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Abstract. Amorphous boron powders with small particle size, narrow size distribution and high purity are very
important in the high-tech ﬁelds. Mechanochemical synthesis was used to prepare amorphous boron nanoparticles.
Synthesis process stage was carried out using stoichiometric amounts of B2 O3 and Mg powders (6.7 g). Milling
was carried out under argon atmosphere in the high-energy planetary ball mill with a ball-to-powder weight ratio
(32 : 1) for 10 h. The vial rotation speed was about 440 rpm. Milled products were leached by 28% hydrochloric acid
(only one) to remove impurities. Boron powders were obtained after centrifuging, decanting, washing and drying
operations. Sample was characterized by inductively coupled plasma (ICP), energy-dispersive spectroscopy, X-ray
diffraction, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The ICP results
showed that boron powders with purity about 91 wt% can be prepared in the planetary ball mill. Also, the leached
powders had an amorphous structure. According to the SEM observation, average particle size of boron powders
was smaller than 32 nm and the yield of synthesized nanoboron was more than 74%.
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Introduction

Boron is one of the least understood elements that can be
applied in semiconductor ﬁeld. It releases the highest volumetric heat of combustion (135.8 MJ l−1 ). Also, it has the
third highest gravimetric heat of combustion (58.5 MJ kg−1 ),
after H2 and Be. Boron has potential for using in the fuel
or adding to fuel as the additive [1,2]. There are crystalline
and amorphous structures for boron powders. The reactivity of boron powders depend on its form (crystalline structure and amorphous structure). Amorphous boron powder
has a higher energy density than the fuels like magnesium,
hydrocarbon and carbon. Also, it exhibits a high melting
point (about 2300◦ C), high hardness, suitable chemical inertness and thermal stability, low density (2.3 g cm−3 ), superior interesting electrical properties. These properties cause
amorphous boron powders an attractive prospect for practical applications in several ﬁelds such as thermo-electric
energy conversion, high energetic material, high-temperature
devices and refractory materials [3,4].
There are different methods for preparation of boron powders in micron and nano-size scales. Important methods
include: (1) metallothermic method: reduction of boron compounds (such as boron oxide, halogenides and ﬂuoroborates)
by metals at high temperature (Mg is the suitable reducing
agent), (2) reduction of boron halides with hydrogen, (3)
thermal decomposition of boron compounds (such as
boron halides and hydrides) and (4) electrolytic reduction
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method: electrolysis of molten borates or ﬂuoroborates [5,6].
Furthermore, boron nanopowders have been synthesized by
arc decomposition of B2 H6 reduction of BCl3 (g) in an
inductively coupled plasma (ICP) (about 50 nm), solution
reduction of BBr3 with sodium naphthalenide [7], gas phase
pyrolysis of decaborane (10–150 nm) [8]. Also, ball milling
process of coarse boron powders was used to prepare boron
nanoparticles in a Spex-CertiPrep 8000M mixer mill (highenergy ball mill) using a tungsten carbide milling jar (about
50 nm) [1,9]. From these methods, boron halids reduction
method is very dangerous, containing the reaction between
highly reactive gases (H2 and BCl3 ), and the formation of a
highly corrosive gas (HCl) in high temperature [6].
The magnesiothermic reduction is a self-propagating high
temperature synthesis (SHS), which is the way for preparation of various materials. In this method, reaction starts by
external heating and continues with energy supplied by the
reaction. Anyway, it is difﬁcult to control the SHS reaction
process because of the high exothermic effect in a few seconds. In this technique, ﬁnal products have many types of
impurities such as Mgx B2 O(x+1) (x = 2, 3), Bx O, MgBx (x =
2, 4, 6), and leached ﬁnal powders have low purity about 88
wt% and product has a large particle size (about 0.5–5 μm).
This method needs to high-volume argon gas and high-cost
equipments [3,4].
In addition to the above methods, boron powders can be
synthesized by mechanochemical reaction in high-energy ball
mill [10–12]. Mechanical synthesis of the powder mixtures
containing boron compounds (such as B2 O3 or H3 BO3 powders) and reducing agents (such as Mg or Al powders) is
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a new way to obtain boron powders. This process can be
performed at room temperature [3].
For the ﬁrst time, Darvishi and co-workers [10] prepared
boron powders by mechanochemical synthesis in a SPEX
8000. After that, Ricceri and Matteazzi [11] and Agaogulliari
et al [12] prepared boron powders in the SPEX ball mill by
this method in the different conditions. These researchers
used only SPEX ball mill (laboratory mill).
Nanostructured elements or compound can be prepared by
variety techniques. One of the methods is high-energy ball
milling powders or synthesis by ball milling [13]. In the
method, welding, deformation of materials, fracture of initial
powders and chemical reaction takes place at the interface of
particles during milling in low temperature (without external heating). Therefore, solid-state reaction or solid–liquid
reaction can be occurred in a milling device without external heating [14]. In the method, some reactions have been
reported such as displacement reactions of the type
MO + R → M + RO.

