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A B S T R A C T

Alumina and hafnia films produced by the atomic layer deposition were applied to commercially pure Ti and 
stainless steel 316L specimens for protection under simulated human body conditions. The ALD films were 
deposited at 180 ◦C and 260 ◦C to determine how the deposition temperature affect the films’ protective 
properties. Surface analysis of the ALD films included scanning electron microscopy, transmission electron mi
croscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The barrier properties were tested electro
chemically using potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS) techniques in 
a simulated body solution at 37 ◦C. Alumina thin films showed substantial barrier properties, but after 30 days of 
immersion, the alumina dissolved regardless of the deposition temperature. EIS tests themselves promoted the 
dissolution of alumina. In contrast, the barrier properties of hafnia depended significantly on deposition tem
perature. Hafnia deposited at 180 ◦C exhibited substantial protective properties and remarkable stability over an 
extended immersion period. However, when deposited at 260 ◦C hafnia films showed strong protection at the 
outset, but after a few days of immersion, they lost their protective ability due to porosity. The key factors 
affecting the barrier properties of ALD hafnia films were the proportion of the crystalline phase and how crys
tallites formed.

1. Introduction

Titanium-based alloys, stainless steel and Co-Cr-based alloys are the 
most used metallic materials for medical purposes, primarily as implant 
devices [1]. The choice for these materials is based on their mechanical 
properties and chemical stability, i.e. resistance to corrosion in the 
human body fluids, which ultimately reflects on the biocompatibility of 
the material [2,3]. However, due to different chemical and mechanical 
properties, these materials are used for different purposes [1,3]. For 
example, commercially pure Ti (cp-Ti) is characterised by the best 
corrosion resistance thanks to the naturally formed thin passive titania 
(TiO2) film that effectively protects it in a wide range of potentials and 
pH values [4–6]. However, it is susceptible to fretting corrosion, i.e. 
corrosion supported by mechanical wear of the material [7,8]. Because 
of that, cp-Ti is used for implant parts not exposed to mechanical loads, 
such as pacemakers, artificial heart valves, and dental and maxillofacial 
implants [8]. On the other hand, medical stainless steel 316L (SS316L) 

has better mechanical properties, i.e. strength and wear resistance, than 
cp-Ti [9], but it is susceptible to pitting corrosion, which can cause se
vere consequences due to the release of toxic metal ions (Cr and Ni) into 
the human body [3,6,10]. Therefore, SS316L is mainly used for tem
porary implant components (like screws, plates, nails, etc.) [2].

Due to the drawbacks mentioned above, various methods were used 
to improve surface properties, either mechanical features or corrosion 
resistance [11]. For example, implantation of the N ions [12,13] and 
surface plasma treatment [11] were often used. Also, different types of 
physical vapour deposition (PVD) [14,15] and chemical vapour depo
sition (CVD) [16] techniques are being investigated. One such tech
nique, a subtype of the CVD technique, is atomic layer deposition (ALD) 
[17], which enables the formation of nanometric thin films with high 
thickness uniformity and conformity on very complex nano-shaped 
surfaces or even inside nanoporous materials [18,19]. Another advan
tage of the ALD technique is the possibility of forming defect- and 
impurity-free films based on a pure gas-to-solid chemical reaction [20]. 
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Thanks to the applications in numerous fields of science and technology, 
ALD processes have been developed targeting different materials [21]. 
In the medical field, the focus has remained mainly on a few materials 
suitable for these applications. These are films of alumina (Al2O3) 
[22–25], zirconia (ZrO2) [26–28], titania (TiO2) [27,29,30], and hy
droxyapatite (HA) [31] as bioactive material. However, despite the high 
uniformity and the possibility of producing defect-free thin films, ALD 
films have some drawbacks that need further investigation to establish 
their application in medicine. Namely, if alumina is deposited below 600 
◦C, it forms an amorphous film, which acts as a good barrier in terms of 
corrosion protection [32]. However, under certain conditions, an 
amorphous film shows instability in water solutions [33,34]. On the 
other hand, some metal oxides, such as titania [20,35], zirconia [36] and 
hafnia (HfO2) [36,37] quickly form a crystalline phase already at lower 
temperatures, so that corrosive species from the surrounding fluid can 
reach the boundaries of the crystal grains [32,35]. Due to the 
cost-effectiveness and duration of the ALD processes, nanometer-thick 
films are usually deposited up to 100 nm. Such films will be damaged 
if mechanically loaded under wear conditions, representing another 
general disadvantage of ALD films. Therefore, applying ALD thin films in 
medicine is limited to parts of orthopaedic implants that are not sub
jected to contact wear, e.g. dental, cardiovascular and cochlear implants 
[38]. ALD is also used for specific applications in biotechnology, such as 
biosensors and diagnostics, modification of nanoporous materials, bio
templating, etc. [39].

The deposition of alumina has hitherto been the most studied ALD 
process [40]. Thanks to the long-lasting, well-established use of alumina 
in the bulk form in medicine [41,42], several studies aimed to modify 
different substrates for medical applications with alumina ALD films 
[22–25]. Of these, only one study focused on the protective properties of 
ALD alumina on a metal substrate (SS316L), proving to be a promising 
solution for the corrosion susceptibility of SS316L under human body 
conditions [22]. Generally, in all studies [22–25], ALD alumina was 
presented as a potentially usable material for implantation devices. 
However, some studies not related to medical applications have warned 
about the possible instability and solubility of ALD alumina in different 
media, including aqueous solutions [33,34].

Another metal oxide obtained by the ALD method, which has been 
widely researched in electronics as a dielectric material, is hafnia [43,
44]. For medical purposes, ALD hafnia has been investigated only by our 
group so far. The exceptional stability of hafnia in simulated body 
conditions and good barrier properties during 40 days of immersion 
were established when deposited as a relatively thick film of 150 nm and 
on the chemo-mechanically polished cp-Ti [45]. In addition, the 
biocompatibility of hafnia films obtained by anodic oxidation was 
investigated, but without considering the barrier properties [46]. 
Interestingly, some studies dealt with pure metal Hf as an alternative 
metal for implantation as it is chemically very similar to Ti and analo
gously passivated with a protective layer of hafnia, although much 
heavier [47]. Hf, when implanted in mammal tissue, have the same 
response as Ti and, in general, the potential usability for the production 
of implants [47,48]. Hafnia film, produced by ALD, has been scarcely 
investigated as protection in the field of corrosion, although it is known 
to have good insulating properties due to its good dielectric properties 
[49]. Thus, Daubert et al. reported that among several different metal 
oxides produced by ALD (Al2O3, TiO2, ZnO, HfO2, and ZrO2), hafnia 
exhibits the best coating quality after extended exposure in aqueous 
NaCl solution [35]. In addition, in a favourable temperature range, from 
100 ◦C to 350 ◦C, ALD hafnia film shows an increase in crystallinity, 
which allows controlling the protective properties as well [37,50].

