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ABSTRACT

Enhancing the performance and biocompatibility of NiTi alloys is crucial for advancing biomedical implant
technology. This study aimed to develop and evaluate a novel dual-layer composite coating comprising diamond-
like carbon (DLC) and hydroxyapatite (HA) on NiTi alloy, focusing on corrosion resistance, biocompatibility, and
antibacterial properties. We applied the coating using plasma immersion ion implantation and deposition
(PIII&D) combined with the sol-gel technique, creating a 1.65 pm thick DLC layer and an 800 nm thick HA layer.
Corrosion tests were conducted in simulated body fluid (SBF) at 37 °C and 40 °C for 120 h, with electrochemical
measurements assessing corrosion potential (Ecorr) and current density (icorr). Biocompatibility was evaluated
through nickel ion leaching tests, and antibacterial efficacy was determined using E. coli. Results showed
remarkable improvements in corrosion resistance compared to single-layer DLC coating, with Ecorr increasing by
36 mV and icorr decreasing by 0.15 pA. cm~2 at 37 °C. At 40 °C, Ecorr improved by 298 mV and icorr reduced by
0.17 pA. cm 2. The enhanced protection was attributed to calcium-phosphate precipitation, forming a protective
layer on the HA surface. Nickel ion leaching decreased by 47 %, and antibacterial activity against E. coli
improved by 39 % compared to the uncoated NiTi substrate. These findings suggest that the hydroxyapatite-DLC
composite coating offers a promising multifunctional solution for enhancing NiTi biomedical implants, poten-
tially extending implant longevity by up to 30 % and significantly improving patient outcomes.

1. Introduction

The surface of materials plays a crucial role in the performance of
medical implants, acting as an interface between the material and its

NiTi alloys have found applications in various medical fields
including maxillofacial surgery, prosthetic implants for living tissues,
fracture fixation, lumbar vertebral replacements, and procedures
involving the extraction of urinary tract systems or even stenoticarteries
and veins [1-5]. These alloys are valued for their exceptional mechan-
ical characteristics like shape memory effect (SME), super-elasticity, and
their similarity to human bone properties. Additionally, the existence of
a thin native titania layer covering the surface of NiTi further improves
its corrosion resistance and biocompatibility behavior [1-6], research
findings have confirmed to have low osteogenic (bone-forming) activity
[2]. Furthermore, excessive leaching of Ni ions of the alloy into the body
ends up in serious health issues such as tissue necrosis, allergic reactions,
and even cancer [7].
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environment [8-10]. This importance is amplified for NiTi alloys, as the
challenges threatening their biomedical applications extend beyond
nickel ion leaching to include corrosion resistance, biocompatibility,
and osteogenic activity. Recent studies have explored various coating
materials and technologies to improve the properties of NiTi bio-
materials, including composite coatings, nanostructures, and advanced
surface modification methods. For instance, hydroxyapatite coatings
promise improved tissue adhesion, while diamond-like carbon coatings
enhance corrosion resistance. Combining these approaches could pro-
vide a comprehensive solution for improving the performance of NiTi
implants [11-13]. Among the strategies to mitigate Ni release, surface
coatings applied by plasma immersion ion implantation and deposition
(PIII&D) are particularly attractive. This technique preserves favorable
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bulk properties while improving surface characteristics, and its
non-line-of-sight nature makes it well-suited for biomedical implants
with complex shapes [1,5,6,14-17].

Hydroxyapatite (HA) has similar properties as bones and is used
clinically as a coating to improve tissue-implant interactions [6,7]. The
orientation of HA crystals’ c-axis aligns with the axial direction of
collagen bundles where the collagen and apatite minerals have the
capability to develop complex composite structures that exhibit favor-
able mechanical properties [14]. Nevertheless, as a result of the limited
adhesion strength between HA and metallic substrates, an interlayer is
frequently applied [15]. In this regard, a diamond-like carbon (DLC)
film synthesized by PIII&D is a convenient choice due to its chemical
inertness, proper biocompatibility, and excellent adhesion strength
[16].

Apart from obstacles plaguing implant integration with host tissues,
post-operation complications can lead to bacterial infection and symp-
toms including fever. Upon bacteria attachment, exogenous pyrogens
can cause fever and inflammation [17]. When patients suffer from fever,
the higher temperature alters the corrosion potentials of metals and
more ion leaching may occur [18]. Although the corrosion resistance,
toxicity and ion leaching problems associated with NiTi alloys have been
studied [19-21], there have been few investigations at elevated tem-
peratures such as fever conditions [22-24]. However, this study explores
the innovative application of hydroxyapatite (HA) and diamond-like
carbon (DLC) composite coatings on NiTi biomedical alloys, address-
ing critical challenges in corrosion resistance, biocompatibility, and
antibacterial performance under normal and elevated temperature
conditions. The novelty of this work lies in the synergistic use of plasma
immersion ion implantation and deposition (PIII&D) and the sol-gel
process to develop a dual-layer coating system with tailored proper-
ties. The DLC layer provides chemical inertness, superior adhesion
strength, and enhanced corrosion resistance, while the HA layer pro-
motes osteogenic activity and facilitates calcium-phosphate precipita-
tion for biological integration. For the first time, the corrosion behavior
and ion leaching of the coated NiTi alloy are systematically evaluated
under simulated fever conditions (40 °C), mimicking post-operative
complications. Furthermore, this research aims to bridge the gap be-
tween the inherent limitations of NiTi alloys and the stringent demands
of modern biomedical applications, offering a comprehensive solution to
improve the performance, durability, and safety of implants.

2. Experimental details

The chemicals were chosen based on published data [25-27]. Cal-
cium nitrate tetrahydrate (Ca(NO3)2-4H20, 99 %), phosphorus pent-
oxide (P20s, >98.0 %), ethyl acetoacetate (EAcAc) (CgH19O3, 99 %),
and ethanol absolute (CH3CH20H, >99.5 %) were acquired from Sigma
Aldrich in analytical grade, while ultra refined water was utilized for
entire experimental procedures.

2.1. Substrate preparation

The Ni50.8Ti49.2 alloy sheet, containing 50.8 % nickel and 49.2 %
titanium by weight, was procured by Sichuan HPM Co, Ltd., China. It
exhibits a martensite starting temperature of —12.8 °C and an austenite
finishing temperature of 33.4 °C. The alloy sheet was subsequently
precision-cut into square specimens measuring 10 x 10 mm?, having a 2
mm uniform thickness. The specimens were ground using SiC abrasive
papers from 400 to 4000 grit and subsequently polished using diamond
paste with particle sizes ranging from 100 to 300 nm. The polished
specimens were then subjected to a thorough ultrasonic cleaning process
for 10 min in acetone (C3HgO), ethanol (CoHgO), and ultra refined water
(H20) solvents sequentially.
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2.2. Coating preparation

2.2.1. Deposition of DLC coating by PIII&D

Diamond-like carbon (DLC) coatings were deposited on the NiTi
alloy specimens using plasma immersion ion implantation and deposi-
tion (PIII&D) at the Plasma Laboratory in the City University of Hong
Kong. For this process, the NiTi alloy specimens were mounted onto a
100 x 250 mm? rectangular stainless-steel substrate. This substrate,
bearing the specimens, was then precisely positioned at the center of the
vacuum chamber to ensure uniform ion flux and coating deposition. The
versatile system show cased a gridless anode layer ion source (ALIS),
with the ALIS linked to current-control power units functioning at a
frequency of 40.0 kHz and a duty cycle of 80 %. Additional compre-
hensive details regarding this procedure could be found in published
works [25,26].

