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ARTICLE INFO ABSTRACT

Keywords: Carbon nanotubes are materials demonstrating outstanding mechanical, chemical, and physical properties and
Carbon nanotubes are considered coatings of titanium implants. The present research is aimed to characterize the microstructure
Silver

and properties of the multi-wall carbon nanotubes (MWCNTs) layer decorated with silver nanoparticles (Ag NPs)
on the Ti13Nb13Zr alloy destined for long-term implants. The electrophoretic deposition of coatings was per-
formed in a two-stage process, at first at 0.25 wt. pct. of MWCNTs, and next at 0.30 wt. pct. of Ag NPs content in
the bath. The SEM, EDS, AFM, Raman spectroscopy, nanoindentation tests, nano-scratch test, wettability as-
sessments, and corrosion tests were carried out. The effects of the presence of Ag NPs onto the MWCNTSs coating
were observed as the roughness increased to 0.380 um and thickness to 5.26 pm, the improved adhesion and
corrosion resistance, the water contact angle of 62.94°, the decreased nanohardness, Young's modulus and
resistance to plastic deformation under load, and slightly improved adhesion. The obtained results can be
explained by a specific two-layer structure of the coating, in which the Ag NPs agglomerates create the coating
less porous and permeable, but softer structure. Future research will focus on the improvement of the adhesion of

Composite coatings
Young's modulus
Adhesion

Corrosion resistance

the component coatings in different ways.

1. Introduction

Titanium and its alloys have excellent biocompatibility, the appro-
priate mechanical properties except for hardness, and are highly resis-
tant to corrosion, while demonstrating low bioactivity and no
bactericidal protection. Therefore, they are usually surface-modified by
several well-known techniques [1-4], mainly to attain antibacterial
properties [5-8] and bioactivity [9-11].

Nanotechnologies play an important role in civilization’s progress.
The different nanoforms, especially nanoparticles, nanofilms, and sur-
face nanostructuring are increasingly applied in the economy. The
nanoparticles and nanofilms are nowadays proposed for different med-
ical and pharmaceutical applications [12-15], in electronics and energy
storage [16-18], environment protection [19,20], agriculture and food
packaging [21,22], for inkjets [23], and in other applications. Among
them, appear such nanoforms as carbon nanotubes (CNTs) and silver
nanoparticles (Ag NPs), the components of coatings developed in the
present research.

Carbon nanotubes and related structures include single-walled car-
bon nanotubes (SWCNTs), multi-wall carbon nanotubes (MWCNTS),
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nanohorns, nanobus, and nanotorus known for their outstanding me-
chanical, electronic, thermal, optical, and chemical properties [24,25].
Specifically, they approach 30 GPa in tensile strength, can have an
elastic modulus of about 1 GPa [26,27], and demonstrate high me-
chanical stiffness, remarkable thermal conductivity, and electrical
semiconductivity or superconductivity [25,28]. The CNTs were
considered, among others, for use in diagnostic and therapy [28-30],
specifically in drug transport [28], as gene carriers [31], in bone tissue
regeneration [32], neuroscience [29,33], and to improve the wear
resistance of Ti implants [34].

The coatings based on CNTs are less popular than composite mate-
rials because of their specific loose microstructure. They were developed
to enhance the adsorption of proteins on titanium [35], improving the
resistance to tribocorrosion in biological conditions [36], strengthening
hydroxyapatite (HAp) deposits [37-40], as HAp-collagen [41], HAp-Ti
[42], and CNTs with Cu NPs or titania [43,44], with collagen-acrylic
acid [45], polysiloxane [46], or AlgTi-Cu-SiC [47], and also as electro-
spun chitosan/CNT coatings on Mg alloy [48].

