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Solute clustering and G-phase precipitation cause hardening phenomena observed in some low alloy and
stainless steels, respectively. Density functional theory was used to investigate the energetic driving force
for the formation of these precipitates, capturing temperature effects through analysis of the system's
configurational and magnetic entropies. It is shown that enrichment of Mn, Ni and Si is thermody-
namically favourable compared to the dilute ferrite matrix of a typical A508 low alloy steel. We predict
the ordered G-phase to form preferentially rather than a structure with B2-type ordering when the Fe
content of the system falls below 10e18 at. %. The B2 / G-phase transformation is predicted to occur
spontaneously when vacancies are introduced into the B2 structure in the absence of Fe.
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1. Introduction

An understanding of the behaviour of solute atoms within steel
components is of great importance to many industries. This is
especially true when the steels are exposed to elevated tempera-
tures (573e773 K) for long periods of time (>1 year), as
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intermetallic compounds are found to precipitate e some embrit-
tling the alloy [1e3]. In the nuclear sector, austenitic stainless steels
are commonly used for the primary coolant water pipes [4], reactor
pressure vessel (RPV) cladding [5] and low alloy ferritic steels are
used for the RPV themselves. The continued structural integrity of
the RPV is vital for the extended and continued operation of light
water reactors as it is unfeasible to replace them during the re-
actor's operational lifetime [6]. Solute clustering, due to prolonged
neutron irradiation, is a known phenomenon that occurs in RPV
steels and contributes to their embrittlement potentially limiting
the life of the power plant [7]. However, a mechanistic under-
standing of the conditions and exact nature of their occurrence is
not agreed upon [8]. Further, debate continues as to whether cur-
rent dose-damage relationships [9,10] already include the hard-
ening from these clusters or if additional hardening terms may be
required. Past studies have observed the clusters to consist of solute
elements Cu, Mn, Ni and Si in the body-centred cubic (BCC) Fe
matrix [11e13]. In efforts to avoid these features, the Cu content
have been significantly reduced (as seen in A508 steels) [14];
however, Mn, Ni and Si are still observed to cluster. These clusters
are sometimes termed as Mn-Ni-rich precipitates (MNPs) [15] or
Mn-Ni-Si precipitates (MNSPs) [16]. However, there is some
contention around their designation as “precipitates” due to the
disagreement of their stability and structure [8]. The argument for
their designation as a precipitate [17], suggests that the solutes
form an Fm3m D8a (ordered Th6Mn23) intermetallic compound,
commonly referred to as the G-phase [18]. This is quite plausible as
in high alloy duplex stainless steels the G-phase is seen to precip-
itate in the ferritic phase, as a consequence of long thermal ageing
(10,000 h at 673 K) [19,20]. Difficulties in confirming this hypoth-
esis occur as experimental techniques commonly used to analyse
the solute clusters, such as atom probe tomography (APT) [21] and
small angle neutron scattering (SANS), do not sufficiently elucidate
the clusters' crystal structures. Publications using techniques better
suited to crystal structure identification, such as, transmission
electron microscopy (TEM) electron diffraction or high resolution
TEM have not revealed evidence of the G-phase in irradiated RPV
steels to-date.

The current study is concerned with the system at equilibrium.
Density functional theory (DFT) is used to study the energetic
preference for clustering, A2 disorder and partial ordering, analo-
gous to B2 and D03 (strukturbericht notation) of Mn, Ni and Si to
occur in the BCC Fe lattice and the driving force for transformation
to the G-phase.

2. Methodology

2.1. Density functional theory

A plane-wave density functional theory method was used, as
implemented in the Vienna Ab initio Simulation Package (VASP)
[22]. Developer provided pseudopotentials, using the projector
augmented wave method (PAW) [23], were used to represent the
electronic structure of each element. Semi-core p states were
considered valence electrons for Fe (14), Ni (16) and Mn (13) and a
standard number for Si (4).

