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a b s t r a c t

The effects of Ge substitution and synthesis via rapid solidification on the structure and magnetic
character of the intermetallic Fe5SiB2 (5-1-2) system were determined, with the objective to investigate
the potential of Fe5(Si0.75Ge0.25)B2 as a new permanent magnet material. Samples were made by arc-
melting/annealing as well as by melt-spinning/annealing and were evaluated by probing the structure,
composition, and magnetic response. Results indicate that the tetragonal Cr5B3 crystal structure, large
saturation magnetization (Ms ¼ 153.8 emu/g) and Curie temperature (Tc ¼ 784 K) of the parent Fe5SiB2

phase may be preserved by substituting up to 25 at % of Si in the lattice with Ge. The room-temperature
magnetocrystalline anisotropy constant of a Ge-substituted alloy of nominal composition Fe5(S-
i0.75Ge0.25)B2 was evaluated as K1 ¼ 5 � 106 ergs/cc using the law of approach to saturation and is the
largest reported to date within the 5-1-2 materials system. As a result of compositional modification, the
spin reorientation observed in Fe5SiB2 is greatly suppressed from 172 K to 60 K. A comparison of the 5-1-
2 phase evolution when synthesized by standard casting and by rapid solidification indicates that melt
spinning is a simpler and more expeditious synthesis method relative to previously reported solid-state
reaction methods.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Motivation persists to diversify the supply and increase the
availability of high-performance magnets in response to ever-
growing demand in the energy, defense, transportation and con-
sumer product sectors [1,2]. To this end, it is desired to develop
novel Fe-based intermetallic compounds with a large magnetiza-
tion, high Curie temperature, and appreciable uniaxial magneto-
crystalline anisotropy that can donate high coercivity. While the
Fe5SiB2 (5-1-2) compound has been reported to exhibit a high
saturation magnetization (MS ¼ 153.8 emu/g) and a Curie tem-
perature in excess of 750 K, it possesses a technologically low
anisotropy energy at room temperature (K1 ¼ 2.5e3.0 � 106 ergs/
cc), as determined by the law of approach to saturation [3e7].
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These features motivate research towards controlling the anisot-
ropy of this compound using intrinsic (compositional) and extrinsic
(microstructural control) means. The Fe5SiB2 compound has the
tetragonal Cr5B3 prototypical layered structure (space group I4/
mcm; a ¼ 5.5507 (1) Å and c ¼ 10.3359 (2) Å) with bi-capped
tetragonal antiprisms comprised of a cage of ten Fe atoms encas-
ing a Si atom, Fig. 1 [3]. A uniaxial magnetization along the c-axis
exists for T> 172 Kwhichmarks the spin reorientation temperature
Tsp; for T < Tsp the compound adopts an easy-plane anisotropy [3,4].

Chemical substitution has been confirmed to enhance the
magnetocrystalline anisotropy inmany intermetallic ferromagnetic
systems [2,8e13]. Efforts to compositionally engineer the magne-
tocrystalline anisotropy in the 5-1-2 system indicate that substi-
tution of Mn for Fe has no apparent effect, while computational
results conclude that the substitution of Co for Fe, as well as P and S
for Si in the Fe5SiB2 structure increases the anisotropy energy [3,5].
Preservation of the Cr5B3 structure type is reported in all these
studies. For substitutions of Co for Fe and P for Si, this increased
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Fig. 1. Fe5SiB2 (Cr5B3 type) unit cell depicting bi-capped tetragonal antiprisms shown
in blue which are formed from a 10 Fe atom cage enclosing a Si atom. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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anisotropy energy is accompanied by a decrease in the Curie tem-
perature (to 675 K and to 640 K, respectively) and a decreased
saturation magnetization (to 112.2 emu/g and to 124.8 emu/g,
respectively) [3,5]. The effects of sulfur substitution for silicon in
the lattice on the Curie temperature and saturation magnetization
were not reported [5]. In all cases it is reported that elemental
substitution from the parent Fe5SiB2 structure suppresses the spin
reorientation temperature.

In this current work, changes in the magnetic properties of
Fe5SiB2 due to the incorporation of small amounts of Ge are re-
ported. Additionally, the impact of solidification rate during syn-
thesis from the melt on the 5-1-2 magnetic and structural
properties are also documented. It is determined that the room-
temperature anisotropy energy of Fe5(Si0.75Ge0.25)B2 is the largest
of any 5-1-2 compound reported to date. Moreover, it is shown that
rapid solidification of the compound by melt-spinning and subse-
quent annealing requires far less time and effort for synthesis of
this phase compared to previously reported solid state reaction
techniques [3]. These results are assessed in the context of the
potential of the Fe5SiB2 family of compounds for advanced per-
manent magnet applications.