The silver nanoparticles Ag NPs are well-known for their strong
antibacterial properties [49]. In medicine, the chitosan — Ag NPs [50],
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silk fibroin/Ag co-functionalized strontium titanate nanotubes [51], Ag
NPs — polyaniline [52], Ag NPs — hydroxychloroquine [53], hyaluronic
acid — Ag NPs [54], PEG - Ag NPs [55], nanosilver - chitosan/Eudragit
polymers [56-58]. In particular, they were proposed for the improve-
ment of behavior of orthodontic brackets [59], for drug delivery [60]
and bone engineering [61,62], as plant-based Ag NPs for car-
dioprotective treatment [63], in cancer therapy [64-66], anti-diabetic
treatment [67], wound healing [68], and for kidney injuries [69]. The
other popular technical applications include anti-corrosion protection
[70-74], environment protection [75,76], conductive inks [77],
covering the touch screen panels [78], in antibacterial protection of
cultural monuments [79], to improve thermal properties [80] and
reduce the wear of silicon-based components [81], and in photocatalysis
[82]. The antibacterial barrier on titanium can also be achieved by other
approaches, as recently proposed strontium titanate nanotubes func-
tionalized with peptides [83,84], and Mg-Cu/doped titanium oxide
layer [85].

Carbon nanotubes together with Ag nanoparticles are also frequent.
Silver nanoparticles are often used as antibacterial compounds in bulk
composites or coatings. They are considered for catalysis in enhancing
oxygen reduction [86], and in electrochemistry as the CNTs-silver
borate for ion-selective electrodes [87]. They can be used in construc-
tion materials such as a reinforcement of the copper matrix composites
[88], CNTs, Ag NPs, and PVA for electrospun nanofiber mate [89], as
titanium dioxide functionalized MWCNTSs with Ag NPS to reinforce PU
nanofibers [90], and PTFE, Ag NPs, CNTs, and graphene oxide (GO) for
cement pastes [91]. Similar solutions are considered in electronics and
energy storage as the combination of PP, CNTs, and Ag for electro-
magnetic interference shielding [92], for hydrogen storage [93], as film
composed of Ag selenide and MWCNTs to improve surface thermo-
electric properties [94], to increase durability of silicon solar cells [95],
as Ag-decorated MnO2/CNTs electrodes for supercapacitors [96],
together with GO for doping of amorphous selenium for optoelectronic
devices [97,98].

Our previous research was focused on checking the mechanical
properties of the coating composed of MWCNTs, hydroxyapatite, Ag
NPs, and Cu NPs [18] demonstrating satisfactory values for Young’s
modulus of 8.88 GPa, but improper hardness, wettability, and adhesion.
The present research aims to verify whether the MWCNTs layer deco-
rated with Ag nanoparticles at a three-fold higher amount of silver,
desired for antibacterial prevention, has all necessary mechanical,
corrosion, and wettability properties, and how microstructural features
can explain them.

2. Materials and methods
2.1. Materials

The 20 mm in diameter and 4 mm thick samples of Til3Nb13Zr alloy
(MR) (Xi’an SATE Metal Materials Development Co., China), composed
of 13.18 wt. pct. Nb, 13.49 wt. pct. Zr, 0.085 wt. pct. Fe, 0.035 wt. pct. C,
0.004 wt. pct. H, 0.078 wt. pct. O, < 0.001 wt. pct. S, 0.055 wt. pct. Hf
and remaining Ti were cut from the rod and grounded with abrasive
paper ended at # 800 grit (Saphir 330, ATM GmbH, Germany). The
surfaces were subsequently rinsed with acetone (Chempur, Poland) for
2 min and distilled water, air-dried, pickled in 5% HF (Chempur,
Poland) for 30 s, and again water-rinsed.

2.2. Electrophoretic deposition

The MWCNTs modified with -COOH (3D-Nano, Poland), of outer
diameter 10-15 nm, inner diameter 2-6 nm, length 1-10 pm, number of
walls 3-15, were deposited on Til3Nb13Zr substrate using EPD method
at the parameters shown in Table 1 and based on previous research [43].
The MWCNTSs were ultrasonically dispersed in distilled water by stirring
for 1 h. The DC power source (MCP/SPN110-01 C, Shanghai MCP Corp.,
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Table 1
The parameters of the EPD synthesis of MWCNTSs coatings.
Coating Deposited Component Deposition Deposition
assignment material content time voltage
(wt. pct.) (min) (W%
MWCNTs MWCNTs 0.25 1 20
MWCNTs/Ag MWCNTs 0.25 1 20
Ag NPs 0.30 4 50

The Ag layer was prepared by EPD on the previous MWCNTs layer in the bath
containing 0.30 wt. pct. of Ag NPs (Hongwu International Group Ltd., China) of
30 nm size as an average, and 1 wt. pct. of Polysorbate 20 (Tween 20, Sigma-
Aldrich, Poland) in isopropanol, ultrasonically dispersed for 2 h.