The k-points, cut-off energy and lattice parameters of all ele-
ments in their ground state structures (BCC-Fe, FCC-Ni, a-Mn,
diamond-Si) were converged and used as reference states. It was
determined that a real space k-point density of <0.02Å�3 and a cut-
off energy of 500 eVwould provide accurate results, within 10�3 eV,
and were kept consistent throughout. The Methfessel Paxton [24]
smearing method (width 0.1 eV) was used and full geometry re-
laxations were carried out under constant pressure for all calcula-
tions. Collinear spin polarisation effects were included. For the
exchange-correlation functional, the generalised gradient approx-
imation as developed by Perdew-Burke-Ernzerho [25] (GGA-PBE)
was utilised. The convergence criterion for electronic convergence
was 10�6 eV and for geometry optimisation was 10�4 eV.

To simulate disordered and partially ordered solute clusters,
supercells of 128 atoms with BCC packing were created and the
lattice sites were occupied by random selection of the elements
allowed in that sublattice. For example, in the B2 structure, Ni is
restricted to one sublattice, Mn and Si are restricted to the other,
and Fe pervades both. The randomisations were performed 10
times to produce 10 unique supercells of each composition
providing a range of energies. This method has been used to much
success in previous studies [26e28]. For the compositions analo-
gous to the ferritic steel matrix of experimental specimens of A508
steels, single 250 atom supercells were used. For further method-
ology details please refer to a previous study [29].
3. Results and discussion

3.1. Effect of concentration of Mn, Ni and Si in a-Fe

In past experimental studies on RPV steels, through the use of
APT, solute clusters are observed to evolve with increasing fluence
[30]. To simulate this evolution, alloys with concentrations of 0, 50
and 66 at. % Fe, were investigated. The ratio of Mn:Ni:Si was fixed to
6:16:7 (stoichiometric G-phase). Three BCC packed structures, A2,
B2 and D03 (Fig. 1), were investigated and compared to the G-phase
intermetallic, which also had varying Fe contents. The D03 partial
ordering was not found to differ from the fully disordered energies
and therefore was not included in the results or investigated
further.

The dilute ferrite matrix of three A508 RPV steel analogues are
also simulated for comparison: (1) a grade 2 steel with compara-
tively high amounts of Mn, Ni and Si “ZV-806”, (2) a grade 4 N steel
that omits Si “123P171” and (3) a grade 4 N steel that omits Mn
“Superclean”. These three compositions were modelled after
experimental specimens of details found in Refs. [31] and [32]; a
summary of their compositions can be found in Table 1. It should be
mentioned that the “omission” of Si and Mn in “123P171” and
“Superclean”, respectively, is due to their low levels <0.4 at. % of the
alloying elements, which are therefore excluded from the 250 atom
supercells.

In Fig. 2, it is seen that the formation enthalpy of each compo-
sition decreases (becomes more favourable) with the removal of Fe.
It is evident that there is an energetic preference for the formation
and enrichment of the solute clusters within the BCC configuration
e an observation that supports the argument that the formation of
solute clusters is radiation enhanced. The B2 partial ordering has a
slight energetic preference (0.02e0.09 eV/at), which is increases
with decreasing Fe, compared to the fully disordered A2 phase at
0 K. The G-phase is unstable at Fe contents of 25 and 50 at. % and a
large degree of reconstruction, to strained G-phase geometries,
occurs during geometry optimisation. The spread in energies of
these structures is plotted in Fig. S1 (supplementarymaterial) but is
represented by a shaded region in Fig. 2. The G-phase is predicted to
become energetically more stable than the BCC packing below a
threshold Fe content between 10 and 18 at. % corresponding well to
experimental observations of ~13 at. % by Matsukawa in duplex
stainless steels [20].

It should be emphasised that the simulated fixed ratio of Mn, Ni
and Si is idealised for ease of comparison to the stoichiometry of the
G-phase and cluster compositions found in both duplex stainless
steels and RPV steels can deviate significantly, as well as include
other solute species [33,34].



