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Abstract

Ce3þ -doped and undoped TiO2 nanofilms with one, three, and five layers were prepared on glass surface by the sol–gel method.
The thicknesses were about 40, 120 and 200 nm. Atomic force microscopy analysis showed that many defects existed on uncoated glass substrate
surface such as microcracks and microvoids, resulting in high surface roughness. After coating with the TiO2 nanofilms, the microdefects of the
glass surface were filled and covered by film materials. With increased film layers and Ce3þ doping, the structure of the TiO2 nanofilms surface
became more uniform and compact, and the surface roughness gradually decreased. Nanoindentation and friction wear tests on the samples
surface revealed that the surface hardness and friction coefficient of uncoated glass substrate were about 6.8 GPa and 0.37. After coating, the
surface hardness of the samples increased and the friction coefficient remarkably decreased. Furthermore, with increased film thickness and Ce3þ

doping, the friction coefficient of the sample gradually decreased and its wear-resisting property obviously increased. TiO2 nanofilms coated on
the glass substrate surface can be used as protective layers of glass, exerting excellent anti-wear and friction reducing effects.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titania nanofilms possess many unique properties such as
high refractive index, dielectric constant, and photocatalytic
activity [1–3]. After doping with rare-earth elements (such as
Yb, Ce, Eu and Sm), the physical and chemical properties of
these films can further be improved [4–6]. In recent years, the
applications of titania nanofilms in the fields of self-cleaning,
sensors, photocatalysis, and solar cells have been extensively
studied [7–15]. However, most of these works have mainly
focused on the control of phase composition, crystal texture
and grain size of titanium oxide with the aim of improving the
properties of titanium oxide film, such as photocatalysis,
hydrophilicity, and photovoltaic conversion. Studies on the
mechanical properties (e.g., surface hardness and frictional
wear) of titania films, especially those mixed with rare-earth
elements (e.g., Ce) are limited. These properties crucially
influence the applications of such nanofilms.
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Liu et al. [16] reported that the hardness of 5.0 mol% Au–
TiO2 films on glass increased from 3.61 to 6.48 GPa as the
sintering temperature increased from 300 to 500 1C. After
sintering at 500 1C, the 5.0 mol% Au–TiO2 films coated on Si
(1 0 0) substrate displayed better tribological properties than
pure TiO2 films. The friction coefficient was as low as 0.10
and the wear life exceeded 2000 sliding cycles. While the pure
TiO2 film showed a relatively higher friction coefficient (0.17)
and a relatively shorter wear life (only 700 sliding cycles).
Piwoński [17] investigated the influence of the porosity level
on the tribological properties of titanium dioxide thin films.
The results showed that with the increase of the average pore
diameter of films from 100 to 300 nm, the friction coefficient
and roughness of films increased from 0.02 to 0.37 and from
1.38 to 12.83 nm, respectively. Jia et al. [18] studied the
tribological properties of TiO2 sol–gel thin films on glass
substrates sliding against Si3N4 ball. They found that the wear
life of pure TiO2 films was 2100 sliding cycles, and the wear
life of the films doped with 17.9 mol% SiO2 increased to 4300
sliding cycles. However, excessive SiO2 doping deteriorated
the wear resistance of the films. The wear life of TiO2 films
ghts reserved.
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doped with 25 mol% SiO2 was only about 700 sliding cycles.
Rayón et al. [19] presented a nanoindentation study on the
mechanical properties of TiO2 coatings sprayed onto glass
substrates. They found that the coatings consisted of anatase
nanocrystals and rutileþanatase micro particles displayed a
hardness of 8.5 GPa and 16.5 GPa, respectively. The higher
friction coefficient obtained on the anatase surface (μ¼0.7)
compared with that obtained on the anataseþ rutile surface
(μ¼0.3). The results showed that higher concentrations of
anatase, which was softer than rutile, reduced the scratch
damage and increased the friction coefficient of the TiO2

