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Project Objectives 
 
The objective of this project is to develop a highly accurate thermokinetic model for austenitic 
stainless steels based on fundamental quantum mechanical calculations. The model will 
incorporate the true temperature- and composition-dependence of the diffusion constants and 
provide missing information on interstitial motion.  The model will be used to predict, and be 
benchmarked against, Radiation Induced Segregation (RIS) data. 
 
In order to establish the critical data and computer programs to build the model this project will 
pursue the following specific objectives: 

• Perform initial ab initio calculations of atomic-scale properties in pure elements and 
limited alloys 

• Develop Ni-Fe-Cr RIS simulation and validation/refinement 
• Perform more complete ab initio calculations of atomic-scale properties in Ni-Fe-Cr alloy 
• Develop Monte Carlo codes; Ni-Fe-Cr RIS simulation based on ab-initio values and Monte 

Carlo; further validation and refinement 
• Calculate diffusion constants and Ni-Fe-Cr RIS simulation 
• Perform final validation/refinement by comparison to experiments 
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1 Executive Summary 
The project began March 13, 2006, allocated for three years, and received a one year 
extension from March 13, 2009 to March 12, 2010.  It has now completed 48 of 48 total 
months.  The project was focused on using ab initio methods to gain insights into radiation 
induced segregation (RIS) in Ni-Fe-Cr alloys.  The project had the following key 
accomplishments 

• Development of a large database of ab initio energetics that can be used by many 
researchers in the future for increased understanding of this system.  For example, 
we have the first calculations showing a dramatic stabilization effect of Cr-Cr 
interstitial dumbbells in Ni. 

• Prediction of both vacancy and interstitial diffusion constants for Ni-Cr and Ni-Fe 
for dilute Cr and Fe.  This work included generalization of widely used 
multifrequency models to make use of ab initio derived energetics and 
thermodynamics. 

• Prediction of qualitative trends of RIS from vacancy and interstitial mechanisms, 
suggesting the two types of defect fluxes drive Cr RIS in opposite directions.  

• Detailed kinetic Monte Carlo modeling of diffusion by vacancy mechanism in Ni-
Cr as a function of Cr concentration.  The results demonstrate that Cr content can 
have a significant effect on RIS. 

• Development of a quantitative RIS transport model, including models for 
thermodynamic factors and boundary conditions. 

Section 2 contains a brief background summary.  The results of this report are then divided 
into 3 major sections.  Section 3 is ab initio based modeling of dilute Cr and Fe in Ni-Cr 
and Ni-Fe to calculate tracer diffusion coefficients.  Section 4 is kinetic Monte Carlo 
simulation of tracer diffusion in Ni-Cr for the concentrated alloy.  Finally, Section 5 is the 
formalism development and results from continuum RIS equations.  Section 6 give a 
concluding summary. 

Notes on formatting: Figures and Tables are numbered sequentially throughout the 
document except for those associated with the appendices in Section 3, whose figures and 
tables are labeled by the appendix letter. Figures and Tables for a given top-level section 
are placed in a subsection at the end of the corresponding top-level section.  Equation 
numbers are specific to each top-level section and no top-level sections refer to equations 
in any other top-level section. There is a single set of references for all top-level sections, 
which are listed in Section 7.  Each top-level section has its own acknowledgements 
subsection related to funding, support, and collaborations for that top-level section. 

2 Background 
Radiation induced segregation (RIS) refers to the change of composition that occurs at 
defect sinks in multicomponent alloys under irradiation.  In fcc Ni-Fe-Cr steels it is well 
documented that Cr depletes from grain boundaries due to RIS.  This effect is of 
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significant concern due to possible increased corrosion and materials degradation 
associated with Cr composition changes.  RIS of other elements can also be of concern as 
impurity segregation can cause unwanted changes in grain boundary and bulk properties.  
For example, local enrichment can cause precipitation of new phases near grain 
boundaries. 
RIS modeling has been attempted on a number of occasions with varying levels of success.  
Simple empirical models have had limited predictive ability for Cr RIS in fcc steels and 
there is interest in developing more models from atomically resolved energetics. This work 
represents one of the first efforts to use ab initio energetics to inform RIS models.  We 
have constructed RIS models from ab initio input parameters for both dilute Fe and Cr in 
Ni and for concentrated alloy diffusion in Ni-Cr through the vacancy mechanism.  Please 
see original proposal for a more extensive background on RIS. 

3 Dilute Alloy Results for Ni-Cr and Ni-Fe 
In this section ab initio modeling is used to predict diffusion relevant thermodynamic and 
kinetic information for dilute Ni-Cr and Ni-Fe alloys. The modeling results are then used 
to determine the phenomenological coefficient matrices and the tracer diffusion 
coefficients for both vacancy and interstitial mediated diffusion. In addition to predicting 
diffusion coefficients, this ab initio-based approach provides information typically 
inaccessible to experiments, including the different contributions to diffusion (e.g., 
electronic excitation effects), the species dependence of interstitial diffusion, and the 
deviations from Arrhenius-type relations, which are often used to describe and extrapolate 
experimental diffusion data. It is found that: 1) Cr is the fastest diffusing species in Ni by 
both vacancy and interstitial diffusion, followed by Fe and then Ni. The enhanced 
diffusivity of Cr is primarily due to differences in migration barriers and binding energies, 
not pre-exponential factors. 2) Fe and Cr solutes in Ni have weak interactions with 
vacancies but Cr solutes bind strongly to interstitial defects. 3) Cr exhibits non-Arrhenius 
behavior in both vacancy and interstitial mediated diffusion. 4) Temperature dependent 
electronic contributions have a significant impact on the diffusion in some cases. 5) The 
vacancy diffusion mechanism in Ni-Cr changes as a function of temperature resulting in 
vacancy-solute drag below 460 K.  

3.1 Introduction 
Ab initio techniques provide a powerful method for obtaining detailed point defect 
energetics and are increasingly used to study the diffusion of elements in pure metals and 
multi-component alloys [1,2]. In this work ab initio techniques are used to calculate tracer 
diffusion coefficients, for both vacancy and interstitial mediated diffusion, in the dilute Ni-
Cr and Ni-Fe alloys.  The Ni-Cr-Fe system is an important model alloy for Ni-based alloys 
and austenitic steels and, despite many years of study, there is still significant uncertainly 
about the diffusion coefficients in these systems.  Point defect diffusion is particularly 
important in Ni-Cr-Fe steels as these materials are commonly used in the nuclear industry, 
where irradiation creates both vacancy and interstitial defects in the matrix. The diffusion 
of these defects then leads to many microstructural and microchemical changes [3,4], from 
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void growth [5] to radiation-induced segregation [6], the effects of which must be 
understood for reliable application of these materials in next generation reactors.  

The purpose of this paper is two-fold. The first purpose is to provide tracer diffusion 
coefficients and point defect thermokinetic data in the technologically important Ni-Cr-Fe 
system. Ab initio based modeling allows for the determination of diffusion properties that 
are challenging to investigate experimentally.  For vacancy diffusion there is extensive 
experimental data, but generally only at high temperatures. Extrapolation to lower 
temperature is typically done by fitting to an Arrhenius expression of the form D=D0 e-Q/kT, 
where the pre-exponential factor, D0, and activation energy, Q, are assumed to be 
constants. Ab initio modeling can be used to determine accurate temperature dependent 
values of D0 and Q, reducing uncertainty in the experimental determination and allowing 
much more reliable extrapolation to lower temperatures.  Ab initio modeling can predict 
coupling between the transport of solute and defect species (e.g., vacancy-solute drag) that 
is difficult to assess experimentally.  Finally, experimental self-interstitial diffusion 
properties in Ni-Cr-Fe alloys are rare and ab initio techniques are increasingly being 
utilized to provide these data [7,8]. 

The second purpose of this paper is to provide a framework for propagating point defect 
energetics through a rate expression and into statistical mechanics models to determine the 
kinetic phenomenological coefficient matrix (e.g., propagating vibrational excitations 
through Lidiard and LeClaire’s five-frequency model [9,10]). The phenomenological 
coefficient matrix can be used to calculate diffusion coefficients and fluxes, which are 
needed to study various transport related phenomena. The methods used in this framework 
have all been derived separately in different contexts, and are integrated here for clarity 
and application to irradiated materials. The individual steps in this framework are often 
approximated in order to compensate for insufficient experimental data. Ab initio 
techniques provide detailed information that was unavailable experimentally, and statistical 
mechanics based models can now be parameterized with complete sets of energetic data, 
removing the approximation needed in the past.  

Section 3.2 discusses the overall methodology in which the tracer diffusion coefficients 
were obtained, with the details provided in Appendices A-D.  The ab initio techniques 
used in this work and the settings associated with them are also discussed in Section 3.2.  
Section 3.3.1 presents the results for vacancy-mediated diffusion. The diffusion 
coefficients are compared to experimental results and the differences are discussed. The 
temperature dependence of pre-exponential factor terms in the diffusion coefficients are 
illustrated and explained.  This section also presents the results of the vacancy wind 
calculation, which describes the temperature dependence of the migration mechanism. 
Finally, an assessment of the error associated with the Arrhenius fit to diffusion data is 
presented. Section 3.3.2 presents the calculated interstitial-mediated diffusion coefficients 
and provides comparison with the vacancy-mediated results. This section also assesses the 
temperature dependence of pre-exponential factor terms and the error of the Arrhenius fit 
for interstitial diffusion data. Section 3.3.3 presents a brief discussion of implications of 
the ab initio predictions for radiation-induced segregation. Finally, Section 3.3.3 gives a 
summary of the key results.  Numerous technical details have been excluded from the main 
text for clarity, but are provided in the appendices. 
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3.2 Methodology 

3.2.1 Overview of Approach 
In this work, tracer diffusion coefficients for vacancy and interstitial mediated diffusion are 
calculated in the Ni-Cr and Ni-Fe binaries through a multi-step process. The process to 
obtain these diffusion coefficients uses ab initio methods to calculate migration rates and 
thermodynamic parameters. These rates are then used to calculate phenomenological 
coefficients, which are kinetic quantities that describe the mobility of the elemental species 
and point defects. The phenomenological coefficients are, in turn, used to calculate tracer 
diffusion coefficients and the vacancy wind, which identifies the coupling between 
vacancy and solute fluxes.  
The coupling between migration rates, phenomenological coefficients and diffusion 
coefficients, the ab initio generated thermokinetic data, and the approximations used 
throughout the process of obtaining the diffusion coefficients, have been provided in the 
appendix for the interested reader. For derivations of the relationships used the reader is 
referred to the original references. Appendix A provides a rate expression, based on the 
Eyring-Polanyi equation [11,12] and transition state theory, which includes vibrational and 
electronic excitation contributions. Appendix B outlines the process of using the rates of 
various hopping events to obtain the phenomenological coefficients. The 
phenomenological coefficients describe the mobility of each species in a dilute binary 
alloy and are used to calculate intrinsic diffusion coefficients The steps to obtain the tracer 
diffusion coefficient from the intrinsic diffusion coefficient and the method to incorporate 
the vibrational and electronic excitation contributions of defect-solute binding in the tracer 
diffusion coefficients are given in Appendix C. The thermokinetic data generated by ab 
initio calculations needed to calculate the phenomenological coefficient matrix and the 
tracer diffusion coefficients are given in Appendix D.  

3.2.2 Ab initio Methods  
Ab initio calculations are used in this work to determine migration barriers, binding 
enthalpies, electronic density of states, lattice constants, vibrational frequencies and defect 
formation enthalpies for the Ni-Cr and Ni-Fe systems.  While some ab initio defect 
properties in Ni systems have been calculated in the past [1,15,16], additional defect 
properties are needed for this work and the properties available in the literature have been 
recalculated for consistency.  

All ab initio calculations were performed with the Vienna Ab initio Simulation Package 
(VASP) [17,18], a quantum mechanical code based on density functional theory.  All 
VASP calculations were performed with the generalized gradient approximation (GGA) 
for the exchange-correlation energy, the Perdew-Burke-Ernzerhof exchange-correlation 
functional [19] and the projector-augmented wave method [20,21] unless stated otherwise.  
The calculations were performed with a 96(±1) or 108(±1) atom periodic simulation cell. 
The volume and shape of each simulation cell was fixed but ionic relaxations were allowed 
within the cell. Migration barriers and vibrational frequencies were calculated with a 270 
eV energy cutoff and a 3x3x3 k-point mesh. Binding energies and electronic density of 
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states calculations were computed with a 479 eV cutoff and a 4x4x4 k-point mesh. The 
cumulative errors associated with k-point mesh, energy cutoff and cell size convergence 
are estimated to be less than 35 meV for migration barriers, defect formation energies and 
binding energies when added in quadrature [22].  All calculations were spin polarized and 
allow for magnetic ordering.  Interstitial migration barriers are determined by the nudged 
elastic band method [23]. Vacancy migration barriers are determined from constrained 
calculations with the hopping atom restricted to a plane perpendicular to the migration 
pathway but all other ionic relaxations are allowed. This method gives comparable results 
to the nudged elastic band method for all cases tested.  

3.3 Results and Discussion 
The methods outlined in Section 3.2 and the data presented in Appendix D have been used 
to calculate both vacancy and interstitial mediated tracer diffusion coefficients for Ni self-
diffusion and dilute Cr and Fe impurity diffusion in Ni. 

3.3.1 Vacancy Mediated Diffusion 
The parameters needed for vacancy mediated tracer diffusion are summarized in Table I. 
All values are determined using ab initio methods, as discussed in more detail in the 
appendices. The Ni self-diffusion and Cr and Fe tracer diffusion coefficients in Ni have 
been calculated from Eqs. C.10 and C.14, using the parameters from Table I.  Each ab 
initio-based diffusion constant is compared to multiple sets of Arrhenius fits to 
experimental diffusion data in Figs. 1-3. The experimental data contains both single crystal 
and polycrystalline diffusion data and the reported purities of the Ni in Askill [24] and 
Smithells [25] are 99.9% and above for both self and impurity tracer diffusion.  
Figs. 1-3 show that the ab initio diffusion data predict values lower than the main cluster of 
experimental diffusion coefficients by approximately an order of magnitude.  However, the 
temperature dependence of the diffusion coefficients and the relative ordering between the 
different species is represented well. The differences between the ab initio calculated and 
experimental diffusion coefficients may be partly attributed to the approximate treatment 
of vibrations in this work (in particular, the local vibrational model used and the neglecting 
of anharmonic vibrational contributions such as thermal expansion) and to contributions 
associated with magnetic excitations, which have not been included in the model (e.g., the 
ferromagnetic to paramagnetic transition in Ni).  Approximations made to simplify many-
electron interactions in ab initio methods also introduce error that is not easy to quantify.   
It is likely that the disagreement between the experimental and calculated diffusion data 
comes from multiple sources.  However, based on the data in Figs. 1-3 it appears that the 
largest difference between the ab initio and the experimental diffusion coeffcients comes 
from the pre-exponential factor, since the calculated slopes for the three cases are in good 
agreement with most of the experimental data. In order to understand which variables 
could account for an order of magnitude disagreement, each variable in the Ni self-
diffusion coefficient (see Eqs. C.14-C.16) has been varied independently until agreement 
with the experimental diffusion coefficient is reached. Table II presents a variable in the 
diffusion coefficient expression, its original ab initio value and the value required to 
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account for the error in the Ni self-diffusion coefficient at 1650 K. For the purposes of this 
table the experimental Ni self-diffusion coefficient is set to an average over 19 experiments 
[27] (shown in Fig. 1) and has a value of 1.81×10-9 cm2/s at 1650 K (the unaltered ab initio 
value is 9.80×10-11 cm2/s at 1650 K). 

