

acial concentration a tighter convergence tolerance is provided by 

he IRB method compared to the ERB method. Again, this is well 

llustrated by the {100} interface. An interfacial Ni concentration of 

.38 at · nm 

−2 ( C −1 
I 

= 0 . 72 at −1 · nm 

2 ) ) gives a convergence toler- 

nce for the IRB method of < 0.02 eV, narrower than the conver- 

ence tolerance for the ERB method of < 0.03 eV. It is important 

o clarify that one should only expect the IRB and ERB methods to 

roduce equivalent segregation energies when both methods are 

onverged with respect to interfacial separation, interfacial solute 

oncentration and bulk solute concentration. 

Since the ERB method gives improved convergence at smaller 

nterfacial spacings and the two methods offer similar convergence 

ith respect to interfacial solute concentration, we conclude that 

he ERB method will provide equivalent results to the IRB method 

ut using smaller simulation cells (reducing computational costs). 

he ability to more directly explore the influence of interfacial ( C I ) 

nd bulk solute concentration ( C B ) further strengthens the case for 

sing the ERB method. 

As previously mentioned, it is logical the IRB method would re- 

uire simulation cells with larger interfacial spacings because it is 

ecessary for a region of bulk-like Fe to be present between the 

nterface regions. When we look at how the energy of the solute 

cell 1b in Fig. 1 ) in this internal reference bulk region varies with

nterfacial spacing it becomes clear that it is this energy contri- 

ution which inhibits convergence for smaller simulation cells. We 

an re-write the IRB segregation energy calculation as 

 

I,IRB 
seg,i 

= E I,ERB 
seg,i 

− E I,ERB 
seg,b 

(5) 

here E I,ERB 
seg,i 

and E I,ERB 
seg,b 

are the segregation energies of solute I to 

he solute sites shown in cells 1a and 1b respectively using the 

RB method. A derivation of Eq. (5) is given in Appendix B . If we

hen plot E I,ERB 
seg,i 

and −E I,ERB 
seg,b 

(as shown in Fig. 7 ) it becomes clear 

hat the contribution associated with the bulk-like site in the IRB 

ethod ( E I,ERB 
seg,b 

) converges more slowly than the contribution of the 

nterface site ( E I,ERB 
seg,i 

). Clearly the ERB method doesn’t suffer from 

his limitation because it is only necessary for the interface region 

o be converged. Similarly, it is logical that the IRB method should 

ave improved performance in the solute spacing study due to the 

ancellation of solute-solute interactions introduced by interactions 

etween the solute and its periodic images. However, such solute- 

olute interaction cancellation would also make studying the influ- 

nce of interfacial solute concentration on segregation energy com- 

licated. 

To calculate the segregation energy of a single solute to a single 

nterface, the ERB method requires four calculations (as expressed 

n Eq. (2) ) where the IRB method needs only two (as expressed 

n Eq. (1) ). However, in wider studies like ours, this extra expense 
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Fig. 5. Plots show the variation in calculated segregation energy for Ni to each interface orientation for increasing simulation cell length using both the IRB and ERB 

segregation energy calculation methods. 
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s offset by the fact that the energies of the solute-free interfaces, 

 

FeCu 
i 

, can be reused in treating multiple solutes and the energies 

f the bulk reference, E FeI 
B 

and E Fe 
B 

, can be used across multiple in-

erface orientations. 

.2. Solute segregation energies 

Having identified the advantages of using the external reference 

ulk (ERB) method for this system, we then performed segrega- 

ion energy calculations for Ni and Si to all three Fe-Cu interface 

rientations. We initially explored the influence of interface so- 

ute concentration ( C I ) where the concentrations used are shown 

n Table A.3 . We identified interface solute concentrations of 1.38, 

.20 and 1.80 at · nm 

−2 to be effectively the dilute limit for the 

100}, {110} and {111} orientated Fe-Cu interfaces. At C I values be- 

ow these the calculated segregation energies fall within relatively 

arrow convergence tolerances ( < 0.05 eV in all cases) as shown 

n Table 1 . Simulation cells at the dilute limit with respect to C I 
ere then used to explore the influence of bulk solute concentra- 
6 
ion ( C B ) on the segregation energies of Ni and Si to effectively di-

ute Fe-Cu interfaces. The simulation cell parameters and the con- 

ergence they provide with respect to segregation energy for these 

ulk solute concentration segregation studies are shown in Table 1 . 

or these bulk solute concentration segregation studies we also ap- 

lied the decoupling method described in Section 2.3 to separate 

he elastic and chemical energy contributions for solute segregat- 

ng to an effectively dilute interface. 

