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Abstract. The use of carbon fiber composites (CFC) for different applications is widespread. Carbon-based materials show, however, significant 
oxidative degradation in air. Modern materials are subjected to aggressive, corrosive environment. This type of environment may strongly reduce 
their mechanical properties. For the protection of CFC, it was necessary to apply coatings to the composite surface. In the presented paper, 
a chromium/chromium nitride (Cr/Cr2N) multilayer structure has been selected as the inner part. The outer part of the coating was a hydroge-
nated amorphous carbon (a-C:H), gradually implanted by Cr nanocrystals. The application of transmission electron microscopy (TEM) indicated 
that the proposed deposition method allowed the formation of a Cr/Cr2N multilayer of Λ = 150 nm, topped with a-C:H+ Cr23C6 composite of 
a varied carbides density. The micro-hardness of the deposited coatings was up to 14 GPa (at a load of 2 and 5 mN). The microstructure of the 
deposited coatings was described in detail by means of TEM in the authors’ recently published paper [1]. This paper is a continuation thereof, 
aimed at describing microstructure changes after a localized corrosion process. In order to study localized corrosion in coatings, particularly 
in metallic (Cr) interlayers, the potential measurements and voltammetry experiments were performed in a Ringer solution. The open-circuit 
potential reaches stable values after a sufficient time period. The results indicated that the presence of a-C:H+Cr23C6, the outer part of the 
coating, speeds up the localized corrosion process in Cr interlayers in the inner part of a coating.
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The Cr2N and Cr elementary unit cell of a = 4.14 Å and 
2.88 Å respectively, allow a cube-on-cube, local epitaxial 
growth with a low mismatch (1.6%).

In the presented paper, the outer part of the coating was 
a-C:H implanted by Cr nanocrystals. It is well-known that 
hydrogenated amorphous carbon (a-C:H) coatings have 
low-friction coefficients and low-specific wear rates [11]. 
Thus, the amorphous carbon coatings are very promising tri-
bo-materials. However, poor adhesion to the substrate, high 
residual stress, and inherent thermal stability would limit the 
application of a-C:H coatings [11]. Currently, many metallic 
elements (Ti, W, Ag, Cr, etc.) have been trialed for modifying 
the structure of the coatings, and it has been proved that metal 
doping is an effective method of reducing residual stress and 
enhancing their adhesion strength [12]. Among those doping 
metals, Cr, as one part of a carbide, presents an attractive 
combination of properties (corrosion resistance, wear resis-
tance, etc.) [13, 14].

The discussed materials are designed de novo for elements 
of surgical tools. Thus, the coatings should be assembled to 
show resistance to aggressive biological fluids, as well as to 
be characterized by adequate mechanical properties, namely 
be wear-resistant. In order to study the localized corrosion be-
havior of coatings, particularly in metallic interlayers, the open 
circuit potential (OCP) measurements and linear sweep voltam-

1. Introduction

Carbon-based materials show significant oxidative degrada-
tion in air, beginning at temperatures in the vicinity of 400°C. 
The reinforcement of carbon with carbon fibers complicates 
the anti-oxidative coating problem due to thermal and elastic 
anisotropy [2].

In many cases, modern materials are also subjected to ag-
gressive, corrosive environment. This type of environment will 
not affect the CFC substrate composite as it would metallic sub-
strates (corrosion process), however, it can strongly reduce its 
mechanical properties. Therefore, a coating concept for carbon–
carbon composites should consist of an inner part with an ability 
of stress compensation, which serves as a structural link to the 
carbon substrate, and an outer part, which acts as an oxide dif-
fusion barrier. Multilayer coatings can lead to benefits in perfor-
mance over comparable single-layer coatings, and can combine 
the properties of different materials in one protective coating [3].

In the presented paper, as the inner part, a chromium/chro-
mium nitride (Cr/CrN) multilayer was selected, which recently 
grabbed strong attention [4–7]. It is characterized by high adhe-
sion and wear and corrosion resistance [5, 6, 8–10].
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metry experiments were performed in a Ringer solution, which 
simulated the aggressive biological environment.

The presented paper deals with microstructure changes of 
the coatings after localized corrosion wear.

2. Experimental procedure

2.1. Deposition procedure. Coatings were prepared using 
magnetron sputtering technique, with high purity chromium 
(99.9% at. Cr) and carbon (graphite) targets. The obtained 
coatings consisted of two parts:

● the inner part, a Cr/Cr2N multilayer. This part was depos-
ited first on the carbon-fiber-composite substrate material 
(CFC).

