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• In non-alloyed martensite, applied stress stabilizes twinned or untwinned structures.
• Twinned structures can be tetragonal oblate or orthorhombic with low tetragonality ratio.
• Ni-, Al-alloying disfavors twinning.
• Mn-, Cr-, Re-alloying favors twinning.
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A B S T R A C T
Using first-principles calculations, we investigated the impact of applied stresses and alloying
elements on ferrous martensite nanodomains. In non-alloyed martensite, the procedure revealed
that twinned states can be stabilized depending on applied stresses, leading to several possible
crystallographic structures: body-centered tetragonal (BCT) oblate, body-centered orthorhombic
(BCO), or BCT prolate. In alloyed martensite, we confirmed the experimental data from literature
showing that Al or high Ni addition disfavors crystal twin formation (leading to BCT variants with
high tetragonality ratios), whereas Cr, Mn, or Re addition favors crystal twin formation (leading to
BCO variants with low tetragonality ratios).

1. Introduction
The crystal structure of freshly quenched ferrous marten-

site appears quite controversial in the literature.
In the case of non-alloyed martensite, a majority of

experimental investigations [1, 2, 3, 4, 5, 6, 7] detected a
body centered tetragonal (BCT) prolate host lattice occupied
by iron atoms, with carbon atoms located in octahedral
interstitial sites (o.i.s.). Concerning the distribution of C
atoms in these o.i.s., several mean-field models [8, 9], based
on elasticity theory, conclude to the stability of the so-called
Zener ordering 𝛼′, namely preferential distribution of C on
one among the three o.i.s. Such particular ordering has been
later confirmed by first-principles calculations [10] based on
the Special Quasirandom Structures (SQS) technique [11].

The tetragonality ratio c/a of those non-alloyed BCT
martensites has been fitted as a linear function of C content
by several authors [7]. In this work, we will refer to Kurdju-
mov’s fit [12], where 𝑝 denotes mass percent of C:

𝑐∕𝑎 = 1 + 0.046𝑝 (1)
However, both BCT prolate structure and equation (1)

have been challenged by several sources.
First, in the simplest case of non-alloyed martensite,

orthorhombic crystals with anomalously low 𝑐∕𝑎𝑚 (with
𝑎𝑚 = (𝑎 + 𝑏)∕2) with respect to eq. (1) were detected
by Lysak [13]. On top of that, calculations of Ruban et al.
[14, 15], based on both first-principles and Embedded-Atom
Method calculations, demonstrate the stronger thermody-
namical stability of particular BCT oblate structures, with
respect to Zener ordering.

Second, in the more complex case of alloyed marten-
site, two specific kinds of crystalline anomalies have been
detected.

The first kind of crystalline anomaly, called “𝜅′ marten-
site”, is exactly similar to the one detected by Lysak in non-
alloyed martensite [13]. It corresponds to an orthorhombic
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lattice with abnormally low 𝑐∕𝑎𝑚 with respect to eq. (1), and
has been detected in martensite alloyed with Cr [2], Mn [16],
Re [17], and low Ni content [18].

The second kind of crystalline anomaly corresponds to a
BCT prolate lattice with abnormally high c/a with respect to
eq. (1), and has been detected in martensite alloyed with Al
[19, 20, 21] and high Ni content [22, 23, 24].

Among the numerous investigations attempted to ex-
plain those anomalous tetragonalities [12, 24, 19, 25], start-
ing from X-ray results [26] Kurdjumov and Khachaturyan
[2, 12] demonstrated that a nano-twinning mechanism can
explain the case of anomalously low tetragonalities with
orthorhombicities. Following this hypothesis, we propose a
first-principles investigation involving nano-twinned struc-
tures, in order to provide additional information to shed light
on the link existing between martensite crystallographic
changes and alloying elements.

This work is decomposed as follows. After briefly pre-
senting our first-principles modelling techniques, we first
focus on the case of non-alloyed martensite, by studying the
comparative energetic stability of twinned and non-twinned
configurations under several applied stresses, and associated
crystalline structure. In a second part, we introduce the effect
of alloying elements on host lattice, and evaluate their impact
on twinning and crystalline changes.

2. Computational techniques
First-principles calculations have been performed using

VASP code [27, 28] (in-house version allowing to impose
stresses on cells [10]), with generalized gradient approx-
imation [29], projector augmented wave method [30] and
Perdew-Burke-Ernzerhof exchange-correlation functionals
[31, 32], spin-polarized approximation, 400 eV energy cut-
off, 10−5 eV (resp. 10−4 eV) for electronic self-consistency
(resp. ionic relaxation criterion).

Calculations related to non-alloyed martensite (at 12.5at%C)
were performed on 8× 8× 2 BCT supercells containing 256
Fe atoms, and 32 C atoms located in o.i.s. (associated k-
points representation: 2 × 2 × 8 Monkhorst-Pack scheme
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Figure 1: Supercells used for calculations: interstitial C twinning from 0% to 100% of X-type (left), and two approximations of
alloying on host sublattice, transformation of L12 and DO3 (right). Color code: grey (resp. blue) for Fe (resp. alloying element),
red (resp. green) for C located in X-type (resp. Y-type) o.i.s., dashed purple for twin interfaces. For each supercell, the coordinates
file is given as supplemental material.

