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ABSTRACT

An aluminium AD-3 has been anodized under four different conditions, namely at low temperature (=5 °C), room tem-
perature (25°C), with and without sealing the anodized coating in boiling distilled water. The solution used for forma-
tion of alumina layer in all cases was an electrolyte containing 180 g/l sulphuric acid at a constant forming voltage
(voltastatic anodizing). In order to assess the mechanical properties of the obtained anodic alumina layers a series of
nanoindentation tests was performed employing different indentation procedures. The two mechanical characteristics of
the alumina films, the indentation hardness (Hr) and the indentation modulus (Er), were determined by means of the
instrumented indentation and the Oliver & Pharr approximation method. All measurements were done on Agilent G200
Nanoindenter fitted with a diamond Berkovich type tip. Time dependent effects were investigated by tests with different
peak hold time and different loading rate. The change of the mechanical properties with indentation depth was also
examined. The effect of the working temperature during the growth of the alumina layers and the influence of the pore
sealing on the mechanical properties are evaluated via comparison of the average load-displacement curves. The role
of the temperature of the electrolyte and the sealing process during the formation of the alumina films, with respect to
possible changes of their chemical composition and structure, are discussed in order to explain the observed differences
in the measured load-displacement curves and the determined Hyr and Er.
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range of chemicals, high thermal conductivity, resistance
to thermal shocks, high degree of refractoriness, etc.

Because of the wide field of application of alumina
and because of the fact, that usually the mechanical
properties of the thin films are very different from the
mechanical properties of the bulk materials, we selected
anodic alumina films as a subject of our research on as-
sessing the mechanical properties by means of instru-

1. Introduction

Alumina is the most wide used oxide ceramic material.
Basic applications of alumina are for/as a protective and
wear-resistant films, filler for plastics, sunscreens, carrier
layers in converters for gas purification, CD/DVD pol-
ishing, etc. Alumina is used in dentistry as alternative to
the sodium bicarbonate for patients that have high blood

pressure, as well as in medicine for hip replacement. The
technology utilizing aluminum oxide detector material
for radiation dose measurement is at the core of many
dosimeter systems and services. Other applications of
alumina coatings are for protection against corrosion, in
optoelectronics and etc. The basic characteristics of alu-
mina, which are important for these applications, are the
high compression and electrical strength, high hardness,
resistance to abrasion and to chemical attacks by a wide
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mented nanoindentation.

The alumina layers are also an interesting model sys-
tem for investigation of physical characteristics and me-
chanical properties because the anodically formed Al,O4
layers, depending of the temperature of formation, are
characterized with quite different thickness, structure,
porosity, micro-hardness and wear resistance. In the
same time their chemical composition practically re-
mains unchanged.
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Mechanical properties of pure aluminium are well
known [1-3], but there are very few data in literature
about mechanical properties of anodic alumina films,
[4-7] and this was an additional motivation for perform-
ing nanoindentation tests in order to determine the alu-
mina mechanical properties. Since Oliver and Pharr
promoted in 1992 the method for determining mechani-
cal properties of materials by instrumented indentation
techniques [8], this method has been widely adopted for
characterization of the mechanical behaviour of materials
at small scales. Its attractiveness stems largely from the
fact that mechanical properties can be determined di-
rectly from indentation load and displacement measure-
ments without the need to image the indentation impress-
sion. With high-resolution testing equipment, this facili-
tates the determination of properties at the micrometer
and nanometre scales [9-11]. For this reason the method
has become a primary technique for determining the
mechanical properties of thin films without removing the
film from the substrate and as well as for capturing small
structural features [12-29]. Nanoindentation technique
nowadays is applied for characterisation of thin films
prepared from metals, polymers, rubber-like materials
[30] and soft materials.

The aim of the presented here work is to assess the ef-
fect of the temperature of the working electrolyte during
the anodic formation of porous alumina and the influence
of the pore sealing on the mechanical properties of the
alumina layers. In the present work different indentation
programs are applied in order to determine the indenta-
tion hardness (H;r) and the indentation modulus (E;7) of
the alumina layers.

