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Abstract Fe–Mn–Al–Ni superelastic alloy is a potential

candidate for diverse engineering applications due to its

outstanding properties and low material costs. Recent

studies suggest that slight changes in the chemical com-

position severely affect superelastic response, phase sta-

bility and grain growth kinetics. In this paper, we found

that the Al stabilizes the parent a phase at high temperature

and promotes the formation of b precipitation at lower

temperature. An alloy with a 3:1 ratio between Al and Ni

produces homogeneously distributed b precipitates with

high phase fraction in the alpha matrix after quenching

from 1200 �C. The presence of these precipitates stabilizes

the a phase, lowers the martensitic transformation tem-

perature and gives the alloy a fully-reversible stress-in-

duced martensitic transformation behaviour without the

need to apply an aging step. In alloys with lower Al content

the b precipitation produced during quenching is severely

restricted and pseudoelasticity is impaired.

Keywords Superelasticity � Pseudoelasticity �
Thermoelastic � Fe–Mn–Al–Ni � Precipitation � Fe-based

superelastic alloys

Introduction

Over the past decade, iron-based superelastic alloys have

grown in importance within the family of shape memory

alloys (SMA) [1, 2]. Among these, Fe–Mn–Al–Ni presents

large superelastic strains over a wide temperature range

and good hot and cold workability. Due to these features,

Fe–Mn–Al–Ni alloys have the potential to be used in

aerospace, automotive and civil engineering applications

[3]. In this system, a thermoelastic martensitic transfor-

mation occurs between a disordered body-centered cubic

(A2 type) parent phase (a) and a face-centered cubic (A1

type) product phase (c0). The parent phase can be retained

by water quenching from about 1200 �C. The presence of

nanosized coherent B2-ordered NiAl-riched precipitates

(b) in the disordered a matrix is necessary for a reversible

stress-induced martensitic transformation. Conversely, the

formation of a non-martensitic face-centered cubic phase

(c) occurs under slow cooling rates from the a phase field

[4, 5].

A dislocation-based heterogeneous Bogers–Burgers

model was proposed for the a ? c0 martensitic transfor-

mation in the Fe–Mn–Al–Ni system [6] and a Pitsch-like

orientation relationship was experimentally determined

between a and c0 phases [7]. The b precipitates play a key

role in thermoelastic martensitic transformation. During

a ? c0 phase transition, the b precipitates are elastically

distorted and the martensite is finely sheared by the intro-

duction of nanotwins due to internal elastic strain, which is

released during the reverse martensitic transformation
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[8, 9]. In the martensite phase, twins are introduced with an

average stacking order observed of 8 M and a 5 �
3

sequence. Recent studies suggest that b precipitates trans-

form to a tetragonal L10 phase during martensitic trans-

formation [10]. This is also related to a tetragonal

distortion of the c0 martensite phase [11].

The main drawback in this alloy is the strong and neg-

ative influence of the grain boundaries of the a crystals on

the superelastic effect [3, 12]. In samples with the average

a grain size smaller than the dimensions of the specimen,

the superelastic recovery is severely restricted. Due to this,

some novel processes for abnormal crystal growth were

developed during the last years. Omori et al. applied a

cyclic heat treatment (CHT) between two different tem-

peratures: a high temperature where only the a phase

exists; and a lower temperature where both a and c phases

coexist [4]. The a subgrains formation, related to the pre-

cipitation of the c phase during cooling, generates a

dominant driving force that accelerates the grain growth of

a crystals, coarsening the a grains in each cycle. Using a

system for directional recrystallization [13], Vallejos and

Malarrı́a combined cyclic and directional heat treatments

and achieved a grains of * 8 mm in 100 min in a Fe–Mn–

Al–Ni alloy [14].

Several studies of the superelastic response under ten-

sion and compression were carried out in both bamboo-like

microstructures [3, 12, 15–19] and a single crystals

[3, 18, 20–25]. While in tension the best performance was

obtained in a single crystal oriented near\011[a direction

[3], in compression the central zone of the stereographic

triangle appears to be the most suitable direction for

maximize the superelastic effect [24]. In the opposite, the

superelastic recovery strain appears to be low in crystals

oriented in directions close to\111[a [22, 24]. This is in

correspondence with the theoretical calculations that pre-

dict the superelastic strain as a function of crystallographic

orientation [6, 8, 23, 24].

