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Abstract

Dense Al2O3-15 wt% (ZrO2-3 mol%Y2O3) nanocomposites modified with 3 wt% of self-lubricating component (CaF2, BaF2, MoS2,

WS2, h-BN, or graphite) were consolidated by pulsed electric current sintering. Their microstructure as well as mechanical and

tribological properties were evaluated. During consolidation composition of the self-lubricating components was conserved except for

BaF2, which partially melted. The Al2O3/ZrO2(3 mol%Y2O3) matrix showed hardness of 20.35 GPa and Young’s modulus of 320 GPa

determined by Vickers indentation. All solid lubricant additives led to a decrease in hardness of the composite. Solid lubricant additives

lowered the coefficient of friction (CoF) against alumina at room temperature. In pin-on-disc tests CoF of 0.38–0.42 was measured for

all the materials against alumina ball. The lowest CoF of 0.043 was measured for Al2O3/ZrO2(3 mol%Y2O3)/CaF2 in the scratch test

against diamond stylus while the matrix material showed lower friction than other materials. The measured wear rates were in the order

of 10�12 for Al2O3/ZrO2(3 mol%Y2O3)/CaF2, Al2O3/ZrO2(3 mol%Y2O3)/MoS2, and Al2O3/ZrO2(3 mol%Y2O3)/WS2.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In demanding environments where high temperature,
corrosive medium, or very high loads are dominant,
structural ceramics exhibit superior properties compared
to metals [1]. They retain high hardness and chemical
stability, and their strength is good. However, there are
limitations especially because of their low toughness [2].
It is possible to improve their ductility by modifying the
deformation mechanisms, for example, by reducing the
grain size of ceramics into the nanometer scale [3]. In order
to obtain fully dense nanostructured ceramics novel pro-
cessing methods have been employed and extensively
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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studied in the last decade [3–7]. Furthermore, the strength
and fracture toughness can be improved by dispersing
nanosized inclusions within the ceramic matrix [3].
Another route of toughening of alumina matrix is based
on the addition of tetragonal zirconia (t-ZrO2) stabilized
with Y2O3 (Y-TZP), which goes under superplastic defor-
mation [8–11]. In multiphase ceramics t-ZrO2 improves
toughness and thermal stability because of the segregation
of nanosized additive particles in the grain boundaries
[12–14]. These nanocomposites show also reduced grain
growth, which enhances the strain hardening at high
temperature [8,12]. Alumina can readily be used in such
multiphase nanocomposite as it is relatively inexpensive
material with exceptional hardness and thermal properties.
When it contains Y-TZP, it exhibits good room tempera-
ture toughness and wear resistance [1,15–18]. Furthermore,
ll rights reserved.
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it is also favourable for elevated temperature applications,
where sliding or reciprocal movement is of interest (bear-
ings of turbine rotors, vane bushings, rolling bearings etc.).

Typically, in dry sliding conditions, the wear rate and
CoF for ceramic materials at room temperature are
approximately �10�6 mm3/Nm and 0.4, respectively
[1,19]. These values are not low enough for reducing
energy losses in the moving parts. In general, the low
friction materials should exhibit CoF below 0.2 in order to
minimize the heating and thermal gradients and to avoid
fatigue wear. Although Y-TZP addition improves tough-
ness, wear resistance and hot hardness, alumina–zirconia
composites have relatively high wear rates and CoF at high
temperature [20,21]. Above�350 1C, hydrocarbon based
lubricants are not applicable, and the dry friction takes
place. Therefore, solid lubricants are used for reducing
CoF [22–25]. These include soft metals, metal oxides,
alkaline earth fluorides, lamellar solids, barite structures,
etc [26,27]. Solid lubricants are beneficial from a tribology
point of view; however, they impair the mechanical
properties, strength and hardness. If they are added in
high volume fractions, even though the friction may be
reduced significantly, the wear of the material can become
severe [1]. It has been shown that solid lubricants in
plasma sprayed ceramic coatings improve both the wear
resistance and friction properties [28–30]. More control
on the microstructure and chemical composition of the
material is gained with the powder metallurgical (PM)
methods.

