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Four different zirconia-toughened alumina added with different pairs of oxides (CeO2, TiO2, CuO, ZnO and
SnO2) were prepared through the co-precipitation technique. Conventional sintering resulted in relative
densities ‡ 96%. Phase analyses of these composites were performed by x-ray diffraction. Vicker�s hardness
and tribological behavior of all ZTA composites were studied. Microstructure analysis of polished and worn
surfaces was carried out to understand and correlate the mechanical/tribological behavior with the
microstructure. A different wear mechanism is observed in ZTA containing CeO2 and TiO2 which resulted in
considerable improvement in tribological behavior with a minimum specific wear rate of 93 1027 mm3/Nm.
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1. Introduction

Zirconia-toughened alumina (ZTA) ceramics have different
attractive properties, including high-temperature mechanical
strength, good thermal shock resistance, wear and oxidation
resistance, low thermal conductivity, and corrosion resistance,
which make ZTA ceramics suitable for different challenging
applications like bearing components (balls, rollers and raceways),
cutting tool inserts (replacing carbide and metal tools), electrosur-
gical insulators, valve seats, pump components, oxygen sensors,
dies and biomedical applications (Ref 1, 2). It was reported in the
literature (Ref 3, 4) that presence of stabilized zirconia in ZTA
composite plays a significant role in the improvement in toughness
by both stress-induced transformation toughening andmicrocrack
tougheningmechanism.Oxides, likeMgO,CaO,CeO2, andY2O3,
are commonly used to stabilize the tetragonal zirconia. However,
with higher toughness of ZTA ceramics, it is also necessary to
impart some lubricating property to the matrix for easy shear
during dry sliding to make it suitable for wear resistance
applications. It is also well established in the literature (Ref 5)
that, for a material to be suitable for wear-resistant application in
dry sliding condition, specific wear rate should be less than
10�6 mm3/Nm, the coefficient of friction (COF) must be below
0.2, and the wear mechanism should be mild such that dry sliding
pairs will polish each other. The wear of alumina like all other
ceramic considered for wear-resistant applications may be divided
into well-defined mild and severe wear zone with a narrow

transition between mild to severe (Ref 5-8). Wear properties of
alumina and ceramics composite is also function of different
parameters and tests condition such as: sliding distance and
velocity, surface condition, contact geometry, applied load,
relative humidity, surface temperature, chemical compatibility,
experimental apparatus, and sample preparation technique (Ref 6).
To study the wear behavior of ZTA composites in dry sliding
condition different researcher used different test configuration
such as: pin on disc, pin on flat, and pin on ring (Ref 5-7) using
different load and slidingvelocity.Different researchers also added
different solid oxide lubricants inZTAwith an intention to impart a
self-lubricating property to the matrix and to obtain ZTA
composites with improved tribological properties without signif-
icant reduction in hardness (Ref 5, 7). Pasaribu et al. (Ref 5) carried
out dry sliding wear tests using commercially available alumina
ball of 10 mmdiameter as counter body and reported that addition
of 5 wt.% CuO in alumina resulted in reduction of coefficient of
friction from 0.7 to 0.4 and zirconia doped with 5 wt.% CuO
resulted in reduction of coefficient of friction from 0.8 to 0.3.
Kerkwijk et al. (Ref 7) studied the effects of addition (5 wt.%) of
one of the soft oxides from (ZnO,MgO,CuO,B2O3, andMnO2) in
alumina and reported that the addition of 5 wt.% CuO to alumina
matrix resulted in reduction of coefficient of friction to 0.43 with a
low specific wear rate of 10�7 mm3/Nm under dry sliding
condition against YTZP ball as counter body. In a different study
(Ref 8), authors reported that nanoscaleZTA,whendry slid against
alumina ball as counter body, resulted in specific wear rate of
10�9 mm3/Nm, coefficient of friction of 0.45, and the main wear
mechanismwas abrasion alongwith polishing. In view of the facts
above, the present study focuses attention on the tribological
behavior of ZTA added with different pair of oxides in small
quantity.

