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1  Introduction
Neodymium–Iron–Boron (NdFeB) permanent magnets 
are widely recognized as the third generation of rare-
earth magnetic materials and are indispensable to the 
energy transition. Their high remanence (Br), coercivity 
(iHc), and maximum energy product (BHmax) make them 
key components in wind turbines, electric and hybrid 
vehicles, robotics, and compact consumer electronics [1, 
2]. The strategic role of these magnets extends to aero-
space, telecommunications, and defense technologies, 
reinforcing their importance for economic and techno-
logical sovereignty [3]. As global demand grows, supply 
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Abstract
Neodymium–Iron–Boron (NdFeB) permanent magnets are indispensable in energy technologies such as wind 
turbines, electric vehicles, and robotics, but their processing is hindered by spontaneous powder ignition and 
severe corrosion susceptibility. Here, we demonstrate that incorporating 0.02 wt% reduced graphene oxide (rGO) 
during mechanical milling enables safe powder handling in ambient conditions without inert atmospheres, while 
simultaneously enhancing functional performance. Milling time was found to be critical: at 30 min, sintered 
magnets achieved remanence of 1.11 T, coercivity of 794 kA·m⁻¹, and a maximum energy product of 242 kJ·m⁻³, 
values comparable to commercial N35 magnets without heavy rare-earth additions. Electrochemical impedance 
spectroscopy revealed corrosion resistance up to two orders of magnitude higher than values typically reported 
for coated NdFeB magnets. Structural, electrochemical, and depth-profiling analyses confirmed that rGO acts as 
both a solid lubricant and encapsulating barrier, balancing grain refinement, oxidation suppression, and interfacial 
stabilization. This work establishes rGO-assisted processing as a scalable, sustainable, and cost-effective pathway to 
high-performance NdFeB magnets for next-generation energy conversion and storage systems.
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chain vulnerabilities and sustainability concerns inten-
sify, requiring advances in both processing and perfor-
mance [4].

NdFeB magnets are known for their exceptional mag-
netic properties, but they exhibit a marked sensitivity to 
oxidation, originating from the rare-earth-rich phases 
present in their microstructure. During mechanical mill-
ing, particles can spontaneously ignite upon exposure 
to air, demanding glove boxes or inert atmospheres for 
safe handling [5]. Oxidation promotes the formation of 
Nd₂O₃ and porosity, reducing densification during sinter-
ing and compromising magnetic coupling between grains 
[6]. Even trace impurities of carbon and oxygen can alter 
coercivity and introduce microstructural defects that 
degrade magnetic stability [7, 8]. In service, NdFeB mag-
nets are highly vulnerable to corrosion in humid or chlo-
ride-rich environments, with corrosion rates surpassing 
those of conventional ferrous alloys [3, 4]. This dual chal-
lenge of safe processing and environmental degradation 
remains a critical barrier to wider adoption in high-per-
formance sectors.

Conventional mitigation strategies include alloying 
and surface modification. Alloying with heavy rare-earth 
elements such as dysprosium (Dy) and terbium (Tb) 
increases coercivity and thermal stability but raises costs 
and accentuates supply risks, as these elements are scarce 
and geographically concentrated [9, 10]. Surface coatings, 
including phosphate passivation, nickel phosphorus lay-
ers, or diamond-like carbon films, can reduce corrosion 
but are prone to delamination and mechanical failure, 
especially under thermal or mechanical stress [11, 12]. 
Recycling approaches, including hydrogen decrepitation, 
also face limitations due to reoxidation during powder 
reprocessing [13]. As such, there is a need for multifunc-
tional solutions that simultaneously improve processing 
safety, structural integrity, and environmental stability, 
while avoiding cost escalation.

Graphene derivatives, particularly reduced graphene 
oxide (rGO), offer a promising pathway. rGO combines 
high specific surface area, chemical stability, and nearly 
impermeable layered structures with functional groups 
that can interact with metallic surfaces [14]. Previ-
ous studies have demonstrated that GO/rGO coatings 
enhance corrosion resistance of NdFeB magnets by up to 
two orders of magnitude and improve hardness and wear 
resistance [15]. rGO may also function as a solid lubri-
cant during milling, preventing cold welding and agglom-
eration, while facilitating homogeneous dispersion of 
phases [16]. Its barrier effect against oxygen diffusion and 
its stability at elevated temperatures further support its 
use in powder metallurgy of rare-earth magnets [13, 17]. 
However, most prior work has focused on external coat-
ings applied after sintering, while little attention has been 
given to the direct incorporation of rGO during powder 

processing. Furthermore, the combined effect of milling 
time and rGO dispersion on microstructural evolution, 
surface chemistry, and final magnetic properties is still 
poorly understood [13, 16].

This study addresses these gaps by systematically inves-
tigating the incorporation of rGO during mechanical 
milling of NdFeB powders and its influence on sintered 
magnets. Four composites containing 0.02 wt% rGO were 
prepared with milling times ranging from 7 to 45  min. 
Characterizations included XRD, Raman, TEM, XPS, 
RBS, and MEV, coupled with magnetic measurements 
and electrochemical impedance spectroscopy.

2  Materials and methods
Reduced graphene oxide (rGO) was synthesized follow-
ing the thermal reduction route described by Silva Filho 
et al. (2020) [16]. Graphene oxide (GO) was first obtained 
through a modified Hummers method, producing few-
layered nanosheets with abundant oxygen-containing 
functional groups. The reduction step was carried out 
under controlled heating, partially restoring the sp² net-
work while preserving residual oxygen groups that con-
tribute to surface reactivity and dispersion capacity. This 
synthesis route has been previously validated as efficient 
for obtaining stable rGO structures suitable for integra-
tion with metallic powders [15, 17].