China), and two electrodes, an anode of the Til3Zr13Nb alloy and a
counter electrode of the stainless steel 316 L were placed parallel to each
other at a distance of 5 mm.

2.3. Investigations of the microstructural features

A high-resolution scanning electron microscope (SEM JEOL JSM-
7800 F, Japan) with a LED detector, was applied at a 5 kV to examine the
morphology of surfaces and cross-sections of coatings. The surface
topography was evaluated using an atomic force microscope (AFM
NaniteAFM, Nanosurf, Great Britain) in the non-contact mode at 20 mN
force. The average roughness index S, was estimated based on 512 lines
made in the area of 80.4 x 80.4 ymZ. The cross-sections were prepared
using a pressure-sensitive tape test according to the ASTM D3359-97 to
assess the thickness of the coatings. The chemical composition of the
coatings was investigated by the X-ray energy dispersive spectrometer
(EDS) (Octane Elite 25, EDAX Ametek, USA).

2.4. Wettability assessment

The wettability was examined at room temperature by the water
contact angle (CA) measurements (Contact Angle Goniometer, Zeiss,
Germany). The falling drop method was applied at 5 s time for a
dropout. Each specimen was tested three times in different areas, and
the means and standard deviations (SD) were calculated.

2.5. Raman spectroscopy

The Raman microscope (Renishaw InVia plc., UK) with an EMCCD
detector (Andor Technology Ltd, Oxford Instruments, Belfast, UK) and
the objective lens set at 20x was used. The results were the graphs of the
means and SDs based on 100 points. The wavelength of the laser during
tests was 532 nm, the single measurement time 1 s or 0.5 s, the mea-
surement counts 5 or 10, and the laser power 0.2 or 1 mW, for the
coatings without or with Ag NPs, respectively.

2.6. Nanoindentation testing

The NanoTest™ Vantage (Micro Materials, Great Britain) with a
Berkovich indenter was used. The 25 measurements were carried out on
each sample, at the maximum applied force of 10 mN, loading and
unloading times set up at 20 s, the dwell period at a maximum load of 10
s, and the distance between the subsequent indents of 20 um. The Oliver
and Pharr method was used to determine the load-displacement (L-D)
curve, and then the surface nanohardness (H), reduced Young’s modulus
(Ep), maximum indent depth (hyay), plasticity energy (PE), and elastic
recovery energy (ERE) with an integrated software. To assess the surface
Young’s modulus (E), the Poisson’s ratio (v) values of 0.25, 0.37, and
0.36, for the MWCNTSs coating, Ag NPs, and Ti13Nb13Zr alloy [40,99].
Then the Halpin-Tsai (H-P) model was used to evaluate the v, E, and H
values for unidirectional composite MWCNTs/Ag coating, as described
in [44]. The volume fraction [100] was calculated assuming the density
of 40¢g em 2 [99] and 2.1 g em ™3 [101] for the MWCNTs and Ag NPs
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[99,101], respectively. Therefore, the assessed v value for the
MWCNTs/Ag coating was set at 0.213.

Nanoscratch tests were performed also with NanoTest™ Vantage.
During the scratch tests, the load increased from 0 to 200 mN, and the
loading rate and distance were 1.3 mN s~ !, and 500 um, respectively.
The assessment of coating adhesion was based on an abrupt change in
frictional force (F;) and indicated as critical load (L.). In the end, the
scratches were observed under an optical microscope (BX51, OLYMPUS,
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Japan).

