
p. 77–83ISSN 0208-7774 T R I B O L O G I A  2/2017 

Marcin KOT*, Łukasz MAJOR**, Roman MAJOR**, 
Junger lACKNER***, Maureen PONTIÉ****

COATINGS  wITH  ADVANCED  MICROSTRuCTuRE  
FOR  BIOMEDICAL  APPLICATIONS

POwŁOKI  O  ZŁOżONEJ  ARCHITEKTuRZE  DO  ZASTOSOwAŃ 
BIOMEDyCZNyCH

 Key words:  carbon coatings, multilayers, biotribology, nanohardness, friction, wear.

 Abstract: The paper presents the effect of the complex architecture of Cr/CrN+a-C:H coatings on their mechanical 
and tribological properties. These advanced coatings were compared with CrN single coatings and Cr/CrN 
multilayers. All of them were deposited by the magnetron sputtering technique. The conducted tests allowed 
nanohardness, elasticity modulus, fracture toughness, and adhesion of coatings to steel substrates to be 
determined. Tribological tests were carried out under dry friction and in the presence of phosphate-buffered 
saline PBS and foetal bovine serum FBS. For all test conditions, the friction coefficient and the wear index of 
the produced coatings were determined. The lowest wear and the lowest coefficient of friction are exhibited 
by coatings with complex Cr/CrN+a-C:H architecture. Furthermore, they are also resistant to the highly 
corrosive PBS environment. 

 Słowa kluczowe:  powłoki węglowe, powłoki wielowarstwowe, biotribologia, nanotwardość, tarcie, zużycie.

 Streszczenie:  W pracy analizowano wpływ złożonej architektury powłok Cr/CrN+a-C:H na ich właściwości mechanicz-
ne i tribologiczne. Porównywano je z powłokami pojedynczymi CrN i wielowarstwowymi Cr/CrN, które 
wytwarzano techniką magnetronowego rozpylania. Przeprowadzone badania umożliwiły określenie twardo-
ści, modułu sprężystości, odporności na pękanie i adhezji do podłoża. Testy tribologiczne przeprowadzono 
w warunkach tarcia suchego oraz w obecności roztworu soli fizjologicznej PBS i surowicy cielęcej FBS. Dla 
wszystkich warunków tarcia określono współczynnik tarcia oraz odporność na zużycie wytworzonych po-
włok. Najmniejszym zużyciem oraz najmniejszymi wartościami współczynnika tarcia charakteryzowały się 
złożone powłoki Cr/CrN+a-C:H. Przy tym są one także odporne na oddziaływanie korozyjne roztworu PBS.
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INTRODuCTION

Thin coatings deposited by physical methods are 
increasingly used in practically all branches of industry. 
This way of surface modification is now being applied 
for biomedical implants and surgical instruments.  
In the case of such applications, the coated elements 
must exhibit high wear and corrosion resistance in the 
presence of body fluids, as well as biocompatibility. All 

these requirements can be met among others by carbon 
coatings, with their excellent tribological properties and 
high biocompatibility being presented in recent literature 
[L. 1, 2]. Carbon coating properties depend highly on 
the deposition parameters that decide on the sp2 bonds 
(graphite type) to sp3 bonds (diamond type) ratio. Hence, 
a wide variety of coatings with different thickness, hard 
and wear resistant, or thin and flexible, on polymer 
substrates can be obtained [L. 3–5]. Some of them 
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with an amorphous structure and mixture of sp2 and sp3 
bonds are called diamond like carbon (DLC) coatings. 
The introduction of elements to carbon coatings, like 
Si, Ag and V, allows antibacterial effects to be achieved  
[L. 6]. Moreover, DLC coatings are also characterized 
by excellent hemocompatibility and a reduced tendency 
to blood clotting, as observed in many studies. Thus, 
cardiovascular implants, such as heart valves and stents, 
are already commercially coated by carbon based 
materials [L. 7, 1]. Some reports on biocytotoxicity 
showed that undisturbed cells grew on DLC coatings 
without any cytotoxicity or inflammation. Cells derived 
from the tissues that surround a DLC coated joint 
replacement (macrophages, fibroblasts and osteoblast-
like cells) showed no evidence that DLC coatings caused 
cytotoxicity [L. 8]. Studies conducted on their possible 
application in implants of human joints are currently 
being carried out, but the obtained results are ambiguous 
and, despite many attempts, commercial success has 
not yet been achieved. Many of the implants work in 
highly corrosive environments and under high contact 
stresses. For tribological applications, the appearance 
of corrosive and abrasive wear products is dangerous, 
because they are not tolerated by the body and may lead 
to inflammation and, as a consequence, to reimplantation 
exigency. DLC coatings are known to be excellent 
candidates as protective coatings on biomedical alloys, 
not only due to their excellent tribological properties, 
but also due to their chemical composition and stability. 
In one study [L. 9], three titanium doped DLC coatings 
with different compositions were deposited on a Ti6Al4V 
alloy, and their corrosion and tribocorrosion responses 
were evaluated in a simulated body fluid. An excellent 
tribocorrosion response has been found especially in 
coatings with high carbon content.

