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SUMMARY 

This report has been assembled to address the first milestone of the project entitled 
“Modeling Strategy to Assess Radiation Induced Segregation and Phase Stability in Austenitic 
Steels in Light Water Reactors during extended service,” which was defined as follows:  

“Milestone 1: Report summarizing available thermodynamic and kinetic properties of Ni, 
Mn, and Si in austenitic stainless steels in the literature and prioritizing ab-intio and atomistic 
calculations to fill gaps.” 

The goal of this document is to provide a high level assessment of existing models and data 
sets that describe thermodynamic and kinetic aspects of the precipitation of Mn-Ni-Si rich phases 
in austenitic stainless, as well as describe planned atomistic simulations.  Furthermore, an 
approach for incorporating these models into a framework for understanding and predicting Mn-
Ni-Si rich phase precipitation in a light water reactor environment is outlined.   

Section 1 provides a background summary of the thermodynamic and kinetic models and 
information that are pertinent to the nucleation, growth, and coarsening of second phase 
precipitates under irradiation.  Section 2 assesses the availability of these models and data in the 
Fe-Cr-Ni-Mn-Si system and highlights gaps where these existing resources might be insufficient.  
Section 3 describes available computational tools and methods that could be employed to address 
the gaps identified in section 2, with an emphasis on ab-initio and atomistic calculations and 
simulation tools.  Finally, section 4 outlines a proposed framework that incorporates the models 
summarized in this report to create a first thermodynamic and kinetic model for describing the 
precipitation of Mn-Ni-Si rich phases in austenitic stainless steels under light water reactor 
operating conditions.   
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1. BACKGROUND 

1.1 Experimental Studies of Mn-Ni-Si Precipitation in Austenitic 
Steels 

Many researchers have observed the appearance of Ni-Si and Mn-Ni-Si precipitates in 
irradiated austenitic stainless steels [1-5], most commonly in alloys with high Ni concentration 
such as D9 and 316.  Some of these precipitates have been identified as Ni3Si or G-phase, an 
intermetallic phase with a nominal composition M6Ni16Si7, where M is often Mn.  Figure 1 
depicts micrographs of Ni3Si and G-phase [4] precipitates observed in irradiated austenitic 
alloys.   

 

Figure 1: Micrographs of Ni3Si and G-phase precipitates in irradiated austenitic alloys.  
From [4]. 

In both cases, the precipitates are strongly associated with voids, and Ni3Si precipitation has 
been observed on or near dislocation loops as well [4].  This association with radiation-induced 
microstructural features suggests a significant radiation-induced component in the formation of 
these precipitates.  The appearance of these phases is not generally observed under thermal aging 
at comparable temperatures, and their precipitation could have significant and unexpected 
consequences for the mechanical properties of the material.  Understanding and predicting the 
precipitation of these phases is therefore crucial in forecasting the lifetime of these alloys under 
LWR operating conditions. 

1.2 Modeling Mn-Ni-Si Precipitation in Austenitic Steels 

Precipitation of second phases that occurs under irradiation can be broadly characterized 
using the following classification scheme:  

1) Irradiation-induced precipitation, which refers to the appearance of non-equilibrium 
phases under irradiation that would not appear under thermal aging, and that dissolve during 
post-irradiation heat treatment.   

2) Irradiation-modified precipitation, which refers to precipitates which are thermally stable 
but are significantly altered in their morphology or composition by the irradiation.   
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3) Irradiation-enhanced precipitation, which refers to the precipitation of equilibrium 
phases at a rate that is significantly enhanced by the irradiation. 

As a first step toward understanding and predicting the precipitation of Mn-Ni-Si phases 
under irradiation in austenitic stainless steels, we will seek to determine which of these 
categories best describes these precipitates.  To this end we will establish a thorough 
thermodynamic description of the phase separation of Mn, Ni, and Si-rich phases from the 
austenite phase, using the CALPHAD (CALculation of PHAse Diagrams) methodology.  This 
approach will help to isolate irradiation-enhanced precipitates from precipitates that are induced 
or significantly modified by the irradiation, as the later types of precipitates will not be predicted 
by thermodynamics alone.  Xiong et al. [6] have used this approach to describe the precipitation 
of Mn-Ni-Si rich phases in reactor pressure vessel (RPV) steels with reasonable accuracy.  
Figure 2 compares the Mn-Ni-Si precipitate compositions in six irradiated RPV alloys as 
measured by Atom Probe Tomography (APT) and as predicted by CALPHAD, as well as the 
measured and predicted atomic fractions of precipitate phase.  The good agreement between the 
model and experiment suggests that the precipitation of Mn-Ni-Si precipitates in the these RPVs 
is largely irradiation-enhanced precipitation, and that the thermodynamic model is of reasonable 
quality. 

