Academia Journal of Scientific Research 6(11): 000-000, November 2018
DOI: 10.15413/ajsr.2018.0471
ISSN 2315-7712
©2018 Academia Publishing

Research Paper
Preparation and characterization of the iron nitrides with different morphology and
its mechanism
Accepted date
ABSTRACT

Sun, Zhi Gang1*, Wang, Sheng Jie1,
Qiao, Xiao Jing2, Li Yan1, Zheng,
Wang Hui1 and Ren Bo1
1Institute

206 Second Academy of
China Aerospace Science and
Industry Corporation, 0086100039,
Beijing, China.
2School of Mechatronic Engineering,
Beijing Institute of Technology,
0086100081, Beijing, China.
* Corresponding author. E-mail:
710784793@qq.com; Tel:
+086+18810329971.

The iron nitride (FexNy) nanomaterials with different morphology have been
synthesized by simple and energetic nitriding method with different iron oxides as
iron sources. The morphology and structure of the products have been
characterized by Fourie transform infrared spectrum (FTIR), X-ray diffraction
(XRD), Scanning electron micrograph (SEM) and Vibrating sample magnetometer
(VSM). By calcinating the iron oxides at different temperatures for 2 h, the 10 nm
diameter γ-FexNy nanorods were obtained with the length-diameter ratio about 10.
The addition of anion plays an important role in the development of iron oxides. The
samples with polyhedral structures were prepared by SO 42- added into the system,
while the complex three-dimensional products were synthesized by the addition of
F-. The important effects of iron source, nitrogen source and temperature on
preparation of the products were also studied. The mechanism of the nitrofication
process was deduced from SEM and TEM results and the microwave absorbing
properties of products analyzed.
Keywords: Iron nitride, magnetic property, stealth materials.

INTRODUCTION
Recently, the demand for various kinds of microwave
absorbers has increased greatly not only in the modern
military fields, but in our daily life (Schurig et al., 2006;
Motojima et al., 2003). For instance, the development of
technology in radar detection has been threatening the
survival of aircraft and other military targets (Gong et al.,
2014; Peplow, 2006). Also, the progress in the engineering of
antennas and electromagnetic shielding systems depends
crucially on the development of electromagnetic radiation
absorbing materials (Abbas et al., 2007; Kagotani et al.,
2004). The effect of the electromagnetic pollution is often
overlooked but has a tremendous impact on our daily life
(Motojima and Hishikawa, 2003; Li et al., 2013). We must
pay more attention to the removal of electromagnetic
interference problems and information security. Due to the
stronger microwave absorbing property and superior
chemical and physical stability, iron nitrides have been
selected as one of the most potential microwave absorbing

materials (Atiq et al., 2010; Cao et al., 2001).
Iron nitrides with several different morphologies were
recently prepared using various methods (Kurian and
Gajbhiye, 2011) (Table 1). However, the synthesis
mechanisms for the nanometer iron nitrides with each
morphology have not been clearly studied, especially the
transformation mechanisms of the nanomaterials or
micrometer materials. Iron nitrides mainly include ξ-Fe2N,
ε-Fe3N, γ'-Fe4N and α"-Fe16N2, among which the ε-Fe3N and
γ'-Fe4N are most widely used industrially. The saturation
magnetization of γ'- Fe4N is about 193 emu/g, which is close
to that of γ- Fe. As a result of its better wear and oxidation
resistance, γ'- Fe4N can be act as one of the ideal
ferromagnetic materials. Additionally, the magnetic
properties of ε-Fe3N are far higher than that of the current
widely used magnetic materials with low coercive force,
such as γ-Fe3O4, γ-Fe2O3 and ferrite composites. γ'- Fe4N and
ε-Fe3N are widely favored by researchers and expected to

Table 1: The properties of different iron nitrides.
Phase
α
α"
γ

Chemical formula
N ferrite
Fe16N2
N austenite

Crystal structure
Core cube
Body cubic
Body center

γ'

