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Texture analysis of the Fe-Al-B alloy obtained by directional solidification point out to an average direction of solidification <310>, close to <100>. The magnetomechanical behaviour is characterized by the sensing and actuation sensitivities ! "" # $ !%/!'| ) and $ ! "" * # !+/!,| σ , respectively. The Fe 2 B phase does not act as pinning centres against domain wall movement, proved by the achieved ! "" ≅ ! "" * reversible thermodynamic condition. This phase neither degrade the saturation magnetization of the alloy, because it has a high saturation magnetization of 1.5 T. Relatively high sensitivities of 13 kA/m/MPa were obtained for very low fields, ~ 4 kA/m, the same magnitude of that obtained in rare earth based materials, but for much lower fields. The good formability and machining properties of the Fe-Al-B alloy are also a benefit compared to rare earth based materials.

INTRODUCTION

In the present work, we evaluate the potential improvement of the magnetostrictive behaviour obtained by directional solidification of a Fe-Al-B alloy to be employed as part of sensors and actuators. Many devices use magnetostrictive alloys and there is always a demand for more robust, easy processing and cheaper materials. A common example of application is a magnetostrictive delay line (MDL) that uses a thin magnetostrictive ribbon to measure force, magnetic field and displacement of a magnet [START_REF] Hubert | Hristoforou New magnetostrictive delay line arrangements for sensor applications[END_REF]. In addition, there are torque sensors using magnetostrictive material, usually connected to crankshaft pivots and power supply shafts in motors [START_REF] Howard | The United States of America as represented by the Secretary of the Navy, assignee. Magnetostricitive torque sensor[END_REF]. In both cases, it is fundamental that the magnetostrictive material exhibit good magneto-mechanical coupling and actuating performance to have a high sensitivity. In addition, good mechanical properties are desirable to be mechanically conformed in many shapes and sizes depending on the application.

The magnetostrictive behaviour of the Fe-Al alloys was first studied in 1958 and the single crystal sample with the highest magnetostriction of 100 ppm was found for the composition of 19% of aluminium, a partially ordered alloy [START_REF]Hall Single Crystal Anisotropy and Magnetostriction Constants of Several Ferromagnetic Materials Including Alloys of NiFe, SiFe, AlFe, CoNi, and CoFe[END_REF]. The ordering process has an important influence on the values of the saturation magnetostriction [START_REF]Hall Single Crystal Anisotropy and Magnetostriction Constants of Several Ferromagnetic Materials Including Alloys of NiFe, SiFe, AlFe, CoNi, and CoFe[END_REF] [4]. The saturation magnetostriction depends strongly on the cooling rates applied to the alloy after annealing. These velocities control the stabilization of the quantities of disordered α-phase and ordered Fe 3 Al phase existing in the sample [START_REF] Mehmood | Kriegisch Magnetostriction of polycrystalline Fe 100-x Al x (x=15, 19, 25[END_REF].

For instance, the ordered phase Fe 3 Al that has a D03 structure is more stable at temperatures lower than 600°C and atomic aluminum percentages lower than 20%, while the disordered α-phase that has A2 structure is more stable above this temperature and below 20%.

The addition of boron proved to be efficient on increasing the total magnetostriction of a Fe 80 Al 20 polycrystalline alloy. A maximum magnetostriction was found for 3% of boron with an increase of 2.5 times if compared with a undoped sample alloy with the same composition. [5] [6].

The increase of magnetostriction of the Fe 72 Ga 28 alloy doped with 1% of boron is very similar to the one observed in the mentioned Fe-Al boron doped alloy. The total saturation magnetostriction of Fe 72 Ga 28 increases 2.2 times [START_REF] Bormio-Nunes | Atif Improved magnetostriction of Fe 72 Ga 28 boron doped alloys[END_REF].

