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Abstract 

The martensitic phase transformation occurs in Shape Memory Alloys (SMA) via the 

nucleation/propagation of the Austenite-Martensite interface (A-M interface), which is a transition 

region (domain) between the two coexisting phases. For providing compatibility, the transition region 

consists of various martensitic twin structures (laminates), forming different interfacial patterns, such 

as parallel laminates and branching laminates. Due to the energy accumulation in the interfacial 

structures (e.g., elastic mismatch and twin-boundary surface energy), the interfacial patterns should be 

relevant to the driving force (energy dissipation) and the associated kinetics of the phase 

transformation. In this paper, we adopt a special thermal loading, small-temperature-gradient “heating-

cooling-reheating”, to control the A-M interface’s forward and reverse propagation to generate 

different interfacial patterns in a Ni-Mn-Ga single crystal SMA with the observation on the twin 

structures (by optical microscope and SEM) and the InfraRed measurement on the temperature 

hysteresis of the interface propagation (for characterizing the thermal driving force). Simple energetic 

analysis indicates that the thermal driving force (energy dissipation) is directly related to the stored 

energy in the interfacial structure, particularly the large mismatch elastic energy near the habit plane. 

This study not only provides the details of the various interfacial patterns and their dependence on the 
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loading path, but also indicates the driving force and the associated mechanism about the pattern 

evolution to understand the phase transformation process. 

Keywords: austenite-martensite interface, energy dissipation, interfacial structure, martensitic 

transformation, temperature hysteresis, shape memory alloy. 

 

1. Introduction 

Ni-Mn-Ga single crystal is a typical magnetic Shape Memory Alloy (SMA), which has been 

intensively studied from atomic scale to macroscopic scale [1-10] among many others. Its special 

properties come from the martensitic phase transformation and the associated martensite twinning 

structures. Belonging to the 1st order phase transformation, the martensitic phase transformation of Ni-

Mn-Ga single crystal occurs via the nucleation/propagation of an interface separating two coexisting 

phases (austenite and martensite) [11-15]. As shown in Fig. 1(a), while the austenite phase has the 

cubic symmetry, the martensite phase has approximately tetragonal symmetry with three variants of 

the short axis along different directions. It has been well recognized that the austenite is generally 

incompatible with any one of these martensite variants. So, the austenite-martensite interface is not 

mathematically sharp, but a diffuse interfacial region consisting of a twin as shown by the experimental 

observation in Fig. 1(b) and 1(c) from the previous study [12]. Here, the twin structure (composition) 

depends on the single martensite variant, which coexists with the austenite phase during the phase 

transformation. That is to say, the interfacial structure (twin M1M3 in Fig. 1(b)) separating the austenite 

from the martensite variant M1 is not the same as that (i.e., twin M2M3 in Fig. 1(c)) between the 

austenite and the martensite variant M2. As shown in Fig. 2 of the basic result from the compatibility 

analysis on the martensitic tetragonal symmetry [16, 17], there are only six possible twin structures to 

form such compatible austenite-martensite interfaces (also called habit planes). That means, the 

composition (the twins) of the diffuse Austenite-Martensite interface (A-M interface) is not unique; 

but the various interfacial structures (twin structures) are related to each other by the symmetry of the 

martensite phase. Due to the symmetry, it is expected that all the six types of A-M interfaces should 

have the same properties (such as the driving force, energy dissipation, for the interface propagation).  
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However, our recent study [11, 18] demonstrated that the interfacial structure also depends on the 

loading path as shown in Fig. 3, where the A-M interface consists of the parallel (branching) twinning 

laminates in the forward (reverse) martensitic phase transformation driven by cooling (heating). The 

different patterns (different interfacial structures) imply the different energy stored (accumulated) in 

the diffuse A-M interface [13, 14, 19-24]. Such interfacial energy is related to the driving force (energy 

dissipation) for the phase transformation. Then, a question naturally arises: Can the various interfacial 

patterns lead to significantly different energy dissipation of the phase transformation?  

In this paper, we try to answer this question by careful experiments to identify the details of the 

interfacial structures during heating and cooling with the observation of high-resolution optical camera 

and SEM. Moreover, InfraRed (IR) camera was utilized to measure the temperature hysteresis for the 

forward and reverse propagations during the heating-cooling cycle to determine the thermal driving 

force (dissipation) of the phase transformation. Based on the experimental observation on the 

interfacial structures, we estimate the energy stored/accumulated in the diffuse interface. Finally, we 

can understand the interfacial pattern evolution and the associated energy dissipation by comparing 

the microscopic energy analysis of the interfacial structure with the macroscopic measurement of the 

temperature hysteresis (energy dissipation).  