Here we consider the changes in each variable needed to match the experimental Ni 
diffusion.  The ab initio vacancy formation and migration enthalpies, Hvf  and Hmig, are in 
good agreement with the experimental values of 1.79 eV and 1.04 eV [28], respectively.  
Furthermore, the altered values of the vacancy formation  and migration enthalpies are 
significantly less than both experimental and ab initio values. In addition, the work of De 
Koning et al. [29] in Ni shows that the vacancy formation enthalpy is expected to increase 
with temperature, not decrease. Together these results suggest that the vacancy formation 
and migration enthalpies are not a primary source of error in the diffusion coefficient 
calculations.  The altered attempt frequency is above the typical phonon frequency range of 
1012-1013 and therefore seems unlikely to be a primary source of disagreement between the 
diffusion coefficients. The change needed in the Ni DOS for the electronic migration 
contribution, ECmig, seems unphysical as it is much larger than seen in any of the 
calculations.  The altered value of the vacancy formation entropy, Svf, is comparable with 
other values reported for Ni in ref. [29], which are 3.3 kB between 1200-1650 K from 
differential-dilatometry measurements and 5 kB at the melting point, calculated from EAM 
potentials.  The literature data suggests that the temperature dependence of vacancy 
formation entropy was not well represented by the classical high temperature 
approximation used in Eq. D.5, and that this value is likely to be the main source of 
disagreement between the experimental and ab initio diffusion coefficients. 

In order to provide the most accurate possible model for Ni-Fe-Cr diffusion we here use an 
empirical fit to provide a small modification of the ab initio based model.  Based on the 
results in Table II and the above discussion, the disagreement between the calculated and 
experimental diffusion data can be largely attributed to errors in the temperature 
dependence of the Gibbs free energy of vacancy formation, Gvf, containing contributions 
from both Svf and Hvf.  To provide an optimized model a new high temperature Gvf is 
determined by using the experimental Hvf value and fitting Svf to reproduce the averaged 
experimental diffusion data from Ref. [27] at 1650 K. Both Svf and Hvf  are assumed to be 
constant with temperature. The experimental Hvf value of 1.79 eV is now used because it 
was determined from measurements taken at elevated temperature and is more appropriate 
for high temperature fitting than the 0 K ab initio value. The value of Svf determined from 
the fit is 5.71 kB, which is different from the value in Table II due to the use of the 
experimental Hvf value.  
In Fig. 4, the Ni, Fe and Cr calculated tracer diffusion coefficients, using both the ab initio 
and the new Gvf value with fitted Svf, are compared to experimental tracer diffusion data. 
The ab initio diffusion coefficients use values from Table I only and the diffusion 
coefficients with the new Gvf use the same values from Table I but Hvf and Svf are set to 
1.79 eV and 5.71 kB, respectively.  The experimental values and their error bars in Fig. 4 
are from Refs. [27,30] and consistent of averages over multiple experimental data sets.  
Both sets of calculated diffusion coefficients capture the relative relationships between 
migrating species quite well. This suggests that the unaltered ab initio data could be used 
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as is for studies involving relative behavior between diffusing species.  Using the new Gvf 
value with fitted Svf, improves the agreement with experiment to within the experimental 
error bars for all species. The values of Hvf and Svf  used to give the new Gvf are used here 
to provide an optimized model for the diffusion coefficients for practical appplications, but 
are not used for any later calculations unless explicitly stated. 
Table III provides a comparison between the ab initio diffusion coefficients, with and 
without Svf fitting, and the experimental diffusion coefficients by partitioning between the 
pre-exponential factor, D0, and the activation energy, Q defined in Eqs. C.11, C.12, C.15 
and C.16. The ab initio pre-exponential factors are temperature dependent. In order to have 
a direct comparison with experimental data, Q and D0 have been determined by fitting an 
Arrhenius equation to the ab initio diffusion predictions in the temperature range of 1250-
1650 K. The order of the calculated activation energies is consistent with the ordering of 
the calculated diffusion coefficients in Fig. 4. In particular, Cr has a significantly lower 
migration barrier than Fe or Ni (0.83 eV compared to 0.97 eV or 1.09 eV, respectively, 
from Table I), which drives faster diffusion. The identification of a low migration barrier 
as the source for fast Cr vacancy-mediated diffusion diverges from the interpretation of 
some previous authors who identified the pre-exponential factors as being the source of 
fast Cr diffusion [31].  It should be noted that the spread in experimental tracer diffusion 
coefficient data for Cr and Fe, as shown by error bars in Fig. 4, are relatively large and 
therefore it is possible that the experimentally derived ordering may change with further 
experimental work. 
The temperature dependence of the pre-exponential factor, D0(T) of each species is 
illustrated in Fig. 5 using the unaltered ab initio diffusion coefficients data. The relative 
changes with temperature are the same for the Svf fit data but using the unaltered data 
allows for a more straightforward comparison with the interstitial results, where 
experimental data is not available for fitting. The pre-exponential factor for solute 
diffusion has temperature dependent contributions from electronic excitations due to 
migration and binding (ECmig and ECbind) and from the correlation factor (f2). In Fig. 5 the 
Ni pre-exponential factor varies mildly with temperature due to the fact that the electronic 
excitation contribution due to migration is the only temperature dependent variable in the 
pre-exponential factor.  The electronic excitation contribution has a weak temperature 
dependence and varies only 20% from 100-1700 K. The pre-exponential factors for Cr and 
Fe exhibit strong temperature dependence, largely due to the correlation factor, which has 
a value near 0.5 at 1700 K and goes to zero at low temperature . This change in correlation 
factor is due to the fact that the vacancy-solute exchange hop has the lowest migration 
barrier for both alloys (as shown by ΔHmig w2 in Table I) and at low temperature the back 
and forth vacancy-solute exchange dominates and does not contribute to diffusion.   The 
electronic contributions to D0(T) for Cr and Fe vary 10-20% over the temperature range 
studied and also contribute to the temperature dependence of the pre-exponential factor.  
The temperature dependence of D0(T) is especially important when low temperature 
diffusion information is needed. For example, the temperature range 450-900 K is often of 
interest for studies of diffusion by radiation-induced defect concentrations [6].  The 
Arrhenius fit to experimental data typically does not account for the known physical 
temperature dependence of the pre-exponential factor. Arrhenius fits to experimental data 
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that appear identical on log plots can have very different low temperature extrapolation due 
to the partitioning between D0 and Q and the lack of temperature dependence in those 
values. To demonstrate the possible errors associated with using an Arrhenius fit to only 
high-temperature data we extrapolate Cr/Ni, Fe/Ni and Cr/Fe tracer diffusion coefficient 
ratios to low temperature for four cases (Fig. 6): 1) an experimental data set by Million 
[27] and Ruzickova [30], 2) an average of several similar experimental data sets [27,30], 3) 
the ab initio data fit with an Arrhenius equation at 1250-1650 K, and 4) the temperature 
dependent ab initio data. The difference between the Ruzickova/Million data and the 
averaged experimental data sets gives an indication of the disagreement within the existing 
experimental data, which is largely due to different partitioning between D0 and Q in the 
diffusion coefficients. The difference between the ab initio sets indicates the error 
associated with the Arrhenius fit that lacks a temperature dependence pre-exponential 
factor. The difference between the Arrhenius fit ab initio data and the averaged 
experimental data indicates the error in the calculations and different partitioning of D0 and 
Q. However, much of the error of the calculations cancels when the ratio is taken.  
The experimental data sets in Fig. 6a have different trends due to the relative values 
assigned to QCr and QNi. The Arrhenius fit ab initio data would over predict the low 
temperature diffusion ratio but the temperature dependent D0 suppresses this behavior. In 
Fig. 6b, both the ab initio and the experimental data sets agree fairly well at high 
temperature but have different low temperature trends due to the relative value of the 
activation energies. The ab initio curve has some non-Arrhenius behavior at low 
temperature, although it has a small quantitative effect over the temperatures considered. 
Figure 6c shows good agreement for all data sets at high temperature. However, all sets 
over predict the temperature dependent ab initio values at low temperature, due to the 
Arrhenius fit.  
The deviation from Arrhenius behavior of each species can be analyzed by taking the ratio 
of the ab initio diffusion coefficients fit to the Arrhenius form and the ab initio diffusion 
coefficients with the full temperature dependent pre-exponential factor. Figure 7 shows 
this ratio for Ni, Cr and Fe tracer diffusion coefficients. Figure 7 shows that Cr has the 
largest error associated with the Arrhenius fit, which explains the larger differences in the 
ab initio diffusion coefficient ratios containing Cr in Fig. 6a and 6c. For vacancy mediated 
diffusion in Ni, the Arrhenius fit is not a significant source of error. The error for Cr 
diffusion is near a factor of 2 at 450 K and the Fe and Ni errors are small. Significantly 
larger errors from high temperature Arrhenius fitting are found for interstitials and will be 
discussed in Sec. 3.3.2. 
In addition to calculating diffusion coefficients, the values in Table I can be used to 
calculate the vacancy wind parameter, G. The vacancy wind parameter is a function of the 
phenomenological coefficients and determines the diffusion mechanisms present in dilute 
Ni-Cr and Ni-Fe alloys. The vacancy wind parameter is defined mathematically in Eqs. 
C.19 and C.20. When  G  > -1 it denotes that the vacancies and solute atoms are moving in 
opposite directions, which is expected from a simple exchange mechanism.  When G < -1, 
it indicates that the drag mechanism is dominant and the vacancies and solutes are 
diffusing as a complex. This can occur when the rate of a vacancy to circle the solute is 
favored over dissociation from the solute. The migration barriers for dissociation (ΔHmig 
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w3) and first nearest-neighbor (circling) hops (ΔHmig w1) are provided in Table I for both 
the Ni-Cr and Ni-Fe system. Figure 8 below shows the vacancy wind as a function of 
temperature for Ni-Cr and Ni-Fe.  
For Ni-Fe, the rate of dissociation is higher than the rate of circling the solute due to the 
migration barriers associated with these hops.  Therefore, the drag mechanism will not be 
favorable at any temperature in this system.  Figure 8 confirms this and shows that G for 
Ni-Fe is always greater than -1. In the Ni-Cr system the migration barrier of circling the 
solute is lower than that of dissociation, which makes a mechanism change possible.  
Figure 8 shows that G drops below -1 for Ni-Cr around 460 K. This means that at 
temperatures below 460 K the vacancy drag mechanism would be the dominant diffusion 
mechanism for the Ni-Cr system. Vacancy drag is generally associated with strong 
vacancy-solute binding, where the vacancy and solute move collectively due to the high 
energy cost of dissociation. However, in the case of Ni-Cr, the vacancy drag mechanism is 
due to the balance of the migration barriers and is not associated with vacancy-solute 
binding (in fact, the Cr-vacancy first nearest-neighbor interaction is about 50 meV and 
repulsive (Fig. D.1)).  

3.3.2 Interstitial Mediated Diffusion 
The tracer diffusion coefficients for interstitials can also be determined using ab initio 
methods. The ab initio data needed for modeling interstitial diffusion is given in Appendix 
D. We were not able to determine the value of the formation entropy, Sif , from ab initio 
methods (see Appendix D for details) and instead we use a value determined by Debiaggi 
et al. [32] using an EAM potential. The interstitial tracer diffusion coefficients have been 
calculated using Eqs. C.22 and C.30 and the parameters summarized in Table IV. The 
tracer diffusion coefficients for Ni, Cr and Fe in Ni by an interstitial flux are shown in Fig. 
9.  Experimental data is not available for comparison with the calculated diffusion 
coefficients. The ab initio vacancy tracer diffusion coefficients (without Svf fitting) are 
included on Fig. 9 for comparison in the temperature range of 1220-1700 K.  
The order of the tracer diffusion coefficients are the same for the interstitials as for the 
vacancies, with Cr being the fastest diffuser, then Fe, and then Ni.  However, while Cr and 
Fe are quite close by the vacancy mechanism, Ni and Fe are quite close by the interstitial 
mechanism. The interstitial diffusion coefficients near the melting temperature are the 
same order of magnitude as the vacancy case, an effect that has been observed previously 
in Ref. [32]. However, the interstitial diffusion coefficients drop rapidly with temperature 
due to the large interstitial  formation energy. The thermal concentration of interstitials is 
often assumed to be negligible due to their large formation enthalpy. However, dumbbell 
interstitials in fcc metals are known to have large formation entropies that can increase the 
thermal population. In some metals, the calculated concentrations of interstitials have been 
shown to rival divacancy concentrations at temperatures near the melting point [32]. The 
concentration of interstitials is still several orders of magnitude below the vacancy 
concentration at high temperature but the diffusion coefficients are similar due to the low 
migration barriers of the interstitials that enhance transport. Figure 10 compares the 
calculated vacancy and  interstitial concentrations as a function of temperature.  
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The ratios of the ab initio interstitial tracer diffusion constants (DCr/DNi, DCr/DFe and 
DFe/DNi) are shown in Fig. 11.  The much faster diffusion of Cr is clear, with a tracer 
diffusion constant over 25 times that of Ni and 50 times that of Fe at 500 K. At high 
temperatures Fe is a faster diffuser than Ni but Ni becomes faster at 1180 K due to the 
temperature dependent pre-exponential factor of Fe, which decreases with decreasing 
temperature (see below for more discussion of this temperature dependence).  

The interstitial diffusion coefficients have been fit with an Arrhenius equation over the 
temperature range of 1250-1650 K for comparison with the vacancy case and to assess the 
role of the pre-exponential factor and activation energy in the diffusion coefficient values. 
The values of the pre-exponential frequency factor and activation energy are given in 
Table V for both the vacancy and interstitial ab initio diffusion coefficients. 
The ordering of Cr relative to Ni and Fe is due to the large difference in activation energy. 
The migration barriers of Ni and Cr in a Ni matrix only differ by 60 meV (w0 and wI in 
Table IV) but the large binding energy of Cr and a first nearest neighbor a-type dumbbell 
(Hbind in Table IV) further reduces Cr interstitial activation energy by 180 meV, providing 
a large contribution to the overall 310 meV difference in the activation energies (see Table 
V).  The ordering of Ni and Fe depends largely on the pre-exponential factor since their 
activation energies are similar. While Fe has a larger pre-exponential factor in Table V, it 
drops rapidly as a function of temperature due to the correlation factor and the electronic 
migration contributions.  The temperature dependent pre-exponential factor of each species 
is shown in Fig. 12 and the contributing terms to this temperature dependence are shown in 
Fig. 13.  

Comparing the vacancy diffusion data in Fig. 5 to that of the interstitials in Fig. 12 shows 
that the pre-exponential factor for interstitials is several orders of magnitude larger than 
that of vacancies. This can be attributed to the large formation entropy of interstitials, 
which appears in an exponential term in D0. Similar to the vacancy case, the Ni interstitial 
pre-exponential factor varies relatively little with temperature, due to the fact that the 
electronic migration contribution is the only temperature dependent variable in the pre-
exponential factor and has weak temperature dependence. The pre-exponential factors for 
Cr and Fe vary dramatically with temperature because the correlation factors approach zero 
at low temperature (Fig. 13).  As in the vacancy case, the back and forth hopping of the 
solute in the interstitial dominates at low temperature because the solvent has a lower 
migration barrier than the Ni host (Cr and Fe ΔHmig wI in Table IV).  Such back and forth 
hops do not contribute to long range diffusion and cause the correlation factor to become 
very small at low temperature. 
The shape of D0 for each species in Fig. 12 can be explained by the individual 
contributions of each temperature dependent variables in D0, shown in Fig. 13. For Fe, 
there are strong temperature dependent contributions from the electronic excitation 
contributions to the binding energy and to a lesser extent, the correlation factor. These 
contributions are reflected in the pre-exponential factor in Fig. 12 by a steep increase with 
increasing temperature. In the case of Cr, the pre-exponential factor increases with 
increasing temperature until around 1100 K and then begins to decrease due to the 
electronic excitation contributions that decrease with increasing temperature. The inversion 
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of the D0 curve is what leads to the anomalously low pre-exponential factor value for Cr in 
Table V. The Cr diffusion curve tends to deviate from Arrhenius behavior at high 
temperature due to this D0 inversion.  For most contributions to D0 a larger temperature 
dependence is observed for the interstitials than the vacancies. For interstitials, the 
contributions of electronic excitations to the interstitial binding energetics vary more with 
temperature than the other temperature dependent contributions for both Ni-Cr and Ni-Fe.  

