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Abstract: In this paper, Al2O3–ZrO2 composites with an addition of 20 wt% TiN and 10 wt% TiC were
modified. The addition of zirconia in a range from 2 to 5 wt% of the monoclinic phase and 10 wt% of
Y2O3 stabilised ZrO2 affected the mechanical properties of the composites. A new type of sintering
technique—the spark plasma sintering (SPS) method—within a temperature range from 1575 ◦C
to 1675 ◦C, was used. Vickers hardness, apparent density, wear resistance and indentation fracture
toughness KIC(HV) were evaluated at room temperature. An increase of the sintering temperature
resulted in an improvement of Vickers hardness and an increase of the fracture toughness of the tested
composites. The tribological properties of the samples were tested using the ball-on-disc method.
The friction coefficient was in a range from 0.31 to 0.55, depending on the sintering temperature. An
enhancement of the specific wear rate was dependent on the sintering temperature. The mechanical
properties of the samples sintered by pressureless sintering (PS) were compared. X-ray diffraction
patterns were presented in order to determine the phase composition. SEM microstructure of the
tested composites sintered at different temperatures was observed.

Keywords: alumina–zirconia composites; TiC; TiN; spark plasma sintering; wear resistance;
indentation fracture toughness; X-ray diffraction

1. Introduction

The technical performance capabilities of traditional tool materials are no longer sufficient to solve
many machining problems, so these materials are successively replaced by new ones, including by
sintered ceramic materials made with the use of new technologies. Due to the disappearing resources
of heavy and high-melting metals and the associated high costs, the growing interest in ceramic
matrix composites is also due to economic reasons. It is estimated that ceramics account for 8% of
tool materials that are currently being used [1]. Among ceramics, alumina is the most important,
widely used and cost-effective oxide ceramic material with perfect properties, such as high thermal
resistance, good chemical stability, low density, high hardness and wear resistance, but has relatively
low reliability. This is shown by the low fracture toughness KIC and the large dispersion of mechanical
properties, reflected by the low values of the Weibull module m [2]. The properties of single-phase
ceramic materials do not meet all the requirements for these materials, therefore it is purposeful to use
materials with a more complex structure. Ceramic matrix composites (CMCs) are systems designed
to combine the excellent strength and high temperature properties of ceramics with the durability
of advanced composites [3–5]. Ceramic composites in which the alumina matrix is reinforced with
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a wide range of ceramic phases including TiC, TiN, ZrO2, WC, NbC, Ti(C,N), SiC, TiB2, offer good
strength properties, high hardness, wear resistance, chemical inertness and an improved toughness
level in comparison to alumina [6–8]. The current interest in transition-metal carbides and nitrides
is due to the many unique properties that these compounds exhibit. A large area of phase stability
of many transition-metal carbides makes it possible to potentially tailor their thermomechanical and
thermophysical properties. It is due to the crystal structure of carbides with a number of octahedral
vacancies in the transition metal lattice. Titanium carbide (TiC) belongs to metal-like carbides also called
interstitial carbides. Most of the metal-like carbides retain the structure of metal in which the carbon
is located inside the octahedral vacancies. In titanium carbides, it is possible to incompletely fill the
octahedral vacancies. Titanium forms only monocarbides TiCy with the widest homogeneity interval
from TiC1.0 to TiC0.48 [9,10]. The combination of three types of bonds—covalent, ionic and metallic—in
the structure of metal-like carbides causes the material to exhibit combined features of ceramic and
metallic materials, showing both high hardness (28–35 GPa), high elastic modulus (450 GPa) as well
as good thermal (22–35 W/(m·K)) and electrical conductivity [11]. Titanium carbide exhibits a high
melting temperature (3340 K) and linear thermal expansion coefficient is 8.5 × 10−6 K−1 [12]. Both
TiC and TiN crystallize in the structure of NaCl, where the corner of the face-centred-cubic (f.c.c.)
unit cell is occupied by C or N atoms. Titanium nitride (TiN), exhibits excellent properties such as
chemical stability, thermal stability, resistance to oxidation, high fracture toughness and high hardness
(18–21 GPa). For the TiN phase, thermal conductivity (29.31 W/(m·K)) and Young modulus (466 GPa)
are similar to that determined for TiC, whereas the thermal expansion coefficient is slightly higher
at 9.4 × 10−6 K−1. The melting temperature of TiN is lower (3200 K) than that of TiC [13]. Different
sintering technologies have been applied to produce the ceramic tool composites with improved
mechanical properties. In pressureless sintering (PS), a low heating rate, high sintering temperature
and long holding time are needed to obtain fully dense ceramic composites [14]. Spark plasma sintering
(SPS) is widely used because of its great advantages compared to conventional sintering. High-speed
powder consolidation, lower temperature of sintering, small holding time at the sintering temperature
limit the precipitation of additional phases, resulting from unwanted reactions. SPS is a synthesis
and processing technique which uses the power of a high electric pulse to generate plasma between
powder particles in gaps or at the contact point, by cleaning powder surfaces (surface treatment) and
increasing diffusivity at the physically contacted regions between particles [15]. The sample is heated
by Joule-heating and the sparking among the particles of the sintered material leads instantaneously to
faster heat and mass transfer. The basic configuration of a typical SPS system is shown in Figure 1a.
Figure 1b illustrates the flow of pulsed current through powder particles inside an SPS sintering
die [16].

