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a b s t r a c t

An almost single phase 14 M modulated martensite is obtained in melt spun ribbon of Ni55Fe17Ga26Co2 

Heusler alloy. The effect of thermal treatments on the stability of the reverse martensitic transformation 
from 14 M modulated martensite to austenite phase in this system has been investigated by both non- 
isothermal and isothermal treatments. Heating above martensitic transformation promotes a continuous 
reduction of the martensitic transformation temperature, which stabilizes the austenite phase at room 
temperature and induces the precipitation of the gamma phase. However, thermal treatments at tem-
peratures between the austenite start and finish temperatures induce the decoupling of the austenite 
formation in a subsequent heating. The two successive reverse martensitic transformations could be as-
cribed to the untransformed martensite in the previous interrupted heating and to the new martensite 
formed during cooling.
© 2023 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 effect is based on the martensitic transformation 
that takes place in some materials as a first order structural transi-
tion, which involves a simultaneous, cooperative movement of 
atoms at a distance less than one interatomic distance and without 
long-range migrations of atoms. In the case of ferromagnetic sys-
tems, this kind of transformation overlaps with the occurrence of 
ferromagnetism, and thus is sensitive to magnetic field, as it was 
originally observed in 1996 by Ullako in Ni-Fe alloys [1]. The cou-
pling between structural and magnetic transitions leads to unequi-
vocal superiority over other smart materials in terms of possible 
applications, due to these first order phase transformations implies 
significant magnetization changes and improvements of related 
properties. This effect has been extensively analyzed in Ni-based 
Heusler alloys [2–4], being the most studied series the Ni-Mn-Ga [3]. 
However, the poor mechanical properties of the Ni-Mn-Ga Heusler 
alloys has induced the search for alternative compositions, leading 
the focus in Ni-Fe-Ga alloys with improved ductility and toughness 
by the introduction of small precipitates of gamma (disordered fcc) 
phase [5].

In Ni-Fe-Ga alloys, martensitic transformation (MT) occurs on 
cooling from an austenite, with disordered B2 or ordered L21 

structure, to either a modulated or non-modulated martensite 
structure, which depends on composition, thermal history and 
preparation method [6–8]. Although a small amount of the sec-
ondary gamma phase is beneficial for the mechanical properties of 
the system, a high quantity inhibits the shape memory properties. In 
this sense, rapid quenching preparation techniques avoid the pre-
cipitation of the secondary phase in alloys with low Ga content 
(< 27 at%). Thus, the aim of producing these compositions by ultra-
rapid quenching techniques such as melt-spinning is to obtain single 
phase systems without γ precipitates, which fraction can be finely 
tuned by subsequent annealing procedures to optimize the me-
chanical and magnetic properties. Therefore, the melt-spun samples, 
although crystalline, exhibit high atomic disorder and large strains, 
as typical characteristics induced by the preparation route and, thus, 
are in a metastable state. This metastability can lead to both re-
versible and irreversible transformations. Reversible effects are ob-
served when the treatment temperature is not surpassed. Once 
temperature exceeds that of the thermal treatment, irreversible ef-
fects (shift of the martensitic transformation) appear. In fact, it has 
been shown that martensitic transformation in melt-spun 
Ni55Fe19Ga26 Heusler alloy is very sensitive to thermal treatments 
above the martensitic transformation. However, this dependence of 
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the martensitic transformation with thermal treatments has not 
been observed in samples of the same composition prepared by arc- 
melting, in which the parameters of the transformation (martensite 
temperature and enthalpy) are almost constant [8].

In order to shed some light about the reversibility and the me-
tastable character of the samples produced by rapid quenching, the 
present work provides a detailed analysis of the thermal dependence 
of the martensitic transformation in a Ni55Fe17Ga26Co2 Heusler alloy 
prepared by melt-spinning and submitted to different isothermal 
and non-isothermal treatments. The reason for selecting this com-
position is two-fold: i) Ni-Fe-Ga systems with low Ga content cannot 
be produced as-single phase by conventional route and ii) the in-
corporation of Co facilitates the formation of the gamma phase in 
the subsequent heating treatments [9]. Moreover, it has been shown 
that the addition of Co can easily tune the martensitic transforma-
tion in Ni-Fe-Ga alloys depending on the element which Co is par-
tially substituted for [10,11].

