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a b s t r a c t   

The influence of the fabrication method on the magnetostructural properties of a Ni55Fe19Ga26 Heusler 
alloy, obtained both as a ribbon, by melt-spinning, and as a pellet, by arc-melting, has been analyzed. It has 
been found that, while the arc-melting technique leads to the precipitation of the gamma phase and to a 
non-modulated martensite structure, the alloy prepared by melt-spinning presents a fully 14M modulated 
martensitic structure at room temperature. The tetragonal non-modulated martensite in the arc-melted 
bulk sample transforms into the 14M structure after a long thermal treatment (at 1073 K for 24 h) and 
subsequent quenching. Characteristic temperatures of the martensitic transformation are higher for melt- 
spun ribbons than for bulk sample, due to the precipitation of the gamma phase and consequent different 
martensite composition. However, while the martensitic transformation temperature is practically constant 
in the case of the bulk sample, it changes by ~ 150 K in the case of the ribbon sample submitted to the same 
thermal treatment applied to bulk samples. Finally, it was found that the martensitic transformation occurs 
in the paramagnetic regime of both types of samples. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Since the pioneer work of Ullakko et al. [1], interest in research 
and development of Ni-Mn-Ga magnetic shape memory alloys is 
increasing [2–5]. However, the Ni-Fe-Ga system has also attracted 
great attention due to its better ductility, attributed to the pre-
cipitation of the secondary phase [6], which could inhibit the twin 
boundary motion and limit the shape memory properties of the 
system. These alloys show remarkable properties, such as recently 
reported elastocaloric effects [7–9]. 

Studies on Ni-Fe-Ga alloys have so far mostly focused on bulk 
polycrystalline materials produced by arc-melting and submitted to 
high temperature heat treatments for compositional homogeniza-
tion [10–14]. However, this process results in various problems, such 
as decomposition or precipitation of other unexpected phases, 
which negatively affect the functional properties of the alloy. Rapid 
quenching preparation techniques, like melt-spinning, are an effec-
tive single step process to produce textured polycrystalline ribbons 

without the precipitation of the secondary phase [15,16]. More-
over, it makes possible to shorten (or even to avoid) long annealing 
treatments, which lead to a reduction of the fabrication time 
and cost. 

To our knowledge, little data exist concerning the effect of the 
fabrication process on structure, magnetostructural behavior and 
temperatures of martensitic transformation, MT, in Ni-Fe-Ga based 
alloys, although this kind of studies can be found in Ni-Mn-Sn based 
Heusler compounds [17,18]. It is also possible to find comparatives 
studies of bulk and powder samples in Ni-Fe-Ga alloys [19]. More-
over, it has been studied the effect of the quenching rate on the 
magnetic and martensite properties of Ni-Fe-Ga melt-spun ribbons  
[16,20] and, recently, the effect of the existence of vacancies in 
polycrystalline Ni-Fe-Ga systems [21]. Particularly, in Ni55Fe19Ga26 

composition, MT is observed slightly above room temperature [22]. 
The present study is devoted to analyze the influence of the fabri-
cation process on structure and magnetostructural behavior and on 
the temperature of MT in a Ni55Fe19Ga26 Heusler alloy obtained both 
in ribbon shape by melt-spinning and as-pellet by arc-melting. 
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2. Experimental 

The alloy with nominal composition Ni55Fe19Ga26 was prepared 
in an induction furnace using high-purity elements (>  99.9%). The 
ingots were melted several times in order to ensure homogeneity. 
Then, about 30 g of the ingot was induction melted in a quartz tube 
under Ar atmosphere and ejected onto a rotating wheel with a 
surface velocity of ~ 25 m/s. The thickness and width of the ribbon 
are about 30 µm and 3 mm, respectively. Microstructural character-
ization and stability of Ni55Fe19Ga26 melt spun Heusler alloy can be 
found elsewhere [23]. A polycrystalline Ni55Fe19Ga26 alloy was also 
prepared from 5 g of a mixture of high-purity constituent elements 
(>  99.9%) that were melted four times under Ar atmosphere in an arc 
furnace. Parts of the ingot were cut and annealed at 1073 K for 24 h 
in a quartz ampoule filled with Ar and then immediately quenched 
in water. This sample will be called TTB (Thermally Treated Bulk). For 
comparison, the same thermal treatment was performed to the 
ribbon, TTR (Thermally Treated Ribbon). 

