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Abstract

This paper investigates the properties of zirconium oxide thin films deposited on Ti6Al4V
and Si substrates via oblique angle deposition, using varying out-of-plane 0 (15 to 85°) and
in-plane @ (0 and 180°) substrate orientations. ZrO: films have garnered significant interest
due to their antibacterial properties and mechanical performance. The aim is to engineer
surfaces capable of inhibiting bacterial growth while maintaining excellent mechanical in-
tegrity. The methodology combines experimental deposition by DC magnetron sputtering
with multi-scale simulations using SRIM and SIMTRA. Structural analyses were conducted
via X-ray diffraction, while microstructure and surface morphology were examined using
scanning electron microscopy and atomic force microscopy. Nanoindentation tests were
performed to assess hardness and elastic modulus. Results revealed that increasing the in-
cidence angle a from 7 to 74° significantly affected surface morphology, microstructure, film
thickness, and columnar tilt. The hardness and Young’s modulus of the films exceeded
those of Ti6Al4V, for incidence angle a between 7 and 50°, but decreased with the increas-
ing incidence angle a. Furthermore, the films exhibited strong antibacterial activity against
Gram-positive pathogens (Staphylococcus aureus), particularly at the highest incidence angle
o, with inhibition rates exceeding 90%.

Keywords: ZrO: thin films; oblique angle deposition (OAD); microstructure; mechanical
properties; morphology; antibacterial properties
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1. Introduction

The biomedical field increasingly seeks to integrate materials science with medicine to
develop innovative solutions for the repair and replacement of human tissues. Within this
context, our research aims to improve the mechanical and biological performance of bio-
material alloys.

Among metallic biomaterials, cobalt-chromium alloy (CoCrMo), stainless steel 316L,
and titanium alloys are the most commonly used [1]. For biomedical implants, Ti6Al4V is
often preferred due to its Young’s modulus (101-120 GPa) and hardness (3—4 GPa) [2]. How-
ever, in aggressive environments, the passive oxide film that forms spontaneously on its
surface can degrade [3], leading to bacterial adhesion and chronic inflammation. Conse-
quently, this native protective layer is often insufficient to guarantee optimal implant per-
formance. Although Ti6Al4V exhibits excellent resistance to wear and corrosion, additional
surface protection is required in corrosive environments.

Antibacterial adhesion is a key criterion for evaluating biomaterial suitability, as it is
closely linked to the surface properties and tissue-implant interactions. Various antimicro-
bial materials have been investigated for their ability to gradually release antimicrobial
agents to inhibit microbial growth [4]. One can cite metals like silver [5], copper [5,6], and
zinc [6,7], as well as ceramics such as ZrO: [7-9].

Thin film deposition is one of the most conventional and effective approaches for en-
hancing surface bioactivity and extending implant lifespan [10]. An effective film must ad-
here well to the substrate and exhibit suitable mechanical properties. Zirconium is a prom-
ising candidate due to its excellent biocompatibility and acceptable mechanical behavior
[11]. Zirconia-based ceramics (ZrO2) are particularly notable among oxide ceramics for their
fracture toughness and mechanical strength [12]. They exhibit low bacterial adhesion and
reduced peri-implant inflammation [13], do not trigger inflammatory pathways [14], and
are biocompatible without pseudo-teratogenic effects [15].

The aim of this work is to characterize and evaluate the bioactivity and potential ap-
plication of OAD-deposited ZrO:2 thin films on Ti6Al4V. The thin films were deposited via
DC magnetron sputtering onto Ti6Al4V and silicon substrates. The novelty of this work lies
in the variation in both the out-of-plane 0 (15 to 85°) and the in-plane @ (0 and 180°) sub-
strate angles on the substrate holder. To do so the OAD (oblique angle deposition), also
known as GLAD (glancing angle deposition), technique was employed. This method in-
volves varying the incidence angle a of the incoming atomic flux relative to the substrate
normal [16]. Experimental deposition (DC magnetron sputtering) was combined with
multi-scale numerical simulations using the Monte Carlo codes SRIM [17] and SIMTRA [18].
It allows us to determine the angular distribution of the particle flux, which governs the
formation of inclined columnar microstructures and thereby affects the film properties. The
structure was analyzed using X-ray diffraction (XRD). The microstructure and surface mor-
phology were observed via scanning electron microscopy (SEM) and atomic force micros-
copy (AFM), and mechanical properties were assessed by nanoindentation. The wettability
was evaluated using physiological water and ethylene glycol. Finally, antibacterial proper-
ties were assessed using standard plate count methods to determine antimicrobial activity.

