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Abstract

This study reports a room temperature mechanochemical route for the synthesis of LaBg powders from La,03;—B,0O3;—Mg blends. The
synthesis reaction was driven by high-energy ball milling and was gradually examined in terms of milling duration and process control
agent. Following the mechanochemical synthesis, unwanted MgO phase and Fe contamination worn off from the milling vial/balls were
removed with HCI acid leaching under the effect of ultrasonic stirring. Pure LaBs powders were obtained after repeated centrifuging,
repeated washing and drying. Subsequent annealing was performed in a tube furnace at 800 °C for 5 h under Ar atmosphere in order to
reveal residual elements. Phase and microstructural characterizations of the milled, leached and annealed powders were performed using
X-ray diffractometry (XRD), differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) techniques. A novel route for producing fine-grained LaBg powders was accomplished with shorter reaction times

resulting in higher purity.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Lanthanum hexaboride (LaBg) is a refractory ceramic
material characterized by its high melting point, high
strength, high rigidity, high chemical and thermal stability,
low vapor pressure (at high temperature), low electronic
work function, low sputtering yield, low resistivity, low
thermal expansion coefficient (in some temperature ranges),
high transmission stability, excellent mechanical stability
against ion bombardment, high current and voltage capabil-
ity and high neutron absorbability [1-9]. It is insoluble in
water and in hydrochloric acid (HCI) [1-9]. Stoichiometric
LaBg samples have colors of intense purple whereas boron-
rich ones (LaBg) are blue [10]. However, any significant
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structural difference between purple and blue borides has
been determined by X-ray and neutron diffraction investiga-
tions [10]. LaBg has the cubic CsCl structure with a space
group of Pm3m symmetry, in which lanthanum ions and
boron atoms respectively occupy the Cs site and octahedral
site [9—11]. It is very hard due to the strong covalent bonds of
boron atoms in the structure [11,12].

All these superior properties of LaBs make it a candidate
for several applications such as high-energy optical systems,
sensors for high resolution detectors, electrical coatings for
resistors [13]. LaBg is one of the most widely used thermionic
emitter which offers better performance (higher emission
current density, higher brightness, higher emission stability,
lower energy spread and longer service life) than tungsten
cathodes in a large variety of devices such as high-resolution
electron microscopes, electron beam writing units, vacuum
electron beam welding machines, electron beam surface
reforming and lithography devices, microwave tubes, free
electron lasers and X-ray tubes [1,5,8,12,14-16]. It has
the highest electronic emissivity of any known material and
its performance is unaffected by the presence of nitrogen (N,)
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or oxygen (O,) up to 700 °C [2,12,17]. Recently, LaBg
nanoparticles have been proved as effective in near-infrared
absorption enabling application in reduction of solar heat
gain [18]. Therefore, LaBg has attracted significant interest
amongst transition metal borides and rare earth hexaborides.

LaBg has been generally produced by high-temperature
reactions using several diverse processes or methods such as:
(1) direct solid-phase reaction of lanthanum or its oxides with
elemental boron around 1800 °C, (ii) vacuum hot-pressing of
lanthanum oxide and boron carbide at 1400 °C, (iii) car-
bothermic reduction of lanthanum oxide and boron oxide or
boron at 1500 °C, (iv) arc floating zone method of lanthanum
with boron at 1700 °C, (v) RF or laser heated floating zone
technique, (vi) multi-float zone passage, (vii) aluminum flux
method using lanthanum trichloride/lanthanum oxide and
boron/boron oxide precursors above 1000 °C, (viii) catalyst-
assisted or catalyst-free chemical vapor deposition (CVD)
using lanthanum oxide, lanthanum trichloride or lanthanum
powders and boron trichloride, boron tribromide or decabor-
ane gases in an atmosphere of hydrogen/nitrogen/argon at
1000-1300 °C, (ix) reaction of lanthanum acetate and sodium
borohydride at 900 °C, (x) reaction of hexagonal boron nitride
and lanthanum-citrate-hydrate carbonized substance at
1480-1600 °C and (xi) molten salt electrolysis from oxyfluoride
bath consisting LayO3;-B,Os-LiF-Li,O at 800 °C under
helium or nitrogen atmosphere [1,2,6-8,11-41]. In addition,
LaBg nanoparticles have been prepared in a temperature range
400-500 °C via a solid-state reaction of metallic magnesium
powders with sodium borohydride or boron oxide and
lanthanum trichloride heptahydrate in an autoclave [1,31].
LaBg nanocrystals have also been generated by a solid-state
reaction route of lanthanum trichloride and sodium borohy-
dride at 900-1200 °C under vacuum [18]. LaBs nanopowders
have been synthesized from lanthanum oxide/boron powder
blends in the presence of hydrogen and/or helium in a
radiofrequency thermal plasma reactor [42]. Moreover, LaBg
nanocubes have been produced by low-temperature combus-
tion synthesis of lanthanum nitrate, carbohydrazide and boron
powders at 320 °C [43]. Recently, LaBg thin films have been
deposited by the pulsed laser deposition technique at 850 °C
and LaBg micro/nano structures have been synthesized by
picosecond neodymium-doped yttrium aluminum garnet
(Nd:YAQG) laser [44]. Currently, there exists a number of
research investigations concerning the fabrication of LaBg
containing composite powders: LaBg-ZrB, have been obtained
from lanthanum oxide, zirconium oxide, boron carbide and
carbon powder blends by hot pressing at 1300-1800 °C under
vacuum [3,45]. La,Ce; _ (B¢ whiskers have been synthesized by
the carbothermic vapor-liquid—solid growth mechanism of
lanthanum oxide, cerium oxide and boron oxide powder
blends at 1200-1800 °C [46].