2.7. Corrosion tests

The potentiodynamic polarization tests were carried out with a
potentiostat (Atlas 0531, Atlas Sollich, Poland), with software calcu-
lating the corrosion potential (Ecorr), and corrosion current density (jcorr)
based on Tafel extrapolation. The sample was the working electrode,

C
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Fig. 1. The AFM-estimated S, roughness for the MR (a), the MWCNTs coating (b), and the MWCNTs/Ag coating (c); the SEM surface topography for the MWCNTs
coating (d, e, f) and the MWCNTSs/Ag coating (g, h, i), and the CA results for the MR (j), the MWCNTs coating (k) and the MWCNTs/Ag coating (1).
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platinum the counter-electrode, and a saturated calomel electrode (SCE)
the reference electrode. The tests were performed in the Ringer’s solu-
tion (in g L~L: NaCl, 8.6; CaCl,, 0.33; KCL, 0.30) at a temperature of
37 °C. The open circuit potential (OCP) was measured after 1 h and then
the measurements were performed from — 1.0-1.0 V at a scan rate of 1
mvVs L

3. Results

The surface roughness of MWCNTs coating increased after the
deposition of the Ag NPs layer (Fig. 1a-c). The Ag-formed agglomerates
sized at 35 + 5.7 nm were located on the edges and surface of the
coatings. Each coating covered the substrate surface uniformly (Fig. 1d-
i).

In the wettability assessment, all surfaces were hydrophilic (Fig. 1j-
D). The Ag layer slightly increased the CA.

The EDS results for the MWCNTs/Ag coating (Fig. 2a) indicate the
alloy elements, carbon from the MWCNTSs, and silver. Some impurities,
such as Cl and Si also appear. The Raman spectra of the MWCNTs/Ag
coating (Fig. 2b) indicate the characteristic bands for the MWCNTs, such
as the D band at 1375.5 cm ™! and G band at 1584.5 cm ™! [102], and less
intense G’ band at 2937 cm ™! also attributed to the [103]. The intensity
ratio Ip/Ig, which informs about the degree of structural defecting,
reached 0.48 for the MWCNTSs/Ag coating.

The addition of Ag NPs brings out hardness H of 0.024 + 0.009 MPa,
E of 3.06 + 0.74 GPa, and hpx of 4.29 + 0.80 ym. Fig. 3a shows the
comparison between PE and ERE characterizing the elastic and plastic
properties. Young's modulus of the MWCNTs/Ag coating is 7-fold lower
than for the MWCNTSs layer (Fig. 3b). The MWCNTs/Ag coating dem-
onstrates energy dissipated in the material higher than that released
under the influence of tip load, thus it is almost 5-fold more plastic than
the MWCNTs reference coating. The parameters such as the ratio of
nanohardness to reduced Young’s modulus (E/H;) and the yield pressure
(H3/E2) were also compared for the MWCNTs and MWCNTs/Ag coating
(Fig. 3c-d) showing the MWCNTs/Ag coating is slightly more resistant to
substrate deflections and thus coating chipping (Fig. 3c), and is 3-fold
less resistant to plastic deformation under tip load (Fig. 3d). The
observed L-D curves are shown in Fig. 4a-b.

Fig. 4c-d illustrates the relation of critical force (Fy) to critical fric-
tion (Fy) for each coating subjected to a nano-scratch test together with
images of each scratch. The addition of Ag NPs to MWCNTSs coating
increased the L value to 57.74 + 3.03 mN, thus improving its adhesion
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strength.

Fig. 5 shows the cross-section images of the MWCNTs and MWCNTs/
Ag coating in two places with indicated coating thickness d. The
MWCNTs and MWCNTSs/Ag average coating thicknesses were, respec-
tively, 3.58 &+ 0.84 um and 5.26 + 0.31 um.

The results of corrosion tests are shown in Fig. 6. The MWCNTs
coatings exhibit higher jeorr and Ecq values than the MR reference
sample (Table 2), whereas the addition of the Ag NPs improved more
than twice the corrosion resistance of the coating. It is to note a high
OCP shift to anodic potentials for the MWNCTs coating.

4. Discussion

The EDS elementary analysis of the MWCNTs/Ag coating shows the
presence of all anticipated elements, where picks attributed to silver
clearly confirm the presence of this element in the coating. The Raman
spectra show all characteristics of MWCNTs. The low Ip/Ig ratio in
contrary to another report [104] can be attributed to the high degree of
structural defects in the coating, decreased size and the number of sp>
clusters, or the degree of functionalization [105]. In this case, FTIR
spectroscopy is a better tool to show the presence of specific chemical
bonds, such as Ag-O, which was reported in literature between 613 and
481 em™! [104].

