
 

Ordering in highly supersaturated alpha-Fe-C  

C. W. Sinclair1,a and M. Perez2,b  

1Department of Materials Engineering, The University of British Columbia, Vancouver, BC, Canada 
2MATEIS, Université de Lyon, INSA Lyon, UMR CNRS 5510, Villeurbanne France 

 achad.sinclair @ubc.ca,bmichel.perez@insa-lyon.fr 

Keywords: steel, molecular dynamics, ordering, interstitial 

Abstract. Molecular dynamics and molecular statics have been used to explore the transition 
between the partially Zener ordered state of carbon in octahedral sites. In this communication we 
have specifically used isothermal molecular dynamics with a recent Fe-C EAM potential to 
examine the observed high temperature transition from the Zener ordered state where carbon resides 
on only 1/3 of all octahedral sites to a state where all octahedral sites are available for occupation.  
It is shown that the Zener ordered state begins to disorder at temperatures well below the transition 
temperature and that this disordering occurs without any spatial correlation. 

 

Introduction 
 The role of interstitial carbon on the thermodynamics of alpha-Fe is determined to a great 
extent by the elastic interactions between the dipoles introduced by carbon in the octahedral 
interstitial sites.  As was shown originally by Zener [1] the elastic strain energy induced by a single 
carbon atom exceeds typical chemical energies [2].  Accordingly, in solid solutions of carbon in 
alpha-Fe one must consider the role of long range elastic interactions in the distribution of solute.  
Such considerations are important when one tries to understand the experimental observations of 
very large carbon supersaturation induced in driven systems (strain induced carbide dissolution in 
pearlitic steel wires [3] or in white etching layers [4]) or during far from equilibrium processing 
(e.g. PVD [5], decomposition of amorphous materials [5], low temperature tempering of martensite 
[6]) where the equilibrium may be constrained by the low mobility of Fe atoms compared to C 
atoms under the processing conditions. 
 
 In a recent paper [7], the interaction between carbon atoms in alpha-Fe has been investigated 
with particular reference to compositions corresponding to Fe8C/Fe16C2 (11.1at% C).  At this 
composition one can envision three particular ways of organizing carbon within octahedral sites of a 
BCC alpha-Fe lattice.  One can envision a completely disordered arrangement with equal 
occupation of all octahedral sites (here denoted as alpha-Fe-C).  Alternatively, one can envision the 
organization of carbon onto only 1/3 of all possible octahedral sites.  The 6 octahdral sites in the 
BCC Fe lattice can be separated into three groups of two (x,y and z octahedral sites), the separation 
being made according to the direction of tetrgonality induced by the carbon.  Indeed, it is this 
ordering of carbon onto one of the three types of octahedral sites that gives rise to the tetragonality 
observed in ferrous martensites.  If carbon is considered then to reside on only 1/3 of the octahedral 
sites then one can further consider two limiting scenarios.  In one case, the carbon can be fully 
disordered on this sublattice.  This is the so-called Zener ordered condition [1] and will be identified 
as alpha’-Fe8C here.  Another option, however, is for carbon to order on these octahedral sites.  For 
the composition Fe8C, ordering of carbon on 1/3 the octahedral sites can lead to a structure denoted 
here as alpha’’-Fe16C2 (fig. 1a), which can be described as carbon and iron situated in two 
interpenetrating body centered tetragonal lattices.  This structure, well known as a metastable 
product in the Fe-N system, has been proposed as the carbon rich product of the spinodal 
decomposition of Fe-Ni-C martensites tempered at low temperature [8].   
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It was shown [7] that both DFT and molecular dynamics simulations using a recently developed 

EAM potential for Fe-C predict alpha’’-Fe16C2 to have the lowest ground state energy among the 
three options mentioned above (alpha-Fe-C, alpha’-Fe8C and alpha’’-Fe16C2).  However, upon 
heating a transition from alpha’’-Fe16C2  to alpha’-Fe8C  to alpha-Fe-C was observed with 
increasing temperature.  In this note we seek to explore further observations of alpha’-Fe8C to 
alpha-Fe-C that can be observed via molecular dynamics simulations. 
 
Transitions Observed on Continuous Heating 

 

 
(a) 

 
 

(b) 
Figure 1.  a) Unit cell of alpha’’-Fe16C2 where carbon atoms are small and Fe atoms are large b) variation 
of simulation box size for a box initially composed of alpha’’-Fe16C2which is continuously heated from 
700 K to 1650 K. 