The results presented in this work are complementary to pre-
vious studies of the authors on Co-free composition for which dif-
ferent aspects of Ni-Fe-Ga ribbon Heusler alloy have been addressed: 
i) the effect of pressure on the martensitic transformation [7], ii) the 
differences between the ribbon and bulk structure [8] and iii) the 
thermal arrest of the reverse martensitic transformation [12].

2. Experimental

A Ni55Fe17Ga26Co2 Heusler alloy was synthesized from high 
purity elements in an induction furnace. The obtained ingots were 
melted several times in order to ensure homogeneity of the sample. 
Subsequently, ingots were induction melted in a quartz tube under 
Ar atmosphere and ejected onto a rotating copper wheel with a 
surface velocity of 20 m/s. The thickness and width of the ribbon are 
about 25 µm and 5 mm, respectively.

The chemical composition of the sample was determined by X- 
ray fluorescence (XRF) using an EAGLE III instrument with an an-
ticatode of Rh. For the identification of present phases and the 
analysis of lattice parameters, X-ray diffraction measurements were 
carried out in a Bruker D8 Advance A25 diffractometer (Cu-K , 

=1.5406 ). Mössbauer spectroscopy measurements were per-
formed in transmission geometry using a 57Co(Rh) source. Values of 
hyperfine parameters were obtained by fitting the obtained spectra 
with NORMOS program [13]. Macroscopic magnetic characterization 
of the alloy was performed in a vibrating sample magnetometer 
(standard option of a Quantum Design Physical Properties Mea-
surement System, PPMS) applying different magnetic fields and a 
heating/cooling rate of ± 1 K/min.

The martensitic transformation was characterized under Ar flow 
by differential scanning calorimetry, DSC, (Perkin-Elmer DSC7 
equipped with a cooling system) by isothermal and non-isothermal 
treatments. Measured temperature was corrected at different 
heating/cooling rates using the melting temperature of In standard 
(429.75 K) with an error below 0.5 K. The mass of the analyzed 
pieces of the ribbons was 20 mg, close to that of the In standard. In 
order to observe the melting process of the samples, a TA 
Instruments SDT Q600 calorimeter was used at 20 K/min up to 
1673 K.

3. Results and discussion

3.1. Microstructural and magnetic characterization

Table 1 collects the obtained results on composition by XRF 
chemical composition from both the free and the wheel side of the 
as-spun ribbon. Small composition differences between both sides of 
the ribbon and the nominal ones can be observed, probably due to 
preferential oxidation of the free side. On the other hand, elemental 

mapping of the sample shows a homogeneous distribution of the 
elements in the micrometer scale. Electron valence concentration 
per atom, e a/ , also included in Table 1, was calculated from the sum 
of external d and s electrons for Ni (10), Fe (8) and Co (9), and s and p 
for Ga (3).

Fig. 1 shows the X-ray patterns obtained at room temperature 
from both the wheel and the free surfaces of the as-spun ribbon. 
Very similar patterns are obtained indicating that the small com-
positional differences detected by XRF do not affect the crystalline 
structure. The XRD patterns were assigned to a 14 M modulated 
martensite structure (space group P m2/ ) by Lebail refinement. The 
obtained lattice parameters (a=4.309(2) , b= 30.309(2) and 
c= 5.614(2) , GOF= 1.3), with b 7a, show a seven fold increase in the 
unit cell length along b axis, in agreement with the expected peri-
odicity of the modulation. No other phases were needed to fully fit 
the XRD pattern of the as-spun sample, neither oxides nor γ-phase. 
Similar results have been reported for Co-free Ni-Fe-Ga alloys pre-
pared by melt-spinning technique [8].

Fig. 2 shows the heat flow recorded in a SDT Q600 calorimeter at 
20 K/min for a melt-spun ribbon. As it can be observed in the high 
temperature range (layer b), melting process of the as-spun ribbon 
(black curve) occurs almost in a single event that indicates the close 
to eutectic character of the transformation. However, on cooling (red 
curve), the solidification process occurs in several steps (at least four 
events are detected). The observed differences between both pro-
cesses may be understood as the solid formed during cooling at 20 K/ 
min strongly differs from the solid developed previously to melting 
from heating the metastable as-spun ribbon. At lower temperatures 
(layer a), despite the baseline effects, reverse martensitic transfor-
mation is clearly appreciated on heating as an endothermic process 
at ∼600 K (red arrow in Fig. 2) and further weaker transformations 
are detected above this temperature (e.g. exothermic event at about 
750 K marked with a green arrow in Fig. 2).