The silver addition certainly increases the surface roughness of
coatings. The silver agglomerates are sized at 35 4 5.7 nm and located
on the edges and surface of the carbon nanotubes as already observed
[106]. Each MWCNTs coating covered evenly the substrate surface
(Fig. 1d-i). The previous results suggested the best osteoblast adhesion at
a roughness R, of 3-5 um [107,108], but nanoroughness is also impor-
tant [109]. In our previous publication for the coating composed of
MWCNTs, Cu NPs, Ag NPs, and HAp, the achieved roughness was almost
twice higher as here [40]. This difference can be attributed to the
presence of HAp presumably increasing roughness as expected from
ceramic coatings, but in each case, the roughness is acceptable for ti-
tanium implants.

The addition of Ag nanoparticles on the coating of MWCNTs resulted
in a significant decrease in H and E values, and an increasing hpax
(Table 3), calculated based on the L-D curves, revealing three stages of
nanoindentation, observed previously [18]. Some earlier nano-
indentation results [40,44] were added to the table to have a full spec-
trum of the results to discuss the effects.

The investigated coatings are softer than the four-component

100 600 1100 1600 2100 2600 3100

Raman shift (cm-1)

Fig. 2. The EDS (a) and Raman (b) spectra achieved for the MWCNTs/Ag coating.
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Fig. 4. The L-D curves and the nano-scratch test results with optical microscopy images of a specific scratch and indicated L. for the MWCNTs coating (a, ¢) and the
MWCNTs/Ag coating (b, d).


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

D. Rogala-Wielgus et al.

=

x5, 000 5.0kv WD 10.0 mm 1pum

Materials Today Communications 38 (2024) 107712

x5, 000 5.0kv WD 10.0 mm

Fig. 5. Cross-sectional SEM images of the MWCNTs coating (a) and MWCNTs/Ag coating (b) with an indicated coating thickness.
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Fig. 6. The OCP vs. time (a) and potentiodynamic polarization curves for all tested samples (b).

Table 2
Corrosion test results for examined coatings.

Sample Ecorr (V (SCE)) jeorr (MA cm™?)
Til13Nb13Zr -0.019 + 0.007 38.66 + 5.92

MWCNTSs -0.109 £ 0.002 325.61 + 33.61
MWCNTs/Ag -0.165 + 0.001 147.38 +13.73

MWCNTs-based tested previously, for them the H and E reached,
respectively, 0.035 + 0.019 GPa and 8.88 + 3.26 GPa [40]. Moreover,
the deposition of Ag NPs additionally decreases both parameters, pre-
sumably because silver aggregates are only physically adsorbed by
MWCNTs and cannot resist indenter load.

The H/E and H3/E? indexes can characterize elastic strain to failure,
and resistance to plastic deformation. Comparing the other mechanical
indexes here calculated with the previous ones [40], in which the H/E;

Table 3
The nanoindentation results of the examined materials.

and H3/E2 values were, respectively, 0.003 and 0.31 kPa, the present
coatings demonstrate improved behavior, likely because of a specific
build-up of the coating. The slight increase of H/E; and decrease of
H3/E2 nanoindentation parameters may be the reason for the addition of
the aggregated Ag NPs which are located on the MWCNTs walls, making
it more plastic. Such a conclusion is by PE and ERE results: the first
values, for the MWCNTs and MWCNTs/Ag, respectively, are 3.88 + 0.85
nJ and 15.91 + 3.12 nJ, and the second values, 0.38 & 0.056 nJ and
0.85 + 0.18 nJ (Fig. 3a), making the MWCNTSs/Ag coating more plastic
than the MWCNTs coating. However, the model describing the me-
chanical behavior of a complex composite structure of MWCNs/Ag NPs
coating cannot be proposed yet.

