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Abstract

This study aimed to synthesize iron nitride (FesN) material using Fe3O4 as the starting material. The
synthesis process included coprecipitation of natural iron sand and gas nitriding under flowing NHz
gas. A semiautomatic coprecipitation apparatus was implemented during the coprecipitation process to
improve powder yield and reproducibility of Fe304 nanopowders. The results of XRD and SEM showed
that the semiautomatic coprecipitation apparatus could produce a consistent Fe3O4 product in terms
of final quantity and powder morphology. Furthermore, FesN was produced after gas nitriding for
different holding times. Iron oxides, FesO4 and Fe;O3, were still detected in the powder, showing that
the nitriding parameters were insufficient to produce FesN completely. VSM measurement on the final
powder showed typical soft magnetic behavior, with a maximum saturation magnetization of 17.21
emu/g and coercivity of 0.04 Oe after 6 hours of nitriding. This study provided an alternative method
for local soft magnetic composite production using abundant Indonesian natural resources.

Keywords: iron nitride, Fe; 0., iron oxide, semiautomatic coprecipitation apparatus, gas nitriding,

soft magnet.

1. Introduction

Iron nitride (FesN) is a promising material for mag-
netic applications, due to its high saturation magnetiza-
tion, low coercivity, and elevated resistivity [1-5]. Further-
more, FegN exists in several phases, namely Fe;N, FesN,
Fe4N, FegN, and FegN1,, depending on the synthesis meth-
ods and nitrogen potential used during the process [6].
Fe3N has prominent characteristics of soft magnets, serv-
ing as a potential alternative material for Soft Magnetic
Composite (SMC) in electric vehicle (EV) applications.
SMC is commonly produced using iron powder as the
starter material [7-10]. Due to the absence of an iron
powder industry, SMC development in Indonesia is highly
dependent on imported materials.

The absence of iron powder presents an unfavor-
able obstacle to Indonesia’s effort to transition transporta-
tion technology from internal combustion engines to EVs.
Therefore, the development of alternative materials for
SMC is essential. A recent report by Sidharta et al. [11]
indicates that iron nitride can be synthesized from iron
oxide powder derived from natural iron sand, which is
abundantly found in the country [12-16]. Many efforts
have been performed to produce iron oxide powder from
natural sand, for magnetic applications [14,17-20]. The
iron oxide powder, preferably on the nanometer scale, is
produced using numerous methods [21,22].
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Coprecipitation is the most commonly used method
for synthesizing iron oxide nanopowder [21,23]. However,
a number of limiting factors have been profoundly imped-
ing the implementation of larger production capacity, such
as a small quantity of the final product and quality stabil-
ity in terms of powder size. To address these limitations,
efforts have been instigated to scale up the coprecipitation
process for industrial applications [23-25]. Only limited
studies have achieved good results, i.e. high production ca-
pacity up to 23 kg/day and homogeneous size of iron oxide
nanoparticles, in the scale-up of iron oxide nanopowder
synthesis [25,26]. Therefore, this study aimed to develop
a scalable synthesis route for FesN soft magnetic material
using locally abundant iron sand through a semiautomatic
coprecipitation and gas nitriding process.

2. Experimental method

This study used natural iron sand as the raw mate-
rial for FegN synthesis. The sand was obtained from a
local Indonesian market. The synthesis process started
with the magnetic separation of raw sand, followed by the
removal of non-magnetic constituents. Subsequently, a
coprecipitation process was carried out to obtain iron ox-
ide nanopowder based on the procedures of Sunaryono et
al. [27]. A total of two batches of iron sand samples, each
weighing 12 g, were used in this study. A semiautomatic
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Figure 1. Schematic of semiautomatic coprecipitation apparatus. The image of automatic burette glass is derived from
Croatian-English Chemistry Dictionary & Glossary [28]

coprecipitation apparatus was developed in order to scale
up the powder yield obtained from the coprecipitation
process.