Fig. 1. Visual representation of the 50 at. % Fe structures with coloured site occupancy fractions in (a) A2, (b) B2 and (c) D03 partially ordered structures where Fe, Mn, Ni and Si are
represented by green, purple, grey and blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Experimentally measured base metal concentration of Mn, Ni, Si and other elements
within the previously studied steels; where Fe is the remainder (units are atomic
ppm).

Steel Mn Ni Si Other

A508 Gr 2 (ZV-806) [31] 116 143 26.2 329
A508 Gr 4 N (123P171) [30] 54.9 758 2.9 501
Superclean A508 Gr 4 N (118K001) [30] 3.8 717 0.971 524

Fig. 2. Average formation enthalpies of the FexMn6Ni16Si7 A2 (filled squares) and B2
(filled circles) phases and their associated range in values (error bars), where x is varied
from 0 to 66 at. %. The formation enthalpy of the G-phase, where x¼ 0 at. % (cross), and
spread in energies at x¼ 25 and 66 at. % (dashed vertical lines) with the interpolated
range of energies represented as a shaded region. Compositions indicative of the ferrite
matrix of three experimentally characterised A508 specimens were also compared
(open triangles).
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3.2. B2 partial ordering of solute clusters in a-Fe

The similarity between the G-phase and B2 partial ordering is
assessed within this section. Fig. 3 provides a visual representation
of the similarities. Table S1 explicitly states the location of the
lattice matched sites. Interestingly, all the Si atoms and half the Ni
sites are lattice matched, with all the Mn atoms experiencing
reconstruction to form the G-phase.

In contrast to the matching lattice sites between the cubic G-
phase unit cell and the 4� 4� 4 B2 structure, there are 12 fewer
atoms in the former. The coordinates of these discrepant atoms are
also stated in Table S1. If the atoms at these locations are removed
from the B2 supercell, prior to geometry optimisation in DFT e the
G-phase is the resultant structure. The vectors (to scale) corre-
sponding to the atomic displacements made as a result of the ge-
ometry optimisation within DFT can be seen in Fig. 4.

The spontaneous phase transformation, in the DFT energy
minimisation, from a defective BCC packed structure to G-phase is a
significant result as the transformation from BCC / G-phase is
hypothesised in experimental studies [20,35]. The current obser-
vation would suggest that the energy barriers for this trans-
formation are dominated by the migration of the elements to their
lattice matched sites and/or the formation of the twelve vacancies
not the structural transformation itself, which is predicted to occur
spontaneously once the preferred atomic ordering is present.

Within this study, all simulations included spin polarisation
effects, and as a result a significant degree of magnetic disorder was
observed. The distribution of magnetic moments for each element
can be seen in Fig. 5 for the simulated disordered systems.

In absence of Fe, Ni exhibits negligible magnetisation, but with
the addition of 50 and 66 at.% Fe, spin polarisation on the Ni atoms
was observed. Following the trend seen in binary Fe-Ni alloys, Ni
adopted a spin-aligned orientation relative to Fe with an average
magnitude in magnetic moment smaller than that of a pure Fe-Ni
alloy (~1 mB) [36]. Mn exhibited a more varied behaviour with a
broad distribution of magnetic moments from �3 to 3 mB in both
structures at 0 and 66 at. % Fe. There is clear localisation of the
magnetic moment of Mn for the 50 at. % Fe content at 2.5e3 mB in
both A2 and B2 but the B2 has a narrower distribution. It is well-
known that Mn is highly susceptible to adopting a wide range of
magnetic structures [37]; theoretical methods predict the local
antiferromagnetic case to be more energetically favourable (in a-
Fe) [38]. Furthermore, there is a shallow energy landscape between
the high and low spin-state for Mn [39] in a-Fe. Indeed, within this
study Mn is predicted to exhibit a large degree of disorder. The
magnetic moment of Fe adopted a bimodal distribution in the B2
structures whereby the lower magnitudes correspond to the Fe
atoms located on the Ni occupied sublattice. This behaviour is to be
expected as the magnetic moment of Fe, in a-Fe (2.2 mB), deviates
under the influence of solute atoms in their local environment [40].

