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SINTERED METALS AND ALLOYS

THE EFFECT OF CHARGE COMPONENT COMPOSITION
ON THE STRUCTURE AND PROPERTIES OF TITANIUM MATRIX
SINTERED COMPOSITES WITH HIGH-MODULUS COMPOUNDS
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The effect of the powder matrix base (Ti and TiH ) and the type of reinforcing additives (5 wt.% TiC,
TiB,, B, and B ,C) on the structurization features and some properties of metallic matrix composites
sintered hereof is investigated. It is shown that the application of titanium hydride powder with TiC
and TiB, additives as the starting powder base allows obtaining sintered materials with lower
porosity (2%) and higher hardness, compared to the composites produced based on commercial
titanium powder. The microstructure of sintered composites considerably depends on the type of
reinforcing additives. TiC particles hardly interact with the matrix phase and they are relatively
equilibrium, while the TiB inclusions (as it is in the case of TiB, additive) are acicular 1-5 um in
dia. and 10-25 um long. The microstructure of the composites sintered from the mixture of titanium
hydride and boron carbide powders has conglomerates 20-50 um in size, consisting of highly
dispersed acicular particles of titanium boride phases and unimportant number of TiC equilibrium
particles.

Keywords: titanium hydride, metal matrix composite, sintering, carbides, borides, powder addition,
powder metallurgy, microstructure.

INTRODUCTION

Modern alloys based on titanium are characterized by a unique combination of properties, such as low
specific weight, corrosion resistance, and high specific strength in a wide temperature range, compared with steels
and heat-resistant nickel alloys. This becomes the decisive factor determining the advantage of using titanium in
such high-tech areas as aviation, aerospace engineering, automotive engineering, energy engineering, medicine, and
petrochemical industry [1-4]. At the same time, most titanium alloys have relatively low tribotechnical properties,
whose improvement is associated with the creation (on their basis) of metallic matrix composites, reinforced with
high-modulus compounds, such as carbides, titanium borides and silicides, silicon carbide, and others [5-7]. Process
routes for producing such composites are based mainly on the application of powder metallurgy techniques [8—10].
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The application of titanium hydride powders as starting powders instead of commercial titanium powders is
one of the most efficient process options for producing sintered materials based on titanium alloys that successfully
develops lately. Diffusion processes are activated during sintering, as a result of an increased density of the hydride
lattice, and an additional purification of inter-phase boundaries is ensured by atomic hydrogen, which is released
during the breakdown of titanium hydride [11, 12]. This improves the physical and mechanical properties of the
alloys produced. Furthermore, the cost efficiency of TiH, application is due to its lower cost, compared to standard
titanium powders.

The purpose of this study is to establish the general regularities of structurization and phase composition of
heterogeneous titanium composites, reinforced with high-modulus compounds of different composition, and to
compare their effect on the examined properties of titanium hydride in the starting charge instead of titanium
powder.

MATERIALS AND EXPERIMENTAL PROCEDURE

The basic component of the powder charge to prepare the test samples was: (i) titanium hydride with a
fraction of —100 um (Fig. la), whose hydrogen content and phase composition corresponded to single-phase
titanium hydride (TiH,), and (ii) titanium powder (Fig. 15) of similar particle size obtained by vacuum removal of
hydrogen from hydride, when heated >500°C.

The following factors were considered, when choosing high-modulus compounds as the reinforcing
components of the composite (Table 1) [13]. The elasticity modulus of reinforcing components had to greatly
exceed that of the matrix material (titanium) contributing to the increase in hardness and strength of the composite.
Close values of thermal expansion coefficients of reinforcing particles and titanium matrix had to impact the
formation of residual stresses in the sintered alloy. In addition, the material of reinforcing particles had to be
relatively stable, when interacting with titanium matrix.

Fig. 1. Morphology of titanium hydride (@) and titanium (b) starting powders

TABLE 1. Basic Mechanical Properties of Reinforcing Compound Materials [13]

. fficient of th 1 Maximal solubility of
Compound Hardness, GPa Edlaftmgp Coe lc.l ento _grmi
modulus, GPa expansion, x10° K Matrix Particles
TiB 28.0 550 8.6 <0.001 1.0
TiC 24.7 460 7.4 1.2 15.0
TiN 24.0 250 9.3 22.0 26.0
S%CN 250 420 4.3 Unstable in Ti alloys
1.3 4 14.7 320 3.2 Idem
TiB, 34.0 529 6.4 Idem
B,C 27.5 449 4.5 Idem
Al,O4 22.5 350 8.1 Idem
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Fig. 2. Size distribution of particles of starting powders (/) and powders after ultrasonic treatment (2)

An analysis of basic physical and mechanical properties of different compounds (Table 1) allows
concluding that TiC and TiB are the most promising (in accordance with the above requirements) for the
reinforcement of titanium matrix. The additives TiC, TiB,, B, and B,C in amount of 5 wt.% of the matrix phase
were used to produce titanium-based metallic matrix composites.

