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a b s t r a c t

A key feature of the fcc-to-hcp martensitic transformation (MT) in Fe-Mn based alloys is that the fcc
structure is strongly stabilized by a paramagnetic-to-antiferromagnetic ordering reaction, which partially
or completely inhibits the MT. In order to treat this phenomenon in thermodynamic terms it is necessary
to account for the composition dependence of the N�eel temperature (TN) of the alloy and the entropy
change (DSmg) associated to the loss of the antiferromagnetic ordering. In the present work the
composition dependence of these properties in Fe-Mn and Fe-Mn-Co alloys have been established by
performing systematic measurements of the heat capacity. The current results are critically compared
with experimental data from the literature, as well as estimates and correlations based on previous
analyses by the present authors. The relevance of the reported data for the understanding of the fcc-to-
hcp MT in the Fe-Mn and Fe-Mn-Co alloys is highlighted.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Fe-Mn and Fe-Mn-X alloys (X ¼ Si, Co, Cr) are characterized by
the presence of two martensitic transformations (MTs) occurring
on cooling, viz., the fcc-to-bcc (g-a0) and the fcc-to-hcp (g-ε) MTs.
Both of them are known to occur at temperatures which depend
on the chemical composition of the alloys as well as on their
microstructure. In particular, the fcc-to-hcp MT has attracted
considerable attention for its interesting properties. For example,
Fe-Mn-Si-X alloys with shape memory effect can recover de-
formations close to 8% [1], thus enabling the development of
various types of technological applications [2]. Moreover, the
deformation-induced fcc-to-hcp (g-ε) MT in “high-manganese”
Fe-Mn steels is an interesting phenomenon because this plasticity
mechanism results in some beneficial functional and structural
characteristics, such as high strength, ductility, strain hardening
and elasto-plastic damping properties [3e6]. In particular, high-
Mn alloys have been adopted to develop seismic control
dampers in building constructions [7e9]. Moreover, Fe-Mn-Co
alloys have long been suggested as an alternative for this
CNEA, Instituto Balseiro (UN
application [10]. The low cost of these materials also contributes
to increase the possibilities of their practical use.

In general, the thermodynamic analysis of the MT has often
been performed by considering the Gibbs energy functions of the
phases involved and the effect upon them of changes in key ther-
modynamic variables such as chemical composition, temperature,
pressure and applied stress [11]. However, in order to establish
reliable Gibbs energy functions (Gm), it is usually necessary to
combine the thermodynamic properties of each individual phase
with information on their relative stability provided by the phase
diagrams [12e14].

The undercooled fcc structure in Fe-Mn and Fe-Mn-Co alloys is
metastable in the temperature range where the MT occurs, and the
hcp structure not a stable phase of the Fe-Mn phase diagram. As a
consequence, a thermodynamic analysis of the MT in these systems
cannot be based only upon information obtained under equilibrium
conditions. Attempts have been made to obtain the necessary in-
formation by using the concept of To-temperature, i.e., the tem-
perature at which the fcc and hcp phases with the same
composition have the same Gm per mol. Even though To cannot be
determined experimentally, it has often been treated as a quantity
directly related to the temperature for the start of the fcc-to-hcp
(Ms) and the hcp-to-fcc (As) transformations, e.g., as the average
of Ms and As [15,16].
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Fig. 1. Experimental Cfcc
p vs. T for a Fe - 48.9 at.% Mn (solid line). The dashed line

represents the non-magnetic contribution Cnmg; fcc
p . The N�eel temperature of the fcc

phase (TfccN Þ is indicated. At temperatures higher than the indicated by the vertical
dashed line the fcc is paramagnetic.
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The calculation of To from themeasuredMs and As temperatures
becomes particularly challenging in Fe-Mn and Fe-Mn-X alloys due
to the existence of a paramagnetic-to-antiferromagnetic ordering
reaction which also occurs on cooling [17,18]. Specifically, it is
accepted that the magnetic ordering reaction increases the stability
of the fcc phase, and that it introduces significant negative de-
viations from linearity in the Ms versus composition functions at
highMn contents [15]. As a consequence, the To versus composition
line cannot be determined by invoking the simplest (Ms þ As)/2
rule. Instead, a full thermodynamic analysis of the Ms and As values
accounting for the magnetic effect upon Gm of each of these phases,
as well as the energy barriers to start the MTs is required [19,20].