3.3. Entropy

For highly alloyed mixtures of elements, the configurational
entropy can contribute significantly to phase stability [41]. The
vibrational and electronic components of entropy are predicted to
contribute up to a maximum of half the magnitude of the config-
urational entropy [42,43].When comparing two phases of the same
packing and chemistry (with the only difference being site occu-
pancies) the difference in vibrational entropy between the phases is
expected to be small but non-negligible [44,45]. However, calcu-
lation of vibrational entropy for a large set of disordered systems is



Fig. 3. Atomic representation Mn (purple), Ni (grey) and Si (blue) in a cubic (a) G-phase unit cell, (b) B2 ordered (4� 4� 4) supercell and (c) their lattice matched atomic sites. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Perfect B2 4� 4� 4 supercell with absences (green) and vectors (red) of the
displacements predicted by DFT to obtain the G-phase. 3.3 Magnetic structure. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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currently computationally unfeasible. For this reason, we consider
configurational and magnetic entropy only.

The magnitude of the configurational entropy is proportional to
the degree of disorder. Above some threshold temperature, a fully
Fig. 5. The distribution of magnetic moments of Fe (red), Mn (green) and Ni (blue) in the A2
this figure legend, the reader is referred to the Web version of this article.)
disordered case will become energetically favourable (providing
that temperature is below the solidus). In the case of the modelled
A2 and B2 solute clusters this threshold temperature was obtained
by equating the calculated Gibbs free energy of the two phases:

Tthr ¼
HA2 � HB2

SA2 � SB2
(1)

where HA2 and HB2 are the average calculated formation enthalpies
of the disordered and partially ordered structures at 0 K, respec-
tively, and SA2 and SB2 are the sum of the configurational and
magnetic entropies of the disordered and partially ordered struc-
tures, respectively. The configurational entropy of the fully disor-
dered structure was calculated using the equation for Gibbs
entropy [46]:

SA2 ¼ �nR
XN
i¼1

xi lnðxiÞ (2)

where n is the number of moles, R is the gas constant and xi is the
atomic fraction of element i in an N element system. To calculate
SB2, the sublattices were treated as separate alloys weighted by
their contribution to 1mol of the combined system:
and B2 phases with varying Fe content. (For interpretation of the references to colour in



Table 2
Calculated configurational entropy (Sconf) and magnetic entropy (Smag) of B2 and A2 solute clusters and the threshold temperature (Tthr) at which the two phases are in
thermodynamic equilibrium (GA2¼GB2).

Fe content (at. %) SB2 (� 10�5 eV/at/K) SA2 (� 10�5 eV/at/K) Tthr (K)

Sconf Smag Sconf Smag

0 4.13 1.87 8.57 1.36 1971
50 7.22 2.84 10.1 2.52 1202
66 6.36 2.56 8.37 2.62 985
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SB2 ¼ �R

"XL
k¼1

nk
XN
i¼1
isa

xi;k ln
�
xi;k

�#
(3)

where k is the sublattice in a system with L number of sublattices
and a denotes any element that does not appear on that specific
sublattice. This method has been used to much success in the past
[27,47].

Magnetic entropy is estimated in much the same manner as the
configurational entropy term [48] and represents the number of
magnetic states possible for each elemental species to exist within
each structure [49]. These states are taken from the DFT calcula-
tions (Fig. 4).

SB2 ¼ �R

"XN
i¼1

ni
XM
s¼1

Xs;i ln
�
Xs;i

�#
(4)

where Xs,i is the fraction of atoms of element i with the same
magnetic moment, s, normalised to the total number of atoms of
element i and M is the total number of atoms.

Within this study, Xs,i was calculated from the density distri-
bution seen in Fig. 5, discretised into fix-width bins of 0.03 mB
width. Due to the continuous nature of the magnetic moments the
magnetic entropies were logarithmically proportional to the bin
size used. However, the relative change in entropy between A2 and
B2 phases is independent of bin size.

