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A B S T R A C T

Metallic materials are the most widely used for orthopedic applications and, their corrosion resistance is one of
the main prerequisites for avoiding impairment of the material properties due to degradation. Ti-6Al-4V is one of
the main medical titanium alloys. However, for permanent implant applications, this alloy may cause toxic effect
due to release of vanadium and aluminum. Nanolaminates of alternatively ordered thin films of transition metal
oxides with nanoscale thickness are known to have distinct properties of a single layer film. Atomic layer de-
position (ALD) is a promising method for fabrication of thin sealing coatings for corrosion protection. These films
can also be used as in vivo sensors to antedate the detection of diseases such as cancer, to inform the best
treatments, and to understand the response to therapies. The ideal in vivo sensor should be non-toxic, bio-
compatible, stable, and very sensitive. In this work, TiO2/Al2O3 nanolaminate, Al2O3 and TiO2 thin films were
deposited on Ti-6Al-4V substrates by using ALD and their structure, adhesion and tribocorrosion properties were
analyzed. The tribocorrosion tests were performed in Ringer's solution. The coatings showed to protect the
sample surface evidenced by the increase on the OCP both in static mode and in dynamic mode. The TiO2/Al2O3

nanolaminates presented lower friction coefficient.

1. Introduction

The human body is an aqueous medium containing ions and organic
substances, pH∼ 7.4, and temperature of 37 ± 1 °C [1, 2]. Within the
body, corrosion and wear resistance are significant prerequisites to
avoid material degradation, because corrosive products or abrasive
particles can damage the host tissue [3, 4]. In a corrosive environment,
it is complex to predict the tribological behavior considering both wear
and corrosion, because their synergistic or antagonistic effects can ac-
celerate or slow-down the wear process [5–7]. The combined action of
corrosion and wear on a material is defined as tribocorrosion [5, 8, 9].
This emerging research area is very relevant in the study of materials
for chemical, marine, aerospace [10], automotive, and biomedical ap-
plications [5].

Metals and their alloys are essential on the orthopedic area and the
basic requirements for a successful application of an implant are che-
mical stability, proper mechanical behavior, and biocompatibility with

body fluids and tissues [1, 11]. Ti-6Al-4V alloy is among the most
corrosion and mechanical resistant materials used for implants.
Nevertheless, in the body, it can corrode and release titanium, alu-
minum, and vanadium that can cause poisoning and certain diseases,
which can be aggravated with implant fretting and subsequent fracture
[1, 12]. The deposition of corrosion resistant films on Ti-6Al-4V pros-
thesis can increase biocompatibility, reduce friction, wear, and corro-
sion, thereby avoiding the release of titanium alloy constituents [1].

The atomic layer deposition (ALD) technique allows depositing a
variety of thin film materials from the vapor phase with exceptional
conformity on high-aspect-ratio structures, thickness control at the
angstrom level, and tunable film composition. Due to this, ALD has
emerged as a powerful tool for many industrial and research applica-
tions and can be used in biomedical area, for example, in functionalized
pharmaceuticals or implanted detectors. Also, ALD can be used to
produce super durable coatings with good tribological behavior, on
various surfaces, as well as many others that can benefit from its unique
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and precise control over thickness and composition [13].
Titanium dioxide (TiO2) is a promising biomaterial mainly because

it becomes sterile when rightly stimulated by ultraviolet radiation. The
alumina (Al2O3) offers the advantage of bio-inertness, although it is not
as sterile as TiO2. However, Al2O3 mixed with TiO2 in the form of na-
nolaminate will allow the control of the degree of porosity of the
ceramic ensuring new potential applications [14]. This nanolaminate is
expected to exhibit high Young's modulus which is of great interest for
micro- and nano-electromechanical devices [15]. It can also be applied
as in vivo sensor to dynamically and continuously monitor biological
processes helping to antedate the diagnosis of diseases such as cancer,
to inform about treatments and to help understanding responses to
therapies [16, 17]. Similar to the orthopedic implants, the in vivo sen-
sors must be non-toxic, biocompatible, relatively stable and ad-
ditionally very sensitive [16].

In this paper, TiO2/Al2O3 nanolaminates, Al2O3 and TiO2 thin films
were deposited on Ti-6Al-4V substrates using ALD technique, and the
films structure, adhesion and tribocorrosion properties were analyzed.
An Al2O3 top layer was used on TiO2/Al2O3 nanolaminates to improve
the resistance to corrosion of the film and reduces the friction coeffi-
cient.

