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• Ternary coatings of the Ti-Si-N system
were deposited by CAVD method.

• Cu ions with energy of 60 keV and dosage
of D= 2 × 1017 ions/cm2were implanted.

• A Cu concentration of up to 25% at a
depth of 25 nm (maximum implanta-
tion depth of 60 nm) was achieved.

• Mechanical properties of the coating
have been negatively affected by ion
implantation.

• The low dosage of Cu ions did not show
any antibacterial activity on the samples,
while a rapid release of Cu was observed.
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In the present work, multifunctional Ti-Si-N coatings have been deposited using CAVD method with the aim of
studying their chemical, physical, structural and mechanical properties. Coatings of Ti-Si-N were modified by
high-intensity ion implantation using copper ions with dose D = 2 × 1017 ions/cm2 and energy E = 60 keV.
The results demonstrated that ion implantation has an effect on the grain size, hardness, and Young modulus
of the Ti-Si-N coating. Additionally, the effect of Cu implantation on the bioactive properties of coatings was in-
vestigated by contact antimicrobial essay. The results show a high release of Cu ions in the cultivation liquid and
the low efficiency of the b20% Cu doping towards E. coli bacteria. Our results bring understanding to the low dos-
age ion implantation ofmultifunctional surfaces towards applications and general drawbacks of ion implantation
as bioactive tailoring method.
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1. Introduction

Nowadays, one of the priorities in the development of science and
technology is the creation andmanufacture of novelmaterials. These ef-
forts are fuelled by the increasing interest and applicability of the
nanomaterials. An important area of research in nanomaterials and
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Table 1
Important instrumental parameters in the fabrication of the Ti-Si-N
coatings by CAVD.

Parameters Values

Working pressure N2 (Pa) 0.3
Ti target current (A) 100
Si targets current (A) 100
Substrate temperature (°C) N300
Negative bias voltage (V) −70
Deposition time (min) 220
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nanotechnology is the surface engineering, which includes the creation
of multi-component (multi-function) nanostructured surfaces. This is
the case of protective coatings and more specifically nanocomposite
coatings, in which nanocrystalline phases, typically of tens of nanome-
ters [1–8] are embedded in an amorphous matrix.

The uniqueness of the nanostructured coatings resides in the high
volume fraction of nanocomposites, their superior strength, resilience
to dislocations, the possibility of controlling the ratio of volume frac-
tions of crystalline and amorphous phases, and the possibility of mutual
coexistence ofmetallic and nonmetallic elements [9].Moreover, the big-
ger volume fraction of the nanostructured phases in the coatings, allows
the careful control of the coating properties bymodifying their structure
and chemical composition. All of these factors allow the creation of
nanostructured coatings with improved physico-chemical and tribolog-
ical properties, which in practice, translate in high values of hardness
(H N 40 GPa), Young's modulus, strength, thermal stability, and heat
and corrosion resistance [6,10]. It is important to mention that a special
feature of these so-called superhard materials, in which materials with
the same hardness may exhibit different values of the elastic modulus
(E), as well as resistance to elastic strain, to failure (H/E) and resistance
to plastic deformation (H3/E2) [9].

Current industrial trends widely use coatings based on titanium ni-
tride (TiN) [5–8]. TiN coatings have a broad range of applications such
as: dental prosthesis, materials for hip joint and heart valve replace-
ments [11]. This wide applicability is due to the fact that TiN films pos-
sess a combination of useful properties such as high hardness, wear/
corrosion resistance, as well as biocompatibility, all of which have
been exhaustively investigated [12]. TiN and TiO2 films have been
known to possess excellent hemocompatibility [9,13], equally impor-
tant are the results of SiO2 and TiO2 ceramics which have shown to pro-
mote the formation of Apatite due to the electronegative surface if TiO in
a broad range of pH [14], an important results for implantology. Never-
theless, coatings with a broad range of applications have been studied
an proposed in the literature, such as: nitrides (TiN, NbN, ZrN, CrN,
AlN, etc.), borides (TiB2, NbB2, ZrB2, among others), and oxides (TiO2,
SiO2, NbO2, and ZrO2) [3,4,7].

