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A new approach to densification of titanium-based hard composites reinforced by TiB
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Abstract: Titanium-titanium boride (Ti/TiB) metal matrix composites have been widely identified as promising materials for various
applications. The traditional ingot metallurgy processing strategies used to fabricate these materials are energy intensive and have fallen
short of their perceived mass production potentials. Powder metallurgy processing, especially that aimed at in-situ synthesis of Ti/TiB
composites from titanium and TiB2 powder blends, is currently widely used for the cost-efficient production of such composites. Additional
processing by the method of hot pressing improves the structure and mechanical properties of this class of materials.
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Introduction. The particle size of the starting powders was determined with a
Malvern Mastersizer 2000 laser diffraction analyzer. Considering
that the powder particles could coagulate, we measured their grain-
size composition both in starting state and under ultrasonic
vibrations. The starting titanium hydride powder mixtures that
contained TiB2 were prepared in a drum mixer. The resultant
mixture were subjected to double-action compaction at 650 MPa to
make sampels. In selecting the sintering conditions, we considered
our findings [7] on the sintering kinetics and structurization of the
TiH2 + TiB2 powder mixtures. The compacts were sintered in
vacuum at 1250°C with an isothermal holding time of 4 h. The
compacts were heated to the sintering temperature at a rate of
10°C/min. The samples were cooled down in the furnace after
isothermal holding. The density and porosity of the compacts and
sinters were determined by hydrostatic weighing.

Titanium alloys are important structural materials for numerous
applications due to a unique complex of physical and mechanical
properties. The engineering application of these alloys is primarily
based on their high specific strength well-balanced with other
mechanical characteristics. That is why titanium alloys are used in
the biomedical, and aerospace, automotive, and military products.
In the latter case, titanium alloys are very desired materials for the
armor elements fabrication, as pointed out by Montgomery and
Wells [1] and later confirmed by Fanning [2]. Powder metallurgy,
especially blended elemental powder metallurgy (BEPM), has long
been regarded as an effective method to fabricate titanium-based
composites with desirable microstructure and characteristics in a
cost-efficient way owing to near-net-shape forming. BEPM usually
uses titanium or, in some cases, titanium hydride as the base
powder, necessarily alloying powders to create an alloy matrix, and
boron source powders such as TiB2 or B assuming the in situ
formation of reinforcing TiB particles during high-temperature
Ti+TiB,—TiB or Ti + B—TiB reactions. However, sintering of
such BEPM compacts is characterized by poor densification, so
extra coating treatment on TiB2 powders [3] or hot-deformation
processes are usually required to enhance the overall densification
of the resulting composites, improving material performance to
meet customer requirements. BEPM processing routes can include
hot isostatic pressing (HIP), powder compact-extrusion technology 5 % Y S i
was used to prepare titanium composites reinforced by TiB. Other ;slm::;:;w' womromn | | e sl o v it
complicated technologies such as spark plasma sintering using e PR
elemental powder blends. Mechanical alloying seldom attracts
commercial attention because of the risk of powder-blend pollution Fig.1 Morphology of the starting titanium hydride (a) and diboride
during the long high-energy milling to initiate the formation of TiB (b) powders
and matrix particles. Thus, current efforts to fabricate Ti/TiB
composites have all failed to balance cost and material

characteristics, which, when combined with the complicated Samples were obtained by hot pressing without protective
operations required in the manufacturing process, severely limits ~ atmosphere at a pressure of 32 MPa in a temperature range of
the attractiveness of these materials. 1300—1500 °C under CO/CO2. The gas medium created by burning

The hot pressing (HP) method is commonly used for  of the graphite fixture. In this apparatus, due to the CO — CO2+C
densification of metal matrix composite materials. In particular, ~ reaction, efficient delivery of carbon throughout the porous volume
when the melting point of one of the components more than  and the reduction of oxides impurities on the surface of the sintering
1500°C. Increasing the temperature during the compaction process samples. The p're ;lntereq compgsne yvere heated up to dlﬁergnt
allows to soften the material. Therefore, the pressure that needs to ~ temperatures using induction heating with a heat rate of 100 *C/min.

be applied to obtain fully dense materials is significantly lower. ~ An initial load of 7 MPa was applied until the peak temperature was
This in turn allows us to fast obtain materials with a fine  achieved, and then the load was increased to 32 MPa. The dwell at

microstructure and high mechanical properties [4]. the maximum temperature was 30 min, then the furnace was slowly
cooled down (50 °C/min) to 1200 °C and further free cooling to

Materials and experimental procedure room temperature to avoid crack formation.

