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Abstract In this study, a three-step synthesis process is
proposed for the production of submicron B4,C powders.
The initial step is the mechanical activation of a Mg—C—
B,0O3 mixture, which is carried out by using a high-energy
planetary ball mill. The second phase is the microwave-
assisted combustion synthesis, used to fabricate the MgO—
B4C composite powders. The final stage is an acid leaching
for removing the MgO phase. The results of DSC, XRD,
and SEM analyses indicated that mechanical activation was
a vital process for microwave synthesis and that no starting
powders were remained unreacted after microwave heat-
ing. A considerable reduction in reaction temperature was
obtained from DSC analysis after mechanical activation
process. TG results indicated that separated milling of Mg
with B,O5; powders would avoid the formation of gases
during exothermic reactions. Finally, it was found that
submicron boron carbide powders with an average crys-
tallite size about 114 nm were produced with a high purity
after acid leaching.
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Introduction

Boron carbide is a solid solution stable over the composi-
tional range of 8.9-24.3 at.% C. Its noticeable properties
are highest hardness over 1100 °C, high strength, high
melting point (2450 °C), low density (2.52 g cm™>), good
wear resistance, good chemical stability, high Young
modulus (457 Gpa), and high resistivity at elevated tem-
peratures. Due to its high hardness, boron carbide powder
is used as an abrasive in polishing, ball mills, nozzles for
slurry pumping, sand blasting nozzles, grinding media,
ceramic bearing, wire drawing dies, lapping applications,
and also as a loose abrasive in cutting applications such as
water jet cutting [1-6].

A number of processes are available for the synthesis of
B,4C powders, and each process varies in the characteristics
of the powder produced and processing cost. Recently,
some authors reported that B,C ceramic powder could be
formed via magnesiothermic reduction process using boron
sources such as B, B,Os, H;BO3, and Na,B,0-, as well as
Mg and carbon sources such as petroleum coke, graphite,
and activated carbon [7-16]. Magnesiothermic reduction
process could be formed using mechanochemical synthesis
using a ball milling or self-propagation high-temperature
synthesis (SHS) process. Sharifi et al. [8] reported the
formation of B4C nanoparticles using mechanochemical
synthesis. Deng et al. [15] synthesized submicron-sized
boron carbide particles by the reduction of boron oxide
with carbon and magnesium by mechanical alloying
method using a planetary ball mill. The advantages of ball
milling (mechanochemical synthesis) are easy handling,
and the applicability to a wide range of different classes of
materials [17, 18]. However, due to a long time needed for
the production of a low amount powders, the process is not
economical and it seems that it could not be scaled to an
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industrial level. In addition, due to the long milling times
(tens and even hundreds of hours), the final products be-
come contaminated by substances erased from the walls of
mill vials and balls. Thus, the drawbacks of this process
lie in high-energy consumption and low product purity
[19-22]. SHS process has been used so far as an inexpen-
sive process, in which highly exothermic reactions between
the constituents become self-sustaining and proceed via a
combustion propagation wave through an entire sample,
providing an attractive low cost alternative to conventional
methods of producing advanced materials [23-27]. It
should be noted that these exothermic reactions could be
simply confined using diluents, etc., to avoid damaging the
combustion chamber. Siegert et al. [28] have reported that
the addition of significant amounts of carbon into thermite
compositions, by enclosing the oxide into hollow carbon
fibers, slows down the propagation velocity of the com-
bustion front, due in particular to the separation of the re-
active phases by the carbon walls and to the formation of
carbide. The energy-efficient nature of the process stems
from the fact that the energy required is provided by the
reaction enthalpy. An external energy source is only used
for local ignition of reactant powders or a compact on one
end. Once initiated by a hot wire, the external heat source is
turned off immediately and the process requires no further
addition of energy. The process is simple and lacks a need
for complicated expensive experimental configurations.
The reaction is complete within seconds rather than hours,
which makes SHS an economical process [29, 30]. The
chemical reaction of the mixture of B,O5 and C reacted with
Mg to produce B,4C is shown in Eq. (1) [14]:

B,0; + 0.5C + 3Mg = 0.5B,C + 3MgO (1)

When Mg is selected as the reducing agent, the leaching
process of the SHS product should be carried out in HCI1
containing aqueous media to obtain clean boride product
on a filter. MgO dissolution reaction in an aqueous HCI
solution is shown in Eq. (2) [14].

