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a b s t r a c t   

Twinning angle outcomes of the twinned martensitic (TM) and detwinned martensitic (DTM) structural 
transformations on the magnetic features of the austenite (A) parent phase are researched by using the 
effective field theory established by Kaneyoshi. The implementation of the effective field theory verifies that 
the shape memory mechanism occurs with phase transformations, A→TM→DTM→A. It also shows that the 
austenite parent phase has two types of actuations: one-dimensional actuation (in only y-axis) for TM, and 
two-dimensional actuation (in x and y-axes) for DTM. Magnetic field-induced actuation (strain) in the range 
of 5–15% at twinning angle θ ≥ 120.816° of TM and DTM is reported for some materials in the literature. On 
the other hand, in this work, it is estimated that a twinning angle lower than this twinning angle (i.e., 
θ  <  120.816°) must be achieved to have a strain higher than 15%. We also suggest that materials with higher 
magnetization, Curie temperature, coercive field and remanence magnetization should be taken into ac
count to get a strain higher than 15%, since all these features are directly affected by the twinning angle (θ). 
Our results on Curie temperature (Tc) match with the experimental results of Ni49.8Mn28.5Ga21.7 (achieved 
6% strain) with Tc = 95 °C (368 K) by Murray et al., and Ni46Mn24Ga22Co4Cu4 with Tc = 393 K (achieved 12% 
strain) by Sozinov et al. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Magnetic shape memory alloys (MSMAs) are able to generate 
forces and encounter deformations under a magnetic field. The other 
most important classes of MSMSAs are magnetostrictive materials 
and piezoelectric ceramics. Magnetostrictive materials are deformed 
under an applied magnetic field, while piezoelectric ceramics en
counter mechanical strain under an applied electrical field [1–3]. 
Because MSMAs have unique properties of generating some percent 
of magnetic field induced strain (MFIS), it has many possibilities for 
applications in sensor design, harvesters, magnetic refrigeration 
systems, biomedical, actuators, and numerous other technological 
applications [4,5]. The temperatures of the martensitic phase tran
sition are the reason that MSMAs can be used for purpose of en
gineering [6,7]. MSMAs are able to offer some novel innovative 

applications operating at frequencies that cannot be accomplished 
with traditional shape memory alloys [8]. The working mechanism 
relies on rearrangement of the crystallographic domains with the 
external magnetic field. Thus, a large strain is obtained similar to a 
stress-induced one [9,10]. Ni-Mn-Ga crystals have given the best 
results so far, so they are getting a great deal of attention in research 
community because of their high potentials [11,12]. Ni2MnGa is a 
potential new class of MSMAs materials, which deforms to the fer
romagnetic martensite phase under an applied magnetic field. The 
applied magnetic field can easily affect the martensite transforma
tion in Ni2MnGa [13]. The meta-magnetic shape memory alloys such 
as NiCoMnIn is capable of converting magnetic Zeeman energy into 
mechanical force, and thus they are the subject of a widespread 
research [14]. The MSM effects can be classified into two categories; 
the effects observed in a twinned magnetically ordered material, and 
the effects lead to a magnetoelastic phase transition steered by 
magnetic fields [15]. There is also a multistable actuator solution 
that can be used in different fluidic applications including mobile or 
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stationary hydraulics and pneumatics [16]. MSMAs encounter a 
martensitic phase transformation under cooling such that an aus
tenite (high symmetry) phase transforms to a martensite (low 
symmetry) phase [17]. The MSMA is in the austenite crystallographic 
phase at high temperatures, but the martensite phase appears when 
it is cooled down [18]. Ni2MnGa can also be used for transducers 
design which is a very important part of every mechatronic device  
[19]. MSMAs are one of the novel materials for various types of 
sensors and micro-actuators [20], because they are capable of pro
viding precise and fast movements under suitable excitations [21]. 

