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 Effect of Praseodymium Addition on Magnetostriction of Fe–Al Alloys  
 

Taku Okada, Yunus Azakli and Nicola A. Morley, Senior Member, IEEE 

 
School of Chemical, Materials and Biological Engineering, University of Sheffield, Sheffield, S1 3JD, United Kingdom 

 
Magnetostriction is essential for developing superior magnetic materials for vibration energy harvesting. In this study, rare-earth 

elements were added to Fe–Al melt-spun ribbons to increase magnetostriction. The crystal structure of the Fe81Al19 ribbon was estimated 

to be predominantly an A2-(Fe, Al) disordered phase based on XRD data and Rietveld analysis. In the Fe75Al18.75Pr6.25 and 

Fe75Al18.75Tb6.25 ribbons, not only the A2-(Fe, Al) phase but also the Pr2Fe17 phase and Tb2Fe17 phase were confirmed, respectively. The 

saturation magnetostrictive strain parallel to the magnetic field direction in Fe81Al19 ribbon shows 30 ppm. This value is consistent with 

the theoretical value of a {110} plane-oriented sample. While the parallel magnetostrictive strain at 0.35 T in the Fe75Al18.75Tb6.25 ribbon 

is 15 ppm, the Fe75Al18.75Pr6.25 ribbon is 26 ppm. This result suggests that the enhancement of magnetostriction by Pr addition may be 

greater compared to Tb. Consequently, adding Pr into Fe–Al alloys is an effective approach to improve magnetostrictive properties. 

 
Index Terms— Magnetostriction, Fe–Al alloy, Rare earth elements, Praseodymium 

 

I. INTRODUCTION 

HE strain change associated with the direction of 
magnetisation is known as the magnetostrictive effect. This 

effect can be used for various applications such as actuators, 
sensors, and vibration energy harvesting [1]. A 
magnetostrictive material has a large magnetostrictive strain, 
which is determined by the material-specific magnetostrictive 
constants λ100 and λ111 in the <100> and <111> directions, 
respectively. 

Various studies have proposed magnetostrictive materials, 
such as Tb–Dy–Fe compounds [2], Fe–Ga alloys [3], Fe–Al 
alloys [4], and Fe–Co alloys [5]. Tb–Dy–Fe compounds have 
exhibited a giant magnetostriction (e.g. Tb0.27Dy0.73Fe1.95 has a 
λ100 of 100 ppm and λ111 of 1600 ppm [2]).  However, they are 
brittle and expensive because of the heavy rare-earth elements 
Dy and Tb. Particularly, for vibration energy harvesting that 
applies stress to the magnetostrictive materials, alloys with high 
ductility are preferable [6], [7]. Fe–Ga alloys have shown a 
large magnetostriction (e.g. Fe–18.7 at.% Ga alloy has 
exhibited λ100 of 263 ppm [3]) and ductility. Al in Group 13, 
same as Ga, also has increased the magnetostriction from Fe 
(λ100 of 20.7 ppm and λ111 of –21.2 ppm [8]), exhibiting λ100 of 
103 ppm and λ111 of 1 ppm at 19.5 at.% Al [4]. Although Fe–Al 
alloys are inferior to Fe–Ga alloys in terms of magnetostriction, 
they have a cost advantage. 

Among the numerous third elements added to Fe–Al alloys 
or Fe–Ga alloys, rare-earth elements, particularly Tb, have 
demonstrated significant effects in enhancing magnetostriction 
[9], [10], [11], [12]. This improvement is due to the crystal 

orientation and an increase in the magnetostrictive constants. 
The increase in the magnetostrictive constants appears to be 
attributed to several factors: the disk-shaped distribution of 
Tb’s 4f orbitals, strong spin-orbit coupling, and promoting the 
formation of a tetragonal modified-D03 phase in the A2 
phase[12]. However, Tb belongs to the heavy rare-earth 
elements, leading to increased costs (e.g. average price of 
Terbium oxide is $1,010/kg in 2025 [13]). Therefore, this study 
focused on Pr, a light rare-earth element that is less expensive 
(e.g. average price of Praseodymium oxide is $74/kg in 2025 
[13]). Like Tb, Pr possesses disk-shaped 4f orbitals. Moreover, 
the addition of the element with a larger atomic radius to Fe 
results in an increase in the lattice constant, leading to an 
enhancement of the magnetic moment [14]. Due to lanthanide 
contraction, the atomic radius of Pr (1.828 Å) is larger than that 
of Tb (1.782 Å) [15]. 

