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Abstract:

 We report on the effects of annealing on the martensitic phase transformation in the Ni-based Heusler system: Mn50Ni40Sn10 and Mn50Ni41Sn9 powder and Co50Ni21Ga32 nanoparticles. For the powdered Mn50Ni40Sn10 and Mn50Ni41Sn9 alloys, structural and magnetic measurements reveal that post-annealing decreases the martensitic transformation temperatures and increases the transition hysteresis. This might be associated with a release of stress in the Mn50Ni40Sn10 and Mn50Ni41Sn9 alloys during the annealing process. However, in the case of Co50Ni21Ga32 nanoparticles, a reverse phenomenon is observed. X-ray diffraction analysis results reveal that the as-prepared Co50Ni21Ga32 nanoparticles do not show a martensitic phase at room temperature. Post-annealing followed by ice quenching, however, is found to trigger the formation of the martensitic phase. The presence of the martensitic transition is attributed to annealing-induced particle growth and the stress introduced during quenching.
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1. Introduction

Heusler alloys that belong to the ferromagnetic shape memory alloys (FSMAs) have been a fascinating class of materials since they were reported by Ullakko et al. [1] two decades ago. FSMAs are ferromagnetic and show a magnetic field-induced martensitic transformation. Most shape memory Heusler alloys contain Ni. Those with Mn and Ga, In, Sn and Sb [2–6] are the most investigated compounds. They are characterized by large magnetic field-induced strain [7,8], large magneto-resistance [9,10] and a significant magnetocaloric effect [11–13].

Mn-rich Ni- and Mn-based Heusler alloys have recently become the focus of research owing to their high localized magnetic moment of 4.0 µB at the Mn atom and their potential for enhanced magnetocaloric properties [11,14]. Mn-rich Mn50Ni50−xSnx Heusler compounds were reported to show a significant exchange bias field [15], large magnetic entropy change [16,17], small thermal hysteresis and large magnetization change at the martensitic transformation [18]. However, little attention has been paid to the effect of annealing on those compounds.

The influence of post-annealing on the martensitic transformation of Ni-rich Ni-Mn-Sn alloys has been studied by Schagel, McCallum and Lograsso [19] on bulk material and Xuan et al. [20] on ribbons. Schagel, McCallum and Lograsso [19] reported that the magnetization change at the martensitic transformation is dependent on the annealing time. After an annealing time of approximately four weeks at 1223 K, they observed the highest magnetization change during the martensitic transformation and no overlap of the transition temperatures. Xuan et al. [20], on the other hand, reported that annealing of ribbons resulted in an increase in the reverse martensitic transition temperature (TA) from 230 K (melt-spun) to 265 K (annealed at 1173 K). Concomitantly, the Curie temperature of the austenite [image: there is no content] increased from TCA=270K (melt-spun) to TCA=275K (annealed at 1173 K). The reason for the increase of TA and [image: there is no content] is attributed to stress and structural relaxation during post-annealing.

In addition to these well-investigated Ni- and Mn-based compounds, other FSMAs have been studied, i.e., Ni-Fe-Ga [21–23], Co-Ni-Al [24,25] and Co-Ni-Ga [26–29]. The Co-Ni-Ga Heusler system was intensively studied as a promising alternative to Ni-Mn-Ga alloys, especially for high-temperature shape memory device applications [30–37]. Co-Ni-Ga compounds generally exhibit a dual-phase microstructure: a parent phase (β) and a non-transformable secondary phase (γ). The ductile Ni-rich γ-phase enhances the overall workability of the Co-Ni-Ga alloys. Owing to the absence of a modulated or layered structure in martensite, the magnitude of the magnetic field-induced strain (MFIS) in Co-Ni-Ga alloys is normally much smaller than that of Ni-Mn-Ga alloys [38]. Even so, Co-Ni-Ga compounds are still promising candidates as classical thermally-triggered shape memory materials.

The effects of annealing on the structural and magnetic phase transformation of Co-Ni-Ga compounds have been reported for bulk and ribbon samples [27,39,40]. Liu et al. [27] studied the effects of annealing temperature and cooling conditions on the structure and martensitic transformation of bulk Co46Ni27Ga27. It was found that the martensitic transformation temperature increased monotonically with increasing annealing temperature and quenching rate. The precipitation of the non-transformable γ-phase can be avoided if the annealing temperature is higher than 1393 K. Sarma et al. [39] observed a similar correlation between the annealing temperature and the martensitic transformation in Co47Ni23Ga30 ingots. It was also found that a higher annealing temperature significantly increased the Curie temperature and moderately decreased the amount of the γ-phase. Dai et al. [40] found that annealing of the Co50Ni20Ga30 ribbons at 673 K suppressed the martensitic transformation and significantly influenced their magnetic properties. Post-annealing at higher temperatures (>873 K) and quenching recovered the martensitic phase transition of the Co50Ni20Ga30 ribbons. This was attributed to the elimination of the precipitates and weight fractional variations of the transformable β-phase and the non-transformable γ-phase by the post-annealing.