coatings. Wang et al. [20] found that TiO2 films were effective
in improving the wear resistance and reducing the friction
coefficient of glass substrates. But UV irradiation would
worsen tribological properties of TiO2 films. After the film
was irradiated by UV, the friction coefficient between the film
and GCr15 steel ball increased about 10%–50% and its wear
life shortened about 20%–90%. In addition, Wan et al. [21]
reported that sol–gel TiO2 thin films modified with fluoroalk-
ylsilane showed good friction-reducing and wear-protection
behavior. It was found that the bare glass substrate was easily
worn off during sliding. Under normal load of 0.5 N, friction
coefficient was 0.8. Friction coefficient of the TiO2 thin film
was about 0.25 and could remain for a relatively long period
(150 s) at initial stage before it reaches to 0.8. The best
protection performance was observed at TiO2–FAS film on
glass substrate. Under the same testing condition, the modified
film further decreased friction coefficient to 0.20 and the small
friction coefficient remained almost unchanged even at an
extended sliding cycle of 500 s before the film was worn out.

Therefore, it can be seen that investigations on the mechan-
ical properties of TiO2 films have gradually attracted research-
er's attention, but few of them have focused on the effects of
Ce-doping and thickness of the films on the surface mechanical
properties of TiO2 films. In fact, cerium, as the most abundant
rare earth metal sensitizer in nature, has the same 4f electron
configuration with titanium, which adds to reduce the crystal-
lization temperature of TiO2 and to inhibit the growth of TiO2

crystals as well as improve the surface microstructure and
mechanical properties of TiO2 films. In this paper, a nanoin-
dentation tester and a friction-wear tester were used to measure
the hardness and tribological properties of glass surface
uncoated and coated with sol–gel titania nanofilms. The effects
of film thickness as well as Ce3þ doping on the surface
morphology and tribological performance of the titania nano-
films were studied.

2. Experimental procedures

2.1. Preparation of samples

Tetrabutyl titanate, absolute alcohol, and cerium nitrate were
used as precursor materials to prepare two kinds of sols with
and without Ce3þ addition. First, tetrabutyl titanate was
hydrolyzed in absolute alcohol, and then hydrochloric acid
was added as a catalyst. The mixture was vigorously stirred
with a magnetic stirrer for 30 min at room temperature. The
volume composition was 1:6:0.1 Ti(OC4H9)4:C2H5OH:HCl.
The hydrolyzed tetrabutyl titanate sol was equally divided into
two portions and injected into two beakers. Cerium nitrate
ethanol solution was added to one of the beakers to prepare the
mixed sol with 1:10 (molar ratio) Ce(NO3)3 �6H2O: Ti
(OC4H9)4. The finished sols were further stirred for 30 min,
and then aged at room temperature for 24 h. The cleaned glass
substrates were dipped into the sols and then withdrawn at a
speed of 10 mm/min to form gel films on them. The film-
deposited substrates were dried at 100 1C for 30 min, and
subsequently sintered at 500 1C for 2 h in air to achieve
crystallization of titania films. Finally, the multi-layer films
were obtained by properly repeating the above procedures.

2.2. Characterization of films

The film thickness was measured with a scanning electron
microscopy (SEM) system (S-3400, Hitachi). The crystal
structure of the films were examined by an X-ray diffraction
(XRD) instrument (D/Max-2500, Rigaku) with CuKα radiation
at 40 kV, 120 mA, and 31/min scanning speed. The surface
morphology of the samples was observed by an atomic force
microscopy (AFM) system (PicoScan AFM/STM, Veeco) at a
scanning rate of 1.0 Hz.

2.3. Measurement of mechanical properties

The surface microhardness of the samples was measured on
a nano-indenter (G200, Agilent Technologies) equipped with a
three-sided pyramid (Berkovich diamond) tip. For each sam-
ple, indentation was conducted at 5 different locations.
The tribological properties of the samples were evaluated on

a SFT type pin-on-disc friction and wear tester under dry
sliding conditions. The counterpart AISI 52100 steel ball with
a diameter of 5 mm was loaded against the rotating disk at a
speed of 300 r/min. The normal load was 3 N. All tests were
performed for 10 min, and the temperature and relative
humidity were 25 1C and 30%, respectively. Prior to the tests,
all samples were cleaned in an ultrasonic bath with ethanol and
dried in hot air. The friction coefficient was automatically
recorded. Throughout the entire friction process, the friction
coefficient remained stable for a certain period and then
sharply increased. The film was deemed to fail at this point,
and the corresponding sliding cycle numbers or time was
recorded as the wear life. Three replicate tests were carried out
for each sample, and the average friction coefficient and wear
life were obtained. Afterwards, the worn surfaces of the
samples were observed with SEM.

