Enhancing magnetostriction in FeAl alloys via crystal growth orientation tuning by a trace amount of Pt doping
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Abstract:
Iron-based cubic alloy systems opened the door to the development of magnetostrictive materials with moderate magnetostriction, low cost, and good mechanical properties. At the as-cast state, the grain growth orientation of these alloy systems is close to random, which deteriorates magnetostriction. Doping with certain elements can tune the growth orientation to enhance magnetostriction. However, the driving force for the crystal growth along preferential orientation is still not clear. Here in this work, revealed by density functional theory (DFT) calculation, Pt doping can tune the crystal growth direction of FeAl along <100> crystal direction (same as easy magnetization direction), which can be utilized to realize 90° domain-switching and thus magnetostriction is enhanced greatly. These are confirmed by experimental results. The magnetostriction increases from 29 ppm to 80 ppm, representing a 176% enhancement through doping with 0.4% Pt. The maze magnetic domain structures, observed by magnetic force microscope, are also preferentially <100> oriented and feature stripes. In consideration of the similarity between this study and our previous study on FeGa alloy (C. Zhou et.al., 2020), it can be expected that our methods can be extended to other magnetostrictive materials and help develop polycrystals with desired orientations.
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1.Introduction
Rare-earth-based magnetostrictive materials have been commercially used in energy conversion, sensors, and actuators [1]. However, they exhibit limitations in terms of poor mechanical properties and elevated costs [2]. Kinds of promising alternatives have been found in iron-based ferromagnetic alloys, such as FeGa (Galfenol), FeAl, and FeGe [3, 4]. FeAl alloys, despite lower magnetostriction, are particularly appealing due to their low cost (even compared to FeGa alloys), excellent mechanical properties [5], abundant constituent elements, excellent oxidation resistance [6], and temperature insensitivity [3]. How to effectively enhance their magnetostriction is the key question. 
Doping with certain elements has been found an effective tool to enhance the magnetostriction of FeAl alloy, via texture tuning and tetragonal distortion [7]. A drastic enhancement of the magnetostriction up to 5 times was achieved by 0.2 at.% Tb doping in FeAl melt-spun ribbons [8]. In as-cast Fe81Al19 samples, the magnetostriction coefficient reaches the maximum of 146 ppm by doping with 0.1% Tb, compared to 27 ppm of undoped samples [9]. Uribe-Chavira et al. got similar results, and the magnetostriction value increased from 33 ppm for the undoped alloy to 90 ppm for 0.027% Tb doped alloy [10]. By doping with 2% B, the magnetostriction of Fe80Al20 alloy system was enhanced from 40 ppm to 78 ppm [7]. By doping with Tb, the texture was tuned and resulted in preferential orientation along with the <100> direction [9, 10]. This crystal growth orientation tuning has also been found in FeGa alloys, doped with Tb [11], Er [12], Pt [13], Sm [14]. However, the driving force for the crystal growth along preferential orientation is still not clear in FeAl alloys.
Our previous work on FeGa proposed to utilize the 90°-domain switching to improve the magnetostriction of Galfenol by tuning the crystal growth direction (CGD) along the easy magnetization axis (EMA), namely <100> [13]. It was fulfilled by doping with a trace amount of Pt in Fe-Ga alloy. If our understanding of the magnetostriction of Fe-based alloys and the model we established are correct, then this method should also be applicable to FeAl alloy, another system very similar to FeGa alloy. By density functional theory (DFT) calculation, it is revealed that (100) planes demonstrate greater energetic stability compared to (110) planes and become an easily-growth surface after Pt doping. This crystal growth orientation tuning by Pt doping is confirmed by experimental results. The trace amount of Pt doping makes polycrystalline aggregates of Fe0.80Al0.20 alloy preferentially oriented along with the <100> crystal direction. Thus, magnetostriction is greatly enhanced. Magnetic domain structures are changed from maze-like to preferentially <100> oriented and feature stripes. The similarity of DFT calculation and experimental results between FeAl and FeGa alloys indicates that calculating the surface energy through DFT can successfully predict the doping elements that change the surface energy and thereby tune the crystal growth orientation.
2. Material and methods