Similar to the vacancy case, the Arrhenius behavior of each species can be analyzed by 
taking the ratio of the ab initio diffusion coefficients fit to the Arrhenius form and the ab 
initio diffusion coefficients with the temperature dependent pre-exponential factor. The 
Arrhenius fit was performed over the temperature range of 1250-1650 K. Figure 14 shows 
this ratio for Ni, Cr and Fe tracer diffusion coefficients.  
Figure 14 reveals that the Cr diffusion coefficient significantly deviates from Arrhenius 
behavior at low temperatures but the Fe and Ni diffusion coefficients are in good 
agreement with the Arrhenius fit. In the case of vacancies, the error in the diffusion 
coefficient ratios introduced by the Arrhenius fit was approximately a factor of 2 at 450 K.  
For interstitials the error for Cr is a factor of 25 at 450 K, indicating strong non-Arrhenius 
behavior. For both vacancies and interstitials, cases involving Cr showed the largest errors, 
which implies that the diffusion of Cr through either defect has a non-Arrhenius 
temperature dependence. 
For completeness we point out that, similar to the vacancy wind, one can define an 
interstitial wind, GI, which determines relative direction of the solute and interstitial fluxes.  
The expression for GI is given in Eq. C.34.  For the interstitial case, GI > -1 means that the 
solute and interstitial fluxes are moving in the same direction and GI < -1 means they are 
moving in opposite directions. Based on equations B.15 and B.16 it is clear that within the 
model used in this work GI ≥ 0.  This constraint yields GI > -1, which implies that the 
solute moves with the interstitial flux, as expected.  

3.3.3 Implications for Radiation-Induced Segregation 
Radiation-induced segregation (RIS) is a phenomenon that results in changes in the local 
composition near point defect sinks (i.e., grain boundaries) in irradiated alloys.  RIS has 
been widely studied in both fcc Ni based alloys and austenitic stainless steels [6] and bcc 
ferritic-martensitic Fe-Ni-Cr alloys [33]. RIS is caused by different diffusion rates of the 
major alloying elements (Ni, Cr, and Fe), potentially through both vacancy and interstitial 
mechanisms.  RIS generally takes place in the approximate temperature range of 0.2-
0.5Tmelt. At lower temperatures there is limited mobility of point defects that mitigates RIS 
by enhanced recombination and at higher temperatures deviations in local composition are 
eliminated by back diffusion of vacancies. Unfortunately, due to limited experimental data, 
it has been difficult to rigorously determine the mechanisms governing RIS and build 
accurate models. The ab initio results in this work provide valuable insights into the 
mechanisms of coupled solute and point defect diffusion in fcc based Ni-Cr-Fe alloys. 
The RIS at grain boundaries in fcc steels generally consists of Cr depletion, Ni enrichment, 
and possible compensating Fe enrichment or depletion. Here we focus on the Cr depletion 
effect, as it is the most robust, well documented, and of particular interest due to possible 
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associated changes in materials properties (e.g., grain boundary sensitization).  Cr 
depletion in fcc steels is generally believed to be caused by a vacancy-solute exchange 
mechanism (inverse Kirkendall effect), in which vacancies moving to sinks swap 
preferentially with Cr, depleting Cr at the sinks. This vacancy-exchange mechanism 
underlies the influential models of Perks et al. [34,35], the similar model of Watanabe et 
al. [36], the extensive analysis of Simonen and Bruemmer [37], and the more atomistic-
based model of Allen et al. [38]. However, competing models to explain RIS in Fe-Cr-Ni 
have proposed significant roles for other mechanisms.  In particular, a number of authors 
have proposed mechanisms that involve interstitial contributions.  Lam et al. [39,40] 
invoked Ni interstitial binding as a key mechanism of RIS in Ni-Cr-Fe.  Later, in an 
attempt to model RIS in Fe-15Cr-20Ni irradiated with electrons at low and high 
temperature, Watanabe et al. [41], concluded that the introduction of a Ni-interstitial 
binding energy and different vacancy migration energies at different temperatures were 
required to accurately predict the segregation. Nastar et al. [42] modeled RIS in Ni-Cr-Fe 
ternary alloys by including expressions for both vacancy and interstitial contributions. 
Nastar’s model resulted in multiple possible self-consistent solutions due to the existence 
of many more unknown parameters than equations. A final solution, which contained both 
vacancy and interstitial contributions, was determined by comparison to the RIS data.  
Faulkner [43,44] concluded that repulsive interactions between interstitials and oversized 
Cr drive Cr from the grain boundary, which would imply that RIS is entirely due to 
interstitials and a negative defect-solute interaction with Cr.  
The results of this work suggest that both vacancy and interstitial mechanisms could play a 
role in Cr depletion in Ni based Ni-Cr-Fe steels.  The predicted vacancy-mediated tracer 
diffusion coefficients show that Cr is a significantly faster diffuser than Ni (see Fig. 6), 
implying that vacancy-mediated diffusion will deplete Cr from sinks by the inverse 
Kirkendall effect at higher temperatures.  At lower temperatures, Cr depletion would be 
expected to decrease, and eventually change toward enrichment, as the vacancy-drag 
mechanism begins to dominate  around 460 K (see Fig. 8).  However, this is below the 
temperature range of interest for most RIS experiments. The interstitial-mediated tracer 
diffusion coefficients in this work also predict that Cr is a faster diffuser, implying that the 
interstitial diffusion mechanism will enrich Cr at sinks.  Interstitial wind calculations 
confirm that the solute is expected to move with the interstitial flux. 

Thus, this work suggests that the vacancy and interstitial mechanisms are driving Cr 
diffusion in opposite directions. The magnitude of the tracer diffusion coefficient ratio 
DCr/DNi for vacancies and interstitials at 450 K are about 11 and 33, respectively, 
suggesting very strong RIS tendencies for both depletion and enrichment. The actual RIS 
observed could therefore be a balance between these two mechanisms. Atomistic modeling 
has recently been used to demonstrate a similar balance between vacancy- and interstitial-
mediated Cr RIS tendencies in dilute Cr bcc Fe-Cr alloys [33]. The difference between Fe 
and Ni diffusion coefficients is small for both vacancy and interstitial mediated transport. 
At 450 K the magnitude of the tracer diffusion coefficient ratio DFe/DNi for vacancies and 
interstitials are about 3.5 and 0.5, respectively. Both ratios indicate Fe depletion at grain 
boundaries and sinks but the overall effect is smaller than for Cr, consistent with the 
greater RIS of Cr compared to Fe observed in experiments.  
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 The larger value of DCr/DNi might suggest that the interstitial mechanism should play a 
dominant role, leading to Cr enrichment at sinks.  However, a number of other factors that 
could affect RIS behavior must be considered.  A particularly important factor is that the 
present work is only for dilute concentrations. The diffusion coefficients in this work do 
not account for solute-solute interactions so the diffusion coefficient ratios may not apply 
at higher solute concentrations. Other more subtle effects may also occur at higher solute 
composition. For example, additional calculations published elsewhere demonstrate that 
Cr-Cr dumbbells are 0.92 eV more stable than Ni-Ni dumbbells,[45].. Thus Cr-Cr 
dumbbells could form traps for Cr, slowing its transport and providing opportunities for 
increased vacancy interstitial recombination.  Cr-Cr trapping effects are not present in the 
dilute model described in this work.  Additionally, the diffusion coefficients in this work 
assume transport through isolated defects and do not account for the effect of defect 
clusters. It has been shown with molecular dynamics simulations in Fe [46] and Fe-Cr [47] 
that a large fraction of interstitials, and to a lesser extent vacancies, form in clusters of two 
or more defects. Interstitial clusters are reported to be quite mobile with activation energies 
on the order of mono-interstitials [46].  The effect of these clusters on RIS could be 
significant, depending on their coupling with solutes.  Finally, other factors besides 
intrinsic bulk transport properties may impact the composition of the flux reaching the 
grain boundaries. For example, it is well known that edge dislocations will preferentially 
absorb interstitials [48,49]. Perhaps biased absorption of interstitials over vacancies at 
some defect sinks reduces the overall interstitial flux to grain boundaries, where RIS is 
typically measured.  

In summary, the calculated tracer diffusion coefficient values in this work suggest the 
observed RIS at grain boundaries in Ni-based (and perhaps Fe-based) Ni-Cr-Fe alloys 
could involve a balance between two large and opposing RIS tendencies, with Cr depletion 
being driven by vacancy-mediated diffusion and Cr enrichment being driven by interstitial-
mediated diffusion.  The observed RIS may therefore be affected by additional factors that 
alter the balance between these two intrinsic bulk mechanisms, such as overall composition 
or the fraction of point vs. cluster defect diffusion, and the concentration and absorption 
bias of sinks in the alloy.  In particular, the observed Cr depletion at grain boundaries 
suggests that Cr interstitials flux is reduced compared to the values predicted in our dilute 
solute model and that vacancies introduce the dominant species dependent point defect 
flux at the grain boundary. 

3.4 SUMMARY 
In this part of the work tracer diffusion coefficients were calculated for Ni, Cr and Fe in a 
Ni host. Both vacancy and interstitial-mediated diffusion coefficients were determined 
with an ab initio-based approach that utilizes existing statistical mechanics models for 
calculating correlation effects. The vacancy tracer diffusion coefficients were compared to 
existing experimental tracer diffusion data. The ab initio diffusion coefficients were fit 
with an Arrhenius form to assess the impact of the temperature dependent pre-exponential 
factor for low temperature diffusion extrapolations.  

New observations and findings for dilute Cr and Fe in Ni include: 
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1. The calculated vacancy mediated tracer diffusion coefficients under-predicted the 
experimental tracer diffusion data but predicted the relative relationship between 
species well.  The discrepancy between experimental and ab initio data was 
attributed to the temperature dependence of the vacancy formation free energy, Gvf, 
and in particular, the entropy contribution to the free energy, within the harmonic 
assumption for extending zero temperature ab initio calculations to finite 
temperatures.  It was shown that fitting the entropy of formation, Svf, to the 
experimental Ni self-diffusion coefficient at 1650 K improved the agreement 
between experiment and calculated tracer diffusion coefficients for all species.   

2. Cr was found to be the fastest diffusing species followed by Fe and then Ni for both 
vacancy and interstitial mediated diffusion above 1250 K.  The ordering of the 
species is mainly attributed to the activation energies, and Cr has the lowest 
activation energy for both vacancy and interstitial diffusion. The pre-exponential 
factors (D0 values in the relationship D=D0 e-Q/kT ) have an effect on ordering when 
the activation energies are similar, which is the case for Fe and Ni interstitial 
diffusion. 

3. The Fe and Cr pre-exponential factors were found to be strongly temperature 
dependent for both vacancy and interstitial mediated diffusion due to the electronic 
excitation and correlation factor contributions to the diffusion coefficients. The 
electronic excitations due to binding, which are often neglected, proved to be 
significant in the interstitial case, where the temperature dependence was more 
dramatic than the correlation factor.  

4. The calculation of the vacancy wind revealed that the vacancy-drag mechanism is 
the dominant vacancy-mediated diffusion mechanism in Ni-Cr below 460 K. 
Above 460 K for Ni-Cr and at all temperatures for Ni-Fe, vacancy-solute exchange 
is the dominant diffusion mechanism. 

5. The tracer diffusion coefficient of each species through interstitials, near the 
melting temperature, is comparable to the vacancy-mediated diffusion coefficients. 
The concentration of thermal interstitials is a few orders of magnitude smaller than 
the vacancy concentration but the migration barriers are lower and compensate for 
the smaller number of interstitials present. 

6. The Arrhenius fit to the high-temperature diffusion coefficients introduced errors of 
up to a factor of 2 in the vacancy case and  a factor of 25 in the interstitial case at 
450 K. Cr had the largest errors indicating possible non-Arrhenius diffusion 
behavior through both interstitial and vacancy mediated diffusion. Errors of the 
magnitude introduced by the Arrhenius fit to high-temperature diffusion results 
would have a strong affect on RIS predictions at lower temperature. 

7. For the first time calculated diffusion coefficients suggest that Cr radiation-induced 
segregation in fcc Ni-Cr-Fe alloys may include competing tendencies for depletion 
by vacancies and enrichment by interstitials.  The experimentally observed Cr 
depletion at grain boundaries suggests that the Cr bias of the interstitial flux is 
being reduced by composition or microstructure effects not included in the model. 
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3.6 Appendices 

3.6.1 APPENDIX A.  Atomic Hopping rates for diffusion 
Beginning from the Eyring-Polanyi equation [11,12] one can derive the rate of a diffusive 
jump of an atom in a crystal lattice.  The Eyring-Polanyi equation for the rate of a hop is 
given in general form as: 

 

  (A.1)  

 

In Eq. A.1, 1/τ is the mean rate of hopping, ΔG is the Gibbs free energy of activation, kB is 
Boltzmann’s constant, T is temperature and h is Planck’s constant. 
Note that this equation is derived based on the assumption that the initial state is in 
equilibrium with the activated state. It also assumes that if an atom reaches the transition 
state of a diffusive jump, then it will complete the hop to the final state and will not fall 
back into the well from which it came. This assumption, which is common for transition 
state theory, will result in a rate that is an upper limit.    
It is convenient to write the total Gibbs free energy as a summation of the Gibbs free 
energy for a reference state plus the contributions of excitations to that reference state [53].  
The reference state has been selected to be Ho(σ), the zero temperature enthalpy for atomic 
configuration σ, which is also the output of most ab initio codes. The reference state is 
selected to be a system that contains no temperature dependence, no vibrational 
contributions (even zero-point energy) and has a fixed reference magnetic order. The 
reference state can contain defects and solute species in any configuration. The Gibbs free 
energy of a specific configuration is the zero temperature enthalpy of that configuration 
plus any free energy added due to excitations of the system.  The electronic, vibrational, 
and magnetic excitations will be modeled as a function of volume and therefore written as 
Helmholtz free energies, F.  Rigorously, the excitation thermodynamics will depend on 
volume, or equivalently, pressure.  However, since it is only differences between on-lattice 
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and transition state values that will contribute to the final hopping rates, it is likely that 
cancellation effects will cause the volume to have only a minor influence on the excitation 
energetics.  Therefore, in order to keep the calculations practical, the volume dependent 
contributions to the excitations will not be included in this study.  Furthermore, it is 
assumed that the relevant excitations are electronic, vibrational and magnetic. Within these 
approximations the Gibbs energy of the solid is written:  

€ 

G(σ) = H0(σ ) +Gexcite(σ) ≈ H0(σ ) + Fexcite (σ ) = H0 + FElec + FVib + FMag  (A.2) 

The σ notation is now dropped on the right hand side since all parameters that are 
configuration dependent will be determined for a specific configuration.  

Each contribution to the Gibbs free energy can be calculated with existing ab initio 
techniques. As mentioned above, Ho is a direct output of ab initio codes. FElec accounts for 
energy contributions due to thermal excitation of electron states. The Sommerfeld 
approximation [54] is used to calculate Felec by Eq. A.3  

€ 

FElec = EElec −TSElec = −
π 2

6
(kBT)

2n(εF )
 (A.3) 

In Eq. A.3, the term, n(εF), is the density of states (DOS) at the Fermi energy and has units 
of number of states per unit energy. The Sommerfeld approximation is applicable when the 
density of states is temperature independent and nearly constant within kBT of the Fermi 
energy [55], although the latter constraint can be removed by integrating numerically with 
the full density of states.  A more accurate self-consistent treatment of the electronic 
thermodynamics at finite temperature is relatively straightforward with modern electronic 
structure codes but would require a separate ab initio calculation for each temperature. 
Using such an approach in temperature dependent diffusion coefficient expressions 
requires fitting a function for interpolating the electronic contributions as a function of 
temperature and has not been attempted here.  
FVib accounts for the zero point energy and the temperature dependence of the vibrational 
energy in the system. Vibrations in solids are commonly treated with the harmonic 
approximation, where the potential energy is expanded to second order in the 
displacements of the atoms from their equilibrium positions and higher-order terms are 
ignored.  In the harmonic approximation the basic thermodynamic quantities for lattice 
vibrations can be expressed [56]:  

€ 

FVib = kBT ln 2sinh(xm )[ ] ≈  
m= all modes
∑ kBT ln xm

m= all modes
∏ + Ο

θD
T

 

 
 

 

 
 

m= all modes
∑ kBθD

 

 
 

 

 
 
 (A.4) 

where,
 , 

θD is the Debye temperature and ν is the frequency in Hertz.  The 

approximation on the right hand side is valid for higher temperatures, where T  > θD. 
Thermal expansion due to vibrations is zero in this purely harmonic approach. 

