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• Structural parameters of FCC, HCP and
BCC phases of Fe-Mn-Cr alloys were
measured in an extended chemical
composition range.

• Mnadditions tend to increase lattice pa-
rameters in these alloys.

• Volume changes of FCC/HCP transfor-
mation decrease as Cr content increases.

• The strain energy barrier to the FCC-HCP
martensitic transformation decreases as
Cr content increases.
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Fe-Mn-based alloys show the shapememory effect which is mainly related to the FCC-HCPmartensitic transfor-
mation. Cr is one of the additional elements which improve the properties of these alloys. In the present work
structural data are obtained for the FCC austenite, and both martensitic structures, HCP and BCC, for an extended
composition range where the FCC-HCP transition takes place. Lattice parameters are determined by X-Ray dif-
fraction measurements performed at room temperature. The volume change between the austenite and each
martensitic structure plays a significant role on relevant properties formartensitic transformations, like the strain
energy associated to the transition. The effect of Mn and Cr on lattice parameters and volume change between
FCC and HCP is determined andmodeling of the data is presented. This result allows estimating the strain energy
associated to the phase change. By using this information, the strain energy contribution to the balance of energy
for the HCP nucleation is discussed. The addition of Cr decreases the volume change between FCC and HCP for
contents larger than 12 wt% Cr which leads to a decrease of the strain energy. Both effects favor an increased
shape memory effect associated to the FCC-HCP martensitic transition.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Fe-Mn-based alloys are attractive due to the shape memory effect
(SME). In these alloys the SME is related to the FCC-HCP martensitic
transformation. The SME has been optimized in Fe-Mn-Si-Cr-Ni alloys
where a fully reversible 8% deformation has been obtained [1]. This
property in addition to the low nominal cost of these steels makes
them promising candidates for technological applications [2,3]. Large
recovery strains have been reported in Fe-Mn-based alloys containing
multiple elements. However, there is a lack of knowledge on the effect
of each element on structural and functional properties.
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Cr, in particular, is an element usually added to obtain oxidation and
corrosion resistance [4–6]. Previous reports indicate that Cr could also
affect the stacking fault energy of Fe-Mn-based alloys in a different
way than other additions like Si or Co [6]. This is important because
the SME of Fe-Mn-Cr alloys is associated to the stacking fault energy
of this system [7,8].

Considering the Fe-Mn rich corner of the Fe-Mn-Cr phase diagram
[9,10] and depending on the chemical composition, three phases are
mainly present in quenched alloys: an austenitic phasewith a FCC struc-
ture (γ), a martensitic phase with a HCP structure (ε) and a martensitic
phase with a BCC structure (α′) [11–15]. Quenched alloys containing
over 13 wt% of Cr might contain the Fe-Cr σ phase [9,16]. The martens-
itic transformation temperatures in this alloy system depend on the
chemical composition and on the thermomechanical history of the ma-
terial [7,15,17].

The relevance of the FCC-HCP martensitic transformation on the
properties of Fe-Mn-Cr alloys is not limited to the shape memory effect.
Fe-Mn-Cr-based alloys display transformation induced plasticity (TRIP)
[13] and twinning induced plasticity (TWIP) [18–20] which provide
them outstanding formability. Fe-Mn-Cr alloys were also proposed as
cryogenic steels [21–23] and as structural Ni-free stainless steels [11,
12,21,24–26]. In the case of cryogenic applications it is convenient to in-
hibit the martensitic transformation thus retaining the austenite down
to very low temperatures. This requires the comprehension of the role
played by each element on the relative phase stability among the struc-
tures potentially present.

One of the main obstacles to precisely determine the effect of each
component of the alloys on materials properties is that most of previ-
ously published studies involve either commercial grade steels or Fe-
Mn-Cr steels containing C, N, Si and/or additional elements [11–13,
20–24,26–33]. In comparison, not much work has been reported on
the pure Fe-Mn-Cr ternary system. In a previous work, present authors
reported the effect of Cr on the FCC-HCP martensitic transformation
temperatures and on the Néel transition temperature of the FCC struc-
ture [15]. The analysis of the FCC-HCP transformation requires a precise
knowledge of the magnetic ordering temperatures since the para-
antiferromagnetic transition of the FCC structure strongly stabilizes
this phase altering the Gibbs free energy change between FCC and
HCP structures [34].

