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A BSTRACT: The deposition of glassy carbon coating on the widely applied
in implantology titanium alloy – Ti 6V 4Al, is performed by a novel original
thermo-chemical method, developed in the Bulgarian Academy of Sciences.
The deposition of glassy carbon was carried out in a protective inert environment of argon at high temperature around 1000◦ C. The combination of biocompatible carbon containing coating and biocompatible titanium alloy represents an innovative implant material for medical use. An important aspect
of the new material development process is the study of the mechanical properties and microstructure. Therefore, the microstructure and the mechanical
characteristics of the obtained composite biocompatible material, consisting of
titanium matrix and glassy carbon coating, were studied in the present work.
The microstructure of the coating and its elemental composition were examined by metallographic microscope and by SEM-EDS analysis. Mechanical
tests have also been performed in order to determine and compare the ultimate
tensile strength and tensile yield strength of titanium alloy samples with and
without glassy carbon cover. The hardness and the modulus of elasticity of the
considered materials are determined by instrumented indentation technique.
K EY WORDS : biocomposite, titanium alloys, glassy carbon coating/layer/,
microstructure, tensile strength.
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I NTRODUCTION

The vast majority of implants used in medicine are made of metallic materials. Metal
implants are extremely important in repairing or reconstructing of damaged hard tissues in the human body. The main requirements for the characteristics of the implant
materials are the following: low elastic modulus, high strength, excellent corrosion
resistance and wear resistance, very good biocompatibility.
Among the metallic materials, titanium and its alloys are considered to be the
most suitable materials for biomedical applications, due to their superior properties,
which correspond completely to the requirements for implants. According to the
world standards; titanium and its alloys possess better characteristics for implant
application than other alternative materials, such as stainless steels, Cr-Co alloys,
industrially pure niobium and tantalum. The main objective of this investigation is
development of new technology for synthesis of new bio-composite, appropriate for
implants, consisting of bio-titanium alloy covered with biocompatible glassy carbon. The deposition of glassy carbon (CB) on the titanium substrate carried out by
a novel original thermo-chemical method, developed in our laboratories in the Bulgarian Academy of Sciences. The titanium alloy has been pretreated by depositing
of plasma porous titanium, as described in [1]. Meanwhile, porous titanium-based
alloys are being intensively developed as an alternative material for orthopedic implants, as they can provide good biological fixation by growing the bone tissue into
the porous network [2].
It is well-known that the human body is appearing to be a complex biochemical
and electrochemical system, containing corrosive acidic and basic liquids, aggressive
towards implants. Body fluids contain different types of corrosive substances, like
HCl, NaCl, KCl,O2 , CO2 , etc.; and the body implants are exposed to their continuous
effect for years, therefore, the corrosion resistance is one of the main characteristics
that implant materials have to possess. Poor corrosion resistance towards body fluids
may lead to release of bio-incompatible metal ions from the implant, which is a major
factor causing allergic and toxic effects [3].
The corrosion processes taking place in implant materials leads to overall implant
disintegration, which in turn cause harmful effects on the surrounding tissues and organs. The presence of surface irregularities increases the implant functional area as
well as the total degree/extent of corrosion. Surface treatment is an important method
to improve implant corrosion resistance, and therefore, it leads to enhanced implant
biocompatibility [4]. In addition, wear resistance mainly determines the operation
lifetime of the implant, whereas the low wear resistance leads to implant loose, separation of fine metal particles and further inflammation of the adjacent tissue [5].
Ti-based alloys with a high friction coefficient could lead to formation of wear de-
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Therefore, implant material surface characteristics are essential for the successful
thus causing inflammatory reactions and hence to loosening of the implant [6].
implantbris,
integration
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In summary, the development of implants with high corrosion and wear resistance
and surface morphology play important role for complete osseointegration. In order
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and other glass-like materials. The crucibles made of glassy carbon material are also
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Microstructure and composition
The micrographs were taken using a Cnoptec MIT 500 microscope connected to a
DV 500 digital camera and a computer, whereas a magnification up to 1000x is
used.
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temperature of about 1000◦ C. The thermo-chemical pyrolysis procedure can be repeated many times until a certain thickness of the glassy carbon layer is attained.
Typically, in one run of this procedure, a layer about 1 µm thick is deposited.
2.1