Most previous studies have focused on additions of 1 at.% or 
less. However, we considered adding several at.% may be 
effective for improving the material’s intrinsic magnetostrictive 
constants, rather than for improving orientation. Therefore, in 
this study, the atomic ratio of the rare earth element added to 
the Fe–Al alloy was set at 6.25 at.%. Because heavy atoms such 
as rare-earth elements are difficult to dissolve in Fe, rapid 
cooling via the melt spinning method was employed. This study 
aims to clarify the magnetostrictive properties of melt-spun 
ribbons made from Fe–Al alloys with Pr addition. For 
comparison, Fe–Al–Tb alloys were also investigated. 

II. EXPERIMENTAL 

The precursor ingots of Fe81Al19, Fe75Al18.75Pr6.25, and 
Fe75Al18.75Tb6.25 were arc-melted from the elements with a 
minimum purity of 99.9% using an Arcast Arc 200 unit at least 
three times. These ingots were subsequently remelted and melt-
spun into ribbons using an Arcast SC100 melt spinner.  

The obtained ribbon was subjected to X-ray diffraction 
(XRD) data acquisition using the STOE STADI P, which is a 
pure Mo Kα1 source in transmission geometry. Rietveld 
analysis was performed to extract detailed crystallographic 
information from the XRD data. In the Rietveld analysis, a split 
pseudo-Voigt profile function was employed, and fitting was 
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carried out using the least squares method. Crystallographic 
Information File (CIF) used as the crystallographic model was 
obtained from The Materials Project [16], [17]. Magnetic 
properties were obtained using the SQUID magnetometer 
MPMS3 from Quantum Design at 300 K and fields up to 1 T. 

Magnetostrictive strain was measured using the strain gauge 
method. This method is a technique in which a strain gauge 
containing a resistive wire is attached to the sample, and the 
change in resistance caused by the sample’s deformation is 
converted into a strain value. As shown in Fig. 1 (a), the strain 
gauge was attached by sandwiching it between the ribbons. This 
configuration suppresses the bending strain induced by the 
applied magnetic field in the thin ribbon sample. As shown in 
Fig. 1 (b), the magnetic field H was applied to the sample. The 
magnetostrictive strains εm, parallel to the H direction (θ = 0°) 
and perpendicular to the H direction (θ = 90°) were measured 
by rotating the sample holder. A dummy gauge was employed 
to compensate for changes in the strain gauge’s resistance due 
to temperature and magnetic-field variations. The change in the 
strain gauge’s resistance, corresponding to the strain of the 
sample, was detected by a bridge circuit. 

 

 
Fig. 1. Schematic illustration of (a) the sample and (b) the magnetostrictive 
measurement system. 
 

III. RESULTS AND DISCUSSION 

The results of XRD and Rietveld analysis for the Fe81Al19 
ribbon are shown in the Fig. 2. The lower part of the figure 
indicates the peak positions for the D03-Fe3Al order phase and 
A2-(Fe, Al) disorder phase. For the Fe81Al19 ribbon, superlattice 
peaks of the D03-Fe3Al phase were not observed. Furthermore, 
to evaluate the degree of ordering, the order parameter was 
incorporated into the Rietveld analysis. The order parameter 
ranges from 0 to 1, where 0 indicates random and 1 indicates 
perfect order. In this analysis, the order parameter was 0.15, 
suggesting the phase is predominantly A2 disordered. The 
lattice parameter a was determined to be 2.89 Å, which is in 
good agreement with previous studies (2.8970 Å for quenched 
Fe81.2Al18.8 [18]). 

 

 
Fig. 2. XRD and Rietveld analysis results of Fe81Al19 ribbon using Mo Kα1 
source. Measured and fitted intensities are represented by the circle symbol and 
the solid line, respectively. The difference between the two intensities is plotted 
below them on the same scale as above. 

 

 
Fig. 3. XRD and Rietveld analysis results of Fe75Al18.75Pr6.25 ribbon using Mo 
Kα1 source. Measured and fitted intensities are represented by the circle symbol 
and the solid line, respectively. The difference between the two intensities is 
plotted below them on the same scale as above. 

