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Magnets with a low-temperature coefficient of coercivity (TCC) have various applications in a varying
temperature environment. Rare-earth magnets like NdFeB are widely used, but they usually have a large
negative TCC. Here, it is first experimentally demonstrated that o”-FesN, foils, as a candidate for rare-
earth-free magnets, have an ultralow positive TCC (0.4 Oe/K) from 300 K to 425 K. It is two orders of
magnitude smaller than that of the commercial NdFeB magnets in this temperature range. The «”-FegN;
foils are made from as-rolled iron foils (25 pm) by a low-temperature nitridation process (< 473 K). The
microstructure of these iron foils is tuned before the nitridation by a combined oxidation and reduction
process to induce pores and defects that could significantly enhance the diffusivity of nitrogen atoms in
the foils. The fabricated «”-FegN; foils exhibit the specific saturation magnetization up to 222 emu/g at
300 K (reduced iron foils ~ 205 emu/g) and the coercivity 1.1 kOe. The synthesized «”-FeN, foils have
an ultralow TCC and a high saturation magnetization besides its usages of low-cost and environment-
friendly raw materials. These combined unique features make a”-FegN, a promising rare-earth-free al-

ternative for many applications required less temperature dependence of magnetic properties.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Rare-earth magnets such as NdFeB are widely used in vari-
ous industrial products such as mobile phones, electronic motors,
and wind turbines [1-4] The high cost and concerns on environ-
mental degradation of the rare-earth elements stimulate the re-
search work on alternative rare-earth-free magnets [5-7]. Several
excellent reviews showed the potential candidates of rare-earth-
free magnets, such as MnAl, MnBi, Alnico, L1y FeNi, L1, FeCo,
cobalt-based alloys, carbides, and iron nitride («’’-Fe;gN;) [7-9].
Among them, «”-FegN, is getting considerable interests from
both academia and industry due to its giant saturation magneti-
zation (Ms ~2.9 T (~305 emu/g)), which is even larger than FeCo
alloys [10,11], and relatively high magnetocrystalline anisotropy
(>1.0 x 107 erg/cm3) [12-16]. The raw materials of a”-FeigN,,
Fe and N, are environment-friendly and also convenient to ob-
tain for mass production, which can dramatically reduce the man-
ufacturing and environmental cost. «”-Fe;gN, has a body-centered
tetragonal structure with N atoms orderly occupying octahedral
interstices [17]. The tetragonally distorted iron itself could also
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show high magnetic anisotropy due to the structural asymmetry
[18,19]. Considerable research efforts have been devoted to synthe-
sizing o’ -Fe1gN, nanoparticles (NPs) and powders in past decades
[12,20-24]. Importantly, thin «”’-FegN; foils (~0.5 pm) with H¢~1.9
kOe and a maximum magnetic energy product up to 20 MGOe
at room temperature has been reported using an ion-implantation
method [25].

Magnets with a low-temperature coefficient of coercivity are
also attracting intense research interests because of the demands
on the applications at varying temperatures, such as the high-
performance audio devices (e.g., cell phone speakers and smart
speakers), low-noise fans and microwave devices [26-28]. Rare-
earth magnets like NdFeB, however, usually show a large nega-
tive temperature coefficient of coercivity, which may cause insta-
bility of the magnetic performances (lower H¢ and energy product)
when working at an elevated temperature. For example, the max-
imum energy product ((BH)max) of a NdFeB magnet (N45) could
decrease ~ 45% when the temperature increases from 300 K to
425 K [7]. This is because the coercivity of the NdFeB magnet
decreases dramatically at that temperature range [29]. Therefore,
magnets with a low and even positive temperature coefficient of
coercivity should have advantages for the applications with vary-
ing temperatures. Ferrite magnets have a positive temperature co-
efficient of coercivity naturally. However, its saturation magnetiza-
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tion (Ms) is very low; thus, a low remanent magnetic flux density
(B) is obtained. Magnets with low B; will be requested with large
volume for most of the magnet designs. As a contrast, the Mg of
o-FeigN, is two to four times larger than that of ferrite mag-
nets. In this work, we discover that o”-FegN, foils synthesized
by a low-temperature nitridation method have an ultralow posi-
tive temperature coefficient of coercivity in the temperature range
of 300-425 K. It indicates that «”-FegN; is a promising candidate
for rare-earth-free magnets, especially at elevated temperatures.