Fe4N

Surface cube

ε

Fe3N

6 square

4.55~11.0

ξ

Fe2N

Oblique square

11.1~11.35

be two of the important ferromagnetic materials in the 21 st
century.
In 2001, the γ’-Fe4N powders with high purity, ultrafine
and monocrystalline state were synthesized through twostep method with FeCl2 and NH3 as raw materials (Cao et al.,
2001). In 2002, in Beijing non-ferrous metal research
institute, Fe4N absorbers were synthesized through
hydrogen reduction nitridation process with acicular γFe2O3 as raw material, and first reported as microwave
absorbing materials (Yang et al., 2002). γ’-Fe4N were also
prepared through the nitridation of Fe3O4 nanoparticles in
H2 and NH3 atmosphere at 500°C with the saturation
magnetization of about 182 emu/g after 700°C sintering
(Wu et al., 2004). The Fe-N thin films, composed by ɛ-Fe3N
and α-Fe were synthesized through magnetron sputtering
process on NaCl matrix in Wang’s group (Wang et al., 2007),
which indicates that it is the nitrogen that plays an important
role in the formation of Fe-N thin films and the saturation
magnetization of the films changes little with the rise of
temperature.
In 2011, FexN (x=3, 4) and γ’-FexNiyN were synthesized
under different temperatures at ammonia atmosphere by
plasma process on Fe and Fe/Ni alloy matrix in Dong
Xinglong’s group (Wang and Dong, 2011). The synthesized
Fe4N/Fe and Fe3N/Fe nanocomposites exhibit strong
reflection loss from 3.6 to 11.2 GHz with the corresponding
thickness from 1.00 to 2.99 mm, respectively which fully
indicates the potential of Fe4N as a kind of low frequency
microwave absorber.
In 2012, PdFe3N was synthesized and characterized in
Antônio’s group and it indicates that the microwave
absorbing properties can be greatly influenced by the doping
of Pb (Antônio et al., 2012). Meanwhile, Rostam et al. (2012)
studied the structure of the Fe-N-B composites and its
electrical, magnetic and optical properties which shows that
the doping of B and N atoms plays an important role in the
increase of microwave absorbing properties.
In this paper, iron oxides with different morphology were
synthesized through chemical precipitation process under
normal pressure and room temperature and the iron
nitrides FexNy prepared after calcination and nitrification
process in tube furnace without H2. The effect of some
important factors, such as temperature, iron source,

N percent
0.004~0.11
3.0
≤2.8
5.7~6.1

Main performance
Ferromagnetism
Ferromagnetism
160 HV
Ferromagnetism, small brittleness,
hardness 550HV
Brittleness, corrosion resistance ,
hardness 265 HV
brittleness, 260 HV

nitrogen source on the crystallization of FexNy was also
investigated and the product with stronger microwave
absorbing properties optimized to be absorbing coatings.
MATERIALS AND METHODS
The raw materials used include NaF, FeCl 3, FeSO4•7H2O, Fe,
Fe2O3, NaOH, NaHCO3 and Na2SO4, which were all of
analytical grade and purchased from the Sinopharm
Chemical Reagent Co. Ltd.
The iron sources are prepared through chemical
precipitation method and the drying NH3 is obtained by
heating the ammonia to 95°C and flow across the CaO drying
tube. Some amount of iron source (Fe2O3 or Fe, etc.) were
evenly spread on the surface of the alumina crucible.
Thereafter, the crucibles were placed into a tube furnace and
heated to 600°C in NH3 atmosphere at 10°C /min for 5 h.
X-ray diffraction (XRD) analysis of samples was carried
out using a Rigaku D/max-2500 X-ray diffractometer with
Cu Kα radiation (λ=0.154178 nm). Surface morphological
features of the precursors and products were observed using
a field emission scanning electron microscope (Hitachi S4800) which operated at an accelerating voltage of 15 kV as
well as, the high resolution transmission electron
microscopy - HRTEM (JEOL2100F, 200 kV). In order to
obtain the static magnetic and electromagnetic parameters
of the products, the vibrating sample magnetometer (VSM)
and vector network analyzer (VNA) analysis were carried
out respectively.
RESULTS AND DISCUSSION
Preparation of iron oxides
In order to prepare iron oxides with different particle size
and morphology, different methods were designed. 1 mol
FeSO4•7H2O was dissolved into 3 L purified water and 2 mol
NaHCO3 added into the solution under magnetic stirring for
half an hour. Thereafter, the solution was transferred into
a hydrothermal kettle and reacted at 140°C for 12 h. After
being washed and dried, the product is recorded as S1. 2