 
Fig. 3 shows the XRD and Rietveld analysis results for the 

Fe75Al18.75Pr6.25 ribbon. For the Fe75Al18.75Pr6.25 ribbon, peaks 
corresponding to the A2-(Fe, Al) phase and the Pr2Fe17 phase 
are observed. This result is consistent with the phases predicted 
from the Fe–Al–Pr phase diagram [19]. Rietveld analysis 
estimated the weight fractions of the A2-(Fe, Al) phase and 
Pr2(Fe, Al)17 phase to be 0.83:0.17. The lattice parameter a, for 
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the A2-(Fe, Al) phase was estimated as 2.89 Å, while the lattice 
parameters a and c for the Pr2(Fe, Al)17 phase were estimated as 
8.69 Å and 12.7 Å, respectively. Fig. 4 shows the XRD and 
Rietveld analysis results for the Fe75Al18.75Tb6.25 ribbon. Rare 
earth elements tend to have similar valence electron 
configurations, resulting in comparable chemical properties. In 
the Fe75Al18.75Tb6.25 ribbon, peaks corresponding to the A2-(Fe, 
Al) phase and the Tb2Fe17 phase are identifiable. The weight 
fractions of the A2-(Fe, Al) phase and the Tb2(Fe, Al)17 phase 
were estimated to be 0.88:0.12, yielding results similar to the 
Fe75Al18.75Pr6.25 ribbon. In the estimation of lattice parameters, 
a for the A2-(Fe, Al) phase was 2.89 Å, while a and c for the 
Tb2(Fe, Al)17 phase were 8.54 Å and 12.3 Å, respectively. No 
change in the lattice parameter of the A2-(Fe, Al) phase was 
observed in all samples. This result suggests that Pr and Tb did 
not dissolve into the A2 phase. The smaller lattice parameters 
of the Tb2(Fe, Al)17 phase compared to the Pr2(Fe, Al)17 phase 
are likely due to lanthanide contraction [15]. 
 

 
Fig. 4. XRD and Rietveld analysis results of Fe75Al18.75Tb6.25 ribbon using Mo 
Kα1 source. Measured and fitted intensities are represented by the circle symbol 
and the solid line, respectively. The difference between the two intensities is 
plotted below them on the same scale as above. 

 
Fig. 5 shows the magnetic field μ0H dependence of the 

magnetisation μ0M obtained by the SQUID-VSM. The μ0M (T) 
was calculated from the magnetic moment (emu) using the 
density (cm3/g) obtained from XRD and the sample mass (g). 
The magnetisation at μ0H = 1 T for Fe81Al19, Fe75Al18.75Pr6.25, 
and Fe75Al18.75Tb6.25 ribbons are 1.54 T, 0.94 T, and 0.20 T, 
respectively. The saturation magnetisation of Fe81Al19 was 
almost consistent with previous studies (1.56 T for Fe81.5Al18.5 
[20]). These results indicate that the precipitation of the Tb2Fe17 
phase significantly reduces the magnetisation at μ0H = 1 T, 
whereas the precipitation of the Pr2Fe17 phase causes a smaller 
reduction in magnetisation at μ0H = 1 T. This difference arises 
because light rare-earth elements couple ferromagnetically with 

Fe, whereas heavy rare-earth elements couple 
antiferromagnetically with Fe [21]. Furthermore, the 
coercivities of Fe81Al19, Fe75Al18.75Pr6.25, and Fe75Al18.75Tb6.25 
ribbons are 3.4 mT, 2.5 mT, and 20 mT, respectively. Thus, 
Tb2Fe17 exhibits larger magnetic anisotropy compared to 
Pr2Fe17. In other words, Pr can be expected to act as an element 
that can be substituted into Fe–Al alloys with relatively little 
loss of saturation magnetisation and soft magnetic properties 
compared to Tb. 

 
Fig. 5. Magnetic field μ0H dependence of the magnetisation μ0M of Fe81Al19, 
Fe75Al18.75Pr6.25, and Fe75Al18.75Tb6.25 ribbons. 

