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Abstract. ZrO2-Al2O3 thin nanostructured coatings and stabilised ZrO2-Y2O3 coatings have been
deposited by magnetron sputtering in rotating mode with two metallic targets in order to stabilise
the high temperature phases of zirconia at room temperature.
The structural studies were carried out using X-Ray Diffraction (XRD). Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM) were used to characterise the coatings
morphology and microstructure. It was shown that the tetragonal phase of Zirconia cant be
stabilised in the coatings with 2 wt.% of Al2O3.
The mechanical behaviour of ZrO2-Al2O3 thin films under point loading conditions was studied by
nanoindentation using Berkovich indenter with 130 nm tip radius. Low load tests were used to
study the effect of the deposition parameters on the hardness and elastic modulus of coatings.
The hardness of the films reaches 15.3 GPa for a ZrO2-Al2O3 nanostructured coating sputtered at
-70V applied bias. High peak load tests were used to estimate the film adhesion to steel substrates;
120 mN peak load showed good adhesion properties of the film.
The residual stresses were also determined using the Stoney equation and the highest
compressive residual stress was found to be about -3 GPa for the sample with highest hardness.

1. INTRODUCTION
Zirconia is a technological material that has lots of
applications such as optical coatings [1], protective coatings at high temperatures [2-4], thermal
barrier coatings [4], chemical sensors [5-6]. This
makes Zirconia-based coatings a very interesting
material for the next generation of coatings for wear
resistant applications. ZrO2 crystallizes in three distinct polymorphs depending on temperature and
pressure conditions. It is well known that ZrO2 monoclinic phase is stable at room temperature; the tetragonal phase is stable from 1170 to 2370 °C and
cubic phase stability region is 2370-2680 °C [2, 711].
When the applications of the discussed coatings imply operations in a temperature range where

the phase transformations occur, it is necessary to
stabilise the high temperature phase at room temperature. It is due to the fact that phase transformation is typically accompanied by 3-5% volume expansion, which can produce high residual stresses
and microcracks leading to delamination and spallation of coatings. Phase stabilization of ZrO2 is usually provided by doping with other oxides such as
Y2O3, CeO2, MgO, CaO, and Al2O3 [2,7-13].
Alumina is knownn to possess a higher Young
modulus than zirconia (390 Gpa, approximately
twice than ZrO2), so the stabilization of zirconia tetragonal phase is suggested to produce by forming a
rigid matrix around the zirconia crystals, which
causes a local compressive stress and hinders this
mechanism of the martensitic phase transformation
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[14]. This matrix can be in form of nanocomposite
coating, where the zirconia nanocrystals are embedded in an amorphous alumina matrix or in a
nanolaminated structure. In doing so one can improve the behaviour of the coatings at high temperatures where the diffusion barrier is important, as well
as their corrosion and wear protection [12,13,1517].
Magnetron sputtering is a deposition technique
allowing a good control of the mechanical (hardness,
elastic modulus, residual stresses, adhesion and
so on) and physical properties, crystallinity, and
adhesion of the coatings. In turn, this gives the opportunity to improve the behaviour of coatings during operation at room and/or higher temperatures
[15-21].
Mechanical properties investigations had an important development in the last decade mainly due
to the nanoindentation technique combined with finite element studies, which offers capabilities to
measure hardness and elastic modulus of nanocoatings with a few nanometers thickness at room
and high temperatures (400-500 °C) [22-29]. Note
that this technique provides a possibility to evaluate mechanical properties in real values, i.e. the
influence of substrate material is eliminated since
the maximum deep of indentations remains lower
than 10-15% of the coatings thickness [30].
In this work we gave especial attention to the
micro structural and mechanical characterization of
ZrO2-Al2O3 thin nanostructured coatings and coat-

ings doped with Y2O3 through the XRD studies, residual stresses and nanoindentation measurements.