The semiautomatic coprecipitation apparatus con-
sists of five main pieces of equipment, namely two mag-
netic stirrers, an electric pump, an apparatus controller,
and an automatic burette. The schematic of the apparatus
is shown in Fig. 1. The process starts with a magnetic
stirrer, where iron sand was dissolved in an HCI solution
for 60 minutes under a stirring speed of 1000 RPM. Subse-
quently, the electric pump automatically sent the yielded
solution into the second magnetic stirrer for the titration
process. Titration of NH,OH into the yielded solution was
carried out for 30 minutes under stirring at 1000 RPM.
The apparatus controller automatically initiated the on-
set and operating time for both magnetic stirrers and the
electric pump. The manual operation of the apparatus
included the procedure of the automatic burette, namely
pumping NH,OH to the upper position of the burette, and
opening and closing the burette valve. The final stage of
coprecipitation comprises washing and drying the precip-
itates obtained in the second magnetic stirrer. The iron
oxide powder obtained from the process was subjected to
a gas nitriding process at 625°C in a tube furnace. The
gas nitriding holding time was set at 2, 4, and 6 hours,
with ammonia (NH3) gas being applied at a flow rate of
150 mL/min.

Powder content was analyzed using XRD (Cu-Ka
radiation, A\ = 1.54060) with a PANalytical X'Pert Pro
Diffractometer. Natural iron sand was also characterized
through X-ray Fluorescence (XRF) analysis using a PANa-
lytical MiniPal4. The magnetic properties of the samples
were assessed with a Vibrating Sample Magnetometer
(VSM) from the Physical Properties Measurement System
Quantum Design PPMS® VersaLab™ Cryogen-free 3 Tesla.
Lastly, the morphology of the powder samples was exam-

ined using Scanning Electron Microscopy (SEM) on a Zeiss
EVO MA10.

3. Results and Discussion

3.1. Characterization of Natural Iron Sand

Before the coprecipitation process, raw natural iron
sand was examined using XRF for component identifica-
tion. Table 1 shows the result of the XRF measurement of
iron sand. The natural iron sand consists mainly of Fe3O4
and several impurities such as Al; O3, SiO,, and TiO,. The
composition is typical for Indonesian iron sand and has

Table 1. XRF result of as-received natural iron sand, indi-
cating metal oxide content.

Phases wt.%
Al,O4 0.90
SiO, 0.90
P»,0s5 0.50
K>O 0.10
CaO 0.28
TiO4 12.30
V205 0.60
CI'QOg 0.04
MnO 0.50
Fe304 82.90
CuO 0.04
ZnO 0.80
Rb,0O 0.02
710, 0.02
Biy O3 0.10
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Table 2. Quantitative analysis result of iron sand.

Phase Composition Crystal Structure Lattice Parameter Sig
(wt.%) A)
Fe30,4 (magnetite) 96.52 Cubic a=28.4 1.087
FeTiO5 (ilmenite) 3.48 Trigonal a = 5.52 1.087

been reported by numerous studies [13,16,29-32].
To improve the purity of Fe30,4, magnetic separation was
performed on the iron sand. Subsequently, XRD examina-
tion was conducted, and the results are shown in Fig. 2.

Based on XRD analysis, iron sand consisted mainly of
Fe30, (magnetite). A small peak of FeTiO3 (ilmenite) was
detected and could be regarded as an impurity. The phase
identification was performed using Crystal Impact’s Match!
Software, based on COD IDs 1011085 for Fe304 and COD
ID 9008036 for FeTiOs. Additionally, quantitative analysis
was carried out using MAUD software.

The result of the quantitative analysis is shown in
Table 2. Fe30, is the majority phase with a content of
96.52%. Additional information such as the crystal struc-
ture and lattice parameters was determined. Based on
XRD peak intensity and verification by quantitative anal-
ysis, FeTiO3 has a small content of 3.47%. The presence
of FeTiO3 after magnetic separation is plausible, due to its
weak magnetic nature. Therefore, some FeTiO3 can still be
present after separation. The formation of the hexagonal
FeTiO3 phase is attributed to the reaction between TiO2
and FeO present in the sample [20].

