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Abstract Infection of orthopaedic implants often leads to

inflammation immediately after surgery and increases

patient morbidity due to repetitive operations. Silver ions

have been shown to combine good biocompatibility with a

low risk of inducing bacterial resistance. In this study a

physical vapour deposition system using both arc deposi-

tion and magnetron sputtering has been utilized to produce

silver ion doped TiN coatings on Ti substrates. This

biphasic system combines the advantages of silver induced

bactericidity with the good mechanical properties of TiN.

Crystallographic analysis by X-ray diffraction showed that

silver was deposited as well in its elementary form as it was

incorporated into the crystal lattice of TiN, which resulted

in increasing hardness of the TiN-coatings. Elution

experiments revealed a continuous release of Ag ions in

phosphate buffered saline. The coatings showed significant

inhibitory effects on the growth of Staphylococcus epide-

rmidis and Staphylococcus aureus and practically no cell-

toxicity in cytocompatibility tests.

1 Introduction

Besides stainless steel titanium and its alloys are the most

commonly used materials for the manufacturing of load

bearing implants like knee joint replacements or hip pros-

theses [1]. The well known biocompatibility of titanium is

primarily caused by the spontaneously forming passivation

layer leading to a low level of electronic conductivity and

therefore high corrosion resistance [2, 3]. Due to the

covalent/ionic bonding character of the oxide layer tita-

nium is a good substrate for the adhesion of proteins and

cells [4], a basic requirement for the formation and growth

of new bone tissue in the vicinity to an orthopaedic

implant. However, the same properties also promote the

adhesion of microorganisms like bacteria, which may

colonize the implant surface and thus cause inflammation

at the implantation site [5]. These periimplantary infections

occur in a frequency of up to 4.3% [6, 7], in the case of

revision surgery even up to 17%. It is assumed that pri-

marily the surgical intervention itself leads to the con-

tamination of the implant surface [8]. However, also

hematogenous or lymphogenous colonization of the

implant is possible even though less frequent in transitory

bacteraemia, arising from more distant sources of infection

[8–10].

In times of increasing problems with multiresistant

microorganisms, especially in hospital environments, there

are efforts to modify implant surfaces with antimicrobial

agents, with alternatives to antibiotic treatment being of

growing importance. In the field of implantology several

antimicrobial surface coatings have been developed. One

established system is the covalent binding of antibiotic

molecules to surfaces [11]; another one takes advantage

of the anti-adhesiveness of hydrophobic coatings like

polyvinylpyrrolidone (PVP) [12]. Further approaches are

the introduction of noble metals into the surfaces or the

development of coatings releasing antibiotics over long

periods [13–16]. Biological tests with these surfaces show

partially promising results, even though the latest state of

research still does not allow their practical application.

Coating of implant surfaces with antibiotics may lead to

antibiotic concentrations below the minimal inhibitory
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concentration which would result in the development of

resistant microorganisms [17, 18]. A promising alternative

to antibiotics is the functionalization of biomaterial sur-

faces with silver ions as they have low toxicity against

human cells [19]. Furthermore, only few bacterial species

could be proven to show resistance mechanisms against

silver [20]. The antimicrobial effect of silver coated med-

ical instruments has been documented in several studies

[21–23] and is also being utilized for e.g. artificial heart

valves or venous as well as urinary tract catheters [24–26].

Another crucial aspect of implant surface modification

for load-bearing applications is the mechanical behaviour

of the coating, which has to endure mechanical stress

induced by the surgical procedure, especially during

insertion into the bone by press-fit methods. Titanium

nitride (TiN) is a very well established hard coating, which

is commonly used on surfaces exposed to high mechanical

loads and stresses, like those of cutting and shaping tools as

well as machine parts. TiN as a coating for orthopaedic

implants will meld the advantages of increased mechanical

stability and improved corrosion resistance [27, 28] and

well-proven biocompatibility [29, 30]. The aim of this

study was to combine the mechanical qualities of a TiN

hard coating with antimicrobial properties of silver. Coat-

ings were produced by the simultaneous application of two

methods of physical vapour deposition (arc deposition and

magnetron sputtering) and were tested with regard to their

phase composition and micro-hardness. The cytocompati-

bility was proven in osteoblast cell culture experiments and

the bacteriostatic qualities were analyzed against various

bacterial strains.

