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In the present work, the structural, mechanical and shape memory properties of
NissFei6Gag (at.%) melt-spun ribbons have been studied with a prospective of application
in the elastocaloric devises. Particularly, a special thermo-mechanical treatment, consisting
in the thermal aging under constant external stress, was elaborated to control the residual
internal stress generated due to the melt-spinning processing and improve thermome-
chanical and superelastic responses of the ribbon. The stress-induced entropy change was
evaluated for the ribbon with improved thermomechanical properties.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shape memory alloys (SMAs) are well-known smart mate-
rials already used in medicine and industry thanking to
their outstanding multifunctional properties associated with
the martensitic transformation (MT), which is the physical
transition used in shape memory effect and superelasticity.
Recent studies in the area of novel solid state refrigera-
tion devices incorporating the elastocaloric effect (eCE) have

* Corresponding author.
E-mail: elena.villa@cnr.it (E. Villa).
https://doi.org/10.1016/j.jmrt.2019.07.067

attracted an increasing interest in SMAs [1]. The elastocaloric
effect is about the isothermal entropy change or adiabatic
temperature change within a material in response to the appli-
cation/removal of a stress. The particular mechanical behavior
of shape memory alloys, exhibiting a superelastic flag-like-
shaped stress—strain dependence due to a stress-induced MT,
provides the unique condition to obtain a significant change in
entropy and in temperature under their stressing. Accordingly,
both the traditional SMAs (NiTi, NiTiV, NiTiCuCo, NiTiFe and
CuZnAl [2-7]) and magnetic shape memory alloys (MSMAs),
such as NiMnlIn, NiMnInCo, NiMnInGa, NiMnGaFe, NiMnSbCo,
and NiFeGa [8-13], have shown promising eCE properties. Most
published works on eCE in MSMAs are concerned with com-
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pression tests. For instance, Camarillo et al. have found that
NiMnInGa alloy exhibits the entropy change of 31]J/kgK under
the applied stress change of 100 MPa, together with an adi-
abatic temperature change of 4.9K [14]. Hernandez-Navarro
et al. have studied eCE in NiMnInCr and obtained a reversible
adiabatic temperature change of —3.9K during unloading from
100 MPa preliminary applied along the [001] crystallographic
direction of a polycrystalline textured sample [15]. Xu et al.
have observed a reversible adiabatic temperature change of 4K
during a fast loading/unloading cycle of 170 MPa at room tem-
perature for the dual-phase NiFeGa alloys [16]. On the other
hand, it is worth noting that one of the first mechanical cooler
prototypes is based on eCE driven by a tension [17]. From the
technological and engineering points of view the tensile actu-
ation of the small cross-sectional-shaped coolants, such as
thin ribbons, films or wires, is more preferable for a cooling
device than the compressive-based counterparts, where high
pressure device and short-length-shaped cooling materials
are needed. Therefore, taking into account the cooling appli-
cations, the ribbon-shaped MSMAs are much more attractive
as the testing materials.

During time being the preparation of the ordinary SMAs
as a wire, single crystal or thin film became common and
technologically well elaborated, which promoted the studies
of their performance in a broad range of technical appli-
cations (including mini or micro devices) [18,19]. On the
other hand, the fabrication process of the bulk polycrys-
talline or single crystalline MSMAs is still in its infancy
and generally results in materials with reduced mechanical
properties due to enhanced brittleness [20]. Rapid solidifi-
cation by melt-spinning can improve mechanical properties
of these alloys, resulting in ribbons with the enhanced
stretching performance [21-23]. Besides, this technique allows
production of samples with the size and thickness ade-
quate for the tensile or bending configurations when used,
e.g., in the elastocaloric devices. Despite general advan-
tages of the melt-spinning processing, the melt-spun ribbons
face one important challenge: the resulting microstructure
could be non-uniform and could contain many structural
defects, which cause the internal stress. This factor, affect-
ing directly the mechanical behavior, should be taken into
account when tailoring functional characteristics of the
ribbons.