Recent studies suggest that slight changes in the

chemical composition of the Fe–Mn–Al–Ni system

severely affect superelastic response, phase stability and

grain growth kinetics. Vollmer et al. showed that the

addition of small amounts of Ti drastically promotes the

abnormal grain growth of a crystals [26]. Xia et al.

reported that the temperature dependence of the critical

stress can be tuned by the addition of Cr [27]. This phe-

nomenon was used for the authors to find a temperature-

invariant stress-dependence Fe–Mn–Al–Ni -Cr alloy.

Vallejos et al. showed that an alloy with higher Al content

regarding the typical chemical composition (Fe–34Mn–

15Al–7.5Ni in at.%) presents b precipitates of considerable

size and homogenous distribution after quenching [14].

This allows to obtain a fully-reversible stress-induced

martensitic transformation without the aging conditioning

step for b precipitation (typically at 200 �C for 3–6 h)

carried out after quenching. A similar superelastic response

was obtained by Xia et al. in an Al-rich Fe–Mn–Al–Ni

alloy [28]. Based on thermodynamical calculations and

experimental results, Walnsch et al. showed that the

coherent b precipitates stabilize the parent a state of the

matrix and influence on the martensite start temperature

(MS). Also, these results suggest that the chemical com-

position and volume fraction of the precipitates could

influence on the thermoelastic martensitic transformation

and superelastic response of the Fe–Mn–Al–Ni system.

The present study focuses on the phase stability of three

different Fe–Mn–Al–Ni alloys and the role of Al and Ni on

the thermoelastic behaviour.

Methodology

Three Fe–Mn–Al–Ni alloys with different chemical com-

positions were prepared by melting commercial raw

materials under an argon atmosphere in an induction fur-

nace and casting in ingots. These ingots were homogenized

under an argon atmosphere at 1000 �C for 24 h. In order to

evaluate the chemical composition of the alloys regarding

Fe, Mn, Al and Ni elements, atomic absorption spectrom-

etry studies were carried out. The direct combustion

method was used to determine the C content. The chemical

composition of the three alloys used in this study are

summarized in Table 1.

Reduced portions of the ingots were cut with an elec-

trical discharge machine. Then, some of these samples

were hot-rolled at 1000 �C with a total thickness reduction

of 50%. Also, a cold-rolled process with the same reduc-

tion that in the previous case was applied to some of the

portions of the ingots.

In order to study the presence of the different phases at

high temperature, the samples were subjected to a solution

heat treatment (SHT) for 0.5 h at 1200 �C. The a phase is

expected to be the only stable phase at this temperature [3].

After the SHT, two different thermal routes were followed:

Table 1 Chemical composition and nomenclature of the alloys

studied in this work

Nomenclature Element (at.%)

Fe Mn Al Ni C

17Al Rest 33 17 6 0.15

15Al Rest 34 15 7.5 0.1

11.5Al Rest 38 11.5 7 0.15
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• Room-temperature water quenching from 1200 �C.

• Slow cooling from 1200 to 1100 �C, holding this

temperature for 0.5 h and then followed by a room-

temperature water quenching.

The microstructures of the samples were studied by

optical microscopy. The metallographic specimens were

prepared using mechanical polishing techniques and etched

with 7% nitric acid and 93% ethylic alcohol. The metal-

lographic images were obtained with an Olympus PME3

optical microscope. The crystallographic orientations of the

crystals were measured by electron backscatter diffraction

(EBSD) with a FEI Quanta 200 FESEM Environmental and

an Orientation Image Microscopy-EBSD system.

In order to study the thermoelastic cycle and phase

transformation temperatures in the samples, several mag-

netization studies were carried out using a SQUID Quan-

tum Design MPMS-5S magnetometer. The magnetization

measurements were carried out using a magnetic field of

0.05 T. The size and distribution of b precipitates were

investigated by transmission electron microscopy (TEM)

using a JEOL JEM-2100Plus operated at 200 kV. TEM

samples were prepared by double-jet electro-polishing with

a solution of 950 ml acetic and 50 ml perchloric acid.

X-ray diffractograms and pole figure were measured

using an Empyrean Panalytical X-ray diffractometer with a

Cu tube and a monochromator at 40 kV and 40 mA. The

Maud software was employed for Rietveld analysis of the

diffraction patterns [29].