2 Materials and methods

2.1 Surface coating

Commercially pure titanium discs ([ 15.5 mm, 1 mm

height, ASTM-Nr. B 265-95, Grade 2, Zapp, Düsseldorf,

Germany) were sonicated in pure water, alkaline Extran�-

solution (Merck, Darmstadt, Germany) and finally in pure

water at 40�C, with every cleaning step taking 10 min. The

cleaned Ti discs were then placed into the recipient of a

PVD-system type PLS 570 (Pfeiffer Vacuum, Germany).

The coating set up consisted of an arc vaporization source

for the titanium target and a radio-frequency magnetron for

sputtering the silver target, thus providing the possibility to

deposit both metals simultaneously. The deposition of TiN

was achieved by introducing nitrogen 5.0 as reaction gas

into the vacuum chamber during the arc vaporization of

titanium. To allow for continuous TiN and silver deposition

the titanium discs have been attached to a sample carousel

rotating with a frequency of 0.33 s-1 (Fig. 1), thus

exposing the substrates alternately to the Ti vaporizer and

the magnetron sputtered silver target. Furthermore, a bias

voltage Ubias was applied to the substrates in order to

improve the adhesion and the microscopic properties of the

deposited layers [31]. The process parameters for different

silver concentrations (arc deposition current, forward

power of the applied radio frequency in magnetron sput-

tering, deposition time) in the surface coating are given in

Table 1.

2.2 Coating characterization

The crystal structure of the coatings was determined by

X-ray diffraction (XRD) in grazing angle geometry with a

Siemens D5005 X-ray diffractometer (Bruker AXS, Kar-

lsruhe, Germany) using Cu-Ka radiation with a voltage of

40 kV and a tube current of 50 mA. Micrographs of the

surface were generated using a Helios NanoLab DualBeam

System (FEI, Eindhoven, Netherlands). Elemental analysis

by energy dispersive X-ray spectroscopy (EDXS) was

Fig. 1 Setup for physical vapour deposition. The inserted photo-

graphs show the burning plasma ring on the magnetron silver target

(left) and the electric arc on the titanium target (right)

Table 1 Combinations of deposition parameters and resulting silver

contents as calculated from EDX measurements

Batch

No.

Coating time

in min

Iarc in A PF in W PR in W Resulting Ag

content in %

1 120 80 0 0 0

2 120 80 308 86 1.4

3 120 80 414 121 3.12

4 150 70 414 76 3.47

5 120 80 414 84 3.74

6 240 60 414 58 4.62

Iarc current of the arc vaporizer, PF the forward power, PR the

reflected power of the applied radio frequency
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performed using a Si(Li) detector (Eumex, Heidenrod,

Germany). Additional elemental analysis was carried out

with a time-of-flight secondary ion mass spectrometer TOF

SIMS V (IONTOF, Münster, Germany). Hardness testing

was carried out using an atomic force microscope Autop-

robe CP Research (ThermoMicroscopes, Sunnyvale, CA,

USA) with a nano indenter module for probing hard

coatings (Hysitron TriboScope, Minneapolis, USA). The

indenter tip was a 90 � pyramid that could be loaded with a

maximum force of 5000 lN. The hardness of the sample

surfaces was determined by ten measurements at different

locations for every tested sample. Evaluation occurred by

the TriboScope Software after preceding calibration of the

area function on fused silica using the unload curve

according to Oliver and Pharr [32].