There are many different methods for manufacturing of
nanosized powders and consolidating them. The difficulty
is to achieve dense ceramics with nanosized grains. Solid
state or liquid phase sintering processes provide almost
fully dense materials, while pressure assisted sintering
promotes mechanical properties, too. In pressureless sin-
tering of alumina matrix composites processing tempera-
ture may be as high as�1727 1C and the dwell time is
hours [31,32]. In such a process, it is not possible to retain
a nanosized microstructure, since the grain growth is
unavoidable. Lowering the sintering temperature and
duration is possible by means of rapid heating and use
of pressure. Among many methods pulsed electric current
sintering (PECS), also known as spark plasma sintering
(SPS) or field assisted sintering technique (FAST), has
drawn particular attention [7,28,33,34]. In PECS the
measured sintering temperature is usually 100–200 1C
lower and the dwell time is from 0 to 20 min instead of
hours in comparison with conventional methods [6,34].
The pulsed current is applied through the mould/powder
system. If the powder is conductive, it is heated by its
specific resistance; when powder is an insulator, the
heating is conductive and occurs by the rapidly increasing
temperature of the mould [35]. The heating rates can be
even a thousand degrees per minute, though usually it is
kept around 50–200 1C/min. Rapid heating, pressure, low
sintering temperature, and short dwell time are all in
favour of retaining the nanosized microstructure [36].
In the present study, ceramic nanocomposites are con-
solidated by PECS and their microstructure, mechanical,
friction, and wear properties are studied. Influence of
calcium fluoride (CaF2), barium fluoride (BaF2), molybde-
num sulphide (MoS2), tungsten sulphide (WS2), hexagonal
boron nitride (h-BN), or graphite on the properties of
Al2O3þ15 wt% (ZrO2þ3 mol% Y2O3) nanocomposite
matrix is evaluated. Previously, it has been shown that
the same ceramic matrix material, with 1 wt% addition of
CaF2, h-BN, or graphite exhibits friction coefficient below
0.3 in the ball-on-plate wear test at room temperature [37].
In the present work, the amount of the additive is
increased to 3 wt% and with other solid lubricants they
are tested at room temperature. Presence of solid lubri-
cants usually degrades the mechanical strength of the
matrix material and sometimes poor mechanical properties
are more significant than good friction and wear proper-
ties. Accordingly, effect of the additives on hardness,
densification and microstructure of the composites is
investigated.

2. Experimental

2.1. Powder preparation and characterization

A self-lubricating component either CaF2, BaF2, MoS2,
WS2, h-BN, or graphite amounting of 3 wt% was added to
the Al2O3þ15 wt% ZrO2 nanocomposite. Later in the text
the matrix is also referred as AZ, while the additives are
abbreviated as CF, BF, MS, WS, BN, and GR correspond-
ing to the order above.
At first the alpha alumina powder (AKP-53, Sumitomo

Chem. Ltd. Co. Japan) with the average particle size of
290 nm was mixed in planetary mill for 12 h with the yttria
stabilized zirconia powder (TZ-3YE, Tosoh Corp. Japan)
having the average particle size of 27 nm. CaF2, BaF2,
MoS2, WS2, and h-BN powders (all from High Purity
Chemicals, Japan) had average particle sizes of 1–10, 1–5,
0.5–5, 1–10, and 2–5 mm, respectively. The graphite pow-
der (N&A Materials Inc., USA) had an average particle
size of 450 nm. The AZ and additive powders were mixed
in ethanol for 24 h and then dried in rotary evaporator and
in oven at 80 1C for 24 h. The particle size distribution of
the powders (Fig. 1) was established by the laser method
(Lecotrac LT100) in water after ultrasonic mixing for 60 s.
Powder morphology and the chemical analysis of the
particles were examined with scanning electron microscope
(Hitachi S-4700 equipped with INCA EDS), and their
crystallographic structure was evaluated applying y–2y
scan by the Philips PW 3830 powder diffractometer
(Cu Ka radiation, 2y of 10–901, scan speed of 0.021/s).

2.2. Pulsed electric current sintering

Powders were consolidated with pulsed electric current
sintering (PECS) by using a FCT HP D 25-2 unit. The
powders were compacted in cylindrical graphite moulds



Fig. 1. Particle size distributions of the powders used in the experiments.

Fig. 2. (a) Evolution of temperature and the piston travel speed during

the PECS process. (b) The instantaneous change in relative density

between 1125 and 1300 1C including the dwell time.
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having an inner diameter of 20.8 or 40.8 mm. Graphite
foils with a thickness of 0.4 mm were placed in between the
powder and the graphite surfaces in order to prevent any
reaction and to increase the contact area between them.
Graphite felt was used for insulation in order to keep the heat
within the mould and to avoid thermal gradients [38]. In the
applied equipment configuration, the processing temperature
was measured by a pyrometer through the upper punch hole
from the thin graphite wall surface at 5 mm distance from the
powder. The pyrometer had response time of 2 ms and
accuracy of 0.3% of measured value in 1C. Control of the
processing temperature as well as the steps of sintering cycle
was carried out based on the pyrometer readings.

Samples with diameters of 20 and 40 mm were consoli-
dated for microstructural and mechanical characterization
and for the tribology tests, respectively. For each disc
shaped sample with diameter of 20 mm and height of
5 mm, approximately 6.5 g of powder was used. Samples
with 40 mm diameter and height of 5 mm needed approxi-
mately 27 g of powder. For both dimensions the powders
were sintered at 1300 1C for 5 min. Uniaxial pressure of
50 MPa was applied at room temperature, kept on until
the end of sintering stage, and gradually removed during
cooling. The D.C. current was applied to the graphite
mould via steel electrodes in pulses, which were 10 ms long
and followed by a 5 ms pause. Sintering was carried in a
vacuum of about 6 Pa. The heating rate was 100 1C/min in
the temperature region of 400–1275 1C. In the final 0.5 min
of the heating stage heating rate was decreased to 50 1C/
min in order to minimize the over shooting in the
temperature to 3 1C. Cooling from the processing tem-
perature to 60 1C took place in 6 min, which corresponds
to an average cooling rate of about 200 1C/min. In Fig. 2a,
the piston travel speeds (p.t.s.) recorded together with
the temperature during the process are given for all the
studied materials when compacting samples with a dia-
meter of 20 mm. During densification, the porosity is
reduced and eventually eliminated. The speed of the piston
movement in macro scale is related to the densification of
the compact and can thus yield information about the
progress of densification and shrinkage of the powders.
The displacement of the moving piston corresponds to

