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1. Introduction

Rare-earth (RE) borides which are a family of high-temperature
materials have extremely fascinating structural and chemical
properties.[1–3] The combination of boron and metal atoms has
significant and thoroughly studied features. Thanks to the partic-
ularly strong covalent bonding of boron, great stability and high
hardness in extreme conditions are observed for this material type.
They exhibit a wide range of physical properties and possible uses,

including low work function, superconduc-
tivity, magnetic properties, thermal electron
emission, and narrow-band semicon-
ductor behavior.[2–4] As a new development,
exciting magnetic and electronic physical
properties have been found in the RE boride
compounds.[3,5] REB2, REB4, RE2B5, REB12,
REB6, and REB66 are themain phases of RE,
and boron elements. RE borides, such as
SmB6, PmB6, NdB6, and EuB6, are interest-
ing materials due to their possible uses in
quantum computing and electronics.[6]

Also, doping of RE borides has become
a popular issue in recent years, with
researchers looking into the impact of
various dopants on their electrical and
magnetic properties.[7–10] Furthermore, the
development of high-entropy RE hexabor-
ides/tetraborides (HEREB6/HEREB4) com-
posite ceramics is a promising field for
the study for high-performance electromag-
netic wave-absorbing materials.[11–13]

RE tetraborides received high attention through these
materials due to their high melting point, high mechanical
strength, high hardness, good chemical stability, and low work
function.[14,15] REB4 compounds are hard and refractory, making
them ideal for coatings on cutting tools, turbine blades, and other
high-wear components.[16] They also have superior thermal con-
ductivity and resistance to oxidation, making them suitable for
high-temperature applications.[17] RE tetraborides have a tetrag-
onal crystal structure with a space group P4/mbm-D5

4h.
[18] REB4
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Rare-earth borides have become very popular in recent decades with high
mechanical strength, melting point, good corrosion, wear, and magnetic behavior.
However, the production of these borides is very challenging and unique. The
production of ErB4 andNdB4 nanopowders viamechanochemical synthesis (MCS) is
reported in this study first time in the literature. Er2O3 or Nd2O3, B2O3, andMg initial
powders are mechanically alloyed for different milling times to optimize the process.
Rare-earth borides with MgO phases are synthesized, then MgO is removed with
HCl acid. The nanostructured rare-earth tetraboride powders are analyzed using
X-ray diffraction (XRD). Based on the XRD, ErB4 powders are produced successfully
at the end of the 5 h milling. However, the NdB4 phase does not occur as the
stoichiometric ratio, so the B2O3 amount is decreased to nearly 35 wt%. When the
amount of B2O3 is decreased to 20 wt%, NdB4 and NdB6 phases are 50:50 according
to the Rietveld analysis. However, a homogenous NdB4 phase is obtained with
30 wt% loss of B2O3. The average particle sizes of ErB4 and NdB4 powders are nearly
100.4 and 85.6 nm, respectively. The rare-earth tetraborides exhibit antiferromagnetic-
to-paramagnetic-like phase transitions at 18 and 8.53 K, respectively.
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compounds exhibit metallic properties and order antiferro-
magnetically, but only PrB4 orders ferromagnetically.[19,20]

There are many magnetic interactions in the REB4 structure
competing with the direct exchange such as the indirect
exchange between conduction electrons (Ruderman–Kittel–
Kasuya–Yosida type), crystal electric field, magnetoelastic cou-
pling, and quadrupolar interactions.[8,21] Furthermore, putting
these magnetic moments in a specific crystal structure such
as P4/mbm-D5

4h will result in a complex frustrated magnetic
system, particularly one formed by the RE tetraborides (REB4),
where all interactions between adjacent spins cannot be
satisfied at the same time, suppressing magnetic order and
resulting in ground state degradation, that is, the forma-
tion of several different magnetic states with the same
energy.[22,23]