The main objective of the present study was to help establish an effect of various spark plasma
sintering temperatures (change in the range of about 100 ◦C) on the properties of TiC and TiN reinforced
alumina–zirconia composites with different amounts of zirconia and compare with the effects of
pressureless sintering. To satisfy the industrial requirements for precision machining of hard-working
pieces, the results of this study could allow new titanium carbide and titanium nitride reinforced
alumina–zirconia matrix composites to be obtained that combine toughness with increased hardness.
The basic way to prepare alumina matrix composites reinforced with carbides and nitrides is to use a
conventional pressureless (PS) method of sintering. Full densification of these composites requires
a high temperature above 1700 ◦C. The direct electric discharge applied in the SPS process makes it
possible to achieve a highly compacted bulk material at much lower temperature (by about 150 ◦C).
So far, to the best of our knowledge, there have been no studies of the mechanical properties of
Al2O3/ZrO2/(TiC + TiN) composites sintered by the SPS technique in a wide range of temperatures.
Neither has there been any analysis of the influence of varying zirconium oxide content on the
properties of these composites. The ZrO2 whisker reinforced Ti(C,N) based cermets with addition of
Co and WC were recently analysed [17]. Zirconia–alumina matrix composite reinforced with Ti(C,N)
and Ni, Ti, Mo added as binders were sintered by microwave, repetitious-hot-pressing, and HIP (Hot
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Isostatic Pressing) and tested [6,8,17–20]. Spark plasma sintering was used with good results for
alumina ceramics and for Ti(C,N)-based cermets with the addition of a metal binder phase [21,22].
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Figure 1. Spark plasma sintering (SPS) system: (a) basic configuration, (b) pulsed current flows through
powder particles.

2. Materials and Methods

2.1. Materials

Commercially available powders of alumina, zirconia and titanium carbide as well as nitride were
the starting materials. A high purity α-Al2O3 (99.8%) powder type A16SG produced by Alcoa, United
States with an average particle size of less than 0.5 µm and TiC, TiN powder in microscale (1–3 µm)
produced by H.C. Starck, Germany were used. The monoclinic phase of zirconia in microscale ZrO2

(m)

produced by Fluka, Germany and yttria-stabilized zirconia YSZ produced by H.C. Starck, Germany
with a mean particle size of 1–3 µm were added in the amount of 2 wt%, 5 wt% for ZrO2

(m) and 10 wt%
for YZrO2. A small amount (less than 0.5 wt.%) of magnesium oxide was added to limit grain growth.
The percentage weight fraction of various components are recorded in Table 1.

Table 1. Composition of compounds.