the change in the height of the powder (DLo0), which is
the difference between instantaneous height (L) and initial
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height (L0). The shrinkage in the powder height was used
to calculate the momentary relative density of the sample
by using the relation between height and relative density of
the sample in course of the sintering by D¼ (Lf/L)Df [39].
In the formula D is the instantaneous relative density, Lf is
the final height of the sample, L is the instantaneous height
of the powder bed and Df is the final relative density. The
pressure was applied at room temperature before the
heating was started. By the start of the heating cycle the
samples had reached their highest green densities (under
the applied pressure). The change of relative density with
the increasing temperature for each material is depicted in
Fig. 2b. Clear changes in the relative densities of the materials
occur up to the sintering temperature and the dwell period.
The sintering temperature of 1300 1C is marked and the
peaks exceeding this mark on the y-axis values represent the
overshooting in the sintering temperature. The linear increase
at the sintering temperature, which was observed for some of
the composites, represents densification that took place in the
dwell period. The raw data used for constructing Fig. 2 were
corrected for thermal expansion taking place in the equip-
ment, which was determined by conducting a dummy test
using only the graphite mould and foils.

2.3. Characterization of the consolidated materials

Surfaces of the compacts were cleaned from graphite
foils with sandblasting. Some grinding was conducted to
eliminate the porosity at the very surface caused by the
graphite foil. Densities of the samples were measured by
applying the Archimedes method in deionised water. For
the indentation studies, SEM examinations and scratch
tests, cross sectional samples (20� 4� 2 mm3) were cut
from the compacts by a diamond saw, and mounted in
epoxy buttons, while XRD studies were made on pieces of
the compact. All samples were ground with diamond discs
(120–1200 grits) and polished with diamond paste (6, 3,
and 1 mm). A final polishing was made by colloidal silica
(0.06 mm, pH 9.8) for the SEM studies. SEM/EDS and
XRD studies of the sintered materials were carried out
with same equipment that was used for the powders. Grain
Fig. 3. SEM micrographs of (a) AZ, (b) AZCF, (c) AZBF, (d) AZMS, (e) AZ

image indicate the additive particle. The scale on the images is 1 mm.
size measurements were conducted by using image analysis
on several secondary electron images of thermally etched
samples [40,41].
Hardness and ductility were studied by HV1 microhard-

ness measurements using the Zwick/Roell ZHU 0.2 appa-
ratus, which allows also recording of the indentation depth
and applied force. The scratch test was carried out with a
CSM Micro-Combi Tester with a Rockwell diamond tip
(r=200 mm) under an increasing load from 1 to 30 N, by a
loading rate of 50 N/min and stylus speed of 10 mm/min. The
coefficient of friction was obtained almost at the end of the
test when the load was approximately 27 N in 50% humidity.
Pin-on-disk tests with the samples of 40 mm in diameter

were carried out for measuring wear rates and friction
coefficients of the materials against alumina. Test specimen
surfaces were prepared by the same steps applied for the
samples used in microstructure characterization and cleaned
by acetone in an ultrasonic cleaner. The surface roughness
(Ra) of the materials were 0.1, 0.02, 0.03, 0.02, 0.06, 0.04,
and 0.03 mm for AZ, AZCF, AZBF, AZMS, AZWS,
AZBN, and AZGR, respectively, measured with the Veeco
Dektak 6M stylus profilometer. Three pin-on-disk tests
were performed for each specimen at room temperature in
50% humidity, with an alumina ball (diameter: 10 mm, Ra:
0.2 mm) by applying a load of 10 N for sliding distance of
1000 m at a sliding speed of 0.5 m/s. Wear track profiles
were analyzed by the same profilometer using a tip with a
diameter of 12.5 mm and applying a load of 1 mg. The wear
rates of the specimens were calculated dividing wear
volume, which were derived from the 2D profiles, by the
normal load and sliding distance. Wear rates and the
average CoFs were used for evaluation of the effect of solid
lubricants on tribological properties of the materials. The
tests were followed by a study of the wear tracks by SEM.

3. Results

3.1. Powder characteristics and densification

In the powders nanosized ZrO2 particles were distrib-
uted homogeneously among the submicron sized Al2O3
WS, (f) AZBN and (g) AZGR powders. The single large particles on each



Fig. 4. XRD patterns of the starting powders and sintered compacts.

M. Erkin Cura et al. / Ceramics International 39 (2013) 2093–2105 2097
particles (Fig. 3a). Alumina particles had an angular
shape while zirconia particles were more rounded. The
laser diffraction measurements, which show much
higher d90 values than for d10 fraction (Fig. 1), indicate
marked size difference of the matrix and low friction
additive powders. Fig. 3b–g illustrates this difference
between the low-friction additive particles and the
alumina and zirconia particles. Furthermore, the parti-
cle sizes after the composite powder preparation were
larger than the original particles of the raw material
powders due to agglomeration, which was more severe
in the presence of the low friction additives. This can be
attributed to adhering and embedding of harder alu-
mina and zirconia particles to softer and lamellar
shaped additive particles.

