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Abstract
Ayttria-stabilized zirconia ceramic is prepared by pressureless sintering at 1350 °C, and the effects of
TiO2 additive (0–10.0 wt%) on themicrostructure, phase composition, andmechanical properties of
the ceramic are investigated. The ceramicwith no addedTiO2 consistsmainly of amonoclinic phase
with a few tetragonal phases.With increasing TiO2 content,more t-ZrO2 phases are stabilized to room
temperature, and a newphase, ZrTiO4, formswhen the content of the TiO2 excess reaches 5 wt%.
TiO2 facilitates the elimination of pores in the YSZ ceramics and increases the densification of the YSZ
ceramics. The relative density increases from91.5% (TiO2 0 wt%) to 96.2% (TiO2 10 wt%).
Performance test results show amaximumbending strength of 312.56MPawhen the TiO2 content of
reaches 10 wt%. Themicro-hardness andwear resistance of the YSZ ceramics first increases then
decreases as the TiO2 content increases, and themaximummicro-hardness and best wear resistance
occurwhen the TiO2 is added at 5 wt%; themaximummicro-hardness and theminimumvolume
wear rate is 1792.5HV and 2.06×10−4 mm3N−1×m, respectively. Thewearmechanismof the
ceramic ismainly plastic deformation andmicrocracking, and the fracturemechanism ismainly
intergranular fracture. These results show that TiO2 is an effective sintering additive that promotes
more t-ZrO2 phases stabilized at room temperature, with acceptablemechanical andwear resistance
properties.

1. Introduction

In recent years, oxide ceramicmaterials have beenwidely used because of their excellentmechanical properties.
Ceramics on the base of refractory oxides, in particular on the base of zirconia (ZrO2), are in the greatest demand
because of their good physical and chemical properties (hardness, strength, chemical resistance, and crack
resistance, etc) [1]. ZrO2 has a highmelting point of 2,700 °C and low electrical and thermal conductivity;
therefore, it is commonly used as engineeringmaterial [2].Moreover, ZrO2 ceramics are also used as practical
biologicalmaterials because of their good biocompatibility [3]. On the other hand, ZrO2 is often used as a second
phase to toughen other oxide ceramics, such as Zirconia ToughenedAlumina (ZTA) [4]. ZrO2 has three phases:
(1)when the temperature is higher than 1380 °C, cubic ZrO2 is stable; (2)when the temperature is lower, the
ZrO2will be in the tetragonal phase; and (3) as the temperature decreases below 1200 °C, the tetragonal phase
will become themonoclinic phase [2]. During thermal cycling of ZrO2 ceramics, the phase transition from
tetragonal tomonoclinic has an 8%volume expansion that causes serious overall cracking of thematerial.
Therefore,many applications of ZrO2 ceramics require alloyingwith alkaline earth oxides or rare earth oxides in
order to give ZrO2 ceramics a completely or partially stable structure. For example, in 1975, partially stabilized
ZrO2 (PSZ) ceramics were prepared byGarvie in Australia withCaO as the stabilizer. For the first time, the
toughening effect of themartensitic transformation of ZrO2was used to improve the toughness and strength of
ceramics, greatly expanding the application of ZrO2 in thefield of structural ceramics [5].
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Yttria (Y2O3) containing Y
3+ cations is usedmost frequently for ZrO2 stabilization. Such a system is called

yttria-stabilized zirconia (YSZ). An addition of 3 to 8 mol%of yttria is sufficient to stabilize the tetragonal ZrO2

phase to room temperature (a partially stabilized YSZ).When yttria content exceeds 8 mol%, the high-
temperature cubic ZrO2 phase is stabilized by the cation solid solution (a fully stabilized YSZ) [6]. A YSZ ceramic
hasmany excellent properties, for example, high ionic conductivity, thermal stability, and excellentmechanical
properties. It is usually be used in high temperature electronic equipment due to a good special working
environments adaptability, such as oxygen sensors, solid oxide fuel cells, and thermal barrier coatings [7–10].