 

Figure 2: Measured Mn-Ni-Si precipitate compositions in 6 model reactor pressure 
vessel steels, and the final atomic percentage of the precipitate phase, compared to 
predictions of the CALPHAD model.  Adapted from [6]. 

Additionally, this CALPHAD framework provides a foundation for the development of a 
kinetic theory of Mn-Ni-Si precipitate nucleation, growth, and coarsening in the classical 
nucleation theory (CNT) formalism.  When combined with a detailed assessment of atomic 
mobilities in austenitic stainless steels, such a model can provide a reasonable approximation of 
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the kinetics of Mn-Ni-Si precipitation under simple thermal aging conditions.  Radiation-
enhanced precipitation can then be studied in a first approximation by incorporating radiation-
enhanced solute diffusion into the CALPHAD-based CNT model.  This approach has yielded 
accurate models for understanding and predicting radiation-enhanced precipitation in simpler 
systems.  For example, results modeling Cu precipitation in Fe [7] are shown in figure 3, which  
depicts model predictions and experimental measurements of mean Cu precipitate size and 
precipitate number density as functions of time in an Fe-1.34 at% Cu alloy under electron 
irradiation at 290 °C.  The excellent agreement shows that CALPHAD-based CNT modeling can 
be a powerful tool for studying radiation-enhanced precipitation. 

 

Figure 3: Comparison of model predictions and experimental measurements of mean 
Cu precipitate size and precipitate number number density as a function of time in an Fe-
1.34 at% Cu alloy irradiated with electrons at 290 °C.  From [7].    

Finally, the presented modeling approach will allow us to begin studying the effects of 
radiation-induced segregation (RIS) on phase transformations.  RIS can dramatically alter the 
alloy composition near certain microstructural features such as grain boundaries, potentially 
resulting in the precipitation of second phases that would not be thermodynamically stable at the 
nominal alloy composition.  This is one mechanism by which radiation can induce precipitation, 
rather than only enhancing it.  For example, extensive precipitation of Ni3Si near grain 
boundaries in low Si Ni alloys has been attributed to local enrichment of Si due to RIS [8].  If the 
RIS tendencies of Mn, Ni, and Si are known, then the CALPHAD-based approach can be used to 
identify possible phases that might precipitate due to RIS-driven compositional changes. 

Implementation of the modeling framework described above requires extensive 
thermodynamic and kinetic models and data for Mn, Ni, and Si in austenitic stainless steels, as 
well as a model for predicting the RIS behavior of these elements.  The remaining sections in this 
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document will detail the availability of these models and data, and discuss potential gaps in the 
data sets that might be addressed with key atomistic calculations.    

2. AVAILABILITY OF RELEVANT SOFTWARE, MODELS, AND DATA 

2.1 CALPHAD databases  

Extensive databases of thermodynamic models created specifically to describe Fe alloys and 
steels are available from multiple commercial parties.  However, Mn-Ni-Si phases are not 
generally an emphasis in such databases and a description of the full Mn-Ni-Si ternary phase 
diagram is not typically included.  The most applicable database for studying the precipitation of 
Mn-Ni-Si phases from austenitic stainless steels is therefore not one developed for Fe alloys but 
instead appears to the TCAL2 database, distributed and maintained by Thermo-Calc.  Originally 
created to describe Al alloys, this database contains a full assessment of the Mn-Ni-Si ternary 
alloy system, as well as the Fe-Mn-Si, Fe-Mn-Ni, and Fe-Ni-Si ternary systems and all 
associated binary systems.  Cr is a significant alloying component in austenitic steels as well, and 
a potential drawback of the TCAL2 database is the absence of an assessment of the Fe-Ni-Cr 
ternary system.  However, the Cr-Fe, Cr-Ni, Cr-Si, and Cr-Mn binary systems are fully assessed.  
An accurate extrapolation to higher order systems including Cr should be possible from this 
collection of binary systems.  We notes that TCAL2 also contains the element C, making the 
study of other precipitates beyond Mn-Ni-Si, e.g., the CrCx precipitates, possible with the same 
database. 

