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This paper studied titanium diboride (TiBy) effects on the structure and properties of AIMgB;4 ceramics.
AlMgB14-TiB, samples with 30 wt% and 50 wt% TiB, were obtained by the self-propagating high-temperature
synthesis. The addition of 30 wt% TiB, did not significantly change the phase composition of the AIMgB14 ce-
ramics, which remained comparable with the initial powder mixture composition. However, increasing the TiBy
amount to 50 wt% resulted in the MgAl;O4 spinel phase appearance. The addition of TiB; significantly increased
the microhardness of AIMgB14 from 7 GPa to 19.9 GPa, compared to the initial material, and also increased its
flexural strength to 314 MPa.

1. Introduction

The AIMgBi4 compound was first obtained by Higashi’s research
group in 2000 [1]. The AIMgB;4 hardness of 32 GPa increases to 40 GPa
and 46 GPa with Si or TiBy addition [2], pushing it towards the
super-hard ceramic material class. The high hardness allows AIMgB;4
materials to become an alternative to the widely used boron nitride and
diamond traditional super-hard materials. The possibility of obtaining
AlMgB1 4-based materials by hot pressing [3,4], self-propagating high--
temperature synthesis (SHS) [5-7], and spark plasma sintering [8,9],
along with their low density of 2.6 g/cm® [10], high 40-46 GPa hard-
ness, and low 0.12-0.02 friction coefficient [11-13], open many possi-
bilities in engineering applications.

AlMgB4-based materials obtained by SHS belong to the metal-
ceramics materials class. One of the main disadvantages of high-
hardness ceramic materials is their high brittleness, i.e., the inability
to resist dislocation motion. Metal-ceramic materials combine the
properties of both metals and ceramics, achieving greater fracture
toughness than traditional ceramic materials [14]. Previously, Mo and
Nb were combined with ceramic materials such as Al,O3 and SizN4
because of their high melting point, good thermal conductivity, high
impact toughness, and corrosion resistance. Synthesis of ceramic com-
posite materials with the addition of high-modulus TiBy particles can
increase the fracture toughness of AIMgB4-based materials. Multiple
experiments have demonstrated that the TiB, particles not only increase

the AIMgB;4 hardness [2,15], but also fracture toughness [16].

Some fundamental questions in the study of AIMgB;4-based mate-
rials include the structure and phase formation at elevated tempera-
tures. Early research has shown that the main problem in obtaining
metal-ceramic AlMgB;4-based composites at elevated temperatures is
the MgAl»;O4 spinel formation. Data on the phase formation in AIMgB14
produced by hot pressing at elevated temperatures are insufficient,
which makes it difficult to determine the sintering temperature modes.
High-temperature resistance is one of the key parameters in the creation
of products and coatings for critical applications. The aim of this work
was to investigate the effects of titanium diboride on the structure,
mechanical properties, and phase composition of AlMgB;4-based
ceramic composites obtained by hot pressing at elevated temperatures.

2. Materials and methods

AlMgB;4 and AlB;» powders were synthesized by the self-
propagating high-temperature synthesis (SHS). The acceptor was an
Al;5,Mg17:B mixture with the 25:75 ratio [17]. Amorphous boron pow-
der (B-99A, 99.9 % pure, 0.6 pm average particle size) and Al;oMg;7
intermetallic alloy (98.8 % pure, 0.6 pm average particle size) were used
to prepare the Alj,Mg;7:B mixture. The obtained powder mixture was
mechanically activated in a planetary mill (Activator - 4 M, Chemical
Engineering Plant Ltd., Novosibirsk, Russia) at 840 rpm for 140 min. A
40Cr13 container and SHC15SG 10 mm diameter steel balls were used. A
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Fig. 1. (a) Schematics the 6B,03-13Al (donor)-Al;,Mg;7-B (acceptor) self-propagating high-temperature synthesis; (b) Thermograms of the donor (6B;03-13Al) and

acceptor (Al;3,Mg;7-B) powder mixture fusion.
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Fig. 2. X-ray diffractograms of: (a) AIMgB,4-30 wt% TiBo; (b) AIMgB;4-50 wt% TiB,.

mixture of 54.3 wt% B203 + 45.7 wt% Al was used as a donor according
to:

6B,03 + 13A1 — AlB|; + 6Al,03 (@D)]

B20j3 (Turkey, >99.7 % pure, <500 pm particle size) and Al (Sual-PM
Ltd., Russia, >98.4 % pure, <100 pm particle size) powders were used to
prepare the BoO3-Al mixture. The obtained powder mixture was me-
chanically activated in a planetary mill (Activator - 4M, Chemical En-
gineering Plant Ltd., Novosibirsk, Russia) at 840 rpm for 180 min. A
40X13 container with 10 mm diameter chrome-plated steel balls were

used. The weight ratio of steel balls and powder mixture was 5:1. Air was
evacuated from the steel container, forming a —0.1 MPa vacuum to
suppress aluminum powder oxidation, after which it was filled with high
grade argon gas. The duration of mechanical activation was 180 min,
and the rotation speed of the planetary mill was 14 Hz.