.2.1. Dependence on interfacial solute concentration 

Figure 8 a illustrates the relationship between interfacial solute 

oncentration and segregation energy. In the case of Ni, this rela- 

ionship is relatively pronounced for segregation to the {100} ori- 

ntation demonstrating more attractive segregation energies to in- 

erfaces containing less solute whilst interfaces with higher solute 

oncentrations see less attractive segregation energies. This broadly 

uggests that as solute segregates to the Cu nanoprecipitate, sur- 

ace regions with the {100} orientation will become less attrac- 

ive to segregating Ni as they become increasingly decorated with 

i. Generally, the segregation of Ni to the {110} and {111} orienta- 



A.M. Garrett and C.P. Race Journal of Nuclear Materials 556 (2021) 153185 

Fig. 6. Plots show the variation in calculated segregation energy for Ni to each interface orientation for decreasing interfacial solute concentration ( C I ) using both the IRB 

and ERB segregation energy calculation methods. 
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ions is largely independent of interfacial solute concentration for 

he solute concentrations investigated in this work. This suggests 

hat the potential energy of Ni segregation to these two interfaces 

ill be relatively constant during the initial stages of segregation 

here solute segregates primarily to on-interface sites. Our prior 

ork [43] shows these two orientations are relatively low energy 

nd are thus more likely to form the surface of the Cu nanoprecip- 

tate. 

Figure 8 b shows the relationship between Si interfacial con- 

entration and segregation energy. As for Ni, Si segregation ex- 

ibits little dependence on interfacial solute concentration for the 

110} and {111} orientations whilst the {100} orientation exhibits 

 greater dependence. However, at the highest interfacial solute 

oncentrations the {100} and {110} orientations both become sub- 

tantially less attractive to Si segregation. These findings further 

emonstrate that, regardless of interfacial solute concentration, Si 

ill not be attracted to the on-interface segregation site (i.e. site 1) 

or the {111} orientated interface. Early in the segregation process 

he {100} and {110} orientated interfaces will have little Si present 

n the interface and so will be attractive to segregating Si. How- 
7 
ver, as the solute concentration of the interface increases and the 

i atoms come to sit at second nearest neighbour sites, the repul- 

ive Si-Si interactions at this separation may dominate [29,52] . This 

uggests the capacity for Cu nanoprecipitates to attract Si to on- 

nterface segregation sites is limited by the available surface with 

elatively low Si concentrations and {100}/{110} orientated Fe-Cu 

nterfaces. Our previous work [43] demonstrates the {100} orien- 

ated Fe-Cu interface is comparatively high energy and so is un- 

ikely to form in large proportions of the Cu nanoprecipitates’ sur- 

aces further limiting how attractive they are to Si. In these inter- 

ace solute concentration studies we used a bulk solute concentra- 

ion of 0.40 at.% for both Ni and Si as in the convergence studies. 

.2.2. Dependence on bulk solute concentration 

Figure 9 a plots the segregation energy against bulk Ni concen- 

ration ( C B ) for the {100}, {110} and {111} orientated Fe-Cu inter- 

aces at the dilute limit for interfacial Ni concentration. The influ- 

nce of bulk Ni concentration on segregation energy is relatively 

mall and the use of a bulk Ni concentration elsewhere in this 

ork of 0.40 at.% is chosen for consistency. This suggests bulk Ni 
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Fig. 7. Plots show the contribution to the IRB calculated Ni segregation energy from the simulation cells with solute in the bulk-like region and solute in the interface region. 
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oncentration does not substantially alter the potential energy of 

i segregation to Fe-Cu interfaces especially when compared to the 

uch stronger dependence of segregation energy on interface ori- 

ntation at the concentrations tested. The attraction of Ni to {100} 

rientated Fe-Cu interfaces is strongest, with segregation energy 

alues of approximately −0.50 eV. This value is in good agreement 

ith the work of Xie et al. (2012) [31] who found the segrega- 

ion energy of Ni to a {100} orientated Fe-Cu interface using an 

RB method to be −0.44 eV. The {111} orientation is the second 

ost attractive with segregation energy values of around −0.30 eV 

hilst the {110} orientation is the least attractive of the three with 

alues around −0.20 eV. Our previous work [43] suggested that 

u nanoprecipitate surfaces should predominantly be made up of 

110} orientated Fe-Cu interfaces but as the nanoprecipitates in- 

rease in size other orientations are more likely to feature in the 

urface. It can be inferred that larger Cu nanoprecipitates are likely 

o produce a stronger driving force for Ni segregation given that Ni 

s more strongly attracted to non-{110} interface orientations. 

