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This paper introduces an innovative manufacturing method for NdFeB mag-
nets, involving the integration of reduced graphene oxide (rGO) during
mechanical milling (MM) to counteract powder ignition, a common issue in
oxygen-rich environments. The NdFeB alloy underwent hydrogen decrepita-
tion before being mechanically milled with varying rGO quantities in ambient
air. Raman and X-ray diffraction (XRD) analyses confirmed the successful
production of rGO samples with a minimal number of layers. The XRD
analysis of the NdFeB/rGO powder demonstrated that all the diffraction peaks
corresponded to the Nd2Fe14BH1.86 phase, with no carbides or other carbon
compounds detected. Transmission electron microscopy revealed rGO encap-
sulating the NdFeBrGO particles, while scanning electron microscopy of the
resulting magnets (samples 1, 2, and 3) displayed grain sizes ranging from
0.5 lm to 6.8 lm. These manufacturing variations led to a diverse range of
magnetic properties: remanence (Br) varied from 0.5 T to 1.13 T, intrinsic
coercivity (iHc) ranged from 263.5 kA m�1 to 776.1 kA m�1, and maximum
energy product (BHmax) spanned from 21.0 kJ m�3 to 232.3 kJ m�3.
Remarkably, the most favorable Br, iHc, and BHmax values were observed in
Sample 0.02 wt.% rGO, closely aligning with the characteristics typically
found in commercial NdFeB.

INTRODUCTION

Neodymium–iron–boron (NdFeB) magnets are
commonly referred to as the third generation of
rare-earth permanent magnets, distinguished by
their exceptional balance of coercivity, remanence,
and maximum energy product.1 However, the mag-
netic properties of NdFeB magnets are often influ-
enced by the quality of the NdFeB-based powders
and the manufacturing processes, resulting in vari-
ations in microstructure and magnetic behavior.1

Given their high susceptibility to oxygen reactivity,
it is necessary for strict atmospheric control to

produce fine NdFeB-based powders, typically
achieved using a glovebox or inert gases. Exposure
to oxygen during the grinding process can lead to
autoignition, causing surface oxidation, phase seg-
regation, and the deterioration of desired magnetic
properties in the final product.2 In the literature,
methods for enhancing oxidation resistance are
primarily discussed in the context of sintered mag-
nets rather than powdered materials. For sintered
magnets, organic coatings are often applied, utiliz-
ing various precursors to improve the protective
properties of the surface coating, depending on the
specific organic material employed.3 In this context,
Lopes et al.,4 and Sasaki et al.,5 detailed the
incorporation of carbon with a binder/additive in
the fabrication process of NdFeB magnets. Addi-
tionally, Xia et al.,6 recently examined the impact of
carbon and oxygen on the magnetic properties of(Received May 25, 2023; accepted March 13, 2024;
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NdFeB magnets. Carbon impurities have been
shown to influence the coercive force in both sin-
tered and optimally heat-treated samples.6 The
interaction between carbon and NdFeB introduces
complex defects likely to reduce intrinsic coerciv-
ity.4,6 Investigations have shown that the phase
responsible for the hard magnetic properties is
Nd2Fe14B, which has an easy magnetic direction
along the c-axis.7 Furthermore, the microstructure
includes grains of the NdFe4B4 phase, forming grain
boundaries within the Nd-rich matrix phase.8

This paper presents a novel methodology for
producing NdFeB permanent magnets using pow-
der metallurgy. Firstly, we synthesized and charac-
terized reduced graphene oxide, subsequently used
to prepare the NdFeB-rGO composite via mechan-
ical milling (MM) without requiring strict atmo-
spheric control. In this process, rGO is a protective
agent, preventing oxidation and ignition. Secondly,
this work investigates the impact of rGO additions
(0.02–0.10 wt.%) on the milling process and its
influence on the magnet’s properties. Finally, the
paper provides an overview of the structural and
magnetic properties of the resulting sintered
magnets.

EXPERIMENTAL

Materials and Preparation of Composite
Powders

A commercial strip casting alloy with the nominal
composition Nd30.21Pr0.64Fe63.64B0.94Co2.93Dy1.05

Cu0.15Al0.15Ga0.21 (wt.%) (referred to as NdFeB),
weighing 15 g, underwent hydrogen decrepitation
(HD) at a room temperature of 100 kPa pressure,
transforming into a brittle material in the form of a
metallic hydride.

