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INTRODUCTION

The ‘ITER’ (Latin for ‘the way’) is one of the most 
ambitious projects in the field of energy worldwide. The 
largest tokamak ever designed, the ITER, is currently 
under construction and aims to demonstrate that the energy 
released through nuclear fusion can be utilized as a source 
of electricity on a large scale, with zero CO2 emissions. 
The anticipated date for achieving its first plasma is 
2025 [1]. Throughout this journey, new materials have 
been developed and refined with the aim of enabling the 
production of electrical energy from nuclear fusion [2, 3]. 
One example of such materials is EUROFER steel, which 
has been specifically designed for use in the tokamak 
blankets. Its chemical composition has been studied and 
engineered to exhibit properties such as reduced activation 
and rapid decay when ionized, as well as a diminished 
shift in the ductile-to-brittle transition temperature after 
irradiation [4-9]. Due to its excellent performance in 
terms of radiation resistance, swelling, high-temperature 
corrosion resistance, as well as high hardness, tensile 
strength, and reasonable ductility, the utilization of 
EUROFER in the ITER project has already been confirmed 
[10, 11].

However, as steel, EUROFER exhibits inherent flaws 
when exposed to high temperatures, such as creep, as well 
as swelling due to neutron and gamma-ray bombardment 
resulting from nuclear fusion reactions. In light of this 
scenario, researchers have begun to explore ways to 
address these issues while preserving the material’s existing 
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properties and aiming to enhance its performance and 
expand its applications. Consequently, studies have shown 
that yttrium oxide dispersion strengthening (ODS) in this 
steel has emerged as an intriguing solution to improve these 
properties [12-15]. It is also known that in recent decades, 
materials containing niobium (Nb) in their composition have 
gained prominence due to their special applications in high-
tech industries, such as aerospace and nuclear sectors [16]. 
With Brazil having the largest exploitable reserve globally 
(~96%) and accounting for approximately 98% of the 
world’s Nb production, it has become the largest producer 
and exporter of this element [17].

In this context, the objective of this study is to 
investigate the effect of Nb2O5 addition in EUROFER-
based alloys using the high-energy milling technique 
of powder metallurgy (PM) on the morphology and the 
structural, chemical, and magnetic properties of the 
resulting powders.

EXPERIMENTAL

The starting material utilized was the EUROFER steel 
bar (Villares Metals, São Paulo, Brazil), with its composition 
provided by the company as reported in [7]. The Nb2O5 
powder (CBMM, Brazil) had a purity level of 99.8%, and 
an average particle size of 4 μm. Fig. 1a exhibits the ferritic-
martensitic microstructure of EUROFER, indicating the 
martensitic matrix with dispersed ferrite. Fig. 1b shows 
the X-ray diffraction (XRD) pattern of the as-received 
sample, in which the experimental data is in agreement 
with the ICSD file (#102753) and previous reports [18]. 
The Rietveld method provided the average crystallite size 
of 53.9 nm, and lattice parameters a=b=c=2.88 Å. The 
steel bar machining residues were prepared as chips to 
simulate the machining process using a milling machine 
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(FUA300, Zema) operating at a cutting speed of 400 rpm, 
a cutting depth of 0.02 mm, and a feed rate of 23 mm/min. 
Subsequently, the chips were milled in a planetary mill 
(Pulverisette 7 Premium Line, Fritsch) using VC131 steel 
balls. The milling process was conducted in a dry medium 
with a rotational speed of 400 rpm, and a ball-to-powder 
mass ratio of 10:1. Four different compositions were tested, 
namely, 0, 3, 5, and 7 wt% Nb2O5, for a duration of 10 h.

Fig. 2a presents the nodular and agglomerated 
morphology of Nb2O5. Fig. 2b displays the X-ray diffraction 
(XRD) pattern of Nb2O5, where the experimental data 
agrees with the previous reports by Ding et al. [19] (with 
lattice parameters a=21.15 Å, b=3.82 Å, c=19.36 Å, and 
β=119.80°) and the refinement information indicated 
H-Nb2O5. The Rietveld method yielded an average 
crystallite size of 74.9 nm, and lattice parameters of: 
a=21.15 Å, b=3.82 Å, c=19.36 Å, and β=119.80°.