FMag accounts for changes in electron spins from the reference magnetic state due to 
temperature. In some cases the magnetic free energy can be approximated by a Heisenberg 
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model. but this approximation is best when the spins behave as stable localized moments 
on each atom.  Efforts by the Authors to calculate the quantized spins have revealed that 
the moments are not clearly localized in the Ni-based systems and further work is needed 
to develop a validated model for treating magnetic excitations in this system.  Therefore, 
no magnetic contributions to the excitations are included in this work (although zero 
temperature spin polarized energetics are used for all the reference states).   

By combining Eqs. A.1-A.4 a practical rate expression for migration is obtained and 
presented in Eq A.5. The change in Gibbs free energy is the difference between 
configurations where the migrating atom is at the transition state (TS) and in the on-lattice 
(OL) state adjacent to the TS. The difference between the TS and OL will be denoted mig 
for migration. 

          (A.5) 

Since Ho contains no temperature dependence or vibrational contributions and assumes a 
fixed magnetic order, the only contribution to the Gibbs free energy is the difference in 
enthalpy at the TS and OL. ΔHmig is the zero temperature migration enthalpy.  
The expressions νmig and ECmig are derived from excitations at the OL and TS positions due 
to vibrational and electronic contributions, respectively.  The electronic contribution 
reduces to the exponential of a term proportional to the difference between the electronic 
density of states for the TS and OL states. 

 (A.6)  
  
Applying the truncated high temperature expansion in Eq. A.4, the ratio of the vibrational 
contributions can be written: 
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νmig =
kBT
h

exp −ln xm
TS

3N−1
∏

 

 
 

 

 
 

exp −ln xm
OL

3N
∏

 

 
 

 

 
 

=

νOL

3N
∏

ν TS

3N−1
∏

 (A.7)  
  
where, N is the number of atoms and 3N is the number of degrees of freedom. For solids, 
3N is replaced by 3N-5 to exclude translational and rotational degrees of freedom.  
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Parameters needed to evaluate Eq. A.5 for a given system include vibrational frequencies, 
electronic density of states and zero temperature enthalpies. The migration enthalpy term is 
generally the dominant term since the rate depends on it in an exponential manner and 
there is usually a significant energy barrier associated with diffusion events. The 
magnitudes of the other contributions are system dependent and will be examined in 
Appendix D for the Ni-Cr and Ni-Fe systems.   
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3.6.2 APPENDIX B: Calculating Phenomenological coefficients from atomic 
Rates 

Phenomenological coefficients describe the mobility of atoms and are the link between 
migration rates and diffusion coefficients. Analytical expressions of phenomenological 
coefficients are available for some simple systems, such as dilute binary systems with short 
range interactions. These expressions can be calculated directly with various atomic rates 
and interactions that define the solute-defect thermokinetics (multi-frequency models). 
These multi-frequency models will be this used in this appendix to calculate of 
phenomenological coefficients for both vacancy and interstitial mediated diffusion in 
dilute fcc systems. The relationship between the phenomenological coefficients and the 
intrinsic diffusion coefficients for each species will also be given.  

3.6.2.1  Vacancy Phenomenological Coefficients 
The rates of various atom-vacancy exchanges relative to a solute atom are needed to obtain 
the phenomenological coefficients. The model used in this work for the vacancies in the 
fcc lattice requires five rates and is commonly known at the five-frequency model, 
originally developed by Lidiard and Le Claire [9,10,57]. The rates of the five-frequency 
model are used to calculate the phenomenological coefficient expression given by Allnatt 
[58]. It should be noted that other phenomenological coefficients expressions have been 
developed and are reviewed in Refs. [59,60]. 
Figure B.1 illustrates the various diffusion events, wi, of the five-frequency model. The 
fifth hop, not shown, is the  hop and is the rate of a vacancy hopping in the pure solvent. 
The labels on the atoms in Fig. B.1 denote their nearest-neighbor distance from the solute.  

The phenomenological coefficients expressions are given in Eqs. B.1 to B.3:  

€ 

LAA =
ns2

6kBT
 

 
 

 

 
 12c 'v 1− 7c'B( )w0 + cpAAA

(0) + cpAAA
(1)[ ] 

 (B.1) 
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LAB = LBA =
ns2

6kBT
 

 
 

 

 
 cpAAB

(1)  (B.2) 
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LBB =
ns2

6kBT
 

 
 

 

 
 cpw2 +

−2cpw2
2

Ω

 

 
 
 

 

 
 
 
 (B.3) 

where, 

€ 

AAA
(0) = 4w1 +14w3 (B.4) 
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(B.5) 
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(1) =

w2 2 3w3 − 2w1( ) +14w3 1− F( ) w0 − w4

w4

 

 
 

 

 
 

 

 
 

 

 
 

Ω
 (B.6) 

and 

€ 

Ω = 2w1 + 2w2 + 7w3F  (B.7)  

In addition to the five jump frequencies illustrated in Fig. B.1, there are a number of 
additional parameters that appear in Eqs. B.1-B.3 and will be defined here. The number of 
lattice sites is denoted n, s is the nearest-neighbor jump distance (

€ 

s = a / 2 , where a is the 
lattice constant), cp is the site fraction of solute atoms that have a vacancy among their 
nearest-neighbor sites (solute-vacancy pairs), c’

v is the number of unbound vacancies 
(given by c’

v = cv - cp), and c’
B is the number of unbound solutes (given by c’

B = cB - cp).  
Equation B.8 is a mass-action equation that defines the relationship between the paired and 
unpaired vacancies and solutes. It is derived from the chemical potential, µ, relationship 
between secondary and primary species, µBv = µB +  µv and is a function of the coordination 
number, z, and the binding energy of the solute and vacancy, ΔgBv. In the one-shell 
approximation of the five-frequency model the binding energy can be related to the ratio 
w4/w3 by detailed balance [59].  This approximation is only rigorously true when the 
vacancy and solute do not interact beyond the first shell and is therefore not recommended.  

€ 

cp
c'v c 'B

= zexp −ΔgBv
kBT

 

 
 

 

 
 
         (B.8) 

The binding energy of a nearest-neighbor solute-vacancy pair is calculated using Eq. B.9. 
Equation B.9 compares the energy of a configuration in which the vacancy and solute are 
first nearest-neighbors (nn) to configurations where the vacancy and solute are isolated or 
infinitely far apart (∞). When ΔgBv is negative, there is an attraction between the solute and 
vacancy and the concentration of solute-vacancy pairs will by enhanced. 

 (B.9) 
The free vacancy concentration (site fraction) in pure solvent can be expressed in terms of 
the Gibbs free energy of formation at equilibrium (if the vacancy concentration is out of 
equilibrium, as for an irradiated system, then it must be obtained by other methods). 
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€ 

c'v = exp
−Gvf

kBT
 

 
 

 

 
 = exp

−Hvf

kBT
 

 
 

 

 
 exp

Svf
kB

 

 
 

 

 
  (B.10) 

The enthalpy and entropy of formation are often known experimentally for pure materials 
or can be calculated. In pure materials the concentration of free vacancies and the total 
concentration of vacancies are equal, c’

v = cv.  
The factor F is a function of the ratio of w4 and w0 jumps as shown in Eq. B.11:  

       (B.11) 
where, ξ= w4/w0. 

The Bi coefficients have been determined using perturbation theory by Koiwa and Ishioka 
[61] and are also given in Ref. [59].   

With five rates, the binding energy of the solute-vacancy complex and the concentrations 
of vacancies and solutes, one can apply Eqs. B.1-B.3 to calculate the phenomenological 
coefficients for any dilute fcc binary alloy. The necessary parameters for Ni-Fe and Ni-Cr 
alloys will be obtained in this work with ab initio methods and are given in Appendix D.  

3.6.2.2 Interstitial Phenomenological Coefficients 
The phenomenological coefficients for dumbbell interstitials in a dilute fcc system have 
been determined by Allnatt, et al. [13] and Barbu [14] in the one-shell approximation that 
bears strong resemblance to the five-frequency model of the vacancy case. These 
expressions were derived under the assumption that the solute species is dilute enough to 
neglect solute-solute interactions. See Ref. [59] for a complete review.  
The rates needed to determine the phenomenological coefficients are illustrated in Fig. B.2. 
The phenomenological coefficients are given in terms of the hopping rates by Eqs. B.12-
B.16. 

          (B.12) 
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4ns2c 'I w0

3kBT
 (B.13) 
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 (B.14)  
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6kBT
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€ 

LBB =
ns2cpa
6kBT

 

 
 

 

 
 
w'2 wI

w2A
 

 
 

 

 
 wR 5w3 + w'2( ) + 5w3w2( )  (B.16) 

where, 

 (B.17) 

cpa is the site fraction of a-type solute interstitial pairs (npa /n) and c’
I is the site fraction of 

unbound interstitials and  c’
B is the site fraction of unbound solutes. The site fraction of b-

type solutes does not contribute to the phenomenological coefficients directly since they 
are not oriented properly to become part of the interstitial dumbbell. The a- and b-type 
solute interstitial pairs are shown in Fig. B.2. The total and bound solute and interstitial 
concentrations are related by c’

I = cI - cpa and c’
B = cB - cpa. These concentrations are 

related by the following mass-action equation: 

€ 

cpa
c'I c 'B

= 8exp
−Δgpa
kBT

 

 
 

 

 
 
 (B.18) 

where, Δgpa is the binding energy of the solute-interstitial pair. The binding energy is taken 
by comparing the free energy of a system where the solute, B is an a-type nearest-neighbor 
of an A-A dumbbell interstitial (int) to a system where the solute and the A-A dumbbell 
are infinitely apart.  

€ 

Δgpa = gB− int
a−  type − gB− int

∞  (B.19) 

The coefficient in front of the exponential in Eq. B.18 coincides with the number of 
distinct configurations that lead to a cpa pair. Only 8 of the 12 nearest-neighbor sites of a 
dumbbell are a-type sites, the other four sites are orthogonal to the dumbbell axis and form 
b-type pairs.   
The concentration (site fraction) of interstitials formed thermally in pure solvent is written 
using the same expression as for vacancies but now the enthalpy and entropy of formation 
are that of the dumbbell interstitial. In Eq. B.20 it is implicitly assumed that there is only 
one interstitial configuration per lattice site.  Additional configurations that are sampled at 
higher temperatures will appear as contributions to the entropy. 
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c'I = exp
−GIf

kBT
 

 
 

 

 
 = exp

−HIf

kBT
 

 
 

 

 
 exp

SIf
kB

 

 
 

 

 
  (B.20) 

3.6.2.3 Intrinsic Diffusion Coefficients 
The phenomenological coefficients derived in Sections 3.6.2.1 and 3.6.2.2 above contain 
the kinetic properties of the alloy and are closely related to the intrinsic diffusion 
coefficients. Diffusion coefficients are conveniently defined to allow one to describe the 
thermodynamic driving force in terms of gradients in concentration rather than gradients in 
chemical potential. This conversion allows for give the flux of a species to be written in the 
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conventional form of Fick’s law where, Ji is the flux, Di is the intrinsic diffusion 
coefficient and ni is the total number of atoms per unit volume of species i.  

€ 

JA = −DA∇nA ; JB = −DB∇nB  (B.21) 
The relationship between the intrinsic diffusion coefficients and the phenomenological 
coefficients is given in Eq. B.22.   
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kBT
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LBB
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∂lnγB
∂lncB

 

 
 

 

 
 

 
 

(B.22) 

In Eq. B.22, γi is the activity coefficient of species i, ci is the atomic fraction given by ci = 
ni /n, where n is the total number of atoms per unit volume. The second term in parenthesis 
is the thermodynamic factor that describes the change in chemical potential of one species 
with respect to the concentration of another species.  The thermodynamic factor is equal to 

€ 

∂µi /∂c j , where the chemical potential is defined by . 

The expressions in Eq. B.22 apply to both vacancy and interstitial mediated diffusion. The 
expressions can be further simplified in the dilute limit, where the thermodynamics factor 
is unity, in order to express the tracer diffusion coefficients in terms of the 
phenomenological coefficients.  This derivation of the tracer diffusion coefficients is given 
in detail in Appendix C. 
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3.6.3 APPENDIX C: Tracer Diffusion Coefficients 
Tracer diffusion coefficients can be determined for alloys with any concentration of solute 
species but the following discussion only applies to alloys with dilute solute concentrations 
(typically less than 1%). This section addresses binary alloys only but could also be 
applied to multi-component alloys where all of the solute concentrations are dilute and 
non-interacting. Tracer diffusion coefficients of dilute species are determined by taking the 
limit of the intrinsic diffusion coefficients, defined in Appendix B, as the concentration of 
tracer species goes to 0. In the dilute limit, tracer diffusion coefficients offer an 
opportunity for experimental validation of the phenomenological coefficient expressions 
because the only factor that can lead to a net flow of tracer atoms is the concentration 
gradient of the tracer itself [65]. 
In this section, the tracer diffusion expressions are derived from the intrinsic diffusion 
coefficients and partitioned into pre-exponential frequency factors and activation energies 
to match the Arrhenius form of experimentally determined tracer diffusion coefficients.   

3.6.3.1  Vacancy Mediated Diffusion 
The tracer diffusion coefficient of solute B in the solvent A is determined by taking the 
limit of intrinsic diffusion coefficient, DB, (Eq. B.22) as the concentration of species B 
goes to 0 (note that this will give γ=1 in the dilute limit).    

        (C.1)
 

To obtain the solute tracer diffusion coefficient, Eq. B.8 for cp is substituted into Eq. B.3, 
which in turn is used for LBB in Eq. C.1 to yield: 
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−ΔgBv
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2w1 + 7w3F
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 = a2w2cv exp

−ΔgBv
kBT

 

 
 

 

 
 fB   (C.2) 

 
In the limit of cB →0, c’v = cv , which is given by Eq. B.10. The term in brackets in Eq. C.2 
is the correlation factor of the solute, fB. 
 

€ 

fB =
2w1 + 7w3F

2w1 + 2w2 + 7w3F
        (C.3) 

The correlation factor is a measure of the extent to which the solute deviates from a perfect 
random walker. The correlation factor ranges from zero to one, where a perfect random 
walker has a value of unity.  
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The binding energy is described as the change in free energy associated with bringing the 
solute and vacancy from a non-interacting position to a first nearest-neighbor position. 
Returning to the original definition of the Gibbs free energy, the binding energy can be 
described by the changes in the different contributions to the free energy, which can be 
written as:  

€ 

ΔgBv = ΔH0 + ΔFElec + ΔFVib         (C.4) 

First, the change in zero temperature enthalpy simply compares the enthalpy of a 
configuration where the vacancy and solute are first nearest-neighbors (OL2) to a 
configuration where they are considered infinitely far apart (∞). OL2 denotes the on lattice 
position of the w2 jump of the five-frequency model and ∞ denotes infinitely far apart or 
non-interacting. Note that, in general we will use OLi and TSi to refer to the state with the 
hopping atom in its on lattice or transition state position associated with hopping event i in 
Fig. B.1.  The difference in enthalpy between these two configurations is the binding 
enthalpy and is given in Eq. C.5.  