2. Materials and Methods

This section outlines the experimental procedures conducted in this study, including
the preparation of the substrate materials, the deposition of the films, the characterization
and analytical techniques used to evaluate their physico-chemical and mechanical proper-
ties, as well as the antibacterial assays

2.1. Substrate Materials
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A high-purity zirconium target (99.99 at.%, 50 mm in diameter, 6 mm thick) was used.
Single-side mirror-polished (100) silicon substrates (15 x 15 x 0.38 mm) were employed for
film thickness measurements, morphological observations in cross-section (column tilt an-
gle (3) and top view, chemical analysis, and structural characterization. Ti6Al4V grade 5
titanium alloy substrates (15 x 15 x 3 mm) were used for mechanical and bioactivity assess-
ments. The Ti6Al4V substrates were polished using SiC abrasive papers ranging from 180
to 4000 grit to achieve a surface roughness Ra < 0.06 um, in accordance with ISO 7206-2:2011
[19]. All substrates were cleaned with ethanol and dried prior to deposition. They were then
immediately mounted on a custom-designed substrate holder for OAD and placed into the
vacuum chamber.

2.2. Film Deposition

Prior to deposition, the vacuum chamber was evacuated to a base pressure of 1 x 10
Pa. The working pressure was maintained at 0.24 Pa, with gas flow rates of 2 sccm for argon
and 1.5 sccm for oxygen. The discharge voltage was set to -320 V with a constant current of
300 mA. The deposition time for each substrate type (Si and Ti6Al4V) was six hours. The
substrates remained static throughout the deposition process.

The characteristics of the ZrO: flux were calculated using the SIMTRA software (v2.2),
based on the experimental working pressure and system geometry. The initial angular and
energy distributions were obtained using SRIM, with the experimental discharge voltage
serving as the ion energy input (in eV). A total of 105 particles were simulated in SRIM and
107 in SIMTRA.

To investigate the various incidence configurations, a custom-designed substrate
holder developed in a previous study [20] was employed. It consists of a base plate onto
which individual holders are mounted, each with a specific out-of-plane inclination (sub-
strate tilt angle 0) and two possible in-plane orientations (substrate orientation angle @).
The target-to-substrate distance was fixed at 85 mm, and the center of each substrate was
positioned 30 mm from the system’s central axis. A schematic representation of the system
geometry is shown in Figure 1.

() (b)
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thin film
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Figure 1. Principle of the OAD technique: (a) Schematic representation of the system geometry show-
ing the out-of-plane substrate tilt angle 6 and the in-plane substrate orientation ®; (b) Illustration of

the columnar structure formed within the deposited film.

No, N1, and N2 represent the normal to the target, the normal to the substrate-holder
plate, and the normal to the substrate, respectively. The substrate tilt angle O is defined as
the angle between the normal to the substrate N2 and the normal to the substrate-holder
plate N1, which is assumed to be collinear with the target normal No. The flux incidence
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angle a is defined as the angle between the substrate normal N2 and the direction of the
incoming atomic flux (dashed line in Figure 1b). Following deposition, a thin film is formed
with an inclined columnar microstructure, characterized by the column tilt angle 3, defined
as the angle between the substrate normal N2 and the growth direction of the columns.
While a can only be determined through simulation, 3 is measured from cross-sectional
SEM images of the films [16].

Seven substrate tilt angles © were available on the substrate-holder: 15, 30, 45, 60, 75,
and 85°, each with two possible in-plane orientation angles ®: 0° (facing the target) and 180°
(facing the chamber wall). Using SIMTRA simulations, six [0; ®] configurations were se-
lected to cover a wide range of incidence angles «, from 7° to 74° (Table 1).