3. Results and discussion

3.1. Thickness of films

Fig. 1 shows the cross-section images of the glass samples.
It can be seen that the thicknesses of one-, three-, and five-
layer TiO2 nanofilms were approximately 40, 120, and
200 nm, respectively.



Fig. 1. Cross-section images of glass samples coated with (a) one-, (b) three- and (c) five-layer TiO2 films.

Fig. 2. XRD patterns of (a) undoped and (b) Ce3þ -doped TiO2 film.
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3.2. XRD analysis

Fig. 2 shows the XRD patterns of the TiO2 films sintered at
500 1C for 2 h. It can be noticed that the undoped film mainly
consists of anatase and a small amount of rutile crystals, while
the Ce3þ -doped one was only composed of anatase crystals,
indicating that Ce3þ doping inhibited the crystallization of the
rutile phase. It can also be seen in Fig. 2 that partial amorphous
phases existed in both kinds of the films, which was attributed
to the fact that the content of titania was small and affected by
the underlying glass substrates.

3.3. AFM analysis

The AFM morphology of the samples was displayed in Fig. 3.
The average surface roughness was measured for the samples
corresponding to the AFM images. It can be seen that the surface
of the glass substrate had a number of micro-cracks and micro-
holes, as well as remarkably high surface roughness (3.26 nm).
By comparison, the surface of one-layer pure TiO2 films was
crack-free with the grain size less than 50 nm, as shown in Fig. 3
(b), indicating that liquid TiO2 sol was immersed in and filled the
micro-cracks and micro-holes on the glass surface during the dip
coating. In the subsequent sintering process, the film smoothly and
uniformly covered the glass substrate surface. The film surface
consisted of small and compact TiO2 nanoparticles with a conical
shape. The particles were well distributed but the surface roughness
was relatively high, showing an average surface roughness of
2.19 nm. Fig. 3(c) shows the morphology of the one-layer Ce3þ -
doped TiO2 nanofilm. Compared with Fig. 3(b), the film was even
better distributed and more compact. Ce3þ doping obviously
decreased the TiO2 granularity, and the average surface roughness
was 1.15 nm. Fig. 3(d) shows the morphology of the three-layer
pure TiO2 nanofilm. The grain size enlarged, and some bright,
large, unevenly distributed particles were observed because of the
clustering and accumulation of some TiO2 crystallites during the
preparation of the multi-layer film. Meanwhile, as shown in Fig. 3
(f), more clustering occurred on the surface of the five-layer pure
TiO2 nanofilm. Fig. 3(e) shows the morphology of the three-layer
Ce3þ -doped TiO2 nanofilm. The particles distribution was uniform
and compact. Conical nanoparticles were uniformly connected.
Compared with Fig. 3(e), the surface of the five-layer Ce3þ -doped
TiO2 nanofilm was very smooth, as shown in Fig. 3(g). The
granularity of TiO2 was enlarged and the distribution of TiO2

nanoparticles was more uniform and compact. The average surface
roughness was 0.28 nm.
The main reason why the Ce3þ -doped TiO2 films shown

more uniform morphology than that of pure TiO2 films was
due to that many oxygen vacancies existed in TiO2 films
during the sintering process, one part of Ce could either diffuse
into interstitial vacancies or substitute for Ti at lattice points.
This would inevitably lead to the expansion of TiO2 lattices so
that the lattice distortion energy quickly accumulated and



Fig. 3. AFM images of sample surfaces: (a) glass substrate, (b) one-layer undoped TiO2 film, (c) one-layer Ce3þ -doped TiO2 film, (d) three-layer undoped TiO2

film, (e) three-layer Ce3þ -doped TiO2 film, (f) five-layer undoped TiO2 film and (g) five-layer Ce3þ -doped TiO2 film.
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eventually the growth of TiO2 crystallites was inhibited.
Another part of Ce not diffused into the lattice also would
be enriched around the TiO2 crystallites to resist growth of the
crystallites [22]. Therefore, Ce3þ -doping could decrease the
granularity of TiO2 and improve the surface structure of the
TiO2 films.
3.4. Hardness of samples

Fig. 4 displays the surface hardness of the samples
obtained from nanoindentation tests. The indentation depth
of glass substrates, one-layer, three-layer, and five-layer films
were about 200 nm, 20 nm, 60 nm and 100 nm, respectively.