MgO(s) + 2HCl(aq) = Mg>* (aq) + 2C1™ (aq) + H,O(1)
(2)

Recently, it has been reported that microwave energy can
be used to synthesize ceramic powders where reactions of
component oxides at elevated temperatures are involved
[27, 31-34]. Microwave-assisted combustion synthesis
(MACS) technique has been effectively used to produce
powders in shorter times in comparison with the conven-
tional synthesis carried out in an electric furnace [27, 35, 36].
Microwave synthesis of materials is fundamentally different
from the conventional synthesis in terms of its heating
mechanism. In a microwave oven, heat is generated within
the sample volume itself by the interaction of microwaves
with the material [37, 38]. Microwave energy heats the

@ Springer

material on a molecular level, which leads to uniform
heating, whereas conventional heating systems heat the
material from outer surface to interior, which results into
steep thermal gradients. In fact, microwave energy has be-
came an essential tool in the processing of some of the
technologically important products such as ceramic honey-
combs, where thermal gradients have to be minimized in
order to avoid the formation of cracks which occur during
drying [27, 37, 38].

In this study, the formation of submicron-sized boron
carbide powders was studied via MACS technique using a
graphite—boric acid-Mg mixture.

Experimental
Samples preparation

The materials used in this study were 99 % pure graphite
powder, 99.5 % pure Mg powder, and 99 % pure H;BO;
powder. B,O; was obtained by the calcination of 99 %
pure boric acid at 130 °C for 4 h. Based on Eq. (3) and
molar mass values of boric acid, boron oxide, and water,
about 44 % mass loss should be occurred after complete
calcination of boric acid:

2H3BO3 — B203 + 3H20 (3)

It was found in our examinations that a gelatin-like ma-
terial would be obtained after boric acid calcination if the
temperature is higher than 150 °C. This causes the boric acid
powders not to easily convert to boron oxide and an exten-
sive adhesion to the container wall is occurred. However, it
was found that 4-h heating at 130 °C is necessary for com-
plete conversion of boric acid to boron oxide. After this
process, about 46 % mass loss was calculated that was
higher than the required amount needed for complete cal-
cination, for which the removal of impurities from the boric
acid powders might be responsible in this regard.

The morphology of starting powders as well as their
average particle size is shown in Figs. 1 and 2, respec-
tively. The graphite powder is angular and flaky in shape
with a mean particle size of 40 pm, while the Mg powder
has two averages particle size of about 80 and 250 pm.
Dried B,03 powders has an irregular shape of about 10 um
in mean diameter size. During the process, the boric acid
powders were continuously blended to be sure about the
complete conversion to boron oxide. Two samples were
fabricated in this study to investigate the effect of me-
chanical activation on the reaction mechanism. Table 1
shows how these two samples were prepared in this study.
As can be seen, sample S; is just milled for 5 min to obtain
a minimum required interface between the starting pow-
ders. It should be noted that before mechanical activation
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Fig. 1 Scanning electron micrographs of images of as-received powders, a graphite, b Mg, ¢ dried boric acid

process for sample S,, to avoid CO or CO, formation, B,O3
and Mg powders were separately mixed and milled with
each other in accordance with the needed calculated mass
based on reaction (1). The graphite powders were then
added to this mixture based on reaction (1) (to the best of
our knowledge, this method is novel). All the milling
processes were performed under argon atmosphere (with
purity of 99.99 %) by using a Fritsch Pulverisette P5 pla-
netary ball mill using steel vial and a blend of hardened
steel balls (6 g 10 mm and 94 g 20 mm diameters, total
balls mass: 100 g). Both the samples were then uniaxially
pressed without a binder at 400 MPa pressure into a disk of
15 mm diameter and 5 mm height to approximately 70 %
of the theoretical maximum density (TMD). The cold-
pressed specimens were placed inside a quartz tube (inside
diameter: 25 mm). The quartz tube was surrounded with
Al,O5 fiber blocks in order to minimize heat loss. The
quartz tube was purged with argon continuously at a flow
rate of 2 L min~" during heating. They were then put in a
domestic microwave oven (LG Electronics Inc., 1.0 kW
power and 2480 MHz frequency) for the MACS process. A
provision was made for the escape of combustion gases via

quartz tube by providing two exhaust openings at the top of
the microwave oven. After MACS process and crushing of
the synthesized samples, MgO and the other unwanted
products were leached out by hot hydrochloric acid for 1 h
at 110 °C using an enclosed container to avoid evaporation
of the solution. The solution was filtered after leaching, and
the purified products were washed by distilled water for
several times to eliminate extra HCI acid. The purified
products were then dried in oven at 70 °C for 1 h.