Reduced graphene oxide (rGO), prepared follow-
ing the literature,9 was added with concentrations
of 0.1, 0.03, or 0.02 wt.% to the decrepitated alloy,
then the samples were homogenized and grounded
during the MM, which was performed in an air
atmosphere using a high-energy planetary mill
(Premium line Pulverisette 7; Fritsch) at a speed
of 200 rpm for 45 min10 and a ball-to-powder ratio of
10:1. Without atmospheric control, these powders
were then carefully placed into a polymeric tem-
plate and subjected to a pulsed magnetic field of 6 T
to align the grains. Subsequently, the powders were
isostatically pressed at 200 MPa. The sintering
process for the compacted powders involved three
sequential steps: (1) initial heating at 593 K (10 K
per min); (2) second-stage heating at 973 K (10 K
per min); and (3) a final heating step, reaching a
maximum temperature of 1333 K (7 K per min) for
1 h, following a procedure previously outlined
elsewhere.11

Characterization

All the samples produced, including the rGO
powder, the NdFeB/rGO composite, and the final
magnets, were characterized by X-ray diffraction
(XRD; D8 Focus; Bruker)using a Cu-Ka radiation
source, with 40 kV and 30 mA. Using PowderX
software, we estimate the structural parameters
such as lattice parameters, full width at half
maximum of the peaks, and interplanar spacing.12

The crystallite size was calculated using Scherrer’s
expression:13

D ¼ kk
b cos h

� �� �
ð1Þ

where b represents the full width at half maximum
of the diffraction peak, and K (0.9 Å) is the shape
factor.14

To accurately assess peak broadening in the X-ray
patterns of our samples, we utilized the highly
effective Williamson–Hall (W-H) methodology. This
approach enabled us to establish a clear relation-
ship between the width of the peaks and both
crystallite size and lattice strain. By constructing
the W-H plot], we obtained precise and reliable
results:15

bhkl cos h ¼ kk
D

� �
þ ð4e sin hÞ ð2Þ

where bhkl signifies the full width at half maximum
of the X-ray peaks, k represents the shape factor
(0.9), D is the crystallite size, k is the wavelength of
Cu-Ka radiation, and e is the lattice strain. bhkl cosh
versus sinh plots were used to estimate the D and e
values for each sample.

Raman spectra were recorded in the range of 500–
2000 cm�1 using a Raman WITEC Alpha 300r-
green laser microscope; 532 nm; 45 mW.

For magnetic characterization of the sintered
samples, an LDJ model BH-5000 Permeameter
was employed. Remanence (Br) and intrinsic coer-
civity (iHc) values were extracted from the second
quadrant of the hysteresis cycle (demagnetization
curve). A scanning electron microscope (SEM; JSM-
6610LA; JEOL) operating at an acceleration voltage
of 20 keV was utilized for microstructural analysis.
The density of the magnets was determined using
the Archimedes principle.16

RESULTS AND DISCUSSION

First, we conducted structural characterization of
the rGO employed in the milling process for the
NdFeB samples using XRD and Raman spec-
troscopy to assess its properties. Figure 1a displays
the XRD pattern of the rGO sample, revealing two
distinctive peaks at 2h � 25� and 43�, corresponding
to the (002) and (102) planes of rGO, respectively.17

The broad peak observed at 2h � 25� suggests the
presence of a few layers of rGO sheets within this
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sample. Furthermore, the shoulder around 16� may
indicate the potential intercalation of oxygen groups
or water molecules between the rGO layers.17 Using
Eqs. 1 and 2, we calculated vital parameters such as
crystallite size, the number of layers, and interpla-
nar distance, yielding values of 3.8 Å, 9.2 nm, and 3
layers, respectively.

The Raman spectrum of the rGO is depicted in
Fig. 1b, which exhibits three discernible bands: D,
G, and 2D at 1347.59 cm�1, 1593.05 cm�1, and
2725.13 cm�1, respectively. The first peak is associ-
ated with defects related to sp3 carbon bonds (D
band), the second peak is indicative of sp2 carbon
atoms (G band), and the third peak is attributed to
defects in the graphene structure (2D band).18

The sheet-like morphologies of the rGO samples
are further evident in Fig. 2a and b, showcasing the
presence of rGO sheets enveloping NdFeB particles
following the milling process. The microstructure
reveals distinct regions with varying contrasts,
where the NdFeB-based powder phase exhibits a
darker atomic contrast, while the rGO occupies
lighter regions, encompassing the NdFeB particles.

Figure 3a shows the XRD patterns of HD NdFeB
powders ground with different amounts of rGO,
precisely 0.02, 0.03, and 0.1 wt.%. All the observed
diffraction peaks can be attributed to the
Nd2Fe14BH1.86 (ICSD 80973) phase, with no dis-
cernible peaks indicating the presence of carbides or
other carbon compounds. These findings suggest
that the structural integrity remains unaltered in
response to the introduction of graphene during the

milling process. These powders were subsequently
employed in the fabrication of magnets, denoted as
magnet1 (0.1 wt.% of rGO), magnet2 (0.03 wt.% of
rGO), and magnet3 (0.002 wt.% of rGO), with their
respective X-ray patterns presented in Fig. 2b.