Specimens of 3.5 9 3.5 9 60 mm3 were subjected to

the cyclic directional annealing (CDA) method in order to

obtain abnormally grown a grains [13, 14]. The procedure

involves two iterations of cooling from an upper temper-

ature of 1250 �C through a gradient of 68 �C/mm. Several

drawing velocities were used in order to obtain different

grain sizes in the specimens [14]. Prisms of 2 9 2 9 3.5

mm3 were obtained from these directionally annealed

specimens using a diamond saw and mechanical polishing.

In order to study the superelasticity of these samples,

compression tests were performed in an Instron 3382 uni-

versal testing machine. The loading and unloading veloc-

ities were 0.1 mm/min and 0.5 mm/min, respectively. A

10 mm gauge length extensometer was used to measure the

strain in the samples. For this, the arms of the sensors were

in direct mechanical contact with the compression plates

via knife edges.

Results

The microstructures of 17Al, 15Al and 11.5Al alloys

subjected to a SHT for 0.5 h at 1200 �C and then water

quenching are shown in Fig. 1a–c, respectively. The 17Al

sample presents a fully a microstructure of equiaxed grains

of about 300 lm. Similarly, the 15Al specimen shows a
grains surrounded by c phase precipitated in the a grain

boundaries. A similar microstructure was first reported by

Vollmer et al. [5] and it was attributed to a lower cooling

rate than the one produced in cold water quenching, i.e., in

hot water quenching. Also, some thin c0 martensite plates

can be observed inside several a grains in 15Al alloy. This

may be a consequence of the stresses generated in the

grains due to sudden cooling during quenching. As it is

shown in Table 1, 11.5Al alloy presents higher Mn content

than 15Al and 17Al alloys. Despite Mn stabilizes c phase,

it also has a strong effect on the hardness of a ferrite. After

quenching from 1200 �C, the 11.5Al alloy shows an a ? c
microstructure, with similar proportion between both pha-

ses. The a grains range in size from 20 to 200 lm. This

implies that the complete solution of the a phase did not

occur at 1200 �C in this alloy. Figure 1d shows a metal-

lography of 11.5Al sample quenched from 1200 �C with a

higher magnification. Several c0 plates can be observed

inside the a crystals. Also, c twins are shown in this figure.

From these results, it is clear that 11.5Al chemical com-

position is not suitable as a superelastic alloy since a fully

or almost fully a microstructure cannot be achieved by

water quenching from 1200 �C. In order to study the phase

stability of the alloys at lower temperatures, after the SHT

at 1200 �C, 17Al and 15Al samples were slowly cooled to

1100 �C, holding this temperature for 0.5 h and then

quenched in room-temperature water. The metallographic

images of 17Al and 15Al subjected to this heat treatment

are shown in Fig. 1e and f, respectively. Both alloys pre-

sent an a ? c microstructure. However, the proportion of

the a phase is * 70% in 17Al and * 50% in 15Al. These

results imply that the a phase is more stable at high tem-

peratures in 17Al alloy compared to 15Al alloy. This is

expected since Al is the only a stabilizer element in the Fe–

Mn–Al–Ni system [30].

The X-ray diffraction patterns of 17Al, 15Al and 11.5Al

alloys quenched from 1200 �C are shown in Fig. 2a–c,

respectively. The 17Al sample presents high-intensity

peaks corresponding to the a phase. The smaller peaks

indicate that some c0 exist in the sample. This may be a

consequence of the stress generated in the grains due to the

severe quenching or superficially induced during polishing.

The diffractogram corresponding to 15Al specimen can be

observed in Fig. 2b. In this case, the peaks corresponding

to the face-centered cubic structure are remarkably higher

than in 17Al alloy. Since the c0 martensite and the low

temperature c phase presents face-centered cubic structures

with similar lattice parameters [3, 4], these cannot be dis-

tinguished from the X-ray diffraction data. Thus, the con-

tribution of each of these phases in the peaks of Fig. 2b

cannot be reliably determined. However, the
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metallographic image shown in Fig. 1b indicates that the c
is only located in the grain boundaries of a grains in 15Al

alloy quenched from 1200 �C. For this, the major contri-

bution of the diffraction peaks might arise from the c0

induced during quenching or polishing steps. This may

indicate that in 15Al the a phase is less stable than in 17Al

since the c0 martensite is more easily induced in the former

alloy. It is worth noting that in the diffractograms of 17Al

and 15Al alloys, some peaks corresponding to b precipi-

tates can be observed. Although many of the b peaks

coincide with the ones of the a and c/c0 phases, the

diffractions of {100}b, {200}b and {210}b planes can be

clearly observed in 17Al sample, and {100}b and {110}b
diffractions peaks in 15Al sample. This confirms that the b
precipitates are present in the Fe–Mn–Al–Ni system after

