
1. Introduction

Recently much attention in the coatings design has been 
paid to their multifunctionality [1]. Multilayer coatings can 
lead to benefits in performance over comparable single-layers 
and can combine properties of different materials with one 
protective coating [2–4]. Crack initiation and propagation 
are often responsible for wear and the removal of coatings. 
Introduction of a number of interfaces parallel to the substrate 
surface can act to deflect cracks or provide barriers to the 
dislocation motion, increasing the toughness and hardness 
of the coating [5–9]. Despite much research work on the 
development of multilayer coatings with superior mechanical 
and tribological properties, a question still remains about the 
mechanisms, operating at the smallest length scale, underlying 
the mechanical response [10]. The wear resistance is often 
attributed to the high hardness as well as to a good chemical 
stability. Achievement of high hardness ought to be linked 
with a large number of internal interfaces, which act as sites of 
energy dissipation and crack deflection. Coatings can be even 
applied for tribological medical systems, namely for surgical 
tools. In this field they can be applied to increase hardness, 
improve wear and corrosion resistance. 

The goal of the presented paper was to study wear 
mechanisms focusing on the role of metal buffer interlayers 
operating in the small length scale of titanium, chromium and 

carbon basis multilayers systems like: Ti/TiN; Cr/CrN and 
a-C:H/Ti, a-C:H/ Cr.

2. Materials and methods

A hybrid Pulsed Laser Deposition (PLD) system (PLD 
connected with magnetron sputtering) equipped with a high 
purity titanium (99.9% Ti), chromium (99.9%Cr) and carbon 
(graphite) targets were used for the multilayer coating 
deposition. By application of magnetron sputtering in PLD 
coating plants, higher deposition rates could be reached 
and a very good film adhesion was achieved even at room 
temperature. Coatings were produced by the sequential 
deposition TiN/Ti, CrN/Cr and amorphous carbon a-C:H/TiN 
layers. Pure Ti and Cr layers were deposited in an argon (non-
reactive) atmosphere, while for the TiN or CrN deposition 
the atmosphere was gradually switched to nitrogen. To 
increase the quality of the coating adhesion and to reduce the 
residual stress concentration, the thin metallic titanium (Ti) 
or chromium (Cr) layers were deposited as buffer layers at 
each interface. Details of the deposition process have been 
described elsewhere [11]. The set of multilayer coatings with 
a different number of layers and phase ratios at constant total 
coating thicknesses (1.5 µm) were produced. The coating 
microstructure was studied by means of a TECNAI G2 F20 
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FEG (200 kV) transmission electron microscope (TEM). 
Chemical analysis was performed using energy dispersive 
X-ray spectroscopy (eds). thin foils for microstructure 
observations were prepared using a Quanta 200 3d dual 
beam focused ion (fIB) equipped with an omniProbe in-situ 
lift out system.

The mechanical properties of the coatings were 
investigated by means of nano-indentation (Berkovich 
indenter) and a ball-on-disc mechanical test using 5 N applied 
loads for 20 000 cycles. All mechanical tests were performed 
in natural atmosphere (in air). 

an al2o3 alumina ball with 6 mm diameter was used for 
the test. The linear speed of the ball, which was applied in the 
test was 0.06 m/s. Both tests’ parameters are presented below:
a) Low stress condition: Load f= 1 [n]; ball radius r= 3 

[mm]; cycle number n= 20.000; friction radius r= 5 [mm], 
linear speed v= 0.06 [m/s]; nanohardness h= 0.45 [gPa].

b) high stress condition: Load f= 5 [n]; ball radius r= 3 
[mm]; cycle number n= 5.000; friction radius r= 4 [mm], 
linear speed v= 0.05[m/s]; nanohardness H= 0.8 [GPa].

Bio- medical tests were done using smooth muscle 
cells.12,13 smooth muscle cells (sMc) were purchased from 
Lonza. Each vial had a concentration of 500 000 cells/mL. 
The cells were stored in liquid nitrogen until use. Before 
adding cells, the medium was warmed at 37°c in a water bath. 
Cells were taken from the liquid nitrogen container and placed 
for 2–3 min into a 37°c water bath. sMc were deposited 
directly on the surfaces of coatings. After three days the cells 
were fixed in 4 % paraformaldehyde. Then the cells were 
permabilised in a detergent Triton X-100 0.2 % for 4 min. The 
actine cytoskeleton was marked with AlexaFluor Phalloidin, 
the nucleus with DAPI. Fluorescent dyes were excited with 
appropriate laser wavelength, 488 nm for actin cytoskeleton 
visualization, 405 nm to visualize nucleus of the cell. The cells 
adhesion to the coatings surfaces were observed by confocal 
microscopy (carl zeiss exciter 5).