2. Experimental

2.1 Materials and Synthesis

Commercially available precursor salts of the respective
components, viz., Al(NO3)3Æ9H2O, ZrO(NO3)2ÆH2O, Mg(NO3)2Æ
6H2O, Cu(NO3)2Æ3H2O, Zn(NO3)2Æ6H2O, TiCl4, Ce(NO3)3Æ6H2O,
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SnCl2Æ2H2O, along with 30 vol.% NH4OH solution and NaOH
pallets were used as starting materials. Characteristics of these
chemicals are given in Table 1. The base composition of ZTA and
subsequent soft-oxide-added ZTAs are synthesized from their
respective salt solutions following the stoichiometry given in
Table 2. The respective salts were at first dissolved in distilled
water and stirred using a magnetic stirrer for 1 h. Then drop-wise
NH4OH (ammoniacal) solution was added to this salt solution
with continuous stirring until the pH of the solution reached to 9
and precipitation started. Precipitates was allowed to age for 48 h,
and then supernatant liquid was removed by the filtration process.
Precipitates were thoroughly washed with warm distilled water for
complete removal of Cl� and NO3

� ions. AgNO3 test was
performed in order to ascertain complete removal of Cl� from the
precipitates. Precipitates, thus obtained, were dried at 120 �C for
24 h and then calcined at 1200 �C for 1 h. Calcined powders
were then ground in a crucible using mortar and pestle. Pallets
(u = 8 mm, h = 5 mm) of different ZTA compositions were then
prepared by compaction in a hydraulic press at a pressure of
400 MPa. The specimens were then sintered in a high-temperature
PID-controlled resistance-heated furnace at 1600 �C for 2 h. Flow
diagram of the synthesis process for different types of ZTA
powders is shown in Fig. 1.

2.2 Characterization of Ceramics

Green density (qG) of different specimen was calculated by
dividing mass of each pallet by its volume, and volume of each
pallet was determined from its dimension. Theoretical density
(qTh) of the different composite system was calculated consid-
ering the different phases formed after sintering as identified by
XRD analysis. Sinter density (qs) and relative density (qrel) of
the specimen were measured using the equations described
elsewhere (Ref 9). Densification parameter (D) for each
specimen was measured using Eq 1.

D ¼ qS � qG
qTh � qG

ðEq 1Þ

Sintered specimens of different ZTA composites were
initially coarse-polished using SiC abrasive grit paper (grade
600,800,1000,1200,1600) and then finally diamond-polished
up to 1-lm surface finish. Vickers indentation hardness was
measured for different composite system applying a load of
10 kgf keeping a holding time 20 s. For each specimen, 12
readings for hardness data were taken. X-ray diffraction (XRD)
was performed in Philips x-ray diffractometer (PW 1840,
Holland) using filtered Cu Ka radiation (k = 0.15406 nm) for
powders obtained after calcinations and sintered specimens of
different composition. Qualitative phase analysis was carried
out with the help of X-Pert High score Plus� software, which

uses the ICDD database for crystallographic information.
Microstructures of polished sintered surfaces (1-lm surface
finish) were studied by scanning electron microscopy (Zeiss
supra 40 attached with oxford energy-dispersive x-ray micro-
analysis). To avoid charging effect under SEM, specimens were
sputtered with gold.

2.3 Tribology

Tribological behavior of the sintered and polished speci-
mens (surface finish of 1 lm) was studied using multi-
tribometer (Phoenix, UK). Pin-shaped (u = 6 mm) specimen
was used against alumina disk as counter body during the wear
test. Wear depths and coefficient of frictions were measured at a
velocity of 0.275 m/s with a load of 30 N for a maximum
sliding distance of 2.5 km. Specific wear rates of different ZTA
composites were measured using the equation given below.

Kw ¼ Vw

F � S
mm3

Nm

� �
ðEq 2Þ

where Kw is the specific wear rate, Vw is the wear volume, F
is the applied force (N), and S is the sliding distance (m).
Mass loss was calculated by measuring the mass of the speci-
men, before and after the wear test. Wear volume (Vw) was
calculated from the mass loss data. Cumulative wear depth of
the specimens and their coefficient of frictions were obtained
directly from the machine interfaced with computer aided
data recorder.