[33]). Concerning the carbon distribution on those o.i.s.,
we assumed the 𝛼” distribution [34] (I4/mmm) as a rough
approximation of Zener ordering 𝛼’. Such 𝛼” distribution,
corresponding to a particular case of Zener ordering 𝛼’, has
been determined as the lowest energy distribution by DFT
calculations [35], and suggested to form during spinodal
decomposition using atom probe tomography [36]. What is
more, choosing this 𝛼” distribution allows to avoid the time-
consuming calculations on several sets of SQS necessary to
represent the usual 𝛼’ [10].

The nanodomains we considered are nanotwins with var-
ious proportions but same wavelength. Five different carbon
distributions were studied (see Fig. 1, left): (i) two non-
twinned distributions, namely 𝛼” ordering in X-type o.i.s.
and 𝛼” ordering in Y-type o.i.s., (ii) three (110) twinned
distributions, corresponding to 25% (resp. 75%) of C in X-
type (resp. Y-type) o.i.s., 50% (resp. 50%) of C in X-type
(resp. Y-type) o.i.s., and 75% (resp. 25%) of C in X-type
(resp. Y-type) o.i.s.

In order to treat the case of alloyed martensite, we have
approximated the 25at%M alloying case for M=Al, Ni, Cr,
Mn, Re, using two different M-Fe ordered distributions on
the host lattice (Fig. 1, right): (i) a BCT ordered repartition
corresponding to L12 perovskite after Bain transformation
(see Ref. [37, 19]), (ii) a DO3 ordered repartition.

3. Results for non-alloyed martensite
We have computed the formation enthalpy of each of

the five non-alloyed configurations of Fig. 1 left , taking for
reference the non-twinned distribution with 100% of C in
X-type o.i.s., using the following equation:

Δ𝐻 = Δ𝑈 − 𝑉 𝝈 ⋅ Δ𝜺

wherein 𝑈 denotes the internal energy, 𝑉 the volume of the
stress-free carbon-free crystal, 𝝈 (resp. 𝜺) the stress (resp.
strain) tensor.

We imposed a shear stress on our structures, with several
amplitudes (0GPa < 𝜎𝑌 𝑌 = −𝜎𝑋𝑋 < 0.5GPa), and also
a pure tension 𝜎𝑌 𝑌 = 1.0GPa and a pure compression
𝜎𝑌 𝑌 = −1.0GPa along (Oy). Those results, presented on
Fig. 2, allow us to draw the following conclusions.

Under weak shear stress (amplitude lower than 0.075GPa),
twinning stabilizes the structure. In this case, the most

stable variant is the “50% of C in X-type o.i.s.”, with BCT
oblate crystalline structure. Such result agrees with Ruban’s
calculations [14, 15], stabilizing a BCT oblate structure.

Under “moderate” shear stress (amplitude between 0.075GPa
and 0.225GPa), the minimum of enthalpy corresponds to the
“25% of C in X-type o.i.s.” twinned variant, whose crystal
structure is orthorhombic with low 𝑐∕𝑎𝑚, in coherence with
measurements from [13].

Finally, under “strong” shear stress (amplitude higher
than 0.225GPa), the non-twinned variant “0% of C in X-type
o.i.s.” is the most stable structure, which is consistent with
the aforementioned sources [1, 2, 3, 4, 5, 6, 7] claiming the
stability of BCT prolate martensite, with Zener ordering.

Moreover, being conscious that, in steels, freshly formed
martensite undergoes several kinds of external stresses, our
computational results from Fig. 2 left can partially ex-
plain why experimentalists generally observe, without al-
loying elements, BCT prolate with Zener ordering, or or-
thorhombic with low 𝑐∕𝑎𝑚 martensite, rather than BCT
oblate martensite, which is yet numerically stabilized as
particular/twinned superlattices.

Such changes of stabilities induced by shear stress are
linked to the fact that tensile (resp. compressive) stress
favors full Zener ordering along traction (resp. orthogonal to
compression) direction, which can be seen on Fig. 2, right,
in coherence with Ref. [10, 38]. On top of that, one can
notice the graphical superposition between shearing 𝜎𝑌 𝑌 =
−𝜎𝑋𝑋 = 0.5GPa and pure tension 𝜎𝑌 𝑌 = 1GPa (resp.
shearing 𝜎𝑌 𝑌 = −𝜎𝑋𝑋 = −0.5GPa and pure compression
𝜎𝑌 𝑌 = −1GPa), enhancing the preponderance of 𝜎𝑌 𝑌 −𝜎𝑋𝑋deviatoric part of stress tensor.