● the outer part, formed from a-C:H matrix gradually im-
planted by chromium.

● Four different versions of the deposition parameters set of 
the outer part of the coating were applied. The parameter 
sets are listed in Table 1.

Table 1 
Four different versions of the deposition parameters set, of the outer 

part of the coating

Step Cr 
[W]

C 
[W]

C2H2 
[sccm]

Ar 
[sccm]

N2 
[sccm]

Time 
[min]

1 1400 50 5 45 0 14 1/3

2 1230 410 4,5 45,6 0 14

3 1060 780 3,8 46,2 0 14

4 890 1150 3,1 45,2 1,7 14 2/3

5 720 1520 2,5 44,2 3,3 14

6 550 1890 1,9 43,1 5 14

7 380 2260 1,3 42 6,7 14

8 210 2630 0,6 41,1 8,3 14

9 50 3000 0 40 10 14

Step Cr 
[W]

C 
[W]

C2H2 
[sccm]

Ar 
[sccm]

N2 
[sccm]

Time 
[min]

1 1400 50 5 45 0 14 2/3

2 1230 410 4,5 45,6 0 14

3 1060 780 3,8 46,2 0 14

4 890 1150 3,1 45,2 1,7 14

5 720 1520 2,5 44,2 3,3 14

6 550 1890 1,9 43,1 5 14

7 380 2260 1,3 42 6,7 14 1/3

8 210 2630 0,6 41,1 8,3 14

9 50 3000 0 40 10 14

A variant

C variant

B variant

D variant

Step Cr 
[W]

C 
[W]

C2H2 
[sccm]

Ar 
[sccm]

N2 
[sccm]

Time 
[min]

1 1400 50 20 30 14 2/3

2 1230 410 22,5 27,5 14

3 1060 780 25 25 14

4 890 1150 27,5 22,5 14

5 720 1520 30 20 14

6 550 1890 32,5 17,5 14

7 380 2260 35 15 14 1/3

8 210 2630 37,5 12,5 14

9 50 3000 40 10 14

Step Cr 
[W]

C 
[W]

C2H2 
[sccm]

Ar 
[sccm]

N2 
[sccm]

Time 
[min]

1 1400 20 30 14 2/3

2 1230 21,9 28,1 14

3 1060 23,8 26,2 14

4 890 25,6 24,4 14

5 720 27,5 22,5 14

6 550 29,4 20,6 14

7 380 31,2 18,8 14 1/3

8 210 33,1 16,9 14

9 50 35 15 14

Numbers 1 to 9 correspond to nine a-C:H layers implanted by 
Cr, from bottom to top. Details of the deposition process are 
given in [15, 16].

2.2. Microstructure characterization. The microstructure of 
the coatings was carried out by a Tecnai G2 F20 FEG (200 kV) 
transmission electron microscope (TEM) in a bright field tech-
nique (BF), as well as using scanning mode (STEM images) 
by the application of high-angle annular dark-field STEM de-
tector (HAADF). Phase analysis was performed through elec-
tron diffraction pattern. Energy-dispersive spectroscopy (EDS) 

was used for chemical analysis. Thin foils were prepared using 
focused ion beam (FIB) (Quanta 200 3D) equipped with an 
OmniProbe in-situ lift-out system. All thin foils were cut as 
cross-sections of the investigated coatings.

2.3. Micromechanical analysis. Micromechanical tests were 
connected with micro-hardness, as well as with the elastic mod-
ulus measurements using a Berkovich indenter loaded with 2 
and 5 mN.

2.4. Localized corrosion experiments. In the presented paper, 
the corrosion process was studied only in the coating zone, 
in particular in the metallic interlayers. It allowed to analyze 
the coating’s ability to protect the substrate against aggres-
sive fluids. The process was called localized micro-corrosion 
because it was analyzed in a micro-scale. The localized mi-
cro-corrosion (electrochemical) behavior of samples was tested 
in isotonic to human tissue Ringer’s solution, at a temperature 
same as human core temperature (37°C), and pH = 7.2, the 
pH of human body fluids. Open circuit potential (OCP) curves 
and polarization curves (linear sweep voltammetry, LSV) were 
recorded versus an Ag/AgCl (KCl sat.) reference electrode with 
the use of an Autolab PGStat 302N potentiostat/galvanostat. 
A platinum electrode was used as the counter electrode in LSV 
experiments, and the potential was scanned in a range from 
–1000 to 1500 mV versus Ag/AgCl (KCl sat.), at a rate of 1 
mV/s.