Samples characterization

The physio-chemical changes for both the samples during
heating were investigated by a simultaneous TG/DSC
measurement using a Netzsch STA 409 (Germany)
analyzer with a maximum working temperature of 1500 °C
to study the effects of mechanical activation on the reac-
tions. The TG/DSC experiments utilized high-purity
corundum as a reference. Powder samples of ~30 mg
were loaded and pressed into an alumina crucible, which
will not react with the reactants, and heated up in an inert
argon atmosphere at the rate of 20 °C min~'. The phase
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compositions of the samples before MACS as well as those
of crushed powders after MACS and leached products were
characterized by using X-ray diffractometer (Bruker’s D8
advance system, Germany) using CuKa (4 = 0.15405 nm)
radiation. The crystallite size analysis was made through
X-ray diffraction (XRD) patterns using the Scherrer
method [39, 40].
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Fig. 2 Particle size distribution of the starting powders, graphite (a),
Mg (b)

Table 1 Ball milling parameters of the samples

D =KJ/(f cos 0) (4)

where 0 is the Bragg diffraction angle, K is a dimensionless
shape factor, D is the average crystallite size, 4 is the
wavelength of the radiation used, and f is the line broad-
ening at half the maximum intensity (FWHM), after sub-
tracting the instrumental line broadening, in radians.

The microstructures of the as-milled and as-synthesized
powders were studied using two kinds of scanning electron
microscopes (SEM, Cam Scan Mv2300 and KYKY-
EM3200). The specific surface areas and mean particle size
of the B4,C powders after leaching were measured from the
nitrogen absorption data using the Brunauer—-Emmett—
Teller (BET) technique (Quantachrome Nova 2200e) and
laser particle size analyzer (Mastersizer 2000, Malvern),
respectively.

Results and discussion

Figure 3 shows the XRD pattern of the samples. As this
figure shows, no phase composition change has occurred
after mechanical activation of the powders, meaning that
no reaction has occurred, although Mg and B,0; powders
were previously milled separately for 1 h and then mixed
together. As can be seen, some corresponding peaks of the
starting powders have disappeared after mechanical acti-
vation. The background is also increased after 5-h me-
chanical activation. This slight peaks disappearing is
usually associated with combined instrumental effects and
structural factors such as reduced crystallite size, and strain
at the atomic scale caused by the lattice distortion [21]. In
addition, despite the XRD results, the possible oxidation of
Mg powders in some parts due to their exposure to the
boron oxide powders during the first step of milling might
be the other reason for disappearing of some corresponding
peaks of the starting powders. The XRD analysis could not
detect the phases with low amount of volume fraction.
Figure 4a shows the X-ray phase analysis of the crushed
powders after MACS process. As it indicates, MgO phase
is a dominant phase, which was fabricated as well as B4,C
phase. No other phases could be obtained after MACS,
meaning that mechanical activation was high enough for
these powders to react with each other after heating in the
microwave. Our results indicated that no combustion

Sample Step 1 Step 2
N 5-min mixing of Mg, B,0Os, and graphite powder with the
rotating speed of 400 rpm and ball-to-mass ratio of 5:1
S, Milling of B,0O5; and Mg powders for 1 h with the rotating Addition of graphite to the milled powders of step 1 (B,O3; + Mg) and

speed of 400 rpm and ball-to-mass ratio of 5:1

milling them (C + B,O5; + Mg) for 4 h with the rotating speed of
400 rpm and ball-to-mass ratio of 5:1
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Fig. 3 XRD patterns of samples S, and S, before MACS process

synthesis was happened after MACS for sample Sj,
meaning that even a high rate of heating in the microwave
could not stimulate the as-mixed powders to start the re-
action. Therefore, no phase change was observed for the
sample S; after MACS. Another important result was that
the amount of existing gases from the microwave oven was
considerable for sample S;. Generally, the complete reac-
tion of the carbon is very difficult because the reaction by-
product such as carbon monoxide carries volatile boric
species away from the reaction site, which breaks the
stoichiometry [41, 42]. It seems that milling of B,O5; and
Mg powders followed by mechanical activation process for
4 h could lead to the prevention of unwanted intermediate
products formation during MACS. After leaching of the
crushed milled powders, the XRD analysis was applied to
investigate whether MgO was removed after acid leaching.
As it can be seen in Fig. 4b, no peaks corresponding to the
other products could be seen beside B,C phase. The B,C
phase peaks seem to have a low intensity and a high width,
and the results of crystallite size calculation based on the
Scherrer equation indicated that the produced B4C phase
has an average determined crystallite size value of 114 nm.

