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Abstract: Titanium is a key biomedical material due to its good biocompatib-
ility, mechanical properties and corrosion stability, but infections at the implan-
tation site till pose a serious threat. One approach to prevent infection is to
improve the antimicrobial ability of the coating material. Silver-doped hyd-
roxyapatite (Ag/HAP) nanoparticles were synthesized by a new modified pre-
cipitation method. The synthesized powder was used for the preparation of
Ag/HAP coating on titanium by electrophoretic deposition. The coating was
characterized in terms of phase composition and structure by attenuated total
reflection Fourier transform infrared spectroscopy (ATR—TIR) and X-ray dif-
fraction (XRD); the surface morphology and chemical composition was asses-
sed using scanning electron microscopy (SEM) and energy dispersive spectros-
copy (EDS). The research focused on an evaluation of the corrosion behaviour
of Ag/HAP coating in simulated body fluid (SBF) at 37 °C during prolonged
immersion time by electrochemical impedance spectroscopy (EIS). The silver-
doped HAP coating provided good corrosion protection in SBF solution.

Keywords. electrochemical impedance; hydroxyapatite; silver; electrophoretic
deposition; simulated body fluid.
INTRODUCTION

Titanium still holds a pivotal role for most biomedical applications, prima-
rily as orthopaedic and dental implant material, thanks to its excellent biocom-
patibility and mechanical properties.l The key feature that enables such a wide-
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spread implementation is its excellent corrosion stability. A stable oxide layer
that forms spontaneously upon exposure to oxygen is believed to be 3-10 nm
thick, thus providing low electronic conductivity and high corrosion resistance.2:3
The same oxide layer provides a good substrate for adhesion of proteins and
cells, precursors for osteogenesis in the vicinity of an implant. Nevertheless, the
same property is to blame for biofilm formation on the implant/tissue interface,
which usually consists of various microorganisms, such as pathogenic bacteria.
Bacterial infection of the implantation site inevitably leads to post-op compli-
cations, revision surgeries, implant failure and finally complete removal.

Antibacterial coatings on titanium can be divided into several groups based
on their most prominent feature: coatings loaded with antibiotics, coatings con-
taining non-antibiotic antimicrobial agents, coatings containing inorganic anti-
microbial agents, adhesion resistant coatings, etc.# Recently, due to their excel-
lent biocompatibility and stability, attention has been drawn to inorganic antimic-
robial agents, silver in particular. The advantages of silver and the silver ion as
doping agents are that they inhibit initial bacterial attachment onto biomaterials;
the effect is long lasting, and they have a broad antibacterial spectrum at low
concentrations. Studies have shown that Ag has excellent biocompatibility without
genotoxicity or cytotoxicity, athough its mechanism of action is still not comple-
tely revealed. Due to its stability, it can be introduced by various techniques
(physical vapour deposition, magnetron sputtering, electrophoretic deposition, to
name afew). Lastly, silver can be used for doping a variety of biomaterials (cera-
mics, metals, polymers) and especially Ag has generated great interest in the de-
velopment of silver-doped hydroxyapatite coatings.

Hydroxyapatite (HAP) [Ca1g(PO4)s(OH)5] represents a crystallo-chemical
analogue of the mineral bone component and has been long used as part of the
synthetic materials for orthopaedic implants.>2° The titanium implant fixation
properties are dramatically enhanced when coated with HAP.7-® The release of
metal ions into the body can be reduced by suitable biocompatible inorganic coa-
tings, such as hydroxyapatite (HAP), and this can lead to a delay in corrosion,
and wear, and also minimize the loosening of implants from the bone. HAP is not
only bioactive, but also osteoconductive, non-toxic and non-immunogenic. How-
ever, the most striking property of inorganic HAP is its ability to form an apatite
layer, similar to bone apatite, on the surface of implants. The coating surface that
aids the process of HAP precipitation by firmly anchoring hydroxyapatite on the
surface, thus accelerating and securing a direct bond of the implant with bone is
known as bioactive.