A handful approach for modeling magnetic systems and ana
lyzing their magnetic features is the effective field theory (EFT) 
proposed by Kaneyoshi [22]. EFT is also used to model some physical 
effects and phenomena recently. For example, quantum tunneling 
effect of magnetization [23], structural transformation based ex
change bias effect [24], the magnetocaloric effect [25], lattice loca
tion effect [26], transverse field effect of Aluminum concentration  
[27], spin orientation effect [28,29], perpendicular magnetic aniso
tropy effect explained by c/a ratio [30], Bain thermal magnetization 
loop [31] and Bain spin memory effect [32], minimum Curie tem
perature effect [33], bridge constant and atom in magnetism in 
Ni2MnSb Heusler alloy [34], intersection magnetism and intersec
tion temperature [35], zero internal energy and minimum internal 
energy broken [36], type II superconductivity [37–42], surface su
perconductivity [43], applied transverse field effects on the anti
ferromagnetic properties of the Ising nanoparticles [44], structural 
effects on the magnetic and thermodynamic properties of the 
monolayer graphdiyne-like [45], center decorated hexagon and tet
ragon structures [46], and soft magnetic characteristics [47], were 
examined with EFT. While the EFT is a quite useful tool for modeling 
magnetic systems with certain lattice structures, there is only one 
work in the literature that models the austenite and martensite 
structural transformations with this method [48]. However, in Ref.  
[48], magnetic properties (M-T and M-H curves) are studied at only 
one constant twinning angle (θ = 120°). The twinning angle effect 
(0°  < θ  <  180°) and actuation (strain) have not been modeled and 
investigated so far. Therefore, this paper aims to model the twinning 

angle effect and actuation and to investigate their effects on 
the magnetic and structural properties of the martensitic phase 
transformations using the EFT theory. 

2. Theoretical background 

The A, TM and DTM phases are modeled with EFT and their 
corresponding formulations were given in our previous work [48]. In 
this work a similar procedure will be applied to model the twinning 
angle effect and actuation. 

Fig. 1 illustrates the A, TM and DTM structures, which are ob
tained from the literature of structural transformation in shape 
memory effect [48–52]. The mathematical expressions for the A, TM, 
and DTM are written as follows [48]: 

Hamiltonian for Austenite (A); 
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Magnetizations for A; 
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Hamiltonian for twinned martensite (TM); 

Fig. 1. The illustrative diagram of the actuation in the austenite (A), twinned martensite (TM) and detwinned (or deformed) martensite (DTM) structures [48–52].  
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Magnetizations for TM; 

m1 [cosh(J ) m2 sinh(J )] [cosh(J ) m3 sinh(J )]

[cosh(J ) m4 sinh(J )]

[cosh(J ) m5 sinh(J )] F (x)| ,
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Hamiltonian for detwinned martensite (DTM); 
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Magnetizations for DTM; 

m1 [cosh(J ) m2 sinh(J )] [cosh(J ) m3 sinh(J )]

[cosh(J ) m4 sinh(J )] F (x)| ,

m2 [cosh(J ) m1 sinh(J )] [cosh(J ) m4 sinh(J )]

[cosh(J ) m3 sinh(J )] F (x)| ,

m3 [cosh(J ) m1 sinh(J )] [cosh(J ) m4 sinh(J )]
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In the Hamiltonians, Sz =  ±  1 denotes Pauli spin operator, and the 
external magnetic field is denoted by h. The coefficients ai (i = 1–7) 
and di (i = 1–3) denote the distance between the two nearest-and 
next-nearest-neighbor atoms. Jai (i = 1–7) and Jdi (i = 1–3) represent 
the exchange interaction between two nearest-and next-nearest- 
neighbor atoms, and the values of the J are calculated from the re
lationship Ji = ki/ndi [38–48,53]. The parameters a and d are related to 
the lattice constants (a = 1 Å, d depends on the shearing angle). The 
normalized lattice constants are given by nai = a/1 Å and ndi = di/1 Å. 
k denotes a constant, and J is ferromagnetic if k = 1  >  0, and J is 
antiferromagnetic if k = −1  <  0. Reduced Js values are given in Table 1 
for k = 1. 

The terms used in the magnetizations include the differential 
operator / x= and F1/2(x) is given for the spin-1/2 particles 
described as [48], 

F (x) tanh[ (x h)],1/2 = + (7) 

where kB is the Boltzmann’s constant, β = 1/kBTA, and absolute 
temperature is given by TA. In the calculations the reduced tem
perature, T = kBTA/J, and the reduced applied field, i.e. H = h/J, are 
used. Finally, the equations for total magnetization of the A, TM, and 
DTM are written as follow [48], 

MT
1

10
(4m1 4m3 2m5 ).