Based on the ErB4 and NdB4 production methods, there are
few examples in the literature. However, there is not any example
about mechanochemical synthesis (MCS) of REB4. The RE tetra-
boride powders were produced by MCS from low-cost Er2O3,
Nd2O3 B2O3, and Mg initial powders for the first time. This
method is a novel, simple, and room-temperature process that
enables control of the product microstructure (phase, shape, size,
etc.) and obtaining homogeneous materials. Thanks to these
advantages, ErB4 and NdB4 powders were produced with high
quality and at nanoscale. A thorough analysis was conducted
on the impact of milling duration as a process parameter on
the resulting phases. After the synthesis process, a purification
treatment with HCl acid was applied to achieve nanostructured
ErB4 and NdB4 powders. Also, different characterization
methods such as XRD, particle size analyses, scanning electron
microscope (SEM), and transmission electron microscope
attached with energy-dispersive spectroscopy (EDS) were
used for examining the powders. In addition, the RE
tetraboride powders were analyzed based on their magnetic prop-
erties. Also, it created an excellent area with different magnetic
applications.

2. Experimental Section

2.1. Raw Materials and Precursor Preparation

Thermochemical modeling (CALPHAD) was performed using
FactSage8.3 simulation software[24] to conduct virtual
experiments pertaining to the mechanochemical reactions
(Equation (1)). In the simulations, the “equilib” module was uti-
lized under 1 atm and under nonadiabatic (ΔH 6¼ 0) conditions
since the experimental setup is not heat insulated. The “reaction”
module was also utilized in order to calculate the ΔH and ΔG of
the reactions at 25 °C. The temperature of the reactor was known
to be well below the adiabatic temp (≈600 °C),[25] the temperature
was set as 600 °C with varying B2O3 and Mg input molar concen-
trations and the thermodynamically possible reaction products
were graphed using FactPS, SGTE, and AIMP databases.

Er2O3 (ABCR, 99.99% pure), Nd2O3 (Alfa Aesar, 99% pure),
B2O3 (ETI Mine, 98% pure), and Mg powders (MME, 99.7%
pure) were the starting materials for mechanical milling.
Malvern Mastersizer 2000 particle size analyzer (PSA) was used
for measuring the average particle sizes of the Er2O3, Nd2O3,

B2O3, and Mg starting powders as 9.5� 0.05, ≈5� 0.01,
466.9� 0.12, and 142.7� 0.09 μm, respectively. Powder batches
that were called as-blended were prepared according to stoichi-
ometry and blended for 2 h in a WAB T2C Turbula mixer in
order to provide a homogeneous blend. Stoichiometry for the
synthesis of ErB4 using Er2O3, B2O3, and Mg powders was given
by the reduction reaction in Equation (1). The stoichiometric
amounts of the initial reactants Er2O3: B2O3: Mg were
2.242 (1 mol): 1.632 (4 moles): 2.136 g (15moles) for powders
as per Equation (1). Also, stoichiometry for the synthesis of
NdB4 from the Nd2O3, B2O3, and Mg powders is given by the
reduction reaction in Equation (1). The stoichiometric amounts
of the initial reactants Nd2O3: B2O3: Mg were 2.0626 (1 mol):
1.7071 (4moles): 2.2348 g (15moles) for powders as per
Equation (1).

M2O3 þ 4B2O3 þ 15Mg ! 2MB4 þ 15MgO ðM ¼ Er, NdÞ
(1)

2.2. Mechanochemical Synthesis and Purification

Prepared as-blended powders and hardened steel balls (6 mm ø)
were placed to hardened steel vials (50mL). The ball-to-powder
weight ratio was kept constant at 10:1. The most frequent types of
materials used for the grinding medium were hardened steel,
tool steel, bearing steel, tempered steel, hardened chromium
steel, stainless steel, WC� Co, alumina, and zirconia.[26] The rea-
son for choosing hardened steel milling set was that the impurity
coming from the media could be removed with an additional
purification treatment. Fe or Fe-based impurities can be removed
with concentrated acids such as HCl, H2SO4. Sarker et al.[27]