The starting powder mixtures were prepared in a drum mixer and, subsequently, used for the formation of
10 mm dia. cylindrical samples in a steel matrix by double-action compacting under 650 MPa. The resulting
compacts were vacuum-sintered at 1350°C with isothermal holding for 4 h.

The dispersion and particle size distribution of all powders (Fig. 2) were determined using a Malvern
Mastersizer 2000 laser analyzer. The density and porosity of the billets after compacting and sintering were
determined by hydrostatic weighing. The microstructure was examined by optical (Olympus GX71) and scanning
electronic microscopy (REM 106I). The phase composition was determined by X-ray diffraction analysis using a
DRON-3M diffractometer in Co-K -radiation with step-by-step scanning. The Vicker’s hardness was measured

using a Wolpert hardness meter.
RESEARCH RESULTS AND DISCUSSION

The evaluation of the efficiency of titanium hydride in the starting charge instead of titanium powder in

terms of achieving higher density of compacts and sintered materials has revealed that, despite higher hardness of
titanium hydride (compared to plastic titanium powder) the porosity of the compacts based on TiH, powder

mixtures with all kinds of reinforcing additives is considerably lower than that of similar mixtures based on titanium
powder (Fig. 3a).
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Fig. 3. Porosity of starting compacts (a) and samples after sintering (b), produced of powder mixtures
based on TiH, and titanium powder with different reinforcing additives

This effect can be associated with the fact that, despite an increased hardness, titanium hydride is a
relatively brittle compound (compressive strength is only ~250 MPa). As a result, its particles are easily crushed,
when pressing, which reduces the size of the pores between them, and, compared to significantly more plastic
titanium, lower porosity values are achieved already at the stage of pressing the mixtures.

After sintering, the difference in porosity values between materials produced based on titanium powder and
TiH, mixtures is somewhat reduced, however, lower porosity is typical for TiH,-based samples, as for the starting
compacts (Fig. 3b). The absolute values of porosity of the compacts sintered of the TiH,-based charge with TiC and

20.00kV _ x1.00k

20.00kV _ x1.00k

Fig. 4. REM images of structure of sintered alloys obtained from TiH,+ 5% TiC (a), TiH,+ 5% TiB,
(b), and TiH, + 5% B4C (c) mixtures



TiB, additives do not exceed 2%, while the porosity of sintered samples reaches ~5 and 9%, when B,C and B

additives, respectively, are used. Regardless of type of additives, the average porosity of the compacts sintered from
titanium powder-based mixtures exceeds that of TiH, powder samples for 1.5-3%. Given the low efficiency (as for

obtaining low-porosity sintered materials) of using boron powder as additive, the following studies were conducted
only on materials with TiC, TiB,, and B,C additives.

The microstructures of sintered composites produced of titanium and titanium hydride powders with the
same reinforcing additives are identical. At the same time, the structure of TiH,-based composites changes
depending on the type of reinforcing additives. For example, the TiH, + TiC composite material consists of evenly
distributed almost sphere-shaped grains and unimportant number of polygonal grains with an average size of ~20—
40 pum in the matrix phase (Fig. 4a).

The X-ray diffraction analysis of such alloys (Fig. 5a) allowed to identify only Ti and TiC phases in their
composition. This is due to the fact that TiC starting particles are thermally stable under these conditions and hardly

interact with titanium matrix during sintering, keeping their starting distribution and dimensions. The absence of
TiH, phase lines indicates almost complete removal of hydrogen during heating and high-temperature holding.

Unlike titanium carbide, TiB, particles actively interact with the matrix phase at elevated temperatures
according to the reaction TiB,+ Ti — 2TiB with release of TiB particles. The morphology of the latter significantly
differs from titanium carbide: TiC particles are usually relatively equilibrium, while TiB inclusions are acicular 1—
5 um in dia. and 10-25 pm long (Fig. 5b).

The X-ray diffraction pattern of TiH, + TiB, sintered samples (Fig. 5b) indicates the presence of not only

the basic matrix phases of titanium, but also the TiB phase with orthorhombic lattice and the traces of other titanium
compounds with boron (Ti;B, and Ti,Bs). The TiB, starting phases are not identified on the X-ray diffraction
patterns of sintered alloys.

