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This study investigates the effect of incorporating ZrO, and CeO, particles on the
corrosion resistance of Ti6Al4V alloy for knee implant applications in simulated
body fluid (SBF) at 37 °C. PLA-based coatings were reinforced with 9 wt.% and 15
wt.% of Ce0, and ZrO, particles. alongside a control coating of 100 wt% PLA. The
coatings were applied using the Electrostatic Spray Deposition (ESD) technique.
Surface morphology analysis using SEM/EDS revealed the accumulation of calcium
and phosphorus within the coatings, indicating enhanced bioactivity and strong
bonding potential with surrounding bone tissue. Scratch hardness testing
demonstrated improved adhesion and the formation of a protective layer
compared to uncoated titanium alloy. Electrochemical behavior was evaluated
using the potentiostatic method, including Tafel slope analysis, corrosion rate

(mm/y), and polarization resistance (Rp). Results showed a significant reduction
in corrosion current density and corrosion rate with the addition of ceramic
particles. Notably, the corrosion rates reached 0.001552 mm/y for (PLA + 15%
Zr03) and 1.901 x 107® mm/y for (PLA + 15% Ce0,), compared to 0.34109 mm/y
for uncoated titanium alloy, confirming the effectiveness of the composite
coatings.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

The skeletal system, of which cortical bone constitutes a significant portion (approx. 15% of body
weight), is a fundamental structural component. Bone tissue has a two-layered structure: the outer
layer, known as cortical bone, comprises about 80% of the total bone mass in adults and has a low
porosity of 3% to 5%. [1]. About 70-80% of medical implants are formed utilizing metallic
biomaterials. These materials are usually used in orthopedics for applications such as bone healing,
fracture fixation, and load support. Widely used metallic biomaterials include 316L stainless steel,
304L stainless steel, titanium, titanium-nickel alloys, cobalt-based alloys (e.g., Co-Cr-Mo), and other
metal-based materials [4, 5]. The study has primarily focused on titanium alloys, with particular
emphasis on Ti-6Al-4V. This focus is mainly due to titanium alloys becoming the favored material
for various modern medical and dental applications. Ti-6Al-4V, in particular, is known for its
excellent corrosion resistance, low toxicity, high biocompatibility, excellent mechanical properties,
chemical stability, and relatively low Young's modulus. These characteristics have led to its wide
use in orthopedic surgery [6,7]. After exposure to air, titanium alloys form a stable oxide layer on
their surface, which enhances their bone-bonding properties when used in implants. This unique
corrosion resistance is due to the passive film formed on the alloy's surface. To achieve positive
integration of implants with bone tissue, surface characterization of bone implants plays an
important role. several challenges associated with titanium-based implants (Ti6Al4V), counting the
emission of harmful ions as vanadium also aluminum, inadequate corrosion resistance, stress
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shielding results, also suboptimal osseointegration. Moreover, issues for example abrasive
corrosion also bacterial colonization are evaluated because of their potential impact on the long-
term viability of implants, prompting the exploration of alternative materials and surface
enhancements. [8,9]. Physical and mechanical modifications, such as the addition of manufacturing,
subtractive methods, and laser treatments, cause variation in the surface properties of Titanium
alloys at both macroscopic and microscopic scales [10]. Techniques such as physical vapor
deposition, sandblasting, and laser ablation are typically used to enhance tissue integration by
modifying surface topography, increasing roughness, or applying mechanical and physical coatings
[11,12]. Chemical modification includes incorporating substances or showing specific chemical
reactions on the implant's surface. Processes such as electrophoretic deposition (EPD), anodic
oxidation, and chemical vapor deposition (CVD) are used to modify the surface chemistry. These
methods enhance bioactivity and also promote improved interactions with the surrounding tissue
[13]. Biological coating fusion involves applying biologically active chemicals or substances to
modify an implant's composition and surface structure, thereby conferring specific biological
functionalities [14]. The integration of multifunctional or double-purpose coatings, achieved
through smart coating design, enables distinct functionalities across regions or within gradient
variations [15]. Additionally, this process effectively merges antibacterial properties amongst
bone-growth-promoting features. The appropriate surface modification is guided by the implant's
intended use, the required biological response, and the expected mechanical properties [16]. C.
Zhao etal. (2020) utilized multi-arc ion plating to deposit TiN and Ti/TiN multilayer coatings onto
the surface of the Ti6Al4V alloy. The findings showed that the tribo-corrosion resistance of the
multilayered coatings was enhanced twofold compared with the uncoated Ti6Al4V alloy and the
single TiN coating after immersion in simulated body fluid at 37°C [17]. In 2021, Ghofran Dhafer
et al. used the electrostatic deposition technique to improve the surface of the 316L stainless steel
(SS) substrate by employing a bio composite coating derived from a PMMA-based composite with
various hydroxyapatite concentrations. The surface morphology and phase composition of the
coatings were measured using FTIR and FESEM/EDS methods. Moreover, the coated specimens
were assessed for biological performance by analyzing their wettability and Osseo conductivity
properties. The findings showed that the coating adhered uniformly to the 316L SS substrate,
resulting in a notable enhancement in the alloy's biocompatibility and biological activity [18]. S.
Bashar et al. utilized the electrostatic spray method to coat pure titanium substrates throughout
varying proportions of hydroxyapatite (HAP) mixed with nickel oxide (NiO)and PMMA. Surface
analysis done using FESEM/EDS and XRD shown homogeneous, identical, and crack-free coatings
along with enhanced surface wettability a important factor for biomedical implants [19]. G.Y. Atay
et. al., Recent studies have also explored the integration of antibacterial agents, such as nano Ag
particles, into Ti6Al4V alloys to prevent implant-related infections. First, Ti-6Al-4 V titanium alloys
were made through the powder metallurgy process. The chief purpose of this paper, antibacterial
study against Escherichia Coli and Staphylococcus Aureus was presented through percentage
reduction exam. While the coating process was shown to be additional positive in antibacterial
analyses, the whole Nano Ag application functioning was created to be larger against Escherichia
Coli bacteria. It was observed that the sample containing 5% Nano-Ag exhibited a 100%
antibacterial effect against both E. coli and S. aureus [20].S. V. Harb et. al. (2024), The development
of customized implants by additive manufacturing has considerably advanced the field of
personalized medicine. In this paper, a 3D-printed bioabsorbable composite made of poly(lactic
acid) (PLA) and B-tricalcium phosphate (TCP) with a 10% weight composition was improved with
cerium oxide nanoparticles (CeNPs) at concentrations of 1, 5, also 10 wt % for bone repair
purposes[21].