proved that Fe in the RE elements was dissolved with the HCl
solution as 100%. The vials that included powders and balls were
sealed under argon (Ar) atmosphere (Linde, 99.999% pure) in a
MBraun glove box. Then, MCS was conducted on the as-blended
powders in a high-energy NanoMultiMix mill at 920 rpm for dif-
ferent durations up to 8 h. The high-energy impacts that caused
mechanical deformation in the powder particles provided the
necessary energy to start the reaction. After MCS, while the
RE borides formation was provided, MgO was the by-product.
The selective acid leaching with 4M HCl solution (HCl,
Merck, 37%) was applied to the MCS’ed powders to obtain RE
borides under the ultrasonic stirring using a Bandelin
Sonorex RK-100H ultrasonic bath. The leaching treatment was
conducted at 80 °C for 15min with a solid-to-liquid ratio of
1 g/10 cm3. The residue was then separated from the leaching
solution by repeated centrifugation (Hettich Rotofix 32 A,
4000 rpm, 30min), decantation, and rinsing steps. Repeated cen-
trifugation was arranged to the proper pH value of the solution.
When this value reached ≈5, the centrifugation was stopped, and
the residue was dried in an FN 500 stove at 120 °C for 24 h in air.
Supernatant liquids of the leached product were collected in a
volumetric flask and subsequently subjected to chemical analysis
to control the contaminants arose from debris of the milling
media. From now on, the residue was called as leached powders.
Figure 1 shows the synthesis of ErB4 and NdB4 powders by MCS
and purification processes.
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2.3. Characterization

The phases of powders that were produced by MCS and leaching
were examined with XRD method (Bruker D8 Advanced Series
X-ray powder diffractometer with CuKα (λ= 0.154 nm, 40 kV
and 40mA)) in the 2θ range of 10°–90° incremented at a step
size of 0.02° at a rate of 2° min�1. Then, the crystal structure
and lattice parameter(s) of the crystalline phases were analyzed
using the International Center for Diffraction Data (ICDD) pow-
der diffraction files. The average crystallite sizes and lattice
strains of the MCS’ed ErB4 and NdB4 powders were measured
with the modified Scherrer’s formula using Bruker-AXS TOPAS
V3.0 software.[28] The five peaks of ErB4 phase in 22.21°/(001),
25.17°/(020), 28.20°/(120), 33.81°/(111), 36.18°/(021), and
NdB4 phase in 21.82°/(001), 24.85°/(020), 27.77°/(120), 33.20°/
(111), 35.54°/(021) degrees and planes were taken for average
crystallite size and lattice strain calculations. The amounts of
the different phases in the XRD of MCS’ed NdB4 powders were
identified by the semi-quantitative Rietveld method. A Microtrac
Nano-flex PSA equipped with a Bandelin Sonopuls ultrasonic
homogenizer was used for measuring powder particle sizes in
the alcohol media. The density of the leached powders was mea-
sured using a Micromeritics AccuPycII 1340 gas pycnometer in a
1 cm3 sample chamber at room temperature using He gas
(Linde, 99.996% pure) as the displacement medium. The micro-
structural characteristics of the MCS’ed powders (dropped onto a
carbon tape) were examined with a Thermo Scientific Quattro S
SEM equipped with an EDS. EDS results were reported as the
arithmetic means of three different measurements taken from
the same regions in the samples. The specimens were investi-
gated by JEOL JEM 2100 high-resolution transmission electron
microscope (TEM, LaB6 filament) operated at 200 kV and
equipped with an Oxford Instruments X-Max 80T EDS system.