The preparation of ceramicmaterials often requires a high sintering temperature. The sintering temperature
of tetragonal polycrystalline ZrO2 (TZP) ceramics is usually around 1600 °C,with high energy consumption,
strict requirements on sintering equipment, and high cost, all of which lead to the limitation of ceramicmaterial
in application. Therefore, it is important to reduce the sintering temperature and improve the sintering
performance of ceramics with an additive.

Some stabilizers have been reported as promoting the sintering and improving the performance of ceramics,
such as Si3N4,MgO, CaO,Al2O3, andTiO2 [4, 11–14]. Even blast furnace slag has been reported to reduce the
sintering temperature and improve the strength of the ceramics [15]. Among them, TiO2 is popular because of
its environmental friendliness and lowprice. Addition of TiO2 has been reported to promote the sintering and
grain growth ofα- or transition-alumina [16–20]. The benefits are believed to be the result of the enhanced
diffusivity due to the increasing concentration of theAl3+ vacancies, as generated byTi4+ substituting for Al3+

[16]. TiO2 improves the sintering performance of ZrO2 ceramics in a similarmanner [21, 22].
Some studies have investigated the TiO2-YSZ ceramic system. Tsukuma et al examined the effect of TiO2 on

the optical properties of a YSZ ceramic [23].Miyazaki et al evaluated the structural, thermal, and electrical
properties of TiO2-3YSZ andTiO2-8YSZ ceramics [13, 24]. Chen et al investigated the phase stability,
microstructural evolution, and room temperaturemechanical properties of cubic ZrO2 dopedwith TiO2 and
stabilizedwith 8 mol%Y2O3 [25].

Although the electrical, optical, and thermal properties of TiO2-YSZ ceramics have been evaluated in past
studies, the available literature suggests that the effects of TiO2 content on the densification andwear behavior of
YSZ ceramics have not been investigated.Moreover, the sintering temperature of ZrO2 above 1600 °C easily
causes a large grain size. To solve the contradiction between densification and having afine grain size in
atmospheric sintering, low temperature sintering is needed. A temperature of 1350 °Chas been selected for this
study, and the YSZ ceramic samples with various TiO2 content has been prepared via pressureless sintering. The
influence of the amount of TiO2 on the relative density,microstructure, andmechanical andwear resistance
properties of the YSZ ceramic have been fully investigated. The phase evolution in the ceramic substrate during
sintering has also been analyzed.

2. Experimental procedures

2.1. Ballmilling andmixing of powders
Zirconiumdioxide and titaniumdioxide (both from theKelonChemical Reagent Factory, Chengdu, China)
were used as the rawmaterials. Kelon’s Y2O3was the stabilizer. The particle size of the rawmaterials is given in
table 1. The three powders weremixed in a PMQ2Lplanetary ballmill (DPLIFTMachinery Equipment
Company Limited, ShangHai, China)with a corundummill and balls. Our previous experiments had shown
that the optimum sintering process could be obtainedwhen the content of Y2O3 is 5.5 wt%. The amount of TiO2

addedwas between 0 and 10.0 wt%, and the rest of themixturewas ZrO2. (TiO2 has a lower hardness and elastic
modulus comparedwith ZrO2. Therefore, considering themechanical properties of the samples, the amount of
TiO2was kept below 10 wt%.)The ballmilling timewas 12 h, and the rotation speedwas 400 r min−1. Absolute
ethanol was the ballmillingmedium. The particle size of the rawmaterials after ballmilling is around 0.5μm
and 2.5μm, as shown infigure 1.

Table 1.Particle size and purity of rawmaterial
powders.

Rawmaterial Particle size Purity

ZrO2 �3.5μm �99.0%

TiO2 �0.6μm �99.0%

Y2O3 �7.5μm �99.99%
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2.2. Granulation of powder
The slurry obtained by ballmillingwas placed in a 101A-2ET electrothermal blast air oven (ShangHai
Laboratory instrumentWorksCo., Ltd, ShangHai, China) at a temperature of 80 °Cuntil the absolute ethanol
in the slurry volatilized. The dried powderwas thenmilled in amortar and sieved through a 0.15 mmsieve.
Polyvinyl alcohol (PVA, 5 wt%,KelonChemical Reagent Factory, Chengdu, China)was added to the powder as
a binder after thefirst sieving, and then themixture was sieved again. Finally, particles with a size between
0.15 mmand 0.8 mmwere selected as themoldingmaterial.