3.2. Coprecipitation Result

Approximately two batches of the coprecipitation
process were performed, each using 12 g of iron sand. In
this study, two samples were obtained from each batch
and labeled as Sample 1 and Sample 2. The coprecipi-
tation process was carried out using the semiautomatic
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Figure 2. XRD pattern of natural iron sand as starting
material

coprecipitation apparatus. Fig. 3 shows the XRD patterns
of Sample 1 and Sample 2 obtained from the coprecipita-
tion process. By comparing the XRD patterns with COD ID
9002320, it was determined that both samples comprise
F€3O4.

Crystallite size of both samples was determined us-
ing Scherrer’s formula as shown in Eq. 1,

0.9X\
D= FWHM cos 6 &)

Based on the Scherrer formula, the crystal size of
Fe3O4 in Sample 1 and Sample 2 is 39.22 nm and 37.61
nm, respectively. The difference in crystal size is influ-
enced by pH, as reported by other studies [27, 33, 34].
However, the difference can be considered low, account-
ing for approximately 4.3%. This indicates that the co-
precipitation process is capable of producing nano-scale
iron oxide powder, which is beneficial for the synthesis
of FesN, providing more surface area for the nitridation
process [35,36].

The results on the iron oxide content and crystal size
of both Samples 1 and 2 show that the semiautomatic
coprecipitation apparatus can produce nanopowder from
iron sand. The synthesis of Fe3O, from natural iron sand,
using the coprecipitation method, has been reported by
many studies [15,16,27,33,37]. The formation of Fe30,
during coprecipitation has also been deeply investigated,
and the mechanism in reactions 2 to 5 is considered pro-
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Figure 3. XRD pattern of Fe3O, samples yielded from
semiautomatic coprecipitation apparatus
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Table 3. Fe;0, yields using semiautomatic coprecipitation apparatus.

Name Initial Weight (gr) Final Weight (gr) Yield (%)
Sample 1 12.0026 4.7278 39.38
Sample 2 12.0034 4.9859 41.53
Average 4.8569 £ 0.18 40.46 £ 1.52
bable. in the experiment can produce nano-sized Fe3O, powder
with consistent results. Table 3 shows the amount of Fe304
5 B obtained by the apparatus. The initial weight represents
Fe**(aq) + 30H™ (ag) — Fe(OH),4(s) (2)  the weight of the iron sand used in the coprecipitation,
while the final weight shows the final product (Fe30,)
weight after the coprecipitation. Comparable results and
Fe(OH)3(s) — FeOOH(s) + H20(0) @) similar yields were obtained from the two samples pro-
duced by the apparatus, showing the potential to produce
consistent outcomes. Subsequently, the samples were used
Fe?* (aq) + 20H™ (aq) — Fe(OH),(s) (4) in the gas nitriding process to produce FesN materials.
3.3. Gas Nitriding Result
Nitriding of Fe30, powder was carried out at 625°C
2FeOOH(s) + Fe(OH),(s) — Fe3O4(s) +2H20(I) (5)  under flowing NH; gas for different holding times, namely

The Fe3* (aq) or Fe?* (aq) species are the products
of dissolving iron sand in an HCI solution. Subsequently,
titration of NH,OH produces iron (II) hydroxide and iron
(II1) oxyhydroxide. Both species are considered to react
during the titration process, forming magnetite nuclei as
shown by Reaction 5.

Fig. 4 shows the SEM images of the iron oxide sam-
ples. The particle shape of both samples is typical, en-
tailing chip-like particles. Additionally, the particle size is
comparable, ranging from small chips to larger chip parti-
cles. Agglomeration of smaller particles is also observed in
both samples, including the morphology of the magnetite
particles, as reported by Duma et al. [16].