Table 1 
Chemical composition estimated by XRF and electrons per atom (e/a) on both sides of 
Ni55Fe17Ga26Co2 melt-spun ribbon. Errors are taken as the standard deviation. 

at% Ni at% Fe at% Ga at% Co e/a

Nominal 55 17 26 2 7.82
wheel side 54.5±0.1 17.5±0.2 26.0±0.2 2.0±0.4 7.81±0.07
free side 53.9±0.1 17.5± 0.2 26.6±0.2 2.0±0.4 7.77±0.07

Fig. 1. XRD patterns of Ni55Fe17Ga26Co2 as-spun ribbon for the wheel (upper) and the 
free (bottom) sides, respectively. For the free side, Le Bail fitting for XRD pattern of the 
as-spun ribbon with P2/m space group. Symbols and solid lines correspond to ob-
served and calculated patterns, respectively. The difference plot is shown at the 
bottom.
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In fact, after annealing the ribbon at 873 K for 10 min, micro-
structural changes occur; gamma phase precipitates and austenite 
phase is stabilized at room temperature, as it is shown in Fig. 3. 
Distinction between L21 and B2 structures could be detected by the 
presence of (111), (311) and (331) maxima as demonstrated for 
NiMnInSi Heusler alloy [14]. However, in the studied case, the L21 or 
B2 structure for the austenite phase cannot be distinguished in the 
present composition, by experiments performed, due to the simi-
larity between the different constituents. However, some remanent 
martensite phase is still detected and the similarities between the 
interplanar spacing of all the three phases make not straightforward 
the identification of the different maxima due to overlapping be-
tween them. In situ XRD experiments performed in a temperature 
controlled chamber only show the 14 M martensite phase below the 
transition and the austenite one above it without any evidence of the 
presence of intermartensitic transformations (XRD patterns not 

shown). In order to clarify this point, we proceeded as follows. 
Firstly; intensity ratios of 14 M phase were considered unaffected by 
annealing. Once this is assumed, we compared the intensities of 
those non-overlapped 14 M maxima detected in the annealed 
sample (marked with asterisks in Fig. 3). Finally, we rescaled and 
averaged the experimental patterns from the free and wheel sides of 
the as-spun sample (red dash-dotted line in Fig. 3). This allows us to 
confirm the presence of L21 and gamma phases in the sample an-
nealed at 873 K.

From the angular position, 2θ, of the different diffraction maxima 
(h k l) of the L21 and gamma cubic phases, lattice parameters can be 
calculated from the linear fitting of ln ( sin ( ))2 vs + +h k lln ( )2 2 2

derived from the Bragg law. This analysis leads to 5.68(3) and 
3.577(14) , for the L21 and gamma phases, respectively. The com-
position of the remanent martensite phase may also coherently 
change as it can be inferred from the shift of the diffraction max-
imum at 2θ∼70°. In the case of L21 phase, the low lattice parameter 
implies a number of electrons per atom e a/ >  8.1 [15], which is 
clearly higher than those corresponding to the nominal composition, 
7.82 (see Table 1). This indicates that the austenite phase must be 
enriched in Ni and depleted in Fe with respect to the average 
nominal composition. This could be explained as follows: neglecting 
Ga content in gamma phase, from e a/ parameter, Ni content in γ- 
Fe100−xNix could be estimated from the lattice parameter as 56±10 at 
% [16], which implies a Fe/Ni concentration ratio for gamma phase of 
0.79, which is much larger than the nominal value, 0.35 (even con-
sidering Fe+Co content). Therefore, after annealing at 873 K, pre-
cipitation of gamma phase is observed, with a preferential 
partitioning of Fe to the gamma phase and, consequently, austenite 
L21 phase is enriched in Ni.