2. EXPERIMENTAL
Preparation. ZrO2-Al2O3 nanostructured coatings
and ZrO2-Al2O3-Y2O3 coatings have been deposited
by reactive magnetron sputtering in rotating mode
at 4 rpm constant rotation speed with two metallic
targets in order to stabilize the high temperature
phases of zirconia at room temperature. DC and RF
power supply were used for the zirconium and aluminum targets, respectively.
Steel, glass and Inconel 738 LC (Ni-alloy) were
used as substrates. The alloy substrates were polished until 1 micron diamond suspension, and all
substrates were ultrasonically cleaned before the
deposition process. Both targets and substrates
were pre-cleaned in argon atmosphere for 10 minutes. All coatings were deposited at constant target-substrate distance (60 mm). Table 1 presents
the main deposition parameters.
Characterization. All coatings were examined by
Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) to characterise their morphology and microstructure. The chemical composition of the coatings was determined by Energy
Dispersive X-Ray spectroscopy (EDX).
X-Ray diffraction (XRD) measurements with a
powder X-ray diffractometer (Cu Kα radiation) were

Table 1. Sputtering deposition parameters for ZrO2Al2O3 and ZrO2Y2O3Al2O3 coatings. Thickness and wt.%
of Al2O3 and Y2O3.
PARAMETERS
Current (A)
RF Power for
aluminium (w)
Base pressure (Pa)
Substrate temperature
(°C)
% of O2 Flux
Work Pressure (Pa)
Bias voltage (V)
Deposition time (s)
Thickness (nm)
wt. % of Al2O3
wt. % of Y2O3

ZrAl2

ZrAl4

Sample Codes
ZrAl6 ZrAl7 ZrAl8

600

250

600

600

2.86
600

600

600

600

>10-4
250

10-4
250

6*10-5
350

>10-4
350

7*10-5
100

2*10-4
250

2*10-4
250

2*10-4
250

20
6*10-1
-50
-70
-50
28800 34200 28800 14400 21600
1200
1540
1350
760
1280
9.1
1.7
5
9.1
9.1






36000
1350
14.6
4.1

-70
36000
1200
14.6
4.1

-100
36000
1420
14.6
4.1

Zr8YAl1

Zr8YAl2

Zr8YAl3
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Table 2. Surface roughness, grain size, I(200)/I(111) ratio and residual stresses.
Sample Codes

ZrAl2

ZrAl6

ZrAl7

ZrAl8

Zr8YAl1

Zr8YAl2

Zr8YAl3

Ra (nm)
Rms (nm)
Grain size (nm)
I(200)/I(111)
Residual Stresses
σ (GPa)

5.81
7.4
24.7
3.4
-0.89

7.56
9.46
28.1
8.0
0.639

4.51
5.69
24.6
0.2
-3.401

7.52
9.32
23.9
0.9
0.584

13.69
17.22
35.8
7.5
-0.149



25.2
9.0
-0.254



25.2
7.4
-0.5

used to study the phase composition, preferential
crystal orientation and grain size.
The mechanical properties were evaluated by
nanoindentation with a Nano Indenter II (MTS Systems, Oak Ridge, USA) using Berkovich indenter. 5
indents were performed for each sample at three
different loads (5 mN, 10 mN, and 30 mN). Indentations at 120 mN were performed for a qualitative
evaluation of the adhesion.
Residual stresses were calculated using the
Stoney equation after measuring the curvature radius before and after deposition with a laser beam.

here. Thin size of the top columnar growth, smooth
and compact surface were attributed to the lower
surface roughness (see Table 2).
A decrease in surface roughness is observed
with the increase of substrate deposition temperature and with increase of the negative bias. This
effect is due to the higher atomic mobility that improves the coalescence between grains and the
higher structural densification improved by the bombardment during the film growth. Note that ZrO2 Y2O3 -Al2O3 coatings have higher roughness values
[31].

