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Effect of Annealing on Microstructure and Functional Properties  
of Ni-Mn-Ga-Cu Alloys Produced by Melt Spinning Technique

In this work, we have performed experimental measurements and analysis of the annealing effect in the temperature 
range of 100°C-900°C on the magnetic field-induced bending phenomenon of Heusler alloys with the nominal composition of 
Ni50Mn30Ga18Cu2. The annealing process resulted in an increase of the average grain size. Annealing also affected the magnetic 
field-induced bending effect, increasing the maximum value of the obtained normalized deflection by about six-fold. However, 
this effect occurred in the case of ribbons annealed at higher temperatures, i.e. above 500°C. Annealing also led to a reduction in 
the magnetic field value required to activate the magnetic field-induced bending effect. The annealing process in the range from 
500°C to 900°C affected both the amplitude and the maximum value of the normalized deflection. The presented results demon-
strate that through heat-treatment the functional properties of the analyzed Ni-Mn-Ga-Cu ribbons, obtained by the melt spinning 
method, can be effectively optimized.
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1. Introduction

In recent years, metallic materials based on ternary Ni-
Mn-Ga alloys have been intensively studied, due to their 
unique combination of magnetic and mechanical properties 
[1,2]. These materials, in the single-crystalline state, can sig-
nificantly change their shape at the macroscopic level under 
the influence of external magnetic field of about 1T [3-5]. This 
phenomenon is known as the magnetic field-induced straining 
(MFIS) effect, which occurs at the microscopic level through 
the reorientation of martensite variants via deformation twinning 
and detwinning mechanism [6-12]. In recent years, a great deal 
of research has been carried out to understand the fundamental 
properties of this phenomenon, which has consequently led to 
the modification of various material’s characteristics that directly 
influence and may optimize the MFIS effect itself. The largest 
experimentally recorded MFIS effect of 12% of linear strain was 
observed in the Ni-Mn-Ga-Co-Cu alloy with the non-modulated 
martensite structure [13]. In the ternary Ni-Mn-Ga alloys, the 
effect of functional strain occurred only in the modulated mar-
tensite phases. Depending on the type of modulation [14-17], 
the maximum recorded linear strain was about 7% and 11%  

in 10-fold (10M) and 14-fold modulated (14M) martensite 
structures, respectively [18,19].

Although, the highest recorded strain values, generated by 
the MFIS effect, were recorded in single-crystalline materials. 
There is currently a great deal of interest in the shape memory 
community to produce these materials in the poly-crystalline 
form using various production techniques. Such materials have 
been produced in the form of foams, microshells, microwires, 
etc. [20-27]. Consequently, this type of approach has led to 
a variety of interesting functional properties, e.g. microwires 
with the so-called oligo-crystalline microstructure, fabricated 
using the Taylor technique, have shown magnetic shape memory 
properties in the form of bending under the influence of an ex-
ternal magnetic field [28]. Magnetically field-induced bending 
(MFIB) has also been detected in single-crystalline Ni-Mn-Ga 
ternary alloys, which proven to be particularly important for 
materials with a large length-to-width ratio. A detailed experi-
mental study by Kucza et al. [29] illustrates quantitatively the 
contributions of two components to the total functional strain: 
axial strain and bending strain, which were attributed to MFIS 
and MTIB (magnetic torque-induced bending) phenomena,  
respectively.
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An interesting and relatively readily available method for 
producing polycrystalline metallic materials from the liquid 
phase is the melt spinning technique, which produces material 
with high chemical homogeneity in the form of thin ribbons, 
tens of micrometers thick [30-32].

The MFIB effect was observed in Ni-Mn-Ga-Co-Cu al-
loys [33]. This material in the shape of a ribbon was obtained 
by rapid crystallization from the liquid phase using melt spin-
ning technique. A characteristic material’s feature obtained by 
this method is a strong anisotropy of the microstructure, where 
fine grains are located near the surface being in contact with the 
rotating wheel. In contrast, further away from the contact sur-
face, the grains have more columnar shape [34,35]. The as-cast 
ribbons are also characterized by a significant level of residual 
stresses, which is often the reason for the reduced ductility of 
this material. In the case of Ni-Mn-Ga-based alloys, our previous 
studies have shown a strong tendency towards recrystallization, 
which occurs in the temperature range of 550°C-900°C [33]. 
This phenomenon is proceeded by annealing observed at lower 
temperatures below 550°C. Also, the effect of annealing on 
the martensitic transformation temperature observed in these 
ribbons was thoroughly analyzed [36,37]. Taking this into ac-
count, the present work will focus on the analysis of the effect 
of annealing in the temperature range from 100o to 900oC on 
the MFIB properties of an alloy with the nominal composition 
of Ni50Mn30Ga18Cu2 produced by melt spinning. The 2 atomic 
% addition of Cu was intended to increase the temperature of 
martensitic transformation, and consequently, to increase the 
temperature range of its potential application.