Previously we have observed both anomalous shape mem-
ory and superelastic effects produced by the internal stress in
the as-spun ribbons of MSMAs, NiFeGa and NiMnSn [24,25].
Particularly, in the strain versus temperature curves, &(T),
under constant tensile load, a contraction of the ribbon
(instead of the elongation) during the forward MT (in the cool-
ing run) and its elongation (instead of contraction) across the
reverse MT (heating path) occur. The curves restored their
usual elongation/contraction appearance when the value of
the applied constant stress exceeds 10 MPa [25]. The inter-
nal uniaxial compressive stress, producing the mentioned
anomalous behavior, is at the origin of an inverse elastocaloric
effect in MSMA ribbons [25,26]. Besides, in the aforemen-
tioned ribbons we have observed a plastic-like deformation
in the stress-strain curves, o(¢), in martensitic state due to the
rearrangement of the twin variants and partial superelastic
recovery in the austenite due to the reversible stress-induced

Table 1 - Samples prepared by different thermal (TT) and
thermomechanical treatments of the as-spun ribbon.

Sample Treatment

A As-spun

B TT 523K 10min, no load

@ TT 523K 10 min under tensile load of 50 MPa
D TT 523K 10 min under tensile load of 80 MPa

MT, which was actually small due to the enlarged brittleness
of as spun ribbons [24,25].

In this work, in order to facilitate the recrystallization pro-
cess, redistribution of defects and reduction of the internal
stress, whereby improve the microstructure and functional
properties of ribbons in tension configuration, we have elab-
orated a technological procedure consisting in the thermal
annealing under the applied external force. An annealing
temperature for the thermal treatment was selected between
500K, for which the beginning of the lattice defects rearrange-
ments occurs, and 773K, resulting in a suppression of MT due
to possible y—phase precipitation [24]. We have studied the
stress-induced transformation of the thermally and thermo-
mechanically treated ribbons by the measurements of strain
versus temperature under constant load and stress versus
strain at different temperatures. We have also examined the
evolution of structure and microstructure of the ribbons by
X-rays diffraction and optical and electron microscopies.

2. Experimental

NissFe16Gagg (at.%) melt-spun ribbons with the starting
martensite (M) and finishing austenite (Af) temperatures
equal to 359 and 371K, respectively, were reproduced follow-
ing the procedure described in [19]. The ribbon dimension was
about 1mm wide and 35 pm thick. The samples were ther-
mally treated at 523K for 10 min without loading and under
tensile loads of 50 and 80 MPa, followed by controlled cooling
at 4K/min. As a result, four different samples were obtained
as shown in Table 1.

X-ray diffraction (XRD) patterns of the ribbons faces, which
were in a contact with the roller, have been recorded at room
temperature and at 423K by the X-ray diffractometer Panalyt-
ical XPert PRO with theta-2theta alignment.

Thermomechanical analysis was carried out by a Dynamic
Mechanical Analyzer (DMA) Q800 from TA Instruments
equipped with a liquid nitrogen cooling system. The dynamic
measurements were performed at fixed frequency of 1Hz
and strain amplitude, ¢=0.05%, with cooling/heating rate of
2K/min.

The same DMA machine was used for quasi-static mea-
surements. The strain versus temperature dependences were
recorded at different applied stress values ranging from 1 to
50MPa, with a temperature rate of 5K/min. The stress-strain
dependences were studied at different temperatures from 283
to 413K, with a stress rate of 2.5MPa/min. The maximum
stress for each specimen was established according to the
failure conditions determined for the samples tested in pre-
liminary rounds. After each measurement, the samples were
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Fig. 1 - (a) Room temperature X-ray diffraction patterns for
the samples (A-D) evidencing their martensitic structure.
(b) Simulated XRD pattern fory-phase as a reference.

heated (at zero load) above Ag, up to 473K, and held for 10 min
before cooling to a test temperature.

3. Results and discussion
3.1.  Structural analysis

XRD patterns for the as-spun and thermomechanically treated
ribbons (see Table 1), shown in Fig. 1(a), confirm their marten-
sitic structure, which is well described in terms of a 10M
monoclinic lattice with P2/m space group. No extra peaks
belonging to the second phase, such as y-phase, have been
observed, as it is obvious from a comparison of patterns in
Fig. 1(a) with the pattern in Fig. 1(b). The important result to
be highlighted is a systematic change of mutual intensities of
the peaks in Fig. 1(a) depending on the ribbon treatment.

