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Abstract

Highly oriented CeO2-, Y2O3- and MgO-doped ZrO2 thin films have been successfully prepared by a sol-gel process by dip-
coating an ethanol solution of zirconium oxychloride octahydrate and the corresponding inorganic dopants. The doped ZrO2 films
contain only the zirconia tetragonal phase and show nano-scale morphology. Under low load, doped ZrO2 films sliding against a

AISI 52100 steel ball display a good wear and friction performance. Best results have been obtained with the 13 mol% CeO2- doped
ZrO2 film, which exhibits a friction coefficient as low as 0.22 and a wear-life over 5000 sliding cycles under 1 N load. # 2002
Published by Elsevier Science Ltd and Techna S.r.l.
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1. Introduction

During the last decade, rapidly increased interest was
paid to thin film materials, in particular, to wear-resis-
tant coatings [1]. Zirconia has been widely studied due to
its superior properties such as high hardness, high wear
resistance, high melting point, and chemical stability.
Accordingly, zirconia is an important material in high
mechanical strength and fracture toughness applications,
and it is potentially applied as coatings for wear resis-
tance, corrosion resistance, and heat resistance against
oxidation under severe conditions [2–6]. However, it is
well known that the phase transformation from the
metastable tetragonal (t) to monoclinic (m) phase of
crystalline ZrO2 prevents its application over a broad
temperature range. The high temperature t-ZrO2 phase
can be stabilized at room temperature by adding sui-
table oxide dopants, such as Y2O3, MgO, CaO, CeO2,
Yb2O3, and NiO to ensure the excellent properties of
zirconia ceramics [2,6,7].
The sol-gel process has become a popular method for

fabricating ceramic thin films. The main advantage of
the sol-gel process is the ability to form inorganic
structures at relatively low temperature and to produce
thin homogeneous inorganic films on large scale [8].
Although the most common starting materials for the

deposition of sol-gel zirconia film until now are zirco-
nium alkoxides [9–13], inorganic zirconium salts also
are used as the source of zirconium in preparing a very
stable precursor solution at ambient atmosphere [6,14].
Furthermore, inorganic zirconium salts are relatively
inexpensive and insensitive to moisture [2,6].
In this paper, we use zirconium oxychloride octahy-

drate, yttrium nitrate hexahydrate, cerium nitrate hex-
ahydrate, and magnesium chloride hexahydrate as
starting materials and anhydrous ethanol as solvent to
prepare stable doped zirconia precursor sols. Doped
ZrO2 films have been characterized by thermal analysis,
morphological analysis and phase analysis. The tribolo-
gical properties of thin films were also evaluated using a
one-way reciprocating tribotester.

2. Experimental

2.1. Preparation

Doped zirconia thin films of composition 8 mol%
YO3/2–ZrO2, 8 mol% MgO–ZrO2 and 13 mol%CeO2-
ZrO2 (8YSZ, 8MSZ and 13CSZ, respectively) have been
prepared with the procedure shown in Fig. 1. The doped
ZrO2 sols are transparent and no precipitate is formed
at room temperature even after half a year. Si (100)
wafers and glass sheets used as substrates were pre-
treated with piranha solution (volume fraction 3:7 of

0272-8842/02/$22.00 # 2002 Published by Elsevier Science Ltd and Techna S.r.l.

P I I : S0272-8842(01 )00101-8

Ceramics International 28 (2002) 349–354

www.elsevier.com/locate/ceramint

* Corresponding author. Fax: +86-931-827-7088.

E-mail address: wmliu@1sl.ac.cn (W. Liu).



30% H2O2 and 98% H2SO4) at 70 �C for 15–30 min
then rinsed with distilled water and anhydrous ethanol.
The films were deposited by dip-coating in air at a rela-
tively humidity of 45–55% and withdraw speed of 42.4
cm.min�1 obtaining monolayer films about 50 nm thick.
The multi-layer films were prepared for XRD analysis.

2.2. Characterization

The thermal behavior of the dried gel was investigated
by thermogravimetric analysis (TGA; Perkin-Elmer 7
series apparatus, Perkin-Elmer, Norwalk, CT) in nitro-
gen atmosphere at a scanning rate of 10 �C/min. The
chemical binding states in the films were identified using
X-ray photoelectron spectroscopy (XPS) performed with
a PHI-5702 multifunctional photoelectron spectrometer
(Physical Electronics, Minnesota, USA) with a pass
energy of 29.35 eV and a Mg Ka line excitation source
(hn=1253.6 eV). The binding energy of contaminated
carbon (C1s: 284.6 eV) was used as the reference. Film
microstructure was determined by a D/max-RB X-ray
diffractometer (Rigaku Corp., Tokyo, Japan) with Cu
Ka radiation at scanning steps of 2�=4�/min. The XRD
spectra were collected for doped ZrO2 films deposited
onto a glass sheet. The surface morphology of the films
was examined with a SPM-9500 atomic force micro-
scope (AFM; Shimadzu Corp., Kyoto, Japan) using a
Si3N4 probe.

