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Abstract

:

High-speed actuators are greatly required in this decade due to the fast development of future technologies, such as Internet-of-Things (IoT) and robots. The ferromagnetic shape memory alloys (FSMAs), whose shape change could be driven by applying an external magnetic field, possess a rapid response. Hence, these materials are considered promising candidates for the applications of future technologies. Among the FSMAs, the Ni-Mn-Ga-based materials were chosen for their large shape deformation strain and appropriate phase transformation temperatures for near-room temperature applications. Nevertheless, it is widely known that both the intrinsic brittleness of the Ni-Mn-Ga alloy and the constraint of shape deformation strain due to the existence of grain boundaries in the polycrystal inhibit the applications. Therefore, various Ni-Mn-Ga-based composite materials were designed in this study, and their shape deformation behaviors induced by compressive or magnetic fields were examined by the in situ micro CT observations. In addition, the dependence of the martensite variant reorientation (MVR) on the crystallographic directions was also investigated. It was found that most of the MVRs are active within the magnetic field range applied in the regime of the <100>p, <110>p, and <111>p of the single-crystal {100}p Ni-Mn-Ga cubes.
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1. Introduction


Shape memory alloys (SMAs) have been paid much attention due to their applicability to future technologies, such as components in the Internet-of-Things (IoT) and robots [1,2]. The conventional SMAs, whose shape deformation is driven by manipulating the external stress applied and by tuning their environmental temperature, perform slow responses when the stimulation (i.e., thermal) is applied [3]. As a consequence, the ferromagnetic shape memory alloys (FSMAs), which present a fast response as excitation is introduced, have been widely studied [4,5,6]. In the FSMAs, the shape deformation could not only be driven by applying external stress or controlling its environmental temperature as aforementioned but also could be manipulated by introducing an external magnetic field [7,8]. This is the so-called magnetic field-induced strain (MFIS). Therefore, based on the aforementioned advantages of the FSMAs to the applications, the FSMAs were chosen in this work.



There are various alloy systems in the community of the FSMAs, such as Ni-Mn-Ga [9,10], Ni-Mn-In [11,12], Ni-Mn-Sn [13,14], and many of their derivatives [15,16,17]. Among all the alloy systems, the ternary Ni-Mn-Ga alloy was selected in this work due to its proper phase transformation temperature range and its large shape deformation strain [5,18]. The shape deformation of the alloys, which are driven by the externally applied magnetic field, could originate from two different mechanisms. The first one is the shape deformation activated by the martensite variant reorientation (MVR) (i.e., the twin motions) [19,20], while the second one is the shape deformation generated by the phase transformation between the austenite phase (L21) and the martensite phase [21,22]. The shape deformation, which is brought about by the first mechanism, is targeted in this study due to the relatively smaller magnetic field required [19,20,21,22,23,24]. Accordingly, the Ni-Mn-Ga alloys, which are in their martensite state, are a prerequisite in this work for magnetic field-induced shape deformation.



Among the martensite phase, there exist three typical martensite phases, which are the five-modulated (5M), seven-modulated (7M), and non-modulated (NM) martensite phases, respectively [25,26]. They are also known as 10M-, 14M-, and 2M-martensite phases, respectively. The apparent phase could be manipulated by controlling the chemical composition of the alloys, in other words, the electron-to-atom (e/a) ratio [25,27,28]. Among all the martensite phases, the MVR could be triggered by a relatively low magnetic field as the apparent phase is the single 5M-martensite phase compared to those of the 7M- and NM-martensite phases. Therefore, based on the aforementioned truth, the chemical composition of Ni50Mn28Ga22 (at.%) was selected in this study for its MFIS, which is triggered by the magnetic field-induced MVR and could be achieved by a relatively low magnetic field [19,20,29,30].



It has been reported that the Ni-Mn-Ga alloys in the state of the martensite phase performed a large shape deformation strain [5,8,18,22]. However, firstly, the intrinsic embrittlement of the Ni-Mn-Ga alloys still remains a difficulty to be tackled with [31]. In addition, secondly, the low shape deformation strain of the polycrystalline Ni-Mn-Ga alloys, which is attributed to the inhibition of twin motions by the grain boundaries among the polycrystalline alloys [32,33], is also necessary to be solved. Some studies have worked on the foam or the porous structures of the Ni-Mn-Ga alloys, which could produce a large deformation strain [34,35]. However, it ended up with low stability as compensation. Therefore, it is crucial to find a solution that could both solve the intrinsic embrittlement difficulty and the low deformation strain of polycrystals while the cyclic stability remains not sacrificed.



Up to date, few articles showed that integration of the single-crystalline Ni-Mn-Ga particles served as fillers and the silicone rubber served as a polymer matrix could not only solve the conventional embrittlement difficulties but also achieve a relatively large shape deformation strain, which is close to the single-crystal Ni-Mn-Ga bulk alloys [36,37]. In other words, the balance between the ductility and the shape deformation strain was practiced by utilizing the composite materials composed of the single-crystalline Ni-Mn-Ga particles and silicone rubber matrix. Moreover, it has also been proven that the cyclic stability and long-term stability in terms of the MFIS remained high in these composite materials [38].



Nevertheless, the controlling of the crystallographic direction of the single-crystal Ni-Mn-Ga has not been reported. It is known that the extent of the MVR, which could eventually result in the overall shape deformation strain, strongly depends on the crystallographic direction [39,40]. In this study, the investigations of the dependence of the magnetic field-induced MVR on the crystallographic directions both in the {100}p single-crystal Ni-Mn-Ga cube and its composite materials were thus conducted. Additionally, the interaction between the neighboring alloys, which are one active and one inactive, has also been investigated. It was found that the MVR took place in almost all crystallographic directions while the magnetic field is tuned from <100>p to <110>p and from <100>p to <111>p of the single-crystal {100}p Ni-Mn-Ga cube for every 5 degrees. The disappearance of the magnetic field-induced MVR within the examined magnetic field range could be attributed to the equivalent of the three variants of the 5M-martensite phase. Moreover, it was found that the existence of the neighboring alloy could enhance the shape deformation strain and shape recovery owing to the interaction between these two embedded alloys.




2. Materials and Methods


2.1. Ingot Fabrications


Ni spheres (purity < 99.99%), Mn flakes (purity > 99.9%), and Ga spheres (purity > 99.9999%) were used for the fabrications of the Ni-Mn-Ga mother ingots. Prior to use, Ni spheres were subjected to cold-rolling and were cleaned by mechanical grinding and acetone cleansing. Mn flakes were also subjected to pre-treatments of mechanical grinding and etching by using the solution of 10 vol.% HNO3 at room temperature (RT; i.e., 296 K ± 3 K). While the Ga spheres, which were stored in a refrigerator at all times, were used as-received. The pre-treated Ni and Mn, as well as Ga, were utilized as the starting materials for the fabrications of the ingots. As mentioned in the introduction part, to achieve the magnetic field (H-field) driven martensite variant reorientation (MVR) at RT, ingots with the chemical composition of Ni50Mn28Ga22 (at.%) exhibiting the electron-to-atom ratio (e/a) of approximately 7.62 was determined. With this chemical composition, the alloy, which possesses the 5M-martensite phase and the ferromagnetic characteristic at RT, allows the MVR to take place at RT under an externally imposed H-field [41].



The starting materials were preciously weighted and were then high-temperature alloyed by using an arc-melting system, which is equipped with a non-consumable tungsten (W) electrode. During the high-temperature arc-melting process, the alloying chamber was filled with the atmosphere of Ar-1 vol.% H2 to prevent the oxidation of the ingots. The ingots were alloyed five times with an upside-down flipping before each re-alloying to achieve homogenized specimens. The ingots after the treatment of arc-melting alloying are denoted as “as-cast” alloys in the entire article unless otherwise stated. The as-cast alloys were then mechanically polished, cleaned, wrapped by Ta film, vacuumed in a quartz ampoule, and sealed in the quartz ampoule filled with a high-purity Ar gas (purity > 99.9999%). A homogenization treatment (HT) at 1273 K for 3.6 ks followed by an air-cooling process to RT was then conducted to further homogenize the chemical composition of the as-cast alloys. The homogenized ingots were then abbreviated as “HT” alloys unless otherwise mentioned. Part of the “HT” alloys, which are polycrystals, were used for the fabrications of some of the composite materials. On the other hand, part of the HT polycrystalline Ni-Mn-Ga alloys was utilized as the starting materials for the fabrications of the single-crystal Ni-Mn-Ga alloys. For the different processes, please refer to the following sections.




