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Abstract 

Hysteresis loops and magnetostriction were measured on ring-shaped Fe85Ga15 

samples. The samples were annealed at T = 980 °C for 100 h and cooled from 

annealing temperature in two different ways: one was slowly cooled in an oven and the 

other one was quenched in cold water. X-ray diffraction results showed a strong texture 

in these samples, which is dependent on the cooling process. The anisotropy energy 

and magnetostriction of the samples were calculated based on these determined 

textures. These results agree qualitatively with magnetization and magnetostriction 

experiments and support the thermal history influence on the magnetostriction values.  

Index Terms—Fe–Ga, magnetic anisotropy, magnetostriction, texture. 

Introduction  

LOW COST magnetostrictive materials that exhibit large magnetostriction at low 

saturation field combined with high mechanical strength and good ductility are of great 

interest for applications in magnetomechanical sensors and actuators. Substituting Fe 

by nonmagnetic Ga or Al causes a dramatic increase in magnetostriction for both single 

and polycrystalline materials [1]–[6]. The reason for this effect is related to the local 

structure (ordering of Ga pairs [7], [8] and also due to softening of the elastic properties 

[9]). In Fe–Ga alloys, the magnetostriction value depends strongly on the cooling rate, 

the annealing procedure, and the Fe–Ga phases according to the phase diagram, 
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including metastable equilibrium conditions among the disordered A2 and an ordered 

B2 and/or DO3 structure [10].  

The smart material galfenol (Fe100−xGax with 15 ≤ x ≤ 28) offers a unique 

combination of mechanical and magnetostrictive properties that are expected to be 

used in sensor and actuator as an alternative and cheaper solution compared with rare 

earth-based magnetostrictive systems with poor mechanical properties and higher 

magnetic field required for saturation. The magnetostrictive properties of these alloys 

were already studied intensively by many research groups. However, for industrial 

applications, the frequency-dependent hysteresis properties are of great importance. In 

our previous work, we have reported a detailed investigation of the frequency 

dependence of the coercivity and losses analyzing hysteresis loops measured at 

different frequencies on ringshaped samples [11]. In this paper, we present 

magnetostriction measurements performed on these ring-shaped samples, in two 

different directions: 1) radial and 2) perpendicular to the radius of the ring due to the 

presence of strong textures.  

Based on these determined textures, the magnetic anisotropy and 

magnetostriction were calculated and were compared with experimental data.  

Experimental setup 

High purity iron (99.99%) and gallium (99.999%) were weighted stoichiometrically 

with an excess of 5 at% of Ga. The elements were melted three times in an induction 

furnace under argon atmosphere using a water cooled Cu crucible. Finally, four ingots 

were put together and remelted in a bigger water cooled Cu crucible (Hukin-Tiegel) 
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under the same conditions. From this master alloy (sample MA), cylindrical discs were 

machined and then two rings were cut out. These two rings together with Tantal foil as 

oxygen getter material were each sealed in an argon atmosphere quartz ampoule under 

pressure of 150 mbar. Both samples were heat treated at T = 980 °C for 100 h, 

however, one sample was quenched in cold water (sample Q), while the other was 

slowly cooled in the oven (sample SC). The X-ray diffraction (XRD) measurements were 

performed using CuKα radiation in a Bragg-Brentano geometry. The evaluation of the 

data was performed using TOPAS 4.2 (Bruker AXS) software package. 

Magnetization measurements were performed using a standard pulsed field 

magnetometer (maximum field of 50 kOe). The temperature dependence of the 

resistivity between 25 and 290 K was measured using a four point probe method. In 

general, the existence of the internal stress reflects in the value of the specific electrical 

resistivity at low temperature and is almost independent at higher temperatures.  

The magnetostriction measurements were performed with standard strain gauge 

method using a pulsed magnetic field magnetometer setup, which is described in more 

detail in [12] and [13]. The longitudinal and transverse magnetostriction were measured 

in two different directions: 1) radial and 2) perpendicular to the radius of the ring due to 

the presence of strong textures in the ring-shaped samples. 

