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Abstract The addition of cobalt was experimentally

observed to increase the strength and impact toughness of Cu

precipitation hardened steel. In order to understand the

mechanism of this strengthening, we studied the effect of

cobalt in the bulks and surfaces of bcc Fe and bcc Cu, as well

as at the Fe/Cu interface by ab initio density-functional

approach. We investigated the cobalt distribution between

the Fe matrix and Cu precipitate, and found that cobalt is

rejected from the core of the Cu particle. The calculated

elastic constants and stacking fault energies show that cobalt

does not produce any solid solution softening or hardening in

bcc Fe. However, cobalt segregated in the interfacial region

increases the cleavage fracture energies and cleavage stress

of the Fe/Co/Cu interface. The compressive stress, which

arises near the interface due to strong Fe–Co bonds, may

serve as a barrier for dislocation motion through the interface

resulting in additional hardening.

Introduction

The formation of nanometer-sized Cu precipitates in bcc Fe

is important for attaining dispersion strengthening simul-

taneously with high ductility. The mechanism of Cu

strengthening effect is complicated and has been inten-

sively studied [1–7]. Atomistic simulations were employed

to investigate the effect of size, shape, composition, and

structural instability of Cu particles on strengthening [2, 3,

7–15]. According to [2–7], precipitation strengthening was

related to the dislocation pinning caused by the transfor-

mation of the unstable bcc structure to more stable Cu

structures under shearing of Cu precipitates by dislocations

(structural-transformation mechanism).

Recently, it was observed that cobalt addition improves

the room temperature strength as well as the toughness of

precipitation hardened steel; however, the mechanism of

additional cobalt-induced strengthening was not established

[16, 17]. In multi-component alloys, the effect of additions

on the properties of precipitated steel strongly depends on

their interaction with matrix and precipitate, as well as on the

aging stages. Impurities may have a significant effect on the

kinetics of Cu precipitation [18] and serve as nucleating

centers for the precipitated phase or, vice versa, deplete the

growth of precipitate. During aging, impurities are redis-

tributed between the Fe matrix and Cu and they may move

from the Cu core and segregate in the interface region (as Ni

impurity) or their concentration may even increase in the Cu

phase (as Mn impurity) at the intermediate stage of aging

[19–22]. The segregated impurities forming the shell for the

Cu particle may change the interfacial interaction and affect

the dislocations running through the precipitate because the

pinned dislocations are mainly located near the matrix/

precipitate interface.

Possible reasons for additional hardening may involve

chemical strengthening from the matrix–precipitate inter-

face, as well as differences in stacking fault energies or

shear moduli. In precipitated steel, solid solution hardening

may occur along with precipitation hardening. It should be

noted that there are contradictory results on the Co effect
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on hardening in ferrite. Cobalt addition was experimentally

found to result in alloy softening [23, 24], while no solid

solution softening was observed in Fe–3 at.% Co between

77 and 295 K [25]. According to [26], neither softening nor

hardening due to Co solute addition occurs at any tem-

perature. Theoretical cluster calculations predicted that

cobalt weakens the interatomic interactions in bcc Fe and

results in solid solution softening [27].

The plasticity of bcc metals is governed by the

1/2h111i screw dislocations with a non-planar core. Ab

initio approach based on the atomic row model [28–31]

together with atomistic modeling predicted that core struc-

ture of the 1/2h111i screw dislocations in bcc Fe–Cu chan-

ges from non-polarized to polarized and the edge component

is enhanced [32]. A similar trend in the transformation from

isotropic to planar screw dislocation core under alloying was

predicted in bcc Mo with softening solutes [29–31], where

modeling of dislocation properties by the atomic row shift

and by the planar slip gave similar results. The generalized

stacking fault (GSF) energies [33], which describe the total

energy changes under rigid sliding along the Burgers vector,

have been demonstrated to be reliable and important char-

acteristics for understanding of the solid solution behavior

not only in fcc alloys [34] but also in bcc alloys with a non-

planar core structure [29–31, 35].

In this paper, to understand the microscopic origin of Co

effect, we employed a first principles density-functional

method to investigate the Co partitioning between the Fe

matrix and the Cu precipitate. First principles calculations

are very useful for investigation of structure, stability, and

thermodynamic properties of precipitates—see, for exam-

ple [36]. The Cu precipitation during aging is known to

follow the bcc Cu ? 9R ? 3R ? fcc Cu transformation.

The Cu clusters less than 4–5 nm have a bcc structure and

the peak hardness is reached when the bcc copper precip-

itates are still coherent with the Fe matrix [37–39]. For this

reason, we used the bcc structure for Cu in the simulations

of bulk, surface, and interface properties. We present

results for the interaction between Cu and Co impurities in

bulk as well as the mixing energies for Cu–Fe, Co–Fe, and

Cu–Co alloys. Since the interfacial forces play an impor-

tant role in the stabilization of bcc Cu precipitate and in the

mobility of dislocations running through the interface, we

study the cobalt effect on the geometry and bonding of the

Fe/Cu interface and make conclusions about cobalt redis-

tribution between the Fe matrix and bcc Cu. We are also

interested in how the presence of iron in Cu particle affects

cobalt distribution and study the possibility of cobalt seg-

regation in the Fe matrix, Cu and at the Fe/Cu interface.

We calculated the stacking fault energies for bcc solid

solutions as well as the ideal cleavage energies and

cleavage stress for the Fe/Cu and Fe/Co/Cu interfaces, and

discuss the possible reasons for additional strengthening

due to cobalt impurity by comparing our theoretic predic-

tions with the available experimental data on the cobalt

effect on the Cu precipitate size, atomic distribution, and

on the mechanical properties of Cu precipitation-hardened

steel.