Although the previous results are based on a specific
carbon distribution in o.i.s. (𝛼”), its validity can be gener-
alized, since the 𝛼” distribution is a particular case (lowest-
energy distribution [35]) of the more general 𝛼’ one. By
replacing the set of 𝛼” twinned and non-twinned ordered
variants of Fig. 1 by several sets of 𝛼’ twinned and non-
twinned disordered SQS [10], one can reach, after averaging,
the same stability results presented on Fig. 2, provided that
the number of SQS is sufficient.
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Figure 2: Crystal twin formation enthalpy in non-alloyed martensite (reference: 0%X variant taken under same stress). Left: under
shear stress (color code denotes, for each plot, the minimum enthalpy: red for BCT oblate 50%X variant, blue for orthorhombic
25%X variant, and green for BCT prolate 0%X variant). Right: under shear, tensile and compressive stress.

Figure 3: Crystal twin formation enthalpy for alloyed martensite (reference: 0%X variant taken under same stress). Left: under
zero stress. Center (resp. right): case of Mn-alloyed (resp. Al-alloyed) martensite, under imposed shear stress.

4. Results for alloyed martensite
We have computed, at zero stress, the formation enthalpy

of each configuration of Fig. 1, in the alloyed case. For that,
we have changed the iron host lattice by a Fe-M host lattice
at 25at%M, using two kinds of approximations to represent
alloying (cf. Section 2).

The results, presented on Fig. 3, left, allow us to split the
alloying elements in two categories, depending on formation
enthalpy sign: Mn, Cr, or Re addition energetically favors
twinning, whereas Al or Ni addition energetically disfavors
twinning (strongly for Al, and slightly for Ni). An important
point is the fact that both ordered host lattices (L12+Bain
and DO3) lead to the same dichotomy (Al, Ni on the one side,
and Cr, Mn, Re on the other side), despite their strong sym-
metry difference (in carbon-free case, L12+Bain is BCT, and
DO3, BCC). Therefore, we can assume that the classification
“Al, Ni versus Cr, Mn, Re” does not depend on host lattice
symmetry or ordering, and is thus valid for any other alloying
element distribution on host lattice.

Moreover, if one applies a shear stress on those alloyed
martensite structures, two situations can occur depending
on the alloying element employed: (i) for Mn-, Cr- or Re-
alloyed martensite, the crystallographic behavior is the same

than non-alloyed martensite (cf. Fig. 3, center), namely
BCT oblate structure under weak stress, orthorhombic with
low 𝑐∕𝑎𝑚 under moderate stress, and BCT prolate under
strong stress, (ii) for Al- and Ni-alloyed martensite, the most
stable structure remains the BCT prolate one without twins,
whatever the amplitude of imposed shear stress (cf. Fig. 3,
right).

Such dichotomy (non-alloyed, Mn, Cr, Re versus Al and
Ni) matches very well the experimental observations from
literature. On the one hand, the orthorhombic lattice with
low 𝑐∕𝑎𝑚 detected in non-alloyed, Mn-, Cr- and Re-alloyed
martensite results from presence of twins. On the other hand,
the BCT prolate lattice detected in Al- and high-Ni- alloyed
crystals is caused by the absence of twins, and the associated
abnormally high c/a results from the host lattice softening
induced by alloying elements [35]. Moreover, in the specific
case of Ni, the slight tendency to disfavor twinning appear-
ing on Fig. 3 left coincides with the ambivalent observations
on Ni-alloyed martensite depending on Ni concentration:
tendency to form orthorhombic structures with low 𝑐∕𝑎𝑚 at
low at%Ni [18] (situation close to the non-alloyed red plot on
Fig. 3 left), versus tendency to form BCT prolate structures
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with high c/a at high at%Ni [22, 23, 24] (situation close to
the 25at%Ni-alloyed orange plots on Fig. 3 left).

5. Conclusion
Using first-principles calculations, we have compared

the thermodynamic stabilities of twinned martensite struc-
tures with respect to non-twinned ones.

In the non-alloyed case, we have managed to reconciliate
the controversial data from literature concerning non-alloyed
martensite crystalline changes. Because of twinning, the
theoretical most stable structure at zero stress appears to be
BCT oblate, in coherence with Ruban’s calculations [14, 15].
However, since freshly formed martensite undergoes several
kinds of stresses, experimentalists almost always observe
BCT prolate structures with Zener ordering [1, 2, 3, 4, 5, 6,
7], that are most stable under strong applied stresses which
disfavor twinning. Nethertheless, in some cases where the
applied stresses are moderate, some twinned orthorhombic
structures with low 𝑐∕𝑎𝑚 can be detected [13].

In the alloyed case, we explained the two kinds of
crystalline anomalies found in literature [12] and confirm
their twinning origin. On the one side, Mn-, Cr-, and Re-
alloying favors twinning, leading, under applied stresses, to
orthorhombic structures with low 𝑐∕𝑎𝑚 ratios. On the other
side, Ni- and Al-alloying disfavors twinning whatever the
applied stress, leading to BCT prolate structures with high
c/a ratios.
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