For biomedical purposes, a wide range of ceramic materials have
been used, such as: TiN, ZrO, TiO2, SiO2 and some metal-carbides [15]
all of which have shown applicability in implantology [16,17,18]. Unfor-
tunately, the high loads required for many orthopaedic and dental im-
plants restrict the selection of biomaterials [12]. Thus, metals and
alloys stand up as a type of materials that meet many of these mechan-
ical requirements. [19,20]. Nevertheless, the control of chemical compo-
sition of such functional coatings, i.e.: by adding a third component such
as (Si), may enable them to significantly improve their mechanical
properties and therefore extend their applicability [3,5]. A great interest
to the Ti-Si-N coatings resides on their high hardness (≥40 GPa), ther-
mal stability (1100 °C), resistance to oxidation at high temperatures
(600 °C) and high resistance to abrasion [13,21,22].

A common approach used to improve the tribological properties of
TiN coatings is to apply a high-dose ion implantation [23]. The literature
provides sufficient evidence to support the statement that the ion im-
plantation of several atomsN,W,Ni,Mo andAl, can lead to the improve-
ment of the tribological properties of protective coatings [24].
Investigation of the N ion implantation at dose of 1 × 1017, 5 × 1017

and 1 × 1018 ions/cm2 on Tungsten metal have revealed that the dose
of 1 × 1018 ions/cm2 could obtain a significant reduction in the friction
coefficient of the surfaces [25]. Investigation on the effects ofW implan-
tation on the TiN coating shows that increasing implanted materials in
the coating can increase hardness and reduce the rate of wear and coef-
ficient of friction [26].

Additionally, ion implantation is one of themost importantmethods
of materials treatment today, and allows the improvement of physical-
mechanical properties. Surface properties of materials can be improved
without visible changes in the geometry of the samples, furthermore, it
introduces different chemical elements into thematerial, thus changing
its surface chemistry. Remarkably enough, it was shown that ion im-
plantation by Cu, Ni or Ti, in the TiN based coatings, can lead to the fab-
rication of nanocomposites coatings, known for their enhanced
mechanical and tribological properties [23]. In addition, it has been
also shown that by addingCu into the nanostructured of nanocomposite
coatings their bacteriological properties can be improved [24].Metal ion
implantation in nanostructured or nanocomposite coatings has shown
to be a very efficient and promising instrument of controlling and tailor-
ing their physical and functional properties.

Antibacterial tests performed on Cu implanted surfaces have shown
that the Cu content strongly influences the antibacterial efficiency of the
surfaces, especially in cases when the Cu content reaches values higher
than 20 wt.%. Not much consensus is found on the specific reason be-
hind the lack of antibacterial activity on low Cu implanted surfaces, al-
though it is generally attributed to their high roughness and low
release rates of Cu2+ [27]. Conversely, high Cu ion doping induces
higher release of Cu ion from the surface. A high release rate was ob-
served for Ti-Cu alloys with high Cu N 20% content [28], which seems
to suggest that lowdoped surfaces have similar effect, but due to the rel-
atively low Cu ions in the surface, no visible antibacterial activity is re-
ported. Nevertheless, it is quite clear that the Ti-Cu phase should play
an important role in a strong antibacterial activity as reported in the lit-
erature [29]. Additionally, Cu doping could lead to excellent corrosion
resistance and workability of the surfaces, which ultimately has driven
important attention of many research groups [29–32].

Although Ti based surfaces are widely applied in the biomedical sec-
tor and Cu implantation is commonly acknowledged as an efficient
route of tailoring antibacterial surfaces and coatings, there are no stud-
ies on the effect of low Cu implantation on Ti-Si-N based coatings, on
their physical, mechanical and bioactive properties. This article aims to
investigate the effect of low Cu doping on the physical and bioactive
properties of Ti-Si-N coatings in order to explore their potential applica-
tions in biomedicine.