In the following, Section 2 describes the basic material properties and the experimental procedures. 

Section 3 reports the experimental results. Section 4 includes the theoretical energy analysis and 

discussion. Section 5 includes a summary and conclusions. 

 

2. Material and experimental procedures 

The specimen applied in the current study is a Ni50Mn28Ga22 (at. %) single crystal rectangular bar 

(1×2.5×20 mm3, from Goodfellow, the same batch as [18]) whose faces have been cut approximately 

along the {100} plane of the parent austenite phase. The specimen’s characteristic transformation 

temperatures Ms,Mf, As, and Af  are 35.5℃, 33.7 ℃, 40.1 ℃, and 41.6 ℃, respectively, measured by 

Differential Scanning Calorimetry (DSC). At low temperatures (< Mf), the material is in the martensite 

phase which can be considered approximately tetragonal symmetry with two long axes (denoted as 

“a”) and one short axis (denoted as “c”) as shown in Fig. 1(a); at high temperatures (>Af) the material 
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is in the cubic austenite phase whose lattice parameter is denoted as “a0”. The lattice parameters 

utilized in this study are a ≈ 5.95 Å, c ≈ 5.61 Å, and a0 ≈ 5.84 Å according to [6, 25, 26]. Before the 

test, the specimen can be set to M3 single variant by applying a magnetic field (~0.84 Tesla) along the 

specimen’s z-axis. 

To perform the IR measurement and the optical observation on a single propagating interface, we 

utilized the setup in Fig. 4(a). The specimen’s one end is laid on an aluminum plate (connected with a 

heater) while the other one is laid on a plastic support to avoid constraint; so, the specimen can extend 

or shrink freely during the phase transformation. The cyclic quasi-static phase transformation can be 

realized in a specimen’s specific area, i.e., the observation area, by controlling the heater’s temperature 

change slowly (with a rate of 0.1 ℃/min) between room temperature and 65 ℃. A K-type thermal 

couple is put inside the aluminum plate to monitor the temperature of the specimen’s right end as 

shown in Fig. 4(b), where the thermal loading includes two heating processes and a cooling process. 

During the quasi-static thermal loading (slow heating/cooling), the propagating interface with the 

twinning laminates was captured by a camera (OV48C, OmniVision) via an optical microscope (AX70, 

Olympus) equipped with polarized light. After capturing the interfacial twinning laminates, we put a 

candle black layer on the specimen’s top x-y plane to increase the specimen’s IR emissivity (with a 

measuring error of ± 0.2 ℃) and measured the temperature hysteresis during the heating-cooling cycle 

by an infrared camera (FLIR X8501SC). Because the resolution of the optical camera is limited to 

around 0.15 μm, we also utilized SEM (with the resolution of 0.02 μm, Supra 55VP, Zeiss) to observe 

the fine laminates very close to the habit plane.  

 

3. Experimental results 

The results of the interfacial twin microstructure and the temperature hysteresis are reported in the 

following two subsections, respectively. 

 

3.1 Evolution of interfacial structures  

The experiment includes three processes: the 1st heating process, the cooling process, and the 2nd 

heating process. The optical observations on the diffuse interface evolutions of the three processes 
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were recorded into three movies (Movies 1, 2 and 3 in the supplementary material). The main features 

of the interfacial patterns are summarized in Fig. 5.  

It is seen from the specimen’s States 1 and 2 in Fig. 5(a) that, during the 1st heating process, there 

is a large interfacial region forming a branching laminate (see the global view (I) and the magnified 

view (i)); the spacing of the laminae changes from >70 μm to <10 μm. It is interesting to note that, 

during the propagation of the diffuse interface, the size of the interfacial region (i.e., length of the 

branching pattern along the x-direction) is nearly unchanged (around 2 mm). That means, the 

interfacial region translates (propagates) from the right to left keeping the branching pattern during the 

heating-induced martensite to austenite (M3A) phase transformation. Before the diffuse interface 

reaching the specimen’s left end, we start the cooling process. 

It is seen from States 3 and 4 in Fig. 5(b) that, the cooling-induced austenite to martensite phase 

transformation leaves a region forming a parallel laminate (see the global view (II) and the magnified 

view (ii) and (iv)), where the laminae spacing is less than 5 μm. It is also indicated by the global view 

(III) and the magnified view (iii) that the newly generated parallel pattern can smoothly connect to the 

residual branching pattern, the remaining branching laminate after the 1st heating process. Similarly, 

before the interface reaching the specimen’s right end, we start the 2nd heating process. 

