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Abstract. The impact of the regime of high voltage electric dis-
charge treatment of initial powder mixture in kerosene and ethanol
on the structure, phase composition, hardness, microhardness,
wear resistance and corrosion behaviour of metal matrix compos-
ites of Ti–TiC system consolidated by spark plasma sintering is
studied. It is shown that consolidation of Ti–TiC powder mixture
after high voltage electric discharge treatment in kerosene with
“point–plane” electrode system allows increasing TiC content in
consolidated specimens from 24% to 30%.
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1. INTRODUCTION

The need for creation of new metallic materials with high levels of physico-
mechanical and performance characteristics, which will provide necessary re-
liability of products performance in extreme conditions, is an urgent task for
the development of modern technologies. During the last decades develop-
ment of new Metal-Matrix Composites (MMC) has become one of the popular
ways of solution of the problem of creation of the new materials with increased
properties among the researchers. These materials are characterized by high
hardness and strength, low specific weight, high wear resistance during abra-
sive wear, low value of thermal expansion coefficient [1]. Such a complex of
properties ensures the wide use of MMC as structural and instrumental mate-
rials in different areas of industry, including machine building, transportation
and aerospace industry.

The properties of MMC are highly dependent both on its composition and
production technology. As for now, most MMC are produced using methods
of powder metallurgy [1–2]. Currently, most researchers consider the creation
of new MMC with increased properties, based on the Ti–TiC powder system,
as a prospective research direction due to the fact that these materials are
characterized by low self-cost and chemical compatibility of the matrix and
dispersion-strengthening particles [1–5].

Strength, hardness and wear resistance of MMC obtained by methods of
powder metallurgy are dependent both on the method of consolidation, used
for their obtainment, as well as on used technology of powders preparation. An
efficient technology of preparation of initial powders of metals and super-hard
materials by their treatment with high voltage electric discharge in hydrocar-
bon liquid was developed in the Institute of Pulse Processes and Technologies
of National Academy of Sciences of Ukraine [6–10].

During such treatment, particles of treated powder undergo combined im-
pact of mechanical (shock wave, hydro flows, cavitation) and thermoelectric
(discharge channel plasma, microplasma formations between particles, dis-
charge current, which flows directly through the particles) factors, which leads
to their dispersion. Under the impact of low temperature plasma hydrocarbon
liquid undergoes pyrolysis, which leads to the formation of free nanocarbon
particles [10]. These particles enter reactions of carbidization with treated
powder, due to which disperse hardeners are not added separately to the com-
position of the powder mixture, but are instead formed during its High-Voltage
Electrical Discharge (HVED) processing [6–10].

In order to preserve the dispersed structure and phase composition of the
powder mixture in the consolidated MMC, it is advisable to use the method
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of Spark Plasma Sintering (SPS), which is characterized by relatively low time
of holding at high temperature [6–7].

Unfortunately, the impact of HVED treatment regime on such important
characteristics of MMC of Ti–TiC system as hardness and wear resistance is
currently not studied enough. This limits the possibilities of creating energy-
efficient technology of obtainment of MMC of this system. Therefore, estab-
lishing a connection between the parameters of electric discharge preparation
of the powder mixture and the peculiarities of the structure formation of MMC
of Ti–TiC system is an urgent scientific task.

The goal of present paper is to study the impact of the regime of HVED
treatment of initial powder mixture on the properties of MMC Ti–TiC system
consolidated by spark plasma sintering.

2. METHODOLOGY

2.1. Tested materials and test specimens

Experimental studies were performed on the experimental set-up, which
was described in detail in papers [6–10]. This set-up contains an original
discharge chamber, which is designed in such a way that when it is filled
with treated “liquid–powder” disperse system, powder is located in the area
of discharge gap.

Studies were performed by experimental treatment of Ti–TiC powder sys-
tem in hydrocarbon liquid, subsequent consolidation of MMC specimens from
treated powders and determination of their composition, structure and main
physico-mechanical and performance characteristics using the methodologies
described in papers [6–10]. For each presented experimental point, no less
than 5 experiments were performed.