This study continues and complements the previous studies; in the 
first, we focused on the protective properties of alumina and hafnia ALD 
films of 160 and 150 nm in thickness [45], and in the second, on 20 and 
60 nm thick films of alumina and alumina in combination with hafnia 
[51]. Also, our recently published study, where we focused exclusively 
on biological research, i.e. their biocompatibility and antibacterial 

properties, has shown that these materials in the form of thin films are 
worthy of further research [52]. This study deals with the effect of the 
deposition temperature on the protective properties of alumina and 
hafnia ALD films over a longer period of exposure to simulated condi
tions of the human body. ALD films of 80 and 60 nm in thickness were 
deposited at 180 ◦C and 260 ◦C and tested immediately after deposition 
(mark “as-deposited”) and during long-term exposure in simulated 
human body conditions. As substrates, polished cp-Ti and SS316L were 
used. The protective properties of alumina and hafnia films were tested 
using potentiodynamic polarisation (PDP) technique and electro
chemical impedance spectroscopy (EIS) to evaluate stability during 
long-term exposure. For additional characterisation of the ALD films, 
scanning electron microscopy (SEM) for investigation of the 
morphology, grazing incidence X-ray diffraction (GI-XRD) to determine 
the crystallinity of the films and focused ion beam (FIB) for inspection of 
structure and thickness at the cross-section site, were performed. 
Transmission electron microscopy (TEM) analysis was applied exclu
sively for a detailed inspection of the hafnia films regarding the for
mation of aggregates. X-ray photoelectron spectroscopy (XPS) surface 
analysis and depth profiling were employed for the elemental and 
speciation analysis of specimens subject to electrochemical analysis.

2. Experimental part

2.1. Substrate materials

Cp-Ti and SS316L specimens in the shape of a disc of 2.0 mm in 
thickness and 15 mm in diameter, supplied by GoodFellow Cambridge 
Ltd., were used as substrate materials. The cp-Ti was grade 2, with a high 
purity of 99.6 %, and SS316L with the composition of the main alloying 
elements as follows: 18 wt. % Cr, 10 wt. % Ni and 3 wt. % Mo, rest Fe, as 
reported by the supplier.

Both materials, cp-Ti and SS316L, were ground and then polished 
until a mirror-like surface appearance (LaboPol-5, Struers). Grinding 
was performed gradually with SiC emery papers of 500, 1000 and 2400 
grit (Struers, Denmark), followed by chemical-mechanical polishing 
with silica (SiO2) suspension (OP-S) with a particle size of 0.25 μm on a 
suitable material according to Struers’ recommendations, and with 
controlled addition of chemical reagents. For cp-Ti, 30 % H2O2 and 25 % 
NH4OH (Merck KGaA) were used, while for SS316L, 30 % H2O2 and 3.5 
% HCl (Merck KGaA). Afterwards, the specimens were successively 
rinsed with Milli-Q water and cleaned in 99.6 % ethanol (Merck KGaA) 
using an Elmasonic series P ultrasonic bath (Elma Schmidbauer GmbH) 
for 15 min and then dried with high-pressured nitrogen gas. Such pre
pared specimens were stored overnight (about 16 h) in a vacuum 
desiccator filled with commercial hygroscopic silica gel to ensure uni
form surface conditions before ALD depositions or electrochemical tests.

2.2. Atomic layer deposition procedures

Thin films of alumina (Al2O3) and hafnia (HfO2) were deposited 
using a TFS 200 system from Beneq Oy. Alumina was deposited using 
trimethylaluminium (Al(CH3)3 or TMA, 99.99 % PURATREM, STREM 
Chemicals Inc.) as the first precursor. Hafnia was deposited using tet
rakis(ethylmethylamido)hafnium(IV) (Hf[N(CH3)(C2H5)]4 or TEMAH, 
99.99 % PURATREM, STREM Chemicals Inc.) as the first precursor. 
Milli-Q water (resistivity 18 MΩ cm2 at 25 ◦C, Billerica, MA) served as 
the second precursor for both types of films. For alumina, the ALD cycle 
consisted of a 0.35 s TMA dose, a 2 s N2 purge, a 0.3 s water dose, and a 2 
s N2 purge, with an assumed growth rate per cycle (GPC) of ca. 1 Å/ 
cycle, as reported previously with similar conditions [53–55]. For haf
nia, the ALD cycle consisted of a 0.5 s TEMAH dose, a 2 s N2 purge, a 0.2 
s water dose, and a 2 s N2 purge, with an assumed GPC of 0.95 Å/cycle. 
These parameters were optimised in previous experiments (unpub
lished) and are partially based on earlier reports [36,55,56]. The target 
thicknesses of the alumina and hafnia ALD films were 60 nm, and 
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accordingly, 600 cycles for alumina and 630 cycles for hafnia films were 
performed. Both described ALD procedures were performed at 180 ◦C 
and 260 ◦C. The notation of the specimens is shown in Table 1.

2.3. Electrochemical measurements

All electrochemical measurements were performed using potentio
stats/galvanostats with electrochemical impedance modulus, Autolab 
PGSTATs 302 N, M204 and 12, controlled by Nova 2.1.4 software, 
supplied by Metrohm AG. The standard three-electrode system was used 
with an Ag/AgCl (3 M KCl) electrode (E = 0.192 V vs. SHE) as the 
reference electrode and a carbon rod as the counter electrode. The 
specimen, serving as a working electrode, was tightened in a suitable 
Teflon holder with a 1 cm2 area exposed to the electrolyte solution. All 
the potentials in the text are given with respect to the Ag/AgCl electrode. 
The electrochemical tests were performed in an Autolab 400 mL 
corrosion cell thermostated at 37 ± 0.1 ◦C, with the Hanks’ solution as 
the electrolyte, with a pH of 7.4, simulating human body conditions. The 
composition of the Hanks’ simulated physiological solution is given in 
Table 2. All chemicals used to prepare the electrolyte were of p.a. purity 
and were supplied by Merck and Sigma-Aldrich.

