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ABSTRACT
Magnetostrictive materials are widely used in actuators, sensors, and energy-harvesting systems, but many high-performance compounds
rely on heavy rare-earth elements or require high magnetic fields to develop giant magnetostrains. Here, we present Fe2P/epoxy composites,
exploiting an anisotropic first-order ferromagnetic transition (FOMT) to generate giant magnetostrains. A parametric model based on struc-
tural discontinuities and thermodynamic considerations is proposed to guide composition selection. Textured MnFe0.95P0.55Si0.40B0.05/epoxy
composites were prepared by magnetic field alignment and characterized by strain-gauge dilatometry measurements as a function of temper-
ature and magnetic field. Near the FOMT, despite matrix dilution effects, linear magnetostrains up to 0.22% at 2 T (0.37% at 7 T) are achieved.
In particular, at intermediate fields, the magnetostrain shows a nearly linear increase with the field of about 0.1%/T (1000 ppm/T) with limited
hysteresis. These results demonstrate that Fe2P-type compounds, previously developed for magnetocaloric applications, can be adapted into
scalable, low-cost magnetostrictive composites with tunable transition temperatures that rely only on abundant elements.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0307815

I. INTRODUCTION

Magnetostrains correspond to the relative length change of
a material induced by an applied magnetic field, arising from
mechanisms such as magnetic domain reorientation, magnetocrys-
talline anisotropy, phase transitions, or twin boundary motion.
Magnetostrictive materials have attracted significant attention due
to their broad range of applications, including actuators and sen-
sors (motion, stress, or torque detection), ultrasonic transducers
(sonar and medical imaging), as well as energy harvesting and vibra-
tion control systems. These applications rely on the interconversion
between magnetic and mechanical energy, and in most cases, the
performance can be greatly enhanced by stronger magnetostrictive
effects.1–4

In elemental ferromagnetic metals, the magnetostriction is rel-
atively modest, for instance, about 46 ppm for Ni.5 Table I summa-
rizes the properties of typical magnetostrictive materials. Traditional

magnetostrictive alloys such as Terfenol-D (Tb-Dy-Fe) and Galfenol
(Fe–Ga) have demonstrated high strain levels (up to 1600 ppm at
about 0.2 T), making them attractive for engineering applications.6–8

However, their performance, inherent brittleness, high cost, or
complex fabrication routes can limit their widespread adoption.

Beyond the conventional domain-rotation-driven magne-
tostriction, significantly larger effects can be achieved in materials
that undergo a magnetic phase transition. When structural transfor-
mations are strongly coupled to the magnetic order, an applied mag-
netic field can induce abrupt lattice distortions or volume changes,
resulting in magnetostrains that are several orders of magnitude
greater than those generated by domain rotation alone (see Table I).
These giant magnetostrains are especially prominent in intermetallic
compounds that possess a large saturation magnetization. Represen-
tative families include FeRh,9 La(Fe,Si)13 alloys,10–13 Laves phases,14

MnCoSi or MnCoGe compounds,15–18 MnAs,19 Gd5Si2Ge2,20 and
Heusler alloys,21–24 all of which exhibit a first-order magnetic
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TABLE I. Comparison of magnetostrictive materials with emphasis on systems based on first-order magnetic transition and giant shape memory effects. The “mechanism”
indicates the origin of the magnetostrains or the nature of the phase transition.

Material
Magnetostrains

(%)
Saturation

field (T)
Coercivity

/hysteresis (T) Mechanism Refs.

