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ABSTRACT 

In this paper, we study the possibility of triggering magnetic 

field-induced strain in Ni45Mn25Ga20Co5Cu5 alloys 

fabricated by melt-spinning technique. We emphasize, the 

microstructural anisotropy and phase composition of as-

grown ribbons and the subsequent effect of heat-treatment 

on microstructure evolution and related magnetic 

properties. Additionally, calorimetric measurements have 

revealed two fundamentally different stages of heat-

treatment. The first stage of heat-treatment consisting of 

heating up to 560oC triggers thermally activated 

annihilation of dislocations and other atomic ordering 

effects which significantly increases magnetic properties, 

e.g. magnetic susceptibility. Interestingly, up to 560oC no 

grain growth occurs. Substantial grain refinement is 

observed during the second stage of heat-treatment 

performed at 950oC. The microstructure evolution, 

however, takes place at the very beginning stage of heating, 

i.e. after 10 minutes. Further heating at this temperature up 

to 180 minutes does not affect the microstructure. 
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INTRODUCTION 

The Ni-Mn-Ga Heusler alloys are a subject of intense 

research due, to promising magneto-mechanical properties 

which may find practical use in actuator and sensor devices. 

The giant magnetic-field induced strain (MFIS), as one of 

such properties, has been reported in single crystalline 

materials of martensite phases where the stress for 

martensite variant reorientation (i.e. twinning stress) may be 

substantially reduced upon microstructure refinement 

performed in most cases by external mechanical force. 

Recent chemical modification of this alloy, by minor 

addition of Co and Cu, further expands these unique 

functional properties to non-modulated (NM) martensite 

structures of Ni-Mn-based single crystalline materials 

[Sozinov, 2013]. The largest experimentally verified MFIS 

has been recorded in single crystalline materials matching 

theoretical calculations [Pagounis, 2015]. However, the 

single crystal growth technology is not widely available and 

it is also quite time consuming which may be a strong 

barrier for large scale industrial applications. So, apart from 

the single crystalline materials, which at the moment seem 

to be most promising for potential applications, there is an 

increasing interest to produce these functional materials 

using different production techniques which may result in a 

variety of unique applications. Thus, in view of the recent 

progress of triggering MFIS in NM martensite of Ni-Mn-

Ga-Co-Cu single crystals, we study the possibility of 

obtaining NM martensite phase of Ni45Mn25Ga20Co5Cu5 

alloy fabricated by melt-spinning technique for the potential 

occurrence of MFIS in these forms of Ni-Mn-Ga-based 

materials. In this paper, we emphasize the microstructural 

anisotropy and phase composition of as-grown melt-spun 

ribbons and the subsequent effect of heat-treatment on 

microstructure evolution and related magnetic properties. 

RESULTS AND DISCUSSION 

The microstructure of as-grown ribbons turned out to be 

highly anisotropic evolving from small equal-axial grains at 

the contact side (CS), through columnar grains in the middle 

and finally to dendritic ones at the non-contact side (NCS) 

(Fig.1).  

 

 

Figure 1:  SEM micrograph taken from the cross-section 

of as-grown NiMnGaCoCu ribbon. Please note the 

microstructure anisotropy along the ribbon. 

 



The contribution of these three regions along the entire 

ribbon were found to differ substantially. At some places, 

the columnar grains totally dominate the microstructure 

reaching even the free surface (please see the right side of 

Fig.1). At other extreme, these columnar grains were highly 

suppressed at the expense of the dendritic microstructure 

which may occur already at the beginning of the CS 

occupying the entire thickness of ribbon (please see the left 

side of Fig.1).  Also, the region of equal-axial grains, 

usually observed close to the CS only, may differ 

substantially in size along the sample. These microstructural 

observations show, that generally there are two transitions 

of microstructure along the growing direction of as-grown 

ribbons: (i) from equal-axial to columnar grains and (ii) 

from columnar to dendritic grains. Transmission electron 

microscopy observations reveal, that the columnar grains 

have few micrometers in diameter creating honeycomb like 

microstructure. Apart from the twinned microstructure of 

the NM martensite phase, TEM studies also reveals large 

density of dislocations within the grains. So, generally the 

as-grown NiMnGaCoCu ribbons, although do not possess 

additional phases in the form of precipitates at grain 

boundaries or the grain interior, they are nevertheless highly 

defected materials possessing large density of dislocations 

and potentially other atomic defects (e.g. vacancies) which 

significantly disorder the crystal structure and thus, should 

affect its magnetic and mechanical properties.  

The applied heat-treatment consisting of annealing at 950oC 

for 10, 30 and 60min, significantly changes the overall 

microstructure and phase composition of as-grown ribbons. 

The initial anisotropic microstructure becomes highly 

refined already after the shortest annealing time of 10min 

(Fig.2). The three regions of equal-axial, columnar and 

dendritic grains, present previously along the cross-section 

of as-grown ribbons are no longer observed and thus, the 

fundamental microstructural  difference between the 

“contact” and the “non-contact” sides vanish. At some 

places along the heat-treated ribbons, the microstructure 

consists of very few grain boundaries resembling oligo-

crystalline materials. Individual colonies occupy the entire 

cross-section and the martensite plates within them spread 

from one side to the other unaltered. Apart from the 

significant grain growth also the thickness of martensite 

plates have increased reaching ~5µm. Within the 

martensitic plates, one can also observe so-called 

conjugation boundaries (CB) which separate two regions of 

differently aligned nanotwins. CB are frequently observed 

in the self-accommodated state of martensite microstructure 

(not trained) especially close to grain boundaries where 

branching occurs [Szczerba, 2015]. This kind of 

microstructure characterized by large grains and thick 

martensitic places seems promising for MFIS applications. 

The second heat-treatment at lower temperature of 560oC 

(i.e. before the first exothermic effect detected upon the 

virgin DSC heating half-cycle) did not affect the initial 

microstructure of as-grown ribbons. The three different 

regions of equal-axial, columnar and dendritic grains, 

present previously in the as-grown state, are still well 

observed without significant grain growth occurring within 

them. 

 

Figure 2:  SEM micrograph taken from the cross-section 

of as-grown NiMnGaCoCu ribbon heat-treated at 950oC 

for 10min. 

As the size of grains and colonies did not change upon 

heating, also the thickness of martensitic plates was kept 

constant. TEM observations reveal, that the initial high 

dislocation density of as-grown ribbons, has been 

substantially reduced upon heating. 

CONCLUSION 

The as-grown NiMnGaCoCu ribbons were successfully 

produced using melt-spinning technique. The initial 

microstructure may be divided into three separate regions of 

small equal-axial, columnar and dendritic grains. In general, 

for the as-grown ribbons we have observed two 

fundamentally different stages of heat-treatment. The first 

stage consisting of heating up to about 560oC triggers 

thermally activated annihilation of dislocations and likely 

also other atomic ordering effects which significantly 

increases magnetic properties, i.e. magnetic susceptibility. 

Interestingly, within this stage (up to 560oC) no grain 

growth occurs. Substantial grain refinement is observed 

during the second stage of heat-treatment performed at 

950oC. The microstructure evolution, however, takes place 

at the very beginning stage of heating, i.e. after 10 minutes 

at 900oC. 
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