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Abstract—A Ti/17 vol % TiB composite material is produced by spark plasma sintering of a mixture of tita-
nium and 10 wt % TiB, powders at a temperature of 1000°C. Multiaxial isothermal forging is performed at
t = 850°C to enhance the mechanical properties of the composite. Deformation develops dynamic recrystal-
lization in the titanium matrix and shortens TiB whisker crystals by a factor of ~3. Multiaxial isothermal
deformation decreases the temperature of the brittle-to-ductile transition of the Ti/TiB composite material
by ~200°C (from ~500 to ~300°C) and results in a plasticity of ~5% upon compression at room temperature.
Deformation decreases the microhardness and the wear resistance to a certain degree. Multiaxial isothermal
deformation weakly changes the corrosion properties of the composite material in comparison with the initial

state.
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INTRODUCTION

Titanium and titanium alloys are in great demand
in various branches of engineering and medicine
because of their low density, high specific strength,
corrosion resistance, and biocompatibility [1]. How-
ever, titanium and low-alloy titanium alloys have an
insufficiently high absolute strength, hardness, and
wear resistance.

The strengthening of titanium can be achieved by
creating titanium matrix composites by adding high-
hard titanium compounds, such as TiB, TiC, and TiN
[2—5], as reinforcing components. Among them, TiB
has a high stability at synthesizing temperatures and
good crystallographic matching with a titanium
matrix, thus ensuring minimum residual stresses
[6, 7]. Its density and thermal expansion coefficient
are close to those of titanium. Spark plasma sintering
(SPS) is one of the promising techniques to produce
composite materials. Strong TiB whiskers form in a
titanium matrix as a result of the chemical reaction
Ti + TiB, = 2TiB during SPS of a Ti/TiB composite
material [7, 8]. This technique provides low-temperature
SPS for a short time, which, on the one hand, ensures a
high efficiency of the technique even at almost 100%
density of workpieces. On the other hand, it does not
cause significant growth of structural elements, providing
the formation of a nanostructured composite [9].
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However, SPS-prepared Ti/TiB composites,
despite the high strength owing to a TiB strengthening
phase, have a low plasticity, especially at low tempera-
tures [7, 10]. Thermomechanical treatment is a possi-
ble way to increase the plasticity of Ti/TiB composites.
For example, the mechanical properties of Ti/TiB
composites were noticeably enhanced by deformation
at the B-phase temperatures [11, 12]. The choice of
this treatment is advisable, since the titanium matrix
in the region of P-phase existence exhibits an
extremely high plasticity, which provides deformabil-
ity of the composite material. However, high-tem-
perature treatment of titanium alloys is usually associ-
ated with a number of processing problems, including
those that require controlling the coarsening of a
structure. Therefore, the problem of thermomechani-
cal treatment of this composite material in the
o-phase region with low temperatures is very import-
ant. Unfortunately, there is little available information
to determine the thermomechanical treatment param-
eters for this material and the possible level of
mechanical (strength, plasticity, and hardness) and
service (wear and corrosion resistance) properties.
The aim of this work is to study the effect of plastic
deformation performed in the o region on the struc-
ture and the properties of the SPS Ti/TiB composite
material.
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EXPERIMENTAL

The Ti/TiB composite was prepared from a tita-
nium powder (99.1% Ti) with an average particle size
of 25 = 10 um and titanium diboride (99.9% TiB,)
with an average particle size of 4 = 1.5 pum. The mass
fraction of TiB, in the initial mixture was 10%, which
corresponded to 17 vol % TiB after synthesis [13]. The
selected amount of reinforcing component provides a
near-maximum strengthening effect. However, a fur-
ther increase in the fraction of TiB, weakly increases
the strength but sharply decreases the ductility [7].

The powders were mixed in a Retsch RS200 vibrat-
ing disk mill for 1 h in ethanol at a milling rotation
speed of 700 min~'. To prevent heating of the mixture
during mixing, the milling pot was cooled with liquid
nitrogen.

SPS at 1000°C and 40 MPa for 5 min was carried
out in a Thermal Technology SPS10-3 machine. The
dimensions of workpieces were J19 X 15 mm. The
temperature of the polymorphic o0 &2 P transforma-
tion in the titanium matrix was ~915°C.

Samples @7 X 10 mm in size were cut from com-
posite workpieces using a Sodick AQ300L electric-
discharge machine. Isothermal compression of sam-
ples to a strain of 70% (true strain of 1.2) was con-
ducted at temperatures of 500, 700, and 850°C
(o phase range) and 950, 1000, and 1050°C (B phase
range) at an initial strain rate of 1073 s~!. Compression
tests were carried out in air using an Instron 300LX
testing machine equipped with a furnace for heating to
1200°C. The heating time before deformation was
15 min.

