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Highlights

¢  Xanthan gum-—celite organic matrix blend-mediated ZnO NPs were synthesized us-
ing an ultrasonication process.

e  The surface roughness of Ti6 Al4V alloys was changed by turning processes at differ-
ent feed rates.

¢  The roughened surface of Ti6Al4V alloys was coated with spherical-shaped ZnO
NPs.

¢  Organic-inorganic nanostructures were homogeneously distributed with good dis-
persion on the substrate surface.

e  After coating, protection effectiveness of up to 98.48% was achieved.

Abstract

The release of aluminum (Al) and vanadium (V) ions represents a critical concern limiting
the long-term performance and biocompatibility of Ti6Al4V-based permanent orthopedic
implants. This study focuses on improving the corrosion resistance of Ti6Al4V alloys
through the application of a novel organic-inorganic ZnO nanocoating. In addition, the
present study investigated the influence of substrate roughness on surface morphology,
microhardness, and wettability characteristics. Xanthan gum (XG) and celite (CE) were
utilized as a biopolymeric—ceramic matrix for the ceramic-biopolymer-assisted synthesis
of ZnO nanoparticles (ZnO NPs) through ultrasonication, which was subsequently fol-
lowed by deposition onto Ti6Al4V substrates with varying surface roughness (Ra)
achieved through controlled turning. The synthesized XG/CE-ZnO NPs exhibited a uni-
form spherical morphology with an average particle size of nearly 50 nm and a hexagonal
wurtzite crystalline structure, as confirmed by TEM, XRD, and FTIR analyses. Contact
angle (CA) measurements indicated that wettability increased with higher Ra, while SEM
with energy-dispersive X-ray spectroscopy characterization revealed morphology transi-
tions from smooth, homogeneous coatings to agglomerate, star-like nanostructures as Ra
increased. Electrochemical testing in Ringer’s solution demonstrated a significant im-
provement in corrosion resistance after coating, with protection efficiencies ranging from
95.18% to 98.48%, particularly for smoother substrates. Although increased Ra may en-
hance coating adhesion through mechanical interlocking, smoother substrates promote
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the formation of more homogeneous coatings, resulting in superior corrosion protection.
These results demonstrate the significant influence of substrate topography in enhancing
the functional performance of biocompatible ZnO nanocoatings, providing valuable in-
sights for the surface engineering of metallic implants.

Keywords: organic-inorganic nanocoatings; ZnO nanoparticles; surface roughness;
Ti6Al4V alloy; corrosion resistance; wettability

1. Introduction

Ti6Al4V alloy is commonly used as a material for metallic implants and prostheses
in orthopedics, dentistry, and other medical fields due to its remarkable corrosion re-
sistance, excellent mechanical properties, bone-like elasticity modulus, low density, and
minimal potential for allergic reactions. Additionally, it is non-magnetic, has a low risk of
chemical interaction with injected materials, and offers excellent biocompatibility for
long-term implantation [1]. However, metal-based implants can suffer from surface deg-
radation due to interactions with bodily fluids and organs, leading to issues such as cor-
rosion, wear, and fatigue. The ion release of aluminum (Al) and vanadium (V) is a crucial
concern that affects the service life of biomedical devices and implants made from
Ti6Al4V. This is a significant concern because these ions have been associated with cyto-
toxic effects, inflammatory responses, and impaired osseointegration, which may com-
promise the long-term performance of orthopedic and dental implants. The surface prop-
erties of metal-based implants are critical to their performance, reliability, and lifespan.
Both the intrinsic physical characteristics of the material and the integrity of the implant’s
outer surface influence these properties. The surface integrity, wettability, and function-
alization for antibacterial and anticorrosive effects can be adjusted and optimized to pro-
vide a multifunctional performance [2].

Enhancing the surface and anticorrosion performance of titanium-based materials is
an important area of scientific research [3]. One prominent approach is implant surface
coating with various metal-based NPs to improve surface properties, functionality, and
protection [4-8]. These nanostructures exhibit unique features not found in larger-scale
systems, enabling them to perform a range of novel functions across multiple domains.
As a result, they have found extensive applications in the materials science, electronics,
healthcare, and energy sectors [9]. Nanostructure-based coatings are ultra-thin layers that
are applied to surfaces by assembling NPs. These coatings can significantly enhance or
protect the surface properties of substrate materials by providing characteristics such as
durability, corrosion resistance, and antibacterial features [10,11]. Their unique properties
and versatility have attracted considerable attention across diverse fields, from electronics
to biomedical applications. Additionally, several studies have reported a reduced corro-
sion potential for surfaces treated with nanocoatings compared to their uncoated base
metal counterparts [12].

Coatings made from silver (Ag) [12,13], copper oxide (CuO) [10,14], gold (Au) NPs
[15], and titanium dioxide (TiO2) [16] have been extensively studied in the literature.
Among these NPs, zinc oxide (ZnO) stands out as a promising option due to its excellent
semiconducting, piezoelectric, and photocatalytic properties [17-24]. The integrity of the
coating’s surface is crucial for defining its performance characteristics, which include ad-
hesion strength, optical properties, and catalytic activity. In addition to Ra, other key
structural aspects of surface integrity —such as surface topography, microstructure, and
microhardness—also significantly affect the multifunctional performance of metallic bio-
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implants [25]. Surface modifications have become increasingly popular in implant appli-
cations, providing effective solutions to enhance the biocompatibility and functionality of
implants [26]. Research indicates that an implant’s mechanical characteristics, design,
compatibility, and load transmission are all greatly influenced by its surface integrity. Sur-
face characteristics play a vital role in the healing of bone tissue; Ti and its alloys are highly
reactive, influencing the growth of germs [27].

Surface integrity plays a crucial role in and is closely related to biocompatibility. A
key factor in the success of implantation is the interaction among mechanical characteris-
tics, macro-microstructure, surface integrity, and roughness [28,29]. Many studies have
highlighted the critical role of Ra in cell adhesion and proliferation, emphasizing the need
to optimize Ra for desired outcomes. To enhance both surface and corrosion characteris-
tics of the Ti6Al4V alloy, this study employed various surface treatments, including ma-
chining and nanocoating, to create multifunctional surfaces [30-32].

In this study, novel XG/CE-ZnO NPs were synthesized and coated on Ti6Al4V alloy
with varying Ra values, and superficial and microstructural characterizations were per-
formed. ZnO-based NPs were synthesized in an XG/CE blend matrix using the ultrasoni-
cation method and coated onto Ti6Al4V parts via the drop-casting method. XG is a bi-
opolymeric material composed of an anionic polysaccharide structure. Its unique proper-
ties make it suitable for drug delivery systems. When combined with guar or locust bean
gum, XG forms flexible gels and stabilizes drug suspensions in aqueous solutions [33].
CE, commonly known as diatomite, diatomaceous earth, or infusorial earth, is primarily
composed of SiOz. As an inert biosupport material, CE possesses an internal cavity sur-
rounded by an interconnected porous silica framework containing 5iO: and various inor-
ganic oxides, which facilitates efficient physical adsorption. CE is generally used in vari-
ous applications, such as fillers, filter aids, heat-insulating material, and clarifying agents
[34]. The combined use of XG and CE was selected to exploit the complementary ad-
vantages of both materials. XG acts as a natural biopolymer that stabilizes ZnO NPs by
reducing agglomeration and improving their dispersion during synthesis, whereas CE
serves as an inorganic support with a high surface area, promoting a more uniform dis-
tribution of the NPs and enhancing coating stability. Therefore, the XG/CE binary matrix
was selected based on the complementary functions of the two components and its ex-
pected ability to improve NP stability and coating homogeneity.