3. Results and Discussion

3.1 Phase Analysis of Calcined Powder (Precipitated)

XRD analyses of calcined powders are shown in Fig. 2(a)
and (b). The matrix phase Al2O3 is present as metastable h-
phase (monoclinic) (ICDD 00-023-1009) in composite systems
C1 and C4 and as stable a-phase (ICDD 00-043-1484) in
composite systems C6 and C9. The absence of strong a-
alumina is obvious from Fig. 2(a). It also reveals the presence
secondary phase ZrO2 in both tetragonal (t-ZrO2, ICDD 01-
079-1764) and monoclinic (m-ZrO2, ICDD 01-078-0047) form
in all composite systems. XRD results also confirm the
presence of cubic MgO and spinel MgAl2O4 (ICDD 00-001-
1157) in composite systems C1, C6, and C9. However, MgO
could not be detected in the composite system C4 as it is
possibly consumed during formation of MgAl2O4 spinel. It is
noteworthy that both CeO2 (ICDD 01-075-0076) and SnO2

(ICDD 01-077-0452) were present in this system C4, whereas,
in system C9, CuO and ZnO were not detected and all the

Table 1 Characteristics of starting chemicals

Chemical name Chemical formulae Molecular weight, gm/mol Purity Source

Aluminum nitrate nonahydrate Al(NO3)3Æ9H2O 375.13 ‡ 95% E. Merck, India
Magnesium nitrate hexahydrate Purified Mg(NO3)2Æ6H2O 256.41 ‡ 99%
Copper (II) nitrate trihydrate Cu(NO3)2Æ3H2O 241.60 ‡ 99%
Zinc nitrate hexahydrate Zn(NO3)2Æ6H2O 297.47 ‡ 99.5%
Zirconyl nitrate ZrO(NO3)2ÆH2O 249.24 Practical grade Loba Chemie, India
Titanium tetrachloride TiCl4 189.71 ‡ 99.5%
Cerous nitrate Ce(NO3)3Æ6H2O 434.23 ‡ 99.9%
Stannous chloride SnCl2Æ2H2O 225.63 97%
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major peaks belongs to CuAl2O4 (ICDD 01-078-1605) and
ZnAl2O4 (ICDD 01-073-1961) as shown in Fig. 2(b). Like C4,
presence of additive oxides CeO2 and TiO2 (ICDD 00-034-
0180) were also detected in C6 system. Since solubility of
either CeO2 or TiO2 in Al2O3 at around 1200 �C is very low
(Ref 10-12), these additives are present unreacted in the matrix.

In contrast, CuO and ZnO additives in system C9 readily form
CuAl2O4 and ZnAl2O4 spinel phases at moderate temperatures
(around 900-1000 �C) following the reactions, respectively
(Ref 13):

CuOþ Al2O3 ! CuAl2O4 and ZnO þ Al2O3 ! ZnAl2O4:

Table 2 Specification of starting powders

Powder denomination Additive oxides, wt.% Al2O3, wt.% ZrO2, wt.% MgO, wt.%

C1 … 77.60 19.40 3
C4 CeO2-4, SnO2-4 71.4 17.85 2.75
C6 CeO2-4, TiO2-4
C9 CuO-4, ZnO-4

Mixed solution is stirred in a magnetic 
stirrer until salts get dissolved in water

Al(NO3)3⋅9H2O + ZrO(NO3)2⋅H2O + Mg(NO3)2⋅6H2O+ Distilled H2O

Mixed solution is stirred again until 
salts get dissolved in water

Water soluble nitrate and chloride 
salts added which gives soft oxides

NH4OH solution is added drop
wise (NaOH pallet is added 
where Zn(NO3)2 salt is present)

Mixed solution is stirred and
precipitate appears

Further addition of NH4OH
solution or NaOH pallet

Mixed solution is stirred and precipitate appears

Mixed solution is stirred and gelation at pH 6.5

Slurry formation by high speed 
stirring in a magnetic stirrer

Precipitation completed at pH 9

Addition of NH4OH solution 
or NaOH pallets continued

Precipitate settling and 
supernatant removal

Washing the precipitates several times by hot 
distilled water to remove Cl- and NO3