1.1. Experimental details

Coatings were deposited on A570(36) (steel 3) substrates with
polished surface. Substrate dimensions were Ø = 18 mm and t =
3 mm. Coatings were deposited using the cathodic vacuum-arc evapo-
ration (CAVD) technique, operating with Ti and Si cathodes in a nitro-
gen atmosphere under a high-current. Thickness of the fabricated Ti-
Si-N coatings was around 1.2 μm. Deposition parameters are presented
in the Table 1. The sample was divided into several pieces in order to in-
vestigate the influence of ion implantation on the physical-mechanical
properties of the Ti-Si-N coatings. Ion implantation was performed
using an ion gun of negative copper ions (Cu−) [33] with accelerating
voltage E = 60 keV, implantation dose was D = 2 × 1017 ion/cm2.

1.2. Coatings characterization

Elemental composition was investigated using Rutherford Backscat-
tering (RBS) of 4He+ ions with energy of 1.7 MeV, detector resolution
was E=13 keV, scattering anglewas 170°. Scanning electronmicrosco-
py with energy dispersive analysis (SEMwith EDX)was also used (JEOL
7001TTLS) in direct and backscattered modes, as well as in elemental



Fig. 1. Ti-Si-N coating's X-ray diffraction patterns: a) as-deposited; b) after ion
implantation by Cu− ions with D = 2 × 1017 ions/cm2, E = 60 keV.
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contrast. Further elemental characterization of the surface was per-
formed by X-ray characterizing irradiation, induced by proton micro-
beam(μ-PIXE). A scan size of 200× 200 μmwasusedon part of the coat-
ing's surface, cross-probe size was 4 × 4 μm, charge Q = 4 × 10−10 С/
pixel, bitmap 50 × 50 pixels, scanning step 4 μm, energy of protons
Ep = 1.5 MeV. Here, a pixel refers to a stationary position of the probe
during discrete scan. μ-PIXE spectra were processed using GUPIX
software.

Phase composition and structural investigations were done using X-
ray diffractometer PANalytical with filtered Cu-Kα radiation (1.5418 Å)
with PIXcel 3D detector in Bragg-Brentano geometry. Spectra were re-
corded in continuous scanning mode at room temperature (300 K),
the swept angle was 25.0–80.0 [°2Th.], scanning step was 0.007
[°2Th.] for as-deposited Тi-Si-N samples and 0.0025 [°2Th.] for im-
planted Тi-Si-N samples. Size of crystallites was evaluated using
Scherrer method from the width of the widest band on 37.3372
[°2Th.]. Data were processed in the PANalytical X'Pert software.

Near Edge X-ray Absorption Fine Structure (NEXAFS) experiment
has been performed the soft X-ray beamline of the MAX II storage ring
at MAX IV lab — Lund University. Accessible energy range is 120 to
2000 eV, with an energy resolving power of around 5000 at the lowest
used photon energies. Beamline equippedwith a collimated plane grat-
ing monochromator and an elliptically polarizing undulator, providing
almost 100% linearly and circularly polarized radiation. All measure-
ments were done at room temperature in the so-called “octupole” end
station in total electron yieldmode (TEY). The advantage of thismethod
is the bulk sensitivity, allowing the investigation of depth information,
from 3 to 5 nm depending on studied object and impact angle of the
X-ray beam. Two samples (Ti-Si-N after ion implantation by Cu− ions
with D=2× 1017 ions/cm2, E=60 keV and pure Ti-Si-N)were careful-
lyfixed to the sample holder and loaded into the experimental chamber.