Most implant systems rely on bone tissue adapting to Ra within specific ranges. Mod-
ifying an implant’s surface topography can significantly enhance stability [25,31]. Ti and
its alloys undergo several surface treatment methods, including thermal, chemical, elec-
trochemical, plasma, and laser treatments. However, machining of Ti alloys presents chal-
lenges due to their low thermal conductivity and the formation of sawtooth chips [35,36].
In this context, a machining technique with varying cutting parameters was applied to
achieve different roughness levels on the Ti6 Al4V alloy surface. This technique offers ad-
vantages such as measurement accuracy, cost-effectiveness, time efficiency, and improved
surface integrity [36]. To better understand the formation of nanocoatings on metallic sur-
faces, complementary techniques like CA measurement should be utilized. CA measure-
ment provides information regarding the wettability of the coating solution on the sub-
strate surface. The strong relationship between Ra and CA has been widely discussed in
the literature [15,16,37-39].

The primary focus of this study is to enhance the surface texture for improved stabil-
ity of an organic-inorganic nanostructure coating. To the best of our knowledge, this
study presents the first comprehensive synthesis, characterization, and application of a
novel XG/CE-ZnO binary organic-inorganic matrix as a protective nanocoating for
Ti6Al4V substrates. These NPs are then coated onto a Ti6Al4V alloy substrate with vary-
ing Ra. The study examines the deposition process, the impact of substrate topography on
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coating adhesion, and the structural and functional properties of the nanocoatings. CA
measurements and electrochemical corrosion performance tests are conducted to evaluate
the effect of Ra. Additionally, numerous characterization techniques are employed to an-
alyze the morphological characteristics of the coatings. By addressing these elements, the
research intends to offer detailed insight into how substrate roughness influences the mor-
phology of ceramic-biopolymer-assisted synthesis and cost-effective organic-inorganic
nanostructure coatings, ultimately aiding in the development of tailored coatings for a
variety of applications.

2. Materials and Methods
2.1. Materials

XG (United State Pharmacopeia grade, purity 95-98%, molecular weight = 600 kDa,
viscosity 1200-1800 mPas) (CssH90O2) was obtained from Klamar Reagent Company
(Shanghai, China). Zinc nitrate hexahydrate (Zn(NO3)2.6H20), CE (Celite 545 having par-
ticle dimensions between 0.02 and 0.1 mm and a density of 2.36 g/cm? at 20 °C), and so-
dium hydroxide reagent (NaOH) were sourced from Merck (Darmstadt, Germany). All
materials and chemicals utilized in this study were of analytical grade and applied with-
out further purification. The Ti6 Al4V alloy was used as the substrate (composition in wt%:
6.09% Al, 3.91% V, 0.13% Fe, 0.02% C, 0.01% N, 0.01% H, 0.09% O and balanced Ti, ob-
tained by optical emission spectroscopy). The substrate material was provided in bar form
and was obtained from Varzene Metal Company (Istanbul, Turkey).

2.2. Preparation of Polymeric—Ceramic Matrix-Based ZnO NPs

Firstly, 0.025 g of XG was added to 100 mL of distilled water and dissolved thor-
oughly. Then, 50 mL of this solution was mixed with different amounts of CE and stirred
for 30 min. To investigate the effect of CE content on the morphological characteristics of
XG/CE-ZnO NPs, different CE concentrations were evaluated during the synthesis pro-
cess. The synthesis parameters are summarized in Table 1. Next, 0.02 M (0.08 g in 100 mL
distilled water) NaOH solution and 0.01 M Zn(NOs).6H20 (0.297 g in 100 mL distilled
water) solutions were prepared. Then, 10 mL of each salt solution was gradually trans-
ferred into the XG/CE solution during continuous magnetic stirring. The obtained mixture
was sonicated using a Bandelin Sonopuls HD 3100 ultrasonic homogenizer (Germany) at
37 °C, 20 kHz and 40% amplitude. After sonication, the solution was filtered through a
sterilized syringe filter with a 0.45 um pore size. The prepared XG/CE-ZnO NPs were
stored in a sterile container for later characterization and coating procedures. Following
comprehensive characterization analyses, the formulation exhibiting the most suitable
morphological characteristics was selected for the coating process.

Table 1. Optimization of preparation of XG/CE-ZnO NPs.

Sample Code XG(g CE(g) Zn(NOs)2.6H20 (g) Sonication Time (min)

XG/CE-ZnONPs  0.025 0.03 0.297 30
XG/CE-ZnO (1)  0.025 0.01 0.297 30
XG/CE-ZnO (2)  0.025 0.02 0.297 30
XG/CE-ZnO (3)  0.025 0.05 0.297 30

2.3. Substrate Preparation with Different Surface Roughness

Ti6Al4V alloy substrates with dimensions of 25 mm in diameter and 2 mm in thick-
ness were fabricated by slicing a cylindrical block. Turning processes were chosen as the
method for surface structuring, given their widespread application in industry for mate-
rial removal [2]. The machining operation was performed by YouJi Machine Industrial
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Co. Ltd. (Kaohsiung City, Taiwan) using an orthogonal surface turning process on a CNC
lathe equipped with X and Z axes, a machining stroke of 550 mm, and a rotational speed
of 3000 rpm. During the cutting operation, a cutting fluid composed of water (%95) and
ESTRA 320, a mineral oil-based micro-emulsion metalworking fluid (%5), was used. The
DNMG 1500608-MKS insert was employed for the cutting process. After machining, all
specimens were subsequently rinsed thoroughly using distilled water and ethanol, and
finally dried in an oven at 60 °C. The samples were stored in a desiccator until coating.
Different Ra levels were obtained by varying the feed rate while keeping the cutting speed
constant at 100 m/min and the depth of cut fixed at 2 mm. The substrates were prepared
using three different feed rates. In machining operations, Ra tends to increase rapidly with
an increase in feed rate [40]. The surfaces of the Ti6Al4V alloy processed under feed rate
conditions of 0.15, 0.25, and 0.35 mm/rev are designated as R1 (low roughness), R2 (inter-
mediate roughness), and R3 (high roughness), respectively, with the ranking of roughness
being R3 > R2 > R1. Surface roughness was measured using a Mitutoyo Surftest SJ-210
surface profilometer, and all roughness values reported in this study correspond to the
arithmetic average roughness (Ra). Ra values were calculated based on five measure-
ments.

2.4. Contact Angle Measurements of Substrates with Different Surface Roughness

The distribution of the coating solution on bare surfaces was analyzed based on Ra
using CA measurement methods. This evaluation employed a low-cost and user-friendly
approach supported by Al Prior to testing, all samples underwent ultrasonic cleaning
with alcohol to minimize any contamination on the surfaces. For the CA measurements,
droplet images were acquired using a 10-megapixel Nikon D3000 camera at a capture res-
olution of 640 x 480 pixels. The photographs were taken in contrast mode and in a series.
The camera was aligned perpendicular to the sample surface to ensure precise visualiza-
tion of the droplet profile, and images were captured individually. All CAs were meas-
ured at 25 °C using 5 pL droplets of the XG/CE-ZnO NP solution. To minimize the influ-
ence of surface topography variations, three independent measurements were obtained
from different regions of each specimen, and an average value was derived from the meas-
urements. CAs measured from both edges of the droplet (left and right) profile were av-
eraged to obtain the final CA value. The measurements were processed using Image]J 1.54r
in drop-analysis-LB-ADSA mode.

2.5. Preparation of XG/CE-ZnO NP-Coated Ti6Al4V Surfaces

The prepared substrate materials underwent ultrasonic cleaning in distilled water for
30 min followed by drying in an oven at 80 °C for 30 min. Solutions of XG/CE-ZnO NPs
were then coated onto the treated surfaces, which exhibited varying roughness values.
This was accomplished using the drop-casting method with a Pasteur pipette, where 3 mL
of the solution was applied to each sample surface.

