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Abstract: Iron-based shape memory alloys (SMAs) have been widely studied during the last years,
producing new formulations with potential applications in civil engineering. In the present paper,
the microstructure and the thermomechanical behavior of the Fe-28Mn-6Si-5Cr memory alloy has
been investigated. At room temperature, the presence of e-martensite and y-austenite was confirmed
using optical and electron microscopy techniques. The martensitic transformation temperatures
(As, Af, Mg, and My) were determined by differential scanning calorimetry, together with an X-ray
diffraction technique. The use of these techniques also confirmed that this transformation is not
totally reversible, depending on the strain degree and the number of thermal cycles. From the kinetics
study of the ¢ — v transformation, the isoconversion curves (transformation degree versus time)
were built, which provided the information required to optimize the thermal activation cycle. Tensile
tests were performed to characterize the mechanical properties of the studied alloy. These kinds of
tests were also performed to assess the shape memory effect, getting a recovery stress of 140 MPa,
after a 7.6% pre-strain and a thermal activation up to 160 °C.

Keywords: shape memory alloy; martensitic transformation; activation temperature; recovery stress

1. Introduction

Shape memory alloys (SMAs) are a variety of smart materials that can recover their
original shape through temperature variation, after the material has been deformed beyond
its elastic limit [1]. The development of SMAs started from the discovery of Au-Cd alloy
with shape memory effect (SME) by Chang and Read in 1951, while later on, in 1961
Buehler et al. discovered the SME in Ti-Ni alloys. This marked the starting point for the
prompt development of new SMAs with potential engineering applications. The iron-
based shape memory alloys emerged as an alternative to the Ti-Ni alloys due to their low
cost, easy manufacturing process and better mechanical properties (higher stiffness and
strength). They are specially suitable for applications that require high shape memory
stress, i.e., constrained recovery applications; typical examples are pipe joins, rail couplings
or pre-stressing reinforcing elements in civil engineering [2-4]. The SME in Fe-Mn-Si
alloy systems was discovered by Sato et al. in 1982 [5]; different alloying elements were
subsequently added to improve this SME, making the systems more suitable for structural
applications [6-8]. Nowadays, research in this field is growing, in order to obtain smart
materials which are more competitive for civil engineering purposes.

In iron-based shape memory alloys (Fe-SMAs), the SME is based on the stress-induced
transformation from y(fcc)-austenite to e(hcp)-martensite at low or intermediate tempera-
ture or by the action of stress, and the reverse transformation (¢ — ) at higher temperatures
by heating. These transformations are governed by the motion of Shockley partial dislo-
cations during heating [1]. In the last decades, extensive investigation has been carried
out focused on the e<+y phase transformations, in order to better understand the ther-
momechanical behavior of the Fe-SMAs. The composition seems to have direct effect on
the shape memory capacity. In this line, Mn is the basic element in the Fe-Mn-Si memory

Metals 2021, 11, 649. https:/ /doi.org/10.3390/met11040649

https:/ /www.mdpi.com/journal/metals


https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-5793-1354
https://orcid.org/0000-0002-3086-1552
https://doi.org/10.3390/met11040649
https://doi.org/10.3390/met11040649
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11040649
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11040649?type=check_update&version=2

Metals 2021, 11, 649

20f 17

alloys. Depending on the Mn content, two types of martensite structures, namely ¢ and
o, can be formed from the y-austenite phase. Both the transformation characteristics and
the structure are different in each type of martensite. Only the y(fcc) — e(hcp) martensitic
transformation is responsible for the shape memory effect in this alloy. The presence of
o’-martensite is quite sensitive to the Mn content of the alloy; thus Mn additions higher
than 21%wt stabilize the e-martensite with respect to o’-martensite [7,9-11]. However,
considering that Mn stabilizes the y-austenite phase, the martensitic transformation can
be inhibited [12]. The addition of small amounts of Si to the Fe-Mn system significantly
improves the shape memory effect due to the reduction of the stacking fault energy of the
austenite [13,14]. Later on, more elements were added to the Fe-Mn-Si system, particularly
the addition of Ni and/or Cr to the Fe-Mn-Si alloys, which provide a combination of good
corrosion resistance and good SME [13,15]. In the last 20 years, an alternative strategy
based on the precipitation of fine particles, such as NdC, VN, TiC or VC, has been explored
with remarkable increase in the recovery strain [16-19].