A low-temperature nitridation method was developed in the
1990s, which treated with iron nanoparticles (NPs) or reduced iron
oxide NPs in ammonia gas at the temperature below 473 K, based
on the Fe-N binary phase diagram [20,21]. It was reported that
pure «”’-FeigN, phase in the nitride NPs could be obtained by this
method [30]. Interestingly, the low-temperature nitridation pro-
cess using hydrogen-reduced iron oxide NPs showed a higher vol-
ume ratio of «”’-Fe;gN, phase than using iron NPs. Micro-channels
were introduced into the hydrogen-reduced iron oxide NPs, which
helped improve the diffusivity of nitrogen atoms into the NPs dur-
ing the consequent low-temperature nitridation process [23]. Ko-
jima et al. recently used a leaching method to induce porous struc-
ture to iron-based alloy powders and enhance the nitridation effi-
ciency at low temperature to form «’'-Fe;gN, [31]. To reduce the
magnetic interaction between «”-Fe;gN, NPs and enhance the co-
ercivity, researchers introduced a nonmagnetic shell for the nitride
NPs, such as Al,03, SiO,, etc. [22,32]. The saturation magnetiza-
tion of the core-shell «”’-FeigN, NPs, however, decreased due to
the nonmagnetic shells. An external magnetic field was also used
to align the orientation of «”-Fe;gN, NPs to enhance the rema-
nence ratio and coercivity with the trade-off of reduced maximum
energy product [33]. Many works of the low-temperature nitrida-
tion have so far focused on NPs due to its large surface to volume
ratio and high nitrogen diffusivity. However, there are several re-
maining challenges for NPs to be made into bulk magnets, such
as intrinsic low-packing-density and difficulty to handle and trans-
fer, etc. In this sense, other bulk forms of raw materials such as
thick foils and ribbons may help overcome these hurdles. Mean-
while, we realize that the diffusivity of nitrogen in foils is much
smaller than that in NPs. This could be the main reason that there
was no much progress along with this approach. Our strategy is
that the microstructure of the foils should be tuned to enable the
foils to be well-nitrided at the temperature lower than 473 K.

Tong et al. reported that the nitridation temperature of an iron
plate (7 mm by 100 mm by 100 mm) decreased dramatically from
more than 773 K to 573 K by generating nanograins in the sample
using a surface mechanical attrition treatment. This method can
obtain lots of micro-channels and defects into the iron plate and
enhance the nitrogen diffusivity at a relatively low temperature
[34]. We have also reported a successful synthesis of «’'-FeigN,
using 20 pm thick FeCuB ribbons as the starting material [35]. The
FeCuB ribbons were first processed by oxidation, and hydrogen re-
duction. Then a porous structure was obtained for the ribbons,
which enhanced the nitrogen diffusivity in the ribbon sample dur-
ing the consequent low-temperature nitridation. Thus, «”-FegN,
ribbons with a porous structure were obtained. Some born oxides
and copper clusters in the ribbon sample, however, downgraded
the saturation magnetization of the nitride FeCuB ribbon signifi-
cantly (~145 emu/g). Due to the complex effects of the copper and
boron dopants on the microstructure of the ribbons, it was difficult
to exclude the unnoticed effects of the copper clusters and boron
nitrides in the nitridation process. It was challenging to investigate
the materials systematically.

In this paper, we propose a method to tune the microstructure
of iron foils (25 pm thick) by high-temperature oxidation (1248 K)
and a hydrogen reduction process, making them suitable for the
low-temperature nitridation to directly synthesize «’’-FegN, foils.