To our knowledge, no study on the effect of annealing on the martensitic phase transformation of nanostructured Co50Ni21Ga32 nanoparticles, and Mn50Ni40Sn10 and Mn50Ni41Sn9 powder has been conducted. Herein, we report on the synthesis and annealing-dependent martensitic phase transformation of Co50Ni21Ga32 nanoparticles, and powdered Mn50Ni40Sn10 and Mn50Ni41Sn9 alloys.

This paper is divided into two parts. First, we present the results for the Mn50Ni40Sn10 and Mn50Ni41Sn9 powder, followed by the results for the Co50Ni21Ga32 nanoparticles. In the following, the as-prepared powder is that which resulted from the melting of the elements, performing a heat treatment with quenching and grinding in a mortar. The post-annealed powder is that subjected to a subsequent annealing procedure without quenching. CNG_AS denotes the as-prepared Co50Ni21Ga32 nanoparticles and CNG_AQ the annealed and quenched Co50Ni21Ga32 nanoparticles.



2. Results and Discussion


2.1. Mn50Ni40 Sn10 and Mn50Ni41 Sn9 Powder


2.1.1. Microscopic Analysis

In order to investigate the effect of annealing on the martensitic transformation in Mn-rich Ni-based FSMAs, the alloys Mn50Ni40Sn10 and Mn50Ni41Sn9 were synthesized and characterized by optical and scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDXS). Figure 1 shows the bright field and back-scattered electron micrographs of Mn50Ni40Sn10. Both methods exhibit a matrix with an embedded secondary phase, which indicates a two-phase material; the composition of the main phase is Mn47.0Ni41.8Sn11.2, and that of the secondary phase is Mn68.9Ni28.8Sn2.3. The errors of the SEM/EDX analysis are estimated with ±0.5 at%. This secondary phase, which contains a high amount of Mn, is described as the γ-phase in the literature [41]. Liu et al. [41] reported the presence of this phase in Ni-Fe-Co-Ga alloys and ascribed the absence of martensitic transformation in the altered austenitic matrix to the γ-phase.

Figure 1. Optical and SEM/EDXS-micrographs of Mn50Ni40Sn10: (a) bright field and (b) back-scattered electron images; (c) bright field and (d) secondary electron images of Mn50Ni41Sn9.
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In the current study, it was found that a tiny variation of the composition of approximately 1 at% changes the microstructure completely, as shown for Mn50Ni41Sn9 in the bright field image in Figure 1c and the secondary electron image in Figure 1d. This microstructure, with its martensitic domains and needle-like shapes, reveals a martensitic structure at room temperature (r.t.), which confirms a martensitic transformation. For this alloy, SEM/EDXS analysis revealed a composition of Mn48.9Ni41.7Sn9.4, which is close to the nominal composition.

Additionally, inductively-coupled plasma-optical emission spectroscopy (ICP-OES) analysis was performed to verify the powder compositions. The results showed that the mean analytical composition of the alloy Mn50Ni40Sn10 was Mn49.9(1)Ni40.2(1)Sn10.0(1), which is close to the nominal composition. For the compound Mn50Ni41Sn9, an analytical composition of Mn49.7(1)Ni41.3(1)Sn9.0(1) was obtained. Therefore, the analytical compositions of these alloys are in good agreement with their nominal compositions.



2.1.2. Phase Analysis

To support the results from the microstructure analysis of Mn50Ni40Sn10, X-ray diffraction (XRD) analysis was performed. Figure 2 shows the r.t. XRD patterns of the as-prepared and the post-annealed powders. Most of the Bragg reflections of the XRD pattern of Figure 2a can be attributed to a cubic Heusler-type crystal structure with the space group (sg) 225 [image: there is no content] and a lattice parameter a = 5.997(2) Å. This result indicates an austenitic crystal structure at r.t.

Figure 2. XRD pattern of Mn50Ni40Sn10 at r.t. for (a) as-prepared and (b) post-annealed powders. “A” indicates the austenite and “γ” the fcc Mn-Ni phase. Mn-rich impurities are labeled by asterisks.
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However, in Figure 2a, a second phase could be referred to the diffraction pattern, which belongs to the fcc γ-phase of Mn-Ni with a lattice parameter of a = 3.724(4) Å. Both determined crystal structures support the EDXS analysis, which resulted in analytical compositions of Mn47.0Ni41.8Sn11.2 and Mn68.9Ni28.8Sn2.3. This γ-phase is known to be present in Ni-based Heusler alloys, as reported in the literature [41–43], appearing as a secondary phase next to the austenite. Thus, the γ phase is attributed to a reduction of the magnetization change during the martensitic transformation and to a vanishing of the martensitic transformation.

