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Abstract
The adhesion and tensile behaviours of Zn and Mg contaminated Al/TiN(001)
interfaces are investigated by first-principles calculations. The structures of
the monolayer and half-monolayer Zn and Mg at the interface are studied.
The results show that Zn and Mg greatly affect the adhesion and mechanical
properties of the Al/TiN(001) interface. Both Zn and Mg increase the interfacial
separation and decrease interface adhesion. During the tensile simulation,
fractures of the Zn and Mg contaminated Al/TiN(001) interfaces are caused by
the rupture of interface Zn–N and Mg–N bonds. The tensile strengths of them
are smaller than that of the clean Al/TiN(001) interface. The Mg contaminated
interfaces have higher work of adhesion and larger tensile strength than the Zn
contaminated ones. The calculations are consistent with the experimental results
and provide an insight from the atomic and electronic points of view.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Metal–ceramic interface materials, such as multi-layers, thin films and coating materials, have
extraordinary mechanical, electric and optical properties. They are widely used in various
fields, for instance, in electronic devices, structural materials and catalysts [1–9]. Because
the characteristics of the interfaces greatly affect the properties of these materials, the metal–
ceramic interfaces attract great attention from both experimental [1–5] and theoretical [6–9]
aspects.

In the past ten years, density functional theory (DFT) simulations have played important
roles in the field of surface and interface research [6–9]. Recently, many interface systems,
such as metal/Al2O3 [10–13], NiAl/Cr [14], Al/VC(N) [15], metal/TiC(N) [16], Fe/VN [17]
and Cu/MgO [18], have been studied. However, heterogeneous interfaces with impurity atoms
have seldom been simulated. Up to now, only a few calculations have been performed in this
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field [19–24]. The influence of S on the adhesion of Ni/Al2O3 interface has been studied [19].
It was concluded that the defects at the interface strongly influence the properties of the
interface. The effects of B, C, N, O and S atoms on the Mo/MoSi2(001) [20], Fe/Al(100) [21]
and Al/Al2O3 interfaces [22] have been investigated. It was found that S atoms decrease
the interface strength and C, O and B atoms increase interface adhesion. Further, the early
transition metals (Sc, Y, Ti, and Zr) at the Ni/Al2O3 interface have been investigated [23, 24].
Most previous simulations have focused mainly on the effects of impurities on the work of
adhesion, but a few investigations have been performed on the variation of the tensile properties
of interfaces. On the other hand, there have been a lot of DFT investigations on the tensile and
shear properties of materials [25–29]. These calculations provided important information of the
deformation process, ideal strength and the variation of electronic structures of materials under
external stress. In fact, metal–ceramic composites often fracture during the tensile process, so
it is necessary to study the effects of defects on the mechanical properties using state-of-art
DFT calculations.

To improve its mechanical properties of Al/TiN, many experiments have been
performed [30–35]. Because the additions of alloy elements can improve the properties of
pure Al such as hardness and corrosion resistance, Al alloy are usually employed to synthesize
the Al/TiN interface materials. It was reported that impurities of alloy elements at the interface
affect the interfacial chemical bond and change the properties of interface materials [36–39].
Mg and Zn are important alloy components of super-hard Al alloys. The wetting ability
of TiC by Al–Mg alloy was investigated using an Al–Mg alloy containing 1–20 wt% of
Mg [40, 41]. It was found that Mg might segregate and form MgAl2 phases at the interface.
The effects of impurities on the heterogeneous interfaces have been widely investigated using
computational simulation. Harter et al used a monolayer structure to study the effects of H on
the diamond/Al interface [42, 43]. Carter et al used a half-monolayer structure to investigate
the effects of Sc, Ti, Y, Zr, and Si on the Al2O3/Ni interface [23, 24]. Liu et al systematically
studied the interfacial structure and Al/TiN and Al/TiC interface adhesion by first-principles
calculations [44–46]. Based on these studies, we simulate the Zn and Mg contaminated
Al/TiN(001) interfaces using the same model of monolayer and half-monolayer coverage of
impurities at interface; such a model corresponds to a high concentration of impurity. The
purpose of this study is to investigate the effects of high concentration of Mg and Zn on the
adhesion and mechanical properties of the Al/TiN(001) interface.

The remainder of this paper is organized as follows. In section 2, we first describe
the computational methodology used in this study. Then the interfacial structure, electronic
properties and adhesion of the Zn and Mg contaminated interfaces are presented in section 3.
The tensile calculations are presented in section 4. Finally, we summarize our study in section 5.