The chemical composition of the samples was analyzed by X-ray 
fluorescence (XRF) using an EAGLE III instrument with an antic-
athode of Rh. The martensitic transformation start temperature, 
Mstart , as well as the austenite transformation start temperature, 
Astart , were determined by differential scanning calorimetry (DSC) 
using a Perking-Elmer DSC 7 under Ar flow and equipped with a 
cooling system (heating/cooling rate of ± 20 K/min). The heating rate 
was chosen in order to optimize the signal-noise ratio of the DSC 
measurements. Measured temperatures were corrected using the 
melting temperatures of an In standard (429.75 K). 

The microstructural characterization was carried out by X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). XRD 
measurements were performed in a Bruker D8 I diffractometer (Cu- 
Kα, λ = 1.5406 Å). SEM observations were developed in a FEI Teneo 
microscope operating at 20 kV. 

Magnetization measurements were performed in a vibrating 
sample magnetometer (standard option of a Quantum Design 
Physical Properties Measurement System, PPMS) applying different 
magnetic fields and a heating/cooling rate of ± 1 K/min. 

3. Results 

3.1. Ribbon sample 

The studied Ni55F19Ga26 Heusler as-spun ribbon produced by 
melt spinning shows a typical columnar structure in the fracture 
cross section (Fig. 1). This consists of grains crystallizing in contact 
with the wheel, followed by an ordered columnar microstructure 
perpendicular to the ribbon surface. This is a sign of the quick 
crystallization and fast growth kinetics of the sample. Perpendicu-
larly to the ribbon surface, the size of the observed grains is as large 
as the ribbon thickness and their size in the ribbon plane is 
about 2 µm. 

Chemical composition of the ribbon has been evaluated by XRF 
technique, while electron valence concentration per atom, e a/ , was 
calculated from the sum of external d and s electrons for Ni (10) and 
Fe (8), and s and p for Ga (3). The experimentally evaluated chemical 
composition together with the e a/ are summarized in Table 1. There 
are no significant differences between both sides of the ribbon and 
the composition agrees with the nominal one. Additionally, point 
analyses and elemental mappings show a homogeneous distribution 
of the elements (not shown). 

Fig. 2 shows the room temperature XRD patterns taken from both 
the wheel and the free surfaces of the as-spun ribbon, exhibiting a 
martensite structure. Small differences in the intensities of peaks 
between both sides of the ribbon can be observed, due to the highly 
textured polycrystalline character of the ribbons. The splitting of the 
{220} reflection of the austenite phase into doublets or triplets is 

usually taken as an evidence for a tetragonally distorted martensite 
phase, assigned by Wang et al. [24] as space group I mmm4/ . How-
ever, Righi et al. [25] proposed an orthorhombic Pnnm space group 
with a seven-layered modulation on the basis of a Rietveld analysis 
of the low-temperature XRD data. On the other hand, Singh et al.  
[26] and Krenke et al. [27] identified the monoclinic space group 
P m2/ for modulated martensite structures. In order to evaluate the 
space group and modulated structure of the martensite phase, a Le 
Bail fitting was performed using the different space groups cited 
above. All peaks could only be indexed by the monoclinic P m2/
space group and the obtained lattice parameters were 
a = 4.3138(2) , b = 30.2511(17) , c = 5.6190(3) , = 89.028(5)° 
(GOF = 1.4). It should be noted that b~7a indicates a seven fold in-
crease in the unit cell length along b axis, which is in agreement with 
transmission electron microscopy observations, showing six extra 
spots between two fundamental maxima, reported in our previous 
work [23]. This relation has been related to modulation of the atomic 
positions in Ni-Mn-Ga systems from both neutron [28] and X-ray 
diffraction studies [29]. 

DSC scans at 20 K/min were performed to analyze the MT of the 
ribbon. The DSC curve registered during a cooling and heating cycle 
is shown in Fig. 3a along with the record of the previous heating up 
to 473 K (we considered the cycle this way as we do not expect any 
irreversible transformation for temperatures below the starting 
temperature of the cycle). The exothermic and endothermic peaks 
correspond to the forward and reverse MT, respectively. The onset of 
the martensitic transformation (martensite start temperature, Mstart) 
during cooling and of the reverse martensitic transformations 
(austenite start temperature, Astart) was estimated by the two-tan-
gent method. The calorimetric scans reveal that thermal treatments 
induce a decrease of the MT temperature as the maximum heating 
temperature increases, which will be discussed later. 