The applied sintering parameters for PECS were similar
to earlier studies [36,37]. The sintering temperature, pres-
sure and duration were kept the same for all the powders
in order to acquire similar microstructures with the
ceramic matrix. The measured and relative densities of
the compacts are given in Table 1. Here, the theoretical
density is calculated based on the amounts and densities of
the different components in the powder. The densification
behaviour of the composites as evaluated from the change
in the sample height and the relative density accordingly
and the displacement rate of the moving electrode, i.e.,
upper piston’s travel speed, is presented in Fig. 2a and b.
Bare AZ was consolidated almost to its full density,
although only during the last 1 min of dwell period there
was no piston movement observed. In case of AZCF,
AZBF, and AZBN the densification was also nearly
complete, but took place more rapidly. Relative density
of about 99% was achieved already before the sintering
temperature was reached and the p.t.s. was zero almost
immediately after reaching this temperature. AZBF had a
more rapid densification starting at about 1120 1C – at a
much lower temperature as compared to other composites
– and only at about 1280 1C AZCF and AZBN surpassed
AZBF in terms of relative density. The applied sintering
parameters were also adequate for achieving full densifica-
tion of AZMS, AZGR, and AZWS, for which relative
density of about 80–85% was obtained when the sintering
temperature was reached and final stage of densification
took place during the dwell period. The piston movement
was continuous during the dwell time at the sintering
temperature resulting in the density close to 99%. Here, it
is noteworthy that the decomposition temperatures of
Table 1

Density of AZ and its composites.

AZ AZCF

Density (g/cm3) Measured 4.18 4.14

Theoreticala 4.19 4.15

Relative (%) 99.7 99.9

aCalculated densities of the composites by using the theoretical densities of
MoS2 and WS2 are below the processing temperature of
1300 1C, i.e., 1185 and 1250 1C, respectively.
3.2. Microstructure evaluation

The phase structure of the sintered compacts were
studied by XRD and compared to that of the starting
powders (Fig. 4). In all the powder mixtures and con-
solidated compacts alumina was in the alpha form, which
is the most stable Al2O3 phase [43]. In the powders
monoclinic ZrO2 was observed, but in the compacts all
the zirconia exhibited tetragonal structure (Fig. 5). MoS2,
WS2, and graphite were in hexagonal form before and after
sintering. CaF2 and BaF2 existed in the respective powders
and compacts in cubic phase. Only additive that could not
be detected clearly by XRD was the hexagonal boron
nitride. This is most probably due to the removal of the
h-BN from the surface during the specimen preparation as
the adhesion of h-BN to the matrix was very poor. XRD
studies did not reveal any amorphous (glassy) phase in
powders or compacts.
The morphology and distribution of various phases in

the cross sections of the compacts were studied by SEM.
The backscattered electron mode (BSE) revealed clearly
the regions with different densities, while the different
phases in the structures were confirmed with the EDS
element mapping (e.g., Fig. 5).
AZBF AZMS AZWS AZBN AZGR

4.17 4.16 4.12 4.04 4.02

4.21 4.21 4.25 4.07 4.08

99.2 98.9 96.9 99.4 98.5

the components [42].



Fig. 5. (a) SEM-BSE image of a MoS2 grain and (b) element mapping from the same region.
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Throughout the matrix of all the studied composites the
ZrO2 grains were observed in inter- and intragranular
locations. In Fig. 6a the dark grains are of Al2O3 and light
grains are of ZrO2. In addition to the nanosized grains
zirconia existed also within larger regions formed from the
agglomerated powder in sintering (Fig. 6b). The measured
grain sizes of Al2O3 and ZrO2 grains in AZ were about 410
and 105 nm, respectively. It seems that in the composites
their grain sizes varied to some extent. Grain size of
alumina was in the range of 390–525 nm while that of
zirconia was varied from 94 to 160 nm for all the com-
posite materials which were very similar in their micro-
structure (Table 2).

In all composites the soft and low-strength solid lubri-
cant additives were located intergranularily. The CaF2

addition seemed to have more integrity with the AZ
matrix, but it was easily removed and smeared under load,
which was beneficial in scratch tests. In AZMS and AZWS
additives had mostly needle-like shape with width of about
200–500 nm and length of about 1–15 mm, respectively
(Figs. 5 and 7a and b). Especially, in AZWS the additive
particles with planar morphology had formed a distinct
layered lamella structure (Fig. 7b, light grey area) during
the axial compression applied in the PECS process. There
are particles as big as 10 mm in length due to large
agglomerates in the starting powders, along with much
smaller grains with similar shape (Fig. 7a). Boron nitride
appeared in different shapes and sizes embedded in the AZ
matrix with clearly separated regions, which may be
correlated to its low adhesion to the matrix resulting in
the pop-outs of the h-BN phase during the specimen
preparation (Fig. 7c and d). Again the planar shaped
powders had transformed in processing to needle shaped
grains with width of about 0.1–2 mm and length of
about 0.5–15 mm. Fig.7e and f show the structure of
AZGR. The graphite regions varied in shape and size,
some of them being as large as 10 mm in width. The flake
structure inside graphite consisted of thin and sharp
grains.