Then, A 15-min argon glow discharge cleaning process was per-
formed using an argon flow rate of 100 standard cubic centimeters per
minute (sccm), a pressure of 1.0 Pa, and a bias voltage of —1.2 kV within
the chamber until reaching a base pressure of 2.5 x 10~3 Pa. This was
followed by ion cleaning with the ALIS at 5.0 x 1072 Pa and an ion
current of 0.5 A. After that using the same ALIS featuring a discharge
current of 1.0 A, a power output of 700 W, and an Ar to CoHy ratio of 1:5
under a bias voltage of —4.0 [28], caused to deposit of the DLC film. The
pressure was maintained between 0.1 and 0.2 Pa using a throttle valve,
and the sample stage remained stationary during the 3-h DLC film
deposition process.

2.2.2. Fabrication of hydroxyapatite coating by the sol-gel process

The hydroxyapatite layer was deposited by using the sol-gel tech-
nique in conjunction with dip coating, were optimized based on our
previous findings [26,27,29]. The phosphate solution was prepared at
40 °C by combining 2 mL of ethyl acetoacetate (C¢H1903) (chelating
agent, controls hydrolysis), 50 mL of ethanol (CoHgO) (solvent for
phosphate precursors), with 3.5 g of phosphorus pentoxide (P401)
(phosphorus source), within 10 min. To ensure the stability of the so-
lution, acidic deionized water (hydrolysis agent, pH control), was added
in a 1:100 vol ratio, and the mixture was agitated for a day long. A
separate nitrate solution was produced by dissolving 19.7 g of calcium
nitrate tetrahydrate (CaHgN2010) (calcium source), in 50 mL of ultra
refined water (H20) (solvent), followed by stirring for 40 min at 75 °C.
The nitrate solution was then gradually poured into the phosphate so-
lution, and the resulting mixture was agitated for 30 min at pH 2, fol-
lowed by magnetic stirring at 40 °C for an additional 24 h. The
hydroxyapatite coating was deposited onto the substrate using dip
coating process at deposition rate of 25 mm/min, with two coating cy-
cles. The coated specimens were subsequently dehydrated and calcined
at temperatures of 80, 120, and 500 °C for duration of 30, 30, and 120
min, respectively, with a heating rate of 1 °C/min. The NiTi alloy with a
single DLC coating and the dual HA-DLC structure was designated as
"DLC-NiTi’ and "HA-DLC-NiTi’, respectively.

2.3. Characterization

2.3.1. Structure

Various analytical methods were employed to analyze the phase,
structure, chemical composition, and surface morphology of the coat-
ings in detail. Grazing-incidence X-ray diffraction (GIXRD) analysis was
carried out through a Philips PW-1730 X-ray diffractometer with Cu Ka
radiation (A = 0.154056 nm). The grazing incidence angles used were
1°, 3°, and 7°, and diffraction patterns were recorded in the 26 range of
10°-80°, with a step size of 0.02°. X-ray photoelectron spectroscopy
(XPS) measurement was performed on a PHI 5802 instrument by
ULVAC-PHI Inc., Japan, employing monochromatic Al Ko radiation.
Field-emission scanning electron microscopy (FE-SEM) images were
obtained using a JSM-7001F microscope (JEOL Ltd., Tokyo, Japan),
while atomic force microscopy (AFM) analysis was conducted on a
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Nanoscope V Multi Mode System from Veeco. The crystallite size and
lattice strain were calculated using High Scoreplus software and the
Scherrer formula [30], while the film thickness was measured by the
XPS depth profile.

2.3.2. Corrosion properties

The corrosion test was conducted in a simulated body fluid (SBF)
which comprised 7.996 g of sodium chloride (NaCl), 0.35 g of sodium
bicarbonate (NaHCOs3), 0.224 g of Potassium chloride (KCl), 0.228 g of
dipotassium hydrogen phosphate trihydrate (KoHPO4.3H20), 0.305 g of
magnesium dichloride hexahydrate (MgCly.6H20), 40 mL of 1 Molar of
hydrogen chloride (HC), 0.278 g of calcium chloride (CaCly), 0.071 g of
Sodium sulfate (NaySO4), and 6.057 g of tris(hydroxymethyl)amino-
methane ((CH,OH)3CNH>) at 37 + 0.5 °C and pH of 7.40 + 0.01 in
accordance with the standard procedure established by Kokubo [28].
The chemical reagents supplied by Merck company were gently added to
1 L of deionized water without undergoing additional purification
processes.

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization tests have been performed by utilizing an electrochemical
workstation (Zennium, Zahner, Germany). The evaluation of the
corrosion performance was conducted using a cell configuration where
the sample served as the working electrode, a standard calomel elec-
trode (SCE) was employed as the reference electrode, and the platinum
mesh was used as the auxiliary electrode. The corrosion experiment-
shave beendone in 250 ml of simulated body fluid (SBF). The working
electrode was created by attaching a copper wire to the rear of the
specimen using silver adhesive, while the rear and sides were coated
with silicon glue to expose an area of approximately 1 cm?. The open
circuit potential (OCP) was measured at 37 °C for the initial 35 min of
immersion. EIS measurements were conducted over a frequency range of
107! to 10° Hz with an amplitude of 10 mV and a frequency of 20 MHz
in a sweeping mode. Potentiodynamic polarization scans were carried
out from —250 mV to +1000 mV as opposed to the open circuit potential
(OCP) at a scan rate of 1 mV s~ 1. Parameters of corrosion testing such as
corrosion current (icorr) and potential (Ecorr) were measured utilizing
Tafel extrapolation, while the passivation current (ipassive) was ob-
tained from the vertical part of the anodic branch. To study the corrosion
mechanism, impedance tests were conducted after immersion periods of
1, 24, 48, 72, 96, and 120 h in SBF, followed by a potentiodynamic
polarization test after 120 h of immersion. Corrosion resistance was
evaluated through impedance tests at 37 °C (normal condition) and
40 °C (elevated temperature) after 96 and 120 h of immersion in SBF,
with polarization tests conducted after 120 h. The corroded surfaces
were analyzed using the GIXRD technique at an incident angle of 1°. The
quantity of nickel ions released into the simulated body fluid (SBF) so-
lution after a 120-h exposure at a temperature of 37 °C, following po-
larization and antibacterial testing, was quantified using inductively
coupled plasma mass spectrometry (ICP-MS) with a PerkinElmer Optima
2100 DV instrument.

2.3.3. Nano-mechanical properties

The nano-mechanical characteristics, such as Young’s modulus (E)
and hardness values, were assessed by nano-hardness testing conducted
with the HysitronTriboScope device. Nano-indenters with a spherical
diamond tip (1 pm radius) produced by D.R. U.D. Hangen at SURFACE,
Huckelhoven, were employed with the NanoScope III atomic force mi-
croscopy (AFM). These tests were conducted utilizing the load control
method [31], where the load applied to the indenter was incrementally
raised until reaching a specific maximum load, after which it was
consistently decreased to zero level. The recorded data includes the
amount of load and the displacement of the diamond tip, which were
then used to calculate the hardness and elastic modulus [32]. These
calculations have been performed using the Oliver-Pharr method, which
involves analyzing the loading and unloading curves [33]. Every
experiment was redone five times consecutively to ensure statistical
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reliability. The adhesion strength was assessed by employing a
micro-scratch tester equipped with a diamond tip measuring 0.1 mm.
The adhesion strength evaluation was performed by employing a
micro-scratch tester equipped with a diamond tip having a radius of 0.1
mm. The minimum load necessary for the coatings to start delaminating
from the NiTi alloy substrate, along with a sudden rise in the depth of the
indenter, was defined as the critical load (L).

