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a b s t r a c t 

Cu/Me multilayer systems, with Me referring to a body-centered cubic ( 𝑏𝑐 𝑐 ) metal, such as Nb and W, are widely 
used for nuclear, electrical, and electronic applications. Despite making up only a small percentage of the volume, 
interfaces in such systems play a major role in determining their electrical, mechanical, thermal and diffusive 
properties. Face-centered cubic ( 𝑓𝑐 𝑐 ) Cu often forms Kurdjumov-Sachs (KS) and Nishiyama-Wassermann (NW) 
type interfaces with 𝑏𝑐 𝑐 metals or variations thereof. For the Cu/Nb system, these interface relationships have 
been extensively studied with semi-empirical methods. Surprisingly, the energetics and interface properties of 
Cu/W have not yet been studied in detail, in spite of extensive applications. In this study, we employ both periodic 
Embedded Atom Method (EAM) and Density Functional Theory (DFT) simulations to explore the geometric and 
energetic properties of the KS and NW interfaces of Cu/Nb and Cu/W. To assess the reliability of our approach, 
the dependence of the results on the size of periodic cells is examined for coherent and incoherent interfaces. We 
provide the interface energies and the work of separation for the Cu/W and Cu/Nb interfaces at DFT accuracy. 
The results of calculations with two EAM potentials are in qualitative agreement with those obtained using DFT 
and allow investigating the convergence of interfacial properties. These key energetic quantities can be used for 
future thermodynamic and mechanical modeling of Cu/Me interfaces. 
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. Introduction 

Multilayer systems including interfaces between different metals are
onsidered a novel family of materials with high potential for a broad
ange of applications. These include, for example, electronic devices as
ell as materials for aerospace and nuclear facilities where exceptional
echanical, electrical and thermal properties in high strain conditions

nd high-temperature thermal cycling conditions are necessary [1–5] .
owever, the properties of multilayer systems often deviate significantly

rom the properties of their respective bulk counterparts, with the ori-
ins of these deviations yet not fully understood [6] . Some of the major
actors that determine these properties are film deposition methods, film
orphology and thickness. For example, the thickness of deposited lay-

rs plays an important role for the mechanical stability of Cu/Nb and
or general fcc / bcc interfaces [7] . Thus, adjusting the layer thickness
an result in materials with different properties. The effect of thickness
as been investigated for several metallic interfaces, including Al/Nb,
r/Nb, Cu/Nb, and Cu/W [7] . 

Interfaces play an even more important role in nanoscale multilayer
ystems [6] where the interface occupies a significant fraction of the to-
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al volume, especially when compared to bulk materials. Important char-
cteristics, such as interface energy ( 𝛾) and work of separation (WoS),
trongly affect their mechanical and thermodynamic properties [8,9] .
dditionally, interfaces serve as sources and sinks for defects, affecting

he multilayers’ resilience against degradation occurring during plas-
ic deformation [7] . Also, improved properties at the nano scale have
een reported to correlate with interfacial defect formation mechanisms,
hich are still not fully understood [10] . 

In general, fcc / bcc multilayer systems often form interfaces obeying
ither the Kurdjumov-Sachs (KS) or the Nishiyama-Wassermann (NW)
rientation relationship [1,11–13] . In this work,we focus on modeling
S and NW interfaces of Cu with Nb or W. Analysis of Cu/Nb and Cu/W
ultilayers using X-Ray diffraction and electron microscopy suggest the
resence of either KS or NW or both interface types [2,14,15] . Further-
ore, multilayers that were created using severe plastic deformation

uch as accumulative roll bonding have been observed to form interface
ypes that, while following the KS or NW orientation relationship, show
ifferent interface planes and different mechanical properties [1,11] .
he Cu/W and Cu/Nb systems are both not miscible in the solid phase
2,16,17] . Due to the considerable lattice mismatch between Cu and W
15% ) or Nb ( 10% ) the interface is incoherent [18–21] . 
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Fig. 1. The examined interface orientational relationships: (a) Kurdjumov-Sachs and (b) Nishiyama-Wassermann models. The two orientations differ by a rotational 
angle of 5 . 26 ◦. Both NW and KS include the closest packed surfaces of the two crystals, namely in the case of an fcc and a bcc lattice these are the (111) and (110) 
surfaces, respectively. 
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Both molecular dynamics (MD) and density functional theory (DFT)
imulations have revealed important properties of Cu/Nb and Cu/W in-
erfaces. For example, MD simulations of Cu/Nb demonstrated that in-
erfaces under mechanical load give rise to the formation of dislocations
nd initiation of Shockley partial dislocation loops [1,22,23] . Investiga-
ions of the misfit dislocation network of the NW and KS Cu/Nb system
ia the atomically informed Frank-Bilby theory have been carried out
24] . The 𝛾 values of Cu/Nb KS and NW interfaces have been predicted
sing the embedded atom method (EAM) to amount to 0.54-0.57 J/m 

2 

25,26] and 0.59 J/m 

2 [26] , respectively. DFT calculations of coherent
ells of Cu/W NW interfaces [27,28] predicted 𝛾 values in the 0.78-
.14 J/m 

2 range. In general, DFT and MD interface simulations almost
nvariably employ periodic boundary conditions [14,25,29] . 

In order to accurately simulate interface energetics, interface geome-
ry or dislocation phenomena, large-scale models of thousands of atoms
re required. Such simulations are only feasible with interatomic po-
entials using methods such as EAM [30–32] . Often such potentials are
ptimized for basic properties, such as surface energies, elastic constants
r vacancy formation energy in a given crystal structure and their per-
ormance for more complex defects, such as dislocations and interfaces
etween different crystals, is unclear. Testing the accuracy of these po-
entials for modeling interface properties requires detailed comparison
ith the results of more accurate DFT calculations. However, periodic
FT methods can only treat systems of up to 1000 atoms, which may
ot be large enough to fully describe interface properties of two met-
ls [30–32] . It is often unclear which approximation introduces a larger
rror, the interatomic potential or the small cell size. 

