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The nano-crystalline films of zirconium nitride have been synthesized on implants for trauma surgery made of
AISI 316 L stainles steel by using vacuum-arc deposition under RF-biasing mode in “Bulat” type device. Structure
examinations — X-ray diffraction analysis (XRD), X-ray fluoriscent analysis (XRF), scanning electron microscopy
(SEM) with microanalysis (EDX), nanoidentation method — were performed to study phase and chemical
composition, surface morphology, microstructure and nanohardness of ZrN coatings. The corrosion resistance of
coatings has been tested in 0.9 % quasiphysiological NaCl solution.

PACS: 81.40.-z
INTRODUCTION

Metallic biomaterials such as Ti6Al4V alloys, 316L
stainless steel and Co-Cr alloys are being used as
artificial joints, dental abatements, orthopedic fixation,
and stents bone fixation devices [1-3]. Ti6Al4V alloy has
excellent mechanical properties, corrosion resistance and
super plasticity. However, Ti6AlI4V contains aluminum
and vanadium which are toxic elements and very harmful
to human bodies. AISI 316 L stainless steel (SS) does not
have the required level of bioinerticity due to high nickel
content whereas Co in long term Co-Cr alloys has
cancerogenic effect [4-6]. Low mechanical properties and
stress corrosion have been reported for implants
fabricated from AISI 316 L [7]. All biomaterials have to
satisfy various criteria, such as strength, high corrosion
resistance, bioadhesion, biocompatibility, high wear
resistance, and low friction coefficient [8].

Non-corrosive behavior in tissue-material interface is
one of the most important criteria for bio-metallic
implants [9]. The implanted material is exposed to body
fluids, such as intercellular fluid and blood depending on
the surrounding tissue. Body fluid consists of inorganic
ions (Na*, CI', etc), amino acids, proteins, and organic
acids [9].

Manufacturing of implants from medical stainless
steel with additional biocompatible coatings based on
composite materials, titanium, zirconium and their
nitrides, oxides, allows to significantly reducing the
occurrence of infiltrates in the human body. Bioinertness
of structures from such elements is four times better than
that of medical stainless steel. Among these ZrN is also
considered as biocompatible coating for various implants
and coatings for surgical instruments.

Zirconium nitride (ZrN) ceramic with cubic structure
has high wear, fatigue and corrosion resistance properties
and is widely used as hard, refractory and bioinert coating
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in industry and medicine. It was reported that ZrN
coating showed better corrosion resistance then TiN
coating [10, 11]. Stoichiometric ZrN has only stable
phase with a gold-like color due to its metallic band
structure.

Plasma based PVD coatings have favorable residual
stresses, higher density and better adhesion compared to
other techniques. PVD technology modifies the surface
properties of tools without changing the underlying
material properties and biomechanical functionality. One
of the drawbacks of this method is formation of
macroparticles by the ejected molten droplets from the
hot cathode spot by higher plasma pressure within the
cathode spot. The composition of these particles being
completely different from the rest of the coatings, these
particles also offer the local source of variation in
physical and mechanical properties. It was shown in our
experiments [12, 13] that the utilization of vacuum-arc
evaporation with RF discharge allows applying coatings
onto dielectrics and thermo-liable instrument at room
temperature decreasing the amount of macro-particles
emitted from plasma flow.

In the present research, the nano-crystalline films of
zirconium nitride have been synthesized on implants for
trauma surgery made of AISI 316 L stainless steel. The
corrosion resistance of coatings has been tested in 0.9 %
quasiphysiological NaCl solution.

1. EXPERIMENTAL SETUP

ZrN coatings were synthesized on plates for
osteosynthesis made of AISI 316 L SS by using the
vacuum-arc method with RF discharge in a “Bulat-6”
type device (Fig.1). Bias potential was applied to the
sample holder from the RF generator operated at 5 MHz.
Chemically pure zirconium (at purity 99.999 %) was used
as cathode material. Nitrogen (99.99%) was used as an
active gas. Before deposition, the substrates were pre-
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cleaned in an ultrasonic bath for 10 min. Surface cleaning
(substrate degreasing and removing impurities) in the RF
discharge was carried out in an argon plasma for 15 min
(Upias = 1 kV, P(A) = 0.6 Pa). A Zr buffer layer of 20 nm
thickness was deposited before the nitride coating to
improve coating adhesion, using l,.=110A, U (RF)
bias = -200 V, base pressure P = 5-10"° bar and deposition
time was 20 min.
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Fig.1. Scheme of the experimental equipment:
1 —plasma source; 2, 3 — electromagnetic coils;
4 — sample holder; 5 — vacuum chamber

The surface topography of the coating was studied
using JEOL JSM-6390LV scanning electron microscope
(SEM) with an accelerating voltage of 20 kV. Elemental
composition was examined using EDX analysis. X-ray
diffraction (XRD) analyses were performed using
DRON-3M device, under Cu-Ka radiation. Energy-
dispersive spectrometer SPRUT-K (AO Ukrrentgen,
Ukraine) was used for X-ray fluorescent analysis. Film
thickness was determined by XRF examinations and
comprised ~2.2 pum. The measurement of nonohardness
was carried out with a Nanoindenter G200 nanoindentor
from the USA, using Berkovich diamond triangular
pyramid. 7 probes were applied on the sample at a
distance of 15 um from each other and the results were
averaged.

