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Abstract

Thin alumina coatings containing zirconia or alumina nanoparticles having diameter of ~20-30 nm were deposited by the sol—gel dip-coating
process on silicon wafers. The mass content of nanoparticles in the alumina coating was fixed at 15% in relation to the theoretical mass of alumina
matrix resulted from the amount of the applied precursor. Atomic force microscopy (AFM) was used to image the surface topography of as-made
coatings and find out the wear level after frictional tests. Tribological tests were performed with the use of a microtribometer operating in the load
range of 30—100 mN. It was found that the presence of a-alumina (corundum) or zirconia nanoparticles enhances the tribological performance of
alumina layers annealed at 100 °C by decreasing the average wear rate by 20% and 63% for zirconia and corundum nanoparticles, respectively. No
wear was observed for samples containing both types of nanoparticles annealed at 500 °C.
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1. Introduction

Alumina thin coatings have been intensively investigated
because of their unique properties and practical applications.
Due to the high mechanical and chemical resistance, high
hardness and corrosion resistance alumina coatings are broadly
applied as protective layers [1-5], in optical [6,7], electronic
[8,9] and automobile industry up to aerospace applications [10].

High performance alumina coatings exhibiting high wear
resistance were reported by Hiibert et al. [3,5]. The preparation
of alumina layers performed with the use of aluminium-tri-sec-
butoxide as alumina precursor in 2-methoxyethanol was
reported in [5]. Layers deposited by dip-coating were annealed
at 100, 500 and subsequently at 900-1100 °C in argon or in
vacuum. In order to get thicker layers the precursor solution
was aged for 1 week and than the deposition and drying
procedures were repeated several times. It was found that such
layers exhibit high adhesion to the metal substrate due to the
formation of chemical bonds at the metal/layer interphase and
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reveal high abrasive wear resistance particularly in the case of
samples annealed at 1000 °C due to the formation of hard «-
Al,O3 (corundum).

Generally alumina coatings are deposited using numerous
methods like chemical vapor deposition CVD [11], physical
vapor deposition PVD [12], combustion flame pyrolysis [13],
reactive bipolar pulsed magnetron sputtering [14], and sol—gel
[3,5,9,15-17]. CVD and PVD are suitable especially for
alumina deposition as protective coatings for cuttings tools
[18].

However, the sol-gel method seems to be superior to other
techniques since being simple, cheap, low-temperature and not
requiring vacuum. Moreover, this method enables preparation
of high purity and highly homogenous materials containing one
or more constituents in the form of mono- or multilayers. It was
also found that thin layers prepared by the sol-gel approach
exhibit better adhesion to the substrate as compared to CVD
and PVD techniques.

Thin alumina layers may be prepared by the sol—gel using as
precursors organic alkoxides [3,5,9,15,16] or inorganic salts
[19,20]. One of the first reports about preparation of alumina
layers was presented by Yoldas and Bulent [21]. Transparent
alumina sol was obtained by hydrolysis of isopropoxy
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aluminium in water. Acetic acid was used as peptization agent
in molar ratios water:alkoxide:acid 100:1:0.5. The resulting
mixture after heating in 80 °C in water/alkoxide environment
had consistencies of slurry, which transformed to transparent
sol after 8 h.

Vazquez et al. [17] used aluminium-tri-sec-butoxide—
Al(OBu®)3 as precursor in the synthesis of alumina coatings.
Initially the precursor was mixed with anhydrous ethanol. Next,
water was added in order to initiate gentle gelation of the
mixture during 1 h. Final product was dried in air flow and
calcined at 1000 °C. XRD and FT-IR measurements revealed
that coatings annealed at 1000 °C were crystalline (y and small
fraction of o form) while coatings annealed at 1000-1100 °C
contained only a-Al,Os.

Ozer et al. [16] investigated optical and corrosion properties
of alumina coatings prepared by sol-gel spin-coating on
stainless steel. The reaction was carried out in the presence of
isopropanol as a solvent and aluminium-tri-sec-butoxide—
Al(OBu®); as alumina precursor, acetyloacetone as chelating
agent and nitric acid as catalyst. Coatings were annealed at
400 °C. Resulted layers were characterized by XRD, XPS, FT-
IR, optical spectroscopy and by microhardness tests. XRD
measurements revealed that samples were amporphous. It was
found that alumina layers improved microhardness and
corrosion resistance of the stainless-steel substrate.