3. Results and discussion

3.1. Microstructure characterization of the deposited 
Cr/ Cr2N + a-C:H + Cr nano multilayer coating on 
a carbon fiber composite material. The microstructure of 
the coating was shown in the bright field TEM image (Fig. 1).

Fig 1. Microstructure analysis of nano-composite multilayer coating 
on the cross- section by TEM bright field technique [1]
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SAED revealed that Cr23C6 carbides were present in the coating. 
The Cr23C6 are characterized by high hardness (Vicker’s mi-
cro-hardness of 976 MPa), while pure a-C:H had a much lower 
hardness (750 MPa) [17–21]. In majority, it is characterized by 
sp2 bonds [22]. During the wear process, because of the pres-
ence of a relatively soft phase at the surface of the coating, the 
mechanical contact would be much better.

Implantation of amorphous carbon by chromium carbides 
might nearly double the micro-hardness and treble the elasticity 
modulus (Fig. 4).

The coating D was not mechanically tested, due to the fact 
that the a-C:H part thereof delaminated just after the deposition 
process because of the high residual stress formed at the inter-
face with the inner part of the coating.

Fig. 3. Scheme of Cr and Cr2N unit cell relation [7]

Fig. 2. Microstructure characterization of the Cr/Cr2N part of the 
coating (the inner part) presenting details of local inheritance of 

orientations (TEM bright field analysis) [1]

The microstructure of the deposited coating (before the local-
ized corrosion process) was described in detail in the author’s 
recently published paper [1].

In the inner part of the coating, a Cr/Cr2N multilayer formed, 
which showed a pseudo-columnar structure, indicating that lo-
cally, the crystallographic relation is retained (the same diffraction 
contrast went through several interfaces at a time) (Fig. 2) [1].

There is a possibility of cube-on-cube grain growth in the 
[1 0 0] direction perpendicular to the interfaces, where Cr and 
Cr2N cells fit properly with relatively low lattice parameter 
mismatch (~1.6%), as presented in Fig. 3 [7].

3.2. Micromechanical properties of analyzed coatings. The 
microstructure characterization and phase identification by 

Fig. 4. Effect of deposition conditions on micro-hardness and elasticity modulus of coatings
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3.3. Localized corrosion analysis and microstructure change 
characterization of coatings after the corrosion test. In order 
to study the localized micro-corrosion behavior of coatings, 
in particular of the metallic interlayers, open circuit potential 
(OCP) measurements and linear sweep voltammetry experiments 
were performed in Ringer solution. It is worth mentioning that 
OCP values suggest a more noble behavior of the investigated 
coatings compared to values of corrosion potential registered in 
LSV experiments.

The shapes of anodic branches of the registered polarization 
curves (Figs. 5, 6) suggest that coating D corrodes actively, with 
lower, comparing to coatings A and B, current density values 
at potentials in range from corrosion potential to 200 mV or 
300 mV (versus Ag/AgCl KCl sat.), whereas for coatings A and 
B, large anodic peaks were observed.

Those peaks were related to the rapid corrosion (dissolu-
tion) of layers, manifested by an increase in current density 

values, followed by a decrease in the observed current density 
due to formation of a continuous layer of corrosion products 
covering the active sites in Cr/Cr2N layers. At higher potentials, 
all coatings underwent active dissolution, and lower current 
density values registered for samples A, B, and C indicated 
higher susceptibility to corrosion.

The SEM image of the surface of sample A, taken after linear 
sweep voltammetry (LSV) experiments, suggests that coating 
corrosion started in the cracks in the coating, what was indicated 
by the presence of dark areas in the vicinity of those cracks 
(Fig. 7).

Fig. 5. Open circuit potentials measured for specimens as a function 
of immersion time in Ringer solution at 37°C

Fig. 7. SEM image of the crack on the surface of sample A

Fig. 6. Polarization curves recorded for all samples with a potential 
scan rate of 1 mV/s in Ringer solution at 37°C

Fig. 8. A void formed under the most outer chromium implemented 
a-C:H layer due to penetration of Ringer’s solution through crack. 

TEM bright field image done after LSV experiment

Analysis of cross-sections in TEM bright field mode, re-
vealed that the outer a-C:H part of the coating remained intact, 
and due to the penetration of Ringer’s solution through the 
cracks, the inner Cr/Cr2N layers underwent degradation pro-
cesses and large voids covered with corrosion products were 
formed (Fig. 8).
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It was also clearly visible that the layers most susceptible to 
corrosion were the Cr ones (Fig. 9) – small and slightly elon-
gated cavities were observed at the boundaries between the 
Cr layers and the corrosion product. This system resembles 
a pitting corrosion system.