The difference between this study the electrostatic deposition process was used to enhance the
surface of a titanium alloy (Ti6Al4V) substrate by applying a bio composite coating resulting from
a PLA-based composite reinforced by many ZrO2 and CeO2 ratios. The studies proved that the
coating layer adhered homogeneously to the Ti6Al4V substrate, The dispersed nanoparticles in the
PLA successfully fill the micro-voids also pores existing in the pure polymer. This filling blocks and
reduce the penetration of corrosive ions (for example chloride ions ,0xygen ,and moisture) to the
underlying titanium alloy surface through making a highly tortuous path oxides have very high also
thermal stability in aggressive corrosive environments [22,23].
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In this study, the ESD approach was used to apply PLA, ZrO2/PLA, and Ce02/PLA bio-composite
coatings onto the Ti6Al4V substrate, aiming to enhance both the biocompatibility and corrosion
resistance of the coating alloy.

2. Materials and Methods

A Titanium alloy (Ti6Al4V) rod was cut into a specimen using wire-cut EDM. The chemical
composition of Ti6Al4V contains Ti (89.802%), Al (6%), V (4%), O (0.08%), Fe (0.07%), C (0.03%),
N (0.01%), and H (0.008%). When cutting, the samples were wet-ground with SiC sandpaper grits
of 100, 150, and 200 grit to increase the substrate's surface roughness to increase mechanical
interlocking for the coating. Next, the samples were cleaned and sequentially rinsed with deionized
water and methanol alcohol. They were then air dried completely and was stored in a desiccator to
ensure dryness. In the next step, the prepared samples under microstructural testing and were
studied in a body fluid mimicking environment (SBF) 1S023317). This was achieved through
mixing about 1000 mL of distilled water with the SBF powder in a glass beaker, utilizing a stirring
rod to ensure full mixing. The beaker was then put on a magnetic stirrer and covered by plastic or
glass film. Finally, the mixture was stirred for one hour at a organized temperature of 37 + 1 °C.