Figure 1: SEM figures of S1, S2 and S3.

mol FeCl3 and 4 mol urea was mixed into 3 L purified water
with 0.1 mol/L NaOH solution added to control pH value to
2.5. 2 mol Na2SO4 was added into the system and the solution
washed and dried to prepare S2. 2 mol FeCl3 and 4 mol urea
was mixed into 3 L purified water with NaOH solution added
to control pH value to 2.5. 5 drops of 0.1 mol/L NaF was
added into the system to transform the brown precipitation
to be dissolved and S3 synthesized after being washed and
dried.
Figure 1 shows the SEM patterns of the S1, S2 and S3. Figure
1a to b is SEM figures of S1. Combined with the XRD figure in
Figure 1, the [α-FeO(OH)] is presented in goethite state with
the length of about 250 nm and length-diameter ratio of
about 13. Comparatively, as it is shown in Figure 1c and d,
the products are mainly 80 nm polygon hematite Fe2O3, with
morphology of square, hexagon and polyhedron. Figure 1e
shows the SEM figures of S3 and the products are mainly 200
nm polyhedron hematite Fe2O3, with multiple structures
assembled into a larger particle. As the amount of the iron
source increased, the products are in ellipsoid state with the

particle size of about 2 microns (Figure 1f). The hollow
ellipsoid is primarily formed by polyhedron sticked with
each other and rubbed until smooth having ellipsoid shape.
It can be concluded that the collisions among the particles
become stronger as the concentration increases; the smaller
particles are more likely to be combined to a relatively stable
and larger particles.
The effect of iron source
The iron nitrides were prepared with S1, S2 and S3 as iron
sources and the XRD and SEM figures of the samples
analyzed to study the effect of iron sources on the products.
XRD analysis of iron nitrides
Figure 2 shows the XRD diagrams of iron nitrides obtained
at 550°C. Among them, a, b and c correspond to XRD of S1, S2

Figure 2: XRD figures of samples with different iron sources.

Figure 3: SEM of products obtained from different iron sources.

and S3, respectively. The products are significantly different
with the three different kinds of iron sources.
The nitrified products of S1 and S2 are mainly Fe3N, while
the products are mainly Fe and Fe2O3 for S3. It indicates that
the acicular or lamella structure is more likely to be nitrided
compared with the angular polyhedron structure. It is
mainly because there is more opportunity for the samples
with acicular or lamella structure to contact with NH3

molecule than that of samples with angular polyhedron
structure, which increases the absorbing properties of
nitrogen and leading to more Fe3N being obtained.
SEM analysis
Figure 3 shows the SEM figures of products obtained from
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Figure 4: XRD of samples under different nitrogen sources.

Fig.4 XRD of samples under different nitrogen sources

different iron sources, while Figure 3a to b, c to d and e to f
correspond to iron sources of S1, S2 and S3, respectively. S1 is
100 nm particles, which indicates that the iron oxides
are nitrided to small particles by calcination at higher
temperature. After hydrothermal process, S2 is sintered
together with each other. 100 nm particles were obtained for
S3 on the surface of the ellipsoid.

urea, during the calcination process, NH3 provides more
adequate positive N and H atoms, which can be easily
adsorbed and nitrodized on the metal surface (Shinichi et al.,
2008; Zheng and Zhang, 2005).
The effect of temperature
XRD analysis

The effect of nitrogen source
In order to optimize the nitriding process, two different
kinds of nitrogen sources
were selected, urea and NH3 with S2 as iron source. Figure 4
shows XRD results at different temperatures and nitrogen
sources obtained. In detail, Figure 4a and c are related to
samples obtained at 500°C, while Figure 4b and d are
related to samples obtained at 600°C and Figure 4a to b and
Figure 4c to d correspond to that with urea and NH3 as
nitrogen sources, respectively.
As shown in Figure 4, Fe3N phase was obtained at both 500
and 600°C with NH3 as nitrogen source. Only characteristic
absorption peaks of Fe3O4 appears at 500°C and that of Fe3N
found only at 600°C with urea as the nitrogen source. It
indicates that NH3 newly prepared is superior to urea in the
nitriding process. This is mainly because, compared with