2.2. Fabrication of Single-Crystal Ni-Mn-Ga Specimens


The aforementioned polycrystalline HT alloys were used as the starting materials for the fabrications of single-crystal Ni-Mn-Ga alloys in different morphologies, such as single-crystal cubes and single-crystal plates. In this series study, for the fabrications of these single-crystal materials, three approaches were used, those are, (1) mechanical crushing, (2) stress-assisted thermal crushing, and (3) floating-zone methods. These three techniques for the preparations of the single-crystal materials are described in the following Section 2.2.1 and Section 2.2.2, respectively. In this article, the (3) floating-zone method was especially focused.



2.2.1. Obtaining Single-Crystal Ni-Mn-Ga Particles by a Crushing Method


The processes for the fabrications of the single-crystal Ni-Mn-Ga particles via mechanical crushing have been described in detail elsewhere [42,43]. In brief, the intrinsic embrittlement of the Ni-Mn-Ga alloy allows the polycrystalline HT alloys to be mechanically crushed into single-crystal particles with polygon morphologies by using (1) a mechanical crushing method or (2) a stress-assisted thermal crushing method. Some results of this single-crystal series study have been published elsewhere [43].




2.2.2. Obtaining Single-Crystal Ni-Mn-Ga Cubes and Plates by a Floating-Zone Method


Another method, which is a widely used technique for the fabrication of single-crystal materials, named as (3) floating-zone (FZ) technique, was used for the fabrication of the single-crystal Ni-Mn-Ga cubes and plates in this work. For the details of the FZ processes, please refer to the published articles [44,45]. In brief, the as-cast ingots were combined together by a high-temperature arc-melting again to obtain the polycrystalline Ni-Mn-Ga alloys with a stick-structure. These stick-structured alloys were then used as a feed ingot (~8 cm) and a seed ingot (~3 cm) in the FZ technique. The feed and seed ingots were then re-melted in a high-purity Ar atmosphere-filled chamber with a constant growth rate (i.e., travel rate of the shafts) of 5 mm h−1 along with a rotation rate of 30 rotation min−1. The high-purity Ar gas has been kept inserting at a flow rate of 0.2 L min−1 into the FZ chamber during the high-temperature process, and the chamber pressure has been kept at 0.4 MPa during the entire FZ process.



The single-crystal Ni-Mn-Ga alloys with different shapes and dimensions were then sliced down from the FZ-treated alloys by using an electro-discharge machine (EDM). Alloys with the dimensions of approximately 1 × 1 × 1 mm3 (single-crystal Ni-Mn-Ga cubes) and 6.6 × 6.0 × 1.7 mm3 (single-crystal Ni-Mn-Ga plate) specimens were prepared. Here, the 1 × 1 × 1 mm3 cubes are mainly for the measurements of the shape deformation under a compressive or a magnetic field, while the 6.6 × 6.0 × 1.7 mm3 plate specimen was essentially for the investigations of the training effect on the magnetic field-induced MVR. The usages of the single-crystal alloys are described in detail in the following sections. The normal directions on the faces of prismatic single-crystal Ni-Mn-Ga cubes and plate were nearly parallel to the [100]p, [010]p, and [001]p of the parent phase (L21), respectively. Here, please note that the coordination was determined based on the high-temperature austenite parent phase. Therefore, the near-{100}p single-crystal Ni-Mn-Ga alloys were prepared, where the subscript of “p” indicates the parent austenite phase. The single-crystal Ni-Mn-Ga alloys with different dimensions were then mechanically polished and cleaned.





2.3. Fabrication of Single-Crystal Ni-Mn-Ga Alloy(s)/Polymer Composites


For the fabrications of the single-crystal Ni-Mn-Ga alloy(s)/polymer composites, two polymers, such as epoxy resin and silicone rubber, were chosen as the polymer matrix. The epoxy resin and silicone rubber are abbreviated as “epoxy” and “silicone” in this article, respectively, unless otherwise specified. Both the polymers are thermoset polymers. The details of the fabrication processes of these (1) pure epoxy, (2) pure silicone, and (3) Ni-Mn-Ga alloy(s)/polymer composites are described in detail in the following Section 2.3.1, Section 2.3.2 and Section 2.3.3, respectively.



2.3.1. Fabrication of Pure Epoxy


The epoxy precursor (EPIKOTE 828; Westlake Epikote, TX, USA), which is composed of bisphenol, was used as the first polymer matrix. The corresponding hardener (TOHMIDE 280-B; Sanho Chemical Co., Ltd., Kaohsiung, Taiwan), which is composed of modified polyaminoamide, was used for the polymerization of the epoxy. The epoxy precursor and the hardener were initially homogeneously mixed manually in the ratio of 1 to 1 (wt.%) and then were well-mixed by using a hybrid mixer (HM-500, KEYENCE) automatically. In the automatic mixing, the program of 3 min of mixing and 1 min of degassing was conducted. The well-mixed epoxy precursor, which was in a slurry state, was immediately poured into an acrylic mold. The epoxy slurry was thereafter cured at RT under ambient for 24 h with a plastic lid covered on the mold to avoid air contact. The density of the pure epoxy was confirmed to be 1.10 g cm−3. At the same time, Yong’s modulus (E) and the flow stress (σ) are 200–800 MPa and 15–40 MPa, respectively. It is necessary to mention that the flow stress is higher than the stress for the martensite variant reorientation (σMVR) of approximately 1–5 MPa [44,45,46,47,48].




2.3.2. Fabrication of Pure Silicone


The silicone precursor (ELASTOSIL M8017; Wacker Asahikasei Silicone Co., Ltd., Tokyo, Japan) was used as the other polymer matrix. The corresponding hardener (CATALYST T40; Wacker Asahikasei Silicone Co., Ltd. Tokyo, Japan) was used for the polymerization of the silicone. The silicone precursor and the hardener were homogeneously mixed in the weight ratio of 25 to 1 (i.e., silicone precursor: hardener = 25:1 (wt.%)) manually and then were well-mixed by using a hybrid mixer automatically. Similarly, in the automatic mixing, the program of 3 min of mixing and 1 min of degassing was conducted. The well-mixed silicone precursor, which was in a slurry state, was immediately poured into a mold-release agent-applied acrylic mold. The silicone slurry was, thereafter, cured at RT under ambient for 24 h with a plastic lid covered on the mold to avoid an air contact. The density of the pure silicone was confirmed to be 1.27 g cm−3. Young’s modulus (E) and the flow stress (σ) are 2–4 MPa and <3 MPa, respectively. It is necessary to mention that the flow stress is around the stress for the martensite variant reorientation (σMVR) of approximately 1–5 MPa [44,45,46,47,48].




2.3.3. Fabrications of Single-Crystal Ni-Mn-Ga Cube(s)/Polymer Composites


Proceeding to this single-crystal Ni-Mn-Ga alloy series [42,43,44,45], some of the new specimens were designed and fabricated, and the processes are stated as follows. The single-crystal {100}p Ni-Mn-Ga alloys and the polycrystalline Ni-Mn-Ga alloys (i.e., the HT alloys), which are stated in Section 2.1 and Section 2.2, were used for the fabrications of various composites in this section.



The semi-liquid polymer slurries, which are described in Section 2.3.1 and Section 2.3.2, were prepared and poured into the acrylic mold to prepare the composite materials. Thereafter, the Ni-Mn-Ga cube(s) or plate were also embedded into the center of the mold release agent applied acrylic mold as described in Section 2.3.1 and Section 2.3.2. The composite material, which was composed of the Ni-Mn-Ga cube(s) or plate and the polymer slurry, was then covered by a plastic lid to prevent them from contacting the air, and the composite material was cured at RT under ambient for 24 h. Specimens with various designs were prepared in this study; for the preparation procedures, please refer to the following descriptions for each specimen. Additionally, for the illustrations of each specimen, please refer to Figure 1.