Computational details

We employed the Vienna ab initio simulation package

VASP in projector augmented waves pseudopotentials

[40, 41] and the generalized gradient approximation (GGA)

for the exchange and correlation effects [42]. We chose the

kinetic energy cutoff of 350 eV and the number of k-points

that gives correct lattice parameters for bulk Fe, Co, and Cu

phases as well as the surface energy of Fe. All calculations

were spin polarized. The atomic relaxation was performed

by minimizing the Hellmann–Feynman forces up to

0.01 eV/Å over all atoms. For bcc Fe, our calculations gave

the lattice parameter 2.836 Å and the magnetic moment

2.21 lB in good agreement with previous ab initio results

(2.84 Å and 2.20 lB) [43]. The lattice parameter for bcc Cu

is equal to 2.889 Å, which is close to the ab initio value

2.873 Å [44] and to those calculated with empirical inter-

atomic potentials (2.885 Å [45], 2.880 Å [14]). Calcula-

tions by the ab initio SIESTA method gave larger lattice

parameters for both the bcc Fe (2.88 Å) and bcc Cu

(2.91 Å) phases [46]. According to our calculations, the lattice

misfit between bcc Fe and bcc Cu is 1.8 %, while EAM gave

0.45 % [15] and 3.2 % [47]. The SIESTA calculations pro-

vided misfit of 1 % [46]. We obtained the energy of strained

bcc Cu relative to the equilibrium bcc Cu state of 16 meV/

atom, which is close to 23 meV/atom obtained by Vitek and

coworkers [48] and larger than that obtained from MD sim-

ulation (1 meV/atom) [15]. The energy difference between

fcc and bcc Cu structures (8 meV/atom) is also larger as

compared to the theoretic predictions (46 meV/atom [15], and

from 7 to 48 meV/atom [2]). The optimized lattice parameters

for hcp Co are a = 2.498 Å, c/a = 1.614, and magnetic

moment on Co atom is 1.64 lB.

Results

Additions in bulk bcc Fe and bcc Cu

Co and Cu clustering

To study the local Cu–Cu interaction in bcc Fe matrix, we

considered a 54-atom cell (6 9 6 9 6 k-mesh) and compared

the total energies of two Cu atoms at different substitutional

sites including the first-nearest neighbors, the second-nearest

neighbors, and the most distant positions in the supercell. We
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found that the interaction between the first-nearest and

between the second-nearest Cu atoms is strongly attractive.

The energy gain estimated as the total energy difference rel-

ative to the distant Cu atom is ?0.23 and ?0.08 eV for the

first- and second-nearest neighbor Cu atoms, respectively. The

MD simulation [49] predicted ?0.20 and ?0.07 eV, while the

SIESTA method yielded ?0.15 and ?0.03 eV for the Cu–Cu

interactions in the first and second coordination shells,

respectively [46]. The large interaction energy reflects a

strong tendency of Cu atoms to clustering. Similar calcula-

tions for the two substituted Co atoms in the Fe supercell gave

Eb of -0.03 and -0.09 eV for the first- and second-nearest

neighbor Co atoms, respectively, with respect to the most

distant positions of two Co atoms. This suggests that Co does

not tend to segregate in Fe bulk.

Comparison of total energies for the first- and second-

nearest neighbors with their distant positions for the Cu and

Co atoms shows that their interaction is close to zero

(\0.01 eV) and cobalt has no preference to occupy the nearest

sites to Cu. Further, the estimations of interaction between the

first- and second-nearest neighbor Co atoms relative to their

distant sites in bcc Cu show attractive interactions with the

energies 0.28 and 0.16 eV, respectively, which are even

stronger than the Cu–Cu interactions in bcc Fe.

Taking into account the attractive Co–Co interaction in

bcc Cu and the large positive mixing energy of Co–Cu (see

below), it is possible to expect the formation of small Co

clusters or Co couples in bcc Cu precipitate. In order to

elucidate the role of chemical and magnetic interactions in

the formation of Co clusters, we performed both spin-

polarized and non-magnetic calculations for Co2, Co3, Co4,

and Co9 clusters in a 54-atom bcc Cu supercell. We found

that magnetic moment on cobalt increases with the number

of cobalt atoms in cluster from zero in Cu53Co to 1.35 lB in

Cu52Co2 and to 1.82 lB in Cu45Co9. In spin-polarized

calculations we obtained that the configuration with the two

nearest Co atoms forming a strong couple with the Co–Co

distance of 2.322 Å is by 0.11 and 0.28 eV more stable than

that with the second-nearest Co atoms (RCo–Co = 2.714 Å)

or that with their most distant positions, respectively,

whereas the non-magnetic calculations yielded the configu-

ration with the second-nearest Co atoms to be by 0.07 eV

more preferable than their nearest sites. A supercell with a Co

cluster consisting of three nearest Co atoms has energy,

which is by 0.52 eV lower than that with three most distant

Co atoms. Thus, magnetism has an important effect on the

stability of these clusters and the preference for magnetic

cobalt clusters increases with the size of cluster.