Among different methods of ceramic coating deposition on a metal surface,
such as plasma spraying, sputtering, pulsed laser-deposition, sol-gel, electro-
phoresis and electrodeposition, electrophoretic deposition (EPD) has emerged as
the most suitable one.10 EPD provides for uniform coatings, even on substrates
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of complex shape. Other advantages are that this is an inexpensive electroche-
mical technique that can be performed at room temperature with a relatively
simple set-up. Coating thickness and morphology are well controlled by adjust-
ing the deposition parameters.11,12

This paper reports on an investigation of the in vitro biological compatibility
and corrosion stability of a non-sintered Ag/HAP coating on titanium obtained by
electrophoretic deposition, after immersion in SBF solution at 37 °C, with the
aim of mimicking human body conditions.

EXPERIMENTAL
Synthesis of hydroxyapatite powder doped with silver

A modified chemical precipitation method was employed for the preparation of a sil-
ver/hydroxyapatite powder. Calcium oxide, obtained by aerobic calcination of CaCOs for 5 h
at 1000 °C, was subsequently placed in a reaction vessel with silver nitrate and phosphoric
acid. The reaction was conducted in a stepwise manner. The stoichiometric amount of the
resulting calcium oxide was mixed and stirred in distilled water for 10 min. In the second step
AgNO; solution, up to 0.4+0.1 wt. % final concentration, was added to the suspension. Lastly,
phosphoric acid was added drop-wise to the suspension in order to obtain silver-doped
hydroxyapatite, Cag g5Adg 05(PO4)s(OH),. Upon addition of the total stoichiometric volume of
phosphoric acid, the pH reached a value of 7.4—7.6. The final suspension was heated for 30
min at 94+1 °C and stirred for another 30 min. After sedimentation, the upper clear solution
layer was separated from the precipitate by decanting. In the final step, the suspension was
spray-dried at 12045 °C into a granul ated powder.

Surface preparation of titanium

Two different dimensions of titanium plates were used, (25 mmx10 mmx0.89 mm) for
surface analysis and (40 mmx20 mmx0.25 mm) for impedance measurements, both from
Aldrich (purity 99.7 %). The pure Ti foils represented substrates for the cathodic deposition of
the Ag/HAP coatings. Before deposition, standard mechanical pre-treatment of metal plates
was employed. Grit emery paper was used to polish the Ti plates, followed by wet polishing
with 0.3 pm alumina. After polishing, the plates were degreased, first in acetone and then in
ethanol for 15 min, both in an ultrasonic bath.

Electrophoretic deposition of Ag/HAP coating

Electrophoretic deposition was performed from 100 ml of absolute ethanol suspension
containing 1.0034 g of nano-sized Ag/HAP powder. Homogeneous and stable suspension was
obtained by ultrasonic pre-treatment for 15 min. To increase the suspension stability, hydro-
chloric acid (HCI) was added dropwise until a pH value of 2.00 was attained. Low pH values
of the suspension are necessary to keep the colloidal particles positively charged.13 The ef-
fective pH value of 2 was chosen based on optimization of the experimental conditions to
obtain the most stable suspension. Prior to electrodeposition, the ethanol Ag/HAP suspension
was ultrasonicated for 30 min to obtain a homogeneous suspension.

A three-electrode cell arrangement was used for the cathodic electrodeposition. The
working electrode (pre-treated titanium plate) was used as a substrate for the deposition of an
AQ/HAP coating. The counter electrodes were two pure platinum panels, placed parallel to the
Ti plate at adistance of 1.5 cm.
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The coatings were acquired on the titanium from ethanolic Ag/HAP suspension, using
the constant voltage method. The experiments were performed at a constant voltage of 60 V
for a deposition time of 45 s, at room temperature. Electrodeposited Ag/HAP coatings were
air dried for 24 h at room temperature.

Methods for structural and electrochemical analysis

X-Ray diffraction. A Philips PW 1051 powder diffractometer with Ni-filtered Cu K, ra
diation (A = 1.5418 A) was employed for X-ray diffraction (XRD) assessment of the phase
composition of the electrodeposited coatings. The diffraction intensity was measured using the
scan-step technique in the 26 range of 8-80° with a scanning step width of 0.05° and expo-
sition time of 50 s per step. The phase analysis was realised using the PDF-2 database with a
commercially available computer program, EVA V.9.0.