Cross-sections for High Resolution Transmission Electron Microsco-
py (HR-TEM) were prepared using focused ion beam (FIB) JEOL JIB-
4000. Initially a carbon film was applied on top of a rectangular region,
in order to protect the sample from the Ga ion beam. Lamellae were
then milled down to electron transparency using Ga+ ion beam with
different energy (5–30 keV). HR-TEM measurements were performed
on JEOL-ARM 200F (200 kV) equipped with a EDX detector.

Finally, nanohardness and elastic modulus were measured using
nanoindentation (Hysitron TI 950 TriboIndenter) with Berkovich dia-
mond indenter. Several tests were conducted at different places of the
coating using a maximum load of 10,000 μN. We evaluated values of
hardness and elasticity modulus from load-unload curves using
Oliver-Pharr method [4–6,8–10].

1.3. Antimicrobial activity determination

The antibacterial activity of the sampleswas tested on the E. coli bac-
teria using dynamic shake flask method. The bacterial cells were cul-
tured in 5 ml of Luria broth in a sterile 15 ml conical tube. The culture
was incubated at 37 °Cwhile being shaken at 220 rpm (MaxQ600 Shak-
er, Thermo Scientific) for 18–20 h. The culture was then washed twice
with sterilized saline (0.9% NaCl) solution by centrifugation for 10 min
and then the cell pellet was re-suspended in sterilized saline solution.
The actual number of cells used for a given experimentwas determined
by standard serial dilution. Samples with implanted surface and as-
deposited surface were tested and compared, samples were shaken
with 5 ml of a bacterial suspension containing 2 × 105 CFU/ml. Then,
the suspensionwas taken after 1 h and 5 h of incubation in 37 °C and di-
luted appropriately. Then 25 μl of the suspension containing 1010 cells
was applied to the surface of as-deposited and implanted surfaces for
a comparison, experiments were carried out for 1 and 5 h. The suspen-
sion was held in contact with the sample by a sterilized glass plate. The
ambient temperature was 24 °C. After exposure, the sample and glass
plate were washed in 5 ml of the saline solution and a new diluted sus-
pension was formed. Then, 100 μl of this new diluted suspension was
transferred and spread on the surface of Petri dish covered with the L-
agar. The agar covered with new diluted suspension was cultivated for
24 h in incubator at 37 °C. The grown E. coli colonies were clearly visible
and were counted.

2. Results and discussion

Structural characterization is shown in Fig. 1where theXRDpatterns
of the Ti-Si-N coatings as-deposited (Fig. 1a) and after ion implantation
by Cu− ions with D = 2 × 1017 ions/cm2, E = 60 keV (Fig. 1b) are pre-
sented. It was found that all the Ti-Si-N coatings had a polycrystalline
structure with strong contribution of crystal planes orientations of TiN
(111) and Ti2N (200).

Experiments show that TiN was stabilized (ICCD: 01-087-0629) and
Ti2N (ICCD: 00-023-1455). However, the values are compatiblewith the
solid solution (Ti, Si)N (ICCD: 04-001-9273) which is congruent with
the nominal stoichiometry of the target. We calculated the lattice pa-
rameter a0 = 4.240 Å corresponding to fcc (111) and (222) crystal sys-
tem for TiN, the lattice parameter a0 = 4.09 Å corresponding to bcc
(112), (103) and (200) crystal system for Ti2N. Analysis of the calculated
lattice data, in particular TiN lattice parameter after ions implantation,
indicates a slight expansion of the lattice in the direction (111) —
0.0153 Å and direction (222) — 0.0045 Å. The broadening of these
lines can be attributed to the effect of the ion implantation by increasing
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the misalignment of the grains. Due to similarity of the atomic radii of
titanium and copper (Ti = 140 pm, Cu = 135 pm), it can be assumed
that the copper ions can create vacancy defect by knocking out titanium
atoms from the unit cells, promoting further substitution at both nodes
and intermediate positions between lattice sites, thus creating a lattice
stresses.