M ICROSTRUCTURE AND COMPOSITION

The micrographs were taken using a Cnoptec MIT 500 microscope connected to a DV
500 digital camera and a computer, whereas a magnification up to ×1000 is used.
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load retention time is 10 s. The results obtained are shown in Fig. 3. It shows the
microstructure of a titanium alloy sample (substrate) covered with a thin layer of
glassy carbon of about 1 µm. The determined micro-hardness of the substrate is
about 5380 MPa. Due to the small thickness of the glassy carbon layer, its microhardness cannot be determined directly. Fig. 3 clearly shows that the imprint of the
diamond pyramid, located in the area of the glassy carbon layer and giving a microhardness of 2471 MPa, affects the substrate, the layer and the resin covering the
surface of the sample. Obviously, this results for the hardness of the glassy carbon
layer cannot be reliable and the hardness of the glassy carbon coating must be
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Fig. 3.Fig.
Microstructure
andand
micro-hardness
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sample
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3: Microstructure
micro-hardness (Vickers)
(Vickers) ofof
a titanium
sample
covered
with
glassy
carbon
with glassy carbon.
Further studies on the microstructure of titanium samples covered with glassy
Further studies on the microstructure of titanium samples covered with glassy
carbon were
performed using a scanning electron microscope "HIROX SH-5500P"
carbon were performed using a scanning electron microscope “HIROX SH-5500P”
with EDS
system "QUANTAX 100 Advanced" Bruker.
with EDS system “QUANTAX 100 Advanced” Bruker.
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The SEM-EDS analysis established the content of the elements in the substrate
(bulk material) and in the coating. Figure 6 shows the change of element content
while passing from the bulk material to the glassy carbon layer. Figure 7 depicts
the spectra of the chemical elements in colors. The elements are given in colors as
follows: titanium (Ti) is in yellow, vanadium (V) is in orange, aluminum (Al) is in
violet, carbon (C) is in blue color. We are interested in the part between 8.5 µm

Fig. 5. SEM image of the titanium substrate covered with glassy carbon
The SEM-EDS analysis established the content of the elements in the substrate
(bulk material) and in the coating. Fig. 6 shows the change of element content while
passing from the bulk material to the glassy carbon layer. Fig. 7 depicts the spectra
of the chemical elements in colors. The elements are given in colors as follows:

Fig. 4. SEM image titanium covered with glassy carbon
The thin white stripe in Fig. 4 and Fig. 5 is the glassy carbon coating deposited on
the titanium substrate and captured at a magnification of x2000. The coating layer is
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Fig.Fig.
5. 5:
SEM
image
coveredwith
withglassy
glassy
carbon
SEM
imageofofthe
thetitanium
titanium substrate
substrate covered
carbon.
The SEM-EDS analysis established the content of the elements in the substrate
(bulk material) and in the coating. Fig. 6 shows the change of element content while
passing from the bulk material to the glassy carbon layer. Fig. 7 depicts the spectra
of the chemical elements in colors. The elements are given in colors as follows:
titanium (Ti) is in yellow, vanadium (V) is in orange, aluminum (Al) is in violet,
carbon (C) is in blue color. We are interested in the part between 8.5 µm and 10 µm
of the section, where there is a visible increase in the carbon curve and a decrease in
the other curves. This proves that in this part there is located the glassy carbon layer
and its thickness is of about 1-1.5 µm.

Fig. 6. Chemical content
Fig.
6.6:Chemical
content
Fig.
Chemical content.

Fig. 7.Fig.
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other curves. This proves that in this part there is located the glassy
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Mechanical testing
Fig. 8 shows samples of titanium cylinder-shape samples covered with glassy
carbon after tensile testing.
Fig. 8. Titanium rods after tensile testing
Table 1. Mechanical properties of Ti6Al4V resulted from tensile testing
ISO 6892-1:2019 (E)
Samples
Tensile
Proof
Percentage Percentage
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Fig. 7. Spectra of the elements in the substrate and the glassy carbon coating
2.2

M ECHANICAL TESTING

Mechanical
testing
Figure 8 shows samples of titanium cylinder-shape samples covered with glassy carFig. 8 bon
shows
samples
of titanium cylinder-shape samples covered with glassy
after tensile
testing.
carbon after tensile testing.