(Specimen1) The 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite: The composite material was taken out of the mold after 24 h temperature curing process, and the redundant epoxy was shaped into a cubic structure, making the vol.% of the single-crystal Ni-Mn-Ga cube to the epoxy matrix equals to 13 vol.% (i.e., Ni-Mn-Ga cube: epoxy = 13:87 (vol.%)). This composite material was denoted as “13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite”. Specimen1 was mainly used for the evaluations of shape deformation behavior via the in situ compression test or the in situ magnetic field applied examinations.



(Specimen2) The 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite: Similar to the aforementioned procedures, another {100}p single-crystal Ni-Mn-Ga cube was embedded into the silicone matrix via exact same procedures as described in Specimen1. Please note that this time, instead of the epoxy matrix, silicone was used as the matrix. The composite material was then taken out of the acrylic mold, and the silicone was shaped into a cubic structure while the vol.% of the {100}p single-crystal Ni-Mn-Ga cube to the silicone matrix equals 30 vol.% (i.e., Ni-Mn-Ga cube: silicone = 30:70 (vol.%)). This composite material was denoted as “30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite”. Specimen2 was mainly used for the evaluation of the dependence of the crystallographic orientation on the behavior of the magnetic field-induced MVR.



(Specimen3) The 20 vol.% two Ni-Mn-Ga cubes/silicone composite: Two cubes, which are one {100}p single-crystal and one polycrystal, were used in the silicone-based composite. Here, the single-crystal is defined as an “active” material, while the polycrystal is defined as an “inactive” material. Please note that the “inactive” definition of the polycrystal is owing to its almost zero shape deformation due to the limited twin motions inhibited by the grain boundaries. Similar to the aforementioned procedures, two different Ni-Mn-Ga cubes were embedded into the silicone matrix via exactly the same procedures. The two-cube composed composite material was taken out of the acrylic mold, and the silicone matrix was shaped into a rectangular structure while the vol.% of the Ni-Mn-Ga cubes to the silicone matrix equals 20 vol.% (i.e., two Ni-Mn-Ga cubes: silicone = 20:80 (vol.%)). This composite material was therefore denoted as “20 vol.% two Ni-Mn-Ga cubes/silicone composite”. Specimen3 was mainly used for the evaluation of the in situ compressive stress-induced shape deformation for the analysis of the interactions between these two-alloy cubes.



(Specimen4) The 25 vol.% two Ni-Mn-Ga cubes/silicone composite: Similar to Specimen3, two cubes, which are one {100}p single-crystal Ni-Mn-Ga cube and one polycrystalline Ni-Mn-Ga cube, are embedded in the silicone-based composite. Again, as aforementioned, the single-crystal is an active material, while the polycrystal is an inactive material. Similar to the aforementioned synthesis procedures, two Ni-Mn-Ga cubes were embedded into the silicone matrix via exactly identical procedures. The as-cured two-cube composed composite material was taken out of the mold, and the silicone matrix was shaped into a rectangular structure while the vol.% of the overall Ni-Mn-Ga cubes to the silicone matrix equals 25 vol.% (i.e., two Ni-Mn-Ga cubes: silicone = 25:75 (vol.%)). This composite material was thus denoted as “25 vol.% two Ni-Mn-Ga cubes/silicone composite”. Specimen4 was mainly used for the evaluation of the in situ magnetic field (3.3 kOe) induced shape deformation for the analysis of the interactions between these two cubes.



(Specimen5) The 50 vol.% {100}p single-crystal Ni-Mn-Ga plate/silicone composite: The relatively large Ni-Mn-Ga plate (i.e., the 6.6 × 6.0 × 1.7 mm3 plate specimen as described in Section 2.2.2) was used for the fabrication of the 50 vol.% {100}p single-crystal Ni-Mn-Ga plate/silicone composite. Similar to Specimen1 and Specimen2, the single-crystal Ni-Mn-Ga plate was embedded in the silicone matrix via conducting exactly identical integration procedures. The as-cured composite material was taken out of the mold, and the silicone matrix was shaped into a rectangular structure while the vol.% of the {100}p single-crystal Ni-Mn-Ga plate to the silicone matrix equals 50 vol.% (i.e., Ni-Mn-Ga plate: silicone = 50:50 (vol.%)). This composite material was thus denoted as “50 vol.% {100}p single-crystal Ni-Mn-Ga plate/silicone composite”.



In this section, five different but similar procedures for the preparations of five specimens are described as above-mentioned. The illustrations of each specimen as well as the measurements and analysis to which the specimens were subjected are summarized in Figure 1. In addition, the illustration of the overall fabrication processes of the composite materials is shown in Figure 2.





2.4. Measurements and Analysis


2.4.1. Recording 3D Images via a Micro CT


The in situ measurements of the micro-computed tomography (micro CT; ScanXmate-E090, Comscantecno Co. Ltd., Yokohama, Japan) were conducted while two different fields were applied, one is a compressive field (σ-field), and the other one is a magnetic field (H-field). The micro CT instrument, which was confirmed to be applicable for the observations of the shape change in our previous article [42,43], was used for the recording of the 3D microstructures of the composite materials. Details of the settings of the micro CT and the settings of the specimen under two different fields were also stated in our previous publication [42,43]. In brief, on the one hand, for the in situ measurements of the compression tests, a lab-made compression holder was used for the compression of the specimens. The in situ microstructures were thus recorded while the compressive field was applied to the specimens. The entire setting of the compression holder and specimen was placed on the rotation stage in the main chamber of the micro CT. On the other hand, for the in situ measurements of the magnetic field-induced shape deformation, a magnet was attached to the specimen, and the overall setting was placed on the rotation stage in the micro CT main chamber while conducting the micro CT recording.




2.4.2. Compression Tests


To analyze the mechanical properties of the composite materials, the compression tests were conducted by using a universal testing machine (Shimadzu Autograph AG-IS, Shimadzu Co. Ltd., Kyoto, Japan) at RT under ambient. The compression tests were performed until the 3% overall strain of the composite material at a constant strain rate of ~2 × 10−4 s−1. Details of the settings and some photos of the settings for the compression tests can be found in references [42,43].




2.4.3. Magnetic Properties


The magnetization-magnetic field (M-H) curves of the composite materials were conducted by using a vibrating sample magnetometer (VSM; TM-VSM1530-HGC-D, Tamagawa Co. Ltd., Sendai, Japan) at RT under ambient. The scanning window of the magnetic field (H-field) was in the range of ±10 kOe at a scan rate of 0.2 kOe s−1. Prior to the measurements of the M-H curves of the composite materials, a standard Ni cube possessing a dimension of approximately 2 × 2 × 2 mm3 was utilized for the calibration of VSM.



In addition to the aforementioned M-H curve measurements without the rotation of the electromagnets, the electromagnets in VSM were further rotated for the measurements of the crystallographic direction-dependent magnetic properties of both the (1) {100}p single-crystal Ni-Mn-Ga cube and the (2) Specimen2 (i.e., the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite). Illustrations of the side-view of the settings of VSM and specimens are shown in Figure 3a, and the zoomed-in figure of the specimen with certain crystallographic directions of <100>p, <110>p, and <111>p, respectively, are shown in Figure 3b. The two examples of the top-view of the 45o rotated setting (i.e., H-field//<110>p) and 54.7° rotated setting (i.e., H-field//<111>p) in Figure 3b are demonstrated in Figure 3c,d, respectively. Figure 3c displays the relationship between <100>p and <110>p, while Figure 3d exhibits the relationship between <100>p and <111>p. Symbols of “H” or “H-field” in the illustrations indicate the direction of the externally applied magnetic field. Here, please note that the angle θ was defined as 0° as the base angle, and the angles of various crystallographic directions are defined based on the 0° of <100>p. In addition to the specific angles illustrated in Figure 3c,d, for analyzing the correspondence of the crystallographic direction and the magnetic properties (i.e., the magnetic field induced MVR) in detail, the electromagnets were rotated every 5° in the range of both 0–45° for rotating from <100>p to <110>p (Figure 3c) and 0–54.7° for rotating from <100>p to <111>p (Figure 3d) for each measurement.