2. Theoretical Part

Indentation experiments had been traditionally used to
measure hardness of materials. The method of Oliver and
Pharr (1992) is used to determine the indentation hard-
ness (H;r) and indentation modulus (E;;) of materials
from indentation load-displacement data obtained during
one cycle of loading and unloading. This technique in-
volves a number of simplifying assumptions: 1) the
specimen is an infinite deformable half-space; 2) the in-
denter has an ideal geometry; 3) the material is liner-
elastic; 4) pile-up is negligible, and 5) there are no inter-
action surface forces during contact such as adhesion or
friction forces [31-35].

A schematic representation of a typical data set ob-
tained with a Berkovich indenter is presented in Figure 1,
where the parameter P designates the load and s—the
indentation depth relative to the initial undeformed sam-
ple surface.

There are three important quantities that can be obtain-
ed from the P-h curves: 1) the maximum load Py, 2)

Copyright © 2011 SciRes.

loading

Load, P

Displacement, h

Figure 1. Schematic illustration of indentation load-dis-
placement data showing important measured parameters
[36].

the maximum displacement /,,x and 3) the elastic un-
loading stiffness. The unloading stiffness or the so called
the contact stiffness is defined as the slope S = dP/dh of
the upper portion of the unloading curve during the initial
stages of unloading.

The exact procedure used to determine H;r and E;r is
based on the unloading processes shown schematically in
Figure 2, in which it is assumed that the behaviour of the
Berkovich type indenter can be modelled by a conical
indenter with a half-included angle ¢=70.3" that gives
the same depth-to-area relationship as the Berkovich in-
denter.

Letting A(h,) be an “area function” that describes
the projected area of the indenter at a distance /. = hyay —
h,. Once the contact area is determined, the indentation
hardness is calculated from the maximum force divided
by the projected area:

P
H — max . 1
T A ( hc ) ( )

The indentation modulus can be determined by:

()

EIT = s )
2,3\114(}18) 1 —v}
S\n E,

where [ is a correction factor, whose value depends on
the indenter geometry (for Berkovich indenter f = 1.03 is
adopted), v is the Poisson’s ratio of the probe, E, and
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indenter

hinax unloaded

Figure 2. Schematic illustration of the unloading process

magnification X 250 and x 1000, respectively.

We decided to realize series of 25 indentations on each
sample probe in order to have better statistics (see Figure
3). There are several pre-existing indentation methods
provided by the Agilent Technologies and for the pur-
poses of our study we chose the following three methods
described in more details below: Method A (fixed maxi-
mum displacement), Method B (fixed maximum load)
loaded and Method C (loading with force control).

3.2.1. Method A

showing parameters characterizing the contact geometry This method prescribes a single load/unload cycle to a
[36]. specified depth. Hardness and modulus are determined

using the stiffness as calculated from the slope of the
v, are the indenter’s elastic parameters [36]. load-displacement curve during unloading.

3. Experimental Part

In the frame of this method the indenter tip begins ap-
proaching the surface from a distance (Surface Approach

3.1. Deposition of Alumina Films Distance) above the surface of approximately 1000 nm.

Four different alumina films of 9.5 pum thickness were
deposited on 2000 pm thick AD-3 aluminium substrate.
The chemical composition of the AD-3 substrate is:
99.67% Al and 0.33% Fe. The deposition process was
performed in anodizing bath of 180 g/l H,SO, Merck

Because of the high roughness of the samples, used in
this study, we had to increase the Surface Approach Dis-
tance from the default to 5000 nm.

The approach velocity is determined by Surface Ap-
proach Velocity parameter. When the device determines

electrolyte at a constant forming voltage of 20 V and it
was lasting 40 minutes (voltastatic anodizing). The elec-
trolyte’s temperature for samples 27 and 28 was —5°C,
while for samples 31 and 14 it was 25°C. Samples 28 and
14 were kept after anodizing 1 hour in a bath of distilled
water at temperature 100°C aiming this way to seal the
alumina pores. Samples description is given in Table 1.