Commercial NdFeB alloy ingots with nominal compo-
sition Nd₃₀.₂₁Pr₀.₆₄Fe₆₃.₆₄B₀.₉₄Co₂.₉₃Dy₁.₀₅Cu₀.₁₅Al₀.₁₅Ga₀.₂₁ 
(wt%) were selected as the base material. This alloy rep-
resents a typical formulation used in high-performance 
magnets [6, 16]. Prior to milling, the ingots were pre-
treated by hydrogen decrepitation to obtain a friable 
microstructure suitable for powder processing, in accor-
dance with established protocols for NdFeB [10]. For each 
batch, 15 g of alloy were subjected to mechanical milling 
with 0.02 wt% rGO, a content previously optimized for 
dispersion in metallic matrices within a compositional 
range of 0.02–0.10 wt% [13, 18]. Fixing the rGO content 
at 0.02 wt% allows the effect of milling time on powder 
handling safety, microstructural evolution, corrosion 
resistance, and magnetic properties to be isolated. Mill-
ing times of 7, 15, 30, and 45 min were employed to pro-
duce four distinct NdFeB–rGO composites. The resulting 
powders were compacted and consolidated by conven-
tional powder metallurgy routes, following procedures 
detailed in Filho et al. (2024) [18].

The powder samples were designated as NdFeB–rGO–
1, NdFeB–rGO–2, NdFeB–rGO–3, and NdFeB–rGO–4, 
corresponding to 7, 15, 30, and 45  min of milling time, 
respectively. After sintering, the samples were renamed 
Magnet–1 to Magnet–4, as detailed in Table 1. This sys-
tematic nomenclature was adopted to facilitate correla-
tion between milling conditions, structural features, and 
functional properties.



Page 3 of 14Silva-Filho et al. Journal of Materials Science: Materials in Energy             (2026) 2:4 

2.1  Characterization
Characterization techniques were employed to evalu-
ate structural, morphological, surface, and functional 
properties of both powders and sintered magnets. X-ray 
diffraction (XRD) was performed to identify crystal-
line phases and estimate crystallite size via the Scherrer 
equation [19, 20]. Raman spectroscopy was used to probe 
carbon-related disorder and graphitic domains, provid-
ing information on the presence and structural quality 
of rGO in the composites [17]. Transmission electron 
microscopy (TEM) allowed direct observation of particle 
morphology and rGO distribution, complementing XRD 
results with nanoscale structural details.

Surface chemical states were investigated by X-ray pho-
toelectron spectroscopy (XPS), which enabled analysis of 
carbon, oxygen, and metallic bonding environments. This 
method has proven particularly effective in evaluating 
rGO functionalization and its interactions with metal-
lic matrices [21]. To extend chemical analysis to depth 
profiling, Rutherford Backscattering Spectrometry (RBS) 
and Elastic Backscattering Spectrometry (EBS) were 
employed using a ⁴He ion beam. Spectra were simulated 
and fitted using SIMNRA 7 [22] and MultiSIMNRA [23], 
enabling accurate quantification of elemental gradients 
across the magnet surface.

Magnetic properties were measured using a perme-
ameter to obtain demagnetization curves and extract 
Br, iHc, and BHmax values. These parameters were used 
to assess the influence of milling time and rGO on the 
intrinsic performance of the magnets, in line with previ-
ous studies of NdFeB processing [24, 25]. Electrochemi-
cal impedance spectroscopy (EIS) was performed in 3.5 
wt% NaCl solution, adopting a three-electrode setup, to 
quantify corrosion resistance. This test configuration is 
widely accepted for benchmarking the corrosion behav-
ior of NdFeB alloys [26, 27]. Open circuit potential (OCP) 
was monitored prior to EIS measurements to ensure sta-
bilization of the electrochemical system. Also, scanning 
electron microscopy (MEV/FESEM) was used to analyze 
grain morphology and microstructural evolution after 
sintering. Also, the conditions and parameters of the 
characterizations and equipment are described in Sup-
plementary Information (S1). All samples corresponding 

to each milling condition were independently prepared 
in triplicate following the same powder metallurgy route. 
The reproducibility of the results was confirmed by the 
consistency of microstructural, magnetic, and electro-
chemical trends across these independently prepared 
batches.

3  Results and discussion
3.1  Characterization of GO and rGO
The structural and vibrational analyses of graphene 
oxide (GO) and reduced graphene oxide (rGO) provided 
insights into their transformation and suitability as addi-
tives for NdFeB powders. Figure 1a shows the XRD pat-
terns of both materials. GO displayed a sharp reflection 
at 2θ ≈ 12°, corresponding to the (001) plane, which is 
associated with increased interlayer spacing caused by 
oxygen-containing groups and intercalated water mol-
ecules [18]. After thermal reduction, the diffraction peak 
shifted to 2θ ≈ 25°, consistent with the partial restora-
tion of the graphitic structure and significant removal 
of oxygenated groups [28]. This shift demonstrates the 
effectiveness of the adopted thermal reduction process, 
as previously reported for rGO obtained under similar 
conditions [29].

Raman spectroscopy further confirmed structural 
changes during reduction (Fig. 1b). The GO spectrum 
exhibited two main bands: the D band (~ 1347 cm⁻¹), 
attributed to disordered sp³ carbon domains, and the G 
band (~ 1593 cm⁻¹), related to in-plane vibration of sp² 
carbon atoms. After reduction, rGO maintained the 
characteristic D and G bands with altered intensity ratios. 
No well-defined 2D band was observed in either GO or 
rGO. Instead, a broad and weak feature appeared in the 
higher wavenumber region, typically associated with sec-
ond-order carbon bands, as commonly reported for ther-
mally reduced graphene oxide. The slight variations in 
intensity and noise level between GO and rGO are attrib-
uted to partial restoration of sp² domains and increased 
structural disorder after thermal reduction, rather than 
to the formation of a distinct 2D band [15].

