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ABSTRACT 
In this study an effective low-temperature stress-induced 
martensite ageing (SIM-ageing) resulting in significantly 
enhancement of functional properties of ferromagnetic 
NiFeGaCo and NiMnGa single crystals was developed. 
The effect of martensite stabilization, direction of the 
oriented internal stress fields, the reversible strain from -
3.4 to +8.0% of the two-way shape memory effect, thermal 
and stress hysteresis can be controlled by the initial crystal 
microstructure ((L21 + γ)- and B2-austenite) and variation 
of SIM-ageing stress levels and loading axis.  
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INTRODUCTION 

Single crystals of ferromagnetic NiFeGaCo and NiMnGa 
alloys with B2(L21)-10M/14M-L10 martensitic 
transformation (MT) show a significant potential for use as 
thermal- and magnetic-controlled actuators for various 
applications. Together with the shape memory effect 
(SME) and superelasticity (SE) these materials 
demonstrate effects such as magnetoplasticity and 
magnetoelasticity with reversible strains of up to 6.0 % 
under the impact of both external mechanical stress and 
magnetic field [Karaca, 2006]. An oriented internal stress 
fields created by generation of the stable dislocation 
arrangements, the oriented growth of coherent elongated 
particles and retained martensite can replace external 
mechanical stress. The presence of oriented stress fields 
leads to oriented growth of thermal-induced martensite and 
induces the two-way shape memory effect (TWSME). The 
actuator element with TWSME reversibly changes its 
size with temperature variation and without any external 
stresses, unlike the one-way SME. Thus, further 
investigation of ways for creation and control of oriented 
stress fields in ferromagnetic shape memory alloys is 
necessary. 
The objective of the present study is to develop an 
effective stress-induced martensite ageing to induce the 
TWSME and enhance functional properties of NiFeGaCo 
and NiMnGa single crystals. The efficiency of SIM-ageing 
to control the MT temperatures and functional properties 
(as well as TWSME) has been shown in CoNiGa and 

CoNiAl single crystals [Niendorf, 2015, Panchenko, 
2018]. However, as the authors know, the effect of SIM-
ageing on the TWSME in NiFeGaCo and NiMnGa alloys 
has not been studied. In this work, the SIM-ageing was 
applied to single crystals with different initial 
microstructure ((L21 + γ)- and B2-austenite) and under a 
compressive stress applied along [001]А and [110]A  
directions. It was assumed that the change of the SIM-
ageing loading axis would affect the direction of the 
internal stress fields and the reversible strain of the 
TWSME. 

EXPERIMENTAL PROCEDURE 

Single crystals of Ni53Mn25Ga22, Ni51Fe18Ga27Co4 
and Ni49Fe18Ga27Co6 (at. %) were grown using the 
Bridgman technique in a helium atmosphere. The 
compression samples were cut into rectangular prisms with 
dimensions of 3mm x 3mm x 6mm using electro-discharge 
cutting. The edges of the samples were oriented along the 
[001]A-, [110]A- and [1�10]A-directions in B2(L21)-phase.  
During thermo-mechanical tests the compressive stress 
was applied along the largest dimension. The SIM-ageing 
and the SE experiments were performed on an Instron 
VHS 5969 testing machine at the deformation rate of dε/dt 
= 1 × 10−3 s−1. The cooling/heating cycles (with the rate of 
10 K/min) were carried out using a special machine for 
SME measuring in stress-free and stress-assisted 
conditions. The low compressive stress of |σapp| < 1 MPa 
was applied throughout the TWSME tests to hold the 
samples and measure their transformation strains. In all 
cases, the measurement error of the strain was less than 
±0.3 %. Transmission electron microscopic studies were 
conducted on JEOL 2010.  

The diagram of SIM-ageing in high-temperature SE 
range was as follows: the sample underwent stress-induced 
forward MT at TSIM=393-500 K, then it was kept at 
constant compressive stress of σSIM=300-700 MPa for 1-3 
hours and then unloaded and cooled to room temperature. 
The temperature TSIM and stress level σSIM of the effective 
SIM-ageing regime are defined by crystal chemical 
composition, the initial microstructure of single crystals, 
and the crystallographic orientation of SIM-ageing loading 
axis. Compressive stress at SIM-ageing was applied along 
two different direction: [001]A||[110]M for twinned L10-
martensite stabilization and [011]A||[001]M for detwinned 
one. 