Unlike the other additives, BaF2 had locally melted and
was seen as large BaF2 rich regions in the structure
(Fig. 8a). These regions could be even 40 mm in diameter.
Within these areas grains of ZrO2 and Al2O3 were observed.
However, the morphology of the embedded alumina and
zirconia grains was more rounded indicating their partial
dissolution to the BaF2 rich phase (Fig. 8b).

3.3. Mechanical properties

In Table 2 hardness, Young’s modulus and grain size of
AZ are given together with values from some earlier
studies in literature on pure alumina and alumina/zirconia
composites with alumina or zirconia matrix and consoli-
dated by PECS technique and in Table 3 mechanical
properties, CoF and the wear rates of AZ and its
composites are summarized.
Hardness and Young’s modulus in Table 3 were deter-

mined based on the indentation tests (Fig. 9). In Fig. 9
only selected measurements of each material are shown.
The indentation tests showed that the hardness of the
nanocomposite decreased as soft solid lubricant additives
were added to the alumina–zirconia matrix.

3.4. Friction and wear properties

The friction coefficients were measured using pin-on-disc
and scratch tests. Coefficients of friction (CoF) obtained in
the pin-on-disc studies with the alumina ball did not give
marked differences between the different materials at room
temperature (Table 2). The coefficient of friction for AZ
was 0.50 at RT and decreased below 0.40 in presence of
different low-friction additives. The lowest CoF values of
0.39 and 0.38 were measured for AZMS and AZGR,
respectively. AZBN had the highest CoF of 0.42 among
the modified compositions.
The wear rates of the composites were in the order of

10�10�10�13 mm3/N m, which is significantly low for the
applied test conditions (Table 2). AZ exhibited a wear rate
of 5.6� 10�10 mm3/N m. Wear rates of AZBN and AZGR
were 1.4� 10�11 and 5.5� 10�13 mm3/N m; where AZCF,
AZBF, AZMS, and AZWS showed wear rates of 2.3�
10�12, 7.6� 10�12, 9.3� 10�12, and 1.7� 10�12 mm3/N m,
respectively. The correlation between the amount of wear
and material properties is difficult to establish due to
significantly low wear values. Similar features were observed
on the worn surfaces of the materials. In general, except for
AZ, the wear tracks as well as wear related damage on the
surfaces were hard to observe. However, it was noticed that



Fig. 6. Microstructure of AZ after thermal etching. (a) Light ZrO2 grains and dark Al2O3 grains. (b) Large ZrO2 cluster formed in sintering from the

agglomerated particles.

Table 2

Comparison of hardness, Young’s modulus and grains size with literature values.

Material Hardness (GPa) Young’s modulus, E (GPa) Grain size (lm) Powder particle size (lm)

Al2O3 ZrO2 Al2O3 ZrO2

Al2O3þ15 wt% ZrO2 (3 mol% Y2O3)—this study 20.3570.50 322710 0.410 0.105 0.290 0.027

Al2O3þ5 vol% ZrO2 (3 mol% Y2O3) [2] 22.2970.51 �0.2 0.2 0.06–0.100

a-Al2O3þ20 vol% ZrO2 [3] 15.2 0.349 0.032 0.9

ZrO2 (3 mol% Y2O3)þ20 wt% Al2O3 [8] 15.8 0.5–1.5 0.020–0.1 0.057

ZrO2 (4.5 mol% Y2O3) [21] 12.36

ZrO2 (3 mol% Y2O3) [22] 14.22

ZrO2 (3 mol% Y2O3)þ20 wt% Al2O3 [22] 16.87 o1 0.026 0.026

Al2O3þZrO2 (3 mol% Y2O3) [44] 392 0.8 0.210 0.230

Al2O3 [44] 407 1.9 0.210

a-Al2O3[45] 20.070.50 390 2 0.2

a-Al2O3[46] 20.370.25 0.349 0.050
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solid lubricants were not spread well enough to form a
continuous tribo film due to their low amount, but some
wear grooves were observed in some of the modified
materials (Fig. 10). The wear mechanism was controlled by
brittle fracture and pull outs of matrix grains. It was
observed in AZ more significantly (Fig. 10a) In AZCF and
AZMS some localized brittle fractures occurred due to stress
induced intergranular cracks on the worn surfaces (Fig. 10b
and c). The surface of AZWS was smoother than AZ and
other modified materials. Only minor surface scratching was
observed (Fig. 10d). AZGR had the lowest wear rate, which
had large flake like regions of graphite on the worn surface.