Fig. 4 (left) shows the room temperature Mössbauer spectra of 
the as-spun ribbon and of the ribbon annealed 10 min at 873 K. 
These spectra have been fitted using two distributions of hyperfine 
fields, Bhf : a high field distribution from 5 to 30 T (blue line in Fig. 4) 
to describe the ferromagnetic (FM) contributions, and a second 
distribution from 0 to 7.5 T (red line in Fig. 4) to describe the para-
magnetic (PM) contributions. The use of this artificial Bhf contribu-
tion to represent PM sites avoids difficulties in the convergence of 
the fitting of the spectra with respect to the use of a more realistic 
fitting, which would use a quadrupolar distribution to describe the 
PM contributions [17]. Therefore, only fraction area would have 
physical meaning for this second distribution. The corresponding 
probability distributions of Bhf can be observed in Fig. 4 (right). 
According to the XRD measurements, the as-spun ribbon only ex-
hibits a unique phase: the modulated 14 M martensite phase. 
However, Fe environments are complex and not well defined as the 
necessity to use distributions suggests. Moreover, the presence of 
PM contributions is also clear. This could be due to the presence of a 
distribution of Curie temperatures, typically found in systems ob-
tained by rapid quenching such as melt-spinning [18]. However, the 
small contributions above 20 T could correspond to ferromagnetic 
impurity phases, possibly gamma phase, as Mössbauer spectroscopy 
is more sensitive than XRD to detect such contributions [19]. An-
nealing 10 min at 873 K led to an increase of the contributions be-
tween 12 and 15 T, compensated by a reduction of the PM 
contributions. Despite the clear detection of gamma phase by XRD, 
contributions at high Bhf values remain small. This indicates that the 
gamma phase formed during annealing should correspond to Bhf

contributions between 15 and 20 T (contributions that clearly in-
creased after annealing), and thus with a much lower Curie tem-
perature than that corresponding to the FM impurities already 
observed in the as-spun sample ( >Bhf 20 T).

Magnetization measurements may help in the understanding of 
Mössbauer results. Fig. 5 shows the specific magnetization, at an 
applied field of 100 Oe (0.01 T), as a function of the temperature, 

T( ), obtained in a PPMS device for the as-spun sample and the 

Fig. 2. Heat flow registered in a SDT Q600 calorimeter at 20 K/min of Ni55Fe17Ga26Co2 

as-spun ribbon. a) Red arrow indicates reversible endothermic reverse martensitic 
process. Green arrow indicates irreversible exothermic process ascribed to the for-
mation of γ phase. b) Black curve is the continuation of scan in a) and red curve 
corresponds to cooling at 20 K/min (only shown for the solidification process). Notice 
temperature and heat flow scales are different for the melting range.

Fig. 3. XRD pattern for sample annealed 10 min at 873 K (black solid line) along with 
the estimated contribution of martensite phase to this pattern (red area). L21 (Cu2 

MnAl type; space group Fm3m, 225) and gamma (space group Pm3m , 221) phases are 
indexed. Asterisks correspond to non-overlapped maxima of 14 M remanent phase. 
Inset shows the complete intensity range to appreciate the effect of the martensite 
contribution.
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sample annealed 10 min at 873 K (measurement corresponds to 
cooling from 400 K). In the case of the as-spun sample, a single Curie 
event is observed in the studied range. Following the XRD results 
(Fig. 1), this transition corresponds to the magnetic transformation 
of the 14 M martensite modulated structure (TC

M14 =338 K). This value 
is slightly higher than those obtained for Co-free Ni-Fe-Ga Heusler 
alloys prepared by melt-spinning (TC

M14 =320 K) [8]. Moreover, a re-
manent magnetization is observed above this transition up to the 
limit of the equipment. When this remanent magnetization 
( ∼0.6 emu/g) is ascribed to the presence of ferromagnetic γ-phase, 
a fraction of ∼0.5% can be inferred (assuming an approximate 
composition for the γ-phase of Fe25Ni75 with TC ∼875 K and ∼100 

mu/g [16]). This small fraction, on the one hand, can explain why it is 
not detected from XRD and, on the other hand, it could be ascribed 
to the hyperfine field contributions beyond 20 T observed from 
Mössbauer spectroscopy and corresponding to FM impurities (∼3% 
of Fe atoms). In the case of the annealed ribbon, this magnetization 
value at 400 K is similar to that obtained in the case of the as-spun 
ribbon (in agreement with similar high Bhf contribution found for 
both samples by Mössbauer study) and should be ascribed to gamma 
phase crystallites already formed in the melt-spun ribbon.