Mixing energies

We calculated the mixing energies for bcc Cu–Fe, Co–Fe,

and Co–Cu solid solutions as a difference in the total energies

of the alloy and elemental metals in their stable states. There

is a large difference in mixing energies for Cu–Fe and Co–

Fe. For 1.8 at.% concentration of Cu and Co in bcc Fe (one

impurity atom in 54-atom cell of bcc Fe), we obtained the

mixing energies of ?0.56 eV (previous estimations pre-

dicted close values from ?0.48 to ?0.55 eV, see [46].) and

-0.14 eV, respectively, which correlates with the low sol-

ubility of Cu in bcc Fe and with the existence of continuous

bcc Fe–Co solid solutions up to 80 at.% Co. The low solu-

bility of Cu in bcc Fe along with the strong attractive Cu–Cu

interaction favors the formation of copper precipitates. The

mixing energies of 1.8 at.% Fe and 1.8 at.% Co in unstrained

bcc Cu (a = 2.889 Å) are ?0.21 and ?0.49 eV, respec-

tively, and the obtained positive values correspond to a

limited solubility of both Fe and Co in fcc Cu. The larger

mixing energy for Co–Cu indicates that the Co impurity in

bcc Cu is less favorable than the presence of Fe. This dif-

ference in mixing energies is explained by the electronic

mechanism discussed below based on a comparison of the

densities of Co 3d states in Co–Fe and Co–Cu alloys.

Elastic properties

Finally, we established that cobalt has a little effect on the elastic

moduli of bcc Fe, which is in agreement with the previous pre-

diction [50]. We obtained C11 = 246 GPa, C12 = 144 GPa,

C44 = 122 GPa for pure bcc Fe (in good agreement with previous

theoretic predictions and with experiment: C11 = 232 GPa,

C12 = 136 GPa, C44 = 117 GPa) [51] and C11 = 261 GPa,

C12 = 136 GPa, C44 = 101 GPa for bcc Fe–6 at.% Co. Using

these elastic constants, we estimated the bulk modulus, which is

calculated as B = (C11 ? 2C12)/3 for a cubic single crystal, and

obtained B = 178 GPa for both clean Fe and Fe–6 at.% Co.

However, the single-crystal approximation for shear modulus

G = (C11 - C12)/2 gives G = 51 GPa for bcc Fe, which is much

smaller than the experimental value (82 GPa) and demonstrates

the growth up to 63 GPa with addition of 6 at.% Co. We estimated

the Young’s modulus along h100i and h111i directions within

the single-crystal approximation as E100 = (C11 ? 2C12) (C11 -

C12)/(C11 ? C12) and E111 = {1/E100 ? (C11 - C12 - 2C44)/

[3C44(C11 - C12)]}
-1 and found a large anisotropy between E100

and E111, which decreases with cobalt: the Young’s modulus E100

increases from 140 to 168 GPa, while E111 decreases from 298 to

255 GPa with 6 at.% Co substitution.

In order to predict the shear and Young’s moduli more

accurately, we used the Voight–Reuss–Hill approach, where the

single-crystal elastic constants are averaged to obtain the moduli

for polycrystalline materials, which describe experimental

results better than those obtained within the single-crystal

approximation. The polycrystalline shear modulus calculated as

G = (GV ? GR)/2, where GV = (C11 - C12 ? 3C44)/5 and

GR = 5(C11 - C12) (3C11 - 3C12 ? 4C44) C44, is equal to 86

and 81 GPa for Fe and Fe–6 at.% Co, respectively. The
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calculation of the Young’s modulus as E = 9BG/

(3B ? G) shows a small decrease in E from 222 to 210 GPa with

adding of 6 at.% Co.

Our calculated elastic moduli agree well with the

experimental data for bcc Fe (B = 168 GPa, G = 82 GPa,

E = 211 GPa) [51] and theoretical prediction (B = 193.9

GPa, G = 94.1 GPa, E = 243.0 GPa) [52] as well as with

the trends predicted for random Fe–Co alloy [50], where

the theoretical shear modulus and Young’s modulus reduce

by 8 and 3 %, respectively, upon 10 at.% Co substitution

(our calculations predict the reduction of 6 and 5 % for 6

at.% Co). However, both theoretic predictions show an

opposite trend with the available experimental data, where

small positive slopes were detected for the shear and

Young’s moduli [53]. As discussed [50], these discrepan-

cies may be related to the experimental measurements and/

or the theoretic scheme of calculations (DFT approxima-

tion as well as the temperature and ordering effects). It can

be suggested that the averaging method of single-crystal

elastic constants may not describe the observed variation in

moduli well enough—we found that with an addition of 6

at.% Co the shear modulus calculated within the single-

crystal model increases by 24 %, while it decreases by 6 %

within the polycrystalline model.

Cobalt on the (110) surfaces of bcc Fe and bcc Cu

In this section, we study the Co impurity substitution on the

(110) surfaces of bcc Fe and bcc Cu. To model the (110)

surface which corresponds to the lowest surface energy, we

considered a supercell (10 9 10 9 6 k-mesh) consisting of

14 atomic layers separated by 10 Å of vacuum, and took

into account the interlayer relaxation. Since we are going to

study the Co behavior near the coherent interface between

bcc phases of Fe and Cu, the calculations for the bcc Cu

surface were performed by using the lattice parameter of

bcc Fe.