In order to obtain the products with perfect crystallization,
the effect of temperature on the crystallization of the
products was investigated at 500, 600, 700, 800 and 1000°C
with S2 as iron source in NH3 atmosphere (Jiao et al., 2007,
2014). Figure 5 shows the XRD diagrams at different
temperatures. In Figure 5a, the product remains Fe2O3.
According to Scherrer's formula, the average particle size of
the sample is about 100 nm, which indicates that the iron
oxides were not nitridized at 500°C. At 600°C, iron oxides are
nitrided to be Fe3N (Huang et al., 2007), which is mainly
because the N atoms obtained at this temperature are
sufficient enough and can be absorbed on the surface of the
iron atoms and completely nitridized.
Fe and Fe4N phase appear after 700°C nitrodization, which
indicates that more active N and H atoms can be obtained
along with the increase of temperature and promote the

Figure 5: XRD diagram of products at different temperature.

reduction and nitrodization process to get Fe 4N.
Additionally, the samples are transformed into pure Fe4N at
800°C, which shows that the active N atoms cannot be
diffused from metal surface to internal part until the Fe 4N
phase is being completely synthesized. Along with nitriding
temperature rise to 1000°C, the nitrodized sample is mainly
composed of reduced Fe phase. This is because large
amounts of H atoms from ammonia is active enough to bind
directly to be stable H2 molecule and reduce Fe4N phase to
single Fe phase as the temperature rise. According to XRD
patterns of the nitrided sample, the increase of temperature
can promote the nitrification process in a certain range.
However, it can be inhibited when the temperature is
extremely high.

SEM analysis
Figure 6 shows SEM figures of samples obtained at different
temperatures. Among them, a, b, c, d and e to f correspond to
SEM of products obtained at 500, 600, 700, 800 and 1000°C,
respectively. After 500°C nitridization, the product is still 80
nm spherical or ellipsoidal particles, which is similar to that
of the iron sources. It is because the ammonolysis process
cannot be carried out at such lower temperature (Shinichi et

al., 2008; Zheng and Zhang, 2005). At 600°C, the main
product turns to be 2 microns ellipsoid, which indicates that
the iron oxides are completely nitridized along with the
increase of temperature. Figure 6e to f shows SEM of the
nitrodized samples obtained at 700°C, which are mainly
samples with particle size ranging from 500 nm to a few
microns. Combined with XRD results in Figure 5, the iron
oxides are nitrided by N atoms obtained from the
decomposition of NH3 and turn to be Fe4N. H atoms from
NH3 are absorbed on the metal surface and combined to be
H2, which reduce FexNy to be Fe phase (Huang et al., 2007).
The combustible exhaust gas is also a significant proof of the
system. Along with the increase of temperature, the
nanometer Fe2O3 particles can easily stick together into
larger particles (Figure 6). When nitriding temperature rise
to 800°C, the product will be further adhered with better
crystallization and gradually becomes adhesive to Fe4N
crystals. At 1000°C, small particles can be found on the
surface of the product. It can be concluded from the XRD
patterns that small particles are mainly Fe powders with
particle size about tens of nanometers. This is because the
iron nitride is not stable enough and can be reduced by H 2 at
1000°C. It shows that the nitrodization process is closely
related to the decomposition of NH3 and the increase of
temperature in a certain range. However, the precursors
cannot be obtained when the temperature becomes too high,

Figure 6: SEM of nitride samples obtained from different temperature.

which is identical with the XRD results in Figure 5. Equations
1 to 5 are presented as:

3Fe + 4H2O

(3)

Fe/Fe2O3

2NH3

8[H] +Fe3O4

2[N] + 6[H]
(1)

2[H] + 3Fe2O3

(2)

2Fe3O4 + H2O

[N] + 3Fe

Fe3N
(4)

Figure 7: VSM of the nitride product Fe4N.