Lacey Carbon film on 200mesh copper TEM grids (Electron
Microscopy Sciences, LC200-Cu, 200mesh) was used. Images
were taken by Gatan Model 833 Orius SC200D CCD Camera.
High-magnification images were taken by Gatan Model 794
Slow Scan CCD Camera. Gatan Microscopy Suite (GMS) 2 soft-
ware was used. The selected area electron diffraction (SAED) pat-
terns were taken for analysing phases. Also, the average size of
nearly 100 particles was measured in the TEM. Additionally,
probable contaminants released from the milling media such
as Fe, Cr, Ni elements were analyzed in the supernatant liquids
using a PerkinElmer 1100B Atomic Absorption Spectrometer
(AAS). The supernatant liquids after leaching were diluted with
distilled water based on the device reading limit (≈1/1000 dilu-
tion). Then, filter paper was used to pour stock solution before
every measurement to remove suspended particles. The results
were multiplied with a diluted factor for obtaining final results. A
Quantum Design MPMS3 superconducting quantum interfer-
ence device magnetometer was used for magnetic measure-
ments under an applied field of 200 Oe. Moreover, Bruker
Alpha-II Fourier-transform infrared spectroscopy (FTIR) was
used in order to understand B–O bonding.

3. Results and Discussions

3.1. Thermochemical Simulations

According to the calculations in the “reaction” module, the ΔH
and ΔG of the reactions at 25 °C were found to be �3371.3 and
�3229.4 kJ mol�1 for the NdB4þNdB6 synthesis reaction and
�2578.4 and �2504.0 kJ mol�1 for the ErB4 synthesis reaction
(Equation (1)), respectively. These values demonstrate the
exothermic nature of the mechanochemical redox reactions.
Based on these MCS reactions, the equilibrium module

Figure 1. Mechanochemical synthesis and purification process of ErB4 and NdB4 production. (created by biorender.com).
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calculations show that for the ErB4 system (Figure 2a,b), at stoi-
chiometric conditions (shown in the dotted red line), the reaction
products were ErB4 and MgO. Under B2O3 lean conditions with
stoichiometric Mg (15moles), it was possible to obtain ErB2

together with MgB2. When the B2O3 content increased, the
reaction resulted in a boron-enriched ErB4 phase, and excess
B2O3 reacted with by-product MgO and started to form the
Mg3B2O6 phase. Mg lean condition (Figure 2b) might result
in the formation of ErBO3 and Mg3B2O6, which causes ineffi-
cient synthesis for the ErB4 powders. There is also the possibility
of the formation of ErB12 when the Mg content is below 6moles.
Excess Mg beyond the stoichiometric amount (15moles), on the
other hand (Figure 2b), might cause the formation of ErB2 and
MgB2 mixture. NdB4 synthesis simulations were similar to that
of the ErB4 since their chemical properties are similar. The
NdB6þNdB4 mixture (NdB4,6) is found to be similar to our
earlier calculations as well.[25] B2O3 lean conditions below the
stoichiometry (5 moles) might cause the formation of NdB4-rich
mixtures together with magnesium borides (MgB2, MgB4). On
the other hand, as B2O3 increases, an equimolar NdB4 and
NdB6 mixture could be obtained; further increment results,

again, in the formation of Mg3B2O6, similar to the ErB4 system.
Mg lean conditions (Figure 2d) for the neodymium system, when
the B2O3 is fixed at the stoichiometric amount (5 moles),
increases the NdB4 content, which is 50:50 at the stoichiometric
Mg amount (18moles). Excess Mg, on the other hand, increases
NdB4 back again due to the formation of MgB2. The CALPHAD
simulations indicate that it is thermodynamically feasible to pro-
duce mixtures of ErB4, NdB4, and NdB4,6 within the experimen-
tal conditions employed. These mixtures can be purified by
dissolving the MgO by-product through leaching in an HCl
solution.

3.2. Characterization of ErB4 and NdB4 Powders

Er2O3, B2O3, and Mg powders were mechanochemically synthe-
sized for up to 8 h to produce ErB4 nanopowders. Figure 3a
shows the XRD patterns of the as-blended Er2O3, B2O3, and
Mg powders and those mechanically milled for different dura-
tions up to 4 h. In the XRD pattern of the as-blended (nonmilled)
powders, Er2O3 (ICDD Card No: 03-065-3175, Bravais lattice:
primitive cubic, a= 1.053 nm), Mg (ICDD Card No: 00-035-0821,