2.3 Elution measurements

Titanium samples coated with AgN containing 1.4% Ag

and 4.62% Ag, respectively, were immersed in 0.9% NaCl

solution over 12 weeks at 50�C in order to determine the

elution of Ag? ions from the coatings under quasi-physi-

ological conditions. The elevated temperature was chosen

to accelerate the elution process and to simulate a pro-

longed residence time in physiological environment. For

each silver content eight samples were placed in wells

containing 1.5 ml of solution. The surrounding wells in the

well plate were also filled with solution to compensate

eventual water evaporation caused by the relatively high

incubation temperature. The elution medium was replaced

after 1 day, 2 days, 3 weeks, 6 weeks and 12 weeks and

analyzed regarding Ag? concentration with inductively

coupled plasma mass spectrometry (ICP-MS, Varian,

Darmstadt, Germany) against standard solutions of 50 and

100 lg/l (Merck, Darmstadt, Germany).

2.4 Anti microbiological activity of coated surfaces

The antimicrobial properties of the deposited TiAgN

surfaces were examined as described previously [13].

Briefly, the samples were incubated with Staphylococcus

epidermidis, strain RP62A (ATCC 35984), and Staphylo-

coccus aureus, strain RN 4220, gram positive (kind gift

from K. Ohlsen, Würzburg, Germany [33]) each for 24 h,

washed in phosphate buffered saline (PBS, 137 mM NaCl,

2.7 mM KCl, 7 mM Na2HPO2�2H2O, 1.5 mM KH2PO4)

and finally fixed in glutaraldehyde. After dehydration in

ascending ethanol series the bacterial DNA of both strains

was stained with SYBR�-green. By measurement of the

fluorescence intensity on the sample surfaces the amount of

adhered microorganisms was determined in comparison to

the control samples consisting of cp-Ti.

2.5 Cell culture and biocompatibility tests

The human osteoblastic cell line MG-63 (ATCC no. CRL-

1427, Rockville, MD, USA) was cultivated in Dulbecco’s

Modified Eagle’s Medium (DMEM) containing 10% fetal

calf serum, 100 IU/ml penicillin and 100 lg/ml strepto-

mycin (all from Invitrogen Life Technologies, Karlsruhe,

Germany). The cells were incubated in humidified atmo-

sphere at 37�C and a CO2 content of 5%. For the cyto-

compatibility testing the samples and the titanium control

were placed in triplicate into the wells of 24-well-plates

(Nunc, Wiesbaden, Germany) and covered with 50,000

cells per ml of DMEM. Cell number and cell activity were

determined as described earlier [13] after 3, 5, 7 and

10 days of culture.

2.6 Statistical analysis

Three specimens of each coated titanium specification as

well as uncoated control surfaces were analyzed. For sta-

tistical analysis mean values as well as standard deviations

of the obtained data were calculated and the Anova t test of

Microsoft Excel was performed. Differences between

measured values were judged significant, when P \ 0.05.

3 Results

3.1 Surface characterization

Figure 2a shows the surface of a TiAgN coating that was

deposited with an arc current of 60 A and a forward power

of the applied radio frequency of 414 W. The coating

showed a homogenous and closed structure, however,

small and isolated droplets could be observed on the sur-

face. A lateral cut into the sample using the focused ion

beam revealed the profile of the coating and a layer

thickness of *1.27 lm (Fig. 2b). Integrated EDX spectra

over a wide surface range showed the presence of titanium,

nitrogen and silver as dominating compounds of the coat-

ing. The averaged silver contents of coatings deposited

with different parameters are listed in Table 1. When the

electron beam of the SEM was focused on the isolated

droplets, the EDX spectra showed a significantly higher

silver content, while smaller silver to titanium ratios were

detected in areas without droplets. In addition Fig. 3 shows

elemental maps obtained by SIMS of surfaces with silver

contents of 1.4 and 4.62%. Figure 4 compares the topo-

graphic images (Fig. 4a, c) of two different areas on a

surface containing 4.62% of silver with their respective

backscattered electron images (Fig. 4b, d) and shows that

the larger droplets on the surface have the same elemental
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composition as the rest of the surface (Fig. 4a, b), while the

smaller droplets mainly consist of silver (Fig. 4c, d).

