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ABSTRACT

In this study, LaBs—Al,O3 nanocomposite powders were synthesized via ball
milling-assisted annealing process starting from La,O3;-B,O5-Al powder blends.
High-energy ball milling was conducted at various durations (0, 3, 6 and 9 h).
Then, the milled powders were annealed at 1200 °C for 3 h under Ar atmo-
sphere in order to obtain LaBs and Al,O3; phases as reaction products. X-ray
diffractometry (XRD), scanning electron microscopy/energy-dispersive spec-
trometry (SEM/EDS) and transmission electron microscopy (TEM) techniques
were utilized to carry out microstructural characterization of the powders. No
reaction between the reactants was observed in the XRD patterns of the milled
powders, indicating that high-energy ball milling did not trigger any chemical
reactions even after milling for 9 h. LaAlO; and LaBOj; phases existed in the
annealed powders which were milled for 0, 3 and 6 h. LaBO3; phase was
removed after HCI leaching. 9-h milled and annealed powders did not exhibit
any undesired phases such as LaAlO; and LaBO; after leaching step, and pure
nanocrystalline LaBs—Al,O; composite powders were successfully obtained.
TEM analyses revealed that very fine LaBs particles (~ 100 nm) were embed-
ded in coarse Al;O; (~ 500 nm) particles.
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other hand, lanthanum hexaboride (LaBg) is a tran-
sition metal boride exhibiting excellent properties

Introduction

Aluminum oxide (Al;O;) has attractive properties
such as high hardness, high wear resistance, high
chemical stability and good thermal conductivity
[1, 2]. Besides being a cost-effective and readily
available material, Al,O5 is an important engineering
ceramic widely used in cutting tools, biomedical
materials, electrical insulators and as reinforcing
particles in metal matrix composites [3-6]. On the
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such as high melting temperature, high strength, high
hardness, high chemical and thermal stability, low
electronic work function and low thermal expansion
coefficient [7, 8]. LaBs has unique application areas
compared to Al,O; due to its distinctive electronic
structure, and magnetic, optical and thermionic
properties [9-11].
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Lanthanum hexaboride is generally synthesized by
using several high-temperature processes including
floating zone method [12-14], chemical vapor depo-
sition [15, 16], carbothermal reduction [17], solid-state
reactions [18, 19] and liquid-state reactions [14].
Apart from these techniques, mechanochemical syn-
thesis (MCS) is an alternative process for obtaining
nanocrystalline LaBs, powders [20, 21]. MCS is a
solid-state synthesis method in which new phases
emerge as a result of reactions between starting
powders within the welding, breaking and rewelding
cycles in a high-energy ball mill [22-24]. Due to the
intensive plastic deformation in the milling media,
starting powders comprise a high amount of material
defects such as stacking faults, dislocations, vacan-
cies, etc., and hence, the activation energy required to
proceed the exchange reactions is significantly
reduced [25, 26]. If new phases are synthesized in situ
during high-energy ball milling, the process is named
as MCS. On the other hand, if they are obtained after
short-time high-energy ball milling followed by
annealing, the process is designated as mechanically
activated annealing [27, 28]. In addition, long-time
high-energy ball milling and annealing process can
be applied for the emergence of new phases [29, 30].
It has been shown that the combination of ball milling
and annealing is an effective route in producing
various refractory materials [24]. Agaogullar1 et al.
[20] synthesized LaBgs and MgO powders from La,Os,
B,O3; and Mg initial materials by a mechanochemical
reaction in a high-energy ball mill. They showed that
magnesiothermic reduction took place after milling
for 2 h 45 min which yielded LaBs and MgO phases
and high purity LaBs powders were obtained after
HClleaching [20]. Similarly, pure LaBs powders were
obtained after calciothermic reduction in La,Os; and
B,O; in a high-energy ball mill by MCS for 2 h and
after a purification step [21]. Besides, Akgiin et al.
[31] achieved nano-scaled LaBs powders after MCS in
a high-energy ball mill. However, there is an open
area in the archival literature about the facile syn-
thesis of LaB, powders embedded in an oxide cera-
mic material. It should be also noted that almost no
available investigations exist regarding the solid-state
synthesis of LaBs—Al,O; powders in the literature
that provide potential applications. However, some
attempts were made for the solid-state synthesis of
ALO;-TiB,;, ALOs—ZrB,, AlLO;-NDbB,, etc. [32-34].
Additionally, it has been reported that transition
borides such as TiB,, ZrB, and NbB, enhanced the
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mechanical properties of the Al,Os-based composites
in terms of fracture toughness, hardness, etc.
[33, 35, 36]. The LaBs—Al,O3 ceramic powders can be
suitable candidates as particulate reinforcements and
they can contribute to the microstructural and/or
mechanical properties of the ceramic or metallic
matrix composites.