Table 1. Synthesis of the flux incidence angle « as a function of substrate tilt angle 6 and in-plane

orientation angle ®.

] Out-of-Plane Substrate Tilt  In-Plane Substrate Orienta-
Incidence Angle a (°)

Angle 0 (°) tion Angle @ (°)
6.9 15 0
22 45 0
36.7 60 0
49.9 30 180
60.0 85 0
74.0 60 180

In the following sections, the samples will be presented according to the flux incidence
angle a, along with a reminder of their corresponding geometrical configuration [0; @].

2.3. Physico-Chemical and Mechanical Characterizations

This section details the experimental techniques used to characterize the morphologi-
cal, physico-chemical, and mechanical properties of the deposited layers.

The elemental composition was analyzed via energy-dispersive X-ray spectroscopy
(EDS X-Max N, Oxford Instruments, Abingdon-on-Thames, UK). The cross-sectional micro-
structure and surface morphology were observed using field emission scanning electron
microscopy (FE-SEM, JSM7610F, JEOL, Tokyo, Japan).

Three-dimensional film imaging was performed by atomic force microscopy in non-
contact mode (Veeco Dimension icon, Bruker, Billerica, MA, USA). Surface roughness meas-
urements were obtained with Gwyddion.

The crystal structure of ZrOz thin films was examined using X-ray diffraction (XPERT-
PRO, PANalytical, Malvern, UK) with a powder diffractometer operating with Cu Ka radi-
ation (0.154 nm). Measurements were performed with a step size of 0.017° over a 20 range
of 10 to 65°, at 40 kV and 40 mA.

Nanoindentation tests were conducted on a CSM Nano Instrument (Anton Paar, Graz,
Austria) using a Berkovich indenter to determine the nano-hardness and Young’s modulus
of the films. For each sample, the reported values represent the mean of ten series of meas-
urement, with 25 replicates per series.

Wettability was assessed on a contact angle meter system (Dataphysics Filderstadt,
Germany) by placing a 6 uL droplet of liquid (physiological water and ethylene glycol) onto
the ZrO2 surface using a syringe. Three replicates were performed for each substrate tilt
angle. Contact angles were measured from images captured via a camera, and analyzed
using SCA 20 software. The surface energy was calculated from the contact angle data using
the Owens-Wendt-Rabel-Kaelble (OWRK) method, which modifies the Young-Dupré equa-
tion [21] to account for both polar and dispersive components of surface energy.
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2.4. Antibacterial Test

The antibacterial tests were conducted to evaluate the effectiveness of the ZrO: OAD
films in inhibiting the microbial growth. This assessment is critical in the biomedical field,
as it determines the film’s ability to prevent post-implant infections and ensure its biocom-
patibility in biological environments. The antibacterial activity of the ZrO: films was evalu-
ated against the pathogenic Gram-positive bacterial strain Staphylococcus aureus ATCC
29213 (Figure 2).

Bacterial
suspension

S. aureus

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

100 pL of N\

bacterial Incubation Ten times ‘
suspension at37 °C for24 h dilution in PBS
deposition y

Figure 2. Schematic representation of the standard plate count method used to assess the antimicrobial

After incubatic

at37°C for24 h,
count of the

colonies

activity of the samples.

The antibacterial properties of ZrO: thin film surfaces were further evaluated using the
standard plate count method. S. aureus was first activated on Mueller-Hinton agar and then
transferred to Luria—Bertani (LB) broth [22] to prepare the bacterial suspension. The inocu-
lum was incubated in a shaking incubator at 120 rpm for 24 h at 37 °C. All materials were
sterilized in an autoclave for 30 min at 120 °C and then aseptically transferred under a lam-
inar flow hood into sterile Petri dishes (60 mm in diameter, 15 mm height). A volume of 100
LL of bacterial suspension was deposited onto the surface of each sample and incubated for
24 h at 37 °C.