Terfenol-D 0.16 0.2 0.0025 Magnetic domain rotation 6
Galfenol 0.02 0.02 ∼0.0002 Magnetic domain rotation 7 and 8
FeRh 0.8 8 1.6 Isotropic magneto-elastic AF–FM transition 9
La(Fe,Si)13 0.25 2 0.1 Isotropic magneto-elastic FM–PM transition 10–13
(Hf,Ta)Fe2 0.4 5 0.1 Anisotropic FM–AFM magnetoelastic transition 14
Co0.95Ni0.05MnSi 0.6 6 0.5 Anisotropic AFM–FM magnetoelastic transition 15–17
Mn0.98CoGe 0.05 5 ⋅ ⋅ ⋅ Anisotropic FM–PM magnetostructural transition 18
MnAs 0.65 5 2.5 Anisotropic FM–PM magnetostructural transition 19
Gd5Si2Ge2 0.2 2 0.5 Anisotropic FM–PM magneto-structural transition 20
Ni2MnGa 9.5 1 1 Twin boundary motion 21 and 22
Ni45Co5Mn36.6In13.4 3 6 2.5 Martensitic transition 23 and 24

transition (FOMT). Although transition-driven magnetostrains
offer a promising pathway toward an enhanced performance, they
are frequently accompanied by drawbacks such as the need for high
magnetic fields, a pronounced hysteresis, and reduced mechanical
properties. These trade-offs must be carefully considered when eval-
uating such materials for practical applications. We can also note
that, for most material systems, the magnetostrains are found to
be significantly smaller than the volume change of the phase tran-
sition or the relative lattice parameter changes determined from
XRD as a function of temperature or magnetic field. XRD probes
the intrinsic unit-cell distortion at an atomic scale, whereas the
macroscopically measured magnetostrains (strain gauge, tunneling
tip, capacitance dilatometers, etc.) correspond to an effective macro-
scopic deformation of the entire sample, including the influence of

the microstructure and the magnetic domains. For practical applica-
tions of polycrystalline materials, actual magnetostrictive measure-
ments are needed to truly assess the potential of each magnetic phase
transition.

MnFe(P,X) compounds with X = As, Ge, Si, or B are derived
from the hexagonal Fe2P parent system and form a rich materi-
als family that has been intensively studied for its unusual FOMT
and the associated giant magnetocaloric effect.25–28 Contrary to most
materials listed in Table I, the ferro-to-paramagnetic FOMT is not
associated with a change in crystal symmetry or a sizable volume
change. It, however, shows a nearly compensated contraction of the
a axis and elongation of the c axis.29,30 The proposed description for
the FOMT implies distinct evolutions of the metal–metalloid dis-
tances for the non-equivalent 3g and 3f metal sites, corresponding

FIG. 1. Parametric estimate of the magnetostrains in Fe2P-type compounds. (Left) Representation of the crystal structure of (Mn,Fe)2(P,Si) compounds highlighting the
pyramidal and tetrahedral environments of Mn and Fe, respectively; the evolution of the lattice parameters upon cooling or magnetizing; and the a, b plane magnetization
direction. Panels (a) and (b): Temperature evolution of the a and c lattice parameters of a MnFe0.95P0.585B0.075Si0.34 compound measured by XRD. The lines and arrows
illustrate the discontinuities in lattice parameters and the construction used to estimate the magnetostrains (εm). Panels (c) and (d): Heat capacity measurements upon
heating in various magnetic fields and evolution of the ferromagnetic transition as a function of the magnetic field, obtained from panel (b) and magnetization vs temperature
curves. Panels (e) and (f): Calculated εm values from the parametric model along the a and c axes, respectively.
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to pyramidal and tetrahedral metalloid environments, respectively
(see illustration of the crystal structure in Fig. 1). The evolution of
the interatomic distances influences the magnetic interactions; in
particular, the decrease in the c/a ratio upon cooling favors ferro-
magnetism along with the development of a higher moment at the Fe
3f site. This leads to a cooperative mechanism where the magnetic,
lattice, and electronic structures evolve simultaneously, resulting in
an intense anisotropic FOMT.