3. RESULTS AND DISCUSSION

3.2. Structural characterization

3.1. Coatings microstructure

ZrO2 is an interesting material and has many technological applications. However, for high temperature applications it is necessary to suppress the

Two different nanocomposite coatings based on
stabilised zirconia are discussed in this work: ZrO2
nanocrystaline grains in an amorphous alumina
matrix and ZrO2-Y2O3- Al2O3 mixed oxides.
All coatings had a transparent aspect after deposition. Film thickness, evaluated by SEM, is presented in Table 1. The microstructure is similar in
all films: a dense columnar growth structure and a
very smooth surface showing thin top columns were
observed. However, few small hillocks were also
observed; we consider them as being due to (i) the
loose of atomic mobility during deposition; (ii) possible surface defects on the substrate that causes
the imperfect growth of some columns; (iii) the high
quantities of material sputtered as a result of the
high currents used; and (iv) oxidation of the target
surface (its break give rise to high remotion of material from target surface). The film semi quantitative
composition determined by EDX is given in Table 1.
Fig. 1 demonstrates a typical tree-dimensional
micrograph of the ZrAl7 sample (sputtered at 350
°C and -70 V as negative bias) obtained by AFM,
surface nanomorphology can be seen and analysed

Fig. 1. Tree-dimensional AFM micrograph of a ZrAl7
sample (sputtered at 350 °C and bias -70V) illustrating the surface morphology.
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Fig. 2. XRD patterns for the ZrO2Al2O3 nanostructured coatings.

tetragonal-to-monoclinic transformation and get the
high temperature phases stabilised at room temperature. The transformation can be suppressed by
alloying zirconia with trivalent oxides such as Y2O3,
CeO2, Gd2O3 and Al2O3 or retaining the crystallite
grain sizes under the critical size (30nm) [15,32]
constrained on an amorphous matrix like Al2O3.
To get the phase composition and other structural information, the coatings have been analyzed
by XRD; Fig. 2 presents the XRD patterns for the
ZrO2Al2O3 nanostructured coatings. All coatings
crystallize in the tetragonal phase, however, the main
phase is monoclinic for the coating with 1.7 wt.%
Al2O3. Other coatings were produced and the limit
of Al2O3 percentage to stabilize ZrO 2 was found to
lie between 2 and 5 wt.%.
When the substrate deposition temperature increases from 100 °C to 350 °C, significant changes
in the nanocrystaline structure orientation are observed; as well as for changes in the applied negative bias. No preferential crystalline orientation was
observed for the coating deposited at 100 °C, the
ratio between the intensities of the two main diffraction directions (111) and (200) are ≈1. However, the
increase in the deposition temperature leads to the
preferential increase in the direction (200) and
reduction of (111) direction. The ratio between the
intensities of these two diffraction peaks is presented
in Table 2. On the other hand, the increase in negative bias improves a preferential growth in the direction (111).

Monoclinic phase was not observed for the coatings doped with Y2O3 and Al2O3 at the negative bias
changing from -50 V to -100 V. The preferential
growth occurs in the (200) direction; no significant
changes in the structural crystalline orientation were
detected here. This fact follows from the small
changes registered in the peaks intensities.
The main peaks were fitted using a Pseudo-Voigt
function; the Gaussian and Lorentzian components
(representing the micro strain and grain size, respectively [33]) were calculated for each peak. The
grain size was determined by the Scherer equation
(see Table 2). An increase in the deposition temperature increases the grain size due to the better
atomic mobility and coalescence during the film
growth. The increase in the negative bias reduces
the grain size. The crystallite size of ZrO2Y2O3Al2O3
coatings was higher than in the ZrO 2Al 2O 3
nanocomposite coatings under the same deposition conditions and reaches 36 nm.

