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Abstract

Ball milling treatment facilitates the transformation of carbonyl iron powders from a
spherical to a flaky morphology, while simultaneously introducing numerous defects that
approach the nanometer scale in one dimension. Flaky iron nitride was synthesized via the
gas nitridation in an NH3/N2 atmosphere. The microstructure, morphology, and magnetic
properties of the samples nitrided at different temperatures were characterized using XRD,
SEM, TEM, and VSM. The formation of γ′-Fe4N and ε-Fe3N phases impedes domain
wall movement, resulting in a slight increase in the Hc of the samples. Notably, γ′-Fe4N
positively influences the magnetic properties of iron nitride. As the nitriding temperature
rises, the content of the γ′-Fe4N phase initially increases before subsequently declining.
Consequently, the flaky iron nitride synthesized at 610 ◦C exhibits excellent soft magnetic
properties with a high Ms value reaching up to 177.1 emu/g and a low Hc value, indicating
its potential applications in the field of magnetic materials.
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1. Introduction
Iron nitride, a representative of transition metal nitrides, possesses a diverse array of

applications in magnetic and electromagnetic devices, as well as in areas requiring high
wear and corrosion resistance, catalysis, and electromagnetic wave absorption [1–4]. Based
on nitrogen content, iron nitrides can be classified into several phases, including ξ-Fe2N,
ε-Fe3N, γ′-Fe4N, and α′′-Fe16N2. Each phase of iron nitride displays distinct physical and
chemical properties [5–7]. Notably, γ′-Fe4N has emerged as a focal point of research within
the domain of soft magnetic materials, owing to its advantageous characteristics, which
encompass excellent chemical stability, oxidation resistance, outstanding soft magnetic
properties, and commendable wear resistance [8–10]. However, the preparation of single-
phase γ′-Fe4N presents considerable challenges, as the presence of the ε-Fe3N phase and
incomplete nitrided precursors may occur. This difficulty can be attributed to the relatively
limited stable nitrogen content and temperature range indicated by the phase diagram
of iron nitride [11,12]. Consequently, numerous researchers are focused on the synthesis
of single-phase γ′-Fe4N or iron nitride composites with a high proportion of γ′-Fe4N.
The primary method employed for the preparation of iron nitride involves ammonia
decomposition followed by nitriding [13].

Fe-Fe4N spherical particles were synthesized by gas-atomized α-Fe powders with
an average diameter of 30 µm in an NH3/H2 atmosphere, demonstrating excellent soft
magnetic properties [14]. Elemental Fe was produced by reducing the Fe2O3 precursor
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in an H2 atmosphere. Subsequently, the γ′-Fe4N nanoparticles underwent nitridation
at elevated temperatures in an NH3/H2 atmosphere, resulting in a magnetic saturation
(Ms) that is more than three times greater than that of Fe2O3 [15]. Presently, most studies
primarily concentrate on spherical particles, with relatively few investigations exploring
morphological diversity. Flake-like hexagon α-Fe2O3 was synthesized via a chemical
process, followed by nitridation to produce porous flaky γ′-Fe4N@Fe oxide particles.
Nevertheless, the preparation procedure for the flaky precursors proved to be relatively
complex [16]. The α-Fe2O3 precursor prepared via the solvothermal method was subjected
to high-temperature nitriding treatment under nitrogen protection to obtain iron nitride,
which exhibits favorable soft magnetic properties with a high Ms value reaching up to
163 emu/g [17]. A series of iron nitride thin films was fabricated on silicon substrates
using reactive RF magnetron sputtering in a N2-Ar atmosphere [18]. In contrast to powder
forms, thin film materials encounter challenges in large-scale production and subsequent
applications of iron nitride [19]. The flaky porous γ′-Fe4N@SiO2 particles were synthesized
by nitriding Fe2O3@SiO2 which was produced through hydrothermal synthesis and sol–gel
coating treatment. The electromagnetic properties were examined in the frequency range
of 2–18 GHz, revealing significant potential for applications in the field of microwave
absorption [20].