As the FOMT involves anisotropic lattice discontinuities of
opposite sign along the a and c axes, which nearly compensate
each other, no significant macroscopic magnetostrains are in prin-
ciple expected in randomly oriented polycrystalline bulk MnFe(P,X)
samples. Yet, as demonstrated hereafter, large longitudinal magne-
tostrains can be obtained for textured materials. The texturation
stage is dependent on the easy direction of the magnetic moments.
The binary Fe2P parent presents a strong uniaxial anisotropy with
moments along the c axis;29 whereas MnFe(P,Si) compounds show
moments oriented along the a axis (in particular in Mn-rich compo-
sitions) or moments canted with respect to the c axis (with a canting
angle of about 30○) at low Si contents, with anisotropy constants
(K1 and K2) that are one order of magnitude weaker than for
Fe2P.31–33

To realize a proof of concept for magnetostrains in Fe2P-type
materials, we turned toward a composite approach, which usu-
ally combines magnetostrictive particles with polymeric, ceramic,
or metallic matrices. These composites aim to balance the high
magnetostrains of the active phase with the flexibility, toughness,
and ease of processing provided by the matrix. Different fabri-
cation strategies—such as particulate dispersion, laminated struc-
tures, and aligned fiber architectures—have been explored in the
literature for other material families.1–4 Yet the production of
magnetostrictive composites uniquely depends on the active mag-
netic material and requires a specific development for each case.
Section II presents a parametric model used to guide the selection
of MnFe(P,Si,B) compounds. Section III describes the experimental
methods and the development of a homemade dilatometer compat-
ible with PPMS systems. Section IV shows and discusses the results
on MnFe0.95P0.55Si0.40B0.05/epoxy composites demonstrating giant
magnetostrains at intermediate magnetic fields.

II. MODELING MAGNETOSTRAINS AT THE FOMT
OF MnFe(P,Si,B) COMPOUNDS

MnFe(P,X) compounds can present a broad range of magnetic
properties at their ferromagnetic transition; in particular, compo-
sitional tuning allows a progression from a second-order magnetic
transition (SOMT) to a FOMT with latent heat and giant discon-
tinuities in cell parameters. The amplitude of the distortion has
been observed to be linearly proportional to the strength of the
FOMT, quantified as the latent heat (L).34 We propose a parametric
model relying on experimental measurements of the discontinuity
in lattice parameters and of physical properties. This approach is
a practical tool to estimate the maximum expected magnetostrains
from existing experimental data on MnFe(P,X) compounds, thereby
providing guidance for composition selection. The magnetostrain
along the a and c axes of the hexagonal structure is defined as
εm,a = a(H)/a(0) − 1 and ϵm,c = c(H)/c(0) − 1, respectively.

The lattice discontinuities Δa and Δc should correspond to a
step for an ideal FOMT. As illustrated in Fig. 1, in real materi-
als, they are experimentally distributed over a narrow temperature
range corresponding to the finite transition width δTtr. Applying a
magnetic field shifts the transition by dTtr/μ0dH, which can be mea-
sured directly or estimated from the Clausius–Clapeyron relation:
dTtr/μ0dH = −TtrΔM/L, where ΔM is the discontinuity in magneti-
zation. This approach shares some similarities with several models
that have been developed to estimate the isothermal entropy change
and adiabatic temperature change in magnetocaloric materials.35–39

Two regimes can be distinguished upon applying a magnetic field.
When the transition is only partially induced, the magnetostrain
along a given crystallographic direction is proportional to the mag-

netic field: εm,a = −H( Δa
a )(

dTtr
dH )

δTtr
. When the transition is fully induced

at a critical field H∗ = δTtr/( dTtr
dH ), the magnetostrain will saturate at

εm,a = −Δa/a. The negative sign originates from the convention used
to define the lattice discontinuities, Δa or Δc, which are usually esti-
mated upon heating (ferro-to-paramagnetic transition). However,
the magnetostrain upon magnetizing corresponds to the opposite
transformation path.