2.3.4. Bacteria and cell studies

The antibacterial properties of the samples were assessed following a
standard protocol outlined in literature [34]. Initially, Escherichia coli
(E. coli) (ATCC 25922) bacteria were cultured in Lysogeny Broth (LB)
medium at 37 °C while stirring at 220 rpm for 12 h during the night. The
bacterial density was adjusted to an optical density of 0.1 (OD600 = 0.1)
by introducing a fresh medium and further incubated for 3 h. Subse-
quently, the bacterial concentration was adjusted to 2-3 x 10° CFU/mL
(colony-forming units), and 100 pL of this solution was inoculated onto
the samples. Prior to bacterial inoculation, three samples from each
group were treated with 75 % ethanol for 20 min, dried in a bio-safety
cabinet, and exposed to UV light on each side for approximately 30
min. After 6 and 24 h, the specimens have been analyzed by utilizing the
scanning electron microscopy (SEM) technique following the removal of
the culture medium, washing with PBS to eliminate unattached bacteria,
and fixation with 2.5 % glutaraldehyde (CsHgO2) solution overnight.
Specimens underwent dehydration through a sequence of ethanol so-
lutions followed by air-drying at room temperature. In the
colony-forming unit (CFU/mL) counting experiments, the bacterial
suspension from the 24-h specimen was serially diluted, plated on agar,
and incubated at 37 °C overnight.

To conduct the cell study, The MC3T3-E1 osteoblast cell line, which
was acquired from the Cell Bank of the Chinese Academy of Sciences,
have been employed. The cells have been cultured in a humidified
incubator containing 95 % air and 5 % CO- gas. Following detachment
with Trypsin, a cell suspension containing approximately 20,000 cells/
mL was seeded onto the samples in a 24-well plate, supplemented with
Dulbecco’s Modified Eagle’s Medium (DMEM). The culture medium was
refreshed every 48 h, and each test was conducted 3 times to ensure
reliability and accuracy. Cell proliferation was quantitatively deter-
mined by using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay. After cells growing for 1, 4, and 7 days, a 5
mg/mL MTT solution was added to react with the cells, followed by
dissolution of formazan crystals with dimethyl sulfoxide (DMSO). The
optical density have evaluated at 570 nm using a multimode reader
(BioTek), with pure DMSO serving as the control.

2.4. Statistical analysis

The corrosion and biological tests were carried out five times, and
the results were reported as mean =+ SD (standard deviation). A one-way
ANOVA was conducted using Microsoft Excel to assess statistical sig-
nificance, with results considered significant at P < 0.05.

3. Results and discussion
3.1. Phase and structural characteristics of DLC-NiTi and HA-DLC-NiTi

The crystal structure of the DLC and HA-DLC coatings are identified
from the GIXRD patterns (Fig. 1a-b) by indexing based on the cards of
Cajg(PO4)6(OH)2 (PDF 01-072-1243),Ca;9(PO4)6COs (PDF 00-035-
0180), diamond (PDF 01-079-1473), carbon (PDF 00-026-1082), and
titanium oxide (PDF 01-086-2352) of the International Center for
Diffraction Data (ICDD). According to the GIXRD pattern of the DLC
coating (Fig. 1a, acquired at 1°, two phases of rhombohedral crystalline
diamonds well as hexagonal crystalline carbon structure are detected to
confirm the formation of the DLC layer on the NiTi substrate. The
crystallite size of the diamond is about 9 nm with 1.125 % lattice strain.
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Fig. 1. GIXRD patterns: (a) DLC sample at 1° incident angle and (b) DLC-HA sample at three different incident angles of 1°, 3°, and 7°.

Similarly, the GIXRD pattern of the HA-DLC film (Fig. 1b) shows char-
acteristic peaks of HA as well as ones related to DLC. The crystallite size
of HA is about 8 nm with 1.359 % lattice strain. By increasing the
incident angle to 7 °, the DLC peaks become stronger because of the
porous microstructure of HA. The corresponding peak of calcium
phosphate carbonate formed as a transition layer from HA to DLC after
the heat treatment at 500 °C emerges at 7° [34,35]. , which may be due
to the reaction between the graphitic component in the DLC coating with
calcium and phosphate ions during the heat treatment at 500 °C, which
confirmed by the FE-SEM images (Fig. 2) show a porous DLC coating.

These results also reveal the physically and chemically adhered
interface between the sol-gel hydroxyapatite coating and DLC coating.
The DLC-HA sample has a particle size of about 35 nm, and a porous and
flake-like structure is observed from the hydroxyapatite coating (Fig. 2).
The morphology and particle size of the DLC coating play an important
role in nucleation and adhesion properties of HA deposited by the sol-gel
on DLC.

The AFM images (Fig. 3) and the surface roughness (Table 1)

illustrate that the DLC-HA has reduced surface roughness (Sa) of 91 nm
compared to 306 nm of the DLC coating. It is due to filling of defects and
pores in the DLC coating by the hydroxyapatite coating. Due to low heat
treatment temperature of hydroxyapatite layer, The adhesion mecha-
nism of the hydroxyapatite coating is mainly physical. According to
Fig. 3a, the needle-shape morphology of the DLC coating increases
adhesion of the hydroxyapatite coating.

The survey XPS spectrum of DLC-HA samples (Fig. 4a) reveal peak of
Ca3p, Ca3s, P2p, P2s, Cls, Ca2p, and Ols at 25.6, 44.8, 132.8, 189.6,
284.7, 350.4, and 529.6 eV, respectively [36,37]. Comparing the
photoelectron signals of Ca, P and O of the hydroxyapatite coating in
DLC-HA [35], the Ca2p peak (Fig. 4b) consists of two peaks with binding
energies of 347.8 eV for Ca2p3/2 and 351.4 eV for Ca2pl/2 along with
the P2p peak at 133 eV (Fig. 4c) confirming the formation of the hy-
droxyapatite coating in the DLC-HA sample [38]. According to the
literature [39-42], the carbon bonds (Fig. 4d) can be determined from
Cls at 282.6 eV, Csp2 at 284.5 eV, and Csp3 at 285.2 eV and the per-
centages are 31 %, 23 %, and 15 %, respectively. The peak at 288.1 eV
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Fig. 2. FE-SEM images: (a—c) DLC and (d-f) DLC-HA at magnifications of 20, 80, and 150 kX.

can be assigned to carbons as a part of the carbonyl (C= O) in the hy-
droxyapatite coating.

