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Abstract: Tribological tests were carried out on four Ti-TiC composite samples to investigate the tribological behaviour of this alloy and the
influence of sintering parameters on it. The samples were sintered by SPS using a high voltage electrical discharge. The general sintering
parameters of the samples are temperature — 1/00°C, heating rate — 10 °C/s, heating time — 3 min, initial pulse current — 260 A, maximum
pulse current — 500 A. The different parameters are as follows: the number of pulses used for the first and fourth samples is 1000, for the
second and third samples 2000; for the first and second samples a 1 electrode system was used, for the third and fourth samples a 3-
electrode system. The hardness of the samples was measured using the Vickers method. The first specimen, sintered with 1000 pulses and 1
electrode system, has the highest hardness of 456.84 HV10. This is related to the fact that this sample showed the best tribological
properties: the lowest friction coefficient of 0.39 and the lowest wear rate of 6.4-10-4 mm3/Nm. It was observed that the samples sintered
with 1000 pulses had lower average coefficients of friction: the average coefficients of friction of the first and fourth samples are 0.39 and
0.48 respectively, while the second and third samples are 0.54 and 0.51 respectively. The friction and wear characteristics of the first
specimen, which has the best tribological properties, were compared with those of a Ti-Al-V alloy widely used in aviation. The Ti-TiC
sample showed a better friction coefficient and better wear characteristics.
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1. Introduction the vertical and horizontal stabilizer structure in the carbon fiber

Titanium has many properties that make it a W|de|y used reinforced polymer tail assembly. This use is primarily due to the
material in the aviation and aeronautical industries. Titanium  fact that the coefficient of thermal expansion of Ti compared to that
composites generally have a good strength-to-weight ratio, good ~ Of Al and the coefficients of thermal expansion of polymer matrix
corrosion resistance, and the ability to be used in high-temperature ~ composites are similar. In addition, Ti alloys are chemically more
components. Aviation is always looking for ways to make airplanes compa_tlble with carbon fiber than Al and are used to avoid galvanic
lighter and more fuel efficient. The use of titanium matrix ~ corrosion problems [1]. o o
composites is ideal for these criteria as they provide strength and ~ The main field of application of titanium composites in aviation
durability without adding excessive weight. is gas turbine engines. About a third of the structural weight of

Stiffness, strength, corrosion resistance are very important ~ modern turbine engines is titanium. The first jet engines in the 20th
properties of aircraft structural materials, which are characterized ~ century. In the early 1950s, titanium alloys were used in jet engines
by titanium composites. Often the main reason for using titanjum ~ Produced by the American company Pratt & Whitney and the
alloys for fuselages is to save weight, so the high specific strength ~ English company Rolls-Royce. Since then, the amount of titanium
of the metal is used. It is often worth substituting high-strength has steadily increased. In addition, over the years there is a trend of
steel, even if the steel has a higher strength, or aluminum-based ~ evolution of alloy design from a+8 alloys to elevated temperature
alloys, even if the density of aluminum is lower. As a result, ~ near o alloys. Compressor vanes were the first engine components
titanium alloys have been increasingly used in fuselages over the ~ to be made of Ti, and Ti compressor discs came later. The large
past four decades. These days it makes up about 9% of the Boeing front fan blades of modern jet engines are now often made from Ti
777's structural weight. Similar figures are found in Airbus aircraft.  alloys. Due to the constantly increasing number of engine gears, the
Titanium alloys are used in aircraft fuselages to inhibit the growth ~ blades of the latest designs are longer than one meter. At these
of fatigue cracks. They are used as thin, narrow rings placed around ~ dimensions, fan blade flutter can become a serious problem, as the
the aluminum fuselage of an aircraft, preventing potential fatigue  Plade tips can reach sonic speeds and cause mixed supersonic flow
cracks from propagating catastrophically in the cladding. Currently, ~ fields and associated shock waves. To increase their rigidity,
Ti alloys are also used for hydraulic tubes in modern aircraft. ~ Protective blades were added in the middle of the blades. Although
Compared to steel tubes, titanium allows you to save up to 40% of ~ these mid-mounted surrounds may have controlled vibration, they
mass. For this purpose, the a+8 alloy Ti-3AL-2.5V is primarily used adversely affected the fan's aerodynamic efficiency and reduced
because it is easily deformed and has sufficient strength. When high ~ fuel efficiency. These days, such wide fan blades are used in the
corrosion resistance is required at medium strength, commercially ~ latest generation of jet engines. However, the large mass of these
pure titanium is used. Aircraft floors around aircraft galleys and blades dictates different designs than the solid titanium alloy forged
lavatories are an example of a corrosive environment where Ti must ~ designs used in the past. Major engine manufacturers have used
be used. The piping system of the de-icing equipment is made of  different concepts to prqduce lightweight W|d_e-blade fan blades for
unalloyed titanium. Here, strength is less important than thermal ~ the latest large jet engines. The manufacturing company General
stability. As temperatures can well exceed 200 °C, aluminum alloys ~ Electric was the first to use fiber-reinforced polymer composites in
can no longer be used. In addition, exceptional corrosion resistance ~ GE90 fan blades. However, to meet erosion resistance
is necessary because of the need to transport warm, aggressive  requirements, the blades are designed with leading edges made of
media. Despite the higher initial cost, primary airframe components titanium. Rolls-Royce and Pratt & Whitney continued to use
are increasingly made from wrought Ti alloys. Higher initial costs  titanium structures to reduce engine weight, and both companies