Evaluation of coherent-scattering region (using Scherrer method)
showed that the size of nanograins increase from 42.1 nm (as-deposit-
ed) to 54.55 nm(after implantation) for TiN,while for as-deposited Ti2N
nanograins this value is reduced from 39.82 nm to 33.56 nm after im-
plantation. Ion implantation is known to induce the decreasing of both
transverse and longitudinal sizes of grains [33]. This behaviour is con-
gruent with previous observations, in which high ion implantation
lead to a significant decrease of the grain sizes [34]. Nanograins bound-
aries play an important role in hardening of the material, because they
are a barrier for flow spread, as well as dislocations, which form the
shear stresses. Therefore, ion implantation, which leads to decreasing
of the grain size, might improve the hardness of investigated coatings
according to the literature [34,35].

After modelling the XRD pattern of the as-deposited coating using
the Rietveld-Toraya model and pseudo-Voigt function [36] in the Pow-
der Cell program [37] and calculating their corresponding volume frac-
tion, a contribution of the cubic phase TiN equal to 66%, and tetragonal
phase Ti2N equal to 34%was found. The analysis of the coating after im-
plantation shows a volume fraction equal to 16.7% (TiN), and 83.3%
(Ti2N). This may indicate that the ion implantation promoted the re-
crystallization in the coating, which is usually accompanied by a reduc-
tion in the strength and hardness of a material and a simultaneous
increase in the ductility [4].

Images of the coatings' surface before and after ion implantation by
Cu− 2×1017 ions/cm2 are shown in Fig. 2. As it can be observed, the sur-
face of the coating has a considerable amount of droplets (Fig. 2a,b),
which appeared during the deposition of coating by the CAVD. Thus, it
is important to remind that a small part of plasma jet in this technique
consist of micro droplets. Elemental composition (EDX) of both
coatings, as deposited and after ion implantations by Cu− (D =
Fig. 2. Surface morphology of the Ti-Si-N coating (a), after ion implantation by Cu− ions with
implantation. EDX spectrograms of as deposited coating (c) and after implantation (d).
2 × 1017 ions/cm2, E = 60 keV.) is shown in Fig. 2 c and d, the spectra
shows an increase of the C and O content, after ion implantation.

From the EDX analysis, the elemental composition of the coating
after Cu implantation is extracted as: N = 46.8 at.%, Ti = 35.99 at.%,
Cu = 2.19 at.%, Si = 0.30 at.%, O = 3.58 at.% and C = 10.64 at.%. The
nominal composition is compatible with that of previously reported
samples of Ti-Si-N nanocomposite coatings, N = 54.918 at.%, Ti =
38.78 at.%, Si = 0.418 at.% [37,38]. Additional analysis regarding the el-
emental composition of the coatingswas doneusingRBS technique (Fig.
3). In the figure, two backscattering spectra are presented: from Ti-Si-N
coating as-deposited (Fig. 3a) and after ion implantation (Fig. 3b). Ac-
cording to RBS data, the as-deposited coating mainly consists of Ti, Si
and N. The RBS analysis of elemental composition of the Cu implanted
(see Fig. 3c) shows that maximal concentration of the Cu ions is around
20 at.% near the surface of the coating. Wemarked the boundaries of ki-
nematic factors of N, O, Si, Ti and Cu elements. Standard software
allowed to receive profiles of elements over the depth of the coating
after implantation by Cu− ions. It can be observed in Fig. 3c, that maxi-
mum concentration of implanted ions is observed at a depth of 20–
40 nm and that Cu ions reach a maximun depth of ≈60 nm. Oxidized
silicon filmwas also observed at deeper regions, which can be atributed
to the ballisticmixing and high density of cascades of collisions between
heavy copper ions. Since the Cu implantation was not done in-situ, ox-
idation of the coating could have started or humidy might have been
adsobed on the surface, then, Cu ions pushed their way inside the coat-
ing doping the systemwith surface contaminants. Nevertheless, studies
show that Ti, Si and N are the main components of the coating, which
are the basis of the (Ti, Si)N solid solution. High concentration of nitro-
genwas found on the surface of the coating, with a homogeneous distri-
bution over the investigated depth of the coating.