[N] + 4Fe

Fe4N
(5)

From the results and discussion earlier mentioned, the
reaction mechanism can be deduced as follows: reduction
and nitridation reaction occurs when the active [N] and [H]
atoms are adsorbed on the metal surface. Among them, Fe3O4
will be reduced by H atoms and turns to Fe atoms.
Meanwhile, the Fe atoms will be nitrodized by N atoms,
while Fe2N, Fe3N and Fe4N will be obtained with different
adsorption amount of N and H as depicted in Equations 4 and
5.
Apart from calcination temperature, the N and H atoms
obtained from the ammonia process also plays an important
role in the crystallization of the products. H2 was formerly
put into the system to promote the reduction process.
However, the addition of H2 largely decreased the reaction
velocity of the ammonolysis process and that is why H2 is not
selected as gas sources to be flown into the system.
Thereafter, the [H] and [N] atoms can be obtained from NH3
sources with iron oxide as catalyst. Finally, the diffusion of N
atoms occurs. Due to the interface reaction, the
concentration of N atoms on surface becomes higher than
that in the inner part, which promotes the transferration of
N atoms from surface to inner part gradually.

VSM analysis
Figure 7 is VSM of Fe4N obtained from S2. As observed, the
saturation magnetization MS is about 182.11 emu/g, which
is a bit lower than that of pure Fe4N (Ma et al., 2008).
Moreover, the lower coercive force, about 45.00 Oe, shows
potential for the products to be stronger microwave
absorbing material (Ing et al., 2010; Li et al., 2012).
Microwave absorbing properties
With S2 as iron source, F1 and F2 are the nitrodized products
obtained at 600 and 800°C, while F3 represents products
being quenched for 10 min in liquid nitrogen after being
nitrodized at 800°C.
Figure 8 shows the electromagnetic parameters of F1, F2
and F3 from 1 to 18 GHz. The real part of the dielectric
constant ε’ of F1 ranges from 31.87 to 37.93, which is much
higher than that of F2 and F3. It indicates the strongest
electricity storage ability of F1 among the three kinds of
products. While, the ε’ of F2 is almost the same with that of
F3, with value of about 5.92 to 9.89 and 7.78 to 8.30,
respectively.
For the imaginary part of permittivity of F1, it is only 1.00
at lower frequency and increases rapidly along with the
increase of frequency, with the value surfing to 14.39 at 14

Figure 8: Electromagnetic parameters of F1, F2 and F3 samples.

GHz. The results indicate stronger dielectric loss property at
higher frequency. However, for the ε’’ of F2 and F3, it is very
small ranging from 1 to 18 GHz. The ε’’ of F2 is higher than
that of F3, with the value of about 2.01 to 3.11, and 0.03 to
0.55, respectively.
The real part of permeability µ’ of F1 (0.96-1.50) is higher
than that of F3 (0.79 to 1.35) and F2 (0.80 to 0.95). It not only
shows the strongest magnetic storage ability of F1, but also
indicates that the quenching operation indeed increase the
magnetic storage performance of products in a certain range.
Comparatively, the imaginary part of permeability µ’’ of F1
(0.14 to 0.37) and F3 (0.10 to 0.29) is significantly higher
than that of F2 (0.01 to 0.14). On the one hand, it indicates
that the magnetic loss performance decreases with the
increase of nitrodizing temperature. On the other hand, it
shows that the quenching operation
significantly improves the magnetic loss performance
ranging from 8.7 to 14.4 GHz, respectively. Equation 6 is
given as:

(6)