Apart from the above-mentioned production techniques,
an alternative room temperature method can be utilized
for the synthesis of pure fine-grained LaBg powders. This
method involves solid-state reactions performed by high-
energy ball milling, also named as mechanochemical synth-
esis. This novel route enables rapid preparation for oxide

dispersion strengthened alloys, amorphous materials, solid
solution alloys, non-equilibrium alloys, intermetallics, nano-
composites, ceramics and advanced materials which are hard
or impossible to be obtained by conventional production
techniques [47,48]. The mechanism of this process is based on
repeated welding, fracturing and rewelding of the reactant
powder particles which result in reduction or redox reactions.
Mechanochemical synthesis has been controlled by several
factors such as type of mill, milling speed, milling time, ball-
to-powder weight ratio (BPR), milling container, milling
atmosphere, milling environment, type, size and size distribu-
tion of milling media and process control agent [47.,48].

In this study, submicron/nano-scaled LaBgs powders
from La,O;, B,O3 and Mg powder blends were synthesized
via a mechanochemical route. Effects of milling duration
and process control agent on the formation of LaBg were
examined. Subsequent leaching and annealing were also
carried out on the selected products. This study introduces
a novel, simple and room temperature process for the
production of LaB¢ powders and consequently contributes
the first results of the mechanochemically synthesized LaBg
powders to the archival literature.

2. Experimental procedure

2.1. Raw materials

Raw materials used in this study were La,O; (ABCRTM,
99.99% purity), B,O3 (ETI Mine, 98% purity) and Mg
(MME, 99.7% purity) powders. Magnesium was used as a
strong metallic reducing agent. The crystalline phases of
the raw materials were identified using a Bruker'™ D8
Advanced Series X-ray diffractometer (XRD) with CuKa
(1.54060 A) radiation in the 26 range of 10-80° with 0.02°
steps at a rate of 2°/min. International Center for Diffrac-
tion Data®™ (ICDD) powder diffraction files were utilized
for the identification of crystalline phases. The XRD
patterns of La>Os, B,O3; and Mg powders are respectively
illustrated in Fig. 1(a)—(c) and each figure presents diffrac-
tion peaks belonging only to the pure material with no
trace of impurities. Particle size measurements of the raw
materials were conducted in a Malvern™ Mastersizer
2000 particle analyzer using distilled water as the aqueous
media. Fig. 2(a)—(c) represent the respective particle size
distributions of La,O3 [d(0.1)=7.5 um, d(0.5)=28.8 um,
d(0.9)=67.9 um)], B,O5 [d(0.1)=268.5 pm, d(0.5)=438.8 um,
d(0.9)=708.2 um] and Mg [d(0.1)=49.6 um, d(0.5)=111.8
um, d(0.9)=261.1 um] powders. As seen in Fig. 2(a)—(c),
the average particle sizes of the La,O;, B,Os; and Mg
starting powders were measured as 33.6 um, 466.9 pm and
142.7 um, respectively. Powder blends containing stoichio-
metric amounts of reactants were prepared according to
the overall reaction given below in Eq. (1).

La,0; +6B,0;3+21Mg— 2LaB¢ +21MgO (1)

For each run, powder batches of 6 g (1.56 g La,03; 2.0 g
B,0;; 2.44 ¢ Mg) were weighed in a Precisa'™ XB320M



D. Agaogullan et al. | Ceramics International 38 (2012) 6203-6214 6205

Intensity (a.u.)