Specimens were subjected to cyclic potentiodynamic polarisation 
(PDP) and electrochemical impedance spectroscopy (EIS) tests. Before 
the PDP tests, specimens were allowed to rest and stabilise for a mini
mum of 1 h at the open circuit potential (OCP). PDP curves were ob
tained using a scan rate of 1 mV/s, starting at − 0.1 V vs. OCP to avoid 
possible hydrogen adsorption on the metal surface. In the case of cp-Ti 
specimens, polarisation in the anodic direction was allowed up to 4 V 
for uncoated and even up to 6 V for ALD-coated specimens. For the 
SS316L specimens, due to susceptibility to pitting corrosion, the polar
isation in the anodic direction continued until the current reached a 
value of 10–3 A/cm2.

The long-term EIS tests were performed for non-coated and coated 
specimens using the same procedure. Frequencies ranged from 100 kHz 
to 1 mHz, and an AC excitation voltage was 10 mV (rms, root-mean- 
square), with a frequency step of 7 points per decade. The tests were 
performed after selected immersion times: 1 h, 5 d, 15 d, 20 d, 30 d, 40 
d and 50 d, but only representative measurements are shown in this 
study. Although the EIS technique is considered non-destructive, for 
comparison, the second group of specimens was immersed in the Hanks’ 
solution for 50 days, but without EIS measurements. Both types of 
specimens were then analysed by XPS.

2.4. Material and surface characterisation

Morphological features of uncoated and ALD-coated specimens were 
analysed by scanning electron microscopy (SEM), FEI Helios 650 
Nanolab. Specimens have been coated with a several-nanometer-thick 
layer of carbon to avoid charging. SEM imaging was performed at a 
beam acceleration voltage of 3 kV to gather information on the topmost 

surface of the specimens. Cross-section surfaces of ALD-coated speci
mens were obtained using a focused ion beam (FIB), FEI Helios 650 
Nanolab, with Ga+ ions as an etching beam. Before the analysis, an 
additional 2.5 μm-thick Pt protective layer was deposited over the 
selected site. The cross-section was then made by rough etching of ALD 
films and fine polishing using a lower current. Then, the cross-section 
images were taken by SEM to check the homogeneity and thickness of 
the ALD films.

Detailed structural investigations of cp-Ti specimens coated with 
hafnia films were performed by transmission electron microscopy 
(TEM), JEOL JEM-2010F, equipped with Oxford Instruments EDS ISIS 
300 system. For this purpose, selected specimens were prepared as la
mellas using FIB, FEI Helios 650 Nanolab. This was performed by using 
Ga+ ions as an etching beam. Final polishing was performed with Ga+

ions at 1 kV/100 pA for 1 min on each side, enabling the removal of the 
amorphous residue and gallium artefacts. The final thickness of the 
lamella was below 50 nm.

For surface analyses and depth profiling after EIS long-term tests and 
after immersion of 50 days in tested conditions, X-ray photoelectron 
spectroscopy (XPS), Physical Electronics PHI-TFA, was used. The ana
lysed area was 0.1 mm2, and the depth analysis was 3–5 nm. As the 
source of X-rays, an Al-anode with a monochromator with photon 
emission energy of 1486.6 eV and an analysed area of 400 μm in 
diameter was used. The depth profile was obtained using a 3 keV Ar+ ion 
beam rastering over 3 × 3 mm, with a sputtering rate of 1.5 nm/min for 
alumina and 1.0 nm/min for hafnia films. Commercial SiO2 was used as 
a standard for determining the etching rate. XPS spectra were analysed 
by Multipack V8.1 C software (Physical Electronics Inc.) and were 
normalised relative to the position of the C 1 s peak at 284.8 eV. The 
binding energy positions of the main metal and nonmetal peaks were 
corrected relative to the position of the C 1 s peak at 284.8 eV.

X-ray diffractometry (XRD), Empyrean Malvern PANalyticalm, in 
grazing incidence (GI-XRD) mode, was used to estimate the crystallinity 
of the ALD films. Measurements were performed with Cu Kα1 radiation 
(λ = 1.5406 Å) at 45 kV and 40 mA. A hybrid monochromator with a 1/ 
16◦ slit was used on the incident beam side, and a parallel plate colli
mator with a 0.27◦ opening was used on the diffracted beam side. The GI 
angle (ω) was fixed at 1◦, and the X-ray patterns were collected in the 2θ 
range from 20◦ to 80◦ with a step size of 0.02◦.

3. Results and discussion

3.1. Materials and surface characterisation

The method, supported by the chemical action of the reagents, pro
duces mirror-like surfaces of cp-Ti and SS316L with visible crystal grains 
under SEM investigation. The smoothness of the surfaces is of the order 
of 10 nm, as reported in the previous work [45]. Developed prepara
tional procedures ensured the most uniform conditions on both sub
strates equally and were suitable for subsequent characterisation of the 
ALD films. SEM characterisation for polished surfaces of cp-Ti and 
SS316L has been demonstrated in previous articles [45,51].

Table 1 
Notation of specimens used in the study.

Specimen Notation Specimen Notation

commercially pure Ti cp-Ti stainless steel 316L SS613L
cp-Ti coated with ALD 

alumina deposited at 180 
◦C

Ti-AL180 SS coated with ALD 
alumina deposited at 180 
◦C

SS- 
AL180

cp-Ti coated with ALD 
alumina deposited at 260 
◦C

Ti-AL260 SS coated with ALD 
alumina deposited at 260 
◦C

SS- 
AL260

cp-Ti coated with ALD 
hafnia deposited at 180 ◦C

Ti- 
HF180

SS coated with ALD 
hafnia deposited at 180 
◦C

SS- 
HF180

cp-Ti coated with ALD 
hafnia deposited at 260 ◦C

Ti- 
HF260

SS coated with ALD 
hafnia deposited at 260 
◦C

SS- 
HF260

Table 2 
Chemical composition of the Hanks’ simulated physiological 
solution.