The results from the crystallographic analysis by XRD

measurements revealed the basic crystal structure of the

deposited coatings (Fig. 5). The basic structure of TiN

could be identified in the silver-doped layers, however,

their diffraction patterns were shifted to higher lattice

constants, as is shown in Fig. 5a by comparison with the

peak positions for the lattice planes (111), (200), and (220)

for a silver-free TiN deposit. Regarding the relative

intensities of the three peaks also a well pronounced (111)

in-plane texture could be observed. Furthermore, in com-

parison to the peaks of pure TiN the TiAgN peaks were

significantly broadened and the integral intensity of the

scan area was reduced. As Fig. 5b shows, the peak shift to

higher lattice parameters was directly correlated with the

Fig. 2 Scanning electron micrograph of a TIAgN layer containing 4.62% Ag (a) and a lateral cut (obtained by the focused ion beam treatment)

of the same coating (b)

Fig. 3 Elemental SIMS maps

of different areas of TiAgN

surfaces containing 1.4% (a,

b) and 4.6% (c, d) of silver
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silver content in the respective TiAgN coating. Distinctive

peaks indicating the presence of elementary silver could

not be definitely identified, however in the diffraction

pattern of the coating with the highest Ag concentration of

4.62% (shown in Fig. 5a) smeared respectively, overlap-

ping peaks at 2H positions of 38.2 and 44.3 degrees could

be observed.

The hardness test measurements using nano-indentation

showed a hardness of about 21 GPa (Fig. 6) for the pure

TiN coatings, while the silver-containing TiN coatings

turned out to reveal significantly higher hardness values

than the silver free deposits. The highest hardness was

achieved for a silver concentration of 1.4% (34 GPa), but

also the samples with the highest silver content of 4.62%

exhibited a pronounced increase in hardness (29 GPa).

3.2 Ag-release from the surfaces

The release of Ag ions from TiAgN samples with 1.4 and

4.62% silver content was monitored over 12 weeks of

immersion in 0.9% NaCl at 50�C. The mass spectrometric

analysis of the elution liquid showed that silver was

released from all surfaces almost continuously (Fig. 7). For

all eluates measured but the last the determined Ag?

concentration in the medium of the 4.62% surface was

significantly higher than in the medium taken from the

1.4% samples. Obviously the Ag? release rate was directly

correlated with the silver content in the coating. Further-

more the surfaces of the TiAgN samples containing 4.62%

Ag showed a remarkably high increase of the Ag? con-

centration in the analyzed medium after 6 weeks, while the

same occurred only after 12 weeks for the samples con-

taining 1.4% silver. At this time point the Ag release from

both surfaces tested was at a similarly high level.

3.3 Antimicrobial activity

Coated surfaces containing 1.4 and 4.62% silver, respec-

tively, were chosen to test the antimicrobial properties of

TiAgN coatings. Therefore, three types of samples, namely

as-deposited coatings, surfaces after 3 day immersion in

0.9% NaCl at 50�C, and surfaces eluted for 9 weeks in

0.9% NaCl at 50�C, were incubated with a bacteria sus-

pension in logarithmic growth phase. All surfaces tested

Fig. 4 Scanning electron micrographs of a TiAgN coating on Ti substrate with an average Ag content of 4.62%. a, c topographic images of two

different areas; b, d backscattered electron images of the same areas
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showed antibacterial activity. In Fig. 8a the effect of the

as-deposited surface on bacterial growth is shown. Staph-

ylococcus epidermidis was reduced significantly (P \
0.01) on both of the tested surfaces (about 80% on 4.62% Ag

and about 90% on 1.4% Ag containing TiAgN samples

compared to a non-coated titanium control). Staphylococcus

aureus was reduced only tendentially (P [ 0.05) by about

20% on both of the surfaces. After 3 days of immersion in

NaCl solution before incubation with microorganisms the

bactericidal effect on S. aureus was significant (P \ 0.01).