(1)

In this reaction, metal oxide (MO) is reacted by a more reactive metal (R, such as Mg, Al, etc.) to prepare pure metal (M)
and these reactions are described by change in a large negative free energy (Gibbs free energy) and so, they are thermodynamically possible at room temperature. The occurrence
of these reactions is restricted by kinetics investigations [15].
According to the milling conditions, the mechanical reaction can be carried out in two different kinetics ways: (1)
a self-propagating reaction that can be initiated when the
reaction enthalpy is sufﬁciently high (MSR process) and (2)
a gradual transformation of the reactant. The ﬁrst reaction requires a critical time for the ignition and combustion
reaction. The MSR process has been shown that the mill
temperature initially increases slowly with time. After a certain period of milling, the temperature increases abruptly,
conﬁrming that ignition has taken place. The time at which
a rapid increase in temperature happens is ascribed to as
the ignition time (tig ). After this time the reaction occurs
quickly. This temperature depends on the enthalpy change
and microstructure factors of reactants (brittle, ductile, etc.)
[15,16]. Mechanical synthesis kinetics can be depended on
several agents such as the thermodynamic properties of the
reaction, the mechanical properties of the reactants, and
milling parameters such as the impact energy and frequency
[17]. For determination of the reaction kinetics is usually
used from adiabatic temperature. In the ball milling (MSR
process), Tad more than 1800 K (sometimes 2000 K) is necessary for a reaction to become self-sustaining, but the milling
conditions can affect on the process kinetics [18,19].
The main goal of this paper is to introduce a low cost way
for preparation of nanoboron powders with purity more than
90% in the planetary ball mill at room temperature. This process does not need to use gas phase materials as initial compounds. Therefore, this method is safer than other mentioned
methods. To the best of our knowledge, the mechanochemical synthesis of boron nanopowders from B2 O3 –Mg system

in a planetary ball mill has not previously been reported in
the references. Boron powders were synthesized via a twostage process involving (a) mechanochemical reaction of an
exothermic mixture consisting of boron trioxide (B2 O3 ) and
magnesium (Mg), and (b) extraction of boron powders from
the ﬁnal milled product by leaching with hydrochloric acid
28 wt% (only one) and washing. The novelty of this paper
is that particle size of mechanically synthesized boron powders in a planetary ball mill is reported for the ﬁrst time.
Also, the reaction kinetics in this process was investigated
by temperature measurements and X-ray diffraction (XRD)
analyses. Moreover, some obtained results were compared
with the results that have been reported for SHS process
(magnesiothermic reduction).
2.

Materials and procedure

2.1 Materials and methods
Raw materials contained boron oxide (B2 O3 , purity: 99.99%,
United Arab, micron size about 300 μm) and magnesium
(Mg, purity: 99.99%, Merck, ﬂake, particle size smaller than
1 mm). In this experiment, 3.3 g B2 O3 and 3.4 g Mg were
mixed with ball-to-powder weight ratio (BPR, 32 : 1). Initial materials containing stoichiometric amounts of reactants
were prepared in agreement with the exothermic reaction
B2 O3 + 3Mg → 2B + 3MgO.

(2)