States 5 and 6 in Fig. 5(c) indicate that the heating-induced propagating interface moves back into 

the residual parallel pattern, the remaining parallel laminate after the cooling process, with the small 

active zone of a new branching pattern (see the magnified view (v) and Movie 3). Such small active 

zone translates (propagates) leftward, keeping its size unchanged (around 50 μm along the x-direction).  

Remark: Comparing Fig. 5(a) and 5(c), we can see that the active zone of the propagating interface 

depends on the material states at both sides of the interface. Particularly, when there is large 

incompatibility (such as the incompatibility between austenite and M3 in Fig. 5(a)), the active 

interfacial region can be large (around 2 mm); by contrast, when there exists only slight 

incompatibility, such as Fig. 5(c) where austenite is nearly compatible with the parallel laminates, the 

active interfacial region is small (around 100 μm).  
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In comparison with the compatibility results of the habit planes in Fig. 2, the above optically 

observed orientations of the interface (habit plane) and the twin boundaries (the traces of the laminates) 

imply that the laminates in Fig. 5 consist of the two martensite variants M3 and M2 with a volume ratio 

of around 68%: 32% (about 2:1). More details about the determination of the martensite states by the 

compatibility analysis and other methods such as DIC (Digital Image Correlation) can be found in 

previous papers [12, 16].  

To quantitatively characterize the interfacial structures, especially distinguish the parallel and the 

branching patterns, we define some parameters in Fig. 6(a). In each sampling box, a representative 

area with the width ∆𝑦𝑦 (around 0.5 mm) at different distances (x) from the interface (habit plane), the 

number of laminae can be counted and denoted as n; then the laminae density (ρ) can be calculated by 

𝜌𝜌 = 𝑛𝑛
∆𝑦𝑦

 (or the laminate period λ = ∆𝑦𝑦
𝑛𝑛

). Moreover, the percentage (η) of M2 laminae in the 

representative area can be estimated by ImageJ software; then, the width of a M2 lamina can be 

determined by 𝑑𝑑 = 𝜂𝜂𝜂𝜂 = 𝜂𝜂
𝜌𝜌
 . With these parameters, the interfacial patterns of the above States 1~5 

can be described by Figs. 6(b) ~ 6(e).  

Fig. 6(b) shows the profiles of the M2 percentage (η), the laminae spacing period (λ), the M2 

lamina’s width (d), and the laminae density (ρ) for State 1 (also State 2) during the 1st heating process. 

It is seen from the percentage profile that, when x increases from zero, η decreases drastically from the 

value around 0.3 (the required volume fraction to be compatible with the austenite). All the parameters 

(η, λ, d, and ρ) become zero only when x > 2 mm. That means, the size of the active branching pattern 

in the 1st heating is as large as 2 mm. On the other hand, the global features of State 5 in the 2nd heating 

in Fig. 6(c) seem to be significantly different from those in Fig. 6(b). But, if zooming into the range 

close to the habit plane (x < 0.5 mm) to compare States 1 and 5 as shown in Fig. 7(a), we can see that, 

within the narrow range around 100 μm (about the small active zone of the 2nd heating), all the features 

(the parameters η, λ, d, and ρ) have the same values for both States 1 and 5. In other words, there is a 

characteristic zone of the heating-induced phase transformation, whose features (the parameters η, λ, 

d, and ρ) of the interfacial structure are independent of the initial/boundary condition such as the initial 

state M3 or the residual parallel laminate.   
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Similarly, the global features of States 3 in Fig. 6(d) are obviously different from those of State 4 

in Fig. 6(e). But their magnification of the range x < 0.5 mm in Fig. 7(b) indicates that all the features 

of the two states have almost the same values when x < 100 μm. In other words, during the cooling-

induced propagation, changing from State 3 to State 4, the interfacial structure close to the habit plane 

keeps unchanged, implying the same driving force for both States 3 and 4.  

Due to the resolution limitation, the optical camera cannot clearly distinguish the M2 laminae of 

the size d < 0.5 μm in Fig. 7. So, we took SEM observation on the laminates close to the habit plane 

(distance x < 20 μm) as shown in Fig. 8(a). It is seen that, while the heating laminate keeps branching 

up to the fuzzy zone, the cooling laminate cannot keep parallel pattern any more, but becomes also 

branching. From the parameters of the two patterns (heating and cooling) in Fig. 8(b), we can see that, 

at the zone very close to the habit plane (x < 10 μm), both heating and cooling have very fine laminates: 

M2 lamina width d can be smaller than 0.2 μm. 

