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Fine magnetic- and microstructures in CoNiGa magnetic shape memory alloy single crystals were generated 
by applying pulsed magnetic fields of up to 0.7 T. The effects observed could be attributed to a change in the 
dynamics of the interaction process between the magnetic field and the microstructure of the off-
stoichiometric sample. This report addresses the impact of pulsed magnetic fields on the structure and phase 
composition in CoNiGa and multicomponent (CoNiCu)(AlGaIn) alloys. A pulsed magnetic field can result in 
different microstructural accommodation processes in stress-induced martensite, as compared to the 
application of mechanical stress or a permanent magnetic field. In a pulsed magnetic field the development of 
new nano-twin systems in the martensitic structure of the CoNiGa alloy and the formation of fine magnetic 
domains at the microscale, as well as the evolution of this process, in (CoNiCu)(AlGaIn), were observed. The 
ramifications of exploiting pulse magnetic fields for magnetic shape memory in these compounds will be 
discussed. 
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Introduction 
 
The use of magnetic alloys with shape memory 
(MSMA) will significantly increase the frequency of 
response of a material. Control of the domain structure 
under the influence of a pulsed magnetic field allows 
reaching the desired high-frequency range of the 
operating mode of the actuator. The value of applied 
field power was first determined from the results 
published in [1-4], from which it follows that 
saturation of the magnetic field in CoNiGa alloys 
occurs at a magnetic field density from 0.2 to 0.6 T, 
depending on the chemical composition of the alloy. 
According to the results of mechanical testing, the 
energy required to move the twin boundaries can be 
estimated from the stress–strain results of [5]. The 
uniaxial mechanical stress required for stress-induced 
twin-boundary motion in Ni48Mn30Ga samples does 

not exceed 2.5 MPa. This stress was determined as 
σtw = 2 MPa for the NiMnGa alloy and 
σtw = 12-15 MPa for CoNiGa [4]. Still [6], the internal 
friction of the structure (blocking stress), which must 
be overcome by the energy from the magnetic field, is 
as low as a few MPa, even for a perfect crystal. It has 
been shown [7] that, for a field strength of 8 kOe, the 
induced strain change is 0.2 % on rotating the field 
from the [001] to the [110] direction. According to the 
authors of [7] this striking behavior is associated with 
a magnetic field-induced reorientation of twin-related 
martensitic variants and is at the origin of magnetic 
control of the shape-memory effect in this system. 
Coexistence of several twinned martensite variants 
was the main reason for the formation of the crack 
network leading to fracture in NiMnGa [8]. An 
attempt to control the magnetic shape memory by a 
pulsed magnetic field in CoNiGa resulted in some 
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response, but fatigue effects duly appeared [9]. On the 
other hand, the multi-component (CoNiCu)(AlGaIn) 
single-phase high-entropy intermetallic showed a 
triclinically distorted B2 structure similar to 
TiZrHfCoNiCu and underwent a B2↔L10 martensitic 
transformation [10]. It was also found that these 
compounds exhibit magnetic properties (details of the 
magnetic studies will be published elsewhere). The 
use of the multi-component magnetic 
(CoNiCu)(AlGaIn) complex intermetallic compound 
undergoing a martensitic transformation should 
increase the resistance of the material to functional 
fatigue, due to the significant increase in the 
mechanical properties that was observed in [10].  
 The present work is dedicated to the search for 
scenarios where, despite the high strength of 
multicomponent intermetallic compounds (compared 
to three-component CoNiGa), it would be possible to 
control the martensite formation with the help of a 
pulsed magnetic field. 
 
 
Experimental 
 
The setup for applying a pulsed magnetic field (MF) 
has been described in [9]. For the compression tests on 
a universal testing machine, non-magnetic fixtures  
(Ti alloy) were manufactured. Furthermore, an active 
sample cooling and heating device (e.g. nitrogen gas 
and conductive heating) was provided (Fig. 1).  
 Suitable coils for a superimposed magnetic field, 
both parallel and perpendicular to the compressive 
stress axis, were designed and manufactured. The 
sample temperature was monitored by a thermocouple 
and the magnetic flux density measured with the 
conventional Gauss/Teslameter and a special Hall 