EXPERIMENTAL RESULTS AND 
DISCUSSION 

It was experimentally shown, that the SIM-ageing leads to 
stress-induced L10-martensite stabilization and to MT 
temperatures increase by 50-70 K in both investigated 
NiFeGaCo and NiMnGa single crystals irrespective of 
their orientation and the initial microstructure ((L21 + γ)- 
and B2-austenite). This confirms that symmetry-
conforming adaptation of short-range order during SIM-
ageing as proposed by Ren and Otsuka [Otsuka, 2001] and 
experimentally verified for CoNiGa crystals [Kadletz, 
2015] can play a key role in martensite stabilization.  
It is found out that the crystallographic orientation of the 
SIM-ageing loading axis is particularly important for 
design of microstructure and functional properties of SIM-
aged crystals. Thus,  the other two mechanisms of 
martensite stabilization (pinning of moving interfaces by 
defects and the deviation of the habit plane from the 
invariant position by the martensite detwinning under 
applied stress [Otsuka, 2001]) cannot be excluded from 
consideration. For the first time it is experimentally 
demonstrated that SIM-ageing along [001]A||[110]M-
direction results in stabilization of twinned L10-martensite 
(twins thickness is of the order of 10 nm), which also 
allows to conduct the SIM-aging at higher temperatures 
and external stresses levels without cracking of the 
samples, in contrast to the [011]A-orientation. Crystals 
SIM-aged along [001]A-direction demonstrate 1.5-3.0-fold 
decrease in the values of thermal and stress hysteresis as 
compared to those of the initial crystals. Figure 1 shows 
the effect of SIM-ageing along [001]A-direction on stress 
hysteresis Δσ in (L21+γ)- and B2-crystals of 
Ni51Fe18Ga27Co4 (at.%) oriented along [001]A-direction. As 
the result, the SIM-aged crystals with a narrow stress 
hysteresis and high cyclic stability of superelasticity at 
elevated temperature up to 500 K are attractive for 
efficient high-temperature actuator. 

 
Figure 1: Strain-temperature response (a) and 

temperature dependence of stress hysteresis (b) for [001]A-
oriented initial and SIM-aged along [001]A-direction 

Ni51Fe18Ga27Co4 single crystals  
 
The SIM-aging along [001]A-direction induces TWSME 
along the same [001]A-direction with a reversible 
compressive strain from -3.4% in (L21+γ)-crystal to -5.0 % 
in B2-crystal of  NiFeGaCo and NiMnGa alloys (Figure 
2). The monophase B2-crystals demonstrate the maximum 
value of TWSME strain up to -5.0% and the minimum 
thermal hysteresis of 7-10 K due to absence of plastic 
deformation of incoherent γ-phase particles. In contrast, 
the stabilization of detwinned L10-martensite by SIM- 
ageing along [011]A||[001]M-direction induces the tensile 
TWSME with the reversible strain up to 8.0 % along 

[001]A-direction, burst-like nature of reverse 
transformation and thermal hysteresis up to 60-75 K in B2-
crystals of NiFeGaCo and NiMnGa alloys.  

    

 

Figure 2: Strain-temperature ε(T) curves for the SIM-aged 
at 423-498 K,1 h along [001]A-direction Ni51Fe18Ga27Co4 

single crystals demonstrating the TWSME during 
cooling/heating cycle along the [001]A-direction. 
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CONCLUSION 

Stress-induced martensite ageing can actually be exploited 
to design NiFeGaCo and NiMnGa single crystals with 
excellent functional properties. TWSME with narrow 
thermal hysteresis of 7-10 K and compressive reversible 
strain up to -5.0% along [001]A-direction, high-
temperature SE with narrow stress hysteresis of 12-15 
MPa are induced by SIM-ageing of B2-crystals along 
[001]A||[110]M-direction in twinned L10-martensite. SIM-
ageing along [011]A||[001]M-direction in detwinned L10-
martensite induces the TWSME with tensile reversible 
strain up to 8.0 % along [001]A-direction, with thermal 
hysteresis up to 60-75 K.  
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