CoF of the compacts against diamond stylus were
determined from the dynamic loading (1–30 N) scratch
test results at the applied load of 27 N (Fig. 11). Values
given in Table 3 are the average of three independent tests.
AZ had relatively low CoF among all the materials regards
to its high density, fine microstructure, and smooth sur-
face. It is noteworthy that even though the composites had
high densities, the soft solid lubricant fragments were
severely damaged during sample preparation. Shallower
regions and cracks along the grain boundaries could be
observed. The lowest CoF was obtained with AZCF. This
resulted from CaF2 phase smearing onto the surface during
tip/surface interaction (Fig. 12). The material removal
from the CaF2 grains was more severe for the already
damaged grains

4. Discussion

It has been shown that it is possible to fully densify
alumina–zirconia composites with 5 and 10 vol% Y-TZP
by PECS at 1400 1C in 2 min [2] and at 1150 1C in 3 min
[3], respectively. The sintering parameters (1300 1C, 5 min,
50 MPa) applied in the present study were adequate
also for densification of the alumina–zirconia-based com-
posites in most cases. Although the decomposition tem-
peratures of MoS2 and WS2, i.e., 1185 and 1250 1C,
respectively, are below the processing temperature of
1300 1C, no decomposition of these self-lubricating addi-
tions was observed. The XRD study confirmed the exis-
tence of MoS2 and WS2 in the compacts. The short
processing time and applied pressure obviously prevented
their full decomposition. When approaching to the proces-
sing temperature, the p.t.s. of AZ started to increase at
1180 1C, while the respective value for AZMS was 1156 1C
and for AZWS 1137 1C. In the PECS process the measured
temperature is usually somewhat lower than the actual



Fig. 7. (a) SEM-BSE image showing a large WS2 region (large white area), smaller WS2 grains (white) and ZrO2 (light grey) in the AZWS composite.

(b) Enlarged WS2 grain, arranged in a layered, lamellar structure, which is to some extent accommodated with the matrix. (c) Large dark regions of h-BN

in AZBN consisting of (d) flakes of h-BN weakly detached to the matrix. (e) In AZGR graphite appeared as large dark regions, where (f) it consisted of

randomly oriented flakes.
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temperature of the material and in some cases melting of
the materials starts clearly below the melting point most
probably due to the temperature measurement methodol-
ogy and formation of thermal gradients within the mate-
rial/mould structure [37,47]. This may be the reason, why
the p.t.s. started to increase with AZCF at 1160 1C and
with AZBF already at 1117 1C. Also, the melting tempera-
tures of the added fluorides are rather close to the
processing temperature, 1418 1C for CaF2 and 1368 1C
for BaF2. The morphology of the embedded alumina
and zirconia grains in BaF2 region indicates their partial
dissolution in the BaF2 phase. This may explain the
increase in the piston travel speed already at 1117 1C, at
a clearly lower temperature than for the other materials,
indicating melting of BaF2 during the processing. Phase
transformations are not relevant when considering h-BN
or graphite both sublimating fairly above the processing
temperature.
In the sintered AZ matrix and composites phase transfor-

mation of zirconia from monoclinic to tetragonal crys-
talline structure was observed. Typically it takes place
at 950 1C on cooling and is reversible at 1150 1C on
heating [48,49]. Zirconia was in tetragonal form after
the sintering in all composites, which is also possible in
some cases. Rapid cooling yields formation of a differ-
ent tetragonal phase that does not directly transform
into monoclinic form [48]. In addition, when oxygen
vacancies are present in the structure formation of



Fig. 8. SEM-BSE images for (a) BaF2 rich regions in the AZBF composite matrix and (b) matrix/BaF2 boundary with dispersed ZrO2 and Al2O3 particles

in both areas at a higher magnification.

Table 3

Mechanical properties, CoF and the wear rates of AZ and its composites.

AZ AZCF AZBF AZMS AZWS AZBN AZGr

Hardness (GPa) 20.3570.5 18.1370.8 16.9270.8 18.7970.8 17.9470.4 15.8070.6 15.5470.5

Young’s modulus, E (GPa) 322710 319728 32379 334710 287713 31378 29878

CoF (scratch test, at 27 N, diamond) 0.06870.0018 0.04370.0004 0.08270.0031 0.08670.0016 0.09370.0018 0.08670.0027 0.12170.0031

CoF (pin-on-disc, alumina ball) 0.5070.111 0.4070.006 0.4170.034 0.3970.018 0.4070.009 0.4270.016 0.3870.004

Wear rate (mm
3
/N m) 5.6 E�10 2.3 E�12 7.6 E�12 9.3 E�12 1.7 E�12 1.4 E�11 5.5 E�13

Grain size (nm) Al2O3 410 470 408 406 393 525 394

ZrO2 105 156 156 94 120 128 107

Fig. 9. Representative indentation curves of the nanocomposites (out of

five for each material).
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tetragonal phase requires lower energy than monoclinic
phase, which destabilizes the first [50]. In sintering of
AZ and composites by PECS, combination of fast
heating and cooling together with reducing environment
in the process zone (graphite moulds) influenced the
transformation kinetics of zirconia.