2. Methods

Chemically-modified Fe5SiB2 samples of composition Fe5(S-
i0.75Ge0.25)B2, were synthesized by standard arc-melting to produce
cast ingots as well as by rapid solidification via melt-spinning to
produce thin ribbons. The Fe5(Si0.75Ge0.25)B2 ingots were prepared
by arc-melting the constituent elements (99.9% purity) in an inert
Ar atmosphere. A portion of the Fe5(Si0.75Ge0.25)B2 arc-melted
charge was subsequently melt-spun on a water-cooled copper
wheel in Ar at a tangential wheel speed of 30 m/s to produce brittle
ribbons of approximately 2e3 mm inwidth and 5e10 cm in length.
Both ingots and ribbons were sealed under vacuum (1 � 10�6 Torr)
in vitreous silica tubes and annealed using the following condi-
tions: T ¼ 1000 �C/10 days for cast samples and T ¼ 600 �C/1 h for
melt-spun samples; the tubes were quenched in ice water after the
annealing treatments. The annealing temperatures were chosen on
the basis of calorimetric data, described below, that provides in-
formation regarding stability of the 5-1-2 phase in these two forms
of materials.

The chemical composition and homogeneity of both types of
sample were confirmed before annealing using energy-dispersive
x-ray spectrometry in a scanning electron microscope (SEM-EDS,
Hitachi S4800). Samples were ground to a powder (<45 mm) in air
for structural characterization using standard laboratory x-ray
powder diffractometry (Cu-Ka radiation, l ¼ 1.54184 Å; (PAN-
analytical X'Pert PRO and Rigaku Ultima III). Bragg reflections ob-
tained from the x-ray diffraction patterns were fit with a pseudo-
Voight function and indexed to a simulated tetragonal unit cell of
the Cr5B3 (I4/mcm) structure type. This simulated Fe5SiB2 pattern
was generated with VESTA using known lattice parameters and
atomic positions from the literature [3,14]. Lattice parameters of the
Fe5(Si0.75Ge0.25)B2 samples were determined using a least-squares
fit [15]. The approximate crystallite size (t) of phase was assessed
using the Scherrer formula

t ¼ 0:9*l
b cos q

[1]

where l ¼ 1.54184 Å is the wavelength of Cu-Ka radiation, b is the
full width at half maximum of themain (213) diffraction peak, and q

is the Bragg peak position [16].
Magnetic characterization of isotropic powdered samples was

carried out using Vibrating Sample Magnetometry (VSM, Quantum
Design model VersaLab) in magnetic fields up to m0Happ ¼ 3 T and
temperatures in the range 50 K � T � 1000 K as well as using a
Superconducting Quantum Interference Device or SQUID magne-
tometer (Quantum Design model MPMS) in magnetic fields up to
m0Happ ¼ 0.01 T and temperatures in the range 10 K � T � 300 K.
Data were corrected for demagnetization effects attributed to the
cylindrical sample geometries [7,17]. The Curie temperature (Tc) of
the samples was determined as the inflection point of magneto-
thermal data collected upon heating (i.e., as the minimum in the
dM/dT vs. T data). The spin reorientation temperature (Tsp) was
determined as the peak of low-temperature magnetothermal data
collected upon heating (10 K < T < 300 K) in an applied magnetic
field of 100 Oe after zero-field-cooling (ZFC) and after field-cooling
(FC) in an applied magnetic field of 100 Oe to T ¼ 10 K.

The law of approach to saturationwas employed to calculate the
anisotropy constant (K1) based on the slope of Happ

�2 verses
magnetization (M) at high field and 300 K with the following
equations:

MðHÞ
MS

¼
 
1� b

H2
app

!
[2]

where

b ¼ 4
15

K2
1
J2s

[3]

where JS is the magnetization in emu/cc calculated from MS using
the density of the sample, taken as 6.864 g/cm3 [3,4,7]. As intro-
duced by Coey, a metric to assess the performance of potential
permanent magnetmaterials termed the hardness parameter kwas
calculated from the determined anisotropy constant as follows:
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k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1
.
4pJ2S

r
[4]

where K1 is the anisotropy constant in ergs/cc, Js is the volume
magnetization in emu/cc, and k the hardness parameter is dimen-
sionless [18]. The maximum coercivity attainable has been calcu-
lated from the K1 value using the formula:

HCy
2K1

JS
[5]

where HC is the coercive field in Oe, K1 is the anisotropy constant in
erg/cc, and JS is the saturation magnetization in emu/cc [18].