pay off over the long term because high-strength steel, due to its ~ Switched to hollow titanium fan blade technology. Early hollow fan
Suscep“b”'ty to stress Corrosion’ typ|ca”y needs to be replaced at blade deSIgnS consisted of machined titanium face sheets. Advances

least once during the aircraft's lifetime. If the landing gear  in manufacturing technology now allow the fabrication of blades
components are made of titanium alloys, their replacement is ~ from Ti sheets using plastic forming and solid phase diffusion
avoided, and the Boeing 777 has set the trend for their use. Here, ~ bonding [2].

the main landing gear is made almost entirely of forged TIMETAL Tribology is the science that helps to understand the phenomena
10-2-S components, which almost doubled the amount of titanium of friction, lubrication and wear due to the relative movement of
used in the 777 airplane. This saves approximately 270 kg of intera_cting surfaces_. This branch of science includes r_nechanical,
aircraft weight. Due to potential high loads, such as from bird ~ chemical and materials technology. The challenges of tribology are
strikes, the cockpit window frames are made of forged titanium o reduce friction and wear to save energy for faster and more
alloys, while the other window frames are provided with aluminum ~ Precise movements, improve component longevity and reduce
alloys for sufficient strength. Titanium alloys are preferred to mount ~ Maintenance. Currently, tribology is relevant for transportation
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engineering, aviation, material forming and processing, lubricant
preparation, and many other areas that require relative motion in
contacting parts. The tribological properties of metal matrix
composites are determined by three main factors:

1. Composite composition and microstructure.

2. Particle size, volume concentration and distribution in the
metal matrix.

3. Properties of the interface between the metal matrix and the
reinforcing material.

During sintering, various defects such as voids and porosity can
form. These defects can affect tribological properties such as
friction or wear. As porosity increases, the mechanical and
tribological properties of composite materials deteriorate. Also,
tribological test parameters such as sliding speed, applied load,
sliding time and surface roughness affect the wear and friction of
metal matrix composites [3].

2. Methodology

Titanium matrix composite samples sintered by SPS method
with different parameters were used for the research. The titanium
particles were reinforced with titanium carbide. The samples were
prepared at the Institute of Impulse Processes and Technologies
(IPPT) of the National Academy of Sciences of Ukraine. Powders
containing 85% titanium and 15% titanium carbide were treated by
high-voltage electric discharge in liquid ethanol. 100 g of solid
phase with 1.5 | of ethanol, ratio 1:12. HVED parameters are as
follows: E1 = 1 kJ and Eqm = 25 MJ kgt. Here, E1 is the stored
energy and Eg,, is the total energy released during the processing of
the dispersed system. SPS of the resulting powders was performed
using an experimental sintering device designed and manufactured
by IPPT. SPS parameters are presented in Table 1. The SPS
temperature depends on the current, and the obtained temperature
affects the number of synthesized carbides and intermetallic
compounds, so it is important to determine the optimal parameters
of the processes that would allow obtaining the maximum number
of the particles [4]. In the high voltage treatment mode, sintering
was carried out in ethanol, a single electrode system was used for
the first and second samples, and a three-electrode system was used
for the third and fourth samples. The number of pulses for the first
and fourth samples is 1000; for the second and third - 2000. In the
strengthening mode, the sintering parameters of all samples are the
same. Heating speed - 10°C/s, heating time - 3min, heating
temperature - 1100°C, initial strength of impulse current - 260A,
maximum strength - 500A.