After annealing the powder in order to reduce the stress, the Bragg reflections shown in Figure 2b are much sharper, resulting again in a cubic Heusler-type crystal structure [image: there is no content] with a lattice parameter of a = 5.993(1) Å and an fcc γ-phase with a lattice parameter of a = 3.711(1) Å.

Concerning Mn50Ni41Sn9 (Figure 3a), the Bragg reflections are significantly different from those of the Mn50Ni40Sn10 alloy, probably due to a slightly lower Sn-content. At r.t. Mn50Ni41Sn9 reveals a martensitic tetragonal crystal structure (P4/mmm, CuAu structure type, sg: 123) with lattice parameters of a = 2.773(1) Å and c = 3.444(2) Å. The corresponding c/a-ratio is approximately 1.24. In addition to this martensite, there is also an austenitic phase with a lattice parameter of a = 2.990(1) Å [image: there is no content], tungsten structure type, sg: 229). A crystal structure with a higher order (CsCl structure type, ( [image: there is no content], sg: 221) is indicated by a tiny Bragg reflection at 2θ = 53.72°, which is not indexed to the tungsten structure type.

Figure 3. XRD pattern of Mn50Ni41Sn9 at r.t. for (a) as-prepared and (b) post-annealed powders. “A” indicates the austenite and “M” the martensite. Results of Le Bail fitting are shown in (b) (Rwp = 10%).
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After recrystallization of the post-annealed powder, the diffraction pattern becomes more complex. The diffraction pattern could be indexed to a 7M superstructure cell with lattice parameters of a = 4.304(5) Å, b = 5.984(5) Å, and c = 42.223(7) Å and β = 93.97(2)°, using a Le Bail fitting, which is shown in Figure 3b. These lattice parameters are similar to those of the superstructure cell in the Ni-Mn-Ga FMSA [44–46]. It should be noted that owing to strong reflection overlap in the Le Bail fitting, it is not possible to exclude the presence of the austenitic phase at r.t. in this sample.



2.1.3. Magnetic Properties

The magnetic properties were determined by magnetometry. Figure 4a shows the temperature-dependent magnetization analysis of the as-prepared Mn50Ni40Sn10 powder with applied fields, µ0H, of 0.1, 2 and 7 T in the field cooling and field heating modes, starting from 400 K. Concerning Mn50Ni40Sn10 at µ0H = 0.1 T, three phase transformations are shown (from low to high temperature): (i) a magnetic transformation in the martensite with a Curie temperature, [image: there is no content]; (ii) a magnetostructural transformation with a martensitic start temperature, Ms, a martensitic finish temperature, Mf, and an inflection point of the martensitic transition, TM; and (iii) a magnetic transformation in the austenite with a Curie temperature, [image: there is no content]. Thus, Mn50Ni40Sn10 possesses martensitic transformation temperatures of Ms = 221 K, Mf = 175 K and TM = 202 K and two Curie temperatures for the martensite and austenite phases of TCM=144K and TCA=274K, respectively. The martensitic transformation temperatures are below r.t. Therefore, the austenite phase found at r.t. from the XRD analysis is verified.

Figure 4. Temperature dependence of magnetization of Mn50Ni40Sn10 in applied fields of µ0H = 0.1, 2 and 7 T during heating and cooling modes for (a) as-prepared and (b) post-annealed powders.
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Additionally, the magnetization change during the martensitic transformation is 30 Am2 kg−1, which indicates a different magnetic order between the martensite and austenite. Thus, the martensite orders ferrimagnetically, whereas the austenite orders ferromagnetically.

The magnetization change at µ0H = 7 T is increased by 55% and TM decreases with further increasing of µ0H from TM,0.1T = 202 K to TM,7T = 189 K, which is ascribed to a field-induced first order magnetostructural transformation. A reduced thermal hysteresis ∆THyst of 7 K, as compared to other Heusler alloys [11,14], was obtained, which is comparable with the results published by Han [12] and Ma et al. [18]. However, ∆THyst remains constant with increasing of µ0H, resulting in a possible reduction in energy consumption in magnetocaloric applications, contrary to Ni-rich Ni- and Mn-based Heusler alloys [11,14].