3.3. Residual stresses
Residual stresses σ were calculated using the curvature radius [34] (measured with a micro-displacement-laser transducer) technique based on the
Stoney equation [35]:
2

σ=−

E st s

6(1 − ν s )t f

×

FG 1 − 1 IJ ,
HR R K
a

b

(1)

Mechanical properties of ZrO2-Al2O3 nanostructured PVD coatings evaluated by nanoindentation
where Es/(l-νs) is the biaxial modulus of the substrate, ts and tf are the substrate and coating thickness respectively; Ra is curvature radius after deposition and Rb is the curvature radius before deposition. The residual stresses for the coatings are listed
in Table 2; they are positive for coatings prepared at
low temperature and negative for all other coatings;
this means that there is a compressive state in the
plane parallel to the surface. An increase in compressive residual stresses was observed for
ZrO2Al2O3 samples, however, the sample prepared
at 350 °C shows a tensile stress that can be due to
some relaxation after deposition. The highest compressive stress (-3.4 GPa) was observed for the
sample deposited at -70 V bias and 350 °C. This
implies a more densification of the film structure
due to the bombardment by the working gas during
deposition. In turn, some of these Ar ions can incorporate into the crystalline structure and increase
the negative residual stresses. ZrO 2Al2O3Y2O3
coatings also demonstrate an increase in compressive stresses at higher applied negative bias.

3.4. Hardness and elastic modulus
evaluated by nanoindentation
measurements.
The indentation hardness is not a fundamental material property since it depends on the way it is determined (testing technique, evaluation, etc.). Despite of this, the indentation hardness is widely used
as a parameter characterizing the mechanical properties of materials, in particular of metals, for several reasons: indentation hardness tests are relatively easy to perform; they provide a value that gives
a direct measure for loading  bearing capacity of
the investigated material. Moreover, for completely
plastic contacts, the hardness of the material also
gives an indirect measure of its uniaxial tensile yield
stress [36].
H = c σy ,

(2)

where c, the constraint factor, depends on the ratio
E/σy of the material. For most metals, for which
E/σy ≥ 100, the constraint factor has a value of c ≈ 3
[36]. Another reason for the widespread application
of hardness tests is closely related with the definition of indentation hardness as a local measure of
the mechanical properties.
In this work the hardness and elastic modulus
were calculated using Berkovich nanoidentation
measurements. The physical principles and models used to determine H and E from indentation load
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Fig. 3. Schematic representation of indentation loaddisplacement data during one complete cycle of
loading and unloading.

 displacement data are based on the OliverPharr
theory [22].
A schematic representation of indentation load
(P) versus displacement (h) data obtained during a
one full cycle of loading and unloading is presented
in Fig. 3. The important quantities are the peak load
(Pmax), the maximum depth (hmax), the final or residual depth after unloading (hf), and the slope of
the upper portion of the unloading curve (S=dP/dh).
The parameter S is known as the elastic contact
stiffness. The hardness and elastic modulus can
be derived from these values. The continuous stiffness measurement technique is used to monitor
the average contact pressure (ACP) for loading segment. To monitor the average contact pressure in
the indent during the indenter reloading, the procedure suggested in [23] was used.
The fundamental relations to calculate H and E
are:

H =

Pmax
A

,

(3)

where A is the projected contact area at that load,
and:
Er =

π S
2

A

,

(4)
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Bias: -70 V
Bias: -60 V

ZrO 2 Al2O3 doped
with Y2O3
(sample Zr8YAl1)

Fig. 4. Hardness and Elastic Modulus values function of deposition parameters for tests performed at 5 mN
maximum load.

where Er is the reduced elastic modulus which accounts for the fact that elastic displacements occur
in both indenter and sample. The elastic modulus
of the test material, E, is calculated from Er using:
1
Er

=

1− ν
E

2

2

+

1 − νi
Ei

,

(5)

where ν is the Poissons ratio for the test material,
and Ei and νi are the elastic modulus and Poissons
ratio of the indenter, respectively. The elastic constants Ei = 1141 GPa and νi=0.07 are often used for
a diamond [37]. Eq. (2) is a working definition for
the hardness. By this definition, hardness a measure of the load  bearing capacity of the contact
computed by the applied load divided by the projected area of contact under load. The most widely
used method to establish this contact area was suggested in Oliver  Pharr theory [36].