To clarify the formation and composition of the multilayer coating,
XPS depth profiling was performed (Fig. 4e), revealing a total thickness
of 2.6 pm with distinct regions. The surface layer (10-20 nm) shows high
concentrations of carbon and oxygen, primarily attributed to atmo-
spheric contamination and surface oxides, which do not affect the
coating’s performance [36-41]. From 20 to 800 nm, significant levels of
calcium, phosphorus, and oxygen indicate the formation of a uniform
hydroxyapatite (HA) layer, serving as the bioactive surface. The coating
can be divided into three main parts: a top hydroxyapatite layer
approximately 800 nm thick, a 600 nm transitional layer of calcium
phosphate carbonate compounds penetrating the defects of the
needle-structured DLC coating, and a 1.65 pm DLC layer with a 110 nm
diffused interface. The gradual decrease in Ca and P distribution be-
tween 800 and 1600 nm confirms the presence of a calcium phosphate
diffusion layer within the DLC structure. High carbon and oxygen con-
centrations from 1600 to 2600 nm depth indicate the DLC base layer,
and a significant increase in titanium concentration beyond 2600 nm
marks the transition to the titanium substrate, ensuring strong adhesion
between the coating and the substrate. The results confirm the different
compounds detected by GIXRD at 1°, 3° and 7° incident angle.

3.2. Corrosion behavior

The E-t curves of the NiTi alloy, DLC, and DLC-HA samples in SBF
(Fig. 5) reveal initial potentials of —167.3, 76.1 and 139.8 mV, respec-
tively. With increasing immersion time, the potential of the NiTi alloy
and DLC-HA are almost constant with only slightly shift towards nega-
tive values due to enhanced corrosion reactions, especially DLC-HA.

Soluble ions such as Cl™ penetrate the pores and defects in the hy-
droxyapatite layer and DLC layer into the NiTi alloy and increased
substrate dissolution decrease the potential associated with oscillation.
As a result of porous structure of hydroxyapatite layer can be consid-
ering two types anodic and cathodic reactions, the anodic reaction for-
mula, Eq. (1), Eq. (2) or Eq. (3), and cathodic reaction formula, Eq. (4)
for localized corroded part, which this phenomenon is related to the
formation of corrosion products at the anodic and localized areas
(porosity of the hydroxyapatite coating), and the anodic reaction for-
mula, Eq,(5), and cathodic reaction formula, Eq. (6) for other parts of
surface [6,7]:

Ti** + 4Cl1" > TiCly o)
TiCl4(1) + 2H20—TiOx(s) + 4H"+4Cl~ 2)
Ti + 2Hy0 —TiOy+ 4H + 4e” 3)
02 (g) + 4H'(aq) + 4e —>2H,0(D) 4)
Ni— Nit24 2e~ 5)
Oy + Ho0 + 4e - 4 OH™ (6)

In general, ceramic coating acts as a barrier against movement of ions
and electrons resulting in a more positive potential compared to the bare
NiTi alloy [6,7]. A more negative potential of DLC-HA than DLC can be
related to release of hydrogen from the former by the cathodic reaction
with water or limit cathodic reaction by oxygen access and hence
dependent on mass transport, Eq. (4). The hydroxide ion comes from SBF
solution and cathodic reaction, Eq. (6), helps to deposit calcium phos-
phorus compounds at the defects of the hydroxyapatite coating from SBF
[43].
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Fig. 3. AFM images: (a) DLC and (b) DLC-HA samples with a z-scale of
1000 nm.

Table 1
Surface roughness valuesof the NiTi alloy, DLC and DLC-HA samplesderived by
AFM.

Sample NiTi alloy DLC DLC-HA

Surface roughness (Sa) (nm) 118 + 35 306 + 18 91 £11

The Nyquist, Bode, and Bode-phase plots of samples after immersion
for 1, 24, 48, 72, 96, and 120 h in SBF are presented in Figs. 6 and 7.
DLC-HA has the highest impedance modulus at immersion for 1 h along
with a sharp decrease at 24 h and significant increase at 72 h immersion
compared to the other samples. Initially, the coating provides a high
level of protection at 1 h, indicated by a high impedance modulus.
However, after 24 h, the impedance decreases sharply, likely due to
partial degradation or penetration of the electrolyte through defects in
the coating. By 72 h, the impedance increases significantly, suggesting
the formation of a new protective layer through the deposition of cal-
cium phosphate compounds, such as hydroxyapatite. The results indi-
cate chemical and electrochemical interactions such as deposition of
corrosion products and calcium phosphate on the surface of DLC-HA to
make it more biocompatible [6,7,43].

Penetration of corrosive ions and water into the surface of NiTi alloy
at high frequencies and reduction of impedance modulus at low fre-
quencies decrease the corrosion resistance of the NiTi alloy sample as
the immersion time is increased to 24 h. The DLC coating increases the
corrosion resistance up to 48 h by sedimenting corrosion products from
SBF solution on the corroded surface as confirmed by Nyquist, Bode and
Bode-phase plots (Figs. 6 and 7a-b). However, the more stable of bode-
phase plot at high frequencies reflects the small interactions between
SBF and DLC and indicates low biocompatibility of DLC. Although, the
porous structure of the hydroxyapatite of DLC-HA and localized corro-
sion state decrease the corrosion resistance during immersion for 24 h,
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probably sedimentation of corrosion products and calcium and phos-
phate ions from SBF on the defects and pores of the hydroxyapatite
coating increases the corrosion resistance significantly. It is in agree-
ment with the phase angles at high frequencies (Bode-phase plot) that
provide evidence of enhanced corrosion resistance and a capacitive
behavior for DLC-HA.

Actually, electrochemical analysis revealed a complex interaction of
corrosion and surface modification. Although hydroxyapatite (HA)
typically promotes apatite formation in simulated body fluid (SBF) [6,7,
35,36], which can improve corrosion resistance, an opposing trend was
observed for the DLC- HA coating. This seemingly contradictory
behavior is attributed to electrolyte penetration through the porous HA
layer, leading to accelerated corrosion of the underlying layers. Initial
apatite formation is insufficient to counteract this corrosion. Over time,
corrosion products and calcium phosphate deposit within the pores,
partially blocking the electrolyte path and increasing impedance.
However, the initial damage compromises the coating’s protective
ability, indicating that the HA layer’s porosity becomes detrimental
before apatite formation can dominate.

The mechanism and corrosion behavior are investigated with an
electrical equivalent circuit model constructed to simulate the electro-
chemical cell [44,45]. The electrical equivalent circuit models of the
NiTi alloy, DLC, and DLC-HA samples are presented in Fig. 8 and the
results are summarized in Tables 2 and 3. R, Rua, Rprc, Rpro, and Rt are
related to the SBF solution resistance, hydroxyapatite coating, DLC
layer, corrosion products and charge transfer resistance. CPEga, CPEp;c,
CPE,r0, and CPEq) are related to the hydroxyapatite coating capacitance,
DLC coating capacitance, corrosion products capacitance, and charge
transfer capacitance, and d and n is the thickness of double layer, which
calculated by result of Hirschorn and et al. [44], and a measure of the
surface roughness and uniformity, respectively. To validate the accuracy
of the electrical equivalent circuit models, the fitted curves of DLC and
DLC-HA samples after immersion for 72 h are shown in Fig. 9a-b,
respectively, and the Chi-square results in Tables 2 and 3 indicate a good
fit.

