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Abstract: The effect of Cr on the fcc-hcp martensitic transformation in the Fe-Mn-Cr system
has been discussed considering different aspects: a) the relative phase stabilities, b) the
magnetic order of the fcc phase, c) the structural parameters and volume change between fcc
and hcp, d) the driving force of the martensitic transformation and relevant thermodynamics
quantities, e) the thermal cycling behavior, and f) the pseudoelastic effect. Particularly, in this
work it has been found that when Cr content increases, the effect of cycling on the energy
barrier decreases. This may be explained by a small volume change, which could lead to a
slighter introduction of plastic deformation during thermal cycling through the martensitic
transition.
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Introduction

Fe-Mn-based systems have been widely studied in recent years due to the large number of
technological applications derived from their outstanding mechanical properties. As presented
by Chowdhury et al. [1], some of these applications are Hadfield steels (HS) primarily used in
railroads, Twinning-induced plasticity / Transformation-induced plasticity (TWIP/TRIP) steels
for the automotive industry, shape memory alloys (SMAs) useful as seismic dampers, and high
entropy alloys (HEAs) that could be of use in cryogenics applications. Relevant mechanical
properties depend on the chemical composition and on the thermomechanical history of the
material and they are mainly due to the presence of a martensitic transformation.

In general, Fe-Mn-based shape memory alloys remain a low-cost option compared to systems
such as NiTi-based alloys. The fcc-hcp martensitic transformation present in these systems is
the basis of the shape memory effect (SME) which, in these alloys, is partial. In order to
improve this effect, substituent elements such as Co, Si, Ni, Cr or some interstitials such as N
and C are added. In addition, thermomechanical processes such as training and aus-forming
treatments are also performed [2]. A good example of the combination of these modifications
is found in the work of Wen et al. [3] in a cast and annealed polycrystalline Fe-20.2Mn-5.6Si-
8.9Cr-5.0Ni steel that attains a tensile recovery strain of 7.6 %, which is an outstanding result.

The addition of Cr to Fe-Mn-based alloys usually aims at improving the corrosion resistance of
the material. As Cr additions are large (5 wt.% or more), it is of interest to understand the role
played by this element on the phase stability and mechanical properties of these alloys. In
particular, the Fe-Mn-Cr ternary system inherits the martensitic transformation of the binary
system. This first order transformation occurs between two crystalline phases, the parent



phase called austenite, which in this system is an fcc structure retained by quenching, and the
product phase called martensite which is an hcp structure. The transformation is non-diffusive,
and occurs by the cooperative displacement of atoms that produce a stacking fault every two
atomic planes [4, 5]. This transformation can be induced by temperature changes or by the
application of mechanical stress. It should be also mentioned that for Min contents small
enough, a bcc martensite might form [4]. This martensitic transition will not be considered in
the present manuscript.

Recently, Fe-Mn-Cr-based alloys have made their entry into the so-called HEAs as introduced
by M.D. Acciarri et al. [6] in a study of the effect of magnetic ordering on the relative phase
stability in Feeo-xMn30CrigCox high entropy alloy. This system displays an excellent combination
of ductility and mechanical resistance as reported by Z. Li et al. [7], comparable to
Fe20Mn3oNiz0C0o20Cr20 HEA system [8-10]. Recently, the FeMnNiCoCr HEA has also been
compared to the CrCoNi medium-entropy alloy (MEA) [11, 12]; authors found that CrCoNi MEA
has superior mechanical properties like ductility, toughness, and excellent cryogenic
performance [13-15].

It is interesting to note that in the majority of polycrystalline Fe-Mn-Si-based SMAs alloys,
where the maximum recovery strain has been achieved, Cr is present as a substituent element
between 5 wt.% and 9 wt.% [3, 16-22]. And also, in the case of HEAs and MEAs with the best
combination of ductility and mechanical resistance, the presence of Cr is found to be between
9 wt.% and 30 wt.% [7-15]. However, the effect of Cr has not been deeply discussed which
makes it necessary to investigate the role of Cr on Fe-Mn-based systems for the design of new
multicomponent alloys.