One area in which the TCAL2 database might prove insufficient is in the assessment of the 
fcc solid solution phase or possible fcc ordered compounds across the full Mn-Ni-Si composition 
space.  The Mn-Ni-Si ternary phase diagram is characterized by many stoichiometric 
intermetallic compounds, and the fcc solid solution phase is metastable over nearly the entire 
composition range.  Figure 4 depicts a section of the calculated Mn-Ni-Si phase diagram at 280 
°C.  The solid green region near the Ni corner is the extent of the region of stability of the fcc 
solid solution phase.  The small range of fcc stability implies that very limited experimental data 
has been used in fitting the fcc energetics, which may lead to inaccuracies.     
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Figure 4: Calculated Mn-Ni-Si phase diagram at 280 °C.  From [6]. 

Despite this limited region of stability, during the early stages of precipitation the Mn-Ni-Si 
rich particle nuclei are likely to be coherent with the austenite matrix.  As such, an accurate 
description of the energetics of fcc Mn-Ni-Si over a wide composition range may be necessary to 
accurately model the formation of these nuclei.  

We are also aware the Dr. Ying Yang at Oak Ridge National Laboratory (ORNL) is 
developing an austenitic CALPHAD database which is intended to include much of the 
thermodynamic information needed for studying the Ni-Mn-Si precipitation and be optimized 
specifically for nuclear steels (e.g., in terms of composition and temperature regions used in 
fitting) [9].  However, this database is not presently available and may take several years to 
complete.  Furthermore, the public accessibility of this database is not clear.  However, we are 
working with Dr. Yang to assure that any information we establish can be integrated into her 
database and that we make use of any thermodynamic data she is able to share with us. 

2.2 Mobility and diffusion data 

Accurate evaluation of composition and species dependent diffusion coefficients is necessary 
for both the implementation of CNT and the simulation of RIS.  The diffusion of Fe, Ni, and Cr 
has been well studied and mobilities and chemical diffusion coefficients are available over a 
wide range of compositions and temperatures [10-13].  Theoretical values of the vacancy-
mediated tracer diffusion coefficient have been calculated from ab-initio for Fe, Ni, and Cr [14], 
but similar calculations for Si and Mn have not been attempted.  The diffusion coefficients of Si 
and Mn in stainless steels are less well established.  Limited data is available for the diffusion of 
Mn [15] and Si [16] tracers in gamma Fe, and the activation energy of Si diffusion in the 
austenitic stainless steel alloy D9 [17].    

Thermo-Calc also maintains databases of atomic mobilities which, when combined with an 
appropriate CALPHAD database, can be used to calculate chemical diffusion coefficients as a 
function of temperature and composition.  The mobility database MOBAL2 is intended to be 



 

 6

used in conjunction with the CALPHAD database TCAL2, and can be used to calculate diffusion 
coefficients in the Fe-Mn, Fe-Ni, and Fe-Si binary systems over the full composition space, in 
the austenite phase.  This database therefore provides the most extensive set of diffusion data for 
Mn, Ni, and Si, however it is still limited in the sense that extrapolations from binary systems 
must be made in order to calculate diffusion data in the full Fe-Ni-Cr-Mn-Si system.   

Under irradiation, significant atomic transport can occur via a self-interstitial dumbbell 
mechanism, and interstitial diffusion coefficients are therefore an important component for 
calculating radiation-enhanced diffusion coefficients as well as for predicting RIS tendencies.  
No experimentally measured values of species-dependent interstitial diffusion coefficients in 
stainless steels are available, though the activation energy for self-interstitial migration has been 
measured across much of the Fe-Ni-Cr alloy space via resistivity recovery experiments [18].   