Unlike as-spun sample, the thermomagnetic curves of the sample 
annealed up to 873 K reveal several transitions. Following the XRD 
and DSC results (see next section), these transitions can be identi-
fied. In fact, during cooling, the sample undergoes a first magnetic 
transition from PM gamma to FM gamma phase at the Curie tem-
perature of this phase (TC =359 K). This gamma phase would corre-
spond to the clearly detected one from XRD and its Curie 
temperature should correspond to values below 30 at% of Ni (highly 
enriched in Fe), in rough agreement with XRD results that pointed to 
∼40 at% of Ni from the lattice parameter of the gamma phase. It is 
worth mentioning that Ga content in gamma phase has been ne-
glected in these estimations and its effect should be stronger in the 
Curie temperature than in the lattice parameter. At 307 K, a PM to 
FM transition ascribed to the austenite phase can be observed 
(TC

L21=307 K). Therefore, the Curie temperature of the austenite phase 
is lower than the Curie temperature corresponding to the martensite 
phase in as-spun sample. However, the formation of gamma phase 
and the asymmetric partitioning of Fe and Ni to austenite and 
gamma phases must affect the composition. Finally, the transfor-
mation from FM austenite to FM martensite occurs at TM∼200 K. The 
obtained values are similar to those collected by Tolea et al. in 
thermally treated ribbons of Ni-Fe-Ga-Co system [20]. The observed 
MT in this sample is a broad transition, which extends from 210 K to 
below 150 K, and it is magnetically evidenced only at low applied 

Fig. 4. Left: Room temperature Mössbauer spectra (symbols) and model fitting (lines) of Ni55Fe17Ga26Co2 as-spun and annealed 10 min at 873 K ribbons. Right: corresponding 
probability distributions of hyperfine fields (square and triangles correspond to low and high field contributions, respectively).

Fig. 5. Temperature dependence of the specific magnetization of Ni55Fe17Ga26Co2 as- 
spun ribbon and sample annealed 10 min at 873 K. Inset shows the corresponding 
derivative curves of σ(T).
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magnetic fields. This is because, although the magnetic anisotropy of 
the martensite phase is higher than that of the cubic austenite phase, 
saturation magnetization values must be similar. Therefore, the in-
crease of the magnetic field avoids the observation of the MT due to 
the similar saturation magnetization (and atomic magnetic mo-
ment) of both phases, as it is shown in Fig. 6.

3.2. Non-isothermal treatments

The effect of thermal treatment on the MT of the studied ribbons 
was studied by in-situ DSC experiments. Fig. 7a shows the virgin 
curve (i.e. the first heating DSC scan for the as-spun ribbon) up to 
673 K at 20 K/min along with the following two cooling and heating 
cycles up to the same temperature using the same heating rate 
(transitory signals occurring at the changes of heating rate are 

removed for clarity). DSC curves present exothermic (on cooling) and 
endothermic (on heating) peaks related to the forward and reverse 
MT, respectively. Moreover, the calorimetric scans reveal that the 
peak temperature of the reverse martensitic transformation strongly 
decreases after the first heating, but it keeps invariable in the sub-
sequent cycles when the maximum temperature achieved is pre-
served. In the following, samples to be studied were initially heated 
to 673 K at 20 K/min to minimize the effects of the virgin curve. This 
protocol will be named as the relaxation protocol and has been 
applied previously to study the stability and kinetics of the MT in Co 
free Ni-Fe-Ga alloys [8,21].

To evaluate the stability of the MT in the studied ribbons, dif-
ferent thermal cycles were carried out up to progressively higher 
temperatures each time. Fig. 7b shows the cooling DSC scans of the 
ribbons after heating up to the indicated temperatures above MT. For 
clarity, only the cooling branch of the cycles, corresponding to the 
direct (austenite to martensite phases) martensitic transformation, 
are represented. As maximum heating temperature increases, there 
is a progressive decrease of the peak temperature of the austenite to 
martensite transformation (1.5 K decrease per each 10 K increase in 
the maximum temperature of the previous heating). However, this 
decrease is enhanced when heating exceeds the temperature of 
formation of gamma phase and a decrease >  100 K in peak tem-
perature of the transformation is observed when maximum heating 
temperature changes from 823 to 873 K.