The semiautomatic coprecipitation apparatus used

(a)

2, 4, and 6 hours. Subsequently, some analyses were per-
formed on the final product. Fig. 5 shows the XRD patterns
of the powder after gas nitriding at different holding times.
After 2 hours of nitriding, e-FesN was formed, while FezN
was detected after 4 and 6 hours. Other phases detected
in the XRD patterns were iron oxides, Fe;0,, and Fe;O3
in the powder samples. The presence of both Fe;0, and
Fe, 03 showed that the parameters used during gas nitrid-
ing were not sufficient to form FesN. Specifically, Fe;O3
was most likely formed due to oxidation, indicating that
the nitriding parameters, namely flow and pressure, were
not sufficient.

The efficiency of gas nitriding is primarily influenced
by key process parameters, namely temperature, time,
atmosphere pressure, and NHj3 flow rate. These parame-

(b)

Figure 4. SEM images of iron oxide samples. (a) Sample 1. (b) Sample 2
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Table 4. Comparison of the number of phases formed in each variation using MAUD analysis.

Sample Sig Rwp (%) Fe; 03 (wt.%) Fesz0, (wt.%) FesN (wt.%)
Nitriding time 2 hours 1.196697 36.58697 58.45 39.21 2.33
Nitriding time 4 hours 1.1798414 35.03525 68.99 19.94 11.06
Nitriding time 6 hours 1.140956 7.188651 53.85 11.94 34.19
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Figure 5. XRD patterns of powder sample after nitriding at
different holding times

ters work together within the nitriding process [38].
The nitriding temperature used in this experiment can
form FesN, as suggested by other studies [5,39,40], which
used a lower temperature. However, this experiment ob-
tained a lower amount of FesN, indicating ineffective con-
trol of other nitriding parameters such as gas mixing and
gas purity.

The formation of Fe3N during gas nitriding of iron
oxide comprises a reduction process, which produces «a-Fe
and the final products [5, 39,40]. The majority of studies
on the synthesis of Fe3N by gas nitriding combine NHj
gas and H, gas, using Fe or Fe;O3 as the starting pow-
der [2,5,41]. Therefore, the reduction of the powder is
more assisted due to the presence of H, gas, obtaining
single-phase FesN.

Jovicevi¢-Klug et al. reported that NH; gas produces
a lower reduction degree than Hy gas [39]. This suggests
that a longer time is required to synthesize single-phase
Fe;N by gas nitriding of Fe304 powder with NH;. Conse-
quently, the presence of Fe;O3 and Fe30y, is still detected
in the sample with a nitriding time of 6 hours.

Table 4 shows the composition of phases formed af-
ter gas nitriding for different holding times. The composi-
tion is determined using quantitative analysis using MAUD
software. The amount of Fe;N increases with prolonged
holding time due to an increase in nitrogen diffusion [42].
Subsequently, both iron oxides decrease, indicating that
more Fe3Q, is transformed into FezN.

Based on XRD analysis, the final powder consists
predominantly of iron oxides. The highest amount of FesN
obtained in this experiment is 34.19 wt%. Therefore, the
morphology of the final powder should be dominated by
the iron oxide structure. As shown in Fig. 6 and Fig. 7,
some powder still retains the shape of Fe30,4. This is be-
cause FesN forms small particles on the surface of iron
oxide particles as suggested by Ge et al. [2]. The higher
magnification SEM image, depicted in Fig. 8, indicates
small particles on the surface.

The particle is presumably Fes;N because it has a sim-
ilar irregular spherical-ellipsoidal shape. Smaller particles
with a plate-like shape are also observed. The plate-like
shape is attributed to FesN, based on the report of other
works [5,43]. Although Energy Dispersive Spectroscopy
(EDS) can confirm the presence of FesN particles, the XRD
results collectively support the formation process. More-
over, future studies are recommended to include elemental
mapping.

