Modeling of Steels and Steel Surfaces Using Quantum Mechanical First Principles Methods
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Abstract. We describe recent process in first principles materials modelling applied to iron alloys.  First principles methods in general have proven to be an effective way of describing atomic level phenomena in solids. When applied to alloys with chemical disorder, however, the widely used supercell methods turn out to be impractical due to the vast variety of different possible configurations.  This problem can be overcome using the coherent potential approximation (CPA), which enables the description of a multicomponent alloy in terms of an effective medium constructed in such a way that it represents, on the average, the scattering properties of the alloy.  A bulk alloy can thus be described with a single atom while a slab is needed to describe surfaces.  The exact muffin-tin orbitals (EMTO) method provides a first principles method that can be combined with the CPA in order to describe steels and other multicomponent alloys.  We describe the EMTO-CPA method and provide examples of both bulk and surface properties that can be modelled with this method.

Introduction

Stainless steels are the most widely used maintenance free and safe engineering materials  due to their many desirable properties. Their  superior strength, stiffness, toughness and  corrosion resistance makes them the material of choice for many applications. Other desired characteristics include low maintenance, relatively low cost and antibacterial properties.  Stainless steels also stay lustrous for a very long time, making them an attractive  choice for architects and jewelers.

Surface energy is one of the defining qualities of a Fe alloys, because it determines many important phenomena, such as crystal growth, adhesion between  metallic surfaces, growth of thin layers [1], and mechanical strength. The fact that surface energies of solids can not be directly measured, but instead have to be extrapolated from liquid tension measurements, makes theoretical studies on the subject extremely important.

Metods

Brief history of ab initio methods. When the computing power of supercomputers of their time reached a certain level, the idea that one can create a simulated physical system using iterative algorithms and the equations that govern the motion of electrons became plausible. First attempts were made using the many-particle Schrödinger equation, but this method was quickly discarded due to the Schrödinger  wave function being too complicated an entity to be dealt with.

The real breakthrough that made ab initio methods a valid tool to study physical systems, was when 

Hohenberg and Kohn, in 1964, theorized and later, in their work [2], proved that another, much simpler entity can be chosen for the basic variable: the electron density which minimizes the total energy. The fundamental tenet of density functional theory is that the many-body wave function, and therefore all properties of the system, are exactly defined by the electron density of the system. This means that the ground state electron density is known, everything else can be defined as an exact functional of the electron density. This means an enormous simplification of the problem, because instead of the many-body wave function Ψ(r1 , r2 , · · · , rN ), which is a function of 3N variables, we only need to solve the ground state electron density n0(r), a function of 3 variables. This is known as the Density Functional Theory, DFT.

Describing the model system. In order to study a physical phenomenon, we construct a model of the desired situation for the simulation. Since the model cannot be of infinite size, it must have boundaries. Yet, the wave functions must be continuous, which means they cannot be terminated at those boundaries. For these reasons almost all ab initio methods designed to solve atomistic-scale phenomena employ periodic boundary conditions. 

The geometry under simulation is defined inside a supercell, which is a parallelepiped-shaped box. The periodic boundary conditions are such, that when a wave function exits the box on a certain facet, it re-enters the box on the facet opposing it. Another way of visualizing the situation is that we take the geometry defined inside the supercell, and then replicate it to fill all space. The model under simulation is of finite size, yet the wave functions stay continuous. This is useful in many aspects; we can model bulk material with a rather tiny supercell (perhaps just one atom), but because of the periodic boundary conditions, the simulation is that of an infinitely large bulk. Similarly, we can define a surface slab of handleable size, which, by the replication of the supercell, simulates an infinitely wide surface. 

Computational handleability through approximations. After the geometry has been defined and the periodic boundary conditions imposed, one is still far away from a mathematical description which would allow one to perform numerical calculations of any kind. As long as the equations of motion of electrons are coupled to each other the problem remains impossible to solve. So, the first approximation that is introduced is the decoupling of those equations by representing the total electron density n(r) by a set of single electron orbitals. 