In this study, flaky carbonyl iron powders were prepared through a ball milling treat-
ment, subsequently followed by the synthesis of flaky iron nitride via the gas nitriding
method. This approach enabled the morphological diversity of iron nitride to satisfy vari-
ous application requirements. The effects of nitriding temperatures on the microstructure,
morphology, and magnetic properties of flaky iron nitride have been systematically investi-
gated, aiming to yield iron nitride with excellent soft magnetic properties and to enhance
the application of soft magnetic materials.

2. Experimental Procedures
Carbonyl iron powders (99.5% purity, Runzhijiabo Metal Materials Co., LTD, Beijing,

China) with an average particle size of 3–5 µm were subjected to ball milling in a sand
mill (HWSM-0.4-II, Shanghai Hewei Electromechanical Equipment Co., LTD, Shanghai,
China) for different durations of 1 h, 2 h, and 4 h. This process employed ZrO2 balls with
an average particle size of 1 mm to facilitate the transformation of the spherical particles
into flaky forms and to refine the grain structure. Following this, the carbonyl iron powders
milled for 4 h were placed in a boat, which was then positioned at the center of a tubular
furnace for the nitriding process. The nitrided powders were synthesized by nitriding in
an NH3 and N2 atmosphere at a gas flow rate of 400 Sccm, with nitriding temperatures
set at 590 ◦C, 610 ◦C, and 630 ◦C for 1 h. Upon the completion of the nitriding process,
the samples were cooled to room temperature in an N2 atmosphere to obtain the iron
nitride powders.

The crystal structures of carbonyl iron powders subjected to different milling dura-
tions, as well as nitrided powders synthesized at various nitriding temperatures, were
characterized using X-ray diffraction (XRD, Rigaku D8 Advance, Bruker AXS, Karlsruhe,
Germany) with Cu Kα radiation (λ = 0.15406 nm), scanning an angle range from 20 to 100◦.
The surface morphologies of the carbonyl iron powders with different milling durations
were examined using a field emission scanning electron microscope (FESEM, GeminiSEM
300, ZEISS, Oberkochen, Germany). Furthermore, the microstructure of the carbonyl
iron powders milled for 4 h was further characterized using transmission electron mi-
croscopy (TEM, Talos F200S, FEI, Hillsboro, OR, USA) coupled with selected area electron
diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM). The
magnetic properties were measured at room temperature using a vibrating sample magne-
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tometer (VSM, 7404, LakeShore, Westerville, OH, USA) with a maximum applied field of
±20,000 Oe.

3. Results and Discussion
Figure 1 illustrates the XRD patterns of carbonyl iron powders subjected to ball milling

for different durations. In comparison with the JCPDS standard card, the characteristic
diffraction peaks at 2θ = 44.7◦, 65.0◦, 82.3◦, and 98.9◦ correspond to the (110), (200), (211),
and (222) crystal planes of the α-Fe phase (PDF# 87-0722), which exhibits a bcc structure.
However, a minor deviation of approximately 0.1◦ is observed in the characteristic peaks as-
sociated with α-Fe, as determined by Gauss fitting using Origin software, 2025b, which may
be attributed to errors inherent in the XRD testing. Importantly, no significant structural
alterations are observed in the carbonyl iron powders following ball milling for different
durations. The full width at half maximum (FWHM) fitting of the XRD curves reveals
that as the duration of ball milling increases, the FWHM values also increase, indicating a
refinement of the grains in the ball-milled samples.
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Figure 1. XRD patterns of the carbonyl iron powders with different milling durations.

Figure 2 presents the SEM images that illustrate the morphological evolution of
carbonyl iron powders subjected to varying durations of ball milling. In comparison to
the untreated carbonyl iron powders, the ball milling process significantly altered the
morphology, resulting in the ball-milled carbonyl iron powders exhibiting a range of
morphologies and geometric shapes. Notably, the carbonyl iron powders subjected to
ball milling progressively transition from a smooth spherical form to a flaky structure.
Moreover, as the duration of ball milling increases, the extent of this transformation also
increases. Nevertheless, a limited number of spherical particles remain that have not fully
converted into flaky forms. Additionally, the SEM images reveal that the carbonyl iron
powders experienced a nanoscale transformation at a one-dimensional scale during the
ball milling process.
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Figure 2. FESEM images of the carbonyl iron powders with different milling durations: (a) 0 h;
(b) 1 h; (c) 2 h; (d) 4 h.