Scanning electron microscopy with energy dispersive spectroscopy. A JEOL JSM-5800
scanning electron microscope (SEM), operated at 20 keV, equipped for energy dispersive
spectroscopy (EDS) measurements, was used to analyze the morphology of the electrode-
posited coatings.

Attenuated total reflection Fourier transform infrared spectroscopy. A Spectrum™ 400
Perkin Elmer infrared spectrometer (USA) instrument was used to perform the attenuated total
reflection Fourier transforms infrared spectroscopy (ATR-FTIR) measurements. Scanning
was performed in the 600-4000 cm! wavelength range in order to investigate the functional
groups present in the electrodeposited coatings.

Thermogravimetric analysis. The thermal behaviour of the electrodeposited coatings,
dried at room temperature and then scraped from the titanium substrate, was examined by the
thermogravimetric analysis (TGA) on a Mettler Toledo instrument (TGA/SDTA851€). Scans
were recorded in the dynamic mode from 25 to 1000 °C at a heating rate of 20 °C min1, under
anitrogen atmosphere (flow rate 50 ml min'1). For each experiment, about 5 mg of oven-dried
sample were used.

Electrochemical impedance spectroscopy. For the electrochemical impedance spectros-
copy (EIS) measurements, an electrodeposited Ag/HAP coating and bare titanium, as a con-
trol, were exposed to SBF solution at 37 °C for 72 h. A standard three-electrode cell arran-
gement was used in the experiments. The SBF solution (Table I) was prepared by dissolving
reagent-grade salts in deionised water followed by buffering with tris-hydroxymethyl amino-
methane. The final pH value was adjusted to 7.40 (at 37 °C) using 1 M hydrochloric acid. The
working electrode was coated titanium or thermally untreated bare titanium (tested surface
area of 1 cm?). The counter electrode was a platinum mesh and the reference electrode was a
saturated calomel electrode (SCE). The impedance data were obtained at the open-circuit po-

TABLE |. Composition of the SBF solution similar to human blood plasma

Reagent c/gdm3
NaCl 7.996
NaHCO3 0.350
KCI 0.224
K,HPO,-3H,0 0.228
MgCl,-2H,0 0.305
CaCl, 0.278
Na,SO, 0.071
(CH,OH)3CNH, 6.057
1M HCI 40 ml
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tential using a Reference 600™ potentiostat/gal vanostat/ZRA (Gamry Instruments, Inc., War-
minister, PA, USA), over a frequency range of 300 kHz to 10 mHz using 5 mV amplitude of
the sinusoidal voltage. The impedance spectra were analyzed using Gamry Instruments Echem
Analyst fitting program, version 5.50.

RESULTS AND DISCUSSION
XRD Analysis

XRD analysis of electrodeposited Ag/HAP coating on titanium was per-
formed in order to determine the phase composition and structural changes of sil-
ver/hydroxyapatite. HAP high intensity peaks are dominant in the spectrum (Fig.
1) and perfectly match the hydroxyapatite pattern (JCPDS 86—-1199). The incor-
poration of silver ions in the hydroxyapatite crystal lattice caused a shift of spe-
cific HAP peaksto the left (towards smaller angles), confirming it substitutes cal-
cium. The HAP peaks on the XRD pattern were broad, indicating the smaller
particle size of the Ag/HAP powder compared to pure HAP powder.
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Fig. 1. XRD Pattern of an Ag/HAP coating electrodeposited on titanium.

Other specific peaks, matching titanium suboxide (JCPDS 72-1807), domi-
nated the XRD spectrum instead of Ti peaks. This indicates that Ti was mainly
present as TigO on the coating surface. According to Chavan et al.,14 the com-
plex valence status of Ti is the result of oxygen diffusion from the exterior sur-
face to the inside during air drying. Ti suboxides on the Ag/HAP surface are be-
lieved to be more active than TiO» in a physiological environment and can acti-
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vate chemical bonding between the implant surface and adjacent biomolecules.14
Therefore, the bioactivity of the material is more pronounced within the outer-
most surface, which not only has reactive functional groups of Ag/HAP, consist-
ing of Cat, PO43 and OH™, but also of Ti suboxide to induce apatite nucleation
in SBF.