Fig. 8 shows the evolution of the martensite start temperature, 
Mstart , determined from DSC curves given in Fig. 7b and the trans-
formation enthalpy in the direct martensitic transformation, H , as a 
function of the upper limit temperature reached in each cycle for 
relaxed samples. We can distinguish between the behavior of sam-
ples heated below and above the relaxation temperature (673 K). The 
Mstart remains almost constant when cycles are performed at tem-
peratures lower than 673 K (the temperature at which the virgin 
ribbon was previously heated). However, a clear increase of H can 
be observed in this range of temperatures, which is just an indica-
tion of the fraction of austenite phase formed during transformation. 
This value saturates once all the austenite phase is formed, for 
samples heated above 575 K (see the heating curves in Fig. 7a). For 
samples heated above 673 K, both parameters, Mstart and H , con-
tinuously decreases with increasing the upper limit temperature. 
The obtained results suggest a structural modification of the ribbon 
during the thermal treatments, in agreement with the previously 
reported results for ribbons of Ni-Fe-Ga [8] and Ni-Fe-Ga-Co Heusler 
alloys [20]. Reduction of H can be interpreted as a progressive 

Fig. 6. Temperature dependence of magnetization (on cooling) at different magnetic 
applied fields for the ribbon annealed 10 min at 873 K.

Fig. 7. Consecutive DSC scans showing a) the effect of thermal cycling on the mar-
tensitic transformation when the sample is heated up to the same maximum tem-
perature (673 K) and b) the evolution of the martensitic temperature when samples 
are cooled from progressively higher temperatures above the martensitic transfor-
mation.

Fig. 8. Martensitic transformation start temperature and heat of transformation as a 
function of the upper limit temperature reached in each cooling-heating cycle. Hollow 
symbols correspond to samples submitted to treatments at temperatures below 673 K 
(to avoid virgin effects). Solid symbols correspond to samples treated at temperatures 
above 673 K and thus implying possible structural evolution.
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precipitation of γ phase, which should lead to changes in the com-
position of the remanent austenite to be transformed to martensite 
and could explain the shift to lower temperatures of MT (in fact, an 
enrichment in Ga in Ni55Fe17.5Gax from x = 26.5–27.5% led to a de-
crease of more than 50 K in Mstart [22]).

Calorimetric measurements with the cooling rate changing from 
= −5 to − 80 K/min were also performed on the samples heated up 

to 673 K (to avoid virgin effects) to identify the dependence of MT on 
. Fig. 9a displays the relationship between the values of the mar-

tensite start, Mstart , finish, Mfinish, and peak, Mpeak, temperatures and 
the cooling rate. The value of Mstart remains almost constant, in-
dicating that the onset of the transformation is athermal and not 
thermally activated. However, a shift to lower temperatures as 
cooling rate increases can be observed for both Mpeak and Mfinish. 
Fig. 9b shows the time interval required to complete the MT (cal-

culated as =t
M Mfinish start ) as a function of . The abrupt rise as 

0 K/min points to the transformation could not be completed 
in isothermal transformation. The linear correlation between the 
different characteristic temperatures and allows us to estimate the 
limit value of =M Mfinish start 16.6 K for 0 K/min, which is 
higher than those obtained for Co-free Ni-Fe-Ga Heusler alloys with 
lower transition temperatures [12].

3.3. Isothermal treatments

Relaxed samples were submitted to two different isothermal 
treatments: below austenite finish temperature and above the re-
laxation temperature, 673 K. The former experiments are reversible 
and the sample can be recovered once the relaxation protocol 
(heating at 20 K/min up to 673 K) is repeated. The latter experiments 
lead to irreversible microstructural evolution of the samples (mainly 
precipitation of γ-phase).