2.3       RIS models and data 

RIS of Fe, Ni, and Cr in stainless steels has been studied extensively and plentiful data exist 
on segregation as a function of alloy composition and irradiation conditions [8].  The modified 
inverse Kirkendall model (MIK) [19] was developed specifically to treat RIS of these three 
elements, and it can provide reasonably accurate Fe, Ni, and Cr RIS predictions for alloys across 
the entire Fe-Ni-Cr ternary alloy space.  Figure 5 compares the measured Ni RIS to the 
predictions of the MIK model in a large number of Fe-Ni-Cr alloys.   

 

Figure 5: Comparison of measured Ni RIS to the predictions of the Perks and MIK 
(modified Perks) models.  Reasonably good agreement is observed for a wide range of Fe-
Ni-Cr alloys.  From [19]. 

Si RIS has also been measured extensively in stainless steels [8, 20], and Fukuya et al. [21] 
have developed a multicomponent RIS model for austenitic stainless steels that can reproduce Si 
segregation profiles as a function of temperature and dose with reasonable accuracy.  In figure 6, 
measured segregation profiles for Fe, Ni, Cr, and Si in alloy SUS316 irradiated to 3 dpa at 290 
°C in a pressurized water reactor are compared to the predictions of the model of Fukuya et al.  
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Figure 6: RIS profiles for Fe, Ni, Cr, and Si in SUS316 stainless steel irradiated to 3 dpa 
at 290 °C in a pressurized water reactor.  Dark lines are experimental measurements, while 
colored curves are the predicted profiles of the model of Fukuya et al.  From [21]. 

Very little segregation data exists for Mn, however there is some evidence that suggests 
similar RIS behavior to that of Cr [22].  Furthermore, there is currently no available RIS model 
for the prediction of Mn RIS in stainless steels, as any such model would be difficult to validate.  

3. ATOMISTIC CALCULATIONS TO FILL GAPS 

There are a number of areas in which in the available thermodynamic and kinetic models and 
data might be augmented using ab-initio-based atomistic calculations.  First we consider 
thermodynamic data that can be obtained from ab-initio modeling. 

While the CALPHAD database description of the metastable fcc Mn-Ni-Si free energy 
surface might be uncertain due to a lack of experimental data over much of the composition 
space, a description of a fixed fcc lattice phase diagram is an ideal application for grand 
canonical Monte Carlo simulations [23].  This is a simulation technique wherein arrangements of 
different types of atoms on a fixed lattice are sampled randomly with a probability weighted by 
their relative formation energies, with the purpose of finding the lowest energy arrangements.  
The results of these simulations can be used to construct a free energy curve at finite 
temperatures and ultimately compute the fcc Mn-Ni-Si phase diagram.  Such a phase diagram 
can be validated against the portions of the experimental phase diagram where the fcc phase 
appears as the equilibrium state.  The principal resource needed for such a phase diagram 
construction is a Hamiltonian that can accurately describe the formation energy of any 
arrangement of Mn, Ni, and Si atoms on an fcc lattice.  This Hamiltonian can be constructed in 
the cluster expansion formalism [24-26], with input provided by a large suite of density 
functional theory (DFT) calculations of the formation energies of fcc Mn-Ni-Si structures.   

Furthermore, some specific aspects of the thermodynamic data may turn out to be 
inconsistent with detailed precipitate observations or just more uncertain than desirable.  For 
example, in discussions recently with Dr. Yang at ORNL, she brought up the issue of Fe alloying 
the Mn-Ni-Si G-phase.  Previous APT studies has suggested Fe in G-phase precipitates, but this 
data was viewed as unreliable because of known problems of APT analysis erroneously 
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projecting host atoms into precipitates.  We are exploring calculations of Fe energies in the G-
phase to help assess the possibility of Fe alloying with G-phase precipitates. 

    DFT calculations can be used to improve the available kinetic and diffusion data as well.  
While experimentally measured diffusion coefficients in austenitic stainless steels are plentiful, 
they are most often measured at relatively high temperature, often over 1000 °C.  Diffusion 
coefficients evaluated at LWR operating conditions are therefore often extrapolated over many 
hundreds of degrees.  DFT calculations combined with analytical expressions known as 
multifrequency models [27] can be used as an alternative to calculate vacancy-mediated 
diffusion coefficients at low temperature.  