Compound Components, wt%

Al2O3 +MgO ZrO2
(m) YZrO2 TiC TiN

TCN1 68 2 - 10 20
TCN2 65 5 - 10 20
TCN3 60 - 10 10 20

Components with plasticiser were mixed in alumina mills with zirconia balls, for thirty hours.
The powders after plasticising and drying, were granulated and directly fed into the graphite dies.
The compounds were consolidated in a spark plasma sintering system at different temperatures from
1575 ◦C to 1675 ◦C at a heating rate of 100 ◦C/min and under a pressure of 35 MPa. Holding time at peak
temperature was 10 min. Figure 2 presents the change in the temperature and in piston displacement
during SPS sintering of alumina–zirconia powders with TiC and TiN.
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Furnace type FCT HD5 (FCT Systeme GmbH, Frankenblick, Germany) under argon conditions
was used. The final sintered sample was in a shape of a disk with a diameter of 20 mm and about
5.0 mm in thickness. Furthermore, the samples were sintered by pressureless sintering (PS) in the
HTK8 Gero furnace (Carbolite Gero GmbH & Co. KG, Neuhausen, Germany) in argon atmosphere, at
a 1750 ◦C temperature and a heating rate of 100 ◦C/min. The temperature was controlled using an
optical pyrometer. The sintering time was 1 h. After sintering the specimens were plane ground with
diamond (MD-Piano120), and also fine ground with diamond grains of about 3 µm (MD-Largo). Before
measuring the mechanical properties and microstructural observation the specimens were polished
with an OP-S type colloidal silica (size of silicon oxide grains of about 0.04 µm). The roughness Ra of
the tested surface was not more than 0.1 µm.

2.2. Characterisation

The following measurements were performed: Vickers hardness HV1, Young’s modulus E, friction
coefficient µ, (in ball-on-disc tests, using a UMT-2MT universal mechanical tester produced by CETR,
Campbell, CA, USA), relative density and apparent density ρ, according to the EN 623-2 standard [23].
The Vickers hardness HV1 was measured under a load of 9.81 N using a digital hardness tester (FV-700
by FUTURE-TECH CORP., Kawasaki, Japan). The standard deviations of five hardness measurements
made for each sample did not exceed 2% of the average values. Ultrasonic method based on velocity
measurements of transversal and longitudinal waves in the samples has been used to determine the
Young’s modulus E. The test stand for ultrasonic measurements consisted of an ultrasonic flaw detector
(Epoch III by Panametrics, Waltham, MA, USA), a set of special broadband heads emitting longitudinal
or transversal waves. The whole system operated under the control of a specialized software for data
collection and processing. The following formula was used for calculation of Young’s modulus [24]:

E = ρC2
T

3C2
L − 4C2

T

C2
L −C2

T

(1)

where ρ—apparent density, CL—velocity of the longitudinal wave, CT—velocity of the transversal wave.
The point indentation technique has found application in the study of the indentation fracture

toughness. The indentation fracture toughness KIC(HV) was evaluated from a direct measurement of
the crack length as a function of the indentation load called the “direct crack measurement” (DCM).
The “halfpenny” shaped, elliptical cracks formed during the Vickers hardness indentation gave a



Metals 2019, 9, 1220 5 of 14

basis to determine the indentation fracture toughness KIC(HV). For these cracks the ratio c/a ≥ 2.5 was
observed and the indentation fracture toughness was defined as follows [25]:

(KIC(HV) ϕ/H a1/2) (H/E ϕ)2/5 = 0.129 (c/a)−3/2 (2)

where KIC(HV) is the critical stress intensity factor, ϕ is the constrain factor, H is the Vickers hardness, E
is the Young’s modulus, a is half the length of indent diagonal, c is the sum of a and l (crack length).

The pressing-in load used to produce the Vickers cracks was of 294.3 N. Tribological research
using the ball-on-disc method, with the use of a universal UMT-2-MT mechanical equipment was
carried out. The friction coefficient and the specific wear rate of the disk-shaped samples in contact
with Al2O3 ball were measured. In this method, sliding contact is possible by pressure of the ball
specimen onto a rotating disk specimen under a constant load. Using a controlled load Fn to the ball
holder, the friction force was measured continuously during the test with an extensometer. For each
test, a new ball was used. The ball and disk samples were washed in ethyl alcohol and dried. The
diameter of the disk-shaped samples was of 20 mm and about 5.0 mm in height. The following test
conditions were adopted: ball diameter of 3.2 mm, applied load of 20 N, sliding speed of 0.1 m/s, radius
of the sliding circle of 4 mm, sliding distance of 2000 m and time of the test of 20,000 s. The specimens
were tested without lubricant at room temperature. Each test was repeated on three specimens. The
friction coefficient was expressed as follows:

µ =
F f

Fn
(3)

where µ—friction coefficient, Ff—measured friction force, Fn—applied normal force.
After the test, the cross-sectional profile of the wear track in four places at intervals of 90◦ was

measured using a contact stylus profilometer PRO500 (CETR, Campbell, CA, USA), according to the
ISO 20808:2016 standard [26]. Then, the average cross-sectional area of the wear track was calculated.
The volume of removed material was evaluated as a product of the cross-sectional area of the wear
track and its circumference. The specific wear rate can then be defined using Equation (4):

Ws =
V

Fn·L
(4)

where Ws—specific wear rate, V—volume of removed material, L—sliding distance.
The microstructure observations of the specimen were characterised using JEOL JSM-6460LV

(JEOL Ltd., Tokyo, Japan) scanning electron microscope equipped with EDS (Energy-dispersive
X-ray spectroscopy), EBSD (Electron Backscatter Diffraction), WDS (Wavelength-Dispersive X-ray
Spectroscopy). XRD measurements were taken using an Empyrean system (PANAlytical, Malvern,
UK) with Cu Kα1 radiation. The phase compositions of the sintered compacts were identified using
the database of International Centre for Diffraction Data (Newtown Square, PA, USA) PDF4+2018. The
quantitative compositions of the tested composites were determined by the Rietveld method with the
X’Pert Plus program (PANAlytical, Malvern, UK).

3. Results and Discussion

Table 2 shows the average values of the following properties of the tested alumina matrix
composites TCN1, TCN2, TCN3 at sintering temperatures from 1575 ◦C to 1675 ◦C: apparent density,
relative density and Young modulus. Samples of the TCN1 composition sintered by pressureless
sintering (PS) were marked TCN1*.
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Table 2. Apparent density, relative density and Young modulus of the tested composites.

Sample Sintering Temperature
(◦C)

Apparent Density ρ
(g/cm3)

Relative Density
(%)

Young Modulus E
(GPa)

TCN1.1 1575 4.26 ± 0.01 98.18 412 ± 5.0
TCN1.2 1600 4.29 ± 0.01 98.87 418 ± 5.0
TCN1.3 1625 4.28 ± 0.01 98.64 416 ± 5.0
TCN1.4 1650 4.29 ± 0.01 98.87 415 ± 4.5
TCN1.5 1675 4.29 ± 0.01 98.87 421 ± 4.5
TCN2.1 1575 4.34 ± 0.01 98.89 411 ± 5.0
TCN2.2 1600 4.33 ± 0.01 98.67 405 ± 5.0
TCN2.3 1625 4.34 ± 0.01 98.89 412 ± 5.0
TCN2.4 1650 4.34 ± 0.01 98.89 407 ± 4.5
TCN2.5 1675 4.33 ± 0.01 98.67 406 ± 5.0
TCN3.1 1575 4.43 ± 0.01 98.01 404 ± 4.5
TCN3.2 1600 4.43 ± 0.01 98.01 400 ± 5.0
TCN3.3 1625 4.44 ± 0.01 98.23 403 ± 4.5
TCN3.4 1650 4.44 ± 0.01 98.23 407 ± 5.0
TCN3.5 1675 4.44 ± 0.01 98.23 405 ± 5.0
TCN1* 1750 4.21 ± 0.01 97.03 378 ± 4.0

Notice: TCN1* specimen was sintered by the pressureless sintering (PS) method.

The values of Vickers hardness HV1 and indentation fracture toughness KIC(HV) are presented in
Figures 3 and 4.

Metals 2019, 9, x FOR PEER REVIEW 6 of 15 

 

TCN2.2 1600 4.33 ± 0.01 98.67 405 ± 5.0 
TCN2.3 1625 4.34 ± 0.01 98.89 412 ± 5.0 
TCN2.4 1650 4.34 ± 0.01 98.89 407 ± 4.5 
TCN2.5 1675 4.33 ± 0.01 98.67 406 ± 5.0 
TCN3.1 1575 4.43 ± 0.01 98.01 404 ± 4.5 
TCN3.2 1600 4.43 ± 0.01 98.01 400 ± 5.0 
TCN3.3 1625 4.44 ± 0.01 98.23 403 ± 4.5 
TCN3.4 1650 4.44 ± 0.01 98.23 407 ± 5.0 
TCN3.5 1675 4.44 ± 0.01 98.23 405 ± 5.0 
TCN1* 1750 4.21 ± 0.01 97.03 378 ± 4.0 

Notice: TCN1* specimen was sintered by the pressureless sintering (PS) method. 