The coating adhesion was improved by the addition of Ag NPs
achieving the highest L. value. The adhesion determination by nano-
scratch tests is infrequent, but here obtained values, 23.90 and 57.74
mN, are comparable to 12-45 mN observed for PEO-made ceramic

Sample Nanohardness Reduced Young’s modulus E, Surface Young’s modulus E H/E, H3/E2 Maximum indent
H (GPa) (GPa) ) (kPa) depth
(GPa) (um)
Ti13Nb13Zr 3.758 + 1.045 * 116.91 + 16.32 * 83.32 +£11.63 * 0.032 3880 0.34 +£ 0.037 *
MWCNTs 0.101 + 0.049 * 18.59 + 5.66 * 1417 £ 4.32 % 0.005 2.98 2.07 £ 0.35 *
MWCNTs/Ag 0.024 + 0.009 3.87 + 0.94 3.06 + 0.74 0.006 0.92 4.29 + 0.80

* earlier results [40,44]
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coatings on Mg-MWCNTs composite [110]. Whereas, the MWCNTs
coatings in our previous research achieved different values for the
MWCNTs and MWCNTs-based multicomponent coatings, respectively
89.42 + 36.19 mN and 29.56 + 6.92 mN [40]. The higher adhesion of
previously developed bi-layer coating can be attributed, however, to
higher hp,ax and the more remarkable substrate influence.

In the wettability assessment, all surfaces were hydrophilic. The Ag
layer slightly increased the CA, resulting in the values already observed
for composite CNTs-Ag-based coatings [111,112] and proper for appli-
cation in implantology. Compared to our previous research [40] the CA
value for the MWCNTs-based coatings was much higher, 133° vs. 68°.
The present wettability of the coating is then improved in terms of
biomedical applications, presumably because of plausible surface ar-
chitecture, in which the presence of silver agglomerates only slightly
decreases the hydrophilicity.

The results of corrosion tests are shown in Fig. 6. All the OCP values
were positive due to surface passivation. The MWCNTs coatings exhibit
higher jeorr and Ecopr values than the MR sample, thus weakening the
corrosion resistance of the Til13Nb13Zr alloy (Table 2). The porous and
fibrous structure lowers the corrosion resistance of titanium [113] and
the presence of Ag NPs improves this behavior, likely by decreasing the
porosity. On the other side, here the CNTs coatings decreased the
corrosion current density, adversely to the substantial improvement in
corrosion resistance reported in [114], attributed to their chemical
inertness. Again, the architectural features such as porosity and com-
ponents of coatings play an important role. As concerns the silver
addition, its positive effect was already observed for polypyrrole coating
on titanium [115] and is considered as the effect of better passivation.
We think that the major cause of the corrosion behavior of CNTs-Ag
coating is better than CNTs alone is followed by its sealing by nano-
particles of noble metal and decreasing porosity. Comparing this result
to other coatings deposited on hydroxyapatite coatings on titanium, as
recently strontium doped HAp [84,116], HAp coating is certainly more
dense and less permeable for ions than HAp. Therefore, in future
research, either anodic oxidation, or an elevation of Ag NPs amount, or
including into the coating of the chemical compound sealing the pores
research.

Summarizing the results it can be concluded that the addition of Ag
NPs even in high amounts improves only some coating features. In
particular, the increasing adhesion is still not quite enough and an
addition of either a sub-layer or a component strongly coherent to both
titanium and CNTs, or the mechanical/chemical preliminary surface
treatment, or reinforcement of CNTs network with oxide particles, or
EPD of silver at much higher voltage and time can be considered,
investigated and developed. The small hardness and resistance to plastic
deformation are acceptable or even desired taking into account the high
loads carried on implants during their placement in the body. The ad-
vantages are high corrosion resistance and wettability of Ag-doped CNTs
coatings.

5. Conclusions

The coating composed of the MWCNTs layer decorated with the Ag
NPs layer demonstrates the surface roughness in a nanoscale range
which can be accepted for medical applications. The relatively low
mechanical properties of MWCNTs/Ag coating result from the loose
MWCNTs layer structure and the penetration of the inner layer by Ag
NPs only physically adsorbed on CNTs. The difference in adhesion of
both coatings might be caused by the bare metal effect. The increased
corrosion resistance compared to the MWCNTs base coating is likely
produced by decreasing penetration of the layer by Ag NPs.
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