= P e s & &K ook @ LF
35 40 45 50 5 60 65 70
26 (degree)

T ¥ ' T
10 15 20 25 30 75 80

Intensity (a.u.)

T T T T T T T T T " T " T T v T " T T "1 °
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degree)

Intensity (a.u.)

__

tf1fr > ¢ T =17 1T 7 & 71T 117
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig. 1. XRD patterns of raw materials: (a) La,O3, (b) B,O3 and (c) Mg.

sensitive balance (precision: 0.001 g). To investigate the
effect of process control agent (PCA) on the formation
mechanism of LaBg, 0.5 wt% stearic acid (C13H360,, ZAG,
99.5% purity) was added to the powder blends in some
experiments.
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Fig. 2. Particle size distributions of raw materials: (a) La,O3, (b) B,O;
and (c) Mg.

2.2. Mechanochemical synthesis

Mechanochemical synthesis experiments were carried out
in a multi-axial and vibratory high-energy ball mill (SpexTM
8000 D Mixer/Mill) with a rotation speed of 1200 rpm. Ball-
to-powder weight ratio (BPR) was chosen as 10:1 since the
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required time for the complete reaction decreased with an
increase in the BPR. So, it seems obvious to employ larger
BPRs to prevail the effect of mechanochemical synthesis at
shorter times. However, our previous studies in the synthesis
of TiB, powders revealed that at higher BPRs such as 18/1,
owing to high ductility of magnesium, the repeated welding,
fracturing and rewelding mechanisms were disrupted [49].
Taking this into consideration, the BPR was fixed at a
constant value of 10:1 for all milling runs. The milling
container was a hardened steel vial with a capacity of
50 ml and the milling media was hardened steel balls with
a diameter of 6 mm. The milling vial was evacuated to about
1072 Pa and back filled with Ar gas (Linde™ 99.999%
purity) in a Plaslabs™ glove box to prevent surface oxida-
tion and contamination of powder particles. After sealing the
vials, milling was continually conducted at different durations
up to 25 h. The milled powders were unloaded again under
Ar atmosphere in the glove-box. At least 5.4 g of powders
was extracted from each vial for subsequent treatments and
characterization. Additionally, as-blended (ab) powders
(non-milled) were mixed and homogenized in a WAB™
T2C Turbula blender for 2 h.

2.3. Selective acid leaching

After sufficient milling duration, LaBs and MgO powder
blends were obtained as intermediate products. Selective HCI
(Merck  37%) leaching was applied on these products under
the effect of ultrasonic stirring (Bandelin™ Sonorex). Leach-
ing enabled the removal of the unwanted oxide phase (MgO)
and the impurities (Fe, Cr, Ni) which were worn off from
the milling vial and milling balls. After a series of pre-
experiments, leaching parameters such as HCI concentration,
solid/leachant ratio and duration were chosen respectively
as 3.6 M, 1 g/10cm® and 10 min. Pure fine-grained LaBy
powders (0.223 g) were achieved from 1 g of intermediate
product (milled for 5h) after repeated centrifuging (TD3
Centrifuge, at 3500 rpm for 30 min), repeated decanting,
repeated washing (in distilled water for three times) and
drying (FN 500, at 120 °C for 24 h). After decantation, pH
measurements (pH=2) were made on the supernatant
liquid with an universal indicator paper (MerckTM pH 0-14).

2.4. Annealing

High temperature annealing experiments were conducted
to reveal any residual elements which could not be detected
by X-ray diffraction techniques. 5h milled and leached
powders (0.1 g) were placed in a quartz boat which was
inserted in a Thermoscientific'™ F21130 tube furnace and
annealed at 800 °C for 5 h with a heating and cooling rate of
10 °C/min under Ar gas flowing at a rate of 500 ml/min.