The single electron orbitals are then represented as a set of functions, the form of which depends on the basis set chosen to represent them. Several choices exist, any many of them are widely used, because each method has it's strengths and weaknesses. The Plane wave method (PW) is used the most widely. It is mathematically straightforward and does not have any major disadvantages. Within the PW formalism, two further choices exist. One can include the core states in the potential, or construct a so called pseudopotential (Figure 1). In almost all PW calculations a pseudopotential is used, for a very justified reason; as the potential is described, within the PW formalism, as a Fourier series, the number of components needed to adequately describe the rapidly oscillating core states is enormous, leading to very long times required for the simulations. PW potential methods that include the core states are called full potential methods. The full potential methods are used only if very high accuracy is needed. One of these uses is as a comparison when

 testing approximations.
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The pseudopotential methods, on the other hand, omit the rapidly oscillating core potential, and substitute it with a smooth potential. This gives them a huge advantage compared to the full potential methods in respect to computer resources needed. The drawback is a certain loss in accuracy. Other methods for representing the single electron potential include atomic orbitals, Gaussians, and the so-called Muffin-Tin Orbitals methods, which are described in broader detail in the following paragraphs.

The Exact Muffin Tin Orbitals method. The Exact Muffin Tin Orbitals (EMTO) method is based on the observation that the exact crystal potential is atomic-like around the atom cores and almost flat between the atoms. In the light of this observation, the single electron orbitals are represented with spherically symmetric potentials centered around the lattice sites. The older muffin-tin methods, with non-overlapping muffin-tin spheres, represented the interstitial region with a constant or linear function, whereas in modern muffin-tin methods the spherical potentials are large enough to fill all space (Figure 2). The spherical functions are defined in such a way that despite the spheres overlapping each other  the potential stays continuous and smooth everywhere.
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Compared to the Plane Wave method, the EMTO method allows the core states to relax during  iteration, which leads to greater accuracy. This improved accuracy can be of crucial importance in certain cases, for example when calculating the total energy difference of two competing structural or magnetic phases.

One distinct shortcoming of the Muffin-Tin method is that the potential wells are defined, by the mathematical description that defines the potential, to be located on the lattice points of a perfect lattice. This means that the Muffin Tin method is not suited for all kinds of systems. One can, though, use the Muffin Tin method to model such situations as surfaces or vacancies, because even though atoms must be positioned to the lattice sites of a perfect lattice, one can leave a lattice site empty.

Coherent Potential Approximation. In substitutionally disordered alloys any atomic site can be occupied by any of the atomic species in the system. One method to perform calculations with such systems is to define a large supercell where the identity of each atom is specified. Such an approach is computationally very demanding, which is why alternative methods have been developed. Within the Coherent Potential Approximation (CPA) [3, 4], the disordered random alloy is replaced with an

 array of effective wells. The scattering properties of the effective wells are then determined self-consistently, in a single-site mean-field sense, from the requirement that an electron traveling in an infinite array of these effective wells undergoes, on average, no further scattering upon replacing one of the effective wells with one of the real potential wells [5]. When the scattering properties of an effective potential well are determined, quantities such as species-decomposed average density of states and charge density can be calculated straightforwardly [6]. In respect to computational requirements, the advatage this method offers is huge, because we can model a bulk system, instead of a large supercell, with just one atom. That one atom is then set up so that is has, for example, 80% Fe, 10% Cr and 10% Ni. Similarly, we can model a slab of material with a supercell whose height (perpendicular to the surface) is that of the modeled slab plus a few nanometers of vacuum, and the other dimensions of the supercell can be no more than the side of a conventional unit cell.