In Fig. 9 b the elastic and chemical contributions to segregation 

nergy for Ni are plotted separately. We can immediately see that 
he elastic contribution for the three interface orientations is ex- t

8 
eptionally small. Conversely, the chemical contribution seemingly 

akes up the vast majority of Ni’s segregation energy. This find- 

ng is in good agreement with the work of Xie et al. [31] where

hey too find Ni segregation to the {100} orientated Fe-Cu inter- 

ace is dominated by chemical considerations. Whilst the distinc- 

ion between elastic and chemical contributions is somewhat arti- 

cial given the interconnectedness of strain state and bond length, 

e can conclude that Ni is attracted to Fe-Cu interfaces not be- 

ause of the strain state that exists in this region but instead be- 

ause of the different bonds that it forms. 

Similarly, Fig. 9 b shows the segregation energy of Si plot- 

ed against its bulk concentration, again for the {100}, {110} and 

111} orientated Fe-Cu interfaces at the dilute limit for interfa- 

ial Si concentration. In the case of Si the relationship between 

ulk concentration and segregation energy seems to be stronger, 

emonstrating a weak trend that segregation becomes more at- 

ractive (i.e. more -ve) as bulk Si concentration increases. Whit- 

ng et al. [29] and Bakaev et al. [52] both demonstrate relatively 

trong Si-Si repulsion in bulk Fe at the first and second nearest 

eighbour (1nn and 2nn respectively) positions with this interac- 

ion becoming mildly attractive at the 3nn, 4nn and 5nn positions. 
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Fig. 8. Variation in calculated segregation energy with decreasing Ni (left) and Si (right) interfacial solute concentrations ( C I ) to each interface orientation. Left plot shows 

the variation in calculated segregation energy with decreasing Si interface solute concentration to each interface orientation. The bulk solute concentration in both cases is 

0.40 at.%. 

Fig. 9. Left plot shows the variation in calculated segregation energy to each interface orientation for increasing bulk solute concentration of Ni. Right plot shows the varia- 

tion in elastic and chemical contributions to segregation energy to each interface orientation. Upward pointing triangles represent the elastic contribution whilst downward 

pointing arrows represent the chemical contribution. 
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iven that even at the highest bulk Si concentrations investigated 

he Si atoms are at 6nn positions, this attractive interaction would 

eed to be quite long ranged to explain the reductions in seg- 

egation energy observed. However, it is possible the weak trend 

f more attractive segregation with increasing bulk concentration 

ay result from a comparatively long ranged elastic repulsion be- 

oming dominated by the shorter ranged chemical attraction as the 

ulk Si concentration increases and the distance between the Si 

toms decreases. Though, it is also possible this trend stems from 

rror in the calculation given these variations in segregation en- 

rgy are within our expected convergence tolerances. Whilst the 

ffect of changing interface orientation on Si segregation energies 

s similar in magnitude to the case for Ni (approx. 0.1–0.3 eV), 

his results in a qualitative change in segregation behaviour for Si. 

hilst Si exhibits a moderately strong attraction to the {100} ori- 

ntated Fe-Cu interface (approx. −0.25 eV) it is weakly repelled 

y the {111} orientated interface (approx. +0.05 eV). Finally, the 
9 
i seems to be only weakly attracted to the {110} orientation (ap- 

rox. −0.07 eV). Xie and Zhao [32] calculated the segregation en- 

rgy of Si to a {100} orientated Fe-Cu interface to be −0.03 eV 

sing an IRB method, a value substantially smaller in magnitude 

han the one we calculate. This disparity is possibly due to their 

se of the IRB calculation method or may result from their use 

f smaller supercells and hence higher interfacial concentrations. 

hese explanations are partially supported by the observation in 

ur ERB method interfacial solute concentration studies which in- 

icate smaller solute-solute spacings result in more repulsive seg- 

egation interactions. The more complex dependence of Si segrega- 

ion on interface orientation means that the relationship between 

roader Si segregation behaviours and Cu nanoprecipitate size may 

lso be more complex. If the non-{110} surfaces of larger Cu nano- 

recipitate possesses the {100} orientation we may expect elevated 

i segregation whereas if the non-{110} interfaces have the {111} 

rientation we might expect reduced Si segregation. It is possible 
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Fig. 10. Left plot shows the variation in calculated segregation energy to each interface orientation for increasing bulk solute concentration of Si. Right plot shows the varia- 

tion in elastic and chemical contributions to segregation energy to each interface orientation. Upward pointing triangles represent the elastic contribution whilst downward 

pointing arrows represent the chemical contribution. 
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hat small regions of {100} orientated interface could result in a lo- 

alised Si enrichment possibly contributing to appendage-like mor- 

hologies [8,13,17,53] . 