2.4.4. Pole Figures


Prior to the embedment of the Ni-Mn-Ga alloys into the polymer matrix, the orientation of the single-crystal Ni-Mn-Ga cube was confirmed by using an X-ray diffraction pole figure analysis (Ultima Ⅳ multipurpose X-ray diffraction system with Schülz method, Rigaku Co. Ltd., Tokyo, Japan). The CuKα was used as the X-ray source with the tube voltage and tube current at 40 kV and 40 mA, respectively. The 2θ = 44.1°, 62.5°, and 66.4° were served as the target angles for the planes of (202), (400), and (004). The scan ranges of the rotation angle (α) and tilt angle (β) were from α = 0° to 360° with a scan rate of 120° min−1 and from β = 0° to 75° with a scan rate of 5° per step, respectively. All the measurements were conducted under ambient at RT. All the crystal orientations of the single-crystal Ni-Mn-Ga alloys were confirmed to be near-{100}p specimens by using the pole figure analysis before the embedment of them into the polymer matrix as described in Section 2.3.3. Here, to simplify the expression, the “near-{100}p” is abbreviated as “{100}p” by excluding the phrase “near-”.




2.4.5. Effect of Training by a Magnetic Field on the MVR


The single-crystal {100}p Ni-Mn-Ga plate with the dimension of 6.6 × 6.0 × 1.7 mm3 as above-mentioned (i.e., Specimen5: 50 vol.% {100}p single-crystal Ni-Mn-Ga plate/silicone composite as previously mentioned) was used for the investigation of the training effect via a magnetic field on the MVR by scanning the magnetic field. During the training procedures, the magnetic field was applied externally in the range of 0–10 kOe. Overall, 10 cycles of magnetic field scanning were done on Specimen5 for the purpose of training. All the training procedures were conducted under ambient at RT. The corresponding M-H curves were used for the analysis of the behaviors before and after training.






3. Results and Discussion


In our previous publications [42,43,44], it was confirmed that the single-crystal Ni-Mn-Ga particles are composed of the single 5M-martensite phase. Additionally, it was also verified that the Ni-Mn-Ga alloys are in the state of the 5M-martensite at RT by using a thermal analysis; that is, the phase transformation temperature is higher than RT (i.e., the operation temperature). The Ni-Mn-Ga alloys (either in particle form or in cubic form) were also affirmed to be single-crystal materials [42,43]. Some preliminary analysis, such as pole figures for the identification of crystallographic orientation (i.e., {100}p single-crystal Ni-Mn-Ga cubes as mentioned in the experimental Section 2.4.4), mechanical properties, magnetic properties, and 3D microstructure via micro CT images, have been revealed in our previous publications [42,43]. The proceeding results in this study series are shown in this article.



3.1. Deformation Behavior of the Single-Crystal Ni-Mn-Ga in the Polymer Matrix


3.1.1. The 13 Vol.% {100}p Single-Crystal Ni-Mn-Ga Cube/Epoxy Composite


Shape Deformation Imposed by a Compressive Field


To achieve the applications for the actuators, it is important to investigate the shape deformation of the composite materials. Some evaluations for the magnetic field-driven and mechanical field-driven shape deformation behaviors of the composite materials are shown in this section, and some are shown in the following sections. Please note that in the compression tests, a 30% strain with respect to the overall composite material in the x-component (i.e., the height of the composite material in the x-axis, as shown in Figure 1) was applied to the composite material.



Figure 4 shows the deformation behaviors of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite material (i.e., Specimen1) via the observation of its shape change by using a micro CT as a compressive strain was applied. It is necessary to mention that the volume percentage corresponds to the {100}p single-crystal Ni-Mn-Ga cube in the composite. An illustration of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite and the compression direction is shown in Figure 4a. The micro CT images of the (b) before compression (i.e., 0% strain), (c) after compression (i.e., 30% strain), and (d) after removal of compressive strain are revealed in Figure 4, respectively. Here, please note that the percentage of compression indicates the percentage of the compressed strain of the overall height of the composite. As shown in Figure 4a, the compression direction was parallel to the normal direction of the {100}p of the single-crystal Ni-Mn-Ga cube (i.e., compressive strain//the <100>p as shown). The vertical red doubled arrows, and the horizontal blue doubled arrows indicate the length and width of the Ni-Mn-Ga cubes.



Judging from the micro CT images, it is found that after the 30% compression strain was applied to the composite, a contraction of 3.7% of the particle height was found (see Figure 4b,c). On the other hand, a shape recovery of 2.9% is found upon the removal of the externally applied compressive strain (see Figure 4c,d). That is, approximately 0.8% of residual strain was produced. It is necessary to mention that for the evaluations of each length, some markers on the Ni-Mn-Ga cube were specified and tracked before and after the compression strain was applied. On the one hand, the shape change could be attributed to the martensite variant reorientation (MVR) while the compressive strain was applied to the entire composite material; on the other hand, the shape recovery strain could be ascribed to the reverse MVR upon unloading [42,43,44,45,49,50]. It has been reported that the reverse MVR in the martensite Ni-Mn-Ga alloy during the unloading process was triggered by the elastic back stress brought about by the polymer matrix working on the Ni-Mn-Ga alloy [38,51].



In addition to the aforementioned micro CT image analysis, the Stress-Strain (S-S) curve of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite material was also examined at RT under ambient and is shown in Figure 5. It is observed that the stress for the martensite variant reorientation (σMVR) was found to be less than 1 MPa, which was in good accordance with those of the literature [42,43,44,45,52,53]. After fully unloading, it was found that approximately 2.8% of the overall deformation strain remained. It was also reported that, to some extent, the residual strain remained in the composite materials after full unloading [36,54].




Shape Deformation Imposed by a Magnetic Field


In addition to the above-mentioned shape deformation caused by the introduction of a compressive field, the shape deformation behavior of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite triggered by applying an externally applied magnetic field was also conducted. Similar to Section 3.1.1 the in situ shape deformation observations were recorded by using a micro CT while an external magnetic field was applied. In Figure 6a, an illustration is revealed to show the correlation between the composite material and the externally applied magnetic field (H-field). The applied magnetic field was along the <100>p of the {100}p single-crystal Ni-Mn-Ga cube. The micro CT images at (b) 0, (c) 3, and (d) 3.75 kOe of the magnetic field were recorded, respectively (Figure 6). The red vertical arrows and blue horizontal arrows suggest the lengths and widths of the {100}p single-crystal Ni-Mn-Ga cubes subjected to different magnitudes of an externally applied magnetic field, respectively.



Judging from the micro CT images, different from the compression tests as shown in Figure 4, hardly could any shape deformation be found while an external magnetic field was applied. The faint shape deformation could be attributed to the elastic constraint of the epoxy matrix, which inhibits the magnetic field-induced MVR; that is, the stress originates from the magnetoelastic coupling for the twin motion is less than the elastic stress from the epoxy matrix. Accordingly, merely a limited shape deformation could be found when the magnetic field was applied to composite material.



In addition to the in situ observations of the shape change by using the micro CT, the magnetization-magnetic field curve (M-H curve) of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite (Specimen1) was also examined (Figure 7). The red arrows along with the numbers adjacent to them, suggest the scanning sequence of the magnetic field. It has been reported that an obvious “jump” of magnetization appears if the MVR takes place in the single-crystal Ni-Mn-Ga alloys [42,43,44,45]. Reversely, no magnetization jump could be found in the M-H curve of Figure 7; it is, therefore, determined that barely did the MVR take place when the externally applied magnetic field was introduced along <100>p of the {100}p single-crystal Ni-Mn-Ga cube in Specimen1 (for the relationship of the direction of magnetic field and the Ni-Mn-Ga cube, please refer to Figure 6a). It is necessary to mention that the results from the M-H curves are in good agreement with those of the results in the micro CT images (Figure 6). Additionally, it has been reported that the critical volume percentage of the single-crystal Ni-Mn-Ga alloy for the MVR is about 13 vol.% [44,45]. In other words, the MVR is restricted by the elastic stress of the epoxy surrounded; therefore, no MVR could be observed in this case. Hence, the results are also in good agreement with those in the literature [44,45].






