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Abstract. In this work, the influence of mechanical stress on magnetic properties and electric resistance of a Ni-Mn-
In alloy was studied. It is shown that compression of Ni-Mn-In polycrystalline specimens brings about a stress-
induced martensitic transformation. Optical images recorded in-situ confirmed the formation of a martensitic structure 
during loading and back-transformation upon unloading. Unloading after deformation of specimens that had 
experienced compressive strains up to 6% resulted in full recovery of their resistivity and magnetic susceptibility. The 
sharp increase in the electric resistance caused by the stress-induced transformation opens up new possibilities for Ni-
Mn-In alloys to be used as a material for sensors responding to mechanical stress.  

1 Introduction  

Investigations in the field of shape memory and 
superelastic alloys quite often have aimed at developing  
alloys with improved performance to widen their 
prospective applications. In the beginning, functional 
properties of shape memory alloys were typically 
associated with the thermoelastic martensitic 
transformation driven by temperature and mechanical 
stress application. In the last decades, Heusler-type Ni-
Mn-Ga alloys were found to show magnetically driven 
shape memory deformation attributed to the large 
magnetocrystalline anisotropy of the martensitic phase 
[1]. Further investigations on Heusler compounds 
resulted in the discovery of alloys with a martensitic 
transition between a high-temperature ferromagnetic 
phase and low-temperature phase with weak magnetism. 
These materials are called metamagnetic alloys and 
include Mn-rich Ni-Mn-X (X=In, Sn, Sb) based alloys [2-
4]. Their distinctive feature is that the martensitic 
transition in these compounds can be shifted toward 
lower temperatures by 2-11 K in a magnetic field of 1 T 
[5] due to a strong coupling between the magnetic and 
crystallographic structure. This provides for an 
opportunity to use them not only in actuator applications 
triggered by a magnetic field but also in magnetic 
refrigeration where the latent heat is absorbed during the 
magnetically-induced phase transformation.  

Recent studies have demonstrated that in addition to 
the giant magnetocaloric effect [6] and giant 
magnetoresistance [7], the giant barocaloric effect [8] is 
intrinsic to metamagnetic alloys as well.  

The origin of these effects in Ni-Mn-X (X=In, Sn, Sb) 
compounds lies in their ability to change the 
characteristic transformation temperatures in response to 
a variation of external parameters such as a pressure, 
magnetic field etc. Up to now, most studies mainly 
focused on the caloric properties but physical effects 
associated with a change of electric and magnetic 
properties during stress-induced martensitic 
transformation can be anticipated in these alloys as well. 
In the present study, a Ni-Mn-In alloy was employed as 
this system shows a more pronounced change of electric 
resistivity and magnetization due to the martensitic 
transition as compared to Ni-Mn-Sb and Ni-Mn-Sn 
systems.  

2 Materials and methods 
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3 Results and discussion  

Heusler alloys are very sensitive to changes in chemical 
composition, and, in particular, the characteristic phase 
transition temperatures are affected. The electric and 
magnetic properties follow the structural and magnetic 
changes during the martensitic transformation allowing 
for an accurate determination of the characteristic 
temperatures.  The magnetic susceptibility is very 
sensitive since the martensitic transformation in Ni-Mn-
In occurs between phases with quite different magnetism 
[9]. Fig. 1a shows the variation of magnetic susceptibility 
with temperature. On cooling, ferromagnetic ordering 
appears when the temperature reaches 320 K (Curie 
point). An additional decrease of the sample temperature 
leads to the onset of the martensitic transformation, 
which ��� 
�����
����� ��� 
� �
��� �� the magnetic 
susceptibility.�
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Figure 1. a) Magnetic susceptibility and b) electrical resistance 
of Ni45.4Mn40In14.6 sample as a function of temperature, 
recompiled from [10].�

From Fig. 1, MS = 270 K (martensite start temperature), 
Mf = 195K (martensite finish temperature), AS = 205 K 
(austenite start temperature), and Af = 275 K (austenite 
finish temperature). 

 It is well known that the low-temperature phase in 
Ni-Mn-In system is a low-symmetry crystallographic 
phase with mixed ferromagnetic and antiferromagnetic 
interactions [9, 11]. In an Mn-rich alloy, the excess of Mn 
atoms relative to the stoichiometric composition results in 
a partial occupation of the In atomic positions by Mn 

atoms, which are located at closer distances to the other 
Mn atoms than in regular sites. The lattice parameter 
change and decrease in specific atomic volume associated 
with the martensitic transformation results in an 
antiferromagnetic exchange between these atoms. Indeed, 
Fig. 1a shows a peak at a temperature of about 130 K that 
can be attributed to freezing of the magnetic moments of 
nano-sized ferromagnetic clusters embedded in an 
antiferromagnetic matrix, in a way similar to formation of 
a superspin glass state [12].  

The resistivity plot (Fig. 1b) shows no features in this 
temperature region supporting the only magnetic nature 
of the peak. Upon the martensitic transformation the 
electric resistance is more than doubled. This is a very 
important feature as this can provide for great opportunity 
for new applications based on resistivity changes of the 
alloy.  