In this work, we provide a systematic comparison between EAM and
FT for KS and NW interfaces of Cu/Nb and Cu/W. We focus on calcu-

ating 𝛾 and WoS and their convergence with the periodic cell size and
losely analyse the geometry of the interface. A large interface always
ccommodates a misfit dislocation network, as shown in previous works
24] . A fully converged misfit dislocation network that allows both Cu
nd W to be within their native lattice parameters is only accessible via
AM. However, smaller cells below 300 atoms also include misfit dis-
ocations where the strain is already greatly reduced compared to the
mallest possible cell, which corresponds to the fully coherent cell. Al-
hough this coherent cell can be regarded as unrealistic in experiments,
t provides insights into the nature of the Cu/Me bond at the interface.
ndeed, many investigations have targeted the description of large cells
ased on the gamma surface of the coherent interface combined with
ontinuum modeling based on the Peierls-Nabarro approach [29,33–
0] . In this work we do not use such an approach to quantitatively
 p  

2 
escribe 𝛾 values. Rather, we use the gamma surface of the coherent
ell to qualitatively understand the structural relaxation inside incoher-
nt interfaces. Our route to reliable interface energetic is to model small
nterfaces with DFT directly and use EAM to assess the convergence of
he obtained values. 

. Methodology 

.1. Orientation relationships 

The KS and NW orientation relationships are defined by the
irections parallel to each other, namely Cu[1 1 0]//W[ 1 11],
u[11 2 ]//W[1 1 2] and Cu[111]//W[110] for KS, and
u[1 1 0]//W[00 1 ], Cu[11 2 ]//W[ 1 10] and Cu[111]//W[110] for
W. Both the NW and KS interface models include the closest packed

urfaces of the two crystals as the interface planes, that in the case of
n fcc and a bcc lattice are the (111) and (110) surfaces, respectively
 Fig. 1 ). Those two orientation relationships differ by a rotational angle
f 5 . 26 ◦ and can therefore be transformed into each other [11–13] .
ote that other variants of NW and KS interfaces were also discussed in

iterature where they were denoted as ARB-LR and ARB-CR interfaces,
espectively, as they occur in accumulative roll bonding experiments
1,11] . While these interfaces also fulfill the NW and KS orientation
elationship, respectively, they have different interface planes, Cu(112)
nd Me(112) for ARB-LR, and Cu(111) and Me(110) for ARB-CR. We
o not consider these interfaces here, since they only occur in special
ircumstances. 

.2. DFT Calculations 

To carry out DFT calculations, the Vienna Ab-Initio Simulation Pack-
ge (VASP) [41,42] was used with the Perdew-Burke-Ernzerhof (PBE)
xchange-correlation functional [43,44] . For the systems considered
ere, PBE has been shown to be more accurate compared to other meta-
GA and GGA functionals, though it has also been reported to underesti-
ate both the work function and surface energies for some of the metals

45,46] . No dispersion correction has been included as van der Waals
nteractions are considered to be negligible in the case of metal-metal
nterfaces [46,47] . Figure 1 shows the surface orientations examined
or this study. All the structures are shown prior to geometry optimiza-
ion. For all the simulations, the individual pure metallic systems have
ot been relaxed before the relaxation of the multilayer system. The k-
oint mesh was chosen to fulfill the criterion that k-point mesh times
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Fig. 2. Optimal Cu/Nb and Cu/W interface cell sizes 
in both of the examined orientations (KS and NW) for 
the EAM (Black) and DFT (Red) cells. (For a coloured 
version of the figure, the reader is referred to the web 
version of this article.) 
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ell length (in Å) lies between 30 and 40 for each direction. A cut-off
nergy of 300 eV was used. For geometry optimization the conjugated
radient algorithm was used. Copper was treated using 11 valence elec-
rons ( 3 𝑑 10 4 𝑠 1 ), W using 12 valence electrons ( 5 𝑝 6 5 𝑑 4 6 𝑠 2 ) and Nb using
1 valence electrons ( 4 𝑝 6 4 𝑑 4 5 𝑠 1 ), respectively. 

.3. EAM Calculations 

The simulations using forcefields were performed using the Large-
cale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code as
mplemented in the ASE python module [22,48] . The Broyden-Fletcher-
3 
oldfarb-Shanno (BFGS) minimization algorithm was used for geometry
ptimization [49] . 

For the Cu/W system, the potential developed by Zhou et al.
50] was used. The potential was fitted to lattice parameters, cohe-
ive energies and elastic constants for the individual metals. The po-
ential was obtained via the Interatomic Potentials Repository and
penKIM [51,52] . For Cu/Nb the potential developed by Demkowicz
nd Hoagland [10] was used. This potential has been developed through
nalytic fitting of the phase diagram of Cu/Nb along with other prop-
rties, such as bulk modulus and lattice parameters [50,51] and has in
otal seven adjustable parameters [53] . 
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Fig. 3. (a)Cu/W KS, (b) Cu/W NW, (c) Cu/Nb 
KS (d) Cu/Nb NW Cell after relaxation. Cu, W 

and Nb atoms are shown in orange, blue and 
green colours, respectively.(b) is shown from 2 
sides as it is considerably longer in one direc- 
tion. When comparing Cu/W with Cu/Nb both 
potentials show the same relaxation effects 
close to the interface region. (For a coloured 
version of the figure, the reader is referred to 
the web version of this article.) 
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The python module ASE was used for constructing the defect geome-
ries with multiple options readily available within the code for manipu-
ation of atoms [48] . For the visualisation of the resulting configurations
ESTA - JP-Minerals and ASE’s GUI were used [48,54] . 

.4. Simulation cell and stress balancing method 

Simulation cells for the Cu/Me interface, were Me is W or Nb, are
onstructed by combining a slab of Cu and a slab of Me into one common
ell. The building block for the slabs are rectangular. For Cu it has the
ollowing dimensions in 𝑥 and 𝑦 direction, 𝑙 𝐶𝑢 ( 𝑥 ) = |𝑢 [110] |, 𝑙 𝐶𝑢 ( 𝑦 ) = |𝑢 [112] |

here 𝑢 denotes vectors connecting two neighboring atoms along the
pecified crystallographic direction in the Cu lattice. Equivalently, the
imensions are 𝑙 𝑀𝑒 ( 𝑥 ) = |𝑢 [111] | and 𝑙 𝑀𝑒 ( 𝑦 ) = |𝑢 [112] | for KS and 𝑙 𝑀𝑒 ( 𝑥 ) =
𝑢 [001] | and 𝑙 𝑀𝑒 ( 𝑦 ) = |𝑢 [110] | for NW in the bcc lattice. These building
locks are repeated 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) and 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) times to create the Cu and Me
lab, respectively. We use the notation ( 𝑥, 𝑦 ) to indicate that the expres-
ion can be used for 𝑥 or 𝑦 . If the native Cu and Me lattice parameters
re used, a residual difference 