MT
1

10
(2m1 2m2 2m3 2m4 m5 m6 ),

MT
1

10
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TM TM TM TM TM TM TM

DTM DTM DTM DTM DTM DTM

DTM DTM DTM DTM DTM

= + +

= + + + + +

= + + + +

+ + + + +
(8)  

3. Numerical results and discussion 

Fig. 1 shows the twinned martensite (TM) and detwinned mar
tensite (DTM) structure obtained from the austenite (A) phase with 
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the twinning angle. The austenite parent phase has two types of 
actuations. One of them is the one-dimensional actuation obtained 
from the TM (only in Ly-axis), and the other one is the two-dimen
sional actuation obtained from the DTM (both in Ly- and Lx-axis) as 
seen in Fig. 1. These two types of actuations occur because of the 
nature of the transformation from A to TM and transformation from 
A to DTM structures (i.e., from the nature of shape memory me
chanism). This structural transformation mechanism is seen in Fig. 1 
as A→TM→DTM→A. 

Fig. 2 shows the twinning angle dependence of the thermal 
magnetization (M-T curves) of the austenite (A), twinned martensite 
(TM), and detwinned martensite (DTM) structures at H = 0.00. In  

Fig. 2(a)–(g), M-T curves of the A (solid line), TM (dotted line) and 
DTM (dashed line) are obtained for the twinning angles of 
θ = 25–175° with a 25° step, respectively. The thermal magnetization 
loop areas between A, TM and DTM decrease as the twinning angle 
increases. The loop area between A and DTM is smaller than that of 
the A and TM. Since the shape memory mechanism occurs as 
A→TM→DTM→A, these results are quite meaningful. It is clearly 
seen that the loop area between A and DTM is almost zero when the 
twinning angle is θ = 175° (see Fig. 2(g)). This result demonstrates 
that the DTM phase transforms to the A-phase when the twinning 
angle is θ = 180°. Therefore, M-T curves of the A and DTM overlap at 
this twinning angle. 

Table 1 
Reduced exchange interactions of the A, TM and DTM.          

Js vs θ° 25° 50° 75° 100° 125° 150° 175°  

Ja1 1 1 1 1 1 1 1 
Ja2 1 1 1 1 1 1 1 
Ja3 0.707101 0.707101 0.707101 0.707101 0.707101 0.707101 0.707101 
Ja4 1 1 1 1 1 1 1 
Ja5 1 1 1 1 1 1 1 
Ja6 0.707101 0.707101 0.707101 0.707101 0.707101 0.707101 0.707101 
Ja7 1 1 1 1 1 1 1 
Jd1 2.31011 1.1831 0.82134 0.652704 0.563691 0.517638 0.500476 
Jd2 0.50299 0.51214 0.528022 0.551689 0.584856 0.630236 0.692172 
Jd3 4.59277 2.31011 1.5555 1.1831 0.963812 0.82134 0.723052    

Fig. 2. Relationship of the thermal magnetization of austenite (A), twinned martensite (TM) and detwinned martensite (DTM) structures with twinning angles.  
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Fig. 3 shows the twinning angle dependence of the Curie tem
perature (Tc-θ curves) and length shifting (actuation in Lx- and Ly- 
axis) of the austenite (A), twinned martensite (TM) and detwinned 
martensite (DTM) structures. In Fig. 3(a), Tc of the A (solid line) is 
obtained as Tc = 3.2 (A phase is independent of the θ). Tc of the TM 
(dotted line) is obtained as Tc = 8.64, 5.66, 4.71, 4.26, 4.02, 3.89 and 
3.84 for the twinning angle of θ = 25°, 50°, 75°, 100°, 125°, 150° and 
175°, respectively. Tc of the DTM (dashed line) is obtained as Tc = 4.8, 
3.99, 3.61, 3.4, 3.28, 3.22 and 3.19 for the twinning angle of θ = 25°, 

50°, 75°, 100°, 125°, 150° and 175°, respectively. It is observed that 
the Tc of the TM and DTM decreases as θ increases. Similarly, the Tc 

value of DTM is approaching to that of A and they overlap for the 
higher twinning angles (θ = 175°). On the other hand, the Tc values of 
the A and TM are separate from each other and they do not overlap 
for the higher twinning angle (θ = 175°). In Fig. 3(b), length shifting 
(actuation in Ly-axis) of the A and TM is obtained. One-dimensional 
length shifting (actuation in only Ly-axis (dotted line)) is obtained 
for the TM. The original normalized length of the Ly-axis of the A is 4. 
The length shifting of the TM (red line) in Ly is obtained as Ly 

= 0.8657, 1.6904, 2.1492, 3.0641, 3.5480, 3.8637 and 3.9961 for the 
twinning angle of θ = 25°, 50°, 75°, 100°, 125°, 150° and 175°, re
spectively. On the other hand, Lx = 0 for TM. It is obviously seen that 
the length of the Ly-axis of the TM is almost the same with the A 
phase for the higher twinning angle (θ = 175°). Thus, they recover 
and remember their original shape of A phase. This is the base 
of the magnetic actuation with the shape memory effect. At this 
point, by using our theoretical model we can predict the range of the 
twinning angle of the magnetic actuation of materials reported in 
the literature. 