Information concerning the phase transformation character of
the as-cast ingots and as-spun ribbons was obtained by calorimetry
((NETSCH STA 449 F3 Jupiter) performed upon both heating and
cooling in the temperature range 300 K � T � 1000 K at a tem-
perature sweep rate of 15 K/min with Ar as the carrier gas. The
onset temperatures of detected phase transitions were determined
using the equipment software as the intersection of tangents
extended from the baseline and from the leading edge of the
exothermic or endothermic peaks in the calorimetric data.

3. Results

Results pertaining to the structural and magnetic properties of
Fe5(Si0.75Ge0.25)B2 are presented for both cast/annealed and melt-
spun/annealed samples and are compared with properties of the
parent Fe5SiB2 phase as provided in the literature [3e5]. Addi-
tionally, the calorimetric data of rapidly-solidified Fe5(Si0.75Ge0.25)
B2 samples are presented that provide evidence that melt-spinning
is a more streamlined and faster method of 5-1-2 synthesis than
standard solid-state synthesis.

3.1. Structure and phase transformation behavior of
Fe5Si0.75Ge0.25B2

XRD data of cast/annealed Fe5(Si0.75Ge0.25)B2 (Fig. 2(a)) confirm
attainment of the Cr5B3 structure with no minor phases detected
(a ¼ 5.551 (1) Å, c ¼ 10.347 (1) Å) [3e5]. The sample appears to be
highly crystalline with a grain size of approximately 80 nm.
Compositional analysis carried out on the cast/annealed form of
Fe5(Si0.75Ge0.25)B2 confirms that the phase contains 3 at% Ge and
Fig. 2. (a) XRD data of cast/annealed Ge-substituted Fe5(Si0.75Ge0.25)B2 with Cr5B3

structure type. (b) XRD data of as-spun Ge-substituted Fe5(Si0.75Ge0.25)B2 ribbons that
indicates poor crystallinity, while (c) melt-spun/annealed ribbons showed good
crystallinity.
9.5 at% Si which is within experimental error of the nominal
composition. XRD data obtained from the as-spun samples
(Fig. 2(b)) indicate attainment of the Cr5B3-type structure
(a ¼ 5.559 (4) Å, c ¼ 10.325 (5) Å), but with poor crystallinity,
possessing a grain size on the order of 15 nm. Annealing of as-spun
samples preserves the 5-1-2 crystal structure (a ¼ 5.549 (1) Å,
c ¼ 10.337 (5) Å), Fig. 2(c), and improves the crystallinity of the
melt-spun ribbons (grain size~40 nm). Overall, the crystallographic
properties (lattice parameters, tetragonality as quantified by the
calculated c/a ratio, and grain size) of the cast/annealed and melt-
spun/annealed Fe5(Si0.75Ge0.25)B2 samples, summarized in Table 1,
were found to be comparable with those of the parent unmodified
Fe5SiB2 compound [3e5].

Calorimetry data shown in Fig. 3 documents the thermal
response of as-spun Fe5(Si0.75Ge0.25)B2 upon heating and cooling. A
large irreversible exothermic peak is observed at Tonset ¼ 800 K
upon heating the as-spun ribbon; this feature is not observed in the
cast form of Fe5(Si0.75Ge0.25)B2 either in the pre- or the post-anneal
states.

3.2. Magnetic character of Fe5Si0.75Ge0.25B2

The temperature-dependent magnetization of cast/annealed
Fe5(Si0.75Ge0.25)B2 drops continuously from a high-magnetization
(ferromagnetic) state to a low-magnetization (paramagnetic)
state, Fig. 4. The Curie temperature of the cast/annealed sample
(TC ¼ 791 ± 1 K) is higher than that of the unmodified parent phase
(TC ¼ 784 K) [3,4,6]. The Ge-substituted cast/annealed sample has a
room-temperature saturation magnetization value (MS ¼ 134.4
emu/g) that is smaller than that of the parent unmodified Fe5SiB2
compound (MS ¼ 153.8 emu/g), shown in Table 2 [3]. A small co-
ercive field of ~20 Oe is observed in this sample at room temper-
ature. The Curie temperature (TC ¼ 793 K) and room temperature
saturation magnetization (MS ¼ 158.3 emu/g) values of melt-spun/
annealed Ge-containing ribbons, Fig. 4, correspond well with those
measured from the cast/annealed Fe5(Si0.75Ge0.25)B2 specimen as
well as the reference values of Fe5SiB2 parent compound. The
room-temperature coercive field in the melt-spun/annealed sam-
ple is on the order of ~150 Oe.