After incubation, 900 UL of phosphate-buffered saline (PBS) was added to each sample
and used to wash the surface several times. This solution served as the stock for serial dilu-
tions, which were prepared using PBS. The control sample (uncoated Ti6Al4V) was treated
identically to the coated samples. From each dilution, 100 pL was spread onto LB agar
plates, which were then incubated for 24 h at 37 °C. Colony counts were performed after
incubation. Each tilt angle was tested in triplicate, and the entire experiment was repeated
three times.

The number of colony-forming units (CFU) was calculated using Equation (1) [23]:

Number of colonies xDilution Factor

CRU= Volume Plated (mL) M)
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The dilution factors applied to the control sample and the coated substrates were 10-¢
and 1075, respectively. The colony counts were used to evaluate the extent of bacterial inhi-
bition on each surface.

The inhibition rate (IR), expressed as the percentage of microbial growth inhibition,
was calculated using Equation (2):

C-T

IR= <= (2)

C represents the number of CFU in the control sample, while T denotes the CFU count
in the treated (coated) sample.

3. Results and Discussion

This section presents and analyzes the experimental results obtained for ZrO: films
deposited via oblique angle deposition. The microstructural and crystallographic analyses
provide insights into the morphological evolution and the phase transformations induced
by variations in the flux incidence angle. The nanoindentation measurements yield essential
data on hardness and elastic modulus. The wettability studies reveal the influence of surface
topography on interactions with biological fluids, while the antibacterial tests evaluate the
films’ effectiveness in preventing microbial colonization.

3.1. Chemical Composition

The chemical composition of the ZrO: films deposited via OAD was analyzed using
EDS. The evolution of atomic oxygen concentration as a function of the incidence angle a is
shown in Figure 3.

70
69 @=0°
68 ® ¢=180°
67
66 ]

65 [
64
63
62
61
60

Oxygen content (at.%)

0 10 20 30 4 5 6 70 8 90
Incidence angle « (°)

Figure 3. Atomic oxygen concentration in the ZrO: films as a function of the incidence angle a.

All films present a slightly under-stoichiometric oxygen content of 65.3 at.% + 0.5. This
oxygen concentration remains constant despite the increase in flux incidence angle . This
finding confirms that the reactive gas flow dominates over any potential contaminant flux
(e.g., water vapor), which could increase the oxygen amount incorporated in the films for
the high incidence configurations.

3.2. Microstructure

The morphological evolution of ZrO: films, observed in both cross-section and top
view, with increasing incidence angle o is shown in Figure 4.
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Figure 4. SEM cross-sectional (left column) and surface morphology (right column) images of ZrO:
films deposited via oblique angle deposition (OAD) at various incidence angles a.
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Cross-section observations (Figure 4 left column) reveal that all deposited films exhibit
a columnar structure. An increase in the flux incidence angle a is accompanied by a reduc-
tion in film thickness and an increase in the column tilt angle 3. Top-view observations
(Figure 4, right column) reveal that the column tops consist of an aggregation of small nod-
ules approximately ten nanometers in size. At low incidence angles (i.e., a < 45°), the films
appear compact and homogeneous. As the incidence angle increases (i.e., a > 45°), the sur-
face morphology evolves, exhibiting more pronounced open porosity in the form of rifts
oriented perpendicular to the flux direction. The density of these voids increases with «,
indicating a significant rise in porosity beyond 45°, especially for the highest incidence angle
a = 74°. This increase in porosity with incidence angle has been previously reported by
Rahmouni et al. [20], Wada et al. [24], and Sobahan et al. [25], and is attributed to the shad-
owing effect [26]. Similar morphological trends have been observed in other oxide films
deposited via OAD, including Ta20s [25], Nb20s [27], ZnO [28], and TiO: [29]. The increase
in porosity with incidence angle is associated with an increase in the roughness. AFM meas-
urements show that the Ra slightly increased for a < 60 with an average value of 36 nm + 5,
and suddenly increased to Ra =61 nm + 12 for o = 74°.

From the SEM cross-sectional images (Figure 4, left column), both the film thickness t
and the column tilt angle 3 were measured. The evolution of these two parameters as a
function of the incidence angle o is presented in Figure 5.