In the present study, pure LaBg—Al,O; nanocom-
posite powders were synthesized by a combined
method of high-energy ball milling, annealing and
leaching processes for the first time in the archival
literature. The effect of milling time on the formation
of LaBs and Al,O; phases were investigated in terms
of detailed microstructural characterizations.

Experimental procedure

La,O;5 (Alfa Aesar™, 99.99% purity) and B,O5 (ETI
Mine, 98% purity) powders were used as oxide
starting materials. Al (Alfa Aesar™, 99.5% purity)
powders were utilized as metallic reducing agent.
Particle size analysis (PSA) of the raw materials was
conducted in a Malvern™ Mastersizer 2000 particle
analyzer using distilled water as the aqueous media.
Microstructural characterization of the powders was
carried out using a JEOL™ JCM-6000Plus NeoScope
scanning electron microscope (SEM, operated at
15 kV) and its coupled energy-dispersive spectrom-
eter (EDS). Figure 1a—f shows the representative SEM
micrographs and corresponding particle size distri-
butions of the LayOs, B,O; and Al initial powders
which have mean particle sizes of 10.1, 336.6 and
20.2 um, respectively.

Powder blends containing stoichiometric amounts
of reactants were prepared according to the overall
reaction given in Eq. (1).

La203 + 6B203 + 14Al = 2LaB6 + 7A1203 (1)

For each run, powder batches of 8 g (2.32 g La,O3,
298 g B,O5; and 2.70 g Al) were weighed in a Pre-
cisa™ XB320 M sensitive balance (precision: 0.001 g).
Ball milling experiments were carried out in a Spex™
8000D Mixer/Mill having a clamp speed of 1060 cy-
cles/minute (115 V) with a ball-to-powder weight
ratio (BPR) of 10:1 using hardened steel balls (a total
of 60 milling balls each with a diameter of 6 mm) in a
hardened steel vial (50 ml capacity). It should be
mentioned that prior to the milling experiments,
powder blends, milling vials and milling balls were
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Figure 1 SEM and PSA images of the raw materials a, d La,03, b, e B,Os and ¢, f Al

dried in a vacuum oven at 120 °C for 2 h in order to
remove possible moisture adhered on their surfaces.
Afterward, the milling vials were evacuated to about
1072 Pa and backfilled with Ar gas (Linde™, 99.999%
purity) in a Plaslabs™ glove-box to prevent surface
oxidation/contamination of the powder particles.
After sealing the vials, milling was conducted at
different durations of 3, 6 and 9 h. Milled powders
were unloaded again under Ar atmosphere in the
glove-box. Then, powders were compacted into pel-
lets using a hand press located inside the glove-box in
order to avoid internal oxidation prior to cold
pressing step. On the other hand, non-milled (0 h)
powders were blended and homogenized in a
WAB™ T2C Turbula blender for 1 h and they are
hereafter referred to as-blended powders. Before
annealing process, hand-pressed pellets were com-
pacted in a 10-ton capacity MSE™ MP-0710 uniaxial
hydraulic press under a pressure of 450 MPa. The
reason for compacting the powders was to increase
the contact area between them and hence to increase
atomic diffusion rate to produce the desired phases.
The compacted green bodies were placed in an alu-
mina boat in a Linn™ HT-1800 high-temperature
controlled-atmosphere furnace and annealed at
1200 °C for 3 h with a heating and cooling rate of
5°C under Ar gas flow. Annealed samples were
easily ground in a mortar before the purification step
in order to obtain powders free from agglomeration
for an effective leaching. Selective HCl (Merck™,
37% concentrated) leaching of the annealed samples
were conducted in an ultrasonic bath (Bandelin™
Sonorex) with the help of ultrasonic stirring. Leach-
ing was carried out with the aim of removing the
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undesired LaBO; phase and the impurities (Fe, Ni,
Cr) released from the milling media. The leaching
parameters such as concentration, solid-to-liquid
ratio of the solution and duration were selected as
6 M, 1 g/10 cm® and 15 min, respectively. The solu-
tions containing insoluble solids were centrifuged
(Hettich™ centrifuge, at 3500 rpm for 25 min), the
supernatant liquid was decanted, and residual solids
were washed with distilled water for three times.
Residual solids were dried in air (FN 500 stove, at
100 °C for 12 h).

