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Abstract

Thin films of Al2O3 and doped Al2O3 were prepared on a glass substrate by dip coating process from specially formulated ethanol

sols. The morphologies of the unworn and worn surfaces of the films were observed with atomic force microscope (AFM) and
scanning electron microscope (SEM). The chemical compositions of the obtained films were characterized by means of X-ray
photoelectron spectroscopy (XPS). The tribological properties of obtained thin films sliding against Si3N4 ball were evaluated and

compared with glass slide on a one-way reciprocating friction tester. XPS results confirm that the target films were obtained suc-
cessfully. The doped elements distribute in the film evenly and exist in different kinds of forms, such as oxide and silicate. AFM
results show that the addition of the doped elements changes the structure of the Al2O3 films, i.e., a rougher and smoother surface is

obtained. The wear mechanisms of the films are discussed based on SEM observation of the worn surface morphologies. As the
results, the doped films exhibit better tribological properties due to the improved toughness. Sever brittle fracture is avoided in the
doped films. The wear of glass is characteristic of brittle fracture and severe abrasion. The wear of Al2O3 is characteristic of brittle
fracture and delamination. And the wear of doped Al2O3 is characteristic of micro-fracture, deformation and slight abrasive wear.

The introduction of ZnO is recommended to improve the tribological property of Al2O3 film. # 2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Sol-gel process has many advantages, such as easy
composition control and fabrication of large area thin
films, film homogeneity, low cost, and a simple fabri-
cation cycle. Therefore, it could be practical to make use
of sol-gel technique to prepare thin films of desired tri-
bological properties.1 Over the last decades, sol-gel thin
films have found wide applications in optical, micro-
electronics, photo-electronics industries.1 Meanwhile,
they are also applied for purpose of protection from
scratching and corrosion.1 ZrO2 and hybrid inorganic-
organic thin films have been prepared by sol-gel process
for protection of aluminum and glass substrates.2,3

The physical and mechanical properties of the films as

protective materials have been increasingly focused
on.4,5 However, less knowledge is available about their
tribological properties. This is also true for sol-gel
Al2O3 based film materials, though extensive investi-
gations have been concerned with their performance as
an optical, microelectronic or mechanical material. Liu
and co-workers investigated the tribological properties
of TiO2

6 and Al2O3 films
7 in detail. They found that the

tribological properties of these sol-gel oxide films are
closely related to their composition and structure.
Doping is widely applied to improve the mechanical

or tribological properties of thin hard films.8 Different
methods, such as d.c. or r.f. plasma-assisted chemical
vapor deposition (PACVD), sputtering, and ion beam
deposition etc., have been applied to prepare doped
films.8,9 It is also feasible to use the sol-gel method for
such processing.10,13 Many investigations have been
focused on the functional properties of the doped
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films.10�12 Nevertheless, only a few are concerned with
the mechanical properties of doped film.13 The influence
of the doped elements on the tribological properties of
the sol-gel film is not well understood.9,14 The need of
correlating between film processing, coating properties,
and their tribological behavior becomes more press-
ing.15 In this paper, Al2O3, Cu and Cu, Zn doped Al2O3
films (coded as D, D1, and D2 respectively) are pre-
pared by sol-gel method. The as-prepared films were
characterized by means of XPS and AFM. The worn
surfaces of the films were observed with SEM. The tri-
bological properties of the films were investigated with
emphasis on revealing the relation between the tribo-
logical properties and the composition and structure of
the films.

2. Experimental

2.1. Sample preparation

For the preparation of the ethanol sol, crystal alumi-
num chloride (99.99%), ammonia, glacial acetic acid,
acetylacetone (AcAc), copper nitrate, and crystal zinc
acetate were commercially obtained and used without
further purification. Excess ammonia solution (5M) was
added dropwise at room temperature to an aqueous
aluminum chloride solution (0.13 M) of 100 ml. The
final pH of the solution was 9. The hydrated precipitate
so formed was filtered off, washed three times with pure
water and ethanol respectively, aged for 2 days, and
then peptized with glacial acetic acid in ethanol (room
temperature for 1 h under stirring) to obtain 100 ml
translucent, homogeneous, and stable sol (D). Sub-
sequently, 1 ml AcAc was added. The final pH of the
solution was about 4. Sol of Cu doped Al2O3 film (D1)
is prepared by adding 0.004 mol (1 g) Cu(NO3)2�5H2O
to 100 ml solution D under stirring, while that of Cu,
Zn doped Al2O3 film (D2) is obtained by adding 0.0045
mol (1 g) Zn(CH3COO)2�2H2O to 100 ml solution D1
under stirring, which aged for 24 h for film preparation.
The films were coated on glass substrate by the dip

coating process, at a substrate drawing speed of 38 cm/
min, dried at room temperature for 15 min, and finally
fired at 500 �C for 20 min, followed by cooling to the
ambient atmosphere in the oven. The glass substrate
was cleaned with ethanol-potassium hydroxide solution
in an ultrasonic bath for 20 min, washed with distilled
water and then dried in an atmospheric oven before
used.