The (Fe0.80Al0.20)100-xPtx alloys with the nominal compositions of x=0, 0.2, 0.4, 0.6 were prepared by arc-melting for 4 times in an argon atmosphere, with the raw materials of high-purity Fe (99.95%), Al (99.99%) and Pt (99.99%). To ensure composition homogeneity, the as-cast ingots were annealed at 1000°C in argon-sealed quartz tubes for 24 h. The microstructure and EDS mapping were measured in scanning electron microscope (SEM, JSM-7000F) with energy-dispersive X-ray analysis (EDX) on polished surfaces. The X-ray diffraction (XRD) patterns were measured using a Bruker D8 ADVANCE Diffractometer (Cu-Kα1, λ = 1.5406 Å), with the test voltage 40 kV and the current 40 mA. The lattice constants of (Fe0.80Al0.20)100-xPtx alloys were calculated using the Nielsen extrapolation method. Electron backscatter diffraction (EBSD, Gemini SEM 500 with Oxford EBSD System) was employed to obtain the grain orientations of electropolished samples with a scan step of 4 µm and pole figures were generated by ATEX [15]. Magnetic hysteresis loops were measured at 300 K using the superconducting quantum interference device-vibrating sample magnetometer (MPMS-SQUID, VSM-094). To observe an accurate magnetic domain structure of the samples, conventional mechanical polishing followed by additional polishing via a 0.04 μm silica suspension was used to eliminate the crystal damage layer on the sample surface. Magnetic domain patterns were performed at room temperature by magnetic force microscopy (MFM, Bruker Innova) with Co alloy coated silicon tips (Bruker MESP). The magnetostrictions were measured at 300 K using the standard strain gauge (KFL-2-120-C1-11, KYOWA) technique with magnetic field parallel and perpendicular to the gauges. The Vienna Ab-initio Simulation Package (VASP) was used to conduct DFT calculations [16]. The kinetic energy cutoff for wavefunction expansion was set to 400 eV. Monkhorst–Pack k-point grid of 3 × 3 × 3 and 3 × 3 × 1 was used for bulk and slab supercell, respectively. All other calculation parameters were consistent with our preceding investigation [13].
3.Results and Discussion
3.1 DFT calculation
In Fe0.80Al0.20 alloy, the microstructure presents a dendritically solidified matrix [7]. In cubic alloys, the minimum Young’s modulus direction influencing the strain energy minimization, and the minimum surface energy planes influencing the crystal/liquid interface energy minimization tune the dendritic growth direction [17, 18]. For Fe0.8Al0.2 alloy at 0℃, c11 = 185 GPa, c12 = 127 GPa, and c44 = 131 GPa; at 300℃, c11 = 179 GPa, c12 = 125 GPa, and c44 = 125 GPa [19]. Then, . Thus, the minimum Young’s modulus directions are <100> and the maximum Young’s modulus directions are <111>. So, there is no need to compare the surface energy planes of (111) planes after doping and it is not considered hereafter.
To find minimum surface energy planes in Fe-Al alloy, DFT calculation was conducted by considering different orientation surfaces. Owing to the random disorder A2 structures of Fe43Al11 alloy, the special quasirandom structure (SQS) approximation was used to construct a 3×3×3 BCC supercell whose stoichiometry is close to Fe0.8Al0.2. The bulk structure of Fe43Al11 was fully relaxed to obtain the benchmark. Based on the relaxed bulk structure, six atomic layer slabs of Fe-Al alloy perpendicular to different surfaces, (1 0 0) and (1 1 0), were built with different surface combinations in which pure iron surface slabs were excluded. Only one Pt atom was doped into each surface of Fe-Al slabs to observe the influence of Pt. The total energy and surface area of all the above structures are summarized in Table 1. The surface formation energy is defined as, in which Eslab and Ebulk are the total energy of slab and bulk while S is surface area, respectively. Considering multiple surface combinations, ES should be an average value of all slabs. 
As illustrated in Fig. 1, only one slab is depicted as a representative. The surface energy of (1 0 0) and (1 1 0) in the Fe-Al slab is  and corresponding to Figs. 1(a) and (b). The difference value between them is  which means that (1 1 0) plane demonstrates greater energetic stability compared to (1 0 0) plane. If the crystal/liquid interface minimization dominates the dendritic growth direction, the growth directions are likely to be <110> [17]. The replacement of Fe or Al by Pt on the above slab surface hardly change the atomic structures, as shown in Figs. 1(c) and (d), but the energy of (1 0 0) and (1 1 0) were changed to and respectively while the difference value is. Apparently, the energy relationship is reversed. This fact indicates that (1 0 0) is the minimum surface energy plane after Pt doping. So, preferred growth orientation (100) or <100> direction in solidification can be expected in Fe-Al alloy. Magnetostriction of FeAl alloy is largest along the easy magnetization axis, namely <100>. Tuning the crystal growth direction along the easy magnetization axis can enhance magnetostriction greatly.
[bookmark: _Ref156764454][image: ]
Fig. 1 The surface formation energies determined by DFT calculations: side view of atomic structures for (a) FeAl alloy slab along [100], (b) FeAl alloy slab along [110], (c) FeAl alloy slab along [100] with Pt doping on its surface, (d) FeAl alloy slab along [110] with Pt doping on its surface. Orange regions correspond to the higher energy surfaces, whereas the green regions represent the lower energy surfaces. The blue regions refer to the interior of crystals.