2.3. Pressuremolding of bulk
To improve the compactness of the green body, two-step compressionmoldingwas carried out. First, the SB
hand-operated samplemakingmachine (XiangtanXiangyi Instrument Co., Ltd, XiangTan, China)was used.
After granulation, a two-way force was applied to combine the particles after granulation into a preliminary
geometric shape. As the samples were subjected only to axial pressure, the shrinkage performance in other
directions could not be guaranteed. Tomake thewhole bulkmore uniform and compact, the bulk obtained
from the first pressingwas put into aDJY60/120–200 cold isostatic press (TaiyuanMagnetic Source Co., Ltd,
TaiYuan, China). This second pressing subjected the bulk to pressure from all directions, reducing its porosity
and improving the subsequent sintering density.

2.4. Sintering
The samples obtained from the pressmoldingwere placed in a STGS-80-14 tube furnace (SANTCFurnace
TechnologyCo., Ltd, HeNan, China) for rubber discharging and pre-sintering. The heating rate was
10 °Cmin−1.When the temperature reached 600 °C, it was held for 1 h to remove PVA from the samples. Then,
it was heated to 1000 °C andheld for 2 h. The samples were then cooled to room temperature inside the furnace.

The purpose of pre-sintering is to remove any stress remaining in the samples after the pressmolding and to
avoid having any residual stress that could affect the samples during the final sintering.

The samples obtained by pre-sinteringwere placed in the tube furnace forfinal sinteringwith a temperature
of 1350 °C, a heating rate of 10 °Cmin−1, and a holding time of 2 h. Then, the temperature was dropped to
800 °Cat a rate of 5 °Cmin−1, and the samples were then cooled to room temperature inside the furnace.

2.5. Characterization
The radial and axial dimensions of the bulk ceramic (figure 2) before and after sintering weremeasured using a
vernier caliper to calculate shrinkage.

The shrinkage calculation is shown in Formulas (1.1) and (1.2):

= - ´S1 d0 d d0 100% 1.1( ) ( )/

= - ´S2 h0 h h0 100% 1.2( ) ( )/

where S1 is the radial shrinkage, S2 is the axial shrinkage, d0 is the diameter of the sample before sintering, d is the
diameter of the sample after sintering, h0 is the height of the sample before sintering, and h is the height of the
sample after sintering.

The bulk densities of the sintered samples were calculated using Archimedes’method performedwith an
ET-120HMelectronic densitometer (Etnaln Electronics Technology, Co., Ltd, BeiJing, China). The relative
density of each samplewas calculated according to Formula (1.3):

r r=K 0 1.3( )/

Figure 1.The particle size distribution of the rawmaterials after ballmilling.
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whereK is the relative density, ρ is the experimentallymeasured sample density and ρ0 is the theoretical density
of the sample. The phase composition of the ceramics wasmeasured by x-ray diffraction (XRD;DX-2700B,
Haoyuan InstrumentCo., Ltd, DanDong, China).

The bending strength of the samples was tested using an electromechanical universal testingmachine (MTS
SystemsCo., Ltd, DanDong, ShangHai, China). The loading ratewas 0.5 mmmin−1, and the sample size being
testedwas 30×5×3 mm.

Themicrostructure of the samples was observed using scanning electronmicroscopy (SEM;MA15, Carl
Zeiss AG,Germany). The surface and cross section of the samples were observed to determine the crystal growth
and fracturemode of the substrate.

AnHV-1000AVickersmicrohardness tester (LaizhouHuayin Testing Instrument Co., Ltd, Laizhou, China)
was used to determine the hardness. The loading conditionwas 1000 gf/15 s, and the surface-projected
diagonals of the indented areaweremeasured by opticalmicroscopy to calculate hardness.