(b)

1,000
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Figure 5. (a) Experimental ZrO: film thickness t as a function of the incidence angle «; (b) Number of
particles obtained from SIMTRA simulations plotted against the experimentally measured film thick-

ness; (a-inset) Thickness variation between the edges and the center of an OAD thin film.

As films deposited on inclined substrates exhibit a thickness gradient, the average
thickness of each film was measured from three distinct positions (i.e., top, middle, and
bottom of the substrate; ti, t2, and t3, respectively) relative to the flux direction (Figure 5a,
inset). As observed in the SEM images presented in Figure 4, the thickness of ZrO: films
decreases from 850 to 290 nm as the incidence angle a increases. From a geometrical stand-
point, the amount of vapor flux striking a flat substrate is proportional to the projected sur-
face area of the inclined substrate in a plane parallel to the target. Consequently, the film
thickness t will follow the cosine of the incidence angle a and can be calculated using Equa-
tion (3):

t=ty. cos 3)
where to is the film thickness under normal incidence conditions (a = 0°), and a is the inci-
dence angle. This relation is confirmed for the ZrO: films as presented in Figure 5a.

Figure 5b shows the relationship between the experimentally measured thickness of
ZrO:2 films and the number of particles obtained from SIMTRA simulations. A strong linear
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correlation is observed between the experimental data and the SIMTRA simulations, indi-
cating that the simulation accurately reproduces the experimental behavior. This confirms
a positive correlation between the amount of deposited material (represented by detected
particles) and the measured film thickness.

Figure 6 illustrates the evolution of the column tilt angle (3 of ZrO: films as a function
of the incidence angle a. The two most commonly referenced theoretical models are pre-
sented for comparison: Tait’s rule [30] and the tangent rule [31] (Equations (4) and (5), re-

spectively).
1-cosa
p=a-arcsin < ) 4)
1
tan 3= 5 tan (5)
60
= 50
o
U
?1340 ®
=]
-]
E 30 ®
E 20 o
5 o =180°
S 10 Tait's rule
--Tangent rule
0

0 10 20 30 40 50 60 70 80 9
Incidence angle a (°)

Figure 6. Column tilt angle 3 as a function of the incidence angle «.

The column tilt angle  increases progressively from 15 to 40° as the flux incidence
angle a increases from 7 to 74°, following a trend similar to that predicted by Tait’s rule. For
a <45°, the measured column tilt angle {3 slightly exceeds the value predicted by Tait’s rule,
whereas for a0 > 45°, 3 remains below the theoretical prediction. Although the incidence
angle a calculated via simulation is the most accurate descriptor of the incoming flux [16]
(the substrate tilt angle O serves only as a geometrical parameter of the substrate holder),
the growth direction, and thus the column tilt angle {3, is also influenced by the angular and
energy distributions of the atomic fluxes (metal and reactive gas) and by the oxide for-
mation. Due to scattering effects during transport and the geometrical configuration (0 and
®), the proportion of the flux arriving at low incidence angles increases relative to that ar-
riving at high angles as the incidence angle a increases. This shift contributes to the ob-
served deviation from theoretical models and affects the final columnar structure of the
films.

3.3. Structure

Figure 7 shows the XRD patterns of ZrO: thin films deposited on silicon substrates at
increasing incidence angles a.

The main diffraction peaks observed at 29.5, 33.6, 38.6, 39.5, 43.3, 44.8, 47.6, 48.6, and
61.8° are attributed to the (-111), (200), (021), (210), (121), (112), (212), (-212), and (-133)
planes, as indexed in the JCPDS card No. 00-037-1484 [32] for the monoclinic phase of ZrO:.
Some peaks appear slightly shifted compared to the reference positions of the monoclinic
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phase. According to Bragg’s law (2-d-sin(0) = n-A, where n and A are constants), such shifts
may indicate the presence of compressive or tensile stresses within the film [33].

g g =5 sa a8 g
— o = o
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Figure 7. XRD patterns of the ZrO: films at various incidence angles a.