Thick «’’-FeigN, foils with high saturation magnetization (~222
emu/g) and relatively high coercivity (1.1 kOe) were obtained for
the first time to our best knowledge. An ultralow temperature co-
efficient of coercivity (dH./dT~0.4 Oe[K) in those a”-FegN, foils
was observed in the temperature range from 300 K to 425 K,
which outperforms NdFeB magnets. A bonded magnet was made
out of a’’-FegN, foils with bonders.

2. Experimental procedure

High purity iron foils (Goodfellow, 25 pm, 99.99%) were used as
the starting material to fabricate «”-FegN, foils. There were three
steps involved to prepare the «”-FeigN, foils: oxidation, hydro-
gen reduction, and low-temperature nitridation. A box furnace was
used to oxidize the iron foils at the ambient condition at 1248 K
for 5-30 min. The oxidized iron foils were reduced by pure hy-
drogen (99.999%) gas at 623 K in a tube furnace. The reduction
helped get rid of the oxygen and induce a porous structure into
the foils [35]. And then, the reduced foils were processed the low-
temperature nitridation in the same tube furnace at 393~443 K, us-
ing dry ammonia gas (99.999%) as the nitrogen source. The nitrid-
ing potential, the partial pressure of the ammonia over that of hy-
drogen p(NH3)/p(H)3/? [36], is adjusted by the ammonia gas flow
rate and the temperature. A passivation process was followed by
the low-temperature nitridation using a mixed gas of 1% O, and
99% Ar. The «”-Fe;gN, foils prepared by the low-temperature ni-
tridation method could be used to prepare a bonded magnet by
simply stacking the foils with bonders (glues). More details of the
processing processes summarized in Fig. 1.

The crystalline structure, microstructures, chemical composi-
tions, and magnetic properties were investigated. X-ray diffrac-
tion (XRD) patterns were collected to get the crystalline structures.
The microstructures and chemical compositions were characterized
by a scanning electron microscope (SEM), a high-resolution trans-
mission electron microscopy (HRTEM), and scanning transmission
electron microscopy (STEM). The magnetic properties were mea-
sured using a vibrating sample magnetometer (VSM) and a physi-
cal property measurement system (PPMS).

3. Results and discussion
3.1. Crystal structure analysis

The crystalline structure of the foils at different steps was char-
acterized, as shown in Fig. 2. The x-ray diffraction (XRD) patterns
of raw foil, oxidized foil, and reduced foil are labeled as a, b, and c,
respectively. The highest diffraction peak of the raw foil is bcc Fe
(211), around 82.3°, instead of (110), around 44.7° from the powder
diffraction files. It indicates that the raw iron foil has a texture. Af-
ter oxidation, the dominant phase of the foil is «-Fe,03 hematite
with some Fe;04 magnetite. The saturation magnetization of the
oxidized foil decreases dramatically as expected, which could be
found in the following section. A hydrogen reduction process was
applied to the oxidized foils in order to remove the oxygen and in-
duce a porous structure in the foils. The diffraction pattern of the
hydrogen-reduced foil, however, is similar to the powder diffrac-
tion patterns, where bcc Fe(110) is the highest diffraction peak.
Thus, after the oxidation and reduction processes, the texture of
the raw iron foils was partially destroyed.

The low-temperature nitridation process was carried out on
the hydrogen-reduced iron foils. Different nitridation tempera-
tures 393~443 K and ammonia flow rates 40~80 sccm was used.
Fig. 3 shows a typical XRD pattern of an iron foil after the low-
temperature nitridation. The primary diffraction peak is at 42.7°
(20) which is consistent with other reports of «’-FegN, (202)
diffraction peak [30,32]. Some bcc Fe is also observed, indicating
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Fig. 1. Process steps of the low-temperature nitride «”’- FegN, foils. (a); raw iron foils were oxidized, reduced by hydrogen, and then processed the low-temperature
nitridation. A Fe-N magnet could be made by stacking the «”- FeisN, foils. Photo of the foils at each step is shown (b); schematic drawing of making Fe-N magnets using
nitride foils and bonders (glue) (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. XRD patterns of raw iron foil (25 pm thick) (a), oxidized foil after a 1248 K
oxidation in a box furnace in the air (b), and reduced foil after performing a
hydrogen-reduction at 623 K in a tube furnace on the oxidized foil (c). a-Fe is
denoted by black squares; hematite is indicated by blue circles; magnetite is de-
noted by magenta stars. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