A 20 g blank with a 23 mm diameter was prepared from the acceptor
mixture by cold uniaxial pressing at 70 MPa. The obtained sample was
placed in a cylindrical cellulose paper container. Next, the donor
mixture was poured into the container until it was completely filled. The
thickness of the donor mixture between the acceptor and the container

Fig. 3. SEM images of AIMgB,4-30 % TiB,: (a) higher magnification; (b) lower magnification.
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Fig. 4. Microstructure and elemental maps of AlIMgB,4-30 % TiB,: (a) SEM image; (b) all elements combined; (c) Al; (d) Mg; (e) Ti; (f) Si maps.
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Fig. 5. SEM images of AIMgB;4-50 wt% TiB,: (a) lower magnification; (b) higher magnification.

wall was 2 cm. The container was placed in a constant pressure reactor,
which was pumped down to vacuum and filled with argon at 0.5 MPa
pressure. The synthesis was initiated by a short-term heating of the
upper surface of the container with a molybdenum spiral filament. A
flammable layer (82.8 wt% Ti and 17.2 wt% B) was placed between the
upper surface of the specimen and the filament to create a uniform
heating zone. The reaction front propagation was recorded using a high-
speed video camera. The synthesis temperature was monitored using
tungsten-rhenium thermocouples. Schematics of the 6By03-13Al
(donor) - Al;sMgi7-B (acceptor) self-propagating high-temperature
synthesis is shown in Fig. 1(a) [18]. Corresponding thermograms are
presented in Fig. 1(b).

AlMgB14 and TiB, obtained by self-propagating high-temperature

synthesis were mechanically activated separately. The obtained
AlMgB, 4 and TiB, powders were sieved to 40 pm. After sieving, AIMgB14
and TiB; powders were mechanically activated in a planetary mill at
70:30 and 50:50 wt% ratios, respectively. The obtained mechanical
mixtures of AIMgB14+30 wt% TiBy and AIMgB,4+50 wt% TiBy were
compacted by hot pressing at 35 MPa pressure and 1500 °C in argon
atmosphere. This temperature was selected based on a previous study
[19], which indicated that the 1500 °C is optimal temperature for the
AlMgB, 4-based materials synthesis.

The structure and elemental composition of the AIMgB;4 materials
with 30 wt% and 50 wt% titanium diboride obtained by 35 MPa hot
pressing in argon at 1500 °C were investigated using scanning electron
microscopy (SEM, Axia ChemiSEM Thermo Scientific, FEI, USA). The
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Fig. 6. Microstructure and elemental maps of AIMgB;4-50 wt% TiB,: (a) SEM image; (b) all elements combined; (c) Al; (d) Mg; (e) Ti; (f) Si; (g) O; (h) B maps.

Table 1

The microhardness of AIMgB,4-30 wt% TiB, and AIMgB;4-50 wt% TiB, composites.

Sample Microhardness, kgf/mm? Microhardness, GPa
AlMgB,4 (1500 °C) [16] 718 £ 70 7 +0.68
AlMgB;4-30 wt% TiB, 1081 + 110 10.6 + 1.08
AlMgB;4-50 wt% TiB, 2035 + 150 19.9 + 1.47

density of the hot-pressed samples was calculated using the Archimedes
method. X-ray phase analysis of samples was carried out using a Shi-
madzu XRD-7000 X-ray diffractometer with the following scanning pa-
rameters: 20-90° 20 diffraction angle range with 0.04° scanning step,
and 3 s exposure at each point. Three-point bending tests were per-
formed using an Instron 3369 universal testing machine with a moving
crosshead speed of 0.2 mm/min [20]. Microhardness was determined
using the Vickers method [21] with a 300 g load and 20 s hold time

(Metolab 503, Moscow, Russia).
3. Results and discussion
3.1. X-ray diffraction analysis

The X-ray phase analysis results in Fig. 2(a) showed that in addition
to the original AIMgB, 4 and TiBy phases, the samples containing 30 wt%
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Fig. 7. Stress-displacement curves of AIMgB,4-TiB, under three-point bending.