Maps of distribution of elements from the 4 × 4 μmpart of the Ti-Si-
N coating are presented on the Fig. 4a (as-deposited coating) and Fig. 4b
(after ion implantation by Cu− ions with D = 2 × 1017 ions/cm2, E =
60 keV), scanning stepwas 4 μm. Plots clearly show that the distribution
of elements is homogeneous on the surface and over the depth studied.
Ion implantation led to decrease in Ti concentration and localizing of Si
D = 2 × 1017 ions/cm2, E = 60 keV. (b) Elemental maps (EDX) of the coatings after ion



Fig. 4. Element map for a sample fragment with sizes of 2.5 × 2.5 μm (50 × 50 raster and
scanning step of 0.5 μm) for the sample of the Ti-Si-N (as-deposited) (a), Ti (left),
Si(right)(b) after ion implantation by Cu− ions with D = 2 × 1017 ions/cm2, E = 60 keV
Ti(left), Cu(centre) and Si(right).

Fig. 3. Energy RBS spectra obtained for coatings: (a)— Ti-Si-N as-deposited, (b)— Ti-Si-N
after ion implantation by Cu− ionswith D=2×1017 ions/cm2, E=60 keV, (c)— element
distribution over depth for the coatings Ti-Si-N after implantation ions Cu− (2× 1017 ions/
cm2).
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in the regions, which can be easily observed in the Fig. 4b. PIXE-method
is not suitable to show such light elements as oxygen and nitrogen, thus
we focus on Ti, Cu and Si [38–40].
Near Edge X-ray Absorption Fine Structure is presented in Fig. 5. All
collected spectra were normalized to the incoming photon beam inten-
sity. Fig. 5a presents NEXAFS spectra where three well defined lines,
corresponding to Ti L-edge, Si L-edge and N K-edge of the pure Ti-Si-
N, can be observed. Complicated shape of Ti and N signals can be ex-
plained by several chemicals interactions in the sample, compatible
with the Ti-Si-N, Ti2N and TiN crystalline structure observed before. It
is important to remember that NEXAFS method can provide superficial
information, typically 3–5 nm of the samples. Fig. 5 b shows NEXAFS
spectra of Ti L-edge, Cu L-edge and N K-edge of the Ti-Si-N sample
after ion implantation by Cu ions. Results suggest the strong oxidation
of the sample is reflected in very pronounced shoulders at Ti and Cu L-
edges. Furthermore, the weak signal of the N K-edge shows the impor-
tant contribution of the Cu and Ti atoms on top of the sample. Substan-
tial difference in the Ti L-edges and N K-edge of two samples was
observed. This observations suggests, that Ti and N atoms have different
chemical interactions due to the Cu implantation, which cause by evap-
oration of the N atoms and recrystallization of the TiN into Ti2N as
shown in XRD. This results correlate with EDX measurements, where
rapid drop of N signal was detected in comparison to pure Ti-Si-N [41].

Transmission electron micrograph, presented in Fig. 6a, shows the
crystalline nature of the films and Fig. 6b shows the distribution of the
elements in the Cu implanted coating. The coating displays a highly
crystalline composition, which is compatible with the results presented
in XRD micrographs, with a columnar growth mechanism. The total
thickness of the coatingwas found to be 1.2 μm. The electron diffraction
pattern (SAED), presented in Fig. 6a, shows a clear set of spots corre-
sponding to Ti-Si-N (ICCD-PDF: 04-001-9273), and Ti2N (ICCD-PDF:
01-080-3438), which is compatible with the XRD data. The elemental
composition of the coatingswas determined by EDXmeasurements, en-
ergy dispersive spectra of the coating was analysed and major compo-
nents resolved. Peaks from Si, N and Ti can be clearly observed and
their values were identified as Ti = 43.9% Si = 0.30% N= 49.5%, show-
ing the rather low doping of the Ti1 − xSixN unit cells with Si. It is impor-
tant to remark that the cross section was placed in a Cu grid, thus the
samplewould show small contributions of Cu and C at any point ofmea-
surements. Nonetheless, cross section analysis content shows the clear
concentration of Cu ions at depths of 60–70 nm, Fig. 6b, region that
was also observed in RBS studies. Composition extracted from the area
marked with red dashed lines, shows Ti = 40.67% Si = 0.34% N =
45.22% and Cu=13.78%while the Cu concentration at any other depths
remains close to 7%. Nevertheless the values are congruent with the re-
sults of RBS, previously presented in this communication. The low Si
presence and the slight changes on the TiN valences and structure, sug-
gest the stabilization of solid solution of (Ti, Si) nitride in the as-