2. Experimental

2.1. Synthesis of Al2O3, TiO2 and TiO2/Al2O3 films

TiO2/Al2O3, Al2O3 and TiO2 films were deposited by a TFS-200 ALD
system from Beneq. The reaction chamber is a low-volume cross flow
type operating in thermal mode. Ti-6Al-4V pieces (2.0× 2.0 cm2) and
Si wafer (p-type, 5× 10−3Ω cm, (100)-orientation) were used as sub-
strates.

Prior to the deposition, the substrates were individually cleaned in
an ultrasonic bath using acetone for 10min and then dried under N2 gas
flow. The nanolaminate was constructed by alternating 90 cycles of
TiO2 and 1 cycle of Al2O3 in supercycle until complete 30 supercycles or
30 Al2O3 layers as demonstrated in Fig. 1. The first stage of the nano-
laminate was 90 layers of TiO2 and the film top layer was composed by

Fig. 1. Schematic drawn of the TiO2/Al2O3 nanolaminate design prepared for this study.

Table 1
Composition and ionic concentration of Ringer's solution.

Composition (g/L) Ionic concentration (mEq/L)

Sodium chloride (NaCl) 8.60 Na+ 147.16
Potassium chloride (KCl) 0.30 Ca−2 4.49
Calcium chloride (CaCl2) 0.33 Cl− 155.67
Water q.s. K+ 4.02

Fig. 2. Schematic drawing of tribocorrosion cell showing the reference elec-
trode (RE) Ag/AgCl, the platinum counter electrode (CE) and the working
electrode (WE).

0 200 400 600 800 1000

 TiO2

Raman Shift (cm-1)

(c)

A1g
Eg EgB1g

).u.a(
ytisnetnI

 Al2O3
(b)

 TiO2/Al2O3
(a)

Fig. 3. Micro-Raman spectra of the (a) TiO2/Al2O3 nanolaminate, (b) Al2O3 and
(c) TiO2 films deposited on Ti-6Al-4V substrates.
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Al2O3 in order to provide better resistance to corrosion. Details con-
cerning the TiO2/Al2O3 nanolaminate film can be found in previous
work [15]. Titanium tetraisopropoxide (TTIP, ⩾97%, Sigma-Aldrich)
and trimethylaluminum (TMA, 97%, Sigma-Aldrich) were used as Ti
and Al precursors, respectively. The deionized water, used as oxygen
reagent, was stored in a vessel at room temperature. The TTIP precursor
and vapor delivery line were heated at 70 °C to avoid precursor con-
densation. High purity nitrogen (N2, 99.999%) was used as purge as
well as carrier gas for the TTIP precursor. The base pressure of the
reactor was below 10−2 mbar and the gas pressure was kept around
1.0 mbar during the deposition, through insertion of N2 at 300 sccm gas
flow. The process temperature was of about 250 ± 3 °C for all films.
The films structures were analyzed by Raman spectroscopy and X-ray
diffractometry. For Raman analysis, a confocal Raman microscope from
Horiba- Model Lab Ram HR Evolution with laser wavelength
(λ=532 nm) was used. Here the calibration of the peaks was per-
formed using a diamond peak. GIXRD patterns were obtained at room
temperature in a Shimadzu XRD 6000 goniometer using a copper target
(CuKα radiation 1.5418 Å), 2θ from 20 °C–80 °C, at a scanning speed of
0.02° s−1, a voltage of 40 kV, a current of 30mA, and an incidence

angle of 0.29° [18].

2.2. Adherence tests

The adherence of the films was evaluated according to VDI 3198
indentation test evaluation and by micro-scratching test [19]. The VDI
3198 indentation test is a Rockwell C indentation on planar surfaces of
coated compounds. This test enables to evaluate the film adhesion,
cohesion and its brittleness. The VDI 3198 was performed using a
Rockwell C diamond tip with curvature radius of 200 μm and a weight
of 150 kg. The contact geometry combined with the high load transfer
induces extreme shear stresses at the interface [20]. The indentation
mark was analyzed by using SEM (Scanning Electron Microscopy) and,
the failure of the films was classified as acceptable and unacceptable.

Micro-scratch tests were conducted on the sample surfaces using a
diamond stylus (Rockwell C 120°) with a 200 μm radius diamond tip to
evaluate the adherence between the film and the substrate. A pro-
gressive load (0–30 N) at a constant load rate (0.3 N/s) was applied over
10mm length at 0.1mm/s. Friction coefficient and acoustic emission
were measured for each test and the same test parameters were used for
a given set of samples. The tests were performed in triplicate. The cri-
tical load (LcN) was evaluated according to the type of damage ob-
served on scratch track, which were categorized according to ASTM
C1624-05 [19]. The first critical normal load (LC1), is related to the
first damages or cracks on the films and are evidenced by the rise in the
acoustic emission; The second critical load (LC2), is related to the
complete coating failure [21–23] and are evidenced by a sudden change
on the friction coefficient.