Some years ago, such general methodology was applied to the
Fe-Mn [16], the Fe-Mn-Si [19] and the Fe-Mn-Co [21,22] systems, by
describing the magnetic contribution to Gm in terms of the classical
model early suggested by Inden [23] and modified by Hillert and
Jarl [24]. Those analyses indicated, in the first place, that the en-
tropy change (DSmg) associated to the antiferromagnetic-to-
paramagnetic transition was strongly related to the observed
decrease in the Ms temperatures. In particular, such relation
allowed a refinement of the available [25] DSmg versus composition
function for the Fe-Mn system [15]. In the second place, a similar
analysis of the Fe-Mn-Co systemyielded a reasonably good account
of the available data, but highlighted the need for TN and DSmg

versus composition data to corroborate the interpolation and
extrapolation schemes applied in the analysis [22].

The purpose of the present work is to obtain new experimental
information on TN and DSmg for Fe-Mn and Fe-Mn-Co alloys. To this
aim, measurements of the heat-capacity (Cfcc

p ) of the fcc phase have
been performed in the temperature range including the
paramagnetic-to-antiferromagnetic transition. With this new in-
formation, DSmg has been evaluated as a function of composition
and compared with the results of previous studies [15,16,26] in the
Fe-Mn system. Moreover, what seem to be the first experimental
determinations of DSmg for Fe-Mn-Co alloys, are reported in this
paper.

In addition, the N�eel temperature for several Fe-Mn and Fe-Mn-
Co alloys has been established. With the present values, the
composition dependence of Tfcc

N in the Fe-Mn and the Fe-Mn-Co
system is discussed. In particular, the current values for Fe-Mn al-
loys are compared with the empirical Tfcc

N versus composition line
suggested by Huang [25]. Moreover, the Tfcc

N results for Fe-Mn-Co
alloys are combined with a previously adopted interpolation and
extrapolation method [27] to develop an enlightening description
of the systematic effect of the Co additions upon TfccN of the Fe-Mn
system.

2. Experimental procedure

Fe-Mn and Fe-Mn-Co alloys were prepared by melting the pure
elements in an arc furnace under Ar atmosphere. Each individual
alloy had the form of a button weighting approximately 13 g. The
alloys were individually encapsulated in Vycor under Ar atmo-
sphere, heat treated 48 h at 1273 K and subsequently quenched in
water by breaking the capsules. Chemical composition measure-
ments of all samples were performed by means of wave dispersive
spectroscopy (WDS) using a Cameca SX-50 microprobe and
including Fe, Mn and Co pure elements as standards. Small, flat
calorimetric samples were obtained from each alloy and measured
in Al crucibles provided by TA Instruments. Heat-capacity (CP)
measurements were performed in a TA Instruments 2910 modu-
lated differential scanning calorimeter (MDSC) at constant pres-
sure, under continuous Ar flow (18 sccm) [28]. Cooling and heating
rates equal to 3 K/min were used in the temperature range from
100 K to 700 K, with amodulation characterized by a period of 100 s
and amplitude of 0.5 K. The calibration of the MDSC cell was per-
formed by using several pure elements and different heating rates.
Specifically, the temperature, enthalpy changes, the base line and
cell constant were calibrated by using the melting transition of
Indium and Zinc as references. Besides, in order to obtain reliable CP
values, the so-called “CP cell calibration constant” for the modu-
lated type of measurement was obtained by using a sapphire
sample. After performing these calibration procedures and in order
to check the device performance, the CP of a pure Fe sample was
measured. The measurements agreed within less than 2% with the
accepted values for Fe [29].

3. Measurements and assessed thermodynamic quantities

3.1. Fe-Mn alloys

The present heat-capacity ( Cfcc
p ) vs. T values corresponding to

the Fe - 48.9 at.% Mn alloy are represented in Fig. 1 by a solid line. In

this alloy theMT does not occur. The l-shaped peak in Cfcc
p typical of

the paramagnetic-to-antiferromagnetic transformation can be

clearly observed. The N�eel temperature Tfcc
N was defined as the

inflexion point in the Cfcc
p vs. T curve measured on cooling. At

temperatures higher than the indicated by the vertical dashed line,
the fcc structure is paramagnetic.