One of the most relevant properties concerning martensitic phase
transformations is the volume change between the involved phases.
Diffusion-less phase transformations involving large volume changes,
as it is the case here, require the introduction of plastic deformation in
the material in order to accommodate the associated distortion. This
plastic deformation directly affects the reversibility of the involved
shape changes, promoting or inhibiting the SME. It also plays a promi-
nent role in materials designed to obtain the TRIP or TWIP effects. In
fact, if the volume change were strongly reduced, the possibility of
attaining a degree of thermoelasticity and pseudoelasticity could be in-
creased, as it is known to occur in Cu- and NiTi-based alloys [35–38].
Very small volume changes are key to get pseudoelastic properties in
Fe-Mn-Al-Ni alloys, as it has been recently reported [39,40], this finding
has been extremely noticeable and relevant [41–46]. One of the pur-
poses of the present work is to evaluate the effect of composition on
the volume change in the Fe-Mn-Cr system in the composition range
where the FCC-HCP and reverse transitions take place. To accomplish
this aim, precisemeasurements of the lattice parameters of the involved
structures are required.

Structural information about BCC, FCC andHCP phases in the Fe-Mn-
Cr system is scarce. There is some information about the lattice param-
eters of these phases but, in most cases, the studies have been per-
formed on low purity alloys or on alloys where appreciable quantities
of additional elements have been added on purpose [32]. As far as we
know, the only experimental information on the lattice parameters of
the FCC phase of Fe-Mn-Cr alloys is included in a work by Reeh et al.
where thin films with different compositions were prepared by
combinatorial sputtering method [47], and in an extended study from
Rawers [32]. Data from Reeh comprise an array of alloys with about
29%Mn and 4% to 6% Cr where the austenite lattice parameter is almost
constant (aFCC ≈ 0.36 nm). Rawers' data include 5 alloys containing
from 14.6 wt% Mn to 24.5 wt% Mn and from 14.3 wt% Cr to 16.4 wt%
Cr, obtaining similar FCC lattice parameters, although a tendency to in-
crease the lattice parameter with the increment of Mn amount is ob-
served. In addition, Tamarat et al. informed the lattice parameter of
the BCC phase for a single alloy containing 14.1% Mn and 12.4% Cr
(aBCC = 0.286 nm) [48].

As it was stated before, the volume change directly affects the strain
energy involved in the FCC-HCP transformation. It is necessary to have
information about this magnitude for the analysis of the nucleation of
the HCP phase. According to the widely used model from Olson and
Cohen, a stacking fault formed by the dissociation of a perfect disloca-
tion in FCC, which has a stacking sequence corresponding to the basal
plane of the HCP structure, becomes an HCP embryo [49]. When the
driving force for the transformation is large enough to compensate the
required strain energy and the surface energy, the embryo becomes
an HCP nucleus and it can grow, enabling the transformation. This
model has been widely applied to analyze this kind of transformation
in a variety of systems. It is remarkable that the mentioned energetic
barriers, i.e. the strain energy and the surface energy are enough to un-
derstand themechanism of nucleation and growth of the HCP structure
in a FCCmatrix [49,50]. Considering Fe-Mn-Cr alloys, there is no system-
atic and sufficient available data on the lattice parameters which could
be used to estimate the effect of Cr on the volume change associated
to the martensitic transformations and the strain energy.

In view of these problems, we have performed systematic X-Ray dif-
fraction (XRD) experiments in order to measure the lattice parameters
of Fe-Mn-Cr alloys in a wide composition range where the FCC/HCP
transformation takes place. With these data, volume changes are ob-
tained, the strain energy is calculated and its magnitude compared
with Gibbs free energy changes reported in the literature.