2.6. Characterization of XG/CE-ZnO NP-Coated Ti6 Al4V Surfaces

The crystalline characteristics of the synthesized nanostructure were examined using
an Empyrean model XRD device from Malvern PANanalytical, with Cu-Ka radiation
ranging from 10° to 80° at 40 kV and 15 mA. Functional groups were analyzed between
wavelengths of 400 and 4000 cm™! with a VERTEX 70v model FTIR device from Bruker
(Billerica, MA, USA). A Hitachi HT-7700 instrument outfitted with a lanthanum hexabo-
ride (LaBs) electron gun operating in an accelerating voltage range of 40-120 kV was used
to undertake TEM analysis of the developed coating solution. Using red-blue-green
(RGB) and independent component analysis (ICA) modes with color-corrected pictures in
8-bit format, the prepared ZnO NPs were characterized. The RGB approach was used to
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improve the separation and quantification of the highlighted NPs for more precise analy-
sis by enhancing the distinction between the NPs and the background matrix. Utilizing
TEM images examined with Image] software and assisted by Al, the particle sizes of the
prepared ZnO NPs (shown in green) were ascertained. At a resolution of 962 x 608 pixels,
the TEM images were captured in RGB mode, with the green color channel being utilized
for specific analysis. Prior to quantitative analysis, the images were processed using con-
trast enhancement, thresholding, and edge detection to improve feature visibility. Particle
Analysis was employed for NP size measurements, while the Contact Angle and LB-
ADSA plugins were used for droplet profile fitting and contact angle determination,
providing improved measurement accuracy and reproducibility. Surface morphology
and elemental mapping were analyzed using energy-dispersive X-ray spectroscopy (EDS)
with a QUANTA FEG 250 scanning electron microscope (SEM) by FEI (Hillsboro, OR,
USA). Ra measurements of the substrate were conducted with a Mitutoyo Surftest SJ-210
device. The stereomicroscopic examinations and microhardness analyses were performed
using a YHV-50Z Digital Micro-Vickers Hardness Tester produced by YAMER (izmir,
TURKIYE) under an applied load of HV1 (1 kgf) with a dwell time of 10 s, and the hard-
ness results were reported as the average of three separate measurements. The experi-
mental procedures are illustrated schematically in Figure 1.
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Figure 1. Schematic representation of the experimental steps of this study.

2.7. Electrochemical Corrosion Test

The anticorrosion properties of XG/CE-ZnO NP-coated Ti6Al4V surfaces with vary-
ing Ra were evaluated through electrochemical potentiodynamic polarization tests con-
ducted at room temperature. A Gamry Interface 1000 potentiostat, interfaced with a com-
puter, was employed for all electrochemical measurements. All measurements took place
in a 1000 mL cell filled with the electrolyte. The electrolyte was Ringer’s solution, and the
pH of the prepared Ringer solution was measured as 5.9 prior to the corrosion tests. No
further pH adjustment was performed, and all electrochemical measurements were con-
ducted under the same solution conditions to ensure a consistent comparison among the
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specimens. A standard three-electrode configuration was utilized, comprising a saturated
calomel electrode (reference), a high-density graphite rod (counter electrode), and the
coated sample as the working electrode. The specimens were fully embedded in epoxy
resin, leaving only the coated surface (3.80 cm?) exposed to the electrolyte, and were con-
nected via a copper wire. Initially, the open circuit potential (OCP) was monitored until a
steady-state value was reached, generally within 2 to 3 h. After stabilization, Tafel tests
were performed by scanning the potential at a rate of 1.0 mV/s within a range of 250 to
+250 mV relative to the OCP values. Each test was repeated three times to confirm the
reproducibility of the data analyzed using software. The protection efficiency (%PE) of the
coating was derived from the corrosion current density (Iorr) extracted from the Tafel
plots, according to the equation provided in Equation (1) [41].

Lcorr(bare) - lcorr(coated sample)

(P.E.%) =

x 100 1)

leorr(bare)

3. Results and Discussion
3.1. Characterization Results of XG/CE-ZnO NPs

Various synthesis techniques, including microwave-assisted, plasma, hydrothermal,
sonochemical, spray pyrolysis, spray drying, and gas-phase methods such as vapor
transport, have been developed to prepare ZnO NPs with controlled sizes and shapes.
NPs can take various forms, such as nanorods, nanowires, nanobelts, and nanostars. In
the study by Mousavi et al. [42], it was reported that the crystal size, components, shape,
crystal density, and morphology of ZnO NPs, particularly those with controlled shapes,
significantly impact their biocompatibility and antimicrobial properties. Therefore, mor-
phological and topographical investigations of these nanostructures are crucial for under-
standing their properties [43]. In this study, SEM and TEM analyses provided detailed
insights into the dimensions, shape, size, and growth mechanisms of NPs. The TEM mi-
crographs of organic-inorganic nanostructures with different CE concentrations are pre-
sented in Figure 2. The TEM images of XG/CE-ZnO NPs with varying amounts of CE
demonstrated the critical role of CE concentration in determining the NPs” morphology.
The TEM micrographs were acquired at different magnifications to best represent the
characteristic morphology, particle size, and distribution of the NPs synthesized under
each experimental condition. At a lower concentration of 0.01 g CE, the NPs were not
distinctly formed, indicating insufficient support for uniform particle growth (less than 50
nm). When the concentration was increased to 0.02 g of CE, the NPs adopted an irregular
spiral-like shape (less than 100 nm), suggesting partial stabilization and organization of
the XG/CE-ZnO NPs. At a higher concentration of 0.05 g CE (less than 1 um), large aggre-
gates formed, transitioning from the nanometer to the micron scale, likely due to excessive
CE leading to clustering and agglomeration. In contrast, at the optimal concentration of
0.03 g of CE, the XG/CE-ZnO NPs exhibited a desirable spherical morphology with a uni-
form size in the nanometer range (less than 20 nm). This concentration appeared to pro-
vide a balanced quantity of CE to stabilize the NPs without causing excessive aggregation.
These findings highlight the significant influence of CE concentration on controlling par-
ticle morphology, with 0.03 g of CE deemed optimal for achieving well-defined, spherical
NPs.

The mechanisms involved in the nucleation, growth, and aging of NPs are complex
and require in-depth and thorough investigation. Various theories have been developed
to explain these processes. Generally, the formation of NPs can be understood through
several mechanisms, such as a two-step mechanism, digestive maturation, coalescence,
directed assembly, and interparticle growth. Key properties of porous nanomaterials in-
clude their large surface-to-volume ratio, high porosity, and low density of additives.
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These materials may have diameters ranging from 10 nanometers to several hundred na-
nometers, with adjustable pore sizes of 1 to 10 nanometers. Additionally, achieving well-
defined particle morphology is possible, featuring regular geometries along with a very
high internal surface area and pore volume. These characteristics are essential for opti-
mizing the performance of NPs in various applications. Bekdz Ullen et al. [44] reported
that hybrid matrix-based ZnO NPs produced by green sono-synthesis using ginger extract
were spherical in shape and smaller than 50 nanometers. Furthermore, another study in-
dicates that ZnO NPs also exhibit a highly spherical shape [19]. This research demon-
strates the impact of adding curcumin extract on the structural morphology of the NPs, as
evidenced by the characterization results obtained. The study thoroughly analyzed how
different concentrations of CE affect the size, shape, and agglomeration tendencies of the
NPs, highlighting the influence of CE addition on the morphological properties of these
NPs.