We obtained the surface energy cs for the (110) plane in

pure bcc Fe and bcc Cu to be 2.394 and 1.199 J/m2,

respectively. Atomic relaxation of the topmost layers is

very small in bcc Fe and has a negligible effect on the

surface energy, while it decreases the surface energy of

strained bcc Cu by 8 %, where the interlayer Cu–Cu dis-

tances strongly increase and approach to the values in

unstrained bcc Cu. The calculated surface energies are in a

good agreement with the experimental (averaged) value

2.360 J/m2 [54] and with theoretical predictions 2.358 J/m2

[55], 2.288 J/m2 [56], and 2.43 J/m2 [57] for the (110)

plane in bcc Fe. In fcc Cu, the experimentally measured

average surface energy and calculated surface energy for

the (110) plane are equal to 1.49 J/m2 [58] and 1.47 J/m2

[59], respectively. We find that the surface energy calcu-

lated for the (110) plane in bcc Cu is close to the value for

fcc Cu as it was also found for the (110) planes in bcc Fe

(cs = 2.358 J/m2) and fcc Fe (cs = 2.380 J/m2) [55]. Thus,

much less energy is necessary for the formation of surface

in bcc Cu that contributes to the precipitation of metastable

bcc Cu particles—along with the strong attractive inter-

action between Cu atoms and the low solid solution solu-

bility of Cu in bcc Fe.

The effect of cobalt on the (110) surface was examined by

replacing of a half of atoms in the topmost layers of bcc Fe

and bcc Cu. Cobalt in the topmost Fe layer causes the surface

rippling with an amplitude of 0.06 Å and it is shifted inward

relative to the surface Fe atoms. The Co–Fe distances for the

first and second neighbors (2.38 and 2.78 Å, respectively) are

less than the Fe–Fe distances in the bulk (2.46 and 2.83 Å),

and cobalt forms strong bonds with the nearest Fe atoms. The

magnetic moment of a surface cobalt atom increases only

slightly from the bulk value 1.64 lB to 1.70 lB, whereas the

nearest Fe atom in the surface layer has an enhanced mag-

netic moment of 2.81 lB, which is larger than the magnetic

moment of the topmost Fe atoms (2.57 lB) on the clean Fe

surface. We found that Co atom on the bcc Cu surface ripples

by 0.23 Å below the Cu atoms and has the same magnetic

moment of 1.60 lB as in hcp Co. The shortest Co–Cu dis-

tance is 2.453 Å, while the distance between Cu atoms in the

first and second layers (2.540 Å) is larger than those on the

pure Cu surface (2.488 Å).

By cleaving the bcc Fe and Cu bulks along the Co-

containing (110) plane, we obtained that the 50 % cobalt

concentration in the topmost layer decreases the surface

energy of bcc Fe by 0.086 J/m2, while it increases the surface

energy of strained bcc Cu from 1.199 to 1.386 J/m2. Thus,

we obtained that the Co-containing Fe surface is more

favorable than the clean Fe surface due to the formation of

strong Fe–Co bonds. Cobalt substitution on the Cu surface

increases the surface energy of bcc Cu that can reduce the

tendency for the formation of Cu precipitates and, hence,

prevent their growth.

Cobalt effect on geometry and bonding in the Fe/Cu

interface

We modeled the interphase region between the Fe matrix

and Cu precipitate by the bcc Fe/bcc Cu interface which

was constructed from bcc Fe and strained bcc Cu layers.

Since the lattice mismatch between bcc Fe and bcc Cu is

small, a coherent interface may be assumed for the bcc Fe/

bcc Cu interface. The lateral lattice parameter of bcc Cu

was adjusted to match the lattice constant of bcc Fe

because Cu precipitates are small and soft. We studied the

(110) bcc Fe/(110) bcc Cu interface, which was predicted

to be more favorable than the (001) interface [15]. To

simulate this interface, a 48-atom supercell was constructed

from 8 Cu layers and 16 Fe layers with two atoms per
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layer. During structure optimization, the lateral lattice

parameter was accepted equal to that for bcc Fe, while the

relaxation was allowed for all interlayer distances.

For clean Fe/Cu interface, the largest relaxation was

obtained for atoms near the interfacial region. We found

that near the interface the Fe–Fe and Cu–Cu layers are

slightly compressed (Fe–Fe, Fe–Cu, and Cu–Cu distances

are 2.435, 2.493, and 2.485 Å, respectively) as compared to

the distances in equilibrium bcc Fe and Cu bulks (2.456

and 2.502 Å). The magnetic moment of the interfacial Fe

atom (2.45 lB) is smaller than that of the topmost surface

Fe atom (2.57 lB), whereas the bulk value is found in the

third Fe layer below the interface.

We calculated the adhesion energy Wad as the energy

necessary for the interface separation into two free surfaces

and obtained Wad = 3317 mJ/m2. The interfacial energy

cFe/Cu, which represents the energy gain due to the interface

formation, was calculated as cFe/Cu = cFe ? cCu - Wad.

We obtained cFe/Cu = 276 mJ/m2 that points to a weak

interfacial bonding. Earlier MD simulations predicted a

strong dependence of the interface energy on the size of

Cu precipitate: 278 and 1061 mJ/m2 for spherical bcc

precipitates of 2.3 nm and 4 nm in diameter [60], while

cFe/Cu = 207 mJ/m2 was reported for Cu precipitate with a

4-nm diameter [15].

To determine the preferable cobalt positions in Fe/Cu,

we used a 128-atom supercell consisting of six Cu layers

and ten Fe layers with eight atoms per layer, and compared

the cobalt substitutional sites in the middle of the Cu and

Fe slabs as well as in the Cu and Fe layers near the

interface. Earlier, it was established that the Cu precipitates

contain Fe and its concentration may reach up to 33 %

[39]. In order to understand how the Fe content in Cu

cluster may affect the cobalt distribution, we compared the

cobalt substitutions in the Fe/(Cu, Fe) interface with either

a Cu slab composed only by Cu atoms (100 % Cu) or with

the equal concentrations of Fe and Cu. In the latter case we

used 48-atom supercell and ordered B2 structure for the

Cu–Fe slab.