3.2. Martensite Variant Reorientation in the {100}p Single-Crystal Ni-Mn-Ga Cube


Prior to going into other composite materials, the {100}p single-crystal Ni-Mn-Ga cube was used for the analysis of the magnetic field-induced MVR as a preliminary result. In this section, the externally applied magnetic field was applied along with the direction of <110>p of the {100}p single-crystal Ni-Mn-Ga cube. Again, for the setting of the VSM measurement, please refer to the illustrations displayed in Figure 3. For example, here, for the measurement of the M-H curves of the {100}p single-crystal Ni-Mn-Ga cube in <110>p, the electromagnets were rotated 45° to align the magnetic field to the <110>p of the {100}p single-crystal Ni-Mn-Ga cube. The M-H curve of this measurement is shown in Figure 8. The red arrows, along with numbers, correspond to the scanning sequence of the magnetic field, while the horizontal dashed lines and the gray doubled-arrow indicate the sudden jump of magnetization, which is attributed to the magnetic field-induced MVR of the {100}p single-crystal Ni-Mn-Ga cube as a sufficient magnetic field was applied.



Different from the M-H curve of H-field//<100>p of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite (Figure 7), in the case of the H-field//<110>p of the {100}p single-crystal Ni-Mn-Ga cube, the critical magnetic field for the commencement of MVR of the single-crystal Ni-Mn-Ga cube is determined to be around 2.8 kOe as shown in Figure 8. Nevertheless, it is well-known that the stress for the twin motion varies with the crystallographic direction; therefore, the critical magnetic field for the twin motion also differs. Besides, in the case of the single-crystal, there is no elastic inhibition from the epoxy matrix surrounded; hence, an obvious MVR was found (i.e., the range within the two horizontal dashed lines). The twin motion only takes place as the stress for the twin motion could overcome the constraint among specific variants.



For figuring out the correlation between the magnetic field and the crystallographic direction, an illustration showing these two parameters is shown in Figure 9a. Symbols H and M indicate the magnetic field and the magnetization, respectively, while symbols γ and θ suggest the angle difference of the magnetic field and magnetization to the easy axis (i.e., c-axis) of the Ni-Mn-Ga alloy. Therefore, based on Figure 9a, the Zeeman energy (EZeeman) could be formulated as


   E  Z e e m a n   = −  μ 0  M H c o s  (  γ − θ  )   



(1)




where μ0 is permeability, M is magnetization, H is a magnetic field, γ is the angle between the easy axis of the single-crystal Ni-Mn-Ga alloy and the applied magnetic field, and θ is the angle between the easy axis of the single-crystal Ni-Mn-Ga alloy and the magnetization.



The magnetocrystalline anisotropic energy (MAE; EMAE) could be formulated as


   E  M A E   =  K u  s i  n 2  θ  



(2)




where Ku is the magnetic anisotropy constant, and θ is the angle between the easy axis of the single-crystal Ni-Mn-Ga alloy and the direction of magnetization, M. To sum up, the overall energy could be written as


   E  t o t a l   = −  μ 0  M H c o s  (  γ − θ  )  +  K u  s i  n 2  θ  



(3)







The EZeeman and the EMAE are also indicated in Figure 9a by using the dotted curves, respectively. Based on the aforementioned equations, the equilibrium angle θ could be determined by using


    ∂  E  t o t a l     ∂ θ   = −  μ 0  M H  (  − c o s γ s i n θ + s i n γ c o s θ  )  + 2  K u  s i n θ c o s θ = 0  



(4)







In addition, the three variants of the 5M-martensite Ni-Mn-Ga alloys are shown in Figure 9b. The crystallographic direction, which is depicted by bright, bold green lines, corresponds to the easy axis (i.e., c-axis) of the 5M-martensite Ni-Mn-Ga alloys. Three variants are denoted as Variant1, Variant2, and Variant3, respectively, in Figure 9b. Accordingly, the energy of each variant could be defined as EVariant1, EVariant2, and EVariant3, respectively. Hence, the energy difference between two different specific variants (ΔE) could be formulated as


  Δ E =  E M  −  E N   



(5)




where the EM and EN correspond to the energy of two different specific variants of M and N, respectively. Hence, by using the energy difference in Equation (5), the shear stress (τ) for the movement of the twin boundary of the specific plane of {110}p in the 5M Ni-Mn-Ga alloy could be expressed by


  τ =   Δ E  s   



(6)




where s indicates the shear strain of 0.12 [55].



As mentioned previously, in Figure 9b, three variants of the 5M-martensite phase are indicated. The easy axis of each variant, which is the c-axis highlighted by a bright green bold line, is pointed out by the bright green arrows. The twin boundary of Variant1 and Variant2, whose zoomed-in figure is shown on the right-hand side, are also pointed out by black arrows. Figure 9b illustrates the state of the variants without externally applied compressive stress, while Figure 9c displays the state of the variants with externally applied compressive stress (i.e., two red arrows with symbols of σ). Once the shear stress written as Equation (6) goes beyond the critical shear stress for MVR, the twin motions take place, and the variant configuration transforms from Figure 9b to Figure 9c. In the twin motion caused by the externally applied compressive stress, Variant1 increases by consuming Variant2 and Variant3. The calculated results based on the aforementioned equations are shown in the following Section 3.3.




3.3. Dependence of MVR on Crystallographic Direction


As shown in the experimental section, the electromagnets were rotated to investigate the dependence of the magnetic field-induced MVR on the crystallographic direction. The electromagnets were rotated 45° (i.e., from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube) and 54.7° (i.e., from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube), respectively. The corresponding settings of these two rotations are shown in Figure 3c,d), respectively. In this section, the {100}p single-crystal Ni-Mn-Ga and the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite material (i.e., Specimen2) were used for the examinations. The 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite material, as shown in Figure 1b, was chosen to reveal the effect of the silicone matrix on the motion of the magnetic field-induced MVR. The results are shown in the following sections.



3.3.1. Magnetic Field-Induced MVR vs. Crystallographic Orientation


Figure 10a shows the dependence of the magnetic field necessary for the MVR on the rotation angle from <100>p to <110>p (i.e., from 0° to 45°). The solid blue squares indicate the {100}p single-crystal Ni-Mn-Ga cube, the solid red circles suggest the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite and the blue, and red cross symbols correspond to the disappearance of the MVR within the range of the magnetic field applied. However, please note that this merely reveals that the MVR did not take place within the magnetic field range scanned in this study. The cross symbols were used to reveal the truth of no twin motion at certain rotation angles, while the corresponding magnetic field magnitude in the figure (i.e., the corresponding y-axis) is without any meaning. The vertical dashed lines at 0° and 45° suggest the rotation from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube. An illustration is inserted at the right-bottom corner to reveal the relationship between the magnetic field applied and the crystallographic direction.



It was observed that the necessary magnetic field for MVR of both tested materials increased when the direction rotated from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube. This indicates that the higher driving force for the MVR motion is required when the direction rotated from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube. In addition, it is worth noting that the necessary magnetic field for the twin motion in the composite material (i.e., the solid red circles) is higher than the single-crystal specimen (i.e., the solid blue squares) at all times. This could be attributed to the elastic inhibition of the twin motion originating from the silicone matrix working on the {100}p single-crystal Ni-Mn-Ga cube.



In addition to the measurements from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube and its composite, Figure 10b shows the dependence of the magnetic field necessary for the MVR on the rotation angle from <100>p to <111>p (i.e., from 0° to 54.7°) of the {100}p single-crystal Ni-Mn-Ga cube and its composite. Similarly, the solid blue squares indicate the {100}p single-crystal Ni-Mn-Ga cube without any polymer matrix, the solid red circles suggest the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite, and the cross symbols correspond to the disappearance of the magnetic field-induced MVR within the detected range. The vertical dashed lines at 0° and 54.7° indicate the rotation from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube. An illustration is inserted at the right-upper corner to reveal the relationship between the magnetic field and the crystallographic direction of the {100}p single-crystal Ni-Mn-Ga cube.



It was discerned that the magnetic field for the twin motion slightly decreased when the magnetic field was rotated from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube. Additionally, similar to Figure 10a, the necessary magnetic field for the twin motion in the composite materials is higher than that of the {100}p single-crystal Ni-Mn-Ga cube at all times. The reason for this phenomenon has been described previously. It was further found that no apparent MVR could be observed while the rotation angles were at 40° and 45° when the magnetic field was rotated from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube (i.e., the red and blue cross symbols at 40° and 45°, respectively). This disappearance of the magnetic field-induced MVR is attributed to the three near-equivalent variants in the 5M-martensite phase. Therefore, it could be concluded that, for this {100}p single-crystal Ni-Mn-Ga cube and its composite material, the critical angle for the twin motion is approximately at 35° while the single-crystal {100}p Ni-Mn-Ga cube was rotated in the direction from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube. Moreover, both Figure 10a,b reveal that the twin motion is in a good trend with the crystallographic direction, showing an increase from <100>p to <110>p and a decrease from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube with acceptable deviations.