2. Experimental procedure

Seventeen Fe-Mn-Cr alloys have been prepared for the present
work. The alloys were arc melted starting with pure metals (purity
99.98 Fe, 99.9Mn and 99.9 Cr). Each alloywasmelted and turned upside
down several times under Ar atmosphere and buttons of approximately
15 g were obtained. The resulting alloys were homogenized by a heat-
treatment in quartz capsules under Ar atmosphere for 48 h at 1273 K
and water quenched by breaking the capsules. The chemical composi-
tion of each alloy was determined by the neutron activation technique
in the RA-6 experimental nuclear reactor at Centro Atómico Bariloche
[34]. The resulting compositions are summarized in Table 1.

Considering the Fe-Mn system as a starting point, Mn contents of
these alloys include most of the compositions where the HCP structure
can be thermally induced. The alloywith the lowestMn content (Alloy 1
containing 13.7 wt% Mn) corresponds to a composition where only the
BCC martensite is found in the Fe-Mn system. On the other end of the
Table, alloys with the highest Mn contents (Alloys 16 and 17) corre-
spond to those cases where the magnetic ordering of the FCC structure
occurs at temperatures higher than that of the martensitic transforma-
tion in the Fe-Mn system. The selected Cr composition range, from
2.1 wt% up to 12.4 wt% allows the formation of thermally induced HCP
martensite as it was previously reported [15].

Metallographic observations were performed on the samples. Aus-
tenite grain sizes were determined by applying the intercept linemeth-
od to the micrographs, following the procedure described in the ASTM
E112-12 standard.

XRD specimens were cut from the quenched buttons using a spark
erosion machine. The samples of approximately 1 mm × 4 mm
× 12mmwere polished using 600 and 1200 grit emery papers, individ-
ually encapsulated into quartz tubes under Ar atmosphere, annealed for



Table 1
Alloy denomination, measured chemical composition, measured lattice parameters and goodness of fit factor for all studied Fe-Mn-Cr alloys. The BCC phase could not be detected by XRD
means in those samples where a lattice parameter for this phase is not informed.

Alloy wt% Mn (±0.4%) wt% Cr (±0.1%) aFCC(Å) aHCP(Å) cHCP(Å) aBCC(Å) R (%)

1 13.7 2.6 3.588 ± 0.002 2.5325 ± 0.0003 4.0820 ± 0.0007 2.8759 ± 0.0008 3.50
2 16.7 10.4 3.5973 ± 0.0009 2.538 ± 0.001 4.099 ± 0.001 2.877 ± 0.002 4.37
3 17.1 11.9 3.601 ± 0.001 2.5415 ± 0.0001 4.105 ± 0.002 8.91
4 17.3 6.1 3.595 ± 0.002 2.535 ± 0.001 4.094 ± 0.003 2.875 ± 0.0007 4.80
5 17.9 2.8 3.592 ± 0.001 2.5339 ± 0.0007 4.087 ± 0.002 5.88
6 19.1 10.1 3.598 ± 0.002 2.5395 ± 0.0008 4.104 ± 0.002 2.877 ± 0.002 5.57
7 19.6 12.1 3.603 ± 0.003 2.5436 ± 0.0006 4.108 ± 0.001 2.880 ± 0.003 5.13
8 19.8 10.2 3.599 ± 0.002 2.5400 ± 0.0008 4.1034 ± 0.0006 4.81
9 20 6.2 3.5965 ± 0.0006 2.5365 ± 0.0006 4.098 ± 0.001 5.64
10 20.7 2.7 3.596 ± 0.002 2.536 ± 0.002 4.091 ± 0.002 6.38
11 21 12.4 3.605 ± 0.002 2.5440 ± 0.0005 4.109 ± 0.001 6.08
12 22.9 10.7 3.602 ± 0.003 2.542 ± 0.002 4.106 ± 0.003 5.69
13 24.3 10.1 3.605 ± 0.001 2.5433 ± 0.0007 4.1102 ± 0.0005 7.55
14 24.7 2.1 3.601 ± 0.002 2.537 ± 0.002 4.093 ± 0.003 6.67
15 24.9 6 3.602 ± 0.002 2.5388 ± 0.0005 4.101 ± 0.001 5.47
16 27.1 12.3 3.610 ± 0.003 2.5480 ± 0.0009 4.118 ± 0.002 4.81
17 27.5 6.1 3.605 ± 0.001 2.540 ± 0.002 4.105 ± 0.005 6.65
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1 h at 1273 K and water quenched by breaking the capsules. Before the
measurements all samples were chemically polished with a solution of
90 vol% H2O2 – 5 vol% HF – 5 vol% HNO3 for about 40 s in order to re-
move any surface deformations produced by the sample preparation
method.