In order to determine the effect of the former, reversible, iso-
thermal treatments on MT, the following DSC experiments were 
carried out: Firstly, samples previously heated up to 673 K (to avoid 
virgin effects) were heated at 20 K/min up to a temperature between 
austenite start, Astart , and finish, Afinish, temperatures. Afterwards, at 
this temperature, the reverse martensitic transformation was inter-
rupted by means of an isothermal treatment (from 0 to 30 min) 
followed by cooling to room temperature at 20 K/min. The cooling 
processes after the isothermal treatments are depicted in Fig. 10, 
showing the partial direct martensitic transformation (in agreement 
with interrupted austenitic transformation) that occurs after the 
corresponding isothermal treatment. From this figure, it is evidenced 
the enhancement of the exothermic peaks upon cooling with the 
increase of the dwelling time for all the analyzed temperatures, 
corresponding to a further progress of the austenite development 
during the isothermal dwelling times. This is a characteristic of 
isothermal transformations (i.e. thermally activated processes). In 

Fig. 9. a) Characteristic temperatures of the martensitic transformation. Lines cor-
respond to linear fittings with the fitting parameters indicated. b) Time required to 
complete the transformation and time required to reach the maximum rate of 
transformation as a function of the cooling rate.

Fig. 10. Cooling DSC scans recorded at 20 K/min for samples isothermally treated 
during the indicated dwelling times at the indicated temperatures. The dashed curve 
corresponds to the reference sample that was relaxed by heating up to 673 K at 20 K/ 
min to avoid virgin curve effects.
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fact, on cooling, both shape and magnitude of MT changes with 
dwelling time.

The enthalpy change of the MT measured on cooling experiments 
can be used to estimate the austenite phase fraction obtained during 
the isothermal process taking as 100% that of the relaxed ribbon 
(dotted line). The results of this analysis are shown in Fig. 11. As it 
can be observed, a clear increase of the transformed fraction with 
the increase of dwelling time is achieved, which is characteristic of 
isothermal processes. However, the increase of the transformed 
fraction occurs for the shorter dwelling times, while saturation 
below 100% is rapidly obtained and no important differences can be 
observed at longer dwelling times. This result indicates that the 
isothermal character of the transformation is limited and isothermal 
and athermal character of the transformation coexist. Different 
factors can contribute to the observed time-dependence of the MT in 
the studied samples, including relaxation processes [23,24] and the 
development of strain nanodomains [25]. In fact, partial isothermal 
nature of the MT was found in non-stoichiometric Ti-Ni alloys, but 
not observed in the equiatomic TiNi alloy [25]. In the studied alloy, 
the accumulation of the elastic energy due to the non-stoichiometric 
composition and the typical disorder of the alloys prepared by rapid 
quenching [26] could be a reasonable argument to understand par-
tial development of the MT by isothermal treatments.

The influence of interrupting the heating during the reverse 
martensite transformation has been analyzed through the corre-
sponding subsequent DSC scan in which the MT is completed (i.e. 
scan up to 673 K that follows the cooling scans shown in Fig. 10). 
Despite the sample was cooled to room temperature, well below 
Mfinish, the effects of the isothermal treatments during the austenite 
formation are not erased but heating curves present memory of the 
isothermal treatments. Fig. 12 shows the cooling curves after inter-
rupted austenite formation at 523 K (1 A and 1B curves), as well as 
the subsequent heating curves (2 A and 2B curves). The heating DSC 
curve corresponding to the relaxed sample is also shown for com-
parison. All those heating curves were performed at 20 K/min up to 
673 K (relaxation protocol) and the corresponding subsequent 
cooling curves are also shown to evidence the reversibility of this 
process (3 A and 3B curves).

Remarkable effects on the reversal MT can be observed. The DSC 
heating curves after 0 and 5 min at 523 K thermal treatment (2 A and 
2B in Fig. 12) show two partially decoupled endothermic peaks in-
stead of the single one observed in the virgin curve corresponding to 
the relaxed sample. On the one hand, this effect can be associated 
with the development of intermartensitic transformations between 
modulated and non-modulated martensite phases which has been 