Additionally, hardness tests were performed using a Hysitron Ti950
triboindenter using a Berkovich indenter. The experimental setup for
hardness evaluation was under a max load of 10mN at 9 points from
each sample to obtain an average. The distance between indentations
was 15 μm, based on Oliver and Pharr method [24] and the penetration
depth was about 10% of the film thickness.

2.3. Tribocorrosion tests

Tribocorrosion tests were conducted on bare Ti-6Al-4V and Ti-6Al-
4V covered with Al2O3, TiO2 and TiO2/Al2O3 films using a Bruker
tribometer on reciprocating conditions at tribocorrosion set in Ringer's
solution based on ASTM G119-93 [6]. The Ringers solution pH was
maintained between 5.0 and 7.5. Its composition and ionic concentra-
tion are presented in Table 1.

The open circuit potentials (OCPs) were measured for 60min before
and after tribocorrosion tests, to verify the thermodynamic tendency for
corrosion [25]. The oscillation frequency of the pin was controlled at
1 Hz under an applied normal load of 1 N (4.2 GPa Hertzian initial
contact pressure) and a stroke length of 2mm. An alumina ball with
4.76mm diameter was used as counter-body with a fresh surface on
each test. A three-electrode electrochemical cell configuration was used
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Fig. 4. GIXRD spectra of the (a) TiO2/Al2O3 nanolaminate, (b) Al2O3 film, (c)
TiO2 film and (d) bare Ti-6Al-4V substrate.

Fig. 5. SEM images showing the indentation marks performed on (a) TiO2/Al2O3 nanolaminate, (b) Al2O3, and (c) TiO2 films, according to VDI 3198 [20].
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with a platinum wire counter electrode and an Ag/AgCl (3M KCl) re-
ference electrode. The area in contact with the electrolyte was of
1.50 cm2. The OCPs were measured for 60min before the start of sliding
to allow its stabilization. The tribocorrosion test was carried out for
30min and upon stopping the tribological contact, the OCP was mea-
sured for an additional 60min to investigate repassivation. The tests
were performed three times for each sample. Fig. 2 shows the schematic

drawing from the tribocorrosion cell with the reference electrode (RE)
Ag/AgCl and platinum counter electrode (CE) and working electrode
(WE). The results were analyzed according to ASTM G3-14 [26].

Fig. 6. Applied load (Fz, black line), friction coefficient (COF - pink), and acoustic emission (AE, green) versus time (s) and track image for scratching test on (a) TiO2/
Al2O3 (b) Al2O3, and (c) TiO2 films. The scratched track image was obtained by optical microscopy. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Raman and GIXRD analyzes

Fig. 3 shows the Raman spectra of the (a) TiO2/Al2O3, (b) Al2O3 and
(c) TiO2 films. Al2O3 films exhibits the very weak Raman bands due to
the low polarizability of light atoms and the ionic character of the AleO
bonds [27]. On the other hand, for the TiO2/Al2O3 nanolaminate and
TiO2 films (Fig. 3a and c) four Raman-active modes associated to ana-
tase structure were observed: A1g (519 cm−1), B1g (397 cm−1) and Eg
(144 and 636 cm−1) with an intense peak at 144 cm−1.

Fig. 4 presents the GIXRD patterns of the (a) TiO2/Al2O3 nanola-
minate, (b) Al2O3 film, (c) TiO2 film and (d) bare Ti-6Al-4V substrate.
The results corroborate with those of Raman, evidencing the presence
of the anatase phase for the TiO2 and TiO2/Al2O3 films and the amor-
phous structure of the Al2O3 film. Additionally, the spectrum of the
bare-Ti-6Al-4V substrate (Fig. 4d) is shown, confirming the α-structure
of the Ti alloy [27]. From this spectrum, the presence of the substrate
signal in the ALD covered-samples was observed. This fact is due to thin
thickness of the films: 355 nm Al2O3, 100 nm TiO2 and 85 nm TiO2/
Al2O3 [15].

3.2. Adhesion and hardness

The adhesion of the films was evaluated using the VDI 3198 stan-
dard test [20] and the failure was classified as acceptable and un-
acceptable. The indentation marks in Fig. 5 show that all films pre-
sented acceptable failures according to the standard, as no substrate
exposition was observed. The TiO2/Al2O3 nanolaminate (Fig. 5a) and
Al2O3 (Fig. 5b) presented radial cracks around the indentation mark
indicating brittleness but high adhesion to the substrate. The TiO2 film
(Fig. 5c) presented better adhesion as no crack or delamination was
observed around the indentation mark. Following the VDI 3198 stan-
dard, the Al2O3 and TiO2/Al2O3 films demonstrated HF3 level, while
the TiO2 film HF1.