On both surfaces the bacterial contamination was sig-

nificantly reduced by about 75%. The reduction of

S. epidermidis was less pronounced (25% on 4.62% Ag

surfaces, P = 0.05; 40% on 1.4% Ag surfaces, P \ 0.05).

After 9 weeks of immersion S. aureus was still reduced

by 50 and 60%, respectively, (P \ 0.01). Staphylococcus

epidermidis was still significantly (P \ 0.01) reduced on the

4.62% Ag containing surfaces but not significantly

(P [ 0.05) on the 1.4% samples. The experiments show a

bacteriostatic effect even after 9 weeks of immersion in

0.9% NaCl at 50�C.

3.4 Cytocompatibility tests

The cytocompatibility of TiAgN coatings containing 1.4

and 4.62% silver, respectively, was analyzed by means of

cell growth determination and measurement of cell activity

using the WST reagent on the basis of DIN EN ISO

10993-5. Compared to commercially pure titanium the cell

growth on surfaces containing 1.4% Ag was moderately

reduced on day 10 of the culture time (Fig. 9a). At all other

time points the cell growth was comparable to the titanium

control, after 3 days of culture the growth was even higher

Fig. 5 a Diffraction pattern of a TiAgN coating with 4.62% silver on

Ti substrate. The peak positions of three characteristic TiN lattice

planes are marked with the corresponding Miller indices, b Compar-

ison of the diffraction patterns around the peak of the (111) lattice

plane of TiAgN coatings containing different amounts of Ag with the

pattern of pure TiN. For reasons of clarity the peak intensities have

been normalized to comparable values

Fig. 6 Nanohardness of TiN–Ag coatings on titanium measured by

micro-indentation

Fig. 7 Silver release into PBS buffer at 50�C of TiN–Ag coatings

measured by ICP-MS
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(P \ 0.05). Cells grown on samples containing 4.62% Ag

even showed increased growth in comparison to the control

surfaces on days 3–7 (P \ 0.05, Fig. 9a). A similar pattern

was obtained after measurement of the cell activity

(Fig. 9b). The initial activity of cells cultured on surfaces

containing 1.4% Ag was higher than the one on titanium

control samples (P \ 0.05). On day 7 and 10 the cell

activity decreased whereas the cell number was similar as

on the control surfaces (P [ 0.05). Cells grown on the

samples containing 4.62% Ag showed similar activity as

cells grown on Ti control surfaces. Therefore, the argen-

tiferous surfaces showed no cytotoxicity according to DIN

EN ISO 10993-5 and to ISO 7405:1997.

4 Discussion

In this study the combination of two PVD techniques,

namely magnetron sputtering and arc evaporation, was

utilized to unify the high mechanical stability of TiN

coatings with the well-known bacteriostatic effects of sil-

ver ions. The silver concentration in the coatings was

adjusted by variation of the coating parameters and deter-

mined by integrated as well as location-specific EDX

measurements and additional SIMS analysis, while the

mechanical properties were evaluated by nano-indentation.

Furthermore, XRD was used to determine the phase com-

position and the crystallographic properties of the silver-

doped coatings.

The integrated EDX measurements as well as the ele-

mental surface mapping by SIMS showed inhomogenously

distributed silver concentrations in the deposited coatings.

EDX spectra obtained with the electron beam focused on

apparent droplets revealed significantly higher silver con-

tents than for the droplet-free areas. This location-depen-

dent presence of silver indicates that it was deposited in

two different formations during the coating process.