2. Methodology

The package Dacapo [47] is utilized in this work; it is based on DFT [48, 49], which uses a
plane-wave (PW) basis set for the expansion of the single-particle Kohn–Sham wavefunctions
and Vanderbilt ultrasoft pseudopotentials (US PPs) [50] to describe ionic cores. The exchange–
correlation energy is described by the generalized gradient approximation of Perdew and
Wang (GGA-PW91) [51]. The self-consistent PW91 density is determined by iterative
diagonalization of the Kohn–Sham Hamiltonian, coupled with a Pulay mixing scheme [52].
A Fermi function is used with a temperature-broadening parameter of 0.2 eV to improve
the convergence. Atomic geometries are relaxed by quasi-Newton method [53] based on
Broyden–Fletcher–Goldfarb–Shanno methodology [54]. The Brillouin zone is sampled with
a Monkhorst–Pack k-point grid [55]. For the bulk, a [8 × 8 × 8] k-point mesh is used, and
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a [8 × 8 × 1] k-point mesh is used for the surface or interface. The plane-wave cutoff in our
calculations is 350 eV. This set of parameters assures a total energy convergence of 0.01 eV per
atom. In previous studies [45, 46], the pseudopotentials for both bulk TiN and Al were fully
tested and they showed good agreements with other calculations and experiments. The same
pseudopotentials are used in this study.

3. Interface structure and adhesion

3.1. Model geometry

In previous studies, it was found that an Al atom on a N atom (N-site) is the most energy
favourable structure for the Al/TiN(001) interface [44]. In this study, we investigate the
interface system based on this optimal structure. Seven layers of Al(001) are placed on seven
layers TiN(001), and there is no vacuum between the slabs. The monolayer and half-monolayer
Zn and Mg contaminated interfaces are studied. For the monolayer impurity structure [42, 43],
the impurity atom is introduced into the (1 × 1) Al/TiN(001) interface through the substitution
of Zn or Mg for the interfacial Al atom. The half-monolayer impurities structures [23, 24] are
constructed by the substitution of Zn or Mg for one of the interfacial Al atoms in the (2 × 1)
Al/TiN(001) system.

3.2. Work of adhesion

The ideal work of adhesion, Wad, is a basic and fundamental quantity to predict adhesion of
an interface. It is defined as the reversible work needed to separate an interface into two free
surfaces. Wad can be given by the difference in total energy between the interface and its
isolated slabs [7]:

Wad = (E tot
A + E tot

B − E tot
A/B)/2S. (1)

Here, E tot
A and E tot

B are the total energy of the relaxed, isolated TiN and Al slabs in the same
supercell when one of the slabs is kept and the other one is replaced by vacuum, respectively,
and E tot

A/B is the total energy of the interface system. S is the interface area of the unit cell. For
the clean Al/TiN(001) N-site interface, the calculated Wad is 1.31 J m−2, which is consistent
with the experimental value of 1.51 J m−2 [56], and the calculated interfacial separation is
1.98 Å.

3.2.1. Adhesion of Zn system. For the Zn contaminated interface, when the coverage of Zn is
a monolayer (ML), the calculated fully relaxed interfacial separation (Zn–N bond) is 2.13 Å,
and Wad is 0.91 J m−2. And when the coverage of Zn is a half-monolayer, the values are 2.08 Å
and 1.02 J m−2, respectively. So the interfacial Zn atom increases the interfacial separation and
decreases the interface adhesion compared with the clean Al/TiN(001) interface.

To clearly describe the chemical bonds of the interface, the local density of states (LDOS)
of the interface Zn and N atoms and the sub-interface Al atom are shown in figure 1(a). For
the 1.0 ML Zn contaminated interface, from −16 to −14 eV and −8 to −2 eV, there are the
chemical bonds of the hybridization of Zn(4s) and N(2sp). The interface Zn and sub-interface
Al share some overlapping states from −8 eV to the Fermi energy, which is the metallic bond
between Al and Zn.

3.2.2. Adhesion of Mg system. For the Mg contaminated interface, when the coverage of
Mg is a monolayer, the interfacial separation (Mg–N bond) is 2.23 Å, and Wad is 1.18 J m−2.
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(a)

(b)

Figure 1. (a) LDOS of interfacial N, Zn, and the sub-interface Al atoms; (b) LDOS of interfacial
N, Mg, and the sub-interface Al atoms of the 1.0 ML Zn and Mg contaminated interfaces.