3.2. Nanoindentation Experiments

Nanoindentation experiments reported hereafter were -
realized by Agilent G200 Nano-indenter. The nano-tester ':_
is fitted with a Berkovich three-sided diamond pyramid
with centerline-to-face angle of 65.3° and 20 nm radius at ‘.,
the tip of the indenter. The minimum load possible to be

applied is 10 mN, and the maximum load is 500 mN. i _'%n g =i
: -

Displacement recording resolution is 0.01 nm and the
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load recording resolution is 50 nN. The device is equip-
ped with an optical microscope with 2 objectives of

Figure 3. Residual imprints of sample 29 (x250).

Table 1. Investigated materials.

Sample No. Materials Thickness [um] Electrolyte type Electrolyte T ["C] Anodization regime Sealing
27 ALOy/Al 9.5/1990.5 180 g/l H,SO,4 (Merck) =5 20 V for 40 min NO
28 ALOy/AL 9.5/1990.5 180 g/l H,SO, (Merck) -5 20V for 40 min YES
29 Al AD-3 2000 N/A N/A N/A N/A
31 ALOs/Al 9.5/1990.5 180 g/l H,SO4 (Merck) 25 20V for 40 min NO
14 ALOs/Al 9.5/1990.5 180 g/l H,SO, (Merck) 25 20 V for 40 min YES
Copyright © 2011 SciRes. MSA
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that it has contacted the test surface, according to the
criteria Surface Approach Sensitivity (Table 2), the in-
denter penetrates the surface at a rate determined by
Strain Rate Target (Table 2). When the surface penetra-
tion reaches the Depth Limit (Table 2), the load on the
indenter is held constant for Peak Hold Time (Table 2).
The load on the indenter is then reduced by an amount
defined by Percent to Unload (Table 2) at a rate equal to
the maximum loading rate. Then the indenter is held in
contact with the sample under constant force for 75 sec-
onds. Finally, the indenter is withdrawn from the sample
completely and the sample is moved into position for the
next test [37].

Input parameters for method A are given in Table 2.
We realized series of nanoindentation experiments with
1500 nm maximum displacement and 1 s peak hold time.
Moreover we realized nanoindentation experiments with
3000 nm maximum displacement at 1 s, 10 s and 20 s
peak hold time.

As a result we obtained the load-displacement curves,
indentation hardness and modulus for each of the inves-
tigated alumina films at two different depths and for
various peak hold time.

1455

3.2.2. Method B (G-Series Load, Displacement and
Time)

This method prescribes a single load-unload cycle. No
properties are calculated from the load-displacement-
time information. We used this method to compare load-
displacement curves of the films at fixed maximum load.

During realization of this method the indenter tip be-
gins approaching the surface from a distance above the
surface of approximately Surface Approach Distance
(Table 2). The velocity is determined by Surface Ap-
proach Velocity parameter (Table 2). When the indenter
contacts the test surface, according to the criteria Surface
Approach Sensitivity (Table 2), the single load/unload
cycle begins. The indenter penetrates the surface at a rate
defined by Maximum Load/Time to Load (Table 2).
Loading is terminated when the Load on Sample reaches
Maximum Load (Table 2). The load on sample is then
held constant for ten seconds. Then the indenter is with-
drawn completely at a rate that is twice as fast as the
loading rate.

Input parameters for method B are given in Table 2.
We realized series of nanoindentation experiments by

Table 2. Input parameters.