The predicted entropy contributions and threshold tempera-
tures above which the disordered solute clusters become more
favourable than their partially ordered counterparts, can be seen in
Table 2.

The magnetic contribution, to the total entropy, are of relatively
similar magnitudes between the A2 and B2 structures; it is the
configurational entropy that is predicted to have the greatest
impact on phase stability.

The quoted values for Tthr are calculated using the average for-
mation enthalpies of the A2 and B2 structures. By using a combi-
nation of minimum enthalpy of A2 and maximum enthalpy of B2,
and vice-versa, a range in Tthr values are obtained: 524e4228 K,
711e1891 K and 679e1019 K for 0, 50 and 66 at. % Fe, respectively.
For the 0 at. % Fe structures, it is reasonable to assume that this large
degree of uncertainty arises due to the metastability of the BCC
phase and that the threshold temperature is unphysical. For the
structures with 50 and 66 at. % Fe, these results suggest that the B2
type ordering may be stable in the solute clusters at operating
temperatures of the steel components. In experimental terms, it
should be possible to identify such ordering using TEM. However, at
the lower bounds of the estimated Tthr values the kinetics may be
insufficient for ordering to occur.

3.4. In the context of RPV steels

The results within this study suggest that the clustering of Mn,
Ni and Si is thermodynamically favourable in typical low alloy
ferritic steels. However, past literature has shown that, at RPV
operational temperatures, thermal effects alone are insufficient for
clustering, therefore equilibrium, to occur [50]. The roles of neutron
flux, fluence, and subsequently, non-equilibrium defects are not
explored here in depth. Assuming that four conditions are met: (1)
The increase of neutron fluence has the effect of driving the system
to equilibrium, (2) a ratio of Mn:Ni:Si is 6:16:7 is achieved in the
cluster, (3) the cluster reaches a size large enough to overcome an
unfavourable surface energy, and (4) the Fe concentration drops
below 10e18 at. % Fe e precipitation of the G-phase is predicted to
occur. However, the occurrence of these conditions is currently in
contentionwithin the literature. If at least one of these assumptions
are false, it is predicted that the clusters will remain BCC in either
the A2 or B2 form. Transmission electron microscopy and electron
diffraction can be used to identify and differentiate the three
structures (A2, B2 and G-phase) provided the resolution is adequate
and the features are sufficiently large (~2 nm).

The nature of the transition from BCC to G-phase is not known.
However, we have shown that for a BCC packed structure of lattice
matched 6Mn:16Ni:7Si stoichiometry, 12 vacancies in a 128 atom
supercell will allow for a spontaneous reconstruction to the G-
phase structure. The flux experienced by a typical RPV steel in
operation is insufficient to induce a defect concentration of 9.38%;
however, other kinetic processes such as defect and solute migra-
tion may play a role in this transition. Work in this area is ongoing.
4. Conclusions

The enrichment of solute species Mn, Ni and Si is energetically
preferable over the dilute ferrite matrix of a typical low alloy steel.
Below 10e18 at. % Fe, the G-phase is predicted to be more stable
than BCC packing, in agreement with past experimental observa-
tions on duplex stainless steels.

The energy barrier for transformation from BCC packing to G-
phase is expected to exist in the vacancy production and migration
of solute species. When ~10% of vacancies are introduced into the
BCC structure (12 vacancies in a 128-atom supercell), and elemental
site occupancies are lattice matched, the transformation from be-
tween the BCC / G-phase is expected to occur spontaneously.

At 0 K the B2 partial ordering is more energetically favourable
than the A2 configuration at all Fe contents of the solute clusters.
When considering the configurational and magnetic entropy, the
A2 structure will become energetically favourable at composition
specific threshold temperatures. Magnetic entropy is determined to
be significantly less important than configurational entropy in the
order/disorder transition of A2/B2.
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