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In a biomimetic approach for designing implants, both the physical properties (such as topography, elasticity,
roughness, hydrophilicity, charges etc.) and the chemical structure of the arti�cial biomaterial should be considered,
since they a�ect the adhesion of proteins in the nanometer-scale and of the cells in micro-scale at the interface.
In this case, surface modi�cation of biomaterials plays a major role because of the expectations from the material
surface. These may be realized by changing the surface chemistry, physically or chemically, or by coating it with a
material having a certain chemical composition. In this study, surface properties like topography and roughness,
and mechanical properties like elastic modulus and hardness are determined for nanocoated materials.
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1. Introduction

Biomaterials are natural or arti�cial-based materials
used for supporting or replacing a part of the function
of a living tissue of human body. In biomaterial appli-
cations, apart of the bulk properties of the material, dif-
ferent surfaces are expected, which will come in contact
and will interact with organs and tissues. The e�ects
and reactions of biomaterials, experienced in the biolog-
ical environment, show the complexity of selection and
design of these materials. Determination of the mechan-
ical and surface properties of natural biomaterials gives
an insight to understand the biological micro- and nano-
scale structure and biological function.
Besides metallic and ceramic materials, many poly-

mers are used in various applications due to optimization
of physicochemical and biocompatibility properties and
manufacturability into complex shapes and structures.
However, their surface chemistry is generally not opti-
mized for cell adhesion, and modi�cation of the topog-
raphy enables biomimetically-based advances. Finally,
such polymers for implants in orthopedic surgery, with
bulk compliance adapted to bone, ful�ll mechanical sur-
face demands for this speci�c application.
In a biomimetic approach for designing implants, both

the physical properties (such as topography, elasticity,
roughness, hydrophilicity, charges etc.) and the chem-
ical structure of the arti�cial biomaterial should be
considered, since they a�ect the adhesion of proteins
in nanometer-scale and subsequent adhesion of cells in
micro-scale at the interface [1]. In this case, surface mod-
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i�cation of biomaterials plays a major role, because of
the expectations from the material surface. These may
be realized by changing the surface chemistry physically
or chemically, or by coating it with a material having a
certain chemical composition.
Surface modi�cation of such coatings by glow dis-

charge, plasma treatment, ion implantation, grafting
macromolecules or functional groups etc., is an e�ec-
tive method to improve biological interactions in a
desired way, according to the application area. In
this way the desired cell attachment and spreading is
controlled through the tailored topography and chem-
istry [2]. Nanometer-scale topography a�ects the at-
tachment and growth of cells, which is the �rst step in
biomaterial-cell interaction, because the size of protein
is of nanometer scale. It has recently been proved that
cell adhesion is in�uenced by surface features as small as
10 nm [3, 4].
Coating polymers by a vacuum processes may cause

many problems due to their low thermal stability, and
mechanical properties such as elastic modulus and hard-
ness. On the other hand, the di�erence in the properties
of the �lm and the substrate results in self-assembling
surface features in nano-micrometer scale [5], as a result
of which biocompatibility is enhanced in terms of protein
adsorption. In this study, surface properties like topogra-
phy and roughness, and mechanical properties like elas-
tic modulus and hardness are determined for nanocoated
materials.

2. Experimental

The coating process is performed by PVD coat-
ing system in Joanneum Research. Titanium (Ti)
and titanium nitride (TiN) are deposited on the ther-
moplastic polyurethane (PU, Advan-Source Biomateri-
als ChronoThane�P) and polycarbonate (PC, Senova
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Senolex�) at temperatures below 50 ◦C, with a resulting
thickness of 100 nm. Details of the coating conditions
are given elsewhere [5]. Additionally, the two inorganic
coating materials are deposited on silicon wafer for deter-
mination of the hardness and elasticity modulus by the
indentation test.
The topographical and mechanical characterization of

the coatings is performed by using atomic force micro-
scope (AFM, NanoMagnetics, AmbientAFM) in tapping
mode and ultra-micro hardness indentation apparatus
(Fischerscope HV100, Berkovich diamond indenter, (load
of 1.5 mN, loading/unloading rate of 0.2 mN/s), respec-
tively. The deformation and fracture behavior of the
coatings is examined by indentation test at di�erent loads
such as 50 mN, 100 mN, 150 mN, 200 mN, 250 mN and
300 mN, with a constant loading rate of 4 mN/s. The
indentation impressions are examined by Jeol, JSM 6060
scanning electron microscope (SEM).

3. Results and discussion

Indentation technique allows to characterize the me-
chanical properties of thin �lms, coatings, etc. by sens-
ing the load and displacement data during loading and
unloading of an indenter to the coating [6]. A great ad-
vantage of the indentation test is the direct measurement
of the hardness and elastic modulus without imaging
the impression of the indentation. Further, the fracture
toughness, i.e. the deformation behavior under di�erent
loads can be evaluated by examination of the indentation
impression using SEM [7].
The hardness and elasticity modulus of the coatings

are determined from the indentation test on coated sil-
icon wafer under the same conditions, to eliminate the
substrate e�ect of the soft polymers during indentation
procedure. The results are given in Table. As expected,
hardness and elasticity modulus of TiN coating are much
higher than those of Ti coating on Si.

TABLEIndentation test results.