AnMFT-4000multi-functional tester formaterial surface (State Key Laboratory of Solid Lubrication,
Lanzhou, China)was used to determine the friction coefficients of the samples. Because of their high hardness,
super corrosion resistance, and high fatigue resistance, AISI 52100 (GCr15) steel balls arewidely used in
petroleum and other engineering fields [26]. Since the ceramicmaterials prepared in this study are also used in
the petroleumfield, a reciprocating frictionmethodwas applied using aGCr15 grinding ball with a load of 30 N;
the rubbing speedwas 50 mmmin−1; thewear scar lengthwas 10 mm, and the test timewas 60 min.

3. Results and discussion

3.1. Relative density of the TiO2-YSZ ceramics
Figure 3 illustrates the relative densities of YSZ ceramics with different TiO2 contents. (All error bars in this
paper represent standard deviation.)The samples with no addedTiO2 have low relative densities, which
improves with an increase in the TiO2 content.When the content of TiO2 reaches 10 wt%, the samples have the
largest relative density of 96.2%. These results indicate that adding TiO2 improves the sintering densification of
YSZ ceramics. The beneficialmechanismmay be that T4+ can replace Zr4+ in ZrO2 to form a substitutional solid
solution, and increasing the TiO2 content in the YSZ ceramic promotes the formation of defects; the T4+

dissolves in the ZrO2 enhanced diffusivity and the sintering process, thereby obtaining a higher relative density.
The phenomenon of enhanced sinterability is similar to that seen in past research on alumina/zirconia ceramics
with addedTiO2 [27]. The increase in relative density indicates a decrease in the porosity of the ceramic
substrate, which corresponds to bettermechanical properties.

Table 2 lists the shrinkage of samples with different amounts of TiO2 content after sintering. Both radial and
axial shrinkage increases with an increase in TiO2 content. This result also confirms that adding TiO2 promotes
the sintering process and improves the relative density of YSZ ceramics.

3.2. XRDpatterns of TiO2-YSZ ceramics
Figure 4 illustrates the XRDpatterns of the samples with varying TiO2 contents.When the content of TiO2 is
low, only ZrO2 is detected, and themain phase ism-ZrO2 because the other added components are dissolved
into the ZrO2.With an increase in TiO2 content, the peak of them-ZrO2 phase decreases, and the peak of the
t-ZrO2 phase increases; themajor phase in the YSZ ceramic substrate becomes t-ZrO2, and the new phases
TiZrO4 and c-ZrO2 are detected.

Figure 2. Schematic diagramof sample dimensions.
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Figure 5 is a binary phase diagramof TiO2 andZrO2. It shows that themain phase region of TiZrO4 is at
1700 °C.However, previous research byMcHale et al [28] showed that the TiZrO4 phase can be stable above
1100 °C. This result suggests that the addition of TiO2 contributes to the stability of the tetragonal phase at room
temperature. The reason is that Ti ions can dissolve in ZrO2 and act as a stabilizer. These dissolved ions also
expand the average radius of the cations, enabling the tetragonal phase to obtain amore stable structure with a

Figure 3.The relative densities of sampleswith different TiO2 contents.

Table 2.The shrinkage of samples with
different TiO2 contents.

Shrinkage (%)

TiO2 content (wt%) Radial Axial

0 17.65 18.01

1 18.05 18.72

3 18.54 19.31

5 19.42 20.07

7 20.01 20.54

10 21.53 23.27

Figure 4.XRDpatterns of ZrO2 samples sintered at 1350 °C for 2 hwith various amounts of TiO2 added: (a) 0 wt%, (b) 1.0 wt%, (c)
3.0 wt%, (d) 5.0 wt%, (e) 7.0 wt%, and (f) 10.0 wt%.
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coordination number of eight and stabilizing the phase at room temperature. The t-ZrO2 phase has a higher
density comparedwithm-ZrO2. Thus, the transition ofm-ZrO2 to t-ZrO2 is accompanied by a volumetric
shrinkage of 3.0 to 4.0%,which is one of the reasonswhy adding TiO2 can increase the density of ZrO2.