Components Concentration (g dm-3)

NaCl 8.0
KCl 0.40
NaHCO3 0.35
CaCl2 0.14
MgCl2 ⋅ 6H2O 0.10
MgSO4 ⋅ 7H2O 0.06
Na2HPO4 ⋅ 2H2O 0.06
KH2HPO4 0.06
Glucose 1.0
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Fig. 1 shows the surface morphologies of as-deposited ALD films. The 
morphology of alumina films depends on the substrate, while there are 
no differences when they were deposited at different temperatures, 180 
◦C and 260 ◦C. In Fig. 1a and b, examples are given for Ti-AL180 and SS- 
AL260, and the images for Ti-AL260 and SS-AL180 are shown in the 
Supplemental information (Fig. S1a and b). During the deposition 
process, aggregates of various sizes formed on both substrates. Most 
aggregates were sized approximately 1 µm (Fig. 1a and b) and may 
represent weak spots due to possible electrolyte leakage around them. 
However, in the case of SS316L, a larger portion of smaller aggregates 
was present over the substrate surface (Fig. 1b). These aggregates can be 
caused in two ways: (1) by non-ideal gas-to-solid ALD reaction [21], and 
(2) by surface irregularities and defects on the substrate that can trigger 
accelerated aggregate growth within the continuous film [57]. A 
non-ideal ALD reaction may result from deposition temperatures that 
are too low, preventing the precursor from fully reacting, or from 
excessively high temperatures, which can lead to thermal decomposition 
of the precursor upon contact with the hot substrate. In both cases, the 
result can be a localised accumulation of deposited material and un
wanted species on random areas of the substrate surface. However, in 
this study, depositions were carried out using usual ALD parameters, and 
at temperatures commonly used for the TMA precursor [40,54]. 
Furthermore, the morphology of the aggregates appears similar at both 
low and high deposition temperatures—i.e., at 180 ◦C and 260 ◦C—but 
differs significantly between substrates, cp-Ti and SS-316 L. This sug
gests that the formation of aggregates is primarily influenced by the 
surface characteristics of each substrate, likely due to grain boundary 
defects or imperfect surface polishing [51].

Unlike alumina, hafnia films showed different morphologies at 
different temperatures, regardless of the type of substrate (Fig. 1c and 
d). Examples are given for films deposited on SS316L, whereas images 
for films deposited on cp-Ti are given in the Supplemental Information 
(Fig. S1c and d). The hafnia film deposited at 180 ◦C had a uniform 

surface without large aggregates (Fig. 1c), but on the lower scale, it can 
be seen that it is composed of nanometric grains (inset in Fig. 1c). 
However, when deposited at 260 ◦C, the films were rich in micrometre- 
sized aggregates (Fig. 1d). The latter seems to be the characteristic 
feature of ALD hafnia film grown at higher temperatures, i.e. at 260 ◦C. 
In this case, the nanometric grains form the main part of the film as well, 
but they are more densely distributed (inset in Fig. 1d) than hafnia 
deposited at 180 ◦C. A similar morphology of hafnia thin films, i.e., thin 
films composed of nanometric grains, has been observed in a previous 
study [58], and this will be discussed in more detail later based on the 
TEM results. Thus, in the case of hafnia thin film deposition, the type of 
substrate does not significantly influence the film morphology; however, 
temperature is a key parameter that determines the surface appearance 
of the films.

Regarding the thicknesses of the ALD films, the alumina was grown 
with a slightly higher GPC than expected, giving thicker films (ca. 80 
nm), while in the case of the hafnia films, they corresponded to a 
thickness of about 60 nm with non-uniformity in the case of 260 ◦C due 
to the presence of the big aggregates. Related results of FIB cross- 
sections on the ALD films on both substrates are given in the Supple
mental information (Fig. S2 and S3).

The presence of a crystal phase may represent a drawback regarding 
the barrier properties of the ALD films, due to the possibility of elec
trolyte leakage at the crystal grain boundaries [20,32]. In the case of 
hafnia, it has been reported that if grown above 200 ◦C, it tends to form a 
crystalline phase [37,50]. Considering the appearance of large aggre
gates at higher temperatures (Fig. 1d), it could be assumed that they are 
related to crystalline grains. This is further investigated using GI-XRD 
and TEM investigations. GI-XRD measurements were made to deter
mine if there is a difference in crystallinity between ALD films deposited 
at lower and higher temperatures. As a substrate, cp-Ti was chosen for 
simplicity. As expected, alumina was amorphous regardless of the 
deposition temperatures (Fig. 2a), considering alumina tends towards 

Fig. 1. SEM images of ALD coated cp-Ti and SS316L substrates; a) surface morphology of alumina deposited on cp-Ti at 180 ◦C, b) surface morphology of alumina 
deposited on SS316L at 260 ◦C, c) surface morphology of hafnia deposited at 180 ◦C on SS316L, d) surface morphology of hafnia deposited at 260 ◦C on SS316L. The 
magnification was 10,000 ×, while in the inset micrographs, it was 50,000 ×. Images for Ti-Al260, SS-AL180, Ti-HF180 and Ti-HF260 are given in the Supplemental 
information.
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an amorphous structure as long as ALD deposition is performed below 
600 ◦C [32]. Only peaks for Ti were detected, as these films were too thin 
to avoid the signal from the substrate.

In contrast to alumina, hafnia films showed different crystallinity at 
different deposition temperatures. At 180 ◦C, the XRD spectrum 
exhibited a broad feature in the range from 25 ◦ to 40 ◦C of 2Θ values 
where peaks for crystalline hafnia are expected (Fig. 2b). This feature 
indicates rather the amorphous structure of the film, possibly with the 

presence of very small crystallites [37]. TEM analysis showed that 
nano-sized crystallites or grains were indeed present in the film (Fig. 3a 
and b). The images clearly show the crystallite with a conical shape on 
the film’s surface. After the deposition at 260 ◦C, hafnia showed a 
considerably higher proportion of crystallinity (Fig. 2b). Reflections for 
(− 111), (111) and (020) crystal planes were observed, which is 
consistent with the previous investigations [50,56]. TEM analysis of this 
film showed that all large aggregates, as well as those on the nanometer 

Fig. 2. GI-XRD spectra of a) alumina films deposited at 180 ◦C and 260 ◦C, and b) hafnia films deposited at 180 ◦C and 260 ◦C on the cp-Ti substrate.

Fig. 3. TEM images of the lamellae prepared by FIB; cross-sections show crystallites of a, b) hafnia deposited on cp-Ti at 180 ◦C and c, d) hafnia deposited on cp-Ti at 
260 ◦C. Image (b) presents the area marked by the yellow box in (a) at a larger magnification. The white arrows denote the crystallite boundary.
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scale (Fig. 1d), were due to the formation of the crystalline phase at 260 
◦C. An example of a large aggregate is shown in Fig. 3d, and a grain is 
shown in Fig. 3c.