Figure 4b displays the thermomagnetic curves of this alloy as a post-annealed powder using conditions similar to those of the as-prepared powder. Comparing both at µ0H = 0.1 T, the martensitic transformation temperatures are very sensitive to the annealing method. Thus, Ms, Mf and TM are decreasing, whereas [image: there is no content] is increasing (for more details, see the Supplementary Information, Tables S1 and S2). Comparable results are known in Ni-rich Ni-and Mn-based Heusler alloys [19,20]. A similar feature has been found for Ni-Co-Mn-In alloys and is attributed to the modification of the atomic sites (order-disorder), the Mn-Mn distances and the Mn-Mn exchange coupling [47–50]. Additionally, based on this, the Fermi surface and the Brillouin zone boundary can be affected [50–53]. Therefore, for the post-annealed powder, the magnetization change during the martensitic transformation is decreased by one-third and remains constant with increasing µ0H up to 7 T, indicating similar magnetic order of the martensite and austenite, i.e., ferromagnetism.

At µ0H = 0.1 T, ∆THyst is increased significantly by 17 K, which is comparable to Ni-rich Ni- and Mn-based Heusler alloys [11,14]. However, for Ni-rich Ni-Mn-Sn Heusler alloys reported by Schlagel, McCallum and Lograsso [19] and Xuan et al. [20], the effect of annealing increased the magnetization change during the martensitic transformation. This was also observed for Ni-rich Ni-Mn-Co-In Heusler alloys, reported by Ito et al. [47]. Therefore, the impact of atomic ordering on annealing in terms of the martensitic transformation are different between Mn-rich Ni- and Mn-based Heusler alloys because of atomic site occupation of the Ni and Mn atoms. A recently reported study of the crystal structure of Mn-rich Mn1.8Ni1.2Sn by our group [54] identified the disorder on the Wyckoff positions 4d and 4c, by Ni and Mn atoms and their effects on the magnetic and transport properties.

Concerning the temperature-dependent magnetization of Mn50Ni41Sn9, shown in Figure 5a, a small variation in composition of 1 at% increases Ms, Mf and TM to higher temperatures (see the Supplementary Information, Tables S3 and S4). Thus, at r.t., the martensite and austenite are found to be present, verifying the crystal structures of the as-prepared powders shown in Figures 2a and 3a as determined by XRD analysis at r.t.

Figure 5. Temperature dependence of magnetization analysis of Mn50Ni41Sn9 in applied fields of 0.1 and 2 T during heating and cooling for (a) as-prepared and (b) post-annealed powders.
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Comparing the magnetization of the austenite and martensite during the martensitic transformation at µ0H = 0.1 T, the differences are quite small, which means that the martensite shows paramagnetism and the austenite orders antiferromagnetically. Thus, the main contribution during the martensitic transformation comes from the structural distortion. At µ0H = 2 T, the magnetization change reaches a value of 20 Am2 kg−1, showing a sharp martensitic transformation.

As shown in Figure 5b, the temperature-dependent magnetization of the post-annealed powder is different from that of the as-prepared powder owing to a modified atomic site phenomena, which is verified by the variation of the crystal structures of both powders (see Figure 5).

However, for the post-annealed powder shown in Figure 5b, no clear magnetization change during the martensitic transformation was observed, indicating a similar magnetic coupling of the Mn atoms of the austenite and martensite. Additionally, the ferromagnetic ordering of the austenite increases, which indicates stabilization of the austenitic phase. Therefore, the martensitic transformation merges with TC of the martensite and austenite. A similar phenomenon on the magnetization curve could be observed for Ni-Mn-Sn thin films [55]. The Curie temperatures of the austenite, [image: there is no content], and martensite, [image: there is no content], increase with increasing applied field from µ0H = 0.1 T to 2 T ( TC,0.1TM=153Kvs. TC,2TM=217K and TC,0.1TA=303Kvs. TC,2TA=331K).




2.2. Co50Ni21Ga32 Nanoparticles


2.2.1. Microscopic Analysis

Figure 6a,b shows the TEM micrograph and particle-size distribution, respectively, of the as-prepared Co50Ni21Ga32 nanoparticles. The average particle size is 120 nm, with a broad size distribution in the range of 50–200 nm. As shown in Figure 6c, there are also some Co50Ni21Ga32 nanorods and nanowires co-existing with the spherical nanoparticles.

Figure 6. (a,c) TEM micrographs and (b) particle-size distribution of the as-prepared Co50Ni21Ga32.5 nanoparticles CNG_AS.
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2.2.2. Crystal Structure of Co50Ni21Ga32 Nanoparticles