This approach is presented in Fig. 1 for
MnFe0.95P0.585B0.075Si0.34, a representative MnFe(P,X) com-
pound developed for its giant magnetocaloric effect.40–42 The
shift of the transition under the field is clearly seen as the latent
heat peak moves to higher temperatures. Notably, the transition
broadens significantly only at higher fields (≥2 T), so assuming
that δTtr remains constant can be considered for intermediate
fields. The value dTtr/μ0dH = 3.7 KT−1 may also be evaluated from
M(T) curves, and both methods yield a reasonable agreement.
Large discontinuities in lattice parameters can be fully induced by
magnetic fields of 1–2 T, leading to magnetostrains of about +0.4%
along a and –1.0% along c for a field of 1 T, which is achievable using
permanent magnets (or electromagnets). The lattice discontinuities
being opposite in sign and nearly compensated, the net volume
change εm,V = 2εm,a+εm,c is anticipated to be negligible.

Although approximate, this model is well suited to guide mate-
rials selection. It highlights, for example, that targeting the largest
unit-cell discontinuities is beneficial only above H∗. However, larger
values of Δa/a and Δc/c are inevitably correlated with a larger latent
heat, a broader hysteresis, and an increased embrittlement.34 To
maximize magnetostrains at intermediate fields (H <H∗)—most rel-
evant for applications—it is important to increase the field sensitivity
and minimize the transition width. Specifically for the Fe2P family,
since the lattice discontinuity correlates directly with L,34 pursu-
ing larger Δa/a and Δc/c necessarily reduces dTtr/μ0dH at a fixed
saturation magnetization. The strategies applied to optimize the
MnFe(P,X) compounds for magnetocaloric performance—namely,
tuning the transition toward the first-order/second-order boundary
for the magnetic transition while maximizing the saturation mag-
netization to minimize hysteresis and maximize dTtr/μ0dH—are
also highly relevant for optimizing magnetostrains at intermediate
fields.

Since second-order transitions cannot concentrate large lattice
parameter changes within a narrow temperature or field window,
they appear unsuitable and were therefore not considered fur-
ther. This view is supported by measurements on Fe2(P,Si)/epoxy
composites with a SOMT (see the supplementary material), which

APL Mater. 14, 011107 (2026); doi: 10.1063/5.0307815 14, 011107-3

© Author(s) 2026

 10 February 2026 12:13:05

https://pubs.aip.org/aip/apm
https://doi.org/10.60893/figshare.apm.c.8203589


APL Materials ARTICLE pubs.aip.org/aip/apm

exhibit magnetostrictive performances that are roughly an order of
magnitude lower than the samples with a FOMT presented below.

III. EXPERIMENTAL DETAILS
The preparation of textured Fe2P/epoxy composites consisted

of several stages. First, bulk polycrystalline MnFe0.95P0.55Si0.40B0.05
compounds are synthesized by a solid-state reaction. Elemental
powders were milled in a planetary mill for 10 h using a ball:sample
ratio of 5:1. The resulting powders were pelletized into a cylin-
der, sealed into quartz ampules backfilled with 200 mbar Ar, and
heat treated at 1100 ○C for 24 h, ending with quenching in room
temperature water. The pellet was then cooled to liquid N2 tem-
perature to remove the “virgin effect” (a training effect common
to this family of materials), pulverized into powder by hand crush-
ing in an agate mortar, and the powder was sieved below 36 μm.
The sieving size was chosen based on previous investigations of
closely related bulk materials prepared by the same method, which
indicated an average grain size of ∼24 μm.40 The sieved powder is
therefore expected to consist predominantly of single-grain parti-
cles. The composite is prepared by mixing weighted quantities of
the sieved powder with epoxy (3M-DP270) and then poured into
a cubic mold of 2 × 2 × 2 cm3. The main text presents composites
with an addition of +25 wt. % epoxy; different epoxy contents are
presented in SM. For materials with easy axis orientation [Fe2(P,Si)
compounds in the supplementary material], the magnetic orienta-
tion is achieved by inserting the mold into a static 1.1 T permanent
magnet gap, whereas the cube was rotated at 60 rpm in the mag-
net gap for MnFe0.95P0.55Si0.40B0.05/epoxy samples with an easy plane
anisotropy.