XRD measurements have been performed at 295 K (room tempera-
ture), using a Bruker D8 Advance X-ray diffractometer with a synchro-
nous rotation holder. The diffractometer is equipped with a Cu anode,
a fast counting detector based on Silicon strip technology (Bruker
Lynx Eye line detector) and a Ni filter. It was operated with a current
of 40 mA and a voltage of 40 kV and the selected slit size was 1 mm to
take full advantage of the line detector. The martensitic transformation
temperatures of each sample were measured previously, as reported in
Ref. [15]. In this way, by cooling or heating the samples, the phases FCC
and HCP were obtained at room temperature in all X-Ray
measurements.
3. Results and discussion

3.1. Alloys microstructure

An example of the observed microstructures is presented in Fig. 1.
The HCP martensite appears as straight lines or plates (Fig. 1a and b),
while the BCC phase (when present) appears in the form of needles
(Fig. 1b). The alloys presented relatively large austenitic grain sizes
from 100 μm up to 1 mm.
Fig. 1. a) Optical micrograph corresponding to Alloy 2. The matrix is FCC and the HCP
martensite appears as straight lines (indicated with pink double arrow). b) Enlarged
view of the same sample. BCC needles (indicated with yellow single arrow) can be seen
in areas between HCP. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
3.2. XRD results

A typical X-ray pattern obtained is shown in Fig. 2a, in this case cor-
responding to Alloy 2. Three phases were present in the sample (FCC,
HCP and BCC). Peaks corresponding to different phases can be very
close to each other or superposed (Fig. 2b and c). Peak intensities are
also affected bypreferential orientation andby the grain size of the sam-
ples. A full pattern refinement has been performed where all phases
were fitted simultaneously.

The resulting lattice parameters for the phases of each alloy are pre-
sented in Table 1, together with the corresponding uncertainties and
goodness of the refining factors (R-factors) [51]. In all cases R-factors
are below10%. This result can be taken as an indication of the good qual-
ity of the refinementmethod and lends support to the reliability of pres-
ent experimental results. In order to analyze the results, it is convenient
to separate the BCC phase from the results obtained for FCC and HCP
phases.
3.2.1. BCC phase
The BCC martensitic phase has been detected in 5 of the studied

compositions (Alloys 1, 2, 4, 6 and 7). The measured values for the lat-
tice constant aBCC display a slight variation with composition. This be-
havior and the absolute values found for aBCC are consistent with
previous findings in the Fe-Mn system for alloys containing between



Fig. 2. a) XRD pattern measured for Alloy 2 (blue dots). Three phases are present: FCC, HCP and BCC. The black line corresponds to the data fit and the lower green line plot shows the
differences between measured and fitted values. b) Detail of the 40° to 52° area of the pattern shown in a). Individual peaks corresponding to the three structures are close but can be
well defined. c) Enlarged view of the area between 89° and 95° showing close or superposing peaks corresponding to different structures. A refinement method that accounts for all
three phases at once is necessary to obtain meaningful data on the lattice parameters of these structures. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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13 wt% Mn and 20 wt% Mn [52]. In particular, considering the values
measured for Alloys 1 and 2, it can be concluded that Cr does not
cause a large effect on the lattice parameter of the BCC phase.

3.2.2. FCC and HCP phases
In order to rationalize the results presented in Table 1 for the FCC

andHCP phases it is useful to group the alloys according to their approx-
imate Cr orMn contents. In terms of similar Cr contents, the samples can
be associated in four groups: 2.5wt% Cr (Alloys 1, 5, 10 and 14), 6wt% Cr
(Alloys 4, 9, 15 and 17), 10 wt% Cr (Alloys 2, 6, 8, 12, 13) and 12 wt% Cr
(Alloys 3, 7, 11 and 16). Fig. 3 displays the results obtained for the lattice
constants of the FCC (Fig. 3a) and HCP (Fig. 3b and c) phases in terms of
these groups. In all cases, the lattice parameters increase with the incre-
ment of Mn content. This finding is in line with similar tendencies re-
ported by Rawers [32] for Fe-Mn-Cr alloys. In addition, it is consistent
with results reported for the Fe-Mn binary system [52,53] and ternary
alloys like Fe-Mn-Co [54].