3.3. SEMmicrographs of TiO2-YSZ ceramics
Figure 6 illustrates the surfacemorphology of the sampleswith the different contents of TiO2. The
microstructure of samples with TiO2 content of 0 wt%and 1 wt% showed that the substrate had poor
compactness, and the visible pores were observed at a lowermagnification (figures 6(a) and (b)).Moreover, the
grain profile indistinct under the scanning electronmicroscope, and it is difficult to observe the intergranular
grains of ZrO2 due to the presence of the liquid phase [3, 30]. In contrast, when the content of TiO2 exceeds
3 wt%, the densification of YSZ ceramics is significantly improved due to the reduction of porosity, displaying a
more continuous and compactmicrostructure (figures 6(c)–(f)). This is indicated that the addition of TiO2 is
conducive to sintering densification and eliminating porosity for YSZ ceramics, which is consistent with
previous researches [21, 27]. In addition, as the content of TiO2 increases from3 wt% to 10 wt%, a significant
increase of grains size can be observedwith the scanning electronmicroscope at a highermagnification. This is
because the addition of TiO2 promotes the grain growth of YSZ ceramics [31–33], themechanismmay be that
the addition of TiO2 enhanced the grain boundarymigration, another possibility is the enhancement of the ZrO2

diffusion coefficients by TiO2 additive [30].

3.4. Themicro-hardness of TiO2-YSZ ceramics
Figure 7 shows the surface Vickers hardness of the TiO2-YSZ ceramics as a function of TiO2 content. Thefigure
shows that when the content of TiO2 is less than 5.0 wt%, themicro-hardness of the YSZ ceramic increases with
an increase in the content of TiO2, and amaximumvalue of 1792.5HV is reachedwhen the TiO2 content is
5.0 wt%. This is because the TiO2 facilitates the elimination of pores and increases the densification of the YSZ
ceramics. TheVickers hardness is directly related to the bulk density [21]; the improvement in the relative
densitymeans that the hardness of the YSZ ceramics also increases.

However, the hardness presents a decreasing trendwith any further increase of TiO2. As the TiO2 content
increases from5.0 wt% to 10.0 wt%, the hardness decreases from1792.5HV to 1508.1HV. AlthoughTiO2

promotes the sintering densification of the YSZ ceramic, with its increase, TiO2 andZrO2 form anewphase,
TiZrO4, as shown infigure 4. TiZrO4 has a lower elasticmodulus comparedwith ZrO2 [34], which corresponds
to a lower hardness [27]. In addition, previous literature has reported that themicrohardnessmeasures of ZrO2,
TiO2, andTiZrO4 to be around 15.75 GPa, 10.29 GPa, and 8 GPa, respectively [3, 35]. The hardness of the

Figure. 5.TheTiO2–ZrO2 binary phase diagram [29].
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composites possibly followed themixture law [34]:

= +H H V H V 2.1c a fa b fb ( )

whereHc,Ha, andHb are the hardness of the composite, the component a, and the component b, respectively,
whereasVfa andVfb are the volume fractions of the component a and the component b, respectively.With the
increase of TiO2 content, the volume fraction of ZrO2 in the substrate is bound to decrease, resulting in a
decrease of the hardness of the TiO2-YSZ composites. On the other hand, as the TiO2 content increases from
5.0 wt% to 10.0 wt%, the increase in grain size (figure 6) also affect the variation tendency in hardness.

3.5. The bending strength of TiO2-YSZ ceramics
Figure 8 depicts the bending strength of the samples, obtained by a three-point bending test. The bending
strength of the TiO2-YSZ ceramic increases with an increase in TiO2 content. The samples without addedTiO2

have the lowest bending strength at 196.13 MPa, and as the TiO2 content increases to 10.0 wt%, the bending
strength increases to 312.56MPa. The bending strength of a ceramic is inversely proportional to its porosity, and
the porosity is inversely proportional to density; therefore, the bending strength is related to the density. Thus,
the addition of TiO2 promotes the sintering densification of the YSZ ceramic and improves the bending

Figure 6. Surfacemicrographs of YSZ ceramics sintered at 1350 °C for 2 hwith various amounts of TiO2 added: (a) 0 wt%, (b)
1.0 wt%, (c) 3.0 wt%, (d) 5.0 wt%, (e) 7.0 wt%, and (f) 10.0 wt%.
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strength. Another possibility is that the addition of the TiO2 plays a role in second-phase pinning and in
hindering crack propagation, thereby improving the bending strength [30].