Figures 7 and 8 show the XRD patterns of CNG_AS and CNG_AQ Co50Ni21Ga32, respectively. The XRD-derived structural parameters (unit cell parameters, volume and weight content of the phases) and Rietveld fitting quality factors are compiled in Table 1. The XRD patterns exhibit an amorphous halo due to the amorphous mesoporous SBA-15 silica. According to phase analysis and quantitative Rietveld fitting, two modifications with the Co2NiGa nominal composition are present in the as-prepared nanoparticles (Figures 7). The main phase observed (94.5(1.6) wt% content) is a cubic β phase with a B2 partial ordering ( [image: there is no content], sg: 221, Inorganic Crystal Structure Database (ICSD) Code 169729 [35]) and a unit cell parameter of a = 2.8752(1) Å. As a minor phase with a content of 5.5(1.1) wt%, a fully-ordered γ phase with a slightly tetragonally distorted structure (P/4mmm, sg: 123, ICSD Code 157788 [34]) and unit cell parameters of a = 3.580(3) Å and c = 3.567(5) Å is detected (Table 1). In the β Co2NiGa structure with B2-type ordering, the Ni and Ga atoms occupy the same position, whereas in the tetragonal γ-phase, different atoms are placed in different positions [34,35] and the unit cell volume is approximately two-times larger than that of the β phase. The B2-type ordering in the β phase is clearly indicated by the presence of the weak reflection, with Miller indices hkl = 100 at 2θ = 31.12° and the distinct absence of the superlattice reflection at 2θ = 26.87°, which is characteristic of the β-phase with L21 atomic ordering (hkl = 111 for the L21-type β-structure).

Figure 7. Experimental and the Rietveld-fitted XRD patterns of as-prepared Co50Ni21Ga32 nanoparticles. The central-angle 2θ positions of the Bragg reflections according to the refined unit cell parameters of the phases are indicated by bars at the bottom. The difference curve is also shown at the bottom. Miller indices, hkl, of the selected observed reflections of the β (B2-type ordering) and γ phases are indicated. The inset shows the scaled XRD pattern for better visualization of the fitting of the weak reflections.
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Figure 8. Experimental and Rietveld-fitted XRD patterns of annealed/quenched Co50Ni21Ga32 nanoparticles. The central-angle 2θ positions of the Bragg reflections according to refined unit cell parameters of the phases are indicated by bars at the bottom. The difference curve is also shown at the bottom. Miller indices hkl of the selected observed reflections of the β (B2-type ordering) and β′ phases are indicated. The inset shows the scaled XRD pattern for better visualization of the weak reflections. Non-indexed reflections are marked by triangles (probably 112 and 224 reflections of the Ga7Ni3 phase).
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Table 1. Structural parameters (unit cell parameters and weight content of the phases) and the Rietveld fitting quality factors of Co50Ni21Ga32 nanoparticles. The estimated standard deviations (e.s.d.s) are indicated in round brackets.



	
ID

	
Phase

	
Space Group

	
Unit Cell Parameters



	
Wt Fractiona (wt%)

	
Rietveld Fitting Quality Factors






	
a (Å)

	
c (Å)

	
Rwpb (%)

	
Rwpc (%)

	
Rwpd (%)

	
Me.s.de






	
CNG_AS

	
β

	
[image: there is no content]

	
2.8752(1)

	
a

	
94.5(1.6)

	

	

	
2.10

	
3.14




	
γ

	
P4/mmm

	
3.580(3)

	
3.567(5)

	
5.5(1.1)

	
1.73

	
15.25

	
6.85

	




	
CNG_AQ

	
β

	
[image: there is no content]

	
2.8763(1)

	
a

	
72.2(1.4)

	

	

	
2.12

	
2.46




	
β′

	
P4/mmm

	
3.6691(4)

	
7.331(2)

	
27.8(3.5)

	
1.26

	
10.56

	
6.26

	






athe amorphous SBA-15 phase and non-identified crystalline phase (for CNG_AQ) are not taken into account;bweighted profile factor;cbackground-corrected weighted profile factor;dBragg factor;eBerrar’s factor.




As shown in Figure 8, considerable changes occur in the crystalline phase composition and content after heat treatment. The minor tetragonal γ-phase disappears, and the content of the B2-type ordered Co2NiGa β-phase decreases to 72.2(1.4) wt%, whereas its unit cell parameter increases to a = 2.8763(1) Å. The formation of a rather large amount of the highly ordered Co2NiGa martensite phase (β′) is observed (27.8(3.5) wt%) according to the results of the Rietveld quantitative analysis. In the β′-phase (sg: 139, I/4mmm, ICSD Code 169733 [35]), the Co, Ni and Ga atoms are placed in different atomic positions, similar to what occurs in the γ-phase, but with approximately twice the unit cell volume, owing to the two-times larger tetragonal unit cell parameter c. Recently, the structure of the Co2NiGa (β′) phase was theoretically predicted [35] by means of density functional theory (DFT) calculations. According to Arróyave et al. [35], the tetragonal Co2NiGa (β′) phase exhibits the greatest structural stability among Co2NiGa modifications. Thus, annealing results in a partial β → β′ phase transformation from the partially ordered β phases (B2-type of ordering) to the highly ordered tetragonal β′ that has a unit cell volume approximately four-times larger than that of the β phase. The presence of the different Co2NiGa phases (β, β′ and γ) is confirmed experimentally by the good quality of the Rietveld fitting of the XRD patterns (Figures 7 and 8) reflected in small values of the fitting agreement factors and structural Bragg factors (see Table 1).