2.5. Characterization

The Gibbs free energy change and enthalpy change versus
temperature curves were interpreted by HSC Chemistry™™

Ver. 4.1 program. XRD investigations of the as-blended,
milled, leached and annealed powders were performed in a
Bruker™ D8 Advanced Series powder diffractometer using
the same conditions for the raw materials. Average crystallite
sizes and lattice strains of the LaBg powders were determined
utilizing Bruker-AXS TOPAS V3.0 software [50]. Thermal
properties of the mechanochemically synthesized powders
were examined in a TA™ Instruments Q600 differential
scanning calorimeter (DSC). For each run, 10 mg of powders
was placed in an alumina crucible and heated up to 1100 °C
at a heating rate of 10 °C/min under Ar atmosphere.
Microstructural characterizations and energy dispersive
spectroscopy (EDS) analyses of the milled and leached
powders were carried out using a Hitachi™ TM-1000
scanning electron microscope (SEM) operated at 15 kV and
a Jeol"™-JEM-2000EX transmission electron microscope
(TEM) operated at 160 kV. EDS results were reported as
the arithmetic means of three different measurements taken
from the same regions in the samples. The elements in the
supernatant liquid were analyzed in a Perkin Elmer™
1100B atomic absorption spectrometer (AAS).

3. Results and discussion

In order to clearly understand the formation probability of
the LaBg powders, HSC ChemistryTM Ver. 4.1 program was
used to calculate the reaction energetics of the ternary
La>O5-B>0O5Mg system. Fig. 3 shows the Gibbs free energy
change and enthalpy change versus temperature curves of the
overall reaction given in Eq. (1). The reaction has a large
negative free energy change indicating that it takes place
spontaneously and therefore it is thermodynamically feasible
at temperatures between 25 and 2000 °C. Moreover, a large
negative enthalpy change of the reaction implies that a large
amount of heat was released during milling due to exother-
mic reactions and the vial temperature increased significantly
[48,52]. So, the results of the thermodynamic calculations
show the possibility of a complete reaction carried out at
room temperature process.

Fig. 4 illustrates the XRD patterns of the La,O3;—B,O3—Mg
powder blends before milling and after milling for different
durations. It is evident from Fig. 4(b)—(d) that there is no
reaction after milling for 1, 2 and 2.5 h since La,O; (ICDD
Card No: 071-5408, Bravais lattice: primitive hexagonal,
a=b=0.393 nm, ¢=0.614 nm) and Mg (ICDD Card No:
035-0821, Bravais lattice: primitive hexagonal, a=5=0.329
nm, ¢=0.521 nm) phases are still present in the powder
blend. However, the XRD patterns of the as-blended, 1 and
2 h milled powders (Fig. 4(a)<(c)) distinctly demonstrate the
gradual decrease in the crystallite sizes of the La,O; and Mg
phases. No peaks belonging to the B,O; phase can be
observed in the XRD patterns of the as-blended, 1, 2 and
2.5h milled powders (Fig. 4(a)-(d)), whose absence is
attributed to its amorphous nature and further amorphiza-
tion during milling. After milling for 2 h 45 min (Fig. 4(e)),
the LaBys (ICDD Card No: 034-0427, Bravais lattice:
primitive cubic, a=b=c=0.416 nm) and MgO (ICDD Card



D. Agaogullan et al. | Ceramics International 38 (2012) 6203-6214 6207
-1600 T T T T T T T T T -3300
] ’
-1800 H /
1 - - -3400
20004 ATa /
T - -3500
-2200 H
. -
- -3600 —~
-2400 - /
§ i - - =
e’ S’
-2 4 / ol
%J 600 1 - -3700 4
-2800 - /.
. u - -3800
-3000
- A
j -/ \\‘____\ L 3900
-3200 - e Y P
_|/ -
-3400 T T T " T " 1 T T T T T -4000
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (°C)
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Fig. 4. XRD patterns of the La,03;—-B,03;—Mg powder blends after milling
for different durations: (a) Oh, (b) 1 h, (¢c) 2h, (d) 2h 30 min, (e) 2h
45 min, (f) 3h, (g) Sh, (h) 6 h, (i) 11 h and (j) 25 h.

No: 045-0946, Bravais lattice: face-centered cubic, a=b=
¢=0.421 nm) phases emerge in the microstructure as the
reaction products of Eq. (1). Further milling for 15 min
enables a rapid solid-state chemical reaction between the raw
materials resulting in the reaction products. X-ray reflections
for the LaBg phase contain ten peaks at values of 21.354°,
30.387°, 37.445°, 43.517°, 48.969°, 53.995°, 63.218°, 67.564°,
71.757°, 75.849° which are respectively indexed as (100),
(110), (111), (200), (210), (211), (220), (300), (310) and (311)
crystal planes (Fig. 4(e)—(j)). Additionally, the La-B binary
phase diagram shows the presence of the LaB,, LaBg and
LaBy phases in which the LaBg is defined as the stable
compound [51]. The absence of LaB, and LaBy phases in the