Chemical analysis using wavelength-dispersive spectroscopy (WDS) show that the boron atoms do not enter in the cubic lattice of the (Fe 0.8 Al 0.2 ) 97 B 3 alloy and this founding is in agreement with the fact that the lattice parameter do not change with the boron addition [START_REF] Bormio-Nunes | Ghivelder High magnetostriction of the polycrystalline alloy (Fe 0.8 Al 0.2 )[END_REF]. In fact, computational modelling of the Fe-Al-B alloy with a B2 structure shows that the total energy of the system tends to increase when boron atoms enter in the matrix sites and interstices [START_REF] Raulot | Grosdidier Atomistic study of the effect of B addition in the FeAl compound[END_REF]. The B2 structure is also cubic and is a parent structure of A2 and D03. This calculation shows that the segregation of boron atoms at the grain boundaries is energetically favourable. The decrease of the energy happens particularly if boron occupies positions that have an iron atom as a first neighbour, favouring then the formation of the Fe 2 B at the grain boundary. This is exactly the situation observed for the Fe-Al and Fe-Ga alloys [START_REF] Bormio-Nunes | Loewenhaupt Magnetostriction of the polycrystalline Fe 80 Al 20 alloy doped with boron[END_REF] [6] [START_REF] Bormio-Nunes | Atif Improved magnetostriction of Fe 72 Ga 28 boron doped alloys[END_REF]. However, Fe 72 Ga 28 alloy doped with 1% of boron shows an increase of the crystal lattice of both A2 and D03 structures, indicating that this small atom may enter interstitially in the crystal structure of this material [START_REF] Bormio-Nunes | Atif Improved magnetostriction of Fe 72 Ga 28 boron doped alloys[END_REF].

Concerning the microstructures, they are very similar for alloys (Fe 0.8 Al 0.2 ) 97 B 3 and (Fe 0.72 Ga 0.28 ) 99 B 1 . In addition to the formation of the second phase Fe 2 B, the coexistence of A2 and D03 structures is another important feature. In both systems, it is clear that boron modifies the solubility limits between these two cubic phases [5] [7] [9], leading to a similar effect than the one caused by different cooling rates applied after annealing.

It is established that in Fe-Ga alloys, the intergranular segregation of the Fe 2 B alloy increases the cohesion of the grain boundary and enhance the dislocation movement, promoting cross slip and eliminating the stress localized at the grain boundary, changing the fracture nature from intergranular for transgranular [START_REF] Gao | Effect of B and Cr on Mechanical Properties[END_REF]. Due to the similarity of Fe-Al-B and Fe-Ga-B alloys, an improvement of mechanical properties is also expected for Fe-Al-B alloys.

The goal of the present work is to evaluate the magneto-mechanical behavior of the directly solidified (DS) alloy Fe-Al-B. The directional solidification is used in order to try to enhance the magnetostriction, by the formation of a favourable texture, close to <100> in the direction of solidification.

The magneto-mechanical properties are obtained from the measurements of the magnetic induction B vs mechanical applied stress σ, for several fixed values of magnetic field H. Additionally, the curves of longitudinal magnetostriction λ as a function of the magnetic field H are measured for several fixed values of mechanical stresses σ. The parameter ! "" # $ !%/!'| ) defines the sensitivity of the material for sensing applications and $ ! "" * # !+/!,| σ is the sensitivity of the material for actuating applications. They should lead to the same value for reversible thermodynamic conditions [START_REF] Jiles | Lo The role of new materials in the development[END_REF]. These coefficients are also known as piezomagnetic coefficients.

EXPERIMENTAL SETUP

The sample was melt using iron, aluminium and boron with high purity (< 99.9%) in an arc furnace in argon atmosphere to get an ingot of 40 g. To achieve a good homogenization, the sample was melted four times and heat treated at 1100°C for 24 hours.

After the annealing, the ingot was subjected to a hot swaging at 1100°C until reach a diameter of 6.35 mm, to fit in the alumina tube of the directional solidification system.

The swaged ingot was directionally solidified (DS) using a vertical Bridgman technique and a solidification speed of 150 mm/h. Fig. 1 shows a home built magneto-mechanical device used to measure the magnetic induction and magnetostriction under application of magnetic field and compressive stress [11] [12]. This device has a magnetic core to close the magnetic The magnetostriction is measured by a Wheatstone Bridge from National Instruments (model NI9237) and Excel Sensors strain gauges with a gauge factor of 2.17, (d) in Fig. 1. Finally, a program especially designed for this application and using LabVIEW 2012, version 12.0, controls the instruments and the data acquisition.