TiB; also had spinel MgAl,O3 phase. However, in the sample containing
50 wt% TiBy, the presence of four phases is observed in Fig. 2(b): TiBy,
MgAIB;4, MgAl;04, and MgAIB,4 with a concentration of 64 wt%, 5 wt%,
5 wt% and 26 wt%, respectively, which does not correspond to the
composition of the original material and materials containing 30 wt%
TiB,.

The phase analysis results in Fig. 2(a) show that the AIMgB;4-30 wt%
TiBy sample contains 68 wt% AlMgB4 phase with a = 5.8532 10\, b=
10.3066 A, ¢ = 8.1107 A lattice parameters and 72 nm average size of
crystallites, while the remaining 23 wt% TiBy phase has the a = 3.0285 A
and ¢ = 3.2286 A lattice parameters, and 91 nm average size of crys-
tallites. A spinel MgAl,0O4 phase was also found with a content of 9 wt%
and a = 8.083 A.

In Fig. 2(b) the AlMgB14-50 wt% TiBy metal-ceramic composite
phase composition is represented by the 64 wt% TiB, phase with a =
3.0309 A and ¢ = 3.2310 A lattice parameters, and 93 nm average size of
crystallites, calculated from the Scherrer’s formula. The AIMgB;4 phase
in the 31 wt% amount has a = 5.8449 A, b = 10.3183, ¢ = 8.1294 A
lattice parameters and 60 nm average size of crystallites. This sample
also contains 5 wt% MgAl,04 spinel phase with a = 7.8786 A lattice
parameter and 10 nm average crystallites’ size.

3.2. Structure of AIMgB14-30 wt% TiB,

Characterization of the AIMgB, 4-based ceramic composites structure
and phase composition demonstrated that the material obtained by
1500 °C hot pressing had the highest density [19]. Similar temperature
and pressure were used for the AIMgB14 synthesis with 30 wt% and 50
wt% TiBy in this paper. The obtained material with 30 wt% TiB, has 2.5
g/cm® density and 22 % porosity.

SEM images are presented in Fig. 3, where TiB, particles have an
irregular shape. Most of the larger particles have 40-45 pm average size.
Particles with an 5-8 pm average size are also present, suggesting a
bimodal size distribution of the TiB, particles.

Energy-dispersive X-ray spectroscopy (EDS) mapping of elements in
Fig. 4 shows that the composite matrix consists of Al, Mg and B. B
mapping was not performed because it is a part of both matrix and TiBy
particles and is present in the combined map in Fig. 4(b) as a solid
background. Titanium diboride particles are uniformly distributed in the

AlMgB,4 matrix. The average particle size is 40 pm, which corresponds
to the sieving cell size used in the preparation of powders for hot
pressing. The maps also show particles with Si, possibly due to inclusions
of silicon carbide, which is the abrasive material of the sandpaper.

3.3. Structure of AIMgB14-50 wt% TiB2

Fig. 5 shows the structure of AIMgB,4-based ceramics with 50 wt%
TiB,. The titanium diboride particles are uniformly distributed
throughout the matrix and do not form clusters or agglomerates. Similar
to the AIMgB14-30 wt% TiB, sample, the diboride particles distribution
is bimodal with the 40-45 pm larger particles and 5-8 pm smaller par-
ticles. The density of the sample measured by hydrostatic weighing is
3.19 g/cm®. The porosity of the obtained material is 11 %, which is 2
times less than the porosity of samples containing 30 wt% TiBs.

Elemental mapping reveals that some areas show an increase in
boron intensity, a strong decrease in magnesium intensity, and a weak
decrease in aluminum intensity. Presumably, this may be a consequence
of local overheating of material sections due to clustering of TiBy
particles.

In Fig. 6(c) and (g) one can see bright formations that may be
aluminum and oxygen compound, such as Al;Os. Silicon is also present.
The presence of these inclusions can be explained by the process of
sample surface preparation prior to microscopic examination. The sur-
face of the samples was ground with SiC-based abrasive paper and
polished with Al,Os-based slurry.

3.4. Mechanical properties

The microhardness of AIMgB;4-30 wt% TiBy and AIMgB4-50 wt%
TiB, composites is listed in Table 1. The microhardness of the AIMgB; 4-
30 wt% TiB, sample is 10.6 GPa, which is 3 GPa higher than the
microhardness of the AIMgB;4 obtained in Ref. [16]. Increasing the TiBy
content to 50 wt% leads to an increased microhardness of 19.9 GPa.
Microhardness measurements show that the difference between pure
AlMgB,4 and AlIMgBi4- 50 wt% TiB;y is 150 %, in other words, the
addition of 50 wt% titanium diboride increases the microhardness of
AlMgB, 4-based materials by 2.5 times.