The samples were sintered in a vacuum at a pressure of 50-60
MPa in a graphite matrix between graphite electrodes. The duration
of sintering of all samples was 3 min. The samples were marked
according to the sintering parameters.

Table 1: Parameters of production technology for evaluating the properties

- Number of . Number
Sample | Initial powders | System electrodes Ambient of pulses
1 100%Ti Ti-TiC 1 Ethanol 1000
2 100%Ti Ti-TiC 1 Ethanol | 2000
3 100%Ti Ti-TiC 3 Ethanol | 2000
4 100%Ti Ti-TiC 3 Ethanol 1000

2.1. Pin-on-disk tribological test

The MicroTest pin on disk tribometer shown in Figure 1 is used
for testing. This test bench presses the test body against a flat disc-
shaped surface on which the specimen is mounted. Pin-on-disk
tribometer is used to study and simulate friction and wear processes
under sliding conditions. It can be used for friction without
lubrication and with liquid lubricants. Thus, both material and
lubricant tests can be performed. According to the ASTM G99
standard, a stationary body is pressed against a specimen on the
surface of a rotating disc with a certain normal force. The normal
force acting on the body is generated by auxiliary weights; such an
effect allows to ensure a stable force during the test. A ball-shaped
compressible body was chosen for the tests. The coefficient of
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friction is determined during the test by measuring the friction
force, according to the deflection of the elastic arm, strain sensors
are attached to this arm, which allow direct measurement of the
friction force [5].

Fig. L Experimental setup: MicroTest pin on disk tribometer

A ball-shaped compressible body was chosen for the tests. A
new ball was used for each test so that wear on the ball would not
affect other tests. The balls are made of steel AISI 52100, their
hardness is 64 HRC, diameter 6 mm. The sample is fixed on the
disk at four points as shown in Figure 2. Before starting the
tribometer, the test parameters listed in Table 2 were entered. To
evaluate wear, all samples were weighed with an "AS 60/220.R2
PLUS" balance before being placed in the tribometer. This scale can
determine the mass of objects with an accuracy of 0.01 mg, which
allows you to determine how much mass was lost during the test
due to wear by weighing the samples before and after the tests. The
wear rate measured in mm3/Nm is calculated using the formula:

Ws

here: AV —wear volume; Fy — normal load; L — sliding path.
The wear volume is calculated according to the formula:
AV

here: m; is the mass of the sample before the test; m, - mass of the
sample after the test; p is the density

The density of cylinder-shaped specimens is calculated as
follows:

p

here: r is the radius of the specimen; h - height of the specimen.
The dimensions of the samples were measured with a caliper.
This methodology for calculating the wear coefficient can be found

The parameters of the tribological pin on disk test are presented
in Table 2.
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Table 2: Parameters of production technology for evaluating the properties

Rotation speed, - Ambient
Normal load, N rev/min Sliding path, m temperature, °C
20 200 100 23

For each specimen, the test took approximately 45 minutes to
reach the set sliding distance of 100 m, at which point the device
automatically shuts off. The resulting wear tracks are inspected
visually.

2.2. Hardness test

Hardness tests of the composite specimens were performed
using the Innova test bench. A Vickers hardness test was performed
using a load of 10 kgf held for 10 s. 10 impressions were made for
each sample and the hardness values were recorded. The Vickers
hardness test uses a 136° pyramidal diamond indenter that forms a
square indentation. The load works for 10-15 s.

10 impressions were made with this device, their locations were
chosen in a random order, trying to apply to places with lower
carbon concentration to avoid large anomalies in the results. The
size of the imprint is measured by software, which calculates the
hardness.

2.3. Microscopic analysis

Wear tracks were examined with a Nikon Eclipse LV100ND
motorized microscope. This device has bright and dark field
lighting modes, a lens zoom range of 5x to 100x, and a maximum
image capture resolution of 16 megapixels. The built-in Nis -
Elements software allows to perform image processing tasks such
as phase measurement, merging horizontal and vertical images, 3D
mapping and various other functions. The microscope has a 16 MPx
GX format CMOS digital camera DS - Ri2. The camera is capable
of processing 4908x3264 resolution images at 6 frames per second
and 1636x1088 resolution images at 45 frames per second. The lens
used is LU Plan Fluor 5x/015 WD 23.5 capable of capturing images
at 50x zoom.

Micrographs of the wear tracks of each specimen were taken,
magnified 50 times. Using Nis-Element software, the wear track
widths of the samples in pm were measured.