Parameter Unit Method A Method B Method C
Percent to Unload % 90 90 90
Surface Approach Velocity nn/s 10 25 10
Depth Limit nm 1500/3000 N/A N/A
Delta X for Finding Surface pm =50 =50 =50
Delta Y for Finding Surface pm =50 =50 =50
Strain Rate Target /s 0.05 0.05 N/A
Allowable Drift Rate nny/s 0.05 0.05 0.05
Perform Drift Test Segment - 1 1 N/A
Approach Distance to Store nm 1000 1000 1000
Peak Hold Time s 1/10/20 N/A 20/200
Surface Approach Distance nm 5000 5000 5000
Surface Approach Sensitivity % 40 40 40
Poisson’s Ratio - 0.3 0.3 0.3
Maximum load of N/A 20 50
Time to load s N/A 30 15

Number of times to load -

1 1 10

Copyright © 2011 SciRes.
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1456 Determination of Anodized Aluminum Material Characteristics by Means of Nanoindentation Measurements

method B at fixed maximum load of 20 gf (=196 mN)
and 10 seconds peak hold time. As a result we obtained
load-displacement curves for each of the investigated
alumina films.

3.2.3. Method C (G-Series Basic Hardness, Modulus,
Tip Cal, Load Control)

This method prescribes a series of load/unload cycles in a
single indentation experiment. Indentation hardness and
modulus are determined using the stiffness as calculated
from the slope of the load-displacement curve during
each unloading cycle. The indenter tip approaches the
surface at a rate of Surface Approach Velocity (Table 2)
starting from a distance above the surface of about Sur-
face Approach Distance (Table 2). When the indenter
senses the surface, according to the criteria Surface Ap-
proach Sensitivity (Table 2), the cyclical loading/un-
loading algorithm begins. For each cycle i, the indenter
penetrates the surface at a rate defined by (Maximum
Load/Time to Load )*(2"i/2"Number of Times to Load ).
Loading for the cycle ends when the Load on Sample
reaches Maximum Load*(2"i/2"Number of Times to
Load). At the peak load for the cycle, the Load on Sam-
ple is held constant for a period equal to Peak Hold Time
(Table 2). Then, the indenter is withdrawn at a rate de-
fined by Load Rate Multiple for Unload * Loading Rate
until the Load on Sample reaches Percent to Unload *
Load Limit (Table 2). This load/unload process is re-
peated, incrementing i for each cycle, until i reaches
Number of Times to Load (Table 2). After the last load/
unload cycle, the Load on Sample is held constant for 75
seconds. The indenter is then withdrawn completely and
the sample is moved into position for the next test.

Input parameters for method C are given in Table 2.
We realized series of nanoindentation experiments by
method C at fixed maximum load of 50 gf and with 20
and 200 seconds peak hold times and 10 cycles.

3.3. SEM and EDS Analysis

Scanning electron microscopy (SEM) investigation was
performed on JEOL JSM 6390 apparatus equipped with
INCA energy-dispersive X-ray spectrometer (EDS). It
has been done in order to better understand the structure
changing of the alumina layers and to better visualize the
imprints and the surrounding area because in some cases
the resolution of the optical device of the nanotester was
not sufficient to recognize the imprint images. EDS ana-
lysis/spectrum of the investigated specimens only gives a
rough indication (in atomic%) since the electron beam
does not have enough high spatial resolution (@ 1 pm
and few pum depth) to analyze each particle individually.
The SEM pictures were performed in the SEI regime.

Copyright © 2011 SciRes.

3.4. Determination of the Surface Roughness

The roughness of investigated alumina films was meas-
ured by means of Perthometer C3A (“Mahr Perthen”,
Germany), equipped with recorder Perthograph C40
(“Mahr Perthen”, Germany). Test section I, (the sec-
tion which pin of the perthometer pass during one meas-
urement) for all measurements was 5 mm. We used ver-
tical magnification 500:1 and horizontal magnification
20:1. As a result we determined the average roughness
R, and the mean roughness depth R of samples 28
and 14. The definitions of R, and R, read:

I

1 m
R, =— [|yldx 3)

Im 0
Rz=%(21+Z2+Z3+Z4+ZS), 4)

with y(x)-profile ordinates of the roughness profile; I, -
measured section length (this part of test section length
1, , which we evaluate); Z,, (i =1, -, 5) is the vertical
distance between the highest peak and the deepest valley
within i-th sampling length of five consecutive single
measured sections. The results are given in Table 3 and
they show that sample 28 has higher roughness compared
to sample 14.