Three-point bending results are presented in Fig. 7. The stress-
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Fig. 8. EDS fracture surface analysis and elemental maps of AIMgB;4-30 wt% TiB,: (a) SEM image of the fracture surface; (b) all elements combined; (c) Ti; (d) O; (e)

B; (f) Mg; (g) Al; (h) Si maps.

displacement diagrams show that the flexural strength of the AIMgB;4
specimen with 50 wt% TiB; is 309 MPa, while the flexural strength of
the AIMgB14-30 wt% TiB, specimen is 256 MPa, which is 53 MPa lower.

The bending tests data of ceramic composite materials based on
AlMgB1 4 obtained at different hot-pressing temperatures are presented
in Ref. [19]. The maximum flexural strength of 314 MPa was obtained
for the specimen hot pressed at 1500 °C. This value exceeds the bending
strength of the AIMgB;4-50 wt% TiB, sample by 5 MPa, which is within
the measurement error. At the same time, the maximum bending
displacement for samples with titanium diboride is 0.14 mm and 0.15
mm, which is 40-50 % higher than the 0.1 mm for the samples without
TiBy. The 256 MPa flexural strength of the AIMgB,4-50 wt% TiB, sample
compared to the 309 MPa of the AlMgB;4-30 wt% TiB, sample can be
attributed to the higher 3.19 g/cm® density of the 50 wt% TiB, sample

(vs. 2.5 g/cmg) and lower 11 % porosity (vs. 22 %). The introduction of
titanium diboride contributes to an increase in the bending displace-
ment, which can be attributed to an increased fracture toughness [16].

3.5. Fracture analysis

The fractographic results showed that brittle fracture was predomi-
nant in the fracture of AIMgB; 4 with the addition of 30 wt% in Fig. 8 and
50 wt% TiBy in Fig. 9. The fracture surface in Fig. 8(a) shows that the
TiB, particles fractured by brittle fracture mechanism. The fracture of
the particles shows traces with radial bands, characteristic of brittle
fracture without shear stresses in Fig. 9(a).

The phase composition dependence of the AIMgB;4-TiB; metal-
ceramic composites on the introduced TiBy mass is almost linear in
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Fig. 9. EDS fracture surface analysis of AIMgB;4-50 wt% TiB,: (a) SEM image of the fracture surface; (b) all elements combined; (c) Ti; (d) O; (e) B; (f) Mg; (g) Al; (h)

Si maps.

Fig. 10. This means that the introduced TiB; is stable during 1500 °C
hot-pressing, which is also confirmed by EDS analysis. The effect of TiBy
mass content on the microhardness of AIMgB;4 has a nonlinear char-
acter, and approaches exponential dependence in Fig. 10. Increasing the
amount of titanium diboride particles leads to higher Vickers
microhardness.

4. Conclusions

1. The introduction of TiB5 in the 30 wt% and 50 wt% amounts allows
to reach the flexural strength of 256 MPa and 309 MPa, respectively.
The corresponding bending displacements are 0.14 mm and 0.15
mm, respectively. Compared to Ref. [19], were AIMgB;4-based ma-
terials were prepared using a similar technology, the magnitude of

10980

bending displacement increased by 40-50 %. The microhardness of
the ceramic composites is 10.6 GPa and 19.9 GPa for 30 wt% and 50
wt% TiB,, respectively.

. The distribution of titanium diboride over the ceramic matrix vol-

ume is uniform. TiB, particles have a bimodal size distribution of
40-45 pm and 5-8 pm. The main compound Al, Mg, B, and Ti ele-
ments are evenly distributed in the AIMgB;4-30 wt% TiB; structure,
along with separate Al,O3 and SiC particles.

. The phase composition of the AIMgB;4-30 wt% TiB, metal-ceramic

composite corresponds to the initial powder mixture composition
and is represented by the AIMgB14 and TiB, phases in the 66 wt% and
34 wt% amounts. In addition to the initial powder mixture compo-
nents, the AIMgB14-50 wt% TiB, composites contains 11 wt% of
spinel MgAl;04.
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Fig. 10. Microhardness and phase composition of TiB,.

4. The study of the fracture surface of the samples indicates the brittle
nature of fracture of the metal-ceramic composite based on AIMgB14
with 30 wt% and 50 wt% TiB,. Titanium diboride particles undergo
brittle fracture with a ductile component. This is evidenced by the
radial lines remaining on the fractured TiB; particles.
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