SEM and EDS analysis

The surface morphology of the electrodeposited Ag/HAP coating on tita-
nium and its EDS analysis are shown in Figs. 2a and 2b, respectively. The SEM
microphotograph of the coating revealed the appearance of micro-cracks on the
surface and also many agglomerates. The fractured surfaces were most probably
formed due to shrinkage during the air drying. Although a cracked Ag/HAP layer
would not protect the surface of an implant and thus allowing the possible release
of titanium ions from the implant inside the body, the high magnification SEM
micrograph (Fig. 2a) revealed that the width and depth of the cracks were in the
nano range. Therefore, it is safe to assume that an Ag/HAP coating thus prepared
would provide sufficient corrosion protection. On the other hand, the agglome-
rates on the coating surface would benefit the overall porosity.

0 12 1

ElkeV
(b)
Fig. 2. ) SEM Microphotograph and b) EDS profile of the surface of an
Ag/HAP coating electrodeposited on titanium.
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Chavan et al.14 reported that porous apatite layers could enhance the osteo-
integration and osteoconduction properties. In addition, it was reported that an
open interconnected porous structure is advantageous as it enables penetration of
the surrounding bone tissue and hence leads to better biointegration and mecha-
nical stability at the interface of the surrounding bone and coated implants.1®

The EDS spectra (Fig. 2b) showed two distinct peaks of Ca and P, aso the
presence of O peak and small peaks of Ti and Ag. The atomic ratio of Ca and P,
obtained from the EDS profiling given in Table Il was caculated to be 1.64,
which is similar to the Ca/P ratio in human bone, known to be 1.67.16

TABLE Il. The EDS composition of the Ag/HAP coating electrodeposited on titanium

Element Intensity Content, at. %
OK 0.662 69.35
PK 1.405 11.53
CaK 1.024 18.92
Ti K 0.803 0.11
AglL 0.766 0.08
CalP — 1.64

ATR—FTIR Spectroscopy

The FTIR spectrum of the electrodeposited Ag/HAP coating on titanium and
the assigned functional groups are illustrated in Fig. 3. As presented, al charac-
teristic bands correspond to bands typical for hydroxyapatite.

The broad absorption bands at 30003500 cm™1 and the bending mode at
1613 cm~1 were assigned to O—H stretching and bending of HoO in the spectrum
of the Ag/HAP coating.l’ The OH™ stretching vibration was observed at 3572
cm1.11 The most intensive band in the region from 1216-920 cm~1 was assigned
to the P-O asymmetric stretching mode (v3) vibration of the PO43~ groupl’—19
Other strong peaks observed as a doublet in the FTIR spectrum, located in 635—
—500 cm™1, was derived from the triple (v4) degenerated bending modes of phos-
phate O—P-O bonds,20 except for one of the weak characteristic band at 636
cm~1, which corresponds to the vibration of the structural OH~ groups in the hyd-
roxyapatite.1/

A small sharp pesk at 876 cm™1 was attributed to the presence of the
HPO42~ group in the crystal lattice.18.21 According to the literature, an improve-
ment of the hydroxyapatite crystallinity could be observed by the transformation
of the single band in the v4 region of the PO43~ group into a doublet band.20

It was reported that nano-sized hydroxyapatite particles, due to their size,
have a very large surface area, enabling homogenous resorption by osteoclasts.1’
Therefore these coatings, due to the nano-sized Ag/HAP particles with improved
crystallinity22, as confirmed by the FTIR and XRD results, can present a suitable
surface for the proliferation of bone cells.
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Fig. 3. ATR-FT-IR Spectrum of an Ag/HAP coating electrodeposited on titanium, in the
wavenumber range 5004000 cm! (inset: in the wavenumber range 2500-4000 cm'1).

