St d

Lpsiles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“».“ ScienceDirect

Trans. Nonferrous Met. Soc. China 19(2009) 988-991

Transactions of
Nonferrous Metals
Society of China

www.Inmsc.cn

First principles calculation of stable structure and
adhesive strength of plated Ni/Fe(100) or Cu/Fe(100) interfaces

Ryota NAKANISHI', Koji SUEOKA', Seiji SHIBA', Makoto HINO?, Koji MURAKAMI?, Ken MURAOKA?

1. Department of System Engineering, Okayama Prefectural University, Soja, 719-1197, Japan;
2. Metallic Materials Group, Department of Mechanical Engineering,
Industrial Technology Center of Okayama Prefecture, Okayama, 701-1296, Japan

Received 18 June 2008; accepted 10 March 2009

Abstract: A study the with first principles calculation of the interfaces of the Ni layer or Cu layer on the Fe(100) surface formed
with metal plating was performed. Ni or Cu atoms were shown to adopt the corresponding position to the bee structure of the Fe(100)
substrate. Other calculations showed that the interfaces of Ni (5 atomic layers)/Fe(100) (5 layers) or Cu (5 atomic layers)/Fe(100) (5
layers) had square lattices. The orientation relationship of Ni/Fe(100) interface corresponds to fcc-Ni(100)//bee-Fe(100),
Ni[011]//Fe[010], and Ni[01 1)//Fe[001]. Similar results were obtained for Cu/Fe(100) interfaces. This structure was supported by
TEM analysis of plated Ni layer on Fe(100) surfaces. The adhesion strength of the Ni/Fe(100) interface evaluated by first principles
calculation was higher than that of the Cu/Fe(100) interface. The experimental results of Hull cell iron plated with Ni or Cu
supported the results of the calculation. These results indicate that the first principles calculation, which deals with the ideal interface
at the atomic scale, has the potential to evaluate the adhesion strength of metallic material interfaces.
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1 Introduction

The adhesion strength between the plated film and
the substrate is important in many technological fields
[1]. However, it is difficult to evaluate the adhesion
strength quantitatively in experiments[2]. Although the
first principles calculation deals with the ideal interface
at the atomic scale, it has the potential to predict the
adhesion strength without any fitting parameters. With
this background, we studied the adhesion strength of
metallic material interfaces, Ni layer or Cu layer with the
first principles calculation on Fe(100) surface formed
with metal plating.

2 Calculation procedure

The first principles calculation used was based on
density functional theory[3]. In this method, the ground
state of the system was found by solving the Kohn-Sham
equation[4], which is a rule equation of the electronic
system for given atom placement. The wave function
was expanded as plane-waves, and ultrasoft

pseudopotential[5] was used to reduce the plane-wave
number. The generalized gradient approximation(GGA)
was adopted in the evaluation of the exchange-
correlation term, and the function form suggested by
PERDEW et al[6]and ZUNGER was used. The density
mixing method was used for energy minimization of the
electronic system, and the BFGS optimizing structure
method[7] was used for optimization of atom placement.
The three-dimensionally periodic boundary condition
was imposed. CASTEP code was used in the present
study. The details of the calculation procedure were
described previously[8].

The following procedure was considered in
prediction of the adhesion of Ni/Fe(100) and Cu/Fe(100)
interfaces: 1) The most stable structures of the interfaces
were determined after calculation of the stable position
of Ni or Cu atoms on the Fe(100) surface; 2) the total
energy curve as a function of the interface distance was
obtained; 3) the reduction of total energy to form the
stable interface, and the tensile stress to separate the
interfaces were calculated using the energy curve; and
4) these two values were used to compare the adhesion
strengths of Ni/Fe(100) and Cu/Fe(100) interfaces.
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3 Results and discussion

To confirm the accuracy of our calculations, the
total energies and the lattice constants of Fe, Ni, or Cu
single crystals were first calculated by taking the spin-
polarization into consideration[9]. The comparison of
crystal structures and lattice parameters between the
calculations and the experiments is summarized in Table
1. The calculated crystal structures of these metals
agreed with those determined by the experiments[9—10].
The comparison of elastic moduli of Fe, Ni and Cu
between the calculations and the experiments is
summarized in Table 2. The calculated [100], [110], and
[111] elastic moduli of these metals also agreed with
experimental values[9, 11-12] with differences of at
most 20%, except for the [100] elastic modulus of Cu.