When the coverage of Mg is a half-monolayer, the values are 2.10 Å and 1.14 J m−2. The
results of this work are consistent with the instance of Mg segregation at the Al/TiC(001)
interface [40, 57]; these studies also found that the Mg atom increases the interfacial separation
and decreases Wad. Experiments reported that different types of Al alloys have different wetting
abilities on a TiC substrate. The wetting abilities of Al alloys on TiC are generally decreased
compared with pure Al. Some of the Al alloy elements weaken the adhesion of Al on TiC
substrate [36–38]. The results of this study show that both the Mg and Zn elements decrease
the adhesion of the interface.

The LDOS of the interface Mg and N atoms and the sub-interface Al atoms are shown in
figure 1(b). From −17 to −14 eV and −8 to −2 eV, the interface Mg and N atoms share some
overlapping states, which are the hybridized bonds between Mg(3s) and N(2sp). From −10 eV
to the Fermi energy, there are some overlapping states between interface Mg and sub-interface
Al, which are the Al–Mg metallic bond.

The difference charge densities of the Mg and Zn contaminated Al/TiN(001) interfaces are
shown in figure 2. The definition of difference charge density is given by equation (2).

�ρ = ρinterface − ρceramic − ρmetal. (2)

Here, �ρ is the difference charge density. ρinterface, ρceramic and ρmetal are the total charge density
of the interface system, the isolated ceramic and isolated metal slabs of the same supercell,
respectively. The electronic structure shows that, at the Mg contaminated interface, there
is more charge transferring to the interface area than at the Zn contaminated interface. The
interfacial Mg–N bond is stronger than the Zn–N bond. This is consistent with the results that
the Mg contaminated interface has larger Wad than the Zn contaminated interface.

4. Tensile simulation

Since Zn and Mg change Wad and the chemical bonds of the Al/TiN(001) interface, the
mechanical properties are correspondingly influenced. A tensile simulation is performed to
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Figure 2. Difference charge density of the 1.0 ML Mg and Zn contaminated interfaces as defined
in equation (2) at the initial stage of strain = 0.0%.

Figure 3. The supercell models used in the tensile test with the [001] direction of the strain. The
1.0 ML impurity contaminated (1 × 1) Al/TiN(001) interface and 0.5 ML impurity contaminated
(2 × 1) Al/TiN(001) interface are shown.

investigate the tensile and fracture processes. In the tensile simulation, uniaxial strain is
introduced into the supercell of the stable configuration [42, 43, 57–60]. The supercell models
used in tensile test together with the direction of the strain are shown as figure 3.

First, the tensile test is simulated by gradually increasing the dimension along the z-
direction. The atomic positions of the whole system are increased according to the new
dimension along the z-direction, and then the atomic positions of the new configuration are
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(a)

(b)

Figure 4. The strain–stress relationships of the 1.0 and 0.5 ML Zn and Mg contaminated
Al/TiN(001) interfaces in (a) and (b), respectively.

fully relaxed at each strain stage. The next initial strain configuration will start from the former
relaxed configuration. The procedure continues until the system is broken. The maximum
stress is the theoretical tensile strength, which is generally higher than the experimental value.
Because defects such as dislocations, vacancies and pre-cracks in the experimental samples
and plastic deformation are not considered in this study, these factors can greatly decrease the
tensile strength of the system. However, the theoretical tensile strength is the maximum value
that the system can endure, and this value may evaluate the strength of the chemical bond.

The strain–stress relationships of the 1.0 and 0.5 ML Zn contaminated Al/TiN(001)
interfaces are presented in figure 4(a), and the case of Mg contaminated system is in figure 4(b).
The tensile processes of the Zn and Mg contaminated systems both experience two stages.
The first stage is the deformation process, which is of an approximately linear strain–stress
relationship. The fracture occurs after the stress reaches the maximum value.

The tensile strengths of the 1.0 and 0.5 ML Zn contaminated interfaces are about 9.88
and 9.72 GPa at the strain 7%, respectively. In the previous studies, the tensile strength of the
clean Al/TiN(001) interfaces is about 12.56 GPa [46]. The Al terminated Cu/Al2O3 interface
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Figure 5. The atomic structures of the fractured 1.0 and 0.5 ML Zn contaminated Al/TiN(001)
interfaces.

Table 1. The calculated interlayer distance (in Å) near the interface in the [001] direction at the
different strain stages. The designation Al1 denotes the Al atom which is closest to the interface N
atom. Al2 and Al3 are the Al atoms which are the second and third closest to the interface N atom.