The cytotoxic effect was determined according to the 
Iso 10993-5:2009 standards. 23 samples in size of 1.5 cm2 
were placed in confuent mouse fibroblast (L929; ATCC) 
cultures (about 5 _ 105 cells) and were incubated for 48 hours 
at 37 deg.c. then cells were stained by propidium iodide 
(PI). Cultures incubated with the samples were analyzed in 
comparison with control cultures. Images were taken with 
the Exciter 5 confocal microscope equipped with a camera, 
and quantifed using axioVision 4.8 software (carl zeiss 
MicroImaging). a statistical analysis (two-way anoVa and 
tukey’s post hoc test, P value smaller than 0.05 was considered 
as significant – statistica 10.0 PL) was performed on three 
replicates from each treatment.

3. results 

3.1. Microstructure analysis of as deposited tin/ti/a-C:h 
coatings

The main goal of the examinations was to establish the 
bio-tribological multilayer TiN/Ti/a-C:H coatings and to 
describe the microstructure changes and wear mechanisms 

operating at the small length scale of the described multilayer 
coatings after mechanical uploading. The microstructure 
characterization has been performed on as-deposited coatings, 
as well as on those after mechanical wear test to observe 
changes in the microstructure caused by mechanical uploading. 
To improve the adhesion of the coating to the substrate, 
a titanium (Ti) metallic buffer layer was deposited as the first 
one. subsequently an appropriate multilayer structure was 
produced, where carbon layers were placed sequentially with 
titanium nitride layers (Fig. 1)(Fig. 2).

The list of different coatings architecture is presented 
below:
•	 a-C:H single layer
•	 TiN single layer
•	 2xTiN/a-C:H (4 layers with TiN to a-C:H phases ratio 

1:1)
•	 8xtin/a-c:h (16 layers with phases ratio 1:1)
•	 32xtin/a-c:h (64 layers with phases ratio 1:1)
•	 8xtin/a-c:h (16 layers with phases ratio 1:2)
•	 8xtin/a-c:h (16 layers with phases ratio 1:4)
•	 8xtin/a-c:h (16 layers with phases ratio 4:1)

Fig. 1. TEM bright field image of an as-deposited 8 TiN/Ti/a-C : H 
multilayer coating, together with selected area electron diffraction 
patterns from selected parts of the coating

Fig. 2. TEM bright field image of an as-deposited 8 _ TiN/Ti/a-C : H 
multilayer coating; higher magnification than Fig.1, revealing thin Ti 
layers presented at each interface

The small amount of the Ti phase between the TiN and 
a-C : H layers improves the adhesion of TiN to a-C : H, 
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which otherwise would be very weak due to a high residual 
stress. The thickness of the individual titanium layers was 
approximately 7 nm. the presence of the metallic titanium 
phase was confirmed by the eds qualitative chemical 
analysis and the HRTEM technique in the atomic scale (Fig. 
3). the above observations correspond to the deposition 
process. The pure titanium layers were deposited in an argon 
atmosphere. As a result, a very thin titanium phase was 
formed at each TiN/a-C : H interface. The atmosphere was 
subsequently switched to a mixture of argon and nitrogen. 
The nitrogen flow was gradually opened while the argon flow 
was closed. After reaching the half thickness of the TiN layer, 
the nitrogen flow was gradually closed, and the argon flow 
was opened. similar to before, deposition from the ti target 
was finished in an argon atmosphere, allowing the formation 
of a small amount of Ti phase on the next TiN/a-C : H 
interface. Concerning only the TiN phase in the layer, the Ti 
to N ratio was changed with the distance from the interface. 
It happened because the gases flow changed with the distance 
from the interface. The flow was gradually changed.

fig. 3. hrteM image of the one ti/tin/ti parts of the coating; (a) 
bright field image of the one Ti/TiN/Ti fragments of the coating, (b) 
steM/ eds line analysis of elements distribution, (c) hrteM image 
of the analyzed part

3.2. Microstructure analysis of tin/ti/a-C : h coatings 
after mechanical test

The second step of the microstructure characterization 
comprised the analysis of the cross-section of the TiN/Ti/
a-C: H multilayer coatings after the mechanical wear test. 
A detailed analysis of the wear mechanisms have been done by 
the teM method. one of the main advantages of the described 
coatings was that cracking had not been performed suddenly. 
It occurred layer by layer (Fig. 4). The highest, localized stress 
concentration was moved during the coating deformation from 
the bottom to the top part of the coating. The layers reunion 
after movement of individual layers to the closest layer of 
the same phase was possible by the presence of metallic thin 
buffer layers at each interface. 