Although there are many methods of preparation of high
hardness alumina coatings, the main problem which limits their
use in technological applications is the low resistance of
alumina for cracking under stress. In spite of its hardness,
alumina is very brittle. However, it is known that the
mechanical properties of the materials may be enhanced if
the grain size of its constituents reaches the nanometrical range.
Mechanical properties of nanocomposites are at the centre of
interest of numerous studies [10,22-26] including alumina
coatings. Alumina is also doped with nanoparticles creating
nanocomposites in order to improve its mechanical properties.
As a result materials having opposite properties (i.e. high
hardness and high bending strength) may be synthesized.
Moreover, the presence of a nanodisperse phase also improves
the triblogical properties of the material.

Voevodin and Zabinski [10] reported an example of such
nanocomposites consisting of 15-25 vol% of MoS, nanopar-
ticles having diameter of 2—4 nm dispersed in the alumina
matrix. Such nanocomposite exhibits very low coefficient of
friction (i =0.02) and low wear. These properties are also
preserved in extreme environmental conditions like high
vacuum, low temperatures or in thermal shocks. Due to their
properties such composites are excellent materials for space
applications.

Measurements performed by Niihara et al. [27] also confirm
that even small amounts of SiC nanoparticles (5 vol%)
enhances the antiwear properties of alumina and the bending
resistance.

Yang et al. [28] investigated the influence of zirconia
nanoparticles on the mechanical and microstructural properties
of Ce-TZP/Al,0; composites (TZP—tetragonal zirconia
polycrystal). It was found that optimal properties i.e. the

highest hardness and the maximum resistance for cracking
exhibits the material containing 20% of nanoparticles (in
relation to the matrix mass). At this concentration nanoparticles
may be easily dispersed in the material filling in the dislocations
and increasing the hardness and wear resistance. For higher
content of the nanoparticles (more than 20%) their distribution
in the material is not homogenous due to the formation of
agglomerates. Therefore, the reduction of the antiwear
properties of the material is observed.

The goal of this work was preparation the sol-gel alumina
coatings containing corundum or zirconia nanoparticles and
investigation of the effect of nanoparticles on the coefficient of
friction (CoF) and wear. CoF was measured with the use of the
microtribometer. Wear scare analysis was performed using
optical microscopy and atomic force microscopy (AFM). The
surface topography of the coatings containing nanoparticles
was imaged with the use of AFM and compared with coatings
prepared without nanoparticles.

2. Experimental
2.1. Materials and coating preparation

Aluminium-tri-sec-butoxide (Fluka Chemie GmbH, Sigma—
Aldrich Chemika, Switzerland), Acetyloacetone—2,4-pentano-
dione (Ubichem, Eastleigh, Hampshire, UK), nanoparticles
Al,O3 and ZrO, (AGH University of Science and Technology,
Krakow, Poland), Ethanol (POCh, Gliwice, Poland), Isopro-
panol (POCh, Gliwice, Poland), Silicon wafers (Cemat Silicon
S.A., Poland).

Pure alumina coatings and alumina nanocomposites coat-
ings containing nanoparticles were prepared on silicon wafers
Si(1 0 0) using a modified Ozer’s procedure [16]. Si wafers
were thoroughly cleaned in dry ethanol prior to deposition. The
general overview of the procedure is presented in Fig. 1.

In order to prepare purely alumina coatings, aluminium-tri-
sec-butoxide Al(O-C4Hy); was added to isopropanol. Next,

AcAcH

AI(O'C4H9)3:> I-PFOH<::I HCI

Y

stirring
30min

Y

dip-coating

annealing
100°C (2h)

annealing
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Fig. 1. Flow sheet of the preparation of the alumina coatings.
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Fig. 2. Preparation procedure of the alumina-composite coatings.

acetyloacetone was added as chelating agent and 2 M HCl as a
catalyst. The whole mixture was 30 min magnetically stirred.
Resulted sol was deposited on silicon wafers using a computer
controlled dip-coating procedure with immersion and with-
drawal rates of 25 mm min~'. After deposition, the coatings
were annealed 2 h at 100 and 500 °C.