Figure 10 b shows the decoupled elastic and chemical contribu- 

ions to segregation energy for Si. Whilst for the {100} orientated 

nterface the majority of the attraction Si experiences is due to the 

hemical contribution, the contribution of strain is stronger than 

or Ni and repulsive. Similarly, the weak attraction of Si to the 

110} orientated Fe-Cu interface is made up of a relatively strong 

ttractive chemical component and a weaker repulsive elastic com- 

onent. Finally, in the case of the {111} orientated interface the re- 

ulsive elastic component overcomes the weaker attractive chem- 

cal component resulting in the total weak repulsion observed. 

hilst Ni’s interaction with the interface was primarily chemical 

n nature, the interaction of Si is more subtle and depends on the 

alance struck between elastic and chemical effects. 

The magnitude of Si’s interaction with Fe-Cu interfaces is 

maller than that of Ni. As such, we might expect greater Ni seg- 

egation to a Cu nanoprecipitate. However, the driving force for 

egregation is only part of the process and the ease with which 

oth species can diffuse through Fe could also significantly influ- 

nce the solute concentration of the interface region. Versteylen 

t al. [54] calculated the diffusion constant ( D 0 ) and activation en- 

rgy ( Q) for diffusion of Ni and Si in bcc ferromagnetic Fe us- 

ng DFT assuming predominantly single vacancy diffusion. For Ni 

hey found D 0 = 3 . 6 × 10 −5 m 

2 · s −1 and Q = 2 . 656 eV, compar-

ng favourably with experimental values of Hirano et al. [55] and 

org and Lai [56] . For Si they obtained D 0 = 3 . 6 × 10 −5 m 

2 · s −1 

nd Q = 2 . 570 eV, seeing weaker agreement with the experimen- 

al findings of Bergner et al. [57] . Given the similarity in the dif-

usion constants and activation energies for Ni and Si, the stronger 

egregation energies of Ni are likely to be the dominant factor in 

etermining the segregation behaviour. However, we note that it is 

ossible that the diffusion of the two solute species will be differ- 

ntly affected by neutron irradiation when vacancies will be rela- 

ively abundant given Si is seen to bond more strongly to divacancy 

riplets compared to Ni [29] . 

As previously mentioned, CRPs are sometimes observed to pos- 

ess MnNiSi-rich appendage structures [8,13,17,53] . We can see that 

f a small region of {100} interface were to form on the surface 

f a Cu nanoprecipitate then this region may preferentially attract 
10 
ny available solute, helping to form a localised region of enrich- 

ent due to the strong segregation of both Ni and Si to the {100} 

nterface. Though, as we see in Fig. 8 a and b the {100} orien-

ated interface becomes less attractive to Ni as the Ni concentra- 

ion increases and becomes repulsive to Si as the Si concentration 

ncreases. However, in order to make more conclusive comments 

bout this locally preferential segregation it is necessary to further 

nvestigate how Ni and Si interact with each other in the interfa- 

ial region to establish how energetically favourable it is for solute 

o segregate to interfaces that are already decorated with similar 

nd dissimilar species of solute. It may well be the case that the 

olute enriched region more effectively draws in solute compared 

o the undecorated Fe-Cu interface. 

.3. Influence of strain 

Figures 11 a and 12 a show how the segregation energies of Ni 

nd Si vary with applied x − y strains, i.e. in the interfacial plane. 

or both segregating species, there is a significant dependence of 

alculated segregation energy on x − y plane strain in the {100} 

rientated interface, with both species demonstrating a preference 

or segregating to interfaces in compression. For Si this preference 

or compressive x − y plane strains is also demonstrated for the 

110} and {111} orientations whilst for Ni there is very little varia- 

ion for these non-{100} orientations. 

Figures 11 b and 12 b similarly show the variations of Ni and 

i segregation energies with applied z strain, i.e. acting perpendic- 

lar to the interface. For both species the {100} and {111} orien- 

ations the calculated segregation energies are largely unaffected 

y the z strain, though there seems to be a weak preference for 

ore compressive z strains in the {100} orientation and more ten- 

ile z strains in the {111} orientation. However, the segregation en- 

rgies for both species to the {110} orientation do demonstrate a 

trong dependence on z strain. This behaviour is a consequence of 

he Cu atoms in the simulation cell moving to off-bcc lattice po- 

itions. These shifts in position significantly reduce the calculated 

round state energy of the simulation cell and it appears that by 

training the {110} orientated interface in this way and introduc- 

ng an asymmetry in the form of a solute substitutional we are 

ssisting the transformation of Cu from a bcc to its equilibrium fcc 

tructure. 
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Fig. 11. Plots show the variation in calculated segregation energy of Ni to each Fe-Cu interface orientation with strain in the x − y plane and in the z direction. Pink bars 

show the magnitude of strains expected to form at the surface of coherent Cu nanoprecipitates. 