(s

100 n

Figure 2. TEM micrographs of XG/CE-ZnO NPs with varying CE amounts: (a) 0.01 g, (b) 0.02 g, (c)
0.05 g, (d) 0.03 g (x20.000) and (e) 0.03 g (x60.000).

XRD analysis was conducted to investigate the chemical structure and crystallo-
graphic properties of the synthesized NPs. The XRD graph of XG/CE-ZnO NPs is depicted
in Figure 3. The analysis identified characteristic peaks indicative of the crystal structures
of both CE and ZnO. Peaks at 20 = 21.80° and 26.63° correspond to the cristobalite and
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quartz phases of CE, respectively [34]. Peaks at 20 =31.75°, 34.4°, 36.03°, 47.69°, and 56.62°
correspond to the (100), (002), (101), (102), and (110) planes of ZnO NPs, respectively
[45,46]. Consistently, it was concluded that ZnO NPs exhibit a hexagonal wurtzite struc-
ture [46]. These findings align with the literature, and the crystallography of ZnO and CE
is compatible with the International Centre for Diffraction Data (ICDD) file numbers 01-
079-0206 and 01-076-0939, respectively.
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Figure 3. XRD spectrum of the synthesized XG/CE-ZnO NPs.

ZnO NP-doped XG/CE polymeric—ceramic matrix samples were characterized by the
FTIR technique. The FTIR spectrum is given in Figure 4. There are broad absorption peaks
at 3325 cm™ (-OH) and 1635 cm™ (bending of water molecules). The O-H bending vibra-
tion band occurs at 667 cm!. ZnO NPs dispersed in the XG/CE matrix are indicated by the
presence of the peak in the range of 400-500 cm™, attributed to the stretching vibration of
the Zn—O bond. The spectra indicate that the effect of ZnO NPs could enhance the inter-
facial interaction within the blend matrix [44,46—48].

XG-CE-ZnO NPs|

—_— 1:
X 420
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¥ |
(¥
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Figure 4. FTIR spectra of the synthesized XG/CE-ZnO NPs.
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In this study, an XG/CE binary organic matrix blend was used as a stabilizer to pro-
duce ZnO NPs. This binary organic matrix helped control the characteristics of the parti-
cles, including their size, shape, distribution, and overall stability. Surface characteristics
were examined through scanning electron microscope (SEM) images of pure XG powders
and XG/CE-ZnO NPs, as shown in Figure 5. The SEM images reveal that the XG powders
exhibit an irregular morphology with a rough, spongy, porous structure. In contrast, the
ZnO NPs are embedded within the XG/CE organic matrix, featuring an average size of
approximately 50 nm and a relatively uniform distribution, as illustrated in Figure 5b.
These organic-inorganic nanostructures consist of spherical particles that are closely di-
mensioned. Similar findings were reported by Bekoz Ullen et al. [44] regarding ZnO NPs
synthesized within an organic-inorganic matrix. The nanostructures are observed to be
agglomerated, a clustering likely resulting from the drying and vacuum processes during
SEM imaging, as well as from the layer-by-layer deposition of the small spherical ZnO
NPs. Previous studies on ZnO NPs have also reported similar outcomes in producing sta-
ble and spherical ZnO NPs using zinc nitrate combined with various organic materials
[49-53]. The use of Al significantly improved the clarity of NP dispersion and aggregation
patterns within the polymer matrix compared to conventional methods. For Al-related
surface analysis, NP morphology data was efficiently processed and then interpreted us-
ing Image] software. This software enhanced our understanding of the characteristics and
behaviors of the XG/CE-ZnO NPs in the organic matrix by allowing for a comprehensive
analysis of their size, shape, and distribution. In the Al-enhanced SEM image displayed
in Figure 5c, advanced Al algorithms applied in Rainbow RGB (8-bit) mode provide a
detailed visual differentiation of key structural elements. Specifically, green highlights in-
dicate ZnO NPs with diameters smaller than 50 nm, red indicates areas of ZnO NP accu-
mulation on the surface, and blue represents the XG matrix. Furthermore, the 3D surface
plot in Figure 5d depicts the topography of the XG/CE-ZnO NP system, illustrating vari-
ations in height and Ra using the Rainbow RGB color scheme, thereby revealing particle
aggregation and distribution. This application of Al in SEM analysis was crucial for accu-
rately understanding NP behavior and improving material characterization. The 3D sur-
face plot was generated using the Interactive 3D Surface Plot function in Image]. The hor-
izontal axes correspond to the SEM image dimensions, while the vertical axis represents
grayscale intensity values rather than the actual topographical height of the NPs.
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0 50 100 nm

Figure 5. SEM images showcasing (a) pure XG, (b) XG/CE-ZnO NPs, (c¢) Al-enhanced SEM image
of XG/CE-ZnO NPs (Rainbow RGB, 8-bit), and (d) 3D surface plot of XG/CE-ZnO NPs (Rainbow
RGB, 8-bit).

3.2. Contact Angles of Substrates with Different Surface Roughness

The interaction between a liquid and a solid surface can be quantitatively evaluated
through CA measurements. Nevertheless, achieving reliable and reproducible CA values
on real surfaces remains challenging due to the sensitivity of the measurements to factors
such as surface heterogeneity, roughness, particle morphology, and particle size [44]. The
effectiveness and uniformity of the coating are strongly influenced by several parameters,
among which substrate surface preparation plays a critical role. Substrate parameters can
generally be categorized into two categories: those related to surface chemistry and those
related to surface topology. Key factors that influence the production of high-quality coat-
ings include surface cleanliness (which reflects chemistry) and Ra (which reflects topol-
ogy). A clean surface enhances the wetting of the coating media, while Ra provides me-
chanical interlocking sites for the coating. The wetting properties of the surface can be
assessed using the sessile drop CA method [54]. Ra is closely linked to coatability and
significantly impacts bacterial adhesion [4,25].

The degree of hydrophilicity or hydrophobicity of a surface can be determined by
measuring CA. Smaller CA indicates greater spreading and better interaction between the
liquid and solid surface. As the CA increases, the liquid is less able to spread on the solid
surface, making it easier for the droplet to maintain its shape. The wettability of a solid
surface is closely related to several factors, including the surface energy of the solid, the
surface tension of the liquid, the chemical properties, and the surface’s microstructure.
Consequently, the measured CA is influenced by various parameters such as the rough-
ness and cleanliness of the surface, ambient conditions, and other contributing factors. Ra
significantly affects both the CA and the wettability of the surface. This influence depends
on whether the droplet fills the surface grooves or creates air pockets between the droplet
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and the surface. In addition to surface topography and roughness, wettability is a critical
surface property that can impact the biological response to implants [15,55].

The impact of Ra on wetting properties was evaluated through CA measurements.
Figure 6 provides a visual representation of how CA values change with increasing Ra
values. As illustrated in the images, the distribution of the coating solution became more
challenging as the Ra values increased. The average CAs measured for the samples coded
R1, R2, and R3 were 61.5° 58.8°, and 48.6°, respectively. Since all measured CAs on the
sample surfaces are below 90°, these surfaces can be classified as hydrophilic, demonstrat-
ing wetting behavior. As the Ra value of the Ti6Al4V alloy substrates increases, the CA
decreases, thereby enhancing the surface’s hydrophilicity and promoting greater droplet
spreading. For an effective coating, it must achieve a “Wenzel” state, meaning that the
coating material should cover the entire surface, completely eliminating any air pockets
[56]. This is characterized by a sufficiently low CA (<90°) and surface features that do not
cause the liquid to become pinned. The observed reduction in CA with increasing Ra can
be attributed to the droplet spreading along the surface grooves [38]. Even minor varia-
tions in Ra can significantly improve wetting behavior. The presence of micro- and na-
noscale hierarchical structures on roughened surfaces creates a topography that can effec-
tively trap the coating material [57]. Additionally, the CAs for Ti-based alloys with differ-
ent roughness levels reported by Bekoz Ullen et al. [44] were consistent with those found
in this study. It has been established that surface wettability, a critical requirement for Ti-
based alloy implants, is heavily influenced by Ra and the morphology of the coatings.