Single cobalt impurity

For a single cobalt atom in the interface Fe layer, we found

a rippling effect of 0.06 Å with Co below the Fe atoms in

the first layer and a decrease in the interlayer Fe–Co dis-

tance to 1.942 Å. There is a small rippling amplitude in the

next topmost Fe layers (0.01 Å), while amplitude in the

topmost Cu layers is higher (0.06 Å) and it decreases

slowly in the deeper layers. The magnetic moment of Co

atom, 1.61 lB, is close to its value in the bulk, whereas the

nearest Fe atom in the interface layer has magnetic moment

of 2.64 lB. These values will be compared to those

obtained for larger Co concentrations discussed below.

Table 1 shows the respective site preference energy

Epref for the substitution of one cobalt atom in a Fe or Cu

layer (12.5 % Co per layer) of the Fe/(Cu, Fe) interface.

Although the configuration with Co in the Fe matrix has the

lowest energy (most preferred), while Co in Cu slab cor-

responds to the highest energy (least preferred) in each case

considered, the difference between Epref for Co in the Fe

slab and in the Cu slab decreases by almost three times

when the Fe concentration in Cu becomes 50 %. Further-

more, the presence of even a small concentration of Fe in

the bcc Cu (4 % Fe) reduces Epref for Co at the interface

layers, weakening the tendency of Co to diffuse into

the Fe matrix. Thus, we demonstrate that cobalt atom

will move from the core of Cu precipitate, and this ten-

dency is enhanced with a decrease of the Fe content in the

Cu slab.

It is clear that a strong preference of cobalt to be in the

Fe matrix is determined by the large difference in the

mixing energies of the Co–Fe and Co–Cu alloys. As it is

seen from the densities of states for Co atom at different

locations in the Fe/Cu interface (Fig. 1), the filling of the

Co 3d and Fe 3d states and their energy positions are very

similar when Co is in the first interfacial Fe layer or in the

middle of the Fe slab; this results in a small difference in

their site preference energies (Table 1). In both cases, the

Fermi level is located between the bonding and antibond-

ing minority 3d states, while the majority 3d states are

almost occupied. Compared to iron, cobalt has an addi-

tional valence electron, which spreads through the minority

3d states and strengthens the bonding and reduces its

magnetic moment to 1.7 lB with respect to the iron

moment (2.21 lB). We note, however, that when Co is in

the first interfacial Fe layer, the Co 3d states are broadened

and give a larger contribution near the Fermi level that

indicates strengthening of Fe–Co bonds and explains why

Co atom has no strong preference to be inside the Fe matrix

(where Co has eight bonds with the nearest Fe atoms) or in

the interfacial region (where Co has four Fe–Co bonds and

four weak Fe–Cu bonds).

When Co occupies the Cu site in the first interfacial Cu

layer or in the middle of Cu slab, the majority Co 3d states are

also occupied, whereas the minority Co 3d states are shifted

toward the higher energies, and the Fermi level falls at a

sharp peak in the density of states. The Cu 3d states are filled

and located much deeper than the Co 3d states. The Co

3d–Cu 3d, 4s hybridization is weak, and the minority Co

3d states are atomic-like and are not split into the bonding

and antibonding states. For Co atom in the first interfacial Cu

layer, where it has both Cu and Fe nearest neighbors, the

interaction with the Fe 3d states broadens the Co 3d states,

whereas for Co in the middle of Cu slab, the Co 3d peaks are

narrow as for a spin-polarized atom. Because of the weak

Co–Cu bonding, the site preference energy is much higher
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for Co in 100 % Cu slab, but it decreases sharply due to the

presence of Fe atoms in the Cu slab.

Although we found that the site preference energy for

cobalt depends on the composition of the Cu slab, we note

that the B2-like ordered Cu–Fe slab may not be a realistic

model to describe the Fe distribution in Cu. To predict

preferable iron positions in the Cu slab, we also calculated

the total energies for the Fe/Cu interface with one Fe atom

(12.5 % Fe per Cu layer) located in different Cu layers. We

obtained that the most stable Fe site is in the first interface

layer, whereas the substitutions in the second and third Cu

layers have an energy higher by 0.37 and 0.44 eV,

respectively. As it is seen from Table 1, the preferable Fe

and Co distributions in the Cu slab are similar for both Fe

and Co atoms—both prefer to occupy the interface layers.

This means that during the formation of Cu particles from

the Fe–Cu–Co solid solution, the iron content in Cu should

decrease as the size of Cu particle increases. Hence, the Fe

distribution in the Cu particle is not random, and both

cobalt impurity and iron atoms prefer to move from the Cu

core to the interfacial region. Because of the strong Fe–Co

bonds, one can expect their correlated behavior in the Cu

particle.

Calculations for the Fe/Co/(Fe, Cu) interface with only

two Fe atoms in the first interface Cu layer yield Epref for

Co in the middle of Cu slab to be the same as for 100 % Cu

slab. However, much smaller values of Epref were obtained

for Co in the first and second Cu layers although the Fe

content in Cu slab increased only slightly, 4 at.% Fe in Cu

slab (Table 1). The energy difference between the Co sites

in the Fe matrix and in the interface Fe layer also decreases

when Fe atoms are present in the Cu particle. Thus, we

believe that the presence of iron in copper particles even at

low concentration, contributes to the appearance of cobalt

in the interface region.