In order to analyze the results in Fig. 1, it is useful to perform a

phenomenological separation between the magnetic (Cmg; fcc
p ) and

non-magnetic (Cnmg; fcc
p ) contributions to Cfcc

p , as suggested, e.g., by
Hashimoto and Ishikawa [30]. The procedure involves the deter-
mination of a base line accounting approximately for the temper-
ature dependence of the sum of vibrational and electronic
contributions to the heat capacity. The non-magnetic contribution
obtained by a smooth interpolation between experimental data

well above and below Tfcc
N , is represented in Fig. 1 using a dashed

line. Once the non-magnetic part is determined, the magnetic

contribution to Cfcc
p was evaluated as follows:

Cmg; fcc
p ¼ Cfcc

p � Cnmg; fcc
p (1)

Using the Cmg; fcc
p results, the entropy change associated to the

antiferromagnetic order-disorder transition in the fcc phase, usu-
ally referred to as the “magnetic entropy” was determined as
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suggested in Refs. [23,24], viz.,

DSmg; fcc
m ¼ Smg; fcc

m ð∞Þ � Smg; fcc
m ð0Þ ¼

Z∞

0

Cmg; fcc
p

T
dT (2)

where T is the absolute temperature. For the present alloy, Eq. (2)
yields. DSmg; fcc

m ð48:9MnÞ ¼ 2:51 J=K:mol.
The experimental Cfcc

p vs. T for a Fe - 39.7 at.% Mn alloy is rep-
resented in Fig. 2 using a solid line. TfccN is indicated in the figure,
and the dotted line shows the non-magnetic heat-capacity. As in
the case of Fig. 1, no structural transformation takes place in this
alloy. The dashed line in Fig. 2 represents the experimental results
by Hashimoto and Ishikawa [30], which have been included for
comparison. The current Cfcc

p vs. T curve and that from Hashimoto
and Ishikawa agree, in general, reasonably well, although the l-
shaped peak determined in their work is placed at a slightly lower
temperature. In addition, the present measurements yield a better
defined peak. In spite of these differences, the magnetic entropy
value determined in the current study, viz., 2.72 J/K mol agrees with
that reported by Hashimoto and Ishikawa within less than 9% [30].

The experimental and assessed thermodynamic quantities for
the Fe-Mn alloys studied in the present work are listed in Table 1.

3.2. Fe-Mn-Co alloys

In order to study the effect of Co additions, the heat-capacity of
three alloys with similar Mn content, viz., Fe e 28.4 at.% Mn, Fe e

28.2 at.% Mn e 3.5 at.% Co and Fe e 27.3 at.% Mn e 9.0 at.% Co, were
studied. The results are listed in Table 1. The corresponding Cmg; fcc

p

Fig. 2. Experimental Cfcc
p vs. T for a Fe e 39.7 at.% Mn (solid line). The dashed line

represents the measurements reported by Hashimoto and Ishikawa [30] in a similar
material. The dotted line corresponds to the non-magnetic contribution Cnmg; fcc

p . The
N�eel temperature of the fcc phase (Tfcc

N Þ is also indicated.

Table 1
TfccN and DSmg; fcc

m determined by MDSC measurements of Cfcc
p at constant pressure

for various Fe-Mn and Fe-Mn-Co alloys.

%at. Mn %at. Co Tfcc
N [K] DSmg; fcc

m [J/K mol]

28.4 0.0 415 ± 5 3.22 ± 0.29
35.9 0.0 459 ± 5 3.26 ± 0.29
39.7 0.0 469 ± 5 2.72 ± 0.29
48.9 0.0 492 ± 5 2.51 ± 0.29
28.2 3.5 402 ± 5 2.38 ± 0.29
27.3 9.0 359 ± 5 1.88 ± 0.29
24.7 15.6 290 ± 5 e
values obtained by applying the procedure described above are
plotted in Fig. 3 versus the T/TN ratio. Considering that the alloys
contain a similar amount of Mn (around 28 at.%), their main dif-
ference is in the Co contents. These results indicate that the
maximum Cmg; fcc

p value decreases when the Co content increases.
The corresponding DSmg; fcc

m (Table 1) also decreases.
4. Discussion

4.1. Composition dependence of the N�eel temperature

The N�eel temperature determined in the present work by
measuring the heat-capacity of Fe-Mn alloys (filled symbols) are
compared in Fig. 4 with the TN vs. at.% Mn empirical expression
obtained by Huang [25] by fitting to various types of experimental
data (solid line). An excellent agreement is found, which adds to the
credibility of the current calorimetric method.