The values of Vickers hardness HV1 and indentation fracture toughness KIC(HV) are presented in 
Figures 3,4. 

 
Figure 3. Vickers hardness versus sintering temperature for the tested composites: TCN1, TCN2, 
TCN3 and TCN1*. 

Figure 3. Vickers hardness versus sintering temperature for the tested composites: TCN1, TCN2, TCN3
and TCN1*.

Titanium carbide and nitride reinforced alumina matrix composites consolidated through SPS
exhibited: Vickers hardness HV1 from 19.4 GPa to 18.2 GPa, critical stress intensity factor KIC(HV)

from 3.84 MPa·m1/2 to 5.83 MPa·m1/2, Young modulus from 400 GPa to 421 GPa, apparent density
from 4.26 g/cm3 to 4.44 g/cm3, and relative density from 98.18% to 98.89%. Samples sintered by SPS
marked as TCN3 had the Vickers hardness value of over 19.0 GPa. The results showed no significant
influence of the sintering temperature on the mechanical properties of these composites. There was
only 1–2% difference in Vickers hardness between TCN3 samples measured at the lowest (1575 ◦C) and
highest (1675 ◦C) temperatures. The Vickers hardness for TCN1 and TCN2 composites was slightly
lower and was in the range between 18.2 and 18.9 GPa. The effect of the sintering temperature on
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the Vickers hardness HV1 was not observed for TCN1 and TCN2 composites manufactured with the
content of the ZrO2

(m) zirconia phase of 2 wt% and 5 wt% respectively. However, an effect of the
sintering temperature on the indentation fracture toughness of the tested composites was observed
(Figure 2). The indentation fracture toughness of the tested composites increased by 10–20% as
the temperature used was increased. TCN1 and TCN2 composites show a high value of KIC(HV)

(about 6.0 MPa·m1/2) at the highest temperature of 1675 ◦C. KIC(HV) of TCN3 at 1675 ◦C was about
4.4 MPa·m1/2. After pressureless sintering of the TCN1* specimen at the highest temperature of 1750 ◦C,
the following mechanical and physical properties were obtained: Vickers hardness HV1 of 17.4 GPa,
critical stress intensity factor KIC(HV) of 4.46 MPa·m1/2, Young modulus of 378 GPa, apparent density
of 4.21 g/cm3, and relative density of 97.03%. Although such a high sintering temperature was used
for this specimen, its mechanical properties were 10–25% lower compared to specimens sintered at
the highest temperature (1675 ◦C) and even 5–10% lower compared to those sintered at the lowest
temperature (1575 ◦C). The X-ray diffraction analysis of the composites with a different amount of
zirconia phase at the sintering temperature of 1600 ◦C (marked as TCN1.2, TCN2.2 and TCN3.2)
indicated the presence of the following phases: Al2O3, Ti(C,N), TiC, TiN, ZrO2 in monoclinic and
tetragonal forms and titanium aluminium oxide (Ti0.25Al1.75O3)—see Figure 5.Metals 2019, 9, x FOR PEER REVIEW 7 of 15 
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Tetragonal ZrO2
(t) and monoclinic ZrO2

(m) phases in the specimens TCN1 and TCN2 with the
addition of 2 wt% and 5 wt% monoclinic ZrO2

(m) were observed. This was due to partial polymorphic
transformation with the martensitic nature of monoclinic ZrO2

(m) into tetragonal ZrO2
(t). The TCN3

composite revealed only zirconia tetragonal phase ZrO2
(t). The analysis of the X-ray diffraction of

the tested composites showed the highest amount of Ti(C,N) was a continuous solution of TiN and
TiC for the TCN3 specimen. A SEM image of the indentation crack path in Al2O3/ZrO2/(TiC + TiN)
composites (marked as TCN1 and TCN3) is presented in Figure 6a,b.
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The microstructures of the tested composites revealed transgranular and intergranular fractures
during crack propagation. The presence of the transgranular fracture is favourable for the enhancement
of toughness in these composites. Furthermore, crack bridging and crack deflection were observed
for TCN1 specimen (Figure 6a). The transgranular fracture absorbs more energy, and it improves the
strength properties of composites. The presence of the crack bridging can provide a force to make the
two surfaces of the crack draw closely, thus the crack propagation is limited [14].