In this manuscript we present a review of the effect of Cr on several relevant physical
magnitudes related to the fcc-hcp martensitic transition in Fe-Mn based alloys. A discussion
based on recent results obtained by our research group is included and organized as a
sequence of several topics. We analyze the effect of Cr on the martensitic transformation
temperatures, critical magnetic ordering temperature of the austenite, lattice parameters,
volume change, driving force of the martensitic transformation, thermal cycling and
pseudoelasticity. Some of the results concerning the effect of Cr on thermal cycling through
the fcc-hcp martensitic transformation are presented here as a first time, enriching the output
of the manuscript.

Effect of Cr on the martensitic fcc-hcp transition temperatures

Until a few years ago, experimental information about the martensitic transformation
temperatures (MTT) in the Fe-Mn-Cr system was scarce [23-25]. This transition occurs
between the austenite phase, that in this system is fcc, and the martensite phase, which is hcp.
Recently, a systematic study about the role of Cr on the fcc-hcp martensitic transition
temperatures was published [25]. In this work, the authors studied the entire range of
compositions where the fcc-hcp transformation takes place: between 2 wt.% and 12 wt.% Cr,
and between 13 wt.% and 27 wt.% Mn. Critical temperatures for the start of the
transformation from fcc to hcp (Ms) and from hcp to fcc (As) were measured by means of
electrical resistivity and dilatometry. Authors found that by increasing Cr and Mn amounts,
these temperatures tend to decrease [25].



Critical temperatures in Fe-Mn-based alloys depend on the thermomechanical history of the
material [27]. In order to avoid these effects, measurements were performed in conditions
where the microstructural modifications were negligible, that is, cast and homogenized alloys
with large grain size containing very low densities of crystalline defects. Critical temperatures
also depend on the para-antiferromagnetic transition of the austenite [27,28], which occurs at
the Néel temperature (Tn). Considering this factor, three characteristic behaviors were found
depending on whether the transformation occurs from a paramagnetic or antiferromagnetic
austenite: Ms>Ty, Ms™~Ty, and Ms<Ty. Figure 1 presents electrical resistivity measurements of
Fe-Mn-Cr alloys under these three conditions. In the shown measured curves Ms is indicated
by a small arrow and Ty by a dotted vertical line.

In Figure 1, curve (a) shows an alloy where Ms>Ty. The martensitic transformation starts in a
paramagnetic state of the austenite. In cases like this, Ms is well described by Eqg. 1 (Cr and Mn
contents are expressed in wt.% and named W¢ and Wwn, respectively). This result is significant
due to the possibility of modifying MTT by changing the chemical composition, thus allowing
the design of alloys with special characteristics.

Msmod[K] = 524‘ - 612WMn - 405WCT Eq. (1)

(Please, place Fig. 1 about here)

Curve (b) shows the case where Ms is close to Ty. Both transitions, martensitic and magnetic,
occur roughly simultaneously and compete with each other. Finally, curve (c) shows a situation
where Ms<Tn. The transformation starts from an antiferromagnetic austenite; this condition
causes the stabilization of this phase [29] hindering the fcc-hcp transformation. As a result,
there is a drastic decrease in Ms. In some cases, in particular when Ty is clearly higher than Ms,
the transformation might not occur. Under these conditions, Eq. 1 does not longer apply as it
can be seen in Figure 2.

(Please, place Fig. 2 about here)

Eqg. 1 results are represented as a solid line in Figure 2. The experimental data are in
accordance with the proposed model when Ms>Ty, and the disagreement between
experimental data and Eq. 1 is remarkable when Ms < Ty.