Nanocomposites were prepared by a similar procedure as
described above. After 15 min mixing, the desired amount of
nanoparticles was introduced to the sol and dispersed in
ultrasonic bath for another 15 min using an ultrasonic gun (IKA
Labortechnik  U200S, US-200-14, 14 mm, 105Wcm ',
amplitude 50 wm), keeping the same time of the alumina sol
treatment. The amount of the nanoparticles was fixed at
15 wt.% of the theoretical mass of alumina matrix created in the
sol—gel process. Nanocomposites were annealed 2 h at 100 and
500 °C. The preparation procedure of the sol-gel alumina
coatings containing corundum or zirconia nanoparticles is
presented in Fig. 2.

Detailed amounts of the compounds used in the preparation
of alumina coatings and alumina-composite coatings are
collected in Table 1.

2.2. AFM measurements

The surface topography was imaged with the use of
commercial NT-MDT AFM equipped with a Smena head
operating in air under ambient conditions in the tapping mode.
Non-contact silicon cantilevers covered by silicon nitride was
used (MikroMash, NSC35/Si3N4/AIBS) having spring constant
k=14Nm ' and the resonance frequency v =260 kHz. The
typical scan area was fixed at 10 pm x 10 pm. Imaging of the
wear scares formatted at normal load 60 mN was performed in

Table 1
Detailed composition of the bath used in the preparation of alumina coatings.

Compound Mg mol™!]  n [mmol] dg cm ™) [em®] m [g]
Al(O-C4Ho);  246.33 0.005 0.960 1.249 1.20
i-PrOH 60.11 0.226 0.785 17.325  13.60
AcAcH 100.13 0.050 0.972 0.530 0.52
HCl 36.51 0.001 1.190 0.034 0.04
np.Zr0," 123.22 30x 1074 — - 0.037
np.Al,O3 101.96 36x107% - - 0.037

* np.: nanoparticles.

similar conditions at larger scanning areas up to 100 pm
x 100 pm.

2.3. Tribological tests

Frictional measurements (CoF) were performed with the use
of a microtribometer designed and constructed at the
Department of Chemical Technology and Environmental
Protection University of Lodz operating in the load range up
to 100 mN. Coefficients of friction under technical dry friction
conditions were recorded in ambient conditions with the
following parameters:

Counterpart: Zr0,/Y>05 ball @ 5 mm
Velocity: 25 mm min ™~

Frictional distance: 10 mm

Normal load range: 30-100 mN

Normal load interval: 10 mN

8 (one cycle consisted of moving sample
up and down at given normal load always
on the new path)

Number of cycles:

Resulting coefficient of friction is an average value of the
three independent measurements performed at the same
environmental conditions in short time. The average error
between measurements within one series did not exceed 5%.

2.4. Wear scare analysis using optical microscopy

Optical microscope at 24x (8 x 3) magnification designed
for metallographic imaging was applied in the wear scare
analysis of samples after frictional tests performed using the
microtribometer. The analysis consisted of the measurement of
the average width of all visible wear scares formatted in
microtribological tests in eight cycles at normal loads 30-
100 mN. The scare width was calculated as arithmetical
average of the width measurements of the two scares at given
normal loads originated from rising counterpart up and down at
the sample surface.

3. Results and discussion

Fig. 3 presents the comparison of the AFM surface
topography images of alumina coatings and nanocomposite
alumina coatings containing 15% of ZrO, or Al,O3; nanopar-
ticles annealed at 100 and 500 °C.
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Fig. 3. AFM images (10 pm x 10 wm) of alumina coatings and composite alumina coatings containing 15% of ZrO, or Al,O; nanoparticles annealed at 100 and
500 °C. (a) ALLO3 (100 °C). (b) 15% np.ZrO,/Al,0; (100 °C). (¢) 15% np.Al,03/Al,05 (100 °C). (d) Al,0; (500 °C). (e) 15% np.ZrO,/Al,05 (500 °C). (f) 15%

np.AlL,O3/Al,03 (500 °C).

Alumina coatings after treatment at 100 and 500 °C are
homogenous, smooth and do not exhibit any cracks over the
large scan areas. The surface roughness oscillates at very low
level for both samples i.e. R, j00=0.44nm and R,
500=0.41nm for samples treated at 100 and 500 °C,
respectively.