[bookmark: _Ref156756228]Table 1 Total energy of slab structures. The surface area of (100) and (110) slab is 75.184 Å2 and 105.377 Å2.
	Surface
	Fe-Al
	Fe-Al-Pt

	
	(100)
	(110)
	(100)
	(110)

	S1
	-384.789
	-786.062
	-388.887
	-786.781

	S2
	-386.552
	-782.170
	-385.693
	-784.052

	S3
	-385.389
	-783.571
	-386.872
	-785.369

	S4
	-386.306
	-786.063
	-387.115
	-785.741

	S5
	-383.879
	-782.180
	-387.103
	-783.835

	S6
	-382.136
	-783.570
	-386.058
	-784.680

	(eV/Å2)
	0.142
	0.134
	0.129
	0.132


3.2 Microstructure
Fig. 2 shows the microstructures of annealed (Fe0.80Al0.20)100-xPtx (x = 0, 0.2, 0.4, 0.6) alloys. As shown in Fig. 2(a1-d1), there are no obvious second phases. EDS mapping images presented in Fig. 2(a2-d4) illustrate the elements distribution. The Fe and Al elements are uniformly distributed. The Pt element is nearly not detected in 0.2% Pt doping sample. For x=0.4 and 0.6, Pt elements are detected as isolated points. It reveals that the heat treatment was enough for composition homogeneity.
[image: ]
Fig. 2 (a1-d1)Back-scattered electron (BSE) images of annealed (Fe0.80Al0.20)100-xPtx (x = 0, 0.2, 0.4, 0.6) alloys. (a2-d4) EDS mapping images of annealed (Fe0.80Al0.20)100-xPtx (x = 0, 0.2, 0.4, 0.6) alloys.
Fig. 3(a) shows XRD patterns of annealed (Fe0.80Al0.20)100-xPtx (x=0, 0.2, 0.4, and 0.6) alloys. We match the diffraction patterns against the PDF cards of A2 (disordered body-centered crystal (bcc)), B2 (FeAl, Pm3m) and D03 (Fe3Al, Fm3m) phases[20]. The presence of three peaks corresponds to (110), (200), and (211) peaks of A2 phase, indicating that these alloys are mainly composed of A2 phase. Some peaks, including (100) and (111) peaks from B2 phase, (200), (311) and (222) peaks from D03 phase, are not detected in the samples at all. So, it is reasonable to believe that the presence of the A2 phase is the only confirmable phase in the samples. From the Fe-Al binary phase diagram [21, 22], Fe80Al20 alloy is composed of two phases, A2 and D03, at room-temperature steady state. D03 phase in the form of short-range ordering was suggested by DSC curves [23]. Gorbatov OI et al. showed that short-range ordering was B2-type when annealing above Tc and D03 type when annealing below Tc [24]. However, sizes of these clusters are very small, and volume fraction is extreme low [25]. These clusters are out of the measurement sensitivity of laboratory XRD [26], despite Bormio-Nunes et.al. claiming that Fe3Al was found by laboratory XRD in Fe0.80Al0.20 [7]. It is also different from these studies which detected A2 and B2 structure by XRD in as-cast Fe81Al19 alloy [10]. Thus, we do not provide any quantitative analysis of the samples’ ordering effect, the same as the reference [27]. The lattice parameters, a of the samples are obtained from the XRD patterns in Fig. 3(a) and are plotted in Fig. 3(b). As shown in Fig. 3(b), lattice parameters first increases, then decreases and reach the maximum of 2.896 Å at x = 0.4. The lattice parameters increase due to the nonmagnetic Pt substitution and reverse possibly due to the formation of nanostructures. After doping with more Pt atoms, Pt atoms may tend to form compounds with clusters [28]. In this situation, the Al content decreases in the matrix and the lattice parameter decreases. So, there is a solid solubility limit of Pt into the A2 matrix of FeAl alloy. To reveal the crystal growth orientation tuning by Pt doping, the intensity ratios I200/I211 of the peaks of the planes (200) and (110) are plotted in Fig. 3(c). From x=0.0 to 0.6, I200/I110 first increases and then decreases, reaching the maximum of 30.9 at x = 0.4. This indicates that when Pt enters the A2 phase, (100) planes dominate at the growth surface. This is consistent with our DFT calculation results in Fig. 1. Thus, the crystal growth direction is tuned along <100>. 