To complement structural analysis (Fig. 1c), X-ray pho-
toelectron spectroscopy (XPS) was employed to probe 
surface chemistry. The C 1s spectrum of GO showed 
peaks corresponding to sp²-hybridized carbon (C = C) at 
~ 284.8 eV, hydroxyl groups at ~ 286.2 eV, and carboxyl/
epoxy contributions at ~ 289.6 eV. After reduction, the C 
1s spectrum of rGO revealed increased sp² character but 
also persistent sp³ and C = O contributions, confirming 
incomplete removal of oxygen functionalities [28]. The O 
1s spectrum reinforced this trend, with residual carbonyl 
and ether groups still present. These results demon-
strate that the thermal method did not produce fully gra-
phitic carbon but retained functional moieties that may 
enhance interfacial interactions with metallic particles. 

Table 1  Identification of NdFeB–rGO composite powders and 
corresponding sintered magnets as a function of milling time. 
NdFeB–rGO–1 to − 4 denote composite powders milled for 7, 15, 
30, and 45 min, respectively
Composite powder After sintering Milling time (min)
NdFeB-rGO-1 Magnet-1 7

NdFeB-rGO-2 Magnet-2 15

NdFeB-rGO-3 Magnet-3 30

NdFeB-rGO-4 Magnet-4 45
After sintering, the corresponding magnets are labeled Magnet-1 to Magnet-4
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Also, a brief description of the NdFeB–rGO composites 
by XPS is expressed in SI 2.

Such residual oxygen groups are relevant in the con-
text of powder metallurgy because they promote chemi-
cal compatibility between rGO sheets and NdFeB alloy 
surfaces. Previous reports emphasized that partially 
reduced graphene oxide often performs better than fully 
reduced graphene in composite systems, due to its ability 
to anchor on metallic matrices, thereby assuring interfa-
cial compatibility while still maintaining barrier proper-
ties [30, 31]. In this work, the balance between restored 
graphitic domains (providing conductivity and barrier 
effects) and residual oxygen groups (providing bonding 
functionality) is expected to be advantageous for NdFeB–
rGO composites.

XPS analysis shows that the rGO used in this study 
retains a significant fraction of oxygen-containing 

functional groups while partially restoring sp² carbon 
domains. Specifically, the C 1s spectrum indicates an 
sp² carbon contribution of approximately 40–45 at% 
together with residual oxygenated species (C–O and 
C = O) accounting for ~ 20–25 at%, as detailed in the SI. 
This chemical configuration enables simultaneous barrier 
effects associated with graphitic regions and interfacial 
bonding through oxygen functionalities, which is partic-
ularly beneficial for stabilizing the NdFeB–rGO interface.

The XRD and Raman results obtained here corroborate 
earlier reports describing the typical structural signatures 
of thermally reduced GO. For instance, Silva Filho et al. 
(2020) demonstrated that their method produced rGO 
with interlayer spacing close to 0.34 nm and two to three 
stacked layers, values similar to those inferred here [14]. 
Similarly, Khan et al. (2024) reported that thermal reduc-
tion consistently yields rGO with mixed structural order, 

Fig. 1  Structural and chemical characterization of GO and rGO: (a) XRD patterns showing the shift of the (001) peak from 12° in GO to 25° in rGO; (b) 
Raman spectra showing the characteristic D and G bands and a weak second-order feature at higher wavenumbers, consistent with partially reduced 
graphene oxide; (c) XPS C 1s deconvolution, showing increased sp² contributions after reduction; (d) XPS O 1s deconvolution, revealing residual oxygen-
ated groups

 



Page 5 of 14Silva-Filho et al. Journal of Materials Science: Materials in Energy             (2026) 2:4 

aligning with the ID/IG ratios observed in this study [15]. 
The absence of a well-defined 2D band, together with 
the presence of a weak second-order feature, is consis-
tent with thermally reduced graphene oxide containing 
partially restored sp² domains and significant structural 
disorder.

The combination of techniques establishes that the 
material used in this study is rGO with partial restoration 
of its crystalline structure, but still containing functional 
groups essential for dispersion in NdFeB powders. These 
findings are critical because they validate the multifunc-
tional role of rGO: (i) providing lubrication and disper-
sion during mechanical milling, (ii) forming a physical 
barrier to oxygen diffusion, and (iii) contributing to inter-
facial stabilization between NdFeB grains. Such multi-
functionality is difficult to achieve with fully reduced or 
pristine graphene, which typically lacks sufficient chemi-
cal anchoring ability [26].

3.2  Effects of the mechanical milling parameters on the 
structure and microstructure of the NdFeB rGO composite
The incorporation of rGO during the mechanical mill-
ing of NdFeB powders produced significant changes in 
powder behavior, morphology, and structural stability. A 
central observation was the prevention of spontaneous 
ignition. NdFeB powders obtained by hydrogen decrepi-
tation (HD) and milled without additives are known to 
ignite when exposed to air due to their high surface reac-
tivity and affinity for oxygen [4]. In this study, however, 
NdFeB powders milled with 0.02 wt% rGO showed no 
signs of ignition when removed from the milling bowl, 
enabling safe handling in ambient atmosphere. This effect 
is attributed to rGO acting as a physical barrier and as 
a lubricant, preventing localized heating and minimiz-
ing surface energy during particle collisions [18]. The 
ability to process NdFeB powders in air without inert 
atmospheres or glove boxes represents an important 
breakthrough in powder metallurgy of rare-earth mag-
nets, reducing both cost and complexity, as shown in Fig. 
2a.