The crystallite size was analyzed using the Scherrer equation. It was revealed that the crystallite size of the β (B2-ordered) phase (D = 45(8) nm) is larger than that of its γ counterpart (D = 33(6) nm) for CNG_AS, whereas annealing resulted in crystallites of nearly the same size for the β (B2-type ordered) and β′ crystallites, i.e., 54 nm. The crystallite size of the unknown phase in CNG_AQ was D = 69(16) nm. A comparison with TEM results shows that the Co50Ni21Ga32 nanoparticles are composed of either two or three nanocrystallites. This fact shows that the crystallite size derived from powder XRD analysis corresponds to the size of the coherent domains and not that of the particles observed by TEM.



2.2.3. Magnetism of the Co50Ni21Ga32 Alloys

The magnetic properties of Co50Ni21Ga32 nanoparticles changed significantly after annealing and quenching. As shown in Figure 9, large differences are observed in the thermomagnetic behavior of the two samples. The field-cooling (FC) and field-heating (FH) curves of the CNG_AS sample are dissimilar, and the divergence is visible across the entire measured temperature range. The origin of the observed anomaly is unclear, but it is expected to be unrelated to the martensite transformation, since a transformation hysteresis was not observed. It is also probably associated with the presence of the γ phase, because a similar thermomagnetic feature was observed in Co50Ni21Ga32 nanoparticles of a single γ phase. Further investigations are required to clarify this point. In comparison, the FC and FH curves of the CNG_AQ sample almost match, indicating the absence of martensite transformation across the measured temperature range. As pointed out by Brown [32], the martensite transformation in Co-Ni-Ga alloys does not occur abruptly, and it normally covers a broad temperature interval (even larger than 200 K). Therefore, in addition to the low weight fraction of the Co50Ni21Ga32 phase in the nanoparticles, it is expected that thermomagnetic measurements might not be appropriate for probing the martensitic transformation in shape memory Heusler nanoparticles, such as Co50Ni21Ga32. Instead, temperature-dependent XRD or neutron diffraction analysis might be a more suitable method. Furthermore, the magnetization of the CNG_AQ sample was much lower than that of the CNG_AS sample. This might be due to the absence of a γ phase after annealing, which contributes significantly to the magnetization of the two-phase Co50Ni21Ga32 nanoparticles.

Figure 9. Temperature-dependent magnetization (M - T) curves of Co50Ni21Ga32 nanoparticles before and after annealing. FC, field cooling; FH, field heating. Applied magnetic field: 0.1 T.
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3. Materials and Methods


3.1. Experimental Details of the Mn50Ni40Sn10 and Mn50Ni41Sn9 Alloys

Bulk Mn50Ni40Sn10 and Mn50Ni41Sn9 alloys with a total mass of 5 g were prepared by inductive melting of the elements (Ni foil, 99.9%, ChemPur; Mn pieces, 99.99%, ChemPur; Sn granules, 99.999%, ChemPur) in Al2O3 crucibles (Ø = 10 mm, Friatec, Al23). The total mass loss was ≤ 1 wt%. A subsequent heat treatment for 3 weeks was performed by encapsulating the alloys in an arc-welded tantalum ampoule at 0.3 bar Ar and jacketing them in an evacuated fused quartz glass ampoule. The Mn50Ni40Sn10 sample was annealed at 973 K (onset of melting at To = 1188 K from DSC analysis) and the Mn50Ni41Sn9 sample at 1073 K (To = 1,205 K). Lastly, both alloys were quenched in ice-water by shattering the silica ampoule.

For post-annealing, the powders were ground in a WC/Co mortar and an agate mortar and sieved to grain sizes, d, of ≤ 50 µm for Mn50Ni40Sn10 and 100 µm for Mn50Ni41Sn9. Subsequently, the powders were enclosed in an arc-welded tantalum ampoule at 0.3 bar Ar, which, in turn, was jacketed by an evacuated fused quartz glass ampoule. Finally, both ampoules were annealed for 24 h at 873 K and cooled to r.t. over 48 h.

To characterize the alloys, powder XRD measurements were performed at r.t. using an image-plate Huber G670 Guinier camera, Rimsting, Germany equipped with a Ge(111) monochromator. The compounds were analyzed by using Cu-Kα1 radiation (λ = 1.540598 Å) in the range 10° ≤ θ ≤ 100°. A small amount of powder was homogeneously dispersed on Mylar foil. The WinXPOW package [56] was used to determine the lattice parameters. The Le Bail fitting was carried out by Jana, 2006 [57].