2.2. Experimental apparatus and measurements

XPS analysis was conducted on a XPS/AES (Model
PHI-5702) system by using Mg-Ka radiation operating
at 250 W and a pass energy of 29.35 eV. The binding

energy of C1s (284.6 eV) was used as the reference. The
depth profiling XPS was performed with Ar+ ion gun
bombardment. The surface morphology of the pre-
pared thin films was observed with an atomic force
microscope (AFM) (Model SPM-9500) and the corre-
sponding friction force illustrated by voltage indirectly.
The higher the voltage, the higher the friction force will
be. The worn surfaces of the films were characterized
with a scanning electron microscope (SEM) (Model
JSM-5600LV).
The tribological properties of the films sliding against

a fixed Si3N4 or SAE52100 ball (diameter 3 mm) were
evaluated on a one-way reciprocating friction tester
(Kyowa DF.PM Model) at a sliding velocity of 90 mm
min�1 and a sliding distance 7 mm for each pass, at a
normal force 3 and 0.5 N in ambient conditions (relative
humidity: 40�44%). The physical and mechanical
properties of the tested Si3N4 ball are shown in Table 1.
The coefficient of friction and sliding passes were recor-
ded automatically. In the whole sliding process the fric-
tion coefficient keeps stable with very little fluctuation
for a short or long period and then rises to a higher
stable value at last several or dozen of passes, the
corresponding sliding pass numbers are recorded as the
wear life of the film. Three replicate tests were carried
out for each specimen and the average friction coeffi-
cients and wear lives of the three replicate tests were
cited in this article. The relative error for the replicate
tests was no more than 5%. Prior to the friction and
wear test, all the samples were cleaned in an ultrasonic
bath with ethanol and acetone for 10 min and then dried
in hot air.

3. Results and discussion

3.1. Characterization of the film

Fig. 1(a) shows the XPS depth profiles of film D.
It can be seen on the very out surface of D the binding
energy of Al2p at 74.30eV is consistent with that of
sapphire Al2O3,

16 indicating the target Al2O3 film has
been successfully obtained. The signal of Si2p is too
weak to be detected, implying that the very out surface
of D is covered by pure Al2O3 film. After three cycles
of sputtering the peak of Si2p at 103.6 eV is possibly
due to SiO2.

16 The peak of C1s exists even after five

Table 1

Physical and mechanical properties of Si3N4 ball

Relative

density

(%)

Hardness

HRA

Fracture

toughness

(MPa m1/2)

Fracture

strength

(MPa)

99 >90 6–9 500–700
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sputtering cycles, which is certainly from the body film
but not absorbed carbon. It is believed the detected
carbon originates from the reactant burned in heating
and then embedded in the film. This carbon may play a
role in modifying the structure of the film. Fig. 1(b)
gives the XPS depth profiles of Cu and Zn doped film
(D2). As shown in Fig. 1(b), the peak of C1s disappears
after two cycles of sputtering, illustrating that con-
taminated carbon exists only on the very out surface
of the film and the raw materials were completely
converted or removed during the heating process. On
the very out surface, the binding energy of Cu2p at
934.5 eV is the signal of Cu2p in CuSiO3,

17 indicating
that some solid reaction may have happened between
the added CuO [original from the decomposition of
Cu(NO3)2�5H2O] and the glass substrate. This pheno-
menon is also observed on the surface of Cu doped TiO2
film,6 confirming that this solid reaction did happened
under the current sintering temperature. However,
according to our previous result, the existence of
CuSiO3 is harmful to the wear life of the doped film.
The binding energy 1021.7 eV of Zn2p3 is consistent with
that of ZnO,18 indicating that Zn exists in an oxide
state.

Fig. 2 presents the AFM images of topography and
corresponding friction forces of Al2O3 and doped Al2O3
films. It is seen that the surface of Al2O3 film is very
smooth in appearance. Different from the above, the
images of doped films show obvious differences, i.e., the
surface of D1 film is rougher and shows signs of grown
up particles while that of D2 film is much smoother.
This reveals that the addition of inorganic salts changed
the structure of the film to some extent, which is sup-
posed to be related to the film growing process during
sintering and the final existing state of the added ele-
ments. Moreover, it is also seen the corresponding ima-
ges of friction forces are mimic to that of morphology,
implying that the friction force is correlated with the
surface morphology in much degree, which agree well
with the previous result.7 However, there is no exact
correspondence between the morphology and the fric-
tion force yet as Fig. 2a–d shown. The surface of D1 is
much rougher than that of D but the corresponding
friction force is very close to that of D. This is very
possibly because at atomic scale, friction is largely
attributable to interfacial effects.19 Surface forces, such
as van der Waals force, hydration force, and electro-
static or double layer forces (depending on the materi-
als), become dominant factor.20 It is deserved to
mention that D2 exhibits the smoothest surface and the
lowest friction force at nano scale among all the tested
films, which may be partly responsible for its better
performance in reducing friction and wear as following
discussed. In other words, the physical and chemical
state of the surface of D2 is much different from that of
the two others.