Increasing the roughness of the biomaterial surface enlarges the surface area, which
improves implant adhesion at the implantation site and positively influences bone for-
mation [58]. Surface treatments of implant materials affect their surface energy and CA,
mainly by altering the Ra. The adhesion of the implant to the surrounding tissue is largely
dependent on these factors. Previous studies consistently show a relationship where in-
creasing Ra leads to a reduction in CA [55,59,60]. These findings regarding CA and Ra
align with earlier research in the literature [38]. After applying surface modification pro-
cesses aimed at enhancing the integrity of implant materials, it is important to measure
Ra and CA to ensure optimal bonding characteristics. Therefore, following surface pro-
cesses that improve implant-bone integration and especially alter surface composition,
both surface energy and CA should be measured. An optimal relationship should be es-
tablished among these values and Ra for different surface processes. Surface preparation
through mechanical methods typically eliminates residues from the metal surface while
increasing surface area through induced roughness. Enhancing the surface area of metal-
based materials, which usually have a primary oxide layer, promotes the formation of an
additional oxide layer. Since the wettability of a surface primarily depends on its outer
atomic layer, an increase in oxide thickness linked to rougher surfaces decreases the CA
[61,62]. This observation is supported by Kietzig et al. [63], who note that a rough metal
surface contains numerous active centers, making it likely that an increase in the surface
profile will lead to a reduction in the CA. As a result, it has been determined that varia-
tions in Ra and the surface properties altered by nanostructuring significantly impact both
the CA and surface wettability. They stated that the rough metal surface contains numer-
ous active centers and therefore an increase in surface profile has a high probability of
reducing CA. As a result, it has been determined that variations in Ra and the surface
properties altered by nanostructuring significantly impact both the CA and surface wet-
tability.
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Figure 6. The change in CA with NPs at different Ra.

3.3. Characterization of XG/CE-ZnO NP-Coated Ti6 Al4V Surface
3.3.1. Surface Roughness Results

Ra, along with both macro- and microscale structures, plays a crucial role in deter-
mining the surface energy and biocompatibility of metallic biomaterials. The topography
and roughness of these materials are key factors that influence cell adhesion, proliferation,
and growth. Various properties of implants, such as geometry, design, and connection,
also affect their osseointegration, which is critical for effective bone bonding and overall
implant performance. Among these factors, the average roughness of implants is a vital
determinant of both short-term and long-term clinical outcomes, as well as the sustaina-
bility of the manufacturing process. The Ra parameter impacts several material character-
istics, including surface wear, chemical durability, and microhardness [2,25,31,64,65]. The
primary goal of roughening or processing implant surfaces is to provide cellular activity
and improve bone apposition [31]. Therefore, it is essential to assess changes in Ra prop-
erties before and after coating. For these reasons, conducting comprehensive studies on
surface modifications, such as machining and coating of Ti6Al4V alloy, one of the most
frequently used biomaterials for implants, is important. In machining operations, cutting
parameters significantly affect the Ra value. By carefully selecting machining conditions,
such as cutting speed, feed rate, and depth of cut, it is possible to ensure that the manu-
factured parts meet the required dimensional precision and surface finish standards
[35,36]. A comparison of the average Ra values for uncoated Ti6Al4V samples with vary-
ing roughness levels and their coated counterparts is presented in Table 2. The Ra values
were measured for the Ti6Al4V alloy surface after varying the feed rates during turning.
The results showed that increasing the feed rate from 0.15 mm/rev to 0.25 mm/rev led to
a 32.79% increase in the Ra value. A further increase to 0.35 mm/rev resulted in a 43.18%
rise. These findings indicate a significant correlation between the average Ra values and
the feed rate; as the feed speed increases, the Ra value also increases. Several researchers

https://doi.org/10.3390/coatings16070823



Coatings 2026, 16, 823

14 of 29

have reported that higher feed rates during machining of the Ti6Al4V alloy lead to ele-
vated Ra values [2,35,44]. Multiple studies have indicated that the Ra value is influenced
by the feed rate, sometimes referred to as the secondary speed [35]. Moreover, increasing
the feed rate during turning results in higher temperature and pressure at the cutting
edge. While changes in the processing conditions of the Ti6Al4V alloy do not affect the
strength of the part, they do impact the cutting edge. The elevated temperature can cause
chip adhesion on the cutting edge, negatively affecting the surface quality of the machined
material. In summary, the study demonstrated that increased feed rates raise the temper-
ature and pressure at the cutting edge, adversely impacting chip formation and surface
quality, which ultimately leads to an increase in the Ra value [35,66]. Hagen et al. [2] noted
that optimizing cutting parameters could result in machining surfaces that provide pro-
tective coatings with a longer lifespan. Bekoz Ullen et al. [44] achieved the desired Ra for
Ti-based parts used in coating with ZnO NPs by adjusting the feed rate during lathe cut-
ting. This study frequently employed turning for machining the Ti6Al4V alloy due to its
advantages in optimizing machining parameters, achieving dimensional precision, and
maintaining surface integrity. The surface topography, which influences the interfacial
interaction between the bio-implant and surrounding bone tissue, is primarily determined
by the average roughness value and its orientation [67]. Ra values for implants can be
categorized into nano-, micro-, and macroscale structures based on the dimensions of their
features [31,68]. Typically, the roughness of metallic biomaterials is assessed at the mi-
croscale. This microscale can be further divided into medium and fine roughness, where
“fine” is defined as a Ra of 0.5-1 um, and “medium” ranges from 1 to 2 um [12,69,70].
Notably, all our Ra values, except for the uncoated Ti6Al4V part labeled R3, fall within
the medium scale of 1-2 pm.

The part coded R3 falls within the medium scale range after coating. The coating
process did not significantly alter the Ra values of samples that originally had medium
roughness. Jiang et al. reported that the Ra values measured after coating remained com-
parable to those obtained prior to the coating process, underscoring the importance of this
observation for maintaining chemical stability [71]. Based on these findings, the post-coat-
ing Ra values remain in the medium range, suggesting potential suitability for biomedical
applications. Alla et al. [31] noted that a higher Ra value is desirable for the surfaces of
metal-based biomedical devices, as it helps prevent bacterial interaction by enhancing cell
adhesion, spreading, and growth. In our previous study, Ra values of Ti-based substrates
of 1.247 um, 1.825 um, and 2.186 um before coating were reported, and these were meas-
ured to be 1.018 um, 1.526 um, and 1.92 pm after ZnO NP coating, respectively [44]. In
another study, the Ra values before and after coating were determined to be 1.281 um and
1.023 pm, respectively [12]; in a separate study, the roughness decreased from 1.896 um
to 1.672 pum [6]. The consensus from these studies is that nanocoatings tend to reduce
roughness in micrometer increments. Based on these perspectives, the roughness values
obtained in the present study are also considered significant. In this study, Ra values after
coating decreased by 11.2%, 16.6% and 14.1% in parts with different roughness codes R1,
R2 and R3, respectively. The smoothing effect of coating is less pronounced on rough sur-
faces. Bekoz Ullen et al. [44] reported that Ra values decreased by approximately 12-18%
after applying a ZnO nanocoating on Ti-based substrates. This reduction in roughness
was found to diminish as the initial roughness increased. Hagen et al. explained that an
increase in the Ra raises the peak-to-valley height, which subsequently reduces delamina-
tion and improves the effective contact area of the coating [31]. Ra measurements indi-
cated that the Ra value of the coated surfaces was lower than that of the uncoated parts.
Several studies suggest that the observed decrease in Ra after coating results from the
microscale measurement approach, as the coated particles are at the nanometer scale
[10,44]. Therefore, the reduction in Ra can primarily be attributed to the incorporation of
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NPs in the coating, along with the fact that measurements were conducted at the micron
scale.