XRD patterns and the X-ray reflections of LaBg phase have
also been reported in the literature in which micro/nano
structures of LaBg were synthesized by several different
methods [1,2,11,18,20,31,37,42-44]. Although the LaBg
formation was achieved after milling for 2h 45 min,
milling was prolonged in order to observe any probable
degradation of the reaction products. Extended milling
durations up to 25 h only result in the broadening of the
LaBg and MgO peaks which represents decrease in their
crystallite sizes (Fig. 4(e)—(j)). Therefore, the mechano-
chemical reaction proceeding from 2h 45 min to 25h is
completely in agreement with the Eq. (1). There are no
additional compounds between Mg-B, Mg-B-O, La-B-O,
La—Mg, etc. which can be detected by the XRD analyses.

Mechanochemical synthesis is related to the repeated
welding, fracturing and rewelding mechanism of the reactants
and the contact points between the powder particles provide
favorable conditions for the formation of the products. Two
different reaction kinetics could be possible for the synthesis
of the LaBg powders from the La,O3;-B,O3—Mg blends. The
first one may be explained by the extension of the reaction
to a very small volume with each collision which results in
a gradual transformation [48]. The second one could arise
from the occurrence of the ignition initiated by the exother-
mic reactions (negative enthalpy change in Fig. 3) and
attained by the critical milling duration [52]. It is considered
that there is only particle refinement during milling until the
ignition temperature is reached. Continuous deformation
of product particles, subsequent to the mechanochemical
reaction accomplished by means of ignition, again results in
crystallite refinement and increase in lattice strain. Fig. 5
exhibits the average crystallite sizes and lattice strains of
LaBg as a function of milling duration in the powder blends
milled for 2h 45min, 3, 5, 6, 11 and 25h. The average
crystallite size of LaBg decreases from 82.4 nm to 42.4 nm.
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The decrease is sharp until 11 h of milling due to relatively
effective fracturing of powder particles, however after a
sufficient milling time, it slows down. In contrast to the
average crystallite size, the lattice strain of LaBg increases
from 0.194% to 0.533% with progressive milling. As
expected, the lattice strain gives rise between 11 and 25h
milling durations. The broadening and the gradual decrease
in the intensities of LaBg peaks in Fig. 4(e)—(j) correlate with
pertinent average crystallite sizes and lattice strains in Fig. 5.

In order to determine the thermal behavior and the
reaction completion of the La,O3;—B,O;—Mg powder blends,
DSC analyses were conducted on the milled (2 h, 2 h 45 min
and 5 h) products (Fig. 6). The DSC curve of the 2 h milled
powder given in Fig. 6(a) shows that there is only a sharp
exotherm at about 630 °C with onset temperatures of 610
and 650 °C. On the basis of Fig. 4(c), 2 h milled powders
contain La,0O3, B,O3 and Mg phases. Although B,O3 and
Mg respectively melt at 450 and 650 °C, there are any
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endothermic peaks corresponding to the melting of them.
Due to the identification of the exothermic peak monitored in
Fig. 6(a), 2 h milled powders were heated up to 650 °C and
the subsequent XRD analysis of this sample reveals La,Os,
Mg and MgO phases. Thus, the sharp exothermic peak
emerges in consequence of Mg oxidation. This also means
that Mg was completely consumed in the dominant exother-
mic reaction before its melting point was reached. The DSC
curve of the 2 h milled powders conforms well with ignition
derived reaction kinetics since it is based on the negative
enthalpy change (Fig. 3) and hence on the exothermic
reactions. A study in the current literature reports the
achievement of TiO,, Mg and MgO main phases when
TiO>-B>Os-Mg powder blend (undetermined molar ratio)
was treated at 630 °C [53]. As seen in Fig. 6(b), the shape and
place of the main exotherm changed after 2 h 45 min milling.
It became a very small and narrow exotherm between 645
and 660 °C with a maximum point of 651 °C. The tempera-
ture of the exotherm peaking point shifts about 21 °C, as a
result of the comparison of Fig. 6(b) with Fig. 6(a). Accord-
ing to the XRD pattern in Fig. 4(e), there are LaBs and MgO
phases in the 2h 45min milled powders. However, the
exothermic peak points out the oxidation of the residual
Mg in the powder blend. The contradiction between the
outcomes of the XRD and DSC analyses arises from the
amount of Mg which is below the XRD detection limit. Also,
it can be said that mechanochemical synthesis and very small
amount of remaining Mg postpone the exothermic reaction
and cause the temperature shift. DSC curve of the 5 h milled
powders given in Fig. 6(c) displays no exothermic peaks. This
implies the completion of the reaction with no evidence of
unreacted Mg, as compatible with the presence of LaBg and
M¢gO phases in the XRD pattern in Fig. 4(g). On the basis of
Figs. 4 and 6, La,O3;, B,O3; and Mg powders completely
reacts after 5 h milling to form LaBg and MgO.