3.3.2. Shear Stress of {110} vs. Crystallographic Direction


Shear stress (τ) for the twin motion was calculated based on Equations (1)–(6) as formulated above, and the results of (a) from <100>p to <110>p and (b) from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube are both plotted in Figure 11, respectively. It reveals the necessary shear stress for the motion of the twin boundary on the {110} of the {100}p single-crystal Ni-Mn-Ga cube by applying an external magnetic field. The blue solid squares indicate the {100}p single-crystal Ni-Mn-Ga cube, the solid red circles suggest the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite, and the cross symbols correspond to the disappearance of the MVR within the range of the magnetic field applied. The vertical dashed lines in (a) 0° and 45° indicate the rotation from <100>p to <110>p, while the vertical dashed lines in (b) 0° and 54.7° indicate the rotation from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube.



Similar to the plot of the magnetic field-rotation in Figure 10, the necessary shear stress for the twin motion of the composite materials are larger than that of the single-crystal cube at all times. Additionally, judging from Figure 11, the trend of the necessary shear stress for the twin motion is similar to that of the trend of the magnetic field, which is revealed in Figure 10. Moreover, it could be concluded that the necessary shear stress for the twin motion on {110} of the {100}p single-crystal Ni-Mn-Ga cube was around 1 MPa or less with certain deviations, which is close to those stress for the twin motion reported in the literature [56,57,58]. It was further found that the necessary shear stress decreases when the rotation approaches <111>p, and thus, the critical stress for the commencement of MVR is at approximately 0.3 MPa (i.e., the shear stress at about 35° of the rotation angle) as the specimen was rotated from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube (Figure 11b). While the rotation angle was at 40° and 45°, no apparent MVR could be observed (i.e., the blue and red cross symbols at 40° and 45°). Again, the not observed MVR could be attributed to the equivalence of these three different variants in the 5M-martensite phase.



An illustration, which reveals the regime for apparent MVR and inapparent MVR via the introduction of an external magnetic field, is displayed in Figure 12. The bottom part displays the three directions of <100>p, <110>p, and <111>p in the parent {100}p single-crystal Ni-Mn-Ga cube by using solid blue arrows, while the zoomed-in figure of the largest triangle (three hollow red arrows), which shows the details, is illustrated at the upper part of this figure. In the zoomed-in figure, the triangle filled with purple straight lines (at the left-hand side) indicates the regime allowing the magnetic field-induced MVR (i.e., MVR ◯), while the un-filled triangle (at the right-hand side) suggests the regime not allowing the magnetic field-induced MVR (i.e., MVR −) when the magnetic field is applied. The angle at each intersection of lines represents the rotation angles from <100>p to <110>p or <111>p in the parent {100}p single-crystal Ni-Mn-Ga cube. In this triangle, among these three crystallographic directions, most of the MVR could be triggered via an introduction of a magnetic field (i.e., the straight purple line-filled part). On the other hand, the remaining unfilled regime represents the inapparent MVR as a magnetic field was applied. This indicates that most of the twin motion is active in the single-crystal Ni-Mn-Ga cube as shown from Figure 10 to Figure 12. Nevertheless, as shown in Figure 10, the active twin motion of the composite was less than that of the {100}p single-crystal Ni-Mn-Ga cube due to the elastic restriction from the silicone rubber.





3.4. Effects of the Adjacent Cube on the Deformation Behavior


In addition to the “one {100}p single-crystal Ni-Mn-Ga cube/polymer composite materials” mentioned in the previous sections, for analyzing the effect of the neighboring alloys on the shape deformation, the “two Ni-Mn-Ga cubes/polymer composite materials” were also examined in this study. The results and discussion of the specimens are shown in the following sections.



3.4.1. The 20 Vol.% of Two Ni-Mn-Ga Cubes/Silicone Composite


For the first design, the composite material was composed of one active Ni-Mn-Ga cube, which is {100}p single-crystal and one inactive Ni-Mn-Ga cube, which is a polycrystal. Again, please note that since it was found that barely did the polycrystal performs a shape deformation strain (i.e., around 0.1%) due to the constraint among the adjacent grain boundaries, the polycrystalline Ni-Mn-Ga cube is thus defined as an “inactive” object here [59,60]. An illustration of the aforementioned design of the composite materials is shown in Figure 13a, which reveals the 20 vol.% two Ni-Mn-Ga cubes/silicone composite material (i.e., Specimen3). The left small solid gray cube indicates the {100}p single-crystal Ni-Mn-Ga cube (active), while the right large solid gray cube suggests the polycrystalline Ni-Mn-Ga cube (inactive). The large dashed yellow rectangular corresponds to the silicone matrix. The symbols σ in the solid red arrows reveal the compression direction of the external compressive field.



A compressive examination was then conducted on the 20 vol.% two Ni-Mn-Ga cubes/silicone composite (Figure 13b–d). The micro CT images of the 20 vol.% two Ni-Mn-Ga cubes/silicone composite (b) before compression (i.e., 0% compression strain), (c) after compression (i.e., 20% compression strain), and (d) after complete removal of the external compressive strain are revealed in Figure 13, respectively. The vertical red lines and horizontal blue lines with double arrows indicate the heights and the widths of both the Ni-Mn-Ga cubes, respectively.



It is obvious that in the shape deformation examination via applying a compressive strain (from Figure 13b to Figure 13c), the {100}p single-crystal Ni-Mn-Ga cube (left-hand side cube) shrunk about 2%; on the other hand, hardly did the shape deformation could be found in the polycrystalline Ni-Mn-Ga cube (right-hand side cube). Upon removal of the externally applied compressive strain (from Figure 13c to Figure 13d), an almost complete shape recovery was discerned in the {100}p single-crystal Ni-Mn-Ga cube (left-hand side cube). This could be attributed to the back stress, which originates from the silicone matrix [54], works on the {100}p single-crystal Ni-Mn-Ga cube. In addition, it is further considered that the inactive polycrystalline Ni-Mn-Ga cube could also be another driving force for the high shape recovery of the {100}p single-crystal Ni-Mn-Ga cube in this case since it was found that the shape recovery of the {100}p single-crystal Ni-Mn-Ga cube is slightly higher in the two cubes composite (Specimen3 in Figure 13) than that in the one cube composite (Specimen1 in Figure 4). That is, the inactive cube assists the silicone matrix in inserting additional stress on the {100}p single-crystal Ni-Mn-Ga cube.




3.4.2. The 25 Vol.% of Two Single-Crystal Ni-Mn-Ga Cubes/Silicone Composite


The other 25 vol.% two Ni-Mn-Ga cubes/silicone composite material (Specimen4) was fabricated for the observations of the shape deformation of the composite material via an introduction of an externally applied magnetic field (Figure 14). The two Ni-Mn-Ga cubes with a higher volume percentage (i.e., 25 vol.% of two cubes) were used due to the less impact of the shape deformation of the cubes via an introduction of a magnetic field compared to that of the compressive field (i.e., the specimen with 20 vol.% of Ni-Mn-Ga alloys used in Section 3.4.1). Therefore, higher volume percentages of the overall Ni-Mn-Ga cubes were used in this case of the magnetic field-driven shape deformation. Similarly, one {100}p single-crystal (active) cube and one polycrystal (inactive) cube were embedded into the silicone matrix. The reasons for the definitions of active and inactive are stated in Section 3.4.1. In Figure 14, the left small solid gray cube indicates the {100}p single-crystal Ni-Mn-Ga cube, while the right large solid gray cube suggests the polycrystalline Ni-Mn-Ga cube. The large dashed yellow rectangular corresponds to the silicone matrix. The green doubled arrow indicates the direction of an externally applied magnetic field (H-field).



