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Abstract. FeMn based alloys are a low cost alternative to traditional SMAs due to their convenient one-way shape
memory effect. While alloy systems containing several elements have received considerable attention along the last
few years, namely FeMnSiCr, FeMnSiCrNi and modifications of these two containing precipitates, there is still
scarce information about some of the related ternary systems. An important example is the FeMnCr system.
Information about phase stability and transformation temperatures in this ternary system would be useful as input
data for higher order alloy design. We present experimental fcc/hcp martensitic transformation temperatures of
selected FeMnCr alloys measured by means of dilatometry and electrical resistivity. We have found that these
transformation temperatures suffer an evolution when samples are thermally cycled, up to an asymptotic state. In the
case of the studied samples, this asymptotic state is reached after a small number of cycles (n < 5). TEM observations
aimed at elucidating the origin of this behavior found two main microstructural features: 1) the presence of very small
precipitates in the alloy matrix, and 2) a tendency to form mono-oriented martensite inside each grain.

1. Introduction
Fe-Mn-based alloys have been the subject of recent studies in connection with their one-way shape-memory
effect (SME) [1-3]. The SME in these alloys is related to a fcc/hcp martensitic transformation. Under favourable
conditions, stress induced hcp phase reversibly transforms to fcc upon heating, reverting the imposed shape
change [4-5]. In particular, ternary (Fe-Mn-Si) and higher-order alloys based on the Fe-Mn system display a
complete SME. In addition, Fe-Mn-Si-based shape memory alloys (SMAs) are machinable, easily weldable and
of relatively low cost. As a consequence, they are alternative for large-scale applications such as pipe joints [6],
bolts and the composite reinforcement [7].
Fe-Mn-Si-based SMAs usually contain between 15 and 30 wt.% Mn in order to stabilize the fcc to hcp
transformation, and up to 6 wt.% Si to control the stacking fault energy and antiferromagnetic ordering
temperature (TN) of the austenitic structure. Higher order alloys usually contain Cr and Ni. The addition of Cr,
usually between 5-ZWLPSURYHVWKHPDWHULDO¶VFRUURVLRQUHVLVWDQFH:KHQ&UFRQWHQWLVDERYHZWWKH
alloy is prone to form the Fe-Cr sigma phase ( Fe-Cr) which results in material embrittlement [8]. In order to avert
this possibility, Ni is added to prevent sigma phase formation, in a similar way as it is done with stainless steels
[9]. As a result, alloys useful for a applications easily end up containing five or more elements.
There is a set of properties which increase the effectiveness of the SME:
- The martensite start temperature (Ms, fcc to hcp) should be below, and close to, room temperature. Then,
martensite will only be induced during the straining step, thus maximizing the SME.
- The austenite start temperature (As, hcp to fcc) should be higher than 60 oC. Then, a pre-strained element can
be handled and positioned before inducing shape recovery without the need of keeping it cool as it happens, for
example, with normal NiTi parts.
- 7KH 1HpO WHPSHUDWXUH 7 N) for the fcc phase should be lower than room temperature in order to favor hcp
introduction by straining.
- Stacking faults in the fcc phase act as nucleation sites for the hcp phase. Then, stacking fault energy of the fcc
phase should be low, in order to allow an easy nucleation of the hcp phase.
In the Fe-Mn-based alloy family, chemical composition can be fine tuned to approach to this set of
properties. However, selecting the right combination of elements in order to obtain all these properties in a multicomponent alloy is not an easy task. Methods based on computational alloy design are being applied with some
degree of success. One of these methods, based in the so-called CALPHAD approach, requires of
thermodynamic information about the phases of interest in, at least, the intervening pure elements, and their
binary and ternary combinations. Then, there is an additional problem regarding Fe-Mn-based SMAs. The
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phases of interest, fcc and hcp, are metastable at room temperature. Although the fcc/hcp metastable equilibrium
has been studied in the binary Fe-Mn, Fe-Si and Fe-Cr and ternary Fe-Mn-Si systems, the information
concerning other Fe-Mn-based ternary systems involved (namely Fe-Mn-Cr and Fe-Mn-Ni) is scarce [10].
In this work, we present an experimental study of the fcc/hcp martensitic transformation in the Fe-MnCr system. We have also performed transmission electron microscopy (TEM) observations of the microstructure
of these alloys in order to identify their characteristic features.