At incidence angles o« = 7 and 22°, the main diffraction peak corresponds to the (200)
plane. At a = 37°, a sudden change is observed, with a strong peak emerging for the (112)
plane. For incidence angles above 45°, the diffraction patterns exhibit attenuated intensities,
except for the (-133) plane. One possible explanation is the amorphization of the films, in-
duced by an increased thermalized fraction of the vapor flux, which reduces adatom mobil-
ity [34]. However, as the columnar structure tilts progressively with increasing incidence
angle o, a corresponding tilt of the crystallites within the columns is also expected [35]. It
can be assumed that at o = 7 and 22°, the crystallite tilt remains minimal, maintaining the
(200) orientation. At a = 37°, the crystallites undergo a sudden reorientation, allowing the
(112) plane to satisfy the diffraction condition. For higher incidence angles, the crystallites
continue to tilt in the direction of the vapor flux, resulting in no planes being favorably
oriented for diffraction, thereby producing an amorphous-like pattern.

3.4. Mechanical Properties

To investigate the effect of the incidence angle on film hardness and Young’s modulus,
the evolution of these two parameters with increasing incidence angle « is presented in
Figure 8.

The Young’s modulus (E) and nanohardness (H) of the ZrO:2 films decrease with in-
creasing incidence angle a. Hardness shows a continuous decline from 8.35 to 1.62 GPa,
while the Young’s modulus remains nearly constant at approximately 195 + 43 GPa before
dropping to 96 + 19 GPa at the highest incidence angle. At low incidence angles, these values
are consistent with those reported in the literature for bulk ZrO: and thin films deposited
under conventional deposition configurations, where hardness is typically around 9.2 GPa
and Young’s modulus ranges between 150 and 200 GPa [36]. At higher incidence angles,
similar trends have been observed for chromium thin films deposited via the OAD method
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by Lintymer et al. [37]. They reported a decrease in hardness from 5.25 to 1.8 GPa and in
Young’s modulus from 172 to 85 GPa as the incidence angle increased from 0 to 50°. For
comparison, the titanium alloy Ti6Al4V, used as substrate, exhibits a Young’s modulus be-
tween 101 and 120 GPa and a hardness of 3—4 GPa [2]. Except for the two highest incidence
angles, the ZrO: films deposited using the OAD technique and varying incidence angles
between 7 and 50° demonstrate higher mechanical properties than the substrate.
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Figure 8. Hardness H (a) and Young’s modulus E (b) of ZrO: films as a function of the incidence angle

.

The continuous decrease in hardness is primarily attributed to the increase in incidence
angle a. This leads to an increase in the column tilt angle 3 and an enhanced intercolumnar
porosity due to the shadowing effect. As shown in the SEM top-view images (Figure 4) and
column tilt angle analysis (Figure 6), open porosity becomes more pronounced with increas-
ing a, especially for a > 45°, where the shadowing effect is more significant [38]. Hardness,
which reflects resistance to plastic deformation, is mainly influenced by variations in overall
film density and morphology [37]. In contrast, Young’s modulus, as an intrinsic material
property, remains relatively unaffected until microstructural changes become dominant.
For a constant Young’s modulus, a column tilt angle (3 near 45°, potentially coupled with
crystallite tilt and significant porosity, results in reduced film stiffness.

Previous studies on tribological applications have shown that mechanical durability
and resistance to failure in films are enhanced by combining high hardness with a low elas-
tic modulus [39]. In this context, a high H/E ratio, which reflects resistance to elastic strain
before failure, is considered beneficial. It indicates the material’s ability to undergo elastic
deformation and redistribute applied loads over a larger area, thereby delaying failure. Sim-
ilarly, a high H3/E? ratio, indicative of resistance to plastic deformation, is also crucial [40],
with optimal values typically ranging from 0.15 to 0.3 [41]. However, these criteria only
provide a tendency of the film behavior and do not directly predict the resistance in the
service of the system.