that there is residual bcc Fe in the nitride foil. There are also
diffraction peaks, belongs to FesN, the over-nitride phase, which
was also confirmed by other researchers for the low-temperature
nitridation method [12]. Generally, the over-nitride phase could be
avoided by properly control the nitridation parameters.

3.2. Microstructure analysis

A scanning electron microscope (SEM) and a high-resolution
transmission electron microscopy (HR-TEM) were used to charac-
terize the microstructure of the nitride foils. Fig. 4a is an overview
of the cross-sectional picture of the nitride foil sample. The thick-
ness of the foil is around 50 pm, which is about two times thicker
than that of the raw iron foil. The thickness enhancement is due to
the formation of oxides during the oxidation process, in which the
iron oxide grows both inward and outward of the original surface
of an iron foil and makes the thickness of the foil around dou-
bled [37]. The foil sample has a sandwich-like structure composed
of three layers, which is contributed by the different oxide phases
formed during the oxidation process, hematite at the outer regions

—— Nitride sample

Intensity (arb.unit)

2 Theta (deg)

Fig. 3. A typical XRD pattern of the iron nitride foil. The nitridation was done on
the hydrogen-reduced foil in the tube furnace at 423 K for 15 h. The «o”-Fe;gN,
phase was labeled by black squares; the FesN over-nitride phase was marked by
blue stars, and bcc Fe was labeled by red dots. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

and magnetite at the center part, respectively [37]. Both the outer
region (Fig. 4b) and center part (Fig. 4c) have a porous structure,
which creates open channels for nitrogen atoms to diffuse into
the reduced iron foil much easier than the dense sample. In ad-
dition, during the reduction process, the removal of oxygen could
leave vacancies/defects inside the grains, which helped nitrogen
atoms easily diffuse into the iron grains and form «’’-Fe;gN; phase.
Zulhijah et al. [23] investigated the oxidation effect on the for-
mation of «”-Fe;gN, phase using spherical core-shell «-Fe/Al,03
nanoparticles. They found that when the nanoparticles were oxi-
dized and then reduced by hydrogen, there were some so-called
porous structures created in the NPs, which enhanced the low-
temperature nitridation efficiency and «”-FegN, phase volume ra-
tio significantly in the nitride samples. For the Fe NPs treated by
oxidation and consequent reduction, nitridation at 418 K for 15 h
produced pure «”-FeigN, phase. For the NPs, however, without ox-
idation and reduction, longer nitridation time was required (~30-
40 h), and the maximum «”-Fe;gN, phase volume ratio was ~82%.

It is similar in the hydrogen-reduced iron foil, where pores
help nitrogen atoms diffuse more efficiently into the foil, and
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Fig. 4. The morphology and elemental mapping of the nitride foil after applying the
nitridation on a hydrogen-reduced foil at 423 K for 15 h in the tube furnace, cross-
sectional SEM images (a, b), and (c); TEM images (d), and (c); elemental mapping
of N, O, Fe, and C corresponding to red, cyan, purple, and green respectively (f). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

vacancies/defects in the grains made them easier to form «’-
Fe;sN, phase during the low-temperature nitridation. Besides, iron
foils without oxidation were also conducted following the low-
temperature nitridation as experimental controls. It turns out that
there is no «”-Fe;gN, phase detected for these control samples,
but just bcc Fe is observed. This demonstrates the importance of
the porous structure and vacancies/defects in the iron foils, which
were introduced during the oxidation and reduction processes. A

Specific Magnetization (emu/g)

Field (kOe)

J. Liu, G. Guo and X. Zhang et al./Acta Materialia 184 (2020) 143-150

schematic model of the low-temperature nitridation process could
be found in the supplementary information in figure S1.