Fig. 12. Plots show the variation in calculated segregation energy of Si to each Fe-Cu interface orientation with strain in the x − y plane and in the z direction. Pink bars 

show the magnitude of strains expected to form at the surface of coherent Cu nanoprecipitates. 
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Whilst the variation in calculated segregation energies may ap- 

ear significant, particularly for the applied x − y plane strains, it 

s important to note the scale of misfit strains one might expect 

n this plane in the region surrounding a Cu nanoprecipitate. Our 

revious work [43] using an embedded atom method (EAM) po- 

ential suggests the magnitude of these strains in the plane of 

nd perpendicular to the interface are comfortably below 1% due 

o the small lattice mismatch (DFT predicts lattice parameters of 

.283 nm and 0.289 nm for bcc Fe and bcc Cu respectively). These 

arrow ranges of EAM potential predicted strains are overlaid in 

ink on Figs. 11 and 12 for both strain types. These realistic strain 

egions illustrate that in practice we would expect both the x − y 

lane strain and z strain to have little influence on segregation en- 

rgy. 

If Cu nanoprecipitate size is going to influence segregation be- 

aviour it is unlikely to do so through the strain states that sur- 

ound Cu nanoprecipitate cores of different sizes due to the small 

trains present and the relatively weak influence of strain on segre- 
t

11 
ation energy. It is instead more likely that Cu nanoprecipitate size 

ould influence segregation behaviour through the orientation of 

nterfaces that make up the Cu nanoprecipitate’s surface. As before, 

n these interface strain studies a bulk solute concentration of 0.40 

t.% was used for both Ni and Si. 

.4. Segregation site dependency 

Whilst up to this point we have focussed on solute segregation 

o site 1, we now look at the influence of different segregation sites 

n the segregation energy calculated for Ni and Si. Figure 13 shows 

he segregation energy of Ni and Si to sites 1 (the on-interface 

ite), 2, 3 and 4 (illustrated in Fig. 4 ) for effective bulk composi-

ions of 0.40 at.% Ni and 0.40 at.% Si. Figure 13 a shows that, in gen-

ral, for Ni there is little driving force for segregation to sites away 

rom the on-interface plane for all Fe-Cu interface orientations. It 

s interesting to note that for the {111} orientated Fe-Cu interface 

he range of attractive interaction for Ni appears to be non-zero 
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Fig. 13. Plots show the segregation energies of Ni (a) and Si (b) to interface adjacent sites (as illustrated in Fig. 4 ) for all three orientations of Fe-Cu interface calculated 

using the ERB method. 

(

w

s  

i

n

e

1

e

l

e

t

{

t

w

t

m

U

w

o

d

i

S  

t

b

t

1

d

F

a

s

F  

f

a

s

t

t

h

t

s

s  

c

1

t

s

l

o

3

s

X

w

l

t

w

T

(

s

i

t

p

s

M

f

p

c

l

t

{

s

a

w

f  

i

e

A

f

approx. 0.16 nm) in contrast to the {100} and {110} orientations 

here the range of attractive interaction is effectively zero. 

The segregation of Si to near interface sites is more complex as 

hown in Fig. 13 b. There seem to be off-interface sites for all three

nterface orientations that energetically favour Si segregation, most 

otably site 3. It is interesting to observe that for the {111} ori- 

ntation Si has a greater segregation energy to site 3 than to site 

 (i.e. on the interface itself). If we only consider the segregation 

nergy of Si to the most favourable segregation sites then the re- 

ationships we see between segregation energy and interface ori- 

ntation in Ni is reproduced for Si, i.e. Si segregation is strongest 

o the {100} orientation followed by the {111} orientation with the 

110} orientation being least favourable. Unlike Ni, for Si to reach 

he Fe-Cu interface it may be necessary for it to pass through sites 

hich are substantially less energetically favourable compared to 

hose in which it previously sat. Though, in some cases solute may 

igrate to the interface without passing though sites sequentially. 

sing these energetic arguments we can envisage a scenario in 

hich Si becomes stuck some way back from the {110} and {111} 

rientated Fe-Cu interfaces due to the small (or non-existent) re- 

uctions in energy associated with moving to the interface, provid- 

ng little driving force for continued migration. The reason for the 

i’s preference for site 3 over sites 1 and 2 is likely due to two fac-

ors. Firstly, atomic sites closer to the interface are more likely to 

e subjected to large strains which we see from Fig. 10 b substan- 

ially contribute to Si’s repulsion from the {111} interface at site 

. Secondly, the number and types of bonds formed by Si at the 

ifferent sites varies substantially. At site 1 in the {111} orientated 

e-Cu interface, Si forms four first nearest neighbour (1nn) bonds 

nd three second nearest neighbour (2nn) bonds to Cu atoms. At 

ite 2, Si forms one 1nn bond and three 2nn bonds to Cu atoms. 