Titanium alloy (Ti6Al4V) produce by (XI'AN FUNCTION MATERIAL GROUP CO.LTD) China,
Polylactic acid (PLA) is the base material resulting from "Luminy LX175 has purity about (96)%
with particle size(53)nm and molecular weight(50,000 - 150,000 g/mol)g/mol and glass transition
temperature (60)C, with different types of ceramic particles, zirconium oxide (Zr0;) was obtained
from (LUXION company ,Registered in England & Wales), has purity about (99.5)% with particle
size(65)nm , cerium oxide(CeO;) it is purchased from (SIGMA-ALDRICH, St. Louis, MO,
USA)featuring an average particle size of (50 nm) also a purity level of approximately 99.9% .that
were used to produce composite

Table 1. Chemical Composition of simulated bodily fluid

The
NaSo, MgCl,.6 NaHCO; KCl CaCl, NaCl HCl
regents K,HPO0O,.3H,0
e (8 HO( T ® @@ @ @@ @
simulated
bodily 0,072 0,311 0,231 0,355 0,225 0,292 8,035 39
fluid

3. Composite Coating Preparations

A polymeric coating based on polylactic acid (PLA) was developed with CeO; and ZrO; bioactive
ceramic particles at varying weight percentages (9, and 15 wt%) as reinforcements. These
components are placed inside a container and mixed and blending by dry mechanical mixing for 30
minutes to confirm a uniform mixture suitable for coating applications. The mass percentages of
CeO; and ZrO; to PLA in the three different types of composite powders were 9:91, and 15:85,
respectively. The Electrostatic Spray Deposition (ESD) system includes a stainless-steel capillary
nozzle joined to a high-voltage power source by positive polarity (COLO CL668W/30kV/PN) and
uses a metallic substrate holder for material deposition. To control the thickness of the deposited
layer, the voltage was adjusted to 25 kV, with a fixed gap of 15 cm between the substrate and the
spray gun. The spraying method lasted for 30 seconds. After deposition, the coated specimen
underwent heat treatment in an electric furnace at 160°C for 30 minutes to finalize the coating
process, after three to four times the experiments were repeated a temperature of 160°C was
chosen to increase inter-particle diffusion), since after a period of time, the sample becomes
electrically uncharged, causing the powder to fall off and the coating to fail. So, a partial melting of
the PLA occurs after the addition of ceramic particles, because below this temperature the powder
oxidizes, resulting in coating failure and Above 160°C, the powder burns and the coating fails.as
showed in Fig. 1.
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Fig. 1. ( a) samples before cleaning,(b) samples after cleaning,( c) coating process,(d) curing in
the oven ,(e) coated samples

4. Results and Discussion
4.1 Morphological Analysis (FESEM)

The SEM images of PLA, PLA/ ZrO,, and PLA/ CeO; composite coatings, produced with several
concentrations of PLA, CeO,, and ZrO,, are shown in Fig. 2. The PLA coating exhibits an ideal
structure, characterized as a uniform porous film, consistent with the findings reported in
references [24], which describe similar electrostatically deposited PLA coatings. All samples
demonstrate that the implant surfaces were uniformly coated with smooth, crack-free layers
exhibiting strong adhesion. The cross-sectional images of the coating samples, shown in Fig. 2.(d),
indicate an uniform deposition of the coating layer and uniform integration and distribution of
ceramic particles within the PLA matrix. It demonstrates a balanced level of porosity without
significant cracks, creating promising conditions for osseointegration. In particular, despite partial
melting of PLA particles during the heating technique used in film production, they retained their
spherical shape during deposition and curing.