quenching and without a low temperature aging step, as

reported in our previous study [14]. Figure 2c shows the

X-ray diffractogram corresponding to 11.5Al quenched

from 1200 �C. In this specimen, the face-centered cubic

peaks corresponding to c and c0 phases are more intense

Fig. 1 Metallographic images of the alloys subjected to a SHT at

1200 �C for 0.5 h and water quenching: a 17Al; b 15Al; c 11.5Al.

d Image with higher magnification of the sample shown in c.

Metallographic images of the alloys subjected to a SHT at 1200 �C
for 0.5 h, slowly cooled to 1100 �C and then water quenching:

e 17Al; f 15Al
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than in the previous cases. This can be expected since the

high volume of c phase observed in Fig. 1c. Also, the many

c0 plates inside the a grains (Fig. 1d) indicate that the

11.5Al alloy is also prone to inducing martensite.

In order to calculate the lattice parameters of the a phase

(aBCC) in the three alloys studied, Rietveld refinements

were carried out using the X-ray data shown in Fig. 2a–c.

The aBCC parameters obtained for the three alloys are

summarized in Table 2. While aBCC for 17Al and 15Al

present very close values and are in correspondence with

the one reported by Omori et al. [8], the a lattice parameter

for 11.5Al is significatively higher. This is expected since

the 11.5Al has the lower Al content of the three alloys

studied, which is the element with the smaller atomic

radius in Fe–Mn–Al–Ni system [31].

The magnetization versus temperature of 15Al quenched

from 1200 �C is shown in Fig. 3a. The a $ c0 thermoe-

lastic martensitic transformation was detected since a clear

hysteresis loop can be observed. The decreasing in mag-

netization observed in cooling was attributed to the mag-

netic nature of the a parent phase (ferromagnetic) and the

c0 martensite phase (weak magnetic) [3]. For this, during

the martensitic transformation the magnetization of the

alloy is drastically reduced. The value of MS is *
- 10 �C, which is similar to the one reported by Omori

et al. for a Fe–34Mn–15Al–7.5Ni (at. %) alloy [3]. Fig-

ure 3b shows the magnetization versus temperature of 15Al

alloy quenched from 1200 �C and aging at 200 �C for 3 h.

The hysteresis loop is no longer observed. This effect was

also observed by Omori et al. [3] after an aging at 200 �C
for 6 h, and it was attributed to the decreasing of MS due to

b precipitation. The magnetization versus temperature of

17Al quenched from 1200 �C is shown in Fig. 3c. A sim-

ilar curve to the previous case is observed. Since no

magnetization decreasing during cooling or hysteresis loop

were detected in the study, it can be assumed that the MS is

below the lowest measured temperature (- 253 �C). It is

worth noting that in this case no aging step was apply to the

alloy after quenching. In order to study the magnetic nature

of the martensite, a cold rolling with a total reduction of

90% was applied to a 17Al sample after quenching from

1200 �C. It is expected that a high amount of martensite

was induced and retained after cold rolling. The magneti-

zation curve as a function of temperature for this specimen

is shown in Fig. 3d. A slight change in slope was detected

in the magnetization curve at * - 230 �C. Since c0

martensite is paramagnetic, this temperature could be

Fig. 2 X-ray diffractograms of samples quenched from 1200 �C:

a 17Al alloy; b 15Al alloy; c 11.5Al

Table 2 Lattice parameter of the a phase for the three alloys studied

in samples quenched from 1200 �C

Alloy a lattice parameter [nm] Error [nm]

17Al 0.2904 0.0003

15Al 0.2903 0.0003

11.5Al 0.2914 0.0002
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identified as the Néel temperature (TN), at which this phase

becomes antiferromagnetic on cooling.

In order to study the size and distribution of the b pre-

cipitates in the alloys for hot-rolled and quenching condi-

tions, several TEM measurements were carried out.