The magnetic properties of Fe3N samples were stud-
ied by measuring the hysteresis loop using the VSM
method, under room temperature. Fig. 9 shows the hys-
teresis loops of the Fe;N material obtained after nitriding
for different holding times. Magnetic properties, derived
from the hysteresis loop, are shown in Table ??. As the ni-
triding time was increased from 2 to 6 hours, the value of
saturation magnetization reached 16.80, 16.41, and 17.21
emu/g, respectively. The magnetization values observed
in all samples were lower than those reported in previous
results [2,44-46]. This low value is due to the persistent
presence of iron oxides, namely Fe;O3 and Fe30,, acting
as contaminants. Since the saturation magnetization val-
ues of the two phases are inherently smaller than that
of FesN [47], their presence directly contributes to the
overall reduction in saturation magnetization, an effect
also observed in the literature [4,48].

Although insignificant, a decrease in the saturation
magnetization value is observed in the FezN sample after
nitriding for 4 hours. This decrease can be explained by
the composition of phases in the sample, consisting of iron
oxides. The results were unexpected since longer nitriding
times should yield a higher amount of FesN [38,49]. The
condition can arise from the gas nitriding process during
the experiment. Moreovey, it is possible that leakage might
have occurred in the area of the gas fittings during nitrid-
ing for 4 hours, which introduced more air into the tube
furnace, leading to the oxidation of Fe30,.

Other magnetic properties of FesN samples are
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(a)

(b)

Figure 6. SEM image showing the morphology of the powder sample after nitriding for 2 hours. (a) Magnification 1000X. (b)

Magnification 10.000X.

Figure 7. SEM image showing the morphology of the powder sample after nitriding for 6 hours. (a) Magnification 1000X. (b)
Magnification 10.000X.

shown in Table 5. The coercivity increases with longer ni-
triding time, reaching 21.58 Oe after 6 hours. The change
in coercivity value can be associated with the formation of
iron oxides, particularly Fe,O3. Fe;O3, most likely formed
due to oxidation as described previously, may increase
the coercivity of soft magnetic materials as reported by
several works [50-52]. Therefore, there is a tendency
for increasing coercivity with the increase in iron oxide

content. This phenomenon occurs when the nitriding time
is longer. The powder sample after 4 hours of nitriding
showed the highest coercivity. The peculiar behavior indi-
cated the same event, promoting the formation of more
iron oxides, particularly as previously described. However,
the coercivity value was small and could be considered
typical of soft magnets. The retentivity increased with
prolonged nitriding time.

Table 5. Magnetic properties of the final powder samples.

Sample Saturation Retentivity (emu/g) Coercivity (Oe)
Magnetization
(emu/g)
Nitriding time 2 hours 16.80 0.028 3.16
Nitriding time 4 hours 16.41 0.211 26.72
Nitriding time 6 hours 17.21 0.309 21.58
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Figure 8. Higher magnification SEM image of the final
powder after nitriding for 6 hours. Arrows indicate the
iron nitride particle

4. Conclusions

In conclusion, the semiautomatic coprecipitation ap-
paratus was implemented in the synthesis of FesN, using
natural iron sand as the raw material. The apparatus suc-
cessfully produced consistent Fe;0, yields, as shown by
the XRD and SEM results. The Fe30,4 samples obtained had
typical crystallite size and morphology. Subsequently, the
Fe;0, samples were used as the starter material in gas ni-
triding. After gas nitriding at different holding times, FesN
was obtained, as indicated by the XRD results. Iron oxides,
Fe3;0, and Fe,O3, were also detected, indicating that the
nitriding parameters used were insufficient to produce
single-phase FesN. The magnetic properties of the final
product showed characteristics typical of a soft magnet
material. The maximum value of saturation magnetiza-
tion was obtained after nitriding for 6 hours. This work
provides a promising pathway toward utilizing Indonesia’s
natural resources for soft magnetic material production.
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