On the other hand, Standford et al. point out that the SME depends largely on the
mechanical and thermal processes to which the alloy is submitted [19]. Several researchers
reported the positive effects of ‘training’ the Fe-SMAs, namely, the repeated application of
small strain followed by recovery annealing. Although the appropriate thermomechanical
processing depends on the alloy composition, the recovery strain can be improved by up
to around 5% [3,19-22].

These results suggest that, for specific Fe-SMA, the optimum treatments have to be
researched, in order to acquire the desired SME and mechanical properties. It should be
remembered that the ultimate goal is the use of these Fe-SMAs for the construction of
structural products.

The aim of the present work is to study the effect of mechanical and heat treatments
on the microstructure of a commercial Fe-28Mn-6Si-5Cr shape memory alloy, together
with the assessment of the transformation temperatures and the kinetics of the transitions.
The morphological and crystallographic properties have been investigated by means of
scanning electron microscopy (SEM) and X-ray diffraction (XRD), and the thermomechani-
cal features have been assessed using differential scanning calorimetry (DSC) and tensile
tests. The use of commercial alloy is a relevant aspect, since most of the studies have been
performed on alloys synthesized in laboratory conditions that can yield different results
than those obtained with commercial alloys.

2. Materials and Methods

The Fe-28Mn-6Si-5Cr (wt%, nominal composition) shape memory steel, hereinafter
SMS, was provided by Awaji Materia Co., Ltd. (Sumoto, Japan). The material was received
in pre-strained state.

The samples were mechanically ground with successive grades of SiC papers up to
1200 grade, after which they were polished with diamond paste of 1 um grain size to obtain
a mirror-like appearance. Finally, the samples were rinsed using ethanol and distilled
water, and were air-dried. The microstructure was revealed by etching with modified
Beraha’s reagent with potassium metabisulphite and hydrochloric acid, all the chemical
reagents were supplied by Sigma-Aldrich® (Merck KGaA, Darmstadt, Germany). The
optical observations were performed using a light optical microscope (LOM) GX51 from
Olympus® (Olympus Corporation, Tokyo, Japan).

The surface morphology was studied with scanning electron microscopy (SEM). The
equipment employed was an Electroscan JSM-54® model JEOL 5410. The chemical com-
position of the phases was determined by energy dispersive X-ray spectroscopy (EDS)
with the Link ISIS 300 X-ray detector. The acceleration voltage was 20 kV, both are from
OXFORD® instrument (Abingdon, England).

The X-ray diffraction (XRD) technique was used to characterize the phases present
in the alloy, and the changes which occurred during deformation and heating processes.
The diffraction patterns were collected using a X'Pert Pro (from Malvern PANalytical®,
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Malvern, UK) powder diffractometer with monochromatized CuK,, radiation (A = 1.54 A)
from 20 = 20° up to 20 = 130°. Eva software was used to evaluate the position of the
peaks, 26, their intensity Iy and the full width at half maximum (FWHM). The peaks were
identified using the International Centre for Diffraction Data (ICDD®, Philadelphia, PA,
USA) powder diffraction data.

The mechanical properties and recovery stress were evaluated from tensile tests using
a Universal Testing Machine (Shimadzu AG-I®, Shimadzu Corporation, Kyoto, Japan) with
a capacity of 250 kN. Proportional tensile specimens with a gauge length of 50 mm and a
diameter of 10 mm were manufactured. The tensile tests were performed using a strain
rate of 10 mm-min~!, at room temperature. The stress-strain curves were obtained by
using a contact extensometer (accuracy Class 0.5) and a Fiber Bragg Grating sensor, (FBG)
that was interrogated by FS22® (Hottinger Briiel & Kjaer GmbH, Darmstadt, Germany)
interrogator (resolution = 1.0 pm, sampling frequency = 1 Hz). The strain data acquisition
system was based on Catman software.