Figure 2. Thermochemical simulation of the reaction products for the stoichiometric powder blend, the effect of varying B2O3 and Mg contents at a fixed
temperature of 600 °C for the a,b) Erbium and c,d) Neodymium boride setups.
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Bravais lattice: primitive hexagonal, a= 0.321 nm and
c= 0.521 nm) phases were detected. The characteristic peaks of
B2O3 were not observed in the XRD pattern of the as-blended
powders because of their amorphous nature. After 1 h of milling
of the powders, MgO (ICDD Card No: 00-045-0946, Bravais
lattice: face-centered cubic, a= 0.422 nm) and ErB4 (ICDD Card
No: 01-089-3552, Bravais lattice: tetragonal, a= 0.701 nm and
c= 0.404 nm) phases were observed. However, the Er2O3 phase

was still in the structure. Therefore, 1 h milling duration can be
considered as the initial point for the formation of the boride
phases. At the end of 4 h milling, the only detected phases were
ErB4 and MgO. Based on the XRD patterns (Figure 3b), there were
no changes after 5 hmilling up to 8 h. Figure 3c illustrates the aver-
age crystallite sizes and lattice strains of the mechanically alloyed
powders up to 8 h for ErB4 phases. On the basis of the related XRD
patterns, the average crystallite sizes of the ErB4 phase in the

Figure 3. XRD patterns of the a,b) as-blended, 1-4 h, and 5-8 h MCS’ed Er2O3, B2O3, and Mg powders, c) the average crystallite size and lattice strain of
ErB4 phase versus milling duration, d) 5 h MCS’ed and 4M HCl leached ErB4-MgO powders, and e) the average particle size of ErB4 powders.
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powders milled for between 2 and 8 h were calculated as 89.8,
96.67, 89.83, 78.9, 78.33, 74.4, and 71.6 nm, respectively.
Furthermore, the average lattice strains of the ErB4 phase were cal-
culated as 0.431, 0.441, 0.436, 0.453, 0.556, 0.546, 0.569, and
0.588% for the 2 and 8 h milling. Extending the milling duration
to 5 h did not change the nature of the resulting products: ErB4 and
MgO phases were still present in the 5 h milled powders and no
new phases formed. The reaction in Equation (1) completely took
place after MCS that was conducted by 5 h milling, and the opti-
mum time was chosen as 5 h for the purification. XRD patterns of
the ErB4 phase after 5 hmilling and 4MHCl leaching contained 27
peaks which are consistent with the standard ErB4 pattern as
shown in Figure 3d. ErB4 pattern had 22 peaks (17.73, 22.21,
25.17, 28.20, 33.81, 36.18, 40.30, 42.61, 45.31, 46.49, 53.38,
54.22, 55.06, 58.51, 60.09, 62.23, 70.59, 72.55, 73.97, 76.26,
77.65, 78.88°). As clearly seen, the acid concentration was sufficient

to completely remove the MgO phase from the powders, and any
impurity was not observed in 4M leaching. Moreover, the average
crystallite size and lattice strain of the leached powders were deter-
mined as 94.64 nm and 0.228% according to the XRD pattern. In
addition, the PSA graph of the leached ErB4 powders as given in
Figure 3e illustrates that the average particle size of the ErB4 was
about 100.4 nm. Moreover, the lognormal distribution type was
observed for this graph. The pycnometer density of the purified
ErB4 powders were measured as 6.15� 0.015 g cm�3. In the liter-
ature, there is not too much information about the production of
ErB4. In one study, Novikov et al.[18] reported that the polycrystal of
ErB4 was produced with the borothermal reduction of metal from
its oxide in a vacuum (5� 10�5 Torr, 1750 °C, and 2.5 h). These RE
borides can be produced with shorter time and less energy via
MCS. Figure 4 shows SEM (�60 000, and 120 000 magnifications)
and TEM (1 μm and 500 nm scales) images, particle size