Thermal analysis was performed with a differential scanning calorimeter (DSC/TG Netzsch STA 449C, Selb, Germany) at a heating rate of 10 K/min from r.t. to a maximum temperature of 1673 K.

ICP-OES by means of a spectrometer VISTA (Varian Inc., Palo Alto, CA, USA) was used to analyze the final composition after annealing. Chemical analysis by EDXS was performed, and SEM images of secondary electrons and back-scattered electrons were taken using a Philips XL30 system, (SEMTech Solutions, Amsterdam, The Netherlands) with a LaB6 cathode and an XFLASH® detector, (Bruker, Billerica, MA, USA) at 15 kV. Wavelength dispersive X-ray spectroscopy analysis was done using a Cameca SX-100 electron probe analyzer, (CAMECA, Gennevilliers, France) and elemental standards.

Magnetic properties were investigated by means of a commercial system (VSM, quantum design, San Diego, CA, USA). The temperatures for the magnetic properties measurements were in the range from 1.8 to 400 K.



3.2. Experimental Details of the Co50Ni21Ga32 Nanoparticles

All chemicals were purchased from Sigma-Aldrich, (St. Louis, MO, USA) or Alfa Aesar, (Ward Hill, MA, USA) and used as-received. The nonionic triblock copolymer, Pluronic P123 (MW 5800), and tetraethoxysilane (TEOS) were used as a structure-directing surfactant and silicon source, respectively. Furthermore, the precursors for the Co50Ni21Ga32 nanocrystals were CoCl2 × 6H2O (99.9%), Ni(NO3)2 × 6H2O (99.999%) and Ga(NO3) × H2O (99.9%).

First, mesoporous SBA-15 silica was prepared as the template for the Co50Ni21Ga32 nanoparticles. Four grams of Pluronic P123 were dissolved into a solution consisting of 30 g of water and 120 mL of 2 M HCl at 310 K and stirred overnight. Subsequently, 8.5 g of TEOS was vigorously stirred for 24 h into the clear solution at the aforementioned temperature. The milky suspension was then transferred to a 250-mL polypropylene storage bottle and hydrothermally treated at 353 K for 24 h. The solid product was recovered, washed with deionized water and air-dried at r.t. in the chemical hood. The dried SBA-15 powders were then slowly heated at 1 K/min to 773 K and annealed for 6 h in order to remove the structure-directing agents.

The Co50Ni21Ga32 nanoparticles were prepared using 1 g of SBA-15 as the template. The amounts of precursor salts were 0.234 g (0.98 mmol) of CoCl2 × 6H2O, 0.144 g (0.49 mmol) of Ni(NO3)2 × 6H2O and 0.22 g (0.65 mmol) of Ga(NO3) × H2O. First, the precursor salts were dissolved in 50 mL of methanol and then mildly ultrasonically vibrated for 10 min. Subsequently, 1 g of SBA-15 silica was added to the precursor solution, and the suspension was ultrasonically vibrated for another 20 min. The methanol was removed by a rotor evaporator, and the dried powder (200 mg) was heated at 10 K/min, under H2 atmosphere to 1123 K and held at this temperature for 6 h.

The chemical composition of Co50Ni21Ga32 and the metal-to-silica weight ratios were obtained by a chemical analysis method using ICP-OES by means of the VISTA spectrometer (Varian Inc., Palo Alto, CA, USA). The as-prepared Co-Ni-Ga nanoparticles were found to have a Co50Ni21Ga32 composition, and the weight fraction of Co50Ni21Ga32 in the Co50Ni21Ga32/silica nanocomposites was 13.45 wt%.

Suspensions of SBA-15-supported Co50Ni21Ga32 nanoparticles were used for TEM sample preparation. Several drops of the suspensions were loaded onto a carbon-coated copper grid and transferred to the microscope after being completely dried. The average particle size was evaluated by counting more than 100 individual particles. A Tecnai 10 TEM system (FEI, Eindhoven, The Netherlands) equipped with a LaB6-source at an acceleration voltage of 100 kV was used to investigate particle morphology, size distribution and electron diffraction. Images were recorded with a F224HD 2k slow-scan charge-coupled device (CCD) camera (Tietz Video and Image Processing Systems, Gauting, Germany).

The crystal structure of the Co50Ni21Ga32/SBA-15 nanocomposite system was investigated by powder XRD technique. An X’Pert PRO diffractometer designed in Bragg–Brentano geometry and supplied with a solid-state X’Celerator linear detector was used (PANalytical B.V., Almelo, The Netherlands). The Cu-Kα1-radiation of the Cu anode of the X-ray tube (λ = 1.540598 Å) monochromatized by a primary Johansson-type Ge(111) monochromator was utilized. Additionally, XRD measurements of the powder samples mixed with the Si 640c powder internal standard (National Institute of Standards, Gaithersburg, MD, USA) were performed. The recorded XRD patterns of the samples were corrected to the ∆2θzero shift using these data as an external standard. The contribution of the substrate was corrected by subtracting the XRD pattern of the substrate measured with high counting statistics.