Figure 2 demonstrates the stress-strain response of the 
sample at room temperature. As is seen in Fig. 2a,                      
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Figure 2. Stress-strain curves of Ni45.4Mn40In14.6 specimens a) 
compressed to a strain of 8 % and b) compressed about 6 % 
[10]. The inset shows the specimens after the tests. �

deformation up to 8 % is accompanied by a stress-
induced martensitic transformation, which gives rise to  
the plateau-like portion in the curve. The phase 
transformation begins as the stress and the corresponding 
strain achieve about 24 MPa and 3%, respectively. Below 
this stress level, the austenitic phase deforms only 
elastically. Only a part of the total deformation is 
recoverable upon the removal of the stress. The inset in 
Fig. 2a shows a crack across the post-stressed sample, 
which is responsible for apparent irrecoverable strain.     

In another test, the maximum strain was limited to 6 
% (Fig. 2b).  In contrast to Fig. 2a, the critical stress for 
the onset of the martensitic transformation is lower. The 
difference can be explained based on the slight 
inhomogeneity of the ingot that results in different 
characteristic phase transformation temperatures, and 
thus, different critical stress levels. In this test no large 
cracks are evident on the surface of the specimen, 
although the residual strain after unloading was about 1.7 
%.  

 The stress-strain response was recorded 
simultaneously with the variation of magnetic 
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susceptibility and electric resistance (Fig. 3). The level of 
critical strain (3-3.5 %), where these start to change 
sharply, coincides with the onset of the martensitic 
transition in the stress-strain curves (Fig. 2). Similar to 
the thermally-induced transformation (Fig. 1), the 
magnetic susceptibility drops and the resistance increases 
during the stress-induced transformation. Clearly, the 
resistivity also responds to structural changes resulting 
from cracking. For instance, upon unloading, the electric 
resistance of the specimen that was compressed up to  8 
% strain, first starts decreasing but then as the cracks 
develop it begins to increase (Fig. 3b). 
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Figure 3. Variation of a) magnetic susceptibility and b) electric 
resistance of Ni45.4Mn40In14.6 samples with strain. Partly 
recompiled from [10]. 
 
In case of smaller deformation, the loading-unloading 
cycle is accompanied by a fully reversible change of both 
the resistivity and the magnetic susceptibility. This is an 
evidence of superelastic behaviour. It is worth noting that 
the change of these properties under the applied stress 
only accounts for a small part of their total possible 
variation due to the phase transformation (Fig. 1).  
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Figure 4. The electric resistance of Ni45.4Mn40In14.6 sample as a 
function of the compressive stress [10]. 

 

The formation of the stress-induced martensite 
involves a very abrupt change of the resistivity (Fig. 4). 
As soon as the applied stress reaches 16 MPa, an increase 
in the electrical resistance by more than 30 % occurs. 
Upon unloading, the resistivity returns to the initial level. 
Apparently, this elastoresistive effect, i.e. reversible 
change of the resistivity occurs in accordance with the 
change in the volume fraction of transformed martensite. 
Further mechanical loading can increase the magnitude of 
this effect up to 150 % (Fig. 1). However, the brittleness 
of the polycrystalline samples will probably require the 
use of single crystals or heavily textured polycrystals to 
fully exploit this effect in the Ni-Mn-In alloy. 

 

                                 
 

  
   
 
 
 

 

Figure 5. Microstructural changes during the stress-induced 
transformation in a Ni45.4Mn40In14.6 sample. Compressive strain 
upon loading: a) 0 %, b) 1.9 %, c) 3.25 %, d) 5 %, and upon 
unloading: e) 3.25 %, f) 1.9 %, g) 0.25 %. After [10]. 

 
In order to shed light on the corresponding structural 

changes occurring in the process of the stress-induced 
transformation, microstructural observations were 
performed.  In these tests, the maximum deformation was 
limited to 5 % strain to avoid premature fracture of 
specimen. Figure 5 shows a sequence of images recorded 
from the onset of compressive loading to full unloading. 
The first martensitic plates appear at a strain of about 2% 
(Fig. 2b). This strain value corresponds to the linear 
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elastic region in the stress-strain plot. Subsequently, the 
increase of the applied stress leads to massive formation 
of martensite with different variants over a strain range 
from 3 to 5 %. This regime corresponds to the flat part of 
the stress-strain curve and the distinct change of the 
properties examined in this study. Further compression, 
however, leads to nucleation of cracks along the 
boundary between grains with different orientations.     

The cracks remain upon unloading (Fig. 5g). The 
nucleation and growth of cracks is a result of the build-up 
of intergranular local stresses in the polycrystalline 
samples. The stresses arise due to the growth and 
reorientation of martensitic variants inside grains as a 
response to mechanical loading. Some grains are oriented 
unfavourably with respect to the external stress. This 
leads to a difference in the fraction of martensite formed 
inside the individual grain, and thus, to different 
transformation strains of the differently oriented grains. 
Eventually, the interfaces and boundaries between these 
grains become preferred places for crack nucleation and 
growth.   

The martensite transforms back into austenite as the 
applied stress decreases and finally disappears at a strain 
below 2 %. After completion of this test the residual 
macroscopic strain was 0.25 %, which is mainly a result 
of the formation of the small cracks.  

4 Conclusions 
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