4. Results

As a result of nanoindentation experiments, we obtained
load-displacement curves for each of the alumina sam-
ples and after that by means of Oliver & Pharr method
the indentation hardness H;r and indentation modulus £y
were calculated by the software available as part of the
Agilent G200 Nanoindenter. The comparison between
load-displacement curves obtained by means of method
A at 1500 nm indentation depth and 1 s peak hold time is
shown in Figure 4 for samples 27 and 28, and in Figure
5 for samples 14 and 31. The outcome of this comparison
is that the treatment of the sample anodized at —5°C with
boiling water does not much influence its mechanical
properties. On the contrary, the sealing of pores by
means of a bath at 100°C distilled water for the alumina
film obtained at 25°C electrolyte’s temperature influ-
ences essentially its mechanical response; e.g. the H;r of
sample 14 is higher than the indentation hardness of
sample 31.

Table 3. Roughness measures of samples 14 and 28.

Roughness measure Sample 14 Sample 28
R, [um] 0.32 0.48
R. [um] 2.5 3.9
MSA
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Figure 4. Sample average sheets for samples 28 and 27, test
method A1500/1.
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Figure 5. Sample average sheets for samples 31 - 14, test
method A1500/1.

A comparison between H;r and E;r, obtained as a result
of 25 indentations via method A with depth limit 1500
nm (A1500/1) and 3000 nm (A3000/1) and pick hold
time 1 s for samples 31, 14, 27, 28 and 29 is shown re-
spectively in Figures 6 and 7. The numbers given aside
the symbols of each of the experimental series show the
average maximum load in mN for this series (larger val-
ues of the maximum load correspond to the data obtained
via method A3000/1).

The results show that the apparent indentation hard-
ness of the film-substrate system is over 4 times larger
than the hardness of the bulk sample from pure alumi-
num (see Figure 6, sample 29).

It is evident that pore sealing leads to increasing the
Hjr and Ej7 of the alumina, obtained at 25°C electrolyte’s
temperature and does not influence the characteristics of
the film, obtained at —5°C electrolyte’s temperature.

Figures 8(a) and (b) show a comparison between the
load-displacement curves of sample 28, for two different
maximum indentation depths, namely 1500 nm and 3000
nm (method A). At larger indentation depths there is a
well pronounced pop-in effect and it may be stated it
occurs at 2 > 1500 nm, (Figure 8(b)). Figure 8(a) shows
averaged curves and therefore the pop-in effect is smeared

Copyright © 2011 SciRes.
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Figure 7. Calculated Young modulus E, based on test meth-
ods A1500/1 and A3000/1.

and manifested in the decrease of the slope of the loading
branch of the load-displacement curve. However there
may be a different reason for such decrease of the slope
of load to sample—displacement into surface curve, e.g.
the influence of the substrate as far as below 1500 nm
depth the penetration exceeds 15% of the film thickness.
One significant problem with the method of Oliver and
Pharr is that it does not consider a pile-up of a material
around the contact impression. When pile-up occurs, the
contact area is underestimated by the method and both
Hjr and E;r may be overestimated sometimes up to 50%.
Bolshakov and Pharr proposed a convenient, experimen-
tally determined parameter that can be used to identify
whether pile up is coming into the picture [38]. This pa-
rameter is the ratio of final indentation depth 4, to the
depth of the indentation at peak load, /... When
h, / h,. >0.71t is most possible we have a pile-up of the
material around the imprint. That is why, for each sample,
we calculated 7, / h,. for all 25 nanoindentations. The
results are shown in Figures 9, 10, 11 and 12. It can be
concluded that for samples 27 and 31 we have predomi-
nantly 7%, / h,. > 0.7 and most probably a pile-up. For
sample 31 the existence of a pile-up was proven by SEM
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Figure 8. (a) Comparison between average load-displace-
ment curves, obtained by methods A1500/1 and A3000/1 for
sample 28; (b) an example of single load-displacement
curves, obtained by methods A1500/1 and A3000/1 for sam-
ple 28.
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Figure 9. Determined h¢h,,, for sample 27; test method
B20/10.

micrograph of a residual imprint as can be seen in Figure
13.