Figure 5 shows the as-mixed sample S; (left image) and
mechanically activated sample S, (right image), which
were exposed to the microwave heating. As it can be seen,
no distortion could be seen for the as-mixed sample S;,
while it seems that intensive reactions have occurred dur-
ing MACS for sample S, containing mechanically acti-
vated powders.

As just 5-min milling was applied for the sample S; and
no considerable morphological change was obtained for the

100.00
2theta

T T T T
60.00 70.00 80.00 90.00

starting powders, therefore SEM analysis was only per-
formed for sample S,. Figure 6a shows the powders’
morphology of sample S, before MACS. It seems that a
considerable agglomeration has occurred for the Mg—
B,03—C milled mixture. The brittle nature of boron oxide
powders led to fragmentation of these powders, and it
could be seen that submicron-sized B,O; particles with
round shape were embedded in a ductile matrix of Mg and
graphite, leading to an adequate interface between the
starting powders. However, it should be mentioned that the
agglomeration of B,0O; fine powders (see Fig. 6a) is
inevitable during milling and an ideal distribution of the
starting powders will not be obtained during ball milling. It
seems that ductile powders (graphite and Mg) with larger
particles size and sheet-like morphology might be well
embedded the brittle fine B,O3 powders (see Figs. 1 and 2).
In fact, for making a suitable contact between the starting
powders for complete reactions, the morphology and the
particle size of starting powders are the important factors.
Figure 6b shows the morphology of the crushed sample S,
after MACS using a ball mill for 10 min. A brittle nature
could be seen due to a formation of edge-like fine powders
after considerable fracturing during just 10-min crushing.
The powders are appeared to be fine in average particle
size. The XRD patterns (see Fig. 4a) indicated that these
powders were composed of MgO and B,C phases.

Figure 7 shows the morphology of B,C powders after
acid leaching. Ultra-fine B4C powders were produced with
almost a spherical shape after acid leaching; Fig. 8 indi-
cates that their average particle size (dys) is about
0.669 um, while their specific surface area is about
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Fig. 4 XRD patterns of sample S, after MACS (a) and acid leaching (b)

Fig. 5 Images of samples S,
(right image) and S, (left image)
after MACS process

10 m* g~'. As can be seen in Fig. 7, the powders have a
diameter size below 3 pm. In fact, it seems that a much
lower particle size was obtained for the B4C powders in
respect to that shown in Fig. 6b, indicating that the
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presence of MgO phase caused the particle sizes of the
B,C-MgO mixed powders to have a higher average par-
ticle size. This means that acid leaching that removed the
MgO phase, which seems to behave like cement toward
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Fig. 6 SEM images of powders
of sample S, before (a) and after
MACS (b)

25 KV

Fig. 7 SEM image of B4C powders obtained after acid leaching

Fig. 8 Particle size distribution Specific surface area:
and surface area of B4C 10 m?/g
powders measured by laser d(0.1):  0.324 um
granulometry

-
500 X 25 KV 2.50 KX

SR .
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B,4C particles, led to the formation of pure B4,C phase with
a lower average particle size.