The microstructure of the composites sintered from the mixture of titanium hydride and boron carbide
powders has conglomerates (2050 um in size), consisting of highly dispersed acicular particles of titanium boride

phases and unimportant number of TiC equilibrium particles (Fig. 4c). High conglomeration of the structure of such
material is due to the features of the starting charge grading. Therefore, the average size of TiB, and TiC starting

powder particles was ~10 pm and <20 pm, respectively, while that of B,C powder particles was ~50 um (Fig. 2).
The interaction between B,C particles and titanium matrix phase in high-temperature sintering, in terms of
thermodynamics, is the most likely by the following reaction [14-16]:
6Ti+ B,C =Ti+ TiC + 4TiB (1)
or
5Ti+ B,C =4TiB + TiC. ()
However, the X-ray diffraction analysis data of B,C sintered alloy (Fig. 5¢) shows that, along with the
expected inclusions of TiC and TiB phases in the titanium matrix, intense TiB, peaks are also seen on the X-ray

diffraction pattern. Titanium diboride phases in the alloy composition can be caused by the following. According to
[17, 18], in the case of a significant increase in the B,C content in the starting mixture with titanium, the interaction

between matrix phase and boron carbide can occur by the following reaction:
3Ti + B,C =2TiB, + TiC. (3)

In this case, the authors of the study [18] believe that the interaction mechanism is based on the implementation of
the diffusion path Ti/TiC/TiB/TiB,/B,C, resulting in a possible simultaneous coexistence of a triple set of phases

(TiB, + TiC + TiB) in the sintered alloy.

In our case, the content of boron carbide in the starting mixture is only 5%, however, given the significantly
coarser starting particles of the latter (compared to TiB, and TiC), the interaction between B,C particles and matrix

phase according to reaction (3) in the local areas adjacent to boron carbide particles can be expected.
Given the fact that the application of titanium matrix composites for manufacturing the products of
tribotechnical purposes seems to be the most promising, the hardness is one of the main mechanical properties of
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Fig. 5. X-ray diffraction patterns of sintered composites obtained from TiH,+ 5% TiC (a), TiH,+

5% TiB, (), and TiH, + 5% B,C (c) powder mixtures
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Fig. 6. Variation of hardness of sintered composites with the type of titanium-based powders and

reinforcing additives

such materials. The evaluation of the hardness of the sintered samples with different types of powders of the matric

base and reinforcing additives (Fig. 6) showed that the highest hardness (HV = 466) was achieved when using
titanium hydride powder and TiB, as reinforcing additives. This is due to higher proper hardness of titanium boride

phases, compared to TiC. At the same time, the hardness of the composite is considerably lower (HV = 381) when a
titanium powder mixture with TiB, additive is used.

A similar regularity is observed for the composites with TiC additive. This is due to the higher porosity of
the samples compacted of mixtures based on titanium powder, compared to similar alloys obtained from the TiB,-

based charge (Fig. 3b).
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A relatively low hardness (HV = 331) of the alloys sintered from the charge with B,C additive (regardless
virtually the same content of solid phases) is caused by both somewhat higher porosity (compared to TiC and TiB,
composites) and specific morphology of the structure, where the solid inclusions of boride and carbide phases are

heterogeneously distributed throughout the matrix phase and concentrated in the conglomerates that formed in the
location of B,C starting particles.

CONCLUSIONS

The efficiency of the starting titanium hydride powder instead of commercial titanium powder as the basic
material for synthesizing sintered metallic matrix composites based on titanium with TiC, TiB,, and B,C additives
has been demonstrated.

Regardless the higher hardness of titanium hydride, compared to plastic titanium powder, the porosity of
compacts from the powdered mixtures based on TiH, with all kinds of reinforcing additives is lower than that of

similar mixtures based on titanium powder. The absolute values of porosity of compacts based on the TiH, charge
with TiC and TiB, additives have not exceeded 2%, while the porosity of sintered samples has reached ~5%, when
B,C additive has been used. The average porosity of titanium powder-based sintered compacts for all types of
additives that of TiH, powder samples for 1.5-3%.

The structure of sintered alloys significantly depends on the type of reinforcing additives. TiC particles
hardly interact with the matrix phase and they are relatively equilibrium, while the TiB inclusions (as it is in the
case of TiB, additive) are acicular 1-5 pm in dia. and 10-25 pm long. The microstructure of the composites sintered
from the mixture of titanium hydride and boron carbide powders has conglomerates 20—50 pm in size, consisting of
highly dispersed acicular particles of titanium boride phases and unimportant number of TiC equilibrium particles.

The highest hardness (HV = 466) has been achieved when using titanium hydride powder and TiB, as

reinforcing additives. The hardness of the composite was considerably lower (HV = 381) when a titanium powder
mixture with TiB, additive has been used.
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