Figure 4a–c show the dark-field images of the precipitates

in hot-rolled 17Al, 15Al and 11.5Al specimens, respec-

tively. The volume occupied by the b phase and its dis-

tribution homogeneity appears to be higher in 17Al than in

15Al and 11.5Al alloys. The 11.5Al alloy shows several

small precipitates of about 1 nm and with the greater pre-

cipitates distributed in a few regions of the a matrix, as can

be seen in Fig. 4c. The dark-field images of 17Al and 15Al

samples quenched from 1200 �C are shown in Fig. 4d and

e, respectively. The 11.5Al alloy was not study in this

condition since it is not possible to obtain a fully a
microstructure by quenching, as it is shown in Fig. 1c and

d. Both 17Al and 15Al alloys show an increase in the size

of the precipitates after quenching with respect to the hot-

rolled condition. In order to obtain a statistically accurate

size of the b phase, 500 precipitates were used for mea-

surement in each analysed sample. The histograms show-

ing the distribution of the precipitates size in 17Al, 15Al

and 11.5Al alloys are shown in Fig. 4f–h, respectively. In

17Al alloy, a slight increment of the b precipitate sizes

occur after quenching (Fig. 4f). Conversely, this increase

in the size of the precipitates after quenching is remarkable

greater in the 15Al alloy, as observed in Fig. 4g. In both

alloys, the b size distribution in hot-rolled condition is

represented by a lognormal function. On the other hand, in

the quenched samples the distribution appears to be gaus-

sian. The 11.5Al hot-rolled sample presents many precip-

itates with sizes in the range of 0.5–1.5 nm, as it can be

observed in Fig. 4h. A secondary and lower peak is

observed at * 3 nm. The average size values and standard

deviations of the b precipitates for 17Al and 15Al alloys in

hot-rolled and quenched conditions are summarized in

Table 3.

Finally, some incremental compression tests were car-

ried out in 17Al samples with different average grain size

and microstructure in order to investigate the superelastic

response of the alloy. No further aging was applied after

water quenching to any sample. The stress–strain curves

are shown in Fig. 5a–c. The corresponding metallographic

images showing the polycrystal microstructures of the

samples tested are also plotted in Fig. 5a and b, below each

stress–strain figure. In Fig. 5c, corresponding to a single

crystal sample, the EBSD inverse pole figure (IPF) in load

direction is also plotted. From Fig. 5a–c, it can be assumed

that the shape recovery ratio (SRR) is increased with grain

size in 17Al alloy. This effect was widely reported in Fe–

34Mn–15Al–7.5Ni (at.%) alloy [3, 12, 16]. Also, the

transformation stress (rSE) reduces as the average size of

the a grains increases. There is a dramatic difference in the

mechanical response of the cases shown in Fig. 5a and b.

Despite the fact that the microstructure of both samples

consists of a few coarse oligocrystals, the specimen shown

in Fig. 5b presents courser crystals and, as a consequence,

less grain boundaries that interfere with the activation and

Fig. 3 Magnetization vs. temperature curves for: a 15Al quenched

from 1200 �C; b 15Al quenched from 1200 �C and further aging at

200 �C for 3 h; c 17Al quenched from 1200 �C; d 17Al quenched

from 1200 �C and cold-rolled with a total reduction of 90%
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shrinkage of the martensite. On the other hand, the single

crystal shown in Fig. 5c presents an almost full-strain

recovery performance. This excellent superelastic beha-

viour without a conditioning aging step in the alloy was

previously reported by the authors in several single crystals

of 17Al alloy [24] and by Xia et al. in an Al-rich alloy [28].

Fig. 4 Dark field TEM images of b precipitates in: a 17Al hot-rolled;

b 15Al hot-rolled; c 11.5Al hot-rolled; d 17Al quenched from

1200 �C; e. 15Al quenched from 1200 �C. f–h Histograms showing

the size distribution of precipitates in the hot-rolled and quenched

conditions for 17Al, 15Al and 11.5Al, respectively

Table 3 Average size and

standard deviation of the b
precipitates for 17Al and 15Al

alloys in hot-rolled and

quenched conditions

Sample—Thermomechanical condition Average size [nm] Standard deviation [nm]

17Al—hot-rolled 4.0 0.4

17Al—quenched 4.7 2.8

15Al—hot-rolled 3.3 0.4

15Al—quenched 6.2 4.4
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Discussion

The phase stability in three different alloys of the Fe–Mn–

Al–Ni system at high and low temperatures were studied in

this paper. Since the Al is the only element in the system

that stabilizes the a ‘‘ferrite’’ parent phase, it plays a key

role in obtaining a fully a field at high temperatures [30].