Up to now, the magnetic field-induced strain (actuation) nearly 
between 5% and 15% has been reported for some materials at the 
range of 125–150° twinning angles [3,4]. In our system, this strain 
between 5% and 15% is obtained when Ly takes values between 
3.80952 (4/1.05) and 3.47826 (4/1.15) with a twinning angle 
θ ≥ 120.816°. In addition, as also indicated in our previous work [48], 
for the given twinning angle θ = 120° (≈ 120.816°), the Curie tem
perature values are obtained as Tc

A = 3.2, Tc™ = 4.05 and Tc
D™ = 3.3, 

and the coercive field points are obtained as Hc
A = 1.01, Hc™ = 1.61 

and Hc
D™ = 1.07 at T = 1. These numerical results suggest that a strain 

higher than 15% (4/1.15001  >  4/1.15000) can be obtained for a 
twinning angle lower than 120.816°, higher curie temperatures than 
Tc

A = 3.2, Tc™ = 4.05 and Tc
D™ = 3.3, and higher coercive field points 

than Hc
A = 1.01, Hc™ = 1.61 and Hc

D™ = 1.07. 
Our numerical results of Tc are in good agreement with the ex

perimental results provided by Murray et al. [3] and Sozinov et al. [4] 
Murray et al. [3] achieved 6% strain for Ni49.8Mn28.5Ga21.7 single 
crystals with a Curie temperature of Tc = 95 °C (368 K). On the other 
hand, Sozinov et al. [4] achieved 12% strain for Ni46Mn24Ga22Co4Cu4 

single variant sample with a Curie temperature of Tc = 393 K. By 
considering these experimental studies, it is obvious that strain in
creases from 6% to 12% when Tc increases from 368 K to 398 K. These 
reported experimental results confirm our numerical findings on Tc 

which provides a higher actuation (or strain). However, since mag
netization (M), Curie temperature (Tc), coercive field (Hc) and re
manence magnetization (Mr) obtained by EFT strongly depend on 
twinning angle (θ), one should take into account the twinned ma
terials with higher M, Tc, Hc and Mr to gain a strain higher than 15%. 

4. Conclusions 

Twinning angle effects of the twinned martensitic (TM) and 
detwinned martensitic (DTM) structural transformations on the 
magnetic features of the austenite (A) parent phase are investigated 
using EFT. We find that;  

1. One-dimensional magnetic actuation is obtained from the 
twinned martensite whereas two-dimensional actuation is ob
tained from the detwinned martensite.  

2. The thermal magnetization loop areas between A, TM and DTM 
decrease as the twinning angle increases.  

3. The loop area between the A and DTM is smaller than that of the 
A and TM.  

4. The Tc of the A and DTM are almost same and they overlap for the 
higher twinning angle (θ = 175°). 

Fig. 3. Twinning angle (θ) vs Curie temperature (Tc) of the A, TM and DTM structures 
(a); length shifting of A and TM (b); length shifting of A and DTM (c). (For inter
pretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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5. The Tc of the A and TM are separate from each other and they do 
not overlap for the higher twinning angle (θ = 175°).  

6. The length of the Ly-axis of the TM and DTM is almost the same 
with the A phase for the higher twinning angle (θ = 175°). Thus, 
they recover and remember their original shape of A phase.  

7. The thermal magnetization (M), Curie temperature (Tc) and 
length shifting (Lx, Ly) discrepancies between A and DTM become 
zero about θ ≈ 180°. This confirms that the shape memory me
chanism occurs with the phase transformation A→TM→DTM→A.  

8. Magnetization (M), Curie temperature (Tc), coercive field (Hc) and 
remanence magnetization (Mr) obtained by EFT strongly depend 
on twinning angle (θ). Hence, the twinned materials with higher 
M, Tc, Hc and Mr values should be considered to gain a strain 
higher than 15%.  

9. Our suggestion on Tc is in good agreement with the experimental 
Tc results of Ni49.8Mn28.5Ga21.7 by Murray et al. [3] and 
Ni46Mn24Ga22Co4Cu4 by Sozinov et al. [4] to gain a strain from 6% 
(Tc = 368 K) to 12% (Tc = 393 K). 
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