Ti on Si TiN on Si Si

Test Load, [mN] 1.500 1.500 4

ha
max, [µm] 0.057± 0.003 0.043± 0.001 0.091

hb
p, [µm] 0.036± 0.004 0.020± 0.002 0.024

H, [GPa] 5.52± 0.41 8.33± 0.47 7.25

Hplast., [GPa] 10.78± 1.92 34.52± 4.99 23.59

E-modulus, [GPa] 140.50± 3.6 180.23± 11.11 160.31

Plasticity, hp/hmax 0.63 0.46 0.26
aIndentation depth at peak load.
bFinal depth of the residual hardness impression.

Recently, AFM is widely used for imaging of
nanometer-sized surface structures due to its ability of
providing high-resolution images in atomic scale. Three
dimensional (3D) images of the surface are obtained by
AFM, giving information about the surface morphology,
roughness, features formed at the surface, their shape
and distribution.

The AFM images taken in tapping mode of an area of
1 × 1 µm2 of Ti and TiN coated PC and PU are given
in Fig. 1. AFM images of Ti and TiN di�er from each
other in terms of morphology. The surfaces coated with
Ti by magnetron sputtering (low energetic deposition)
reveal separated, small island-like features and columnar
growth with dome-shaped column tops (Fig. 1a and 1b).
On the other hand, as seen in Fig. 1c and 1d, the sur-
faces coated with TiN by the more energetic pulsed laser
deposition (PLD), present large vermicular-like, wavy to-
pographies (i.e. wrinkles). The e�ect of substrate is
also visible, di�erent topography is formed on sti� PC
and soft PU. PC has quite low elongation at fracture
and a high elastic modulus compared to PU. Surface of
the sti� PC is not able to deform at the beginning of
the �lm formation. So the island-like structures, caused
by the intrinsic stress, cover uniformly the substrate's
surface. Further �lm growth leads to regular columnar
structures [8]. Thus, no wrinkles are seen on Ti coat-
ings (Fig. 1a and 1b), due to low energetic magnetron
sputtered deposition, which causes low intrinsic stress,
whereas to form wrinkles, a high intrinsic growth stress is
required. In TiN coatings due to their composition (high
elastic modulus), there are high enough intrinsic growth
stresses, which produce wrinkles (Fig. 1c and 1d). In the
TiN-coated PU, those wrinkles are larger in size, com-
pared to the TiN-coated PC sample, since the di�erences
in the mechanical properties of the coating and of the
substrate are higher.

Fig. 1. AFM topographical images of Ti-coated
(a) PC, (b) PU, and TiN-coated (c) PC, (d) PU.

Indentation test may be used to evaluate the fracture
behavior of the coated materials. After unloading step,
the characteristic traces are left on the specimen's sur-
faces. The cracks appear either at the interface between
the coating and the substrate or within the coating it-
self [9]. The formula below has been proposed to deter-
mine the fracture toughness (KC), using the length of



1144 S. Gümü³ et al.

radial crack (c), progressing from the corners of sharp
indenter,

KC = α

(
E

H

)1/ 2 (
P

c3/ 2

)
, (1)

where, α is a parameter that depends on the geometry
of the indenter (for Berkovich it is 0.016), E is elastic-
ity modulus, H is hardness and P is peak indentation
load [10].

Fig. 2. The SEM images of indentation impressions at
loadings (a) 100 mN, (b) 200 mN, (c) 300 mN of Ti-
coated PC and (d) 100 mN, (e) 200 mN, (f) 300 mN of
TiN-coated PC.

The impressions of the indentations are examined in
SEM. The results are shown in Fig. 2a�2c for Ti-coated
PC at 100 mN, 200 mN and 300 mN loads, respectively.
Similarly indentation impressions in TiN-coated PC at
100 mN, 200 mN and 300 mN loads are given in Fig. 2d-
2f. In all sample surfaces shown in Fig. 2, the lateral
cracks at contact site and radial cracks, emanating from
the corners of the indenter are observed, these being
more prominent in Ti. The fracture toughness (KC)
could be calculated only at the highest load (300 mN)
for Ti- and TiN-coated PC, since the radial crack length
(c) could be measured only for these samples. Results
are 0.087 MPam1/2 and 0.090 MPam1/2, respectively.
These results indicate that determination of KC by this
method is not suitable, since the load is high and the ef-
fect of the substrate is dominant. At lower loads, where
the e�ect of substrate is eliminated, it is not possible to
observe the indentation impression. However, the SEM

images given in Fig. 2 reveals that the coatings follow
the plastic deformation of the substrate. If the in-plane
stress level in the �lm exceeds a critical value, cracks form
at the interface between the �lm and the substrate, then
the cracks follow the topography features in the coat-
ings. Thus, in Ti coating the cracks propagate through
the valleys between the dome-shaped features whereas in
TiN coating cracks follow the valleys between vermicular-
like features. Unlike TiN coating, the Ti coating shows
some delamination even at low loads (100 mN). Thus,
this supports the high adhesion between the TiN coat-
ing and the substrate, provided with high energetic PLD
technique giving a pseudo-di�usion interface.

4. Conclusions

In a coating system the topography depends highly
on coating material, deposition technique and the me-
chanical properties of the substrate. Ti coatings show
columnar growth resulting in dome shaped topography
with small island like features, whereas large vermicular-
like, wavy topographies (i.e. wrinkles) are seen in TiN
coatings, due to the di�erences in their elasticity moduli
and deposition techniques. Besides the coating material
and method, the substrate material also in�uences the
topography as a result of its mechanical properties. The
substrate also a�ects the fracture behavior of the coating
system. PU does not show any microcracks in indenta-
tion test owing to its high elasticity.
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