Milling container was hardened steel vial with a capacity of
250 cm3 and milling media was hardened steel balls (6 balls
with diameter of 18 mm and a ball with diameter of 13 mm).
The container was ﬁlled with argon (purity: 99%) to hinder
oxidation of products and milled powders during the reaction
(under 3 bar of argon gas). The mixed powders were milled
in a planetary ball-mill (Model: NARYA-MPM 2*250, Amin
Industrial Manufacturing Co.) with a rotation speed of vial
440 rpm. Milling was carried out for 10 h (working time:
50 min, resting time: 10 min). Also, this process was performed in a vial without reactants for determining external
temperature of vial during ball milling.
Milled powders were leached by HCl solution (Merck,
28%) at a temperature between 60–70◦ C by a heater-magnetic
stirrer to remove other solid by-products such as MgO and
other impurities such as Fe or Fe2 O3 or Mg, B, O components. Solid/leachant weight ratio and acid leaching time
were chosen as 1 g/30 ml and 4 h, respectively. Final product
was prepared after several centrifuging, decanting, washing
(deionized water, 4 h, 100◦ C). Drying treatment was carried
out in a vacuum oven at 50◦ C for 12 h.
2.2 Characterization of powders
The thermochemical behaviour of the reaction in SHS mode
(for initial reactants), ball-milled mixture powders after 2 h
and puriﬁed powders were characterized by differential scanning calorimetry (DSC) analyses. A Mettler Toledo system
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was employed for DSC studies at the temperature range of
25–1400◦ C in the argon atmosphere. The heating rates were
30◦ C min−1 . External temperature of the vial was measured
using a noncontact infrared thermometer in order to investigate the reaction kinetics. The structures of milled and
leached powders were determined by XRD using Cu Kα
radiation (Philips Analytical X-Ray B.V.). ICP analysis was
used for determination of B, Mg and Fe in the ﬁnal leached
product by ICP-AES system (model: Perkin Elmer 53000 V).
Also, energy-dispersive spectroscopy (EDS) investigation
of the puriﬁed powders was performed using Philips XL30 ESEM. Particle size was determined by scanning electron microscopy (SEM) analysis (KYKY China, model:
EM3200) and transmission electron microscopy (TEM) analysis (Philips, model: CM120).
3.

Results and discussion

3.1 B2 O3 –Mg reaction process
Figure 1 shows DSC result of B2 O3 –Mg reaction (in stoichiometry amounts).
From ﬁgure 1, it can be seen that there is a sharp exothermic peaks at 1033◦ C. After melting B2 O3 and Mg (at 650◦ C),

Figure 1. DSC pattern of B2 O3 –Mg reaction system.
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at the temperature of about 980◦ C, very small exothermic
peak can be seen; the reason is that the melting of metal
Mg increases the slow initial exothermic reaction. Finally,
a sharp exothermic peak appeared at 1033◦ C, implying that
chemical reaction performed (in the liquid phase).
According to ﬁgure 1, this reaction can be performed in
a SHS mode under initial heating by metallothermic
reaction.
In some references, the reaction between B2 O3 and Mg
was introduced as a thermite reaction and it has enthalpy of
about −550.4 kJ mol−1 . Also, it has a negative Gibbs free
energy and Tad for the reaction is 2460 K [20]. Therefore, the
reaction can be performed as a MSR mode in the ball mill
without external heating.
3.2 Investigation of the reaction kinetics in the synthesis
process
Figure 2 shows the external temperature of vials for reaction
vial (reactor) and empty vial under the employed experimental conditions.
From ﬁgure 2, until 2 h after milling, change in temperatures were the same and only reduction in particle size, defect
density and particle reﬁnement were happened, but with continuing the milling process, temperature of the reactor was
more than another. It can be understood that after 2 h milling
the reaction was initiated to form a gradual transformation or
tig decreased a lot and reaction was accrued in a MSR process but it cannot be detected. After about 8 h milling, the
reaction completed (temperature was constant after 8 h).
The above result is a complicated phenomenon. In addition
to thermodynamic properties of reaction (such as enthalpy
and Gibbs free energy) other parameters such as characteristics of reactants and milling conditions have the important
effects on the milling process.
Mingliang and co-workers [21] worked on the important
parameters that can cause a combustion reaction in a ball
mill (MSR). They reported some results. For example, they
claimed that the highly exothermic nature of a reaction that
determines by adiabatic temperature or heat of reaction is
not the most important factor for beginning a reaction in
the MSR conditions, but it is a prior condition, whether or
not MSR happens. They reported that the progress way of a
reaction relies on the change in the reaction kinetics during
milling. The mechanical characteristics, property of initial
materials and the type of atomic bond of reactants have an
important role in MSR process.
3.3 Characterization of powders during the process

Figure 2. External temperature of vials as a function of milling
time.

Figure 3 shows the XRD patterns of initial reactants, milled
powders in 2, 4, and 10 h and leached powders.
From ﬁgure 3 can be seen after 2 h milling, the reaction
cannot be performed. But after 4 h, MgO as a by-product
produced and little Mg powders existed. Finally, after 10 h,
all of the initial reactants were consumed. From the XRD
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results and temperature measurements, it can be found that
the reaction was performed in gradual mode and very low
temperature in comparison with the SHS method.
Mechanochemical process has an important role in the
reduction of reaction temperature and this point has effect on
the reaction kinetics. Figure 4 shows DSC pattern of milled
powders after 2 h milling.
As can be seen from ﬁgure 4, the reaction temperature
peak decreased to 742◦ C. Decreasing the reaction temperature because of reduction in particle size, change in structure
of initial materials and diffusion phenomenon have very
important role in the reaction kinetics. Also, it can be found
that safety can be increased with ball milling method.
In ﬁgure 3, crystalline boron phases (hexagonal, cubic
and rhombohedral) cannot be detected in XRD pattern of
leached boron (d). Also, there were not distinct crystalline
impurity phases such as Mg3 (BO3 )2 , B2 MgO4 , Mg2 B2 O5 ,
MgB6 , MgB2 , MgB12 , B2 O3 , MgO, Fe2 O3 in this pattern.
In addition, no considerable peaks of other impurities, such
as MgBx and Bx O are detected in the pattern. Therefore, it
can be said that the ﬁnal product does not have a distinct