To further explore the effects of varying milling durations on the microstructures of
carbonyl iron powders, a sample milled for 4 h was examined using TEM/HRTEM coupled
with SAED patterns, as shown in Figure 3. As illustrated in Figure 3a, no discernible second
phase is evident in the carbonyl iron powders following ball milling. The corresponding
SAED pattern reveals that the diffraction rings of the BCC structure correspond to the (110),
(200), and (211) crystal planes of α-Fe, as depicted in Figure 3c. The lattice fringes calculated
from the HRTEM images in Figure 3b measure approximately 0.21 nm, corresponding to
the (110) crystal plane of α-Fe phase [21]. Notably, the dislocation defects and stacking
faults are observed in the HRTEM images (marked by rings), suggesting that the ball
milling process promotes a tendency towards flaky transformation within the carbonyl
iron powders while simultaneously introducing additional defects that may enhance the
nitriding process.

The magnetic hysteresis loops (M-H) of carbonyl iron powders subjected to ball milling
for different durations at room temperature are depicted in Figure 4. The enlarged local
view in Figure 4 allows for a clearer observation of the coercivity (Hc) values for the milled
samples. All M-H curves display sigmoidal hysteresis loops without any humps, indicating
characteristic soft magnetic behavior. Notably, the milled samples demonstrate a high Ms

value, indicating the excellent soft magnetic properties. The effects of ball milling on the
Ms and Hc values of the carbonyl iron powders are illustrated in Figure 5.
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Figure 3. Bright-field TEM (a), HRTEM (b) images, and the SARD pattern (c) corresponding to (a) of
the carbonyl iron powders after 4 h milling duration.

Figure 4. Magnetic hysteresis loops of the carbonyl iron powders with different milling durations.
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Figure 5. The corresponding Hc and Ms values of carbonyl iron powders with different milling
durations. (The lines of Hc values are drawn as guides to the eyes).

Figure 5 illustrates that as the nitriding duration is extended, the Ms value of the
ball-milled carbonyl iron powders initially increases before subsequently decreasing. This
phenomenon can be attributed to the collisions between ZrO2 and the carbonyl iron pow-
ders, which cause the oxide layer on the surface of the carbonyl iron powders to detach,
thereby increasing the Ms value. However, with prolonged milling duration, these colli-
sions become more pronounced, disrupting the ordered arrangement of magnetic moments
and resulting in a decrease in the Ms value. In comparison to the Hc value of carbonyl
iron powders, the Hc values of the flaky samples following ball milling exhibited a slight
increase. This can be attributed to the ball milling process introducing internal defects into
the samples, which serve as pinning sites and impede the movement of magnetic domain
walls [22]. Consequently, the ball milling treatment adversely influences the Hc value of
the samples.

The XRD patterns of the iron nitride powders obtained after 4 h of ball milling at dif-
ferent nitriding temperatures are presented in Figure 6. The diffraction peaks at 2θ = 41.2◦,
47.9◦, 70.1◦, 84.6◦, and 89.4◦ correspond to the (111), (200), (220), (311), and (222) crystal
planes of the γ′-Fe4N (PDF# 83-0875) phase, respectively [23]. Furthermore, the diffrac-
tion peaks at 2θ = 38.1◦, 43.4◦, 57◦, 69.2◦, 76.8◦ and 83.8◦ correspond to the (110), (111),
(112), (300), (113) and (302) crystal planes of ε-Fe3N (PDF# 83-0877), respectively, which is
consistent with previous reports [24]. It is evident that the synthesized nitride products
comprise γ′-Fe4N and ε-Fe3N, a result of the introduction of additional defects during
the ball milling process. These defects, which include layer faults and grain boundaries,
facilitate the diffusion of active nitrogen atoms.

The nitriding process can be divided into two distinct steps: the decomposition of
NH3 and the diffusion of active nitrogen atoms within Fe [25].