As it can be seen in Fig. 3, the variations can be approximated by lin-
ear functions (Eq. (1)). There, C1, C3 and C5 are the linear coefficients and
C2, C4 and C6 the y-intercepts, respectively. Full lines in Fig. 3 show the
results of these linear approximations for each parameter and each
group of alloys.

aFCC Å
� � ¼ C1 � wt%Mnð Þ þ C2

aHCP Å
� � ¼ C3 � wt%Mnð Þ þ C4

cHCP Å
� � ¼ C5 � wt%Mnð Þ þ C6

8><
>: ð1Þ

As it can be observed in Fig. 3, although the lattice parameters vari-
ations can be well described by a linear function in all cases, fitted lines
differ in slope and value of intercept. These differences imply that Ci
values actually depend on the Cr content of the alloy. By plotting the dif-
ferent Ci values as a function of Cr content, we found that the depen-
dence can be approximated by quadratic functions in all cases.
Examples are shown in Fig. 4, C1 (Fig. 4a) and C2 (Fig. 4b), corresponding
to the FCC phase, are plotted versus Cr content, being the units of C1, C3
and C5, [Ǻ/wt%] and those of C2, C4 and C6, [Ǻ].

The figure includes points corresponding to the FCC phase of the bi-
nary Fe-Mn system (i.e., 0 wt% Cr) which are shown as open symbols
andwere calculated from results reported in Ref. [52]. Then, a quadratic
fit was performed on each Ci set of points using the expression shown in
Eq. (2), where di are the quadratic coefficients, ei the linear coefficients
and fi the y-intercepts, respectively.

Ci ¼ di � wt%Crð Þ2 þ ei � wt%Crð Þ þ fi ð2Þ

The results of quadratic fits for C1 and C2 are displayed as full lines in
Fig. 4a and b, respectively, while the values obtained for the complete
set of parameters are presented in Table 2.

Now, the results presented in Table 2 can be combined with
Eqs. (1) and (2) to analyze the variations of lattice parameters as a func-
tion of Cr for different contents of Mn. The results are plotted in Fig. 5a
(FCC), Fig. 5b and c (HCP) as dashed lines for four different amounts ofMn.

Experimental values were included in the same graphs as solid sym-
bols. The agreement between calculated lines and experimental values
is remarkably good. Moreover, the extrapolation of the calculated lines
to the Fe-Mn binary system closely match the results reported by
Marinelli et al. [52,53]. This close agreement can be taken as a validation
of the grouping procedure in terms of approximate Cr content and Mn
content applied to the set of studied samples.

In the case of the lattice parameter of FCC, Cr additions do not show a
large effect up to contents of about 5 wt%. Afterwards, further Cr



Fig. 3.Dependence of the lattice parameters as a function of theMncontent for different Cr
contents. a) FCC phase lattice constant. b) and c) HCP lattice constants. The values
obtained in the present work are shown in symbols, while the solid lines represent
linear fits of the data following Eq. (1).

Fig. 4. Linear coefficient parameters C1 and C2, corresponding to the FCC phase, as a
function of the Cr content. a) Parameter C1 (circles), the open circle symbol was
calculated from results reported in Ref. [52] for the binary Fe-Mn system. Full line
corresponds to a quadratic fit performed using Eq. (2). b) Idem for C2 parameters. Units
of C1 and C2 are [Å/wt%] and [Å], respectively.

Table 2
Results of the quadratic fittings of Ci parameters as a function of the Cr content (Eq. (2)).

