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Femoral neck fractures are a common insufficiency
fracture in the elderly. The application of ceramic
coatings on metallic materials represents an effective
way to formation of advanced surfaces of unipolar
and bipolar modular prosthesis for joint arthroplasty.
The enhancement of mechanical properties such as
hardness parameters up to 14 GPa, adhesion strength
up to 50 N and low friction coefficient of multilayer
coatings, with strong tendency to decrease in fluids
(0.07), effective Young's modulus, toughness, elastic
recovery and wear resistance of the coatings is very
important for tribological performance of the next
generation of ceramic coated modular prosthesis.
The joint femoral head surfaces with nano structural
multilayer coatings demonstrate improved biocompat-
ibility due to wettability increasing and fluid friction
characteristics advancing.

Introduction

At the process of the femoral head arthroplasty the
most important is the evaluation of patient’s anatomical
features for enhancement of tribological parameters of
modular joints. The principal advantage of modular
prosthesis application is the possibility of revision
operation in the case of significant migration of joint
femoral head to pelvis.
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Lepenomwr wetixu 6edpennou kocmu Haubonee 4yacmo
ecmpeuaiomes y mooetl noxcuno2o gospacma. Hane-
CeHue Kepamuueckux nOKpulmull Ha MemaniuiecKue
mamepuanvl A615emcs I pexkmueHvlm cnocobom
VCOBEPULEHCMBOBAHUS NOBEPXHOCMEU VHUNOIAPHBIX
U OUNONAPHBIX MOOYILHBIX NPOME308 OJisl APMPONIA-
cmuku cycmaeos. [1osviuienie Mexanuieckux colucms
NOKPbIMuULL YHOONPOME308 (USHOCOCTOUKOCIU, Nd-
cmuunocmu, meepoocmu 0o 14 I'lla, adeezuonnoti
npounocmu do 50 H), a makoice nuszxue 3nauenust Mo-
oyns fOnea u kosgppuyuenma mpenus 6 HcuoKoCmsax
opeanusma (0o 0,07) ouenvb 6adxiCHbL Ol YIYUULCHUS
MPUOONOSUYECKUX NAPAMEMPOE HOBO2O NOKOJEHUS
MOOYILHBIX IHOONPOMEZ08 C KEPAMULECKUMU NOKDbL-
musimu. Tlokazana nogvluennas OUOCOBMecmumMocb
Oeodpenno20 KOMROHEHMA SHOONpome3sd, a UMEHHO
207108KU C HAHOCMPYKMYPHBIM MHO2OCAIOUHBIM NO-
Kpblmuem, O1a200apst y8enudeHulo cMaiugaemMocmu
NOBEPXHOCMU U YMEHbULEHUIO HCUOKOCTHO20 MPEHUsL.

Ravikumar [1] followed 290 patients with displaced
subcapital femur fractures for 13 years and reported that
a higher rate of revision surgery was needed in those
who underwent open reduction (as compared to those
who had hemiarthroplasty or total hip arthroplasty),
due to internal fixation nonunion and avascular necro-
sis. Similarly, in a study of 222 patients reported by
Frihagen [2], hip hemiarthroplasty was associated with
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better functional outcomes than internal fixation in the
treatment of displaced fractures of the femoral neck in
elderly patients. After adjusting for confounding factors
such as differences in the level of function before injury
between the groups, the degree of return to the preinjury
state was significantly greater (p = 0.04) when using the
unipolar prosthesis. Thus, it seems that femoral head
replacement surgery is preferred in the elderly [3-8].

The total and modular replacement of hip-femoral
joints is one of the most successful and effective sur-
gery operations in modern medicine practice [9, 10].
The long-term experience of different patience group
investigations demonstrates high survival parameters
under medical observations above 20-30 years. The
serious problem is arising of cyclic mechanical loads
of prosthesis coupling and friction elements accelerated
destruction due to the patient’s motion activity [11, 12].
There is the direct effect of wearing rate of artificial
joint on the next osteolysis processes, aseptic loosing
and revision operations needs.

Recently the main directions of joint’s tribological
parameters improvement are the advancing of existed
joint sliding coupling characteristics (metal-metal,
metal-ceramic, ceramic-ceramic couples) and search
for alternative materials (metal, ceramic, coatings)
[13—15]. Ceramics are chemically resistant and can be
used in wet environments where steel bearings would
rust. In many cases electrically insulating properties
of ceramic materials may also be valuable in bearings.
The ceramic materials using allows to improve the joint
wettability characteristics and fluid friction conditions
[16]. The ceramic materials possess high hardness
and wear resistance parameters, biocompatibility in
comparison with metal elements but there is the risk of
brittle failure of ceramic heads [17, 18]. The negative
results of metal and ceramic materials application are
accumulation of toxic wear debris in the surrounded im-
plant tissues and next dissemination of wear particles to
the internal organs: liver, spleen, kidneys [19-21]. The
application of metal materials with ceramic coatings is
the effective way of alternative bearing surfaces forma-
tion. The ceramic aluminum nitride AIN, aluminum
oxide Al,O, and nano composite oxynitride coatings
are widely used as protective coatings against wear,
diffusion and corrosion [22—24]. The enhancement of
mechanical properties such as hardness parameters,
effective Young’s modulus, and toughness of the coat-
ings is very important for tribological performance of
the next generation of ceramic-coated femoral heads
of modular and total joints.