The hardness of AZ is higher than pure zirconia and
zirconia matrix composites with alumina additives because
of the hard alumina matrix. In addition, hardness of AZ
was equal or higher than PECS consolidated conventional
a-Al2O3. Hardness of 20.3570.5 GPa was measured for
AZ, while Huang et al. and Zhan et al. reported hardness
of 20.570.5 and 20.370.25 GPa for pure alumina,
respectively [45,46]. The hardness of AZ was higher than
that of alumina composite with 20 wt% Y-TZP [3], but
lower than that with 5 wt% Y-TZP [2]. The hardness of
composites with zirconia matrix and alumina additives are
between 15 and 17 GPa and clearly lower than that of AZ
[8,21,22]. Zhan et al. [46] reported grain size of 349 nm
with a grain size growth factor (GF) of almost 7, while
410 nm and 1.4 were obtained in the present study for AZ,
respectively. The GF for alumina (pure or in a composite)
varies from 3.8 to 38.5 according to [2,3,8,22,44–46]. This
difference indicates profoundly suppressed grain growth in
present study. Also Trombini et al. [2] reported almost no
grain growth for alumina in Al2O3þ5 vol% ZrO2 (3 mol%
Y2O3) composite which was consolidated at 1300 1C for
2 min and had a relative density of 99.5%. Effect of grain
size on the hardness appears to be in accordance with the
grain size–hardness relationship. Hardness of AZ is
slightly lower when compared to Al2O3þ5 vol% ZrO2

(3 mol% Y2O3) composite of Trombini et al. [2] and higher
when compared to Al2O3þ20 vol% ZrO2 (3 mol% Y2O3)
composite of Zhan et al. [3]. This is probably the result of
higher content of zirconia, which has lower hardness than



Fig. 10. Worn surfaces of (a) AZ (b) AZCF, (c) AZBF, (d) AZMS, (e) AZWS, (f) AZBN and (g) AZGR.

Fig. 11. Representative coefficient of friction curves (out of three for each

material) from scratch tests.
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alumina even though the grain size of alumina is similar in
both composites.

The highest hardness for the composites was obtained
with AZMS, but hardness of AZWS and AZCF was also
relatively high, although the composites were not fully
dense. It was shown previously [42] that similarly to the
AZ indentation curves, AZMS showed only minor varia-
tion, while for example; in the AZGR indentation curves
there was large variation (Fig. 9). When comparing close
to fully dense materials AZCF, AZBN, and AZBF, it is
clear that BaF2 and especially h-BN additions decreased
more the hardness than CaF2. Presence of graphite
reduced the hardness of the material significantly. The
similar hardness values of AZ and pure alumina can be
attributed to the addition of nanosized zirconia and
relatively small alumina grain size. Suppressed grain
growth in AZ and composites had direct influence on the
hardness. The sub-micron size grains of alumina and
nanosized grains of zirconia, latter ones being located at
the Al2O3 grain boundaries, together with the fast sintering
process has minimized the grain growth of alumina and
zirconia during sintering. Differences in densification of
the composites also had impact on their mechanical
properties. The Young’s modulus of AZ was lower than
those of the PECSed Al2O3þZrO2 (3 mol% Y2O3) [44]
and pure alumina [44,45]. It was very similar for all the
materials except AZWS and AZGR, which showed
relatively poor densification, and had lower modulus.
In AZCF the additive particles were strongly bonded with
the matrix and as a result its hardness was very close to the
matrix. It also had very smooth and almost defect free
surface. AZMS had a lower relative density than AZCF
but its hardness was higher likely due to the shape of the
additive particles, which was also the case for AZWS.
In microhardness test it is very probable that the diamond
tip is indenting mostly into the matrix and hitting a very
small fraction of a MoS2 or WS2 particle, because of their
needle like shapes. AZGR was not fully dense, and the



Fig. 12. Microstructure of AZCF. (a) Material removal and displacement around CF grains and (b) smearing of CF onto the ceramic matrix. Dashed

arrow indicates the scratch direction.
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load applied in the test seemed to be too high for the
large graphite flakes and their surrounding nanostruc-
tured matrix. Insufficient adhesion and large size of
h-BN particles had a negative effect on the hardness of
AZBN.

Coefficient of friction of the composites was investigated
by two different methods. Scratch test was carried out with
dynamic loading using a diamond tip and pin-on-disk test
was held under static force and constant distance using an
alumina ball. The former was made in order to prevent any
influence of a reaction at the contact zone due to the
increasing temperature. The diamond stylus has very low
friction against smooth surfaces based on its superior
hardness and surface properties, which is the reason for
very low CoF values compared to pin-on-disk test results.

In scratch tests AZ matrix showed relatively low CoF
compared to composites owing to its smooth and intact
surface, which was a problem in presence of solid lubricant
flakes. During the scratch test the Rockwell diamond tip
penetrated under the surface during its linear movement as
the applied force increased. It went easily through the soft
surface phases, but the ceramic matrix was strong enough
to resist the pressure quite well. Therefore, the lamellar and
sheet like soft particles broke first and then the matrix at
the nearby region failed or fractured. In AZCF the
lubricious effect of CaF2 reduced the CoF by half relative
to the other solid lubricants and clearly also when
compared to AZ. Material transfer and formation of soft
tribo film reduced the CoF significantly even though it was
not continuous.