inally at site 3, Si forms a single 1nn bond to a Cu atom. We see

rom Whiting et al. [29] that the Cu-Si interaction is quite strongly 

ttractive in the 1nn position but weakly repulsive at the 2nn po- 

ition in bcc Fe. It thus seems logical from a bonding perspective 

hat site 3 may be more energetically favourable than site 2 given 

hey both have a single strongly attractive 1nn bond but site 2 also 

as 3 weakly repulsive 2nn bonds. Site 1 has four 1nn bonds and 

hree 2nn bonds to Cu suggesting it should be more attractive than 

ite 3. For all three interfaces we see a reduced attraction of Si to 

ite 2 compared to sites 1 and 3 which may be attributed in all

ases to the increased proportion of 2nn Si-Cu bonds compared to 

nn Si-Cu bonds and Si-Fe bonds. 
12 
It is important to note that the energy required to move be- 

ween these substitutional sites has not been calculated and so 

egregation pathways which appear low-energy may in fact have 

arge energy barriers associated with the movement of solute from 

ne substitutional site to the next. 

.5. Equilibrium interface solute occupancy 

Here we present our calculations of the equilibrium interface 

olute occupancies using the Langmuir-McLean equation [49,50] : 

 

�
I = 

X I exp (−E I 
seg,i 

/k B T ) 

1 + X I [ exp (−E I 
seg,i 

/k B T ) − 1] 
, (6) 

here X �I and X I give the fractional occupations of available so- 

ute sites at the interface and in the lattice respectively. T is the 

emperature and k B is Boltzmann’s constant. 

Figure 14 shows the change in expected interface Ni occupancy 

ith increasing temperature for all three interface orientations. 

hese calculations only consider segregation to on-interface sites 

i.e. site 1). The range of typical RPV operating temperatures is 

hown by the pink region. We can see that for the {100} Fe-Cu 

nterface in the temperature region of interest the expected Ni in- 

erface occupancy is very high and is largely unaffected by tem- 

erature or bulk Ni concentration. This is logical given the strong 

egregation energy associated with {100} Fe-Cu interface for Ni. 

ore interesting are the {110} and {111} orientated Fe-Cu inter- 

aces which show a much broader spread of predicted Ni occu- 

ancies across the temperature range and also with bulk Ni con- 

entration. It is evident from Fig. 14 that pressure vessel steels 

ower in Ni (such as A508-3, approx. 0.37–0.93 at.%Ni) are likely 

o see considerably lower Ni occupancies at Fe-Cu interfaces with 

110} and {111} orientations compared to higher Ni pressure vessel 

teels (like A508-4N, approx. 2.60–3.61 at.%Ni) at typical RPV oper- 

ting temperatures. This finding is significant given that our earlier 

ork [43] has indicated that much of a Cu nanoprecipitate’s sur- 

ace is likely to be made up of the {110} due to its relatively low

nterfacial energy density. 

In order to better understand how bulk Ni concentration influ- 

nces segregation behaviour, two steels compositions from ASTM 

508 have been investigated (Grade 3 and Grade 4N) [58] . We per- 

ormed a linear interpolation between our calculated bulk Ni con- 
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Fig. 14. Plots show the Ni fractional occupation of sites on the {100}, {110} and {111} orientated Fe-Cu interfaces with increasing temperature for different effective bulk 

Ni concentrations where the different effective bulk Ni concentrations are illustrated by the line colours. Approximate RPV operating temperatures are shown in pink. Ni 

composition ranges for pressure vessel steel grades A508-4N (magenta) and A508-3 (cyan) are also shown. Note the y axis scale for the {100} orientation is reduced to better 

illustrate the variations with respect to bulk Ni concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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entrations to plot the expected interfacial Ni occupancies across 

he region bound by the lower and upper Ni limits for both grades 

s specified by the ASTM standard across the temperature range of 

nterest. These interpolated regions are shown in cyan for A508-3 

nd magenta for A508-4N on Fig. 14 . For all three interface orienta- 

ions we see that variations in the bulk Ni concentration for A508- 

N steels result in only small changes to the expected interfacial 

olute occupancy ( < 0.05 in all cases). However, for A508-3 steels 

hese differences are more pronounced with low levels of Ni alloy- 

ng resulting in interfacial solute occupancies 0.1–0.2 lower than 

he high Ni examples for the {110} and {111} orientations across 

he operational temperature range. This suggests that two RPVs, 

hilst both nominally made of A508-3 steel, may see relatively 

arge variations in the amount of Ni that segregates to Cu nano- 

recipitates dependent on their specific Ni contents. 