Effect of Cr on the para-antiferromagnetic transition temperatures

As mentioned before, the austenite phase has an antiferromagnetic transition at the Néel
temperature. This magnetic ordering temperature depends on the chemical composition only
[26,31,42] and, since it strongly affects the martensitic transformation, it is necessary to know
how Cr and Mn additions affect Ty. In order to investigate that, Guerrero et al. [26] performed
electrical resistivity and dilatometry measurements. They found that leaving Cr content



constant while increasing Mn content, Ty tends to increase. Conversely, by leaving Mn
constant and increasing Cr content, the magnetic ordering temperature tends to decrease.
They also proposed a phenomenological model that allows predicting Ty from the Cr and Mn
content which even applies to the Fe-Mn system [30]. This model is shown below in Eq. 2. As
well as for Eq. 1, Cr and Mn contents are expressed in wt.% and named W¢ and W,
respectively.

Ty, [K] = 215 + (8.24 + 0.072W,, )Wy, — 3.64We, — (0.043 + 0.0041W,, )Wy, ? Eq. (2)

In Figure 3 it can be seen how Eq. 2 fits the experimental data reported in Refs. [26, 31]. It is
noticed that Ty varies linearly respect to the Cr content and quadratically respect to the Mn.
This model is also in agreement with the model presented by Huang [33] for the Fe-Mn
system.

(Please, place Fig. 3 about here)

The stabilization of the fcc phase due to the para-antiferromagnetic transition [27, 30] and the
possibility of controlling this transition by changing the chemical composition content, allow to
obtain non-magnetic alloys. This type of alloy tends to have good mechanical properties at low
temperatures [33] and, in this case, it could improve the shape memory effect.

Effect of Cr on the lattice parameters and on the volume change between fcc and hcp

Three different phases appear on quenched alloys in the Fe-Mn-Cr system depending on the
chemical composition. These are: the austenite, or parent phase, having an fcc structure; the
hcp martensite; and a bcc martensite that forms in alloys containing below 20 wt.% Mn [36].
The volume changes associated with martensitic transformations between these phases are
usually large. The material tends to accommodate the transformation strain as plastic
deformation, thus affecting other properties such as SME, TWIP or TRIP. In contrast, alloys
where the volume changes associated to martensitic transformations are small display
remarkable behaviors, like the pseudo-elastic properties found in Cu-based alloys [36,37], Ni-
Ti-based alloys [38,39] and Fe-Mn-Al-Ni alloys [40,41]. It is then a significant question whether
the volume change associated to the martensitic transformation of Fe-Mn-Cr alloys could be
manipulated by controlling the chemical composition of these materials. Some limited
information on the lattice parameters has been reported for the Fe-Mn-Cr system [42-44].
However, these studies used alloys that contained some impurities and other elements.

Recently, Malamud et al. [45] reported an experimental analysis about the effect of Cr and Mn
on structural parameters of the three phases present in pure Fe-Mn-Cr alloys. Although the
analysis of the bcc martensite is not aimed at this manuscript, it is interesting to notice that in
the case of this structure, they found that the lattice parameter is not strongly affected by
composition, as it was previously reported for the Fe-Mn system [46], and concluded that Cr
has not a significant effect on the ap lattice constant. In the cases of the fcc and hcp phases,



authors reported that lattice parameters depend linearly on the Mn content and tend to
increase when Mn content increases. This result is in accordance with that reported for other
Fe-Mn-based systems [34,42,46,47]. Lattice parameters tend to increase with the increment of
Cr content, a variation which is well described by a quadratic expression. Equations that
describe these behaviors with chemical composition are available in the published work [45].

From the calculated lattice parameters, it is possible to find the relative volume difference per
atom between fcc and hcp phases (AV/Vf“) as a function of the chemical composition.
Considering the direct fcc to hcp transition we define AVas (VP — V/¢¢), where VP and
V/¢¢ correspond to the volume per atom in each structure. Figure 4 shows the relative volume
difference vs. Cr content for different amounts of Mn. This system exhibits a volume
contraction when fcc-hcp martensitic transformation occurs, because the volume per atom in
the fcc structure is larger than in hcp. In figure 4 the absolute value of the relative volume
difference is plotted vs. Cr content.