After the magnetic characterization, the microstructure and the X-ray diffraction pattern of the sample were analysed in a transverse disk cut from exact place where the strain gauge was glued. The disks were properly prepared by standard metallographic preparation and the microstructure was analysed by a scanning electron microscopy (SEM) in a HITACHI (TM 3000 model), in the backscattered electrons mode.

X-ray diffraction experiments were performed in a Shimadzu diffractometer (XRD-6000 model) using molybdenum radiation on the same samples prepared for microscopy analyses.

The measurement of the texture of the transverse and longitudinal sections of the DS rod in the region of the magnetic measurements was performed by means of electron backscattering diffraction (EBSD). A Hitachi S-3400N scanning electron microscope was used (EDAX AMETEK).

Boron atomic concentration was determined by atomic absorption technique in an

Analyst 800 from Perkin Elmer. According to the results of XRD results and the micrographs it is not possible to resolve between A2 and D03 phase's structures. In the scanning electron microscopy the differences between the atomic weights of the cubic phases are small, therefore no difference on grey tones can be observed. Moreover, XRD peaks of the cubic phases are coincident.

RESULTS AND DISCUSSION

Microstrutural Charaterization

EBSD analysis resulted that there are two populations of grains exhibiting two different <uvw> crystallographic direction along the direction of solidification: the first population oriented along <931> and represents about 83% of the volume; the second population is oriented along <911> and represents about 17% of the volume. The angles made by these directions with respect to the crystallographic cubic axes ([100], [010] and [001]) are 19° ± 1°, 71° ± 1°, 84° ± 0.5° for the first population are and 12° ± 1°, 81° ± 1°, 82° ± 0.5° for the second population. The direction of solidification is consequently corresponding to a <310> direction and the average angles are 17°, 73°, 84°. Indeed, these results are in accordance with the X-ray diffraction measurements.

Magnetomechanical Characterization

Fig. 4 shows the magnetic induction versus applied magnetic field for the DS Fe-Al-B alloy, after annealing, for fixed values of compressive stresses, which modulus are σ = 0, 16, 48 ,80 ,112 and 144 MPa.

The compressive stress introduces an extrinsic anisotropy in the material, hindering the rotation of the magnetic moments in the magnetic field direction. The consequence of this is the decrease of the slope of the B vs H curves, showed in Fig. 4, i.e. the magnetic permeability reduces as the compressive stress increases and the curves for higher σ values saturate at higher fields. Fig. 5 shows the calculated curves of the relative permeability obtained from the data of B vs H of Fig. 4. Therefore, the material needs a higher magnetic field to achieve the magnetic saturation when the compressive stress increases. The same behaviour is observed for GALFENOL and TERFENOL For σ ≤ 16 MPa, the stress is not suficiently strong to completly aligne <100> oriented domains perpendicular to the axis of the rod, in the basal plane. This regime is fully directed by the magnetocrystalline anisotropy and depends also the saturation magnetization of the material. However for σ > 16 MPa, the external applied stress is high enough to pin <100> oriented domains in the basal plane and as the field is increased the susceptibility increases steadly from zero to a maximum value at a determined field that is the field necessary to overcome the stress anisotropy. In this region the domain rotation is therefore stress dependent. In Fe-Ga alloy with 18.6% of Ga, the same behavior is observed and is associated to relatively high values of anisotropy constant (17.5 kJ/m 3 ) of this Fe-Ga alloy [START_REF] Atulasimha | Analysis of the effect of gallium content on the magnetomechanical behavior of single-crystal FeGa alloys using an energy-based model[END_REF]. In that case the double peak appears already for σ> 7 MPa. The DS Fe-Al-B alloy matrix, has 21% of Al in atomic and the anisotropy constant found in the literature are K1 = 14.0 kJ/m [START_REF]Hall Single Crystal Anisotropy and Magnetostriction Constants of Several Ferromagnetic Materials Including Alloys of NiFe, SiFe, AlFe, CoNi, and CoFe[END_REF]. As the Fe 2 B phase has a high initial susceptibility, the composite αFe-Al + Fe 2 B has a susceptibility that is higher than the susceptibility of the pure α-phase at low fields [START_REF] Bormio-Nunes | Piezomagnetic behavior of Fe-Al-B alloys[END_REF].