In order to analyze the evolution of the out-of-plane texture
in the ribbons, the X-ray diffraction measurements were per-
formed well above Af at 423K, in austenite. Fig. 2 shows series
of XRD patterns which are conventionally indexed in terms
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Fig. 2 - X-ray diffraction patterns measured at 423K in the
austenite phase of the samples (A-D).

of A2 cubic structure for all samples with the lattice param-
eter a=2.88 A (Im-3m space group). The diffraction patterns
in Fig. 2 show a strong change of the 110/200 peak intensities
ratio, up to its inversion for the samples heat-treated under
stress. This result becomes relevant since the mutual orienta-
tion between the crystallographic direction and the direction
of the applied stress plays an important role in the elas-
tocaloric response [25,26]. The annealing under tensile load
accelerates a diffusion-activated rearrangement of the crys-
tallographic defects that causes a change in grain structure
leading to a preferential orientation of {200} atomic planes
parallel to the ribbon plane. Such an orientation gives rise to
the assumption about tensile stress-induced preferable orien-
tation of <100> of recrystallized grains along the ribbon length.

3.2.  Dynamic mechanical study

The temperature behavior of the low frequency elastic mod-
ulus, E(T), was studied by the dynamic mechanical analysis.
The results, shown in Fig.3 present a hysteretic behavior, typi-
cal for the first order MT. A cooling in austenite results in some
decreasing of the elastic modulus due to the lattice softening
on approaching MT. During further cooling, the forward MT
into martensitic phase proceeds accompanied by the modu-
lus, E, sharp increase. A significant difference in E(T) values
among the samples can be attributed to the strengthening
of the ribbon after annealing under stress. The strengthen-
ing may be produced by the changes in the grain structure.
One cannot also exclude an influence of a little amount of v-
precipitates which hardly can be detected by XRD but may
be formed as a result of such a treatment, as, e.g., it was
observed for Ni-Mn-Ga bulk alloys [27]. Due to instrumental
limitations of the DMA machine, such as: (i) thermocouple is
situated very close to the sample but not attached to it; and (ii)
cooling ramps are better temperature controlled than heating
ones, the transformation temperatures obtained during cool-
ing are more reliable and their absolute values can be accepted
within + 5K of uncertainty. The transition temperatures were
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Fig. 3 - Temperature dependencies of the elastic modulus
for samples (A-D).

obtained by a standard two-tangent method, whereby the as-
spun ribbon, sample A, has Mg =348K. This value is in a good
agreement with the value reported in [22] for the same compo-
sition ribbon prepared in different series. Other samples show
slightly smaller values of Ms which are within the indicated
uncertainty. This means that thermomechanical treatment
has a minimal influence on the transformation temperature
of MT.

3.3. Temperature dependences of transformation
strains exhibited by ribbons under tensile load

Temperature dependences of the MT-induced spontaneous
deformation of the ribbons loaded by a constant tensile stress
in the DMA machine are presented in Fig. 4. The curves in
Fig. 4(a), obtained under small tensile stress, 5MPa, show
drastic changes of the transformation-induced strain evo-
lution depending on their treatment. The ribbons A and B
during cooling demonstrate at the forward MT a progres-
sively reduced contraction, instead of the expected elongation,
whereas no contraction, only an elongation was observed for
the ribbons C and D.

Such an unusual “inverse” behavior of the transforma-
tion strain in the ribbons A and B was observed in the
as-spun Ni-Mn-Sn and Ni-Fe-Ga SMA ribbons and bulk Ni-
Ti SMA preliminary aged under constraint conditions [28,29].
The interesting point is that a relatively short heat treat-
ment itself reduces but not eliminates the “inverse” effect.
Fig. 4(a) demonstrates that the “inverse” effect disappears
only if the same heat treatment is performed under applied
stress. According to [28], the mentioned “inverse” effect is
produced by the compressive internal stresses existing in the
as-spun ribbons giving rise to the phenomenon of the inverse
elastocaloric effect (eCE). The curves for samples C and D
show that the thermal treatment under a tensile load tends
to cancel a virgin internal compressive stress. According to
the data in Fig. 4, the internal stress in the ribbon is already
eliminated after the treatment at 50 MPa and higher stress is
more than enough for this purpose. On the other hand, the

stress-strain behavior described in the next section shows
that the treatment at 80 MPa provides some evidence of the
larger martensitic plasticity of the ribbon if compared to the
treatment at 50 MPa. More studies are needed to determine
the optimal value of the stress in this case.