X-ray diffraction experiments were conducted on an Empyrean
PANalytical diffractometer employing Cu-Kα radiation. Rietveld
refinements showed that the main phase crystallizes in the Fe2P-
type structure, with lattice parameters close to those reported for
closely related compositions.40–42 As commonly observed in poly-
crystalline (Mn,Fe)2(P,Si) samples prepared by solid-state reaction,
a cubic secondary phase with lattice parameters similar to Fe3Si was
also detected, amounting to about 2.3(6) wt. %. Physical properties
were measured on a Quantum Design Dynacool 9 T system. Mag-
netic measurements were carried out using the vibrating sample
magnetometer (VSM) option.

The linear thermal expansion α = (1/L)(dL/dT) and mag-
netostrains εm = L(H)/L(0) − 1 were measured using a home-
made dilatometer option developed for the Quantum Design
PPMS/Dynacool/Versalab system and based on the strain gauge
method. The samples are mounted in the constant field region by
using a copper holder fixed on a standard PPMS puck (see illus-
tration in the supplementary material). Two identical strain gauges
[BAB-120-3AA250(11), ZEMIC, Xi’an, China] were bonded with
H-610 epoxy onto the sample and a fused silica reference and con-
nected in a Wheatstone bridge circuit. A Keithley 2400 source unit
provided the excitation voltage for the circuit, while the output sig-
nal was recorded by a Keithley 2182A nanovoltmeter. A LabVIEW
virtual instrument was developed to simultaneously control the
Quantum Design Dynacool through the Ethernet network and con-
trol/acquire the signals from the Keithley instruments connected by
GPIB. Prior to the measurements, the reliability of this homemade

setup was confirmed by measuring the linear thermal expansion
of a high-purity copper sample (Puratronic, 99.999%, Alfa Aesar)
mounted with strain gauges from the same batch. The measured
linear thermal expansion for copper at 293 K was 16.8 ppm K−1,
in excellent agreement with the NIST standard value. Moreover,
across a broad 50–350 K temperature range, the deviation of mea-
sured data from the NIST reference values did not exceed 2.5%
(see the supplementary material), thereby validating the accuracy
and reliability of our homemade dilatometer. Dilatometry measure-
ments were carried out by sweeping the temperature at ±0.5 Kmin−1

and magnetostrain measurements by sweeping the magnetic field at
0.42 Tmin−1.

IV. RESULTS AND DISCUSSION
In the context of permanent magnet preparation, Fe2P/epoxy

composites with the c axis as the easy magnetization direction were
successfully textured by applying a static magnetic field during com-
posite processing.43 For compositions with an easy magnetization
direction in the a-b plane, magnetic texturing instead requires a
rotating field to ensure alignment of the hard magnetic axis with the
rotation direction.44

Figure 2 illustrates the orientation process and its confirma-
tion through XRD and dilatometry measurements. It is important
to note that, for a given face of the cube, XRD measurements are
performed perpendicular to the face, whereas dilatometry is carried
out with a strain gauge attached parallel to the face. On the XRD
diffractograms, the face with a normal along the rotation direction
shows a strong enhancement of the (001) and (002) diffraction peaks
compared to a randomly oriented polycrystalline powder reference
(data provided in the supplementary material), while the other main
peaks with a, b components are strongly suppressed. This provides
the first evidence that a significant texture was achieved in the com-
posite by magnetic alignment. To assess the degree of orientation
in the composite, the Lotgering factor method was used by compar-
ing the relative peak intensities of powder XRD data for the oriented
composite and that of the random powder.45 The I00l intensity was
integrated over the ranges 25.5○ ≤ 2θ ≤ 27○ (001) and 53.4○ ≤ 2θ
≤ 55○ (002), whereas the Ihkl intensity was integrated over the 20○