Prismatic-shaped samples 16 X 14 X 12 mm in size
were cut to carry out multiaxial isothermal forging
(MAF, the technique is also known as “abc deforma-
tion” [14]). MAF includes sequential compression of
a prismatic sample along three orthogonal directions
a, b, c. MAF was performed in air at 850°C using the
Instron 300LX testing machine. The initial strain rate
and the true strain of each MAF stage were 1073 s~!
and ~0.52, respectively. There were 10 stages (com-
pressions) at a total true strain Xe¢ = 5.2. Before each
compression, the prismatic shape of the workpiece
was restored by removing the curved surfaces using the
electric-discharge machine.

X-ray diffraction (XRD) analysis was performed
using an ARL-Xtra diffractometer and CuKo radia-
tion. Quantitative XRD analysis was performed using
the Rietveld method [15] and the PowderCell soft-
ware. The microstructure in axial section was exam-
ined by a Quanta 600 FEG scanning electron micro-
scope (SEM) at an accelerating voltage of 30 kV and a
JEOL JEM-2100 transmission electron microscope
(TEM) at an accelerating voltage of 200 kV. The
porosity of the workpieces after SPS was determined
by metallographic analysis and hydrostatic weighing.
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The flat tensile samples had a gauge length of 4 mm
and a gauge cross-section of 1.5 X 3 mm. Before test-
ing, the samples were thoroughly grounded and pol-
ished. Deformation was carried out using an Instron
5882 universal testing machine at room and elevated
(300—700°C) temperatures and initial strain rate of
10-3 s~!. The Rockwell hardness was measured at a
load of 1.48 kN (150 kgf) for 5 s. Ten measurements
were performed in each state of a sample. The hard-
ness of pure titanium after SPS was measured for
comparison. The impact toughness was measured on
samples with a V-shaped notch and dimensions of
55 x 10 X 2.5 mm, according to Russian Standard
GOST 9454—78 using a pendulum impact testing
machine. To find the crack resistance of the compos-
ite material, we measured the length of cracks formed
at the vertices of a rectangular indentation during
measuring the Vickers microhardness, and then we
calculated stresses K at the crack tip from formula
K, = x(E/H)*3(P/c*?), where x is the empirical con-
stant as a function of the geometry of the indenter
(0.016 in our case), E is the Young’s modulus, H is the
hardness, P is the load on the indenter, and c is the
crack length [16].

The tribological properties of the Ti/TiB compos-
ite in different states were measured under dry fric-
tion conditions in air using a ball—disk scheme
(ASTM G99-959 and DIN 50324) using an auto-
mated TRIBOMETR CSM Instruments friction
machine. Continuous measurement of the friction
coefficient with an accuracy of £0.001 was carried out
directly during a test. A corundum ball with a diameter
of 6 mm was used as a counterbody. The following
conditions of tribological tests were used. The load on
the holder of the counterbody was 5 N. The speed of
the ball was 5 cm/s. The radius of a friction track was
1.53 mm and the friction path was 500 m. The wear
resistance of a sample was determined from the wear
factor. For this purpose, the cross-sectional area of a
wear track was measured in five regions at three points
with an accuracy of £0.01 pm using a Sutronic 25 con-
tact precision profilometer. A FEI Quanta 200 3D
scanning electron microscope was used to examine the
morphology of a friction track.

The corrosion resistance was determined by the
electrochemical method using an IPC-Pro potentio-
stat and a standard three-electrode cell in Ringer solu-
tion (0.9% aqueous NaCl solution) at room tempera-
ture. Chloride silver and carbon electrodes were used
as a reference electrode and an auxiliary electrode,
respectively. Before anodic polarization, each sample
was soaked in test solution for at least 1 h; the change
in the stationary potential £ for 30 min did not exceed
30 mV. Anodic polarization was conducted from
reached stationary potential £, to 3 V at a scanning
rate of 1 mV/s. Samples after tests were washed in dis-
tilled water and air dried.
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Fig. 1. Microstructure of the Ti/TiB composite material after SPS: (a) SEM and (b) TEM (inset shows the cross section of TiB

crystal).
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Fig. 2. (a) Appearance of Ti/TiB samples upon compression at 500—1050°C and (b) microstructure (TEM) of the composite

material after 70% deformation at 850°C.

The tribological and corrosion properties of the
composite material were compared with those of com-
mercial-purity VT1-0 titanium samples cut from a
hot-rolled bar 40 mm in diameter. The grain size in the
initial state was ~30 pm.