( 𝑥,𝑦 ) = |𝑛 𝐶𝑢 ( 𝑥,𝑦 ) 𝑙 𝐶𝑢 ( 𝑥,𝑦 ) − 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) 𝑙 𝑀𝑒 ( 𝑥,𝑦 ) | (1)
4 
rises, which has to be removed when accommodating the slabs in
 common periodic cell. For this purpose we use the stress-balancing
ethod, which is based on continuum linear elastic theory [55] . The

alues of elastic constants can be found in the Appendix, Table 5 . The
train introduced in the slabs with the stress balancing model is quanti-
ed by the misfit 𝑀 defined as: 

 ( 𝑥,𝑦 ) = 

Δ( 𝑥,𝑦 ) 

𝑙 𝑀𝑒 ( 𝑥,𝑦 ) ∗ 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) 
(2)

In the 𝑧 direction, the cell size is such that the W and Cu slabs can be
ccommodated together with a vacuum gap of 10 Å to decouple periodic
mages. The units of repetition along the 𝑧 direction were 2 and 3 unit
ells for Me and Cu, respectively, to ensure that the thickness of the two
labs is comparable. 

.5. Gamma surface approach 

To calculate the gamma surface of the coherent interface, the Cu
lab is displaced rigidly with respect to the Me slab and the geometry
ptimization is carried out in 𝑧 direction while keeping 𝑥 and 𝑦 positions
f the atoms fixed. 
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Fig. 4. (a) NW gamma surface of EAM and DFT calculations for the Cu/W interface represented as a contour plot. Special points corresponding to bcc, fcc, hcp 
stacking, the bridge position and the on top position are highlighted with symbols. The points resulting from structural relaxation of the small incoherent NW interface 
are shown in white. (b) Structure at the lowest(left) and highest(right) energy of the gamma surface corresponding to bcc and on top stacking, respectively. In the 
right plot Cu atoms are not visible as they are aligned exactly on top with the W atoms. (For a coloured version of the figure, the reader is referred to the web version 
of this article.) 

5 
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Fig. 5. Small incoherent supercell for (a) Cu/W KS 
DFT and EAM before and after relaxation (b) Cu/W NW 

DFT and EAM before and after relaxation (c) Cu/Nb KS 
DFT and EAM before and after relaxation (d) Cu/Nb 
NW DFT and EAM before and after relaxation. The red 
and green circles show areas of maximum and mini- 
mum energy respectively. (For a coloured version of 
the figure, the reader is referred to the web version of 
this article.) 
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A modification of the gamma surface approach following Ref [56] is
lso used to find the optimal interface structure of incoherent super-
ells. Using this approach, the two slabs are shifted in 𝑥 and 𝑦 directions
ith respect to each other using a predefined spacing step and all atoms
re relaxed along 𝑥, 𝑦, 𝑧 coordinates. From all the so obtained relaxed
tructures, the one corresponding to the energy minimum is selected. 
6 
.6. Interface simulation 

The properties of interfaces with KS and NW orientation relationship
ere calculated using periodic boundary conditions. The surface ener-
ies for the pure metallic systems were calculated using the following
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Fig. 6. Large incoherent supercell for (a) Cu/W KS EAM before and after relaxation (b) Cu/W NW EAM before and after relaxation (c) Cu/Nb KS EAM before and 
after relaxation (d) Cu/Nb NW EAM before and after relaxation. 
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elation: 

𝑆 = 

𝐸 ( 𝐶𝑢,𝑊 ,𝑁𝑏 ) − ( 𝑁 ∗ 𝐸 𝐵 ( 𝐶𝑢,𝑊 ,𝑁𝑏 ) 
) 

2 𝐴 

. (3)

here 𝐸 𝐶𝑢,𝑊 ,𝑁𝑏 are the energies of the individual Cu,W and Nb lattices
ith free surfaces, N the number of Cu, W or Nb atoms and 𝐸 𝐵 ( 𝐶𝑢,𝑊 ,𝑁𝑏 ) 

he energy per atom in bulk Cu, W and Nb , respectively. A is the sur-
ace/interface area. 
7 
In order to calculate the WoS, which corresponds to the energy
eeded to completely dissociate the bonds at the interface, the following
elation was used: 

 𝑠𝑒𝑝 = 

𝐸 𝐶𝑢 + 𝐸 𝑀𝑒 − 𝐸 𝐶𝑢 ∕ 𝑀𝑒 

𝐴 

. (4)

ere 𝐸 𝐶𝑢 and 𝐸 𝑀𝑒 are the energies of the Cu and Me slab while 𝐸 𝐶𝑢 ∕ 𝑀𝑒 

s the energy of the Cu/Me interface. The size of the unit cell along x,y,z
s the same for 𝐸 𝐶𝑢 ∕ 𝑀𝑒 , 𝐸 𝐶𝑢 and 𝐸 𝑀𝑒 . 
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Fig. 7. (a) Cu/W and (b) Cu/Nb 𝛾 values ( 𝛾) size con- 
vergence for the KS interface. The unstrained values, 
𝛾𝑈 , along with the average mismatch in 𝑥 and 𝑦 direc- 
tions are also included. The red and black squares cor- 
respond to the small and large interface cells discussed 
in Section 3.2 and shown in Fig. 2 . (For a coloured 
version of the figure, the reader is referred to the web 
version of this article.) 
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To calculate 𝛾, the energy cost to introduce an interface into the two
ulk materials is calculated as: 

= 

𝐸 𝐶𝑢 ∕ 𝑀𝑒 − 

𝐸 ′𝐶𝑢 + 𝐸 ′𝑀𝑒 

2 
𝐴 

. (5)

n this case, 𝐸 

′
𝐶𝑢 

and 𝐸 

′
𝑀𝑒 

are the energies of the Cu and Me slabs, respec-
ively, while doubling the number of layers compared to the supercell
sed for calculating 𝐸 𝐶𝑢 and 𝐸 𝑀𝑒 shown in Eq. (4) . Again, the size of
he unit cell is the same for 𝐸 𝐶𝑢 ∕ 𝑀𝑒 , 𝐸 

′
𝐶𝑢 and 𝐸 

′
𝑀𝑒 . 