Lattice
constant

Linear fit parameters
(as function of Mn)

Quadratic fit parameters (as function of Cr)

dN
[10−7(Ǻ/wt%)3]

eN
[10−5(Ǻ/wt%)2]

fN [(Ǻ/wt%)]

aFCC C1 −7.84 −1.43 1.202×10−3

C2/(wt%) 799.5 24.91 3.5703
aHCP C3 87.11 −11.08 7.817×10−4

C4/(wt%) −1077.6 215.971 2.5189
cHCP C5 70.63 −6.97 1.120×10−3

C6/(wt%) −811.8 240.158 4.064
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additions result in a monotonous increase of the lattice parameter. The
behavior of HCP lattice parameters is more complex.While cHCP param-
eters consistently increasewith the increment of Cr amount in the alloy,
the behavior of aHCP parameters depend on theMn content. Alloys with
Mn concentrations of 25 wt% and 27 wt% show a minimum in aHCP at
about 4 wt% Cr. On the other hand, for alloys with smaller Mn contents
aHCP monotonously increases as the Cr content increases. A similar be-
havior is observed for cHCP in the studied compositions.

The expressions found for the lattice parameters variation as a func-
tion of the amounts of Mn and Cr can be used to analyze structural as-
pects of these phases and characteristics of the martensitic
transformation that takes place between them. Fig. 6 presents the calcu-
lated c/a relationship for the HCP phase of Fe-Mn-Cr alloys as a function
of Mn for different Cr contents. First, it can be noticed that for each con-
sidered amount of Cr, c/a values present a slight variation with the



Fig. 5. Calculated variations of the lattice parameters of Fe-Mn-Cr alloys as a function of the
Cr content for different amounts of Mn (dashed lines). In each case, experimental values
have been included as solid symbols. Cross-shaped symbols correspond to values
reported by Marinelli et al. for the Fe-Mn system [52,53]. a) Lattice parameter of the FCC
phase. b) and c) Lattice parameters of the HCP phase.

Fig. 6. c/a relationship for the Fe-Mn-Cr alloysHCP phase as a function ofMn for various Cr
amounts.
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amount of Mn, in line with similar findings in the Fe-Mn system [53]. In
all cases c/a values are below than the value 1.633, corresponding to the
ideal packing of hard spheres. The addition of Cr tends to increase the c/
a relationship towards the ideal value, although it remains significantly
lower even for the highest amount of Cr considered.
3.3. FCC/HCP relative volume difference

The observed variations in the lattice parameters of FCC and HCP
phases can be analyzed from the point of view of the relative volume
difference per atom, which could affect the martensitic transformation
between these phases. The relative volume difference per atom be-
tween these phases is defined as:

dV

V
¼ VFCC

at −VHCP
at

VFCC
at

� 100; ð3Þ

where Vat
FCC and Vat

HCP are the volume per atom of the FCC and HCP
phases, respectively. Fig. 7a presents the variation of the relative volume
difference as a function of Mn for various Cr contents. Dashed lines cor-
respond to the result of volume changes calculated using Eqs. (1) and
(2)while thedots correspond to values obtained from themeasured lat-
tice parameters. In all cases, the relative volume change as defined in
Eq. 3, is positive, i.e., the material shows a volume contraction during
the martensitic γ-ε transition. Alloys with 2.5 wt% Cr and 6 wt% Cr
show a tendency to increase the relative volume change as the Mn con-
tent increases. This tendency changes with the increment in Cr content
(Fig. 7b). In particular, the calculated volume change for alloys contain-
ing 12wt% Cr displays a tendency to decreasewith the increment inMn
content. This decrease of the volume changewith the increment of Cr in
the alloys, as shown in Fig. 7b, opens interesting possibilities from the
alloy design perspective.