 
Fig. 6 shows the magnetic field dependence of the 

magnetostrictive strain of Fe81Al19, Fe75Al18.75Pr6.25, and 
Fe75Al18.75Tb6.25. The magnetostrictive strains parallel to the 
magnetic field direction 𝜀∥𝑚  of all samples exhibit positive 
values, while the perpendicular strains 𝜀⊥𝑚  exhibit negative 
values. The saturation values of  𝜀∥𝑚 and 𝜀⊥𝑚 in Fe81Al19 are 30 
ppm and 15 ppm respectively, exhibiting a 2:1 ratio. This result 
suggests that the crystallographic orientation within the ribbon 
plane is isotropic. Furthermore, as Fe–Al alloys tend to grow 
preferentially along the <110> direction during solidification 
[22], it is anticipated that the ribbon plane is oriented along the 
{110} plane. Magnetostrictive strain εm can be expressed using 
the direction cosines of the magnetisation α = (α1, α2, α3) and 
the direction cosine of the strain β = (β1, β2, β3) relative to the 
crystal orientation, as follows [8]: 𝜀 𝑚 = (3 2⁄ )𝜆100(𝛼12𝛽12 + 𝛼22𝛽22 + 𝛼32𝛽32 − 1 3⁄ ) +3𝜆111(𝛼1 𝛼2 𝛽1 𝛽2 + 𝛼2 𝛼3 𝛽2 𝛽3 + 𝛼3 𝛼1 𝛽3 𝛽1 ). (1) 

When the crystal orientation within the ribbon plane is 
isotropic and the {110} plane is oriented perpendicular to the 
ribbon plane, the angle φ between the [100] direction within the 
ribbon plane and magnetisation direction (or strain direction) 
satisfies 𝜶 = 𝜷 = (cos 𝜑 , √2 2⁄ sin 𝜑 , √2 2⁄ sin 𝜑). From (1), 
the strain dependent on φ is given by the following: 
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𝜀{110}𝑚 = (3 2⁄ )𝜆100(cos4 𝜑 + (1 2⁄ ) sin4 𝜑 − 1 3⁄ ) +3𝜆111(cos2 𝜑 sin2 𝜑 + (1 4)⁄ sin4 𝜑). 
(2) 

Taking the average over all directions in (2) yields the strain 
for {110} plane-oriented sample, as follows: 〈𝜀{110}𝑚 〉 =(11 32⁄ )𝜆100 + (21 32⁄ )𝜆111. From λ100 of 80.1 ppm and λ111 
of 2.0 ppm in the quenched Fe–19.5 at.% Al alloy [4], 〈𝜀{110}𝑚 〉 
is 28.8 ppm, consistent with the experimental 𝜀∥𝑚 value. 

Compared to Fe81Al19, the magnetostrictive curves of 
Fe75Al18.75Pr6.25 and Fe75Al18.75Tb6.25 show an obviously shallow 
slope, indicating increased magnetic anisotropy. XRD data 
revealed that Pr2(Fe, Al)17 phase and Tb2(Fe, Al)17 phase 
precipitated in the Fe75Al18.75Pr6.25 ribbon and Fe75Al18.75Tb6.25 
ribbon, respectively. This precipitation increased the magnetic 
anisotropy of the Fe75Al18.75Pr6.25 ribbon and Fe75Al18.75Tb6.25 
ribbon, thereby preventing the saturation of the 
magnetostrictive strain. It has been reported that the 
magnetostrictive strain of Pr2Fe17 does not saturate even at 2 T 
[23]. 

 In this experiment, as the magnetostrictive strain of the 
Fe75Al18.75Pr6.25 ribbon does not reach saturation, a comparison 
of saturation values is not possible. In the future, 
magnetostriction measurements under higher magnetic fields 
will be required to obtain the saturation value. However, no 
improvement in magnetostriction was observed by adding Pr to 
the Fe–Al alloy. This result can be explained by the extreme 
difficulty of dissolving Pr in the A2-(Fe, Al) phase. 
Furthermore, it has been reported that the magnetostriction of 
Pr2Fe17 is 360 ppm at 53 K but only 32 ppm at 300 K [23]; this 
result suggests that the Pr2(Fe, Al)17 phase does not contribute 
to the improvement in the magnetostriction of Fe–Al alloys at 
room temperature. 