Finally, to determine the effect that strain has on the Cu/W and
u/Nb energetics, a second relation was used for calculation of 𝛾. In
his case the interface energy also contains the strain energy which is
8 
eeded to accommodate the Cu and Me slabs in a common unit cell. This
nergy is referred to as unstrained interface energy 𝛾𝑈 which is defined
s: 

𝑈 = 

𝐸 𝐶𝑢 ∕ 𝑀𝑒 

𝐴 𝐶𝑢 ∕ 𝑀𝑒 

− 

𝐸 ′𝑈 
𝐶𝑢 

𝐴 𝐶𝑢 
+ 

𝐸 ′𝑈 
𝑀𝑒 

𝐴 𝑀𝑒 

2 
. (6)

or the calculation of 𝐸 

′𝑈 
𝐶𝑢 

and 𝐸 

′𝑈 
𝑀𝑒 

, the cell dimensions along x and
 were chosen according to the lattice constants of pure 𝐶𝑢 and 𝑀𝑒 .
herefore the areas of each cell involved ( 𝐴 𝐶𝑢 and 𝐴 𝑀𝑒 ) are no longer

dentical to the ones of the interface cell ( 𝐴 𝐶𝑢 ∕ 𝑀𝑒 ). Note that the defini-
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Fig. 8. Surface energy for pure Cu, W and Nb 
as obtained from DFT and EAM. Bottom images 
illustrate the top views of the 4 examined sur- 
faces for copper prior to relaxation. Distinctive 
differences compared to DFT were reported in 
the case of the examined surfaces for W and Cu 
using the potential developed by Zhou et al. 
[50] The potential developed by Demkowicz 
et al. [10] was found to accurately match the 
DFT 𝛾𝑆 for all the examined surfaces. 

Table 1 

Dimension of unit cells of Cu and Me along 𝑥 and 𝑦 direction, 𝑙 𝐶𝑢 ( 𝑥,𝑦 ) (Å), 𝑙 𝑀𝑒 ( 𝑥,𝑦 ) 

(Å), ratio 𝑅 ( 𝑥,𝑦 ) and sequence of best rational approximations 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) ∕ 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) for the 
KS and NW interface. The star and cross indicates the unit cell size corresponding 
to the black and red rectangle in Fig. 2 , respectively. 

System 𝑙 𝐶𝑢 ( 𝑥 ) 𝑙 𝑀𝑒 ( 𝑥 ) 𝑅 𝑥 𝑛 𝑀𝑒 ( 𝑥 ) ∕ 𝑛 𝐶𝑢 ( 𝑥 ) sequence 

KS, Nb 2.556 2.859 0.894 1/1 + 8/9 ∗ 17/19 59/66 
NW, Nb 2.556 3.301 0.774 1/1 3/4 7/9 ∗+ 24/31 199/257 
KS, W 2.556 2.741 0.933 1/1 + 13/14 14/15 ∗ 69/74 152/163 
NW, W 2.556 3.165 0.808 1/1 4/5 + 21/26 ∗ 277/343 

𝑙 𝐶𝑢 ( 𝑦 ) 𝑙 𝑀𝑒 ( 𝑦 ) 𝑅 𝑦 𝑛 𝑀𝑒 ( 𝑦 ) ∕ 𝑛 𝐶𝑢 ( 𝑦 ) sequence 
KS, Nb 4.427 8.086 0.547 1/1 1/2 5/9 6/11 ∗+ 23/42 98/179 
NW, Nb 4.427 4.668 0.948 1/1 + 18/19 ∗ 37/39 55/58 147/155 349/368 
KS, W 4.427 7.753 0.571 1/1 1/2 4/7 ∗+ 189/331 193/338 
NW, W 4.427 4.476 0.989 1/1 ∗+ 90/91 181/183 271/274 
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ions of unstrained and strained 𝛾 values as well as WoS are analogous
o previous works, see e.g. [29,40,57] . 

. Result of calculations 

.1. Cell size 

As computational resources are limited, simulation cells have to be
imited to a size that fulfills both the need for accurate, representative
esults and can be calculated with reasonable computational effort. To
9 
etermine the optimal cell size for the interface, the unit cell lengths in
he 𝑥 and 𝑦 direction of Cu and Me need to match as closely as possible.
he sequence of optimal units of repetition emerge by truncating the
ontinued fraction expression of the ratio 

 𝑥,𝑦 = 

𝑙 𝐶𝑢 ( 𝑥,𝑦 ) 

𝑙 𝑀𝑒 ( 𝑥,𝑦 ) 
= 

1 
𝑎 1 + 

1 
𝑎 2 + 

1 
𝑎 3 +…

(7)

t increasingly higher coefficients 𝑎 𝑛 which can be determined via a
tandard algorithm. This truncated ratio can be represented by a simple
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Fig. 9. 𝛾 and WoS comparison between EAM and DFT. The reported litera- 
ture values for the 𝛾 are also included [25–28,58] . The potential developed by 
Demkowicz et al. [10] used for our Cu/Nb calculations showed an offset of ap- 
proximately 0.2 J/m 

2 for 𝛾 and 0.5 J/m 

2 for the WOS compared to DFT. The 
potential developed by Zhou et al. [50] used for our Cu/W calculations showed 
singnificantly lower 𝛾 values compared to DFT, however the WOS match the 
DFT results closely. (For interpretation of the references to colour in this fig- 
ure legend, the reader is referred to the web version of this article.) Data are 
provided also in Table 4 in the Appendix. 
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raction of two integer numbers, 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) ∕ 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) . The obtained sequence
llows to minimize Δ( 𝑥,𝑦 ) for cells of increasing number of atoms. 

The sequence of best rational numbers so obtained is shown in
able 1 . To select the small or large incoherent supercells discussed in
ection 3.2 , where the former is treated with DFT and EAM while the
atter only with EAM, the limits of the largest cell was set to 3600 atoms
or the large incoherent supercells and 250 for the small incoherent su-
ercells. This corresponds to the rational number identified by the star
r cross in the table for EAM and DFT, respectively. These choices corre-
pond to the black and red cells in Fig. 2 . Overall, the number of atoms
n the simulation cells range from 102 atoms for the red Cu/W KS cell to
564 atoms for the black NW Cu/Nb cell. The red cells will be denoted
s small incoherent cells while the black cells will be denoted as large
ncoherent cells in the following. 