Transmission electron microscopy (TEM) confirmed 
the role of rGO in modifying powder morphology (Fig. 
2b). Thin, stacked rGO flakes were observed encapsu-
lating NdFeB particles, with two to three layers coating 
particle surfaces. The central particle core, with darker 
contrast, corresponded to the NdFeB alloy, while the 
lighter peripheral layers confirmed the presence of rGO. 
This encapsulation acts as a conformal shell, protect-
ing particles from oxidation and stabilizing their surface 
chemistry. Similar rGO encapsulation has been reported 
in other composite systems, where graphene derivatives 
improved particle stability and dispersion [30, 31]. The 
encapsulation observed here reinforces the hypothesis 
that rGO can effectively mitigate surface reactions while 

remaining integrated into the microstructure of the final 
sintered magnet.

XRD patterns (Fig. 2c) of the milled powders con-
firmed the predominance of the Nd₂Fe₁₄B phase (JCPDS 
79-1994) with no detectable secondary oxides. This find-
ing demonstrates that neither the milling process nor 
the addition of rGO altered the crystallographic integ-
rity of the main magnetic phase. The preservation of the 
Nd₂Fe₁₄B structure under milling conditions highlights 
the protective role of rGO and contrasts with reports of 
uncontrolled oxidation in unprotected NdFeB powders 
[24]. The absence of secondary phases also indicates that 
the small amount of rGO (0.02 wt%) was well distributed 
and did not disrupt the alloy lattice.

Particle size analysis (Fig. 2d) revealed a systematic 
decrease in average particle size with increasing milling 
time. NdFeB–rGO–1 (7 min) exhibited an average size of 
4.8 μm, NdFeB–rGO–2 (15 min) 3.1 μm, NdFeB–rGO–3 
(30 min) 2.4 μm, and NdFeB–rGO–4 (45 min) 1.7 μm. 
These results are consistent with previous studies show-
ing that extended milling promotes particle refinement 
and grain size reduction, directly affecting sintering 
behavior and magnetic performance [2, 8]. Notably, the 
particle-size reduction observed here occurred without 
excessive cold welding or agglomeration, effects com-
monly reported for unprotected NdFeB powders. The 
presence of rGO likely reduced particle–particle adhe-
sion during milling, acting as a solid lubricant as reported 
in earlier studies [16]. Particle-size values correspond to 
the mean FSSS particle size (µm), with variability across 
independently prepared triplicates expressed as mean 
± standard deviation, which is appropriate for assessing 
experimental reproducibility and trend consistency in 
materials processing studies.

An additional benefit of particle refinement is its influ-
ence on sintering. Smaller particles provide higher sur-
face area, enabling improved diffusion and densification 
during consolidation. This enhances both mechanical 
integrity and magnetic coupling between grains, con-
tributing to higher coercivity and energy product in the 
final magnet [24]. The systematic decrease in particle size 
observed across the milling times in this study allowed 
for a clear correlation with the magnetic properties later 
discussed, particularly the balance between Br and iHc.

The prevention of ignition, combined with improved 
particle refinement and surface encapsulation, under-
scores the multifunctional role of rGO in NdFeB com-
posites. Without rGO, handling NdFeB powders outside 
controlled environments is considered unsafe and often 
unfeasible for industrial-scale production. By mitigating 
these risks, rGO reduces dependence on expensive infra-
structure such as glove boxes and inert gas systems, thus 
lowering operational costs and improving scalability [18]. 
Moreover, rGO-assisted processing provides intrinsic 
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oxidation resistance without relying on external coat-
ings, which are typically required only after magnet fab-
rication. This represents a change in basic assumptions in 
processing methodology, aligning with efforts to improve 
sustainability and reduce environmental footprint in 
magnet production [26].

The observations in this study are consistent with the 
broader literature on graphene-modified composites. 
Similar lubrication and barrier effects of rGO have been 
reported in metallic and ceramic matrices, where rGO 
not only reduced processing defects but also enhanced 
corrosion and wear resistance [15]. However, this is one 
of the first studies to directly integrate rGO into the pow-
der metallurgy of NdFeB magnets, offering both scientific 
novelty and practical implications.

3.3  Magnetic performance of sintered NdFeB–rGO 
magnets
The influence of rGO addition and milling duration on 
the magnetic properties of sintered NdFeB magnets was 

systematically investigated. In the Table 2 summarizes 
the main parameters: remanence (Br), intrinsic coercivity 
(iHc), and maximum energy product (BHmax). The results 
reveal a strong dependence on milling time, consis-
tent with previous studies showing that microstructural 
refinement significantly affects magnetic performance 
[25].

Table 2  Magnetic properties of sintered NdFeB–rGO magnets 
as a function of milling time: remanence (Br), intrinsic coercivity 
(iHc), maximum energy product (BHmax), and squareness factor 
(SQ)
Sample Br

(T)
iHc
(kAm− 1)

BHmax
(kJ m− 3)

SQ

Magnet-1 0.65 543.54 57.07 0.20

Magnet-2 0.81 454.10 74.42 0.25

Magnet-3 1.11 794.13 242.02 0.87

Magnet-4 1.02 765.07 181.25 0.53
The optimal balance between Br and iHc was obtained for Magnet-3 (30 min 
milling), yielding values comparable to commercial N35-grade magnets

Fig. 2  Characterization of the NdFeB–rGO composite: (a) Photographs illustrating powder handling behavior under ambient air exposure: (i) pure NdFeB 
powder obtained by hydrogen decrepitation showing spontaneous ignition upon exposure to air, and (ii) NdFeB powder mechanically milled with 
0.02 wt% rGO showing no ignition under identical handling and exposure conditions; (b) TEM image showing NdFeB particles surrounded by thin rGO 
sheets; (c) XRD pattern confirming the preservation of the Nd₂Fe₁₄B phase after mechanical milling with rGO; (d) Mean particle size determined by Fisher 
Sub-Sieve Sizer (FSSS) as a function of mechanical milling time (7, 15, 30, and 45 min). Data correspond to the mean particle size (µm) obtained from 
independently prepared triplicate batches
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Figure 3(a) presents the demagnetization curves for 
magnets produced with 0.02 wt% rGO and Fig.  3 (b) 
shows Raman spectroscopy of the magnets (Table. SI 1; 
Table. SI 2; Table. SI 3).