Fig. 4. Hardness of samples.
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The surface hardness of uncoated glass substrate was about
6.8 GPa. While the surface hardness of the coated samples
increased with the film layers and Ce3þ doping. After coating
with five-layer pure TiO2 nanofilm, the surface hardness of
glass sample increased by more than 20% compared with that
of the uncoated sample. This finding was due to higher
hardness of TiO2 films, and the surface structure of TiO2 films
improved with the increase of film thickness and Ce3þ doping,
which could improve the surface hardness of the samples.

During the nanoindentation process, when a concentrated
load was applied to the glass surface with a diamond indenter,
the surface initially displayed elastic deformation followed by
plastic deformation and cracks with increased load. With
appropriate loads on the diamond indenter, indentation
occurred on the glass surface and its size was taken as the
basis for the hardness of the sample. The elastic and plastic
deformation on the glass surface was associated with its low
temperature viscosity. Furthermore, the low-temperature visc-
osity of glass was closely related to its surface composition and
structure. Under higher shear loads, plastic deformation of
glass occurred, and a certain relationship between the micro-
hardness of glass and its viscosity existed. Namely, the
hardness increased with increased viscosity [23]. Oxidizing
materials such CaO, MgO, TiO2, ZrO2, ZnO and Al2O3 can
increase the low-temperature viscosity of glass [24]. Therefore,
the coating of TiO2 film on the glass surface can improve the
hardness of glass. In addition, with a compact glass surface
structure, deformation did not easily occur under shear force
and the hardness also improved. Fig. 3 shows that with
increased film layers and Ce3þ doping, films surface became
more uniform and compact. Therefore, the hardness improved
with the increase of the film layers and Ce3þ doping.

Comparing the two hardness curves in Fig. 4 revealed that
the surface hardness of the pure TiO2 nanofilm rapidly
increased with increased film layers. However, for the films
doped with Ce3þ , the surface hardness gradually increased
with the film layers. The reason was possibly due to the fact
that the surface structure of pure TiO2 nanofilms significantly
changed with increased film layers. On the other hand, the
surface structure of all Ce3þ -doped films were relatively
uniform and compact, and the surface structure slightly
changed with increased film layers, as shown in Fig. 3.

3.5. Tribological properties of samples

Fig. 5 shows the friction coefficient of the samples. The
friction coefficient of glass substrate remarkably fluctuated, as
shown in Fig. 5a. With the time prolonged, the fluctuation
range decreased to a certain degree. The average friction
coefficient of glass substrate was 0.37. It was due to that the
brittle rupture and large abrasive particles were produced on
the glass surface in the initial stage of sliding. These particles
became grinding materials, amplifying the friction coefficient
of the glass surface and exerting plowing effects. Then, the
friction process soon entered the interior of the glass. There-
fore, at the initial sliding, the friction coefficient remarkably
fluctuated, and then, the particles were ground and the
fluctuating range of the friction coefficient decreased.
Moreover, in the initial stage of sliding, the friction

coefficients of the coated samples were extremely low. The
friction coefficients of the samples coated with one-, three-,
and five-layer pure TiO2 nanofilms, as shown in Fig. 5b, d, and
f, were 0.035, 0.030 and 0.027, respectively. Meanwhile, those
for one-, three-, and five-layer TiO2 nanofilms doped with
Ce3þ , as shown in Fig. 5c, e, and g, were 0.031, 0.022, and
0.016, respectively. In addition, the fluctuation of the curves
was insignificant. With the increase of film layers and Ce3þ