The aim of the study was the mechanical parameters
advancing of unipolar modular joint prosthesis with
femoral head coated by mono and bilayer ceramic

films for patients of elder age groups with a femoral
neck fractures.

Materials and Methods

The substrates were the most popular load-bearing
materials such as titanium-based alloy Ti (Ti4AI6V)
and SS stainless steel samples (IH18N9). The alumi-
num oxide AL,O,, aluminum nitride AIN and compos-
ite nitride/oxide AIN/AL O, coating deposition was
performed in high vacuum pumping system with the
base pressure about 10~ Pa. The magnetron discharge
power was 1-4 kW, power of activated oxygen source
up to 1 kW, Ar pressure p, = 1,8 - 10" Pa, oxygen
flux q = 30 cm*/min, nitrogen flux q = 23,5 cm*/min,
magnetron voltage U = 570 V, magnetron current
I =8 A, total pressure p = 2,2 - 10" Pa, coating de-
position rate 8 um/hour. The ion source was applied
for etching and cleaning the surface of samples before
deposition process for composite coatings synthesis
performance.

The sputtering process was made in the regimes
far from the target passivation mode for next nitride/
oxide coatings deposition with highly stoichiometric
composition. Also, such deposition conditions allow to
avoid micro-arcs and micro-drops formation increasing
the wear resistance properties.

Fig. 1 presents the current-voltage characteristic of
the magnetron with targets of aluminum in a mixture
of argon with oxygen or nitrogen at various reactive
gas flows. The optimum conditions were realized for
the upper part of current voltage curves of magnetron
discharge in argon for both oxygen and nitrogen gases.

The structure of monolayer and multilayer magne-
tron sputtering thin films was investigated by means
of photoelectron spectroscopy (XPS) and X-ray dif-
fraction (XRD) methods. X-ray diffraction profiles of
as-deposited coatings demonstrate a lower crystallinity.
The structural analysis of coatings by means of XPS
method also was made [25]. The photoelectron spectra
of Al2p, Ols, N1s and Cls were observed and con-
firmed strong compound stoichiometric composition.

The coatings adhesion properties, hardness and
elastic modulus, were evaluated by standard methods
with the use of Revetest (CSM Instrumets) and the
Rockwell indenter with the tip radius 200 pm, within
the load range 200 N.

The mechanical properties of the coatings are
the hardness H and effective Young’s modulus E*.
Mechanical behavior of the films is characterized by
the ratio H/E*[28-30]. The ratio is proportional to the
fracture toughness of the film and to the resistance of
the material to plastic deformation. It means that the
films with enhanced resistance to cracking and plastic
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Fig. 1. Current voltage characteristics of magnetron discharge for different flows of oxygen (a) and nitrogen (b), argon pressure p=1.8 -

10" Pa

deformation should have lower values of effective
Young’s modulus.

The friction coefficient of mono and multilayer
coatings was about 0.1 was less than for metal mate-
rials and nitride coatings and has strong tendency to
decrease in fluids (0.07).

Advancing contact angles were measured by Wil-
helm’s method (Kruss K12) at temperature 20 °C [25].

The coating surface structure and morphology were
estimated by means of scanning electron microscopy
(SEM) (JEM 2100) and atomic force microscopy (AFM)
(Quesant Instrument Corporation, USA) methods.

For wear resistance testing the abrasion tests was
performed on a CAT-S-AE (CSM Instrumets) micro-
scale abrasion tester. The ball was a micro-blasted
25 mm diameter hardened steel sphere (SAE 52100,
61 £2 HRC,Ra=2.5+0.3 um) and abrasive slurry was
a suspension of diamond particles (mean size 2—4 pum).
The ball rotational speed was set to provide a linear
velocity of 0.1 m/s in all tests. The total abrasive wear
of composite ceramic coatings at abrasion action con-
ditions was estimated according to methods [26, 27].

The analysis of hemiarthroplasty results of 26 pa-
tients (woman, age 72—86 years old) was made. The
average age was 76 years old. For prosthesis fixation,
the Harding interior approach was performed. The
stem of joint was fixated by cement. For 14 patients the
modular prosthesis made of stainless steel with femoral
head coated by ceramic films were implanted. For 12
patients the standard Austin- Moore prosthesis made
of stainless steel without coated surfaces were used.

The average terms of inpatient treatment after hemi-
arthroplasty of hip-femoral joint were about 14 days.
After 3 days of post operation treatment the patients
were permitted to walk with go-cart and graduated
weight bearing on the operated extremities. The radio-

Fig. 2. The SEM micrographs of fracture section of A1203 (a) and
AIN (b) films

graphic data of femoral joint in frontal view were ob-
served after 3, 6 and 12 months of postoperative period.