€ 

ΔH0 = HOL2 −H∞ = Hbind         (C.5) 

Similarly, the electronic and vibrational contributions to the change in Gibbs free energy 
are found by subtracting the state where the vacancy and solute are non-interacting (∞) 
from the first nearest-neighbor position (OL2). 

      (C.6)
 

       (C.7) 

Now the binding energy contribution to D*
B(0) in Eq. C.2 is written by combining Eqs. 

C.4-C.7 to obtain:  
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  (C.8) 

where, vbind is the vibrational contribution to binding and ECbind is the electronic 
contribution.  

All of the rates in the five-frequency model are needed to calculate D*
B(0). Each rate 

expression is obtained by inserting the corresponding TS and OL configuration into Eq. 
A.5.  For example, the rate expression for a solute-vacancy exchange, w2, uses the OL2 
state (illustrated in Fig. B.1), where the solute and the vacancy are first nearest-neighbors, 
and the TS2 state, which has the solute atom at the transition state.  

      (C.9) 
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Here ECmig and νmig are as defined in Eq. A.6 and A.7, respectively. Equation C.9 is used to 
calculate the correlation factor in Eq. C.3 and is applied directly in Eq. C.2 to calculate 
D*

B(0).   All of the terms needed to determine the tracer diffusion coefficient of the solute 
B, D*

B(0), in Eq. C.2 have been defined in Eqs. B.10, C.3, C.8 and C.9.  It is helpful to 
partition terms between the pre-exponential factor and activation energy to express the 
solute tracer diffusion coefficient in the Arrhenius form of Eq. C.10:  
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DB
* (0) = D0A

B exp −QA
B

kBT
 

 
 

 

 
          (C.10) 

where, DB
0A is the pre-exponential factor and QB

A is the activation energy, given by  
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D0A
B = a2 fBν bind ECbindνmig

TS2−OL2ECmig
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Svf
kB

 

 
 

 

 
      (C.11)  

 

        (C.12) 

The activation energy contains the migration and formation enthalpy of the vacancy and a 
binding enthalpy of the solute. The pre-exponential factor contains the correlation factor 
and many contributions associated with migration and binding, some of which are 
temperature dependent and cannot be easily resolved experimentally.  
It is often useful to know the self-diffusion coefficient of a species. For pure A the self-
diffusion coefficient is also a tracer diffusion coefficient for a species B but now species B 
is considered an isotope of species A. The self-diffusion coefficient of A can be 
determined from Eq. C.2 by setting all of the jump rates equal to w0 and ΔgBv =0. Note that 
7F=5.15 for a w4 /w0 ratio of unity.  The self-diffusion coefficient can be written as: 

       (C.13) 

Again, the term in brackets is the correlation factor, f0. For pure fcc metals, f0 = 0.7815 
[59]. 
Applying the rate definition in Eq. A.5 to w0, the full self-diffusion coefficient expression 
is obtained. The self-diffusion coefficient can be partitioned into the Arrhenius form of Eq. 
C.14.  
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          (C.14) 

where, 
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A = a2 f0νmig
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        (C.15) 
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QA
A = ΔHmig

TS0−OL0 + Hvf          (C.16) 
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While the tracer diffusion coefficients provide essential information about A and B atom 
kinetics, they do not describe the kinetic cross terms between A and B and vacancies.  A 
quantity of interest that does describe some of these cross term couplings is LvB, which is 
useful for studying the relationship between the solute and the vacancy mobilities. LvB is 
defined in terms of the phenomenological coefficients LAB and LBB.  

       (C.17) 

where, 
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w1 + 3.5w3F
      (C.18) 

G is called the vacancy wind and accounts for the coupling between JA and JB through the 
vacancy flux Jv [60]. It can be seen from Eq. C.17 that if G < -1, then the sign of LvB 
changes. A sign change denotes a change in the relative direction of solutes and vacancy. 

In the five-frequency model the w1 jump is one where the vacancy moves from one first 
nearest-neighbor position to another, relative to the solute. The w3 jump is the rate of 
dissociation between the solute and vacancy.  In the fcc crystal structure it is possible for a 
vacancy to circle around the solute through a series of w1 jumps without dissociation.  If 
the rate of circling around the solute is much greater than the rate of dissociation it is 
possible to have a cooperative motion between the solute and the vacancy where they are 
traveling in the same direction. This mechanism is commonly referred to as the vacancy-
solute drag mechanism. If LvB is negative (G > -1), it indicates the solute and vacancy are 
moving in opposite directions, if positive (G < -1), it indicates that the drag mechanism is 
dominant and the vacancies and solutes are moving in the same direction. Note that the 
diffusion mechanism can change as a function of temperature since the rates are 
temperature dependant.  The vacancy wind has been calculated for the Ni-Cr and Ni-Fe 
binaries as a function of temperature and the results are presented and discussed in Sec. 
3.3.1.  

3.6.3.2 Interstitial Mediated Diffusion 
The interstitial tracer diffusion coefficient is obtained by taking the limit of DB from Eq. 
B.22 as cB →0, as in the vacancy case. In this case the phenomenological coefficients in 
Eq. B.22 refer to those of the interstitial model in Eqs. B.12-B.16. 

        (C.19) 

Inserting Eq. B.16 for LBB and Eq. B.18 for cpa results a tracer diffusion expression given 
by Eq. C.20:  

         (C.20) 
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cI is the total concentration of interstitials and cI = c’I in this limit. The correlation factor, 
fB, is given by: 

       (C.21) 

The definitions of the migration rates of interstitials have the same form as in the vacancy 
case. The activated state and the adjacent pre-hop configuration are now that of the 
interstitial dumbbell (illustrated in Fig. C.1a). The rate of dumbbell rotation is also needed 
to obtain the phenomenological coefficients. Assuming rotation in the {100} family of 
planes, the OL and TS states for rotation are shown in Fig. C.1b.  
The rate of each event is determined by using the appropriate TS and OL configuration 
energetics in Eq. A.5. The change in enthalpy for rotation is denoted rot. Equations C.22 
and C.23 provide examples for the rates in Fig. C.1. 

      (C.22) 

€ 

wR 0 = νmig
TSR 0−OLR 0ECmig

TSR 0−OLR 0 exp −ΔHrot
TSR 0−OLR 0

kBT
 

 
 

 

 
       (C.23) 

Like the vacancy case, the binding energy is calculated by comparing the free energy 
change between the solute and dumbbell as a-type first nearest-neighbors and infinitely far 
apart.  

        (C.24) 

€ 

exp
−Δgpa
kBT

 

 
 

 

 
 = ν bind ECbind exp

−Hbind

kBT
 

 
 

 

 
        (C.25) 

Each term in the interstitial tracer diffusion coefficient expression in Eq. C.20 has been 
defined and can now be partitioned into Arrhenius form with a pre-exponential factor, DB

0A 
and activation energy, QB, given by 

€ 

D0A
B =

2
3
a2 fBν bind ECbindνmig

TSI −OL I ECmig
TSI −OLI exp

SIf
kB

 

 
 

 

 
      (C.26) 

        (C.27) 

The expression for the interstitial solute tracer diffusion coefficient is identical to that of 
the vacancy solute tracer diffusion coefficient except for the factor of 2/3 in front. The 
factor of 2/3 comes from the fact that there are 8 nearest-neighbors oriented properly for 
diffusion (a-type) out of the total 12 nearest-neighbors.  The coupling of neighbors and 
diffusion reduces the diffusion constant by 8/12 = 2/3. 
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To obtain the interstitial self-diffusion coefficient, the solute B is treated as an isotope of 
species A. In Eq. C.20, we set Δgpa =0 and all rates to their pure solvent values, w0 and wR0. 
The self-diffusion coefficient becomes: 

€ 

DA
I (0) =

2
3
a2cIw0 f0         (C.28) 

 

where,  

         (C.29) 

and wR0 and w0 are given in Eqs. C.22 and C.23. 

The interstitial tracer self-diffusion coefficient expression partitioned into Arrhenius form 
yields a pre-exponential factor, DA

0A and activation energy, QA
A, with expressions 

€ 

D0A
A =

2
3
a2 f0νmig

TS0−OL0ECmig
TS0−OL0 exp

SIf
kB

 

 
 

 

 
        (C.30) 

€ 

QA
A = ΔHmig

TS0−OL0 + HIf          (C.31) 

Again, the expression for interstitial self-diffusion coefficient is identical to that of the 
vacancy self-diffusion coefficient except for the factor of 2/3. 

Similar to the case of vacancy, we can define an interstitial wind GI by the relations: 

€ 

LIB = LAB + LBB = LBB (GI +1); GI =
LAB
LBB

      (C.32) 

For the vacancy case G < -1 (LvB > 0) implies that the vacancy will drag the solute along 
with it.  For the interstitial case, it is also useful to consider the region of GI near -1. GI > -
1 (LIB > 0) implies that the solute moves with the interstitial flux and GI < -1 (LIB < 0) 
implies that the solute moves opposite the interstitial flux.  It is this latter case that would 
be considered unusual, analogous to the occurrence of vacancy drag, as the solute would be 
moving opposite the direction expected for a single component system with interstitial 
mediated transport.  Based on equations B.15 and B.16 it can be seen that, within the 
models used in this work, GI ≥ 0 and the solutes flux will be in the same direction as the 
interstitial flux. 
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3.6.4 APPENDIX D :  Thermokinetic data obtained by first principles 
Each contribution to the diffusion equation expressions (except where stated explicitly) is 
calculated using ab initio methods. However, there are 17 different hop types for the multi-
frequency models being applied here (see Figs. B.1 and B.2 for hop types). In order to 
keep the number of calculations practical and consistent with the multi-frequency models, 
a few approximations must be made. For each hop the barrier is calculated explicitly. 
However, only approximate contributions from the excitations will be included. The 
primary approximation is to assume that the excitations are dependent on the hopping 
species only and independent of local configuration. This approximation implies that in 
calculating the Ni-Cr or Ni-Fe vacancy tracer diffusion coefficients, any Ni hop will be 
treated as a w0-type Ni hop for all contributions except the migration barriers.  For 
example, the vibrational frequencies at TS1 and TS3 are all assumed to be equal to TS0. 
Recall that OLi and TSi refer to the state with the hopping atom in its on lattice or 
transition state position associated with hopping event i in Fig. B.1. The migration barrier 
will make up the dominant contribution for differences in hopping rates and the migrating 
species type should capture the main effect of the excitations. The states that are treated 
explicitly for all excitations, i.e., for which the excitation contributions are calculated from 
ab initio methods, are listed in Table D.I for Ni-Cr or Ni-Fe. All other states are treated as 
equivalent to one of the states that are treated explicitly, as discussed above. The OL2 and 
OL∞ states are needed to calculate the binding energies of vacancies and solutes (the ∞ 
state refers to the case where the vacancy and solute are infinitely far apart).  

For interstitial diffusion, an analogous approximation to that of the vacancy case would be 
to consider the excitations of every Ni hop as a w0 hop for the interstitials. Again, the 
migration barriers for each type of hop are treated explicitly since they will make the 
largest contribution to the rate expression.  The explicit treatment of excitations associated 
with dumbbell rotations are neglected because, as will be seen later, the rotation barrier is 
prohibitively high compared to the other possible events. This high barrier drives the rate 
of rotation events to zero and any contribution from excitations would become 
insignificant. The TS state of a Ni-Ni rotation is treated as a w0 hop and a Ni-Cr/Fe rotation 
as a wI Cr or Fe hop.  The states that will be treated explicitly for all excitations are listed 
in Table D.II for Ni-Cr or Ni-Fe. The OL2’ and OL∞ states are needed to calculate the 
binding energies of a-type dumbbells. 

3.6.4.1 Lattice parameter 
The lattice parameter for pure Ni has been experimentally measured at room temperature 
to be 0.35238 nm [28] and 0.35157 nm at 50 K [67]. The ab initio calculated value in this 
work is 0.35239 nm, which is considered to be at 0 K. Since the models are appropriate 
when there is only a dilute amount of solute present (~1% or less), the pure Ni lattice 
constant is used for all tracer diffusion calculations.  The ab initio calculated lattice 
parameter value will be used in order to be consistent with the other ab initio determined 
values. 
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3.6.4.2  Electronic Contributions 
In order to determine the electronic contributions, Felec, in Eq. A.3, the density of states at 
the Fermi energy is needed for each configuration. Table D.III displays the density of 
states (DOS) at the Fermi energy, n(εF), for pure Ni and solute cases at the TS, OL and ∞ 
state for both interstitials and vacancies. The OL state has a solute atom as a first nearest-
neighbor to a vacancy or an a-type first nearest-neighbor to an interstitial dumbbell. In the 
case of pure Ni, the OL and ∞ states are indistinguishable from each other. The DOS 
difference is taken and to calculate the electronic contribution associated with migration 
and binding. Recall that the DOS at the Fermi energy, n(εF) is related to ECmig and ECbind 
as stated in Eqs. D.1 and D.2.   

€ 

ECmig = exp π 2

6
kBT nTS (εF ) − n

OL (εF )( )
 

 
 

 

 
       (D.1) 

€ 

ECbind = exp π 2

6
kBT nOL (εF ) − n

∞(εF )( )
 

 
 

 

 
        (D.2) 

ECmig and ECbind are temperature dependent quantities and their impact on the hopping rate 
can be significant. The electronic contributions due to migration and binding will be 
included in the rate expression as a function of temperature. 

3.6.4.3  Vibrational Contributions 
The vibrational contributions of migration have been calculated using a local harmonic 
approximation [68].  A Hessian matrix is constructed and diagonalized to obtain 
frequencies, νj, for the OL and TS configurations. For a complete model the full dynamical 
matrix should be determined for the different states. However, an approximation that treats 
only the atom directly involved in the relevant processes is used here. For vacancies a 
single atom is displaced 0.01 angstroms along each of the Cartesian coordinates to 
determine the second derivatives of energy with respect to atomic position. In the OL state, 
a Ni or solute atom as a first nearest-neighbor to a vacancy is displaced.  At the transition 
state, the hopping atom is displaced. The TS has one negative eigenvalue of the Hessian 
matrix, corresponding to an imaginary frequency. The ratio of the products of the real 
frequencies at the OL and TS are used to determine the vibrational migration contribution, 
also known as the attempt frequency, which is given by Eq. D.3 (where N is the number of 
atoms displaced, which is one in this case). 

          (D.3) 
This approach of treating vibrations locally has often been used for the diffusion of light 
atoms in a matrix of heavier atoms [69-71], where the mass difference helps make the local 
approach accurate. This method is used in this work to provide only approximate attempt 
frequencies since Ni, Cr and Fe are of similar mass. The attempt frequencies of vacancy-
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atom exchange for Ni, Cr and Fe migrating in a Ni host are calculated to be 4.48, 4.92 and 
4.14 THz, respectively. These values are summarized in Table I.   

For the interstitial dumbbell migration, it was not possible to obtain an imaginary 
frequency at the TS by displacing a single atom. This is due to the fact that the dumbbell 
hop is a cooperative motion between three atoms and many more are displaced in the 
process. Therefore, an analogous equation to D.3 for the attempt frequency for interstitials 
has not bee constructed and instead the interstitial attempt frequencies are estimated as 
follows. Compared to vacancy hopping, the interstitial migration barriers are lower and the 
distances traveled during a migration event are shorter.  These two effects contribute 
opposite changes in the curvature of the energy surface as compared to a vacancy. 
Therefore, as a first approximation, the attempt frequencies to hop a given species by the 
vacancy mechanism will be used for the interstitial attempt frequencies for that species as 
well. 
The vibrational contributions due to binding are also calculated using the local harmonic 
approximation. A single atom is displaced along each of the Cartesian coordinates to 
determine the second derivative of energy with respect to atomic positions. The values are 
determined by comparing the frequencies of a solute atom as a first nearest-neighbor to the 
defect and in pure solvent with no defect present (to simulate the ∞ state).   