Fig. 3b shows the temperature dependence of magnetization 
measured at heating/cooling rates of 1 K/min under two different 

Fig. 1. SEM micrograph in secondary electrons mode of a cross section of the melt- 
spun ribbon. 

Table 1 
Average value of chemical composition (at%) and e a/ for both sides of melt-spun 
ribbon and the bulk sample from XRF.       

Sample Ni Fe Ga e/a  

Nominal 55 19 26 7.8 
Ribbon (free side) 54.72 ± 0.12 19.20 ± 0.16 26.08 ± 0.21 7.79 ± 0.03 
Ribbon 

(wheel side) 
54.41 ± 0.11 19.22 ± 0.15 26.37 ± 0.20 7.77 ± 0.03 

Bulk 54.64 ± 0.14 19.39 ± 0.11 25.95 ± 0.16 7.79 ± 0.03 
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magnetic fields. Upon cooling, only a Curie transition has been ob-
served in the M T( ) curves. Taking into account the XRD results, this 
transition should correspond to the magnetic transformation of the 
14M modulated structure (TC

M14 = 319 K). This result supports those 
obtained by DSC, showing the MT at temperatures close to the limit 
of measurement range of PPMS. 

3.2. Bulk sample 

A bulk alloy was obtained by arc-melting. The average chemical 
composition of the as-prepared sample obtained by XRF is shown in  
Table 1. Fig. 4 represents XRD patterns of the as-prepared bulk 
sample (ASB) and after annealing at 1073 K for 24 h and then, im-
mediately, quenched in water (Thermally Treated Bulk sample, TTB). 
All the peaks in ASB sample can be indexed with a non-modulated 
tetragonal L10 structure (space group I mmm4/ ) and the phase 
(space group Pm m3 ), confirming the limitation of arc-melting 
technique to produce single-phase samples. After the thermal 
treatment, the 14M modulated structure (also found in the as- 
melted ribbon) is developed. In fact, the Le Bail fit of the pattern 
reveals the coexistence of two phases, the monoclinic structure 
corresponding to a martensite phase (a = 4.32987(16) , 
b = 30.3519(6) , y c = 5.5537(4) ) and a cubic structure corre-
sponding to the phase (a = 3.59974(9)). Again, the relation b 7a
indicates that the type of modulation is 14M. 

Fig. 5 shows representative SEM images obtained for ASB (left 
side) and TTB (right side) samples. The images obtained using sec-
ondary electrons (Fig. 5a and d) show a typical martensitic mor-
phology, with variants of twinned martensite in the case of the TTB 
sample. The small black dots are pores created during fabrication 
process. In the case of the backscattered images, it can be clearly 
observed that crystals are dispersed inside the martensite grains, 
which contribution was previously detected by XRD. These crystals 
are more clearly observed in the case of the TTB sample due to the Fe 
enrichment of the gamma phase with the thermal treatment (see  
Fig. 5c and f). Table 2 shows the chemical composition obtained by 
EDS of the phases that exhibit the bulk samples. In spite of the 
semiquantitative character of this technique, it is evident the Fe 
enrichment and Ga decrease of the gamma phase in the TTB sample 
with respect to the ASB one. 

The characteristic temperatures of MT were studied by DSC 
(Fig. 6a and b). It can be observed large exothermic and endothermic 
peaks upon cooling and heating associated with martensitic and 
reverse martensitic transformation, respectively. The ASB sample 
exhibits a broad MT peak around 340 K (on heating). Thermal 
treatment gets more pronounced MT, which slightly decreased to 
lower temperatures around 330 K. 