Cobalt segregation

Next, we consider the optimized geometry and stability of

the Fe/Co/Cu interface for different Co concentrations in

the interfacial Fe layer and in the Fe matrix. The effect of

cobalt substitution on the stability of the Fe/Cu interface

Table 1 Respective site

preference energy Epref (in eV)

for the different positions of Co

atom in the Fe/(Cu, Fe)

interface with different Fe

concentration in the Cu slab

Co site Layer 100 % Cu 50 % Fe, 50 % Cu 4 % Fe, 96 % Cu

Co in Fe site Fe slab 0 0 0

Second layer 0 0 0

First layer 0.08 0.02 0.03

Co in Cu site First layer 0.22 0.14 0.09

Second layer 0.63 0.19 0.34

Cu slab 0.69 0.25 0.69

Fig. 1 The total density of

states for the Fe/Cu interface

and the local total density of Co

3d states for different

substitutional sites of Co. The

positive and negative DOS

correspond to the majority and

minority states, respectively

J Mater Sci

123



was estimated as the energy gain Eint(Co) for the formation

of Fe/Co/Cu relative to pure Fe/Cu taking into account the

difference in the Fe and Co bulk energies. We considered

cobalt concentrations of 12.5 %, 25 %, 37.5 %, 50 %,

75 %, and 100 % in one or two Fe-interface layers, i.e., the

Co content in the layers is varied from 0.125 to 2 ML, and

found that cobalt with a concentration less than 1.75 ML in

the interfacial region stabilizes the interface (Eint(Co) \ 0),

Fig. 2. All Co atoms occupy bcc sites and the atomic

relaxation within the lateral plane is small. The most stable

configuration corresponds to 75 % Co (0.75 ML), and

Eint(Co) sharply increases by 0.2 eV when the interface

layer is composed of only Co atoms (1 ML) although it is

still negative. Furthermore, we find that Co substitutions in

the second Fe layer give a lower energy for incomplete

coverage, i.e., when the first layer contains 0.75 ML Co,

but not 1 ML Co. The Fe/2 ML Co/Cu interface with two

cobalt monolayers between the Fe and Cu slabs is highly

unfavorable (Eint(Co) = ?0.2 eV, Fig. 2). It should be

noted that the results of scanning tunneling microscopy and

spectroscopy for Co films on the Fe (110) surface also

showed that the ideal bcc structure of Co is stable only for

the two topmost monolayers [61].

Similar to a single cobalt atom in the interface Fe layer,

the rippling amplitude of 0.06 Å with Co below Fe atoms

in the first layer was obtained for up to 100 % Co substi-

tution in the interface Fe layer. We found that the smaller

the cobalt content in the layer, the shorter the Fe–Co dis-

tance is. For 1 ML Co, the interlayer Co–Fe distance of

1.971 Å is shorter than those between the nearest Fe atoms

near the (110) Fe/Cu interface (1.999 Å) as well as in the

Fe bulk (2.005 Å).

Thus, the Co-containing interface is energetically more

favorable than the free Fe/Cu interface due to the formation

of the short and strong Fe–Co bonds near the interface. As

demonstrated in ‘‘Single cobalt impurity’’ section, where

one Co atom per layer (12.5 % Co in layer) is considered

that cobalt has no strong preference to be in the Fe matrix

(Table 1). In order to understand the effect of Co con-

centration, we calculated the interfacial segregation energy

Esegr(Co) as a total energy difference between the cobalt

substitutions in the interface Fe layer and in the Fe slab. In

both cases, we considered 1, 2, 3, 4, 6, and 8 Co atoms per

one layer (either the first interfacial Fe layer or a layer

within the Fe slab), which corresponds to 12.5 %, 25 %,

37.5 %, 50 %, 75 %, and 100 % Co concentration per

layer, respectively. For comparison, we also calculated the

bulk segregation energy—the difference between the

energy of one Co layer in the Fe slab and of the random Co

distribution in the Fe slab with the same Co concentration

as in the layer. As expected, cobalt prefers to be randomly

distributed in bcc Fe bulk and the bulk segregation energy

(the difference between configurations with layer segre-

gation in bulk and random distribution in bulk) sharply

increases with Co concentration (Fig. 3).

We obtained that the interfacial segregation energy is

positive when the Co concentration in the Fe layer is higher

than 12.5 % and it increases linearly with Co concentration

(Fig. 3). The linear fit of Esegr(Co) shows that the energy is

expected to remain positive for Co concentrations below

12.5 %. This suggests that the Co layer segregation in Fe

slab is energetically preferable over the interface segrega-

tion, although the energy difference is rather small, ranging

within 0.04–0.22 eV, Fig. 3. We found, however, that the

interfacial segregation energy calculated with respect to

random cobalt distribution in bulk Fe becomes negative,

Esegr(Co) \ 0, for concentration less than 2.4 at.% Co. This

means that at the low concentration, cobalt prefers to

Fig. 2 The energy gain Eint(Co) as a function of Co concentration in

the first and second interface Fe layers of (110) Fe/Cu. Circles
correspond to the filling of the first interface layer (from 0.0 to 1.0 ML

Co content per layer) followed by the consecutive filling of the second

interfacial Fe layer with Co up to 100 % Co (2 ML Co). Squares
represent incomplete first interfacial layer with 75 % (0 75 ML) Co

concentration with the second Fe layer being filled up to 100 % Co

(Color figure online)

Fig. 3 Interfacial cobalt segregation energy as a function of Co

concentration in the layer of Fe/Cu with respect to the Co layer

segregation in slab Fe (circles) and in slab Cu (triangles). Interfacial

segregation energy of Co layer versus random distribution of Co in Fe

bulk is also given (squares) (Color figure online)
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segregate in the interface layer—in agreement with our

experimental observations [17]. It should be noted that the

surface segregation energy for Co on the (110) Fe surface

is known to have a small negative value [62, 63]. The

Auger electron spectroscopy studies of surface segregation

in Fe–Co alloys also demonstrated the maximum enrich-

ment with cobalt at the surface in the alloy with minimum

Co concentration [64].