(Please, place Fig. 4 about here)

In Figure 4, it can be seen that increasing Cr up to 6 wt.% the absolute value of the relative
volume difference increases when Mn content increases, while for a content of 12 wt.% Cr, the
same magnitude shows a decrease with the increase of Mn amount. This result opens up the
possibility of finding Fe-Mn-Cr alloys where the volume change associated to the fcc/hcp
martensitic transformation could be small. Under such circumstances, the phase
transformation would only introduce a small amount of plastic deformation and, therefore,
the reversibility of the transformation could be favored, thereby improving the overall SME.

This is an interesting result due to the possibility of controlling the volume change between
these two phases through the chemical composition of the alloy. Recently, a validation of this
prediction has been published in [48], where authors found a good agreement between the
experimental and the predicted volume changes for two Fe-Mn-Cr alloys.

Effect of Cr on the driving force of the fcc-hcp transition

Kaufman and Cohen defined the driving force of the martensitic transformation as the
difference between the Gibbs energies of each phase (AG), at the temperature at which the
transformation occurs [49]. In the present manuscript the molar driving force corresponding to

the direct fcc-hep transition AG,, is defined as (G,:lfp — G,’:lcc). In this work we will apply the
concept of driving force only for the direct fcc-hcp transition. Due to this reason we will not
indicate the transition when writing (AG). Recently, a work about the experimental
determination of the driving force of the fcc-hcp martensitic transformation in Fe-Mn-Cr
system was published [50]. In this paper, authors used the definition of Tp as the temperature
at which both Gibbs energies of fcc and hcp structures are equal [49] and some
approximations to obtain an expression that would allow to determine the driving force of the
transformation from experimental measurements. The authors considered that To depends on
Ms and As temperatures [27, 29], and that in order to obtain experimental values of the driving
force, Ms should be higher than Ty [28, 30]. For this purpose a thermodynamic procedure was
developed in ref [50]: The difference of Gibbs free energy between fcc and hcp at constant



pressure and temperature can be written as AG|; = AH|; — TAS|; , where AH| is the
enthalpy change at temperature T and AS|; is the corresponding entropy change at the same
temperature. At T = Ty, we have AG|r—r, = 0 and thus, AH|7, = ToAS|y, . Close to the

transformation temperature the entropy change can be approximated as AS|; = ASIT0 =

AH
% . This requires a small difference between specific heats of each phase in the
0

temperature interval from T to To. Additionally, the enthalpy change can be also regarded as
independent of temperature, i.e., AHITO = AH|, if the same requirement on the specific

heats is also fulfilled. Using both approximations the difference between Gibbs free energies

AHlTO

corresponding to fcc and hcp structures can be writtenas AG|; = AH|; — T =
0

ToAH|7—TAH|1,

obtaining [50]:
To

AHp |7, (Ty = T) Eq. (3)
To

AGmlT E

In Eq. 3 the subinde “m” is added to AG and AH, to emphasize that these magnitudes are
extensive, being “m” an indication that we use here molar quantities.

One remarkable point is that the required small difference in specific heat between fcc and
hcp phases was experimentally verified. From modulated differential scanning calorimetry
(MDSC) measurements, the specific heat difference between the involved phases has been
determined, resulting in approximately 2.5 % of the Cp values [50]. In practice, the mentioned
difference in Cp values between austenite and martensite can be taken as negligible.

Under the mentioned conditions, all the magnitudes in the right member of Eq. 3 can be
determined from experimental measurements. As an example, To is obtained as the average
between Ms and As, critical transition temperatures , which have been determined by
electrical resistivity and dilatometry measurements. The molar enthalpy change (AHmITO)
depends on the transformed fraction of the alloys (that can be determined by means of
dilatometry and X-Rays diffraction) and on the heat exchanged during transformation
(measured with Differential Scanning Calorimetry, DSC).