Fig. 4. TEM bright field image of the cracking place in an 8 _ TiN/
Ti/a-C : H coating (cross section): (a) TEM bright field image of the 
cracked place, (b) image revealing presence of thin Ti metallic layers 
at each TiN/a-C : H interface, (c) the magnified area of one crack 
presenting the ‘layers motion mechanism’, (d) place of layers reunion 
after ‘layers motion’

3.3. Investigation of wear resistance

At the low stress condition of the ball-on-disc test, wear 
indexes for multilayer coatings were between indexes for 
single layer coatings. The lowest wear was found for the a-C 
: H single layer coating (Fig. 5a). In the high stress condition 
the role of the multilayer structure started to be visible. wear 
indexes for multilayer coatings were on the same level or even 
lower than index for the a-C : H single layer coating (Fig. 5b).

fig. 5. wear (ball-on-disc) test results: (a) low stress condition (1 n), 
(b) high stress condition (5 N)
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3.4. smooth muscle adhesion test

Medical tools (like tweezers) by contacting with vessels 
have the first contact with smooth muscle cells. The bio-test 
with these cells was treated as a criteria for the best multilayer 
coating selection for microstructure characterizations. The best 
cell-material interaction adhesion was found for the 8 TiN/Ti/
a-c : h coating (fig. 6).

fig. 6. smooth muscle cell adhesion observed by confocal 
microscopy

4. bio-tribological Cr/Crn + a-C:h nanomultilayer 
protective coatings for carbon–fiber composite materials

Carbon–carbon (C/C) composites or carbon–fiber-
composites (CFC) are increasingly being considered for aerospace 
application. In composite materials, the fibers impart strength, 
stiffness and fatigue resistance, while the carbon matrix holds 
the fibers. Carbon-based materials show, however, significant 
oxidative degradation in air beginning at temperatures in the 
region of 400 degC. Therefore, a coating concept for carbon–
carbon composites consists of an inner part, which serves as 
a structural link with stress compensation ability to the carbon 
substrate, and an outer part, which acts as a diffusion barrier. 
Basing on the earlier studies on Ti/TiN and Cr/CrN coatings  
[12-18], the chromium/chromium nitride (Cr/CrN) multilayer 
structure has been selected as the inner part. The outer part of 
the coating, in the present paper, was hydrogenated amorphous 
carbon (a-C:H). Coatings were deposited by means of magnetron 
sputtering technique. Mechanisms of a mechanical wear of 
analyzed systems were presented, focusing on the cracking 
propagation in ball-on-disc tests using 1 N and 5 N applied loads 
for 5 000 cycles. Complex microstructure analysis of presented 
nano-multilayer coatings, before and after mechanical tests, were 
performed by means of TEM. 

structure, microstructure and nanostructure are 
critical aspects for surface engineering [19]. Microstructure 
characterization of the as deposited protective multilayer 
coating, described in the presented paper, was characterized 
mainly using TEM. Thin foils for TEM observation have 
been cut using FIB perpendicular to the carbon fibers. No 
delamination was noticed. The coating clearly reflects the 
surface roughness of the carbon–fiber composite (CFC) 
substrate. The subjected to analyze coating contained two 

parts. The Cr/CrxN (chromium/chromium nitride) multilayer 
which was deposited as a first part from CFC substrate (inner 
part). The second part was amorphous carbon (a-C:H). The 
purpose of the Cr/CrxN part was to reduce residual stress of 
total coating, especially at the substrate/coating interface, as 
well as to enhance coating adhesion to CFC substrate. Because 
of the presence of a metallic phase (chromium – Cr), total 
coating had partially plastic properties. such behavior has been 
described by the authors in previous papers [12–14] as well as 
by other researchers [20]. The CrN and Cr lattice parameters 
allow a cube-on-cube close to epitaxial growth with a low 
mismatch (1.6%) (fig. 7) [21].

