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INTRODUCTION 

Ongoing development of next generation reactors strengthens demands on materials to be used in fission 

and future fusion reactors, which include good tensile and creep strength, as high as possible operational 

temperatures, a control over ductile to brittle transition temperature, resistance to irradiation, high thermal 

conductivity, low residual activation, compatibility with cooling media, and good weldability
(1)

. A great 

challenge here is to identify potentially significant materials. New theoretical tools within the condensed 

matter physics allow one to capitalize on the power of modern computers, and greatly enhance a possibility 

for accelerated knowledge-based alloy design.   

In this paper we discuss recent developments in the field of ab initio electronic structure theory and 

its use for studies of materials for nuclear energy applications. We review state-of-the-art simulation 

methods that allow for an efficient treatment of effects due to chemical and magnetic disorder, and illustrate 

their predictive power with examples of two materials systems, Fe-Cr-X alloys (X=Ni, Mn, Mo) and Zr-Nb 

alloys.  

Ferritic body-centered cubic (bcc) Fe-Cr steels are used to manufacture reactor pressure vessels 

(RPV). Irradiation-induced accelerated ageing is considered to be a crucial issue that limits the lifetime of 

nuclear reactors. Fe-Cr steels with 7-18 at.% Cr are promising structural materials for fast neutron reactors 

due to their relatively low rate of swelling at elevated temperatures
(1)

. Moreover, novel steels for RPV 

contain other elements, e.g. Ni, Mn, and Mo. Their effect on the stability of parent Fe-Cr alloy did not 

received corresponding attention of the theory. We investigate the effect of multicomponent alloying on the 

mixing enthalpy of Fe-Cr alloys, and show that in the ferromagnetic state it reduces the alloy stability at low 

Cr concentrations.  

Hexagonal closed packed (hcp)Zr-based alloys represent another material system widely used in 

nuclear energy applications, e.g. as fuel cladding materials. Alloying provides significant improvement of 

materials properties as compared to pure Zr. In particular, Zr-Nb alloys (with about 1 at.% Nb) show 

strengthening behavior due to polymorphous martensitic hcp↔bcc transition.  However, an empirical 

approach is still taken for the selection of alloying additions [1], and improved understanding of Zr-based 

alloys is clearly required.  Here we demonstrate how thermodynamic and elastic properties for these alloys 

can be systematically calculated from first-principles and argue that they can be used in higher-level 

simulations in the framework of the multiscale modeling. 

 

THEORY 

In this work we employ so-called ab initio or first-principles approach to simulate properties of alloy 

phases
(2)

. This means that we do not use any experimental or adjustable parameters in our simulations. 

Calculations are based on a solution to the quantum mechanical problem provided by the Density Functional 

Theory (DFT). However, in our case the application of the DFT formalism is highly non-trivial because 

substitutional solid solutions, considered in this work do not have any translational periodicity. The point is 

that in this case the group theory, which is the corner stone of the modern first-principles calculations, 

cannot be used directly. A detailed discussion of the problem can be found in Ref. 
(2)

.  



In this work we employ the coherent potential approximation (CPA) for the description of chemical 

and magnetic disorder. Within CPA one reconstructs three-dimensional periodicity of the solid solution 

phase A1-xBx by mapping it onto an ordered lattice of “effective” atoms, which describe the original system 

on the average. The effective atoms are placed at the sites of the original system. Their scattering properties 

have to be determined self-consistently from the condition that the scattering of electrons off the alloy 

components, embedded in the effective medium as impurities, vanishes on the average. The CPA is 

currently one of the most popular techniques to deal with substitutional disorder, and in this work we use it 

in the framework of the exact muffin-tin orbital (EMTO) theory as implemented in the EMTO-CPA 

software
(3)

. Details of the calculations for Fe-Cr alloys are the same as in Ref. 
(4)

, while for Zr-Nb alloys 

they are summarized in Ref. 
(5)

.  