Table 2. The average roughness value of coated and uncoated surfaces.

Sample Code #ncoated, um Coated, um Difference, %
R1 1.25+0.13 1.11+0.11 -11.2
R2 1.86+0.18 1.55+0.19 -16.6
R3 2.20 +0.24 1.89+0.17 -14.1

The discovery that rougher implant surfaces with a higher surface area improve con-
tact between bone and the implant has driven researchers to explore biomaterials with
varying average roughness values [31]. Studies involving intraosseous dental implants
with different Ra values have shown that rough surfaces integrate more effectively with
bone [58]. Typically, Ra values for the micro-surface topographic profiles of implants
range from 1 to 10 pum. Recent research has also concentrated on the relationship between
surface integrity and nanoscale modifications, especially concerning Ti6Al4V alloy im-
plant surfaces. Understanding the interaction between surface processing operations and
the resulting Ra is crucial [68]. This study offers insights into how different surface treat-
ment procedures affect the Ra achieved after processing. The next section will address the
effects of changes in Ra on the micro- and macrostructure and, on a broader scale, the
microhardness properties of the surface.

3.3.2. Microstructural Characterization Results

Rough surfaces provide a greater surface area for the distribution of NPs compared
to smooth surfaces. As the Ra changes, the size, shape, and quantity of nanostructure clus-
ters formed on the surfaces also vary due to changes in microstructural and surface chem-
ical composition [32,70,71]. Figure 7 presents SEM images and EDX spectra of Ti6Al4V
substrates prepared with different Ra levels. The results from the SEM and EDX analyses
indicate that the XG/CE-ZnO NP coating is highly uniform and compact, displaying
smooth surface morphology without visible defects such as microcracks or holes. In Fig-
ure 7a, ZnO NPs are evenly distributed on the surface within a relatively homogeneous
size range. They are close to spherical in shape, and agglomeration is less pronounced
compared to other samples, resulting in a clearly smooth coating on the Ti6Al4V surface
with a roughness average of 1.11 um. In Figure 7b, some randomly agglomerated coating
particles are visible on surfaces with a Ra of 1.55 pm. These agglomerated particles adhere
to the surface, creating an irregular surface morphology. The SEM image of the coated R2
sample shows that the NPs change shape from spherical to needle-like forms as the degree
of agglomeration increases. In Figure 7c, with an increase in Ra to 1.89 um, the shapes of
the nanostructures attached to the surface evolve, resulting in agglomerated NPs forming
star-like structures. This underscores the importance of substrate surface characteristics
in determining coating growth and NP morphology. In a related study carried out by
Bekoz Ullen et al. [44], a biopolymeric matrix was employed to control particle size, pro-
mote homogeneous distribution, and enhance structural stability. The study demon-
strated that the average surface roughness (Ra) of the titanium-based substrate signifi-
cantly affected the morphology of the deposited coating, with higher Ra values leading to
a more pronounced presence of organic-inorganic matrix-based ZnO NPs within the coat-
ing layer. According to Paknahad and Nogorani, increased roughness reduces the number
of available reaction sites and induces a cauliflower-like morphology, which supports the
development of star-like features on rough surfaces [30]. Bernard et al. noted that the sur-
face topography of the substrate plays a crucial role in governing the microstructural char-
acteristics of coatings. Consistent with this observation, the present study revealed that
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substrates with different roughness values produced coatings exhibiting variations in
both column size and column density [72]. Caio and Moreau [73] also reported that vari-
ations in substrate roughness lead to structures with differing peak sizes, suggesting that
higher roughness values encourage the formation of a greater number of columns. The
coating material exhibited a fully needle-like morphology. These findings confirm that the
surface characteristics of the substrate significantly affect coating growth, playing a key
role in controlling the size, shape, and distribution of NPs. The coatings were free of cracks
and gaps, indicating successful deposition, which aligns with research emphasizing the
impact of substrate surface structure on coating morphology [30,73]. In NP synthesis pro-
cesses and applications, there is a direct relationship between fundamental geometric
shapes and Ra. Ra does not determine the shape of the NPs; rather, it is a result of shape
irregularities, crystal structure defects, and external morphological protrusions. The
shape of the NPs (spherical, rod, plate, star, etc.) depends on the synthesis method used,
the temperature, and the chemical additives. Ra is closely associated with NPs” morphol-
ogy and plays a significant role in determining their structural and functional character-
istics. Several key mechanisms govern the relationship between particle shape and Ra.
First, crystallization defects that arise from differences in atomic arrangement, crystal
growth rate, and local surface energy during particle formation often result in anisotropic
morphologies with rough, irregular, or sharp-edged surfaces. Second, although Ra does
not fundamentally alter the overall geometry of a particle, it substantially increases the
effective surface area beyond that predicted by its geometric dimensions, thereby influ-
encing surface-related phenomena such as adsorption, catalytic activity, and interfacial
interactions. Third, particles with rough or irregular surfaces exhibit enhanced mechanical
interlocking compared to smooth particles, promoting aggregation and cluster formation
in liquid media due to increased physical interactions between neighboring particles. The
extent and nature of Ra also vary according to NP morphology. Spherical NPs generally
exhibit relatively smooth surfaces because their isotropic growth minimizes surface irreg-
ularities. Nevertheless, rapid cooling or non-equilibrium synthesis conditions may intro-
duce nanoscale pits, indentations, or microcracks on their surfaces. In contrast, nanowire
structures typically possess greater Ra owing to their anisotropic crystal growth, with
their tips and edges exhibiting pronounced surface irregularities. Similarly, polyhedral
NPs display higher roughness at corners and edge junctions, where elevated surface en-
ergy promotes the formation of crystallographic defects and localized surface asperities
compared with the smoother crystallographic facets [74,75]. Moreover, it is known that
NPs in various forms can provide diverse functional properties to surfaces [76]. SEM-EDX
analysis of Ti6Al4V surfaces coated with XG/CE-ZnO NPs revealed signals for carbon,
oxygen, zinc, and silicon, along with characteristic substrate peaks (Figure 7a—c), con-
sistent with previous literature findings [30,44]. Mechanical stress generated in the coating
structure at the nanoscale causes compression or expansion of the crystal structure in the
material, altering the interatomic distance and potentially having small effects on bonding
energies. This can cause changes in the energies of specific element peaks in the EDX spec-
trum. Furthermore, the bonding of atoms in a molecule or crystal structure affects the
outer electron clouds. This can sometimes cause shifts in the peaks [77].
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Figure 7. SEM images and EDX results of the coated surfaces at different Ra values: (a) R1, (b) R2,
and (c) R3.