With the above quantification on the interfacial structures, we can follow the spirits of [13, 14] to 

estimate the energy stored in the interfacial zone and relate the energy to the driving force (energy 

dissipation) for the interface propagation during the phase transformation [19, 20]. The theoretical 

discussion will be given in Section 4. To provide experimental data to validate/verify the theoretical 

discussion/prediction, the following subsection reports the IR measurement on the temperature 

hysteresis of the phase transformation, which can indicate the energy dissipation of the forward and 

reverse interface propagation.  

 

3.2 Temperature hysteresis of forward and reverse interface propagation 

With the IR camera, the detailed temperature evolutions of the quasi-static propagating interface 

during the 1st heating, the cooling, and the 2nd heating processes are recorded, respectively, into Movies 

4 ~ 6 (supplementary materials) whose typical frames and the associated interface positions are shown 

in Figs. 9(a) and 9(b). It is noted that, from the interface stick-slip motion in Fig. 9(b), we can identify 

the temperature for the start of the interface slip motion (denoted as Tslip-start) based on the IR images 
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of Fig. 9(a) for the forward and reverse interface slip motions at the time instants ti and the interface 

positions xi. The data of the IR images of Fig. 9(a) are two-dimensional temperature distributions 

changing with time (t1 ~ t19). To facilitate observations and comments, we plot the temperature profiles 

at the center line along the specimen’s length direction (x-direction in Fig. 9(a)) for the time instants 

t1 ~ t19 in Fig. 10. It is found that the slip-start temperature of the heating-induced forward interface 

propagation (t1 ~ t7 and t14 ~ t19) is Tslip-start
heating = 37.7 ± 0.2 ℃ while that of the cooling-induced 

reverse interface propagation (t8 ~ t13) is Tslip-start
cooling = 34.6 ± 0.2 ℃; their difference (around 3.1 ℃) 

can be considered as the thermal hysteresis of the forward and reverse phase transformation. In Fig. 

10(a), it is worth to note that the driving temperature of the 1st heating (t1 ~ t7) is almost the same as 

that of the 2nd heating (t14 ~ t19), around 37.7 ℃. 

According to the DSC result of the material, the latent heat and the entropy change of the phase 

transformation can be measured. Particularly, the entropy difference is ΔS ≈ 1.2 × 105 J/(m3K) [18, 

27]. Considering the above temperature hysteresis ΔT ≈ 3.1 K, the energy dissipation of the heating-

cooling cycle is  

Dheating−cooling = ∆𝑇𝑇 ∙ ∆𝑆𝑆 ≈ 3.1K × 1.2 × 105 J/(m3 ∙ K) ≈ 0.37 MPa 𝑜𝑜𝑜𝑜 106 J/m3  (1) 

It is interesting to know that this energy dissipation has the same order of magnitude as the energy 

dissipation of the stress-induced phase transformation in a loading-unloading cycle (Dstress ≈ 0.5 MPa 

in [28] and [29]). On the other hand, if we utilize a magnetic field (H) to drive the phase transformation 

to overcome such energy dissipation, the required magnetic field is: 

𝜇𝜇𝜇𝜇 ∙ ∆𝑀𝑀 > Dheating−cooling        (2a) 

𝜇𝜇𝜇𝜇 > Dheating−cooling
∆𝑀𝑀

= 0.37 MPa 0.5 × 105 A/m ≈ 7.4 T⁄     (2b) 

where ΔM (≈ 0.5×105 A/m) denotes the difference in saturation magnetization between the austenite 

and martensite phases [30]. Equation (2) means that a large magnetic field (> 7 T) is needed to drive 

the dissipative phase transformation [31]. It should be noted that, in literature, there are no systematic 



 9 / 34 

 

reports about the details of the interfacial structure during the stress- or field-induced phase 

transformation, which might not be the same as that of the thermal loading reported here.  

 

4. Discussion 

Based on the observations and the characterizations on the pattern evolution of the interfacial 

structure in the heating-cooling cycle, our understanding can be summarized into Fig. 11, where the 

A-M interfacial structure can be divided into three zones: a small fuzzy zone (blurry region) 

neighboring with the habit plane, a middle zone (0.3 μm ≈ x0 < x < xend ≈ 100 μm), and a large remote 

zone (x > 100 μm). Their main features and the associated energy analysis are given in the following 

subsections. 