A magnetic field of 3.3 kOe was then applied on the 25 vol.% two Ni-Mn-Ga cubes/silicone composite (Figure 14c). The micro CT images of the 25 vol.% two Ni-Mn-Ga cubes/silicone composite (b) before a magnetic field applied (i.e., 0 kOe) and (c) after a magnetic field applied (i.e., 3.3 kOe) are revealed in Figure 14, respectively. The vertical red lines and horizontal blue lines with arrows indicate the heights and the widths of both the {100}p single-crystalline and polycrystalline Ni-Mn-Ga cubes, respectively. It is obvious that in the shape deformation examination via applying a magnetic field (from Figure 14b to Figure 14c)), the {100}p single-crystalline Ni-Mn-Ga cube (left-hand side cube) shrunk from 917 to 899 μm along the magnetic field, while it expanded from 647 to 657 μm in the direction vertical to the magnetic field. This is owing to, on the one hand, the alignment of the short c-axis (i.e., the easy axis of the 5M-martensite phase) to the externally applied magnetic field; on the other hand, the long axis moves to the orthogonal direction of the externally applied magnetic field. Compared to the compressive examination, the extent of shape deformation of the {100}p single-crystal Ni-Mn-Ga cube is less than the above-mentioned compressed one. Nevertheless, the shape deformation of the {100}p single-crystal Ni-Mn-Ga cube is much clear than that of the polycrystalline Ni-Mn-Ga cube, which barely performed any shape deformation strain upon an introduction of an externally applied magnetic field.





3.5. Effect of Training on the MVR


3.5.1. Crystallographic Direction Verification


As mentioned previously, prior to the embedment of the {100}p single-crystal Ni-Mn-Ga cubes into the polymer matrices, the crystallographic directions of the cubes were verified. The (004) pole figure of the {100}p single-crystal Ni-Mn-Ga plate with a dimension of 6.6 × 6.0 × 1.7 mm3 were also confirmed before the embedment (Figure 15), and the resulting composite was used for the examination of the effect of training processes on the magnetic field-induced MVR. The detection of the crystallographic direction via the X-ray measurement was conducted on the largest surface of the {100}p single-crystal Ni-Mn-Ga plate specimen.



In addition to the measured pole figure in Figure 15a, the corresponding calculated pole figure by using the software CaRine is also shown in Figure 15b. The solid red circle symbols correspond to the {100}p, while the blue square symbols represent the {101}p. It is therefore confirmed that similar to the {100}p Ni-Mn-Ga cubes stated in the previous sections, the single-crystal Ni-Mn-Ga with a plate shape was also a near-{100}p cubic specimen.




3.5.2. Dependence of Training on the MVR Behavior


After the embedment, the Specimen5 (i.e., the 50 vol.% {100}p single-crystal Ni-Mn-Ga plate/silicone composite as shown in Figure 1e) was trained by a cyclic scan of a magnetic field of the field range from 0 to 10 kOe for 10 cycles since it was reported that the pinning effect among the martensitic twins could be released by applying certain magnetic field or compressive field training processes [42,44,61]. The magnetization-magnetic field (M-H) curves of the (a) 1st run, (b) 5th run, and (c) 10th run are shown in Figure 16, respectively. An illustration, which exhibits the relationship between the directions of the applied external magnetic field (H-field; green double arrow) and the composite material, is inserted at the right-bottom corner of Figure 16a. The red tangent lines and the red arrows in all figures overlapping the M-H curves correspond to the sudden increasing of the magnetization (i.e., the “jumping” behavior) [42,44]. As mentioned previously, the sudden jump of the magnetization indicates the MVR in the {100}p single-crystal Ni-Mn-Ga plate. It is thus obvious that the magnetic field, which was required for the commencement of MVR, decreased gradually with the increasing cycle of the magnetic field applied (from 3.3 kOe in Figure 16a of the 1st run to 1.1 kOe in Figure 16c of the 10th run). It was confirmed that the pinning effect was successfully released by the magnetic field training procedures [42,44,61].






4. Conclusions


The {100}p single-crystal Ni-Mn-Ga alloys with both cube and plate structures were prepared in this study, while their composite materials were also fabricated for various in situ examinations, such as the shape deformation behavior under various fields of compression or magnetic. The dependence of the magnetic field-induced martensite variant reorientation (MVR) behavior on the crystallographic directions, composite morphology, and training process were also examined in this study. Some of the important findings are listed as follows:




	
The stress for the stress-induced MVR was confirmed to be at approximately 1 MPa or less. This is in accordance with those reported. Additionally, obvious shape deformation behaviors were observed through an in situ observation using a micro CT.



	
The magnetic field-induced MVR was inhibited when the {100}p single-crystal Ni-Mn-Ga cube was at the volume percentage of 13%, while an obvious magnetic field-induced MVR was observed when the {100}p single-crystal Ni-Mn-Ga cube was used. The difference between these two specimens originates from the elastic constraint of the polymer matrix. Additionally, the shape deformation behaviors of the composite under an external magnetic field were also discerned.



	
The necessary magnetic field increased when the crystallographic direction was rotated from <100>p to <110>p of the {100}p single-crystal Ni-Mn-Ga cube; on the other hand, the necessary magnetic field decreased when the crystallographic direction was rotated from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube.



	
The necessary magnetic field (that is, the shear stress required) for the MVR of the cube of the composite material is higher than that of the {100}p single-crystal Ni-Mn-Ga cube at all times. This is due to the elastic inhibition of the polymer matrix to the single-crystal Ni-Mn-Ga cube.



	
A critical rotation angle for the magnetic field-induced MVR was found at around 35° when the crystallographic direction was rotated from <100>p to <111>p of the {100}p single-crystal Ni-Mn-Ga cube. This could be attributed to the near-equivalent three variants in the 5M-martensite phase when the magnetic field approached <111>p of the {100}p single-crystal Ni-Mn-Ga cube.



	
It was found that most of the MVR could be triggered by introducing an external magnetic field in the range of approximately 0–6 kOe when the crystallographic direction is within the range of <100>p, <110>p, and <111>p.



	
In the case of the two cubes composed composites, both in the compressive field and the magnetic field, the {100}p single-crystal Ni-Mn-Ga cube performed shape deformation, while barely the polycrystalline Ni-Mn-Ga cube was deformed owing to the inhibition among the neighboring grain boundaries.



	
The training effect reveals a reduced magnetic field that is necessary for MVR of the single-crystal cube, where the required magnetic field was reduced from 3.3 kOe to 1.1 kOe when the composite material was subjected to the magnetic field scanning cycles from the range of 0–10 kOe. This is due to the release of the pinning effect among the variants in the 5M-martensite.
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Figure 1. Illustrations and evaluation methods for Specimen1-Specimen5 from (a–e), respectively. (The cubic and rectangular dotted lines indicate the polymers (i.e., epoxy (blue) or silicone (yellow)). Red arrows with symbols of σ indicate the direction of the compressive stress to the composite materials, while the green doubled-arrow suggests the direction of the externally applied magnetic field (H-field). “Rotation” indicated by dark green arrows suggests the rotation of the electromagnets for the evaluations of the dependence of MVR on the crystallographic orientation of Specimen2. A coordinate is inserted in the column of Specimen1, which is responsible from (a) Specimen1 to Specimen4, while another coordinate, which is inserted in the column of (e) Specimen5, is responsible for Specimen5 only). 
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Figure 2. Flow chart for the fabrication of specimens. (a) Preparation for the {100}p single-crystal Ni-Mn-Ga alloys. (b) General fabrication processes for various composite materials (Details are described in Section 2.3). 
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Figure 3. The setting of the specimens in VSM for analyzing the magnetic properties of the specimen in various crystallographic directions. (a) An illustration to show the side-view of the specimen and two electromagnets in VSM. (b) An illustration of the {100}p single-crystal Ni-Mn-Ga cube and its crystallographic directions. (c) A top-view of VSM to reveal the measurement of the magnetic property along <110>p of the {100}p single-crystal Ni-Mn-Ga cube. (d) A top-view of VSM to reveal the measurement of the magnetic property along <111>p of the {100}p single-crystal Ni-Mn-Ga cube. 
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Figure 4. (a) An illustration of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite. The solid gray small cube in the center indicates the {100}p single-crystal Ni-Mn-Ga cube, while the dotted blue large cube corresponds to the epoxy matrix. The symbols σ in the solid red arrows reveal the compression strain direction of the external compressive stress. The micro CT images of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite (b) before compression (i.e., 0% compression strain), (c) after compression (i.e., 30% compression strain), and (d) after removal of the external compressive strain. The vertical red lines and horizontal blue lines with doubled arrows indicate the heights and the widths of the {100}p single-crystal Ni-Mn-Ga cube, respectively. All the observations were conducted at RT under ambient. 
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Figure 5. The Stress-Strain (S-S) curve of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite examined at RT under ambient (an illustration for the compression test is inserted). 
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Figure 6. (a) An illustration of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite. The solid gray small cube in the center indicates the {100}p single-crystal Ni-Mn-Ga cube, while the dotted blue large cube corresponds to the epoxy matrix. The magnetic field, which is labeled by “H-field” along with a green transparent doubled-arrow, reveals the direction of the externally applied magnetic field. The micro CT images of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite at (b) 0, (c) 3, and (d) 3.75 kOe of an externally applied magnetic field. The vertical red lines and blue lines with arrows indicate the heights and the widths of the {100}p single-crystal Ni-Mn-Ga cube, respectively. All the observations were conducted at RT under ambient. 