The transformation temperatures were determined by differential scanning calorime-
try (DSC) measurements, using Mettler Toledo® (Greifensee, Switzerland) 822e /400 equip-
ment, from —70 °C to 210 °C, with a heating rate of 2.5 °C min~! in a stream of N, (flow:
50 mL min~!). Previous DSC measurements were performed in order to optimize the
critical parameters, such as the interval of temperature and the heating rate. Samples with
sizes of about 60 mg were placed into a 40 puL Al crucible. The same technique was also
used to study the kinetics of the thermal activation (e-martensite to y-austenite transforma-
tion) for the SMS alloy. For that, three different heating rates: 5 °C min—!, 10 °C min—},
and 15 °C min~! were used. The interval of temperature was limited to the martensitic
transformation (¢ — ) window. The DSC data have been treated using the ‘model-free
isoconversional’ method, developed by Vyazovkin, usually denoted as model-free kinetic
(MFK) [23,24], which allows the evaluation of the effective activation energy, E«, as a
function of the conversion degree, . The latter parameter is determined as the area of the
DSC peak associated with the considered transformation. For that, and considering a set of
n experiments carried out at different heating rates, Tj(t), the effective activation energy
can be assessed at any particular value of « by finding the E that minimizes the function:

¥(Ea) = ;J; J[Ea, Tj(ta)] (1)

where

B Ti(ta)] = [ exp[RT‘?{‘t)]dt @)

toa—Ax

In Equation (2), « varies from 2Ax to 1 — Ax with a step Acc = (m + 1)~!, where m
is the number of the equidistant values of « chosen for the analysis. The integral J in
Equation (2) is evaluated numerically, substituted in Equation (1) and the minimization
is carried out to find E«. This procedure is repeated for each value of « to establish the
dependence of E, with o. A more detailed explanation can be found in references [23-26].

3. Results and Discussion
3.1. Microstructural Characterization

Figure 1 shows the optical micrographs of the pre-strained SMS alloy at different
magnifications. At lower magnification (Figure 1a) the size of the austenite grains, which
are very uniform and randomly oriented, can be easily appreciated. The deformation twins
inside the grain can also observed. At higher magnification (Figure 1b), not only the y-
austenite grains but also the stress-induced e-martensite plates can be clearly distinguished,
appearing as parallel dark lines inside the y-austenite grains.
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(a) | (b)

Figure 1. Optical micrographs of the Fe-28Mn-6Si-5Cr alloy at low (a) and high (b) magnifications.

The coexistence of both phases was corroborated by X-ray diffraction measurements
in agreement with the observations of other researchers [6,9,27]. This structure is perceived
with more detail in Figure 2. The SEM images clearly show the stress-induced e-martensite
formed in regularly spaced individual plates with uneven thicknesses. The twin boundaries
in the y-austenite grains are also visible.

Figure 2. SEM micrograph showing a general view of the SMS alloy (a) and the enlarged area labeled with a black square in

Figure 2a (b).

The SMS alloy was thermally activated by heating at 160 °C for 5 min, and the
microstructure is shown in Figure 3. The temperature of 160 °C is above A¢ (the temperature
at which the ¢ — y transformation finished), which is 141 °C. This value was obtained from
DSC experiments—a detailed discussion of the thermal analysis results will be provided
in Section 3.3. The observed microstructure reveals the disappearance of the martensite
plates, indicative that the reverse transformation (¢ — ) has been completed. Twins and
slip bands are clearly visible, a characteristic feature of dislocation motion. In addition,
the presence is noticeable of large inclusions that are heterogeneously distributed all over
the sample, although there is a higher accumulation in the central zone of the specimen;
this feature could be due to a greater solute enrichment in this area. These precipitates are
located at the grain boundaries and also within the austenite grains, as Figure 3b displays.
In addition, the size of particles embedded into austenite grains is much smaller, around
300-500 nm, than that of precipitates located at the grain boundary, which are roughly
1-3 pin size.
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Figure 3. SEM micrograph of the Fe-28Mn-6Si-5Cr SMS alloy after thermal activation (a), a detail of the precipitate
morphology (b), EDS spectra corresponding to zones 1, 2, and 3 indicated in Figure 3b (c).