Fig.Fig.
8. 8:
Titanium
aftertensile
tensile
testing
Titaniumrods
rods after
testing.
Table 1. Mechanical properties of Ti6Al4V resulted from tensile testing
ISO 6892-1:2019
(E) alloy samples in order to determine their physical and mechanTests on titanium
icalSamples
properties, according
to the standard
for spinal implants.
Tensile
Proof
Percentage Percentage
The cylindrical samples
of titanium
alloy, shownelongation
in Fig. 8, are subjected
to tenstrength,
strength,
reduction
sile testing in order to Rm,
determine the tensile
strength
in
the
certified
Laboratory
plastic
after
of area, Zfor
Analysis and Testing [MPa]
of Materials and
Calibration offracture,
MeasuringA,
Instruments
(LIMC)
extension,
[%]
at Institute of Metal Science, Equipment
and
Technology
with
Hydroaerodynamic
Rp,
[%]
Center, Bulgarian Academy of Sciences.
The
tests
were
performed according to the
[MPa]
current standard BDS EN ISO 6892-1: 2009. The test results are presented in Tauncovered
901.97
893.44
27.1
50.09
ble 1. The tensile strength of uncovered sample – 901.97 MPa, coincides with that of
the coated ones, respectively – 901.93 MPa. The tests were performed at room temperature 20.0 ± 0.4◦ C. The results of the tensile tests show values for the mechanical
characteristics, which are in accordance with the requirements of the standard for
metal implants made of titanium alloys. A significant difference was observed only
when determining the percentage of elongation after fracture, which is 27.1 MPa for
uncovered samples and 34.4 MPa for covered samples, thus being 20% higher than.
Table 1: Mechanical properties of Ti6Al4V resulted from tensile testing ISO 68921:2019 (E)

Samples
uncovered
covered

Tensile
strength,
Rm [MPa]

Proof strength,
plastic extension,
Rp [MPa]

Percentage
elongation after
fracture, A [%]

Percentage
reduction of
area, Z [%]

901.97
901.93

893.44
894.98

27.1
34.4

50.09
52.23
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Tests for determining the hardness and modulus of elasticity of the coating and
the titanium substrate were performed using the prepared titanium alloy punch-shape
samples shown in Fig. 1. In order to minimize the influence of the substrate on the
determined hardness and modulus of the coating, the hardness and elastic (Young’s
modulus) modulus determination has been performed by nano-indentation or instrumented indentation technique. Nano-indentation is a reliable method for mechanical
tests of materials in small volumes and shallow depths, which significantly expands
the capabilities of traditional hardness tests. The device used is with continuous control and monitoring of the loads and movements of the indenter, from its penetration
into the material to its withdrawal. This method gives the possibility for simultaneous determination of the applied load and the depth of penetration. Modern nanoindenters provide high accuracy and reliable results. Usually the load resolution is
1 nN, and the measurement accuracy for displacement is 0.1 nm. The maximal load
varies, but for standard devices is up to 500 nN. An important advantage of nanoindentation is that the resulting load-displacement curve can be used to determine
the elastic properties of the material. In addition, when determining the hardness
of the material, there is no need to visually measure the imprint, as in conventional
hardness test, thus avoiding introducing significant error in the result, especially for
softer materials or coatings, where the imprint is deformed and accurate imprint size
measurement is difficult. The fact that nano-indentation does not measure the geometric characteristics of the imprint, but uses the load-displacement curve, facilitates
the determination of mechanical properties on a very small scale. Mechanical characteristics can be determined from an imprint with a maximum geometric size of
less than 1 micrometer and a penetration depth of the indenter of only a few tens of
nanometers.
This makes nanoindentation especially suitable for mechanical characterization
of thin films and coating [10–13].
The mechanical properties are obtained from the indentation “load–displacement”
curve, representing a graphical relationship between the applied load and the movement of the indenter relative to the level of the sample surface. From this curve, with
the help of analytical functions, different mechanical characteristics of the test material can be derived, such as indentation hardness (HIT), indentation modulus (EIT),
characteristics of the creep process and dependence of the deformation behavior on
the load speed and others.
Figures 9(a) and (b) show the locations of 25 nano-indentations made on uncovered and glassy carbon covered punch-shape samples.
The results of the nano-indentation tests for determining the hardness and the elastic modulus were obtained in the Laboratory for 3D Digitalization and Microstructure Analysis and the Laboratory for Nanostructure Characterization at the Bulgarian
Academy of Sciences. The results are presented in Figs. 10 and 11.

h the help of analytical functions, different mechanical charac
aterial can be derived, such as indentation hardness (HIT), i
(EIT), characteristics of the creep process and dependenc
n behavior on the load speed and others.
a) and (b) show the locations of 25 nano-indentations made on
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carbon covered punch-shape samples.