fig. 7. the scheme of the cr and crn cell growth assembly

In the present case, the same diffraction contrast went 
through interfaces. It confirmed crystallographic dependence 
between Cr and CrxN phases. High resolution analysis of 
the TEM technique (HRTEM), allowed us to established the 
mismatch between Cr and CrxN. It has been confirmed that 
the mismatch was on the level of 2.4 deg. Even such a good 
lattice fit caused formation of defects in the form of mixed 
dislocations in the structure of the metallic phase (Cr) (Fig. 8). 
It has been also confirmed that CrxN was presented as a Cr2N. 
The presence of defects in the form of dislocations can affect 
the strengthening of the structure of the metallic phase, which 
can impact positively on the mechanical properties of the 
whole coating [22]. The second part of the coating, as it was 
mentioned at the beginning, formed a multilayer structure built 
of hydrogenated amorphous carbon (a-C:H) (the other part of 
the total coating) (Fig. 9).

Fig. 8. The HRTEM image of the Cr/Cr2N interface
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Fig. 9. Microstructure characterization of the amorphous carbon part 
of the coating (outer part) using TEM technique; (a) TEM BF image; 
(b) selected area electron diffraction patterns (phase analysis); (c) 
steM/ eds elemental distribution maps

4.1. Microstructure characterization of the Cr/Cr2n + 
a-C:h + Cr nano multilayer coating deposited on car-
bon fiber composite material, after mechanical tests

Thin foils for TEM characterization were prepared directly 
from wear tracks using fIB technique. only this technique allows 
preparation of thin foil for TEM and getting microstructure 
information in TEM precisely from the place of interest (in this 
case from the wear track). At first, changes in microstructure 
caused by the higher uploading was characterized. The 5 N 
test is too much for such a sophisticated, very thin coating, but 
interesting was the fact how this type of coating acted under 
the pressure of such a large mechanical load [18]. The cross-
section of the coating after the 5 N test has been presented in the 
TEM bright field (TEM BF) image. The coating was seriously 
destroyed and fragmented, however, it was still present on the 
substrate, fulfilling its protective role (Fig. 10). 

The Cr/Cr2N part of the coating played an important role 
in the cracking protection process. Cr2N ceramic layers brittle 
cracked, while metallic Cr deformed plastically, reducing the 
cracking energy (Fig. 11). Plastic deformation in metallic 
Cr layers was realized at 45deg, a typical angle for plastic 
deformation of polycrystalline, metallic materials [19]. During 
a wear process, the coating was cracked and fragmented, then 
parts of the coating were removed in the form of wear debris. 
In the next step of the wear, the removed material was crushed, 
mixed together and deposited again on the top of the coating 
forming so called tribo-film. 

The phase analysis of the tribo-film, which was performed 
using saed patterns, indicated the presence of chromium 
nitride and carbon in the form of graphite [18] which is a very 
good lubricant [20]. Formation of this material during wear is 
an advantage, which may reduce the friction coefficient. The 
applied 5 N and 20 000 cycles wear test (ball-on-disc) was too 
much for such a type of coating; however as it was proved, even 
under such high uploading conditions, the coating still fulfilled 
its role. The suitable uploading for such a type of coatings was 
1N. The 1 N and 20 000 cycles wear test was performed. After 
the test, the changes in microstructure have been characterized 

using TEM. Looking at the coating microstructure on the 
cross-section, it has been found that the coating was not so 
seriously destroyed (Fig.10). 

Fig. 10 TEM BF image of the coating after 5 N and 20 000 cycles 
wear test

Fig. 11. HRTEM image of the Cr/Cr2N interface

Fig. 12. Microstructure characterization of the tribo-film formed after 
1 N and 20 000 cycles wear test, performed by TEM technique
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Focusing on the surface topography, it was noticed that 
at the top of the coating, graphite was formed during the wear 
process (Fig. 12). The phase analysis performed by diffraction 
pattern, showed the presence of graphite and chromium 
carbides in the tribo-film as well. The results were confirmed 
by high resolution teM technique [18,23]. 

4.2. Cytotoxic analysis

Microstructure should influence the induction of 
inflammatory reactions that can start a rejection reaction or, in 
the case of medical tools, complications in surgery. The analysis 
revealed changes dependent on applied deposition parameter. 
The applied fluorescent marker (PI) is a colorant dye of the 
nuclei. It cannot penetrate the cell membrane of continuously 
living cells. Therefore, dead cells are stained. It penetrates into 
the interior of dead cells through cell membranes damaged 
in the process of necrosis and intercalates with DNA helix, 
emitting red light fluorescence (excitation 535 nm, emission 
617 nm). the microstructure characterization revealed that 
cracking, which was propagating in the outer part of the coating 
(in the carbon part) was stopped at the interface. In the case of 
the inner part of the coating (Cr/Cr2N), ceramic layers showed 
brittle cracking, while metallic (Cr) ones deformed plastically.