Result  

All Fe85Ga15 samples were single phased, crystallizing in the Im3m space group 

with an average lattice constant of a = 2.904 Å exhibiting a disordered bcc A2 structure 

(Fig. 1).  
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All estimated standard deviations are below 0.0005 Å. The Q and the SC 

samples were measured with and without rotation of the sample holder, however, no big 

difference was observed. The as cast sample (MA) was first measured in bulk. In 

addition, sample MA was rasped in liquid nitrogen (T = 77 K) in order to make a powder 

avoiding any heating effects of the filing process. Both XRD measurements of the as 

cast sample revealed no difference in structure, texture, stress, and strain. Applying an 

intensity analysis on the XRD lines, the average texture and the crystallite size of the 

samples were determined. In Table I, the results of the Rietveld refinements are 

presented. In addition, a SEM investigation was performed to confirm the stoichiometry. 
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The XRD crystallite size of sample MA is quite small, about 34 nm. This can be 

explained by the strong disorder of the Fe with the Ga atoms, which is also reflected by 

the big Gaussian strain inside the sample. This comes mainly due to the fact that this 

sample was simply melted four times and then Q in the cold Cu crucible, so no ordering 

inside the sample occurred and the coherence length is very small. After the annealing 

process, a significant increase of the crystallite size of the samples was obtained. The 

average values of crystallites are 1 and 2.5 μm for samples Q and SC, respectively. Fig. 

2 shows the microstructure of the annealed ring-shaped samples. As can be seen, the 

mean particle size is ∼400 μm for both annealed samples and much bigger than the 

crystallite sizes obtained by XRD. After the annealing process of the samples, the 

crystallite size increases to quite huge values, which can be understood as an ordering 

due to diffusion processes inside the sample (in contrast to the strong disorder of Fe 

and Ga in the MA sample).  
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In addition, the XRD patterns of the annealed samples indicated the existence of 

strong textures. From the Rietveld refinement, we found textures (110) in sample Q and 

(112) in sample SC. These textures were determined along the flat parallel surface, 

perpendicular to the rotational axis of the rings. We found also a strong internal stress in 

MA sample. With a heat treatment of the sample, the stress is partially relieved in the 

sample SC and became negligible in the sample Q. The Rietveld refinement data are 

given in Table I.  

Fig. 3 shows the specific electrical resistivity measured between 25 and 290 K. 

As can be seen in this picture, the resistivity at low temperatures of samples MA and SC 

is larger than that of sample Q, however, at higher temperatures, all three samples 

exhibit similar values of the resistivity. The excessive resistivity in samples MA and SC 

at low temperatures may be ascribed to the scattering of electrons by structural defects 

due to presence of the internal stress forming during the production of the material. 

These results are consistent with those results obtained from the Rietveld refinement. In 
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general, at high temperatures, the resistivity depends mainly on phonon scattering, 

therefore, we found similar values of resistivity for all samples once they present similar 

lattice symmetry.  

 

Fig. 4 shows the magnetization as a function of the applied field curves 

measured at room temperature on Fe85Ga15 in the pulsed field system. The 

magnetization of saturation value of all three samples is ∼170 emu/g. For the annealed 

samples, the external field was applied parallel to the surface of the ring-shaped 

samples, which the demagnetizing factor for these samples is lower than that of MA 

sample, which exhibits an irregular shape.  

As the XRD analysis has revealed strong textures in the annealed samples 

(Table I), the effect of these textures on the magnetocrystalline anisotropy and 

magnetostriction was investigated. The magnetic anisotropy of Fe85Ga15 was 

determined using a general formula for a cubic system as follows [14]:  
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where the αi are the direction cosines, defined as 

 

with the inclination angle θ and azimuth angle φ of the spherical coordinate 

system (with radius of 1). K1 and K2 are the first- and second-order cubic anisotropy 

constants. For defining K1 and K2, we interpolated the data of [15]. With these values of 

K1 = 4.0 × 104 J/m3 and K2 = −9.0 × 104 J/m3 and the texture information obtained from 

the XRD data, a cut through the calculated anisotropy energy EA(θ, φ) (Fig. 5) was 

performed along the (112), (110), and (031) planes. In Fig. 6, the three cuts are plotted 

against an arbitrary parametrization angle β. The averaged value of these planes can 

be seen in Table II. For estimating the mean polycrstalline anisotropy energy, simply a 

volume average over EA(θ, φ) was made.  
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The average values of EA for the samples Q and SC, EA(Q) and EA(SC), were 

calculated using the texture degree determined from XRD measurements (Table I) 

according to EA(Q) = 0.75·EA(110) + 0.25·EApoly = 7.0 kJ/m3 and EA(SC) = 0.74·EA(112) + 