In order to indicate the effect of milling and detect the
existing phases, XRD investigations were carried out on the
as-blended La,O3;—B,Os—Mg powders heated to 1200 °C and
rapidly cooled down to the room temperature under Ar
atmosphere. Fig. 7 is a XRD pattern of the as-blended and
heated powders, showing the LaBg and MgO main products
with additional LaBO3 (ICDD Card No: 012-0762, Bravais
lattice: primitive orthorhombic, a=0.587 nm, »=0.826 nm,
¢=0.511 nm) and MgzB,O4 (ICDD Card No: 038-1475,
Bravais lattice: primitive orthorhombic, a=0.540 nm,
b=0.842 nm, ¢=0.451 nm) phases. However, as explained
previously, the DSC curves of the milled powders in
Fig. 6(a)~(c) do not exhibit any formation exotherms
belonging to either LaBO3; or Mg;B,0¢ phases. In other
words, the LaBs and MgO phases which form during
milling ( > 2 h 45 min) are thermally very stable and do not
decompose and/or undergo phase transformation (Fig. 6(b)
and (c)). It is considered that milling increases the reactivity
of the components towards desired reduction reaction
(Eq. (1)) since it provides particle refinement of the starting
materials and thereby a more homogeneous particle size
distribution throughout the powder blend can be achieved.
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Fig. 7. XRD pattern of the as-blended La,O3;-B,03-Mg powders after

heated to 1200 °C and rapidly cooled down to room temperature under
Ar atmosphere.
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Fig. 8. XRD patterns of the PCA added La,03;-B,03-Mg powder blends
after milling for different durations: (a) 3 h, (b) 5h, (c) 8 h and (d) 12 h.

The results indicate that if milling were not carried out on the
La,05-B,03-Mg powder blends, the heating process had no
chance of resulting complete conversion of the reactants
without additional compounds. Therefore, on the basis of the
XRD pattern of the as-blended and heated powders shown in
Fig. 7, the significance of the mechanochemical synthesis and
its effect on the reduction mechanism of La,O3; and B,O5 can
be emphasized once more.

Fig. 8 shows the XRD patterns of the PCA (0.5 wt%
stearic acid) added La,O3;—B,0O3-Mg powder blends after
milling for 3, 5, 8 and 12 h. It is a known fact that process
control agents act as surface-active agents and reduce the
effect of cold welding by lowering the surface tension,
preventing agglomeration by adsorbing on the surfaces of
the powder particles and providing more homogeneous
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particle size distribution [47,48,52]. As previously seen
from Fig. 4(e), a milling duration of 2 h 45 min is sufficient
to start the reaction for synthesizing the LaBs and MgO
phases. However, no reaction takes place even after 8 h of
milling (Fig. 8(a)—(c)) with the addition of 0.5 wt% stearic
acid into the powder blend. There is only a very small
incubation of MgO at about 42.5°. XRD patterns of the 3,
5 and 8 h milled powders in Fig. 8(a)-(c) show a gradual
reduction in crystallite sizes of La,O3 and Mg. As shown in
Fig. 8(d), LaBs and MgO phases emerged in the micro-
structure after 12 h milling in the presence of the PCA
whereas the reaction was completed after 5 h milling in the
absence of it (Fig. 4(g)). On the basis of this observation, it
can be stated that the stearic acid slows down the reaction
rate as well as decreases the particle size by inhibiting
interparticle welding during collisions [48]. If only the
reaction is taken as basis without considering milling
duration, the effect of PCA on the crystallite size of
LaBg is incontrovertible. LaBg has a crystallite size of
447 nm and a lattice strain of 0.332% in the PCA added
powder blend milled for 12 h while the crystallite size of
LaBg in the 2 h 45 min milled powders without PCA is
about 82.4nm (Fig. 5). Furthermore, the approximate
value of the LaBg crystallite size in the PCA added powder
blend can be reached after 11 h milling with higher lattice
strain value (0.406%) in the absence of PCA. Although PCA
partially eradicates the agglomeration and also adhesion
problems because of its waxy structure, it prevents ignition
and postpones the complete reaction. Therefore, the use
of PCA cannot be considered as an economical way to
synthesize LaBg powders but it nevertheless provides smaller
crystallite sizes which are impossible to attain without it. On
the other hand, the amount of stearic acid may be reduced to
less than 0.5 wt% or the type of PCA may be changed to
shorten the reaction times. Moreover, carbon, hydrogen and
oxygen containing stearic acid are likely to contaminate the
powder blend by introducing carbides and/or oxides into the
powder particles. The probable contamination is under the
detection limit of XRD since the added stearic acid is about
0.03 g for each run. Consequently, the nature and amount of
the PCA and the type of the milled powder may determine
the reaction time, final size, final shape and the purity of the
powder particles.