- ions

Drying the precipitates Dried precipitates calcined 
at 1200°C for 1 h

Grinding the calcined 
product to get powderCompactionSintering

Fig. 1 Flowchart for preparation ZTA nano-composites with and without additive oxides
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3.2 Sintering, Densification, Microstructure, and Phase
Evolution

The composite systems were sintered at 1600�C for 2 h, and
all of them were having density >95% of the theoretical one.
The sintered density of the different composite systems is
reported in Table 3. Maximum relative density of 98.5% was
obtained for the composite system C6, and minimum of 95.5%
was measured for the system C9. Lower density in system C9 is
primarily attributed to the volatilization of CuO and ZnO at
1600 �C. However, volatilization loss of SnO2 in system C4 is
limited as decomposition is somewhat suppressed by the
presence of MgO due to possible spinel formation (Ref 14).
XRD result, however, lacks the evidence of Mg2SnO4 (or might
be below the level of detection) in this system. XRD for all the
sintered composite system, as shown in Fig. 3(a) and (b),
confirms the presence of a minor phase MgAl2O4 (a reaction
product between MgO and Al2O3) in all composite system
except C6. Formation of MgAl2O4 for all composite system can
be explained from the equation given below at high sintering
temperature of 1600 �C.

Al2O3 þMgO ! MgAl2O4

Standard Gibbs free energy of spinel MgAl2O4 formation
for solid-state reaction is given by Ref 15 (DG = �35600
2.09T J/mol) and at 1600 �C, DG = �39514.57 J/mol< 0
which fulfill the thermodynamic requirement of formation of
MgAl2O4. It was also reported that MgO in alumina matrix
acted as a strong grain growth inhibitor and promoted the
sintering of Al2O3 (Ref 16). Presence of MgAl2O4 also
contributed to the suppression of grain growth by acting as a
pinning agent (Ref 17). It also accelerates sintering kinetics by
creating anionic vacancies (aliovalent substitution) which help
diffusion and thus achieve faster densification. Unstable h-
Al2O3 (monoclinic), present in calcined powders (in C1 and C4
systems), gets converted to stable a-Al2O3 after sintering at
higher temperatures. For sintered specimen of composite
system C6 and C9, matrix phase is observed to be also
stable a-Al2O3. It was also observed that zirconia is present in
only monoclinic form in all the composite system.

XRD analysis of system C4 (Fig. 3b) reveals the presence of
minor phases like MgAl2O4 and CeAl11O18 (ICDD 00-048-
0055). Literature shows that formation of CeAl11O18 occurs
following reaction between Al2O3 and CeO2 in the temperature
range of 1200-1400 �C (Ref 10, 11). Initially, CeO2 is reduced
to Ce2O3 and then further reacted with alumina to form
CeAl11O18 following these reactions:

CeO2 ! Ce2O3 þ O2

Ce2O3 þ 11Al2O3 ! CeAl11O18 Ce2O3 � 11Al2O3ð Þ

It was also reported in literature (Ref 10) that alumina added
with yttria-stabilized zirconia (YSZ) composites containing 3-
5 wt.% ceria sintered at 1400 �C resulted in a composite with
99% relative density along with the formation of elongated
grains of CeAl11O18 within alumina matrix. In another study
(Ref 11), it was also reported that ZTA-MgO composite when
added with 1 wt.% CeO2 resulted in maximum density and an
increase in CeO2 content (5 wt.%) resulted in reduction of
density due to the formation of elongated grains of CeAl11O18.

XRD analysis for the composite system C6, as shown in
Fig. 3(a), confirms the formation of different minor phases,
viz., CeAl11O18 and cubic Mg2TiO4 (ICDD 00-003-0858)
along with a-Al2O3 as matrix and m-ZrO2 as secondary phase.
MgO-TiO2 phase diagram (Ref 18) reveals that temperature in
excess of 1500�C favors the formation of cubic Mg2TiO4

following the reaction:

TiO2 þ 2MgO ! 2MgO� TiO2 Mg2TiO4ð Þ

It was also reported (Ref 19) that above 1300�C, excess
TiO2 beyond its solid solubility limit (�0.3 wt.%) in MgO
reacted with MgO to form inter- and intragranular Mg2TiO4

phase. Decomposition of this high-temperature phase during
cooling at lower temperature was also reported according to the
following reaction.