crystalline structure and boron powders under the experimental conditions have the amorphous phase.
In the ball milling process, various factors inﬂuence on
the phase structure of ﬁnal products. For example, the speed
of balls and mill, the size and weight of balls, temperature, milling time and other variables can affect on the ﬁnal
structure of materials [15].
The inﬂuence of process variables on the amorphization
behaviour has been reported in some systems [15]. For example: in the Ni–Zr system, amorphous phase did not produced
at a BPR: 3 but at BPR: 5 (higher intensity), amorphous
structure was produced (because of insufﬁcient energy at low
intensities). In this reference, the result showed that longer
milling time cause to amorphization of powders [22]. In the
Al–Ta system, it was reported that a fully amorphous phase
was produced only at a BPR of 36 : 1 or 108 : 1 and in the
BPR of 12 : 1 a crystalline phase was achieved. Also, at a
BPR of 324 : 1, a mixture of a crystalline and amorphous
phases was obtained [23]. In the another study, it has been
shown that an amorphous structure was not obtained in ball
milling with large diameter balls [24].

Figure 3. XRD patterns of reactants (B2 O3 and Mg), and milled powders after (a) 2
h, (b) 4 h, (c) 10 h (before leaching) and (d) ﬁnal powders (after leaching and washing).

Figure 4. DSC pattern of B2 O3 –3Mg reaction system after 2 h milling.
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Figure 5. EDS pattern of synthesized boron powders in planetary ball mill.

Therefore, the important investigated variables are milling
intensity (rotation speed of vial, BPR) and milling temperature. Augmented milling energy (obtained by a higher
BPR, high rotation speed, etc.) is expected to produce more
strain and intensify the defect concentration in the powders
and thus cause to easier amorphization. In addition, higher
milling energy present more heat and higher temperature and
this affect on the crystallization of the amorphous phases.
Thus, a balance between the effects of the factors can be
determined the nature of the ﬁnal product phases [15].
In this work, the rotation speed and BPR are relatively
high. Also, there was heat transfer from vial to environment
(hardened steel vial and ball). Also, ball milling caused to
reduction of reaction temperature. Therefore, it can be said
that there is a balance between the factors and under the
experimental conditions amorphous boron powders can be
prepared. Moreover, the structure of initial powders affects
on the ﬁnal phase of product. Initial B2 O3 powders had
a mixture of crystalline and amorphous phases. After 2 h
milling, the phase of B2 O3 change to amorphous and amorphous boron structure can be related to this point. Also, it
can be seen from the XRD patterns b and c, with increasing
the milling time, the structure of the milled powders becomes
amorphous signiﬁcantly.

3.4 Chemical composition of leached powders
In the leaching process, reaction (3) can be performed and
by-products can be removed from milled powders
MgO + 2HCl → MgCl2 + H2 O.

(3)

MgCl2 is dissolved in water and removed after washing.
Also, impurities such as Fe or Fe2 O3 react with HCl and
remove by washing. ICP analysis showed about 91 wt% B,
5.2 wt% Mg and 0.9 wt% Fe in the ﬁnal product. Also,
ﬁgure 5 shows the weight% of elements in the leached
powders.
Further results revealed that after twice acid leaching and
washing, purity of ﬁnal powders was improved to 92.7 wt%
boron, 4.5 wt% Mg and Fe can be removed by two times
acid leaching completely (by ICP test). Also, more than twice