The morphology of these coated films gives promising corrosion resistance. The presence of
microscopic pores within the coatings, attributed to the addition of ZrO; and CeO», enhances cell
adhesion. Fig.3 of EDS test by (TESCAN Vega Il XMU) system. highlights the presence of elements
on the surface (Carbon, Oxygen, Titanium, Zirconium, Cerium, etc.)
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SEMMAG: 239kx  WD: 16.26 mm

Det: SE SEMHV: 150kV | 2pm
Dato(m/dly): 09112125

Fig. 2. FESEM of coated specimen before immersed in SBF solution of (a) PLA, (b)PLA 9%Zr0o,
(c) PLA+9%CeO0;, (d) cross-section thickness images of the coating samples
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Fig. 3. EDS test of coated samples of (a) PLA, (b)PLA+9% ZrO, (c)PLA + 15% ZrO., (d)
PLA+9%CeO3, () PLA+15%CeO>
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4.2 Osseointegration Potential

Osteo-conductivity levels are important for evaluating the functioning of bone implants. These
levels significantly help maintain a stable mechanical connection between the implant and the
implantation site by promoting a strong, permanent bond with the surrounding bone tissue [25].
To measure this property, the in vitro bioactivity of covered samples was studied. The analysis
aimed to determine the formation of a layer on the implant surface coated with specific
biomaterials during immersion in simulated body fluid (SBF). Coated samples were immersed in
SBF for 21 days to examine this method. The creation layers were closely tested utilizing FESEM.
Fig. 1 shows the results for the Ce02/PLA- and ZrO2/PLA-coated samples, which were prepared
by Electrostatic Spray Deposition (ESD). This technique results in a homogeneous distribution of
cerium and zirconium particles, forming clusters on the sample surfaces without any indication of
agglomeration. The EDS test in Fig. 2 before immersed in simulated body fluid (SBF) presented no
amount of calcium (Ca) and phosphorus (P). When specimens are immersed in simulated body fluid
(SBF) at 37°C, chemical reactions, for example, spontaneous precipitation, promote the growth of
a surface layer. It is believed that the material's functional groups, along with its surface chemistry,
play an important role in enhancing its bonding with bone as shows in Fig. 4 The results from the
composite-coated samples from the EDS test in Fig. 5 show presented calcium (Ca) and phosphorus
(P) creation after immersion in SBF, representative enhanced apatite formation from calcium (1.3)
% and phosphorus (1.6) % for uncoated Ti alloy. Because the alloy is highly stable and bio-inert,
especially after surface roughness to create nucleation sites that attract Ca and P ions from the fluid,
and calcium (3.2) % as well as phosphorus (3.4) % for (PLA+9%Ce02). This development is
attributed to the hydrophilic surface formed by the coating as shown in fig. 6 (a) and fig. 6(b), which,
importantly, increases implant compatibility.

The results of contact angle test showed that the initial contact angle of the coated surfaces was
always measured below 90°. Moreover, water droplets were observed to be absorbed and
subsequently diffused throughout the coating layer across the entire specimen, indicating excellent
wettability. Specifically, coatings containing ZrO, (15 wt.%) with an absorption rate around
61.061° and Ce0; (15 wt.%) with an absorption rate about 63.428° compared with sample coated
with pure PLA has an absorption rate about 68.531°.

R e
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(d)
Fig. 4. FESEM of coated specimen after immersed in SBF solution of (a) Ti6Al4V alloy, (b) PLA,
(c) PLA9%Zr02, (d) PLA+9%Ce02

x
15k
> ]
<
& i ¢
U .
: n
50- 14 \
“0f N
0. -% i/- gh!.vg.l... 7 » WU
oev I SheV W0keV
(a)
200+
s ]
L]
~
a
Q.
U |
100-
1
¢ 0o P ‘
u, ,“"L.u“.v./‘-\.wé[«»'mﬁl\n.'iiw‘w"ﬁi i
oeV Skev 10 keV
(@