Corrosion products formed a system of layers which dif-
fered in chemical composition as well as in distribution of ele-
ments (Fig. 10), and exhibit amorphous structure (Fig. 11), what 
was confirmed by the electron diffraction pattern.

EDS qualitative chemical analysis revealed that the con-
centration of chromium was the highest in the middle layer 
of corrosion products with almost linear concentration profile 
(Fig. 12), and in small voids on the boundary between the outer 
layer of corrosion products and the a-C:H coating.

Fig. 9. Detailed microstructure characterization of corrosion product 
layers formed on the surface of the void, done at the cross-section by 

TEM bright field technique

Fig. 12. STEM-EDS qualitative chemical analysis of chromium, 
sodium, calcium and chlorine concentration measured along a line

Fig. 10. EDS qualitative chemical analysis of element distribution in 
coating layers and corrosion products layers

Fig. 11. Analysis of corrosion products deposited on the surface of 
the void made with TEM bright field as well as selected area electron 

diffraction techniques
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The highest chlorine and calcium concentrations were ob-
served on the boundaries between corrosion products layers and 
between the outermost corrosion products layer and the a-C:H 
coating respectively (Fig. 12d). It is postulated that uneven dis-
tribution of elements in corrosion product layers was a result 
of pH changes in the solution filling the cavities (pits) during 
the corrosion processes. In aerated solution of pH ¼ 7.20, chro-
mium undergoes oxidation to Cr2O3 and partially to Cr(OH)3. 
When the pH of the solution in the cavity (pit) gradually de-
creases, due to reaction , amphoteric chromium (III) hydroxide 
reacts according to reaction , forming soluble Cr3+ ions [23].
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This process presumably explains uneven chromium 
distribution in the middle layer of corrosion products 
(Fig. 12).  
 Sodium atoms were distributed unevenly 
across corrosion products – the concentration 
changes linearly across a single corrosion products 
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boundary between a:C-H layer and corrosion 
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corrosion products layers, mostly between the most 
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This process presumably explains the uneven chromium dis-
tribution in the middle layer of corrosion products (Fig. 12).

Sodium atoms were distributed unevenly across the cor-
rosion products – its concentration changes linearly across 
a single corrosion products layer (Fig. 12a). Comparison of 
sodium and chromium concentration profiles (Fig. 12a) indi-
cated that sodium concentration reached highest values in the 
areas of lower chromium concentration. High concentration of 
calcium was found on the boundary between the a:C-H layer 
and the corrosion products layer. The highest concentration of 
chloride ions was found on the boundary between the corro-
sion products layers, mostly between the outermost and middle 
layers of corrosion products.

Different electrochemical behavior was observed in the case 
of sample D covered with the poorly adhering a-C:H layer (which 
was removed due to the presence of residual stresses, Fig. 13).

As for sample A, corrosion starts in the cracks in the Cr/Cr2N 
multilayer, but in contrast to the previous mechanism, the cavities 
were not observed and a V-shaped crevice was formed. The walls 
of the crevice were covered with corrosion products under which 
bent Cr2N layers (rib-like structures) were found (Fig. 14).

Fig. 13. SEM image of cracks formed in the multilayer deposited on 
the surface of sample D

Fig. 14. STEM image of the rib-like structure covered with corrosion 
products formed in the V-shape crevice in the multilayer of sample D

The layers most susceptible to corrosion are the Cr layers.

4. Conclusions

The application of transmission electron microscopy allowed 
to show that:
– magnetron sputtering technique allowed for the formation of 

dedicated nano-structured (the inner Cr/Cr2N and the outer 
a-C:H+ Cr23C6) multilayers

– the gradient implantation of a-C:H by chromium caused the 
formation of a layered nano-composite structure in the outer 
part of the coating

– co-deposition of chromium and a-C:H resulted in the for-
mation of (Cr23C6) nano-particles

– introduction of carbide nano-particles into the a-C:H part of 
the coating and connecting it with the Cr/Cr2N multilayer 
allowed to double the a-C:H hardness and treble its elastic 
modulus

– for coatings deposited with the use of A and D variants of 
deposition parameters, open circuit potential reaches stable 
values after a sufficient period of time, whereas for samples 
B and C, open circuit potential values increase gradually 
in time.
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