The temperature dependences of magnetization of the bulk 
samples measured at two different magnetic fields are shown in  
Fig. 6c and d. The thermomagnetic curves reveal a ferromagnetic 
behavior with a Curie temperature at 285 and 278 K, for ASB and 
TTB, respectively. Following the XRD results, these Curie transitions 

Fig. 2. a) XRD patterns of Ni55Fe19Ga26 as-spun ribbon for the wheel, WS, (upper) and the free, FS, (bottom) sides, respectively. b) Le Bail fitting for XRD pattern of the as-spun 
ribbon (FS) with P m2/ space group. The open circles and the solid continuous lines represent observed and calculated patterns, respectively. The difference plot is shown at the 
bottom. The inset depicts a horizontally zoomed plot in a limited range of 2 . The Bragg peaks are labeled according to the notation of the monoclinic system usually used to 
describe the modulated 14M structure. 

Fig. 3. a) DSC scans of ribbon samples measured at 20 K/min in the vicinity of the 
martensitic transformation during heating and cooling cycles. Arrows indicate heating 
and cooling pathways. b) Thermomagnetic measurements on as-prepared ribbon 
upon cooling (blue) and heating (red) from 400 to 100 K and under different external 
applied magnetic fields. Inset shows their corresponding dM dT/ curves. 
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should correspond to the martensite phase. Therefore, upon cooling, 
transformation sequence is paramagnetic austenite paramagnetic 
martensite ferromagnetic martensite. The MT temperatures are in 
good agreement with those observed by DSC. The presence of the 
gamma phase is responsible for a non-zero magnetization 
above Astart . 

4. Discussion 

The influence of the production method on magneto-structural 
behavior has been systematically investigated. In order to evaluate 
the stability of MT in the studied samples, different thermal cycles 
were done up to a higher maximum temperature each time. Fig. 7 

shows, as a function of the upper limit temperature reached in each 
cycle, the evolution of the parameters of the MT (Mstart and Astart , and 
the average transformation heat in the forward and reverse trans-
formation). For the ribbon sample it can be observed that the tem-
perature at which the MT occurs continuously decreases with 

Fig. 4. a) XRD patterns of Ni55Fe19Ga26 as-prepared bulk. b) XRD pattern of the TTB sample (open circles) and its Le Bail fitting using P m2/ and Pm m3 space groups (red line). The 
difference (black line) is shown at the bottom. The inset depicts a horizontally zoomed plot in a limited range of 2 . 

Fig. 5. SEM micrographs obtained using secondary (a and d) and backscattered electrons (b and e) and corresponding compositional maps obtained by EDS (c and f). a–c 
correspond to ASB sample and d–f to TTB sample. The horizontal bar corresponds to 50 µm. Ni, Fe and Ga elements are represented in green, blue and magenta, respectively. 

Table 2 
Chemical composition (at%) and e a/ for the bulk samples obtained by EDS.           

Martensite phase Gamma phase 

Sample Ni Fe Ga e/a Ni Fe Ga  

ASB 55(2) 19(2) 26(3)  7.80 56(2) 24(2) 20(3) 
TTB 56(2) 18(2) 26(3)  7.82 56(2) 28(2) 16(3)    
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increasing the upper limit temperature. The thermal hysteresis, de-
fined as Astart-M ,start is practically constant until the enthalpy of 
transformation drops significantly (for temperatures higher than 
773 K), which could be associated to the precipitation of the gamma 
phase. These results are in agreement with those collected by Tolea 
et al. [30], where it is shown that the heat treatments above MT 
promote a shift to lower temperatures in ribbons of Ni-Fe-Ga-Co 
composition. In any case, the results obtained suggest that the 
ribbon undergoes a structural modification during the heat treat-
ments performed. In the case of treatments at low temperatures 
(<  573 K), relaxation of stresses stored during fabrication of the 
ribbons occurs. Treatments at high temperatures (>  773 K) induce 
precipitation and growth of the gamma phase [23]. 

Unlike the results obtained for the ribbon, the parameters asso-
ciated to MT remain practically constant in the case of the bulk 
samples, at least for the range of temperatures analyzed. As it was 
previously shown (see Fig. 6a and b), MT occurs at slightly higher 
temperatures for the ASB sample than for the TTB one. This dis-
placement could be associated with the Fe enrichment of the gamma 
phase in the case of the TTB sample. Moreover, both transformation 
enthalpy and temperature at which the transition occurs are lower 
for the bulk sample than for the ribbon sample, due to the existence 
of the gamma phase. This phase, on the one hand, limits the fraction 
of transformable phase, reducing the transformation enthalpy and, 
on the other hand, modifies the electronic valence concentration per 
atom of the martensite phase, with which MT exhibits a strong de-
pendence [31]. Therefore, enthalpy change could be used to estimate 