From the metallographic images of the three alloys quen-

ched from 1200 �C (Fig. 1a–d), it is clear that the Al

content strongly influences the phase that are present in the

alloy and their proportion in the microstructure. While in

17Al and 15Al samples a fully or almost fully a-grained

microstructure is obtained, in 11.5Al alloy an a ? c
biphasic microstructure is observed. Furthermore, at

1100 �C a higher proportion of a phase is found in the

17Al alloy compared to the 15Al alloy, as shown in Fig. 1e

and f, respectively. This confirms the stabilizing effect of

Al on the a phase at high temperatures.

For technological purposes it is interesting to find the

lower limit of Al where a state of fully or almost fully a
grains is obtained by quenching from 1200 �C. Vollmer

et al. achieved a bamboo-like a microstructure in a Fe–

Mn–Al–Ni alloy with 13.5% Al (at.%) by CHT followed

by quenching in tempered water [15]. More recently,

Walnsch et al. studied several chemical compositions and

obtained a fully a state by SHT at 1250 �C for 8 h followed

by ice water quenching with 12.2% Al (at.%) in the alloy

[10]. In this study, we failed in obtaining an a grain

microstructure in the 11.5Al alloy, as it is shown in Fig. 1c

and d. The a ? c microstructure was observed in this

chemical composition even using 1250 �C as quenching

temperature (for the sake of simplicity these results are not

shown in this paper). From the Fe–Mn–Al ternary system,

it can be observed that the limit of the fully a field at

1200 �C is * 12% Al (at.%) [32]. From these results it can

be concluded that the lower limit of Al to obtain a fully a
phase microstructure in Fe–Mn–Al–Ni quaternary system

is around 12% Al (at.%).

From the diffraction pattern of Fig. 2a, it can be

observed that the 17Al alloy quenched from 1200 �C pre-

sents a low volume fraction of c0 martensite. This phase is

induced by the stress generated during the severe quench-

ing and the polishing steps. In opposite, a more significa-

tive volume fraction of the c0 phase was identified in the

15Al alloy quenched from 1200 �C, as shown in the

diffraction pattern of Fig. 2b. This is a strong indication

that the 15Al alloy is more prone to thermally induce the c0

martensite than the 17Al alloy. The effect of the a phase

stabilization is more clearly observed in the magnetization

vs. temperature curve for quenched 17Al alloy, as shown in

Fig. 3c. No thermoelastic a ? c0 martensitic transforma-

tion was identified in this measurement, which implies that

the MS for this alloy is below - 250 �C. Conversely, the

15Al alloy in quenched condition presents a clear ther-

moelastic hysteresis loop in the magnetization curve shown

in Fig. 3a. In this case, the MS is * - 10 �C, significa-

tively higher than for the previous case. The remarkable

difference in the undercooling observed in the two alloys

implies that the 17Al alloy presents a more stable a parent

phase than the 15Al alloy. Thus, more energy must be

applied in the former alloy to induce the a ? c0 marten-

sitic transformation.

The MS calculated by Calphad for an Fe–34Mn–15Al–

7.5Ni (at.%) alloy was * 900 �C [33]. This value strongly

Fig. 5 Stress–strain curves showing the superelastic response of 17Al alloy with three different microstructural conditions: a columnar-grained

microstructure; b oligocrystalline microstructure; c single crystal
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differs from the experimentally measured MS [3, 9, 10, 34].

The difference was attributed to the thermodynamic con-

tribution of the b precipitates to martensite formation [10].

This is a consequence of the positive Gibbs energy con-

tribution due to the transformation of the B2 precipitates

into L10 structure. In this sense, the formation of b pre-

cipitates in the a matrix seems to be responsible for the

decreasing of MS.

Despite the fact that b precipitates were observed in all

the alloys studied, even in the hot-rolled condition, a sig-

nificant growth in size and volume fraction occurs during

quenching from 1200 �C, as can be seen in Fig. 4. The

volume fraction of the precipitates before quenching

appears to be higher as the Al content increases in the

system, despite the fact that the sizes are similar, as

observed in Fig. 4a–c. This effect of Al on the volume

fraction seems to be maintained in the quenched condition.