Particle size distribution (PSD) analysis was conducted 
using a laser scattering analyzer (mod. 920, Cilas) in an 
aqueous medium without dispersants. Scanning electron 
microscopy with a field emission gun (SEM-FEG, Auriga, 
Carl Zeiss) was performed. The crystalline structure of 
the samples was examined using X-ray diffraction (XRD, 

Miniflex-II, Rigaku; CuKα) with a scanning speed of 2 °/min. 
The XRD measurements covered a 2θ range from 20° to 90° 
with a step size of 0.01°. The XRD data were refined using 
MAUD software to determine the grain sizes and lattice 
parameters of the steel bar and powders. Magnetic properties 
were characterized using a vibrating sample magnetometer 
(VSM, mod. 7400, Lakeshore) at room temperature. The 
maximum applied magnetic field was ±10.0 kOe.

RESULTS AND DISCUSSION

Fig. 3 displays the histograms of particle size 
distributions, q3, and cumulative frequency distributions, 
Q3 (Figs. 3a, 3c, 3e, and 3g), along with scanning electron 
microscopy (SEM) micrographs of EUROFER powders 
with the addition of 0, 3, 5, and 7 wt% Nb2O5 powders 
(Figs. 3b, 3d, 3f, and 3h, respectively) after comminution. 
In general, the SEM micrographs of the powders exhibited 
a nodular/irregular morphology [20] with heterogeneity in 
particle sizes for each sample. The histograms shown in 
Fig. 3a display a bimodal Gaussian distribution with two 
density probabilities of normal particle size distributions. 
The presence of Nb2O5 in the milling process (Figs. 3c, 
3e, and 3g) tended to reduce this bimodality, resulting in 

Figure 2: SEM image revealing the nodular and agglomerated 
morphology (a) and XRD pattern (b) of the as-received Nb2O5 
sample.

Figure 1: Optical micrograph revealing the ferritic-martensitic 
microstructure (a) and XRD pattern (b) of the as-received 
EUROFER bar.
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Figure 3: Particle size distribution results (a,c,e,g) and SEM-FEG images (b,d,f,h) of pure EUROFER powder (a,b) and powders with 3 wt% 
(c,d), 5 wt% (e,f), and 7 wt% (g,h) of Nb2O5 milled for 10 h.
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density probabilities of normal particle size distributions 
centered around a single value, as well as a reduction 
in the particle size distribution. Additionally, in Figs. 
3a, 3c, 3e, and 3g, the cumulative frequency curves Q3 
indicate that the variation in Nb2O5 composition had little 
influence on the reduction in particle size distribution 
of the milled powders containing the oxide. However, 
examining the D50 values, it can be stated that the addition 
of niobium pentoxide facilitated a reduction in particle 
sizes by approximately 44% compared to the D50 of pure 
EUROFER powder. These characteristics are favorable 
for the compaction and sintering of these powders.

In the X-ray diffraction patterns of EUROFER powders 
with the addition of 0% (Fig. 4a), 3% (Fig. 4b), 5% (Fig. 
4c), and 7% (Fig. 4d) Nb2O5, the peaks associated with the 
α-Fe phase with a body-centered cubic (BCC) structure 
are observed. This indicated that even in the presence of 
Nb2O5, no phase changes occurred during the 10 h milling 
process. Furthermore, the diffraction profile of Nb2O5 was 
not observed, which suggested either the amorphization of 
the ceramic during the milling process or the reduction of 
the oxide and possible incorporation of its elements into 
the crystalline structure of the steel. However, there was 
a change in the lattice parameters (a reduction of 0.01 Å, 
Table I) in the powder with 0 and 3 wt% Nb2O5 compared 
to the lattice parameter of the initial bar. This reduction 
may be associated with the mechanical alloying process 
itself, which subjects the milled materials to significant 
deformations through impacts, compressive forces, and 
shear, and these effects can be observed in the decrease 
of the lattice parameters [21]. In the case of milled chips 
containing 5 and 7 wt% Nb2O5, the lattice parameters 
remained similar to those of the starting material. This 
preservation of the lattice parameter could be attributed 
to the formation of a new composition within the steel’s 
solid solution, which effectively maintained the lattice 
parameter in these materials. Table I provided evidence 
that, on average, there was a significant reduction of 
62% in the crystallite size (approximately 20 nm) of the 
resulting powders.