SEM microstructural observations of the ceramic composites showed their good consolidation.
The EDS technique was used to carry out surface distribution analysis and semi-quantitative
microanalysis of the elements present in the specimens, revealing the following phases: TiN, TiC,
Ti(C,N), ZrO2, MgO (Figure 7).Metals 2019, 9, x FOR PEER REVIEW 10 of 15 
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Figure 8 presents microstructure images for the tested Al2O3/ZrO2/(TiC + TiN) composites sintered
at 1575 ◦C and 1675 ◦C. The microstructures of the composites with an addition of 2 wt% and 5 wt%
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ZrO2
(m) (marked TCN1 and TCN2, respectively) sintered at 1575 ◦C were similar. TiC and TiN grains

of differential sizes (fine to coarse) and shapes were distributed in the alumina matrix. Apart from
single zirconia grains, zirconia grain agglomerates also occurred (Figure 8a,c). The average grain size of
TiC and TiN is within the range of 2.7 µm to 3.0 µm. In TCN3 composites with the addition of 10 wt%
yttria-stabilised zirconia, TiC and TiN grains exhibit a similar shape and a smaller size in comparison
with TCN1 and TCN2 composites. The average grain size of TiC and TiN was about 2.4 µm. However,
the grains of Ti(C,N) solid solution in the composites sintered at 1675 ◦C were observed to have a
rounder shape (Figure 8b,d,f). The grain size of Ti(C,N) was from 1.9 µm to 2.3 µm. The presence of
Ti(C,N) solid solution in the microstructure of the composites changed their properties. The friction
coefficient for the tested composites was in the range of 0.31 to 0.55 (Figure 9).Metals 2019, 9, x FOR PEER REVIEW 11 of 15 
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(c) TCN2.1, (d) TCN2.5, (e) TCN3.1, (f) TCN3.5, where: 1—TiN, 2—TiC, 3—ZrO2, 4—Al2O3, 5—Ti(C,N).



Metals 2019, 9, 1220 11 of 14

Metals 2019, 9, x FOR PEER REVIEW 11 of 15 

 

 
Figure 8. SEM microstructure of the Al2O3/ZrO2/(TiC + TiN) composites for: (a) TCN1.1, (b) TCN1.5, 
(c) TCN2.1, (d) TCN2.5, (e) TCN3.1, (f) TCN3.5, where: 1—TiN, 2—TiC, 3—ZrO2, 4—Al2O3, 5—
Ti(C,N). 

 
Figure 9. Mean friction coefficient of the tested composites. Figure 9. Mean friction coefficient of the tested composites.

An increased sintering temperature of up to 1675 ◦C resulted in a lower friction coefficient
for specimens TCN1 and TCN2 with the addition of 2 wt% and 5 wt% monoclinic ZrO2 phase,
respectively, whereas the TCN3 composite with 10 wt% of yttria-stabilised zirconia (YSZ) exhibited an
inverse correlation.