3.2. Friction and wear

The tribological properties of Al2O3 and doped Al2O3
thin films under different conditions are given in Fig. 3.
It can be seen all the obtained films give much lower
friction coefficients before failure compared with the
glass substrate. At the same time, all the doped films are
superior to Al2O3 film in resisting wear, which is differ-
ent from the situation of TiO2, where the addition of
inorganic elements all decrease the wear life of the film
significantly,6 especially Cu doped TiO2 film. This
reveals that the effect of dope is closely correlated to the
film preparation process as well as the composition and
structure of the films. The wear life of all the films is
ranked as D2>D1>D. For D, the friction coefficient
increases only after several passes, illustrating which is
too weak to resist wear in sliding against Si3N4. The
friction curves are very similar to each other under
higher (3N) and lower load (0.5N) in sliding against
Si3N4. Roughly speaking, the wear life of the films is not
dependent on the load. D2 exhibits the best tribological
behavior, i.e., a very low friction coefficient and longer
stable sliding process is obtained. It is reasonable to

Fig. 1. XPS depth profile on the obtained Al2O3 (D) and Cu, Zn

doped Al2O3 (D2) thin films.
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Fig. 2. AFM results on the as prepared film surfaces.
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Fig. 3. Friction coefficients of different couples as a function of wear passes.
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infer that the better tribological properties of D2 is due
to the introduction of ZnO which is helpful to improve
the tribological property of Al2O3 film. It is interesting
to point out that the wear life of D in sliding against the
steel ball is elongated compared with that of D1 in the
same condition and that of itself in sliding against
Si3N4. Therefore, it is concluded that the wear life of the
films is dependent on the sliding counterpart. For the
glass slide, the coefficient of friction rises to a very high
value (0.94) even after several passes, indicating that the
glass slide has poor wear resistance.
To explore the friction and wear mechanisms of the

films further, the worn surfaces of the obtained thin
films and the glass substrate after sliding 17 passes slid-
ing against Si3N4 have been observed by SEM. As
shown in Fig. 4(a), sever brittle fracture happened on
the surface of D, which led to the delamination of the

film. At the same time micro-fracture are also observed.
It is noted that both are responsible for the failure of
film D. Under lower load (0.5N) the morphology of D is
mimic to that under 3N, i.e., micro-fracture and de-
lamination happened [Fig. 4(b)]. Different from the
above, on the surface of D1, sever brittle fracture is
avoided and plastic deformation is observed [Fig. 4(c)].
Under lower load, fracture and abrasive wear dominate
the wear mechanism of D1 [Fig. 4(d)]. The worn surface
of D2 is very smooth compared with that of D and D1
while a few fractures appeared [Fig. 4(e)]. In the mild
wear area, creep can be clearly seen under high magni-
fication [Fig. 4(f)]. Under lower load, abrasive wear has
happened and the signs of plough are visible [Fig. 4(g)].
According to the above discussion it thus can be con-
cluded the toughness of the doped films have been
improved, which accounts for their better tribological

Fig. 3. (continued)
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Fig. 4. SEM pictures of worn surfaces of obtained films and glass substrate sliding against Si3N4..
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performance. As shown in Fig. 4(h), severe brittle frac-
ture appears on the worn surface of the glass slide even
after 17 passes, accompanied by the generation of large
wear debris, which is responsible for the abrasive wear
of the glass substrate and the resultant high friction
coefficient.
Hence, it can be concluded that doping is an effective

way to improve the tribological properties of the Al2O3
films even very little amount of dopant is added by
avoiding sever fracture and delamination. However, the
selected dopant is very crucial in modifying the tribo-
logical property of the film and leads to totally different
results. Apparently, Zn element is more capable in
improving the wear resistance of the film than Cu ele-
ment in this study. According to the above discussion,
both the superficial structure of the film and the existing
state of the doped elements are partly responsible for
their different tribological properties, ie. the surface of
Cu doped film is rougher and shows signs of grown up
particles while that of Cu, Zn doped film is much
smoother. The essence of the results may relate to the
generation of ZnO and CuSiO3.
According to the SEM observation, it is supposed

that the addition of the doped element may play a role
in inhibiting the propagation of cracks during sliding.
As a result, sever brittle fracture and delamination is
avoided. This is why a longer wear life is obtained for
the doped films.

4. Conclusion

Al2O3, Cu, and Cu, Zn doped Al2O3 films have been
successfully obtained by sol-gel and dip-coating process.
Results show that the addition of inorganic salts to the
starting sol of Al2O3 can improve the tribological prop-
erties of the corresponding films. The wear life of the
obtained films is ranked as Cu, Zn doped Al2O3>Cu
doped Al2O3>Al2O3. The tribological performance of
the films is sensitive to the sliding counterpart but not
the applied load in this text. A very low friction coeffi-
cient of around 0.1 is obtained for all the films. The
failure of the film is mainly due to its brittleness.
The effects of the dopants on the tribological property

of the film are closely related to the generated com-
pounds from the inorganic salts as well as the char-
acteristics of the generated surfaces. The avoidance of
the sever fracture and delamination is partly responsible
for the corresponding longer wear life of the doped films

according to the SEM observation. The introduction of
ZnO is recommended to improve the tribological prop-
erty of Al2O3 film.
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