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Abstract. Directionally solidified Ni-Mn-Ga alloy with orderly arrayed austenite and non-

modulated martensite (NM) was formed due to microsegregation between dendrite arm and 

interdendritic region, leading to preferred orientation of <001>A and <110>M coexistence at 

ambient temperature. The stress-induced martensitic transformation took place due to the 

increase of martensitic transformation temperature under step-wise uniaxial compression. The 

detwinning process accompanied with dislocation mobility was easy to carry out on the twin 

planes 45° inclined to the compression axis, compared with the twin planes parallel to the 

compression axis in the dominant twinned groups. The martensitic transformation and 

reorientation of variants were investigated by electron backscatter diffraction. 

1. Introduction 

Ni-Mn-Ga ferromagnetic shape memory alloys (FSMAs) with giant magnetic field-induced strains 

(MFIS) in the martensitic phase have been widely investigated as a kind of promising materials for 

actuator and sensor [1-4]. A 12% MFIS in non-modulated (NM) tetragonal crystal structure has been 

achieved by modifying the Ni-Mn-Ga alloy’s composition with Co and Cu additives, which 

considerably decrease the twinning stress of the alloy [5]. Therefore, the key requirements to obtain 

considerable MFIS are high magnetocrystalline anisotropy and low twinning stress [3, 6]. It is relatively 
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easy to obtain Ni-Mn-Ga single crystals with microstructure of multiple martensite variants, provided 

that they are subjected to a necessary training process [7]. The uniaxial compression tests are usually 

applied along <001>A directions referred to high temperature austenite phase. As the shape change is 

anisotropic, imposition of a unidirectional constraint (tension or compression) can promote the 

formation of some favorable variants [8]. Therefore, the application of an external load during the 

martensitic transformation is an effective method to modify the variant distribution [9, 10]. 

The characteristics of the final martensite phase are closely related to the crystallographic orientation 

and microstructure of the parent austenite [11]. An austenite with preferred orientation is generally easy 

to obtain by directional solidification (DS) [12-14]. Moreover, the samples prepared by DS with high 

growth speed will produce microsegregation based on our previous research [15]. Considering that the 

transformation temperature is sensitive to the composition in Ni-Mn-Ga alloys, the characteristic in DS 

can be used to prepare multi-phase mixed microstructures. In this paper, orderly arrayed two-phase Ni-

Mn-Ga alloy prepared by DS makes it possible that the coupling of stress-induced martensitic 

transformation and variant reorientation can be shown and analyzed in detail at ambient temperature. It 

simplifies the measured difficulty of in-situ observation because there is no thermally-induced process. 

The electron backscatter diffraction (EBSD) measurement used in this work is highly visualized and 

suitable for observing the stress-induced processes at different stages. The martensitic transformation 

processes under step-wise uniaxial compression were traced and direct evidence of the detwinning 

process induced by stress was captured. 

2. Experimental details 

The alloy with nominal composition Ni46.7Mn33.9Ga19.4 (at.%) was prepared in an arc-melting furnace 

under an argon atmosphere from high-purity Ni (99.99 wt.%), Mn (99.9 wt.%) and Ga (99.99 wt.%). 2 

wt.% excess Mn was added in order to compensate for the Mn loss during melting. The ingots were 

remelted five times for homogeneity. The experimental apparatus consisted of a Bridgman-Stockbarger-

type furnace equipped with a pulling system and a temperature controller. The furnace was heated to 

1450°C and held for an hour. Then the specimen was directionally solidified in the Bridgman apparatus 

by drawing the crucible assembly at a constant speed of 20 μm/s into the liquid Ga-In-Sn metal (LMC) 

cylinder. A sample with ϕ 3 mm × 6 mm was cut from a stable growth zone in the directionally solidified 

rod. The compression process was performed with a MTS809 material testing system. Uniaxial 

compression tests were conducted along the direction of DS with a constant speed of 0.15 mm/min at 

room temperature.  