the fraction of the gamma phase in the TTB sample if a 100% of the 
14M structure is assumed for the as-spun ribbon. The results of this 
analysis lead to an approximately 20% of the gamma phase in the 
TTB and ASB samples. Assuming the composition for the alloy shown 
in Table 1 (Ni54.64Fe19.39Ga25.95) and the composition of the gamma 
phase shown in Table 2 (Ni56Fe24Ga20 for ASB and Ni56Fe28Ga16 for 
TTB), we can roughly estimate the composition of both phases and 
from them the e a/ values, resulting 7.72 and 7.67 for the ASB and TTB 
samples, respectively. The errors of this estimation as well as the e a/
values presented in Table 2 are above 10%, and thus the quantitative 
values must be taken with caution. However, qualitatively, the en-
richment in Fe and impoverishment in Ga of the gamma phase must 
indirectly imply a decrease in the e a/ value of the martensite phase, 
which is pointed by the EDS results in Table 2. 

In order to show the structural modification of the ribbon and to 
analyze the decrease of the enthalpy in the successive thermal cy-
cles, different pieces of ribbon were heated at 10 K/min up to dif-
ferent temperatures and then annealed for 10 min. It should be 
mentioned that the annealing temperatures, although above the 
martensitic transition temperature of the as-spun ribbon, are below 
the order-disorder phase transition L21-B2 temperature 
(~ 973 K) [32]. 

Fig. 8 shows XRD patterns of the annealed ribbons along with 
that of the as-spun ribbon. As it was previously indicated, the 
structure of the as-spun ribbon corresponds to a 14M modulated 
phase. The annealings at 673 and 773 K only produce a small var-
iation of the lattice parameters, which modifies the b a/ ratio. In fact, 

Fig. 6. a) DSC curves measured at 20 K/min in the vicinity of the MT during continuous heating and cooling cycles for a) as-prepared, ASB, and b) thermally treated, TTB, bulk 
samples. Arrows indicate heating and cooling pathways. Thermomagnetic measurements upon cooling and heating from 400 to 100 K under different external magnetic fields for 
c) ASB and d) TTB samples. Upper insets in c) and d) show the corresponding dM dT/ curves at 0.01 T. Middle insets in c) and d) depict a zoomed plot in a limited range of 
temperatures. 
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when the same type of Le Bail fitting (not shown) is applied to these 
patterns, b a/ = 6.68 and 6.67 for the samples annealed at 673 and 
773 K, respectively, being 7.01 for the as-spun ribbon. 

The variation of the lattice parameters is related to the pre-
cipitation of the phase, which modifies the composition of the 
modulated structure and limits the proportion of main phase that 

can transform and, therefore, decreases the transition enthalpy ob-
tained by DSC. After annealing at 873 K, the monophasic character of 
the ribbon clearly disappears, and the martensitic modulated 
structure gives rise to two phases, the austenite and phases, al-
though small traces of the modulated phase can still be observed 
(see maximum at ~ 2 = 46º). Therefore, the MT shift towards lower 
temperatures can be understood as a progressive destabilization of 
the 14M modulated phase due to the precipitation of the gamma 
phase, leading to a stabilization of the austenite phase at room 
temperature (RT). 

In order to completely stabilize the austenite phase at RT, pieces 
of ribbon were annealed at 1073 K for 24 h in a quartz ampoule filled 
with Ar and then immediately quenched in water sample (same 
treatment performed to the bulk sample), that will be called TTR 
(Thermally Treated Ribbon). The corresponding XRD pattern of this 
sample (Fig. 8) exhibits a mixture of two phases that can be indexed 
as L21 austenite and phases. Fig. 9 shows the temperature de-
pendence of magnetization of sample. Upon cooling, the transfor-
mation sequence is paramagnetic austenite ferromagnetic 
austenite ferromagnetic martensite. It means that the ferromag-
netic-paramagnetic transformation is finished (or nearly finished) 
before the martensite starts to form (see inset Fig. 9). Therefore, the 
observed Curie temperature corresponds to the austenite phase, 
TC