Apparently silver was incorporated into the crystal lattice

of the TiN phase on one hand and deposited in the form of

Fig. 8 Antimicrobial activity of TiN–Ag coatings containing 1.4 and

4.62% of silver against S. aureus and S. epidermidis compared with

cp-Ti surfaces. a as-deposited, b after 3 days of immersion in NaCl

solution, c after 9 weeks of immersion in NaCl solution. *Significant

differences (P \ 0.05)

Fig. 9 a Proliferation of human osteoblast cell line MG63 on TiAgN

coatings, b cell activity according to WST test. *Significant

differences (P \ 0.05)
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droplets containing elementary silver on the other. This

was supported by the results from the crystallographic

analysis by XRD measurements (Fig. 5). Pure TiN crys-

tallizes in face centred cubic unity cells with a lattice

parameter of 4.235 Å in NaCl structure. Basically this

structure was maintained for TiN deposited in conjunction

with the sputtering of the silver target. However, the dif-

fraction patterns were shifted to higher lattice constants, as

was shown by comparison with the peak positions for the

lattice planes for a silver-free TiN deposit. The significant

broadening as well as the reduced integral intensity of the

TiAgN peaks as compared with the peaks of pure TiN

support the assumption that silver was partially incorpo-

rated into the TiN lattice, particularly because the effect

increased with rising silver content in the respective TiAgN

coatings. As no characteristic peaks were annihilated, the

incorporation occurred most probably by partial substitu-

tion of Ti by Ag ions. This resulted in an expansion of the

lattice and a distortion of the unit cell due to the high

deformability of the atomic shell of silver [34], which may

lead to mechanical strain in the host lattice [35].

As diffraction peaks of elementary silver could only be

observed in the coating with the highest Ag concentration

(and even there not well pronounced), the presence of a

well defined elementary silver phase could not be strictly

approved by the XRD measurements. Therefore, it can be

assumed that the second silver phase dominating the

droplets most probably consisted of nanocrystalline

respectively, amorphous silver.

The hardness obtained from the test measurements using

nano-indentation for the pure TiN coatings was a little bit

lower than the published value of (24.7 ± 2.0) GPa [36].

However, the silver containing TiN-coatings turned out to

reveal significantly higher hardness values than the silver

free coatings, whereby the highest hardness was achieved

for a relatively low silver concentration of 1.4%. Most

probably this improvement in mechanical resistivity

occurred due to the assumed partial substitution of Ti by

Ag in the TiN phase and the resulting distortion of the

crystal lattice, which leads to the development of

mechanical strain and therefore an increase of the elastic

modulus. Obviously this effect had a maximum pronunci-

ation for the lowest of the tested silver contents in the

TiAgN coating. A similar effect was observed by Hsieh

et al. [37] in co-sputtered TaN-Ag nanocomposite films.

Their study also showed that the hardness decreases even

below the value of undoped TaN, when a certain silver

content is exceeded.

Besides the mechanical and crystallographic features of

the deposited coatings, particularly the concentration-

dependent silver ion release in liquid media and the

resulting bactericidal properties were of interest in this

study. The monitoring of the Ag? ion release from TiAgN

samples immersed in NaCl solution over 12 weeks was

carried out at elevated temperature to mimic a long time

usage of the material. As was shown by the mass spec-

trometric analysis of the elution liquids, silver was released

from all surfaces almost continuously. From the compari-

son of the silver concentrations in all eluates it became

obvious that the Ag? release rate was directly correlated

with the silver content in the coating. For both applied

silver concentrations the samples showed a vast increase of

the Ag? elution after certain immersion times (4.62% after

6 weeks, 1.4% after 12 weeks), which may have occurred

due to a damage of the crystal lattice caused by corrosion

processes. This effect would also explain the steady

increase of Ag release with time. It is tempting to speculate

that the 4.62% surface is more susceptible to corrosion

processes as its metal lattice has incorporated more foreign

ions. For antimicrobial activity a prolonged release of at

least 0.1 ppb silver ions is required [38], this is assured for

the surfaces tested in this study.

The microbiology experiments with S. aureus and S.

epidermidis revealed a bacteriostatic effect of the silver

doped surfaces even after 9 weeks of immersion in 0.9%

NaCl at 50�C. According to this procedure it can be

assumed that implants coated with TiAgN show bacteri-

cidal effects over an extended time minimizing the risk of

infection. As shown by elution experiments the silver

concentration will be still high after 12 weeks indicating a

long time bacteriostatic effect. This bacteriostatic effect of

Ti coatings was shown in previous research [13, 39, 40].