4.1 Fuzzy zone (x < 0.3 μm) 

As shown by the SEM images in Fig. 8(a), there is a blurry region (fuzzy zone) very close to the 

habit plane. It is expected/conjectured by several research groups [13, 14, 20] that there is large 

mismatch elastic energy stored in the zone as schematically shown in Fig. 11 (a). It is difficult to 

calculate accurately the stored energy there. But, with some approximation, the elastic energy density 

of this zone can be estimated, such as the following Eq. (3) given by [14]: 

𝑼𝑼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = −1

4
𝐸𝐸 𝜀𝜀22∗𝑀𝑀3𝜀𝜀22∗𝑀𝑀2        (3) 

where E is the Young’s modulus of both austenite and martensite phases (assuming the same modulus 

for both phases for simplifying the following calculations); 𝜀𝜀22∗𝑀𝑀2 and 𝜀𝜀22∗𝑀𝑀3 are the elastic mismatch 

strains of M2 and M3 with the austenite (see Eqs. (A.12) and (A.13) in Appendix). The detailed 

derivation of Eq. (3) and the associated physical meaning can be found in Appendix A. 

While the strains 𝜀𝜀22∗𝑀𝑀2 and 𝜀𝜀22∗𝑀𝑀3 can be determined quite accurately based on the material lattice 

parameters (𝜀𝜀22∗𝑀𝑀2 ≈ -0.02 and 𝜀𝜀22∗𝑀𝑀3  ≈ 0.0091 from Eqs. (A.12) and (A.13) in Appendix A), the 

material’s Young’s modulus is not easy to be determined accurately due to the material softening 

during the phase transformation [32-34]. In literature, the reported value of the Young’s modulus (E) 

varies a lot [35-37]; usually, the modulus is expected to be within the range: 
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1 GPa < E < 10 GPa          (4) 

Substituting all these values into Eq. (3), the elastic energy density in the blurry (fuzzy) zone can be 

estimated as 

0.05 MPa < 𝑼𝑼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 < 0.5 MPa        (5) 

Out of the fuzzy zone (e.g., in the middle zone where x > 0.3 μm), the elastic mismatch energy would 

decrease. 

 

4.2 Middle zone (x0 < x < xend) 

As shown in Figs. 8 and 11(b), both the cooling and heating patterns have a middle zone consisting 

of a branching twin laminate. Although branching twins have been widely studied in literature [13, 38-

40], there is no simple expression to describe the branching pattern—the profile λ(x) in Fig 8(b). Here, 

with the energy analysis following the spirit of [13], we derive a concise formula to describe the pattern 

profile λ(x) for both cooling and heating cases (Section 4.2.1), and the associated energy analysis 

(Section 4.2.2).  

4.2.1 Pattern profiles 

According to [13], the energy density 𝑈𝑈 (energy per unit volume) of the laminate includes two 

parts: (1) 𝑈𝑈𝑇𝑇𝑇𝑇 , the surface energy of twin boundaries; (2) 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , the elastic energy due to the 

inclination (bending) of the laminae, which depends on the gradient of the laminae spacing (period λ).  

𝑈𝑈 = 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑈𝑈𝑇𝑇𝑇𝑇 = 𝑎𝑎1 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

+  2
𝜆𝜆

𝛾𝛾𝑇𝑇𝑇𝑇
𝑐𝑐𝑐𝑐𝑐𝑐 45°

= 𝑎𝑎1(𝜆𝜆′)2 + 2
𝜆𝜆
𝛾𝛾𝑠𝑠      (6) 

where the gradient of the laminae spacing is denoted as 𝜆𝜆′ ≡ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 ;  the effective elastic stiffness 𝑎𝑎1, 

having the dimension as Young’s modulus (Pa or J/m³), collects the effects of the elastic constants, the 

geometry of twins and habit plane, etc.; 𝛾𝛾𝑇𝑇𝑇𝑇 is the surface energy of the twin boundary per unit area; 

2
𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐 45°

 represents the surface area of the twin boundaries in a unit volume; 𝛾𝛾𝑠𝑠 ≡
𝛾𝛾𝑇𝑇𝑇𝑇

𝑐𝑐𝑐𝑐𝑐𝑐 45°
 , where the 
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angle 45o is due to twin boundary normal n=[0, 1
√2

, ± 1
√2

] as shown in Fig. 2(f); the corresponding 

three-dimensional configuration is shown in Fig. A2(a) of Appendix A; more details about Eq.(6) can 

be found in Appendix B.  