2. Experimental procedure

The first stage of the experimental research was the prepa-
ration of a polycrystalline ingot with the nominal composition 
of Ni50Mn30Ga18Cu2 using high purity metals (Ni – 99.9+%, 
Mn – 99.9%, Ga – 99.99% and Cu – 99.99%). This process 
involved induction melting in an argon atmosphere followed 
by homogenization at 900°C for 72 hours under vacuum condi-
tions. Then, this ingot has used to produce ribbons by the melt 
spinning technique. The linear velocity of the rotating copper 
wheel during the casting process was set at 20 m/s. Ribbons 
were then encapsulated in vacuum conditions using quartz 
tubes and annealed in the temperature range 100°C-900°C for 
a period of 30 minutes. The ribbons’ chemical composition was 
Ni50.2Mn29.6Ga18.1Cu2.1 being determined by energy dispersive 
spectroscopy using scanning electron microscope.

The characteristic martensitic transformation temperatures 
of the as-cast ribbons and those after heat-treatment were deter-
mined by differential scanning calorimetry measurements, using 
TAI DSC Q 1000 calorimeter, in the temperature range from 
–100°C to 100°C, at heating and cooling rates of 10 K/min. The 
martensitic start (Ms) and finish (Mf) temperatures were 79°C 
and 71°C, respectively, i.e. well above room temperature. Mi-
crostructure changes, such as mean grain size, were analyzed for 

both cast and annealed ribbons using Thermo Scientific Scios 2 
DualBeam scanning electron microscope observations by means 
of backscattered electron (BSE) mode under high vacuum condi-
tions. For the microstructure observations, the ribbons were care-
fully grinded and then electro-polished using Struers A2 reagent.

Another set of as-cast as well as annealed ribbons in the 
temperature range 100°-900°C were prepared for experimental 
studies of the MFIB effect. Measurements were made using 
a self-made device, which allowed in-situ imaging of the degree 
of bending of the ribbons under the magnetic field ranging from 
0 to 0.3T. To carry out these measurements, the ribbons were 
clamped between two aluminum blocks and then placed in the 
device’s holder. During the measurements, at different stages 
of bending (i.e. different values of magnetic field), images of 
the samples were taken. The MFIB measurements performed at 
room temperature were carried out for up to 10 bending cycles.

3. Results and discussion

The as-cast ribbons had an average grain size of 5.8 µm 
(Figs. 1 and 2). The 30 minute annealing procedure at the tem-
perature of up to 500°C did not significantly affect the grain 
size. Their average size was 6.1 µm, 6.3 µm and 6.7 µm for 
samples annealed at 100°C, 300°C and 500°C, respectively. 
Larger grain growth was recorded for 700°C and 900°C, where 
the grain growth process occurred increasing the grain size to 
9.1 µm and 15.2 µm, respectively. These results indicate that 
recrystallization does not occur up to 500°C. On the other hand, 
in the lower temperature range of up to 500°C, microstructural 
annealing processes (e.g. vacancy and dislocation annihilation) 
should be expected [34].

Fig. 1. Microstructure images taken in the BSE mode for the as-cast sam-
ples and annealed in the temperature range 100°C-900°C for 30 minutes
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Fig. 2. Average grain size versus annealing temperature curve (in the 
range from 100°C to 900°C) for the ribbons with the nominal composi-
tion of Ni50Mn30Ga18Cu2

The initial MFIB experiments were performed for ribbons 
in the as-cast state (Fig. 3). In the first cycle, upon the initial in-
crease of the magnetic field from 0 T to 0.14 T, a slight deflection 
of the ribbon occurred to a level of about 0.01. Further increase 
of the magnetic field up to 0.28 T generated a more significant 
bending effect of the normalized deflection (ND) parameter that 
reached 0.12. Decreasing the magnetic field resulted in a gradual 
decrease in the recorded ND to the level of 0.02 at zero magnetic 
field. Thus, the material did not return to its original shape after 
the first cycle, suggesting activation of plastic deformation 
mechanisms during MFIB. In the second cycle an increase of 
the magnetic field, in the same range as previously in the first 
cycle, also induced a gradual change in the ribbon’s shape. The 
forth and back curve of the second cycle was characterized by 
a significantly smaller hysteresis and practically neglectable 
contribution of plastic deformation (the ribbon returned to its 
initial position).