In view of the agreement found in the Fe-Mn system, it is
interesting to discuss the results for the Fe-Mn-Co since to the best
of our knowledge, the only previous sources of ternary experi-
mental TfccN values are the work by Khomenko et al. [31] and by
Fig. 3. Cmg;fcc
p vs. T/TN for alloys containing Fe-28.4 at.% Mn, Fe-28.2 at.% Mn-3.5 at.% Co

and Fe-27.3 at.% Mn-9.0 at.% Co. The Cmg; fcc
p curves were evaluated from the experi-

mental results as explained in the text.

Fig. 4. The empirical TfccN vs. at% Mn relation for Fe-Mn alloys due to Huang [25] (solid
line) and those arrived at in the present work for Fe-Mn-Co alloys (3,9 and 15 at. %)
using a procedure described in the text, compared with the present measurements and
the results by Khomenko et al. [31] and by Yuksel and Agan [32] (empty symbols). The
present measurements are plotted using filled symbols.
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Yuksel and Agan [32]. A direct comparison with the values by
Khomenko et al. cannot be made because the alloys studied by
them differ in composition. Therefore, an indirect comparison
procedure has been developed, which involves the use of the re-

sults by Khomenko et al. to construct probable TfccN vs. Mn lines for
selected Co contents. To this aim, linear extrapolations of their re-
ported data were performed and used to evaluate the effect of Co
additions upon the binary TN vs. at.% Mn line proposed by Huang

[25]. The TfccN vs. Mn relations obtained in this way [27] for alloys
with 3 at.% Co, 9 at.% Co and 15 at.% Co, are plotted in Fig. 4 using
dashed and dotted lines. These lines are used in the following as a
common reference for comparisons with the present and previ-
ously measured values (symbols).

The dashed and dotted lines in Fig. 4, which satisfactorily
reproduce the results by Khomenko et al. [31], indicate that the
addition of Co leads to a systematic shift to lower values of the TN
vs. at.% Mn line, and that themagnitude of such an effect is well and
consistently accounted for by the present measurements and the
single measurement by Yuksel and Agan [32]. In view of the general
agreement obtained it is suggested that the results in Fig. 4 provide
a reliable basis for establishing the TN vs. composition relation
needed to apply the Inden-Hillert-Jarl model to Fe-Mn-Co fcc
alloys.
4.2. Composition dependence of the DSmg; fcc
m

A key result of the present work is the DSmg; fcc
m associated to the

antiferromagnetic-to-paramagnetic disorder transformation. The

present DSmg; fcc
m vs. at.% Mn results for Fe-Mn alloys are plotted

using filled symbols in Fig. 5. A slight composition dependence is
found, which might be represented using the following equation,
obtained by a least-squares fit to the results in the (25e50) at.% Mn
range:

DSmg;fcc
m ¼ 1:043� 0:009 xMn (3)

where xMn is the Mn content of the alloy expressed in at.%.

The current DSmg; fcc
m vs. at.% Mn results are compared in Fig. 5
Fig. 5. Composition dependence of DSmg; fcc
m in the Fe-Mn according to the present

work (filled symbols) and other sources of information. Full star symbols represent the
results reported by Hashimoto and Ishikawa [30]. Half-filled symbols represent the
current re-evaluation of results from Hashimoto and Ishikawa. The additional lines
represent the relations assessed by Huang [25] (dashed line), and by Cotes et al. using
martensitic transformation data from Fe-Mn [15] (solid line) and Fe-Mn-Si [26] alloys
(dashed-dotted lines).
with the values reported by Hashimoto and Ishikawa [30] from
their own heat-capacity measurements (empty symbols) on alloys
with 30, 40 and 50 at.% Mn. The comparison indicates that their
result for the alloy with the largest Mn content is in excellent
agreement with the present value for the alloy with 48.9 at.% Mn.
However, their results for the alloys with 30 and 40 at.% Mn are
significantly larger than the current ones, and indicate a strong

decrease of DSmg; fcc
m with increasing Mn content. In view of this

striking discrepancy, additional pieces of information were
included in the discussion, as explained in the following.

In the first place, considering that Hashimoto and Ishikawa
presented their measured heat-capacity results in Ref. [30], their
data were digitalized and re-evaluated by applying the same
criteria used in the present work to determine the base-lines and

non magnetic contributions to Cfcc
p . The corresponding DSmg; fcc

m

values are plotted in Fig. 5 using half-filled symbols, which
evidently are very close to the results of present measurements.