2. Experimental
Fe-Mn-Cr alloys were arc melted from the pure metals several times under Ar atmosphere. The
resulting alloys (buttons of approximately 15 g) were heat-treated in quartz capsules under Ar atmosphere for 48
hours at 1273 K, and water quenched. Samples for dilatometry (2 x 2 x 15 mm3) and electrical resistivity
measurements (1 x 5 x 12 mm3) were spark cut from the buttons. All samples were polished, individually
encapsulated into quartz tubes under Ar atmosphere, annealed for 1 h at 1273 K, and water quenched by
breaking the capsules. The composition of each alloy studied in this work was determined by electron beam
microanalysis using an energy dispersive spectrometer (EDS) and the pure elements as standards. The
transformation temperatures were determined by using either a dilatometer or an electrical resistivity equipment,
both designed and built in our laboratory. In all cases, a spot welded Chromel-Alumel thermocouple was placed
on the surface of the samples in order to accurately measure the temperature.
Samples for transmission electron microscopy (TEM) observations were prepared directly from
electrical resistivity samples. The 1 mm thick slices were first thinned down to 0.2 mm by applying a chemical
polishing procedure. Then, discs of approximately 3 mm in diameter were cut, again by applying a suitable
chemical solution to the thin slices. As a result, these TEM samples were never mechanically polished, ensuring
in this way the observation of defects or phases solely introduced during thermal cycling. Finally, the discs were
electropolished using a double jet with an acetic:perchloric 95:5 solution. The samples were observed in a
Philips CM200 TEM with an accelerating voltage of 200 kV and ultratwin objective lens.

3. Results
3.1 Martensitic transformation temperatures
Martensitic transformation temperatures of FeMnCr alloys were determined either by electrical
resistivity or dilatometry. In general, a good agreement has been obtained between electrical resistivity and
dilatometry measurements for different samples of the same alloy.
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Fig. 1. Martensitic transformation temperatures measurements. The alloy composition is Fe-23.9Mn-10.7Cr (wt.%). (a)
Electrical resistivity measurement. (b) Dilatometry measurement.

An example of typical measurements is displayed in Fig. 1, where the first cycle is shown for Fe23.9Mn-10.7Cr (wt.%) as measured by the electrical resistivity (Fig. 1a) and by dilatometry (Fig. 1b). The
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martensitic transformation is detected by means of dilatometry thanks to the large volume difference between fcc
and hcp phases (around 2.5%). The electrical resistivity measurements have also proven useful for determining
MTTs due to the different electric properties of these phases. However, As temperatures appeared somehow
obscured in some electrical resistivity measurements, particularly after performing several thermal cycles.
The measured MTTs for the complete set of alloys under study are presented in Fig. 2a (M s
temperatures) and Fig. 2b (As temperatures). The x-axis of these figures corresponds to the Mn content of the
alloy, while the Cr content is indicated in the y-axis. Each point in the graphs represents one alloy. The number
next to each point indicates the corresponding measured transformation temperature, in K.
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Fig. 2. Measured martensitic transformation temperatures for FeMnCr alloys. Each point represents one alloy. The number next to each
point is the measured transformation temperature, in K. (a) M s temperatures. (b) As temperatures.

3.1 TEM observations
TEM observations were performed to identify the main features of FeMnCr alloy microstructure. Fig. 3
shows a bright field image a Fe-23.9Mn-10.7Cr (wt. %) alloy.