Here, Z is the coating impedance.
According to Equation 6, the reflectivity of F 1, F2 and F3 are
calculated and figured by Matlab and presented in Figures 9,
11 and 12.
From Figure 9, it can be found that the absorption
bandwidth of F1 reaches 1.18 GHz (5.38 to 6.56 GHz), with
the corresponding peak appearing at 6.00 GHz. Along with
the increase of the layer thickness, the absorption band
gradually moves to lower
Frequency, while the corresponding absorption
bandwidth changes to 0.57 GHz (2.53 to 3.07 GHz) and 0.45
GHz (0.55 to 1.00 GHz) at 4 and 6 mm thickness, respectively
which indicates the strong microwave absorbing properties
of F1 in low frequency.
Figure 10 shows the tangent of electromagnetic loss angle.
From 1 to 6 GHz, the electromagnetic parameters of F 1 are
almost not changed, and the value of hysteresis loss is
greater than that of the dielectric loss. It indicates that the
ferromagnetic hysteresis loss plays an important role in the
attenuation of the electromagnetic wave from 1 to 6 GHz,
respectively. Better electromagnetic matching appears from
6 to 11 GHz, respectively which shows stronger
electromagnetic loss. In higher frequency ranging from 11 to
18 GHz, the reflectivity is mainly attributed to dielectric loss
as presented in Figure 10.
Figure 11 presents the reflectivity of F2 at 1 to 18 GHz with
coating thickness from 2 to 10 mm, respectively. At 2 mm
thickness, the frequency corresponding to reflectivity below

Figure 9: The reflectivity curve of F1.

Figure 10: Electromagnetic loss tangent of F1 sample.

-10 dB ranges from 14.8 to 18.0 GHz, while along with the
increase of thickness, the peak value of the reflectivity
declined, with the corresponding frequency shifted to the
lower value. At 4 mm thickness, the maximum attenuation

reaches -33 dB at 7.50 GHz, with the qualified bandwidth
about 2.60 GHz (6.50 to 9.10 GHz). Double peak also appears
with the thickness of the layer over 6 mm.
Figure 11 shows the reflectivity of F3 from 1 to 18 GHz with

Reflection loss (dB)

Frequency (GHz)
Figure 11: The reflectivity curve of F2.

Figure 12: The reflectivity curve of F3.

the coating thickness from 2 to 6 mm, respectively.
Comparatively, as the temperature increases to 800°C, the
nitrides are adhered together and the absorption peak
value becomes lower and more obtuse. Also, being
quenched by liquid N2, the frequency corresponding to

maximum absorption gradually shifts to a lower value. At 2
mm thickness, the qualified bandwidth below -10 dB is about
2.2 GHz (13.0 to 15.2 GHz). When the thickness rises to 6
mm, double peak appears with both of the maximum value
below -10 dB. As depicted in Figure 8, the reflectivity loss is

mainly attributed to the larger magnetic loss property of the
product. After being quenched, a small amount of Fe16N2 is
obtained, which increases the magnetic loss property at
lower frequency (Takashi et al., 2014; Sun et al., 2006).
However, stronger absorption at lower frequency is far from
realization. It is necessary to combine stronger dielectric
loss materials with higher magnetic loss materials to
prepare absorbing composites (Ren et al., 2013; Chen et al.,
2009).
Conclusions
Without H2, Fe3N and Fe4N nanoparticles were obtained
through nitrification process at 600 and 700°C with
micrometer Fe2O3 as iron source. The important effect of
iron source, nitrogen source and temperature on the
nitrification process was also investigated. The Fe 2O3
obtained from hydrothermal process is mainly nanometer
particles with structures of nanorods, polygons and
polyhedra. As concentration of iron ions increased, the
particle size of the products becomes larger and turns to be
larger ellipsoids from self-assembly of polyhedrons. As the
temperature increased from 600 to 800°C, Fe2O3 was
gradually nitridized with the crystallized phase changing
from Fe3N to Fe4N, respectively. However, the product was
reduced gradually to Fe powders when the temperature
increased to 1000°C. The Ms of the product is approximately
182.11 emu/g, with coercive force of about 45.00 Oe. For the
2 mm Fe3N coatings obtained from 600°C nitridization of
Fe2O3 in NH3, the qualified bandwidth reached about 1.18
GHz (5.38 to 6.56 GHz), while the bandwidth was about 2.60
GHz (6.50 to 9.10 GHz) after 800°C nitrodization, with the
peak appearing at 7.50 GHz, about -33 dB. In addition,
bimodals appear at 6 mm thickness, with both of the
reflectivity below -10 dB, indicating that iron nitrides can be
used as a kind of excellent microwave absorbing materials.
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