As depicted in Fig. 3b, all the Bragg reflections
correspond to the crystalline NdFeB phase, charac-
terized by a tetragonal structure with space group
symmetry P42/mnm, as documented in the ICSD
29747 file. Upon comparing Fig. 3a and b, a marked
distinction in the X-ray diffraction peaks is evident,
attributed to the random and texturized orientation
of the crystallites, respectively. The observed tex-
turization in these X-ray patterns results from the
arrangement of the magnets and is exemplified by
the preferential reflections (002) and (105) (see
Fig. 3b). Similar findings have been reported in
the literature.19 Moreover, a detailed examination
of these X-ray diffractograms for Magnet1 and
Magnet2 unveiled two low-intensity peaks at
approximately 2h � 30.70� and 44.40�, with both
peaks indicating the presence of a minor quantity of
Nd2O3 and Fe-a, respectively.20,21

The structural parameters of the NdFeB magnet
phases are provided in Table I, which presents the
calculated values of lattice parameters a, b, c, and
the unit cell volume V. These values exhibit a
decreasing trend with the increasing rGO content
utilized during the grinding process. This phe-
nomenon is believed to be a consequence of the
surplus carbon introduced during heat treatment,
resulting in the alteration of these structural
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Fig 1. (a) XRD pattern and (b) Raman spectrum of the rGO powder.
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parameters and encouraging the segregation of
Nd2O3 and Fe-a. Since the neodymium-rich phase
is a non-ferromagnetic phase, it is anticipated to
impact the magnetic properties of the sintered
NdFeB magnet.22 Therefore, the distribution of the
Nd-rich phase plays a crucial role in the magneti-
zation and demagnetization processes of the sin-
tered NdFeB magnet.

Fig 2. (a) Transmission electron microscope images showing the contrast of NdFeB-based powders atoms at the edges of rGO, and (b) NdFeB-
based powder cover of rGO.

20 30 40 50 60 70

(0
06

)

(1
05

)

2 (°)

 Magnet3 
 Magnet2 
 Magnet1 
 ICSD 1947

(0
04

)

Nd2O3
Fe-

In
te

ns
ity

 (a
rb

. u
ni

t.)

 NdFeB/rGO-3
 NdFeB/rGO-2
 NdFeB/rGO-1

(a)

(b)

Fig 3. (a) X-ray diffraction patterns of HD powders produced with different amounts of rGO additions on commercial NdFeB alloy; (b) X-ray
diffraction of the magnets: Magnet1, 0.1 wt.% of rGO (red line), Magnet2, 0.03 wt.% of rGO (blue line), and Magnet3, 0.002 wt.% of rGO (black
line) (Color figure online).

Table I. Lattice parameters of the phases of the
magnets

Sample a (Å) b (Å) c (Å) V (Å)

ICSD29747 8.8088 (5) 8.8088 (5) 12.2157 (1) 946.18
Magnet1 8.8203 (3) 8.8203 (3) 12.2316 (4) 951.60
Magnet2 8.8097 (2) 8.8809 (3) 12.2265 (3) 948.01
Magnet3 8.8030 (6) 8.8030 (6) 12.2198 (8) 946.94
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Table II provides the D values estimated using
both the Scherrer and W-H plot methods (see
Figure S1 in the Supplementary file), as well as
the lattice stress. The D values obtained using both
methods closely align with those reported in the
literature for the NdFeB samples. Notably, both the
Ds and DW-H values decrease with the augmentation
of graphene content employed during the milling
process. The negative e values observed are attrib-
uted to the defects introduced during the processing
of these alloys.23

Figure 4a, c, and e illustrates the microstructures of
sintered magnets manufactured with different rGO
contents. These microstructures reveal the presence of
smallvoidswithinthe2:14:1matrixphase,as indicated
by the red arrows in the micrographs, likely attributed
to the introduction of rGO. Incorporating larger quan-
tities of rGO leads to an increase in the number of voids
within the magnet microstructure, which facilitates
the demagnetization process of the magnets, as
observed in Fig. 3 (Magnet2 and Magnet3).

During the thermal reduction process of graphene
oxide to obtain rGO, it has been reported that
explosions can occur due to rapid heating.24 Given
the high-speed initial heating rate employed during
the sintering of the magnets (10 K per min) up to
593 K, it is plausible that such a phenomenon could
have occurred in the magnets. The release of hydro-
gen from the HD powder towards the conclusion of
the initial sintering stage at 593 K may have inter-
acted with the smaller content of oxygen liberated by
the rGO, resulting in the formation of the small voids
observed in the micrographs of Fig. 4b, c, and d. The
quantity of these small voids influences the densities
of the sintered magnets. Magnet1, with a higher void
content, exhibited a lower density of 6890 kg m�3

compared to Magnet3, which possessed a density of
7250 kg m�3. Enhancement of the properties of the
sintered magnets achieved through the addition of
rGO as a milling agent can be realized by reducing the
heating rate during sintering or by employing rGO
with reduced quantities of hydroxyl groups, as sug-
gested in the literature.9