Figure 4. a,b) SEM, c,d) TEM images with different magnifications, e) particle size measurements from TEM image, and f,g) SAED images with the
interplanar distance calculations and atomic structure of ErB4 nanopowders.
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measurement based on the TEM image, and the interplanar dis-
tance measurements with SAED pattern. According to the SEM
and TEM images, the shape of ErB4 particles was nearly mixed
morphology. According to the particle size measurements from
the TEM image (Figure 4c), it can be understood that ErB4 particles
ranged between 100 and 150 nm, and this result matched with the
particle size analysis (Figure 4e). The general EDS analysis taken
from Figure 4 revealed the presence of Er, and B elements. Also,
the amount of Er and B elements was measured at 70.8% and
29.2% as atomic percentages. The interplanar distance was mea-
sured as 5.058 Å, and this value belongs to (110) plane for ErB4

phase. Also, (021) and (110) planes were detected from [112] zone
axis in the SAED pattern (Figure 4f ). In addition to that, a different
area showed that the interplanar distance was measured as 2.575 Å
for the (211) plane. Based on the [21 3] zone axis, (211), (120), and
(111) planes were detected in the SAED pattern (Figure 4g). In the
literature, Ağaoğulları et al.[29,30] showed that the amounts of Fe,
Ni, and Cr were nearly 7–11, 0.2, and 1.2 ppm, respectively, with

the same production method for the RE borides. In this study,
14 ppm Fe, 0.95 ppm Cr, and 0.3 ppm Ni were detected based
on the AAS results. These results were very close to the literature
and showed that the impurity may be removed with acid leaching
down to a detection limit. It should be also noted that any detection
of impurity down to a ppb level was not conducted on the powders
in this study.

In our previous study, NdB6 powders were produced with
MCS from Nd2O3, Mg, and B2O3 raw materials.[25] In this study,
NdB4 production fromNd2O3, Mg, and B2O3 initial powders with
920 rpm MCS for 5 h was aimed. Figure 5 shows the XRD pat-
terns and Rietveld analysis of NdB4,6 and NdB4 powders. The
little amounts of NdB4 phase were observed as this stoichiomet-
ric amount. So, B2O3 amount was decreased and it was named as
5–35 wt% B2O3 loss. B2O3 was decreased about by 20 and 30 wt%
amount in the stoichiometric powder batch (Figure 5a). Reactant
and product amounts with milling conditions for NdB4 produc-
tion are shown in Table S1. Figure 5b,c shows that while the

Figure 5. XRD patterns of the a) NdB4, NdB6, and MgO phases with 920 rpm MCS for 5 h with decreasing amount of B2O3, ErB4 production with b) loss
of 20 wt% B2O3, c) loss of 30 wt% B2O3 after 5 h and 4M HCl leaching, and Rietveld analysis of d) NdB4,6 powders, Rp: 4.5, Rwp: 5.79, GoF: 1.41, RBragg of
NdB4: 4.86 and RBragg of NdB6: 3.02. e) NdB4 powders, Rp: 4.94, Rwp: 6.17, GoF: 1.68, RBragg of NdB4: 4.62 and RBragg of NdB6: 3.69.
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B2O3 amount decreased to nearly 20 wt%, NdB4,6 phase was
observed. It means that nearly 50 wt% NdB4 and 50 wt%
NdB6 phases were simultaneously in the same structure.
However, when the B2O3 amount decreased to 30 wt% amount,
a homogenous NdB4 phase was determined. After MCS, NdB4

and NdB4,6 powders were leached with 4M HCl. XRD patterns
of NdB4 phase had 21 peaks with these values of 21.82°, 24.85°,
27.77°, 33.20°, 35.54°, 39.62°, 41.83°, 44.28°, 45.62°, 51.38°,

52.39°, 53.01°, 54.02°, 57.36°, 58.89°, 70.84°, 72.22°, 74.27°,
75.58°, 77.18°, and 81.25°. Rietveld analysis of NdB4 and
NdB4,6 are given in Figure 5d,e. The amounts of NdB6 and
NdB4 were approximately calculated at 49 and 51 wt%, respec-
tively. Lattice parameters of NdB6 and NdB4 were calculated
as a: 0.413 nm (cubic), a: 0.721 nm, c: 0.410 nm (tetragonal),
respectively. According to the Rietveld analysis, while the amount
of NdB6 was nearly 0.4 wt%, it was 99.6 wt% NdB4 for the 20 wt%

Figure 6. a,b) SEM images at �60 000 and 120 000 magnifications, c) average particle size analysis, and d–f ) TEM and SAED images with interplanar
distance and plane calculations of NdB4,6.