The microstructure and chemical composition of the nitride
sample were characterized using HR-TEM and scanning transmis-
sion electron microscopy (STEM) as revealed in Fig. 4d, e, and f. A
porous structure is observed as shown in Fig. 4d, and e. During the
preparation of TEM samples, polymers were filled into the porous
regions of the foil sample to keep the original microstructure. The
polymers would stay in the pores in the foil, and the pores could
be easily detected. The size of the pores, providing open channels
for nitrogen diffusion, is ranging from around 50 nm to hundreds
nanometer. As illustrated in Fig. 4e, most of the grains of the ni-
tride foil are in the range of 100 to 200 nm. The energy dispersive
x-ray (EDX) data was also collected from the same region shown in
Fig. 4e. Four different elements were characterized, N, O, Fe, and C.
Carbon is from the polymers filled into the pores in the sample as
discussed above, and the green regions (carbon regions) in Fig. 4f
are consistent with the pores shown in Fig. 4e. As shown in Fig. 4f,
nitrogen-rich regions are found close to the grain boundaries and
the pores, where nitrogen atoms could quickly diffuse into the iron
grains. In lager grains as denoted by a line in Fig. 4f, less nitrogen
is detected in the central parts of the grains. It manifests that it is
difficult for nitrogen to diffuse into the central parts of large grains
and that there may be still some residual bcc Fe, which is consis-
tent with the XRD results shown in Fig. 3. Smaller grains (less than
100 nm) with narrow size distribution are required to obtain a uni-
form nitride sample. The oxygen in the sample is from the passi-
vation process (using a gas mixture 1% 0,+99% Ar) and/or the re-
action between the nitride sample and air after taking the sample
out of the tube furnace.

3.3. Analysis of magnetic properties

3.3.1. Magnetic characterizations

The hysteresis loops of a raw foil, oxidized foil, reduced foil, and
nitride foil were measured as revealed in Fig. 5a. As we can see
in the figure, the raw iron foil is magnetically soft with coerciv-
ity (Hc) less than 30 Oe. The saturation magnetization (Ms) of the
raw iron foil is 215 emu/g. After the oxidation process at 1248 K
in the air, the iron foil was oxidized. The Mg of the oxidized foil
reduced dramatically, and Hc¢ increased to ~ 70 Oe. After the hy-
drogen reduction, the Ms (~205 emu/g) of the sample recovered,
but H¢ was still small around 100 Oe. After the low-temperature
nitridation, the hysteresis loop of the nitride foil was measured, as

0.15-
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dM/dH (emu/g Oe™ 1)

0.00 T T
50 25 00 25 50

Field (kOe)

Fig. 5. (a) The hysteresis loop of raw iron foil (25 pm thick), oxidized foil after a 1248 K oxidation in a box furnace in air, reduced foil after performing a hydrogen-reduction
at 623 K in the tube furnace on the oxidized foil, and nitride foil after applying the nitridation on a hydrogen-reduced foil at 423 K for 15 h in the tube furnace; (b) the first
derivate of the hysteresis loop of the nitride foil shown in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. (a) The angular dependence of coercivity of the nitride sample after applying the nitridation on a hydrogen-reduced foil at 423 K for 15 h in the tube furnace(black
squares), Kondorski model (domain-wall motion, red dash line), and Stoner-Wohlfarth model (coherent rotation, blue dot line); (b) 8y curve of the nitride sample shown in
(a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shown in Fig. 5a denoted by magenta triangles. The H. enhanced
significantly compared to the reduced sample, which could be at-
tributed to the formation of o”’-FeigN, in the nitride foil. Also, the
M; of nitride sample increases (222 emu/g) and is higher than that
of the hydrogen-reduced foil and the raw foil, manifesting the high
M;s of a-Fe;gN, phase as reported by other researchers [12,30].
Since the nitride foil was passivated and may also partially oxi-
dized in the air after being taken out from the tube furnace, the
Ms of «’-FeigN, should be expected an even higher value than
222 emu/g. The Hc of the nitride foil is around 1.1 kOe. The first
derivative of the hysteresis loop of the nitride foil was plotted in
Fig. 5b to determine the switching field and switching field distri-
bution. There are two symmetry peaks around +1.1 kOe, which is
similar to the H¢ of the nitride foil. No other peaks were observed,
indicating that «”-FegN, grains exchange-coupled well with the
retained bcc Fe grains. Otherwise, some other peaks at lower field
range (<1.1 kOe) should be obtained since the coercivity of the re-
duced iron foil is very low (<100 Oe). The remanence ratio of the
nitride foil is around 0.45 since the easy axes of a”-Fe;gN, grains
are randomly oriented.