15k
N
1k
2 -
-
e
-
s0- 9T
Ti
<1/ Alsi T
R e e S —
OeV SkeV Kev 10kv
(b)
|
k- ¢
o
- P
&
NJ.C! (<}
il iAo
o B NN -
oV Shev 10key
(d)

Fig. 5. EDS test of coated specimens after immersion in SBF solution (a)Ti6Al4V, (b)PLA, (c)
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contact angle

PLA 9%Zr02  15%Zr02 9%Ce02 15%CeO2
type of samples
b
@) (b)

S User:User!
Date:2025/03/14 03:05

783

(c) (d)

(e) ()

Fig. 6. (a) Contact Angle of coated samples, and samples of water droplet contact
angles,(b)pure PLA,(c) PLA+9%ZrO; ,(d)PLA+ 15% ZrOz, (e)PLA+9CeO,,(f) PLA+15%Ce0

4.3 Hardness of Scratch

Scratch resistance, or hardness, is calculated by studying critical pressures, deformed volumes, and
the deformation mechanisms that occur after the scratch test. Frequently, the assessment of
sensitive loads throughout sequential scratch testing is achieved by integrating distortion-
response data with an inspection of critical loads. The abrasion hardness order for PLA-based
composites plus their coating layers is exhibited in Table 2 and Fig. 7. Scratch hardness can be
determined utilizing the following equation:
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Hsp = (4qP) / nW? (1)

Where the Hsp: is the scratch hardness (N/mm?), P: is the applied load (N), the factor q: is a mean
value of (1.5) and W: indicating the actual scratch width after the test (um).

The Ce02/PLA and ZrO2/PLA composite coatings show outstanding scratch resistance, attaining
the highest scratch hardness values of 0.267 MPa and 0.221 MPa, respectively. Moreover, it exhibits
the minimum average scratch width (0.55 and 0.5) um, as depicted in table2. In contrast, the pure
PLA coatings show higher average scratch widths, ranging from 1.07um, with decreased scratch
resistance strengths of 0.058 MPa. As shown in Fig. 7. The hardness of a coating's scratch is an
important indicator of its adhesion properties. This is measured through analyzing microscope
images of scratched coated samples. As shown in Fig.8, coatings with higher hardness exhibit the
smallest scratch width, indicating the greatest level of adhesion. It is important to consider that
many factors affect coating adhesion, including the applied force, coating thickness, and abrasion
rate [26].

Table 2. The average width of a crack following a scratch

Type of specimens Average crack width
PLA 1.07 pm
9%7Zr0,+PLA 0.79 um
15%Zr0,+PLA 0.55 um
9%Ce02+PLA 0.76 pm
15%Ce0,+PLA 0.5 um
0.267 -
0.115

o

N

N

ph
1

Scratch hardness(N/mm?)
o
3

0.058 -

PLA pure PLA+9ZrO2 PLA+15ZrO2 PLA+9CeO2PLA+15Ce02
(%)Samples type

Fig. 7. Scratch hardness test of coated samples
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Fig. 8. Microscopic images for the scratch width for. (a) PLA Pure, (b) 9%Zr0,+PLA, (c)
15%Zr02+PLA, (d) 9%Ce0,+PLA, (e) 15%Ce0,+PLA

4.4 Electrochemical Bio-Corrosion of Ti6Al4V Alloy and Coating Samples in SBF
Solution.

4.4.1. Corrosion Resistance Analysis

Electrochemical corrosion examination was carried out utilizing a Corrtest CS350M
Potentiostat/Galvanostat [27]. The pure and coated samples were cylindrical, with a diameter of
30 mm and a thickness of 3 mm. Each sample has been insulated with Bakelite, leaving only a
circular surface exposed to simulated body fluid (SBF)at pH 7.4 [28]. A three-electrode cell
configuration has been used to measure electrochemical reaction parameters. The setup involved
a platinum electrode (the counter electrode, pure metal), a saturated calomel electrode (the
reference), and Ti-based or coated samples as the working electrodes, have been wholly submerged
in SBF solution. A water bath was working to keep a steady experimental temperature of 37 °C. The
techniques done utilizing a Corrtest CS350M Potentiostat/Galvanostat workstation [29]. In this
examination, a scan rate of 1 mV/s was used to generate Tafel plots (bc and ba), thereby allowing
determination of the current density (icorr) and potential (Ecorr). Then, the corrosion rate (C.R.)
was calculated using Equation (2) [30].