We can obtain the governing equation of the profile λ(x) by minimizing the total energy of the 

middle zone: 

Min ∫ 𝑈𝑈 𝑑𝑑𝑑𝑑𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒
𝑥𝑥0

 

⇒       −𝑎𝑎1(𝜆𝜆′)2 + 2
𝜆𝜆
𝛾𝛾𝑠𝑠 = 𝐴𝐴           (7a) 

⇒       −𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑈𝑈𝑇𝑇𝑇𝑇 = 𝐴𝐴           (7b) 

 

where the Euler-Lagrange equation has been used and A is a constant to be determined by boundary 

condition. As shown in Fig. 12, we have the boundary condition at x = xend:  𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒 ≡ 𝜆𝜆|𝑥𝑥 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 and 

𝜆𝜆′𝑒𝑒𝑒𝑒𝑒𝑒 ≡ 𝜆𝜆′|𝑥𝑥 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 = 0. So, at this boundary, 

𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒|𝑥𝑥 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑎𝑎1 · (𝜆𝜆′𝑒𝑒𝑒𝑒𝑒𝑒)2 = 0        (8) 

The combination of Eqs. (6), (7), and (8) leads to: 

𝑈𝑈|𝑥𝑥 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑈𝑈𝑇𝑇𝑇𝑇|𝑥𝑥 = 𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐴𝐴 = 2
𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒

𝛾𝛾𝑠𝑠       (9) 

With the given constant A in Eq. (9), the profile of laminae spacing λ can be determined by Eq. 

(7a): 

    𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �2𝛾𝛾𝑠𝑠
𝑎𝑎1
�1
𝜆𝜆
− 1

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
�        (10) 

Solving Eq. (10), we have  

𝑥𝑥 = 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
⬚�𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎2

2𝛾𝛾𝑇𝑇𝑇𝑇
�arcsin(� 𝜆𝜆

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
)−� 𝜆𝜆

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
− � 𝜆𝜆

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
�
2
�     (11) 
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where the relations 𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑇𝑇𝑇𝑇
𝑐𝑐𝑐𝑐𝑐𝑐 45°

 and 𝑎𝑎2 ≡ 𝑎𝑎1cos45° have been used. Detailed derivation and solution 

procedures of Eqs. (7)-(11) can be found in Appendix B.   

It is interesting to note that there is a characteristic length scale in Eq. (11): 

𝑙𝑙 = 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
⬚�𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎2

2𝛾𝛾𝑇𝑇𝑇𝑇
= 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒

3
2(2𝛾𝛾𝑇𝑇𝑇𝑇)− 12 𝑎𝑎2

1
2 ≡ 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒

3
2 · 𝑏𝑏    (12) 

where 𝑏𝑏 ≡ (2𝛾𝛾𝑇𝑇𝑇𝑇)− 12 𝑎𝑎2
1
2.  Utilizing this characteristic length 𝑙𝑙 to rescale the coordinate x, we can 

normalize Eq. (11) as 

𝑥̅𝑥 = arcsin ��𝜆̅𝜆� − �𝜆̅𝜆 − �𝜆̅𝜆�
2
         (13) 

where 𝑥̅𝑥 ≡ 𝑥𝑥
𝑙𝑙
  and 𝜆̅𝜆 ≡ 𝜆𝜆

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
  . While profile λ(x) and the associated λend have been measured in the 

current experiment (Figs. 8 and 11(b)), the parameter b (or the characteristic length 𝑙𝑙) in Eq. (12) is 

unknown and needs to be determined by comparing Eq. (13) with the experimental profile λ(x) as 

shown in Fig. 13.  

 It is surprising in Fig. 13 that, when 𝑙𝑙 ≈ 68 μm (or 𝑏𝑏 = 68 𝜇𝜇𝜇𝜇

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
3
2
 ), the normalized equation, Eq. 

(13), can describe the branching middle zone not only for the cooling-induced pattern, but also for the 

heating-induced pattern. The reason should be that the branching twin laminates in the middle zones 

of both cooling and heating patterns are the result of the competition (trade-off) between the elastic 

energy and the twin boundary surface energy. But the experiment in Fig. 8(b) also clearly shows the 

difference between these two patterns: 𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 4.4 μm >  𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1.6 μm. As the two patterns 

share the same characteristic length 𝑙𝑙 ≈ 68 μm and the relation 𝑏𝑏 = 𝑙𝑙

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
3
2
 , we can deduce that 

bheating < bcooling , i.e., the effective elastic stiffness  𝑎𝑎2
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 <  𝑎𝑎2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (noting 𝑏𝑏 ≡ (2𝛾𝛾𝑇𝑇𝑇𝑇)− 12 𝑎𝑎2
1
2 

and assuming the same twin boundary energy density 𝛾𝛾𝑇𝑇𝑇𝑇 for both heating and cooling). This is 

reasonable when considering the different material softening behaviours during the heating and 

cooling-induced phase transformations. During the heating-induced martensiteaustenite 

transformation, the martensite becomes soft (so-called pre-transformation), i.e. the martensite’s 
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effective elastic stiffness  𝑎𝑎2
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 already becomes small before the martensite twin touching the 

habit plane, such as in the middle zone. By contrast, during the cooling-induced austenite  martensite 

transformation, the martensite is the stable phase whose stiffness  𝑎𝑎2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  would be large. In 

summary, although both the cooling and heating branching twin laminates in the middle zones are 

governed by the same physical mechanism (competition between the elastic energy and the twin 

surface energy), the phase-transformation softening and hysteresis make the two patterns apparently 

different.  