The orientation of grains could be tuned by a magnetic field.
Watanabe et al. [38] demonstrated that aging of Fe-N alloy sin-
gle crystals at 453 K in a magnetic field could align the orienta-
tion of the Fe;gN, precipitates. Jiang et al. [39] also reported re-
cently that the phase constitution and crystalline orientation could
be modified in a bulk FeN rod by post-annealing the sample in
a 9 T magnetic field. Thus, applying a magnetic field during the
low-temperature nitridation or post-annealing may help orientate
the «’-FegN, grains and eventually enhance the magnetic perfor-
mance of the nitride foils.

The magnetic anisotropy of the nitride foils was estimated us-
ing the law of approach to saturation [40,41]. Nitride foils with
different «”-Fei;gN, phase volume ratios were used for calculat-
ing the magnetic anisotropies. The anisotropy increases with the
increase of «”-FeigN, phase volume ratio and enhances signif-
icantly when the «”-Fe;gN, phase ratio is higher than 50%, as
shown in figure S2, indicating «”-FegN, has higher magnetic
anisotropy than that of bcc Fe. The anisotropy is ranging from
3 x 108 to 7 x 10% erg/cm? with the increase of «-Fe;gN,vol
ratio. However, the anisotropy is smaller than the reported value
(>1 x 107 erg/cm3), which could be due to the residual soft bcc
Fe in the nitride foils. The exchange coupling between bcc Fe and
o"-FeigN, leads to a lower effective magnetic anisotropy of the ni-
tride foils. The details of the estimation of magnetic anisotropy of
the nitride foils could be found in the supplementary information.

3.3.2. A model of the magnetization switching for nitride foils

To further understand the mechanism of magnetization switch-
ing of a nitride foil, we measured the angular dependence hystere-
sis loops, from in-plane (0°), parallel to the nitride foil plane, to
out-of-plane (90°), perpendicular to the nitride foil plane, with 10°
increment. The angular dependence H is shown in Fig. 6a. The
Hc(6), which represents the coercivity of different angles, was nor-
malized to the H¢ at 0°, H¢ (0). The coercivity of the nitride foil
keeps increasing from 0° to 70°, and then decreases sharply from
70° to 90°.

The magnetization reversal of magnetic materials may have dif-
ferent mechanisms such as a domain wall motion model (Kon-
dorski model), and a coherent rotation model (Stoner-Wohlfarth
model). In the Kondorski model, the dependence of coercivity ver-
sus the externally applied field for the ideal multidomain case
could be expressed in the following relationship:

He(0) = Hc(0)/ cos b, (1)

where 6 denotes the angle between the external magnetic field
and the easy-magnetization axis [42]. For the coherent rotation,
Stoner-Wohlfarth model, the coercivity decreases down to zero
with the angle increases from 0° to 90°. These two models are
plotted in Fig. 6a, red dash line represents the predicted results
obtained from Kondorski model, and blue dot line represents the
Stoner-Wohlfarth model, respectively. For the nitride sample, the
trend of the angular dependence coercivity is between these two
models. Both domain wall motion and coherent rotation may occur
in the sample at the same time, which could be attributed to the
modified Kondorski model by adding the contribution of coherent
rotation [43].