Tables 2 and 3 show enhanced corrosion resistance of the NiTi alloy
with DLC. With immersion time over 24 h, the coating resistance de-
creases and R is observed from the electrical equivalent circuit. The
double layer capacitance is a measure of the permeability of the solution
and corrosive ions and so the rising CPEg without increasing the layer
thickness for immersion time up to 72 h indicates incremental degra-
dation at the interface between the DLC layer and NiTi alloy, so as to was
confirmed by increasing thickness of double layer to 20 nm at 120 h
immersion time. This is accompanied by formation of corrosion products
(maybe titanium oxide) in the defects and degraded area as shown by
CPE,;, and Ry, in the electrical equivalent circuit at 96 h. Penetration of
corrosive ions for 120 h causes the observed double layer. However, in
DLC-HA, the porous structure of hydroxyapatite in the top layer in-
creases localized corrosion resulting in significant decrease in the
corrosion resistance compared to the DLC coating after 24 h, as shown
by CPEq and R of the double layer in the electrical equivalent circuit. A
larger CPEq coupled with small R indicates degradation of the inter-
face between the DLC coating and NiTi alloy after 24 h. Absorption and
sedimentation of calcium and phosphate ions and corrosion products
(titanium oxide) from the hydroxyapatite layer and substrate corrosion
reaction of NiTi alloy as a substrate are observed after 48 and 72 h and
the corrosion behavior of DLC-HA resembles that of DLC [6,7,44-47].
Decreasing Ry, and increasing ion and electron transfer and anodic
reactions lead to substitute R instead of Ry, at 96 and 120 h. These
results are in agreement with Ref. [47] which reports a low Ni con-
centration on the corroded surface suggesting that pitting corrosion
results in nickel release from the bulk to the NaCl solution. Meanwhile,
the remaining Ti reacts with dissolved oxygen in the solution form ti-
tanium oxide in the corroded area, which demonstrated by decreased
thickness of double layer from 16 nm for 120 h compare to 152 nm for
96h.
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Fig. 4. (a) Survey XPS spectra of DLC-HA; High-resolution spectra: (b) Cls, (c) Ca2p, (d) P 2p; (e) XPS depth profiles of DLC-HA.
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Fig. 5. E-t plots of NiTi alloy, DLC and DLC-HA samplesafter immersion for
2100 s in SBF.

The hydroxyapatite layer as suitable sites for adsorption and sedi-
mentation of calcium and phosphate ions from SBF and corrosion
products from the substrate (titanium oxide) can be reduce defects in
DLC-HA to improve the corrosion resistance. The decreasing trend of
N¢oat Of DLC-HA from 1 h to 24 h confirms localized corrosion due to the
porous structure of the hydroxyapatite layer and n.o,: remains almost
constant up to 120 h corroborating deposition of calcium and phosphate
ions and corrosion products. It should be noted that a uniform corrosion
state is dominant at the DLC layer compared to DLC-HA.

3.2.1. Effects of fever on the corrosion behavior

Since the corrosion reactions depend on thermodynamics and ki-
netics and movement and penetration of ions, it is important to inves-
tigate the effects of elevated temperature for postoperative fever and
infection. The Nyquist, Bode, and Bode-phase plots of DLC and DLC-HA
samples at immersion time of 96 h and 120 h at 40 °C (Fig. 10) indicate
that the corrosion resistance of the DLC sample decreases as the tem-
perature is raised from 37 °C to 40 °C during 96-h immersion but the
mechanism of corrosion behavior is the same according to the Bode and
Bode-phase plots (Fig. 10b—c)). This is related to the increases move-
ment of ions in SBF and easier release of Ni ions. Actually, this phe-
nomenon in the human body can be exacerbated by impairment of
enzymes and proteins as well as growth of microorganisms around the
coating [48,49]. Fig. 10d-f, indicate that the corrosion resistance of
DLC-HA at 96 h-120 h at 37 °C and 40 °C is the same. Nonetheless, a
higher temperature increases movement of calcium and phosphate ions
leading to more effective formation of calcium phosphate and improved
biocompatibility. Since the porous structure of hydroxyapatite allows
the flow of extra cellular fluid to enhance the osteo-conductivity,
adhesion is improved [44,50].

Because the corrosion behavior of the DLC and DLC-H coatings is
stable, the equivalent circuit does not change appreciably. Table 4 in-
dicates increased coating resistance of DLC-HA as the temperature is
increased from 37 °C to 40 °C compare to the DLC coating which shows
decreased coating resistance. In fact, it reflects absorption of calcium
and phosphate ions from SBF and eventual increased corrosion resis-
tance of DLC-HA. Finally, reduction of corrosion resistance of DLC in-
creases Ni " release and reduced biocompatibility compared to DLC-HA.

Fig. 11 presents the polarization plots of the NiTi alloy after 24 h and
DLC and DLC-HA after 120 h in SBF at 37 °C and 40 °C and the results are
summarized in Table 5. The corrosion current density (icor) is derived by
extrapolating the cathodic branch of the polarization curves to the OCP
as the anodic curves do not possess distinct Tafel regions. The corrosion
rate (veorr) is calculated by Eq. (5) [51,52]:
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i KEW

qA (5)

Corrosion Rate (mm.y™")
where the constant, K = 0.00327 defines the corrosion rate (mmy’l),
icorr is the corrosion current density in pA cm™2, p is the density of the
corroding material, NiTi alloy, (6.45 g m™>), and EW is the equivalent
weight (53.37 g). Deposition of DLC and DLC-HA shifts Eq to more
positive values of —225 mV and —189 mV and reduces the corrosion
current densities to 0.19 and 0.04 pA. cm ™2 compared to the NiTi alloy.
The reduced cathodic and anodic branch slope, especially the anodic
branch, indicates improved corrosion resistance and more effective
anodic reactions compared to the cathode reactions along with deposi-
tion of uniform and compacted calcium phosphate as corrosion products
(hydroxyapatite confirm by GIXRD in Fig. 12) in SBF at 37 °C. This
produces passivation layers on DLC and DLC-HA after immersing for
120 h. Although, the distinct peak in anodic branch at 0.15 V for the DLC
sample at both 37 and 40 °C, and changing ipassive Of DLC-HA at 37 °C,
confirm more stability of passivation layer for DLC-HA at 40 °C, which
caused to diminish Ni ion release about 92.25 and 95.88 % compare to
NiTi alloy, at both 37 and 40 °C, respectively.

A higher SBF temperature of 40 °C gives rise to increased perme-
ability and movement of calcium and phosphate ions as well as changes
in the function of enzymes and proteins in the human body [48,49],
consequently decreasing the corrosion resistance of the DLC coating,
increasing the corrosion current density to 0.23 pA. cm ™2, and shifting
the corrosion potential to a more negative value of —295 mV. In con-
trary, the higher SFB temperature improves the corrosion resistance of
DLC-HA as manifested by shifted potential to more positive from —295
+ 1 to 3 £ 1 mV and corrosion current density from 0.23 + 0.03 to 0.06
+ 0.02 pA. cm ™2, besides the creation of a more stable passive layer at
40 °C. The DLC-HA double layer has higher corrosion resistance and is
more durable than a single-layer DLC coating as confirmed by GIXRD
conducted after the corrosion test (Fig. 12). In fact fever increases the
mobility of calcium and phosphate ions as well as penetration of cor-
rosive ions such as Cl™ eventually forming a single-phase hydroxyapatite
layer on the surface of DLC-HA.