DLC coatings have already been applied to surgical 
tools with a significant increase in their lifetime, more 
than 100 times for scissors compared to uncoated ones, 
according to the manufacturer [L. 10]. Such instruments 
were presented as durable and resistant to wear from 
chemicals, moisture, and atmospheric conditions. 
Furthermore, low friction at the cutting site decreases 
the necrosis of surrounding tissue and bone, promising 
a speedier recovery. The potential of DLC coatings to 
reduce the risk of iatrogenic infection by high proneness 
to commercial sterilization methods is extremely 
important [L. 11]. 

Unfortunately, especially for thick carbon coatings, 
the problem is their low fracture resistance and poor 
adhesion to steel and titanium substrates. The critical 
stress intensity factor is as low as 1–2 MPa·m0.5, which 
is even lower than commonly used nitrides and carbides 
of transition metals [L. 12, 13]. To counteract these 
negative phenomena, it is necessary to create coatings 
with a complex architecture, where carbon is only the 
outermost layer. Thus, the selection of subsequent layers 
in coatings, which can be deposited in one vacuum 
process, becomes very important. These following layers 
in the coating, with significantly different properties, 
have to ensure good adhesion to the substrate, low 
residual stress, high load-bearing capacity, low friction, 
and high resistance to wear and environmental factors. 
Such coatings with low changes in the mechanical 
properties of successive layers are called graded coatings  
[L. 14, 15].The aim of this research program was the 
production and characterization of Cr/CrN+a-C:H 
complex microstructure coatings characterized by high 
wear resistance, low friction, and high biocompatibility. 
The properties of these advanced coatings were compared 
with single CrN coatings and Cr/CrN multilayers.

MATERIALS  AND  RESEARCH 
METHODOLOGY

All of the tested coatings were deposited on X5CrNi18-10 
austenitic stainless steel substrates as 20 × 20 mm plates 
with 1.5 mm thickness. Prior to coating deposition, the 
substrates were cleaned with surfactants in a professional 
Miele IR 6002 device, dried, and then mounted on the 
turntable in an industrial magnetron sputtering chamber 
(Leybold, Germany). Initially, surfaces were cleaned 
and activated using plasma at a pressure reduced to  
2 × 10-3Pa. Coatings were deposited with a -50 V bias 
voltage. To improve adhesion to steel substrates, thin 50 
nm Cr interlayers were applied. 

Three coatings, as listed in Table 1, were deposited 
and characterized – a CrN single coating, a Cr/CrN 
multilayer and a Cr/CrN multilayer with an a-C:H 
hydrogenated amorphous carbon top layer. In the  
Cr/CrN multilayers, the thickness of the CrN ceramic 
layers was two times higher than the Cr metal ones  
(tCr = 83nm and tCrN = 167 nm), which were chosen based 
on previously conducted research into ceramic/metal 

Table 1. List of tested coatings
Tabela 1.  Lista badanych powłok
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multilayer coatings with different multilayer periods  
and different thicknesses of ceramic and metal layers  
[L. 16, 17].

During the deposition of the CrN single coatings 
and CrN layers in multilayers, a mixture of Ar and N2 
gases and a high purity Cr target were used. Cr metallic 
layers demand only Ar gas. A hydrogenated carbon 
layer was deposited at C2H2 acetylene gas flow through 
the chamber, being the source of carbon and hydrogen 
atoms.