For Magnet-1, milled for 7 min, the values obtained 
were Br = 0.65 T, iHc = 543.5 kA·m⁻¹, and BHmax = 57.1 
kJ·m⁻³. These modest results reflect the relatively large 
particle size (~ 4.8 μm) and limited microstructural 
refinement. Compared to the optimized milling condi-
tions (Magnets-3 and − 4), Magnet-1 exhibits the lowest 
remanence, which is attributed to insufficient particle 
refinement and densification, leading to weak intergranu-
lar exchange coupling and incomplete magnetic decou-
pling. As a result, magnetic performance is limited, 
particularly in terms of energy products. Similar trends 
have been reported for short milling durations in Fe- and 
Mn-based permanent magnets, where insufficient par-
ticle refinement results in reduced coercivity and rema-
nence [32, 33].

Magnet-2, corresponding to 15 min of milling, showed 
improved Br = 0.81 T and moderate coercivity of 454.1 
kA·m⁻¹, yielding BHmax = 74.4  kJ·m⁻³. The increase in 
remanence suggests improved particle compaction and 
more effective interparticle contact during sintering. 
However, coercivity remained limited by incomplete 
refinement and the persistence of residual oxidation 
sites. This intermediate behavior indicates that, although 
milling was sufficient to reduce particle size (~ 3.1  μm), 
the microstructure was not yet optimized to maximize 
coercivity.

The most remarkable results were obtained for Mag-
net-3, milled for 30 min. This sample reached Br = 1.11 
T, iHc = 794.1 kA·m⁻¹, and BHmax = 242.0 kJ·m⁻³. These 
values are comparable to commercial N35-grade magnets 

and represent a favorable combination of remanence 
and coercivity. The strong squareness factor (SQ = 0.87) 
indicates efficient magnetic coupling and a relatively uni-
form microstructure. Grain refinement induced by 30 
min of milling produced particles of ~ 2.4 μm, promot-
ing dense packing and minimizing intergranular defects. 
The enhancement in coercivity is consistent with a grain-
size-dependent hardening mechanism (Hall–Petch-like 
behavior), in which reduced grain size hinders domain 
wall motion [24]. At the same time, remanence remained 
high, indicating that excessive structural disorder was 
avoided. These findings highlight the critical balance 
between refinement and preservation of crystalline order 
achieved under this milling condition.

Extending the milling time to 45 min (Magnet-4) 
resulted in Br = 1.02 T, iHc = 765.0 kA·m⁻¹, and BHmax 
= 181.2 kJ·m⁻³. Although coercivity remained high, 
remanence and energy products decreased compared 
to Magnet-3. This deterioration is attributed to exces-
sive structural disorder, abnormal grain growth, and 
increased defect density, which impair effective long-
range magnetic coupling. Similar behavior has been 
reported in the literature, where over-milling reduces 
the effective anisotropy field and introduces non-mag-
netic phases that lower Br and BHmax [8, 32, 33]. These 
results confirm that milling times beyond 30 min lead to 
diminishing returns and may degrade overall magnetic 
performance.

Raman spectroscopy provided complementary insights 
into the structural role of rGO in the magnets (Fig. 3b). 
All samples exhibited the characteristic D (~ 1350 cm⁻¹) 
and G (~ 1590 cm⁻¹) bands of carbon materials, confirm-
ing the partial retention of rGO after sintering. The per-
sistence of rGO bands suggests that graphene derivatives 

Fig. 3  Magnetic properties of sintered magnets with rGO: (a) Demagnetization curves comparing Magnet-1 to Magnet-4, showing the effect of milling 
time on remanence and coercivity; (b) Raman spectra of the magnets, with D and G bands confirming partial retention of rGO after sintering
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were not fully consumed during consolidation and may 
contribute to microstructural stabilization. The variation 
in ID/IG ratio among samples indicates differences in dis-
order, which correlated with milling duration. Magnet-3 
exhibited a balanced ID/IG ratio, consistent with partial 
preservation of graphitic domains, which may have facili-
tated both powder lubrication during milling and barrier 
formation during sintering [17].

The performance achieved in this study stands out 
when benchmarked against conventional processing 
routes. Lopes et al. (2012) showed that carbon impuri-
ties typically reduce coercivity in metal injection mold-
ing of NdFeB magnets [6]. However, the results here 
demonstrate that rGO, even as a carbonaceous additive, 
improved coercivity when adequately dispersed. Simi-
larly, Xia et al. (2017) reported that recycling routes often 
suffer from poor coercivity due to oxidation, whereas the 
present work achieved values comparable to freshly sin-
tered commercial magnets [13].

From a practical standpoint, the optimized condi-
tion (Magnet-3) suggests that rGO facilitates safe pow-
der handling while simultaneously enhancing functional 
properties. The energy product (242 kJ·m⁻³) aligns with 
targets for intermediate-performance magnets used in 
electronics and small motors. While higher-grade mag-
nets for electric vehicles or wind turbines still require 
Dy/Tb additions for thermal stability, the approach dem-
onstrated here offers a cost-effective route for producing 
stable magnets without heavy rare-earth elements. Fur-
thermore, the ability to obtain strong magnetic perfor-
mance under ambient processing conditions represents 
a significant technological advance, reducing reliance on 
inert atmospheres and complex safety protocols [18].