 

RESULTS 

We start with the analysis of the mixing enthalpy ΔH
mix

 of Fe-Cr alloys. It often provides important insight 

into behavior of alloys upon ordering of phase separation. For a given system, an alloy or its pure 

components, the enthalpy H= E+PV is calculated from their volumes V, CPA total energies E, and pressures 

P.  For a binary system A1-xBx one defines 
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, where )(BAH represents the 

enthalpy of a standard state, taken in this work as enthalpies of pure alloy components. Positive values of 

ΔH
mix

 indicate a tendency towards phase separation of the solution phase, either into a mixture of pure 

elements or a mixture of ordered phases. However, the solution phases could be stabilized at high 

temperature, and remain metastable when the temperature is decreased. A condition for the spinodal 

decomposition of a binary alloy, which occurs in systems unstable to any concentration fluctuation, is given 

by inequality d
2
H/dx

2
<0. A generalization of this formalism for multicomponent systems is straightforward. 

Calculated mixing enthalpy and its second derivative of ferromagnetic binary Fe-Cr alloys are shown 

in Fig. 1 with full orange lines . One sees that the alloy is stable at low Cr compositions, but has a tendency 

towards phase separation at higher concentrations. Experimentally it is known that though there is a 

miscibility gap for the alloy concentrations above 10 at. % Cr at room temperature, for lower concentrations 

of Cr the alloy is stable with respect to this decomposition. Therefore, our results are in excellent agreement 

with experiment. To investigate the effect of additional alloying elements on the stability of bcc Fe-Cr 

steels, we calculate the mixing enthalpies and their second derivatives for Fe-Cr-Ni and Fe-Cr-Ni-Mn-Mo 

systems. The results are shown in Fig. 1. One can see that these elements tend to destabilize solid solutions 

and enhance the tendency towards the spinodal decomposition. Indeed, ΔH is now positive for all Cr 

compositions, and d
2
H/dc

2
 changes sign at lower Cr concentrations. 

 

 
Figure 1. (left) Calculated mixing enthalpy and (right) its second derivative of ferromagnetic binary Fe-Cr 

alloys (full orange line, circles), as well as ternary alloys with 5 at. % Ni (dashed violet line, triangles), and 



multicomponent alloys with 5 at. % Ni, 1 at. % Mn and 1 at.% Mo (dot-dashed  green line,  stars) as a 

function of Cr concentration 

 
Figure 2. Calculated bulk moduli of Nb-Zr system as a function of Zr concentration in two crystal 

structures, bcc (left) and hcp (right), and at three values of external pressure, ambient pressure (black), 5 

GPa (red) and 10 GPa (blue).  

In order to illustrate capability of the theory to predict mechanical properties of alloys for nuclear energy 

applications, we show in Fig. 2 calculated bulk moduli of Nb-Zr system in the complete interval of 

concentrations and in two crystal structures, bcc and hcp. Here a comparison with experiment can be done 

for pure elements, and it is quite favorable. Indeed, for bcc Nb at ambient pressure and room temperature 

B=1710 kBar, while for hcp Zr  it is 940 kBar, in good agreement with results, presented in Fig. 2. But 

theory can predict elastic properties even for systems which cannot be synthesized experimentally. This 

information is very useful, e.g. for higher level phenomenological models. For example, using this 

information it is possible to describe localized plastic flow auto-waves in deforming alloys
(5)

. 

CONCLUSIONS  

We have demonstrated that state-of-the art theoretical calculations have a capability to predict 

thermodynamic and mechanical properties of materials with very high accuracy, comparable to the 

experimental accuracy. Considering Fe-Cr alloys, we have investigated the effect of multicomponent 

alloying on their phase stability, and we have shown that alloying elements Ni, Mn, and Mo, present in RPV 

steels, reduce the stability of low-Cr steels against binodal, as well as spinodal decomposition.  Considering 

Zr-Nb alloys, we have demonstrated a possibility of obtaining their elastic moduli from ab initio electronic 

structure calculations. We argue that theoretical simulations represent valuable tool for a design of new 

materials for nuclear energy applications.  
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