          (D.4) 

Values of νbind are unitless because both states are normal lattice sites, not transition states, 
and they have the same number of frequencies. The values for Cr and Fe solutes in Ni are 
1.25 and 1.29, respectively. The vibrational contributions due to binding for the interstitial 
dumbbells were not calculated due to problems obtaining converged values, which seemed 
to required a very large number of atoms around the interstitial.  A value of unity is used 
for vibrational contributions to interstitial binding in the diffusion coefficient calculations. 

3.6.4.4 Defect concentration parameters 
In order to calculate the concentration of thermally created interstitial and vacancy defects 
the entropy and enthalpy of formation must be determined. The entropy of formation for a 
single vacancy or interstitial can be expressed in the harmonic approximation by: 

       (D.5) 

where, νo
α are the eigenfrequencies of the ideal lattice and να are those of the defected 

lattice. Note that Eq. ED.5 is the classical high temperature limit but is applied to zero-
temperature defect calculation following standard practices [32,72]. Equation D.5 is 
generally assumed to be accurate for the Debye temperature and above. The ab initio result 
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for the vacancy formation entropy is 1.82 kB, which is converged for temperatures above 
100 K in the classical high temperature limit. The interstitial formation entropy was not 
calculated in this work but a value has been previously reported in the literature.  Debiaggi 
et al. [32] have calculated the formation entropy of a <100> type interstitial in pure Ni at 0 
K to be 12.7 kB using EAM potentials and the harmonic approximation. This value will be 
used in the calculation of interstitial diffusion coefficients to be consistent with other 
harmonic approximations used in this work. 
The defect formation enthalpy is calculated in pure Ni by comparing the energy of a cell 
containing the defect to that of an undefected cell (scaled to conserve the appropriate 
number of atoms). The ab initio vacancy and interstitial formation enthalpies are calculated 
using both the generalized gradient approximation (GGA) and the local density 
approximation (LDA).         

The Authors are unaware of any existing experimental values reported for HIf in Ni. Other 
calculated results for the formation enthalpy of a <100> interstitial in pure Ni range from 
4.08 eV to 5.58 eV using pair potentials and EAM potentials [32,73--76]. The ab initio 
results are 4.07 eV for GGA and 4.60 eV for LDA .  

The enthalpy of vacancy formation, Hvf in pure Ni has been measured experimentally. The 
experimental observations tend to fall into two groups, one around 1.5-1.6 eV and another 
around 1.7-1.8 eV (see ref. [28] for a summary). Most measurements are performed using 
positron annihilation spectroscopy with various techniques of determining the vacancy 
formation enthalpy.   Other values are reported from resistivity quenching measurements. 
Smedskjaer et al. [77] suggest that the discrepancy between the different experimental 
results could be due to uncontrolled metallurgical variables such as positron interactions 
with impurities or dislocations present in the sample.  In light of the work by Smedskjaer et 
al., the commonly suggested experimental value is 1.79±0.05 eV [28].  
The ab initio results for vacancy formation enthalpies are 1.43 eV for GGA and 1.65 eV 
for LDA. An EAM potentials calculation of Hvf in Ni resulted in a value of 1.63eV [76]. 
The significant disparity between the GGA ab initio value and the experimental value for 
the vacancy formation energies is well known and likely due to surface effects, an problem 
that has been studied in detail by Mattson et al. [78] and Carling et al. [79]. It is known 
that the LDA parameterization for the exchange-correlation energy minimizes these 
surface effects and better predicts vacancy formation energies. The LDA vacancy 
formation energy will therefore be used for a low temperature value to provide as accurate 
an ab initio value as possible.  For the interstitial formation energy we will use the GGA 
value since interstitials do not create effective surfaces like vacancies and therefore should 
not have the same errors. All other ab initio parameters are calculated using GGA. 

3.6.4.5  Migration Barrier Contributions 
The migration barriers typically make the largest contribution to differences in diffusion 
coefficients due to the exponential dependence of diffusion on migration barriers. For this 
reason, the migration/rotation barriers are treated explicitly for all hops.    
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In the five-frequency model any associative or dissociative jump is assigned to the w4 or w3 
rate, respectively. Since there are associative and dissociative jumps to and from the 2nd, 
3rd and 4th nearest-neighbor positions, each with their own barrier, an effective rate is 
assigned to the associative and dissociative events. The effective rate is weighted by the 
number of pathways to each nearest-neighbor distance. Table D.IV contains the nearest-
neighbor position, distance, multiplicity and different barriers for each distinct associative 
and dissociative pathway in the Ni-Cr and Ni-Fe system.   
The separate w3 and w4 rates are each replaced with a single effective rate for application 
in the five-frequency model framework. An effective rate for the w3 and w4 events are 
calculated based on the discussion of KMC rate constants by Voter [80]. First consider 
dissociation (w3). There are 7 pathways for vacancy-solute dissociation, two to the 2nd 
nearest-neighbors, four to the 3rd nearest-neighbors and one to the 4th nearest-neighbors. 
The effective rate, w3

eff, is determined by assigning the same rate to the 7 dissociation 
pathways, which equals the sum of the rates for the 3 distinct dissociation pathways as 
shown in Eq. D.6. 

        (D.6) 

This effective rate still maintains the total escape rate of the vacancy, wtot, but by 
combining the dissociation events into a single rate allows for use in the five-frequency 
model.  The total rate of escape is given by Eq. D.7. 

€ 

wtot = 4w1 + w2 + 2w3
2nn + 4w3

3nn + w3
4nn = 4w1 + w2 + 7w3

eff     (D.7) 

The same approach can be used to determine an effective rate of association as well.  

        (D.8) 

Table D.V presents the migration barriers associated with the various frequencies for the 
vacancy tracer diffusion model.  Note that we no longer explicitly write weff for effective 
rates but it is assumed that for any case with multiple hops a single effective rate is used. 
Table D.V shows that the effective migration barrier for the w3 and w4 jumps would have 
been well approximated by the barriers of the most frequent pathway, the 3rd nearest-
neighbor w3

3nn and w4
3nn, presented in Table D.IV. 

Table D.VI presents the migration/rotation barriers associated with the various rates 
needed to obtain the phenomenological coefficient of the interstitial model. Only a subset 
is needed to calculate tracer diffusion coefficients but all are given here for completeness. 
Note that the w’2 barrier for Ni-Cr (hop from a-type first nearest neighbor Cr to a Ni-Cr 
mixed dumbbell) is given as zero. There is essentially no barrier for this event, meaning 
that, any Ni-Ni dumbbell that becomes an a-type neighbor to a Cr atom would immediately 
collapse into a mixed dumbbell.  The w1 hop, which migrates from one a-type 
configuration to another, is therefore unstable in the Ni-Cr alloy and collapses into a mixed 
Ni-Cr dumbbell before it reaches the neighboring a-type site. Therefore, since the w1 hop is 
not a viable pathway in the Ni-Cr alloy, it is assigned a barrier of ∞, corresponding to a 
rate of 0. 
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The diffusion models by Barbu [14] and Allnatt et al. [13] assume the associative and 
dissociative jumps, w4 and w3, respectively, to be between a first nearest-neighbor and a 
third nearest-neighbor (see Fig. B.2). The third nearest-neighbor has the highest 
multiplicity for interstitial association and dissociation. In the vacancy case the jump type 
with the highest multiplicity served as a good approximation for the effective rate. 
Therefore, for the interstitial case, the associative and dissociative jump barriers are 
approximated with the barriers between first and third nearest-neighbors and are given in 
Table D.VI.   

3.6.4.6 Binding Enthalpy 
The solute-defect binding enthalpies are calculated using what is sometimes called the 
indirect method.  The indirect method calculates the binding energy with four different ab 
initio calculations where the energy of the defect and solute atom are subtracted separately 
from the energy of the system where they interact as first nearest-neighbors, and the 
method is described in detail in Refs. [81,82].  In this definition of binding enthalpy, a 
negative value denotes binding.   

The binding enthalpy is shown in Fig. D.1 for both Cr and Fe solutes as a function of 
nearest-neighbor distance from the vacancy. Note that most solute-vacancy interactions are 
repulsive but in general all interactions are relatively weak and comparable to thermal 
energies even at room temperature. The first nearest-neighbor solute-vacancy binding 
enthalpies are 0.5 eV for Cr and 0.2 eV for Fe (see Table I). From Fig. D.1, it can be seen 
that the binding energy becomes quite small for the 5th and 6th nearest neighbor but the 2nd, 
3rd and 4th nearest-neighbors, which contribute to the effective rate, still have some 
interaction energy with the solute.  

The binding enthalpies of solutes and interstitial dumbbells are also calculated using the 
indirect method.  Figure D.2 shows that there is significant binding between Cr and the 
interstitial in the mixed and first nearest-neighbor configurations. The a-type first nearest-
neighbor solute-enthalpies binding enthalpies are used in calculating the diffusion 
coefficients. The binding between Cr and the interstitial is strong, with a value of -0.18 eV, 
and Fe-interstitial binding is weak, with a value of -0.01 eV for Fe (see Table I). 
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3.7 Figures and Tables 
 

 

FIG. 1. Ni self-diffusion coefficients [24,27]. 
 



NERI Final Report 
Ab initio Based Modeling of Radiation Effects in Multi-Component Alloys 

Project No. 06-006, Final Scientific/Technical Report 
 

 42 

 
 

 

FIG. 2. Cr in Ni tracer diffusion coefficients [24,25,30].  
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FIG. 3. Fe in Ni tracer diffusion coefficients [24,25,27].  
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FIG. 4. Ab initio and averaged experimental Ni, Cr and Fe tracer diffusion coefficients in 
Ni [27,30].   
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FIG. 5. Temperature dependence of the ab initio D0(T) for vacancy tracer diffusion. 
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FIG. 6. Ratios of tracer diffusion coefficients a) Cr/Ni b) Fe/Ni c) Cr/Fe with experimental 
data from Million [27] and Ruzickova [30]. 
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FIG. 7. Ratio of Arrhenius fit and ab initio diffusion coefficients for Ni, Cr and Fe 
diffusion coefficients for vacancy diffusion.  
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FIG.8. Vacancy wind for Ni-Cr and Ni-Fe. 
 

Vacancy-Solute Exchange 

Vacancy Drag 
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FIG. 9. Ab initio Ni, Cr and Fe interstitial and vacancy tracer diffusion in Ni. 
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FIG. 10. Thermal concentrations of vacancies and interstitials. 
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FIG. 11. Ratios of interstitial tracer diffusion coefficients Cr/Ni, Cr/Fe and Fe/Ni. 
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FIG. 12. Temperature dependence of the ab initio D0 for interstitial tracer diffusion. 
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FIG. 13. Temperature dependent terms in D0 for interstitial tracer diffusion. 
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FIG. 14. Ratio of Arrhenius fit and ab initio diffusion coefficients for Ni, Cr and Fe 
diffusion coefficients for interstitial diffusion. 
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FIG. B.1. Illustration of five-frequency model. 
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FIG. B.2. Illustration of different interstitial hopping events. 
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FIG. C.1. a) OL0 and TS0 states for an interstitial migration event in pure solvent and b) 
OLR0 and TSR0 for a wR0 type (see Fig. B.2) interstitial rotation event in pure solvent 

a. b. 
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FIG. D.1. Solute-vacancy binding enthalpy vs. nearest neighbor position. 
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FIG. D.2. Solute-interstitial binding energy vs. nearest neighbor position. 



NERI Final Report 
Ab initio Based Modeling of Radiation Effects in Multi-Component Alloys 

Project No. 06-006, Final Scientific/Technical Report 
 

 60 

  
 

TABLE I. Parameters for vacancy mediated tracer diffusion. 
Ni Parameters 

Parameter Value Units 
a 0.35239 nm 
Svf 1.82  kB 
Hvf 1.65 eV 
νmig Ni 4.48×1012  Hz 

Ni DOS (TS-OL) -0.66 states/eV/cell 
ΔHmig w0  1.09 eV 

Cr in Ni Parameters 
νmig Cr 4.92×1012  Hz 

Cr DOS(TS-OL) 0.61 states/eV/cell 
Hbind Crv 0.05 eV 
νbind Crv 1.25  N/A 

Cr DOS(OL-∞) 0.76 states/eV/cell 
ΔHmig w1 0.98 eV 
ΔHmig w2 0.83 eV 
ΔHmig w3 1.04 eV 
ΔHmig w4  1.06 eV 

Fe in Ni Parameters 
νmig Fe 4.14×1012 Hz 

Fe DOS (TS-OL) -0.43 states/eV/cell 
Hbind Fev 0.02 eV 
νbind Fev 1.29  N/A 

Fe DOS (OL-∞) 0.44 states/eV/cell 
ΔHm w1 1.13 eV 
ΔHm w2 0.97 eV 
ΔHmig w3 1.07 eV 
ΔHmig w4 1.07 eV 
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TABLE II. Ab initio values and adjusted values required to match ab initio and 
experimental Ni self-diffusion values. 

Parameter Ab initio value 
Value needed to fit 

experiment 
Svf  (kB) 1.82 4.72 
Hvf  (eV) 1.65 1.24 
Hmig (eV) 1.09 0.67 
νmig (Hz) 4.48×1012 8.25×1013 

Ni DOS (TS-OL) (states/eV/cell) -0.66 11.80 
ECmig 0.86 15.80 
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TABLE III. Arrhenius fit of ab initio and experimental data averaged over 1250-1650 K. 

Tracer 
Species 

D0 (m2/s) 
ab initio 
Arrhenius 

fit 

D0 (m2/s) 
Svf fit 

Arrhenius fit 

D0 (m2/s) Averaged 
exp.[27,30] 

Q (eV) 
ab initio 
Arrhenius 

fit 

Q (eV) 
Svf fit 

Arrhenius fit 

Q (eV) 
Averaged 

exp.[27,30] 

+ 0.76×10-4 
Ni 2.03×10-6 1.00×10-4 1.85×10-4 

- 0.53×10-4 
2.72 2.86 2.95± 0.08 

+ 2.56×10-4 
Cr 4.52×10-6 2.23×10-4 2.26×10-4 

- 1.20×10-4 
2.64 2.78 2.89± 0.09 

+ 4.0×10-4 
Fe 5.18×10-6 2.56×10-4 4.14×10-4 

- 2.0×10-4 
2.71 2.85 2.98 ± 0.09 
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TABLE IV. Parameters for interstitial mediated tracer diffusion in Ni. 

Ni Parameters 
Parameter Value Units 

a 0.35239 nm 
Sif

* 12.7  kB 
Hif 4.07 eV 
νmig Ni 4.48×1012  Hz 

Ni DOS(TS-OL) -0.36 states/eV/cell 
ΔHmig w0 0.14 eV 
ΔHmig wR0 0.92 eV 

Cr in Ni Parameters 
νmig Cr 4.92×1012  Hz 

Cr DOS(TS-OL) -0.77 states/eV/cell 
Hbind Cr -0.18 eV 
νbind Cr  1.00  N/A 

Cr DOS (OL-∞) 2.07 states/eV/cell 
ΔHmig wI 0.08 eV 
ΔHmig wR 0.75 eV 
ΔHmig w2 0.31 eV 
ΔHmig w’2 0 eV 
ΔHmig w3 0.26 eV 
ΔHmig w4 0.15 eV 

Fe in Ni Parameters 
νmig Fe 4.14×1012 Hz 

Fe DOS (TS-OL) 2.09 states/eV/cell 
Hbind Fe -0.01 eV 
νbind Fe  1.00   N/A 

Fe DOS (OL-∞) -7.13 states/eV/cell 
ΔHmig wI 0.11 eV 
ΔHmig wR 0.87 eV 
ΔHmig w2 0.15 eV 
ΔHmig w’2 0.2 eV 
ΔHmig w3 0.14 eV 
ΔHmig w4 0.2 eV 

*From ref. [32] 
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TABLE V. Ab initio pre-exponential factors and activation energy for interstitial and 
vacancy diffusion. 