The compositional variation of the ternary alloy was measured by energy dispersive spectroscopy 

(EDS) (Octane Plus, EDAX), working at 25 kV. The crystal orientations of austenite and martensite at 

ambient temperature were characterized in a Hitachi SU70 scanning electron microscope with EBSD 

acquisition camera and OIM software provided by EDAX Instruments. The identical cross section was 

measured by EBSD before and after each compression step. The sample after each compression step 

needed a repolish in order to obtain a high indexing rate. The loss as little as possible was accomplished 

when using 3000 grit sandpaper. After that the sample was prepared using electropolished (Lectropol-5, 

StruersTM) with a solution of nitric acid (20 vol.%) and methanol (80 vol.%). The EBSD scanning was 

carried out at 25 kV, over 1/4 cross section and the detailed maps were detected with a step size of 2 μm 

and 0.5 μm. The raw data obtained in this study were processed using OIM software. Grain confidence 
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index (CI) standardization and Grain dilation were selected to clear up the noise. The data with high CI 

value (CI > 0.3) were selected. 

3. Results and discussion 

Fig. 1 shows the distribution of austenite and martensite variants at the steady solid phase zone of 

directionally solidified Ni-Mn-Ga alloy rod. It is worth noting that the orientations of non-modulated 

martensite are all indexed according to the tetragonal L10 unit cell [16, 17]. Considering that the lattice 

parameter of the two phases in directionally solidified alloys varies due to the microsegregation, the 

Bain model is used to give a simplified but competent description of the variant distribution. The 

transformation from cubic parent phase to tetragonal martensitic phase based on the Bain relationship 

would result in three different martensite variants [18]. The c-axis of each variant is parallel to one 

principle axis of the cubic parent phase. The representative relationship is (001)A//(001)M and [100]A//[1-

10]M. Fig. 1(a) shows the IPF map of the cross section at the steady solid phase zone. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The distribution of austenite and martensite variants at the steady solid phase zone of 

directionally solidified Ni-Mn-Ga alloy rod. (a) IPF map of the cross section; (b) Orientations of unit 

cell for twin variants. (c) Geometric perspective views corresponding to the twin orientation 

relationships of the four variant groups. The unit cell orientations agree with the real ones from the 

EBSD data. Intersection lines (red) between the twin planes (green) and the sample surface planes 

(yellow) correspond to the IPBs within the white dotted circles of the EBSD map. 
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austenite shaped like a star or square is uniformly distributed in the martensitic matrix. The orientation 

of the residual austenite was verified as <001>A preferred orientation along the solidification direction 

for the whole grain before martensitic transformation. The martensite phase has a <110>M preferred 

orientation in the cross section. Orientations of the unit cell for twin variants are displayed in Fig. 1(b). 

It shows that all three variants are all generated in the cross section and each pair of variants creates a 

colony separated by an intercolony boundary (ICB) [19]. Four representative regions are selected from 

the colonies and marked with white circles. Within each colony, martensite variants are separated by an 

interplate boundary (IPB) [19]. The twin orientation relationships for the four variant groups are 

illustrated by geometric perspective views, which contain three oriented variants named VA, VB and VC 

(see Fig. 1(c)). Variant groups 2 and 3 both composed of VA and VB take up the major parts of the 

martensite phase. The IPBs in the two main colonies are crisscross and orthogonal. The IPBs in variant 

groups 1 and 4 are inclined at about ~45° regarding the ones in variant groups 2 and 3. Variant group 1 

(consisting of VA and VC) and variant group 4 (consisting of VB and VC) are not the main twinned 

structures in the preferential oriented DS rod. It should be pointed out that different martensite variants 

arrange themselves into variant groups in order to minimize the internal stress [20]. All transformations, 

free from external stress, tend to be self-accommodating since the shape change in any group will 

produce a stress field favoring the formation of some particular variants [21].  