The difference of magnetization switching mechanisms between
the dense and porous materials was investigated. Kasiuk et al.
compared the magnetization reversal mechanism of continuous
Co/Pd film on a silicon wafer and porous Co/Pd film on a porous
thick-wall TiO, prepared by anodizing a Ti foil [42]. The H¢(6) of
the porous film sample keeps decreasing from 0 to 90°, which can
be corresponded to the rotation of magnetic moments. In this case,
the domain-wall motion is not the dominant mechanism because
the sample has a network structure with partially isolated toroid-
like grains. The Hc(0) of the dense film, however, has a similar
trend to that observed for the iron nitride foil sample, where Hc(6)
increases from 0°-70° and then decreases sharply from 70°-90°.

A modified Kondorski model containing the combined contribu-
tions of domain-wall motion and coherent rotation was proposed,
which matched the experimental data. We believe that the
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Fig. 7. The temperature-dependent saturation magnetization M; of the nitride sam-
ple after a nitridation (150 C, 15 h) on a hydrogen reduced foil in the tube furnace
(black squares) and the fitting data (red dash line) are based on the Eq. (4). (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

magnetization reversal mechanism of the nitride foil sample
should also follow a similar modified Kondorski model. Based on
this analysis, the H¢ of the nitride foil sample could further be
increased by isolating the grains to enhance the contribution of
coherent rotation.

Magnetic interactions between grains of the nitride foil sam-
ple were also investigated by characterizing the remanent curves,
Isothermal Remanent Demagnetization (IRM) curve, and Direct
Current Demagnetization (DCD) curve. If magnetic grains have uni-
axial anisotropy and there are no magnetic interactions among
them, the two remanent values (IRM, DCD) should follow the fol-
lowing relation: [44,45]

The Eq. (2) could be modified as follows:
SM(H) = Mpcp(H) — (1 = 2Mpum(H)), (3)

in which 8y, equal to zero indicates that there is no interaction
among the magnetic grains. Any value other than zero is due to the
presence of magnetic interaction in the system, either exchange in-
teraction for the positive value or dipolar interaction for the nega-
tive case. The &y plot of the nitride foil sample is shown in Fig. 6b.
The plot shows the existence of strong exchange interactions in the
magnetic field range smaller than 2 kOe. The large exchange inter-
action between these magnetic grains makes the grains magneti-
cally coupled together. Then the domain wall motion is the major
magnetization reversal mechanism, which led to the low Hc.

3.3.3. Curie temperature of nitride foils

The Curie temperature (Tc) of the nitride foil sample was esti-
mated by fitting the temperature-dependent saturation magnetiza-
tion from 10 K to 400 K, where the o”-Fe;gN, phase is thermally
stable. Kuz'min proposed an equation (Eq. (4)) [46] to estimate the
Tc, which follows Bloth’s 3/2 power at the low-temperature range
and 1/3 power of the Heisenberg model close to the critical region.
In the equation m = Ms/Mg (My: the Ms at 0 K), t=T/T¢, s and p
are fitting parameters.

m(t) =[1-s3?* - (1- s)tl"]l/3 (4)

The T¢ of the nitride foil sample was estimated to be 653 K, by
fitting the M; vs. T data using Eq. (4), as shown in Fig. 7. Tc of «”-
FeigN, thin film was calculated as 813 K by Sugita et al. [47] using
the Langevin function, which might overestimate the T since the
mean-field model was used for the calculation [48]. Dirba et al.
also reported the T¢ of «”-Fe1gN, nanoparticles, which was 634 K,
using the Eq. (4), which was close to the T¢ obtained for the nitride
foil sample [12].