Experimentally determined driving forces for the Fe-Mn-Cr system at the transformation
temperatures are presented in Figure 5 as a function of Cr content for different Mn amounts.
The driving force depends on composition through the martensitic transformation
temperatures, since it has been shown that the enthalpy change between fcc and hcp can be
considered independent on composition in the composition range where this martensitic
transition takes place [50].

(Please, place Fig. 5 about here)

As it can be seen in Figure 5, the driving force shows a stronger dependency on the Mn
content than on the Cr amount, but the absolute value increases when both of the



components increase. The values reported in this work, 165 J/mol < AG,,,< 240 J/mol, are
within the range of the values found in the literature for other Fe-Mn-based systems [28, 52-
54].

According to the Olson and Cohen model [55] for the nucleation of hcp martensite from an fcc
austenite, the driving force (AG,’:lcc_th) is the energy necessary for the transformation to
start. This implies that it must be enough to overcome the barriers that oppose the
transformation [55-57]. These barriers comprise the surface energy (ES¥") necessary to form
the interfaces between fcc and hcp phases, and the elastic strain energy (ES!) necessary for
the transformation to begin, also in J/mol. These conditions are expressed below in Eq. 4.

t(n) = np(AGLST"P + ESE) + ESW Eq. (4)

Here, T(n) is the energy change when a nucleus of martensite is produced, and depends on
the number of planes in the nucleus (n). p is the atomic density of the basal plane in mol/m?.
The surface energy (E“") is about 14 mJ/m? [29,52,53,58]. Both members of Eq. 4 should be
equal to 0 when the transformation starts, i.e at temperature equal to Msand when n
corresponds to the critical nucleus.

The strain energy term (ES!) of the Fe-Mn-Cr system was determined from experimental
lattice parameters and relative volume difference during martensitic transformation as
reported in Ref. [45]. In that work, authors found that Mn content does not produce a
significant effect on strain energy. However, they observed that this energy decreases when
the content of Cr increases. This behavior can be seen in Figure 6.

(Please, place Fig. 6 about here)

Figure 6 shows the strain energy obtained as function of the Cr content leaving the Mn content
constant. As the amount of Cr increases, the elastic strain energy tends to decrease which
could also facilitate the reversibility of the transformation, thus enhancing the SME of these
alloys.

By making n = 2 in Eq. 4, the stacking fault energy (SFE) could be obtained. This is very
interesting due to the possibility of combining Eq. 3 and 4, and obtaining an expression that
allows determining the SFE as a function of temperature, as shown in Ref. [50]:

AHmfcc—hcp|T(TO_T)

SFE(T) = 2p ( + E,S,f) + ESur Eq. (5)

To

Eq. 5 describes a linear dependence of SFE vs. temperature, and varies with chemical
composition trough To; all the terms can be obtained from experimental measurements.

Effect of Cr on the thermal cycling between fcc and hcp

To the best of our knowledge, only a few works about thermal cycling through the
martensitic transformation in Fe-Mn-Cr alloys have been published [24, 25, 59]. M. Sade et al.



[25] have found that thermal hysteresis enlarges after thermal cycling, because As increases
while Ms decreases as cycling proceeds. They also reported that with few thermal cycles it is
possible to reach an asymptotic state, which is different from previous findings in Fe-Mn-based
systems [53, 60]. TEM observations in cycled samples indicate the presence of a large stacking
faults density, which could favor the SME [61], and a large dislocations density. The
accumulation of plastic deformation is due to the considerable volume change between fcc-
hcp phases during the martensitic transformation, as it is the case for the Fe-Mn system [46]
and for the Fe-Mn-Cr system [48].