In the second place, the composition dependence of the DSmg; fcc
m

values assessed by Cotes et al. [15] by analyzing MT temperatures
was considered. They represented the magnetic entropy for ele-

ments and alloys using the expression DSmg; fcc
m ¼ R ln(bþ1) [23,24]

where the dimensionless quantity b depends upon the Mn content.
Lacking experimental information, b for Fe-Mn alloys had previ-
ously been described by Huang [25] as a linear interpolation be-

tween the values for the elements. The corresponding DSmg; fcc
m

values are represented in Fig. 5 using a dashed line which shows a
slight positive slope. However, Cotes et al. showed that the analysis
of MT temperatures and the To line allowed introducing a non-
linear correction term of the form (bFe,Mn xFe xMn). By considering
the MT results in the binary alloys they evaluated bFe,Mn ¼ �1.32,

which yields the DSmg; fcc
m vs. at.% Mn function described by a solid

line in Fig. 5. Evidently, the correction by Cotes et al. [15,16] to the
linearly interpolated b led to entropy values in remarkably good

agreement with the DSmg; fcc
m values based on the current mea-

surements and with those re-evaluated in the present study from
the original heat-capacity data reported by Hashimoto and Ishi-
kawa [30].

In closing this section, it should be mentioned that in a later
work Cotes et al. re-evaluated the bFe,Mn parameter by treating an
extended database containing MT temperatures of Fe-Mn and Fe-

Mn-Si alloys [26]. The result, bFe,Mn ¼ �2.05 leads to the DSmg; fcc
m

vs. at.% Mn values described in Fig. 5 by a dashed-dotted line. This
line indicates that the treatment of the MT in Fe-Mn-Si alloys re-

quires DSmg; fcc
m values that are even smaller than those obtained by

the usual interpolation procedures for b, which in their case [26]
involved the descriptions of the Fe-Mn, Fe-Si and Mn-Si systems.

Considering the binary DSmg; fcc
m values determined in the present

work, it can be hypothesized that the decreased bFe,Mn parameter
arrived at in Ref. [26] probably reflects the consequences upon the
optimized binary parameters of trying to accommodate a seem-

ingly strong effect of Si upon DSmg; fcc
m of the Fe-Mn-rich ternary

alloys. New heat-capacity measurements in Fe-Mn-Si alloys would
help to test this hypothesis.

The effect of Co additions upon DSmg; fcc
m for Fee 28 at.% Mn e Co

alloys is presented in Fig. 6. The filled symbols represent the values
obtained from the current measurements. The dotted line repre-
sents a linear fit to the results in Table 1. No previous de-
terminations of DSmg; fcc

m in this system have been found by us. The
present results should therefore be considered as a valuable first
contribution to the characterization of the magnetic transition in
fcc Fe-Mn-Co alloys.



Fig. 6. The effect of Co additions upon DSmg; fcc
m for Fe e 28 at.% Mn e Co alloys. The

filled symbols represent the values obtained from the current measurements. The
dotted line represents a linear fit to the results reported in Table 1.
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5. Summary and concluding remarks

It has long been accepted that magnetism plays a key role in
determining the phase stability of Fe-based alloys. More recent
studies have shown that a quantitative account of the entropy
change associated to the antiferromagnetic-to-paramagnetic tran-
sition is necessary in a detailed description of the martensitic
transformation temperatures in Fe-Mn and Fe-Mn-X systems. In
the present work new information has been presented concerning
the fcc structure of Fe-Mn and Fe-Mn-Co alloys, viz., the composi-
tion dependence of the N�eel temperature and the entropy of the
antiferromagnetic-to-paramagnetic transition. The entropy results
for fcc Fe-Mn alloys are found to agree remarkably well with the
values extracted from MT temperatures in the binary system by
using the Inden-Hillert-Jarl thermodynamic model. In addition, it is
shown that the present N�eel temperature results are consistent
with the recommended values for Fe-Mn alloys and with the scarce
previously published information on the Fe-Mn-Co system. In view
of these facts, it is concluded that the current findings represent a
valuable contribution to the understanding of the thermodynamics
of the structural andmagnetic transitions involving the fcc phase in
Fe-Mn and Fe-Mn-Co alloys.
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