Fig. 5 shows the ZFC/FC thermomagnetization curve of the cast/
annealed Fe5(Si0.75Ge0.25)B2 sample, indicating a spin reorientation
temperature of 60 K. This transition temperature is suppressed
from 172 K in the unmodified sample [4]. The difference between
the ZFC and FC curves for T > Tsp is attributed to the difference in
magnetization at the applied field as a result of the coercivity of the
compound. The melt-spun/annealed sample did not show evidence
of a spin reorientation for T > 10 K.

The determined room-temperature anisotropy constants (K1) of
both cast/annealed and melt spun/annealed Fe5(Si0.75Ge0.25)B2 are
included in Table 2, with values 3.5 � 106 ergs/cc and 5 � 106 ergs/
cc, respectively. It is noted that these values are significantly larger
than that of the parent phase (K1¼2.5e3 x 10 6 ergs/cc) [5]. Fig. 6(a)
and (b) show the room temperature 1/Happ

2 vsM plot at high field of
the cast/annealed and melt-spun/annealed samples used for
determining the anisotropy constants. The hardness parameter has
been calculated for the parent phase (k ~ 0.4) and Fe5Si0.75Ge0.25B2
samples (k ~ 0.6), shown in Table 2.

4. Discussion

Effects of the substitution of 25 at% Ge for Si in the 5-1-2 com-
pound on the structural and magnetic behavior of Fe5SiB2 are dis-
cussed, and comparisons of phase synthesis by conventional and
rapid solidification techniques are presented.

While Ge is confirmed by EDS to substitute into the 5-1-2 lattice,



Table 1
Lattice parameters and grain sizes determined for Fe5(Si0.75Ge0.25)B2 samples. The reported values for the parent phase Fe5SiB2 are included for reference.

Sample Name Form a (Å) c (Å) c/a V (Å3) ± 1% error Approx. grain size (nm)

Fe5SiB2 [4] Cast/annealed 5.561 (1) 10.348 (1) 1.86 319 e

Fe5SiB2 [5] Cast/annealed 5.546 10.341 1.86 318 e

Fe5SiB2 [3] Cast/annealed 5.551 (1) 10.336 (2) 1.86 (1) 319 e

Fe5(Si0.75Ge0.25)B2 Cast/annealed 5.551 (1) 10.347 (1) 1.86 (1) 319 80
Fe5(Si0.75Ge0.25)B2 As melt-spun 5.559 (4) 10.325 (5) 1.86 (1) 319 15
Fe5(Si0.75Ge0.25)B2 Melt-spun/

annealed
5.549 (1) 10.337 (1) 1.86 (1) 318 40

Fig. 3. Calorimetric response for melt-spun Fe5Si0.75Ge0.25B2 exhibits an irreversible
exothermic peak with Tonset ~800 K.

Fig. 4. Magnetization verses temperature M(T) above room-temperature for Ge
substituted samples. Annealed melt-spun/annealed ribbons M(T) behavior is similar to
that of cast/annealed Ge samples with a Curie temperature of 793 K.

Fig. 5. Magnetization verses temperature M(T) below room temperature for cast/
annealed Fe5(Si0.75Ge0.25)B2. Zero-field-cooled (ZFC) and field-cooled (FC) measure-
ments show a spin reorientation in Fe5(Si0.75Ge0.25)B2 which is suppressed from
T ¼ 172 Ke60 K.
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it does not greatly impact the lattice parameters, the Curie tem-
perature nor the saturation magnetization relative to the parent
compound. However, this Ge addition does suppress the spin
reorientation temperature Tsp to 60 K, greatly reduced from the
value of Tsp ¼ 172 K reported for the parent compound [11,13]. It is
proposed that Ge substitutes in the lattice position that separates
Table 2
Magnetic properties of Ge-substituted samples categorized according to synthesis meth

Sample Name Synthesis Method Ms (emu/g) ± 1% error TC (K) ± 0.5% error

Fe5SiB2 Solid state reaction 153.8 [3] 784 [3,6]
Fe5(Si0.75Ge0.25)B2 As-spun 116 794
Fe5(Si0.75Ge0.25)B2 Melt-spun/annealed 158.3 793
Fe5(Si0.75Ge0.25)B2 Cast/annealed 134.4 791
the Fe-B tetragonal antiprisms but participates only minimally in
the Fe-Fe and Fe-B magnetic exchange within the unit cell [3,5].
These observations, along with the measured 3:1 Si to Ge atomic
ratio in the phase pure Fe5Si0.75Ge0.25B2 samples, support the hy-
pothesis that the introduced Ge substitutes for Si within the 5-1-2
structure.