The composition of the precipitates was assessed using the EDS technique. The
spectra obtained in zones 1, 2, and 3 of Figure 3b are shown in Figure 3c, and the chemical
microanalysis results are displayed in Table 1. Particles located at the grain boundary have
a similar composition to the surrounding matrix; however, the precipitates observed within
the parent austenite grains are enriched in Mn and mainly in Si, and accordingly, they are
depleted in Fe. The phase identification is discussed in the next section.

Table 1. EDS analysis corresponding to the phases and particles identified in Figure 3.

Phase Mn (wt%) Si (wt%) Cr (wt%) Fe (wt%)
Austenite (matrix, 1) 28.2 6.6 54 59.8
Particles at grain boundary (2) 28.6 6.7 57 59

Particles within austenite

. 329 11.9 5.7 49.5
grains (3)

3.2. X-ray Diffraction Study

Figure 4 shows the XRD pattern corresponding to the SMS alloy in the pre-strained
state.
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Figure 4. XRD pattern corresponding to the Fe-28Mn-65i-5Cr SMS alloy in pre-strained state.

As expected, the y-austenite is the predominant phase with the strongest diffraction
peaks at 20 = 43.5° and 26 = 50.5°, which correspond to the reflections of (111) and
(200) planes, respectively. The lower intensity peaks are located at 20 = 74.4°, 26 = 90.3°,
20 = 95.6°, and 20 = 117.5°, associated with the reflection of the (220), (311), (222), and
(400) planes, as labeled in Figure 4. In addition, the e-martensite phase is also detected,
confirmed by the presence of small peaks at 20 = 46.7° and 26 = 62.2° ascribed to the (10.1)
and (10.2) planes, respectively [1]. On the other hand, no peaks related to the «’-martensite
(bcc) have been detected; this result is expected considering the Mn content of the studied
alloy (28%wt.). Previous studies postulate that a minimum of 21% wt. Mn content is
necessary to stabilize the e-martensite in respect of the «’-martensite phase [10].

As aforementioned, the SME in the iron-based shape memory alloys results from the
stress-induced transformation of y-austenite to e-martensite and its reversion (¢ — v) by
heating. To characterize this reversibility, the pre-strained alloy was heated at a temperature
above A¢. In these conditions, the reverse transformation should be activated. Figure 5
illustrates the changes in SMS alloy subjected to a temperature of 160 °C for 5 min.
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Figure 5. XRD diffractograms of the SMS alloy in pre-strained state (blue) and after thermal activation at 160 °C during
5 min (red). A detailed insert of 20 between 40 and 60° is provided.

As expected, the intensity of martensite peaks decreases, which is clearly detected
in €(10.1) peak. In addition, there is a noticeable big intensity increase observed in all
the austenite peaks. In addition, there is a significant decrease in the width of the peaks,
which was assessed using the full width at half maximum (FWHM) parameter. Table 2
displays the quantification of the peak intensity ratio (I/Imax) and the FWHM parameters
in the main diffraction peaks of y-austenite. The peak intensity can be considered a
measure for the volume fraction of a phase in a certain grain orientation [18]. Therefore,
the increase of the peak intensity observed in all the 'y-austenite grain families after the
thermal activation confirms the reverse ¢ — y transformation. On the other hand, it can be
seen that this increase strongly depends on the grain orientation. Thus, the highest increase
is observed in the (220) grains. This result was already observed by other researchers,
which explains their softer behavior considering the Schmid factor for the movement of the
Shockley partial dislocations. The Schmid factor for (220) family is 0.47, so these grains are
optimally-oriented, while the other families have Schmid factors far from this value [18,28].
With respect to the FWHM decrease, Leinenbach et al. [18] attribute this evolution to the
combination of two contributions: one is the reverse ¢ — y transformation, which can
correlate to the peak intensity increase, and the second is the reversible motion of the
Shockley partial dislocations that not modify the peak intensity. This last contribution
could explain the highest peak refinement observed in the (311) family.

The reversibility of stress-induced martensite was investigated by Stanford and
Dunme in Fe-Mn-Si shape memory alloys [29]. Thus, in Fe-Mn-Si alloys with 5-6%wt. Si,
they observed that this reversibility is limited, mainly when they are submitted at a high
strain percentage. This irreversible transformation is illustrated in Figure 6, where the XRD
pattern corresponding to the highly deformed SMS alloy is compared with that obtained in
the same highly deformed sample subsequently heated at 180 °C for 5 min. Although a
slight increase is observed in the y-austenite peaks’ intensity, the most remarkable feature
is the presence of the e-martensite peaks, which undergo only a small intensity decrease.
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This irreversibility should be related to the large volume change associated with the phase
transformation, which generates dislocations that pin at phase boundary and inhibit its
reverse motion [29].