The resistance of the films was evaluated by scratch test, and the
results are presented in Fig. 6 with the optical images from the scrat-
ched track. In addition, the plots of the friction coefficient (COF) (pink
line), the normal load (FN) (black line), and acoustic emission (green
line) as a function of time are presented in Fig. 6 for (a) Al2O3 (b) TiO2

and (c) TiO2/Al2O3 nanolaminates. The plastic deformation of the Ti-
6Al-4V substrate is the main cause of the coating failure, because the
coating follows the substrate deformation until the point where the
tensile stress inside and at the interface of the coating leads to cracking
and delamination of the film [28]. The first critical normal load, LC1,
was related to the first damages or cracks on the films and was evi-
denced by the rise in the acoustic emission. The second critical load,
LC2, was related to the complete coating failure. Fig. 6(a) shows the
scratching test results for Al2O3 film and is possible to see some lateral
cracks on the beginning of the track but the film remains on the track
keeping low friction coefficient until 27 N. The film failure was evi-
denced by the increase on the friction coefficient and by the acoustic
emission signal. Concerning to Fig. 6(b), similar to Al2O3, the TiO2 film
presented some lateral cracks from the start of the track but the friction
remained low until 20 N when the film failed completely, and the
friction coefficient increased to around 0.32. The TiO2/Al2O3 nanola-
minate (Fig. 6c) failure at the beginning of the track was evidenced by
the optical images from the track and the friction coefficient that was
around 0.4 since the beginning of the test. This lower resistance to
scratch can be attributed to crystallization of TiO2 grains on the film
structure as showed by Testoni et al. [15]. More details about failure
modes can be found in ASTM C1624-05 [19].

The nanohardness of the films was evaluated and was
8.08 ± 1.6 GPa for TiO2/Al2O3, 9.76 ± 0.22 GPa for Al2O3,
6.86 ± 0.78 GPa for TiO2. The nanolaminate presented intermediate
hardness compared with Al2O3 and TiO2.

3.3. Tribocorrosion

The tribocorrosion was evaluated through the evolution of OCP on
static and dynamic mode. Fig. 7 shows the evolution of OCP before,
during and after tribocorrosion tests on bare Ti-6Al-4V and covered
with Al2O3, TiO2 and TiO2/Al2O3 films immersed in Ringer's solution at
room temperature. In the Ti-6Al-4V sample, was possible to observe an
increase of the OCP before the start of sliding, which can be attributed
to the growth of the passive film. All coated samples presented higher
OCP values (about +0.5 V) before tribocorrosion test and around 0 V
during tribocorrosion test. After the tribocorrosion test, the OCP of
Al2O3 film recovered instantly while for TiO2/Al2O3 nanolaminate and
TiO2 film the recovery was gradual. The recovery of the OCP at the end
of the movement indicates that the newly formed passive film, together
with the mixed mechanical layer has quite similar characteristics as the
naturally formed film before the sliding [29]. After the tribocorrosion
the tracks were analyzed but it could not be found and no wear could be
detected for all covered samples.

Fig. 8 shows the friction coefficient results obtained during tribo-
corrosion tests using alumina ball against bare and covered Ti-6Al-4V.
Samples with the thin films had a friction coefficient lower than that
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recorded for the Ti6Al4V samples (~0.31). The TiO2/Al2O3 nanolami-
nate presented the lowest friction coefficient (~0.14). These results
indicate that the TiO2/Al2O3 nanolaminate film is a promising top
coating with low friction coefficient. Nevertheless, the results from the
scratch test suggest that the films are indicated for use in low load
applications, such those that can be expected for a dispositive used for
implanted sensors.

4. Conclusion

In this paper, the tribocorrosion behavior of bare Ti-6Al-4V and
Al2O3, TiO2 and TiO2/Al2O3 covered Ti-6Al-4V was investigated in
Ringer's solution for static and dynamic modes under 1 N, 1 Hz at re-
ciprocating conditions. The Al2O3 film presented higher Lc2 (~27 N),
followed by TiO2 (~20 N) and TiO2/Al2O3 (~1 N). All films improved
the tribocorrosion and tribological behavior in relation to the Ti-6Al-4V
sample. All films reduced the friction coefficient and TiO2/Al2O3 na-
nolaminate presented the lowest friction reduction when compared
with the bare Ti-6Al-4V sample. Analyzing tribocorrosion and ad-
herence results, it can be concluded that these films are indicated for
use in devices operating at fixed positions or for low load applications,
as example in the case of the dispositive used for implanted sensors in
the body.
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