Above, we stated that a single Co atom is rejected from

the Cu precipitate and considered the cobalt segregation in

the interfacial Fe layer and in the Fe matrix. However, the

cobalt precipitates resulting in precipitation hardening have

been observed in fcc (1.0–2.8 at.%) Co–Cu alloys [65, 66]

and one can suggest their appearance in bcc Cu particles.

Taking into account a possibility for cobalt clusters in bcc

Cu, which was demonstrated in ‘‘Additions in bulk bcc Fe

and bcc Cu’’ section, we now consider the preferable

positions of cobalt dimer (25 % Co concentration in layer),

trimer (37.5 % Co concentration in layer), as well as a Co

monolayer (8 Co atoms or 100 % Co concentration in

layer) in the Cu slab. First of all, we calculated the total

energies of interfaces with the Co dimer inserted in the

first, or second Cu layers or in the middle of the 100 % Cu

slab and obtained that the first and the second interfacial

layers are by 0.89 and 0.13 eV, respectively, more pref-

erable for the Co dimer than its position in the middle of

the Cu slab. We note that for a single Co atom, the energy

difference between Co sites in the Cu slab and in the first

Cu-interfacial layer is much smaller (0.47 eV for Fe/Cu

interface, Table 1) than the above value of 0.89 eV for the

Co dimer, suggesting that Co clusters are more likely to be

rejected from the Cu core. Accordingly, the interfacial

segregation energy Esegr(Co) estimated as the total energy

difference between cobalt substitutions in the interface Cu

layer and in the Cu slab is a large negative value of

-0.89 eV for the Co dimer. The similar calculations for

three Co atoms and Co monolayer in Cu yielded that

Esegr(Co) lowers with the number of Co atoms in the layer

(Fig. 3). These calculations show that cobalt segregation is

favorable in the topmost interface layer of Cu particle.

Based on these results, we can suggest that Co is rejected

from the Cu core and forms islands or a shell of the bcc Cu

particles. It should be noted that the experimental [67] and

theoretical [68, 69] studies also demonstrated the formation

of compact Co clusters or islands on the fcc Cu surfaces.

Finally, we would like to understand how cobalt seg-

regated on the surface of Cu particle affects its further

growth. For this, we performed the total energy calcula-

tions for the Fe/Cu/Co and Fe/Cu/Co/Cu interfaces with the

equal number of Cu monolayers. We found that the addi-

tion of a Cu monolayer above the Co monolayer sharply

increases the energy by ?0.634 eV in comparison with the

Fe/Cu/Co interface. This result demonstrates that the

presence of cobalt in a Cu particle makes adhesion of

additional Cu atoms strongly unfavorable and inhibits the

growth of Cu particle limiting its size.

Cobalt-induced strengthening in Fe/Cu

The results of ab initio calculations predict that cobalt and

iron atoms have a tendency to diffuse from the Cu core;

hence, their concentration should decrease in the Cu pre-

cipitate during its formation from the solid Fe–Co–Cu

solution. Moreover, cobalt on the surface of Cu particles

prevents adhesion of additional Cu atoms that may slow

down the growth of Cu particles. We predict that cobalt

may segregate in the interfacial Cu layer as well as in the

interfacial Fe layer for concentration below 2.4 at.% Co,

but at higher concentrations cobalt atoms move into the Fe

matrix.

These theoretical predictions explain the results of

experimental studies of the Co-alloyed Cu precipitation

hardened steel [16]. Previously [16, 17], we studied three

bcc-based alloys with 0, 3, and 7 wt% Co and observed that

Co addition increases the strength and toughness. By means

of atom probe tomography, a decrease in Cu precipitate

radius and a narrowed size distribution was observed with

addition of Co. The concentration profile across the precip-

itate and the matrix reveals that the Co impurity was rejected

from precipitate to matrix, in agreement with our theoretical

prediction.

Now, we would like to determine a possible mechanism of

cobalt-induced additional strengthening in Fe/Cu. Since

cobalt is likely to be randomly distributed in the Fe matrix, it

can be suggested that cobalt changes the dislocation mobility

in bcc Fe. In order to understand the cobalt effect on the solid

solution behavior, we calculated the GSF energies (which are

closely related to the barrier for dislocation motion) as the

total energy changes associated with a rigid shift of a one-

half of the crystal at a fault vector u along the h111i direction

in the (110) plane. A supercell was constructed from six

{110} layers with eight atoms per layer, where the solute

effect was modeled by substitution of one Fe atom on the slip

plane. It corresponds to 12.5 at.% impurity in the shifted

plane and 1.8 at.% impurity in bulk that is the maximum Cu

solubility in bcc Fe at 850 �C [70].