The standard Gibbs free energy change (AG°) and
standard enthalpy change (AH®) versus temperature
curves were plotted using HSC Chemistry™ Ver.
9.0.7 program. The crystalline phases of the powders
were identified using a Bruker™ D8 Advanced Ser-
ies X-ray diffractometer (XRD) using CuK, (1.54060
A) radiation in the 20 range of 10-90° with a scanning
rate of 5°/min. International Center for Diffraction
Data® (ICDD) powder diffraction files were utilized
for the identification of crystalline phases. Average
crystallite sizes and lattice strains of the Al in the
milled powders and those of the LaBs and Al,O3 in
the annealed powders were predicted using the
Williamson-Hall method and Lorentzian rule using a
Bruker™-AXS TOPAS 4.2 software. Williamson-Hall
equation is expressed as Eq. (2) below [37] [37];

kA
Brxi €08 Opg = <5> + 4esin Opyg (2)

where fq is the full width half maximum
(FWHM), D is crystallite size, k is shape factor
(x 0.9), and A is wavelength of the CuK, radiation
and ¢ is the lattice strain.
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Milled powders were also subjected to particle size
measurements using a Microtrac™ Nano-Flex parti-
cle size analyzer. Detailed microstructural analyses
were conducted on the powders using a JEOL™
JEM-2100 transmission electron microscope (TEM)
operated at 200 kV.

Results and discussion
Thermodynamic calculations

In addition to the overall reaction in Eq. (1) which
yielded the main products such as LaBg and Al,O3,
the probable reactions with the formation of LaAlO;
and LaBOj; by-products are given in Egs. (3) and (4).
The standard Gibbs free energy and enthalpy chan-
ges of the reactions in Egs. (1), (3) and (4) were cal-
culated by HSC Chemistry™ Ver. 9.0.7 as a function
of temperature, as shown in Fig. 2a, b, respectively. It
is clear that all these three reactions have large neg-
ative free energy changes between 25 and 1500 °C
(Fig. 2a). Additionally, standard enthalpy changes of
the relevant reactions indicate a large amount of heat
release (Fig. 2b) due to the intense exothermic reac-
tions triggered by Al The calculated AG® values of
Egs. (1), 3) and (4) at 25°C were determined as
— 2504.95, — 1312.73 and — 1192.22 k], respectively.
Thermodynamic calculations obtained from thermite-
type reactions belonging to LayO3-B,O3;-Ca and
La,O3-B,0O3-Mg systems were previously reported
by Agaogullari et al. [20, 21]. According to the La,O3—
B,O5-Ca system, calciothermic reaction has a large
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negative free energy change between — 4050 and
— 2700 k] and a large enthalpy change between
— 4150 and — 4500 K] in the temperature range of 0—
2000 °C [21]. According to the La,O3-B,O3-Mg sys-
tem, magnesiothermic reaction has a large negative
free energy change between — 3300 and — 1700 kJ
and a large enthalpy change between — 3440 and
— 3930 K] in the temperature range of 0—2000 °C [20].
Based on the aluminothermic reaction shown in
Eq. (1) in the present study, reaction has a negative
free energy change between — 2400 and — 1410 k]
and an enthalpy change between — 2500 and
— 2940 kJ, in the temperature range of 0-1500 °C.
Besides, the linear regions of the enthalpy change-
temperature curve for the La,O;-B,O3;—Al system
arise from the melting of B,O3 at 450 °C and the
melting of Al at 660 °C. It is clearly understood that
the calciothermic and magnesiothermic reductions in
La,O5; and B,Oj; are more favorable than their alu-
minothermic reduction. Additionally, Agaogullar:
et al. proved that the thermite-type reactions in the
La;O3-B,03—Ca and La,O3-B,Os-Mg systems took
place via MCS mechanism during milling without
applying an external heat [20, 21]. It can be said that
according to the thermodynamic calculations, the use
of Al instead of Ca and Mg as a reductant seems to
require more energy for the reduction reaction. This
means that the thermite-type reaction of LayO3-B,O3-
Al system cannot take place during milling and it
needs an external energy. On the other hand, LaAlO;
phase is an undesired reaction product as seen in
Eq. (3), it can be subsequently removed by the reac-
tion in Eq. (4). Also, the reaction in Eq. (4) has the
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Figure 2 a Standard Gibbs free energy change and b standard enthalpy change versus temperature curves of the reactions given in