C. R. = C(M/np).icorr (2)

where M: relates to the atomic weight (g/ mol), icorr: relates to current density (A/cm?2), p: refers
to density, C: relates to a constant equal to 0.00327 in (mm/y), and n: refers to the number of
electrons included in the process.

4.4.2. Potentiodynamic Polarization Tests

The polarization examination curves for the studied samples are shown in Fig. 9 (a, b, ¢, and d). Key
corrosion parameters, including corrosion potential (Ecorr), corrosion current density (Icorr), and
corrosion rate (mm/y), were obtained from the polarization curves using the Tafel polarization
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method. Figure 9 (a) explains the potentiodynamic polarization curve for the uncoated Ti6Al4V
alloy, whereas Figure 9(b), 9(c), and9 (d) exhibit the coated alloy by pure PLA, (PLA + 9% Zr0-),
and (PLA + 9% Ce03), respectively. In particular, both the corrosion current density and rate show
a significant reduction when ceramic powders are added, with Icorr values becoming more
negative. As detailed in Table 3, the corrosion rates (C.R.) of the coated specimens (b, c, d) are noted
as 0.080027 mm/y, 0.001552 mm/y, and 1.901 x 10*-6 mm/y, respectively. These values are
considerably lower than the corrosion rate of titanium alloy without a coating, which is 0.34109
mm/y.

Table 3. The parameters of corrosion for the examined samples

Samples I corr.(A/cm2) Corr. Rate
aroups Ba(mv)  bc (mv) /106 E corr.(v) (mm/y)
Ti6Al4V 450.83 370.35 2.9075x10-5 -0.2455 0.064109
PLA Pure 50.196 37.432 6.8218x10-6 -0.2375 0.080027
PLA+ 9% ZrO; 49.664 39.66 1.323x107 -0.18229 0.001552
PLA+9% CeO; 54.9 39.79 1.6205x10-10 -0.21589 1.901x10-6
= TiBAKY = (PLA Pure)
0.1 . 0.1+
1 i
0.0 I 0.0 I
H
2-01- 2-01-
£ 3
ch 0.2 31:3 -0.24
o o
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: |
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Fig. 9. Polarization curves of (a) uncoated Ti6Al4V alloy, (b) PLA Pure, (c) 9%ZrO,+PLA, (d)
9%~Ce02+PLA and (e) all samples in SBF solution at 372C

o
o
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5. Conclusions

The dry electrostatic deposition method was successfully employed to apply ZrO,/PLA and
CeO2/PLA composites. SEM micrographs revealed a crack-free surface with a controlled level of
porosity, which is beneficial for osseointegration. After 21 days of immersion in SBF at 37°C, the
coated specimens showed a strong ability to form calcium (Ca) and phosphorus(P). The bio-
composite coating (PLA+9%Ce0,) exhibits precipitation of calcium (3.2%) and phosphorus (3.4%)
within the composite and groups, indicating the development of a strong and durable bond with
surrounding bone tissues. Moreover, the scratch hardness of a coating is an essential indicator of
adhesion, the highest scratch hardness was achieved with PLA+15%Ce0O, (0.5 pm scratch width),
followed closely by PLA+15%Zr0,(0.55 pm)."compared to pure PLA (1.07um). These results
highlight the improved biological compatibility of the coating layers within the body, in terms of
corrosion resistance, (PLA+9%Ce0O;) and (PLA+9%Zr0O;) showed the lowest corrosion rate
(1.901x10-mm/y) and (0.001552 mm/y) respectively. These values are considerably lower than
the corrosion rate of titanium alloy without a coating, which is 0.34109 mm/y. The study observed
that ZrO, increased mechanical resistance by arresting crack propagation, while CeO, enhanced
corrosion resistance by forming an ion barrier.
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