The mixed austenitic-martensitic zone is derived from the microsegregation between dendrite core 

and interdendritic region. The microstructure of the longitudinal section of directionally solidified Ni-

Mn-Ga alloy is shown in Fig. 2. The strip-shaped areas at the stable solid phase zone represent 
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Figure 2. (a) SEM micrograph of the mixed austenitic-martensitic zone in longitudinal section. (b) 

Distribution of three elements the dashed line measured by EDS. 

(b) 
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martensite and the surrounded parts signify austenite. They are also corresponding to the interdendritic 

region and dendrite core. The distribution of three elements along the dashed line is displayed in 

Fig. 2(b). It is found that the fluctuation of Mn is more obvious than that of Ni and Ga. The Ni-rich, Mn-

poor and Ga-rich composition corresponds to the dendrite core region, while Ni-poor, Mn-rich and Ga-

poor composition is found in the interdendritic region. The composition variation results in a change of 

the e/a value. Generally speaking, the martensitic transformation temperature is linearly depending on 

e/a values [22]. The martensite embryos initially form near the e/a peak with a high martensitic 

transformation temperature. As a result, they are constrained by the surrounding austenite with a lower 

valence electron concentration in the dendrite core and show a preferential variant distribution due to 

the constraints by their surrounding with lower e/a value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 shows the stress-strain curves obtained from step-wise uniaxial compression loading and 

unloading. The hierarchic stress-strain curves manifest the step-wise compressive deformations to 

strains of 2%, 4% and 6%. The strains are all based on the original length of the column. A conspicuous 

stress plateau means the twin boundaries become mobile and the reorientation process of the variants 

starts. The microstructural changes in the directionally solidified two-phase Ni-Mn-Ga alloy subjected 

to interrupted straining tests were monitored by EBSD, as shown in Fig. 4. It should be noted that the 

EBSD data were taken from the identical cross section after each cycle of loading and unloading. It is 

found that the volume fraction of austenite begins to reduce when the strain increased from 2% to 4% 

and utterly disappears at a strain of 6%. 

The detailed transformations of twin boundary and phase interface mobility are depicted in Fig. 4. 

IPF maps are displayed in the same area before compression and after 4% and 6% strain. The twin and 

phase boundaries moved at the same time under the uniaxial compression. The reorientation of 
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Figure 3. The stress-strain curves obtained from step-wise compression 

and unloading experiments along the direction of directional 

solidification.  
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martensite variants was accompanied by detwinning. The twin boundaries in group 4 of Fig. 4(b) are 

curved and irregular. The movement of the twin boundaries in this area can be observed after the first 

two cycles (2% and 4% strain). In addition, a small dominance of VB in group 4 (blue color in the middle 

area) can be noticed. The non-uniform distribution of martensite variants during mechanical training has 

also been justified [23, 24]. The twin plane in group 4 is at ~45° with respect to the compression axis. 

The corresponding Schmid factor is close to 0.5. However, VA and VB in surrounding of group 2 and 3 

keep an uniform distribution after three cycles uniaxial compression along [001]A. As the twin plane is 

aligned almost parallel to the compression axis, the Schmid factor for any detwinning system potentially 

operating within this plane is close to zero. The critical detwinning stress cannot be reached to reorient 

one variant to the other and drive twin boundary motion. After the third cycle in Fig. 4(c), the austenite 

and variant VC disappear completely. The group 4 is consumed by the combination of VA and VB and 

the IPBs in adjacent colonies are orthogonal to each other. 

4. Conclusions 

The influence of step-wise uniaxial compression on the martensitic transformation and detwinning 

process was investigated in a directionally solidified Ni-Mn-Ga alloy by EBSD. Because of composition 

segregation, the martensitic transformation temperature gradually increases from the core to the edge of 

the dendrite, leading to the coexistence of martensite and austenite at ambient temperature. The alloy 

undergoes a coupling of martensitic transformation and variant reorientation under uniaxial compression. 

The martensite groups composed of VC and VA or VB with twinning planes inclined to the compression 

axis at ~45° are detwinned under uniaxial compression, which agrees with the calculated Schmid factor 

(~0.5).  
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