Thermogravimetric analysis

Depending on clinical need, nanosized crystalline hydroxyapatite can be
used in various forms, including powders or particulate matter for drug delivery,
filling bone voids, coatings for metallic prostheses, as scaffolds for bone grafts,
drug delivery devices or in the development of composite biomaterials.23 One of
the important factors is the thermal stability of HAP in the temperature range of
400-1200 °C.23 Therefore, it was necessary to study the thermal behaviour of the
electrodeposited Ag/HAP coating scratched from Ti plates. The thermogravimet-
ric (TG) and differential TG (DTG) curve (Fig. 4) revealed the weight loss of
Ag/HAP with increasing temperature.

According to the TG and DTG curves, Figs. 4a and 4b, respectively, there
are three distinct stages of weight loss. The first stage could be observed from 25
to 150 °C on the TG cure with a sharp peak on the DTG curve at 55 °C. This
stage corresponds to desorption of adsorbed water from the surface of the Ag/
/HAP coating.24
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Fig. 4. @) TG and b) differential TG (DTG) curves of an Ag/HAP coating
electrodeposited on titanium.
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The second stage of weight loss on the TG curve was observed between 150
and 600 °C (Fig. 44), with sharp peaks on the DTG curve at 215 and 380 °C (Fig.
4b), which can be attributed to the dehydroxylation of Ag/HAP.25 As reported by
Kalita and Verma,23 all the endothermic peaks associated with this mass loss
below 600 °C can be contributed to desorption of adsorbed water and possible
elimination of crystal lattice water.

The third stage of the weight loss was observed between 600 and 1000 °C on
the TG curve (Fig. 4a) but without distinguished peaks on the DTG plot. This
phase could still be attributed to dehydroxylation or to the early slow decompo-
sition of hydroxyapatite lattice.26 The total weight loss for the Ag/HAP coating
in the temperature range of 25-1000 °C was 7.9 wt. %.

ElS Studies of the corrosion behaviour in SBF solution

EIS measurements were used in order to study the corrosion behaviour of
electrodeposited Ag/HAP coating on titanium in a physiological environment
(SBF solution). The Nyquist plots of bare titanium and the electrodeposited Ag/
/HAP coating on titanium after 1 day and 3 days (Fig 5b). Compared to the Ny-
quist plot for the bare titanium after 1 day of immersion, on the Nyquist plot cor-
responding to the Ag/HAP coating on titanium after the same time of exposure
(Fig. 5d), the semi-circle at the high frequency range (100 kHz-1 Hz) could be
attributed to the Ag/HAP layer on the top, while the impedance response at the
low frequencies range (1 Hz—10 mHz) showed the characteristics of a passive ti-
tanium oxide film beneath the Ag/HAP top layer.

The fitting of the experimental impedance data obtained from the Nyquist
plots was accomplished using the equivalent electrical circuits shown in Figs. 6a
and 6b and the Gamry Instruments Echem Analyst fitting program. The
equivalent circuit in Fig. 6a was used for the fitting of impedance data obtained
for the Ag/HAP coating (Fig. 5a). The assumed electrical equivalent circuit (Fig.
6a) consists of the electrolyte resistance, R, the coating pore resistance, i.e., the
resistance of the electrolyte inside the pores of AQ/HAP coating, Ry, the constant
phase elements CPE; and CPEg, which include al the frequency dependent
electrochemical phenomena: the Ag/HAP coating capacitance, C., and the pas-
sive titanium oxide film capacitance, Cpy, respectively, and diffusion processes.
The CPEs are used in this model to compensate non-homogeneity in the system
and are defined by two parameters, Yo and n. The impedance of a CPE is re-
presented by the following equation:27—29

Zcpe = Yo_l( ja))_n N

wherej = (-1)V2, o = 2nf isthe frequency in rad s™1 and f is the frequency in Hz.
If the n value ranges from 0.8-1.0, the impedance of a CPE can be considered to
be that of a pure capacitor:
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Zcpe =(jaC)™" (2

In the present case, the Yg value gave a pure capacitance (C). For impedance
analysis of bare titanium, the equivalent circuit in Fig. 6b was used, where the
electrolyte resistance is represented as R, the passive oxide film resistance and
capacitance are Ryr and CPEyy, respectively. All of the fitting results are listed in
Tablelll.
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Fig. 5. The Nyquist plots of bare titanium and an Ag/HAP coating electrodeposited on
titanium after @) 1 and b) 3 days of exposure to SBF solution at 37 °C.