Tracer Species 
D0 (m2/s) 
Interstitial 

Arrhenius fit 

D0 (m2/s) 
Vacancy 

Arrhenius fit 

Q (eV) 
Interstitial 

Arrhenius fit 

Q (eV) 
Vacancy 

Arrhenius fit 
Cr 1.10×10-2 4.52×10-6 3.89 2.64 
Fe 1.02×10-1 5.18×10-6 4.28 2.71 
Ni 4.81×10-2 2.03×10-6 4.20 2.72 

 

 
Table D.I. States treated explicitly to calculate vacancy tracer diffusion coefficients. 

On Lattice States Transition States 
OL0 Pure Ni with vacancy TS0 Ni hop 
OL2 Cr/Fe next to vacancy TS2 Cr/ Fe hop 

OL∞ Vacancy with Cr/Fe far  
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Table D.II. States treated explicitly to calculate interstitial tracer diffusion coefficients. 

On Lattice States Transition States 
OL0 Ni-Ni <100> TS0 Ni hop 

OLI Ni-Cr or Fe mixed <100> TSI Cr or Fe hop 
OL2’  
OL∞  
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TABLE D.III. DOS (number states/eV per cell) for electronic contribution to the rate 
equation. 

Material DOS (TS) DOS (OL) DOS (∞) DOS (TS-OL) 
DOS (OL-
∞) 

107Ni + v 198.64 199.30 199.30 -0.66 0.00 
106Ni1Fe + v 196.15 195.55 194.78 0.61 0.76 
106Ni1Cr + v 200.93 201.36 200.93 -0.43 0.44 
109Ni w/int 209.15 209.51 209.51 -0.36 0.00 

108Ni1Fe w/int 206.09 206.85 204.79 -0.77 2.07 
108Ni1Cr w/int 206.88 204.79 211.92 2.09 -7.13 
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Table D.IV. Migration barrier of associative and dissociative jumps.  
Jump 
Type 

Nearest Neighbor 
Position 

Distance from 
Solute (nm) Multiplicity Ni-Cr Migration 

Barrier (eV) 
Ni-Fe Migration 

Barrier (eV) 
w3

2nn 2 0.351 2 1.02 1.07 
w3

3nn 3 0.430 4 1.04 1.08 
w3

4nn 4 0.496 1 1.04 1.05 
w4

2nn 2 0.351 2 1.05 1.07 
w4

3nn 3 0.430 4 1.06 1.07 
w4

4nn 4 0.496 1 1.14 1.11 
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TABLE D.V Five–frequency model for vacancy diffusion in Ni-Cr and Ni-Fe. 

Jump Type Ni-Cr Migration Barrier (eV) Ni-Fe Migration Barrier (eV) 
w0 1.09 1.09 
w1 0.98 1.13 
w2 0.83 0.97 
w3 1.04* 1.07* 
w4 1.06* 1.07* 

* Denotes an effective barrier 
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TABLE D.VI. Barriers for <100> interstitial model for tracer diffusion in Ni-Cr and Ni-Fe. 

Jump type Ni-Cr Migration/Rotation Barrier (eV) Ni-Fe Migration/Rotation Barrier (eV) 
w0 0.14 0.14 
wR0 0.92 0.92 
wI 0.08 0.11 
wR 0.75 0.87 

w1 

∞ (this state is not stable so 
the path through it is 
removed with an infinite 
barrier) 

0.16 

w’1 0.16 0.15 
w2 0.31 0.15 
w’2 0.00 0.20 
w3 0.26 0.14 
w4 0.15 0.20 
w’3 0.21 0.17 
w’4 0.10 0.15 
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4 Concentrated alloy results for Ni-Cr 
This section describes our work to extend the modeling from Sec. 3 to concentrated alloys.  
As discussed in Sec. 3, dilute models allow analytic expressions (multifrequency models) 
for kinetic coefficients in terms of ab initio parameters.  However, such analytic 
expressions are not available for general concentrated alloys and here we explore a more 
general approach that makes use of cluster expansions and kinetic Monte Carlo (kMC) 
methods.  The approach is as follows.  Ab initio energetics are used to find hopping rates, 
just as in Sec. 3.  However, now the hopping rate migration (or activation) energies are 
dependent on local chemical environment in a complex manner that must be represented in 
a useful form.  The local environment dependence is modeled using a technique called the 
cluster expansion, which allows a compact Ising like effective Hamiltonian to be written to 
describe the activation energies.  It should be noted that to describe the activation energies 
one must also be able to describe the on-lattice energies of the Ni, Cr, and vacancies 
interacting with each other.  This requires multiple cluster expansions, including on-lattice 
Ni-Cr, on-lattice Ni-Cr-Va, and activated state energies.  In order to time evolve the system 
it is necessary to use a numerical method, as the local environment dependent barriers 
make analytical treatment of the kinetics of the system intractable. The system is time 
evolved using kinetic Monte Carlo, from which the phenomenological coefficients (Lij) can 
be extracted.  The diffusion coefficients can be written in terms of the Lij and a 
thermodynamic factor, which can be found from the on-lattice cluster expansions and 
standard (i.e., not kinetic) Monte Carlo.  The details of this approach are worked out in 
Refs [83-87].  The Monte Carlo simulations were performed with the CASM code .  This 
code was primarily developed by Prof. Van der Ven at University of Michigan with some 
contributions from personnel on this grant.  A schematic of the approach for calculating 
diffusion coefficients in a concentrated alloy is shown in Figure 15. 

4.1 The on-lattice cluster expansion and phase diagram 
The on-lattice cluster expansion develops a Hamiltonian of effective cluster interactions 
(ECI) for Ni-Cr interactions on the fcc lattice.  The ECI are fit to ab initio energies.  The 
ab initio convex hull is shown in Figure 16.  The ab initio values predict the correct stable 
phases, including fcc Ni, bcc Cr, and the MoPt2 phase for Ni2Cr. We have performed a 
cluster expansion of the Ni-Cr energies shown in Figure 16.  Only Ni1-xCrx alloys with 
stoichiometry x ≤ 0.5 are considered as higher Cr content are not stable.  We obtained a 
root mean square (RMS) error between ab initio and cluster expansion energies of 23 
meV/atom, and a leave-one-out cross validation (CV) score of 39 meV/atom.  The CV 
score is determined by fitting all the data except one data point and predicting that data 
point, and then taking the RMS error in those predictions of left-out data points compared 
to true values.  The CV score is therefore a measure of the predictive ability of the cluster 
expansion.  The standard deviation (σ) of the formation energies is 42 meV/atom.  The 
fraction error of CV/σ is therefore 0.93.  This error too large for the cluster expansion to 
provide quantitative modeling, but the cluster expansion is including many of the key 
energetics and yields the correct convex hull.  The significant errors in the cluster 
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expansion may be due to magnetic effects between Ni and Cr and the relaxations 
associated with the desire of Cr to be bcc that are not easily represented by the cluster 
expansion. 
The cluster expansion was combined with Monte Carlo simulation and thermodynamic 
integration to predict the phase diagram for Ni-Cr in the Ni rich region.  The result is 
shown in Figure 17.  The phase diagram looks similar to that observed in experiment [88] 
but has some important differences.  First, the model yields a higher transition temperature 
to ordering in the MoPt2 structure (our prediction is about 1100K vs. 863K from 
experiment).  This difference is not uncommon in cluster expansion results and can arise 
from quite small differences in energy.  In order to produce on optimal cluster expansion 
we will simply rescale all the interactions down to match the experimental ordering 
temperature.  Another interesting feature is that our phase diagram has a wider two-phase 
region for higher temperatures than in experiment.  The source of this difference is not 
clear at this time but it is actually the model predicted shape that looks the most 
reasonable.  Finally, the model predicted phase diagram predicts a very wide two-phase 
region for temperatures below about 830 K. While the exact shape of this wide region is 
model dependent the formation of a very wide two-phase region at low temperature is 
required by thermodynamics.  This wide region has not been seen experimentally but this 
is presumably due to the lack of any low-temperature phase stability data.   
Now that the on-lattice energetics has been discussed the vacancy energetics will be 
considered. 

4.2 The vacancy cluster expansion 
In order to model alloy kinetics it is necessary to know how the vacancies interact with the 
host Ni-Cr alloy.  These interactions impact the migration energetics (e.g., through 
vacancy-solute binding) and determine the vacancy concentration (through determining the 
vacancy formation energy).  We have fit the vacancy formation energy with the cluster 
expansion.  Through using the occupation basis formalism [84, 89] and Ni as the reference 
element the vacancy energetics can be written entirely in terms of a constant null term, a 
vacancy and Cr point term, and Va-Cr interactions.  The cluster expansion vs. ab initio 
vacancy formation energies are shown in Figure 18.  These values are all referenced to the 
ab initio Ni vacancy formation energy, which is 1.65 eV.  Only local environments of up to 
4 Cr atoms are included as these are the most common to occur for realistic Cr 
concentrations (x < 0.2 in Ni1-xCrx).  The positive values show that Cr has a repulsive 
interaction with vacancies, which will reduce the overall vacancy concentration with 
addition of Cr and cause vacancies to avoid Cr locally, somewhat slowing its vacancy 
mediated diffusion.  The cluster expansion yields an RMS of 37 meV/Vac using 3 ECI, 
compared to a standard deviation of 76 meV/Vac.  Additional ECI did not seem to provide 
a significantly improved fit.  This is a quite large error, again suggesting that large 
relaxations or complex magnetic effects may be playing a role.  Given the size of the RMS 
error no CV score was determined.  However, the vacancy cluster expansion clearly 
reproduces the general trends of the ab initio numbers, and in particularly, captures the 
low-energy structures the most accurately.  Accuracy for the low-energy structures is 
important as these are by far the most prevalent under thermodynamic equilibrium.  Given 
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the good overall trends and accurate low-energy structures, this cluster expansion should 
yield reasonable predictions for the effects of concentrated Cr on overall vacancy 
concentration and local vacancy short-range-order with Ni and Cr. 
Now that the on-lattice and vacancy energetics has been discussed the activation energetics 
will be considered. 

4.3 The activated state cluster expansion 
The final energetics necessary to model diffusion energetics in Ni-Cr is a way to represent 
the changes in migration barriers as a function of local Cr content.  The activated state is 
defined as the state where a Ni or Cr is at the highest energy along a migration hop and has 
energy Eact.  The activated state energy can be conveniently represented by the kinetically 
resolved activation energy (ΔEKRA).  ΔEKRA is defined by  

€ 

ΔEKRA = Eact − 0.5 Ei + E f( ) (1) 

where Ei and Ef are the initial and final energies of system before and after the atom hops.  
The migration barrier, Emig, can be determined from ΔEKRA by  

€ 

Emig = ΔEKRA + 0.5 E f − Ei( )  (2) 

The values of Ei and Ef for any configuration of Ni, Cr, and vacancies can be found from 
the cluster expansions described in Secs 4.1-4.2.  Therefore, in order to determined 
migration energies from a cluster expansions all that is needed is an expansion of ΔEKRA.  
The expansion for ΔEKRA assumed that the changes in migration energy were dependent on 
only the first two neighbor shells of the activated state.  These neighbor shells are shown in 
Figure 19.   The ΔEKRA values for migrating Ni and Cr are shown in 
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TABLE VI.  The cluster expansion can capture how these values change with local 
environment.  Here we focus on Cr migration as it has the largest dependence on local 
environment, but the Ni migration is treated analogously.  The optimal cluster expansion of 
ΔEKRA for Cr contained 10 ECI (fit to 17 energies) and gave errors of RMS = 34 meV/atom 
and CV = 176 meV/atom.  The standard deviation in the data is about 180 meV/atom.  
These results demonstrate that the cluster expansion is not robust against leaving out 
certain structures, which is in part due to the use of 10 ECI to fit only 17 energies (using 
more like 2-3 times as many energies as ECI is typically necessary for a robust cluster 
expansion).  However, the migration energies require too much computational effort to 
calculate significantly more than shown here.  The predicted vs. ab initio ΔEKRA values are 
shown in Figure 20.  The results are quite encouraging, and show that the present sent of 
interactions can represent the ΔEKRA values accurately.  It is interesting to note that the 
ΔEKRA values range over more than 0.6 eV, demonstrating that local Cr environment can 
have a strong effect on Cr migration energies. 

Based on the on-lattice, vacancy, and activated state cluster expansions, it is now possible 
to calculate diffusion properties of Ni and Cr in the concentrated Ni-Cr alloy. 

4.4 Kinetic Monte Carlo prediction of diffusion 
The cluster expansions just discussed can be combined with Monte Carlo Simulations to 
predict vacancy concentrations, thermodynamic factors, phenomenological (Onsager) 
coefficients, and diffusion coefficients for the Ni1-xCrx alloy for Cr concentrations up to 
x~0.3.  These calculations are still running but we have performed a preliminary study to 
obtain tracer diffusion coefficients for the concentrated alloy.  The results discussed here 
will change when the final cluster expansions are used but we expect the present 
preliminary results are close to the final answer.  In Sec. 3.3.1 the tracer diffusion 
coefficients through a vacancy mechanism for Ni and Cr were derived in the dilute Cr 
limit.  Here we integrated the above cluster expansions and Monte Carlo to derive the 
tracer diffusion coefficients in the concentrated alloy.  The key quantity for determining 
RIS is the ratio of tracer diffusion values for Cr and Ni, and this ratio is shown as a 
function of concentration at 1473 K in Figure 21.  Note that the dilute value of this ratio 
(approximately 2.8) differs somewhat from the value obtained in the five frequency 
analysis (see FIG. 6).  This difference is due to the use of a more complex Hamiltonian in 
the cluster expansion based analysis, which includes longer-range Cr-vacancy interactions 
and slightly different migration energies.  The results in Figure 21 suggest that the ration of 
tracer diffusion coefficients do not change dramatically with Cr content at high-
temperatures.  However, even the 30% increase in the ratio observed here could have an 
impact on RIS, and would lead to increased Cr depletion at grain boundaries with 
increasing Cr content.  Furthermore, much more dramatic diffusion coefficient changes 
may occur at lower temperatures.  Detailed comparison to experiments will be made when 
the final data has been analyzed. 

4.5 Summary 
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We have combined ab initio, cluster expansion and Monte Carlo methods to obtain 
concentration dependent diffusion coefficients in Ni-Cr as a function of Cr content.  
Preliminary results show a relatively weak concentration dependence of the ratio of tracer 
diffusion coefficients at high temperature but the changes are on a scale significant for 
RIS.  Lower temperatures will show more dramatic concentration dependence.  We are 
presently double checking the cluster expansion fits to make sure all the data used in the 
fits was calculated correctly and consistently.  We will then use Monte Carlo to determine 
the diffusion coefficients vs. concentration, as done in for preliminary data in Figure 21, 
and expect to obtain similar results.  The diffusion coefficients vs. concentration of Cr and 
temperature will be determined and their implication for RIS will be discussed.  This work 
is presently being completed and a manuscript is in preparation. 
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Figure 15:  Schematic for approach to modeling diffusion coefficients in a concentrated 
alloy. 
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Figure 16:  Ni-Cr convex hull from ab initio. 
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Figure 17:  Ni-Cr phase diagram based on Monte Carlo simulation of a cluster 
expansion Hamiltonian fit to ab initio energies. 
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Figure 18:  Cluster expansion vs. ab initio Ni-Cr vacancy formation 
energies.  Values are referenced to the Ni vacancy formation energy. 
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Figure 19:  Geometry of first two neighbor shells of a vacancy mediated 
migrating atom in the fcc structure. 
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Figure 20: Cluster expansion vs. ab initio Cr ΔEKRA values. 
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Figure 21: Ratio of Cr to Ni tracer diffusion coefficients determined by ab 
initio based thermokinetic modeling (T = 1473 K).  Based on preliminary 
data. 
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TABLE VI. ΔEKRA values for Ni and Cr for different local environments. 