From the information published recently by our group on this alloy [50], we can perform an
analysis of thermal cycling from the point of view of thermodynamics of the nucleation of hcp
martensite from fcc austenite matrix, using the expression shown in Eq. 3.

Five Fe-Mn-Cr alloys were made from commercial pure metals in an arc furnace under Ar
atmosphere, then the specimens were homogenized at 1273 K in quartz capsules for 48 h
under Ar atmosphere, and they were quenched in water at room temperature. After that,
electrical resistivity samples were cut by spark-cutter, then polished and heat-treated in
individual quartz capsules at 1273 K for 1 h under Ar atmosphere, and finally water quenched.
Chemical composition of the alloys was determined by neutron activation analysis at RA-6
experimental nuclear reactor at Centro Atdmico Bariloche, being these results shown in Table
1. Thermal cycling was made in a homemade electrical resistivity equipment, as described in
Ref. [25], between T<M¢ (martensite finish) and T>Ar (austenite finish).

(Please, place Table 1 here)

An example of an electrical resistivity measurement is shown in Figure 7. Here sample A was
subjected to 11 thermal cycles and it can be seen that Ms decreases between cycles 1 (MsN=)
and 11 (MsN=11), It is also noticed that the last two cycles overlap, which is consistent with the
results reported before in Ref. [25].

(Please, place Fig. 7 about here)

Also in Ref. [25] authors report that Ms strongly decreases due mainly to the dislocation
introduction during thermal cycling. These dislocations make thermal martensitic
transformation difficult, in view of the fact that the alloy must be further cooled in order to
have sufficient driving force to enable the phase transformation.

Combining the Olson and Cohen model with Eq. 4, and using the driving force calculated with
Eqg. 3 (Table 1), we can relate the change in Ms with the additional driving force necessary to
overcome the new barrier, which in this case mainly corresponds to the density of dislocations



introduced during thermal cycling. In order to use the AG,,, expression from Eq. 3, itis a
necessary condition that Tn<Ms. As it can be seen in Table 1, all selected alloys meet this
condition.

For the first cycle, at Ms we have the following condition:

Al (To—M§™")

T =MN=T > AGN™! = - Eq. (6)
0
And, for the next cycle, the condition at the new Ms is:
T = MY=2 > AGN=2 = AH(To~M5'"2) Eq. (7)
m .

To

Where M¥=2 corresponds to the measured Ms at transformation number N = 2. So, the
difference of the driving force between the first and the next cycle is:

- i (31 =)
To

A(AG,,) = AGN=Y — AGN=2 = Eq. (8)

This difference of driving force is related to the increment in the barrier that opposes the
transformation, as follows,

7,.(n) = 0 =np(AGN=t + ESL) + ESW Eqg. (9)

For the next cycle, the condition for the martensitic transformation to start is:
7,(n) = 0 = np(AGN=2 + EN=** + ESt) + ESWr Eq. (10)

Where E,I;'l'd is the increase in the molar energy barrier, being N the number of performed
cycles and we use the superscript d to emphasize that the origin of this term is related to the
introduced dislocations. This energy is considered negligible at N = 1 and depends on the

number of cycles. Due to this reason E,I:’l’d is not present in Eg. 9. The difference between the
right members of energy balances of the first and the second cycle, in Eq. 9 and 10 should
equal 0 as shown in the following equation:

0 =np (AGH=" — (AGN=? + EN?)) Eq. (11)

It is then deduced that:

AGN=Y — AGN=2 = Ep~21 Eq. (12)



In order to obtain Eq. 12, we make the approximation that the number of planes (n) in the
critical nucleus, the elastic strain energy (E3!) and the surface energy (ES%"), do not change
after a few thermally induced transformations. This is plausible since the main change during
thermal cycling is the introduction of dislocations

Combining Eq. 8 and 12, we have a new expression that relates E,I:'l'd with the variation of AG/,
which depends on the variation of Ms:
_ —A N=1_,3,N
AV (AG,) = AGN=1 — AGY = —H’"(M;O 45) - g Eq. (13)
The ratio between EN® and AGY=1 with the cycle number is shown in Figure 8, where it can
be seen the effect of Cr for a constant Mn content of 20 Wt.%.