[image: ]
[bookmark: _Ref156754327]Fig. 3 (a) XRD patterns at room temperature, (b) I200/I110 and (c) lattice parameters a of annealed (Fe0.80Al0.20)100-xPtx alloys.
To further confirm the crystal growth orientation tuning by Pt doping, EBSD tests were taken. The (100) polar figures are shown in Fig. 4. By doping with Pt, (100) orientation is preferred. When doping with 0.6% Pt, the (100) orientation decreases. This is consistent with the trend of the intensity ratios I200/I211.
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Fig. 4 {100} pole figures of annealed (Fe0.80Al0.20)100-xPtx alloys. (a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6.
3.3 Magnetic Properties
Fig. 5(a) shows the Pt content-dependent magnetostriction curves at 300 K. The un-doped FeAl sample (x=0) exhibits the magnetostriction of 29 ppm, which agrees with the previously reported values of 20–60 ppm and theoretical prediction [7, 29]. All the alloys doped with Pt demonstrate a higher magnetostriction value than the undoped alloy, as shown in Fig. 5(b). The composition x=0.4 shows the highest magnetostriction of 80 ppm, representing a 176% enhancement from that of undoped. This can be explained as follows. Both lattice parameters and I200/I110 obtain a maximum value at x=0.4. Larger lattice parameters mean that Pt enters the matrix and thus induces local distortion in the lattice, which enhances λ100 [29, 30]. Larger I200/I110 means (Fe0.80Al0.20)99.6Pt0.4 alloy preferentially oriented along with the <100> crystal direction. These two factors result in the enhancement of magnetostriction at x=0.4. The perpendicular magnetostriction is shown in Fig. 5(c). The absolute values of perpendicular magnetostriction decrease with doping 0.2 % Pt and then increases after Pt content increasing. The strain derivatives (dλ///dH) of annealed samples have been compared, as shown in Fig. 5(d). The largest dλ///dH is observed at x=0.4 and reaches the maximum value of 0.09 ppm/Oe, 4 times of undoped sample. It should be noted that such a feature is desirable in practical applications. 
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[bookmark: _Ref156767295]Fig. 5 (a) magnetostriction hysteresis curves, (b) magnetostriction λ// vs. Pt content x, (c) magnetostriction λ// vs. Pt content x and (d) dλ///dH of annealed (Fe0.80Al0.20)100-xPtx alloys at 300 K.
M–H hysteresis loops are presented in Fig. 6(a). The inset shows an enlarged view of magnetization approaching saturation. Saturation magnetization, shown in Fig. 6(b) first increases and then decreases, with a peak value at x=0.4. The saturation magnetization of the Fe80Al20 alloy sample is observed to be 191 emu/g, or 191 Am2/kg, consistent with earlier reports [3, 7]. By the law of approach to saturation [31], the first-order magnetocrystalline anisotropy constant, K1, is calculated, as shown in Fig. 6(c). It first increases and then decreases, with a peak value of 3.56  105 erg/cm3, or 35.6 kJ/m3 at x=0.4. For the un-doped FeAl sample, K1 is 2.96  