probe. Fig. 1 shows a schematic diagram of the 
experimental setup for a perpendicular (a) and parallel 
(b) alignment of the magnetic field and stress axis. For 
reasons of clarity, the variants are shown separately. 
Since a change of the magnetic field orientation is 
necessary for the pulse strategy shown in Fig. 2, a 
combined coil arrangement was used in practice. 
 Fig. 2 shows the course of the investigations of the 
influence of pulse-shaped magnetic fields on the 
magnetic field-induced strain (MFIS). The three 
magnetic field–time curves shown in Fig. 2 were 
considered for this purpose. 
 At first, the two parameters Hmax (maximum 
magnetic field strength) and τpulse (pulse duration) 
were available as variables. Preliminary investigations 
showed that values of up to 40 kOe can be achieved 
for Hmax, while the order of magnitude of τpulse lies in 
the range of 0.2 ms. The investigation of the single 
pulse was intended to show the dependence of the 
maximum achievable MFIS on the two variables. In 
the second step pulse sequences (Fig. 2b) were 
considered. There are now two further variables: the 
time between two pulses τpause (order of magnitude 
0.2-1 s) and the number of pulses npulse. The optimal 
parameters from the results of the single-pulse 
observation were adopted and the dependence of the 
MFIS on the new parameters of the pulse strategy was 
determined. Finally, it was necessary to evaluate 
which positive effects a pulse sequence offers 
compared to a single pulse. 
 In the following, pulse sequences with alternating 
orientation of the magnetic field (from parallel to 
perpendicular to the mechanical stress axis and vice 
versa, see Fig. 2c) were used. For this purpose, the 
two coil arrangements in Fig. 1 were combined and 
the coils were switched alternately. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Schematic presentation of the experimental arrangements for the generation of a) magnetic fields 
perpendicular to the mechanical stress axis; b) magnetic fields parallel to the mechanical stress axis;  
(hcps = high-current pulse system). 
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 a) b) c) 
 

Fig. 2 Possible flux density–time schemes: a) single pulse; b) pulse sequence; c) pulse sequence with change 
of orientation.  

 
 
 
 Experiments with Co49Ni21Ga30 single crystals and 
Co31.09Ni27.77Cu12.27Al 12.48Ga15.44In0.95 polycrystals 
were conducted using a special impulse magnetic 
driver, which has been described in detail earlier [9]. 
The test crystals had the dimensions 7.0×1.7×1.7 mm. 
All the surfaces were mechanically polished down to 
1 mm prior to testing. During the pulsed-field 
experiments, the sample was placed inside the coil. In 
the results presented below for the single crystal the 
applied magnetic field is always parallel to one of the 
{100} planes. In our experiments on Co49Ni21Ga30 
single crystals, a compressive load of 59.1 MPa was 
applied, which is less than the stress corresponding to 
the σ-plateau of the Co49Ni21Ga30 alloy in stress–strain 
tests at room temperature [11]. In addition, a pulse-
shaped magnetic field was superimposed  
(Fig. 1a or 1b). The resulting change in shape  
due to the magnetic field-induced martensite 
orientation ε1 is, as assumed according to [4], 
irreversible, i.e. also present after the magnetic  
field pulse. In order to make the shape change 
(partially) reversible, the orientation of the  
magnetic field with respect to the mechanical stress 
axis should be modified afterwards. The magnetic 
field pulse should be oriented along the soft 
magnetization axis [110]M or [110]P of the sample, 
according to our preliminary considerations. The 
resulting change in shape should then be ε2, which is 
smaller than ε1. Then a pulse-shaped magnetic field 
parallel to the stress axis can be superimposed again, 
closing the cycle. 
 For the analysis of functional fatigue, in both cases 
it was necessary to determine how the proportion of 
irreversible deformation εirr behaves over progressive 
cycling. A comparison of the functional  
fatigue behavior of specimens with different 
compositions (Co49Ni21Ga30 single crystals or 
(CoNiCu)(AlGaIn) polycrystals) can show whether a 

positive influence on the functional properties is 
possible (analogous to NiTi alloys under cyclic stress–
strain loading [12]). 
 
 
Results and discussion 
 
The stress–strain behaviors of the Co49Ni21Ga30 single 
crystal (stress-induced martensite formation) and the 
Co31.09Ni27.77Cu12.27Al 12.48Ga15.44In0.95 poly-crystalline 
sample (stress-induced martensite formation 
accompanied by slip) are presented in Figs. 3a and 3b, 
respectively. Visualization of the stress-induced slip 
accompanying the martensite formation in the latter is 
presented in Figs. 3c and 3d. 
 The CoNiGa single crystal (Fig. 3a) shows 
martensite formation at a stress not higher than 
100 MPa and about 5 % of martensite deformation. 
Further increase in stress resulted in significant strain 
hardening up 1400 MPa. In comparison, stress-
induced martensitic transformation in Ni2MnGa single 
crystals exhibits only 4 % of martensitic strain prior to 
further brittle fracture [13]. (CoNiCu)(AlGaIn) shows 
a higher yield strength than CoNiGa, according to [10] 
and our present results confirm this (Fig. 3b).  
Yielding that involves a combination of martensite 
and plastic deformation (2 % altogether) starts 
seriously above 1200 MPa and exhibits parabolic 
strain hardening (Fig. 3b), while in the case of the 
CoNiGa single crystal linear strain hardening takes 
place (Fig. 3a). 
 CoNiGa single crystals exhibit the formation of 
twinned martensite crystals (see [9] for example). In 
the case of the (CoNiCu)(AlGaIn) polycrystal, 
martensitic crystals are formed simultaneously with a 
massive movement of dislocations (Fig. 3c). The latter 
can be clearly seen in Fig. 3d, which shows slip lines 
inside martensitic crystals. 
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 Fig. 4 shows optical observations of the evolution 
of the microstructure of the CoNiGa single crystal 
upon the application of a pulsed magnetic field 
(PMF). There is a change of the twin structure of the 