RESULTS AND DISCUSSION

The microstructure of the Ti/TiB composite mate-
rial produced by SPS in the initial state consists of tita-
nium boride whiskers nonuniformly distributed in the
titanium matrix and unreacted titanium diboride par-
ticles (Fig. 1a). TEM also showed a nonuniform com-
posite structure (Fig. 1b). There are individual TiB
crystals in some regions with a low dislocation density.
However, the most part of volume has a high disloca-
tion density, which, apparently, caused by the great
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number of TiB particles in the structure. TiB whiskers
in the cross section have the shape of an irregular
hexagon bounded by (100), (101), and (101) planes
[17] (inset to Fig. 1b). A large number of stacking faults
parallel to the (100) plane are observed in TiB crystals.
The cross-sectional size of TiB whiskers was 63 *
35 nm, and the ratio of whisker length to cross-section
(diameter) was ~47. According to XRD analysis, the
volume fraction of titanium, TiB, and TiB, in the
composite structure is 78.6, 19, and 2.4%, respec-
tively. The volume fraction of pores in the structure
is0.5%.

Compression tests in the temperature range 500—
1050°C showed good deformability of the composite
material at 850°C or above (Fig. 2a). Surface cracks
appear at a compressing temperature of 700°C and the
sample fails at 500°C along the plane of application of
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the highest tangential stresses. Deformation at 850°C
results in dynamic recrystallization in the titanium
matrix and the formation of new grains ~1 m in size,
the boundaries of which have a fairly perfect structure
with a typical banded contrast (Fig. 2b). The forma-
tion of new grains is more typical for regions with a
small number of TiB crystals. Regions with a large
number of TiB crystals prevent the grain growth and
retain the deformed microstructure.

Based on the results of compression tests, we sub-
jected Ti/TiB composite samples to MAF at 850°C to
increase the plastic properties of the composite mate-
rial. MAF shortened TiB whisker crystals by a factor of
~3 (Figs. 3a, 3c). However, the diameter of the TiB
whiskers remains practically the same, and the stable
length-to-transverse size ratio is still ~10. TEM study
showed that the deformation at 850°C to Xe = 5.2
(10 steps) resulted in the formation of a partially
recrystallized structure with grains 1.0—1.5 um in size
(Fig. 3b).

Thermomechanical treatment significantly
changes the mechanical properties of the Ti/TiB com-
posite. The composite material after MAF at 850°C
(total strain of 5.2) showed a plasticity of ~5% during
compression at room temperature, whereas the initial
composite material failed in the elastic region
(Fig. 4a). The compressive strengths of the initial and
forged samples are rather close, 2210 and 1960 MPa at
room temperature, respectively. The impact toughness
of the MAF-deformed sample is higher by 30% (Table 1)
and the cracking resistance is higher by a factor of ~2
as compared to those of the initial state after sintering.
The MAF-induced increase in the plasticity also man-
ifests itself in a temperature shift of the brittle-to-duc-
tile transition of the Ti/TiB composite material from
~500 to ~300°C, which is clearly visible from the ten-
sile test results (Fig. 4b). In this case, some decrease in
strength is observed. For example, the strength prop-
erties of the initial composite at 500°C are almost the
same that those at 400°C after MAF. Recrystallization
of the titanium matrix and refinement of TiB whiskers
and their more uniform distribution in the titanium
matrix after MAF at 850°C seem to be responsible for
the increased plastic properties and the slightly
decreased strength.

The smaller (by ~17%) hardness indicates a slight
decrease in the strength of the composite after MAF
(Table 2). However, in comparison with commercial-
purity titanium, the hardness of the composite in both
states is more than 2 times higher. However, the tribo-
logical properties do not become better due to the
increased hardness of the composite. Table 2 suggests
that the hardening of titanium with TiB whiskers
increases the friction coefficient by ~30%. MAF
somewhat reduces the friction coefficient (from 0.71
to 0.66). The wear factor of the composite also
increases by a factor of about two as compared to pure
titanium, and the difference increases after MAF.
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Fig. 3. Microstructure of the Ti/TiB composite material
deformed by MAF at 850°C to a total strain of ~5.2
(a) SEM, (b) TEM) and (c) length L of TiB crystals as a
function of the MAF srain.
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Fig. 4. Stress—strain curves of the Ti/TiB composite mate-
rial in the initial state (Ini.) and after MAF: (a) uniaxial
compression at room temperature and (b) tension at 300,
400, and 500°C.