As it was mentioned before, in all the studied cases the volume per
atom is larger in the FCC phase than in the HCP phase. A question re-
mains on whether the FCC/HCP volume change is isotropic or not. As a
way to approach this question we can use the expressions found for
the variations of lattice parameters in terms of the amount of Mn and
Cr (Eqs. (1) and (2)) to calculate the interatomic distances and the
close-packed interplanar distance in each structure. Fig. 8a shows the
relation between the interatomic distance in HCP (aHCP) and FCC as a
function of Mn content for different Cr levels. In the former structure,
it directly corresponds to the lattice parameter aHCP while in the FCC
phase, the nearest neighbors are located in the [110] direction (d110).
Values are below 1, indicating that atoms are closer in the HCP phase.
Likewise, the relation between the close-packed interatomic distances
can be calculated. In this case, we compared the HCP lattice parameter
cHCP which comprises 2 close-packed planes, with the corresponding
distance in the [111] direction of FCC (2 d111). The result is presented
in Fig. 8b as a function of Mn. Once again, values are below 1 indicating
that these planes are closer to each other in HCP than in FCC. The



Fig. 7. Relative volume difference (in percent) between theHCP and the FCC parent phase,
as defined in Eq. (3). Dotted lines correspond to calculated values and solid dots to present
experimental measurements. a) As a function of Mn content for various amounts of Cr.
b) As a function of Cr content for various amounts of Mn.

Fig. 8. a) Relation between the interatomic distances of the HCP (aHCP) and FCC (d110)
phases as a function of Mn for different Cr contents. b) Relation between the close-
packed interatomic distances of the HCP (cHCP) and FCC (2 d111) phases as a function of
Mn for different Cr contents.
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reduction in the direction perpendicular to the close-packed planes is
stronger than that occurring in the densest atomic direction. Then, it is
the former contribution the main responsible for the observed volume
change. Considering these findings and the results for c/a presented in
Fig. 6, we observe that atoms bonds are stronger in HCP. This could in-
dicate that there is a degree of covalent bonding between the metallic
species of the alloy. A practical implication of these results is that a
harder, more resistant HCP martensite can be expected in this system.

3.4. FCC/HCP strain energy

In 1976 Olson and Cohen presented a model which has been widely
used to describe the nucleation of the HCP martensitic structure inside
an FCC phase [49]. This model is mainly based on an energy balance
which takes place when an embryo of martensite formed by n atomic
planes reaches the critical size becoming a nucleus: the driving force
of the transformation usually defined as a positive value of theGibbs en-
ergy difference between the FCC and HCP structures (ΔGm

FCC−HCP de-
fined as Gm

HCP−Gm
FCC) must reach the energetic barriers of the

transformation given by the strain energy (Emst) and the surface energy
(Emsur).

τ nð Þ ¼ nρ ΔGFCC−HCP
m þ Est

m

� �
þ Esur

m ð4Þ
Eq. (4) describes the balance of energy, where τ(n) is the energy
change corresponding to an HCP nucleus, which depends on the num-
ber of planes (n), being ρ the atomic density in a compact plane in
moles per unit area. This atomic density can be obtained by using the
following equation:

ρ ¼ 4ffiffiffi
3

p
� NA � aFCCð Þ2

mol=m2� � ð5Þ

Eq. (4) could be used to obtain the stacking fault energy (SFE) by con-
sidering only the first two planes which form the fault, i.e., SFE= τwhen
n=2. On the other hand, it is also possible to calculate the critical size of
the HCP nucleus, whichwould correspond to the n valuewhere τ(n)=0.

The mentioned analysis has been used to describe nucleation in the
FCC-HCP transformation in different alloys by several researchers. For
example, this approach has been used in a recent paper on Fe-Mn
[55], works on ternary Fe-Mn-Si [50,56] and a new study on Fe-Mn al-
loys [57]. Concerning Eq. (4), different methods have been suggested
to obtain the driving force of the transformation. A usual approach con-
sists in modeling the Gibbs energy of each phase using thermodynamic
analysis, although this methods lead to a relatively large range of values
in similar alloys [50,57]. The surface energy can be modeled in a rela-
tively easy way and values close to 20 mJ/m2 have been obtained [50].
The strain energy term requires the analysis of the micromechanics as-
sociated to the nucleation and the use of the linear elasticity theory to
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estimate it. In what follows it will be shown how the knowledge of pre-
cise values of the lattice parameters of each phase and the volume
change between them can be used to estimate the elastic strain energy
term. A similar analysis has been used in Ref. [50] to determine the
strain energy term in Fe-Mn alloys. In that case, the strain energy ac-
counts for the 20% of the involved driving force at themartensitic trans-
formation temperature. Therefore, evaluating the strain energy is
relevant in order to analyze the nucleation of the HCP martensite.