Table 2. Peak intensity ratio (I/Imax) and FWHM corresponding to the characteristic diffraction peaks
of the y-austenite.

State of the Sample vy (111) v (200) v (220) v (311)
Peak intensity ratio (I/Imax)
Pre-strained 100 24 6 11
Thermal activated 100 20 17 10
Variation (%) 0 20 183 10
FWHM (° 20)
Pre-strained 0.47 0.75 0.77 1.05
Thermal activated 0.31 0.26 0.29 0.13
Variation (%) —34.0 —65.3 —62.3 —87.6

100 z
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Figure 6. XRD patterns corresponding to the Fe-28Mn-6Si-5Cr alloy after severe straining (blue) and
after heating at 180 °C for 5 min.

Some small peaks are observed at 26 = 27.4° and 20 = 31.8° positions. Although
their ascription is not clear, they should be related to the precipitates observed in SEM
micrographs. As previously described, two types of particles are observed, located at the
grain boundaries and within the austenite grains (see Figure 3b). Considering the very
low volume fraction of the particles within the grains, it is probable that they cannot be
detected by X-ray diffraction; therefore, these peaks should correspond to the precipitates
located at the grain boundary. Lin et al. [30] studied grain boundary precipitates in an
Fe-30-Mn-6S5i-5Cr SM alloy, which has a composition very similar to those studied in this
work. They are formed during annealing at 600-750 °C and exhibit a bec structure with a
lattice parameter about of 8.8 A. Stanford et al. [31] identify these particles as x phase. In
these studies, the samples were submitted to an annealing process at high temperatures;
however, in the present work, the SMS alloy is thermally activated at 160-180 °C. On
the other hand, the observed diffraction peaks fit well to the intermetallic FeMny pattern
(code: 00-003-1180), which has a fcc structure and a lattice parameter of 6.29 A. These
disagreements suggest that the observed precipitates do not correspond to the x phase.
Taking into account that the composition of these grain boundary precipitates includes Si
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and Cr (see Table 1), they should be isomorphic to the FeMny compound with certain Cr
and Mn atomic substitutions in the fcc lattice of Fe. Further studies should be carried out
to confirm this assumption.

3.3. Thermal Analysis

Figure 7 depicts the DSC curve corresponding to the heating and cooling cycles for
the SMS alloy. The DSC peaks are associated with the thermal-induced transformation of
¢ (martensite) <+ y (austenite); the main parameters extracted from these curves are also
included. Mg and A are defined as the critical temperatures to start the fcc — hcp and the
hcp — fec martensitic transformations, respectively. Similarly, M¢ and A¢ correspond to
the temperatures where no further changes related to these transitions are detected. The
enthalpy associated with these transformations is also included.

1.8 5
ot ]
' 164
] cooling rate: 2.5°C m”
1.4 ] -—
) M, =4.2°C e
1 M=-118°c
% 1.2 7 AHye=13Jg"
3z 10
Is} i
S -0.64
© ]
)] ]
I i
-0.8 i . 259C m-
] heating rate: 2.5 °C m™' AHery=-1.2Jg"
1.0 A, =1238°C
] A=1415°C
_12 ] T L L L L L L L L
-80 -40 0 40 80 120 160 200 240

Temperature / °C

Figure 7. DSC curve corresponding to the heating and cooling cycles of the SMS alloy.