The creep effects at 20 gf maximum load with 10 s
peak hold time (Method B) are shown in Figure 14 and
Figure 15, and average maximum displacements for
each of the samples obtained by means of method B are
given in Figure 16. Sample 31 shows the larger relative

Copyright © 2011 SciRes.

Figure 11. Determined hi/h,,, for sample 31; test method
B20/10.
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Figure 12. Determined h¢h,,, for sample 14; test method
B20/10.

creep displacement (3.4%), followed by sample 14
(3.1%), sample 27 (3.1%), sample 28 (2.7%) and sample
29 (2.1%), while sample 29 has the larger absolute creep
displacement (83.8 nm), followed by sample 31 (56 nm),
sample 27 (51 nm), sample 14 (46 nm) and sample 28
(43 nm).

The variation of H;r and Ejr depending on depth of in-
dentation is given in Figures 17 and 18. These two fig-
ures depict the results obtained by means of method C at
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Figure 14. Comparison between average N, for all sam-
ples (test B20/10).

50 gf maximum load and 20 s peak hold time prior each
of unloading step.

It is seen that sample 14 has higher H;; compared to
the hardness of sample 28 at the same applied maximum
load (Figure 17). The same behaviour is observed for the
E;r but the difference here is moderate (Figure 18). At
the same time samples 14 and 28 have higher indentation
hardness than the substrate (sample 29) and almost the
same indentation modulus. Samples 14 and 28 have been
sealed in boiling water and the only difference in their
formation is the electrolyte’s temperature during the
anodization of the AD-3 substrate. However as shown in

Copyright © 2011 SciRes.
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Table 4 the two samples have identical chemical compo-
sition, that is why we suppose that the reason for the dif-
ference in H;y may be due to a difference in the micro-
structure. The micro and nano-structute of the two alu-
mina layers have been investigated by means of SEM
image analysis. The SEI clearly shows the amorphous
structure of the alumina layers. The average size of
grains and pores for sample 14 are 20 - 30 nm, while for
sample 28 the average size of grains is 60 - 80 nm, and
for the pores it is 40 - 60 nm. These grain and pore size
values were determined in SEM regime at magnification
100000x.

The comparison of H;r and E;; of sample 28 at differ-
ent indentation depths and different peak hold time is
shown in Figures 19 and 20. The results shown in these
figures are obtained using Method C with 50 gf maxi-
mum load and two different values of the peak hold time
—20 s and 200 s.

The same indentation method has been used to com-
pare the H;r and E;; of sample 14 at different indentation
depths and different peak hold time. The results are given
in Figures 21 and 22. From the results presented in Fig-
ures 19-22 it is evident that the H;; and E;; values at one
and the same maximum load are higher for the case when
the peak hold time is 20 s.
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Table 4. EDS analysis of the surface of Al,O; (specimens Nos. 14 and 28).

Element Sample Weight percent [%] Atomic percent [%]
14 54.49 +0.47 67.30
O on line K,
28 53.64 +0.47 66.54
14 40.11 £ 0.44 29.38
Al on line K,
28 40.79 +0.43 30.01
14 5.40+0.19 3.32
S on line K,
28 5.57+0.19 3.45
This is the case with the pores that seems to be closed
°r Sampie 14 and the volume inside the imprint may become com-
5 [ = Sample 28 pacted.
H + Sample 29
g4 -Nm 1] 5. Conclusions
J |
o Il . . . . . .
g3 2l { } % ! The primary intention of this study was to investigate the
5, % %ﬁ mechanical properties of anodized AD-3 per se and for
f i this reason no treatment of the surface was applied. Even
LRI . measurements were done on various penetration depths,
0 . . . . . . : the analysis presented here is using the obtained me-
0 1000 2000 3000 4000 5000 6000 7000 chanical characteristics for depths exceeding 500 nm
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because of the high roughness of the alumina surface. On

Figure 17. Comparison between indentation hardness of
samples 14, 28 and 29, obtained with 20 s peak hold time by
method C.
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Figure 18. Comparison between indentation modulus of
samples 14, 28 and 29, obtained with 20 s peak hold time by
method C.