Figure 7. a,b) SEM images (�60 000 and 120 000), c) average particle size analysis, d) TEM and SAED images with interplanar distance and plane
calculations, and e) particle size measurements from TEM images of NdB4 nanopowders.
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loss B2O3. Lattice parameters of NdB4 were calculated as a:
0.721 nm and c: 0.410 nm. These values were nearly the same
with the lattice parameter taken from PDF cards. In the litera-
ture, there is only one study for the production of NdB4.
Salamakha et al.[31] studied that arc melting method was used
for the production of single-crystal NdB4. In this study, NdB4

and NdB4,6 powders were produced with low cost and nanoscale.
Figure 6 and 7 displays SEM and TEM images at various mag-

nifications and the average particle size and interplanar distance
measurements of the NdB4,6 and NdB4 powders. Powder mor-
phology and form were almost identical and mixed for the all
powders. A higher magnification of the SEM image showed that
the NdB4,6 and NdB4 particle sizes were between almost 80 and

120 nm. Additionally, the particle size analysis graph in Figure 6
and 7c shows that the NdB4,6 and NdB4 average particle size was
≈136.6 and 85.6 nm, respectively, which is in the same range as
seen in the SEM image. For this graph, a lognormal distribu-
tion type was seen. Furthermore, the density of NdB4,6 and
NdB4 powders was determined to be 4.09� 0.004 and
5.02� 0.011 g cm�3. It can be understood that the density of
powders increased with decreasing boron amount. Boztemur
et al.[25] mentioned that the density of NdB6 was nearly
4.03� 0.01 g cm�3. In the TEM calculations, the interplanar dis-
tance which is 2.572 Å belongs to (220) plane which was deter-
mined for the NdB4 phase. Also, based on the [011] zone-axis,
(011), (111), and (100) planes were detected for the NdB6 phase

Figure 8. a,b) The magnetization diagrams of the RE tetraborides, TEM images with point EDS results, and FTIR analyses of c–e) ErB4 and f–h) NdB4
powders.
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in the SAED pattern (Figure 6f ). Finally, (210), (211), and (001)
planes were detected for the NdB4 phase in the SAED pattern
(Figure 7f ) from the [120] zone axis. According to the AAS
results, Fe, Cr, and Ni amounts were measured as 11, 0.98,
and 0.28 ppm, respectively, for the NdB4,6 powders.
Additionally, these values changed to 12 ppm of Fe, 0.92 ppm
of Cr, and 0.23 ppm of Ni for the NdB4 sample. These results
were very close to the ErB4 and literature values. The impurity
detection in the structure of the powders was not carried out
in the ppb level. NdB6 and NdB4 phases were observed for
the NdB4,6 powders.

NdB4 and ErB4, RE tetraborides, in general, are known
to possess interesting and complex magnetic properties
such as successive phase transitions, magnetic frustration,
ferrimagnetic plateaus, etc. thanks to their unique crystal
structure.[8,20,22,23,32–35] ErB4 exhibits an antiferromagnetic
(AF) transition occurring at TNèel= 15.4 K, where the orientation
of its easy axis aligns along the c direction, and each Er ion pos-
sesses a magnetic moment of 8.2 μB/Er ion.[8,33,35] In Figure 8a,b,
considering our sample was in powder form, MSC’ed ErB4 pow-
ders exhibited maximum magnetization of 0.4726 emu g�1 at
about T= 18 K corresponding more or less similar AF transition
temperatures. The magnetization decreases with a paramagnetic
behavior as temperature increases. MCS’ed NdB4 powders on the
hand exhibited even lower magnetic moment 0.132 emu g�1

with a maximum at about TNèel= 8.53 K which was very close
to the AF temperature reported in the literature.[23,34] Also, if
there was Fe impurity in the structure, this value would be
expected to be much higher. Since the saturation magnetization,
thus magnetic moment per Nd ion as expected from the Hund’s
rules[21] (3.2 μB[23]), is lower than Er ion, the lower magnetization
of NdB4 than ErB4 is already expected. In the literature, it is
known that the magnetic field necessary to saturate the magne-
tization for RE tetraborides, such as NdB4 and ErB4,