Mg2TiO4 ! MgTiO3 þMgO

However, without any doping agent, this high-temperature
phase can also be retained at room temperature even after slow
cooling (Ref 20) and present observation is also similar to the
result reported earlier. Previous study (Ref 12) have reported
that TiO2 in Al2O3 above 1200�C do form a
metastable Al2TiO5 stoichiometric compound, however, during

Fig. 2 X-ray diffraction patterns of calcined powder for composite
systems. (a) C1 and C6, (b) C4 and C9
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cooling from the sintering temperature, it decomposes back to
TiO2 in Al2O3 as per the eutectoid reaction:

Al2TiO5 ! TiO2 rutileð Þ þ a - Al2O3

In the composite system C9, presence of the two volatile
oxides (ZnO and CuO) (having high vapor pressure) may have
resulted in less dense sintered body in comparison with other
composite systems. However report (Ref 14) suggests that
decomposition of SnO2 is somewhat suppressed by the
presence of MgO due to possible spinel. XRD analysis

(Fig. 3b) of this composite system confirms the formation of
different minor phases, viz., MgAl2O4, ZnAl2O4 (ICDD 00-
001-1146) and CuAl2O4 (ICDD 00-001-1153) along with
matrix (a-Al2O3) and secondary phase (m-ZrO2). Formation of
Zn spinel occurs following the equation:

Al2O3 þ ZnO ! ZnAl2O4

Gibbs free energy change for the reaction given by Jacob
et al. (Ref 21) as DG0 = �45.0081 + 0.0066T (in kJ/mol)
indicates the favorable condition for formation of ZnAl2O4

from room temperature to 1600 �C.
Formation of CuAl2O4 takes place according to the

following reaction:

CuOþ a�Al2O3 ! CuAl2O4

Gibbs free energy change for the reaction is given by Jacob
et al. (Ref 22) as DG = 4403� 4.97T (in cal/mol), and they
predicted the possible formation of stable CuAl2O4 above
612 �C. Recently, published literature (Ref 23) reported that
CuO react with a-Al2O3 to form CuAl2O4 above 1000 �C.
Another study (Ref 24) reports that CuAl2O4 undergoes
decomposition within 1000-1400 �C according to following
reaction.

4CuAl2O4 ! 4CuAlO2 þ 2Al2O3 þ O2

It was also reported in literature (Ref 25) that excess a-
Al2O3 within matrix suppresses the decomposition of CuAl2O4

and increases the thermal stability of the spinel phase.
SEM micrograph of the sintered and polished composite

specimen C1 shown in Fig. 4(a) reveals the formation of
nearly dense composite where dark phases are alumina-rich
and bright phases are zirconia-rich ones. SEM images of C4,
as shown in Fig. 4(b), reveals that zirconia phases (white
grains) are well dispersed within the a-Al2O3 matrix along
with the presence of elongated grains of CeAl11O18. EDS
analysis of the respective phase also confirms the formation of
CeAl11O18. Figure 4(c) represents the SEM structure of C6
composite showing a dense microstructure with well-dis-
persed bright secondary ZrO2 phase within dark alumina
matrix phase. The matrix grains were rather large compared to
other systems owing to the fact that the addition of TiO2

promotes grain growth of Al2O3 (Ref 12). All TiO2 reacted
with MgO to form Mg2TiO4, and as a result, there was no
evidence of formation of MgAl2O4 in C6 which also
contributed to grain coarsening effect. SEM micrograph of
C9 (shown in Fig. 4d) shows the presence of well-dispersed
zirconia grains within alumina matrix along with the presence
of different spinels (ZnAl2O4 and CuAl2O4) formed. Results
of EDS analysis also gives the evidence of formation of
spinels. The matrix grain size in this system is found to very
fine as ZnAl2O4 spinel dopant acted as a grain growth
inhibitor in the alumina system (Ref 14).