Fig. 3. Normalized deflection versus magnetic field curves obtained 
during the first and the second cycle of MFIB of the as-cast ribbons 

The next stage of the study was to analyze the effect of 
annealing in the range from room temperature to 900°C on the 
effect of MFIB. Fig. 4 shows the MFIB data for the annealed 
ribbons at different temperatures of the initial cycle. In the range 

up to 300°C, virtually no changes of the ribbon’s behavior were 
observed. The maximum ND obtained for the as-cast ribbons 
and those annealed at 100°C and 300°C was approximately 0.12. 
A significant change in the curve occurred at 500°C, with an 
almost fourfold increase of the maximum ND reaching a value 
of 0.43. Annealing at 700°C and 900°C resulted in a further in-
crease of ND to 0.65 and 0.75, respectively. Thus, the performed 
annealing process has a large effect on the MFIB of the analyzed 
ribbons, where the maximum value of ND increased by more than 
six-fold from 0.12 to 0.75. A significant effect of the annealing 
on the plastic contribution obtained in the first cycle can also be 
observed. For the as-cast ribbon, the ND was 0.03, while for the 
ribbon annealed at 900°C, this value reached 0.27. The second 
cycle was characterized by the absence of the plastic contribu-
tion during MFIB with the maximum ND remaining unchanged 
(Fig. 5). Also, for the second cycle, changes in the bending re-
sponse can only be observed for ribbons annealed between 300°C 
and 900°C. By careful analysis of the first and the second cycle 
of the ribbons annealed at 900°C, it can be observed that the 
maximum value is around 0.75 (Fig. 6). The second cycle has a 
significantly smaller hysteresis loop and no plastic contribution 
(after the full second cycle the ND value was 0.27).

Fig. 4. Normalized deflection versus magnetic field curves during the 
first cycle of MFIB of the as-cast and annealed ribbons in the tempera-
ture range between 100°C and 900°C

Fig. 5. Normalized deflection versus magnetic field curves of the second 
cycle of MFIB measurements of the as-cast and annealed ribbons in the 
temperature range between 100°C and 900°C
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Fig. 6. Normalized deflection versus magnetic field curves during the 
first and the second cycle of MFIB of the annealed ribbons at 900°C 
for 30 minutes

The annealing process also influenced the value of the 
magnetic field that is necessary to activate the bending effect 
(Fig. 7). This value for the sample after casting in the first cycle 
was approximately 0.13T and decreased to 0.08T for the sample 
annealed at the highest temperature of 900°C. A similar trend 
is maintained for the second cycle with a general decrease in 
the magnetic field for the individual annealing temperature of 
about 0.02T.

Fig. 7. The threshold value of the magnetic field versus annealing 
temperature curves for the first and second cycles required to initiate 
MFIB process of the analyzed ribbons

Fig. 8a shows the changes in maximum and minimum ND, 
which were recorded during 10 cycles. Significant differences 
can be seen in the ND values, depending on the annealing tem-
perature (graphs for only three annealing conditions are shown 
in Fig. 8a for clarity). A good stability of the obtained effect 
with increasing cycle number is also evident. Based on the data 
shown in Fig. 8a, dependencies were evaluated for the changes 
in the maximum amplitude of the ND obtained as a function 
of annealing temperature (Fig. 8a). Again, up to 300°C, no 
changes in the amplitude were observed, which was about 0.07. 
Above this temperature, there was a significant increase in the 

amplitude to a maximum value of 0.5. Thus, this increase must 
be attributed to the recrystallization process, and consequently, 
to the microstructural modification of the ribbons. A very 
similar effect of annealing can also be observed by analyzing 
the maximum ND values, which also remain unchanged up to 
300°C (Fig. 8c). Above this temperature, there is an increase 
in ND reaching a maximum value of 0.74 for the ribbons an-
nealed at 900°C.

Fig. 8. Maximum and minimum normalized deflection versus cy-
cle number curve of the as-cast and annealed ribbons at 500°C and 
900°C (a), amplitude between the maximum and minimum value of 
the normalized deflection versus annealing temperature curve (b), 
and maximum value of the normalized deflection versus annealing 
temperature curve (c)
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4. Conclusions

The presented experimental studies were focused on the 
effect of annealing on the functional properties of ribbons with 
the nominal composition of Ni50Mn30Ga18Cu2 produced by the 
melt spinning technique. The ribbons were annealed over a 
wide temperature range from 100°C to 900°C for 30 minutes. 
The annealing process resulted in an increase in average grain 
size from 5.8 µm for the as-cast sample to 15.2µm for the one 
annealed at 900°C. The annealing process also affected the 
MFIB by a six-fold increase of the maximum ND value from 
the level of 0.12 to 0.75. However, this effect occurred for rib-
bons annealed at higher temperatures (500°C and above). The 
annealing process also reduced the value of the magnetic field 
required to activate the MFIB effect from the value of 0.13 T 
to 0.08 T for the first cycle. There was also further noticeable 
decrease in the magnetic field to 0.05 T for the second cycle. 
The effect of annealing between 500°C and 900°C affected the 
amplitude as well as the maximum value of ND. The results 
presented here show that by means of heat-treatment process 
(i.e. annealing for 30 minutes in the temperature range from 
100°C to 900°C), the functional properties of the analyzed Ni-
Mn-Ga-Cu ribbons obtained by melt spinning technique can be 
effectively optimized.
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