material (Fig. 4a–c) when, in addition to the larger 
twins observed after 5000 magnetic pulses of 0.3 T, 
nano twins are formed after another 50000 magnetic 
pulses of 0.7 T. 

 
 

 
 

a) b) 

 

 

c) d) 
Fig. 3 Stress–strain behavior at a) stress-induced martensite formation in the CoNiGa single crystal;  
b) stress-induced martensite formation accompanied by slip in the (CoNiCu)(AlGaIn) polycrystal, and optical 
microscopy for the latter c) after unloading from 1250 MPa; d) emphasizing single elements of sliding  
(slip lines). 

 
 

   
a) b) c) 

Fig. 4 Optical microscopy detailing the change in the microstructure of a CoNiGa single crystal of  
a pre-loaded (−59.1 MPa) sample: a) initial microstructure containing twin variants; b) microstructure of  
the sample after 5000 magnetic pulses of 0.3 T; c) microstructure of the sample after 50000 magnetic pulses 
of 0.7 T. 
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a) b) c) d) 

Fig. 5 Changing of the martensitic structure in the (CoNiCu)(AlGaIn) multicomponent intermetallic 
compound: a) as cast initial structure containing martensitic variants; b) after 10000 pulses in a of 0.7 T;  
c) after additional 60000 pulses of 0.7 T; d) after additional 10000 pulses of 0.7 T, applied simultaneously 
with 300 MPa external stress. 

 
 
 
 The development of different nano-twin systems 
under pulsed MF shows that, in contrast to previously 
described multi-variant changes of the martensitic 
structure in CoNiGa alloys [9], another variant of 
material fatigue in the structure is possible. This is the 
development of a nano-twin structure under the 
influence of a magnetic field and preliminary 
application of an external load. The size of the twins 
formed at load is not increased, while the number of 
nano twins inside the microtwins has increased 
(Figs. 4b and 4c). 
 Energetically, the possibility of such a variant of 
twin development results from the interaction of 
domains and twins considered in [14]. The magnetic 
domains start to nucleate at the surface. The surface 
undulation may assist the nucleation of domain walls. 
Magnetic domains accompanied by surface relief are 
the result of the accommodation of the internal strain 
and magnetic interactions between differently oriented 
twins, in order to reduce the internal energy. This 
mechanism leads to different metastable 
configurations during repeated magnetisation. 
 Fig. 5 shows the influence of PMF on the 
microstructure of the (CoNiCu)(AlGaIn) 
multicomponent intermetallic compound.  It is evident 
that the existing martensitic crystals formed in the as-
cast (CoNiCu)(AlGaIn) multicomponent alloy are 
extremely stable to the application of a PMF alone. 
Even 70000 pulses is not enough to influence them in 
any way (Fig. 5a-c). When the pulses were applied 
simultaneously with an external stress of 300 MPa, 
there was a drastic growth of fine martensitic crystals 
without any signs of plastic deformation or, in other 
words, fatigue (Fig. 5d). Application of 300 MPa 
alone did not result in any changes, as only common 
elasticity was observed (Fig. 3b). Increased stress 
resulted in the formation of martensite accompanied 
by dislocation slips above 1200 MPa. The influence of 
simultaneous PMF and stress allowed forming 
martensite in a highly distorted fashion, which resisted 
to any sort of shear in the (CoNiCu)(AlGaIn) matrix. 
In other words, the easy movement of the 
martensite/twin boundaries in CoNiGa (Fig. 3a) 
followed by a certain fatigue [10], which was lost on 

the path to highly strengthened (CoNiCu)(AlGaIn) 
(Fig. 3b), was reinstored by the simultaneous 
influence of PMF and stress below the yield strength. 
This indicates that such a combination leads to a 
possible reversibility of the magnetic shape memory 
effect, controlled by a pulsed magnetic field. 
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