It is implied that the thermo-mechanical treatment in the
case of C and D ribbons promotes the microstructural changes
more effectively than a simple annealing, facilitating the same
sign of a strain and the applied stress along the ribbon longitu-
dinal direction, whereby switching the ribbon from the inverse
to the conventional regime of eCE already at the low stress
values. This switching is indirectly illustrated by considering
the sign inversion of the isothermal stress-induced entropy
change, AS, which is expressed by the Maxwell relationship
as [30]:

o

AS(T, o) = /38 (;; ) 4o (1)

0

9(T,0)

The inset to Fig. 4(a) presents the —7~ versus T curves

for the samples A and D. Referring to the sign of "’S((,,TT‘“) in the
expression for AS, the sample A exhibits under the external
stress of 5 MPa a positive change in entropy (inverse eCE) asso-
ciated with the inverse mechanical behavior due to a larger
internal stress (more than 5MPa) acting against the tensile
applied stress. The thermal treatment under stress removes
completely this effect and, at the same stress value, the tem-
perature dependence of BSE,TT‘U) reflects a conventional entropy
change usually observed in the stress-induced MT in the elas-
tocaloric applications.

Fig. 4(b) shows the temperature dependences of strain
under the applied stress of 40 MPa for all the samples. At this
level of stress, the ¢(T) curves present a conventional sharp
elongation/contraction of ribbons across the forward/reverse
MT, which is manifestation of the pronounced shape mem-
ory effect. Note that the strain recovery is accompanied by
a generation of the reversion stress, which means that the
ribbons can produce mechanical work. The sample D (and
partially C) exhibits a larger recovery strain, of about 1.2%
compared to 0.7% and 1.0% for samples A and B, respectively,
which implies its enhanced martensitic plasticity. To this end,
much more convincing are the results of ¢(T) experiments per-
formed under higher stresses. The as-cast or thermally treated
ribbons A and B fail at MT if loaded by more than 50 MPa,
whereas ribbons C and D can be cycled through MT under
different loads, up to 150 MPa, showing unsurpassed thermo-
mechanical performance. Fig. 4(c) illustrates the high enough
mechanical strength and enhanced ductility of the ribbon C.
This specimen shows recovery strain of about 1.5% under
150 MPa and at this highest stress a residual plastic deforma-
tion of 0.5% occurs. Curves, shown in Fig. 4(c), were used to
determine the values of the martensitic starting temperatures
as a function of stress. As a result, the linear dependence with
a slope of 4.3 MPa/K is obtained as shown in Fig. 4(d).

Eq. (1) and &(T,0) data in Fig. 4(c) were used to calcu-
late the stress induced entropy change, AS, corresponding
to the forward austenite-martensite transformation in the
sample C. The obtained AS(T) results at different constant
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Fig. 5 - Temperature dependence of the stress induced
entropy change for specimen C.

stresses are shown in Fig. 5. As expected from the temper-
ature dependences of the elongation across the martensitic
transformation (see Fig. 4(c)), the entropy change exhibits
a negative peak (i.e., showing a conventional elastocaloric
effect) for each applied stress. Following Khan et al. [31], it
is instructive to emphasize that a combination of the sev-

eral caloric effects, such as eCE and magnetocaloric effect
(MCE), can essentially enhance the refrigerant capability if
their entropy change peaks possess the same sign. Although
data for magnetocaloric effect in NiFeGa ribbons are not avail-
able in the literature, the MCE response for bulk specimens
should be conventionally with the same sign of peak of the
magnetic field induced entropy change as the eCE peak at
the forward martensite transformation [32]. Such a possibil-
ity makes this composition interesting for further research on
the multicaloric effects. Furthermore, Fig. 5 shows that the
absolute value of the entropy change increases with stress (up
to —3.1J/kgK under an applied stress of 150 MPa), since the
specimen shrinks during the reverse martensitic transition
on heating. This contrasts, to some extent, with the behavior
observed in the as-cast NiFeGa ribbons, in which the existence
of a compressive internal stress leads to a gradual change from

the inverse elastocaloric effect for small stresses to a conven-

tional eCE for stresses above 20 MPa [28].