Following the same procedure used in [50], it is possible to estimate
the strain energy based on the linear elastic theory and considering the
nucleation of a coherent plate in an isotropic medium. This estimation
sums up two contributions, an energy term associated to a dilatational
component Emdil and a shear component Emsh [50]:

Est
m ¼ Edil

m þ Esh
m ð6Þ

In particular, the dilatational componentmainly depends on the vol-
ume change between FCC andHCP (ΔVm) relative to thematrix volume
(VmFCC), and also on the elastic constants, i.e., the shear modulus (μ) and
the Poisson coefficient ν as shown in Eq. (7) [50]:

Edil
m ¼ 2 1−νð Þ

9 1þ νð Þ � μ � VFCC
m

ΔVm

VFCC
m

 !2

ð7Þ

The shear component can be obtained using the following expres-
sion [50]:

Esh
m ¼ 2 7−5νð Þ

45 1−νð Þ � μ � VFCC
m � 33ð Þ2; ð8Þ
Fig. 9. Calculated strain energy of Fe-Mn-Cr alloys as a function of the Cr content, a) at 17wt%M
where ε33 is the diagonal component of the strain matrix along the c
axis. Eq. (8) takes into consideration that the main contribution
to variation in lattice parameters takes place along the c axis of the
HCP phase in the same way as it occurs in the binary Fe-Mn
system. In order to perform a numeric estimation of both contribu-
tions to the strain energy, the lattice parameters presented in
Table 1 have been used. In addition, as a first approximation, the
elastic constants reported for binary alloys were used (ν = 1/3 and
μ=5.2×1010 N/m2) [50].

Fig. 9 shows the results obtained using Eqs. (7) and (8). No no-
ticeable effect of Mn content is observed. The effect of Cr on the
strain energy and both contributions, dilatational and shear ones,
are shown in Fig. 9a and b. It is clearly observed that these energy
terms decrease as Cr content increases. The obtained values of
the energy terms for null Cr content were calculated using the
lattice parameters measured by Marinelli et al. in binary Fe-Mn
alloys [52]. It is remarkable that these values agree with those
obtained using the data obtained here for the ternary Fe-Mn-Cr
system extrapolated to null Cr content by using the tendencies
presented in Fig. 9.

From the results shown in Fig. 9 and considering the effect of Cr
on the volume change between FCC and HCP, it can be expected
that the addition of this element favorably affects the shape
memory effect since it should favor reversibility of the
transformation.

Finally, an interesting and significant output of the present manu-
script is that for the analyzed range of compositions the strain energy
reaches values close to 40 J/mol, an amount which must be taken into
consideration if the involved driving forces are close to 200 J/mol as it
has been reported for Fe-Mn binary alloys [50].
n, b) at 20wt%Mn, and as a function of theMn content. c) at 6 wt% Cr and d) at 10 wt% Cr.
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4. Conclusions

Lattice parameters have been measured for the BCC, FCC and HCP
phases of quenched Fe-Mn-Cr alloys in an extended range where the
FCC/HCP martensitic transformation takes place in this system. The fol-
lowing are the most remarkable points:

- BCC lattice parameters do not show a strong dependence with the
alloy composition while FCC and HCP lattice parameters do: these
variations where analyzed in terms of the Mn and Cr contents of
the alloys and expressions where found that closely describe the ex-
perimental results. All measured parameters (aFCC, aHCP and cHCP)
tend to increase with the increment of Mn amount at constant Cr
content.

- The HCP phase is denser than the FCC structure and the volume
change is strongly associated to a change in the interplanar distance
between close-packed planes.

- Expressions have been proposed that allowed calculating the vol-
ume per atom for each structure and thus, evaluating the volume
change associated to the FCC/HCP martensitic transformation in
the whole range of studied compositions: the obtained tendencies
show that it is possible to reduce the volume change between FCC
and HCP by the addition of Cr.

- The addition of Cr decreases the strain energy which is one of the
main energy barriers to the transformation. It can then be expected
a positive effect of Cr on the shape memory properties of Fe-Mn-
based alloys.
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