Here we could prove the activity of Ag? ions in TiAgN

coatings.

Relevant for bacteriostatic action of silver is the Ag? ion

due to its binding to electron donor groups in sulphur,

oxygen or nitrogen containing biomolecules. Thereby low

concentrations \35 ppb are bacteriostatic, whereas higher

concentrations may be toxic to eukaryotic cells ranging

from low and local toxicity up to systemic effects like

argyria for very high doses[4–6 g of total silver content in

the body [41]. These doses will not be reached with the

concentrations released by the coating developed in this

study.

However, further studies are necessary to understand the

elution process more in detail. In particular, a careful

structural examination following the elution process could

provide information about which localization of silver in

the deposited coatings is most appropriate for the desired

release kinetics.

A comparative inspection of recently published litera-

ture concerning coatings for medical implants with anti-

microbial properties reveals a variety of different methods

as well for the coating itself as for the bactericidal func-

tionalization [42]. However, materials intended for the use

in load-bearing applications have to meet certain
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mechanical requirements, e.g. high resistance against

abrasive wear and anti-corrosive properties. The mechan-

ical features of TiN based coatings have been well proven

[27–29], yet many approaches have been made to enhance

the mechanical properties as well as the bactericidal

properties by doping with additional ions [43–46], the most

promising being silver and copper. While the dose-

dependent and clinically relevant contact bactericidity of

surfaces equipped with these ions have been proven for

magnetron co-sputtering as well as for ion implantation

methods, only little is known about the long-term release

kinetics of the antimicrobial species. The combined use of

magnetron sputtering and arc evaporation apparently led to

the formation of two different silver phases. This was also

the case for TiN/Ag nanocomposite coatings obtained by

co-sputtering with two magnetron targets, as was recently

reported by Iordanova et al. [47], who detected the for-

mation of a second silver phase only in coatings containing

more than 10% silver. As this was in contrast to the find-

ings from our studies, where a biphasic silver deposition

was found for much lower Ag contents, it appears most

probable that the deposition method has a significant

influence on the incorporation of ionic additives to the

functional coating and hence on the release kinetics.

Regarding the latter point the combined utilization of

magnetron sputtering and arc evaporation may be a

promising technique to achieve coatings with prolonged

silver ion release at clinically relevant but subtoxic doses.

5 Conclusion

Recent studies concerning the combination of hard coat-

ings (TiN, TaN, TaON) with silver ions concentrated on

co-sputtering methods for the deposition as well of bi-layer

systems [48] as of nanocomposite thin films [37, 49, 50].

The coating procedure presented in this paper combined

two entirely different methods of physical vapour deposi-

tion, namely reactive arc-deposition of TiN and magnetron

sputtering of silver. This method was successful in the

deposition of TiAgN coatings with reproducible Ag con-

tents that were adjusted using different combinations of

arc-deposition currents, forward powers of the applied

radio frequency in magnetron sputtering and deposition

times. XRD revealed that the resulting coatings consisted

of a silver-rich phase and a TiN phase with partial substi-

tution of Ti by Ag in the crystal lattice. This so-called

TiAgN-phase showed pronounced lattice distortion in the

diffraction patterns. Hardness measurements showed that

the TiAgN coatings were harder than silver free TiN.

Elution experiments showed a continuing release of Ag?

ions from the doped surfaces. The microbiological studies

proved the TiAgN coatings to be bactericidal against

S. epidermidis and S. aureus, while their cytocompatibility

regarding cell growth and cell activity was approximately

the same as on uncoated Ti substrates when tested with

osteoblast cells. In summary it can be stated that the TiAgN

coatings produced by the described PVD method show

very promising properties. They combine mechanical

resistivity with highly desirable properties concerning their

performance in physiological medium. When used as

medical implant coatings the continuous release of Ag?

ions over several weeks may be very effective in avoiding

infection during the healing period subsequent to surgery

without reducing the biocompatibility of the implant.
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