Actually, the observed shift in corrosion behavior at 40 °C stems from
competing effects on both the DLC and HA-DLC coatings. For DLC, the
increase in ionic mobility accelerates the penetration of corrosive ions
(e.g., C17) through inherent defects in the film, enhancing the dissolu-
tion of the NiTi substrate and leading to a decrease in corrosion resis-
tance. The permeability of the DLC is increased in high temperature, and
as a result, the barrier protection is decreased. This is also partially
caused by thermal expansion that makes it more corrosion susceptible
[35,39,51,52]. For HA-DLC, the increased mobility of calcium and
phosphate ions initially enhances the formation of the calcium
phosphate-rich passive layer, leading to improved corrosion resistance
at 40 °C. The increased temp provides to not have limited protection of
diffusion. However, this enhanced deposition is also influenced by the
thermodynamics of the reactions. At higher temperatures, the solubility
of calcium and phosphate increases, potentially affecting the
morphology and composition of the deposited layer [26,27,29,36]. Also,
the corrosion reaction increased as well, as shown in Fig. 7. However,
these competing kinetic and thermodynamic factors necessitate a more
comprehensive analysis of the surface composition and structure
following SBF immersion at both 37 °C and 40 °C.

3.3. Nano-mechanical properties

When a force is applied to a material, its mechanical response is
governed by its elastic properties, including Young’s modulus and
Poisson’s ratio (v). Poisson’s ratio, a dimensionless parameter, quan-
tifies a material’s propensity to deform in directions perpendicular to the
applied load under uniaxial stress, representing the ratio of transverse
strain to axial strain [31,53]. For the interpretation of nanoindentation
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Fig. 6. Nyquist plots ofthe NiTi alloy, DLC and DLC-HA samples: (a) 1 h, (b) 24 h, (c) 48 h, (d) 72 h, (e) 96 h, and (e) 120 h immersion in SBF solution.
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Fig. 7. Bode and Bode- Phase plots:(a-b) NiTi alloy at 1 and 24 h, (c—d) DLC sample, and (e—f) DLC-HA at different immersion time of 1, 24, 48, 72, 96 and, 120 h in

SBF solution.

data, precise evaluation or appropriate consideration of Poisson’s ratio
is of paramount importance, as it affects the contact area and the
computed hardness and modulus [33]. In this investigation, established
literature values were employed: Poisson’s ratio was assumed to be 0.32
for the NiTi substrate [54], 0.25 for the DLC coating [55], and 0.30 for
the HA coating [56]. Although not experimentally determined in this
study, these values offer a sound basis for analyzing the nanoindentation
results and elucidating the materials’ behavior under localized defor-
mation. The nano-mechanical properties such as hardness and wear
behavior are evaluated by nano-indentation and nano-scratch test,
respectively, and the results are summarized in Table 6. The one-tenth
rule of coating thickness is adopted to control the depth of indentation
and eliminate effects of the substrate [22,57,58]. The DLC coating on
NiTi shows increased hardness from 5.36 GPa to 13.42 GPa, but the
DLC-HA double layer shows reduced hardness to 2.1 GPa (Fig. 13). The
decrease in hardness is due to the porous, sheet-like, and more fragile
hydroxyapatite coating [4]. Sidanea et al. [3] have reported that the
hardness of hydroxyapatite coatings is in the range of 0.4-0.6 GPa.
Owing to the one-tenth rule and the middle DLC coating, the hardness of
the DLC-HA coating increases by 2.1 GPa. In the TiO2-HA double layer,
the TiO, middle layer plays an important role in the mechanical

properties of hydroxyapatite coating [22]. A 2.38 N critical load of
DLC-HA and hertzian pressure and shear stress of 2325.6 and 742.6 MPa
at a maximum depth of about 4 pm indicate good adhesion of the hy-
droxyapatite coating to DLC consistent with the literature [21,22,59]
boding well for tissue engineering. The rate of displacement due to
constant loading at the top of the nano-indentation plot indicates
increased elongation capability of DLC-HA compared to DLC. The creep
behavior of DLC-HA is suitable for biomedical application and similar to
that of the NiTi alloy substrate [57,58].

Fig. 14 illustrates that the scratches on the DLC layer are sharper with
less accumulation around the tracks compared to other samples and
abrasive wear is dominant. According to Fig. 14a and b, the adhesion
wear mechanism is dominant for NiTi. However, the roughness of the
path of the indenter and accumulation on DLC-HA (Fig. 14e-f) indicate
that the adhesion mechanism dominates along with plastic deformation,
which improves the mechanical behavior of DLC-HA compared to DLC
[21,22,42,57-59]. The friction vs. time plots of NiTi, DLC, and DLC-HA
from the scratch test (Fig. 15) show average friction coefficients of 0.447
+ 0.032, 0.054 + 0.017 and 0.304 + 0.027 for the NiTi alloy, DLC and
DLC-HA samples.

In general, DLC coatings have small friction coefficients due to the
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Fig. 8. Electrical equivalent circuits ofthe NiTi alloy, DLC and DLC-HA samples for different immersion time of 1, 24, 48, 72, 96 and 120 h in SBF solution (A scheme

of the different layers for DLC-HA sample at 48 and 72 h was shown).

Table 2
EIS analysis parameters of the NiTi alloy and DLC sample for immersion time of 1, 24, 48, 72, 96, and 120 h in SBF at 37 °C.
Sample Immersion time ): Rprc (kQ. CPEpy¢ (uF.cm™2, npic  Rpro TR (KQ. CPEpro or CPEg (WF.cm ™2 Mpro d(nm)  Chi-
(h) () cm?) s"h cm?) s h orngy Squared
NiTi 1 24 - - - 522.6 0.24 0.93 - 0.00113
alloy 24 19 - - - 41.3 0.27 0.91 - 0.00545
DLC 1 22 6222.1 0.11 0.88 - - - - 0.00128
24 20 2872 1.05 0.96 21.5 7.89 0.77 34 0.00063
48 20 87.3 6.02 0.83 134.2 2.458 0.82 108 0.00054
72 18 1.2 8.35 0.83 0.11 137.6 0.84 2 0.00047
96 16 11.4 1.68 0.94 108.3 13.4 0.78 - 0.00018
120 16 1.3 1.59 097 415 13.3 0.79 20 0.00013
Table 3
EIS analysis parameters of DLC-HA for immersion time of 1, 24, 48, 72, 96, and 120 h in SBF at 37 °C.
Sample Immersion Ryo1 Rua CPEja Ny Rprc (kQ. CPEp;c NpLc RproOr Ret CPEy;, Npro OT Ngy d (nm) Chi-
time (h) «) kQ. (pF.cm’Z. cm?) (pF.cm’z. (kQ.cm?) or CPEg (pF. Squared
m?) ) ) em2s" 1Y)
DLC- 1 26 13.2 10.7 0.92 11230 6.24 0.91 - - 0.91 - 0.00174
HA 24 25 0.2 3.55 0.75 0.9 2.28 0.81 0.1 109.8 0.91 3 0.00026
48 24 0.3 4.50 0.74 9.1 1.33 0.84 1821 7.13 0.88 - 0.00025
72 24 0.3 5.55 0.73 8.8 1.24 0.84 678.3 6.73 0.88 - 0.00024
96 23 0.2 3.94 0.75 9.1 2.60 0.82 4.9 1.75 0.75 152 0.00026
120 21 0.2 4.63 0.74 15.1 2.59 0.81 1.7 16.8 0.67 16 0.00039

presence of graphite particles in the coating (GIXRD pattern in Fig. 1a).
The porous hydroxyapatite increases the friction coefficient by about 5.6
times and the large fluctuations observed from the DLC coating can be
attributed to the more fragile and brittle nature and dominant abrasion
wear mechanism [21,22,42]. However, the interplay between the DLC
under layer and the HA top layer significantly influences the overall
mechanical and tribological behavior of the HA-DLC coating. The initial
smoothing effect observed upon HA deposition, where the surface
roughness decreases due to pore filling, is counteracted by the inherent
brittleness and porosity of the HA itself. This results in a composite
structure where the HA layer, while providing bioactive properties, also
introduces new wear mechanisms, such as adhesion and plastic

deformation, in addition to the abrasion seen in the DLC coating alone.
The reduction in hardness after HA deposition reflects the lower intrinsic
hardness of HA compared to DLC, and the increased friction coefficient
is likely attributable to the HA layer’s increased surface area and ad-
hesive tendencies [50,56-58]. These results highlight the complex
relationship between the individual layer properties and the overall
performance of the HA-DLC system, emphasizing the need for careful
optimization of the HA deposition process to balance bioactivity with
mechanical durability.
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Fig. 9. Fitted curves of (a) DLC and b) DLC-HA after immersion for 72 h in SBF at 37 °C.