During the experiments, different types of electrode systems with different
quantity of anode points, through which energy stored in electric capacitor is
cyclically introduced in liquid as pulses, can be installed in discharge chamber.
In the present paper two types of Electrode System (ES) were used, namely
“point–plane” (P–P, see Fig. 1(a)) and 3-point anode–plane (3P–P, see Fig.
1(b)). Usage of these two types of ES is justified by the fact that, as it was
shown in paper [7], change of electric field configuration by using different types
of ES (“point–plane” and “multipoint anode–plane”) can be used to create
conditions for distribution of plasma formations through all of the volume of
treated powder. Plasma formations in all of the volume of treated powder
promote the intensification of erosion and hydrodynamic dispersion processes
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as well as of the synthesis of chemical compounds during HVED treatment
[6–10].

Oscillograms of discharge current and voltage were recorded during the
studies. They were transferred to personal computer, where electric, energetic
and hydrodynamic characteristics of HVED were evaluated including time
dependence of electric power, mean current rise rate and the amplitude of
pressure wave, according to the methodology described in papers [6–10], by
using MathCAD 14 software.

SPS of treated specimens was performed on the “Gefest-10” complex, which
was designed in IPPT NASU and allows consolidation of powders in graphite
matrices by mechanical loading in vacuum utilizing the passage of superposi-
tion of direct and alternating (10 kHz) currents with total amplitude of 1.1
kA through the powder charge under the mechanical loading up to 50 MPa
[11].

(a) (b)

Fig. 1. Interchangeable ES anodes:
(a) point – plane; (b) 3-point anode – plane

Previous studies [6–7] have shown that in order to obtain fine material
structure with notable content of TiC and to ensure protection of ultrafine
size range (from 300 to 600 nm) of TiC particles, the specimens heating rate
during SPS has to be 10 ◦C/s at current rise rate of ∼ 25 A/s. Isothermal
holding time at T = 1100 ◦C has to be no higher than 3 minutes, and the
value of mechanical loading must be as high as possible (50 MPa).

Cylindrical MMC specimens with diameter about 8 mm and height about
5 mm were obtained.
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2.2. Test methods

2.2.1. Microstructure observations

The MMC structure was studied by the methods of optical and scanning
electron microscopy. Metallographic sections were prepared. Macrostructure
observations were performed by optical microscope BIOLAM-I, and by scan-
ning electron microscope HIROX 5500 with EDS system BRUCKER.

2.2.2. Hardness and wear resistance tests

Vickers hardness was determined according to (DSTU) ISO 6507-1:2007
[6–10]. Studies of wear resistance were performed for all consolidated MMC
specimens. Methodology of abrasive wear characteristics lies in the measure-
ment of mass wear of the specimens during given friction path (number of
cycles N) at constant preset dynamic regime and friction conditions: normal
loading, sliding speed, type of abrasive material, specimens size.

The mass of the specimens before and after friction was measured on
WPS 180/C/2 electronic weights and rounded to the closest 0.1 mg. Speci-
mens were cleaned with a degreaser from mechanical and organic particles and
dried by ethyl alcohol to prevent electrostatic effect before each measurement.
Two parameters, namely wear intensity and absolute wear resistance, were
calculated after measurement. The calculation was performed in the following
way.

Wear intensity i is determined as a ratio of mass m of surface layer destruc-
ted by friction to the unit of path S:

i =
m

S
. (1)

Absolute wear resistance Ia was determined as reverse wear rate and was
calculated according to the following equation:

Ia =
1

i
=
S

m
. (2)

Abrasive wear during dry abrasive friction was studied on laboratory de-
vice, which utilizes “finger–disc” kinematic scheme at flat contact. Functional
scheme of this device is shown in Fig. 2. Studied specimen (finger) 1 is fixed
motionless at holder 2 of loading head 8 in such a way that the front surface of
the sample is in contact with the abrasive surface 3, which is fixed motionless
on the horizontal disc 4. Disc 4 driven by electric motor 6 rotates vertically
across its central axis with angular velocity ω = const.
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Normal loading P is applied at the mass center of contact pad between
the specimen and abrasive surface and is provided by weights using a lever
system at the loading head. Path of friction is determined by number of spins
according to speedometer 7.