doping, the friction coefficient became much more stable. In
particular, for the five-layer Ce3þ -doped film, the friction
coefficient was almost a horizontal line. This finding indicated
that the TiO2 nanofilms could remarkably reduce the friction
coefficient of the glass surface, displaying an excellent wear
resistance effect. Moreover, with increased film layers and
Ce3þ doping, the effect became more obvious. With pro-
longed sliding time, the friction coefficient of the coated
samples abruptly increased and then gradually fluctuated near
0.37. This result was due to the fact the high hardness and low
friction coefficient of TiO2 nanofilms resisted the abrasion of
the steel ball in the initial stage. With the increase of time, the
film ruptured and peeled off by the friction force. The stripping
film fragments became the grinding materials that aggravated
the failures of the film, thereby rapidly increasing the friction
coefficient. Afterwards, the film was gradually worn through,
the friction penetrated the glass substrate, and the friction
coefficient gradually stabilized.
In addition, the wear life of TiO2 nanofilms could be

estimated by the duration from the beginning of the friction
to the abrupt increase in the friction coefficient. As shown in
Fig. 5b, d, and f, the wear lives of one-, three-, and five-layer
pure TiO2 nanofilms were 180, 220 and 240 s, respectively.
Meanwhile, those of one-, three-, and five-layer TiO2 nano-
films doped with Ce3þ , as shown in Fig. 5c, e, and g, were
about 210, 260, and 300 s, respectively. Thus it could be seen,
with increased film layers and Ce3þ doping, the friction
coefficient of the samples gradually decreased and its wear-
resistance property obviously increased.



Fig. 5. Friction coefficient of samples: (a) glass substrate, (b) one-layer undoped TiO2 film, (c) one-layer Ce3þ -doped TiO2 film, (d) three-layer undoped TiO2 film,
(e) three-layer Ce3þ -doped TiO2 film, (f) five-layer undoped TiO2 film and (g) five-layer Ce3þ -doped TiO2 film.
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Fig. 6 demonstrates the worn surface of the samples. Based on
the morphology of the uncoated glass substrate surface in Fig. 6(a),
serious rupture occurred to the glass, generating a larger number of
particles and pits such that a wide, deep, rough wear track was
produced. For the wear tracks of the samples coated with TiO2

nanofilms, fewer particles and narrow, shallow plows formed by
slight scratching. The peeling film in a certain area produced a
flaky plastic deformation belt, showing the features of fatigue wear.



Fig. 6. Worn surface of samples: (a) glass substrate, (b) one-layer undoped TiO2 film, (c) one-layer Ce3þ -doped TiO2 film, (d) three-layer undoped TiO2 film, (e)
three-layer Ce3þ -doped TiO2 film, (f) five-layer undoped TiO2 film and (g) five-layer Ce3þ -doped TiO2 film.
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In addition, comparison of the widths of wear tracks revealed that
with increased TiO2 nanofilm layers and Ce3þ doping, the wear
tracks of the sample surfaces gradually narrowed. This result also
indicated that the role of TiO2 nanofilms in the wear resistance of
the glass surface evidently improved with increased TiO2 nanofilm
layers and Ce3þ -doping.

Similarly, after coating with TiO2 nanofilms, the glass
surface structure was remarkably improved. Meanwhile, with
increased films thickness and Ce3þ doping, the film surfaces
became more uniform and compact. The surface roughness
significantly decreased, and the hardness of the sample
improved. Thus, the friction coefficient obviously decreased
with increased layers and Ce3þ doping. The wearing resis-
tance was considerably improved.

4. Conclusions

Ce3þ -doped and undoped TiO2 nanofilms with different
layers were prepared on glass surface by a sol–gel method.
With increased film thickness and Ce3þ doping in the film, the
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surface structure of the samples remarkably improved and the
surface roughness significantly decreased.

The surface hardness increased with increased layers and
Ce3þ doping. After coating with five-layer pure and Ce3þ -
doped TiO2 nanofilms, the surface hardness of the samples
improved by at least 20% and 22% compared with that of
uncoated glass substrate. The friction-wear test demonstrated
that the TiO2 nanofilms coated on the glass substrate surface
could be used as protective layers of the glass, presenting
excellent wear resistance and friction-reducing effects. The
friction coefficient of the uncoated glass surface was 0.37. But
for the coated samples, the initial friction coefficient decreased
to less than 10% of the uncoated glass. Meanwhile, the wear
life of TiO2 nanofilms greatly improved with the increase of
the film thickness and the doping of Ce3þ . Furthermore,
during the wearing process, the wearing mechanism of
uncoated glass substrate included brittle rupturing and abrasive
wearing, and the wearing forms of the coated glass surface
mainly included peeling off and bruising.
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