0.15·EA(031) + 0.11·EApoly = 7.4 kJ/m3. The averaged magnetic anisotropy value of 

sample SC is ∼6% higher than that of sample Q. These results agree with 

magnetization measurements, where a steeper slope of the magnetization curve is 

obtained for sample Q. As the magnetization measurement shows an average over all 
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crystallites of the sample, one can compare our calculation of the anisotropy with the 

average magnetic behavior.  
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Fig. 7 shows the longitudinal λL, as well as the transversal λT magnetostriction 

measured on sample MA at room temperature. The magnetostriction is typical for 

isotropic polycrystalline ferromagnetic materials, where the relation λL = −2λT is almost 

obeyed. This result is in agreement with that of the XRD experiment showing no texture 

in this sample.  

 

The longitudinal and transverse magnetostriction measurements performed on 

annealed samples SC and Q samples are shown in Figs. 8 and 9, respectively. The 

magnetostriction was measured applying strain gauges in two different arrangements: 

1) λL along the across the ring circumference, SG1 and 2) along the radius of the rings, 

SG2 (Fig. 8). It can be seen that the presence of hole in the middle of the samples has 

caused a different demagnetizing field for the two strain gauges SG1 and SG2, 

therefore, the beginning of the saturation of the longitudinal magnetostriction happens at 

magnetic fields different to that of the beginning of transverse magnetostriction 
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saturation. In addition, this hole together with annealing of the ring samples have 

induced appearance of textures making the materials magnetically anisotropic.   

This effect is also clear in magnetostriction measurements where different results 

for the two different arrangements (although the effect is bigger in sample Q, the 

magnetostriction measured with SG1 arrangement is smaller than those measured with 

SG2 geometry) were found and the λL is different to −2λT. It is worth noting that, as in 

magnetization curves, a steeper slope of both longitudinal and transverse 

magnetostriction curves is obtained for sample Q showing also the validity of the 

calculated anisotropy energy. As can be seen in Table I, the degree of textures in both 

samples is very high, therefore based on the magnetostriction modeling for the cubic 

system, we investigated the effect of these textures on longitudinal magnetostriction 

analytically. In a cubic system, the magnetostriction can be described with the two 

magnetostriction constants λ100 and λ111 [14]  

 

where the αi represents the direction of the applied magnetic field and the βi 

represents the measured direction [αi and βi are defined according to (2)–(4)].  

In order to simulate the magnetostrictive behavior, it was assumed that the 

sample is polycrystalline with a texture perpendicular to the texture planes found by 

XRD and inside these planes, the corresponding directions are randomly distributed. So 

for calculating the magnetostriction, αi and βi were set equal and the resulting formula 

(6) was parameterized with rotation angle β to rotate inside the demanded plane. This 
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parametrization was averaged. The resulting value represents an average linear 

magnetostriction. In Table II, the calculated averaged magnetostriction in the 

crystallographic planes (110), (112), and (031) are listed up. Neglecting λ111 [16], [17] 

and by using a similar way to the calculation of the anisotropy energy, i.e., λL(SC) = 

(0.7411/32 + 0.15419/800 + 0.112/5)λ100 and λL(Q) = (0.7511/32 + 0.252/5)λ100, the λ100 

values of samples SC and Q for two different strain-gauge arrangements were 

determined considering experimental longitudinal magnetostriction data. The following 

values of λ100 were obtained: 1) for the sample SC: λ100(SG1) = 74 × 10−6 and λ100 (SG2) 

= 248 x 10-6. It is already well known that the large magnetostriction in Fe–Ga alloys 

results from Fe–Ga bonds in the vicinity of Ga–Ga pairs along specific crystallographic 

directions in the disordered Fe structure [4], [5], [18]. Our results show a long-range 

ordering during slow cooling (sample SC) and a clear evidence of local short-range 

ordering of Ga atoms in the disordered state in Q sample resulting in larger 

magnetostriction.  

Conclusion  

This paper presents magnetostriction measurements on ringshaped Fe85Ga15 

alloy after different cooling conditions from high temperature. The existence of a strong 

texture as determined from XRD in the annealed samples allowed the calculation of the 

anisotropy energy and the linear magnetostriction. These results could be correlated 

with the slopes of the magnetization and magnetostriction curves. In addition, the 

analytical calculations support the observed thermal history dependence on the 

magnetostriction response of ring-shaped Fe85Ga15 alloy.  
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