Fig.3 shows the obtained largest cells optimized with EAM for each
ystem. In general, the slabs remain flat and most of the rearrangements
ake place directly at the interface. To reveal the structural relaxation
10 
aking place at the interface, we will now investigate more systemati-
ally cells of increasing size and focus on the two layers immediately
djacent to the interface. 

.2. Interface structure 

.2.1. Coherent cells 

The coherent cell represents the starting point of our analysis since it
efines the Burgers vector of the misfit dislocation network of the large
nchorerent supercells. Furthermore, the associated gamma surface al-
ows to interpret the geometry and energetics of the relaxed interface
ith concepts analogous to the Peierls-Nabarro approach for a disloca-

ion in bulk [29,33–40] . 
For the coherent cell, 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) ∕ 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) = 1∕1 and the mismatch 𝑀 𝑥,𝑦 

orresponds to 𝑅 𝑥,𝑦 . From Table 1 it can be seen that 𝑅 𝑥,𝑦 deviates
onsiderably from 1 in the NW case (by about 25%) and strongly in
he KS case along the 𝑦 direction (by about 100%). For the latter
 𝑀𝑒 ( 𝑦 ) ∕ 𝑛 𝐶𝑢 ( 𝑦 ) = 1∕2 would be a more reasonable assumption for the def-
nition of the coherent cell. However, with this definition a misfit dis-
ocation in the fcc lattice would have a [112] Burgers vector, which ac-
ording to Frank’s rule would readily dissociate into two smaller Burgers
ectors of 1/2[112]. Therefore the value of such a gamma surface would
e limited. It is more appropriate to interpret the large incoherent su-
ercells of the KS orientation also with the coherent NW cell since the
wo only differ by a rotation of 5 . 26 ◦. 

As can be seen in Fig. 4 , the Cu/W gamma surface shows a relatively
traightforward shape with a maximum when the W and Cu atoms are
ligned exactly on top of each other, and a minimum when they are dis-
laced by a half period along the 𝑥 directions. Note that these positions
ave been termed the bcc stacking site and the on-top site, respectively
57] . The bridge, fcc and hcp sites exhibit intermediate energies. The
eference energy in the plot is the bcc stacking site for which the abso-
ute value of 𝛾 is 0.99 J/m 

2 using DFT. The general shape of the gamma
urface is similar in both EAM and DFT with the difference that the
aximum is higher for the former. For the Cu/Nb system, the shape of

he gamma surfaces with DFT and EAM are analogous and not reported
ere. Further tests were also carried out for cells with other lateral di-
ensions as obtained from the stress balancing model. These comprise

he two limiting cases where the lateral dimension correspond to the
ne of Cu or W as well as their simple average. The results along the
iagonal direction are shown in the Appendix (see Fig. 10 ), where it
merges that considerable variations arise. However, only the height of
he peak is affected but not the general shape of the gamma surface. 

Note that other works have also reported on the NW coherent gamma
urface. Ref. [58] has investigated the gamma surface of Cu/W to ad-
ress the theoretical shear strength employing the same EAM potential
s the one used here. The gamma surface matches that of this work, how-
ver, as the main focus of the paper was the buckling of Cu/W layers,
he analysis of the gamma surface and misfit dislocation was focused on
lasticity and not on interface structure. Other works have focused on
ifferent 𝑓𝑐 𝑐 ∕ 𝑏𝑐 𝑐 combinations including Cu/Ta [57] or Ag/Fe [29] . In
hese works, also the 𝑏𝑐 𝑐 stacking was the most favorable and the on top
tacking the least favorable. The relative alignment of bridge and 𝑓𝑐 𝑐 
tacking was the same for Cu/Ta but not for Ag/Fe. We note here that
or Cu/Nb no gamma surfaces have been published despite the consid-
rable attention that the system has been received in research on misfit
islocations. 

.2.2. Small incoherent interface cells 

When the ratio of repetitions 𝑛 𝑀𝑒 ( 𝑥,𝑦 ) ∕ 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) differs from 1∕1 , a mis-
t dislocation network is introduced in the cell. Every choice of the
equence of rational numbers of Table 1 would lower the elastic strain
n the slabs compared to the coherent cell, where the strain release is
igher the larger the denominator. We first focus on the red cells and
ater on the black cells in Fig. 2 . In accordance with previous work [29] ,
e could call the red cells ”semi-coherent ”, since they are still coherent
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Fig. 10. Influence of different lattice parameters on 
the gamma surface when the lattice parameter is con- 
strained to the one of W (3.185Å, blue), Cu (2.571Å, 
orange), the result of the stress balancing model 
(2.984Å, green) and the arithmetic average of Cu and 
W (2.878Å, red). (For interpretation of the references 
to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 11. Cu/Nb small incoherent supercells with (a) 
single dislocation and (b) split of dislocation into two 
dislocations after relaxation. 
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n 1 dimension and call the black cells ”incoherent ” since they have
isfit dislocations introduced in 2 dimensions. However the term ’semi-

oherent’ is also used differently, see e.g. [14,59] . In these works, ”semi-
oherent ” denotes all interfaces, 1D and 2D, where dislocation cores are
till well separated, which is the case for a misfit below about 20%. For
onvenience and to avoid confusion we use the terms ”small incoherent ”
nd ”large incoherent ” supercells/interfaces instead. 

We start with the NW Cu/W interface. It is created from the coher-
nt interface by inserting one extra Cu unit cell every 4 unit cells along
he 𝑥 axis and uniformly compressing the Cu slab while uniformly ex-
anding the W slab. Due to the high stress present in the coherent in-
erface, this process releases the compressive stress in the W layer and
he tensile stress in the Cu layer. The insertion of the cell introduces
 system of dislocations with dislocation lines parallel to the 𝑦 direc-
s  

11 
ions spaced at 𝑑 = 𝑛 𝐶𝑢 ( 𝑥,𝑦 ) 𝑙 𝐶𝑢 ( 𝑥,𝑦 ) + 𝛿𝑆𝐵 along 𝑥 , which corresponds to
bout 12.7 Å. Here, 𝛿𝑆𝐵 denotes the small correction introduced by the
tress-balancing approach. The Burgers vector corresponds to 1/2[110]
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r [001] when referring to the 𝑓𝑐 𝑐 and 𝑏𝑐 𝑐 lattice, respectively. In con-
rast to the coherent interface, where atoms in the interface are in the
inimum of the gamma surface everywhere, the large incoherent inter-

ace samples the gamma surface on a line connecting two neighboring
inima. An example minimum is marked by the green circle in Fig. 5 .
he exact path in the gamma surface plot taken between the minima
epends on the geometric positions of the atoms. 