≤ 2θ ≤ 90○ range (in both cases, a background estimated via spline
interpolation was subtracted to account for the non-negligible sam-
ple fluorescence and the low-angle amorphous contribution from
the epoxy). The resulting Lotgering factor, 0.83, is reasonably close
to 1, indicating a strong, though not fully complete, texture, consis-
tent with the still noticeable hkl and hk0 peaks visible in panel a of
Fig. 2. We note that during the present magnetic orientation process,
the epoxy was not diluted and remained relatively viscous; alter-
native magnetic orientation techniques (e.g., magnetic slip casting)
may enable even higher texture levels.

Dilatometry experiments upon heating show a contraction typ-
ical of that observed along the a axis. This contraction upon heating
is sharp at the transition temperature Ttr = 305 K and exhibits a
thermal hysteresis of about 3–4 K, which are typical hallmarks of
a first-order transition. The thermal contraction along this face cor-
responds to a negative thermal expansion (NTE) of about −0.36%
in a 20 K temperature window, leading to an average linear ther-
mal expansion coefficient αa ≈ −180 ppm K−1 around the FOMT.
While this NTE is significant and comparable in magnitude to
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FIG. 2. Schematic representation of the magnetic field texturing for MnFe0.95P0.55Si0.40B0.05/epoxy composites and its characterization. The rectangular shape pasted along
the cube faces marks out the position of the strain gauges. Panels (a) and (b): XRD along the rotation axis and dilatometry perpendicular to it. Panels (c) and (d): XRD
perpendicular to the rotation axis and dilatometry parallel to it.

values reported for materials specifically designed to exhibit a giant-
NTE,46–48 it remains significantly less than the intrinsic contraction
along the a axis (≈−0.6%), indicating that the epoxy matrix partly
mitigates the intrinsic lattice contraction.

The four faces with normals aligned parallel to the rotating
magnetic field show strongly enhanced (300) and (210) diffrac-
tion peaks, consistent with an easy magnetization direction along
the a axis, characteristic of MnFe(P,Si) compounds with high Si
content.31–33 Dilatometry along the face shows a strong expansion
typical of that observed along the c axis of the unit cell, with an
amplitude nearly three times stronger than that observed along the a
axis. The opposite and nearly compensated anisotropic linear ther-
mal expansions yield a limited volume change, as previously pointed
out by temperature dependent XRD measurements.42

Figure 3 shows magnetostrain measurements carried out lon-
gitudinally (with the magnetic field applied along the strain gauge)
on the two different orientations of the cube. The cube face with the
strain gauge aligned to the a-b plane, which contracts upon heat-
ing, leads to positive magnetostrains upon applying the magnetic
field. The magnetostriction in the ferromagnetic state prior to the
transition (250 K) is relatively limited and evolves nearly linearly
at about 43 ppm T−1. In the vicinity of the FOMT, giant mag-
netostrains appear due to the field-induced para-to-ferromagnetic
transition. The magnetostrains are the largest just above the zero-
field transition temperature, a temperature at which an interme-
diate magnetic field is sufficient to fully induce the transition,
leading to magnetostrains of about 0.22% at 2 T and nearly sat-
urating at 0.26% at 7 T. At higher temperatures, larger magnetic
fields are required to induce the transition, resulting in smaller
effects.

The cube face with the strain gauge aligned to the c axis, which
expands upon heating, leads to negative magnetostrains upon apply-
ing the magnetic field. Similar to the previous orientation, giant
magnetostrains develop in the close vicinity of the FOMT, but since
the deformation of the active material is larger along the c axis than
along a, the magnetostrains are larger, nearly saturating at −0.37%
at 7 T.