Fig. 5. NEXAFS spectra of pure Ti-Si-N (a) and Ti-Si-N after ion implantation by Cu− ions with D = 2 × 1017 ions/cm2 (b), respectively.

Fig. 6. High resolution micrographs of TiSiN coatings, a) shows the columnar growth of the sample, while the SAED pattern is clearly showing the TiSiN (red dashed circles, zone axis
[−101]) and Ti2N (yellow dashed circles, zone axis [0–11]), b) shows the EDX elemental mapping of the sample with intensity profile of the signals (log scale for clarity).
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deposited coating. Moreover, the amount of Si is not sufficient to hinder
the grain growth during deposition and for segregation at grain bound-
aries to form two crystalline phases of the coating. Therefore, columnar
structure of the coating is observed. The volume fraction of (Ti, Si)N de-
creases after ion implantation of Cu ions due to metastable state of (Ti,
Si)N with simultaneous increasing of more thermodynamically
favourable Ti2N,whichwaswell demonstrated by XRD. The possible ex-
planation of this phenomenon is a complementary interaction of im-
plantation induced annealing and radiation damage.

Nanoindentation measurements were conducted using a multiple
load function applied to a diamond Berkovich tip with maximum
loads from 0.05 μN to 10 mN in order to measure hardness (H) and re-
duced elastic modulus (Er) at different depths. Nanoindentation exper-
iments for both as-deposited and Cu implanted Ti-Si-N coatings were
performed by a partial load/unload function with maximum penetra-
tion of 80 nm, well above the maximum Cu concentration of the im-
planted sample. As it can be observed in Fig. 7, the extracted values of
hardness and elastic modulus, based on Oliver-Pharr method, show an
average hardness of 23.52 GPa and reduced elastic modulus of
320 GPa for the as-deposited sample. Ion implantation of Cu ions with
D = 2 × 1017 ions/cm2, E = 60 keV leads to slight decrease of reduced
elastic modulus to value 290 GPa at the depth 30 nm, increasing to
the value ~320 GPa at depth correspondingwith the highest Cu concen-
tration. The average hardness value has the same tendency being
~20.36 GPa at the depth up to 30 nm with further increasing up to
22 GPa at the depth 45–65 nm.

Elastic strain prior to plastic deformation (H/Er) (Fig. 7c) and resis-
tance to plastic deformation H3/Er2 (Fig. 7d) of the coatings had the
same tendency as the hardness and reduced elastic modulus (Fig. 7c,
Fig. 7.Hardness (a) and reduced elastic modulus (b) as function of the contact depth and variat
coating and after ion implantation of Cu− ions with D = 2 × 1017 ions/cm2, E = 60 keV.
d). Nevertheless, the implanted coating has worse elastic strain prior
to the plastic deformation after 30 nm, depth at which the hardness
values are reliable, which will decrease its wear resistance [3,4,13,21,
22]. Moreover, the resistance of the Ti-Si-N coating to the formation of
cracks (H3/Er2) decreases after Cu ion implantation, which is well visible
in Fig. 7d. The decrease of mechanical properties of the Ti-Si-N coating
after Cu ion implantation can be explained by twopossiblemechanisms.
The first possible reason is attributed to the softer Cu-based phase,
caused by ion implantation, as shown previously; the surface of the
coating has strong contributions of Ti-Cu with rather low Si and N. An-
other possible explanation is radiation damage, which causes displace-
ments occurring in response to “knock-on” collisions leading to the
formation of displacement spikes whose cores may be amorphous.
Each such spike will behave as a small second-phase particle in an oth-
erwise damagedmatrix and interact with dislocations. The real scenario
may be a mixture of both mechanism [38,39,42–45].