3.3.3. Macrostructure and Microhardness Results

The macro images and microhardness measurements of the bare and coated surfaces
are presented in Table 3. The macro images indicate that an increase in substrate rough-
ness influences the macroscale morphology of the coating. The surface topography exhib-
ited a non-uniform distribution of irregular grooves and protrusions [77]. Different levels
of Ra are clearly visible in the images of the uncoated surfaces. The distribution of the
coating on the surface can be observed in the stereomicroscope images, which clearly
show that the surfaces have been coated successfully. Sample R1 exhibits a relatively small
size distribution, while larger sizes are noted in the other samples. Optical micrographs
revealed the presence of microscale channels and groove-like surface features resulting
from the machining process. The morphology, dimensions, and distribution ratio of these
grooves can be tailored through varying the processing parameters. In a similar study by
Bekoz Ullen et al. [44], it was emphasized that the macroscale morphology changed after

https://doi.org/10.3390/coatings16070823



Coatings 2026, 16, 823

18 of 29

the application of nanocoating, correlating with an increase in substrate roughness. Their
findings indicated that the altered substrate roughness following the machining process
led to the formation of microscale channels and grooves. Caio and Moreau [73] reported
that implant surfaces incorporating microscale grooves or channel-like features enhance
bone formation under both in vitro and in vivo conditions. This supports our study’s find-
ings regarding the controllability of groove structure. Some research has suggested that
Ra contributes to the formation of a columnar structure on the surface [25]. When exam-
ining the changes in hardness, it was noted that residue was present in all samples after
coating. The enhancement in surface hardness can be attributed to the incorporation of
CE, a rigid siliceous ceramic material, and ZnO NPs, which reinforce the coating matrix
and improve its resistance to localized deformation. Although an increase in hardness was
observed across all samples, the highest increase occurred in sample R1. While machining
is primarily a surface treatment technique, it can also be used to create specific surface
topographies and compositions. The properties of machined surfaces are primarily influ-
enced by the machining parameters of the workpiece [31]. The machining process, driven
by the insert, creates aligned valleys and grooves on the surface due to the plastic defor-
mation of the outer layers. Variations in Ra values, resulting from different processing
parameters, lead to the production of distinct macrostructures in this investigation. Pak-
nahad and Nogorani et al. [30] deposited NPs on the surface that preferentially accumu-
lated within the deeper regions of substrate surface scratches. Their study also highlighted
that as Ra increases, NPs are more likely to form clusters. In a similar investigation, the
impact of changing the roughness of Ti-based substrates on the properties of ZnO nano-
coatings was examined [44]. The researchers found that the topography of the coating
surfaces exhibited a non-uniform distribution of irregular grooves and peaks. As it is chal-
lenging to study the effects of macro-morphological surface changes on various proper-
ties, conducting a micro-morphological evaluation is crucial.

Table 3. Substrate roughness influences macrostructure and microhardness on uncoated and coated

surfaces.
Sample Jencoated Surface Coated Surface Increase (%)
Code _
7, =
a2
R1 16.2

308.4 +10.5 HV1

o

358.3+11.7 HV
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R2

R3

8.9

6.2

' 354.5+13.7 HV1 376.4 +13.9 HV1

3.3.4. Electrochemical Corrosion Test Results

The anticorrosive properties of titanium-based implants are essential for their suc-
cessful use in medical applications. One of the main challenges is ensuring the long-term
stability of these metallic implants under corrosive conditions, which can be addressed
using various surface modification techniques [78]. Research indicates that Ra and coating
defects are significant factors impacting corrosion performance [79]. Common surface en-
gineering methods such as roughening, machining, and coating are employed to improve
the biological and chemical performance of implants. These improvements increase ser-
vice life by boosting bioactivity, wettability, osseointegration, and corrosion resistance
[80,81]. In implantology, the success of metallic biomaterials relies on the balanced inter-
play of three key, intrinsically linked parameters: (i) surface roughness, (ii) biocompatibil-
ity and osseointegration, and (iii) corrosion performance. In terms of surface roughness
and osseointegration, the macro-, micro-, and nano-level roughness on the implant surface
creates a large surface area for bone cells (osteoblasts) to adhere to. Appropriate roughness
(average 1-2 um Ra) increases surface energy, ensuring excellent blood flow (wettability)
to the implant surface. This is the first and most critical step for successful bone formation.

Additionally, among various metal oxide-based nanostructures, ZnO NPs have at-
tracted considerable attention for their excellent corrosion-inhibiting properties. Studies
show that zinc in ZnO can help reduce bone loss by promoting bone formation and en-
hancing the mineralization of osteoblasts [82]. Surface corrosion resistance is a crucial
property for implants, and it has been shown to be highly dependent on the roughness
average (Ra) and the morphology of coatings [80,81,83]. Surface integrity creates direct
pathways between the corrosive environment and the substrate, which is vital for the bar-
rier function of these coatings. However, limited research has been conducted on the im-
pact of ZnO NP coatings on the corrosion resistance of various substrates [79,84,85]. It is
evident that the XG/CE-ZnO NP coating reduces direct environmental interaction by
forming a physical barrier on the metal surface. Additionally, the literature suggests that
corrosion resistance may be enhanced by the spherical structure of the NPs. The surface
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integrity of coatings made with an organic-inorganic blend matrix of NPs is important for
improving corrosion resistance. To the best of our knowledge, the anticorrosive perfor-
mance of XG/CE-ZnO NP coatings on Ti6Al4V substrates has not been previously studied.
This research aims to investigate the corrosion resistance of XG/CE-ZnO NP coatings and
how the roughness average influences their performance. Ultimately, the primary objec-
tive is to improve the corrosion properties of the Ti6Al4V alloy with surface modification
strategies, thereby enhancing its service life and reliability in biomedical applications.

In this regard, the electrochemical behavior on the substrate surfaces with different
roughness is investigated using the electrochemical potentiodynamic polarization
method. Figure 8 displays (a) the OCP results and (b) the polarization curves derived from
Tafel extrapolation, illustrating the corrosion behavior of both uncoated and coated spec-
imens. The corrosion potential (Ecrr) and the corrosion current density values (leorr) evalu-
ated directly from the polarization curves using the Tafel extrapolation method are given
in Table 4. When examined in detail, OCP curves (Figure 8a) are the curves used to eval-
uate the stable condition in the tested solution, and it is interpreted that the samples on
top are in a more stable condition. In this case, R1 samples with less Ra showed better
stabilization in both coated (-0.144 V) and uncoated (-0.339 V) conditions. After the or-
ganic-inorganic blend matrix-based ZnO NP coating, stabilization increased in all sam-
ples. Larger Ecrrand smaller Lo normally indicate better corrosion resistance [6]. From the
polarization curve data, it is evident that XG/CE-ZnO NP-coated samples showed en-
hanced electrochemical behavior, characterized by higher corrosion potential and lower
current density than the uncoated samples with similarly rough surfaces. This finding in-
dicates that surface nanomodification may effectively enhance the corrosion resistance of
the Ti6Al4V substrate.

In the examinations conducted of Tafel curves (Figure 8b) formed after electropolar-
ization, it is observed that corrosion behavior decreases due to increasing Ra. However,
after coating, protection of over 95% was detected in all samples. The sample with a Ra of
approximately 1.000 um has the highest corrosion resistance because it gains passivation
of 98.48% after coating. As shown in Figure 8b, all coated samples exhibited more positive
Ecorr values and significantly lower Icorr values compared to the bare substrate. The cor-
rosion potential of the coated samples shifted towards a more noble direction, indicating
enhanced anodic protection for the Ti6Al4V substrate in Ringer’s solution. This finding
highlights the significance of synthesized NPs in improving corrosion resistance. Based
on the CA results from this study, varying surface morphologies led to differences in sur-
face wettability. Compared to the samples coded R3, the lower roughness average of the
R1-coded samples may be attributed to reduced surface hydrophobicity. Changes in Ra
that affect microstructural properties and surface wettability will inevitably influence the
corrosion characteristics [86-88]. The electrochemical measurements clearly show that the
coated R3 sample exhibits higher corrosion susceptibility compared to the coated R1 and
R2 samples. The differences in corrosion resistance associated with roughness can be at-
tributed to several factors. First, the reduction in Ra due to the coating may hinder the
penetration of aggressive electrolytes, thereby slowing down the corrosion process. Sec-
ond, the diffusion of water, ions, and potentially corrosive agents is influenced by the total
path length available for their movement at the interface. Therefore, a smoother interface
may decrease compositional heterogeneity, further enhancing corrosion resistance [56,86].