Ab-initio calculations can also be used to access interstitial diffusion coefficients, which are 
generally unavailable by other means.  Similar to vacancy-mediated diffusion, interstitial-
mediated diffusion coefficients can be calculated by combining DFT-calculated atomic migration 
energies with analytical multifrequency expressions.  An alternative approach is to simulate 
interstitial diffusion on an fcc lattice via ab-initio-based molecular dynamics and measure 
diffusion coefficients from the displacements of the atoms.  This method has been used to 
determine, e.g., interstitial diffusion coefficients in Si [28] and in Ni-Cr alloys [29], as well as 
ion conductivity in superionic α-CuI [30].  In Figure 7, the interstitial self-diffusivity in pure Ni 
measured from ab-initio-based molecular dynamics is compared to the analytical value based on 
experimental resistivity recovery experiments.  The agreement is reasonably good, in particular 
with respect to the activation energy. 

 

Figure 7: Interstitial self-diffusivity of pure Ni as a function of reciprocal temperature, 
as determined analytically and as measured from AIMD simulations. Temperatures range 
from 800 K to 1400 K.  From [29]. 

The determination of interstitial diffusion coefficients will be particularly crucial for Mn; due 
to a lack of experimental data on RIS of Mn in stainless steels, computational methods will be 
necessary to determine a best estimate for the sign and magnitude of Mn segregation.  Once the 
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vacancy and interstitial diffusion coefficients for Mn are obtained, they can be used in a readily 
available rate theory RIS model to make such an estimate [31].   

An additional area in which atomistic calculations can be utilized in the proposed modeling 
plan is in the determination of precipitate-matrix interfacial energies.  This is a necessary input 
parameter for CNT simulations, however a precise value is generally unknown.  Once likely 
precipitate phases have been determined via CALPHAD, DFT can be used to calculate 
interfacial energies either by interface construction in a slab calculation or by embedding a 
particle of the precipitate phase in an austenite matrix and calculating the total energy relative to 
the separate bulk phases.     

4.   SUMMARY OF PROPOSED MODELING PLAN 

The proposed modeling plan is show schematically in Figure 8.  First, the CALPHAD 
framework will be utilized to determine the equilibrium phase separation of Mn-Ni-Si rich 
phases from the austenite matrix, using the best available description of the thermodynamics of 
the Fe-Cr-Ni-Mn-Si alloy system.  The resulting predicted compositions and volume fractions of 
the second phases will be compared to the precipitate phases observed experimentally after 
irradiation.  This approach will demonstrate whether the experimentally observed phases reflect 
the equilibrium state of the alloy or if they are strictly induced by the irradiation.   

If it is determined that the precipitate phases are reflective of the equilibrium phase separated 
state, then CNT simulations will be performed to estimate the time scale of the Mn-Ni-Si rich 
precipitate nucleation, growth, and coarsening under thermal aging conditions.  If the predicted 
time scale is drastically different from experimentally observed precipitation under irradiation, 
then irradiation-enhanced diffusion will be introduced into the CNT simulations to determine 
whether this factor alone can account for the enhancement of the precipitation under irradiation.  
If the experimentally observed precipitate phases do not reflect the phase separation predicted by 
CALPHAD, then it is possible that the precipitation is induced by the irradiation, rather than 
only enhanced by it.  One plausible mechanism by which the irradiation might induce 
precipitation is RIS, which can dramatically alter alloy composition in certain regions of the 
material.  RIS data, experimentally measured diffusion coefficients, and ab-initio calculations 
will then be utilized to estimate this change in alloy composition.  The CALPHAD model will 
then be used to determine whether this change in composition might result in the precipitation of 
an unexpected second phase. 
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Figure 8: Logical schematic of proposed thermokinetic modeling plan. 

Throughout this process the computational methods described above will be used to 
supplement and refine model parameters as necessary.  The computational tools and resources 
necessary to implement this modeling plan are in place and accessible, with the exception of the 
Thermo-Calc software.  The purchase of the Thermo-Calc software package is expected to cost 
approximately $22,000.  This is a one-time fee that will include the TCAL2 database, the 
associated mobility database MOBAL2 for the calculation of concentration dependent chemical 
diffusion coefficients, and the Dictra and TC-Prisma modules, which are used to implement the 
CNT simulations.   
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