High-energy collisions between the reactant powders
and balls inside a ball mill could lead to the mechanical
activation of the powders, which may enhance the kinetic
of the reactions as a result of the mixing and refining of the
microstructure and increase the energy level of the starting
powders, allowing the reaction to occur at much lower
temperatures than normally required [26, 30, 43-46].
Figure 9a shows the DSC/TG analysis of as-mixed powders
of sample S;, which were exposed to heating up to 1000 °C.
As can be seen, two successive endothermic peaks were
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revealed below 300 °C, which are related to the thermal
decomposition and dehydration of boric acid [26, 27] and
TG analysis shows that this occurrence led to an about
20 % mass loss. In fact, this shows that about 20 % mass
increase might be occurred due to the moisture sorption
during mixing and before TG analysis. The third en-
dothermic peak revealed at about 640 °C is related to the
melting peak of Mg. This means that no reaction was taken
place before the melting of Mg for the mixed powders as
no exothermic peak could be seen in this range of tem-
perature. Two exothermic reactions have occurred after the
melting of Mg at about 670 and 900 °C, indicating that
reaction (1) has occurred partially or completely in two
steps for the sample S;. As Mg is very prone to oxidation,
the first exothermic peak could be related to the incomplete
formation of MgO due to the exposure of Mg and B,0O;
powders, and the second one might be related to the in-
complete formation of B4,C. More importantly, a 6 %
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reduction in the mass value of the powders was revealed
after 800 °C, in which the second exothermic reaction was
taken place, which may show the formation of CO or CO,
gases during this exothermic reaction, leading to an in-
complete formation of the main products [47]. Figure 9b
shows the thermal analysis of sample S,. As this curve
shows, milling of Mg and B,0; for 1 h and then mechanical
activation process in the presence of graphite powders for
4 h considerably change the thermal behavior of the
Mg-B,03-C ternary system during heating to 1000 °C. A
weaker endothermic peak compared with the curve of
sample S; was revealed below 200 °C, which shows that
two-step milling processes might lead to the exit of mois-
ture from the powders as only about 10 % mass reduction
was taken place after this endothermic peak. As can be seen,
an intensive exothermic reaction has occurred at about
520 °C, indicating that mechanical activation changed the
synthesis mechanism of B,C and MgO phases. It seems that
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combustion synthesis has occurred in one step for this
sample during an intensive exothermic reaction (see Fig. 9b,
intensity of the DSC curve). No endothermic melting peak
of Mg could be seen, meaning that MgO phase was com-
pletely formed during combustion synthesis at 520 °C. As
can be seen, no reducing trend could be seen for TG analysis
for this sample after combustion synthesis (520 °C),
meaning that no CO and/or CO, gases may be formed for
this sample. We believe that step 1 of mechanical activation
was effective to make an adequate interface between B,O3
and Mg to make sure that all oxygen atoms were consumed
for the formation of MgO phase. In fact, the milling of the
ternary mixture without applying the first step of ball milling
might lead to the presence and interference of carbon phase
between Mg and B,O3; powders and a required interface
between Mg ad B,0O3 phases for complete formation of MgO
might not be formed. While, for the sample S,, during the
formation of MgO, the exposure of fresh reduced boron to
the C phase would lead to the formation of B4,C powders. In
conclusion, it should be mentioned that mechanical activa-
tion in two steps could avoid the formation of unwanted
phases after MACS process, and the reaction mechanism
was changed after the mechanical activation that both the
phases (B4C and MgO) were completely formed in one step.
In fact, the first step of the ball milling process for 1 h for
sample S, (see Table 1) affected the kinetic of the reaction
between Mg and B,Oj3, and the second step for 4 h changed
the reaction mechanism of B,C—MgO fabrication in solid
state at a much lower temperature than 900 °C, indicating
the simultaneous formation of MgO and B,C phases.

In conclusion, the following mechanism could be sug-
gested for fabrication of B4C powders from the me-
chanically activated starting powders of Mg-B,0;—C:

1. MACS activates the magnesiothermic reaction be-
tween B,0; and Mg, leading to the formation of
liquid/gas (MgO) and liquid (B) reaction products,
which the first step of the milling process between
B,O5; and Mg highly affects this step.

2. The gaseous products of the reaction between B,0O3
and Mg might activate the graphite powders, leading to
their reaction with liquid boron to form B4C particles
with a small average particle size in a matrix of MgO
phase. Finally, the leaching process removes the MgO
matrix and submicron powders of B4C phase with a
low crystallite size of about 114 nm were formed.

Conclusions
In this study, microwave energy was used to stimulate the

as-mixed and mechanically activated ternary system of
B,0;-Mg-C powders for the final synthesis of B,C

powders from acid leaching of B,C-MgO products, ob-
tained via the MACS process. The following results could
be drawn from the experimental results:

1. No MACS has occurred for the as-mixed ternary
system, indicating that mechanical activation is re-
quired for the synthesis of B,C-MgO phases.

2. Based on the XRD results, no phase change has
occurred after two-step mechanical activation process,
indicating that the ball milling parameters were chosen
correctly to increase the surface contact between the
powders and their energy levels without revealing new
phase peaks in XRD patterns.

3.  From XRD results, B,C and MgO phases were formed
after MACS without any detection of the correspond-
ing peaks of the starting powders. Acid leaching by
using HCl was also successful for the complete
removal of MgO phase.

4. Pure B4C powders with a submicron particles size and
almost the spherical shape and an average crystallite
size of 114 nm were obtained after MACS, followed
by acid leaching.

5. From TG analysis, two-step mechanical activation
process (first, ball milling of B,O; and Mg, and
second, addition of graphite powders) was effective to
avoid the formation of unwanted gaseous products
after MACS.

6. From DSC analysis, mechanical activation of the
starting powders changed the reaction mechanism, in
which combustion synthesis has occurred during one
intensive reaction at solid state below 600 °C. In fact, a
sharp reduction in reaction temperature has occurred in
DSC analysis after mechanical activation.

7. It is finally proposed that liquid/gas (MgO) and liquid
(B) fabricated after the reaction between B,O5; and Mg
and the gaseous products of this reaction might
stimulate the C phase for the reaction with liquid
boron to form B4C.
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