NH3
Fe→

500∼700°C
3
2 H2+[N]

4Fe + [N] → Fe4N
3Fe + [N] → Fe3N

(1)

The areas of the diffraction peaks of γ′-Fe4N and ε-Fe3N phases were fitted to obtain
the relative contents using the Jade 6 software. As the nitriding temperature increases,
the content of the γ′-Fe4N phase of nitrided samples at different temperatures initially
rises before subsequently declining, with corresponding values of 85.7%, 87.2%, and 84.3%,
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respectively. It has been reported that as the nitriding temperature increases, the carbonyl
iron powders gradually transform into γ′-Fe4N. With the continued diffusion of active
nitrogen atoms, γ′-Fe4N further converts into ε-Fe3N. Subsequently, a portion of the ε-Fe3N
phase decomposes and reverts back to γ′-Fe4N [26,27].
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Figure 6. XRD patterns of the iron nitride powders at different nitriding temperatures after 4 h
milling duration.

To further confirm the morphology and distribution of the powders following nitriding,
the SEM image of the iron nitride powders nitrided at 590 ◦C is presented in Figure 7. It
is evident that the iron nitride retains a flaky powder morphology following nitriding.
In comparison to the carbonyl iron powders produced after ball milling, the iron nitride
powders demonstrate a more pronounced agglomeration phenomenon.

 

Figure 7. FESEM image of the flaky iron nitride at a 590 ◦C nitriding temperature.

The room temperature magnetic hysteresis loops of the flaky iron nitride powders
synthesized at different nitriding temperatures are depicted in Figure 8. The magnified local
view in the illustration facilitates the observation of the Hc values for the nitrided samples
synthesized at different nitriding temperatures. All the M-H curves display the sigmoidal
hysteresis loops without any humps, indicating the characteristic soft magnetic behavior.
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Figure 8. Magnetic hysteresis loops of the flaky iron nitride after 4 h milling and nitriding at different
nitriding temperatures.

The effects of nitriding temperatures on the Ms and Hc values of the iron nitride
are illustrated in Figure 9. In contrast to flaky carbonyl iron powders, the Hc of iron
nitride is increased, which can be attributed to the precipitation of the γ′-Fe4N and ε-
Fe3N phases that enhance magnetic anisotropy [28]. Furthermore, these phases can act
as quasi-dislocation dipoles (QDD), thereby increasing the density of pinning sites for
domain wall movement [29]. An analysis of the phase content derived from the XRD
patterns reveals that as the content of ε-Fe3N increases, the Hc of iron nitride also rises,
suggesting that ε-Fe3N adversely affects the magnetic properties of the material. It is
noteworthy that γ′-Fe4N exerts a positive influence on the magnetic properties of the
material. In comparison to the ε-Fe3N phase, γ′-Fe4N exhibits a higher theoretical Ms value
of 208 emu/g [30]. Consequently, the iron nitride, which contains a high proportion of
γ′-Fe4N and is synthesized through nitriding at 610 ◦C, presents a higher Ms (177.1 emu/g)
and a lower Hc, exceeding the magnetic properties of previously reported iron nitride and
other soft magnetic materials [31,32].
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Figure 9. The corresponding Hc and Ms values of the flaky iron nitride after 4 h milling and nitriding
at different nitriding temperatures.
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4. Conclusions
In this study, flaky iron nitride was successfully synthesized via gas nitridation in

an NH3/N2 atmosphere. The effects of nitriding temperatures on the microstructure and
soft magnetic properties of flaky iron nitride have been investigated. The treatment of
carbonyl iron powders via ball milling results in a transformation to a flaky morphology.
As the duration of ball milling increases, the degree of flake formation intensifies, leading
to a tendency towards nanoscale dimensions in one dimension and the introduction of
numerous defects. The flaky γ′-Fe4N/ε-Fe3N composite, characterized by a high content
of γ′-Fe4N (87.2%), synthesized by nitriding at 610 ◦C, presents excellent soft magnetic
properties, with the highest Ms up to 177.1 emu/g, indicating promising application
potential in the field of magnetic materials.
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