The decrease in the wear resistance of the compos-
ite in comparison with commercial-purity VT'1-0 tita-
nium is probably related to the spalling of hard TiB
whiskers, which then work as an abrasive in the places
of frictional contact. Since the average transverse size

Table 1. Impact toughness and crack resistance of the Ti/TiB
composite material in the initial state (numerator) and after
MAF (denominator)

KCV, J/cm? K, MPam!/?
0.8790 4
1.2149 8

OZEROV et al.
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Fig. 5. Anodic polarization curves (j is the current density,
U is the potential) for (a) commercial purity VT1-0 tita-
nium and (b) Ti/TiB composite material in the initial state
and after MAF.

of TiB crystals is <100 nm, spalling proceeds much
easier than that in the case of micrometer TiB harden-
ers [ 18]. Therefore, the wear resistance of Ti/TiB com-
posites with coarse TiB precipitates exceeds that of
pure titanium. Thus, the decrease in the wear resis-
tance of the composite can be explained by a change in
the wear mechanism from adhesion in the case of
VT1-0 titanium to abrasive for the Ti/TiB composite.
The plastic-deformation-induced fracture of TiB
crystals during MAF seems to cause even more intense
wear. A similar change in a wear mechanism was
observed for a Ti/(TiN + TiB) composite in [19].

The study of the electrochemical corrosion of
Ti/TiB composites suggests that the introduction of

Table 2. Tribological properties of Ti/TiB samples (initial state and after MAF at 850°C) in comparison with commercial-

purity VT1-0 titanium

Sample Hardness Friction Wear factor,
P HRC coefficient mm3 N~'m~! (x107%)
VT1-0 29+3 0.55 4.25
Ti/TiB, initial 48+ 4 0.71 7.09
Ti/TiB, after MAF 40%3 0.66 8.30
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Table 3. Stationary potential £, (mV) of the Ti/TiB com-
posite material in the initial state and after MAF at 850°C
in comparison with commercial-purity VT1-0 titanium

VT1-0 titanium Ti/TiB, initial |Ti/TiB, after MAF

—309 —212 —244

reinforcing agents (TiB) into the titanium matrix
changes corrosion properties. The stationary potential
E,, of the composite in both states is higher than that
ofthe commercial-purity VT'1-0 titanium, which indi-
cates an increase in the corrosion resistance under our
conditions (Table 3). Nevertheless, it should be noted
that the stationary potential for the composite after
MAF is more negative than that of the initial state,
which indicates the deterioration of its corrosion resis-
tance.

Figure 5 shows the anode polarization curves of
pure titanium and the Ti/TiB composite. As can be
seen from the curves, the corrosion potential of pure
titanium corresponds to ~2050 mV (Fig. 5a), whereas
this value for both states of the composite is ~1550 mV
(Fig. 5b). The passivation of commercial-purity tita-
nium and the Ti/TiB composite begins at polarization
potentials of 2600 and 1850—1870 mV, respectively.
Complete passivation of titanium takes place at a
potential of 3280 mV, and that of a composite, at
2400 mV. Comparable current densities, correspond-
ing to the passivation onset of pure titanium and the
composite, should be noted. MAF somehow worsens
the corrosion properties of the composite (Fig. 5b),
but both states of the composite in the region of small
potentials (up to the corrosion potential) have compa-
rable properties that are as good as those of pure tita-
nium. The data obtained are in agreement with the
results of recent works [20, 21], which also shows com-
parable corrosion properties of the Ti/TiB composite
material and commercial-purity titanium.

CONCLUSIONS

(1) Uniaxial compression in the temperature range
500—1050°C showed that thermomechanical treat-
ment of the Ti/TiB composite can be carried out at
temperatures above 700°C. MAF of the Ti/TiB com-
posite material at 850°C reduces the length of TiB
whiskers by a factor of ~3, causes the development of
dynamic recrystallization upon deformation, and
form grains 1.0—1.5 wm in size.

(2) MAF to a total strain of ~5.2 at 850°C signifi-
cantly decreases the brittle-to-ductile transition tem-
perature (from ~500 to ~300°C) of the Ti/TiB com-
posite material, provides a plasticity of ~5% upon
compression at room temperature without a signifi-
cant decrease in the strength, and increases the crack
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resistance by a factor of 2 and the impact strength
by 30%.

(3) The hardness of the composites is 40—60%
higher than that of commercial-purity VT1-0 tita-
nium. The hardness of the composite after MAF
decreased by ~17%. Wear tests showed an increase in
the friction coefficient of the Ti/TiB composite mate-
rial from 0.55 to 0.71 as compared to that of pure tita-
nium. MAF weakly changed the tribological properties.

(4) The study of electrochemical corrosion demon-
strated comparable properties of the composite mate-
rial and pure titanium.
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