This improvement on the initial susceptibility can be the reason for a higher stress achieved in the single peak region of the Fe-Al-B alloy (16 MPa) compared to Fe-Ga alloy (7MPa) at low fields. Therefore the Fe 2 B phase softens the Fe-Al alloy.

Fig. 6 shows the magnetostriction curves of the DS and post annealed Fe-Al-B alloy as a function of the applied magnetic field for several values of compressive stress of 0 ≤ σ ≤ 144 MPa.

The directional solidification improved the longitudinal magnetostriction for σ = 0 increasing from 50 ppm in the polycrystalline Fe-Al-B alloy [START_REF] Bormio-Nunes | Loewenhaupt Magnetostriction of the polycrystalline Fe 80 Al 20 alloy doped with boron[END_REF] to 69 ppm to the DS alloy 1 . The field at which the magnetostriction saturates increases as the compression stress increases and the fully saturated state was not reached. However, the application of compression did not increase the saturation magnetostriction as happens in Fe-Ga alloys [START_REF] Atulasimha | Analysis of the effect of gallium content on the magnetomechanical behavior of single-crystal FeGa alloys using an energy-based model[END_REF]. This may be due to the fact that the domain distribution is already saturated so that the saturation of magnetostriction due to compression is already reached.

To determine the actuation sensitivity coefficient d33 = dλ/dH σ , the derivatives of the curves of magnetostriction vs applied field of Fig. 6 were calculated and the resulting curves are displayed in Fig. 7.

According to Fig. 7, the actuation sensitivity coefficient d33 is antisymmetric respect to the axis H = 0 and presents maxima values for fields ± H max , as indicated particularly for σ = 80 MPa. The value of maximum d33 drops and H max grows as the compressive stress increases. Therefore, the material will need a higher magnetic field to achieve the best actuation coefficient. Actuation sensitivity greater than 5 nm/A occurs for H < 7.5 kA/m and σ ≤ 80 MPa. The greater the variation of B with respect to σ, the greater is the sensing sensitivity of the material and this is in fact determined by the so called piezomagnetic coefficient d33 * = dB/dσ H . The curves of d33 * vs σ at fixed H values are displayed in Fig. 9.

From Fig. 9 the highest sensitivity is almost 16 T/GPa (13 kA/m/MPa) for a field of 3.9 kA/m. This is about the same magnitude of Terfenol, but for a field 5 times lower [15] [17]. The sensitivity for an interval of compressive stress 0 ≤ σ≤ 80 MPa, the sensitivity is d 33 * ≥ 8 T/GPa (6.4 kA/m/MPa).

The reversible thermodynamic condition d 33 ≅ d 33 * is reached for the DS Fe-Al-B alloy [START_REF] Jiles | Lo The role of new materials in the development[END_REF]. This means that the domain wall moves against anisotropy without any pinning effect. The presence of the spheroid Fe 2 B phase uniformly spread throughout the cubic phases matrix do not caused an increasing of energy dissipation.

CONCLUSION

The The presence of the Fe 2 B phase does not degrade the saturation magnetization of the alloy, because it has a high saturation magnetization of 1.5 T. Moreover, Fe 2 B phase brings a benefit to the magnetomechanical performance because it improves the susceptibility of the alloy at low fields [START_REF] Atulasimha | Analysis of the effect of gallium content on the magnetomechanical behavior of single-crystal FeGa alloys using an energy-based model[END_REF].