In pin-on-disk tests the measured values correspond well
with the results obtained for the alumina–zirconia ceramics
at room temperature [51]. Although the CoF of the
composites were very similar and relatively high due to
the low amounts of low friction additives, there were some
changes regarding to the different characteristics of the
solid lubricants. MoS2 and graphite are very effective
lubricants at room temperature but they lose their effec-
tiveness at elevated temperatures due to oxidation driven
structural degradation. AZWS had almost the same beha-
viour with AZMS, owing to the similarities between MoS2
and WS2. AZCF and AZBF had the same CoF, which is
higher than that for AZMS and AZGR. This is consistent
with the fact that CaF2 and BaF2 usually work better at
elevated temperatures (4500 1C) and at room tempera-
ture only when incorporated with a soft metal (e.g., Ag) as
a result of synergistic effect [22]. Hexagonal boron nitride
has a high chemical inertness and its sintering temperature
is higher than the processing temperature of AZBN.
Higher CoF of AZBN can be attributed to the poor
bonding of h-BN particles with the AZ matrix during
sintering and removal of additive phase from the surface of
the sintered compacts during surface preparation for the
pin-on-disk tests. Lack of a continuous and thick enough
soft and lubricating film prevented lower friction in all
composites. These results are in accordance with the
preliminary findings of the authors with the similar
composites tested by a reciprocal ball-on-plate tribometer
[37]. Addition of the same solid lubricants to AZ matrix in
1 wt% the reduced the CoF from 0.5 to approximately 0.3
at room temperature. CoF was 0.4 in addition of MoS2
and WS2, and it was 0.3 when other solid lubricants
were used.
Even though AZ had the highest microhardness, it

showed the highest wear rate among the materials because
of the direct tribo contact between AZ matrix surface and
alumina counter material. Heavy smearing of the alumina
counter material led to formation of third body alumina
particles, which is the cause for increased wear. The brittle
fractures at the surface dominate the wear mechanism at
the room temperature for AZ. In case of the composites
the solid lubricants, despite their low amount, lowered the
formation of hard abrasive particles to some extent.
Except for AZGR the lower wear rates of the composites
with the low-friction additives can be correlated with their
hardness. For example, AZCF and AZMS had higher
hardness than the other materials and their wear rates were
also lower. Despite the low microhardness and relatively
lower density, these large flake-like regions of graphite
worked as solid lubricant reservoirs and lowered CoF as
well as wear. The materials in general, behaved as wear
resistant composites rather than low friction materials.
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5. Conclusions

Ceramic matrix nanocomposites of Al2O3þ15 wt%
(ZrO2þ3 mol% Y2O3) with solid lubricant additives
were prepared by PECS applying the same processing
parameters (1300 1C, 5 min, 50 MPa). Relative density
above 99% was obtained in the alumina–zirconia nano-
composite as well as in the composites with the addi-
tions of CaF2, h-BN, and BaF2. Composites with MoS2
and graphite were also nearly as dense (498.5%T.D.),
but the material with the addition of WS2 showed lower
density. In presence of CaF2 the compacts were almost
fully dense (99.9% T.D.). Composition of the soft
additives was conserved due to short process time,
although partial melting of BaF2 was observed. Grain
growth of alumina in the composites was significantly
low while some grain growth was observed for zirconia.
Grain sizes were measured to be between 390–525 nm
and 94–156 for alumina and zirconia, respectively.
Grain growth was relatively less for composites with
MoS2 addition. Hardness and Young’s modulus of
20.3570.5 and 322710 GPa were achieved for the
matrix material. Addition of MoS2 had almost no effect
on these values, however, some deficiency of hardness
was observed in presence of other solid lubricants,
especially for BaF2, h-BN and graphite. Young’s moduli
of the materials were quite similar, except for the
composite with WS2. CoF of Al2O3þ15 wt% (ZrO2þ3
mol% Y2O3) against the alumina ball in the pin-on-disc
tests has dropped from 0.50 to level of 0.38 in the
presence of solid lubricants. Low amount and sparse
distribution of solid lubricants seemingly prevented
further decrease of CoF values. Al2O3þ15 wt%
(ZrO2þ3 mol% Y2O3)þ3 wt% MoS2 and Al2O3þ15
wt% (ZrO2þ3 mol% Y2O3)þ3 wt% Graphite showed
the lowest CoF against alumina ball among composite
materials. Wear resistance of the matrix material was
increased by a factor of two when modified. At room
temperature the addition of graphite had a clear effect
on both friction and wear properties, despite the
relatively poor mechanical properties. CoF determined
in the scratch test was the lowest, 0.043, for the
composite with CaF2 in which the additive smeared at
the contact between the surface and the diamond tip.
Alumina–zirconia nanoceramic had CoF value of 0.068,
while the other materials showed even higher values and
graphite addition gave the poorest result. This study
showed that at room temperature although low amounts
of additives has a limited effect on CoF, wear resistance
can be improved by one to three orders of magnitude.
Tribological performance of the modified composites
depends on the amount of low friction additives, which
on the other hand was found to degrade the mechanical
properties except for MoS2. At room temperature, when
added in amount of 3 wt%, CaF2 and MoS2 are
promising candidates as low friction aid for alumina
zirconia composites.
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