All coatings were tested by the nanoindentation 
technique [L. 18] in order to determine the nanohardness 
and elasticity modulus using a CSM Instruments 
(Switzerland) nanoindenter. A Berkovich geometry 
indenter was pressed into surfaces with a 2 mN maximal 
load. Indentation curves were analysed according to the 
procedure given by Oliver and Pharr [L. 19]. Further tests 
with a 200 mN load were also performed to determine the 
critical load leading to coating fracture. The first cracks 
were visible on indentation curves as sudden changes in 
penetration depth at the constant force, called pop-ins 
[L. 20]. The strength of the coating-substrate interface 
was determined using the scratch test [L. 21] with 
a Rockwell C indenter, geometry 0.2 mm tip radius. The 
coated surfaces were loaded up to a 30 N normal load, 
and LC1, LC2 critical loads, which correspond to cohesive 
and adhesive crack formation, were determined. The 
wear resistance and coefficient of friction (CoF) were 
evaluated in a ball-on-disc geometry tribometer using 
a 6 mm diameter Al2O3 ball. Coatings were loaded 
with FN = 1 N along n = 20 000 number of cycles, at  
r = 5 mm track radius, which gives s = 630 m track 
distance. By measuring the profiles of wear tracks, the 
volume of removed material V and then the value of 
the wear index WV were determined from the following 
equation:

  (1)

Taking the potential application of these coatings 
on surgical instruments and bioimplants into account, 
wear tests were carried out under dry friction and in the 
presence of the following:
  – Foetal bovine serum (FBS), which is a source of 

protein material, mainly used for cell culture;
  – Physiological saline (PBS) consisting of NaCl, 

KCl, Na2HPO4, KH2PO4, wherein the concentration 
of ions is comparable to those existing in human 
body fluids.

RESulTS  OF  MECHANICAl  
AND  TRIBOLOGICAL  TESTS

Indentation test results showed little difference in 
the nanohardness of the tested coatings. A slightly 
higher hardness of H = 17.5 GPa than other coatings 
was exhibited by the CrN single coating (Fig. 1a). 
In addition, it is also the stiffest with an elasticity 
modulus of E = 308 GPa (Fig. 1b). When this coating 
is deposited on the steel substrate E = 180–220 GPa 
and titanium alloys E = 100–140 GPa, the mismatch 
of elasticity modulus generates high shear stresses at 
the interface, proportional to the elasticity modulus 
ratio. This stress could lead to crack propagation at the 
interface and coating delamination. The introduction 
of chromium layers in multilayers did not significantly 
reduce the hardness, but the elasticity modulus of  
E = 256 GPa was 20% lower. The mechanisms 
responsible for ceramic/metal multilayer strengthening, 
resulting in high hardness and lower elasticity modulus, 
have been described in previous papers [L. 22]. 
Meanwhile, the outermost carbon coating has an even 
lower stiffness of E = 208 GPa and hardness comparable 
to the other tested coatings, H = 16.8 GPa. All the coated 
surfaces provide high hardness enhancement of the 
austenitic steel substrate that exhibits a hardness of only  
H = 2.5 GPa.

Fig. 1.  Indentation test results: a) nanohardness, b) elasticity modulus
Rys.1.  Wyniki testów indentacyjnych: a) nanotwardość, b) moduł sprężystości

a) b)
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Observations of indentation curves and indents 
after tests carried out with a 200 mN load confirmed 
the expected improvement in the fracture resistance of 
multilayer coatings compared to the CrN single coating 
(Fig. 2a). Visible pop-ins on the indentation curves 
of the CrN single coating (SL) indicate the formation 
of a large crack pattern with a small area of coating 
detachment, as shown in Figure 2b. For multilayers 
(ML), small pop-ins appeared on the indentation curves, 
but they were not as drastic as for the single coating. 
This is the result of deflection or even closing of cracks 
easily developed through the ceramic layers by metal 
layers, also observed for other ceramic/metal multilayers 

Fig. 3.  Scratch track images of a) SL, b) ML, c) ML+C coatings
Rys. 3.  Obrazy torów zarysowania powłok: a) SL, b) ML, c) ML+C

[L. 17, 23]. Cracks in the top carbon layer in the ML+C 
coating are formed at the same load as for ML. This 
indicates a high fracture resistance of the a-C:H layer 
and the observed crack events may be initially formed 
in the ML. The local fracture of ML increases the 
deformation of the whole coating and causes fractures 
of the carbon layer; however, cracks are considerably 
milder than those found on the CrN coating surface  
(Fig. 2c). Cracks in the stiff CrN ceramic coating 
reaching the bottom surface of the coating can easily 
develop along the coating-substrate interface, which was 
confirmed by scratch testing. The first cohesive cracks 
were observed at LC1 = 0.8 N load (Fig. 3a), and a further 

Fig. 2.  Indentation test results at 200 mN maximal load: a) indentation curves;  indents on: b) CrN, c) Cr/CrN+a-C:H 
coatings surface