(Please, place Fig. 8 about here)

In Figure 8, it is observed that at a higher amount of Cr, leaving the content of Mn constant,
the ratio |E%’d/AG%=1| tends to be smaller, that is, the alloy is less susceptible to thermal
cycling. This means that the energy barrier increases less with cycling when Cr content
increases. This reinforces the idea that by increasing Cr content, a stable condition is reached
rapidly, that is, after few thermal cycles an asymptotic state is reached after a few cycles.

Now, if we compare two different Mn contents, with different amounts of Cr, we have the
curves shown in Figure 9, where the number close to each curve is the volume change related
to the fcc-hcp martensitic transformation.

(Please, place Fig. 9 about here)

The general trend is that the effect of thermal cycling through the fcc-hcp transformation is
less strong as the volume change between both phases decreases. Additionally it is already
known that the relative volume change between austenite and hcp decreases as Mn and Cr
contents increase. Particularly the increase of Cr also decreases the strain energy introduced
by the model of Olson and Cohen. It is then remarkable that the effect of Cr seems to have
several positive consequences like the decrease in the energy barrier to transform and a
possible increase of the reversibility in the shape memory effect due to its effect on the
volume change.

Presence of pseudoelasticity in Fe-Mn-Si-Cr alloys

Pseudoelasticity describes the ability of a material to recover its original shape beyond the
elastic limit during unloading, without a retransformation heating step [62]. In the work of
Baruj et al. [63], they observed a moderate pseudoelastic behavior between 90 °C and 100 °C
during tensile tests, and about 80 % of the maximum deformation was recovered at a strain
level of 0.3 %. They also found that the cycles were not completely closed due to stress-
induced martensite and plastic deformation was introduced during each test. From TEM



observations, they suggested that this pseudoelasticity may be due to the presence and
creation of stacking faults, and the movement of their associated partial dislocations.

In several studies where the presence of pseudoelasticity in the Fe-Mn-Si-Cr system is reported
[63-69], the Cr content is between 4 wt.% and 9 wt.%, which is within the range of the alloys
analyzed in the present work. The presence of this element is generally related to its
anticorrosive effects [70], but the effect of Cr on pseudoelasticity has not been analyzed. As
mentioned earlier in this work, it could be said that Cr might have a beneficial effect on this
property, since it has the effect of reducing the volume change.

Final comments and conclusions

In the present work, the role of Cr in different aspects of the fcc-hcp martensitic
transformation in the Fe-Mn-Cr system has been discussed, aiming at improving the alloys
design with specific properties. The most relevant results are listed below.

- The addition of Cr tends to decrease the fcc-hcp martensitic transformation
temperatures (Ms and As), which produces a stabilizing effect of the austenite phase.

- Theincrement on Cr content also decreases the antiferromagnetic ordering
temperature (Tn), which has the opposite effect, i.e., it decreases the stability of
austenite.

- Cr addition causes the lattice parameters (@, ancp, Chep) tO increase.

- Theincrement in Cr content tends to decrease the volume change during fcc-hcp
martensitic transformation, which has the effect of decreasing the elastic strain
energy.

- The driving force of the fcc-hcp martensitic transition is also affected by Cr content,
tending to decrease with the increase of Cr amount.

- When Cr content increases, the effect of cycling on the energy barrier decreases. This
may be due to the small volume change between fcc and hcp, which might lead to a
lower introduction of plastic deformation.

- Crcontent can improve pseudoelasticity, because this element stabilizes the austenite
phase and reduces the volume change.