Morphologies of alumina and hafnia films (Fig. 1) and TEM images of 
hafnia on the cross-section sites (Fig. 3) can be used to postulate the 
modes of films’ growth. Generally, there are four growth modes of ALD 
films: two-dimensional growth mode (layer-by-layer growth or Frank
–van der Merwe growth), island growth mode (Volmer–Weber growth), 
mixed growth mode (Stranski–Krastanov growth) and random deposi
tion or statistical growth mode [40]. Considering the morphology of 
hafnia films with nanometric grains, island growth mode occurs during 
the deposition at both temperatures (insets in Figs. 1c and d), as re
ported in detail previously [59]. However, when deposited at 260 ◦C, 
these grains are much more densely distributed, i.e., the island growth 
mode is more pronounced at higher temperatures.

For alumina films (Fig. 1a and b), surface morphology appears 
predominantly smooth, and if those large agglomerates are attributed to 
surface features and defects, it can be concluded that the two- 
dimensional growth mode prevails. Also, it is consistent with previous 
reports for ALD alumina films obtained by TMA and water [40].

Regarding the crystallite formation itself, according to the literature, 
there are three models: 1) growth of a crystallite from initial nuclei 
embedded in an amorphous film; 2) growth of a crystallite from initial 
nuclei embedded in an amorphous film, and crystallisation of the 
amorphous regions next to the grains; 3) growth of ALD film directly in 
crystalline form, starting from separate crystalline nuclei [32]. In the 
case of Ti-HF180, it is about the second model, where the initially 
amorphous region surrounding the crystal grain gradually crystallises 
during growth (Fig. 3a and b), as also reported for TiO2 [60]. Fig. 3b 
shows the boundary of the crystallite and the surrounding crystallised 
region. Interestingly, it turned out that this way of growing the film 
positively affects the film’s barrier properties. Namely, electrochemical 
tests showed this film has excellent impermeability (vide infra).

In the case of Ti-HF260, small crystal grains grow from the substrate 
with a defined boundary with the surrounding film or other crystallites 
(Fig. 3c). This appearance seems consistent with the third model, which 
was postulated based on simulation studies [32,61,62]. This way of 
direct and independent crystallite formation negatively affects the bar
rier properties of the hafnia film, as shown by electrochemical tests (vide 
infra). In addition, Ti-HF260 showed large aggregates (Fig. 3d), the 
cause of which is unknown and which exceed the thickness of the film 
itself. When the crystallites are very large, a model is assumed to be one 
in which the crystallisation of the amorphous region around the initial 
grain continues pre-intensively [50,60]. It would mean that the amor
phous phase in the hafnia film deposited at 260 ◦C crystallises enor
mously around some grains, forming large aggregates. Another 
possibility is that due to the high deposition temperature (260 ◦C), 
which is close to the decomposition temperature of the used precursor 
(TEMAHf) at around 275 ◦C [56,63], the adsorbed precursor has been 
decomposed on some sites on the surface, which is the reason for 
non-uniformity of the films, and formation of such aggregates.

3.2. Short-term protective properties

Fig. 4 shows PDP curves for uncoated cp-Ti and coated specimens 
with alumina and hafnia films. Cp-Ti is a metal of good corrosion 
resistance due to passivation in simulated human body conditions. After 
the Tafel region of the PDP curve, a broad passivation plateau with 
almost constant current density is established due to the insulating 
passive film [5,6]. At potentials above 3 V, the current density increases 
slightly due to the evolution of oxygen, but as valve metal, cp-Ti does not 
dissolve even at such high potentials [64]. In the previous study, the 
behaviour of cp-Ti in the same testing conditions was explained in more 
detail [45].

Regarding the ALD protection, both alumina films reduced the cur
rent density by more than two orders of magnitude with a slight increase 

in the corrosion potential (Fig. 4). With a further increase in potential, 
both alumina films, along with the ability of Ti to be passivated, 
significantly prevent the increase in current. Therefore, alumina films 
are chemically inert under the tested conditions and have very low 
porosity. In addition, it can be noticed that the alumina deposited at the 
higher temperature, Ti-AL260, better retains the increase in current in a 
broad potential region than alumina deposited at the lower temperature, 
Ti-AL180. From this, alumina deposited at a higher temperature has 
slightly better insulating properties than that at a lower temperature, at 
least from PDP short-term measurements.

In the case of hafnia, a reduction in the corrosion current density is 
also observed, but slightly less than in the case of the alumina films, 
which is the consequence of the smaller thickness of the hafnia films 
(Figs. S2 and S3). This reduction is about two orders of magnitude 
(Fig. 4). A similar behaviour was noticed as for alumina films, i.e. with 
the increase of the potential in the anodic curve, the current increases 
faster for the film deposited at a lower temperature, Ti-HF180. This may 
indicate that the ALD films from alumina and hafnia deposited at a 
higher temperature have better insulating properties. Considering 
slightly different thicknesses and comparing the reduction of corrosion 
current densities of alumina and hafnia films, both seem to offer equal 
corrosion protection on cp-Ti as the substrate material.

The protective effect of ALD films on the metal surface is even more 
pronounced on SS316L specimens. Fig. 5 shows the PDP curve of the 
uncoated SS316L specimen compared to the ALD-coated specimens. 
SS316L is also known as a metal with good resistance to corrosion in 
simulated human body conditions [2,6] owing to the formation of the 
insulating passive film with an outer layer rich in Fe oxide and an inner 
layer rich in Cr oxide [65,66]. Due to the formation of the oxide layer 
with a duplex structure, the passive region is established between 0.3 V 
and 0.6 V with an almost constant current density. Around 0.6 V, the 
passive film breaks down, and pitting corrosion occurs.

As for cp-Ti, ALD films improve resistance to pitting corrosion and 
significantly reduce the current density (Fig. 5). Alumina films reduce 
the corrosion current densities by more than two orders of magnitude. 
The OCP shifted by 0.25 V more positively, suggesting that the films 
slowed the anodic reaction compared to bare SS316L. But, what is more 
significant is that alumina films raised the breakdown potential or the 
onset of pitting corrosion from 0.6 V for uncoated SS316L to about 1.2 V. 
Furthermore, similar to the cp-Ti specimens, a slight difference in cur
rent density retention is noticeable between alumina deposited at 180 ◦C 
and 260 ◦C. Namely, it seems that alumina deposited at the higher 

Fig. 4. Potentiodynamic polarisation curves recorded in the Hanks’ simulated 
physiological solution at 37 ◦C for bare cp-Ti and cp-Ti coated with alumina and 
hafnia films deposited at 180 ◦C and 260 ◦C. dE/dt = 1 mV s− 1.
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temperature, SS-AL260, shows better insulating properties because the 
current density increases somewhat more slowly with the increase in 
potential than SS-AL180.