5. discussion

In general, the layered structure can be vulnerable to failure 
due to a heterogeneous stress field and reduced toughness at the 
interfaces. Failures in layered structures could be complicated 
due to an elastic and toughness anisotropy. Residual stress 
and elastic mismatch could lead to mixed-mode loading for 
cracks on and off the interface, as presented by shaw, rice, 
fleck and ritchie [14–17]. elastic/plastic deformations led to 
microcracking, providing a mechanism for subsequent wear 
through surface delamination as described by Luo [6]. for 
cracking of the conventional multilayer system to take place, 
all the individual layers would need to be broken at the same 
time. It is suggested that cracking can be controlled by a crack-
healing ability or by a plastic deformation and strong interfaces 
[18–20]. Development of a new generation of coatings, which 
had both passive mechanical characteristics originated from 
the matrix material and active response sensitive to change in 
the local environment, which allowed the fabrication of the 
future high-tech functional surfaces [21].

In the described experiment, to reduce the high residual 
stress, a metallic buffer layer of 7 nm was deposited at each 
tin/a-c : h interface. such a composition caused the unusual 
behavior of the multilayer coating during the mechanical wear, 
in particular the cracking process. The cracking line, in the 
described case, because of the presence of very thin Ti layers 
at each interface, could move through the multilayer coating in 
the direction of the applied stress by breaking only one layer 
at a time. Individual layers broke, moved and formed new 
connection with its neighbour. The mechanism has never been 
described before in the literature. The layers reunion probably 
was carried out by moving one broken layer relative to the other 
along a common interface (in this case-cracking line), while 

applying a compressive force. The friction heating generated at 
the interface soens both components, particularly plastically 
deformed thin Ti layers presented at each interface. The relative 
motion was then stopped. The connections were formed in the 
solid state. anyway, the ‘layers motion’ phenomenon is similar 
to the edge dislocation motion (fig. 10) [22,23]

6. Conclusion [3] 

•	 Multilayer structure and metallic interlayers in the TiN/
Ti/a- C : H coatings play major roles in controlling the 
deformation process. 

•	  Propagation of the deformation was realized layer by 
layer.

•	  The cracking line, due to the presence of very thin Ti 
layers at each interface, could move through the multilayer 
coating in the direction of the applied stress by breaking 
only one layer at a time.

•	 Quality of deposited Cr/CrN + a-C:H + Cr nano multilayer 
coatings was very high.

•	 Coatings clearly reflect the surface roughness of the 
carbon–fiber-composite (CFC) substrate.

•	 The same diffraction contrast went through interfaces 
in the Cr/Cr2N part of the coating, which confirmed 
crystallographic dependence between Cr and Cr2N 
phases.

•	 In the current work, Cr nano-grains have been utilized to 
modify the structure and properties of amorphous carbon-
the second part of the coating; Cr nano-grains were 
gradually inserted into the carbon structure.

•	 After 5 N and 20 000 cycles wear test (ball-on-disc), 
coating was seriously destroyed and fragmented; 
however, it was still present at the substrate, fulfilling its 
protective role.

•	 Cr inserted into amorphous carbon reacted with carbon 
forming chromium carbides nano-particles (cr23c6).

•	 The HRTEM image presented that a crack propagating 
through a a-c:h layer with lower cr23c6 nanoparticles 
content has been stopped at the interface with another 
layer of a-c:h with higher amount of cr23c6.

•	 The Cr/Cr2N part of the coating also played an important 
role in cracking protection process. Cr2N ceramic layers 
brittle cracked, while metallic Cr deformed plastically, 
reducing the cracking energy.

•	 The 1 N and 20 000 cycle wear test did not cause serious 
distortion of the coating. No cracks were found. At the 
surface of the graphite coating, a perfect lubricant was 
formed.

•	 The lowest cytotoxic effect was found for the coating 
deposited according to the “A” variant of deposition.

•	 Deposition current and adequate gas flow during coatings 
production may have an influence on their bio-compatible 
properties.
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