According to the characterization investigations in Figs. 4,
6 and 8, 5 h was chosen as the optimum milling duration
for the mechanochemical synthesis of LaBs powders and
hence following processes such as leaching and annealing
were conducted on the 5 h milled powder blend. Fig. 9(a)—(c)
display the XRD patterns of the La,Os—B,Os-Mg powder
blends after milling for 5h (Fig. 9(a)) and those after
subsequent leaching (Fig. 9(b)) and annealing (Fig. 9(c)).
1 g of 5 h milled powder blend was selectively leached with
HCI under the effect of ultrasonic stirring which accelerates
the interaction of powder particles in the leach solution.
HCI acid was very vigorous initially for few seconds with
gas evolution. After stated treatments, intense purple LaBg
powders were obtained as the final product. Fig. 9(a) and

A A LaB, 4 MgO
A
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A A A A
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Fig. 9. XRD patterns of the La,03;-B,O;—Mg powder blends after
(a) milling for 5h, (b) milling for 5h and leaching and (c) milling for
5 h, leaching and annealing.

(b) reveal that the unwanted by-product MgO was com-
pletely removed from the powder blend. Thus, pure LaBg
powders were successfully synthesized after 5 h milling and
subsequent leaching. In the XRD pattern of the 5 h milled
and leached powders shown in Fig. 9(b), there is no residual
magnesium chloride (MgCl,) or its hydrates (MgCl,.xH»O)
and magnesium hydroxychloride (MgOHCI), proving the
effectiveness of the leaching parameters. Moreover, the inten-
sities of the LaBg peaks are lower than those in the XRD
pattern of the 5 h milled powder blend. This can be explained
by slight dissolution of LaBg in HCI because 0.223 g residual
solid was obtained instead of 0.325 g which is the theoretically
calculated amount of LaBg from Eq. (1). Although the XRD
patterns of the milled powders do not comprise any peaks
belonging to impurities (Fe, Ni, Cr) contaminated by the
milling vial and milling balls due to their very small contents,
they can be removed by HCI leaching as well as MgO. It was
proved by the AAS analysis of the supernatant liquid that it
consists of 11.05 ppm Fe, 0.198 ppm Ni and 1.123 ppm Cr.
The XRD pattern of the annealed powders in Fig. 9(c)
demonstrates that final LaBs powders are sufficiently pure
since it does not contain any residual elements remnant of
the HCl leaching. As given in Fig. 5, the crystallite size and
lattice strain of LaBg in the 5h milled powder blend are
respectively 70.1 nm and 0.201%. After leaching, the
crystallite size and lattice strain reduces to 53.3 nm and
to 0.029% which means that larger MgO particles and
nearly the whole effect of milling on the lattice were
removed. Furthermore, the crystallite size and lattice strain
of LaBg increases to 139 nm and 0.052% after annealing,
which is also pointed out with the higher intensities of
LaBg peaks in Fig. 9(c). The lattice strain is expected to be
reduced or removed by annealing. However it could be
result from the appreciable increase in the crystallite size
and thereby it can be considered as tolerable.
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Fig. 10(a)—(c) are the respective back-scattered SEM images
of the La,O3;-B,Os—Mg powder blends after milling for 0, 5
and 25 h. As seen in Fig. 10(a), as-blended powders have white

10 um

10 um

Fig. 10. Back-scattered SEM images of the La,O3;—B,O;-Mg powder
blends after milling for different durations: (a) 0 h, (b) 5h and (c) 25 h.