Egs. (1), (3) and (4).
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highest AG° value up to 1500 °C among the
exothermic reactions, which means that it is less
possible to take place among Egs. (1), (3) and (4) in
the same process conditions. Besides, Agaogullar:
et al. [20, 21] demonstrated the emergence of LaBOj3
phase together with LaBg as a result of the reactions
between La,O; and B,O; during high-energy ball
milling (Eq. (5)). However, it should be noted that
LaBOj; could be easily removed from the powder
products by leaching process using highly concen-
trated HCI solution [20, 21].

La203 + 3B203 + 7Al = LaA103 + 3A1203 + LaBg

(3)
LaA103 + 3B203 + 7Al = L856 + 4A1203 (4)
La203 + 3203 = 2LaBO3 (5)

Characterization of the milled powders

Figure 3 illustrates the XRD patterns of the as-blen-
ded La,O3-B,Os-Al powders and those milled at
different durations (3, 6 and 9 h). It is evident from
Fig. 3 that no reaction took place between the initial
particles even after high-energy ball milling for 9 h.
All the milled powders have La,O; (ICDD Card No:
71-5408, Bravais lattice: primitive hexagonal, a = b =
0.393 nm, ¢ =0.614 nm), B,O; (ICDD Card No:
76-1655, Bravais lattice: primitive hexagonal, a =

| J Mater Sci (2018) 53:13538-13549

b = 0.433 nm, ¢ = 0.839 nm) and Al (ICDD Card No:
004-0787, Bravais lattice: face-centered cubic, a =
b = ¢ = 0.4049 nm) phases. Besides, the intensities of
the La,O;, Al and B,O; peaks decreased with
increasing milling durations due to continuous col-
lisions and deformation during milling. Previously,
Agaogullar: et al. [20, 21] revealed the synthesis of
LaBg from La,O; to B,Oj; starting materials during
high-energy ball milling in the presence of Mg- or Ca-
reducing agents. However, in the present study,
aluminothermic reduction did not occur in the La,O;
and B,O; containing blends. In other words, MCS did
not take place when Al was used as the reductant
instead of Mg or Ca, which is in good agreement with
their calculated AG° and AH° values. Furthermore,
the type of the present phases did not differ from
each other in the milled powders, and especially, Al
phase exhibited lower peak intensities for the exten-
ded milling times (6 and 9 h).