3.4  Corrosion resistance and surface degradation of 
NdFeB–rGO magnets
The electrochemical impedance spectroscopy (EIS) 
results provide important insights into the corrosion 
behavior of sintered NdFeB–rGO magnets in 3.5 wt% 
NaCl solution. Figure  4 shows the Bode magnitude and 
phase angle plots after immersion, comparing magnets 
processed with different milling times. Clear differences 
in electrochemical response were observed, confirming 
that rGO content and milling duration influence the pas-
sive behavior of the magnets.

Magnet-4 reached impedance values on the order of ~ 
10⁶ Ω, while Magnet-3 exhibited values around ~ 10⁵ Ω, 
both significantly higher than those observed for Mag-
nets-1 and − 2. These values represent up to two orders of 
magnitude improvement compared to impedance moduli 
typically reported for conventionally coated NdFeB mag-
nets in similar NaCl electrolytes [13, 34].

In contrast, Magnets-1 and − 2 showed lower imped-
ance moduli and broader impedance responses, with 
multiple relaxation processes, indicative of less stable 
passive layers. These results demonstrate that both mill-
ing duration and optimized rGO encapsulation play a key 
role in enhancing interfacial stability and corrosion resis-
tance, even in the absence of external protective coatings.

For clarity, the comparison expressed as “two orders of 
magnitude” refers to low-frequency impedance modulus 
values (|Z|) reported in the literature for NdFeB mag-
nets protected by conventional surface coatings, such 
as Ni–P or diamond-like carbon (DLC) layers, tested in 
similar NaCl electrolytes [13, 34]. In those systems, typi-
cal impedance modulus values are commonly reported 
in the range of 10⁴ Ω, whereas the rGO-assisted magnets 

Fig. 4  Electrochemical impedance spectroscopy in 3.5 wt% NaCl solution for sintered NdFeB–rGO magnets: (a) Bode magnitude plots showing up to 
two orders of magnitude improvement in low-frequency impedance modulus, particularly for Magnet-4, compared to values typically reported for con-
ventionally coated NdFeB magnets in similar electrolytes; (b) Bode phase plots indicative of the formation of stable passive interfacial layers in Magnets-3 
and − 4

 



Page 9 of 14Silva-Filho et al. Journal of Materials Science: Materials in Energy             (2026) 2:4 

investigated here exhibit values on the order of 10⁶ Ω 
under comparable electrochemical conditions. This com-
parison is literature-based and intended to provide con-
textual benchmarking rather than a direct experimental 
comparison or circuit-model fitting.

Consistent with the impedance magnitude results, the 
phase angle plots further highlight differences among the 
samples. Magnet-4 exhibited a response close to a single-
time-constant behavior, which is indicative of a relatively 
stable and compact interfacial barrier at the electrode–
electrolyte interface. Such behavior is commonly asso-
ciated with systems of low electrochemical activity and 
effective hindrance of ionic transport [35]. Magnet-3, 
although displaying slightly lower impedance modulus 
than Magnet-4, still maintained high impedance values 
on the order of 10⁵ Ω and a well-defined phase angle 
maximum. This response is consistent with the pres-
ence of an effective protective interfacial layer, albeit less 
blocking than that observed for Magnet-4. Overall, these 
results suggest that intermediate to long milling times 
promote improved rGO distribution and densification, 
leading to enhanced interfacial stability and superior cor-
rosion resistance relative to shorter milling conditions.

Enhanced corrosion behavior can be attributed to sev-
eral mechanisms. First, the encapsulation of NdFeB par-
ticles by rGO sheets, observed in TEM analyses, likely 
contributes to surface passivation by physically blocking 
oxygen and chloride ion diffusion. Graphene-based mate-
rials are nearly impermeable to gases and electrolytes, 
and even partially reduced rGO can act as an effective 
barrier [17]. Second, particle size refinement promoted 
by milling increased compactness and reduced porosity, 
decreasing pathways for electrolyte penetration. Similar 
correlations between densification and improved corro-
sion resistance in NdFeB magnets have been reported by 
Li et al. (2022) [36]. Third, the presence of residual oxy-
gen groups in rGO may facilitate interfacial bonding with 
metallic surfaces, stabilizing passive layers and reducing 
localized corrosion [28].

Wu et al. (2017) reported impedance values around 10⁴ 
Ω for NdFeB magnets coated with diamond-like carbon 
films, while the present rGO-assisted samples achieved 
10⁶ Ω without coatings [12]. Zhao et al. (2024) demon-
strated that Ni–P–GO–Y coatings improved wear and 
corrosion resistance, but such multilayer coatings add 
complexity and cost. By contrast, the results here indicate 
that incorporating rGO directly into the powder dur-
ing milling provides intrinsic protection, eliminating the 
need for post-processing coatings [12, 34]. This not only 
reduces manufacturing steps but also ensures protection 
throughout the bulk of the material, rather than relying 
on a surface film that may delaminate during service.

It is important to note, however, that the observed dif-
ferences between Magnet-3 and Magnet-4 highlight the 

need to optimize milling duration. While both exhib-
ited excellent corrosion resistance, the magnetic perfor-
mance of Magnet-3 was superior, with higher BHmax and 
remanence. Excessive milling (45  min) produced higher 
impedance values but compromised magnetic properties, 
likely due to structural disorder and excess carbon accu-
mulation at surfaces. These results indicate that inter-
mediate milling time (30 min) provides the best balance 
between corrosion resistance and magnetic performance, 
whereas prolonged milling favors corrosion stability at 
the expense of magnetization.