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS



1620 JANKOVIC et al.

CPE, CPE,
1 —
W\ —WW— —
Rs Rg R
R, CPEy Rof
. Ag/HAP COATING
- PASSIVE FILM - PASSIVE FILM
747/ /7 TITANIUM M-TITANHJM
a) b)

Fig. 6. Equivaent electrical circuits for a) an Ag/HAP coating electrodeposited on titanium
and b) bare titanium.

TABLE I1. Thefitting values of the equivalent electrical circuits parameters

T Rs  CPEy (Cy) ¢  CPEc(Cc)
Sample h Qcm? qucm'2p Mot kQRgm2 wFem2 C kQR(‘:)m2
Ag/HAP 1 31.6 220 0.77 - 89.5 0.83 12.6
24 315 223 0.80 - 88.4 0.83 11.9
72 51.4 147.2 0.78 240.7 - — —
Bare titanium 1 22.6 40.6 0.89 794 - - -
24 225 38.8 0.89 1009 - — -
72 67.8 26.6 0.90 3654 - — -

From Table 11, as the nc values in the case of Ag/HAP coating are higher
than 0.8, CPE; can be considered as the coating capacitance, C.. The time de-
pendence of the pore resistance, Ry, and the coating capacitance, Cc, of Ag/HAP
coating are presented in Table Il1. According to the results, R, and C¢ for Ag/
/HAP coating remained constant during 24 h of exposure to the SBF solution,
indicating retention of the good protective properties of the coating. However,
after 72 h, the impedance Nyquist plot (Fig. 5b) could not be fitted with equi-
valent circuit shown in Fig. 6a and instead the equivalent circuit in Fig. 6b was
used. The calculated values of Ry (240.7 kQ cm?) and Cpf (147.2 uF cmr?) after
72 h, givenin Table I11, could indicate the formation of a new apatite layer on the
coating surface in SBF solution.30 These results suggest that the coating pores
filled with the SBF solution were growing into a very resistant passive film and
on the other hand, the coating surface represented the site of nucleation and
growth of new apatite.

The EIS spectra of the bare titanium exposed to SBF solution (Figs. 5a and
5b) was fitted to the equivalent electrical circuit shown in Fig. 6b. Its impedance
plot exhibited behaviour similar to a capacitive response. Furthermore, a slow
growth of the titanium oxide film could be traced through a slight decrease in the
Cpr value and an increase in Ry during 72 h of exposure to the SBF solution
(TableI11), which isin accordance with previously published data.3!
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In addition, this newly formed apatite that formed during immersion in SBF
solution is known to accel erate better bonding between an implant and bone.32

CONCLUSIONS

A silver-doped hydroxyapatite Ag/HAP coating was successfully electropho-
retically deposited on titanium. The XRD and ATR-FTIR results for the depo-
sited coating showed there was no phase transformation of the hydroxyapatite
lattice structure. The Ca/P ratio (from the EDS analysis) was calculated to be
1.64, as in natural bone. The analysis of the thermal behaviour of Ag/HAP coa-
ting revealed its stability up to 600 °C. Although SEM micrographs showed mic-
rocracks on the coating surface, the Ag/HAP coating provided sufficient corro-
sion protection during immersion in SBF solution, indicated by increase in pore
resistance and decrease in coating capacitance.

Overadl, not only did the Ag/HAP coating electrodeposited on titanium retain
its protective properties in Kokubo's solution, but also expressed enhanced cor-
rosion resistance due to formation of a bone-like apatite layer.