Table 3 Sintered and relative density of different ZTA composite systems

Composite
system

Theoretical density,
g/cm3

Green density,
g/cm3

Sintered density,
g/cm3

% relative
density

Densification
parameter (D)

C1 4.16 2.10 4.06 97.6 0.95
C4 4.24 2.20 4.19 97.4 0.97
C6 4.16 2.21 4.10 98.5 0.97
C9 4.23 2.39 4.04 95.5 0.90

Fig. 3 X-ray diffraction patterns of sintered composite systems.
(a) C1 and C6, (b) C4 and C9
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3.3 Hardness of the Composite Systems

Vickers hardness values for different ZTA composite
systems are given in Table 4. As expected, maximum hardness
of 16.78± 2.98 GPa was obtained for composite system C1
(without any soft additive oxides). Volume fractions of
different phases formed in sintered specimen of ZTA composite
C1 are a-Al2O3� 74%, ZrO2� 13.8%, and MgAl2O4� 12.2%.
It was reported (Ref 1) that the addition of relatively softer
phase zirconia to a harder matrix phase alumina resulted in
lowering of the hardness of the composites. Literature (Ref 26)
reports that Vickers� hardness values for MgAl2O4 are in the
range of 14-17 GPa. Vickers� hardness value for a-Al2O3 and
monoclinic ZrO2 phases are 20 and 12 GPa, respectively.
Composite system C6 (contains CeO2 and TiO2 as additives)
exhibited Vickers hardness value of 14.46± 1.83 GPa. Volume
fraction of different phases formed after sintering are a-
Al2O3� 62%, monoclinic ZrO2� 13% Mg2TiO4� 6.5%,
CeAl11O18� 17.5%, and unreacted TiO2� 1%. Reduction in
hardness value of composite system C6 in comparison with C1
(base composition) may be due to reduction in the volume
fraction of the a-Al2O3 content in C6. Formation of different
other phases viz., Mg2TiO4 (hardness value� 10 GPa) and
CeAl11O18 (hardness value greater than zirconia but lower than
alumina) also gives clear indication of the lower hardness
value. Addition of CeO2 and SnO2 as additive oxides for the
composite system C4 resulted in Vickers hardness value of
14.15± 2.03 GPa. Different secondary phases formed in C4
were MgAl2O4 and CeAl11O18. Volume fraction of different
phases formed after sintering are a-Al2O3� 56.72%, mono-
clinic ZrO2� 13.26%, MgAl2O4� 9.78% and CeAl11O18

17.76% and unreacted SnO2� 2.48%. Further reduction in
the volume fraction of alumina and consequent increase in the
volume fraction of the comparative softer phases might have
resulted in obtaining reduced hardness value for the composite
system C4. Similar observations (Ref 11, 27) were also
reported for ceria-added alumina composite in different study.
Rejab et al. (Ref 11) reported that addition of 7 wt.% ceria in
ZTA with composition (80 wt.% Al2O3 + 20 wt.% YSZ)
added with 0.7 wt.% MgO resulted in the reduction of hardness
from 14.99 to 14.15 GPa due to the formation of secondary
phase CeAl11O18. Another study carried out by Magalaraja
et al. (Ref 27) reported that the addition of 5 vol.% ceria in
ZTA (Al2O3-10 vol.% 3YTZP) resulted in the reduction of
hardness from 14.51 to 12.62 GPa. Compared to rest of
composite systems, considerable reduction in hardness
(�13.10± 2.25 GPa) was measured for the composite system
C9. The major factor causing such drop is the lower sintered
density (about 95% rel. density). Apart from that, different
spinel phases (CuAl2O4 and ZnAl2O4) formed in this composite
system also attributes to low hardness. Literature (Ref 28)
shows that polycrystalline ZnAl2O4 has lower hardness of
10.5 GPa. Hardness value of CuAl2O4 is similar to that of
ZnAl2O4. Volume fractions of different phases formed after
sintering, as evident from XRD results, are a-Al2O3� 59%,
monoclinic ZrO2� 13.05%, MgAl2O4� 11.43%, CuAl2O4

8.18%, and ZnAl2O4� 8.34%. Thus, major harder matrix
phase alumina, when reacted with different other oxides (MgO,
CuO and ZnO), forms different spinel phases which are
comparatively softer than alumina and consequently resulted in
low hardness value of the composite system C9.