The electrochemical activity (corrosion properties) of
the ZrN coatings was determined by the values of their
electrode potentials (reference electrode: AgQCI). The
measurements were carried out in an electrochemical cell
filled with 0.9 % w/w aqueous NaCl (quasi-physiological
solution).

2. RESULTS AND DISCUSSION

2.1. SURFACE MORPHOLOGY AND CHEMICAL
COMPOSITION

The images of ZrN coated implants are shown in
Fig. 2. The surface morphology of ZrN coated samples
was examined by using light optical and scanning
electron microscopy (Figs. 3, 4). The surface of the
coating is cellular with so-called ‘“honey-comb” type
structure with a cell size of 0.2...2 ym with low amount
of macroparticles.

In Fig.4,b, SEM cross-section revealed the
formation of dense structure with columnar grain
growth, typical for transition metal nitrides such as TiN,
ZrN, and CrN. Thin Zr buffer layer is also clearly
distinguished in Fig. 4,b.
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Fig. 2. General views of implants (plates) for trauma
surgery with ZrN coatings

Fig. 3. Light optical image of ZrN coating on implant
under magnification, x 100

X4,000 5um 0008 ZrN(cn)

Fig. 4. SEM image (a) and cross-section (b) of ZrN

coating on implant made of 316 L SS

b

A typical XRD pattern of ZrN coating is presented
in Fig. 5. All angles of diffraction peaks were indexed
as ZrN phase with a crystal structure of B1 NaCl cubic
lattice type (according to ICDD 96-101-1362,
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a = 0.4577 nm lattice parameter). The average grain size
calculated from the full-width-at-half-maximum
(FWHM) intensity was 16 nm confirming the formation
of nano-crystalline structure.
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Fig. 5. XRD pattern for ZrN coating grown on stainless
steel implant

According to the EDX data the relative contents of
elements in the coatings were 78 wt.% Zr, and
16 wt.% N, 2...3 wt.% O and 5 wt.% C. The presence of
a small amount of oxygen and carbon is due both to
residual gas incorporated in the chamber walls and to
the contamination during sample handling in open
atmosphere before the composition analysis.

2.2. MECHANICAL PROPERTIES

The results of studies of the hardness and elastic
modulus of ZrN coatings are shown in Table. The
average value of hardness and modulus of elasticity
was: H = 29 GPa; E = 319 GPa. Plasticity index H/E
and the ratio H¥E*? (where E* = E/ (I — p%) — the
effective elastic modulus; u — Poisson's ratio) are
qualitative comparative characteristics of material
plastic deformation resistance. The shear modulus (G)
and yield stress (o) are defined as: G = E/2 x (1 + p)
and ot = Hw/3.

The results of ZrN coating mechanical test

Ne [E,GPa |H,GPa| H/E |H¥E?| G,GPa| O"
GPa

1] 335 31 [0.092] 0.233 | 210.19 | 10.36
2| 333 31 |0.095| 0.249 | 208.42 | 10.53
3| 289 26 |0.090| 0.188 | 180.38 | 8.70
4| 301 25 |0.088] 0.182 | 188.77 | 8.88
5| 317 30 |0.092| 0218 | 197.73 | 9.73
6| 332 29 |0.088] 0.198 | 207.29 | 9.71
7| 338 32 |0.095] 0.254 | 210.77 | 10.68
319 29 [0.092] 0.217 [200.506 | 9.798

The increase in the hardness of coatings obtained by
deposition uner RF biasing mode is related, first of all,
to the grinding of the grain structure of the coatings (the
Hall-Petch rule). The factor of compressive internal
stresses that always occur in coatings deposited at low
substrate temperatures under such deposition conditions
cannot be excluded. We also speculate that a pulsed
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plasma is not only a source of substance and energy, but
also under certain conditions, it manifests itself as a
powerful matter structurizer.