The values agree well with previous studies [32]. The low M; value is noteworthy, and
can be related to the high amount of Mn in this alloy and its effect of stabilizing the fcc
y-austenite, even at very low temperatures [11]. Furthermore, the Si and Cr additions to
Fe-Mn alloys enhance reversibility of thermally or stress induced e-martensite, involving a
decrease of Ms, as well [11,29]. This low temperature is not in agreement with the presence of e-
martensite observed in the XRD pattern recorded at room temperature (see Figure 4). The same
discrepancy has already been observed by other researchers [31,33], which explains the
presence of the e-martensite at room temperature by mechanically-induced transformation
during the sample conditioning. However, an alternative interpretation can be made, based
on the fact that the Ms temperature increases significantly when decreasing the cooling
rate [34]. To analyze this aspect, DSC measurements at four cooling rates were performed
and the results are shown in Figure 8. At1 °C min~! cooling rate, the onset of the y — ¢
transformation is close to room temperature; thus, the presence of martensite is feasible at
room temperature if the alloy is kept long enough after cooling.

On the other hand, the heat involved in the martensitic transformation is very close to
the ¢ — vy transformation and the reverse process, which indicates that the transformations
occurred simultaneously in the whole sample. The obtained values are in the same order
of magnitude as those found in the literature [27,35], although they can markedly differ
depending on the alloy composition and on the prior thermomechanical treatments [36].
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Figure 8. DSC curves corresponding to the y — ¢ transformation at four different cooling rates. The

onset is related to the Ms temperature.

The effect of the thermal cycling on the fcc/hcp martensitic transformation temper-
atures was also investigated to discover more about the reversibility of the martensitic
transformation and the thermal stability of the phases involved; both aspects are the base
of the shape memory effect. These aspects have been studied for Fe-Mn alloys [36], Fe-Mn-
Co [37,38], Fe-Mn-Si [14,27], and Fe-Mn-Cr [35] ternary systems; however, no references
have been found related to the Fe-Mn-Si-Cr quaternary system.

Figure 9 illustrates the effect of the number of cycles in the DSC peaks corresponding
to € <> vy reverse transformation. The measurements were performed between —60 °C
and 200 °C, at heating and cooling rates of 5 °C-min~!. A reduction in the peak height
with the cycle number can be observed, which is more evident for the ¢ — y transforma-
tion. The heat involved in these transformations was evaluated from the area under the
corresponding peak. The normalized enthalpy values (AH*) were obtained following the

expression:
AH;
: ®)

AH,
where AH* is the normalized enthalpy (in absolute value) and AH; and AH; are the
enthalpies obtained in the cycle number i and in the first cycle, respectively.

AH* =

— 1
o
5]
7
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=
€
0
o
1 VT
T T T T T T
T T T T T 1 40 30 -20 10 0 10
80 100 120 140 160 180
Temperature / °C Temperature / °C
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Figure 9. DSC peaks corresponding to the ¢ — y transformation (a) and the reverse ¢ — y transformation (b) for ten

consecutive cycles.

The results are plotted versus cycle number in Figure 10a. The evolution suggests
that the fraction of the transformed phase slightly diminishes with the increase of the
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cycle number, which means that the e-martensite<+y-austenite transformation is not totally
reversible. The magnitude of the enthalpy is also related to the amount of crystal defects,
which should increase with thermal cycling, even though Marinelli et al. [38] suggest that
this contribution to the energy of the crystal is very small.
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Figure 10. Evolution with the cycle number of: the normalized enthalpies for the ¢ — y transformation (AH} , absolute
values) and the reverse y — ¢ transformation (AHy,) (a). The thermal hysteresis (black circle) and Ms/As temperatures
(blue and red squares, respectively) (b).

From the DSC curves, the As and Ms temperatures and the thermal hysteresis can
be observed, calculated as As-Ms. The effect of the thermal cycling in these parameters
is illustrated in Figure 10b. As can be seen, As and Ms temperatures have very stable
values; As decreases around 3 °C after 10 cycles and Ms increases by the equivalent
amount. These results differ from the general tendency found in the literature, in which
As shifts to higher temperatures and Ms evolves to lower temperatures. These shifts are
monotonic during the initial cycles whereas they tend to converge to stable values at later
cycles [27,35-37]. Baryj et al. [37] explain these evolutions as being due to the increase of
obstacles (dislocations and stacking faults) generated with the increase of thermal cycles
that inhibit the movement of the interface. The same inhibition effect was also observed by
the introduction of plastic deformation in the fcc-austenite phase. Based on these findings,
the discrepancies observed can be explained considering that the SMS alloy is in a pre-
strained state; with some dislocations density. In contrast, the SMS alloys investigated in
the aforementioned studies are submitted to annealing heat treatment that involves the
recrystallization of the material, before the thermal cycling. In this state it is supposed they
are dislocation-free. Therefore, the stabilization period observed in these alloys should
correspond to the evolution noticed in the Fe-28Mn-65i-5Cr alloy studied in the present
work.