3.4.  Stress-strain dependences at different
temperatures

Fig. 6 reports the stress-strain curves obtained in the marten-
sitic state at 343K (close to Ms). The linear parts of curves can

be attributed to the elastic deformation. The nonlinear parts of

curves and residual strains after unloading of the samples are
produced by a rearrangement of the twin structure, which is
confirmed by the temperature induced strain recovery during
heating of the samples across the reverse MT up to 473K.
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value corresponding the start of detwinning.

The shapes of curves indicate that the samples C and D
have a much smaller detwinning stress than A and B. As a
result, the former ribbons accumulate a much larger recover-
able strain under similar values of the stress. Generally, the
melt-spun ribbons preserve an internal stress and solidifica-
tion defects which strongly affect the detwinning process in
martensite or the stress-induced martensitic transformation,
whereby no iso-stress plateau is observed [33], as also demon-
strated in the present work. Only in some SMAs ribbons, like
NiTi or NiTiCu [34], it is possible to obtain the quite developed
flag-shaped stress-strain loops.

Likewise for the results of ¢(T) tests, the stress-strain
behavior of the ribbons A and B has also a brittle char-
acter, especially in the austenitic cubic phase. It is found
that the loading of these ribbons caused an almost linear
increase of the strain, which terminated at 80-100 MPa due
to the sample failure. No clear indication about the forma-
tion of stress-induced martensitic phase was observed. On
the other hand, the samples C and D, thermally treated
under load, demonstrate a high enough strength and a well-
pronounced superelastic behavior, reflected in the flag-like
shaped stress-strain curves, with more than 2% of reversible

strain and small residual strains as illustrated in Fig. 7(a).
This figure presents an evolution of the stress-strain curves
for sample D measured in a cubic phase at different tem-
peratures. The values of the martensitic start critical stresses
were extracted from the superelastic curves shown in Fig. 7(a)
and plotted as a function temperature in Fig. 7(b). The depen-
dence obtained can be approximated by a straight line with
a slope of 3.2MPa/K, which is in a rough agreement with
the coefficient obtained in the strain — temperature tests for
sample C (Fig.4(d)). This value of slope is essentially larger
than the previously obtained one for the as-spun ribbon A,
which was actually studied up to 40 MPa only [28], and can
be compared with the value of about 2 MPa/K, evaluated from
the tensile data for single crystalline NissGayyFeq9 exhibiting
cubic-orthorhombic MT [35].

4. Summary and conclusions

Tailoring the thermomechanical behavior of melt-spun rib-
bons is one of the challenging tasks in their elastocaloric
applications. In this work we have found that the thermo-
mechanical properties of Ni-Fe-Ga shape memory ribbons,
promising for elastocaloric applications, can be improved by
the treatment of these materials consisting in the anneal-
ing under tensile stress. It was shown that annealing under
stress accelerates a recrystallization of the ribbon manifested
in both the changes of crystallographic texture and the dis-
appearance of internal stress, which can be attributed to
the rearrangement of defects, such as the vacancies, dis-
locations, grain boundaries etc. The separated studies are
needed to clarify the nature and role of the defects affected
by the thermomechanical treatment. The thermomechan-
ically treated ribbons exhibit a conventional elastocaloric
effect at all values of stresses, whereas the as-quenched and
annealed ribbons present an inverse elastocaloric effect under
low applied stresses. By structural and thermomechanical
measurements, evidences have been found that the thermal
treatment under applied tensile load along longitudinal direc-
tion of ribbon is an efficient route to remove the internal
stress produced during the rapid solidification process and to
modify a microstructure, whereby improving shape memory
and superelastic properties of the ribbons. Besides, Ni-Fe-Ga
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Fig. 7 - (a) Stress—strain dependences of the austenite at different temperatures for sample D; (b) critical stress values versus
temperature extracted from curves shown in Fig.7(a). The two-tangent method of determination of critical stress is shown

on one of the curves in Fig. 7(a).
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MSMAs are promising for the application in cooling devices
exploiting the combination of the magnetocaloric and elas-
tocaloric responses.
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