Figure 9 shows the cross-sectionmicromorphology of the YSZ ceramics with different amounts of TiO2

contents. It is noted that, the cross-sectionmicromorphology of the samples with 0 wt% and 1 wt%TiO2 added
(figures 9(a) and (b)) shows a high porosity, and it is difficult to observe the intergranular grains, which are
consistent with the results observed infigure 6. In addition, there are some large grains observed, and themain
components are determined to be Zr andOby EDS analysis (shown infigure 10, and the test area ismarked by
the rectangle infigure 9(b)). Therefore, it can be judged to be abnormally grownZrO2. It is possible that
insufficient ballmillingmay have caused some large ZrO2 particles to remain and grow further at high
temperature.When the content of TiO2 excess 3 wt% (figures 9(c)–(f)), the YSZ ceramics display a cross-section
micromorphologywithmany holes due to the grains being pulled-out and some of grains break at some
locations, which indicates that the fracturemechanism ismainly intergranular fracture [3, 27].

3.6. Thewear resistance of TiO2-YSZ ceramics
Figure 11 illustrates the relation between the coefficient of friction and time of the samples with different
amounts of TiO2 contents, and the average friction coefficient andwear scar area are shown in table 3. As the
content of TiO2 increases from0 wt% to 5.0 wt%, the friction coefficient of the samples decreases, with the
average friction coefficient decreases from0.438 to 0.296.However, when the TiO2 content exceeds 5.0 wt%, the
friction coefficient increases somewhat, andwhenTiO2 content reaches 10.0 wt%, the average friction
coefficient increases to 0.342. A large number of studies have reported that the friction coefficient of amaterial is

Figure 7.Themicro-hardness of samples with different amounts of TiO2 contents after sintering.

Figure 8.The bending strength of samples with different TiO2 content.
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Figure 9.The cross-sectionmicromorphology of YSZ ceramics sintered at 1350 °C for 2 hwith different amounts of TiO2 added: (a)
0, (b) 1.0 wt%, (c) 3.0 wt%, (d) 5.0 wt%, (e) 7.0 wt%, and (f) 10.0 wt%.

Figure 10.The energy spectra of YSZ ceramic cross-section grains.
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related to its grain size andmechanical properties [36–39].When the content of TiO2 increases from0 wt% to
5.0 wt%, the densification and the hardness of YSZ ceramics is increases, resulting in a decrease in the friction
coefficient of the YSZ ceramics.With a further increase of TiO2 content, the grains size increases and the
hardness decreases,moreover, themass percentage of TiO2 andTiZrO4 increases which have a smaller elasticity
modulus comparedwith ZrO2 [27, 40, 41], so that the friction coefficient tends to increase.

Figure 12 depicts the relationship between the volumewear rate of the YSZ ceramics and the TiO2 content,
calculated by Formula (2.2):

Figure 11.The relation between the coefficient of friction andwear time of the samples with different amounts of TiO2 contents.

Table 3.The coefficient of friction and thewear scar area of the
YSZ ceramics with different amounts of TiO2 contents.

TiO2 (wt%) Average friction coefficient Wear scar area

0 0.438 2.29mm2

1 0.384 3.14mm2

3 0.305 4.00mm2

5 0.296 5.24mm2

7 0.334 5.71mm2

10 0.342 6.13mm2

Figure 12.The volumewear rate of the YSZ ceramics as a function of TiO2 content.
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d = ´V L N 2.2( ) ( )/

Where δ is the volumewear rate,V is Volume ofwear (mm3), L is the sliding distance (mm),N is the load (N).
The volumewear rate varies, similar to the friction coefficient. This result suggests that thewear resistance
increases with the addition of TiO2, butwhen the content of TiO2 exceeds 5.0 wt%, TiO2 addition harms the
wear resistance.