Various studies have shown that films with an H/E ratio > 0.1 exhibit high resistance
to plastic deformation and low elastic strain to failure, whereas those with H/E < 0.1 tend to
be more brittle and less elastic [42]. As shown in Figure 9a, the H/E ratio of the ZrO: films
gradually decreases with increasing flux incidence angle a. The ZrO: thin films deposited
via the OAD technique exhibit H/E values below 0.1, ranging from 0.045 to 0.015, indicating
limited elastic strain before failure. These low values suggest that the films are prone to
cracking due to their limited elasticity. The H%/E? ratios presented in Figure 9b follow similar
trends to H/E, with low values ranging from 0.016 to 0.001, indicating poor resistance to
plastic deformation. Although ZrO: films show good hardness and Young’'s modulus
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values, their low H/E and H3/E? ratios suggest that the films are relatively brittle and have
limited deformation capacity.

Figure 9 illustrates the evolution of these two parameters as a function of the incidence

angle a.
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Figure 9. Resistance to elastic deformation H/E (a) and plastic deformation H3/E? (b) of ZrO: films as

a function of the incidence angle a.

Nevertheless, these values are not critical, as they are similar to those of bulk mono-
clinic zirconia. To improve these mechanical indicators, doping strategies such as yttrium
incorporation should be considered. According to Wei et al. [43], the cellular structure of
the tetragonal phase plays a key role in the toughness of YSZ-based ceramics. The reported
values for YSZ are H/E = 0.05 and H3/E? = 0.015, slightly higher than those of the OAD ZrO2
films.

3.5. Wettability

The wettability is influenced by both surface energy and topography. According to
Young’s equation [44], materials with higher surface energy tend to exhibit lower water
contact angles. Evaluating wettability is essential for understanding the bacterial adhesion
behavior. Indeed, numerous studies have shown that bacteria preferentially adhere to sur-
faces with moderate wettability [45]. Han et al. [11] reported that hydrophobic surfaces are
more effective in preventing bacterial adhesion.

The contact angle of ZrO: films was measured using two liquids: physiological water
and ethylene glycol. The variation in the contact angle with respect to the incidence angle a
is presented in Figure 10.

For both physiological water and ethylene glycol, the ZrOz2 films exhibit neither dis-
tinctly hydrophobic nor hydrophilic behavior at incidence angles a below 45°, with contact
angles around 90°. The films are slightly hydrophobic when tested with physiological water
and slightly hydrophilic with ethylene glycol. At incidence angles o above 45°, correspond-
ing to more inclined columns and increased surface roughness, the films become hydropho-
bic for both liquids, and the contact angle increases with a. Overall, the contact angles meas-
ured for the two liquids are relatively similar. The main factors influencing the contact angle
of liquid droplets on a solid surface are the chemical composition and the surface rough-
ness, both of which are closely linked to the material’s microstructure [46]. Patel et al. [47]
reported similar contact angle values with water and attributed the variations to changes in
surface roughness.
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Figure 10. Contact angle of ZrO: films as a function of the incidence angle a, measured with physio-

logical water and ethylene glycol.

The surface energy of ZrO: films was calculated from the contact angle measurements
using the Owens-Wendt model [21], and is presented in Figure 11.
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Figure 11. Variation in the surface energy of ZrO: films as a function of the incidence angle a.

For incidence angles o below 45°, the average surface energy of ZrO: films is approxi-
mately 17 + 6 mN/m, and progressively decreases to 8 + 5 mN/m as « further increases.
According to Hao and Lawrence [48], surface wettability is a key factor in cell adhesion, as
it is directly related to the surface energy and is typically assessed via contact angle meas-
urements. In general, higher surface free energy enhances the cell adhesion and improves
biocompatibility. Surface roughness, surface energy, and material composition are the three
primary factors influencing bacterial adhesion. A surface roughness threshold of 0.2 um has
been identified, above which bacterial adhesion tends to increase [49]. This value is higher
than the Ti6Al4V substrates' roughness (Ra < 0.06 pm) and the film roughness (Ra < 62 nm).

Regarding surface energy, low-energy surfaces in the range of 20-30 mN/m, as ob-
served for the ZrO: films in this study, have been shown to minimize bacterial adhesion
[50]. Based on these considerations, the antibacterial behavior of the ZrO: films appears
promising.