Figure 6. (a) An illustration of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite. The solid gray small cube in the center indicates the {100}p single-crystal Ni-Mn-Ga cube, while the dotted blue large cube corresponds to the epoxy matrix. The magnetic field, which is labeled by “H-field” along with a green transparent doubled-arrow, reveals the direction of the externally applied magnetic field. The micro CT images of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite at (b) 0, (c) 3, and (d) 3.75 kOe of an externally applied magnetic field. The vertical red lines and blue lines with arrows indicate the heights and the widths of the {100}p single-crystal Ni-Mn-Ga cube, respectively. All the observations were conducted at RT under ambient.



[image: Actuators 12 00211 g006]







[image: Actuators 12 00211 g007 550] 





Figure 7. The magnetization-magnetic field (M-H) curves of the 13 vol.% {100}p single-crystal Ni-Mn-Ga cube/epoxy composite at RT under ambient. The magnetic field was parallel to the <100>p of the {100}p single-crystal Ni-Mn-Ga cube. The red arrows, along with numbers, indicate the sequence of the scanning of a magnetic field. 
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Figure 8. The magnetization-magnetic field (M-H) curves of the {100}p single-crystal Ni-Mn-Ga cube at RT under ambient. The magnetic field was parallel to the <110>p of the {100}p single-crystal Ni-Mn-Ga cube. Red arrows along with numbers indicate the sequence of the scanning of the magnetic field applied, while the horizontal dashed lines and doubled-arrow indicate the “jump” of magnetization corresponding to the magnetic field-induced MVR of the {100}p single-crystal Ni-Mn-Ga cube. 
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Figure 9. (a) An illustration reveals the relationships among a magnetic field direction applied, magnetization, and the easy-axis of the c-axis. Symbols H and M indicate the magnetic field and the magnetization, respectively, while symbols γ and θ suggest the angle difference of the magnetic field and magnetization to the easy c-axis of the Ni-Mn-Ga alloy. (b) Three variants of the 5M-martensite Ni-Mn-Ga alloy without the introduction of an externally applied compressive stress. The c-axis, which is highlighted by the bright, bold green lines, corresponds to the easy c-axis of the 5M-martensite Ni-Mn-Ga alloy. The twin boundary of Variant1 and Variant2 is zoomed-in on the right-hand side. (c) Three variants of the 5M-martensite Ni-Mn-Ga alloy with the introduction of an externally applied compressive stress. The twin boundary of Variant1 and Variant2 is zoomed-in on the right-hand side. The red arrows, along with a symbol of σ, indicate the direction of the compressive stress. The dotted lines indicate the place of the variant interfaces before the compressive stress is applied. 
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Figure 10. Plot for the magnetic field as a function of rotation angle from (a) <100>p to <110>p (i.e., from 0° to 45°) and from (b) <100>p to <111>p (i.e., from 0° to 54.7°). The solid blue squares indicate the {100}p single-crystal Ni-Mn-Ga cube, the solid red circles suggest the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite, and the cross symbols reveal the disappearance of the twin motion. The vertical dashed lines at 0° and 45° indicate the rotation from <100>p to <110>p in (a), while the vertical dashed lines at 0° and 54.7° indicate the rotation from <100>p to <111>p in (b). Illustrations are inserted in the figures, respectively, to reveal the relationships between the magnetic field and the crystallographic directions. 
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Figure 11. Plot for the shear stress (τ) as a function of rotation angle (θ) from (a) <100>p to <110>p (i.e., from 0° to 45°) and from (b) <100>p to <111>p (i.e., from 0° to 54.7°). The blue solid squares indicate the {100}p single-crystal Ni-Mn-Ga cube, the solid red circles suggest the 30 vol.% {100}p single-crystal Ni-Mn-Ga cube/silicone composite, and the cross symbols reveal the disappearance of the twin motion. The vertical dashed lines at 0° and 45° indicate the rotation from <100>p to <110>p in (a), while the vertical dashed lines at 0° and 54.7° indicate the rotation from <100>p to <111>p in (b). 
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Figure 12. Illustration for revealing the regimes for apparent MVR and inapparent MVR via the introduction of an external magnetic field. The bottom figure displays the three directions of <100>p, <110>p, and <111>p in the parent Ni-Mn-Ga alloy by using solid blue arrows, while the zoomed-in figure, which shows the details, is illustrated at the upper part. The triangle filled with purple straight lines (at the left-hand side) indicates the regime allowing the MVR (i.e., MVR ◯), while the un-filled triangle (at the right-hand side) suggests the regime not allowing MVR (i.e., MVR −). Angles represent the rotation angles from <100>p to <110>p or <111>p. 
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Figure 13. (a) An illustration of the 20 vol.% two Ni-Mn-Ga cubes/silicone composite. The left small solid gray cube indicates the {100}p single-crystal Ni-Mn-Ga cube (active), while the right large solid gray cube suggests the polycrystalline Ni-Mn-Ga cube (inactive). The large dashed yellow rectangular corresponds to the silicone matrix. The symbols σ in the solid red arrows reveal the compression direction of the external compressive field. The micro CT images of the 20 vol.% two Ni-Mn-Ga cubes/silicone composite (b) before compression (i.e., 0% compression strain), (c) after compression (i.e., 20% compression strain), and (d) after removal of the external compressive strain. The vertical red lines and horizontal blue lines with arrows indicate the heights and the widths of both the Ni-Mn-Ga cubes, respectively. All the observations were conducted at RT under ambient. 
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Figure 14. (a) An illustration of the 25 vol.% two Ni-Mn-Ga cubes/silicone composite along with an externally applied magnetic field (H-field). The left small solid gray cube indicates the {100}p single-crystal Ni-Mn-Ga cube (active), while the right large solid gray cube suggests the polycrystal Ni-Mn-Ga cube (inactive). The large dashed yellow rectangular corresponds to the silicone matrix. The green doubled-arrow indicates the direction of an externally applied magnetic field. The micro CT images of the 25 vol.% two Ni-Mn-Ga cubes/silicone composite (b) before a magnetic field applied (i.e., 0 kOe) and (c) after a magnetic field applied (i.e., 3.3 kOe). The vertical red lines and horizontal blue lines with arrows indicate the heights and the widths of both the Ni-Mn-Ga cubes, respectively. All the observations were conducted at RT under ambient. 
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Figure 15. (a) The (004)m pole figure (2θ = 66.4°) of the {100}p single-crystal Ni-Mn-Ga with a plate structure (i.e., 6.6 × 6.0 × 1.7 mm3) and (b) the calculated pole figure of the {100}p single-crystal Ni-Mn-Ga alloy. (The red circle symbols correspond to the {100}p, while the blue square symbols represent the {101}p). For the coordinate of the specimen, please refer to Figure 1. (The subscript m indicates the martensite phase.). 
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Figure 16. The magnetization-magnetic field (M-H) curves of the 50 vol.% single-crystal Ni-Mn-Ga plate/silicone composite (Specimen5) in (a) the 1st run, (b) the 5th run, and (c) the 10th run for the purpose of training. All the M-H curves were recorded at RT under ambient. An illustration, which reveals the direction of the applied magnetic field to the composite material, is inserted in (a). Red tangent lines and red arrows are labeled to show the sudden increment of the magnetization. 
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