Finally, antibacterial efficiency of the films was evaluated and pre-
sented in Fig. 8. It is generally acknowledged that copper doping with
values higher than 20% show detectable antibacterial efficiency, while
maximum performance is the highest with concentrations above 65%
[46–48]. In the samples studied in this article, the total doping on the
surface was estimated as b20%, so it was expected that after the Cu im-
plantation, with a rather low dosage, the bioactivity of the samples was
scarce. Antibacterial efficiency tests showed the low bioactivity of the
films during the exposure time used, results show similar behaviour
as the ones reported by J. Musil et al. [48] for Cr-Cu-O coatings, with al-
most indistinguishable effect of low Cu doping on the bioactivity of the
samples. Elemental analysis of the surfaces after immersion in the culti-
vation liquid for 5 h shows the following values: C = 14.51%, N =
ion of the ratio H/Er (c) and H3/Er2 (d) as function of contact depth for as-deposited Ti-Si-N



Fig. 8. Antibacterial efficiency E of as-deposited Ti-Si-N and Cu doped surfaces (left) and pictures of the cultivation plates (right).
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36.03%, O = 15.28%, Si = 0.5%, Ti = 31.85% and Cu = 1.83%. Results
clearly point to a decrease of Cu and N content, while the oxidation of
the samples is evident.

Our findings are similar to the ones reported by B. Finke et al. [49]
and V. Stranaka et al. [50,51] in which ion implanted Cu surfaces, with
doses ranging from 0.7 × 1017 to 63.5 × 1017 ions/cm2 were used, had
lower antibacterial efficiency than surfaces prepared by high pulsemag-
netron sputtering and the rapid release of Cuwas strongly dependent of
grain size. This shows the rapid release of Cu ions to the cultivation liq-
uid and is compatible with previous results, in which the first hours of
exposure are those in which a bigger Cu release takes place [48].

3. Conclusions

The effect of ion implantation on the physical and mechanical prop-
erties of the coatings was studied. The structure of Ti-Si-N coatings on
steel was investigated by means of nanoindentation, XRD, SEM (EDS),
RBS, μ-PIXE, NEXAFS and TEM. Phase analysis showed that the main
crystalline structures, in the as-deposited coating,were (Ti, Si)N, follow-
ed by TiN and Ti2N. Our investigations showed that ion implantation
leads to a decrease in grains size and lattice parameter and a worsening
of the hardness of the coating (20.36 GPa) and elastic modulus
(301 GPa). Bioactivity towards E. coli bacteria was studied showing
poor antimicrobial effect and rapid Cu release, with 16% of Cu lost
under 5 h. The results show the poor stability of the Cu doped surface
under the studied conditions and the negative effect on the overall me-
chanical properties of the films.

Finally, although Cu implantation is a promising and widely studied
technique, which has shown an increment of plasticity of the sample, its
applicability on bioactive surfaces strongly depends on the ion dosage.
The burst effect associated with the rapid release of the Cu ions into
the incubation media, although effective for high implantation dosage,
could prove inefficient for long lasting functional surfaces and harmful
for the environment. Nevertheless, our results serve as a benchmark of
the drawbacks of ion implantation on bioactive surface.

Furthers studies are needed in order to understand the burst release
effect of these surfaces and generate long lasting bioactive surfaces with
fully immobilized Cu ions as antibacterial agent.
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