The DSC technique has also been used to study the kinetics of the ¢ — y transformation.
This occurs in a narrow temperature interval and it is better defined than the y — ¢
reverse transformation. For that reason, the studies are usually focused on the ¢ — vy
transformation [36].

Figure 11a shows the DSC data corresponding to the endothermic peak associated
with the ¢ — y transformation at three heating rates. As expected, at higher heating rates
the peak is better distinguished and the peak temperature is slightly shifted towards higher
values. However, the peak morphology is not affected by the heating rate. The existence
of overlapping peaks that partially resolve at different scan rates would be indicative of a
multi-stage process. In this sense, the results obtained by Liu et al. [39] in the NiTi alloys
show that the reverse transformation (¢ — y) can occur in two stages, one corresponding
to stress-induced martensite and the other to thermal-induced martensite.
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Figure 11. DSC data regarding to the ¢ — y transformation at different heating rates (a). Evolution of the transformation

degree (x) with the temperature obtained from the experimental DSC data in Figure 3a (b).

By the integration of the enthalpies recorded in Figure 11a, the transformation degree,
«, can be obtained, and its evolution with temperature is depicted in Figure 11b.

From these experimental data and applying the isoconversional analysis described in
the experimental section, the effective activation energy, E, is extracted as a function of the
transformation degree, . The results are plotted in Figure 12a. E, is almost independent
of o« which suggests that the ¢ — vy transformation is governed by single-step reaction.
More careful analysis reveals a slight decline of E, with the extent of transformation
degree. Although the interpretation is unclear, Vyazovkin suggests that this feature is
characteristic of endothermic quasi-reversible reactions [40]. This result supports the
conclusions obtained by the thermal cycling regarding to the irreversibility of the ¢ >
v transformation. The calculated isoconversion curves (transformation degree versus
time) for three different temperatures are displayed in Figure 12b. As expected, less time is
necessary to acquire high transformation degrees when the activation temperature is higher.
The information provided by these plots is important to optimize the thermal activation
cycle in the SMS alloys. To the best of our knowledge, this kind of kinetic analysis has not
been performed in SMS alloys.
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Figure 12. Evolution of the activation energy, E, with the conversion degree, « (a). Calculated isoconversion curves at

three temperatures (b).
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3.4. Mechanical Behavior

Tensile tests were conducted to characterize the mechanical properties of the Fe-28Mn-
65i-5Cr alloy. The stress—strain curve obtained at room temperature is shown in Figure 13,
which also includes a detail of the setting of the extensometer and the FBG sensor in the
sample. The determined values of 0.2% proof stress (Rpo.2), ultimate tensile strength (UTS),
elongation (EL%), and necking (reduction of area, in percentage) are indicated in Figure 13.
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R,, (UTS): 760 MPa
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100

Rpy,: 241 MPa

Elongation: 33.8%
Necking: 29.9%

rrrrr | T[T T T T T T T T T[T T T T[T T T T

5 10 15 20 25 30 35 40
Strain / %

Figure 13. Stress—strain characteristic curve of Fe-28Mn-65i-5Cr alloy in pre-strained state. A detail of the extensometer and the
FBG sensor placed on the sample is inserted, together with a picture that illustrates the fracture surface at the end of the test.

Although the mechanical properties are strongly affected by the thermomechanical
history of the material (heat treatments or hot/cold working), the obtained values are in
good agreement with those reported for these kinds of alloys [41,42]. The high elongation
value justifies the surface fracture observed after the specimen breaks, characteristic of
ductile fracture as can be seen in the picture included in Figure 13. In tensile tests, the
ductile fracture is generated by the nucleation, growth, and coalescence of microvoids near
to the center tested specimen. The examination of the surface fracture at high magnification,
using SEM technique, reveals a dimpled surface, on which are traces of the microvoids
generated during the fracture. Figure 14a shows the morphology of the central zone,
characterized by a large number of equiaxed dimples with heterogeneous size, even though
two families are predominant, with 1-2 pm and 10-20 um diameters. The presence of
precipitates of different sizes, described in Section 3.1, can explain the diverse size observed
in the microvoids, since it is well-known that these particles accelerate the void-nucleation
process [43]. Figure 14b displays the morphology in the shear lip, where the dimples are
elongated and less deep.