It is important to mention that especially the
intensity of the XRD patterns belonging to the Al
phase in Fig. 3 decreases and their widths broaden
with increasing milling durations. This can be
attributed to decrease in the average crystallite size
and increase in the average lattice strain of the Al
phase in the milled powders (Table 1). It is well
known that defects such as dislocations, vacancies,
stacking faults, etc. occur in the microstructure due to

Figure 3 XRD patterns of the
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Table 1 Average crystallite sizes and lattice strains of the Al
phase in the as-blended and milled powders

Milling time (h) Average crystallite Average lattice

size (nm) strain (%)
0 420.2 0.0109
3 81.4 0.3317
6 66.9 0.4275
9 50.1 0.6124

intensive plastic deformation during high-energy
milling environment [24]. Thus, extended milling
durations cause the dislocation densities and the
lattice strain amounts to increase. Besides, dynamic
recovery exists throughout these defects which leads
to recrystallization of sub-grains during high-energy
milling [38]. Thus, not only increase in lattice strain
but also decrease in crystallite size is inevitable with
increasing milling durations.

Figure 4a—h shows the SEM and PSA images of the
as-blended La,O3-B,O3-Al powders and those milled
at different durations. As shown in Fig. 4a, as-blen-
ded powders consist of white small and dark gray
large particles. EDS measurements taken from the
white small particles (Region 1) yield the composition
of 2585 +274wt% B, 51.68+38wth O,
22.47 £+ 2.17 wt% La, indicating the presence of B,O3;
and LayO; phases. EDS spectral analysis of
99.88 + 0.04 wt% Al and ~ 0.12 wt% O (from sur-
face oxidation) taken from the dark gray large parti-
cles (Region 2) reveals that these particles are pure Al
particles. Since as-blended powders have non-ho-
mogeneous microstructural morphology, milled
powders have an incorporated microstructure
(Fig. 4b—d). Moreover, as-blended powders have a

=
10 (e £ 80 40 2
38 © 60 ® 30 <5
E 2 X 40 20 3
S 2 o 20 })0 S
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mean particle size of 13.2 um (Fig. 4e). Particle size
analysis of the powders also reveals the gradual
contribution of milling on the mean particle size
(Fig. 4e-h). On the other hand, 3-h milled powders
represent a narrow particle size distribution with a
mean particle size of 378 nm (Fig. 4f). However, after
milling for 6 h, particle size distribution of the pow-
ders became bimodal with two peak points (423 and
136.3 nm) with an average particle size of 374 nm
(Fig. 4g). Finally, powders milled for 9 h also have a
bimodal particle size distribution (135.4 nm and
366 nm) with a mean particle size of 238.3 nm
(Fig. 4h).

General EDS analyses were performed on the as-
blended LayO3-B,O5-Al powders and those milled at
different durations (Table 2). Probable Fe contami-
nation released from the milling media was detected
from the milled powders. According to the EDS
results, the amount of Fe increased as milling time
increased from 3 to 9 h. However, the Fe impurity
contents can be regarded within the tolerance limits
since its highest amount is only 0.23 wt% in the
powders milled for 9 h.

Characterization of the annealed
and leached powders

Figure 5 shows the XRD patterns of the as-blended
La;O3-B,O3-Al powders and those milled for 3, 6
and 9 h after annealing for 3 h at 1200 °C. Since
Eq. (1) does not take place during milling and it
requires external heat, the annealing process was
carried out for the formation of LaBg and Al,Oj
phases after high-energy ball milling of powder
blends. It is well known that diffusion takes place

S 80 40 =
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=2 40 20 3

=20 10 S
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Figure 4 SEM and PSA images of the as-blended La,03;-B,03—Al powders and those milled at different durations: a, e ab, b, f 3 h, ¢,

g6handd, h9h
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Table 2 General EDS