3. Results and Discussion

3.1. Vickers hardness test analysis

The comparison of the hardness between samples is presented
in Fig. 3.
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Fig. 3. Hardness value graph for the Ti- C composites treated by HVED
and sintered

The sintering parameters have a significant effect on the
hardness of the samples, because the obtained results are very

different from each other, although the same powder is sintered,

with the same concentration. The softest sample was obtained after
sintering using 1000 pulses and a three-electrode system, while the
hardest one was obtained using 1000 pulses in a single-electrode
system. Also, a third sample sintered using a 2000-pulse, three-
electrode system demonstrated comparatively high hardness.

3.2. Study of friction and wear parameters

The results of the tribological experiments are shown in Fig. 4.
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Fig. 3. Dependence of the coefficient of friction and sintering parameters: a
— 1 sample; b — 2 sample; ¢ — 3 sample; d — 4 sample
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Summarizing the results, it can be said that the best tribological
properties were demonstrated by the first sample. The lowest
coefficient of friction and the lowest wear rate were obtained for
this specimen under the same test conditions of 20 N normal load,
200 rpm speed, 100 m sliding path and 23°C temperature. This is a
Ti-TiC system specimen sintered by SPS, sintered by a single
electrode system using 1000 pulses, in an ethanol environment with
a heating rate of 10°C/s, a heating temperature of 1100°C, a heating
time of 3 min, using an initial pulse current of 260 A and a 500 A
maximum impulse current. This specimen is harder than the others,
so the favorable tribological properties are related to it. It is also
worth noting that the samples sintered using 1000 pulses have lower
friction coefficients compared to those sintered using 2000 pulses.
The average coefficients of friction of the first and fourth samples
are 0.39 and 0.48, respectively, and the second and third are 0.54
and 0.51, respectively.

3.3 Optical analysis of the sliding paths

Figure 4 shows micrographs of the worn surface of the Ti-TiC
specimens after the wear test with a load of 20 N, magnified 50
times using a Nikon Eclipse 100ND microscope. Wear track widths
were measured using Nis-Element software. Parallel wear grooves
formed during sliding are observed on the surfaces of the
specimens, and black streaks may be the result of oxidation. The
measured wear track widths agree with the trends of the friction
parameters. The smallest widths measured for the samples sintered
using 1000 pulses of the first — 1703.24 pum, and the fourth —
1663.04 um. The wear tracks of the samples sintered using 2000
pulses are wider for the second - 1909.15 um, and for the third -
1794.07 pm.
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Fig. 4. Images of sliding paths of Ti-TiC samples: a — 1 sample; b — 2
sample; ¢ - 3 sample; d - 4 sample

4. Conclusions

Investigation of the dependencies between the parameters of
production technology and the mechanical properties of the Ti-TiC
composite was successfully carried out letting the formulation of
such conclusions:

A tribological test was performed on four Ti-TiC composite
samples sintered with different parameters. The samples were
sintered by the SPS method using a high voltage electric discharge.
The general parameters of the sintering of the samples are
temperature - 1100°C, heating rate - 10 °C/s, heating time - 3 min,
initial impulse current strength - 260 A, maximum impulse current
strength - 500 A. The different parameters are as follows: for the
first and fourth sample the number of pulses used is 1000, for the
second and third - 2000; 1 electrode system was used for the first
and second samples, 3 electrode system for the third and fourth.
Hardness measurements were performed on the received samples,
according to the Vickers method, using the Innova test bench. The
obtained results showed that the first sample has the highest
hardness - 456.84 HV10, the lowest - 224.11 HV10, the second -
291.31 HV10, and the third - 394.05 HV10. A tribological test was
performed using the "pin on disk" method. The samples were
rotated and pressed with a stationary AISI 52100 steel ball. The
obtained results showed that the first sample demonstrated the best
tribological properties. For this sample, the lowest friction
coefficient - 0.39 and the lowest wear rate - 6.4-10-4 mm*/Nm were
obtained under the same test conditions - 20 N normal load, 200
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rpm speed, 100 m sliding path and 23°C temperature. The friction
coefficient of the second sample is 0.54, and the wear rate is
1.01-10-3 mm®/Nm. The friction coefficient of the third sample is
0.51, and the wear rate is 7.6-10-4 mm°/Nm. The coefficient of
friction of the fourth sample is 0.48, and the wear rate is 7.9-10-4
mm3/Nm. From these results, a correlation between the number of
pulses used during sintering and the coefficient of friction can be
observed. The first and fourth samples sintered using 1000 pulses
have the lowest friction coefficients. The number of electrodes does
not affect the tribological properties.
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