The basic component of the powders charge to prepare the test Three-point flexural test were performed in compliance with ISO
samples was titanium hydride with a fraction of —100 um (Fig. 1a), 12135 and ISO 12737 at room temperature employing an H5K-T
whose hydrogen content and phase composition corresponded to  produced by Hounsfield machine. The fracture patterns of the
single-phase titanium hydride (TiH,) and titanium diboride powders samples after mechanical tests were examined by fractography and
(Fig. 1b). In choosing high-modulus compounds as reinforcement  the fracture surfaces and microstructure were analyzed with a
components for the composite, we were guided by our previous TESCAN VEGA 3 scanning electron microscope. The Vickers
efforts [5-6] that showed that TiB, was an effective reinforcing hardness was measured with a Wolpert hardness tester.

addition that actively interacted with the titanium matrix at sintering

temperatures to release monoboride particles.
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Results and discussion.

TiH, powder is an advanced substitute for conventional
titanium powder in BEPM production of Ti-based alloys because of
the intrinsic properties of TiH2: ease of crushing, activated sintering
and cleaning when hydrogen atoms are released in the heating
cycle, and low cost. The TiH2—Ti transformation with
dehydrogenation during sintering densifies the powder compacts
and also brings out impurities such as oxygen, chlorine, and carbon.
Owing to the positive influence of hydrogen as a temporary alloying
element for titanium, BEPM using TiH, and master alloy (MA)
powder blends as starting materials and the simple press-and-sinter
processing route allow the synthesis of low-porosity Ti alloys with
an admissible content of gas impurities and strong mechanical
characteristics.  Despite  the indisputable advantage for
manufacturing various titanium alloys, less success is encountered
when using the same hydrogenated press-and-sinter BEPM for in
situ production of Ti/TiB composites.

Microstructural analysis of the sintered samples (Fig. 2) showed
that the titanium diboride inclusions actively interacted with the
titanium matrix in the sintering process to form titanium
monoboride inclusions of primarily acicular shape and a cross-
sectional size of 1-5 pm and a length of 10-25 um. The secondary
porosity at interfaces between the titanium monoboride grains and
matrix phase, resulting from the Frenkel effect, also attracts
attention.
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Fig. 2. Starting microstructure of Ti/TiB composite after
vacuum sintering

The mechanical properties of as-sintered composites are not yet
satisfactory because excessive porosity forms during the high-
temperature Ti + TiB2—TiB reaction, the incompletely reacted
TiB2 particles are present, and the distribution of boride particles
(both TiB2 remnants and TiB needles) in the microstructure is
nonuniform, which are the main reasons for the poor ductility and
toughness.
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Fig.3. Microstructure after hot pressing of composites at
(a) 1300°C, (b) 1400°C, (c) 1500°C

The used HP greatly modified the structure and chemistry of
composites. It increases the volume fraction of the strengthening
phase by partial converting it from TiB2 into TiB by using titanium
from the matrix; in other words, it increases the fraction of the
harder phase in the expense of the softer one. Another important
result is formation of a new interface between the monoborid
particles and surrounding matrix alloy, which results of chemical
reaction between the reinforcement phase and the matrix alloy. All
this possible due to diffusion mobility of the elements involved,
additionally activated by used high temperature and pressure.
Finally, another very important consequence of HP is significant
reduction of porosity. Composites reinforced with TiB still show
some residual porosity after the HIP (Figs. 3), but its fraction was
drastically reduced after the treatment. The porosity measured was
below 1%, and the particles did not change their dispersion
character. The transformation of TiB2 into TiB was essentially
complete (compare Figs. 3 and 2). In addition, in the majority of
particles after HP exhibit rather plate morphology than needle.

The features of phase and structural transformations in MMC
hardened with TiB occurring under HP are quite complex and
diverse, so that a separate work will be performed for their detailed
description.
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Fig.4. Results on 3-point bend test of Ti/TiB structures.

Results in Fig.4. show that hot pressing raised the mechanical
properties of the material. From the load curves, it can be concluded
that the temperature of 1300 C is too low, but 1400 and 1500 show
satisfactory results. The load curves differ in the angle of
inclination, which indicates the different modulus of elasticity of the
material, because at a higher temperature of hot pressing, the
material has no residual porosity. The fracture microstructures of
the samples after the three-point bending test show that the material
breaks almost brittle. There is an elastic accumulation of energy
during which the weakest link (mainly the boride needle) breaks
and the crack spreads like an avalanche. However, this type of
composites resists compressive load very well, as well as dynamic
loading.
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View field: 260 ym
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Fig.5. The SEM images of the fracture surface of the Ti/TiB
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Conclusions.

1. Sintering of the samples made from a powder mixture TiH2-
TiB2 is accompanied by active interaction of diboride particles with
titanium matrix, as a result of which the the formation of needle-like
titanium monoboride particles in the titanium matrix phase takes
place.

2. Sintered MMCs have increased porosity after synthesis,
which negatively affects the mechanical properties.

3. The use of hot pressing of sintered powder preforms leads to
improvement of microstructure, healing of porosity, increase to
strength properties and hardness of the composites.
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