However, the 𝜀∥𝑚 value of Fe75Al18.75Pr6.25 at μ0H = 0.35 T is 
26 ppm, which is larger than that of Fe75Al18.75Tb6.25 (15 ppm). 
The origin of magnetostriction derives from the anisotropy of 
the electronic orbitals [14]. The 4f electron orbitals of Pr and Tb 
are significantly distorted into a disk shape, contributing to the 
large magnetic anisotropy and magnetostriction. Furthermore, 
since the magnetic moment of Fe is primarily attributed to the 
spin magnetic moment, linking the orbital anisotropy to the spin 
magnetic moment requires a strong spin-orbit coupling (SOC), 
which couples the spin and orbital magnetic moments, and a 
large orbital magnetic moment. The SOC constant of Tb3+ 
(1707 cm-1), which has a higher atomic number, is greater than 
that of Pr3+ (751.7 cm-1) [24]. Consequently, it is inferred that 
the Fe75Al18.75Tb6.25 ribbon exhibited larger coercivity and 
magnetic anisotropy in the magnetostrictive curve than the 
Fe75Al18.75Pr6.25 ribbon. However, other key factors are 
expected to affect magnetostriction. In fact, experimental 
results show that, although the Fe75Al18.75Tb6.25 ribbon exhibits 
obviously larger anisotropy than the Fe75Al18.75Pr6.25 ribbon, its 
magnetostriction is smaller. In addition to anisotropic electron 
orbitals and the SOC, other key factors are proposed, such as 
the large orbital magnetic moment and the strong Coulomb 
interactions with neighbouring atoms due to the large 4f orbital 
radius. The orbital angular momentum of Pr3+ is 5, larger than 

3 for Tb3+ [8]. Furthermore, in accordance with the lanthanide 
contraction, the 4f orbital radius in Pr is larger than that in Tb 
[15]. For the reasons outlined above, it can be explained that Pr-
added Fe–Al alloys exhibit a larger magnetostrictive strain than 
Tb-added Fe–Al alloys. 

The comparison between Fe75Al18.75Pr6.25 ribbon and 
Fe75Al18.75Tb6.25 ribbon is considered to represent the intrinsic 
influence of Pr and Tb on magnetostrictive properties. 
Moreover, it is expected that the magnetostriction of Fe–Al 
alloys can be significantly improved if Pr is successfully 
dissolved in the A2-(Fe, Al) phase in greater quantities by 
increasing quenching rates or adding other elements. Therefore, 
the enhancement of magnetostrictive properties through Pr 
addition has the potential to surpass that of Tb. 

 
Fig. 6. Magnetic field dependence of the magnetostrictive strain of Fe81Al19, 
Fe75Al18.75Pr6.25, and Fe75Al18.75Tb6.25. 

 

IV. CONCLUSION 

This study examined the crystal structures, magnetisation 
characteristics, and magnetostrictive properties of Fe–Al alloys 
with added Pr and Tb. The crystal structure of the Fe81Al19 
ribbon was identified to be mainly an A2 disordered phase. In 
the Fe75Al18.75Pr6.25 and Fe75Al18.75Tb6.25 ribbons, Pr2(Fe, Al)17 
and Tb2(Fe, Al)17 phases precipitated alongside the A2-(Fe, Al) 
phase. The weight fractions of the Pr2(Fe, Al)17 phase in the 
Fe75Al18.75Pr6.25 ribbon and the Tb2(Fe, Al)17 phase in the 
Fe75Al18.75Tb6.25 ribbon relative to the A2-(Fe, Al) phase were 
17% and 12%, respectively. From the magnetisation curves 
measured by SQUID-VSM, the saturation magnetisation of the 
Fe81Al19, Fe75Al18.75Pr6.25, and Fe75Al18.75Tb6.25 ribbons was 1.54 
T, 0.94 T, and 0.20 T, respectively. These results show that the 
precipitation of the Tb2(Fe, Al)17 phase considerably reduces 
the saturation magnetisation. Furthermore, it was found that 
precipitation of the Pr2(Fe, Al)17 phase causes a smaller 
reduction in saturation magnetisation than that caused by 
Tb2(Fe, Al)17. Magnetostriction measurements revealed that the 
magnetostrictive strain parallel to the magnetic field in the 
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Fe81Al19 ribbons reached a saturation value of 30 ppm. This 
value matched the theoretical value for {110} plane-oriented 
samples. The magnetostrictive strain parallel to the magnetic 
field in the Fe75Al18.75Tb6.25 ribbon at a magnetic field of 0.35 T 
was 15 ppm, while in the Fe75Al18.75Pr6.25 ribbon, it was 26 ppm. 
These results suggest that the electronic structure of Pr 
effectively contributes to the enhancement of magnetostrictive 
properties. Therefore, the addition of Pr to Fe–Al alloys is 
expected to yield new magnetostrictive materials.  
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