2.3. CORROSION PROPERTIES

The electrode potential of the pure implant was —
34 mV (Fig. 6, curve 1). The ZrN coating passivates the
surface and increases the potential to a value of +25 mV
(see Fig. 6, curve 2). This means that there are no
through pores in the coating confirming good
passivation properties. We assume that application of Zr
buffer layer can also alter adhesion and may interrupt
the pinhole connection through the coating surface to
the underlying substrate, therefore reducing the
exposure area of the substrate to the electrolyte.
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Fig. 6. Corrosion tests in 0.9 % quasiphysiological
NaCl solution

CONCLUSIONS

1. ZrN coatings have been deposited onto AlISI 316
L implants for trauma surgery by using vacuum-arc
deposition under RF biasing mode.

2. XRD data revealed the formation of
stoichiometric ZrN phase of cubic modification with
average grain size of 16 nm.

3. The average value of nanohardness comprised
29 GPa with elastic modulus 319 GPa.

4. The electrode potential of the coated implant was
significantly improved than that of the uncoated
stainless steel implant confirming good passivation
properties.

5. The Zr buffer layer improves mismatch of the
ZrN coating and the stainless steel substrate and may
interrupt the pin-hole corrosion.

6. The obtained results would be perspective for
applying functional protective ZrN coating on implants
to reduce Ni induced corrosion.
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OYHKIIMOHAJIBHBIE 3AIIMUTHBIE TIOKPBITUSA ZrN HA UMIIVIAHTAX
JJISA TPABMATOJIOT'IHA

B.C. Tapan, U .E. I'apkywa, A.B. Tapan, P.M. Mypamoe, II. M. Boponuuos, FO.I1. I'nuoenxo,
I'.H. I'epacumos, B.B. Cmapukos, A.A. bamypun, C.II. Pomaniox

Hanoxkpuctaninnieckue IICHKH HATPUAA IUPKOHHUS ObUTH CHHTE3MPOBAHbI HA MMINIAHTAX UISL TPAaBMATOJIOTHH,
W3TOTOBIICHHBIX W3 HepxkaBetomier cramm AISI 316 L, ¢ wmcmonp3oBaHWeM BaKyyMHO-AYTOBOTO HAIBUICHHS B
pexume BY-cmemenus B yctaHoBke “bymar”. CTIpyKTypHBIE HCCIIEAOBaHMS — PEHTICHOCTPYKTYPHBIN aHaIu3
(XRD), pentrenodnyopecuentabiii ananu3z (XRF), ckanupyromas 3JiekTpoHHas Mukpockomus (SEM) ¢
mukpoananuzoM (EDX), meron HanonaeHTH(UKAIMK — OBUIN BBIOJIHEHBI IS U3y4eHUs (pa30BOTO M XMMHUUECKOTO
COCTaBOB, MOpP(}OJIOrMH TOBEPXHOCTH, MHUKPOCTPYKTYpHl ¥ HaHOTBepaocTH TokpbiTuii ZrN. Kopposnonnas
CTOMKOCTB TOKpBITHi uccienoBanach B 0,9 % kBasugusuonoruueckom pacteope NaCl.

OYHKIIOHAJIBHI 3AXUCHI TIOKPUTTS ZrN HA IMIIVTAHTAX
JIJISE TPABMATOJIOT T

B.C. Tapan, 1.€. I'apxywia, A.B. Tapan, P.M. Mypamos, I1. M. Boponuyos, FO.11. I'nioenko,
I'M. I'epacumos, B.B. Cmapikos, A.A. bamypun, C.II. Pomaniok

HanokpucrtaniyHi IUTIBKM HITPUAY LMPKOHIIO OyJIM CHHTE30BaHi Ha IMIUIAHTaX [yl TPaBMAToJIOrii, sKi
BUTOTOBIIEHI 3 Hepxkasitouoi crami AISI 316 L, 3a 10noMOror BakyyMHO-IyIOBOTO OCaJDKEHHS B PEXHMI
BU-3mimiennst B ycranoBui tuny “bynar”. CTpyKTypHi JOCHIIPKEHHS — PEHTIeHIBChbKMN NUMpakuiiHui aHai3
(XRD), penrreniscokuii (ayopecuentauit anamiz (XRF), ckanyrooda enektpoHHa wmikpockomis (SEM) 3
Mmikpoananizom (EDX), meton HanoineHTH]iKaLil — Oyiny BUKOHAHI JUIsi BUBUEHHS ()a30BOT0 Ta XiMIYHOTO CKJIAJIIB,
Mop(oorii MOBepXHi, MIKPOCTPYKTYpH Ta HaHOTBepAOCTi MOKpHUTTIB ZIN. KoposiliHy CTiliKicTh TOKPHUTTIB OYyII0
nociimkeno B 0,9 % kBasigizionoriunomy pozuuni NaCl.
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