Rys. 2.  Wyniki testów indentacyjnych dla obciążenia 200 mN: a) krzywe indentacyjne, b) obraz odcisku dla powłoki CrN,  
b) obraz odcisku dla powłoki Cr/CrN+a-C:H

a) b)
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load increase up to LC2 = 6 N caused the removal of 
large fragments of the coating from the substrate. Much 
better scratch resistance was exhibited by the multilayer, 
for which the 30 N maximum load and accompanying  
20 µm penetration depth did not lead to adhesion lost 
(Fig. 3b). Adhesive cracks were not observed for 
the a-C:H coating up to a 30 N load, proving its high 
adhesion to the Cr/CrN multilayer (Fig. 3c).

Tribological tests carried out under dry friction 
conditions showed that the multilayer coating under 
high contact stress might be comparable or even worse 
than the single coatings, as observed in previous tests 
[L. 16]. The wear index for ML was 20% greater than 

for SL (Fig. 4a). Images of wear tracks indicate the same 
wear mechanism, wherein the abrasion is accompanied 
by the formation of fatigue cracks leading to progressive 
spallation of the coating fragments (Fig. 5a, b). 
Meanwhile, the wear of coatings with a carbon layer was 
lower and significantly milder (Fig. 5c). There were no 
cracks in the track, and the wear index was two times 
lower than for the SL coating. For comparison, the wear 
of uncoated austenitic steel was about 100·10-6 mm3/Nm  
(20–50 times higher than for coated surfaces) with some 
adhesive joints and seizure effects. The wear of all 
coatings was significantly reduced when bovine serum 
FBS was introduced into the friction zone. However, 

Fig. 5.  wear track images after dry sliding: a) SL, b) ML, c) ML+C coatings, with FBS solution:  d) SL, e) ML, f) ML+C 
and PBS solution: g) SL, h) ML, i) ML+C

Rys. 5.  Obrazy torów tarcia po testach tribologicznych w warunkach tarcia technicznie suchego dla powłok: a) SL, b) ML,  
c) ML+C, w obecności FBS: d) SL, e) ML, f) ML+C, w obecności PBS liquide: g) SL, h) ML, i) ML+C

Fig. 4.  wear index and coefficient of friction (CoF) of tested coatings
Rys. 4.  Wartości wskaźnika zużycia objętościowego oraz współczynnika tarcia (CoF) badanych powłok
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similar to dry friction, the wear of the coating with  
the a-C:H outermost layer was again the lowest,  
3-times lower than for SL. The wear index was only 
0.3·10-6 mm3/Nm, which is rarely found in the literature.

The results of tests carried out in highly corrosive 
saline (PBS) showed comparable wear of ML and SL 
coatings to wear measured in dry sliding conditions. In 
contrast, the ML+C coating indicated very good wear 
resistance in the corrosion medium, and the wear index 
under these conditions is up to 10 times lower than 
for SL. At the top of Figure 4, average values of CoF, 
measured within the 2000–20000 cycle number range, 
are presented. In almost all tribological tests, CoF 
changes only slightly after reaching the stable contact 
condition. The one exception was the SL coating in 
dry sliding conditions with CoF rising from 0.5 up to 
0.75. It should be emphasized that the coefficient of 
friction was always the lowest for the ML+C coating. 
For FBS and PBS liquids, 0.08 and 0.1 values were 
found, respectively, which probably indicates the lack 
of corrosive reaction on the surface of carbon coatings, 
which may disturb the process of friction.

CONCluSIONS

Analysis of the performed test results showed that 
the substitution of conventional ceramic coatings, 
like CrN coatings, with new complex architecture 
coatings can greatly improve the tribological and 
mechanical properties of coated elements. An example 
of such a system is the examined coating that consists of  
a Cr/CrN multilayer and outermost a-C:H amorphous 
carbon coating. Their hardness is comparable to a CrN 
single ceramic coating, but the elasticity modulus is 
significantly smaller, which is advantageous for load 
distribution in a coating-substrate and strength of the 
coating-substrate interface. Moreover, substitution of 
the CrN coating with a Cr/CrN multilayer improves 
the crack resistance and adhesion to the substrate. 
Furthermore, the outermost a-C:H layer greatly reduces 
wear in comparison to CrN and Cr/CrN coatings. 
These enhanced tribological properties (lower wear 
and coefficient of friction) were observed for all sliding 
conditions: dry friction and in the presence of the 
physiological liquids FBS and PBS.
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