A = 285 K, which is lower than TC
M14 . On the other hand, Astart = 265 K 

and Mstart = 250 K. 
Table 3 shows the MT temperatures, TM , and the Curie tem-

peratures of the martensite, TC
M , and the austenite, TC

A, phases for the 
different studied samples obtained by magnetometry measure-
ments. MT behavior is significantly different between them. While 
TM is practically constant in the case of the bulk, this parameter 
changes by ~ 150 K in the ribbons. This significant variation can be 
related to the grain refinement, internal stresses and high density of 

Fig. 7. a) Temperatures corresponding to the martensitic transformation start, Mstart , 
during cooling and reverse martensitic start temperature, Astart , and b) average heat of 
transformation as a function of the upper limit temperature attained in each cycle. 
Filled symbols are used for ribbon samples and empty symbols are used for as-pre-
pared (red) and thermally treated (black) bulk samples. 

Fig. 8. XRD patterns of Ni55Fe19Ga26 ribbons annealed 10 min at the marked tem-
peratures along with the pattern of the ribbon submitted to the same long thermal 
treatment of the bulk sample. 

Fig. 9. Thermomagnetic measurements upon cooling and heating between 400 and 
100 K on thermally treated ribbon sample at 1073 K for 24 h under different external 
magnetic fields. Inset shows the corresponding dM dT/ curves at 0.01 T. 

Table 3 
Characteristic transformation temperatures (martensitic transformation TM and Curie 
temperatures of the martensite, TC

M , and the austenite TC
A, phases), for the as-prepared 

and thermal treated samples (TTR and TTB), obtained by magnetothermal measure-
ments. In the case of the TC

M the structure of the martensite phase has been indicated. 
ND: Not-detected.       

Sample TM (K) TC
M (K) TC

A (K)  

Ribbon As-prepared  400 320 (14M) ND 
TTR  257 ND 285 

Bulk As-prepared  328 283 (L10) ND 
TTB  320 278 (14M) ND 
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lattice defects such as dislocations and vacancies introduced during 
the melt-spinning process [33], leading to a high dependence of TM

with the thermal treatments. On the other hand, although it has 
been reported that TM depends on several factors, the dominant one 
is the chemical composition [14,34]. Thus, e a/ effect should be taken 
into account in the studied samples due to the precipitation of the 
phase developed after the thermal treatments. 

Although the Curie temperatures of the 14M modulated phase of 
the ribbon and the bulk samples differ from each other, this differ-
ence is smaller, as expected, than the differences found for TM . In 
fact, the dependence of Curie temperatures, TC

M and TC
A, on e a/ is less 

pronounced than in the case of TM [35]. It is also worth mentioning 
the small variation of TM (few degrees) after the bulk is thermally 
treated even despite the modification of the structure of the mar-
tensite. Finally, the TC

A was only detected in the case of the quenched 
ribbon, the bulk samples being paramagnetic in the temperature 
range in which austenite is detected. 

5. Conclusions 

Nickel-rich polycrystalline Ni55Fe19Ga26 Heusler alloy was pro-
duced using melt-spinning and conventional casting techniques. The 
microstructure and magnetostructural transformation behavior have 
been analyzed. The main conclusions obtained are: 

• The crystal structure of sample prepared in a ribbon shape ex-
hibits a single-phase martensite modulated 14M structure at 
room temperature. The arc-melting technique did not allow us to 
obtain a single-phase sample, obtaining a coexistence of a non- 
modulated martensite structure and gamma phase at room 
temperature. However, the modulated phase in the bulk is de-
veloped after a long-term heat treatment followed by water 
quenching. This treatment also promotes an Fe enrichment of the 
gamma phase.  

• Characteristic temperatures of the martensitic transformation are 
lower for the bulk sample with respect to the melt-spun ribbons. 
This may be connected with the change of the e a/ parameter due 
to the precipitation of the gamma phase in the case of the bulk. 

• For the bulk alloy the parameters of the transformation (mar-
tensite temperature and enthalpy) are practically constant in the 
range of temperatures analyzed here, whereas these parameters 
significantly change in the case of the ribbons; both decrease 
with the increase of the annealing temperature.  

• The martensitic transformation takes place in the paramagnetic 
regime in the case of the as-spun ribbon and the thermally 
treated bulk. 
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