Higher surface roughness is observed for nanocomposite
alumina coatings containing zirconia nanoparticles, respec-
tively: R,.100 = 1.77 nm and R, 500 = 3.41 nm. A large number
of agglomerates having average size of 40 nm in the alumina
coating containing zirconia nanoparticles is observed, however
their distribution is homogeneous (Fig. 3b and e).

In the case of alumina coating containing corundum
nanoparticles, the number of agglomerates is much smaller
but the size of visible objects reaches 100 nm. Better dispersion
of nanoparticles in the alumina matrix may be observed for
corundum nanoparticles due to the fact that the dispersed
nanophase and the matrix are built of the same material (Fig. 3¢
and f). As a consequence, the surface roughness is much lower
than in the case of alumina coatings containing zirconia
nanoparticles: R, 190 = 0.67 nm and R, soo = 0.77 nm.

Microtribological measurements revealed high value of
CoF =~ 1 for all alumina materials annealed at 100 °C. Such
value seems to be unusually high. However, the measurements
were conducted at very low counterpart velocities
(25 mmmin~") and in dry friction conditions without any
lubrication. Moreover, samples annealed at 100 °C are

amorphous and relatively soft. These circumstances favor
creation of strong adhesive interactions between the coating
and zirconia counterpart. An increase of the temperature
treatment up to 500 °C causes the drop of CoFs as compared to
samples treated at 100 °C due to the formation of crystalline
phase y-Al,O5 exhibiting higher hardness [29]. The results of
CoF measurements are collected in Fig. 4. In the case of
nanocomposites containing 15% of zirconia nanoparticles in
alumina treated at 500 °C an increase of the CoF was observed
probably due to the high number of zirconia agglomerates

12
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Fig. 4. Friction coefficients of alumina coatings and composite alumina coat-
ings containing 15% of ZrO, or Al,O; nanoparticles annealed at 100 and
500 °C.
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Fig. 5. Optical microscope images of the wear tracks after tribological tests of alumina coatings and composite alumina coatings containing 15% of ZrO, or Al,O3
nanoparticles annealed at 100 and 500 °C. (a) ALO5 (100 °C). (b) 15% np.ZrO,/Al,05 (100 °C). (c) 15% np.Al,03/Al,O5 (100 °C). (d) Al,O3 (500 °C). (e) 15%

np.ZrO,/AlL,05 (500 °C). (f) 15% np.Al,03/A1,05 (500 °C).

present in the alumina coatings and differences in surface
roughness.

Better parameters are exhibited by system consisting of
corundum nanoparticles in the alumina matrix where the drop
of CoF is observed from 0.65 to 0.25 for purely alumina sample
and nanocomposite, respectively (Fig. 4).

Contrarily to CoF measurements, much better effect of the
presence of nanoparticles on the antiwear properties of alumina
composite was observed. The addition of nanophase into the
alumina matrix considerably enhances its antiwear properties
as revealed by the optical microscope of the wear tracks after
the tribological tests (Fig. 5). The dependence of the wear
tracks width on applied normal loads (30—100 mN) at a given
temperature for alumina and alumina nanocomposites is
presented in Fig. 6a and b.

The width of the wear track was considerably narrower when
the ZrO, or Al,O5 nanoparticles were present in the alumina
coatings in the fixed amount of 15%. These changes refer to
both temperatures of sample annealing i.e. 100 and 500 °C. In
the case of the composite containing 15% of alumina
nanoparticles in the alumina coating annealed at 100 °C the
average wear track had 1/3 of the width of the initial wear tracks
measured for purely alumina coating without nanoparticles
annealed at the same temperature. As well, for alumina coating
annealed at 100 °C the depth of the wear tracks was reduced
from 60 nm for alumina to 10 nm for alumina containing 15%
of zirconia nanoparticles (Fig. 7a). The analysis performed with
the use of AFM technique clearly shows that in case of purely
alumina coatings the wear tracks are very broad, and the
material of the coating was removed completely during sliding
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Fig. 6. (a) The wear tracks width for alumina and alumina coatings containing
ZrO, or Al,O5 nanoparticles annealed at 100 °C. (b) The wear tracks width for
alumina coatings annealed at 500 °C. No wear was observed for alumina
coatings containing ZrO, or Al,O3; nanoparticles.
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Fig. 7. AFM images (100 wm x 100 wm) and cross-sections of the wear tracks resulted in tribological tests at normal load of 60 mN. (a) Al,O5 (100 °C). (b) 15%
np.ZrO,/Al,03 (100 °C). (¢) 15% np.Al,05/A1,05 (100 °C). (d) Al,O5 (500 °C). (e) 15% np.ZrO,/Al,05 (500 °C). (f) 15% np.Al,03/Al,03 (500 °C).