puriﬁcation steps cannot be affected on the purity of ﬁnal
products.
As can be seen from ﬁgure 5, in addition to B, other
elements such as O and Mg exist in the puriﬁed powders.
This result is related to this point that reaction did not completely perform in the reaction way and some by-products
such as Mg2 B2 O5 , Mg3 (BO3 )2 , B2 MgO4 can be formed
depending on the reaction conditions. Also, there is Fe element in this test that the impurity released from the milling
media because of impact and shear between balls–powders,
ball–powder–vial. It can be assumed that the presence of iron
powders from milling media affects on the reaction kinetics
such as PCA or inert salt and caused reaction occur in the
gradual mode. According to the results, most of the impurities were removed by leaching process.
Finally, 0.73 g brown boron powders were collected.
Therefore, the yield of boron production with 91% purity was
more than 74%. Compared with the SHS method, obtaining boron powders with the high purity is the important
advantage for the method.
In addition to the above results, other samples with B/P
weight ratio: 10 (2 ball with diameter 18 mm) and 20
(4 ball with diameter 18 mm) under the employed experimental
conditions were tested. The ﬁnal results showed that boron
powders cannot be prepared in these B/P weight ratios and
only reduction in particle size and diffusion were occurred.
Moreover, in the experimental conditions, a sample with
1.83 g total initial powders under BPR 30 (4 ball with diameter 13 mm) was tested and result revealed that boron powder cannot be synthesized in these conditions. This result can
be related to this point that produced energy in the milling
process was not enough for performing the reaction.

Table 1. Chemical elements in boron powders obtained by EDS
analysis (reported by Dou and co-workers [25]).
Samples (in stoichiometric amounts)

B%

Mg%

Fe%

1 (SHS method)
2 (ball milling [15 min, 300 rpm] + SHS)
3 (ball milling [20 min, 30 rpm] + SHS)

85.03
88.71
92.86

13.3
9.86
6.47

0.07
0.05
0.3
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Figure 6. DSC pattern of puriﬁed boron powders.

Therefore, it can be found that many factors can be
affected on the milling process and selection of the suitable preparative conditions has very important role in the
mechanochemical synthesis method.
Dou and co-workers [25] published a paper about preparation of amorphous boron nanopowders. They reported composition of elements in boron powders that were prepared
by the SHS method and ball milling–combustion synthesis
method. Some results are summarized in table 1.
As can be seen from table 1, high purity boron powder
was obtained for sample 2, 3 in SHS + ball milling method.
These results are similar to our results but mechanochemical
reaction is a safer and cheaper (low temperature, consuming little argon component) than the SHS method. Moreover,
content of Mg in the ﬁnal product in the mechanical method
is less than SHS method. In the high-energy ball milling,
the mixed degree among the reactants can enhance and the
reactant reactivity can improve to strengthen the reaction
degree.
The reported results are revealed that Mg is an important
impurity in the industrial amorphous boron powders such
as SB86 (86% B) and SB90 (90%) [26,27]. In the metallothermic method, synthesizing boron powders with purity
about 100% cannot be possible because other reactions can
be performed (such as reactions of 4–6) with this reactants
[28–30].
3MgO + B2 O3 → Mg3 B2 O6 ,

(4)

B2 O3 + 4Mg → MgB2 + 3MgO,

(5)

2MgO + B2 O3 → Mg2 B2 O5 .

(6)

Therefore, using initial materials in the reaction stoichiometry can be affected on the component of ﬁnal powders.
After puriﬁcation steps, DSC test was performed for ﬁnal
powders. Figure 6 shows the result of thermal analysis for
puriﬁed boron powders.
Impurities such as MgB2 (melting point (decomposition):
800◦ C) [31], MgB6 (1100◦ C) [31], MgB12 (1300◦ C) [31],
Mg2 B2 O5 (1360◦ C) [31], etc. can be existed in the puriﬁed
powders.
As can be seen from ﬁgure 6, an endothermic peak in the
1366◦ C exists. It can be related to melting point of Mg2 B2 O5 .

3.5 Morphology and particle size
Figure 7 shows particle size of the leached boron powders by
SEM analysis.
In ﬁgure 7, the calculations were exhibited the average
particle size after puriﬁcation steps smaller than 32 nm. It
reveals that the powder does not have recognizable lattice
fringes due to the amorphous character of powders.
Figure 8 also shows the size of boron nanopowder is
ultraﬁne and smaller than 25 nm.
Dou and co-workers [25] reported the size of boron powders that were synthesized by the SHS method. In this paper,
the initial materials were contained B2 O3 and Mg powders
(1 : 3) and they were mixed in ordinary tank mixing for 3 h and
then were placed in the reactor to ignite and the combustion
synthesis reaction to synthesize products. They reported that
structure of boron powders was rod-like crystals and particle size were in micron scale (length of about 1 μm and the
diameter of 100–200 nm). Therefore, the ball milling method
has an important role in preparation of nanoboron powders
in comparison with the SHS method.
Amorphous boron particles with small size, narrow size
distribution and high purity are very signiﬁcant in the hightech ﬁelds [32]. Therefore, this method and its scale up

Figure 7.

SEM micrograph of the boron nanoparticles.
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