Fig. 3. Bright field TEM image of a Fe-23.9Mn-10.7Cr (wt. %) sample. The matrix is fcc and the zone axis is close to [110]fcc. Spots with
the dark contrast, as those marked by arrows, correspond to precipitates.
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The zone axis in the figure is close to [110] fcc. The area appears nearly free from defects. Several spots with a
dark contrast (as those marked by arrows in the figure) are observed. These spots were identified as precipitates.
The average size of these precipitates is around 10 nm. We were not able yet to measure the chemical
composition of these precipitates due to their very small size. The precipitates loosely follow the traces of
(111)fcc planes.
Fig. 4 shows another area of a similar sample. The figure is a dark field image which has been taken
near the [110]fcc zone axis, using a martensite spot coinciding with a 111 fcc spot. As a result, thin martensite
plates appear with the bright contrast in the image. Notably, most plates have a single orientation. This particular
feature was observed in several areas of different similar samples. Precipitates appear to interact with martensite
plates as seen, for example, in the zone marked by an arrow in the figure.

Fig. 4. Dark field TEM image of a Fe-23.9Mn-10.7Cr (wt. %) sample. The matrix is fcc and the zone axis is close to [110] fcc. The image
was taken using a martensite spot coinciding with a 111fcc spot. Thin, mono-oriented martensite plates appear with the bright contrast in the
figure. Precipitates appear near the end of plates (see, for example, the zone marked by a white arrow).

4. Discussion
The metastable fcc/hcp martensitic transformation was detected in FeMnCr alloys, even in those cases
containing a rather large amount of Cr (above 12 wt. %), using both dilatometry and electrical resistivity. Fig. 1
shows that both techniques are suitable for MTTs measurements in this system.
Based on measured MTTs, we can conclude that Cr additions have the effect of stabilizing the fcc phase
against hcp martensite. This relative stabilization is reflected in the steep decrease of MTTs as Cr contents
increase (Fig. 2). For example, taking a line of approximately constant Mn content at 19 wt. % in Fig. 2a, the M s
temperatures decrease from 395 K at about 2 wt. % Cr, to 351 K at about 12 wt. % Cr. Similarly, A s
temperatures decrease from 457 K to 421 K in the same composition interval. This austenite stabilizing effect of
Cr is not unexpected, because it has been previously reported for higher order Fe-Mn-Si-Cr [8] and Fe-Mn-SiCr-Ni [11] alloys. Taking a constant Cr content, MTTs decrease as Mn content increase (Fig. 2). The effect is
similar to what has been measured in the binary FeMn system [12] and several ternary systems [13, 14]. What is
new here is that this tendency is verified even at Cr contents as high as 12 wt. %.
Hysteresis between Ms and As are of about 80 K in the Fe-Mn-Cr system, similar to what is found in the
binary Fe-Mn system [12] and the ternaries containing Si [13] and Co [14]. This large hysteresis value is
commonly explained by the large volume difference between the fcc and hcp phases and the absence of order in
these structures.
TEM observations were mainly aimed at identifying the main characteristics of the alloys
microstructure. Unexpectedly, we have found a large density of precipitates. We have observed them more or
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less equally distributed in the matrix and inside martensite plates (Fig. 3). In several cases, precipitates were
aligned following the traces of stacking faults, that is along the traces of (111) fcc planes. We found no indications
of the presence of precipitates in grain boundaries. As it was said in Section 3, the chemical composition of the
precipitates could not be determined by the EDS technique due to their small size (about 10 nm). Consulting the
phase diagrams literature [15], and taking into account the annealing temperature applied to the alloys (1273 K),
a reasonable guess is that the structure of these precipitates could be of the Cr-Mn W\SH7KLVVWUXFWXUHLVDQ
ordered variation of the Fe-Cr structure. In general, we have observed interaction between precipitates and the
ends of martensite plates (Fig. 4). So, a hardening effect on the fcc matrix due to the presence of precipitates can
be expected.
Another important feature is that martensite plates were observed to appear as single oriented variants in
each grain. This observation is particularly interesting if we take into account that martensite was not stressinduced in these samples. The martensite present on the TEM picture was thermally induced because the M s of
the alloy (323 K) was slightly above room temperature. This tendency to form mono-oriented variants could
result in a good SME in these samples.
Further work is presently being directed to clarify the origin and structure of the precipitates, and to
assess the mechanical and shape memory behaviour of Fe-Mn-Cr samples.
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preparation. Enrique Aburto and Carlos Cotaro helped with the quartz encapsulation of samples, and with EDS composition
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