of the counterbody. The wear tracks are narrower and the nanoparticles enabled the preparation of a nanocomposite
material of the coating is removed only partially for the coating exhibiting no wear in the range of applied load 30—
nanocomposite. 100 mN (Fig. 6). More detailed analysis of the wear tracks

The most pronounced changes were observed for coatings revealed that in the case of the alumina coatings annealed at
annealed at 500 °C due to the fact that the addition of 500 °C the wear track is broad and the depth of the wear track is
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Table 2

The surface parameters and tribological characteristics of alumina and alumina-composite coatings.

A1203 15% Ilp.Zl'Oz/Ale;; 15% Hp.A1203/A1203
100 °C
R, [nm] 0.44 1.77 0.67
n 1.0 £0.04 1.06 £+ 0.03 1.05 £ 0.05
ds [pm] 52.5+8.9 36.7+0.4 21.8+3.5
dyo [pm] 56.1 £0.4 37.9£0.6 21.3+1.3
dso [pm] 769 + 4.4 63.7+0.8 26.1 +£5.7
deo [pom] 740+ 1.4 571+ 1.6 21.3+09
do [pm] 76.0 £ 3.0 57.6+0.9 30.7 £ 0.6
dgo [pm] 80.9 £3.9 56.5+0.7 314405
doo [pm] 83.6 £ 0.5 574+0.2 320+ 1.1
dioo [pem] 872 +6.3 80.5 £ 0.6 328+34
Average wear for all normal loads [pm] 73.4 £12.6 559+ 14.0 272 +5.1
Depth of the wear tracks [nm] 60 10 50
500 °C
R, [nm] 0.41 341 0.77
w 0.65 +0.05 0.77 £+ 0.06 0.25 +0.01
dso [pm] 11.9 £2.6 0 0
dyo [pm] 10.0 £2.7 0 0
dso [pm] 11.9+1.0 0 0
deo [pm] 120+ 04 0 0
d7o [pm] 11.4£0.5 0 0
dgo [pm] 11.4+0.2 0 0
doo [pm] 11.2+0.9 0
dioo [pm] 15.0+£0.1 0 0
Average wear for all normal loads [pm] 119+ 14 0 0
Depth of the wear tracks [nm] 25 0 10

R,: rms surface roughness; w: coefficient of friction; dsp: wear scares width at normal load of 30 mN.

25 nm. The addition of the corundum nanoparticles consider-
ably reduces the wear track width, the material of the coating is
removed only partially and the local average depth of the wear
track is 10 nm (Fig. 7f). The best performance is exhibited by
the nanocomposite consisting of 15% zirconia nanoparticles in
the alumina coating. In the case of this nanocomposite no wear
was observed but only minor cracks (Fig. 7e). The surface
parameters and tribological characteristics of alumina and
alumina-composite coatings are collected in Table 2.

4. Conclusions

Alumina and alumina-composite coatings containing nano-
particles were successfully prepared by the sol—gel dip-coating
method. The AFM surface analysis exhibited various topo-
graphies indicating homogenous distribution of corundum
nanoparticles in the alumina matrix. In the case of zirconia
nanoparticles, agglomerate-like structures are visible at the
composite surface; however their distribution remains still
homogenous.

The presence of nanoparticles improved the tribological
properties of the investigated materials. The antiwear properties
were considerably enhanced by doping the alumina with
nanoparticles. The best performance is exhibited by the sample
doped with 15 wt.% of corundum and zirconia nanoparticles
annealed at 500 °C. Synergistic effect of the temperature and
the presence of nanoparticles is observed since at higher
temperatures crystalline forms of alumina are formed.
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