Figure 5 illustrates the demagnetization curves for
magnets 1, 2, and 3. The increase in rGO content
during the MM process results in a reduction in the
magnetic properties of the resulting magnets, lead-
ing to decreased values of remanence (Br) and
maximum energy product ((BH)max), as detailed in
Table III. Remanence (Br) ranged from 0.5 T (0.1
wt.% rGO) to 1.13 T (0.02 wt.% rGO), intrinsic

coercivity (iHc) varied from 263.5 kA m�1 (0.1 wt.%
rGO) to 776.1 kA m�1 (0.02 wt.% rGO), and the
energy product fluctuated from 21.0 (kJ m�3) to 232.3
(kJ m�3), as shown in Fig. 5b. These differences in
coercivity properties can be attributed to the pres-
ence of voids within the magnets, induced by the
carbon and oxygen in the NdFeBrGO-based powders,
as well as the segregation of the Nd2O3 phase in
Magnet1 (Fig. 4a). The Nd-rich phase at the grain
boundaries reacts with impurities during the sinter-
ing process. The increase in coercivity observed in
Magnet3 is more pronounced with 0.02 wt.% rGO
during milling, compared to the higher content of 0.1
wt.% rGO in Magnet1. These results underscore the
significant impact of carbon impurities on the pro-
cessing, primarily due to the formation of Nd2O3. The
reduction in the quantity of the Nd-rich phase exerts
an influence on the magnetic properties because it is
responsible for pinning the domain walls.3 As the Nd-
rich grain boundaries deteriorate, the effective coer-
civity (Hc) decreases rapidly, as evidenced in the
demagnetization curves presented in Fig. 5a. Similar
outcomes were reported by Fim (2018), who achieved
Br = 1.02 T, iHc 652.5 kA m�1, and BHmax = 143
kJ m�3 with a different processing approach that did
not involve the addition of GO.25

In this context, it is evident that remanence and
coercivity decrease as the particle size distribution
decreases, as depicted in Fig. 4b, d, and f. Magnet1
and Magnet2 exhibited grain sizes below 1 lm,
resulting in lower coercivity, owing to the established
dependence of coercivity (Hc) on grain size, which is
significant for sizes exceeding 3 lm. Additionally, the
X-ray results of these two magnets also suggested the
presence of a segregated neodymium phase, which
can contribute to their poor magnetic properties.26 In
fact, previous research reported by Sasaki (2015) has
indicated that the detrimental effects of impurities
are more prominent in samples with grain sizes below
3 lm.5 The further reduction in the quantity of the
Nd-rich phase may be attributed to the quantity of
reduced graphene oxide added during the MM.27

Moreover, Magnet3 presents the largest grain size,
measuring 6.8 lm compared to the other samples,
also contributing to superior magnetic properties.
This observation aligns well with the measurements
of magnet density, and detailed magnetic property
valuesprovided in Table III.

CONCLUSION

The XRD results confirmed the presence of the
Nd2Fe14BH1.86 phase, with no discernible peaks of
carbon or carbides detected in the three different
samples of NdFeB powders processed with varying
rGO contents. However, after pellet pressing and
heat treatment, the crystallographic structure was
retained, but a small amount of additional Nd2O3

phase was observed in Magnet1 and Magnet2. This
phase segregation also influenced lattice parame-
ters, crystallite size, and grain size. In fact, with a

Table II. D values estimated through the lattice
stress, and Scherrer and Williamson–Hall plots

Sample Ds (nm) DW-H (nm) e

Magnet1 39.1 36.4 � 2.0 9 10�4

Magnet2 41.5 35.6 � 3.4 9 10�4

Magnet3 45,3 38.7 � 3.35 9 10�5
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decreasing amount of rGO, the average particle size
reached 6.8 lm, while the grain size of the corre-
sponding sintered magnets (Magnet1 and Magnet2)
decreased to less than 1 lm. Given that the coer-
civity and remanence of sintered NdFeB magnets
are strongly dependent on the grain size, we

observed that Magnet3, with 0.02 wt.% of rGO,
exhibited superior magnetic properties in compar-
ison to Magnet1 with 0.1 wt.% rGO. The remanence
(Br) and intrinsic coercivity (iHc) of these magnets
increased from 0.5 T to 1.13 T and from 263.5 kA
m�1 (0.1 wt.% rGO) to 776.1 kA m�1, respectively.

Fig 4. (a) SEM images, (b) mean grain size of Magnet1, and (c) SEM images and (d) mean grain size of Magnet2, (e) SEM images, and (f) mean
grain size of Magnet3.
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