4.2.2 Energy dissipation 

With Eqs. (6) and (10), we can obtain the expression of the elastic energy: 

𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑎𝑎1 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

= 2𝛾𝛾𝑠𝑠 �
1
𝜆𝜆
− 1

𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒
�        (14) 

Combining Eq. (14) and the profile λ(x) in Fig. 13, we know that, when x decreases (i.e., becoming 

more close to the habit plane), λ decreases (with finer laminae) and the elastic energy 

𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥) increases until  𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  as schematically shown in Fig. 14. From this elastic energy curve, 

the interfacial pattern evolution can be understood better. From the material point of view, when the 

interface (habit plane) passes through the specimen, each material point of the specimen experiences 

an energy rising-dropping process as shown in the loading path (dashed line) in Fig. 14. During the 

cooling, the material point (initially in austenite phase) stores a large elastic energy in the fuzzy zone 

and generates very fine laminae; when the habit plane goes away (i.e., x increases), the fine laminae 

grow (coarsening by merging the neigbouring twin boundaries) and the stored energy is 

released/dissipated via the intermittent unstable events — the annihilation/merging of twin boundaries. 

By contrast, during the heating, the martensite twin splits into fine laminae when coming close to the 

habit plane (i.e., x decreases); the maximum stored energy is reached in the fuzzy zone and the energy 

is suddenly released/dissipated when crossing the habit plane.  

These unstable processes (nucleation/merging/annihilation of the twin boundaries) lead to the 

macroscopic energy dissipation such as the temperature hysteresis (e.g., in Fig. 10 of the current 

experiment) and the stress hysteresis of the stress-induced phase transformation. According to the 



 14 / 34 

 

suggestion of [19], the energy dissipation Dinterface of the diffuse interface propagation can be 

approximately equal to the maximum energy density Umax in the interfacial structure, which can be 

estimated by Eqs. (6) and (7b).  

Dinterface = Umax = (Uelas)max + (UTB)max = (Uelas)max + (A + Uelas)max = 2(Uelas)max + A  

= 2 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 +A          (15) 

Considering Eqs. (5) and (9), and the material constant  𝛾𝛾𝑇𝑇𝑇𝑇 = 6 × 10−3 J/m2 from [14], we find  

𝐴𝐴 ≪  𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  . So, Eq. (15) can be simply expressed as: 

Dinterface ≈ 2 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹          (16) 

Then, the total energy dissipation of the forward and reverse interface propagations during a heating-

cooling cycle can be approximately estimated: 

DForward−reverse ≈ 2Dinterface ≈  4 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹       (17) 

Considering Eq. (5), the theoretically estimated energy dissipation of the phase transformation cycle 

(including forward and reverse interface propagations) is: 

0.2 MPa < DForward−reverse < 2 MPa      (18) 

It is seen in the measurement of the temperature hysteresis in Section 3.2 that the measured energy 

dissipation, 0.37 MPa in Eq. (1), is within the theoretically estimated range in Eq. (18). 

 

4.3 Remote zone (x > xend) 

As shown in Figs. 6(d), 6(e), and 7(b), the cooling-induced interfacial pattern in the remote zone 

(x > 100 μm) is quite trivial: parallel laminate with only small variation in the period λCooling, changing 

very slowly from 1.4 μm (x = 100 μm) to 3 μm (x = 2.5mm). By contrast, the remote zone of the 

heating case (x > 100 μm) has much more complicated structures because the structures need to be 

gradually transformed into the single martensite variant (in the 1st heating process in Fig. 6(b)) or into 

the residual parallel laminate (in the 2nd heating process in Fig. 6(c)). Therefore, the parameters of the 
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two patterns in Fig. 7(a) show that the two heating processes have significant difference at x > 100 μm 

while they have little difference at x < 100 μm. More interesting is that the IR measurement in Fig. 10 

shows the same temperature (37.7℃) of the interface propagation in both heating processes. That 

means, the driving force of the phase transformation doesn’t depend on the remote zone of the 

interfacial structure. In other words, the phase transformation process and the associated austenite-

martensite compatibility most affect the middle zone rather than the remote zone.  