irregular agglomerates and dark gray leaf-like particles.
EDS measurements revealed that white irregular agglomer-
ates contain about 25.50 + 1.60 wt% Mg, 23.40 £ 3.20 wt%
B and 50.87 +2.45 O (mixture of B,O; and Mg) and dark
gray leaf-like particles involve about 84.77 +2.63 wt% La
and 13.93 + 1.42 wt% O, explaining respectively the mixture
of B>O; and Mg phases and the composition of La,Oj3
phase. According to the SEM image of the 5h milled
powder blend in Fig. 10(b), there are white rounded-shaped
particles embedded in the dark gray irregular agglomerates,
with sizes not larger than 800 nm. Although observable
particle size is generally around 350 nm, agglomeration of
the powder particles prevents the observation of smaller
ones. On the basis of several EDS measurements, white
particles have the composition of 65.27 +2.58 wt% La and
30.38 + 1.90 wt% B and dark gray irregular agglomerates
include 58.30 +3.25wt% Mg and 37.55+3.15wt% O.
EDS results are compatible with the calculated weight
percentages of the elements in the LaBs and MgO phases.
With the extension of the milling duration to 25 h, dark
gray MgO agglomerates in Fig. 10(b) disappeared and
replaced with the particles ranging in size between 100
and 500 nm, as obviously seen in Fig. 10(c). Besides, white
LaBg particles with a maximum size of 250 nm achieve a
more homogeneous distribution throughout the surface as
milling duration increases. SEM images in Fig. 10(a)—(c) and
their EDS measurements are in good agreement with the
XRD patterns shown in Fig. 4(a), (g) and (j) and the
calculated crystallite sizes shown in Fig. 5.

Fig. 11(a) is a back-scattered SEM image of the La,O3—
B,0O;-Mg powder blend after milling for 5 h and leaching.
According to this figure, the 5 h milled and leached powders
have a homogeneous particle size distribution and consist
of equiaxed particles smaller than 500 nm. Distinct particle
size reduction of the leached powders can be obviously
seen by comparing them with Fig. 10(b). The general EDS
analysis of this sample indicates that the synthesized
powders do not involve any residual element or contamina-
tion since only 67.40 + 1.83 wt% La and 32.90 + 0.80 wt%
B were present in the microstructure. Fig. 11(b)—(d) are
the bright-field (BF), dark-field (DF) and selected area
diffraction pattern (SADP, from the white-circled region of
BF image) micrographs taken from the La,Os;-B,Os-Mg
powder blend after milling for 5 h and leaching. Fig. 11(b) is
a BF image taken from a general region showing agglom-
erates comprising polygonal/spheroidal-shaped particles in
sizes varying between 75 and 300 nm. Spheroidal-shaped
LaBg grains ranging in size between 25 and 60 nm can be
unambiguously identified from the micrographs in Fig. 11(c)
and (d). These findings conform with the XRD (Fig. 9(b))
and AAS analyses and the average crystallite size reduction
from 5h milled powders to leached powders was also
supported by the SEM and TEM images. Consequently,
LaBg powders with fine microstructure were synthesized
and can be further processed to various shapes of rods,
tubes, wires, slabs, disks and special designated forms and
also can be further used as precursors of composites.
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Fig. 11. Micrographs of the La,03;-B,O3-Mg powder blend after milling for 5 h and leaching: (a) Back-scattered SEM image, (b) Bright-field (BF) TEM
image, (c) Dark-field (DF) TEM image and (d) Selected area diffraction pattern (SADP) revealing the presence of LaBg particles ranging in size between
75 and 300 nm. Objective aperture is on (011), camera length is 100 cm and zone axis is [0T1].

4. Conclusions

Based on the results reported in the present study, the
following conclusions can be drawn:

e A novel and simple process for synthesizing LaBs powders
was achieved by mechanochemical reaction of powder
blends containing stoichiometric amounts of La,Os,
B,0O3 and Mg powders.

® The formation reaction of the LaBs and MgO phases
took place after 2h 45 min milling and completed
after 5 h milling in Spex 8000 D Mixer/Mill with a 10/
1 ball-to-powder weight ratio. No peaks of Mg-B,
Mg-B-O, La-B-O and La-Mg or other unstable

La-B can be detected in the XRD patterns of the milled
products.

The addition of stearic acid as process control agent has
a negative effect on the milling duration due to the
postponement of the chemical reaction. However, it has
a positive effect on the average crystallite size and lattice
strain of LaBg and also their agglomeration.
Subsequent leaching which was done at 3.6 M HCI
concentration with 1 g/10 cm® solid/leachant ratio dur-
ing 10 min enables to obtain pure LaBs powders with a
particle size between 75 and 300 nm and with a grain
size between 25 and 60 nm. The purity of LaBs powders
was also proved by the annealing of the 5 h milled and
leached powders at 800 °C for 5 h.
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