previously observed in other Ni-based shape memory alloys 
[6,27,28]. However, the deconvolution of the martensitic transfor-
mation only occurs during heating process and remains without 
changes in the case of the cooling process. Moreover, in situ XRD 
experiments performed in a temperature controlled chamber did not 
show, in the present case, the presence of intermartensitic trans-
formation but just low temperature 14 M martensite and high 
temperature austenite phase (XRD patterns not shown). On the 
other hand, this decoupling phenomenon of the reversal MT has 
been previously reported for Ni45Ti51.8Fe3.2 shape memory alloy and 
attributed to the creation of local stress fields [29]. In any case, the 
coexistence of the two successive transformations broadens the 
phase transformation temperature span of the martensite to auste-
nite phase. Thus, this effect could be interesting for caloric appli-
cations of the studied material [30]. It is worth mentioning that any 
effect of the isothermal treatments can be erased once the sample is 
heated up again to the relaxation temperature, 673 K (see 3 A and 3B 
curves in Fig. 12). Therefore, under these circumstances, the pro-
cesses are completely reversible. The obtained results are similar to 
those reported in studies that analyze the effect of interruption of 
the martensitic transformation, finding that non-complete cycles 
can significantly affect the transformation behavior in shape 
memory alloys in the subsequent complete transformation cycle 
[31–33]. This phenomenon, which has been called thermal arrest 
memory effect, has been also reported in Ni-Mn-Ga Heusler alloys 
[34] and recently in Ni-Fe-Ga polycrystalline ribbons [12], but it has 
not been previously reported in Ni-Fe-Ga-Co alloys. Moreover, it is 
typically analyzed only as a function of temperature, while here, the 
effect of thermal arrest dwelling time on the MT has been also in-
vestigated. In this sense, the deconvolution of MT clearly depends on 
dwelling time, leading to an increase in the broadening of the 
transformation as it increases. This effect can be related to an in-
crease in domain walls regions between the different martensite 
variants as the dwelling time increases [12].

On the other hand, it is clearly observed that the enthalpy re-
gistered in MT process increases as isothermal time increases (as it 
was already shown in Fig. 8). Moreover, the effect of interrupting the 
reversal MT is to shift part of the transformation to lower tem-
peratures. This shifted fraction of the transformation increases as 
dwell time increases, while there is a remaining fraction of the 
process that seems to be unaffected. That shifted fraction of the 
process can be identified with the austenite phase that was 

Fig. 11. Transformed fraction obtained by isothermal treatments as a function of 
dwell time at the indicated temperatures. Lines are just guide for the eye.

Fig. 12. DSC curves, at 20 K/min, corresponding to cooling down to room temperature 
a relaxed sample heated up to 523 K and submitted to 0 and 5 min isotherm (1 A and 
1B, respectively). Subsequent heating DSC curves to 673 K (2 A and 2B curves, re-
spectively) and, finally, cooling DSC curves after these treatments (3 A and 3B re-
spectively). Heating and cooling curves of the relaxed sample are shown for 
comparison. The DSC record becomes reversible after heating to 673 K (compare 3 A 
and 3B to that of the relaxed sample).
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developed during the interrupted transformation. These regions, 
when cooling down in MT, transform to a martensite phase that is 
less stable than the original one, probably due to extra stresses de-
veloped at the boundary between this new martensite and the un-
transformed one during the interrupted reversal MT.

4. Conclusions

Ni55Fe17Ga26Co2 Heusler alloy, developed by melt-spinning, ex-
hibits an almost single martensite phase with a 14 M modulated 
structure at room temperature. Although this is the unique phase 
detected by X-ray diffraction, Mössbauer spectroscopy and magne-
tometry results indicate the presence of a minority ferromagnetic 
gamma phase. The martensite phase reversibly transforms to aus-
tenite cubic phase at about 480 K. This reversible character remains 
for treatments below 673 K. However, thermal treatments above this 
temperature lead to the precipitation of a Fe enriched gamma phase 
which leads to the shift of the martensitic transformation to lower 
temperatures as the austenite phase becomes enriched in Ni. The 
metastable character of the system remains even up to the melting 
process which occurs in a close to eutectic process.

Athermal character of the martensite transformation can be ob-
served in the onset of the transformation as it does not depend on 
cooling rate. However, the time required for the transformation 
decreases as cooling rate increases indicating that the kinetics of the 
process accelerates up as temperature increases. Moreover, iso-
thermal treatments performed in the temperature range of the re-
versal martensite transformation show a certain isothermal 
character of the transformation as the fraction of austenite phase 
increases with the increase of the dwell time.

Interruption of isothermal treatments during reversal marten-
sitic transformation leads to a decoupling of the formation of the 
austenite phase during the subsequent heating process due to the 
shift to lower temperatures of a fraction of the transformation re-
lated to the previously formed austenite during the isothermal 
treatment.
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