In both cases, a finite magnetic field hysteresis is observed
at the field-induced transition. However, it differs from that usu-
ally observed in field-induced magnetization curves for a FOMT
(see magnetization measurements in the supplementary material).
The magnetic field hysteresis is not only located in the field region
of the FOMT but is also significant at the highest applied fields
when the transition is fully induced (ferromagnetic phase fraction
fully induced). The epoxy matrix affects the hysteresis of the mate-
rials mainly by providing a mechanical constraint, locking in local
strains when reversing the magnetic field. Yet, in the intermediate
field range (1 or 2 T), which is the most relevant for applications, the
field hysteresis remains limited, for example, about 0.15 T in panel
c of Fig. 3. This magnetic field range also corresponds to the field
dependent regime of the model where the magnetostriction evolves
nearly linearly at about −0.1%/T. Finally, we note that the perpen-
dicular magnetostriction is of opposite sign to the longitudinal one,
in line with the volume preserving nature of the FOMT.

In comparison with the magnetostrains predicted by the model
in Sec. II, there is a qualitative agreement with the sign of the effect
along the different orientations and with the existence of a critical
field between 1 and 2 T above which the magnetostrains begin to
saturate. Quantitatively, however, in MnFe0.95P0.55Si0.40B0.05/epoxy
composites, one observes magnetostrains that are only one-third of
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FIG. 3. Magnetostrains in MnFe0.95P0.55Si0.40B0.05/epoxy composites. Panel (a): Longitudinal magnetostrains with the strain gauge along the (a, b) plane [position equivalent
to panel (b) of Fig. 2] recorded from 7 T to 7 to 7 T at various temperatures. Panel (b): Longitudinal magnetostrains with a strain gauge along the c axis [position equivalent
to panel (d) of Fig. 2] recorded from 7 T to 7 to 7 T at various temperatures. Panel (c): Longitudinal magnetostrains with the strain gauge along the c axis recorded at
T = 308 K with a 1 or 2 T maximum field. Panel (d): Perpendicular magnetostrains with a strain gauge along the c axis recorded from 7 T to 7 to 7 T at various temperatures.

those predicted by the model. Since the magnetostrains of the epoxy
are negligible (εmEpoxy ∼ 0), considering a basic rule of mixture for
the effective magnetostrain of the composite εm = fEpoxyεmEpoxy + (1
− fepoxy) εm(Mn,Fe)2(P,Si) ≈ (1 − fepoxy) εm(Mn,Fe)2(P,Si), the volume frac-
tion of epoxy fEpoxy acts as a dilution of the intrinsic magnetostrains
of the (Mn,Fe)2(P,Si) main phase. In the present case, we chose to
facilitate texturing over densification of the active phase by working
with an added epoxy content of +25 wt. %, corresponding to a vol-
ume fraction of about 56 vol. % epoxy, larger than that traditionally
used for magnetostrictive composites (30–50 vol. % fraction). This
large epoxy content is responsible for most of the reduction in effec-
tive magnetostrains. In addition to the volume fraction, the softer
epoxy will accommodate the magnetostrains from the Fe2P material,
and imperfect particle–matrix bonding will reduce the mechanical
coupling, both further contributing to reduced effective transferred
strains. Imperfect orientation, as pointed out in Fig. 2, may also
contribute to reducing the effective magnetostrain of the compos-
ite. Finally, we note that in the case of the thermal expansion data
presented in Fig. 2, the positive thermal expansion of the epoxy
(αEpoxy ≈ 80 ppmK−1) could not be neglected and would contribute
to reducing the observed linear expansion anomalies along both
orientations.