The implications of these findings are significant for the 
development of NdFeB magnets. By eliminating the need 
for protective coatings, rGO-assisted processing reduces 
both production costs and environmental impact. Coat-
ing processes often involve toxic chemicals, additional 
equipment, and generate waste, whereas the direct use 
of rGO during milling simplifies processing. Moreover, 
the observed improvement of two orders of magnitude in 
impedance modulus compared to coated references dem-
onstrates that this approach provides long-term durabil-
ity suitable for demanding applications such as electric 
motors and wind turbines.

3.5  Surface chemistry depth profiling by RBS
Surface chemistry and microstructure play decisive roles 
in the performance of NdFeB magnets, particularly in 
balancing corrosion resistance and magnetic stability. 
In this study, Rutherford Backscattering Spectrometry 
(RBS) and field emission scanning electron microscopy 
(FESEM) were used to evaluate the effects of rGO incor-
poration and milling time on the elemental distribution 
and morphology of the sintered magnets.

Figure 5 (a and b) shows depth profiles of carbon and 
oxygen obtained by RBS for magnets processed under 
different milling durations (Fig S3). A general trend 
was observed: both carbon and oxygen concentrations 
decreased with depth, confirming that surface contami-
nation and oxidation are localized to the outermost lay-
ers. For Magnet-1 (7 min), oxygen started at ~ 36 wt% 
near 125 nm depth and dropped to ~ 20 wt% in the bulk. 
Carbon levels were also elevated at the surface, reflecting 
exposure to air and incomplete encapsulation. These fea-
tures are consistent with the lower corrosion resistance 
measured by EIS and the relatively poor magnetic per-
formance of this sample, highlighting the susceptibility of 
insufficiently milled powders to oxidation [37, 38].

In contrast, Magnet-3 (30 min) exhibited a distinct pro-
file. Surface oxygen content reached ~ 40 wt% at ~ 100 
nm but decreased rapidly to ~ 21 wt% with depth, form-
ing a thin and stable passive layer. Carbon content was 
lower than in other samples, ~ 17 wt% at the surface, and 
dropped below 5% deeper into the material. This reduced 
carbon concentration is beneficial, as excess carbon at 
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Fig. 5  Surface and microstructural analyses of sintered magnets with rGO: (a) Carbon depth profiles obtained by RBS, indicating surface accumulation 
dependent on milling time; (b) Oxygen depth profiles, evidencing the formation of protective passive layers; (c) and (d) FESEM images of Magnet-1 and 
Magnet-2, showing heterogeneous microstructures; (d) and (f) FESEM images of Magnet-3 and Magnet-4, showing more homogeneous and compact 
grains

 



Page 11 of 14Silva-Filho et al. Journal of Materials Science: Materials in Energy             (2026) 2:4 

grain boundaries is known to impair magnetic coupling 
and decrease coercivity [6, 7]. The combination of a thin 
oxygen-rich layer and limited carbon accumulation likely 
explains why Magnet-3 achieved the best balance of cor-
rosion resistance and magnetic properties.

Magnet-4 (45 min) showed higher surface carbon (~ 
33 wt%) compared to Magnet-3, although oxygen pro-
files were similar. The excess carbon is attributed to lon-
ger milling time, which increases surface activation and 
promotes carbon uptake from rGO and the environ-
ment. While this contributed to slightly improved corro-
sion resistance, as indicated by higher impedance in EIS, 
it compromised remanence and energy product. This 
trade-off underscores the importance of optimizing rGO 
distribution and milling parameters to avoid excess non-
magnetic carbon phases at the surface [8, 32].

These RBS findings corroborate surface-sensitive XPS 
results, which identified mixtures of metallic and oxi-
dized states for Nd, Fe, and Co in the composites (SI. 2 
Results). The agreement between XPS (surface chem-
istry) and RBS (depth-resolved composition) provides 
robust evidence that rGO contributes to surface stabili-
zation, but the degree of protection depends strongly on 
milling duration. Similar depth gradients of oxygen and 
carbon have been reported in NdFeB alloys exposed to 
air, but the presence of rGO here clearly modulated these 
profiles, reducing uncontrolled oxidation and stabilizing 
interfaces [23].

Morphological analysis by FESEM (Fig. 5c–f) highlights 
clear differences in grain evolution among the samples. 
Magnet-1 and Magnet-2 exhibit heterogeneous micro-
structures, characterized by a wide dispersion of grain 
sizes and irregular particle morphologies, consistent with 
insufficient milling and less effective compaction.

In Magnet-3, the micrographs suggest a comparatively 
more homogeneous and densely packed microstructure, 
with finer grains and reduced porosity relative to the 
shorter milling conditions. Although a full quantitative 
grain-size distribution is beyond the scope of the present 
work, such refinement and densification are commonly 
associated with improved sintering behavior in NdFeB 
systems, particularly when particle size is reduced and 
surface chemistry is modified [2, 5].

Magnet-4 exhibited irregular morphologies including 
locally refined grains relative to the intermediate mill-
ing conditions, indicating heterogeneous refinement 
and localized structural disorder. These features sug-
gest that excessive milling introduces stress and defects 
that interfere with controlled grain growth. As a result, 
although Magnet-4 exhibits high coercivity, it shows 
reduced remanence and BHmax, a trend widely reported 
in over-milled permanent magnets where structural dis-
order degrades magnetic anisotropy and exchange inter-
actions [6, 39]. It should be emphasized that the FESEM 

observations provide qualitative insight into microstruc-
tural heterogeneity, and no quantitative definition of a 
“normal” grain size is implied in this discussion.

The combined FESEM and RBS analyses indicate that 
Magnet-3 achieves a balanced microstructural and sur-
face condition. Its limited carbon incorporation and 
stabilized oxygen-containing surface layer promote 
corrosion resistance while preserving effective grain-
boundary exchange interactions, which are known to be 
essential for achieving high remanence and coercivity in 
NdFeB magnets [2, 5].