9: Image
ofnanoindentation
the nanoindentation testing locations
with Nanoindenter
G200: (a)
Fig. 9. ImageFig.
of
the
testing
locations
with Nano
Uncovered titanium sample; (b) Covered with glassy carbon titanium sample.
.) Uncovered titanium sample, b.) Covered with glassy carbon t
For the uncovered titanium alloy
(Ti) the indentation hardness is about 5 GPa, a
sample
value very close to the results obtained by measuring the hardness by another method
shown in Fig. 3, which is about 5.4 GPa. The indentation hardness of the glassy carbon layer (GC) deposited on the titanium alloy is about 11 GPa, an increase of about
twice than the hardness of the uncovered titanium sample. On the other hand, the obtained result for the micro-hardness measured close to the one-micron glassy carbon
layer shown in Fig. 3 is 2.4 GPa. It is a proof that the measured micro-hardness pre-

s of the nano-indentation tests for determining the hardness and
were obtained in the Laboratory for 3D Digitalization and Micr
nd the Laboratory for Nanostructure Characterization at the
of Sciences. The results are presented in Fig. 10 and Fig. 11.
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measuredsample
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Fig. 10.
Results
measurements
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Fig. 10:
Results of indentation hardness
measurements
of uncovered sample
(Ti) and
samples
(TiGC).
assy carbon covered
layer
shown
in Fig.
3 (TiGC)
is 2.4 GPa. It is a proo
(Ti) and covered
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micro-hardness presented in Fig. 3 is significantly influenc
of the titanium substrate, because the diamond pyramid, ha
an the thickness of the studied layer.

Fig. 10. Results of indentation hardness measurements of uncovered sample
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Fig. 11:
Results
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modulusmeasurements
measurements for uncovered
sample (Ti) sample (Ti)
and covered sample (TiGC).
and covered sample (TiGC).
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results are shown in Fig. 10. For titanium alloy (Ti) the elastic modulus is about 150
GPa, and for layer.
titanium
alloy covered with glassy carbon (TiGC) it is about 215 GPa.
The elastic modulus of uncovered and covered samples was determined and the
The increase results
in thearemodulus
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of alloy
the (Ti)
covered
samples
is about
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shown in Fig.
For titanium
the elastic
modulus is
150 GPa, andchanges
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is
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likely
due
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used during thermo-chemical deposition procedure for obtaining the glassy
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phase or structural changes in the titanium alloy as a result of the heat treatment used
0
coating. To note,
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polymorphic
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proceduremodifications
for obtaining the glassy
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dense
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ing. Toof
note,
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form parameters
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temperature, β-transformation
the β-transformation
with volume-centered cubic lattice (a = 3.31 Å)
with volume-centered cubic lattice (a = 3.31 Å) [14].
[14].
3

C ONCLUSIONS

CONCLUSIONS
A new composite biomaterial consisting of bio-titanium alloy and bio-glassy carbon
coating was obtained
by novel consisting
original technology.
outcome, the durability
the bio-glassy
• A new composite
biomaterial
of As
bio-titanium
alloyofand
implants can be increased. The major conclusions about the superior features of the
carbon coating
was obtained by novel original technology. As outcome, the
proposed biocompatible composite material are:
durability of the implants can be increased. The major conclusions about the
Thethe
percentage
of elongation
after fracture of
the titanium alloy
coveredare:
with
superior features• of
proposed
biocompatible
composite
material
glassy carbon is 20% higher than in the case of uncovered titanium alloy.
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• The hardness of covered with glassy carbon titanium alloy is twice as high as
that of the titanium alloy.
• The modulus of elasticity of the covered with glassy carbon titanium alloy is
almost 40% higher compared to that of the uncovered titanium alloy.
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