An explanation of this observation may be the effect of
the creep that seems to be an inherent property of the
alumina-substrate system. The SEM micrographs in Fig-
ures 23(d) and (e) show that the grain size inside the
imprint, at the imprint boundary and outside the imprint
is almost the same. It may be a proof that there is no
grain crushing during the indentation. Figure 23(c)
shows the pore structure of the alumina film (sample 28).

Copyright © 2011 SciRes.

the other side we tried to minimize the influence of the
substrate on the results and this is the reason for consid-
ering indentation depths up to 1500 nm (up to 15% of the
aluminum oxide layer). Nevertheless the sample rough-
ness may play significant role in our measurements. The
outcome of our observation within these constraints is
that the determined by means of instrumented nanoin-
dentation test indentation hardness of anodized alumi-
num AD-3 varies with anodization conditions and it is
over 4 times higher than the hardness of the AD-3 sam-
ple. The elastic characteristics of anodized AD-3 and the
non-anodized AD-3 are almost the same, they vary in the
same interval of 70 to 130 GPa depending on the loading
regime. Therefore we did not observe significant differ-
ence in the E;r of the different samples and we accept
that the electrochemically produced AlLO; layers are
having almost the same E;r as the AD-3.

The reactive sealing shows better results against im-
proving the hardness when applied to sample 14 (ano-
dized AD-3 at 25°C) over against its application to the
“hard anodized” sample 28. As far as our investigation of
chemical composition of samples 14 and 28 shows that
they have identical chemical composition, the difference
in H; modulus is considered to be due to the difference
in the film microstructure. This assumption was proven
by SEM micrographs where we found that sample 14 has
smaller grain size and pore diameter. It may be con-
cluded that for the alumina film formed in electrolyte at
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Figure 19. Comparison of Hr of sample 28, obtained with different peak hold time.
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Figure 20. Comparison of E 1 of sample 28, obtained with different peak hold time.
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Figure 21. Comparison of Hr of sample 14, obtained with different peak hold time.
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Figure 22. Comparison of E| of sample 14, obtained with different peak hold time.
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Figure 23. SEM images of the surface of sample 28, near and far from the imprint.

—5°C the process of pore sealing for 1 hour in boiling
water has no essential impact on the H;;y modulus. How-
ever, for the alumina film formed at room temperature
the influence of the pore sealing on the mechanical prop-
erties is noticeable. Most likely, this effect is connected
with different degrees of amorphisation of the Al,O; lay-
ers depending on the temperature of the electrolyte dur-
ing their anodic formation.

The comparison between H;r and E;r of samples 28
and 14 derived for indentation with 20s and 200 s peak
hold time shows that H;r and E;r of these two samples are
higher for the series with 20s peak hold time, and this is

Copyright © 2011 SciRes.

most probably due to the creep of the alumina-substrate
system.

At larger indentation depth (tests A with maximum
depth of 3000 nm) there is well pronounced pop-in effect
and it firstly occurs at 4 of approximately 1500 nm. The
analysis of the ratio A/hm. shows that for some of the
samples it exceeds the required value for the method of
Oliver and Pharr to be applicable. Therefore the obtained
based on the Oliver and Pharr method H;; and Ej; for
samples 27 and 31 with h/hy. > 0.7 should be further
approved against work hardening property as suggested
in [38].
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In order to further verify the applicability of the Oliver
and Pharr method for determining H;r and Ejr it is fore-
seen to perform a simulation of the experimental data via
FE-analysis of the nano-indantation tests.
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