2.3. Friction and wear tests

Friction and wear tests were carried out on a one-way
reciprocating tester (Model DF-PM, Kyowa Kagaku
Corporation, Tokyo, Japan). The counter used in the
friction and wear tests was 3 mm diameter AISI 52100
steel ball (composition: 0.95–1.05%C, 1.30–1.65%Cr,

0.15–0.35%Si, 0.20–0.40%Mn, <0.027%P, <0.020%S,
<0.30%Ni, and <0.25%Cu) with a hardness of 580 hv.
All the tests were conducted under the following
conditions: room temperature, relative humidity about
50%, reciprocating distance 9 mm, and sliding speed
120 mm.min�1.

3. Results and discussion

3.1. Mechanism of the sol-gel reaction of inorganic salts

The sol-gel chemical reaction of inorganic salts is more
complex than that of metal alkoxides. In general, the
inorganic salts in ethanol solution are first transformed
into solvate MxCly.zC2H5OH or ethoxylate MCla
(OC2H5)b where the chlorines are partially or fully sub-
stituted. After that, in presence of a sufficient amount of
water, the solvate or ethoxylate compounds are slowly
hydrolyzed to form the hydroxide M(OH)n. Lastly, the
ceramic films form by condensation of hydroxides at the
proper sintering temperature. Intermolecular condensa-
tion of Zr(OH)4 and hydroxides from dopants also
occur in the doped films.

3.2. Thermal behavior, microstructure and morphology

Fig. 2 presents the TGA curves for doped ZrO2 gel
powders formed by heating a sample of the doped sol at
80 �C. As shown in Fig. 2, there are two main stages in
the decomposition reaction. About 20% weight is lost
below 200 �C due to the evaporation of the water and
organic compounds. A second weight loss above 250 �C is
attributed to the decomposition of the organometallic
compounds that are formed by hydrolysis and condensa-
tion during the preparation of the precursor sol. Among
them, the second weight loss of 8MSZ is relatively
rapid, no weight loss occurs above 500 �C; the weight
loss of 8YSZ and 13CSZ is comparatively slow at T >
�250 �C and no weight loss is observed over 600 �C.

Fig. 1. Flow diagram for the preparation of doped zirconia films.

Fig. 2. TGA curves for doped ZrO2 gel powders.
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XPS spectra of Zr3d, Ce3d, Y3d and Mg2p in doped
ZrO2 thin films are shown in Fig. 3. The binding energy
of Zr3d5/2 is measured at 182.4–182.6 eV and O1s at
530.25 eV, both illustrating the presence of tetragonal
ZrO2 [10,15]. This result is consistent with the XRD
pattern. Compared with pure sol-gel ZrO2 films [14], a
slight shift toward the higher binding energy of Zr3d is
observed in doped ZrO2 films, which is due to the differ-
ence of the chemical surroundings. From Fig. 3(b–d), it
can be seen that the binding energy of Ce3d5/2, Y3d and
Mg2p is at 882.1, 153.9 and 53.4 eV, respectively. The
XPS signals of Ce3d5/2 and Mg2p both shift to higher
binding energies, while for Y3d shifts to lower binding
energy as compared with the XPS signals for pure CeO2,
MgO and Y2O3 [16]. Because of the similarities of struc-
ture and cation radius between Zr and Y, a chemical bond
of Zr-O-Y can be formed in the doped film. Accord-
ingly, electron transfer from Zr to Y results in the shift
to a higher binding energy of Zr3d5/2 and to a lower
binding energy of the Y3d signal. The XPS signals of
Zr3d, Ce3d and Mg2p all shift to higher binding energies
and show that 13CSZ and 8MSZ films are mixtures of
ZrO2 and CeO2 or MgO.
Fig. 4 shows the XRD patterns of doped ZrO2 thin

films sintered at 600 �C for 30 min. It can be seen that a
complete tetragonal ZrO2 forms for all doped films. The
strong peak at 2�=30.2� is assigned to the (111) lattice

plane whereas the other weak peaks at 2�=35.11, 50.65,
60.17, and 63.10� may be ascribed to (200), (220), (131),
and (222) lattice planes of the tetragonal ZrO2 phase,
respectively. This coincides with the low temperature

Fig. 3. XPS spectra of (a) Zr3d, (b) Ce3d, (c) Y3d and (d) Mg2p in doped ZrO2 thin films.