Zn contaminated 0.5 ML Al/TiN(001) Zn contaminated 1.0 ML Al/TiN(001)

Strain (%) Zn–N Al1–N Al2–Zn Al1–Al2 Zn–N Al2–Zn Al2–Al3

0.0 2.16 2.00 1.82 1.93 2.03 1.79 2.03
4.0 2.54 2.05 1.81 2.21 2.28 1.81 2.16
8.0 2.96 2.20 1.90 2.51 2.60 1.91 2.20

Mg contaminated 0.5 ML Al/TiN(001) Mg contaminated 1.0 ML Al/TiN(001)

Strain (%) Mg–N Al1–N Al2–Mg Al1–Al2 Mg–N Al2–Mg Al2–Al3

0.0 2.18 2.03 1.93 2.08 2.23 2.10 1.98
5.0 2.40 2.12 2.17 2.34 2.38 2.35 2.10

10.0 2.80 1.87 2.16 2.52 2.62 2.57 2.15

has ideal tensile strength of about 10.10 GPa [60]. The Al/diamond interface has ideal tensile
strength of about 12.0 GPa [42, 43]. These results are all comparable with results of this study.

To clearly show the deformation and fracture processes of the chemical bonds near the
interface, the interlayer distances at the different strain stages are listed in table 1. For the
Zn contaminated interface, when the coverage of Zn is 1.0 ML, the interfacial Zn–N bond is
the main deformation area. Finally the fracture occurs at the mainly deformed chemical bond
Zn–N. When the coverage of Zn is 0.5 ML, there are two types of interfacial chemical bond.
One is Zn–N, and the other is Al1–N. It is interesting that the mainly deformed chemical bonds
are Zn–N and Al1–Al2. The interface chemical bond Al1–N has a smaller deformation than
the sub-interface Al1–Al2 bond. This is consistent with our previous study that the fracture
of the clean Al/TiN(001) interface occurs in the sub-interface Al metal side [46]. When the
deformation is large enough at strain 7%, fracture occurs at the mainly deformed chemical
bond, and the breaking points are the interface Zn–N and the sub-interface Al1–Al2. The
atomic structures of the fractured Zn contaminated interfaces are shown in figure 5. The tensile
processes of the 0.5 ML Zn contaminated interface indicate that the fracture of the interface
first occurs at the Zn–N bond, and then the breaking spreads to the Al1–Al2 bond. The 0.5 and
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1.0 ML Zn contaminated interfaces have closer tensile strength which is weaker than that of the
clean interface. The presence of Zn decreases the tensile strength of the Al/TiN(001) interface.

For the 1.0 and 0.5 ML Mg contaminated interface, the tensile strength is about 12.49 and
12.17 GPa at strain 9% and 8%, respectively. For the 0.5 ML Mg contaminated interface, the
fracture point is at the interface Mg–N and sub-interface Al1–Al2 bond. For the 1.0 ML Mg
contaminated interface, during the tensile stage, both the interfacial Mg–N and sub-interface
Al2–Mg bonds have large deformation. Finally, the fracture occurs at the interfacial Mg–N
bond. The tensile strength is appreciably smaller than that of the clean interface.

5. Summary and conclusion

We have performed first-principles calculations of the Zn and Mg contaminated Al/TiN(001)
interface. The effects of Zn and Mg on the adhesion and tensile properties of Al/TiN(001)
interface are systematically investigated. Moreover, the strain–stress relationships of the
impurity contaminated interfaces are established.

The results of interface adhesion show that the Zn and Mg contaminated interfaces both
have smaller Wad compared with that of the clean Al/TiN(001) interface. Both Zn and Mg
enlarge the interfacial separation and decrease the interface adhesion. The Zn contaminated
interface is weaker than the Mg system. Electronic structures also show that there is more
charge distribution at the interface area of the Mg contaminated interface than that of the Zn
system. Therefore, the interface Mg–N bond is stronger than the Zn–N bond. These results
are consistent with the experiments that show that pure Mg/TiC interface is weaker than pure
Al/TiC [39].

Further, the tensile behaviours of the Zn and Mg contaminated interfaces are investigated.
The 1.0 ML Zn contaminated interfaces fractures at the Zn–N bond, and the 0.5 ML Zn
contaminated one fractures at the Zn–N and Al1–Al2 bond. They both have smaller tensile
strength than the clean interface. The 1.0 and 0.5 ML Mg contaminated interfaces have larger
Wad than the Zn contaminated ones. The tensile strengths of the Mg contaminated interfaces
are larger than those of the Zn contaminated ones, and the breaking points are identical for both
Zn and Mg contaminated interfaces. These results show that the impurities at the Al/TiN(001)
interface greatly affect the adhesion and mechanical properties, which is consistent with the
experimental results.
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