- Finally and besides the positive effects of Cr on corrosion resistance, we can affirm
that this element plays remarkable roles on several of the most significant properties
related to the martensitic fcc-hcp transition in Fe-Mn based alloys.
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Figure 1. Electrical resistivity vs. temperature measurements for Fe-Mn-Cr alloys [26]. The
short vertical dotted lines mark the para-antiferromagnetic transition temperature (Tn) of
each alloy. Curve (a) corresponds to the case where Ms>Ty, curve (b) shows the
intermediate behavior, and curve (c) shows the case where Ms<Ty. Ms and As are also
indicated in curves (a), (b) and (c). Reprinted from Ref. [26], Copyright (2017), with
permission from Elsevier.
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Figure 2. Experimentally obtained Ms temperatures vs. modeled values. Data for Fe-Mn-Cr
alloys obtained by [26] and Fe-Mn alloys reported by [30]. The empty symbols represent
data where Ms<Ty. The solid line represents Eq. 1 results. References in the inset correspond
to the present manuscript. Reprinted from Ref. [26], Copyright (2017), with permission from

Elsevier.
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Figure 3. Ty vs. Mn content for different amounts of Cr. Data reported by references [26,30]
are included. Curves correspond to the phenomenological model (Eq. 2). References in the
inset correspond to the present manuscript. Reprinted from Ref. [26], Copyright (2017), with
permission from Elsevier.
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Figure 4. Absolute value of the relative volume difference (in percent) between fcc and hcp
phases as a function of Cr content for different amounts of Mn. Dotted lines correspond to
calculated values with the phenomenological model presented in Ref. [45] and solid dots
correspond to experimental results. In all cases the hcp volume per atom is smaller than the
corresponding one to the fcc structure. Reprinted from Ref. [45], Copyright (2018), with

permission from Elsevier.
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martensitic transformation at Ms as function of Cr content from Ref. [50]. The 0 wt.% Cr
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defined as (G,?fp - G,{fc). Reprinted from Ref. [50], Copyright (2019), with permission from
Elsevier.




50 T T T T T T T T T T T T T
e 17Wt.% Mn
45 — ® 20Wt% Mn _
[ ]
40 4 -
— &
(@]
£
2.35— ® -
7 E
Ll . ®
30 — = A .
25 - -
20 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
wt.% Cr

Figure 6. Calculated strain energy of Fe-Mn-Cr alloys as a function of the Cr content at
different Mn contents. Experimental plotted data obtained from Ref. [45].
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Figure 7. Effect of cycling in martensitic transformation temperatures for alloy A, from
electrical resistivity measurements. The figure shows cycles 1, 10 and 11. Ms"!
correspond to the first cycle and MsN=!! correspond to the last two cycles. Cycles 10 and
11 exactly overlap.
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Figure 8. Effect of thermal cycling on the barrier that oppose the martensitic transformation,
for alloys with 20 Wt.% Mn and different amounts of Cr. According to the text ET’,V;d >0
and AGN=! < 0.
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Table:

Table 1. Chemical composition of the used alloys, determined by neutron activation technique,
measured martensitic transformation temperature (Ms), magnetic ordering temperature of the fcc
structure (Ty), driving force of the fcc-hcp martensitic transformation (AG,,,), and the energetic barrier
increment due to the dislocation density (E,’:’l'd). The superscript N,d in the (E,Ifl‘d) indicates the
contribution of dislocations to the barrier energy for cycle N. E,I,Vq’d in the last column corresponds to the
last performed thermal cycle which is 11, 9, 6, 8 and 7 for samples A, B, C, D and E, respectively.

Alloys | Wt.% Fe | Wt.% Mn | Wt.% Cr | M"' [K] | Tn[K] | AGN [3)/mol] | EN4 [1/mol]
A 79.3 17.9 2.8 396 330 -223 226

B 76.8 20.7 2.5 395 369 -124 136

C 74.1 19.7 6.2 378 345 -164 74

D 70.0 19.8 10.2 368 326 -208 139

E 66.6 21.0 12.4 340 311 -245 101