To help understand thewearmechanism of the different samples, the surfacemorphology of each sample
after wear is shown infigure 13.

The observedmorphologies indicate that plastic deformation,microcracks, surface spalling and pitted areas
occur on theworn surface. Typical plastic deformations appear on theworn surface of the samplewith 0 wt%
TiO2 added (figure 13(a)). The plastic deformationmay attributable to the adhesion and smearing of small wear
debris particles [42].Microcracks and surface spalling were observed on theworn surface of the sample with
1 wt%TiO2 added (figure 13(b)). Fatigue processes caused by repeated abrasion on the top surface and the
corresponding plastic deformation of the surface result inmicrocracking [38], and these are attributable to the
coalescence of sub-surface cracks in zones that contain a high density ofmicrowearmarkings, leading to the

Figure 13.The surfacemorphology afterwear of the YSZ ceramics sintered at 1350 °C for 2 hwith different contents of TiO2 added:
(a) 0 wt%, (b) 1.0 wt%, (c) 3.0 wt%, (d) 5.0 wt%, (e) 7.0 wt%, and (f) 10.0 wt%.
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formation of larger wear particles, or spalling [43–45]. The sample with 3 wt% addedTiO2 displays aworn
surface (figure 13(c)), where thewear debris is squeezed into layers exhibiting afish scale pattern, as well as
visiblemicrocracks. Similar wearmorphology has been observed in prior references [43].Marked pits and
scratches have been observed on theworn surface of samples with TiO2 content in excess of 5 wt%
(figures 13(d)–(f)). The coalescence of subsurface cracks causes wear particles to form and pull out, resulting in
visible pits on theworn surface [46]. Due to the presence of dislodgedwear particles, subsequent slidingmoves
themicrocontacts along, resulting in the observed scratches [47]. Similar wearmechanisms during sliding of
zirconia have been reported in previous literatures [44, 48–50].

To identify the element composition of thewear debris, energy spectra have been taken. The energy spectra
of theworn surfaces of the YSZ ceramics with different amounts of TiO2 contents are shown infigure 14, with
the scan position indicated by the rectangles infigure 15.Mainly Zr, O, and Fe exist on theworn surface,
indicating that the debris ismainly composedmainly of scrap iron andZrO2 particles. This result is consistent
with the results reported in the literature [45].

4. Conclusions

YSZ ceramics with TiO2 addedwere prepared by pressureless sintering, and themicrostructure, phase evolution,
andmechanical properties (micro-hardness, bending strength, andwear resistance)were investigated.

1. TiO2 is a beneficial additive to promote sintering densification in YSZ ceramics. With an increase of TiO2

content from0 wt% to 10.0 wt%, the relative density of the YSZ ceramics increases from91.5% to 96.2%.

2. The addition of TiO2 promotes the growth of ceramic grains and the compactness of the YSZ ceramic grain
structure. In addition, the addition of TiO2 stabilizesmore tetragonal phases to room temperature.

3.With an increase of TiO2 content from 0 wt% to 10.0 wt%, the bending strength of the YSZ ceramics
increases from196.13MPa to 312.56MPa. Themaximumhardness of the samples is 1792.5HV, and the
minimumvolumewear rate is 2.06×10−4 mm3 N−1×m,when the content of TiO2 is 5.0 wt%. Thewear
mechanismof TiO2-YSZ ceramics ismainly plastic deformation andmicrocracking, and the fracturing
mechanismwithin the TiO2-YSZ ceramics primarily involves the intergranular process.

Figure 14.The energy spectra of the YSZ ceramics sintered at 1350 °C for 2 hwith different amounts of TiO2 added: (a) 0 wt%,
(b) 1.0 wt%, (c) 3.0 wt%, (d) 5.0 wt%, (e) 7.0 wt%, and (f) 10.0 wt%.
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