J Mater Sci (2018) 53:13538-13549

analyses taken from the as- Milling time (h) B (wt%) O (wWt%) Al (wt%) La (wt%) Fe (wt%)
bf“giifﬂ?;izgg 51133;“ 0 16.24 19.14 50.14 14.48 -
gif‘g:rent durations 3 15.65 18.73 49.75 15.87 0.09
U 6 15.61 18.57 49.80 16.02 0.22
9 14.82 18.14 51.48 15.56 0.23
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throughout the defects existing in the microstructure.
In this context, increasing milling duration led an
increase in the defects and hence free energy barrier
of the reactions was decreased and diffusion rate was
increased [38]. Contrary to the XRD analyses of the
as-blended and milled powders, annealed powders
exhibited new phases, indicating that the reduction
reactions occurred by the effect of heat. XRD patterns
of all the annealed samples show LaB, (ICDD Card
No: 034-0427, Bravais lattice: primitive cubic, a =
b=c=04156 nm) and Al,O; (CDD Card No:
046-1212, Bravais lattice: primitive rhombohedral,
a = b=04476 nm, c = 1.2992 nm) phases. There is a
very small indication of unreacted La,O3 phase in the
as-blended, and 3-h milled and annealed powders.
This points out that some amount of La,O; was not
incorporated into reactions during annealing proba-
bly due to its relatively non-homogeneous distribu-
tion in the microstructure compared to those milled
at longer durations. Besides, XRD peaks belonging to
LaAlO; phase (ICDD Card No: 031-0022, Bravais
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lattice: primitive rhombohedral, 2 = b = 0.5364 nm,
¢ =1.3110 nm) was observed in the annealed sam-
ples, excepting the 9-h milled and annealed powders.
Surprisingly, high amount of LaAlO; phase present
in the as-blended and annealed powders gradually
decreased as milling time increased and it disap-
peared in the annealed powders milled for 9 h.
Phases occurred during annealing are in agreement
with the product phases predicted by Egs. (1), (3) and
(4). XRD patterns reveal that Egs. (1) and (3) have
taken place and LaBs, Al,O3 and LaAlO; phases have
formed during annealing of the as-blended, 3- and
6-h milled powders. However, 9 h of milling time
inhibited the emergence of LaAlO; phase probably in
regard to Eq. (4). Moreover, the LaBO; phase (ICDD
Card No: 012-0762, Bravais lattice: primitive
orthorhombic, a = 05130 nm, b = 0.8300 nm,
¢ = 0.5880 nm) is the only one observed in the XRD
patterns of the 6 and 9 h of milled and annealed
powders. Thus, 9-h milled and annealed powders
comprise only the LaBs, Al,O3; and LaBOj phases.
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Table 3 Average crystallite

sizes and lattice strains of the Milling time (h)

Average crystallite size (nm)

Average lattice strain (%)

Al,O5 and LaBg phases in the

LaB6 A1203 LaB(, A1203
as-blended and milled powders
followed by annealing 0 628.8 564.1 0.0076 0.0052
3 306.6 357.6 0.0468 0.0994
6 180.7 253.5 0.0746 0.0177
9 169.4 211.9 0.0885 0.0658
Figure 6 XRD patterns of the B LaAlO,

1500

La,03-B,03—Al powders and
those milled for 3, 6 and 9 h
followed by annealing and
leaching.

1000
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Table 3 shows the average crystallite sizes and
lattice strains of the Al,O3; and LaBg phases in the as-
blended and milled powders after annealing. Aver-
age crystallite sizes of the Al,O; and LaBg phases
decreased and their lattice strain values increased as
milling time increased. As expected, there is some
amount of grain growth during annealing.

Figure 6 displays the XRD patterns of the milled
(for 3, 6 and 9 h) La,O3-B,O;-Al powders after
annealing and leaching. It is obvious from Fig. 6 that
the LaBO; phase was completely removed by leach-
ing process. However, there is still some LaAlOj; in
the 3 and 6 h of milled, annealed and leached pow-
ders. But only after 9 h of milling followed by
annealing and leaching, the powders could be suc-
cessfully synthesized with LaBs and ALO; phases
free from undesired by-products.