Specimens had cylindrical shape with diameter of 8 mm and height of 5
mm. Abrasive surface 3 was impregnated with corundum (E) with hardness
of 9.0 by Mohs scale, which ensures the compliance to the standard demand
that hardness of abrasive surface has to be at least by 60% higher than the
hardness of studied material surface layer.

Studies were performed in the following conditions: load P = 4.6 N, speed
of sliding vs = 0.155 m/s, rotation frequency n0 = 212 min−1, abrasive surface
type – P 320 corundum, ambient temperature T = 25 ◦C.

Fig. 2. Scheme of tribometer for dry friction tests
on a surface with rigidly fixed abrasive particles:

1 – studied specimen (finger); 2 – holder;
3 – abrasive surface; 4 – disc; 5 – table;

6 – electric motor; 7 – speedometer

2.2.3. Corrosion test

The corrosion behaviour of TiC–Ti composites was studied by accelerated
model corrosion test according to ISO 11130.

The corrosion test was carried out gravimetrically by the method of periodic
immersion of the specimens in environment of 3.5% NaCl at temperature 21 ◦C
for total 1104 hours. The specimens were immersed for 247 hours in 3.5% NaCl
and were dried for 847 hours at 25 ◦C. The solution of 3.5% NaCl was replaced
every 168 hours. Prior the test the specimens were degreased in an organic
solvent and were dried.
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After completing the test, the corrosion products were removed in ultra-
sound bath. The specimens were weighed prior to and after the testing on
analytical scales with accuracy of 10−5 g.

The mass loss index ∆m was determined as ∆m = m1 − m0 [g], where
m1 was the specimen mass before the testing, and m0 was the mass after
completing the test and removing the corrosion products. The corrosion rate
K was calculated as K = ∆m/St [g/m2h], where S [m2] is the surface area of
the specimen, and t [h] is the test duration.

3. RESULTS AND DISCUSSION

According to obtained values of dispersity and TiC concentration, powder
mixtures obtained by HVED treatment of Ti powder in kerosene and ethanol
with total specific energy of WS = 10 MJ/kg and stored energy of single
discharge of W1 = 1 kJ were selected for subsequent SPS, see Table 1.

The structure of MMC consolidated from powder mixture No. 1, see Table
1 and Fig. 3(a), is characterized by strengthening TiC particles, uniformly
distributed in titanium matrix. According to the results of X-ray diffraction
phase analysis, see Fig. 4(a), quantity of titanium carbide in specimens was
∼ 21%.

Table 1. Powders synthesized by HVED treatment and consolidated by SPS

No. of
regime

(powder
mixture)

Powder Medium ES type
W1

kJ
Ws

MJ/kg
TiC
%

SPS
regime

1

Ti

ethanol P–P

1 10

19
T = 1100 ◦C,
τ = 180 s2 kerosene P–P 24

3 kerosene 3P–P 15

The size of strengthening nanostructured particles lies in range between
600 nm and 5 µm, but agglomerates of particles up to 50 µm are also observed.

Matrix microhardness was Hv = 55 MPa, and microhardness of disper-
sion strengthening particles reaches Hv = 180 MPa. Vickers hardness of this
material was 4.8 GPa, see Fig. 5.