Acknowledgements. This research was financed by the Ministry of Education, Science
and Technological Development of the Republic of Serbia, contract No. 111 45019 and by the
National Sciences and Engineering Research Council of Canada (NSERC). Dr Ana Jankovic
was financed by the FP7 Nanotech FTM Grant Agreement 245916. The authors would like to
thank Dr Miodrag Mitri¢, Vinéa Institute of Nuclear Sciences, University of Belgrade, for his
help in the XRD measurements, and also to Mr Yves Bédard, Département des Sciences du
bois et de laforét de I’ Université Laval, for technical support and assistance in the laboratory
work.

H3BOI

CIIEKTPOCKOIINJA EJIEKTPOXEMHJCKE UMITIEJAHITUJE ITPEBJIAKE
XUIPOKCHAITATHTA JOITUPAHE CPEBPOM Y CHMYJIMPAHOJ
TEJIECHOJ TEHHOCTHU KOPHITREHOJ KAO KOPO3HOHHU ATEHC

AHA JAHKOBHR', CAFbA EPAKOBUE', ANTONIJA DINDUNE?, BOPBE BEJbOBHE', TATJAHA CTEBAHOBUE’,
HOPHE JAHARKOBHR' # BECHA MUIIKOBHR-CTAHKOBHR'

1Tex1-10from1<o—mewaﬂypwxu Qaxynitein, Ynugep3uiiein y Beoipagy, Kapneiujesa 4, Beoipag, 2Institute of

Inorganic Chemistry, Riga Technical University, 34 Miera Street, Salaspils, LV-2169, Latvia u 3Département
des sciences du bois et de la forét, Université Laval, 2425 rue de la Terrasse, Québec, Canada

TutaH npencrasba KbYYHH OMOMEIUIIMHCKY MaTepHjan 3axBajbyjyhu cBojoj nodpoj duo-
KOMITaTHOMUITHOCTH, MEXaHUYKHUM CBOjCTBHMA U KOPO3HOHO] CTadUIHOCTH, anu nHdeknuje Ha
MeCTy UMIIaHTHpawa U Ja/be NpejcTas/bajy 030MbaH mpodinem. JefaH HauuH ja ce npeny-
npeny MH@eKuyja je fa ce nodospllla aHTUMHUKPOOHA akTUBHOCT MaTepHjana. Cpedpom nomu-
paHe HaHOUYEeCTHIe XHUIPOKCHANATHTA CHHTETHCAHEe Cy HOBOM MONU(MHMKOBAHOM ITPELUITHNTa-
UUOHOM MeTofoM. OBaKO CHHTETHCAHM INpax je KOpHUIheH 3a HaHOLIeHhe IIpeBllake Cpe-
Opo/xuppoKkcHuanaTUT Ha TUTaH enekTodopeTckuM TanoxemeM. da3HU cacTaB U CTPYyKTypa
ImpeBJlake Cy KapaKTepPUCAaHU CHEKTPOCKOMHjoM HHGpalupBeHe cBemiocTd ca dypujeoBom
TpaHcdopMaLjoM ¥ MoZy ToTaiHe peduekcHje U gudpakurjom X-3paka. Mopdomnoryja no-
BPLIMHE U XeMHjCKH CacTaB UCIIUTHBAHU Cy KopuinhewmeM CkeHHUpajyhe eneKkTpoHCKe MHUKPO-
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CKOIIHje U eHepreTcKke AWUCIep3noHe ClieKTpockonuje. [ub UcTpakuBama je UCIUTHBabe KO-

Po

31OHe CTaOWIHOCTH ITpeBIaKe cpedpo/XUIPOKCHATIATHT Y CUMYJIUPAHOj TeJIeCHO] TeUHOCTH

KopucTehH CIeKTPOCKONHUjy eflekTpoxeMujcke umnenaHuuje. [IpeBnaka cpebpo/XUIpOKCH-
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atuT 00e3dehyje mobOpy 3alITUTY OF KOPO3Hje Y CUMYIUPAHO]j TeNECHOj TEYHOCTH.

(ITpumsbeHo 12. jyna, peBupupano 27. asrycra 2012)
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