3.3.4. Temperature-dependent magnetic properties of nitride foils
Magnets with a positive coefficient of coercivity are preferred

Mpep(H) =1 - 2Mprm(H) (2) for applications at various temperatures such as traction motors
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Fig. 8. Temperature-dependent magnetic properties of FeigN, low-temperature nitride foil and NdFeB magnets N40 and N52 (N40 and N52, data from the company TC-
MAG, https://www.rdymagnetics.com/Demagnetized-Curves-of-Neodymium-Magnets.htm); (a) the temperature-dependent coercivity of Fe;sN, and NdFeB magnets; (b) the

temperature-dependent remanence of these two materials.
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for electric vehicles. Hysteresis loops of the nitride foil were mea-
sured from 300 K to 425 K to evaluate the thermal stability of
o -FegN,. Remarkably, a positive temperature coefficient of coer-
civity (dH./dT~0.4 Oe/K from 300 K-425 K) of the nitride foil was
obtained. The H. increases slightly with temperature from 300 K
up to 425 K, as shown in Fig. 8a (black squares). The slight in-
crease of H¢ for the nitride foil might be due to the slower de-
creasing rate of its magnetic anisotropy than its saturation mag-
netization in this temperature range. This may lead to a slightly
higher magnetic switching field based on the Stoner-Wohlfarth
model. We also compare the temperature-dependent H. of com-
mercial NdFeB magnets (N40 and N52, data from the company
TCMAG, https://www.rdymagnetics.com/Demagnetized-Curves-of-
Neodymium-Magnets.htm) with the nitride foil. These data were
also added into Fig. 8a (red dots for the N40 magnet (dH./dT
~ —819 Oe/K), and blue triangles for N52 magnet (dH.dT ~
—73.1 Oe/K)). We normalized the H. of these samples for an eas-
ier comparison, where the H¢ of the nitride foil sample was nor-
malized to H¢(300 K), and Hc of NdFeB magnets to H(293 K).
As shown in Fig. 8a, the temperature-dependent coercivity of o’ -
FeigN, is much more stable than that of NdFeB magnets. Further-
more, the temperature-dependent of magnetic remanence of the
nitride foil and NdFeB magnets were also compared as revealed in
Fig. 8b. These data were also normalized for the comparison. For
the nitride foil sample, the magnetic remanence was normalized
to the remanence at 300 K, and NdFeB magnets were normalized
to the remanence at 293 K. The remanence of NdFeB magnets also
decreases faster with temperature than that of the nitride foil sam-
ple. Thus, as a candidate of a rare-earth-free magnet, Fe1gN, has
better temperature-dependent stability than NdFeB in the temper-
ature ranging from 300 K to 425 K.

4. Conclusion

Iron foils (25 pm) was used as the starting raw material to
fabricate «”’-Fe;gN, by a low-temperature nitridation method. A
porous structure was introduced into the iron foil by the oxida-
tion and hydrogen reduction process, which was the key to ob-
tain a porous nitride foil with a high «”-Fe;gN, phase ratio in
the foil samples. The saturation magnetization of the nitride foil is
around 222 emu/g higher than the reduced iron foil (~205 emu/g).
Its coercivity is around 1.1 kOe, which could be further enhanced
by reducing the exchange interactions between grains of the ni-
tride foil. The effective magnetic anisotropy of the nitride sample
is up to 7 x 10% erg/cm?3, increasing with the phase volume ra-
tio of o”-FeigN,. The relatively low effective magnetic anisotropy
constant is due to the retained bcc Fe. Curie temperature of the ni-
tride foil is around 653 K close to that of the «/-Fe;gN, nanopar-
ticle samples. The low-temperature nitride «”-FegN, foil shows a
positive temperature coefficient of coercivity from 300 K to 425 K,
which makes «”-FeigN, foil a promising candidate for rare-earth-
free magnets. A bonded magnet could be made by stacking the
FeigN, foils with bonders. Future research could focus on obtaining
higher «’-Fe gN;, phase volume ratio, reducing the exchange inter-
actions between grains, and aligning the easy axes of the grains.
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