The microstructure calculations for Co50Ni21Ga32 samples were carried out by means of the program SIZECR [58]. First, an appropriate correction of the instrumental broadening according to the pseudo-Voigt profile type of the reflections observed [59] was performed. The inconsistency of the observed XRD reflection broadening with the presence of the microstrains in the Co50Ni21Ga32 crystallites was established. Finally, the average sizes of XRD crystallites of the Co50Ni21Ga32 phases were calculated from Scherrer’s equation assuming zero microstrain contribution.

Using the recorded XRD patterns and ICSD [60], the phase analysis was carried out. To confirm the results of the phase analysis and to obtain the quantitative characteristics of the observed crystalline phases, Rietveld fitting of the XRD patterns was carried out by means of the Rietveld program WinCSD [61]. The weight scheme wi = 1/yi was used in the Rietveld fitting, where yi is the intensity recorded at the 2θ-step i of the XRD pattern. The isotropic overall temperature factors Biso,overall of the atoms were refined for each phase. To neglect the contribution of the amorphous SiO2 (SBA-15), the XRD patterns were cut at diffraction angles 2θ of less than 23°, where no XRD reflections of the crystalline phases were observed. At higher angles, the residual amorphous contribution was modeled by a background function. The estimated standard deviations (e.s.d.s) of the crystalline phase parameters were obtained in the Rietveld refinement and were underestimated owing to serial correlations. These were corrected by multiplication on the correcting coefficients, Me.s.d. (see Table 1), calculated by means of Berrar’s procedure [62] implemented in WinCSD.

Additionally, for the CNG_AQ sample, two non-indexed reflections of an unknown phase were detected at 2θ = 25.88° and 53.22° (marked by triangles in Figure 8). The first one is more intensive, whereas the second one is very weak. According to the 2θ values, these reflections can be attributed to an intermetallic phase with a nominal composition of Ga7Ni3 (Immm, space group No. 229, ICSD Code 408313 [63]) with a calculated unit cell parameter of a = 8.225(4) Å. This phase is probably characterized by a highly preferred orientation along [112], resulting in the observation of only the two reflections mentioned above (with hkl = 112 and 224, respectively). Owing to a small amount of this phase and the limited number of the reflections observed, attempts to take this phase into account during the Rietveld fitting failed. Finally, for the CNG_AQ sample, the cutting was done at 2θ = 28° in order to exclude the contribution of the most intensive reflection of this phase.

In order to investigate the magnetic properties of Co50Ni21Ga32 nanoparticles before and after annealing, temperature-dependent magnetization (M – T) measurements were conducted. These measurements were performed under a small magnetic field of 0.1 T from 300 to 1.8 K (field cooling) and then from 1.8 to 300 K (field heating) using the commercial magnetometers Quantum Design MPMS-XL-7 and MPMS-3. The actual magnetization of the Co50Ni21Ga32 nanoparticles was calculated based on the weight fraction of the nanoparticles in the nanocomposites. The nanoparticle samples were fixed in a quartz capillary with molten paraffin wax in order to avoid unwanted sample movement during the measurements.




4. Conclusions

In conclusion, we studied the effect of annealing on powdered Mn50Ni40Sn10 and Mn50Ni41Sn9 alloys and on Co50Ni21Ga32 nanoparticles. Concerning the as-prepared powders of Mn50Ni40Sn10 and Mn50Ni41Sn9, a slight change in the Sn-content increased the martensitic transformation temperatures, resulting in an austenitic phase for Mn50Ni40Sn10 and a martensitic phase for Mn50Ni41Sn9 at r.t. The annealing of both alloys resulted in changes to the crystal structure of the martensite of Mn50Ni41Sn9 owing to a stabilization of the austenitic phase. It also resulted in a decrease of the martensitic transformation temperatures and an increase in the thermal hysteresis during the martensitic transformation. This might be associated with a release of stress during the annealing process.

We also investigated the annealing effect on Co50Ni21Ga32 nanoparticles. XRD analysis showed the absence of a martensitic phase in the as-prepared Co50Ni21Ga32 nanoparticles at r.t. After the heat treatment, a martensitic phase with a tetragonal crystal structure formed together with a parent austenitic phase. Thermomagnetic measurements revealed a pronounced decrease in magnetization of the annealed nanoparticles, which is consistent with the variations of the crystal structure. The intrinsic features in the martensite transformation of Co50Ni21Ga32 compounds make it difficult to probe the phase transition by temperature-dependent magnetic measurements.
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