The behaviour of the hafnia films on the SS316L is similar to that on 
the cp-Ti specimens, with a smaller current density reduction than the 
alumina films due to the smaller thickness of the hafnia (Figs. S2 and 3). 
At the same time, the OCP was more or less unchanged (Fig. 5). Hafnia 
also raised the breakdown potential to about 1.2 V. However, the dif
ference between hafnia films deposited at different temperatures is not 
noticeable. More about the efficient protection of alumina and hafnia 
films on both substrates will be demonstrated from EIS long-term 
measurements.

3.3. Long-term protective properties

Fig. 6 shows the EIS measurements of uncoated cp-Ti and SS316L 
specimens during 50 days of immersion in the Hanks’ simulated physi
ological solution. Their tendency to be passivated in SBF solutions is 
observable here as the expansion of the phase angle plateau and its value 
approaching − 90◦. The impedance value of cp-Ti increased at low fre
quencies with immersion time (Fig. 6a), resulting from the passive film’s 
increased capacitance due to its thickening [4]. In the case of SS316L, 

constant impedance values are observed during the immersion period 
(Fig. 6b). However, the insulating properties of the passive film 
improved, which is evident from the expansion of the plateau of the 
phase angle curve.

After the deposition of alumina films on cp-Ti and SS316L specimens 
and EIS testing during 50 days of immersion, significant changes in the 
electrochemical properties of the specimens are observed (Fig. 7). In the 
first 30 days, the alumina films Ti-AL180 and Ti-AL260 were stable 
(Fig. 7a and b). The impedance value at low frequencies increased by 
two orders of magnitude, and the plateau of the phase angle values 
expanded to almost − 90◦ compared to the uncoated cp-Ti specimen 
(Fig. 6a). This is characteristic of a capacitive surface [67]. Similarly, for 
the SS-AL180 and SS-AL260 specimens (Fig. 7c and d), the increase in 
impedance values and the expansion of the plateau of the phase angle 
curve occurred during 30 days of immersion, compared to the uncoated 
specimen SS316L (Fig. 6b). However, for all four types of films 
(Ti-AL180, Ti-AL260, SS-AL180 and SS-AL260), a narrowing of the 
phase angle curve and a significant drop in the impedance values can be 
observed after 40 days of immersion. This coincides with the uncoated 
specimens after 50 days of immersion (Fig. 6) and indicates a significant 
instability of alumina during 50 days of EIS testing in the Hanks’ solu
tion. The dissolution of alumina films deposited at both temperatures, 
180 and 260 ◦C, was also visually observable due to the loss of the 
original bluish colour of the films.

Parallel to immersion with EIS testing, one group of specimens was 
immersed under the same conditions without performing EIS tests. XPS 
analyses of these differently treated specimens showed unexpected 
mismatches. Namely, the XPS depth profiles were measured for 
alumina-coated SS316L specimens that were EIS-tested and that only 
immersed and not subjected to EIS (Fig. 8). EIS-tested specimens showed 
the complete absence of alumina on the surface regardless of the 
deposition temperature (Fig. 8a and c), as already observed from the EIS 
data (Fig. 7c and d) and visual inspection of the specimens’ surfaces. 
The presence of Cr oxide in the outer part of the surface layer provides 
good passivation of the SS316L [68] and is responsible for the high 
protectiveness of the surface even after the dissolution of the alumina 
films (Fig. 7c and d). However, the specimens immersed for 50 days but 
not EIS-tested were still covered by the alumina films (Fig. 8b and d). 
For SS-AL180, the thickness of the remaining film was about 10 nm 
(Fig. 8b), while it was not changed for the SS-AL260 (Fig. 8d), and it 
kept the original thickness. In other words, the alumina film, when 
deposited at a higher temperature (260 ◦C), remained stable under 
experimental conditions only if the EIS testing was not performed. 
Therefore, although applying a very low voltage amplitude of 10 mV 
(rms) around OCP, the EIS tests have a destructive effect on alumina 

Fig. 5. Potentiodynamic polarisation curves recorded in the Hanks’ simulated 
physiological solution at 37 ◦C for bare SS316L and SS316L coated with 
alumina and hafnia films deposited at 180 ◦C and 260 ◦C. dE/dt = 1 mV s− 1.

Fig. 6. EIS Bode plots of a) uncoated cp-Ti and b) SS316L specimens, recorded over 50 days of immersion in the Hanks’ simulated physiological solution at 37 ◦C.
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deposited by ALD. Further, it is noteworthy that some previous studies 
have indicated the possibility of dissolution and instability of alumina 
deposits, even under very mild conditions [33,34]. So, it is good to 
emphasize that ALD alumina is almost always amorphous (if subsequent 
annealing is not carried out [68]) and usually contains a certain pro
portion of residual hydroxide, i.e. it is not the stoichiometric oxide [32].

Hafnia films showed more promising results of protection in simu
lated human body conditions. Fig. 9a and c show the results of EIS 
testing of hafnia films deposited at 180 ◦C on cp-Ti and SS316L speci
mens. In both cases, excellent stability of the hafnia is maintained during 
the 50 days of immersion, as the EIS response is unchanged. Impedance 
values remained high throughout the testing period, and the broad 
plateau of the phase angle curve almost reached − 90◦. In the low- 
frequency region, a slight fall and rise in the value of the phase angle 
can be seen, which may be related to a low diffusion of the electrolyte in 
the hafnia film [69]. When deposited at 260 ◦C (Fig. 9b and d), hafnia 
films did not provide barrier properties during comparatively long im
mersion times, as did previous specimens. EIS results for Ti-HF260 show 
that in the first 10 days, the hafnia film provides good protection, i.e. 
high impedance values and the broad plateau of phase angle values 
(Fig. 9b). However, after 20 days of immersion, the values of the phase 
angle dropped and after 30 days, even more, indicating the increased 
porosity of the coating and the exposure of the cp-Ti substrate to the 
electrolyte. Considering that the impedance value does not decrease 
totally as in the case of alumina (Fig. 7) but only at low frequencies, it 
can be concluded that hafnia is stable under these conditions, but its 
porosity significantly increases over time. Fig. 9d shows similar EIS 

results on the SS316L as substrate. Thus, for a certain period after im
mersion, the specimen ensures protection, but after 10 days, its barrier 
properties weaken due to increased porosity, even though the hafnia is 
inherently stable under these conditions.