For all the composites tested, a higher sintering temperature caused an increase in the wear rate
of both the disk and the ball (Figure 10).
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The improvement of mechanical properties were attributed to the increased rate of densification
in spark plasma sintering and to microstructural changes. The presence of Ti(C,N) solid solution in
the microstructure of the composites changed their properties. The content of 15 wt% Ti(C,N) solid
solution with high Vickers hardness of 30.0 GPa, with the TiC phase reduced to 40 wt.% resulted
in a higher Vickers hardness and lower indentation fracture toughness of the specimens. Moreover,
character of fracture and crack propagation was an additional parameter in improvement properties.
Both the transgranular fracture and the crack bridging observed for crack propagation resulted in
improved fracture toughness of tested alumina–zirconia matrix composites. Using the SPS technique
to consolidate alumina–zirconia powder with the addition of TiC and TiN, it was possible to obtain a
high-density ceramic material with the following characteristics: over 98% density in the temperature
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range of 1575–1675 ◦C, Vickers hardness of about 19.0 GPa, fracture toughness of over 5.0 MPa m1/2.
These properties were significantly better than those obtained by pressureless sintering. To the best of
our knowledge, no study results of TiC- and TiN-reinforced alumina–zirconia composites (with various
amount of zirconia) manufactured by SPS technique have been presented in literature. Therefore, it
is not possible to compare the results obtained in this study with other results obtained in similar
conditions. While the influence of the most important operating parameters on product characteristics
after consolidation/synthesis of ceramic materials by electric current activated/assisted was widely
discussed in the last decade [27,28], attention was focussed on alumina ceramics, alumina–zirconia
composites and alumina matrix composites reinforced with SiC, TiC, Ti3SiC2, TiN, graphene platelets
(GPls) [29]. Al2O3 ceramics were super-fast densified by SPS at temperatures ranging between 1350 ◦C
and 1700 ◦C (600 ◦C/min heating rate) at 40 MPa, without selecting a holding time. Full densification
of the samples was observed at sintered temperatures below 1550 ◦C. However, full densification of
Al2O3–40 wt% TiC nanocomposite powders was achieved at a sintering temperature of 1480 ◦C (heating
rate 50 ◦C/min) for 4 min and pressure 50 MPa by SPS technique. For these parameters of sintering a
high value of the Vickers hardness equal to 21.0 GPa and low fracture toughness of 3.87 MPa m1/2 were
obtained. Al2O3–TiC composite powders synthesized by high-energy ball milling were consolidated
near to theoretical density (99.6%) in SPS at a sintering temperature of 1450 ◦C for 4 min at 50 MPa [30].
Grain sizes of both Al2O3 and TiC were less than 1 mm. The Vickers hardness of 19.1 GPa and fracture
toughness of 4.5 MPa m1/2 were obtained. Al2O3/TiN nanocomposites with cubic TiN (46 vol%) and
α-Al2O3 (54 vol%) were synthesized by in situ reactive synthesis (RS) (SPSRS—spark plasma sintering
reactive synthesis) at a temperature of 1400 ◦C, under a pressure of 60 MPa, at different dwelling
times (0–6 min) starting from a mixture of TiO2, AlN and Ti powders [31]. Fine microstructure with
TiN particles homogeneously distributed in the Al2O3 matrix were observed. The Vickers hardness
and fracture toughness of samples from an SPSRS were 17.8 GPa, 4.22 MPa m1/2 respectively. For
comparison, Al2O3/TiN composites were also prepared at a temperature of 1420 ◦C under 60 MPa,
using mechanically mixed TiN and Al2O3. These composites revealed slightly higher hardness and
fracture toughness.

4. Conclusions

In this work, effort has been made to produce alumina–zirconia matrix composites reinforced
with TiC and TiN phases as a tool material with improved mechanical properties. This was achieved
by using SPS to consolidate the alumina–zirconia powder with the addition of TiC and TiN.

A high-density alumina–zirconia matrix composites with over 98% density in the temperature
range of 1575–1675 ◦C, Vickers hardness of about 19.0 GPa, fracture toughness of over 5.0 MPa m1/2

were manufactured. These properties were significantly better than those obtained by pressureless
sintering at the highest temperature of 1750 ◦C.

The mechanical properties of the samples sintered at the temperature of 1750 ◦C by PS exhibited
5–10% lower values when compared to those sintered at the lowest temperature (1575 ◦C) by the SPS
method. A lower relative density of 97% was achieved for the pressureless sintering at a temperature
of 1750 ◦C.

No influence of the sintering temperature on the Vickers hardness of these composites was
observed. SPS samples achieved comparable Vickers hardness and Young modulus in the range of the
tested temperatures. However, slightly increase of the fracture toughness at the highest temperature
was attained. An increase in the wear rate of both the disk and the ball of the tested composites at the
higher sintering temperature was observed.

There are differences in mechanical properties of samples with various compositions of zirconia.
Samples with tetragonal, yttria-stabilised zirconia (YSZ) phase sintered by SPS, marked as TCN3, had
the highest Vickers hardness value of over 19.0 GPa. Samples with monoclinic zirconia phase of 2 wt%
and 5 wt% sintered by SPS, marked as TCN1 and TCN2 respectively, had the Vickers hardness value
less than 5% lower than that of TCN3 samples. This was related to the highest amount of Ti(C,N) as a
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continuous solution of TiN and TiC for the samples with tetragonal zirconia specimen shown in X-ray
diffraction and microstructural observation.

A 10–30% increase of the fracture toughness was observed for samples with monoclinic zirconia
phase when compared to samples with tetragonal zirconia phase.
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