Nevertheless, the more crucial parameter in the magnetomechanical performance is the texture. Recently, a sensitivity of 3 kA.m -1 /MPa was obtained for a polycrystalline Fe-Al-B alloy [START_REF] Atulasimha | Analysis of the effect of gallium content on the magnetomechanical behavior of single-crystal FeGa alloys using an energy-based model[END_REF] with comparable composition of the actual DS alloy. Therefore, an increase of 4.3 times was achieved for the DS Fe-Al-B alloy with average orientation in the direction [310], close to [100].
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Footnotes

1 Calculations from Olivier Hubert (private communication) similar to what is done in [START_REF] Bormio-Nunes | Piezomagnetic behavior of Fe-Al-B alloys[END_REF] produced a theoretical value of 30 ppm for isotropic Fe-Al-B with 20% of aluminum and 6% in volume of Fe 2 B. The amplitude reported in [START_REF] Bormio-Nunes | Loewenhaupt Magnetostriction of the polycrystalline Fe 80 Al 20 alloy doped with boron[END_REF] is due to a strong texture of the polycrystalline sample. 

Figure Caption

Highlights

Fe-Al-B directly solidified alloy obtained with <310> solidification direction.

High magnetomechanical sensitivity of 13 kA.m -1 /MPa at 4 kA/m.

Secondary phase Fe 2 B does not cause pinning effects on domain wall movement.

*Highlights (for review)

  circuit with the DS sample, shown as (a) and (e) in Fig.1. The excitation coils are fed by a Tektronix (PWS4602 model) current source. The ends of the sample were threaded with holders of steel 4340, showed as (f) in Fig.1, to help the alignment of the device during the compressive stress, applied by a test machine EMIC, model DL3000. The magnetic induction was measured by a pick-up coil of 75 turns, wound in the sample central region, indicated as (c) in Fig.1and using a Lakeshore fluxmeter, model 480.

Fig. 2

 2 Fig.2shows the X-ray diffraction pattern (XRD) of the direct solidified Fe-Al-B

[ 13 ]

 13 [START_REF] Mahadevan | Dapino Dependence of magnetic susceptibility on stress in textured polycrystalline Fe 81.6 Ga 18.4 and Fe 79.1 Ga 20.9 Galfenol alloys[END_REF] [START_REF] Gao | Fang Magnetomechanical behaviors of giant magnetostrictive materials[END_REF].The relative permeability µ r presents a single maximum for σ = 0 and 16 MPa of 420 and 235, respectively at very low fields of ~ 1kA/m. In the interval of 16 < σ ≤ 144 MPa the µ r curves present two maxima with values µ r < 135 and H max ≥ 5 kA/m.

Fig. 8

 8 Fig.8illustrates the piezomagnetic behaviour of the DS Fe-Al-B alloy, which is

  characterization of magnetomechanical behaviour of a directional solidified Fe-Al-B sample resulted that the material has relatively high sensitivity 13 kA/m/MPa, of the same order of that obtained for rare earth based materials, but for much lower fields ~ 4 kA/m. The compression window is up to 80 MPa while in rare earth based materials the maximum is 25 MPa. The actuation and sensing sensitivities are such that d 33 ≅ d 33 * . This condition holds considering only the domain wall movement against anisotropy, because anisotropy in not negligible. Normally, for good magnetomechanical performance low values of anisotropy constant and high values of magnetostriction are search. However, it depends also on the saturation magnetization. If for example the aluminium quantities in the alloy are increased magnetocrystalline decreases, but a simultaneous decrease of the saturation magnetization occurs.
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 1 Fig. 1 -Picture of the magnetomechanical measurement device showing: (a) the magnetic core, (b) the excitation coils (c) the pick-up coil, (d), the strain gauge, (e) the DS sample and (f) the holders.
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 234 Fig. 2 -XRD pattern for DS Fe-Al-B alloy, for 2θ in the range of 19° to 48°. The
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 56 Fig. 5 -The relative permeability of the annealed Fe-Al-B alloyfor absolute values of compressive stresses in the range 0 ≤ σ ≤ 144 MPa.
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 789 Fig. 7 -Actuation sensitivity coefficient d33 = dλ/dH σ of DS and annealed Fe-Al-B alloy for compressive stresses in the range 0 ≤ σ≤ 144 MPa.
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