The weak barrier properties of the hafnia films deposited at 260 ◦C 
can be directly related to the presence of a crystalline phase, which 
causes high porosity due to the way crystal grains were grown in the 
film. As shown by the TEM analysis on the Ti-HF260 specimen (Fig. 3c 
and d), grains grown directly on the substrate form a sharp boundary 
with other grains or with a surrounding amorphous phase, allowing 
leakage of the electrolyte to the substrate surface. The same was pro
posed in the case of ALD titania (TiO2) film, which is prone to crystal
lisation [20,35]. However, hafnia deposited at 180 ◦C was very 
chemically stable, and the crystalline phase was formed gradually dur
ing the deposition around the crystal grains and without sharp grain 
boundaries, creating a non-leakage barrier for the electrolyte (Fig. 9a 
and c). In addition, hafnia deposited at 180 ◦C also did not contain large 
aggregates like the one deposited at 260 ◦C, which likely also affects its 
barrier properties. Whatever caused the formation of these aggregates 
(Fig. 3d), whether it is intense crystallisation around hafnia grains or 
precursor decomposition at 260 ◦C, it can be expected to affect the film’s 
uniformity and its barrier properties.

XPS analyses were performed only for the SS316L samples, and the 
same result is assumed for the cp-Ti samples due to almost the same EIS 
results for the SS316L and cp-Ti samples (Fig. 9). Depth profiles show 
that both hafnia films retain more or less their original thickness of 
about 60 nm, i.e. they are chemically stable during EIS measurements 

Fig. 7. EIS Bode plots recorded over 50 days of immersion in the Hanks’ simulated physiological solution at 37 ◦C for a) cp-Ti coated with alumina deposited at 180 
◦C, b) cp-Ti coated with alumina deposited at 260 ◦C, c) SS316L coated with alumina deposited at 180 ◦C and d) SS316L coated with alumina deposited at 260 ◦C.
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(Fig. 10a and b). However, on the surface, the situation is a bit more 
complicated. Namely, surface XPS analyses show a difference between 
the specimens only immersed and those EIS-tested during the immersion 
period. Fig. 11 shows the XPS O 1 s spectra for the as-deposited hafnia- 
coated specimens, those immersed in the Hanks’ solution for 50 days, 
and those immersed and EIS-tested for 50 days. The as-deposited spec
imens show O 1 s spectrum fitted with the next three component peaks: 
the first at 530.1 eV corresponding to the oxide (Hf–O), the second at 
531.7 eV corresponding to the hydroxide (Hf–OH), and the third at 
532.5 eV for adsorbed or coordinated water (HfO2–HOH) (Fig. 11a and 
b), as previously reported [70,71]. These three peaks appear similar for 
both hafnia thin films deposited at 180 ◦C and 260 ◦C, with the oxide 
component predominating in both cases. The presence of hydroxide is 
common in ALD films due to the possibility of incomplete chemical re
actions during each deposition cycle [70]. However, the third peak, 
corresponding to adsorbed or coordinated water, is somewhat unex
pected, as it indicates the presence of hydrated species, similar to pre
vious findings [71]. This can be explained by the surface adsorption of 
water from the cleaning procedure and preparation for characterisation, 
which leads to surface hydration of the hafnium oxide [72,73].

After 50 days of immersion in Hanks’ solution, a significant increase 
in the proportion of coordinated water can be observed on both hafnia 
thin film specimens (Fig. 11c and d). Therefore, both hafnia thin films 
significantly adsorb water and undergo the formation of hydrates. The 
ratio between the two other peaks, i.e., oxide and hydroxide, is signifi
cantly altered in favour of the adsorbed water and hydroxide, especially 
in the case of the hafnia film deposited at a lower temperature. This is 
evidence that this film is chemically less stable than the one deposited at 
a higher temperature, and that a transformation process from oxide to 

hydroxide occurs on the surface. However, as shown by the EIS mea
surements (Fig. 9), the hafnia deposited at a lower temperature provides 
excellent barrier properties and maintains its original thickness during 
50 days of immersion, as seen from the XPS depth profile. Therefore, it 
can be concluded that hydroxylation and hydration are surface-limited 
processes and do not affect the stability of the films in terms of their 
barrier properties.

After 50 days of EIS testing, the contribution of coordinated water is 
not as pronounced as in the case of the specimens that were only 
immersed (Fig. 11e and f), i.e., the EIS measurement prevents intensive 
hydration. Furthermore, it is interesting to observe how successive 
oxidation and reduction (± 10 mV) at different frequencies during EIS 
testing affect the surface chemistry of the hafnia thin films deposited at a 
lower temperature (Fig. 11e). The peak at 530.1 eV, corresponding to 
the oxide, is more prominent compared to the peak at 531.7 eV, corre
sponding to the hydroxide, unlike the specimen that was only immersed 
and without the application of EIS measurement (Fig. 11c). This in
dicates that the EIS measurement allows the preservation of the original 
chemical state of the surface, i.e., the ratio of oxide to hydroxide, 
through mild oxidation and reduction on the surface. Considering the 
coordinated water, it can be concluded that the EIS technique induces a 
competition between oxide and hydroxide species on the surface, 
accompanied by surface hydration. However, in this study, we did not 
investigate in detail the surface chemistry of the thin films after EIS 
measurements, but the results point to the conclusion that the EIS 
technique contributes to the degradation of alumina and modifies the 
surface of hafnia thin films, although EIS is commonly regarded as a non- 
destructive technique.

Fig. 8. XPS depth profiles of alumina-coated SS316L specimens after 50 days of immersion in the Hanks’ solution at 37 ◦C with EIS and without EIS testing; a) 
alumina deposited at 180 ◦C, immersion + EIS testing, b) alumina deposited at 180 ◦C, only immersion, c) alumina deposited at 260 ◦C, immersion + EIS testing and 
d) alumina deposited at 260 ◦C, only immersion.
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4. Conclusions

In summary, ALD films of alumina and hafnia deposited on cp-Ti and 
SS316L substrates significantly reduced corrosion current density in 
Hanks’ simulated physiological solution at 37 ◦C, thanks to their barrier 

properties. However, during long-term EIS tests of 50 days, alumina 
films were chemically unstable and dissolved after 30 days. It was also 
observed that the EIS technique destructively affects the stability of 
alumina, regardless of whether deposited at 180 ◦C or 260 ◦C, as evi
denced by XPS in-depth analysis. It is assumed that successive and slight 

Fig. 9. Bode plots recorded over 50 days of immersion in the Hanks’ simulated physiological solution at 37 ◦C for a) cp-Ti coated with hafnia deposited at 180 ◦C, b) 
cp-Ti coated with hafnia deposited at 260 ◦C, c) SS316L coated with hafnia deposited at 180 ◦C and d) SS316L coated with hafnia deposited at 260 ◦C.