Similarly to the case for Ni, Fig. 15 shows the change in ex- 

ected interface Si occupancy with increasing temperature. Note 

hat rising temperature leads to increases in the concentration of 

i at the {111} interfaces because segregation is energetically dis- 

avoured for this orientation. For the {100} Fe-Cu interface there is 

 substantial spread of expected interface Si occupancy in the tem- 
13 
erature range of interest and the bulk Si concentrations explored. 

his spread is particularly pronounced for the lower bulk Si con- 

entration data, which is of particular interest due to the relatively 

ow Si content in A508-3 and A508-4N steels (0.28–0.74 at.% in 

oth A508-3 and A508-4N), suggesting relatively small changes in 

ulk Si composition can substantially alter the Si segregation one 

ould expect to the {100} orientated interface. The significance of 

his is likely to be more prominent in determining the likelihood of 

i-rich appendages forming from a small area of {100} orientated 

nterface. The interface Si occupancies of the {110} and {111} ori- 

ntated Fe-Cu interfaces appear to be considerably less sensitive to 

emperature and bulk Si content with both interfaces expected to 

ossess relatively low Si occupancies for typical bulk Si contents. 

As before, linear interpolations were performed to indicate the 

ower and upper limits of Si contents for A508-3 and A508-4N 

teels as specified by the ASTM standard [58] which bound the re- 

ion highlighted in cyan on Fig. 15 . For the {110} and {111} these 

ifferences in bulk Si concentration between the steel grades re- 

ult in only minor changes ( < 0.03) to the predicted interfacial Si 

ccupancy in the temperature range of interest. In contrast, for the 

100} orientation the bulk Si concentration results in a much larger 
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Fig. 15. Plots show the Si fractional occupation of sites on the {100}, {110} and {111} orientated Fe-Cu interfaces with increasing temperature for different effective bulk Si 

concentrations where the different effective bulk Si concentrations are illustrated by the line colours. Si composition ranges for pressure vessel steel grades A508-4N and 

A508-3 are shown in cyan. Approximate RPV operating temperatures are shown in pink. Note the y axis scale for the {111} orientation is reduced due to the very low 

interfacial solute occupations predicted. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ariation of the predicted interfacial solute occupancy (0.3–0.4) 

cross the temperature range of interest. As previously mentioned, 

he significance of this is likely confined to the composition of ap- 

endage structures. It is important to note that in Section 3.4 we 

ommented that site 3 appears to have a more attractive segrega- 

ion energy than site 1 for the {111} orientated Fe-Cu interface. If 

e were to treat this finding as accurate and use the segregation 

nergy of Si to site 3 in our interfacial solute occupancy calcula- 

ion the bulk Si composition has a much stronger influence. This 

hange results in variations in the predicted interfacial Si occupa- 

ion fraction for the {111} orientation of 0.1–0.2 between the low 

nd high Si limits for both grades in the operational temperature 

ange. This plot is included in Appendix C as Fig. C.1 . 

We note that the results in Figs. 14 and 15 are based on the

nterfacial solute concentration for binary systems at thermal equi- 

ibrium and do not take into account irradiation effects, which may 

ontribute substantially to the segregation behaviour of these sys- 

ems, or the influence of other segregants. 
14 
. Conclusions 

We find that for the segregation of Ni to Fe-Cu interfaces the 

se of an external reference bulk (ERB) method gives similar lev- 

ls of convergence to the internal reference bulk (IRB) method but 

equires smaller simulation cells. Whilst in this particular appli- 

ation the ERB method proved superior due to the reusability of 

any calculated values it is important to note that if only a small 

umber of systems are to be investigated the IRB method may well 

rove more efficient. We then used the ERB method to investigate 

he segregation of Ni and Si to {100}, {110} and {111} orientated 

oherent Fe-Cu interfaces. The key conclusions of this work are: 

- Higher interfacial solute concentrations for both solute species 

generally result in less attractive segregation energies for the 

{100} orientated Fe-Cu interface though this effect is less ap- 

parent for the {110} and {111} orientations. 

- Ni is attracted to all three interface orientations in the dilute 

limit with a preference for the {100} and {111} orientations 

compared to the {110} orientation. There is very little depen- 

dence of Ni’s segregation energy on bulk Ni concentration and 
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Table A1 

Effective bulk solute concentrations 

( C B ) for the different sizes of refer- 

ence bulk simulation cells used in ERB 

method calculations. 

Unit cells in ( x × y × z) C B (at.%) 

2 × 2 × 2 6.250 

3 × 3 × 3 1.852 

4 × 4 × 4 0.781 

5 × 5 × 5 0.400 

6 × 6 × 6 0.231 

Table A2 

Simulation cell sizes for interfacial spacing convergence 

study. 

Interface orientation No. atoms Cell length (nm) 

{100} 12 1.700 

16 2.267 

24 3.401 

32 4.534 

48 6.802 

{110} 16 1.603 

32 3.206 

48 4.809 

64 6.413 

80 8.016 

{111} 24 1.963 

36 2.945 

48 3.927 

60 4.909 

72 5.890 

Table A3 

Simulation cell arrays for interfacial solute concentration convergence study. 