 
 Details regarding the simulation approach can be found in reference [7].  The simulations 
performed here make use of the recent Becquart-Raulot- EAM potential for Fe-C [9].  This potential 
has been fit to capture the interaction between defects in the Fe lattice and C atoms and reproduces 
well the variation of c/a ratio with increasing carbon content as well as other features of the Fe-C 
system [10,11].  All simulations have been performed using the LAMMPS package [12] in an NPT 
ensemble with the pressure targeted to be zero.  The simulation box was created to have 10 x 10 x 
10 alpha-Fe unit cells with periodic boundary conditions.   

 
Starting from the ground state alpha’’-Fe16C2, we have heated at 100 K/ns.  Fig. 1b 

illustrates the change in shape of the simulation box with temperature where one notes a change in 
slope (and noise in the data) at 1125 K corresponding to the completion of the transformation of 
alpha’’-Fe16C2 to alpha’-Fe8C.  This transformation occurs progressively over a wide range of 
temperatures between 750 K and 1125 K.  At much higher temperatures (approximately 1550 K) 
the tetragonality of the simulation box is destroyed corresponding to the transformation of alpha’-
Fe8C to the completely disordered alpha-Fe-C.  This latter transition has been previously identified 
as being first order [7].  These two transformations can also be seen in the radial distribution 
function plotted in fig. 2 showing the distances specifically between C atoms.  In the starting 
alpha’’-Fe16C2 only one strong peak is observed at 3a0 .  With increasing temperature this peak 
broadens and at temperatures above 1000 K a second closer peak appears corresponding to the 
disordering of C on its sublattice (formation of alpha’-Fe8C).   Finally, at high temperatures (above 
1500 K) a third broad peak at approximately 3.5 angstroms appears between these two, this peak 
being characteristic of the disordered alpha-Fe-C. 
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In reality the transformation from BCC (or BCT) Fe to FCC Fe should occur at temperatures 
well below the temperatures at which the alpha’-Fe8C to alpha-Fe-C occurs.  However, a well 
known consequence of the inability of EAM potentials to capture the magnetic contributions to the 
free energy results in BCC Fe being the stable phase up to the melting point.  Thus, the high 
temperature disordering transformation observed here can only be considered as theoretical.  
However, this disordering process is of some interest.  It is this transformation from alpha’-Fe8C to 
alpha-Fe-C that, in the dilute limit, has been the subject of study for some time (see e.g. [2,13]).  
Thus, here we investigate further this transformation under these hypothetical conditions. 
  

 
Figure 2.  Map of the radial distribution function (RDF) of carbon-carbon distances as a function of 
temperature for a simulation performed during continuous heating (cf. fig. 1b).  The dashed lines show the 
hypothetical neighbour distances for alpha-Fe-C, the solid gray lines the distances for alpha’-Fe8C and the 
solid red line for alpha’’-Fe16C2. 

 
Isothermal Treatments 
  

Although the transformation of alpha’’-Fe16C2 to alpha’-Fe8C is found to be kinetically 
limited in these simulations, the higher temperature transformation from alpha’-Fe8C to alpha-Fe-C 
is readily observed.  In order to study this second transformation in more detail we performed 
isothermal MD simulations over a range of temperatures above 750 K.  These simulations were 
performed in an NPT ensemble, targeted to zero pressure, for 10 ns (107 MD steps).   

 

 
(a) 

 
(b) 

Figure 3. Average carbon-carbon RDFs for isothermal MD simulations at the indicated temperatures.  a) 
Simulation conducted starting from alpha’-Fe8C b) Simulation started from alpha’’-Fe16C2.  Note that the 
RDF’s above 800 K in (a) and (b) are nearly equivlant. 

 
In fig. 3 the average RDF of the isothermal simulations are shown.  In this case, simulations 

were started from both the alpha’’-Fe16C2 and alpha’-Fe8C structures.  However, one can see that by 
800 K the alpha’’-Fe16C2 has begun to transform to alpha’-Fe8C as evidenced by the presence of the 
peak between 2.5 and 3.0 angstroms.    
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Figure 4.  The average occupation of x,y and z octahedral sites in the Fe lattice as a function of 
temperature for isothermal simulations (corresponding to conditions in fig. 3).  Simulations were 
performed starting both from alpha’-Fe8C and alpha’’-Fe16C2 as indicated.  Red symbols correspond to the 
fraction of z-octahedral sites filled (fz) while blue and green correspond to x and y octahedral site 
occupation (fx and fy) respectively. 