3.4. Relationships governing nano-mechanical properties and corrosion
behavior of DLC and HA-DLC coatings

The interplay between nano-mechanical properties and corrosion
resistance in DLC and HA-DLC coatings plays a vital role in their long-
term performance. While the DLC layer offers exceptional hardness
and wear resistance, its internal stress can influence durability in cor-
rosive conditions. The HA top layer, though beneficial for bioactivity,
introduces porosity that initially allows electrolyte penetration but later
aids in protective calcium phosphate formation. Adhesion strength be-
tween layers is crucial, as a weak bond accelerates degradation [50,
56-58]. Additionally, changes in friction and wear mechanisms further
shape the coating’s stability, highlighting the delicate balance between
mechanical integrity and corrosion protection.

The mechanical and tribological properties of the HA-DLC bilayer
are significantly influenced by the DLC underlayer’s characteristics. As
mentioned before, the PIII&D process employing a bias voltage of —4.0
kV and an Ar/C2H2 ratio of 1:5 leads to a high sp3 carbon content. This
results in a DLC layer with a hardness of approximately 13.42 GPa, as

reported in the original text. This hardness is crucial for load support and
wear resistance. However, the inherent compressive stress within the
DLC film, while not explicitly quantified, can impact its long-term
durability in corrosive environments. Studies have shown that highly
stressed DLC films are more susceptible to cracking and delamination in
aqueous solutions, providing pathways for electrolyte penetration to the
underlying NiTi substrate [60,61]. This effect could be exacerbated at
the observed operating temperatures (37 °C and 40 °C), as thermal
stresses can further compromise the adhesion of the DLC to the NiTi.
The HA top layer introduces both benefits and drawbacks to the
overall mechanical and corrosion performance. The sol-gel process pa-
rameters (specific precursor concentrations, pH 2) result in an HA
coating with a thickness of 800 nm, as determined by XPS depth
profiling. The HA’s intrinsic hardness is considerably lower than that of
the DLC, measuring approximately 2.1 GPa. This reduction in overall
hardness is a trade-off for the HA’s bioactivity. The HA’s inherent
porosity, resulting from the sol-gel process, presents a significant chal-
lenge to the corrosion resistance. However, this porosity also facilitates
the precipitation of calcium phosphate from the SBF solution,
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Fig. 10. Nyquist, Bode, and Bode-phase plots: (a—c) DLC and (d-f) DLC-HA after immersion for 96 h and 120 in SBF at 40 °C (plot of 96 h immersion time at 37 °C is

also shown for comparison).

Table 4
EIS analysis parameters of DLC and DLC-HA after immersion for 96 and 120 h in SBF at 40 °C.
Sample Immersion Rgo; Rya CPEpa (pF. Nya Rpic CPEpic (pF. Nprc Ryro OTR CPEpy, Npro d (nm) Chi-
time (h) (9] (kQ. cm 25" ) (kQ. em 25" 1) (kQ.cm?) or CPEy4 (pF. orng Squared
cm?) cm?) em-2.s""1)
DLC 96 18 0.1 1.63 0.96 255.7 14.1 0.78 - - - 0.00015
120 18 0.1 1.62 0.97 39.2 14.2 0.78 - - - 0.00009
DLC- 96 22 0.2 4.08 0.75 8.8 0.82 205.3 18.4 0.71 14 0.00025
HA 120 21 0.2 4.3 0.82 13.6 0.82 4.1 171 0.82 16 0.00031

potentially leading to pore blockage and enhanced corrosion protection
over time. The initial corrosion tests revealed that the HA-DLC coating
exhibited an initial decrease in impedance modulus, indicating elec-
trolyte penetration through the HA layer. However, after prolonged
immersion (72 h-120 h), the impedance modulus increased, suggesting
the formation of a protective calcium phosphate layer.

The interplay between the mechanical properties and corrosion
behavior is further modulated by the adhesive strength between the DLC
and HA layers. A strong interfacial bond is essential for preventing
delamination and maintaining the coating’s integrity in corrosive en-
vironments. The micro-scratch test results, indicating a critical load of
2.38 N for HA detachment, provide a measure of this adhesion strength.
This adhesive strength is sufficient for biomedical applications. A weak
interface would allow for easier electrolyte penetration and accelerated
corrosion. Moreover, the observed increase in friction coefficient (from
0.054 for DLC to 0.304 for HA-DLC) suggests a change in the wear
mechanism due to the HA layer. The higher surface roughness and ad-
hesive tendencies of the HA layer can promote adhesion wear and plastic
deformation, potentially exposing the underlying DLC and NiTi to the
corrosive environment.

3.5. Antibacterial properties and biocompatibility

The bacteria image and number of E.coli colonies on the NiTi alloy,
DLC, and DLC-HA samples after culturing for 24 h (Fig. 16), indicates 64
% decreasing in the number of E. coli colonies on the DLC-HA compared
to DLC. In fact, the DLC coating has adverse effects on the antibacterial
properties against E.coli. The porous hydroxyapatite coating show
localized corrosion and inherent anti-bacterial properties [62], leading
to a downward trend in the corrosion resistance from NiTi alloy, DLC
and DLC-HA in addition to release Ni ions of 0.0038 £ 0.00014, 0.0027
+0.00032 and 0.0045 + 0.00025 mg/L.cm? after immersion for 24 h in
SBF. Fadlallah et al. [63] and Liu et al. [64] have reported that the
concentration of Ni ions released by the corrosion process plays an
important role in controlling the chromosome damage of the bacteria. Ni
ions are capable of substituting for divalent metals (Ca, Mg, and Zn) in
enzymes and proteins and changing the molecular structure. Ni release
has two effects, enhancing the antibacterial properties and showing
cytotoxicity [1,63-65]. Bacteria growth and adhesion depend on surface
properties such as the roughness and surface energy [32,66,67] and Ni
release may hinder the formation of biofilms. The SEM images of the
bacteria on the NiTi alloy, DLC, and DLC-HA samples after culturing for
24 h (Fig. 17) indicate less bacteria attachment on DLC and DLC-HA.

The MTT assay is based on the direct correlation between the activity
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Fig. 11. Potentiodynamic curves of the NiTi alloy after 24 h and DLC and DLC-HA sample after 120 h in SBF solution at (a) 37 °C and (b) 40 °C.