Fig. 4 SEM micrograph of polished surface of composite system. (a) C1, (b) C4, (c) C6, and (d) C9
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Fig. 5 Cumulative wear depth vs. sliding distance for different ZTA composites

Fig. 6 SEM micrograph of the worn surface of the composite system (a) C1, (b) C4, (c) C6, and (d) C9

Table 4 Vickers hardness number for different composite systems

Composite system C1 C4 C6 C9

Vickers� Hardness number, GPa 16.78± 2.98 14.15± 2.03 14.46± 1.83 13.10± 2.25
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3.4 Tribological Behavior

Severity of the dry sliding wear behavior of alumina
composites against alumina as counter body primarily depends
on applied load, sliding velocity, contact geometry of the
sliding pairs, and test configuration. An organized dry sliding
wear test for alumina composite against alumina cylindrical pin
with a hemispherical tip of radius 2.75 mm was carried out to
determine the critical condition for wear transition from mild
wear to severe wear and reported to observe clear transition
from mild to severe wear at normal load of 30 N and sliding
speed of 0.37 m/s (Ref 29). Present study was carried out with
a normal load of 30 N and sliding speed of 0.275 m/s which
may be considered as a mild wear region based on the result of
the previous study (Ref 29). Cumulative wear depths recorded
for different ZTA composite systems are shown in Fig. 5.
Maximum wear depth of 202 lm for ZTA composite system
C4 (contains CeO2 and SnO2 as additives) and the minimum
wear depth of 44 lm for ZTA composite system C6 (contains
CeO2 and TiO2 as additives) were recorded, whereas ZTA
composite system C1 (without additives) resulted in wear depth
of 60 lm. ZTA composite system C9 (contains ZnO and CuO
as additives) exhibited a wear depth of 88 lm. Specific wear
rate for different composite systems are given in Table 2.
Maximum specific wear rate was recorded for the composite
system C4, and minimum specific wear rate was obtained for
the composite system C6.

Steady-state condition was achieved after a dry sliding
distance of 1 km for the ZTA composite systems C1 and C6.
Composite system C9 quickly attained a steady-state condition
after sliding a very short distance of 200 m, but for composite
system C4, steady-state condition was observed after a distance
of 1.75 km.

Wear depth of 60 lm and the specific wear rate of
1.59 10�6 mm3/Nm were obtained for the composite system
C1 after dry sliding the specimen for a distance of 2.5 km.

Removal of wear debris from the alumina disc during dry
sliding wear test was not observed for any of the specimen.
SEM micrograph of the worn surface of the composite system
C1 (without additive oxides; Fig. 6a) reveals that mild abrasion
along with grain pullouts is the main wear mechanism.

Addition of CeO2 and SnO2 as additive oxides in composite
system C4 did not result in any significant improvement in its
tribological properties and a very high specific wear rate of
39 10�5 mm3/Nm (five times higher in comparison with that
of the base composition) was recorded. SEM micrograph of the
worn surface, as shown in Fig. 6(b), shows the formation of
thin layers, which is known as tribofilm, consisting of fine grain
size particles (wear debris). Wear debris are formed due to
continuous removal of small particle from the specimen under
test. Small particles clustered together and formed large lumped
with porosity and cracks. Debris gets compacted on the wear
surface and also fills the voids and grooves created during dry
sliding. Wear surface also reveals the presence of extensive
microcracks on the tribofilm. There was also indication of
removal of the tribofilm from the wear surface and resulted in
exposure of new rough surface. Complete removal of cracked
tribofilm resulted in high wear rate of the composite system.