The structure of MMC consolidated from powder mixture No. 2, see Table 1
and Fig. 3(b), is characterized by agglomerates of strengthening TiC particles,
uniformly distributed in titanium matrix. The size of TiC particles reaches
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Fig. 3. Structure of Ti-TiC MMC obtained by SPS:
a, c, e – powder mixture No.1 (Table 1);
b, d, f – powder mixture No.2 (Table 1)
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(a) (b)

Fig. 4. Phase composition of Ti-TiC material obtained by SPS:
(a) powder mixture No.1; (b) powder mixture No.2

Fig. 5. Vickers hardness of Ti-TiC material
obtained by SPS according to Table 1

Fig. 6. Microhardness of different phases in Ti–TiC
material obtained by SPS according to Table 1
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10 µm and that of the agglomerates reaches 200 µm. Vickers hardness of this
material was 4.7 GPa, see Fig. 5. Matrix microhardness was Hv = 60 MPa,
and microhardness of dispersion strengthening particles reaches Hv = 240
MPa, see Fig. 6. Quantity of titanium carbide, see Fig. 4(b), in consolidated
specimens reaches ∼ 30%.

It is worth noting that MMC consolidated from powder mixture, treated
in ethanol, has more uniform distribution of strengthening phase. Despite
the fact that total carbide quantity in this material is lower than in case
of consolidation of powder mixture, treated in kerosene in the same regime,
Vickers hardness of these materials differs within the margin of error.

The structure of material consolidated from powder mixture No. 3, see
Table 1 and Fig. 7, is characterized by uniform distribution of strengthening
particles. Quantity of titanium carbide (see Fig. 8) in these specimens was
∼ 18%. The size of individual strengthening particles rarely exceeds 5–6 µm,
and the size of their agglomerates was around 100 µm. Matrix microhardness
was Hv = 60 MPa, and microhardness of dispersion strengthening particles
reaches Hv = 160 MPa, see Fig. 6. Vickers hardness of this material was 3.6
GPa, see. Fig. 5.

The data on the change of titanium carbide quantity after SPS of powder
mixtures is shown in Fig. 9. It should be noted that quantity of titanium
carbide increases in all studied cases. Studied regimes of HVED treatment of
powder mixtures No. 1, 2 and 3 ensured such conditions of HVED synthesis
that almost all of synthesized carbon has bonded with titanium on the stage
of electric discharge treatment of titanium powder.

Results of studies of wear resistance by method of dry friction are given in
Table 2. Wear resistance of MMC obtained by SPS consolidation of powder
mixture No. 1 reaches 10 m/mg. This specimen has same (within margin of
error) quantity of titanium carbide both after HVED and SPS. As titanium
carbide obtained during HVED and SPS has different synthesis mechanisms, it
also has different properties. As noted in works [6–10], during HVED impact
on solid body local overheating of material at the interface with its transi-
tion to gaseous phase takes place, which is accompanied by the synthesis and
further condensation of formed compound. The size of synthesized particles
in this case does not exceed several tens of nanometers. During SPS, the
synthesis of carbide phases occurs due to the reaction self-propagating high
temperature synthesis (SHS) between free carbon and titanium [10]. SPS
process is uncontrollable, moreover, agglomerated inhomogeneous compounds
with low density and low mechanical properties are the product of such kind
of synthesis. The presence of agglomerated compounds with low mechanical
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Fig. 7. Structure of Ti–TiC material obtained by SPS
from powder mixture No. 3 (Table 1)

Fig. 8. Phase composition of Ti–TiC material obtained
by SPS from powder mixture No. 3 (see Table 1)
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characteristics leads to the significant decrease of the levels of properties of
MMC consolidated by SPS (see Table 2).

Fig. 9. Quantity of titanium carbide synthesized after HVED
and after SPS of powder mixtures according to Table 1

Table 2. Wear resistance of consolidated specimens

No. of
regime

Treatment regime
Weight
loss, mg

Wear rate,
mg/m

Wear
resistance

m/mg

1 Ethanol, ES P–P, Ws = 10, MJ/kg 4.2 0.10 10.0

2 Kerosene, ES P–P, Ws = 10, MJ/kg 29.3 0.68 1.46

3 Kerosene, ES 3P–P, Ws = 10, MJ/kg 30.7 0.72 1.39

Thus, achieving maximum efficiency of carbide synthesis on the stage of
HVED treatment is a priority in order to ensure obtainment of homogeneous
composite. This can be realized by variation of medium, type of electrode sys-
tem and method of energy supplement. The results from corrosion resistance
test are given in Table 3.