Location of Cr atoms in 1nn and 2nn Ni ΔEKRA (eV) Cr ΔEKRA (eV) 

0 Cr total (eV) (eV) 

1 Cr total: 1 Cr on 1NN(A) 1.08 0.82 

2 Cr total: 2 Cr on 1NN(B,D) 0.98 0.64 

2 Cr total: 2 Cr on 1NN(A,B) 1.13 0.84 

2 Cr total: 2 Cr on 1NN(A,D) 1.10 0.56 

3 Cr total: 3 Cr on 1NN(A,B,C) 1.18 0.93 

4 Cr total: 4 Cr on 1NN(A,B,C,D) 1.16 0.70 

1Cr total: 1Cr on 2NN(X) 1.28 0.76 

2 Cr total: 2Cr on 2NN (X,Z) 1.05 0.82 

2 Cr total: 2Cr on 2NN (Y,Z) 1.00 0.88 

2 Cr total: 2Cr on 2NN (X,Y) 1.00 1.13 

3Cr total: 3Cr on 2NN(X,Y,Z) 1.02 0.50 

4Cr total:  4Cr on 2NN (W,X,Y,Z) 0.92 0.96 

4 Cr total: 2 Cr on 1NN(A,C) 
+ 2Cr on 2NN (X,Z) 0.85 1.17 

4 Cr total: 2 Cr on 1NN(B,D) 
+ 2Cr on 2NN (X,Z) 1.13 0.81 

4 Cr total: 2 Cr on 1NN(A,D)  
+ 2Cr on 2NN (X,Y) 1.19 0.77 
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4 Cr total: 3 Cr on 1NN(B) 
+ 1Cr on 2NN (X,Y,W) 1.01 0.65 
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5 Continuum level RIS modeling 
Sections 3 and 4 discussed our work developing models for thermokinetic parameters 
necessary to model RIS in Ni-Fe-Cr alloys.  We have obtained all necessary values for the 
dilute Fe and Cr limits, and have almost completed a study of the concentrated 
thermokinetic parameters for vacancy transport in Ni-Cr.  In this section we complete our 
ab initio RIS model development through establishing the continuum level transport 
equation framework needed to model RIS.  It is this framework into which the ab initio 
based thermokinetic parameters will be input for RIS modeling.  Section 5.1 gives the 
formalism for the continuum RIS equations, including the flux modeling, and Section 5.2 
describes the RIS predictions we have obtained from the continuum model with input 
parameters from the ab initio modeling described in Section 3. 

5.1 Rate theory modeling of RIS 

5.1.1 Description of the Model 
The rate theory RIS model is based on solving the following set of coupled equations to 
obtain spatial concentration profiles for each of the species in the system: Ni, Cr, single 
vacancies, and single interstitials. 
 

 (1) 

 

 (2) 

 

 (3) 

 

 (4) 

In the above, Ci is the site fraction of species i, Ji is the flux of species i, Riv is the rate 
coefficient for recombination of vacancies and interstitials, and G is the production rate of 
Frenkel pairs.  The fluxes Ji are evaluated using the following equations
 

 (5) 

 

 (6) 
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 (7) 

 

 (8) 

where  is the phenomenological coefficient relating the flux of species i to a driving 
force acting on species j through diffusion of defect species k.  The driving forces for 
diffusion are written here as the gradient in diffusion potentials, defined as
 

 (9) 

where  is the chemical potential of species i [90].   

We apply the above set of equations to a physical system that consists of a one 
dimensional, semi-infinite fcc Ni crystal with an ideal free surface on one side, which acts 
as a sink for the radiation induced vacancies and interstitials.  To treat this system 
numerically, we bin the system by lattice planes and evaluate the site fraction of each 
species in each lattice plane.  The gradients of fluxes and diffusion potentials in Equations 
(1-8) then become finite difference equations, as follows: 

 

 (10) 

where  is the diffusion potential of species i in plane n, is the flux of species i 
between plane n-1 and n, and  is the interplanar distance between adjacent {111} planes 
in a Ni crystal.   

We solve the resulting set of finite difference equations subject to the following set of 
boundary conditions.  Plane 1 of the system is the adatom plane, which may be thought of 
as containing mostly empty space with a very small concentration of adatoms.  Plane 2 is 
then the first true lattice plane.  This formalism treats the sink as an ideal flat surface, and 
provides at least an approximate treatment of a true surface, void surface, or grain 
boundary sink, subject to the following thermodynamically consistent boundary condition 
[91]:  by observing that, on the time scale of bulk diffusion, surface diffusion is nearly 
instantaneous, we couple the 1st and 2nd planes such that they remain in instantaneous 
equilibrium, yielding: 
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 (11) 

By rewriting the derivatives in (11) as  

 (12) 

we can rearrange (12) as 

 (13) 

We  next observe that there is no exchange between the adatom plane and the vacuum to 

write  as:  

. (14) 

Similarly, we may write  as:  

. (15) 

Equations (13) and (15) may be combined to solve for and , allowing us to place 

a Neumann boundary condition on all species.  The deep boundary is far enough from the 
sink that the total fluxes of all species are zero, resulting in the following trivial boundary 
condition: 

. (16) 

For the initial condition of the system, we set the concentration of the vacancies and 
interstitials equal to their thermal equilibrium composition in all lattice planes, and we set 
the Ni and Cr concentrations equal to their nominal alloy compositions.  We then evolve 
the system in time using a modified implicit multistep Newton method, implemented using 
the DLSODE solver package [92].   

5.1.2 Thermodynamic Parameterization of Model Equations 
The thermodynamic components of the model equations are contained within the chemical 
potential terms .  These are evaluated for each species in each system plane as a 
function of mole fraction, based the following expression for molar free energy [93]:  
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 (16) 

where Ci is the mole fraction of species i, Ei is the formation energy of defect species i, Wij 
is the DFT-calculated 1st nn interaction parameter of species i and j.  This Hamiltonian is 
consistent with the calculation of the dilute alloy phenomenological coefficients as 
described in Section 3, which include the effects of Cr-vacancy and Cr-interstitial binding.   

To calculate chemical potentials  from the free energy as defined in Equation (16), we 
first consider the molar Gibb’s free energy[94]:  

 (17) 

for n moles of system.  To find the partial molar Gibbs energy  for any component 
(which is identical to the chemical potential ), we take the partial derivative of G with 
respect to mole number of that component ni: 

 (18) 

Applying the product rule to  yields 

 (19) 

To express  in terms of mole fraction Ci, rather than mole number ni, we must consider 
the change of variables: 

 
 (20) 

 

where we have r species and only r-1 independent mole fraction variables.  then 
becomes: 

 

 (21) 

Because  depends only on composition, and not on size,  

 (22) 

and because the sum of all ni = n, 
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 (23) 

and 

 (24) 

where  is the Kronecker delta.  Combining Equations (21-24) yields 

 (25) 

Applying to our system of Cr, Ni, vacancies, and interstitials yields 

 (26) 

 (27) 

 (28) 

 (29) 

These expressions are now straightforward to evaluate given the expression for Gm in 
Equation (16). 

5.1.3 Kinetic Parameterization of Model Equations 
The diffusion kinetics of the model system are contained in the phenomenological 
coefficients Lij.  For the dilute alloy, these are calculated according to the methods 
described in Section 3.6.2.  For the concentrated alloy the Lij can be determined by the 
approaches described in Section 4.  However, these approaches have only been 
implemented for vacancy transport, and we wish to study the combined effects of vacancy 
and interstitial contributions. An approximate method for obtaining the phenomenological 
coefficients as a function of composition based on the dilute alloy result is provided by the 
Manning random alloy theory[95].  By this method, we calculated concentration dependent 
phenomenological coefficients using the following expressions: 
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 (30) 

where Ci is the concentration of species i, f0 is a correlation factor for diffusion, and D*
i is 

the tracer diffusion coefficient of species i as calculated in the dilute limit. 

5.2 RIS Model Predictions 

5.2.1 Dilute Alloy 
The model predicted segregation profiles of Cr in a dilute Ni-1Cr (at.%) alloy are depicted 
in Figure 22.  The probe diameter, set at 5nm, is used as length scale over which the data is 
averaged to simulate the effective resolution of experimental probes. 

At all temperatures, the model predicts Cr enrichment.  This is consistent with the 
qualitative predictions made in Section 3.3.3 based on the ratios of D*

Cr/D*
Ni for 

interstitials and vacancies:  although Cr is the faster diffuser by both vacancies and 
interstitials, the difference is more substantial for interstitials.  As a result, the interstitial 
diffusion dominates RIS and leads to enrichment of Cr.  This result is inconsistent with 
experimental results, which uniformly find Cr depletion at grain boundaries under 
irradiation [96].   

5.2.2 Concentrated Alloy 
The predicted segregation profiles of Cr in a Ni-18Cr (at.%) alloy are shown in Figure 23. 

Once again, the model predicts strong Cr enrichment at all temperatures.  As in the dilute 
case, this is due to the diffusivity difference between Cr and Ni being larger for interstitials 
than for vacancies.  

The large qualitative discrepancy between our model prediction’s and experimental results 
indicates that there are key pieces yet missing from our model and indeed our 
understanding of RIS.  For example, the Manning random alloy method used to calculate 
concentration dependent phenomenological coefficients implicitly assumes that D*

i is 
independent of concentration.  However, as discussed in Section 4, the cluster expansion 
and kinetic Monte Carlo results for vacancy diffusion in Ni-Cr alloys indicate that D*

i can 
change significantly as a function of concentration.  An analogous treatment of interstitial 
diffusion would provide a much more accurate parameterization for the model, as energetic 
features such as Cr-Cr interstitial dumbbell trapping would be implicitly included in the 
kinetics. 

Because our model erroneously predicts strong Cr enrichment due to fast Cr interstitial 
diffusion, we hypothesize that interstitial diffusion in a real system is suppressed by certain 
complicating features that are left out of our present model.  One such feature is the 
presence of complex defect sinks such as dislocations or large interstitial clusters which 
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exhibit a bias toward interstitial capture and may reduce the amount of long-range 
interstitial diffusion.  Another feature missing from the model are mobile defect clusters.  
In our present formulation, all radiation produced defects are assumed to be single isolated 
defects.  However it is known that a significant fraction of interstitials migrate not as a 
single species, but as mobile interstitial clusters.  If these clusters include different 
coupling to species than mono-interstitials then they may alter the interstitial contribution 
to RIS significantly. 
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5.4 Appendices – none 

5.5 Figures and Tables 
 

 
 

 
Figure 22: Cr RIS Profiles in a Ni-1Cr (at.%) alloy.  0.5 dpa, 5 nm probe diameter.  Zero 
represents the position of the grain boundary. 
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Figure 23: Cr RIS Profiles in a Ni-18Cr (at.%) alloy.  0.5 dpa, 5 nm probe diameter.  Zero 
represents the position of the grain boundary. 
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6 Summary 
This study has provided the first effort to start from ab initio energetics and progress all the 
way to continuum transport modeling of RIS in fcc Fe-Ni-Cr alloys.  The project 
essentially completed the this multiscale effort for dilute Fe and Cr in Ni and the work is 
presently being written up for journal publications.  For vacancy transport, these studies 
validated the inverse Kirkendal mechanisms for Cr RIS in this system.  The work further 
demonstrated that vacancy drag was absent at relevant temperatures and established the 
previously unexpected result that Cr had a significantly lower migration barrier than Ni.  
This work provided the first results for species dependent fcc Ni-Fe-Cr diffusivities 
through interstitial transport.  These results demonstrate that species couple strongly to the 
interstitial flux.  However, the coupling was so strong that the final dilute model predicted 
Cr enrichment RIS, inconsistent with experiment.  The cause of this inconsistency is not 
yet clear, and the discrepancies demonstrates the need for proper modeling of the 
concentrated alloys.  We have performed concentrated modeling of vacancy diffusion and 
found an increase in Cr RIS with increasing Cr content.  Modeling of interstitial diffusion 
in the concentrated alloy was not completed but is an important area for further work. 
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9. Ab initio Based Thermokinetic Modeling of Radiation Induced Segregation in Fe-Ni-
Cr Alloys, D. Morgan, MS&T ’06, Cincinatti, OH, USA (2006). 

8.4 Contributed presentations 
Work from this grant has been presented in over 15 contributed talks at national and 
international conferences, including such widely attended meetings as the annual TMS and 
MRS meetings. 

9 Patents 
None 

10 Milestone Status 
Year 1: 

Milestone/Task 
Description 

Planned 

Completion 

Date 

Actual 

Completion 

Date 

Percent 

Complete 

Notes 

Initial ab initio 
calculations of atomic 
scale properties (defect 
energies, hopping 
barriers, attempt 
frequencies, interaction 
energies) in fcc pure 
elements (Fe, Cr, Ni) and 
limited alloyed 
environments. 

December 

2006 

March 2007 100%  

Fe-Cr-Ni RIS 
simulation based on ab 
initio values and a 
modified Perk’s model 

March 2007 Dec. 2009 100% Decided to use 
full rate theory 
model rather 
than Perks 

Validation/refinement 
by comparison of atomic 
scale properties and 
Perk’s model RIS 
simulations to 
experimental data. 

March 2007 Dec. 2009 100% Decided to use 
full rate theory 
model rather 
than Perks 

Year 2:  

Milestone/Task 
Description 

Planned 

Completion 

Actual 

Completion 

Percent 

Complete 
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Date Date 

More complete ab 
initio calculations of 
atomic scale properties 
(defect energies, hopping 
barriers, attempt 
frequencies, interaction 
energies) in Fe-Cr-Ni 
alloy.   

March 2008 Dec. 2009 100% Decided to 
focus on only 

Ni-Cr for 
concentrated 

alloy 

Cluster expansion 
parametrization of alloy 
atomic scale properties. 

March 2008 NA 100% Decided to 
focus on only 

Ni-Cr for 
concentrated 

alloy 
Development of Monte 
Carlo (MC) and Kinetic 
Monte Carlo (KMC) 
codes. 

March 2008 Sept. 2009 100%  

Fe-Cr-Ni phase 
diagram based on ab 
initio values and MC. 

March 2008 NA 90% Decided to 
focus on only 

Ni-Cr for 
concentrated 

alloy 

Year 3/4:  

Milestone/Task 
Description 

Planned 

Completion 

Date 

Actual 

Completion 

Date 

Percent 

Complete 

Notes 

Calculation of diffusion 
constants based on ab 
initio values and 
MC/KMC. 

March 2010 NA 90% Decided to 
focus on only 
vacancies in 

Ni-Cr for 
concentrated 

alloy 
Void growth modeling 
with derived diffusion 
constants. 

March 2010 Dec. 2009 0% Decided not to 
pursue in this 

proposal 
Fe-Cr-Ni RIS 
simulation based on 
diffusion constants and 
solution of continuum 
diffusion equation. 

March 2010 NA 90% Decided to 
focus on only 

Ni-Cr for 
concentrated 

alloy 
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Final 
validation/refinement 
by comparison of atomic 
scale properties, phase 
diagram, diffusion 
constants, KMC and 
continuum RIS 
simulations, and void 
swelling to experiments. 

March 2010 NA 90% Decided to 
focus on only 

Ni-Cr for 
concentrated 

alloy 

 
Issues/Concerns: Due to the caculations neing more time consuming than anticipated we 
restricted ourselves to Ni-Cr for the concentrated alloy work and did not perform the void 
growth modeling, which was something of an extension of the core work. With these 
changes the bulk of the tasks have been completed.  Final analysis of the incomplete tasks 
will be done after the end of the funding period and published in journal articles. 
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11 Budget Data (as of June 1 2010) 
 Approved Spending Plan Actual Spent to Date 

Phase / Budget Period Total Total 

 From To   

Year 1 Mar 2006 Mar 2007 $183,537 $61,355 

Year 2 Mar 2007 Mar 2008 $139,523 $139,207 

Year 3/4 Mar 2008 Mar 2010 $145,757 $268,255 

Totals $468,817 $468,817 

Issues/Concerns:  None. 

12 Cost Performance 

Issues/Concerns:  None. 

 

 