For the initial structure, which was uniformly stretched and com-
ressed with respect to the coherent case, the local relative displace-
ent vector 𝒖 (i.e. position in the gamma surface plot) is linear in 𝑥
ith 𝒖 = ( 𝑤 ∗ 𝑥, 0) , where 𝑤 is given by 𝑤 = 𝑏 ∕ 𝑑 and 𝑏 is the magni-

ude of the Burgers vector. In the gamma surface ( Fig. 4 ), the path runs
rom the bottom left corner to the bottom right corner, i.e. from the
inimum over the maximum again to the minimum in straight fashion

n the 𝑥 direction. As seen in Fig. 5 b, the unrelaxed structure exhibits
he dislocation core where Cu and Me are aligned on top of each other
red circle) as this corresponds to the maximum of the gamma surface.
he regions where Cu and Me are displaced (green circle) are in the
inimum of the gamma surface and correspond to the non-dislocated

oherent interface. 
Figure 5 also shows the relaxed structures according to DFT and

AM. Relaxation changes the geometric structure and the path in the
amma surface quite significantly compared to the unrelaxed interface.
oth DFT and EAM show the same relaxation pattern, which points to
he validity of the EAM potential for structure relaxation. For a given
u atom situated at position 𝒓 𝑖 , the displacement 𝒖 ( 𝒓 𝑖 ) is calculated as
he difference in the position projected onto the 𝑥 − 𝑦 plane with re-
pect to the position of the neighboring W atom, also projected onto the
ame plane. The corresponding path 𝒖 ( 𝒓 

𝒊 
) is shown also in Fig. 4 with

hite points. As a main feature, the Cu slab shifts rigidly relative to the
 slab so that the interface avoids both maximum and minimum and
oves on an intermediate portion of the gamma surface throughout. In

ther words, instead of moving from the 𝑏𝑐 𝑐 site over the on top site
ack to the 𝑏𝑐 𝑐 site, the path moves from the ℎ𝑐𝑝 site over bridge to the
𝑐 𝑐 site, although these sites are higher in energy (0.63 J/m 

2 ) compared
o the 𝑏𝑐 𝑐 site (0 J/m 

2 ) but much lower than the energy corresponding
o the top site (1.92 J/m 

2 ). Indeed, in the relaxed geometry the site-
veraged 𝛾 (calculated as suggested in [29] ) is 0.36 J/m 

2 while for the
tart geometry it is 0.47 J/m 

2 . While we do not aim for a quantitative
odeling of interface energetics based on the gamma surface here, the

alculation of the average 𝛾 elucidates the reason for the general rigid
hift. 

This general shift of the path for the NW interface has not been dis-
ussed before in any work on misfit dislocations. This is probably due
o the fact that either investigations on NW interfaces did not particu-
arly focus on the gamma surface or the works were not dealing with
𝑐 𝑐 − 𝑓𝑐 𝑐 interfaces but rather with other ones with different gamma
urface topology. Note that the procedure described in [14] to identify
islocation cores based on the relaxation pattern is not applicable to
he present small incoherent interface because of this rigid shift. In gen-
ral, the shift can be expected to occur if the dislocations are narrowly
paced and therefore it depends on the mismatch between 𝑓𝑐 𝑐 and 𝑏𝑐 𝑐 
attices whether the particular structure shown in Fig. 5 will appear in
xperiments. 

The KS interfaces show a quite different interface structure, as illus-
rated in Fig. 5 . The unrelaxed structure would include regions where Cu
nd Me are on top (maximum) or displaced by half period (minimum)
s marked again by circles. The relaxation again reveals the trend to
void the on top regions. A large portion of the interface adopts the 𝑏𝑐 𝑐 
tacking while smaller areas are also in 𝑓𝑐 𝑐 , ℎ𝑐 𝑝 or bridge stacking. The
nterface geometry is essentially the same in DFT simulations for Nb and

. Some differences arise between Nb and W in EAM simulations, but
hey are not pronounced. 

For completeness, small incoherent supercells along the 𝑦 direction
ere also investigated for the NW orientation where dislocations are

reated with 1∕2[112] Burgers vector. As expected, the relaxation dis-
12 
ociates the dislocations into two 1∕2[101] and 1∕2[011] Burgers vector
ue to Frank’s rule. The representation of this dissociation is shown for
u/Nb in the Appendix (Fig. 11). 

.2.3. Large incoherent interfaces cells 

Figure 6 shows the largest cells treated with EAM which correspond
o the black rectangles in Fig. 2 . These larger cells have dislocations
n both 𝑥 and 𝑦 direction, hence the resulting interface geometry is
ore complex. For both the NW and KS interfaces, the maximum of the

amma surface is now also appearing at specific points in the interface
ince the whole area of the gamma surface is sampled and the maximum
annot be totally avoided like for smaller cells. Interestingly, while these
ells are larger and structurally more complex, the relaxation changes
he interface structure only little. Essentially one can recognize that the
n top region shrinks somewhat by the relaxation. Neither the rigid shift
or the dissociation, which were responsible for the considerable differ-
nce between relaxed and unrelaxed structures of the small incoherent
W supercells, are observed here. 

In terms of dislocation network, previous investigations have ratio-
alized the relaxed geometry based on linear elasticity [59] or with an
tomically informed Frank-Bilby theory [14] . Such investigations are
ot attempted here. However, we note that, if a dislocation with a dis-
ocation line along 𝑦 and with the Burgers vector 1/2 [−110] intersects a
islocation along 𝑥 with the Burgers vector 1/2[112], at the intersection
he displacement is equal to 1∕2[011] . This corresponds to the minimum
f the gamma surface. Therefore, in contrast to other interface topolo-
ies, where the dislocation intersection is an energetic maximum [34] ,
n the present case the intersection results in an energetic minimum. It
s clear that in this case the analysis proposed in [14] , where disloca-
ion cores are identified based on maximum displacements of the atoms,
s not suitable since in the intersection point no relaxation will occur.
herefore, we prefer to interpret the obtained geometry of the interface
ainly in terms of the gamma surface, which clearly guides the relax-

tions in all cases. 
To summarize, the geometry at the interface changes for different

izes of the unit cell. The structure of the large incoherent supercells
an be expected to give a good representation of what should be ob-
erved in experiment of NW and KS interfaces. The question remains
ow much the different interfaces with their different misfit dislocation
etworks differ in energy. In general, 𝛾 as defined by Eq. (5) can be ex-
ected to correlate with the site-averaged gamma surface. However, also
lastic distortions contribute to 𝛾 and, therefore, the exact variation is
est evaluated explicitly with EAM to understand how strongly different
nterface structures affect 𝛾. This is the topic of the next section. 