This is evidenced since in 17Al alloy the precipitates are

smaller but more densely and homogeneously distributed

than in 15Al alloy, as shown in Fig. 4d and e. The b pre-

cipitates not only contribute to the hardening of the alpha

matrix, but also play a fundamental role in the thermody-

namics of the alloy by stabilizing the a phase [10]. Con-

trary to previous studies that establish as a condition for

obtaining a good superelastic effect in the alloy to have b
precipitates of adequate size in the a matrix, Walnsch et al.

recently found that the b phase fraction significantly

influences the Gibbs energy for a ? c0 martensitic trans-

formation and MS. Thus, the higher the b phase fraction,

the greater the energy contribution that stabilizes the a
phase and the lower MS. This is consistent with our pre-

vious results, where we achieved an excellent superelastic

effect and a fully-reversible stress-induced martensitic

transformation with b precipitates of small size but with a

homogeneous distribution and a high-volume fraction in

the 17Al alloy [24]. This also explains the stability of the a
phase in the 17Al alloy compared to 15Al and 11.5Al

alloys, since the fraction of precipitates is higher in the

former one. It is also worth noting that the contribution of

the b precipitates to the stability of the a parent phase is

drastically reduced as the Ni/Al ratio increases in the pre-

cipitates, as can be observed in Fig. 3b of Ref. [10]. Thus,

it is expected that in an alloy with a Ni/Al ratio of 1:3, such

as the 17Al, the b precipitates contain a higher proportion

of Al than in the ‘‘classical’’ Fe–34Mn–15Al–7.5Ni (at.%)

with a Ni:Al ratio of 1:2. The strong a stabilization in 17Al

alloy is clearly observed in the metallographic images

shown in Fig. 1, the diffraction patterns of Fig. 2 and the

magnetization vs. temperature curves of Fig. 3.

The miscibility gap that separates the a (Fe-rich disor-

dered A2) and b (NiAl-rich ordered B2) phases was firstly

reported in ternary Fe–Ni–Al system [35] and is related to

the b precipitation that occurs in superelastic Fe–Mn–Al–

Ni system [2]. In Fe-Al-Ni system, the miscibility gap is

narrow at high temperatures and gradually broads as tem-

perature decreases. The three-dimensional shape of the

miscibility gap is a ‘‘Napoleon hat’’ type for this system, as

can be seen in Fig. 9 of Ref. [35]. From this figure, it is

clear that the Al content plays a key role on the temperature

where the miscibility gap starts: the higher the Al content,

the higher is the starting temperature of the miscibility

region. If during quenching, the miscibility zone is reached

at a higher temperature, more b phase fraction can be

expected in the a matrix due to the greater driving force

available for precipitation [36]. This is in correspondence

with the highest volume fraction of the b phase observed in

Fe–Mn–Al–Ni alloys when the Al content is higher, as

shown in Fig. 4a–e.

Conclusions

In this paper we studied the phase stability of three dif-

ferent Fe–Mn–Al–Ni superelastic alloys. The chemical

compositions of these alloys are Fe–33Mn–17Al–5Ni–

0.15C (17Al), Fe–34Mn–15Al–7.5Ni–0.1C (15Al), and

Fe–38Mn–11.5Al–7Ni–0.15C (11.5Al), expressed in at.%.

The following conclusions can be drawn:

• At high temperatures, the Al content is related to the a
phase stability. A fully a-grained microstructure can be

generated by water quenching from 1200 �C in 17Al.

While some c formation occurs in a grain boundaries

during quenching in 15Al alloy, a biphasic a ? c
microstructure is obtain in 11.5Al. The lower limit of

Al in the alloy to obtain a complete or almost complete

a grain structure after quenching from 1200 �C was set

at around 12% Al.

• For the first time the coherent b precipitates were

detected in the a matrix in the Fe–Mn–Al–Ni system

before quenching. In the hot-rolled condition, the 17Al

alloy presented homogeneously distributed b precipi-

tates with a higher fraction phase than in 15Al and

11.5Al alloys.

• The b precipitates volume fraction in the quenched

condition presented a higher volume fraction for 17Al

than for 15Al. This massive b precipitation after

quenching in 17Al alloy is related to the stabilization

of the a phase, the lowering of the martensitic

transformation temperature and the fully-reversible

stress-induced martensitic transformation behaviour

without the need to apply an aging step, observed in

this alloy.

• The significative differences in phase stability and

thermoelastic behaviour observed in the three samples

studied in this paper, with relatively slight changes in

Shap. Mem. Superelasticity

123



the chemical composition, highlight the importance of

measuring the percentage of elements and controlling

the manufacturing process, in homogeneities and

segregations in ingots of Fe–Mn–Al–Ni alloys.
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