Interface orientation C I ( at · nm 

−2 ) x × y cell array No. atoms Min. solute spacing (nm) 

{100} 12.45 1 × 1 16 0.283 

3.11 2 × 2 64 0.567 

1.38 3 × 3 144 0.850 

0.78 4 × 4 256 1.137 

0.50 5 × 5 400 1.417 

{110} 8.80 1 × 1 32 0.283 

2.20 2 × 2 128 0.567 

0.98 3 × 3 288 0.850 

0.55 4 × 4 512 1.417 

{111} 7.19 1 × 1 24 0.401 

1.80 2 × 2 96 0.802 

0.80 3 × 3 216 1.202 

0.50 4 × 4 384 1.603 

A

E

w

E

the majority of Ni’s attraction to Fe-Cu interface’s seems to de- 

rive from chemical, rather than elastic, effects. 

- For dilute interfaces Si is somewhat attracted to the {100} ori- 

entated Fe-Cu interface, very weakly attracted to the {110} ori- 

entated interface and weakly repelled by the {111} orientated 

interface. Si segregation displays a stronger dependence on bulk 

Si concentration, compared to Ni, with more attractive segrega- 

tion energies calculated at higher bulk Si concentrations. The 

elastic and chemical contributions to segregation energy are 

more balanced than in the case of Ni resulting in smaller seg- 

regation energy values. The elastic contribution is typically pos- 

itive (and so repulsive) whilst the chemical contribution is neg- 

ative (and so attractive). 

- In general, strain in the interface has a relatively weak influence 

on the segregation energies calculated. As such, if the size of 

Cu nanoprecipitates influence segregation behaviour it is likely 

that they do so through the interface orientations that make up 

their surfaces rather than the strain states that surround them. 

- When applying the ERB method to interface-adjacent segrega- 

tion sites we observe that for Ni, the {111} orientated Fe-Cu ex- 

hibits a comparatively long range attraction with near-interface 

sites becoming increasingly attractive as the distance between 

the solute and interface reduces. This trend is not observed for 

the {100} and {110} orientated interfaces where near-interface 

sites typically have segregation energies close to zero. 

- When applying the ERB method to Si in near-interface sites we 

observe that for the {111} orientation there is a strong prefer- 

ence for segregation to site 3 compared to sites 1 and 2. The 

segregation of Si to the {110} interface exhibits similar, though 

less pronounced, behaviour with a relatively small difference in 

segregation energy to be found between sites 1 and 3. This may 

suggest Si preferentially segregates to near-interface sites rather 

than to the interface plane itself in some cases. 

- Using the Langmuir-McLean binary isotherm equa- 

tion [49,50] we predict that for Ni, RPV operating temperatures 

and bulk Ni compositions may substantially alter the expected 

Ni concentration of {110} and {111} orientated Fe-Cu interfaces. 

Interfacial Si concentration appears to be less sensitive to 

bulk Si composition and temperature. However, for the {100} 

orientated Fe-Cu interface, changes in the bulk Si concentration 

can yield substantial variations in interface composition. 

- Using this approach and ASTM pressure vessel specifications we 

estimate that at conventional RPV operating temperatures the 

use of a relatively high-Ni A508-3 steel may result in an interfa- 

cial Ni occupancy fraction up to 0.2 greater than a low-Ni A508- 

3 steel. Similarly, a relatively high-Si A508-3/4N steel could re- 

sult in interfacial Si occupation fractions up to 0.4 greater than 

the low-Si limit. 
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ppendix A. Simulation cell sizes 
a

15 
ppendix B. IRB additional derivation 

See Section 2 for definitions of the symbols. 

 

I,IRB 
seg,i 

= E I,ERB 
seg,i 

− E I,ERB 
seg,b 

= [(E FeICu 
i 

− E FeCu 
i 

) − (E FeI 
B 

− E Fe 
B 

)] 

−[(E FeICu 
b 

− E FeCu 
b 

) − (E FeI 
B 

− E Fe 
B 

)] 

= (E FeICu 
i 

− E FeCu 
i 

) − (E FeICu 
b 

− E FeCu 
b 

) , 

(B.1) 

hich becomes 

 

I,IRB 
seg,i 

= E FeICu 
i − E FeICu 

b (B.2) 

s before (i.e. the IRB method Eq. (1) ), given E FeCu 
i 

= E FeCu 
b 

. 
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ppendix C. Equilibrium interface solute occupancy 

ig. C1. Plot shows the Si fractional occupation of site 3 near to the {111} orientated

e-Cu interfaces with increasing temperature for different effective bulk Si concen- 

rations. Site 3 was calculated to be more attractive to Si segregation compared to 

he on-interface position (site 1). 
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