 
We have also followed the fractional occupation of octahedral sites by carbon atoms by the method 
described in reference [7].  One set of octahedral sites (those giving rise to a tetragonal extension 
parallel to the z-direction of the simulation cell, fz) have 100% occupation at the start of the 
simulations for both alpha’’-Fe16C2 and alpha’-Fe8C phases.   For isothermal annealing at 
temperatures below 1000 K the occupation remains nearly 100% in this octahedral site.  However, 
for higher temperatures, a steady decrease in the occupation occurs with an increase in the 
occupation of the other two sites (giving tetragonal expansion along the x and y-directions of the 
simulation box).  At a simulation temperature of 1550 K the fraction occupancy of the z-octahedral 
sites has been reduced to fz = 74.6%.  Increasing the temperature to 1600 K results in the direct 
formation of alpha-Fe-C.   

If one plots the fraction of x or y-octahedral sites occupied as a function of temperature as an 
Arrhenius plot one obtains an activation energy of 0.538 eV (fig. 5).  In the alpha’-Fe8C phase, 
there exist a large number of possible activation barriers associated with the jump of a carbon atom 
from one octahedral site to another through the tetrahedral site owing to the elastic strain interaction 
between carbon atoms.   However, by making a large number of such calculations we have found 
that the observed activation energy is near the mean of these activation barriers.   

 
Figure 5.  Arrhenius plot of fraction occupation of x and y octahedral sites (fxy = 1 – fz) and the 
corresponding apparent activation energy for the creation of occupation of such octahedral sites in alpha’-
Fe8C. 
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One question regarding the progressive disordering of C from the z-octahedral sites in 

alpha’-Fe8C between 1000 K and 1550 K is whether the elastic interaction between C atoms results 
in a biasing of the behaviour of neighbouring C atoms.  In particular the question is whether the 
move of one C from a z-octahedral site to an x or y octahedral site could induce its neighbours to do 
the same or, conversely, for its neighbours to tend to avoid making the same jump. 
  

As a first attempt to examine the uniformity of the spatial distribution of C atoms we have 
compared our simulation to a Binomial distribution.  In particular, the simulation cell has been split 
into cells, each containing 17 Fe atoms and therefore 17 x 3 octahedral sites.  For each of these sub-
cells the number of carbon atoms residing on x, y and z-octahedral sites was counted.  Focusing on 
only those carbon atoms residing on z-octahedral sites (fig. 6), we would expect the observed 
number of carbon atoms residing on these sites to obey the binomial distribution if there was a truly 
random occupation of these sites.  In fig. 6 the results of this calculation at four temperatures are 
shown.  One can see that the binomal model does not match the distribution in any of the cases, 
though the alpha-Fe-C phase at 1600 K coming closest to fitting the model.  The fact that the 
binomial model does not exactly fit the results can be linked to the fact that C is never randomly 
distributed on the octahedral sites since the nearest neighbour positions between C atoms are 
energetically highly unfavourable [7].   

 

 
Figure 6.  Distribution of the number of carbon atoms occupying z-octahedral sites in sub-boxes 
containing 17 Fe atoms at different temperatures.  This is compared to the binomial distribution which 
would be appropriate if the carbon atoms were randomly distributed across the 17 z-octahedral sites.  The 
noted values fz correspond to the fraction of C atoms residing in z-type octahedral sites as shown in fig. 4. 

 
However, one can see that the binomial model does capture the shape, and more 

importantly, the evolution of the shape of the calculated distribution.  If there were a correlation 
between neighbouring C atoms and jumps from z to x or y-octahedral sites then one would expect 
to see an increasing divergence from the binomial distribution with increasing fraction of non-z-
octahedral sites.  The fact that we do not observe this indicates that (on average) the jumps of C 
from z to x and y-octahedral sites is uncorrelated.  Thus, one would not expect to observe clusters of 
C in x/y-octahedral sites surrounded by C in z-octahedral sites. 
 
Summary 
 In this note we have expanded upon the characterization of the ways in which C can order  
in octahedral sites in alpha-Fe for carbon concentrations of 11.1at%.  It has been shown that the 
(hypothetical) alpha’-Fe8C to alpha-Fe-C transition occurring at high temperature is preceded by a 
stable formation of  “defects” in the alpha’-Fe8C structure corresponding to C atoms residing on 
non z-octahedral sites.  It has been found that the activation energy for this process is near the 
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average activation energy for carbon diffusion between octahedral sites in this structure.  Finally, by 
comparing the distribution of C atoms over the simulation cell to a binomial model we have shown 
that the formation of these “defects” in the alpha’-Fe8C do not appear to occur with a spatial 
organization that would indicate that the local elastic strain interactions dominate the disordering 
process.      
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