 

5 Summary and conclusions 

Generally, the phase transformation and the associated martensite-laminate microstructure 

evolution can be driven by controlling the temperature or/and mechanical stress. Moreover, even 

without the phase transformation, the external mechanical stress can trigger the martensite 

reorientation (the material’s state changing from one martensite variant to another). Therefore, the 

thermo-mechanical coupling effect on the austenite-martensite interfacial patterns is a challenging 

topic and needs more systematic study in the future. To achieve clear understanding on the simplest 

interfacial patterns in current study, we develop the experiment with only thermal loading 

(heating/cooling), letting the specimen in the stress-free condition (without external mechanical 

loading in Fig. 4(a)). The thermal cycle with “heating-cooling-reheating” of a small temperature 

gradient (less than 1℃/mm) was applied to control the austenite-martensite interface’s forward and 

reverse propagation to generate different interfacial patterns in a Ni-Mn-Ga single crystal SMA. 

Combining the observed patterns (by optical microscope and SEM), the measured temperature 

hysteresis (by IR camera), and the simple energetic analysis, we can draw the following conclusions 

about the interface propagation and the associated driving force (energy dissipation). 

 

• The loading mode (heating/cooling), boundary condition and initial state can influence the 

formation of the interfacial pattern, especially the “remote” zone that has only weak constraint 

from the habit plane. The interfacial structure in the “remote” zone can be branching, parallel or 

their mixtures. 
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• Due to the strong constraint of the habit plane (the austenite-martensite compatibility), both 

heating- and cooling-induced interfacial patterns have the same feature near the habit plane: a 

branching “middle” zone of a size around 100 μm and a small “fuzzy” zone. Particularly, both the 

heating- and cooling-induced branching laminates of the “middle” zone can be described by a 

single normalized equation (Eq. (13)), as they are governed by the same physical mechanism—

competition between the mismatch elastic energy and the twin laminate surface energy. 

• The energy stored in the diffuse austenite-martensite interface (particularly, the maximum energy 

density Umax in the interfacial pattern) is related to the required driving force (energy dissipation) 

of the interface propagation for the phase transformation, Dinterface = Umax (as in Eq. (15)) and the 

total dissipation of a heating-cooling cycle (forward-reverse phase transformation cycle) is around 

two times of the interface-propagation dissipation, DForward−reverse ≈ 2Dinterface (as in Eq. (17)). 

Particularly for the current material under study (Ni-Mn-Ga single crystal), DForward−reverse has the 

order of magnitude around 0.5 MPa (see Eq. (18)). In other words, only the middle zone and the 

fuzzy zone (storing large energy) strongly reflect the driving force (energy dissipation) of the phase 

transformation. 
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Fig. 1 Material states and the optical observation of the typical interfacial structures — twin 

laminates (images from [12]). 
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Fig. 2 The traces (projections) of the theoretically predicted habit planes and their associated twin 

boundaries of the six possible twins on the specimen’s x-y surface from [16]. 
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Fig. 3 The dependance of the austenite-martensite interface on loading path from [11]. 
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Fig. 4 Experimental setup (a) and the temperature curve of the thermal loading (b). 
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Fig. 5 Global and local views of different interfacial patterns in the experiment including two heating 

processes and one cooling process. 
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Fig. 6 Quantitative characterization of the interfacial patterns with the parameters: volume fraction of 

M2 laminae η, laminae spacing peirod λ (μm), M2 lamina width d (μm), and laminae density ρ 

(number/μm). 
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Fig. 6 (continue) 
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Fig. 7 Magnified views on the distributions of the patterns’ parameters at the range close to the habit 

plane (x < 500 μm). The parameters η, λ, d, and ρ here represent the volume fraction of M2 laminae, 

laminae spacing, M2 laminae width, and laminae density, respectively. 
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Fig. 8 (a) SEM images of the heating and cooling patterns at the zone very close to the habit plane; (b) 

the patterns’ features η, λ, d, and ρ (the dash-dotted lines just guide the eyes). 
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Fig. 9 (a) IR temperature measurement; (b) quasi-static interface motion during the slow 

heating/cooling process. 
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Fig. 10 Temperature profiles during heating and cooling processes. 
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Fig. 11 The interfacial structure can be divided into three zones that have significantly different 

features. 

 

Fig. 12 Schematic of the cooling-induced interfacial structure. 
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Fig. 13. Comparison between normalized experimental λ profile of the middle zone) and theoretical 

analysis Eq. (13). Here, 𝜆̅𝜆 = 𝜆𝜆
𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒

 and 𝑥̅𝑥 = 𝑥𝑥
𝑙𝑙
 are respectively the normalized laminae spacing and 

distance from the habit plane. 
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Fig. 14 Schematic of the elastic energy distribution in the interfacial structure (middle zone and the 

fuzzy zone). 
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