The calculated GSF energy curves for the h111i (110)

slip are shown in Fig. 4 for ferromagnetic bcc Fe, bcc

Fe–1.8 at.% Cu, and Fe–1.8 at.% Co solid solutions. For

ferromagnetic bcc Fe, we obtained the maximum GSF

energy cus = 0.52 J/m2 at 1/2h111i (110) displacement to

be in a good agreement with the previous calculations, 0.59

and 0.47 J/m2 in spin-polarized LDA and GGA calculations,

respectively [71], as well as with atomistic predictions of

0.60–0.89 J/m2 as dependent on the Fe potential [72, 73]. For

non-magnetic bcc Fe, we obtained the negative GSF

J Mater Sci

123



energies for all displacements and this unphysical result can

be explained by the fact that non-magnetic bcc Fe has a much

higher energy than the other Fe phases [43]. Therefore, we

conclude that magnetism plays a crucial role in sliding and

may affect the dislocation in bcc Fe.

The Co atom inserted on the sliding (110) plane changes

cus only insignificantly (0.56 J/m2). Taking into account

that the atomic sizes and shear moduli are close, it can be

concluded that cobalt at low concentration and low tem-

perature produces neither solid solution softening nor

hardening which would originate from a size/modulus

mismatch between the solute and solvent atoms. The Cu

atom substituted for Fe on the sliding plane decreases cus to

0.40 J/m2 in Fe–1.8 % Cu, and Cu addition is expected to

lead to a solid solution softening in bcc Fe. The results of

atomic row modeling also demonstrated that Cu solutes in

bcc Fe act as lubricants and facilitate the Fe–Cu shear

process due to weak Fe 3d–Cu 4s bonding [32].

We demonstrated above that cobalt may segregate at the

interface between the Fe matrix and Cu precipitates and

forms strong Fe–Co bonds near the interface. The enhanced

bonding in the interfacial region may provide an additional

strengthening effect. In order to simulate the cobalt

strengthening effect, we calculated the ideal cleavage

energies and the critical cleavage stress for a fracture

between different interfacial layers. These brittle cleavage

parameters describe the crack formation and help to predict

the habit fracture planes as well as to explain the trends in

hardness [74]. Although the calculated ideal cleavage

energy and stress are known to overestimate the observed

values, they provide their upper limit which is determined

by the strength of chemical bonds.

We modeled the cleavage process by varying the sepa-

ration x between slabs stacked along the z axis. The

asymptotic value of the total energy change Gc(x) deter-

mines the ideal cleavage energy Gc, whereas the maximum

derivative r(x) = qGc/qx defines the critical cleavage

stress rc. By calculating Gc for the interface as its sepa-

ration into two free surfaces, we estimated the energy

required to break the interfacial bonds. By means of the

universal binding energy relation [75], we also determined

the critical length ‘ corresponding to r(x) = rc.

For the clean Fe/Cu interface, the cleavage energy (adhe-

sion energy) is equal to 3.32 J/m2 and rc & 22 GPa (Fig. 5).

With the Co monolayer present between the Fe and Cu slabs,

we considered two cleavage (110) planes between the Co and

Fe layers or between the Co and Cu layers. For cleavage

between the Co and Cu layers, we obtained that Gc (2.96 J/m2)

and rc (20 GPa) are close to those between the Fe and Cu

layers in the clean Fe/Cu interface. The values are twice larger

(5.86 J/m2 and 38 GPa, respectively) for cleavage between the

Co and Fe layers. The critical length ‘ is 0.53 and 0.51 Å for

both cleavage planes. Thus, we predict that the interfacial

interaction between the Co and Cu layers is almost the same as

between the Fe and Cu layers in the Fe/Cu interface, whereas it

sharply increases between the Co and Fe layers in the Fe/Co/

Cu interface. We demonstrated that cobalt increases the

bonding strength near the interface between the Fe matrix and

Cu particle, and the lattice resistance in the [110] direction

should increase. The compressive stress which arises near the

interface due to the strong and short Fe–Co bonds may serve as

a barrier for dislocations.

Summary

By means of ab initio method, we investigated the cobalt effect

in bulks and at the surfaces of bcc Fe and bcc Cu, as well as in

the Fe/Cu interface. Cobalt in bcc Fe bulk does not change the

elastic moduli and does not produce a solid solution softening or

hardening. We predicted the cobalt distribution between the Fe

matrix and the Cu precipitate as well as the cobalt effect on the

interfacial bonding. Both cobalt and iron are present in the Cu

precipitates at early stages of aging (i.e. when the Cu

Fig. 4 GSF energies for u h111i (110) slip in bcc Fe, bcc Fe–Cu, and

Fe–Co solid solutions (Color figure online)

Fig. 5 Cleavage energy Gc(x) and stress r(x) as dependent on

separation x for clean Fe/Cu and Fe/Co/Cu with Co monolayer.

Fe//Co/Cu and Fe/Co//Cu denote the cleavage between Fe and Co

layers and between the Co and Cu layers, respectively. The equilibrium

interlayer distances correspond to x = 0 (Color figure online)
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precipitates are nucleated from solid solution), but when the bcc

Cu structure is formed, they diffuse from the core of Cu pre-

cipitate. The adhesion of Cu atoms is prevented when cobalt

segregates on the surface of Cu particle, which slows further

growth of Cu particles. Cobalt, which is likely to appear in the

interfacial region as islands or a shell of Cu particle, forms

strong Fe–Co bonds, which increase the cleavage stress and the

lattice resistance to crack propagation. This strengthening effect

is similar to precipitation hardening and the Co shell with strong

bonding in the interfacial region may serve as an obstacle for

dislocation motion and may increase the hardness of bcc Fe

with Cu precipitates.
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