Fig. 4 demonstrates the values of hardness (H)
and elastic modulus (E) extracted from the loadingunloading curves from the tests performed at 5 mN
(high load peak) to assure no substrate influence in
the retrieved data.
These results show an increase in the hardness
values with deposition temperature and higher applied bias. The highest value reaches 15.3 GPa for
the sample prepared at 350 °C and -70V bias. Similar results were obtained for the elastic modulus.
The value for elastic modulus is almost constant for
the samples prepared at 250 °C and 350 °C as well
as for the sample prepared at -70V bias. The sample
doped with Y2O3 presents lower values of hardness
and elastic modulus.
The mean values of H and E for three different
test sets performed at different maximum loads (5,
10, and 30 mN) are listed in Table 3. All samples
have a similar behaviour, which is characterized by

Table 3. Hardness and elastic modulus for various indentation loads.
Properties (GPa)
Hardness (H)
Elastic modulus (E)
Test Load (mN)
ZrAl2
ZrAl6
ZrAl7
ZrAl8
Zr8YAl1

5
11.7
12.1
15.3
10.6
9.19

10
9.65
11.8
12.6
10.7
8.15

30
6.83
8.6
6.4
6.0
7.16

5
196
191
194
174
173

10
182
190
185
178
168

30
162
179
157
147
165
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the decrease in H and E values with increase in
maximum peak load. This effect is explained by the
contribution of substrate because the measurements at higher loads have promoted indentation
deeps superior than 10-15% of coatings thickness;
these values reaches about 1/3 of the total thickness in the case of 30 mN. As follows from the
analysis of the results obtained for the sample ZrAl7,
the increase in hardness and residual stress with
temperature can be due the higher densification of
nanocoatings structure. Hardness was also shown
to be related with grain size and surface roughness.
The hardness increases for lower grain size, this
fact is in agreement with other studies and is attributed to the increase in the number of grain boundaries, which, in turn, increases the surface energy
and reduces dislocations.
Analysing the surface roughness, we should
emphasise that hardness increases as roughness
decreases, since the higher hardness implies worth
surface compactness, so the top of the columnar
growth is freer and permits higher dislocations during indentation. The value of the maximum hardness of 15.3 GPa is in agreement with the relations
presented before, because this sample has the
higher compressive residual stresses, lower grain
size and lower roughness.
The adhesion was evaluated qualitatively performing nanoindentation measurements at higher loads
(120 mN); delamination of the coatings from the
substrate was not observed.

4. CONCLUSION
We have grown nanocomposite sputtered coatings
of zirconia and alumina, zirconia, yttria and alumina
using metallic targets to stabilize the tetragonal
phase of zirconia. The possibility to control at an
atomic level and the addition of these elements to
the zirconia matrix was shown for the stabilized zirconia deposition. Thus, the improved uniformization
of the crystalline phases in the coating is obtained.
All coatings have a dense columnar structure
and are transparent. Alumina stays amorphous in
all coatings, while crystalline phases were detected
for zirconia ((200) tetragonal direction is the predominant one). Monoclinic phase have been shown
to be predominant in ZrO2Al2O3 coatings with 2wt.%
of Al2O3.
The increase in the deposition temperature dive
rise to the increase in the grain size, while the increase in the negative bias value leads to the opposite effect.
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Hardness and elastic modulus were determined
by nanoindentation; an increase in their values was
observed for higher deposition temperatures and
higher negative bias. The hardness of the films
reaches 15.3 GPa for a ZrO2Al2O3 nanostructured
coating deposited at bias -70V and temperature of
350 °C. Delamination of the films from substrate
was not observed in the tests at 120 mN peak load.
The compressive residual stresses in the coatings
increase with deposition temperature and with negative bias. The hardness increase with the compressive residual stresses, decrease in roughness values and with decrease in the grain size.
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