.3. Cell size convergence 

One of the main aims of this paper is to evaluate whether the small
ell sizes used for DFT calculations are appropriate. As DFT conver-
ence studies require a significant amount of computational resources,
he EAM is utilised to investigate cell size effects on 𝛾 and WoS. 

Figure 7 illustrates how the 𝛾 values and 𝛾𝑈 change as the number of
toms increases for the KS interface. In order to achieve convergence,
ells with different numbers of atoms and different mismatches along
 and 𝑦 have been examined. For this convergence test we use also the
emi-convergent terms of the continued fractions which minimize 𝑀 ( 𝑥,𝑦 ) 
nstead of Δ( 𝑥,𝑦 ) . An in-detail list of all the computed 𝛾 values and WoS
or increasing cell sizes can be found in the Appendix (Table 2 and Table
). 

Figure 7 shows that in general both 𝛾 and 𝛾𝑈 converge with larger
ell size. As expected, 𝛾 converges much faster than 𝛾𝑈 since it does not
ontain the elastic distortion in the slabs. For 𝛾𝑈 , the interface energy
rops with increasing cell size since elastic strain is released gradually
n the cells. For Cu/W, 𝛾𝑈 can only be considered to be converged at
bout 2000 atoms. For Cu/Nb, the convergence is faster, which we at-
ribute to the fact that Nb is elastically softer compared to W. For 𝛾, the
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onvergence is achieved at much smaller cell sizes of about 200 atoms.
slightly increases with increasing cell size since the interface samples

he gamma surface more completely with increasing cell size (see previ-
us section) and must also include the energetically more unfavorable
egions. In general, the 𝛾 values converge to around 0.71 J/m 

2 for the
u/W case and to around 0.54 J/m 

2 for Cu/Nb. 
The convergence of the NW interface can be assumed to follow the

eneral trend observed for KS. Values for 𝛾 are shown in the Appendix
Table 2, Table 3), where it can be seen that for 200 atoms 𝛾 converges
easonably well. In general, the NW orientation has lower 𝛾 values com-
ared to KS. For Cu/W, converged values are 0.64 J/m 

2 while for Cu/Nb
he values are 0.42 J/m 

2 . We conclude from the convergence testing that
he small interface cells already provide reliable 𝛾 values. 

.4. EAM/DFT comparison 

Finally, we explore the energy differences between DFT and EAM
alculations. Since the error of 𝛾 due to the small cell size is minor,
FT provides a benchmark for the values of 𝛾 and WoS. For a better
nderstanding we also include 𝛾𝑆 in the subsequent comparison. 

.4.1. Surface energies 

𝛾𝑆 of the pure Cu, Nb and W metals were computed for four differ-
nt orientations, corresponding to the most commonly reported inter-
ace relations between fcc and bcc metals. As can be seen in Fig. 8 , 𝛾𝑆 
or Cu corresponding to the (111), (112) and (110) planes follow the
ame trend for both DFT and EAM, but the absolute values are shifted.
 stronger shift of about 0.5 J/m 

2 compared to DFT is observed for the
AM potential of Zhou et al. [50] while the energies obtained using the
otential by Demkowicz et al. [10] are shifted by about 0.25 J/m 

2 . For
he W surfaces, EAM reveals the smallest surface energy for the (110)
rientation, in agreement with DFT. The other two orientations have
 comparable 𝛾𝑆 for EAM while DFT predicts a higher energy for the
100) orientation. A similar observation has been made previously in
ef. [56] where DFT was compared to a MEAM potential. For Nb, the
AM potential accurately matches the DFT surface energies for all 3 ex-
mined surfaces (see Fig. 8 ). Generally speaking, the EAM potential for
u/W shows a stronger disagreement with DFT compared to the Cu/Nb
otential, which we attribute to the fact that the Cu/W forcefield was
ot fitted specifically to surfaces and interfaces [50] . 

.4.2. Interface energies and work of separation 

Figure 9 shows the comparison of 𝛾 and WoS between EAM and
FT. For Cu/W in both NW and KS orientations, DFT shows signifi-
antly higher values for 𝛾 compared to EAM. More specifically, DFT
values are 0.53 J/m 

2 and 0.64 J/m 

2 higher than the corresponding
AM values for the NW and KS interfaces. For Cu/Nb, the DFT values
re 0.21 J/m 

2 and 0.22 J/m 

2 lower compared to EAM for NW and KS,
espectively. Comparing the 𝛾 values obtained with EAM to the litera-
ure [25,26] where the same potential was used, only a slight deviation
an be seen for Cu/Nb, which we attribute to the different cell sizes and
ethodology. The EAM Cu/W potential shows larger deviations to liter-

ture values both when comparing to other EAM calculations [58] and
FT results [27,28] . Noticeably, the DFT result from Ref. [27] closely
atches our DFT result while the DFT result from Wang et al. [28] dif-

ers significantly. We attribute this discrepancy to the use of different
ateral dimensions of the cell used for the calculation of the coherent
ells in [27,28] . 

Importantly our investigation clearly reveals that calculating 𝛾 with
mall incoherent supercells using DFT gives a much more precise pre-
iction for 𝛾 compared to using large incoherent supercells with EAM.
s a general feature, DFT predicts 𝛾 values to be about twice as high

or Cu/W compared to Cu/Nb. In addition, the NW interface is energeti-
ally slightly favorable over the KS orientation. EAM also reproduces the
atter observation consistently but fails to reproduce the trend between
u/W and Cu/Nb. 
13 
The WoS values for Cu/W obtained using the potential developed by
hou et al. [50] were found to closely match the respective DFT values,
ith a difference of only 0.04 J/m 

2 (NW) and 0.14 J/m 

2 (KS), respec-
ively. The calculated WoS for Cu/Nb using the potential developed by
emkowicz and Hoagland [10] on the other hand shows a considerable
ffset to the DFT calculations of 0.57 J/m 

2 (NW) and 0.61 J/m 

2 (KS), re-
pectively. Therefore, although the potential developed by Demkowicz
nd Hoagland [10] was found to describe more accurately the 𝛾 values
nd the surface energies of the pure metallic fcc and bcc systems com-
ared to the potential developed by Zhou et al. [50] , this is not reflected
n more accurate values for the WoS. 