Fig. 4. XRD patterns of doped ZrO2 thin films.
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stabilization of the tetragonal phase. The stabilization
oft-ZrO2 can be attributed to the structural similarity of
the dopants to ZrO2, and to the larger dopant cation
radius compared with the Zr4+ radius [11]. Another
explanation for the stabilization of the tetragonal phase
of zirconia in MgO, Y2O3, or CeO2 doped ZrO2 systems
is based on the formation of oxygen vacancies resulting
from the presence of divalent and/or trivalent cations
[17]. No peak of monoclinic phase is observed in all the
doped films. In addition, the doped ZrO2 films show
high orientation, with a orientation parameter �=0.86,
0.80 and 0.81 for 13CSZ, 8YSZ and 8MSZ, respectively,
(�was used to gauge the extent of preferred orientation,
where �111=I111/(I111+I200+I220+I131+I222) ) while
�=0.31 is related to a random powder pattern.
It can be seen from AFM images of the monolayer

doped-ZrO2 thin films shown in Fig. 5 (a, b) that the
surfaces of 13CSZ and 8YSZ film are compact and uni-
form, with maximum roughness less than 10 nm. The
films are crack-free and consist of nanoscale crystallites.
However, the surface of 8MSZ film (in Fig. 5c) is
uneven and grooved, giving a maximum roughness
higher than 25 nm. The morphology of the doped ZrO2

is related to the decomposition of the gel during sinter-
ing. From the TGA curve of 8MSZ in Fig. 2, it can be
seen that the decomposition of the 8MSZ gel is faster

than the others. During decomposition, gaseous pyr-
olysate is quickly released, causing surface defects,
which affect the mechanical and tribological properties.

3.3. Tribological properties

There existed a relatively small amount of literature
on friction and wear testing of doped ZrO2 thin films.
Yamashita et al. [18] found that unlubricated sputtered
Y2O3- doped ZrO2 thin films having thickness between
20 and 30 nm maintained static friction coefficient less
0.4 for repeated contact start stop (CSS) tests using a
read/write head with a force of 0.15 N. Dugger et al. [19]
reported that 30 nm thick sputtered Y2O3-doped ZrO2

thin films lubricated with perfluoropolyester showed
greatly improved friction and wear characteristics in
humid air compared to dry air or vacuum environments.
Fig. 6 shows the tribological properties of monolayer

doped ZrO2 films deposited on Si substrates sliding
against AISI 52100 steel ball in dry sliding contact.
Fig. 6(a) shows that 13CSZ film sliding against steel ball
displays superior tribological properties under low load.
A lower friction coefficient of about 0.22 occurs at 1.0 N
load, and shows a slight increase with the increase of
sliding cycles. Under 0.5 N load, the wear-life is over
5000 sliding cycles, and the friction coefficient is stable

Fig. 5. AFM images of doped ZrO2 thin films: (a) 13CSZ, (b) 8YSZ and (c) 8MSZ.
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at around 0.25. No wear track is visible on the surface
of the film in this case. Therefore, sol-gel CeO2-doped
ZrO2 thin films can be potentially applied as ultra-thin
lubricating coatings. The friction coefficient and wear of
13CSZ film increase with the load increase in the range
of 1.0 N–3.0 N. The friction and wear behavior of the
8YSZ film is similar to that of 13CSZ film as shown in
Fig. 6(a, b). Fig. 6(c) gives the friction coefficient vs.
number of sliding cycles for the 8MSZ film. Compared
with 13CSZ and 8YSZ films, the 8MSZ film exhibits
lower wear-life and friction reduction performance. A
sharp increase of the friction coefficient occurs up to 0.7
around 200 sliding cycles when the load rises to 3 N.
The poor tribological properties of 8MSZ film at high
load can be attributed to the defect of the surfaces.

4. Conclusions

CeO2-, Y2O3- and MgO-doped ZrO2 thin films have
been prepared by the sol-gel process by dip-coating an
ethanol solution of zirconium oxychloride octahydrate
and the corresponding inorganic dopants. The doped
ZrO2 films contain only highly oriented tetragonal
phase. The morphology of the CeO2- and Y2O3-doped
ZrO2 films is more uniform and compact as compared
with MgO-doped ZrO2 films.

Under low load, doped ZrO2 films sliding against AISI
52100 steel ball display good tribological (wear, friction)
performance. The best results are obtained from the 13
mol% CeO2-doped ZrO2 film, which results in friction
coefficient of around only 0.22 and wear-life of over 5000
sliding cycles under 1 N load. Because of surface
defects, the MgO- doped ZrO2 films show worse tribo-
logical properties compared to CeO2- and Y2O3-doped
ZrO2 films.
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