Table 1 Comparison of crystal structures and lattice parameters

between calculations and experiments

Crystal structure Lattice parameter/A

Element
Calculation Experiment Calculation Experiment
Fe bee bee 2.82 2.87
Ni fce fce 3.55 3.52
Cu fec fec 3.61 3.61

Table 2 Comparison of elastic moduli (GPa) of Fe, Ni and Cu

between calculations and experiments

[100] tension Calculated value  Experimental value

Fe 136.7 143.0
Ni 173.7 150.8
Cu 122.2 72.5

[110] tension Calculated value  Experimental value

Fe 226.6 233.6
Ni 241.7 250.0
Cu 141.3 141.0

[111] tension Calculated value  Experimental value

Fe 238.0 296.2
Ni 308.4 320.2
Cu 214.5 205.8

The (100) surface of the Fe substrate was prepared
with a vacuum slab of 10 A in thickness on the (100)
plane of the Fe conventional cell. The Fe atoms in the
second and third layers from the surface were fixed to
model the bulk Fe. This cell included one Fe atom in one
atomic layer. The calculated stable position of three Ni
atoms on the Fe(100) surface is shown in Fig.1. Ni atoms
as well as Cu atoms adopt the corresponding position to

the bee structure of the Fe(100) substrate. That is, the
films of Ni and Cu begin to grow heteroepitaxially on the
Fe(100) surface[9, 13]. We have reached the same
conclusion using a cell with a nine-fold larger surface
area[9].

Ni plated atoms ()

Fe(100) substrate

Fig.1 Calculated stable position of three Ni atoms on Fe(100)
surface

The stable structure of atomic models of Ni (5
atomic layers)/Fe(100) (5 layers) obtained by the
calculation is shown in Fig.2. The interface distance and
the interface side length of Ni/Fe(100) or Cu/Fe(100) are
summarized in Table 3. The obtained stable structure of
the interface had a square lattice[9], in which the
orientation relationship corresponded to fcc-Ni(100)/
Fe(100), Ni[011]//Fe[010], and Ni[01 1]//Fe[001] [10].
Similar results were obtained for Cu (5 atomic layers)/
Fe(100) (5 layers). Ni and Cu deformed to fit the lattice
constant of Fe.

Fe(100) substrate d Ni plated atoms
Fig.2 Stable structure of atomic models of Ni (5 atomic layers)/

Fe(100) (5 layers)

Table 3 Calculated interface distance d and interface side
length L,, L. of Ni/Fe(100) and Cu/Fe(100)

Layer Ly/A LJ/A d/A
Ni/Fe(100) 2.925 2919 1.293
Cu/Fe(100) 2.716 2.716 1.618

The experimental results of TEM analysis for Ni/
Fe(100) interface formed with metal plating are shown in
Fig.3. TEM analysis of the plated Ni layer on the Fe(100)
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Fig.3 Experimental results of TEM analysis for Ni/Fe(100) interface: (a) TEM image; (b) diffraction pattern of selected area

surface[9] supported the calculated results described
above.

The relationship between the total energy(F) and the
interface distance(d) is shown in Fig.4. The energy
curves were obtained by an increase in an interface
distance. The energy refers to the sum of the energies of
isolated Ni (5 atomic layers) and Fe (5 atomic layers) or
isolated Cu (5 atomic layers) and Fe (5 atomic layers).
The interaction between each surface disappeared in the
case that the interface distance was larger than 5 A. The
positive values of the total energies with large interface
distance are due to the lattice strain to fit the lattice
constants. Here, we considered that the adhesion strength
of Ni/Fe(100) or Cu/Fe(100) can be evaluated with 1) the
reduction of the total energy Ey to form the stable
interface, and 2) the tensile stress oto separate the
interfaces. The value of o was obtained from the

maximum value of positive gradient of the energy curves.

E4 and o obtained from Fig.4 are summarized in Table 4.
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Fig.4 Relationship between total energy and interface distance

Both Ey4 and o of the Ni/Fe(100) are higher than those of
the Cu/Fe(100) interface. These results indicate that the
Ni/Fe(100) interface is more stable than the Cu/Fe(100)
interface. The photographs of Cu film and Ni film on the
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Fe substrate after bending testare shown in Fig.5. It was
found that only the Cu film was separated from the Fe
substrate after bending tests. This result indicates that the
adhesion strength of Ni film is higher than that of Cu
film on the Fe substrate. Therefore, these experimental
results of JIS G 3141 Hull cell iron supported the
calculated results described above.

Table 4 Reduction of total energy E4 and tensile stress o to

separate interfaces

Parameter Ni/Fe(100) Cu/Fe(100)
Eg(eV-A™?) 0.487 0.402
6/GPa 63.600 45.300

Separating

T

lcm

Fig.5 Photographs of Cu film (a) and Ni film (b) on Fe
substrate after bending test

4 Conclusions

By the first principles calculation, we evaluated the
adhesion strength of interfaces of the Ni layer or Cu
layer on the Fe(100) surface formed with metal plating.
The results indicated that Ni or Cu atoms adopt the

corresponding position to the bec structure of Fe(100)
substrate. The orientation relationship of the interface of
Ni/Fe(100) corresponded to the experimental results. The
evaluated adhesion strength of the Ni/Fe(100) interface
was higher than that of the Cu/Fe(100) interface. The
experimental results of Hull cell iron plated with Ni or
Cu supported the calculated results. These results
indicate that the first principles calculation, which deals
with the ideal interface at the atomic scale, has the
potential to evaluate the adhesion strength of metallic
material interfaces.
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