. Conclusions 

We have studied the structure and energetic properties of Cu/Nb and
u/W interfaces. Two different interface orientations, i.e. the KS and
W orientation, have been examined using DFT and EAM. To explore

he structural differences, three different types of interface supercells
ere investigated, i.e. the coherent, the small incoherent and the large

ncoherent supercell. For the coherent supercell, the gamma surface was
valuated and the general topology was found to compare well between
FT and EAM. As a consequence, the atomistic structure of the small

ncoherent interfaces was found to be in close agreement between EAM
nd DFT. The NW interface exhibits a rigid shift of the Cu slab with
espect to the W slab, which can be expected to be observed in experi-
ent for Cu/W where already the small incoherent supercell has negli-

ible mismatch. The KS interfaces exhibit less ordered structures, which
orrelate with their generally higher interface energies compared to the
W interfaces. The large incoherent interfaces, which could be treated
nly with EAM due to their considerable cell size, exhibit a more com-
lex structure and sample the gamma surface more comprehensively. As
 result, the energies of these interfaces are slightly higher compared to
he small incoherent cells. The main feature of the structural relaxation
f the interface is the avoidance of the maximum of the gamma surface.

The energetic changes between small and large incoherent interfaces
re not pronounced, which shows that former already provide reliable
alues. Indeed, the deviations are 0.003 J/m 

2 and 0.03 J/m 

2 for the NW
nd KS orientation, respectively. For Cu/Nb, the corresponding devia-
ions are 0.04 J/m 

2 and 0.03 J/m 

2 . Thus, the results show that accurate
esults can be achieved using cell sizes with less than 250 atoms which
re accessible to DFT simulations. 

Regarding the two examined EAM potentials, the obtained geometric
tructures were shown to match the DFT calculations well. The interface
nergies are closer to the DFT results for Cu/Nb with the force field of
emkowicz et al. [10] . The potential of Zhou et al. [50] was found to
onsiderably underestimate interface energies for Cu/W. We attribute
his disagreement to deviations in surface energy which were analysed
n detail previously [56] . 

In conclusion, our results provide reliable DFT values for interface
nergies and WoS for the Cu/Nb and Cu/W system. They improve the
heoretical understanding of such interfaces and can be used as an input
n future thermodynamic and mechanical modeling to describe precipi-
ation, segregation, crack propagation or delamination phenomena. 
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Table 2 

EAM Interface energies comparison for Cu/W. 

Orientation/Number of Atoms 𝛾 (J/m 

2 ) 𝑛 𝐶𝑢 ( 𝑥 ) ∕ 𝑛 𝑀𝑒 ( 𝑥 ) , 𝑛 𝐶𝑢 ( 𝑦 ) ∕ 𝑛 𝑀𝑒 ( 𝑦 ) Mismatch x( % )/y( % ) 

KS/114 0.448 1/1,5/3 6.8/4.8 
KS/156 0.678 1/1,7/4 6.7/0.1 
KS/1176 0.660 8/7,7/4 6.6/0.1 
KS/1332 0.719 9/8,7/4 4.9/0.1 
KS/1488 0.717 10/9,7/4 3.6/0.1 
KS/1644 0.714 11/10,7/4 2.6/0.1 
KS/1800 0.712 12/11,7/4 1.6/0.1 
KS/2112 0.709 13/14,7/4 0.4/0.1 
KS/2268 0.7108 15/14,7/4 0.1/0.1 
NW/84 0.637 4/3,1/1 3.8/1.4 
NW/108 0.635 5/4,1/1 0.7/1.4 
NW/564 0.632 21/26,1/1 0.0/1.4 

Table 3 

EAM Interface energies comparison for Cu/Nb. 

Orientation/Number of Atoms 𝛾 (J/m 

2 ) 𝑛 𝐶𝑢 ( 𝑥 ) ∕ 𝑛 𝑀𝑒 ( 𝑥 ) , 𝑛 𝐶𝑢 ( 𝑦 ) ∕ 𝑛 𝑀𝑒 ( 𝑦 ) Mismatch x( % )/y( % ) 

KS/42 0.486 1/1,2/1 10.6/45.2 
KS/156 0.512 1/1,7/4 10.6/4.2 
KS/198 0.514 1/1,9/5 10.6/1.4 
KS/240 0.511 1/1,11/6 10.6/0.4 
KS/1332 0.557 6/5,11/6 7.3/0.4 
KS/1572 0.553 7/6,11/6 4.3/0.4 
KS/1812 0.547 8/7,11/6 2.2/0.4 
KS/2052 0.542 9/8,11/6 0.6/0.4 
KS/2292 0.540 10/9,11/6 0.6/0.4 
KS/4344 0.542 19/17,11/6 0.0/0.4 
NW/84 0.475 4/3,1/1 3.3/5.2 
NW/192 0.454 9/7,1/1 0.1/5.2 
NW/3564 0.491 9/7,19/18 0.1/0.4 

Table 4 

WoS and interface energies comparison between EAM and DFT. 

Interface 𝛾 EAM (J/m 

2 ) 𝛾DFT (J/m 

2 ) WoS EAM (J/m 

2 ) WoS DFT (J/m 

2 ) Number of Atoms 

Cu/W NW 0.64 1.17 3.44 3.4 108 
Cu/W KS 0.68 1.32 3.36 3.22 114 
Cu/W KS 0.71 - 3.36 - 2268 
Cu/Nb NW 0.49 - 2.4 - 3564 
Cu/Nb KS 0.54 - 2.38 - 2052 
Cu/Nb NW 0.45 0.24 2.5 3.07 192 
Cu/Nb KS 0.51 0.29 2.45 3.06 240 

Table 5 

Elastic constants used for the stress-balancing 
method. 

Element C 11 (GPa) C 12 (GPa) C 44 (GPa) 

Cu 167 121 70 
W 516 198 143 
Nb 233 145 11 
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