[23,32] is on
the order of 30–50 kOe, depending on the temperature. Our
applied magnetic field is very low (200 Oe) compared to the lit-
erature, not enough to saturate the magnetic moments, thus
resulting in lower magnetization values. Althoughmagnetization
exhibits anisotropy in these tetragonal crystals, the anisotropy is
averaged over in our powdered samples. In our previous study
for NdB6 powder, we found that defective crystal structures
can be achieved through MCS and leaching methods which
can have crucial effects on the magnetic and mechanical proper-
ties.[25] The likely explanation of this may be attributed to the for-
mation of B vacancies and lattice shrinkage. This reduction in
lattice size could contribute to a decrease in spin asymmetry,
a phenomenon previously demonstrated by our research
group.[25] Thus, any discrepancies in the observed Nèel temper-
atures and magnetization values can be expected to arise from
the defected crystals. In addition, the TEM images showed that
an amorphous layer exists around some of the particles
(Figure 8c,d). These layers included a high amount of RE, boron,
and oxygen based on the EDS results. The presence of the oxygen
certainly has a negative contribution to the magnetization per
gram of the sample, because it is heavier than boron, the RE ions
in these amorphous layer can be expected to retain their para-
magnetic effective magnetic moment.[36] Figure 8e,h illustrates
the FTIR analyses results for the ErB4 and NdB4 nanostructured

powders. The IR absorbance in the 1200–1500 cm�1 range is
assigned to asymmetric stretching of B—O bond in trigonal
BO3 units.[37] The B–O stretching in tetrahedral BO4 units is
in the range of 800–1200 cm�1. The bending vibrations of bridg-
ing oxygen (B–O–B) between BO3 and BO4 units are active in the
range of 600–800 cm�1.[38–40] In our study, the peak interval of
FTIR for ErB4 and NdB4 powders was nearly in this range. As
supported by the CALPHAD calculations (Figure 2b), under
Mg-lean conditions for REB4, the presence of REBO3 was
observed. This formation of the amorphous layer around the par-
ticles can be attributed to the REBO3 as supported by the FTIR
results which cannot be detected via XRD analyses because of its
amorphous structure.

4. Conclusion

In the present study, nanostructured ErB4 and NdB4 ceramic
powders were successfully prepared through a simple two-step
process that includes MCS via high-energy ball milling, followed
by purification through HCl leaching. A novel and simple pro-
cess for synthesizing nanostructured ErB4 and NdB4 powders
was achieved by the mechanochemical reaction of powder blends
containing stoichiometric amounts of Er2O3/Nd2O3, B2O3 and
Mg powders. During the mechanochemical processing of
Er2O3/Nd2O3, B2O3 and Mg starting powders, the formation
of the ErB4 and NdB4 phase started only after 1 h of milling.
Extending the milling duration to 5 h resulted in the major
NdB4 and MgO phases. Powders milled for 5 h were successfully
purified by leaching in 4M HCl, resulting in the formation of
nanostructured ErB4 and NdB4 powders with mixed rounded-
shape morphology (average size of 100.4 and 85.6 nm) free from
undesired MgO. For the production of NdB4 powders, B2O3

amount was decreased from stoichiometric. MCS’ed ErB4

and NdB4 powders exhibited maximum magnetization of
0.4726 emu g�1 accompanied with an AF-to-paramagnetic phase
transition at about TN= 18 K and 0.132 emu g�1 with a maxi-
mum at about TN= 8.53 K, respectively. An amorphous layer
can be found around the particles which was attributed to the
REBO3 formation based on the FTIR analyses, supported by
the CALPHAD calculations.
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