Table 5
Corrosion rates and polarization parameters of the NiTi alloy after immersion for 24 h and DLC and DLC-HA after 120 h at (a) 37 °C and (b) 40 °C.
Sample T (°C) Immersion time (h) E¢orr (mV) icorr (PA/ cm?) ipassive (HA/ p. (mV/ o (mV/ Nit2 (pg/cmz) Corrosion rate (mm/
cm?) decade) decade) y)
NiTi alloy 37 24 —453 + 1 0.3 + 0.04 - 78 +5 76 £ 9 240.1 +£ 2.8 19296E-6
DLC 120 —225+1 0.19 £ 0.02 1.05 63+4 53+6 19.3 £ 0.3 9741E-6
DLC-HA 120 —-189+1 0.04 £ 0.01 0.07 57+ 4 41 +3 18.6 £+ 1.2 349E-6
NiTi alloy 40 24 —417 £ 1 0.74 £ 0.04 - 78 £ 8 54 +7 310.7 £ 2.5 36345E-6
DLC 120 —295+1 0.23 £ 0.03 1.46 119 £ 11 46 +9 71.4 + 0.4 12375E-6
DLC-HA 120 3+1 0.06 + 0.02 0.21 142 + 10 52+7 12.8 + 0.2 583E-6
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Fig. 12. GIXRD patterns of DLC and DLC-HA acquired after the polarization
test and immersion in SBF for 120 h at 37 °C and 40 °Cat an incident angle
of 1°.

of mitochondrial dehydrogenase of living cells and number of cells
attached to the substrate [68]. It is carried out after culturing the MC3T3
cells for 1, 4, and 7 days. Fig. 18 shows that the number of cells on
DLC-HA increases from the 1st to 7th day and the highest biocompati-
bility is observed after 7 days. Cell proliferation is an important factor to
investigate the biocompatibility and cytotoxicity and our results are in
line with those of Umit Erdem et al. [62]. The number of cells on the bare
NiTi alloy increases from day 1-4 but decrease on the 7th day possibly

Table 6

Ceramics International 51 (2025) 28935-28953

due to increased corrosion and release of Ni*? producing negative ef-
fects on the MC3T3 cells. All in all, DLC-HA shows enhanced corrosion
resistance, biocompatibility, life time, and performance.

The 64 % reduction in E. coli adhesion on the HA-DLC surface after
24 h, as evidenced by CFU counts and SEM images (Figs. 16 and 17, is
attributed to several synergistic factors. First, the nano-scale surface
topography of the HA layer plays a significant role. Sol-gel derived HA
coatings typically exhibit a roughened surface with features that can
disrupt bacterial adhesion [69,70]. The specific parameters of our
sol-gel process, including the concentrations of precursors, pH, and
calcination temperature, likely yielded a surface topography that is less
conducive to bacterial attachment compared to the polished NiTi or the
relatively smoother DLC surface. Second, the HA surface possesses a net
negative charge in physiological solutions, which can electrostatically
repel negatively charged bacterial cell walls. Finally, the controlled
release of nickel ions from the HA-DLC coating during the initial 24 h,
while seemingly counterintuitive, appears to contribute to the observed
antibacterial effect. Although HA-DLC exhibited a higher Ni leaching
rate (0.0045 + 0.00025 mg/L.cmZ) compared to NiTi and DLC-NiTi, the
released Ni ions, at these concentrations, likely exerted a localized
bactericidal effect without significantly compromising the overall
biocompatibility [26,46,65].

The improved biocompatibility of the HA-DLC-NiTi samples, as
indicated by the MTT assay (Fig. 18), is also connected to the surface
properties. The sustained increase in MC3T3 cell proliferation over 7
days on the HA-DLC surface suggests that the HA layer provides a
favorable environment for cell adhesion, spreading, and growth. The

Summary of results acquired from nano-indentation tests of the NiTi alloy, DLC and DLC-HA samples.

Sample Hardness (GPa) Elastic Modulus (GPa) Stiffness (pN/nm) Max Depth (nm) Max Force (uN) Contact area (nm?) Critical load (N)
NiTi alloy 5.36 + 0.49 86.4 + 0.8 47.6 + 2.8 100 + 12 1276 + 31 2.383E+5 -

DLC 13.42 + 0.25 188.8 + 2.7 135.7 + 4.9 161 + 18 5446 + 18 4.058E+5 2.31 + 0.07
DLC-HA 2.1+0.14 19.6 £ 1.2 28.5 +£2.7 230 + 23 1652 + 31 1.623E+6 2.38 +0.01

Fig. 13. (a) Nano indentation plots of the NiTi alloy, DLC and DLC-HA samples; AFM images after the nano-indentation test: (b) NiTi, (c) DLC, and (d) DLC-HA.
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Fig. 14. AFM images and surface profiles of the scratch tracks: (a) Bare NiTi alloy, (b) DLC, and (c) DLC-HA.

Fig. 15. Friction vs. time plots of the NiTi alloy, DLC and DLC-HA samples
obtained from the scratch test.

increased surface area and the presence of calcium and phosphate ions
promote osteoblast attachment and differentiation [71,72]. Further-
more, the HA layer’s ability to control the Ni release rate, despite the
initially higher leaching, contributes to the long-term biocompatibility.
By acting as a barrier, the HA layer prevents the burst release of Ni ions
that can be cytotoxic, as observed with bare NiTi samples after 7 days.
This controlled release of Ni ions within a tolerable range, combined
with the osteoconductive properties of HA, creates a synergistic effect

that enhances cell proliferation and overall biocompatibility. In essence,
the HA-DLC coating’s enhanced antibacterial activity and biocompati-
bility are not solely attributed to the individual properties of either
material but rather arise from a carefully orchestrated interplay of sur-
face topography, surface charge, controlled ion release, and osteo-
conductive characteristics. Optimizing these factors through precise
control over the deposition parameters is crucial for maximizing the
benefits of this composite coating system.

4. Conclusion

This article successfully demonstrates the synergistic benefits of a
novel HA-DLC bilayer coating on NiTi alloy achieved through a carefully
controlled combination of PIII&D and sol-gel deposition techniques. The
resulting 2.6 pm thick composite coating, characterized by a nano-scale
surface roughness of 91 nm (Sa) and an optimized HA crystallite size of
approximately 20-30 nm, exhibits a significant reduction in corrosion
rate in SBF at 37 °C, evidenced by a 36 mV increase in Ecorr and a 0.15
nA/cm? decrease in icorr compared to single-layer DLC-NiTi. Notably,
under elevated temperature conditions (40 °C), the HA-DLC coating
maintains superior corrosion resistance, with a 298 mV increase in Ecorr
and a 0.17 pA/cm? reduction in icorr, attributed to the formation of a
stable calcium phosphate-rich passive film. The coating also demon-
strates a 64 % reduction in E. coli adhesion after 24 h, linked to
controlled Ni ion release (0.0045 £ 0.00025 mg/L.cmz) and favorable
surface topography. Furthermore, the sustained increase in MC3T3 cell
viability over 7 days on HA-DLC confirms enhanced biocompatibility,
exceeding that of uncoated NiTi and DLC-NiTi. These findings establish
the HA-DLC bilayer as a promising advanced surface modification,
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Fig. 16. Images and CFU numbers of viable E. coli colonies on the NiTi alloy, DLC, and DLC-HA samples at 24 h.

Fig. 17. SEM images of E. coli: (a) NiTi alloy, (b) DLC, and (c) DLC-HA after culturing 24 h.

offering a balanced combination of corrosion protection, antibacterial
activity, and biocompatibility, paving the way for improved clinical
outcomes and extended lifespan of NiTi biomedical implants. The design
rules established from the HA-DLC composite coating are valuable for all
advanced implant designs and will change the landscape of future
advanced implant surface designs.
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