Surface modifications alter the mechanical, chemical, and topographic properties of
implant surfaces. The application of an XG/CE-ZnO NP coating on the Ti6Al4V alloy, with
varying roughness, enhances uniformity, which plays a critical role in maintaining chem-
ical stability. The improvement in corrosion resistance is attributed to the synergistic ac-
tion of several mechanisms. The XG/CE-ZnO NP coating acts as a physical barrier that
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reduces the direct interaction between the electrolyte and the Ti6Al4V substrate. Further-
more, the incorporation of CE and ZnO NPs enhances the compactness and structural
integrity of the coating, thereby limiting the formation of defects that can serve as path-
ways for corrosive species. In addition, smoother substrates promote more homogeneous
coating morphology, reducing NP agglomeration and coating discontinuities. The com-
bined influence of these factors suppresses electrolyte penetration and contributes to the
enhanced corrosion resistance observed in the coated specimens [89,90]. Potentiodynamic
corrosion tests revealed that the corrosion currents of uncoated Ti6Al4V alloy samples
were higher than those of the coated samples, indicating that the corrosion resistance of
the coated implants was significantly improved. The ZnO NP coating applied to biomed-
ical materials notably enhances the lifespan of implants in terms of both strength and cor-
rosion resistance. However, defects on the coating surface, such as cavities and cracks, can
create pathways for corrosive solutions to penetrate, which ultimately reduces corrosion
resistance [6]. The coated surfaces R1 and R2 exhibited the highest corrosion potential
values, indicating a minimal chemical affinity. As presented in Table 4, the corrosion cur-
rent densities show that all coated samples, particularly those enhanced with NPs, exhib-
ited significantly reduced corrosion rates compared to the uncoated substrate. The higher
corrosion rate observed in the coated R3 samples, as compared to the coated R1 samples,
may be attributed to the presence of agglomerated NPs on the surface. This agglomeration
can negatively impact the protective properties of the coating, leading to the formation of
voids and porosity within these deposits. Additionally, samples with a lower roughness
average demonstrated higher corrosion resistance due to their smoother surface. Thus, it
can be concluded that the inclusion of ZnO NPs significantly influenced Ra values,
thereby enhancing corrosion resistance. Kuang et al. [89] reported that coatings can effec-
tively prevent the penetration of corrosive ions in the electrolyte. Again, in the same study,
it was stated that corrosion products formed by a decrease in the hydrophobic effect of
the surface destroyed the micro-nanostructure and caused a decrease in corrosion re-
sistance. In the present study, by decreasing the substrate roughness, the microstructural
feature of the nanocoating was modified, which results in its enhanced corrosion re-
sistance. Despite the potential improvement in coating adhesion associated with rougher
surfaces through mechanical interlocking, smoother surfaces exhibited more homogene-
ous coatings and consequently better corrosion resistance [90].
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Figure 8. Electrochemical corrosion test results of the uncoated and coated substrates with different
roughness: (a) OCP and (b) Tafel graph.

Table 4. Results obtained from the potentiodynamic polarization curves for the bare and coated

substrates.
Sample Code OCP (V) Ecorr (mV) Ieorr (MA/cm?) I:::;?;?:iﬁg-

Bare R1 -0.339 —243 4.163 -

Bare R2 -0.362 -273 6.849 -

Bare R3 -0.388 -315 8.438 -
XG/CE-ZnO R1 -0.144 -54.3 0.063 %98.48
XG/CE-ZnO R2 -0.181 -80.4 0.125 %98.17
XG/CE-ZnO R3 -0.22 -150 0.406 %95.18

Amiriafshar et al. [91] have suggested that the corrosion behavior of coated surfaces

can be explained by the interplay between the Ra and CA. As a general trend, optimal Ra

improves both coating durability and corrosion performance, while surfaces that are ei-

ther too smooth or too rough tend to impair corrosion performance, thereby decreasing

coating durability.

The OCP response of rougher Ti6Al4V surfaces is observed at a lower
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potential than that of smoother surfaces. This phenomenon is likely caused by pro-
nounced indentations in the passive layer, which compromise surface stability and re-
quire continuous oxide repair to maintain protection [92]. Paknahad et al. [30] reported
that an increase in Ra led to a notable rise in the Ior value of the bare substrate, while a
slight decrease in Icorr was observed following coating. Furthermore, it has been suggested
that Ra decreases the corrosion performance of stainless steel, particularly in chloride-rich
environments, as surface irregularities and grooves serve as accumulation sites for chlo-
ride ions, thereby promoting localized corrosion. Saidi et al.[80] showed that localized
corrosion on ZnO NP-coated Ti6Al4V substrates triggered low-frequency responses due
to load transfer effects. The diminished corrosion performance was explained by the high
roughness of the coatings, leading to an increased effective exposed area. This study pro-
vides a new strategy and perspective for coating organic-inorganic nanostructures on
Ti6Al4V alloy implants. The measured potentiodynamic polarization results showed that
significantly better uniformity and corrosion resistance were achieved with the coating on
the substrate in relation to the Ra.

4. Conclusions

The surface of Ti6Al4V alloys with varying roughness was modified using a novel
combination of XG/CE-ZnO NPs. Comprehensive investigations were conducted to ex-
plore superficial properties, enhance the corrosion performance of the organic-inorganic
nanostructures coated on the Ti6Al4V surfaces, and improve their applicability in the bi-
omedical field. The results can be summarized as follows:

e  The TEM results demonstrated that CE concentration significantly influenced the
morphology and size of XG/CE-ZnO NPs. At the optimum concentration of 0.03 g
CE, stable NP formation of balanced CE levels was achieved, and uniform spherical
NPs were obtained. ZnO NPs were well dispersed in the XG/CE clay organic matrix,
with an average size of approximately 50 nm and a spherical shape. ZnO NPs showed
a hexagonal wurtzite crystallographic structure.

o Different Ra values were obtained using the turning technique, which is cost-effec-
tive, provides good dimensional accuracy, and maintains surface integrity. In the
turning process, Ra values increased with increasing feed rate.

e Ra values of the surface-modified Ti6Al4V alloys decreased by approximately 12—
18% after coating them in all samples. The improvement in surface smoothness after
coating is less pronounced on specimens with initially rough surfaces.

e  With the increasing Ra value of Ti6Al4V alloy substrate surfaces, the CA decreases
and the spreading behavior of the droplet increases.

e  The chemical composition of the coating surface was essentially consistent across
specimens, regardless of differences in Ra.

e  After nanocoating, an increase in microhardness was observed on the surface of all
samples. The increase in substrate roughness influenced macroscale morphology.
Smooth surfaces with decreasing Ra values provided better corrosion protection. Af-
ter coating, Ti6Al4V substrates showed a more positive Ecorr and a lower Icorr.

e By optimizing cutting parameters, machining can provide surfaces with long-lasting
protective nanocoatings.

e  The findings of this study could support the development of innovative methods and
materials for the modern design of implantable medical devices featuring nanostruc-
tured surfaces.

¢ Improving the long-term corrosion resistance of Ti6Al4V implants remains a major
challenge that requires the application of various surface modification strategies. Our
future research goals include applying different strategies, such as surface texturing
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and coating applications, to prevent shortened service life of the implant and im-
prove its performance by enhancing bioactivity and antibacterial activity.
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