3.6. Antibacterial Behavior

S. aureus strains are known to frequently cause severe implant-related infections [51].
To evaluate the antimicrobial efficacy of the coated substrates against S. aureus, the
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inhibition rate was determined for all ZrO: films deposited at various incidence angles, as
shown in Figure 12.
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Figure 12. Inhibition of S. aureus growth by ZrO: films as a function of the incidence angle a.

As shown in Figure 12, compared to the uncoated reference sample, significant bacte-
rial inhibition against S. aureus was observed. A very low number of bacteria was observed,
indicating that the ZrO: films exhibit excellent in vitro antibacterial activity. The absence of
bacterial growth on culture plates suggests a bactericidal effect of the samples.

Except for the sample deposited at a = 50°, the inhibition rate of S. aureus increased
from 40 to 95%, correlating with the incidence angle a. These results are consistent with the
trends in wettability and surface energy discussed previously (Figures 10 and 11). This be-
havior may be attributed to the increased surface roughness and the structural characteris-
tics of the ZrO: thin films, including the tilt of crystallites within the columns, which may
hinder bacterial penetration and enhance antibacterial performance. In addition, the elec-
trostatic interaction between the positively charged surface of ZrO: and the negatively
charged bacterial membrane can lead to bacterial membrane destruction and leakage of cel-
lular content (ions, proteins, and nucleic acids), resulting in cell death or high growth inhi-
bition [52,53]. The anomalous behavior observed at a = 50° may be due to variability in the
initial bacterial suspension or during the incubation process.

According to Abdulrazagq et al. [8], co-culture is the most effective method for evaluat-
ing the antibacterial properties of nanocomposites. They reported that pure ZrO2 exhibited
98.8% inhibition against S. aureus, and no bacterial growth was observed with Polyvinylpyr-
rolidone-ZrOz nanocomposites against Gram-positive pathogenic bacteria compared to the
control.

The antibacterial efficiency of PVD-deposited ZrO: films on Ti6Al4V substrates is
highly dependent on the specific surface characteristics, which are influenced by the chem-
ical nature of the material and controlled by the incidence angle «. This highlights the criti-
cal role of deposition geometry in determining the functional performance of thin films.

Future studies could explore strategies to enhance the bioactivity of ZrO: films at var-
ious inclination angles, such as the addition of a Zn layer on top of the ZrO: films. As
demonstrated by Wang et al. [52], Zn—ZrO>/TiO2 films exhibit excellent antibacterial prop-
erties and hold promise for applications in titanium alloy implants. This enhanced antibac-
terial activity is primarily attributed to the release of Zn?* ions, which effectively suppress
bacterial growth.

4. Conclusions

In this study, the oblique angle deposition (OAD) technique was employed to synthe-
size zirconium oxide (ZrQOz) thin films with varying substrate orientations defined by out-
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of-plane 0 and in-plane ® angles, resulting in variable flux incidence angles a. The main
findings of this work can be summarized as follows:

e  The microstructural evolution of the films follows expected trends with increasing flux
incidence angle: a cosine-dependent decrease in film thickness (from 850 to 290 nm),
an increase in column tilt angle consistent with Tait’s rule (from 14.9 to 39.5°), and
morphological changes, including increased surface roughness and intercolumnar po-
rosity.

e  X-ray diffraction (XRD) analysis confirms the presence of the monoclinic phase of ZrOs,
as expected in the absence of dopants such as yttria (used to stabilize the ZrO: tetrag-
onal and cubic phases). Apparent amorphization is observed with increasing column
tilt, which may also result from texture effects due to crystallite and column orienta-
tion.

e  Mechanical characterization shows that ZrO: films possess good hardness and Young's
modulus values. However, due to the inclined columnar microstructure and associated
porosity, the films exhibit limited resistance to plastic and elastic deformation.

e  Bioactivity against Staphylococcus aureus is excellent, with inhibition rates exceeding
90% at high incidence angles. This is attributed to increased surface roughness and
microstructural features that hinder bacterial colonization.
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