105 erg/cm3, much higher than ~1.5  105 erg/cm3 (disordered) reported by R. C. Hall [32]. The samples were annealed, so internal stress was almost released. Besides internal stress, the crystallographic texture is another source contributing to the discrepancy of K1 [33, 34]. Since samples in this study are not ideal random orientation, this discrepancy can be expected. The increase in saturation magnetization may be due to lattice expansion, like doping with Pt [13] and Tb [35] in Fe-Ga alloy systems. Cullity BD and Graham CD attributed this phenomenon to the ordering of atom pairs [36]. Pt atom also contribute to strong spin-orbit coupling, so K1 increase after doping with Pt. After doping with more Pt, Al and Pt content in the matrix decrease, thus Ms and K1 decreasing.
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[bookmark: _Ref156998280]Fig. 6 (a) M–H hysteresis loops, (b) saturation magnetization, and (c) calculated magneto-crystalline anisotropic constant K1 of annealed (Fe0.80Al0.20)100-xPtx alloys. The inset in Fig. 6(a) shows an enlarged view of magnetization approaching saturation.
The surface’s magnetic domain patterns of the annealed (Fe0.80Al0.20)100-xPtx alloy samples are investigated by MFM, as shown in Figs. 7(a)-(d). These domain patterns are composed of maze-like domains and stripe domains, which are also observed in FeGa alloys [37-41] and FeAl alloys [42, 43]. By doping 0.4% Pt, both I200/I110 and K1 obtain the maximum value. In this case, (Fe0.80Al0.20)99.6Pt0.4 alloy is preferentially <100> oriented and obtains a larger energy barrier to conserve <100> magnetization. So, domain structures are well-aligned stripe domains and demonstrate <100> preferred orientation. It has been reported that the domain walls of well-aligned stripe domains move more easily than those of irregular maze-like magnetic domains [40]. Therefore, the saturation field of the magnetostriction of (Fe0.80Al0.20)99.6Pt0.4 alloy is lower than other alloy samples, as shown in Fig. 5(a). The higher degree of alignment of the stripe domains is also considered to be conducive to enhanced magnetostriction [38]. With Pt content increasing to x=0.6, both I200/I110 and K1 decrease sharply, and the magnetic structures return to mainly maze-like domains, random and irregular.
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[bookmark: _Ref159600334]Fig. 7 MFM patterns of annealed (Fe0.80Al0.20)100-xPtx alloys. (a) x=0, (b) x=0.2, (c) x=0.4, (d) x=0.6.
4.Conclusion
In summary, by surface energy minimization criterion, DFT calculation reveals that crystal growth orientation can be changed from (110) to (100) by Pt doping in FeAl alloy. This crystal growth orientation tuning is further confirmed by experimental results. The (100) orientation exerts great influence on magnetostriction and changes magnetic domain structures from maze-like to stripes. Especially, by doping 0.4% Pt, magnetostriction of FeAl alloys increases from 29 ppm to 80 ppm, representing a 176% enhancement through doping with 0.4% Pt. The similarity of DFT calculation and experimental results between FeAl and FeGa alloys implies that our understanding of the choice of Fe-based magnetostrictive doping elements is reliable. It can be expected that our methods can be extended to other magnetostrictive materials and help develop polycrystals with desired orientations.
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