Compared with literature approaches based on external 
coatings, such as silanes or Ni–P alloys [11], the present 
strategy introduces rGO during milling, providing intrin-
sic stabilization distributed throughout the microstruc-
ture. This internal protection acts before, during, and 
after sintering, reducing dependence on post-processing 
treatments and potentially lowering production cost and 
environmental impact.

Moreover, the results highlight the multifunctional role 
of rGO. Beyond its barrier properties, rGO appears to 
facilitate densification, suppress excessive oxidation, and 
modulate grain size distribution. This multifunctional-
ity is particularly valuable in NdFeB systems, where the 
simultaneous optimization of corrosion resistance and 
magnetic performance is challenging. The superior prop-
erties of Magnet-3 underscore that precise control of 
milling parameters and rGO content can unlock syner-
gies unattainable with conventional methods.

The combined results from structural, magnetic, elec-
trochemical, and surface analyses highlight the multi-
functional role of rGO as an additive in NdFeB magnet 
processing. By comparing the performance of powders 
and sintered magnets across different milling durations, 
it becomes clear that rGO acts simultaneously as a pro-
tective, dispersive, and structural stabilizing agent, and 
that optimal properties emerge when milling time is 
carefully controlled.

The prevention of spontaneous ignition in rGO-con-
taining powders is a major advance for safe processing. 
Conventional NdFeB powders are highly reactive and 
ignite in air, requiring glove boxes or inert atmospheres 
[4]. In this work, rGO effectively prevented ignition, 
enabling ambient handling and reducing infrastructure 
costs. TEM confirmed that this behavior results from 
rGO encapsulation, which forms thin protective lay-
ers around NdFeB particles. Such protection not only 
improves safety but also suppresses uncontrolled surface 
oxidation, creating more favorable conditions for subse-
quent sintering [35].

Magnetic results reinforced this interpretation. Mill-
ing for 30 min produced Magnet-3, which combined high 
remanence (1.11 T), coercivity (794 kA·m⁻¹), and maxi-
mum energy product (242 kJ·m⁻³). These values approach 
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those of commercial N35 magnets, despite the absence 
of Dy or Tb additions. The balance between Br and iHc 
at this condition demonstrates that moderate milling 
achieves sufficient grain refinement without introducing 
excessive disorder [24, 25]. Longer milling (45 min) fur-
ther increased surface protection but degraded magnetic 
properties due to structural defects and carbon accumu-
lation, while shorter times (7–15 min) yielded incomplete 
refinement. These trends confirm that milling time is a 
critical variable for optimizing NdFeB–rGO composites.

Electrochemical analysis provided complementary 
evidence. EIS revealed that Magnets-3 and − 4 exhib-
ited impedance values of ~ 10⁶ Ω, surpassing the ~ 10⁴ 
Ω typically reported for coated NdFeB magnets [12, 34]. 
This two-order-of-magnitude improvement was achieved 
without external coatings, demonstrating that rGO 
incorporation during milling intrinsically enhances cor-
rosion resistance. The formation of a thin oxygen-rich 
passivation layer, combined with dense microstructures 
and reduced porosity, accounts for the improved stability 
[26, 36].

RBS and FESEM results further explained the sur-
face–microstructure relationship. Magnet-3 exhibited 
low surface carbon (~ 17 wt%) and high oxygen (~ 40 
wt%), indicative of a stable passivation layer. FESEM 
confirmed a homogeneous grain distribution, correlat-
ing with superior coercivity and remanence. In contrast, 
Magnet-4 accumulated excess surface carbon (~ 33 wt%), 
which reduced magnetic coupling despite high corrosion 
resistance. These results show that optimal performance 
arises not from maximizing corrosion protection alone, 
but from balancing surface chemistry and microstruc-
tural stability [8, 40].

The novelty of this approach lies in integrating rGO 
directly during powder processing, rather than applying 
coatings after sintering. External coatings, such as Ni–P 
or DLC, provide temporary protection but are prone to 
delamination and mechanical failure [7, 23]. By contrast, 
rGO distributes throughout the powder and microstruc-
ture, ensuring intrinsic protection and scalability. Fur-
thermore, the method eliminates the need for controlled 
atmospheres, reduces reliance on heavy rare-earths, and 
lowers environmental impact compared to conventional 
protective strategies.

4  Conclusions
The incorporation of 0.02 wt% rGO during the mechani-
cal milling of NdFeB alloys proved to be an effective 
approach to overcome key limitations of conventional 
processing. The additive enabled safe handling of pow-
ders under ambient conditions, eliminating the need 
for inert atmospheres or glove boxes and thus improv-
ing industrial feasibility and reducing production costs. 
Structural analyses confirmed the multifunctional role 

of rGO, acting as both a solid lubricant and an encapsu-
lating agent. This dual behavior prevented spontaneous 
ignition, reduced surface oxidation, and stabilized par-
ticle chemistry during milling and sintering. Milling time 
was shown to be critical: short times yielded insufficient 
refinement, while prolonged times led to structural disor-
der and carbon accumulation.

At the intermediate milling time of 30 min, the magnets 
achieved the best performance, with high remanence 
(1.11 T), robust coercivity (794 kA·m⁻¹), and a competi-
tive maximum energy product (242 kJ·m⁻³). Electrochem-
ical impedance spectroscopy further revealed corrosion 
resistance two orders of magnitude higher than conven-
tional systems, without the need for surface coatings. 
Overall, these results highlight rGO as a multifunctional 
additive for safer, more sustainable, and scalable produc-
tion of high-performance NdFeB permanent magnets.
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