Despite the above limitations that are inherent to composites,
we should point out that the present MnFe0.95P0.55Si0.40B0.05/epoxy
samples possess some practical advantages compared to other mag-
netostrictive materials presented in Table I and, therefore, deserve
further attention. Contrary to materials containing heavy rare earth,
Ge, Rh, or As,6,9,18–20 they are based on inexpensive, non-critical, and
non-toxic raw materials. Heusler alloys with a martensitic transi-
tion can present magnetostrains significantly larger than presently
observed, but often require a larger magnetic field to induce the
transition.23,24 In addition, the field hysteresis of the FOMT in
Fe2P compounds can be tuned to low values, which improves
the reversibility of the effect. Actually, one great advantage of
Fe2P/composites is that they benefit from the efforts made in the
search for materials with a cyclic giant magnetocaloric effect. By
a subtle balance in the Mn:Fe ratio and the Si and B contents,
MnFe(P,Si(,B)) compounds can be tuned to exhibit a FOMT with
modest hysteresis in combination with a transition temperature that
is tunable over a large temperature window, covering a tempera-
ture range from below to above room temperature.26,42 While other
transition-metal-based systems such as CoMnSi and (Hf,Ta)Fe2
can present giant magnetostrains in bulk form without the need
to process them as composites, their transition temperatures
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cover a more limited temperature range; in particular, their giant
magnetostrains develop below room temperature.14–17 Finally,
La(Fe,Si)13 alloys and their hydrides exhibit magnetostrains of about
0.2% for 2 T in polycrystalline samples at room temperature, on par
with what is presently observed, but they are relatively brittle in bulk
form and are prone to dehydrating upon cycling through the FOMT.
La(Fe,Si)13/epoxy composites present an improved mechanical sta-
bility, but at the expense of nearly halved magnetostrains, ≈0.11%
for 2 T.49

Collecting the present dataset (and performing some pre-
liminary characterizations) required about 134 crossings of the
phase transition as a function of temperature (from 250 to
350 K) or magnetic field (up to 7 T) on the same sample of
MnFe0.95P0.55Si0.40B0.05/epoxy composite. No embrittlement of the
sample or significant aging of its properties was observed. This
behavior contrasts with bulk polycrystalline Fe2P samples, which
often develop (micro)cracks after only a few cycles across the phase
transition, sometimes even leading to complete mechanical failure.
The origin of this apparent mechanical stability of the compos-
ite likely includes (i) a high epoxy ratio (56 vol. %), which allows
the composite to yield, and (ii) the texture, which helps limit the
development of internal stresses, in contrast to polycrystalline bulk
samples, where the opposite lattice parameter discontinuities can
create large local stresses at grain boundaries. Dedicated mechani-
cal investigations will be required to compare more quantitatively
bulk and composite samples.

V. CONCLUSIONS
A practical method has been implemented to shape and texture

Fe2P-compounds/epoxy composites. The thermal expansion and
magnetostrains of MnFe0.95P0.55Si0.40B0.05/epoxy composites were
studied as a function of temperature and magnetic field. We show
that the anisotropic character of the transition and the low magnetic
anisotropy do not hinder the realization of large linear magne-
tostrains, reaching up to 0.1%/T at intermediate magnetic fields.
A parametric model indicates that the composition selection of
the active phase should focus on materials exhibiting a sharp first-
order magnetic transition with a large field sensitivity, particularly
in the intermediate field region (1–2 T). In the field of magne-
tocaloric applications, discontinuities in lattice parameters at the
ferromagnetic transition are undesirable and pose serious technical
challenges for integrating these materials into functional systems.
Conversely, we show that when texturing is applied, these lattice
discontinuities can be exploited to achieve large magnetostrains,
thereby opening this material family to a new field of application.
Owing to the large temperature range achievable by chemical com-
pounding of the active phase and the limited transition hysteresis
ensuring reversibility of the effect, this proof of concept establishes
Fe2P/epoxy composites as a promising class of magnetostrictive
materials derived from abundantly available, low-cost elements.

SUPPLEMENTARY MATERIAL

The supplementary material includes additional figures illus-
trating (i) dilatometry measurements on a Cu standard, (ii) the
thermal expansion and magnetostrains of a composite with a

second-order transition, (iii) magnetization measurements, and (iv)
the XRD data for the randomly oriented powder.
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