Addition of CeO2-TiO2 as additive oxides in the composite
system C6 resulted in the considerable improvement in
tribological properties of the composite system. Minimum
specific wear rate of 99 10�7 mm3/Nm was recorded for the
composite system. SEM micrograph, as shown in Fig. 6(c), for
the worn surface of the composite system C6 reveals that
plastic deformation occurred along with mild abrasion and
occasional grain pullouts. Conventionally, in alumina ceramics,
grain coarsening has been found to improve the crack growth
resistance characteristics. Although larger grain size reported to
degrade the wear behavior, but change in major wear mech-
anism for C6 composite system may attributed high wear
resistance compared to the other systems. Addition of compar-
atively soft oxides CuO and ZnO as additive oxides in

Fig. 7 Coefficient of friction (C.O.F) for different ZTA composite systems

Table 5 Specific wear rates and coefficient of friction for different composites

Composite system C1 C4 C6 C9

Specific wear rate, mm3/Nm 1.59 10�6 39 10�5 99 10�7 2.99 10�6

Coefficient of friction 0.54-0.57 0.53-0.57 0.44-0.47 0.35-0.38
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composite system C9 resulted in specific wear rate of almost
twice that of the base composition C1. SEM micrograph of the
worn specimen in Fig. 6(d) reveals the formation of tribofilm
on the worn surface due to the compaction of wear debris on
the worn surface. Comparatively stable tribofilm formed on the
worn surface due to the presence of different softer phases like
ZnAl2O4 and CuAl2O4 resulted in low specific wear rate of C9
in comparison with C4. Mild abrasion along with occasional
grain pullouts of different phases is the main wear mechanism.

3.5 Coefficient of Friction

The variation in coefficient of friction for different
composite system is shown in Fig. 7. Maximum C.O.F. of
0.54-0.57 was observed for C1 (without additive). Minimum
C.O.F. (0.35-0.38) was observed for composite system C9
(contains relatively softer CuO and ZnO as additives).
Addition of CeO2 and SnO2 as additives in ZTA composite
C4 did not result in any significant reduction in C.O.F.
Though there was formation of tribofilm on the wear surface
but quick removal of that due to absence of any comparatively
softer phases resulted in exposure of new rough surface and as
a result of which higher C.O.F was obtained. For composite
system, C6 added with CeO2-TiO2 as additives resulted in
C.O.F in the range of 0.44-0.47. Formation of relatively softer
Mg2TiO4 (6.5 vol.%) in C6 probably contributed in the slight
reduction of C.O.F. Presence of comparatively softer phases
viz., CuAl2O4 and ZnAl2O4 (with total large volume frac-
tion� 17) in composite system C9 contributed to the forma-
tion of relatively stable tribofilm (in comparison with C4) and
resulted in lower C.O.F (Table 5).

4. Conclusions

Base composition of ZTA designated as C1 exhibited high
C.O.F in the range of 0.54-0.57 along with specific wear rate of
1.59 10�6 mm3/Nm. Main wear mechanism was observed for
C1 as abrasion with occasional grain pullouts. Addition of
CeO2 and SnO2 in the composite system C4 did not contributed
in any improvement in the tribological properties. Composite
system C9 added with 4 wt.% each of CuO and ZnO as
additives resulted in significant reduction of C.O.F in the range
of 0.35-0.38 but with high specific wear rate of
2.99 10�6 mm3/Nm. Formation comparatively large volume
fraction (�17%) of softer phases like CuAl2O4 and ZnAl2O4 in
C9 contributed significantly for low C.O.F. For both C4 and
C9, there was formation of tribofilm on the wear surface due to
compaction of wear debris on the wear surface but tribofilm
film formed on wear surface of C9 is relatively stable than in
C4. ZTA composite system C6 added with 4 wt.% each of
TiO2 and CeO2 as additive oxides resulted in obtaining high
dense (98.5% rel. density) sintered body and slightly reduced
C.O.F. in the range of 0.44-0.48 with lowest specific wear rate
of 99 10�7 mm3/Nm. Mild abrasion along with occasional
grain pullouts and plastic deformation was the main wear
mechanism under dry sliding condition against alumina as
counter body. Based on the above findings it may be concluded
that ZTA composite added with small amount of CeO2 and
TiO2 (4 wt.% each) may be suitable material for wear
resistance applications.
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