Results

As an example of the method described in the previous section, we present results for the surface energies of austenitic stainless FeCrNi steels with varying Cr and Ni concentrations (Figure 3). The concentration range for Cr used in this study was from 12 at.% to 32 at.%, and for Ni, it was from 4 at.% to 28 at.%. The reason for setting the lower limit of Cr amount to 12 at.% is given by the stainless requirement [7]. The reason for going as high as 28 at.% in Ni concentration, even though such an amount of Ni is not commonly used in any commercial steel grades is that we can mimic the effect of all austenite stabilisers by Ni. We chose the three low index surfaces, fcc(111), fcc(100) and fcc(110) for this study, because they are the most closely packed ones, and thus the most likely candidates to have the lowest surface energy.
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To calculate the surface energy, two different geometries were simulated for a certain concentration, a bulk system and a slab system. The bulk system was modeled by a supercell containing only one atom. The slab systems were constructed so that in the case of the fcc(111) and fcc(100) surface, the slab was 8 atomic layers thick, and each slab was separated from its repeated images by vacuum of 4 atomic layers thickness. Both the width of the slab and the width of the vacuum layer were chosen to be adequate for the material to assume bulk-like behavior in the middle of the slab, and for the surfaces to not be interfered by the repeated images. In the case of the fcc(110) surface, the slab thickness was 12 atomic layers, because the geometry of the fcc(110) surface is such that each layer is closer to each other compared to fcc(111) and fcc(100) surfaces. This means that if the fcc(110) slab had been 8 atomic layers thick, the slab might not have been thick enough.

When the bulk and surface subsystems have been simulated, one can calculate the surface energy as 
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where Eslab is the total energy of the slab system, n is the number of atoms in the slab system, Ebulk is the energy per atom of the bulk system, and A is the area of an interface in the slab supercell. The “2” in the denominator stands for the two surfaces of the slab.

The first three graphs of Figure 3 show the surface energies of the three surfaces with a varying Cr concentration. The amounts of Ni are fixed in the graphs. The last graph shows the magnetic polarization of Fe for the three surfaces in the function of layer depth. Layer 1 is the surface layer, layer 2 is the second layer, and so on.

First thing one notices when looking at the surface energy curves is that the three graphs look almost identical even if the amount of Ni varies greatly between figures. From this, one can conclude that the amount of Ni has almost no effect on the surface energy at all, in the case of any of the three surface alignments. The amount of Cr, on the other hand, increases the surface energy at a rate that is more or less constant over the studied range, and depends only lightly on the surface alignment. The rate of change is in roughly 0.01 J/m2 per each atomic percent added.

Clearly, the most closely packed surface, fcc(111), has the lowest surface energy in the entire concentration range, which was to be expected. In most cases, surface energies follow the sequence fcc(111) < fcc(100) < fcc(110), as suggested by the idea that the more closely packed the surface is, the lower its surface energy. This seems to be the case provided the amount of Ni is high enough, but somewhere between Ni concentrations 16 at.% and 28 at.% the order of (100) and (110) are reversed. In other words, one can see from the graphs that with Ni amounts 4 at.% and 16 at.%, the surface energy of fcc(110) is actually lower than that of fcc(100).

Conclusions

Using the EMTO-CPA Method, one can obtain several important properties of materials, derived from quantum mechanics. As shown in this paper, surface energies of multicomponent steels can be calculated. Moreover, these energies can be understood in the light of electronic and magnetic properties, also addressable with these calculations. As discussed in [8], this method can be used in describing metallic alloys from frist principles, yielding it very useful for the study of e.g. steels and steel surfaces.
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�Figure � SEQ "Illustration" \*Arabic �1�: A schematic illustration of the wavefunctions corresponding to the all-electron potential and the pseudo-potential. Note that outside the core region thecurves coincide.





�Figure � SEQ "Illustration" \*Arabic �2�: Muffin tin orbitals. The black dots denote the atomic nuclei, solidlines denote the non-overlapping muffin-tin wells of earlier muffin-tin methods, anddashed lines denote the optimized overlapping muffin-tin potentials.





�Figure � SEQ "Illustration" \*Arabic �3�: Top left, top right, and bottom left: The surface energies of the three surfaces for Ni amounts 4 at.%, 16 at.% and 28 at.%, respectively. Bottom right: Magnetic polarization of Fe vs layer depth for the three surfaces.
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