The shape memory effect (SME) was assessed under restrained strain conditions. The
specimen was first submitted to a tensile pre-strain of 7.6% at room temperature followed
by an unloading to a small tensile stress (o ~ 80 MPa). This small stress prevents buckling
failure due to the thermal expansion effect on it during the heating phase [44]. The pre-
deformed sample was heated to 160 °C and subsequently cooled to room temperature.
The strain in the SMS is kept constant in order to simulate the behavior of the SMS
elements when they are applied to stiff civil or mechanical structures. The stress—strain
evolution under these conditions is shown in Figure 15. The general trend follows the
pattern observed by other researchers in shape memory steels [3,17,44—46]. The non-linear
deformation response during loading is noteworthy. Lee et al. explain this behavior as
being due to a y-austenite to e-martensite transformation, and due to plastic flow [4]. The
unloading curve also deviates from its linear behavior showing a pseudo-elastic behavior
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as a result of partial reverse transformation of the previously formed e-martensite into
v-austenite [4]. The residual strain after uploading is about 6.2%; this value is higher
than that usually observed in the literature, perhaps because of the high pre-strained
level applied to the sample. Furthermore, Hong et al. also obtained high residual strain
values when applying a 8% pre-strain level [3]. During the heating stage, an initial stress
decrease is observed due to the thermal expansion of the SMS alloy; however, as the
temperature increases the reverse phase transformation (¢ — ) is activated and the tensile
stress is generated upon the specimen, which means the shape memory effect overcomes
the thermal expansion. The sample is then cooled to room temperature and the tensile
stress continues to increase due to the thermal contraction of the alloy. Based on the data
recorded in Figure 15, the recovery stress achieved is 140 MPa; this value is in accordance
with the literature reviewed [41] and confirms that the studied Fe-28Mn-65i-5Cr alloy is
suitable for use as a strengthening material in civil structures.

Figure 14. Surface fracture of the SMS alloy exhibiting ductile fracture after tensile test. A detail of the central region (a) and

the shear lip (b).

500
450
400
350
300
250
200
150

Stress / MPa

100
50

| 3 Coolingé
i :
11
? Heating
14
LN AL U (L JN N N B SN N N B B SN N B B B BN B BN N B SN N B BN BN NN B B B B SN NN B N B BN N B B B BN N R N
0 1 2 3 4 5 6 7 8 9 10

Strain/ %

Figure 15. Stress—strain curve of the SMA alloy showing the effect of the pre-straining and the activation process.
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4. Conclusions

The Fe-28Mn-65i-5Cr shape memory alloy was investigated. Based on obtained results,
several conclusions can be drawn.

e  The microstructural characterization corroborated the presence of the two phases,
e-martensite and y-austenite at room temperature. In addition, two types of inter-
metallic compounds were detected. Those located at the grain boundary had a similar
composition to the surrounding matrix, whereas the particles embedded in the matrix
were Si-enriched.

e  The reversibility of the martensitic transformation, € <+ v, was assessed by thermal
analysis and X-ray diffraction studies. The obtained values for the critical temperatures
A, Ag, Mg, and Mg were 123.8 °C, 141.5 °C, 4.2 °C, and —11.8 °C, respectively. It was
also confirmed that the transformation was not totally reversible, depending on the
strain degree and the number of thermal cycles. Thus, the increase of any of these
parameters involves a lower degree of reversibility.

e  Thermal analysis was also used to study the kinetics of the ¢ — y transformation. The
isoconversion curves were constructed to design the improved thermal activation
cycle in the studied SMS alloy.

e  From the tensile tests the R02, Rm(UTS), the EL(%), and the necking parameters were
evaluated. The values were 241 MPa, 760 MPa, 33.8%, and 29.9%, respectively. The
recovery stress was 140 MPa, after 7.6% pre-strain and a thermal activation to 160 °C,
under a fully constrained condition.
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