Results and Discussion

The XPS results demonstrate the strong A1203 ox-
ide stoichiometric composition of deposited coatings.
The nano structural surface parameters were observed
by SEM and AFM methods. The surface of oxide
Al203 coatings has smooth relief with uniform cross-
section structure. The AIN coatings have crystalline
structure with crystalline phase fracture section (fig. 2.)
and composite films structure AIN/A1203 were formed
(fig. 3). There is the correlation between the mechanical
properties and coating structure. The incorporation of
the nano crystalline phase transition layer of composite
coating in the amorphous matrix strongly increases the
values of H, H/E* and mechanical properties of nitride/
oxide composite films. The research of tribological
parameters of oxide coatings deposited on load-bearing
substrates such as IHI8NI9T and Ti6Al4V were made.

The mechanical characteristics of A1203, AIN and
composite nitride/oxide AIN/AI203 coatings deposited
on the SS and Ti alloy substrates were presented in
the table.
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Table
Mechanical characteristics of composite coatings deposited on the SS and Ti alloy substrates
Material/Coating type Mechanical parameters (average results 10 tests)
Hardness H [GPa] Young Modulus [GPa] H/E* Adhesion [N]
SS/ Al,04 9.7 174.7 0.057 43.1
SS/ AIN 14.3 184.4 0.078 50.3
SS/ AIN/ Al,O4 12.9 178.6 0.071 45.9
Ti/ Al,0, 9.2 170.3 0.052 37.1
Ti/ AIN 13.8 183.1 0.075 47.2
Ti/ AIN/ Al,04 12.5 177.9 0.069 40.7

1.700pm

50um

50um0

Fig. 3. Surface structure of the deposited oxide A1203 (a) and composite AIN/AI203 (b) coatings by AFM method

The total abrasive wear of composite ceramic
coatings at abrasion action conditions was presented
(fig. 4). The composite coatings deposited on Ti alloy
substrates demonstrate the increasing of wear resis-
tance in comparison with uncoated substrate and mono
layer both oxide and nitride coatings. The character of
abrasive effect on coating's structure was analyzed by
micrographs (fig. 5).

The addition of nitride layer in the composite coat-
ing’s structure strongly increases the hardness of films
from 9 GPa to 14 GPa and the ratio H/E* from 0.05
to 0.08. The enhancement of mechanical properties
such as hardness, toughness, elastic recovery and wear
resistance of nitride/oxide composite coatings is very
important for many tribological applications.
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Fig. 4. The total surface abrasive wear of AL,O, AIN and AIN/ALO,
composite coatings deposited on Ti alloy substrates

The hardness parameters, toughness and wear resis-
tance were increased in the case of composite nitride/
oxide AIN/AL O, coatings. The high hardness param-
eters up to 14 GPa, adhesion strength up to SON and
low friction coefficient of oxide coatings, with strong
tendency to decrease in fluids (0.07) were obtained. The
hydrophilic nature of coated surfaces in comparison
with metal one was demonstrated.

The analysis of clinical results of 26 patients (wom-
an, age 72—86 years old) was presented. Patient’s group

Fig.
the wear crater) of AIN/ALO, (a) and Al O, (b) ceramic coatings
deposited on Ti alloy substrates by optical microscope (magnifica-
tion x50, x200)

5. The micrographs of abrasive wear damage (top view of
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Fig. 6. Radiographs of clinic application of modular femoral joints:
a) without ceramic coatings (Austin-Moore prosthesis, femoral head
migration was up to 6 mm after 2 years under medical observa-
tion); b) with multilayer coatings (migration of the femoral head
coated by ceramic films was in the range 1.5-2 mm after 2 years
postoperative observation)

with femoral heads coated by oxide and oxide/nitride
layers ofmodular prosthesis has greater range of motion
in the operated joint in comparison with the standard
Austin-Moore prosthesis patient’s group (P < 0,05).

The significant differences in the femoral head
replacement were observed (fig. 6). For 12 patients
with the standard Austin- Moore prosthesis the femo-
ral heads migration was 2—6 mm after 2 years under
medical observation. The migration of the femoral
heads coated by ceramic films for 14 patients with the
modular prosthesis was in the range 1.5-3 mm after 2
years postoperative observation.

Conclusions

The results demonstrate the improvement of tri-
bological characteristics of metal bearing surfaces
coated by ceramic coatings. The observed changes
of the coating’s structure result in some mechanical
properties changes.

The mono and multilayer ceramic-coated femoral
heads of unipolar joints have some principal advan-
tages in comparison with uncoated femoral heads. The
hydrophilic surface properties and low friction coef-
ficient increase the joint lubrication by synovial joint
fluid in the coupling process with natural cartilage and
high tribological parameters decrease the wear debris
accumulation and inflammatory complications in the
contact zone.

The stainless steel and titanium alloy modular and
total joints with ceramic mono and multilayer coatings
exhibited the best biocompatibility due to fluid friction
characteristics advancing and absence of inflammatory
reactions on the joint-cartilage interface in compari-

son with uncoated samples. The clinical approbation
of the modular joints with ceramic-coated femoral
heads allows to suggest principally new strategies for
femoral neck fractures treatment which are the most
insufficiency fracture in the elderly.
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