The determined magnetocrystalline anisotropy energy value of
5.0� 106 ergs/cc for the Fe5(Si0.75Ge0.25)B2 compound is the largest
experimental value reported to date for any member of the 5-1-2
iron silicides. The 25 at% Ge modification donates a two-fold in-
crease in the magnetocrystalline anisotropy energy, to 5.0�
106 ergs/cc from that of the unmodified compound value of
2.5e3.0 � 106 ergs/cc. At this time, the observed larger anisotropy
constant and suppression of the spin reorientation temperature in
the melt-spun/annealed sample relative to the cast/annealed
sample, Table 2, is attributed to microstructural effects, such as the
smaller grain size obtained in the melt-spun/annealed sample
(40 nm vs. 80 nm) [19]. The reduction in Tsp is attributed to bonding
alterations due to Ge substitutions that change the magnitude and
thermal dependence of the magnetocrystalline anisotropy con-
stants, thus modifying the temperature at which the sign of K1

inverts in Fe5(Si0.75Ge0.25)B2, relative to Fe5SiB2.
Results indicate that high-quality Ge-containing iron-silicide 5-
od and compared to the parent phase Fe5SiB2.

TSP (K) K1 approach to saturation (ergs/cc) ± 10% error k hardness parameter

172 [3,4] 2.5 � 106 [5] 0.42
e 2.9 � 106 0.60
e 5.0 � 106 0.58
60 3.5 � 106 0.57



Fig. 6. Magnetization verses 1/Happ
2 at 300 K in the high magnetic field region used to calculate the anisotropy constant K1 using the law of approach to saturation for Fe5(S-

i0.75Ge0.25)B2 (a) cast/annealed and (b) melt-spun/annealed samples.
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1-2 compounds may be easily and rapidly obtained, an advantage
over those made by solid-state reaction methods, as reported by
McGuire and Parker [3]. As shown in Table 2, the lattice parameters
and the measured magnetic transition temperature of Ge-
containing melt-spun/annealed ribbons coincide with those of
the cast/annealed samples. It is ascertained that melt-spun samples
formed by rapid solidification of the 5-1-2 iron silicide phase pro-
duce a nanocrystalline structure with a substantial amorphous
component that crystallizes at T ¼ 800 K upon heating, Fig. 3. The
rapid crystallization observed facilitates the short annealing times
of melt-spun ribbons, on the order of 1 h.

With relevance to permanent magnet applications, it must be
noted that the Ge-substituted 5-1-2 samples possess a hardness
factor 50% larger than that of the parent compound (k ~ 0.6 and
k ~ 0.4, respectively). Utilizing Eq. (5), a calculated ideal coercivity
value in excess of 9 kOe at T ¼ 300 K suggests that the measured
coercivity may be increased in the samples via microstructural
tailoring. At this time the Fe5SiB2 system is not optimized for per-
manent magnet applications where hardness parameter k > 1 is
desired [18]. Nonetheless, this study provides insight of both
fundamental and applied relevance concerning pathways for
maximizing the permanent magnet potential of Fe5SiB2 for appli-
cations in the power and energy sector.
5. Conclusions

This study confirms the substitution of Ge for Si in the Fe5SiB2
compound, leading to an increase in the magnetocrystalline
anisotropy from 2.5e3.0 � 106 ergs/cc to 5.0 � 106 ergs/cc. Addi-
tionally, Ge substitution allows the Fe5SiB2 system to maintain a
high Curie temperature and large saturation magnetization, unlike
many elemental substitutions reported in the literature. By devel-
oping novel synthesis pathways for this material system through
melt-spinning, the complexity of solid-state reaction synthesis and
processing protocols traditionally used to produce phase pure 5-1-
2 samples can be avoided, and the time required for high-quality
phase attainment may be greatly reduced. The results of this
work suggest that additional compositional adjustments (intrinsic
modification) and microstructural refinement (extrinsic modifica-
tion) may allow tailoring of the magnetization and magneto-
crystalline anisotropy within the Fe5SiB2 system to enhance its
permanent magnet potential.
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