Figure 7 illustrates the SEM images (a—d) and EDS
analyses (e—f) of the as-blended powders and those
milled for 3, 6 and 9 h followed by annealing and

26 (degree)

leaching. It is useful to remind that the annealed
powders were ground in mortar for obtaining an
effective leaching process. The resultant products
were in powder form after leaching process. SEM
micrographs showed that particle sizes of the pow-
ders tended to decrease by increasing milling dura-
tion. As compared the SEM micrographs in Fig. 7a, b
with Fig. 7c, d, particles in the as-blended and 3 h of
milled, annealed and leached powders were coarser
in size than those milled for prolonged durations (6
and 9 h). Besides, irregular-shaped Al,O3 particles
were smaller and brighter than LaBg particles. EDS
spectrum (Fig. 7e) taken on the cube-like particle
(red-arrowed) in Fig. 7b gives the signals of La and B
elements, revealing the presence of LaB, particle.
Additionally, EDS analysis (Fig. 7f) of the red-ar-
rowed bright and irregular-shaped particle in Fig. 7b
shows the signals of Al and O, corresponding to the
ALO; particle. It is evident that brittle LaBs and
AlLO; powders fracture efficiently during high-
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Figure 7 SEM images (a—d) and EDS analyses (e—f) of the
annealed and leached powders milled at different durations: a ab,
b 3h,c6h,d9h, and e EDS spectrum taken from the SEM

Figure 8 TEM image of the 9 h milled, annealed and leached
powders: a bright-field (BF) image, b selected area diffraction
pattern (SADP) taken from the white-squared region in (a),

energy ball milling and hence particle sizes signifi-
cantly decrease [20, 39]. The powders milled for
extended durations (6 and 9 h) are not only smaller in
size, but also exhibit a well-mixed microstructure
(Fig. 7c, d). It is clear that smaller particles have more
contact area between their surfaces, and thereby, they
tend to agglomerate with each other.

Bright-field (BF) TEM images of 9-h milled,
annealed and leached powders, and their
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image in (b), revealing the presence of LaBg particle and f EDS
spectrum taken from the SEM image in (b), revealing the presence
of Al,O; particle.

. (411)

. (220)

Z.A.: [113] 20 1/nm Z.A.: [010)

200 nm

showing the presence of LaBg, and ¢ SADP taken from the red-
squared region in (a), showing the presence of Al,0s, and d—e BF
images and SADPs of white-squared regions.

corresponding SADPs are shown in Fig. 8a—e. TEM
micrograph in Fig. 8a exhibits dark particles
(~ 100 nm) embedded in a coarse bright particle in
size of about 500 nm. SADPs obtained from the dark
region (white-squared) and bright region (red-
squared) are, respectively, indexed as shown in
Fig. 8b, ¢, proving that these regions belong to the
LaBg and Al,O3 phases. Moreover, Fig. 8d, e shows
the representative BF images including nano-scaled
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dark regions and their corresponding SADPs which
once more reveal the presence of LaBg particles with
the same zone axis of [156].

In overall, a simple way of synthesizing LaBgs—
Al,O3 nanocomposites was carried out using high-
energy ball milling, annealing and leaching pro-
cesses. Long-time-milling-assisted heat treatment and
a purification step could be applied to obtain pure
boride-oxide systems which are free from undesired
secondary phases for some refractory applications at
elevated temperatures.

Conclusions

In this study, LaBs—Al,O3 nanocomposites were suc-

cessfully synthesized via a combined method of high-

energy ball milling, annealing and leaching pro-
cesses. Based on the results reported in the present
study, the following conclusions can be drawn:

¢ Consistent with the thermodynamic predictions of
the aluminothermic reactions of the present study,
mechanochemical synthesis of the LaBs and Al,O;
phases did not take place even during milling
durations of 9 h. Therefore, subsequent annealing
and leaching steps were carried out.

e XRD studies revealed that, in the absence of the
undesired phases of LaAlO; and LaBO;, LaB and
Al,O3 phases were synthesized after high-energy
ball milling for 9 h followed by annealing and
leaching.

e SEM micrographs revealed that the particle sizes
of the powders dramatically decreased with
increasing milling durations. LaBe particles were
observed with cube-like morphologies.

e Very fine LaB, particles (~ 100 nm) embedded in
the coarse AlL,O; (~ 500 nm) particles were
observed in the TEM micrographs of the 9-h
milled, annealed and leached sample. The forma-
tion of the LaBs and Al,O; phases was verified by
the pertinent SADPs.
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