Fig. 10. XPS depth profiles of hafnia-coated SS316L specimens after 50 days of immersion in Hanks’ simulated physiological solution at 37 ◦C with EIS testing; a) 
hafnia deposited at 180 ◦C and b) hafnia deposited at 260 ◦C.
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oxidation and reduction applied on the surface of specimens accelerate 
the hydration of aluminium and turn it into soluble aluminium hy
droxide. On the other hand, hafnia films, regardless of the deposition 
temperature, showed chemical stability during the immersion period, 
which is evident from XPS depth analyses and EIS testing. Yet, hafnia 

films deposited at 260 ◦C have a significantly higher proportion of the 
crystalline phase, which causes a higher porosity of the film. EIS mea
surements showed that despite its chemical stability, hafnia deposited at 
260 ◦C does not offer good barrier properties due to the porosity that 
comes to the fore after a few days of immersion. However, when 

Fig. 11. Experimental and curve-fitted XPS O 1 s spectra of a) SS-HF180, b) SS-HF260, c) SS-HF180 after immersion for 50 days, d) SS-HF260 after immersion for 50 
days, e) SS-HF180 after immersion for 50 days + EIS testing, and f) SS-HF260 after immersion for 50 days + EIS testing.
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deposited at 180 ◦C, the hafnia films have minimal porosity. This was 
observed on both substrates, cp-Ti and SS316L. The key difference be
tween hafnia deposited at 180 ◦C and 260 ◦C is the proportion and way 
of formation of crystal grains in these films. The way they are grown at a 
certain temperature during deposition determines whether the hafnia 
film will be impermeable or porous after several days of immersion in 
the tested conditions. XPS analysis also showed that the EIS technique 
does not act destructively on hafnia as it does on alumina thin films, but 
rather modifies its surface by partially preventing hydration and con
trolling the oxide-to-hydroxide ratio on the surface.
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Trstenjak: Writing – review & editing, Methodology, Funding acquisi
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[1] I. Milošev, Metallic materials for biomedical applications: laboratory and clinical 
studies, Pure Appl. Chem 83 (2011) 309–324, https://doi.org/10.1351/PAC-CON- 
10-07-09.

[2] N. Eliaz, Corrosion of metallic biomaterials: a review, Materials (Basel) 12 (2019) 
1, https://doi.org/10.3390/ma12030407.

[3] K. Prasad, O. Bazaka, M. Chua, M. Rochford, L. Fedrick, J. Spoor, R. Symes, 
M. Tieppo, C. Collins, A. Cao, D. Markwell, K. Ostrikov, K. Bazaka, Metallic 
biomaterials: current challenges and opportunities, Materials (Basel) (2017) 10, 
https://doi.org/10.3390/ma10080884.

[4] J. Pan, D. Thierry, C. Leygraf, Electrochemical and XPS studies of titanium for 
biomaterial applications with respect to the effect of hydrogen peroxide, J. Biomed. 
Mater. Res. 28 (1994) 113–122, https://doi.org/10.1002/jbm.820280115.

[5] J. Pan, D. Thierry, C. Leygraf, Electrochemical impedance spectroscopy study of 
the passive oxide film on titanium for implant application, Electrochim. Acta. 41 
(1996) 1143–1153, https://doi.org/10.1016/0013-4686(95)00465-3.

[6] I. Gurappa, Characterization of different materials for corrosion resistance under 
simulated body fluid conditions, Mater. Charact. 49 (2002) 73–79, https://doi.org/ 
10.1016/S1044-5803(02)00320-0.

[7] M. Niinomi, Mechanical properties of biomedical titanium alloys, Mat. Sci. Eng. A. 
243 (1998) 231–236. https://doi.org/10.1016/S0921-5093(97)00806-X.

[8] M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Ti based biomaterials, the 
ultimate choice for orthopaedic implants - A review, Prog. Mater. Sci. 54 (2009) 
397–425, https://doi.org/10.1016/j.pmatsci.2008.06.004.

[9] M.A. Hussein, A.S. Mohammed, N. Al-Aqeeli, Wear characteristics of metallic 
biomaterials: a review, Materials (Basel) 8 (2015) 2749–2768, https://doi.org/ 
10.3390/ma8052749.

[10] G.D. Rushing, M.J. Goretsky, T. Gustin, M. Morales, R.E. Kelly, D. Nuss, When it is 
not an infection: metal allergy after the Nuss procedure for repair of pectus 
excavatum, J. Pediatr. Surg. 42 (2007) 93–97, https://doi.org/10.1016/j. 
jpedsurg.2006.09.056.

[11] R.I.M. Asri, W.S.W. Harun, M. Samykano, N.A.C. Lah, S.A.C. Ghani, F. Tarlochan, 
M.R. Raza, Corrosion and surface modification on biocompatible metals: a review, 
Mat. Sci. Eng. C. 77 (2017) 1261–1274, https://doi.org/10.1016/j. 
msec.2017.04.102.

[12] P. Budzynski, Long-range effect in nitrogen ion-implanted AISI 316L stainless steel, 
Nucl. Instrum. Methods Phys. Res. B. 342 (2015) 1–6, https://doi.org/10.1016/j. 
nimb.2014.09.004.

[13] T.R. Rautray, R. Narayanan, K.H. Kim, Ion implantation of titanium based 
biomaterials, Prog. Mater. Sci. 56 (2011) 1137–1177, https://doi.org/10.1016/j. 
pmatsci.2011.03.002.

[14] J.Z. Shi, C.Z. Chen, H.J. Yu, S.J. Zhang, Application of magnetron sputtering for 
producing bioactive ceramic coatings on implant materials, Bull. Mater. Sci. 31 
(2008) 877–884, https://doi.org/10.1007/s12034-008-0140-z.

[15] L. Duta, A.C. Popescu, Current status on pulsed laser deposition of coatings from 
animal-origin calcium phosphate sources, Coatings 9 (2019) 335, https://doi.org/ 
10.3390/coatings9050335.

[16] G. Giavaresi, L. Ambrosio, G.A. Battiston, U. Casellato, R. Gerbasi, M. Finia, N. 
N. Aldini, L. Martini, L. Rimondini, R. Giardino, Histomorphometric, 
ultrastructural and microhardness evaluation of the osseointegration of a 
nanostructured titanium oxide coating by metal-organic chemical vapour 
deposition: an in vivo study, Biomaterials 25 (2004) 5583–5591, https://doi.org/ 
10.1016/j.biomaterials.2004.01.017.
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