Coercivity (Hc), one of the most investigated 
magnetic parameters in this steel, reflects the pinning 
strength exerted on the magnetic domain walls. It is 
highly dependent on the crystallite size (D), internal 
stresses, and dislocation density (ρ) within the material 
[22]. For ferritic steels, it is well-known that Hc is 
proportional to the square root of ρ (Hc α ρ1/2) and 
inversely proportional to D (Hc α 1/D). Studies have 
shown that Hc for annealed EUROFER up to 800 °C, 
where there is essentially a reduction in dislocations 
resulting in relief of internal stresses, is around 5 Oe 
[23-27]. In Fig. 5, it can be observed that the addition of 
Nb2O5 reduced the saturation magnetization (Ms) of the 
samples from 193 emu/g (0% Nb2O5) to 176 emu/g (7% 
Nb2O5) while increasing the coercivity (Hc) from 69.3 
Oe (0% Nb2O5) to 84.4 Oe (7% Nb2O5). Additionally, 
the remanent magnetization (Mr) increased from 5.54 

emu/g (0% Nb2O5) to 7.95 emu/g (7% Nb2O5). Generally, 
this occurs because magnetic measurements are non-
destructive in nature and have high sensitivity to detect 
chemical composition and microstructural variations in 
ferromagnetic materials. The addition of a second phase 
(Nb2O5) during the milling process not only hinders 
the random redistribution of magnetic domains, which 
requires more energy to realign them in a different 
direction but also may result in chemical composition 
changes of Nb2O5 due to the milling process.

CONCLUSIONS

The present study aimed to contribute to the development 
of new EUROFER-based alloys with the addition of Nb2O5 
using powder metallurgy and high-energy milling. From 
the observation and analysis of the results, the following 
conclusions can be drawn: i) the results suggested that 
during the milling process, Nb2O5 was decomposed, and 
Nb was incorporated into the EUROFER alloy (α-Fe); 
ii) the addition of Nb2O5 in the 10 h milling favored the 
reduction in particle size of the composite powders by 
approximately 32% compared to pure EUROFER powder; 
however, the variation in Nb2O5 content during milling did 
not have a significant influence; iii) the morphology of the 
milled powders exhibited nodular/irregular shapes with 
particle size heterogeneity for all powders; iv) the average 
crystallite size of the 10 h milled powders reduced by 
approximately 62% compared to the initial bar; however, 
the average crystallite size of the produced powders did not 
undergo considerable reductions with varying percentages 
of Nb2O5; v) there were changes in the lattice parameters 
of the milled powders with 5 and 7 wt% Nb2O5, suggesting 
the introduction of atoms into the crystal lattice of α-Fe; 
vi) the addition of Nb2O5 tended to reduce the saturation 
magnetization of the powders at all milling times, which 
could be related to a change in the composition of the 
studied alloy; both the coercivity (Hc) and remanent 
magnetization (Mr) increased with the addition of the 
studied oxide and with long milling time.
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Figure 4: XRD patterns of pure EUROFER powder (a) and EUROFER powders with 3 wt% (b), 5 wt% (c), and 7 wt% (d) of Nb2O5 milled for 10 h.

Sample 0 wt% 3 wt% 5 wt% 7 wt% 
Lattice parameter (Å) 2.87 2.87 2.88 2.88
Crystallite size (nm) 20.3 20.5 20.4 19.7

Table I - Information from the X-ray diffraction (XRD) 
refinement of the pure EUROFER powder and the powders 
with 3, 5, and 7 wt% Nb2O5 milled for 10 h (with lattice 
parameters a=b=c).

Figure 5: Magnetization curves (a) and values of Ms, Mr, and Hc (b) of pure EUROFER powder and powders with 3, 5, and 7 wt% of Nb2O5 
milled for 10 h. 
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