The results of corrosion tests indicate that the corrosion rate of MMCs
obtained in ethanol environment with ES P–P is higher than the corrosion
rate obtained in kerosene environment with ES P–P and 3P–P. Most probably
the main reason for that difference is the finer structure of the MMCs obtained
under treatment mode No 1, in which the TiC particles size is in the range
from 600 nm to 5 µm, and the size of the agglomerates formed is about 200 µm,
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Table 3. Corrosion rate of the consolidated MMC specimens

No. of regime Treatment regime Corrosion rate, K [g/m2h]

1 Ethanol, ES P–P, Ws = 10 [MJ/kg] 2.413

2 Kerosene, ES P–P, Ws = 10 [MJ/kg] 1.978

3 Kerosene, ES 3P–P, Ws = 10 [MJ/kg] 1.939

thus increasing the contact surface compared to the MMCs obtained by the
other two treatment modes. The MMC specimens obtained under modes No.
2 and 3 in kerosene environment with ES P–P containing 30% TiC and 3P–P
containing 18% TiC, respectively, show lower corrosion rate due to the larger
size of TiC particles and agglomerates and hence the smaller contact surface
with the corrosion environment.

There is evidence [12–13] that the increase of TiC amount in MMCs results
in increased porosity, which is essential prerequisite for the development of
corrosion. The mode and conditions of sintering of MMCs also affect the
parameters of the microstructure, and hence the development of corrosion
processes.

The mechanism of the corrosion process in the tested MMCs in 3.5% NaCl
can be defined as a microgalvanic cell acting at the metal/ceramic interface.
The result of this impact is well illustrated in Fig. 10. The corrosion changes
are manifested in uniform surface dissolution of the particles and the formed
agglomerates. No local corrosion damage is observed. This type of corrosion
is typical for metal matrix composites [12–15].

(a) (b)

Fig. 10. Macrostructure of the of Ti–TiC material before and after corrosion test:
(a) before corrosion test; (b) after corrosion test
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Given the above results, it can be unequivocally stated that the use of P–
P electrode system is appropriate in the media of kerosene and ethanol with
specific treatment energy up to 10 MJ/kg.

4. CONCLUSIONS

1. Technological methods of obtaining Ti–TiC system MMC by SPS in regime
with the temperature of T = 1100 ◦C and holding time of 180 s were devel-
oped based on the established physico-mechanical and performance char-
acteristics of consolidated specimens.

2. It was found that consolidation of Ti–TiC powder mixture after HVED
treatment in kerosene with P–P electrode system allows increasing TiC
content in consolidated material from 24% to 30% in case of consolidation
of Ti–TiC powder mixture treated with specific energy of 10 MJ/kg.

3. Usage of 3P–P electrode system during treatment of Ti powder in kerosene
does not lead to increase of TiC content in consolidated specimens, which
indicates the absence of residual carbon after HVED treatment and allows
obtaining MMC with wear resistance of 1.39 m/mg and Vickers hardness
of 3.6 GPa.

4. Consolidation of Ti–TiC powder mixture after HVED treatment in ethanol
with P–P electrode system does not lead to change of TiC content in com-
parison with the treatment in kerosene in the same regime.

5. Achieving maximum efficiency of carbide synthesis on the stage of HVED
treatment is a priority in order to ensure obtainment of homogeneous com-
posite. This can be realized by variation of medium, type of electrode
system and method of energy supplement.

6. The MMC specimens of powder mixture Ti–TiC treated in ethanol with
electrode system P–P have lower corrosion resistance than the MMC spec-
imens treated in kerosene under similar conditions.
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