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Introduction:

At LLNL (and elsewhere!), we generally need to consider materials 
ƽőŔĦőШċƖĲШŰŸƣШљƓƨƖĲњШыƚŔŰŊũĲ-element, or simple compounds). Often, 
the material is almost pure, with just small amounts of other 
components.

fŰШƣőĲƚĲШĦċƚĲƚЯШŔƣќƚШŸŉƣĲŰШŊŸŸĬШĲŰŸƨŊőШƣŸШƣċťĲШċШůċƣĲƖŔċũШůŸĬĲũШыĲЮŊЮЯШ
an Equation of State) for the associated pure material, and apply a 
ƚŔůƓũĲШњĦŸƖƖĲĦƣŔŸŰњШƣŸШŔƣШƣŸШƖĲƓƖĲƚĲŰƣШƣőĲШĲŉŉĲĦƣƚШŸŉШƣőĲШċĬĬŔƣŔŸŰċũШ
trace elements.



Introduction:

§ŰĲШƚƨĦőШĦŸƖƖĲĦƣŔŸŰШŔƚШљĬĲŰƚŔƣǃШƚĦċũŔŰŊњЮШExample: For a material with 
90% 12C and 10% 13C, taking a pure-12C EOS model and simply upping 
the mass density in the EOS table by the factor (9*12 + 13)/12 does a 
pretty good job of making an EOS model for the 90/10-mixture.

This kind of thing is often used for more general AxByCzвШůŔǂƣƨƖĲƚШċƚШ
ƽĲũũЯШƽőĲƖĲШǂШŔƚШĦũŸƚĲШƣŸШŸŰĲЯШċŰĬШǃЯШǍЯШвШċƖĲШÉ~ xxЮШ



Introduction:

In this simplified treatment, 
EVERY individual phase at every 
point in thermodynamic state 
space (r,T,P) is assumed to have 
the SAME component 
composition (x,y,zЯвШьЯШŰŸƣШŸŰũǃШ
for pure phase regions, 
but also for mixed-phases.

T

r

liquid

solid



Introduction:

In this simplified treatment, 
EVERY individual phase at every 
point in thermodynamic state 
space (r,T,P) is assumed to have 
the SAME component 
composition (x,y,zЯвШьЯШŰŸƣШŸŰũǃШ
for pure phase regions, 
but also for mixed-phases.

T

r

liquid

solid

Strictly speaking, this is WRONGЯШċŰĬШƽĲШĦċŰШĬŸШĤĲƣƣĲƖвШ



Notional example of a 2-component 
phase diagram where composition is 
varied. 

Components: A, B

A has solid phase a, and a liquid phase.
B has solid phase b, and a liquid phase.
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 ŸƽШũĲƣќƚШ[fñШĦŸůƓŸƚŔƣŔŸŰЯШċŰĬШƻċƖǃШĤŸƣőШÑШċŰĬШr вШ
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In a point in the mixed-phase region, the % of A vs. B will NOT be the same in both the solid and the liquid !... 
though the TOTAL %-age of A vs. B will , of course, be the assumed amount. 



liquid
bcc

fcc

Of course, over typical conditions of 
interest, even a single-component  
material often has MULTIPLE solid 
phases, rather than just one solid 
and one liquid. 

This complicates the problem greatly, 
in practice. 

EǂċůƓũĲШŸŉШљ~ŔƚőŔŰШ9ƨњШы7ĲŰĲĬŔĦƣЯШ~ǃŔŰƣЯШ7ĲũŸŉь



This kind of problem has been studied in depth 
for many years!!... e.g., Larry Kaufman and 
collaborators with the CALPHAD approach . 

Semi-empirical free energy models are 
constructed from experiment and (sometimes) 
predictions from ab initio calculations, 
including detailed contributions describing 
the propensity for materials to MIX. 

We have a vibrant group of such experts at 
LLNL, led by Aurelien Perron, and they often 
collaborate with folks in the EOS & Materials 
Theory Group (Landa, Soderlind) on studies of 
nuclear fuels .

P. Turchi et al., Am-Pu system, 2014
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CALPHAD and related approaches are generally confined to near -ambient pressures, simply because:
1. There is a large interest in this, worldwide, 2. There is MUCH MORE good data near ambient conditions.



Some 6 or so years ago, we (led by Philip Myint  in the EOS & Program 
Integration Group) stood up a project to construct TRUE mixture EOS 
models for high-P,T applications. 

The rest of this talk describes an application of this work to Fe/Ni 
mixtures in conditions relevant to the cores of Earth and Earth-like 
planets.

NOTE: Due to shifting priorities, this work is no longer funded, as such, 
at LLNL, but (while we still had the project) we were fortunate to 
interest Tanja Kovacevic and her advisor Prof. Burkhard Militzer (both 
of UC Berkeley) in this problem, on which they are still working.



Background т what are the P-ÑШĦŸŰĬŔƣŔŸŰƚШŸŉШEċƖƣőќƚШĦŸƖĲе

solid inner core

liquid outer core

Pressure = 3.2 - 3.6 Mbar
Temperature  = 5000 - 7000 K 

Pressure = 1.4 - 3.2 Mbar
Temperature  = 3000 - 5000 K 

Fe (95-85%) + Ni (5-15%)
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Outline:

1. pure Fe and Ni EOS models

2. mixture EOS models: MM_Mix

3. atomistic simulation input

4. variable -composition Fe/Ni EOS
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1. pure Fe and Ni EOS models: Fe

We also find it useful to benchmark and/or 
fit our free energy models on the predictions 
of ab initio calculations (e.g., DFT -MD)



1. pure Fe and Ni EOS models: Fe

Basic free energy model assumption: 



1. pure Fe and Ni EOS models: Fe

cold: ion interactions + chemical bond energies (T= 0)

ion: phonons (atomic vibrations), etc.

electron: electronic excitations

Basic free energy model assumption: 



1. pure Fe and Ni EOS models: Fe

Planetary isentropes  for the Earth for 
both solid -Fe and liquid-Fe reveal a 
(well -known) discrepancy with inferred  
from seismic measurements near the 
IC/OC boundary.



1. pure Fe and Ni EOS models: Ni

Our EOS team also invested some time 
into constructing a more accurate Ni EOS 
model, including recent Tmelt(P) and shock 
data and DAC data, along with new predictions 
of high-P cold compressibility from DFT, 
resulting in a 2-phase (liquid, fcc -solid) EOS 
model.


