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Abstract

It is well known that carbon-based materials have large variance in hardness. There are several methods for
modifying the properties and improving the hardness of carbon-based layers. We applied ion beam assisted
deposition for preparing a-C:N nanolayers on Ti6Al4V alloy. A Hysitron Tl 950 Tribolndenter™
nanomechanical test instrument was used to assess the depth profiles of the mechanical properties on
modified titanium substrates. Two methods were employed in the measurements: a) quasistatic partial unload,
and b) dynamic Continuous Measurement of X (CMX). We obtained comparable results from both methods.
The average nanoindentation hardness increased from HIT ~ 5GPa for a reference sample to HIT ~ 8.6 GPa
for a sample coated by an a-C nanolayer, and to HIT ~ 11.5 GPa for a sample coated by an a-C:N nanolayer.
The average storage modulus of the sample coated by a-C:N increased from E’~130 GPa (reference sample)
to E'~155 GPa. The storage modulus of the sample coated by the a-C nanolayer was less than the storage
modulus of the titanium substrate.
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1. INTRODUCTION

This paper deals with an investigation of the mechanical properties of Ti6Al4V alloy coated by amorphous
carbon nanolayers, with nitrogen incorporation (a-C:N) and without nitrogen incorporation (a-C). This titanium
alloy has many advantages (e.g. high tensile strength, biocompatibility, low elastic modulus), but it has poor
tribological properties [1, 2]. Carbon-based layers are often used for improving the friction behavior of titanium
alloys [3]. The well-known large variance in hardness of low friction carbon-based materials can be modified
by ion bombardment during the deposition process. There are several deposition methods, for example,
plasma enhanced chemical vapor deposition (PECVD), filtered cathode vacuum arc deposition (FCVA), and
ion beam assisted deposition (IBAD) [4, 5]. The properties of carbon-based materials depend on the type of
bonding between the atoms and on the chemical composition, which is influenced by the deposition conditions.
We applied nitrogen ion beam assisted deposition to prepare a-C:N nanolayers on Ti6Al4V alloy. The chemical
composition and the C-C bonds of a-C:N nanolayers were investigated by glow discharge optical emission
spectroscopy (GDOS) and by Raman spectroscopy. The mechanical properties of the modified Ti6AI4V
samples were investigated by nanoindentation testing. In our work, we present hardness improvement to the
reference titanium alloy. The results of two methods for measuring the mechanical characteristics are
evaluated.

2, EXPERIMENTAL PART

The substrates polished on one side were made of Ti6AI4V titanium alloy in the form of a cylinder 20 mm in
diameter and 8 mm in height. The substrate roughness after polishing was Ra = 0.02 ym. The substrates were
cleaned in organic solvents by means of ultrasound. The deposition of a-C:N nanolayers proceeded by electron
beam evaporation of a carbon tablet with simultaneous nitrogen ion bombardment. The deposition of a-C
nanolayers proceeded by electron beam evaporation of a carbon tablet without ion bombardment. The
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thickness of the nanolayer was measured by a thickness monitor located in the vacuum chamber, and was
approximately 100 nm. The a-C:N nanolayers were irradiated with nitrogen ions with energy of 700 eV for
structure modification. Both electron beam evaporation and nitrogen ion bombardment were carried out in the
apparatus which is presented schematically in Fig. 1.

Cooled
Rotary

Fig. 1 Schematic representation of the apparatus for ion beam assisted deposition

The chemical composition was measured by means of glow discharge optical emission spectroscopy (GDOS).
The Raman spectra were measured using a Renishaw RM 1000 Raman microscope with Ar laser excitation
at 514.5 nm.

The Tl 950 Tribolndenter® nanomechanical instrument [Hysitron Inc., Minneapolis, USA] in the dual head
setup was used for depth profiling of the modified samples. The partial unload function and Continuous
Measurement of X (CMX) were applied to the samples. The partial unload approach requires elastic-plastic

A=C,h* +C\h' + C,h"? + Cn"* +C 0"+ ChV (1)
deformation during gradual force cycles in order to analyze each unloading segment according to the Oliver &
Pharr method (Fig. 2). Automated analysis plots the depth profile as discrete datasets. Being a dynamic
approach, CMX enables continuous dynamic measurements during quasistatic penetration (Fig. 3.). Thus, a
continuous depth profile can obtained based on nanoDMA analysis. The data were processed by standard
polynomial tip area function characteristics for the standard Berkovich shape of a 3-sided pyramid:

where Co = 24.5, C; = 6350.82, C, = -1.5891E+5, C3 = 1.3072E+6, C4 = -2.9643E+6, C5 = 1.8198E+6. The
values of the constants Cy.5s were obtained from nanoindentation of the fused silica [6]. The partial unload load
function was composed of 33 loading and unloading segments with increasing peak force, followed by 50% of
unload. Each unloading segment is analyzed for elastic modulus and hardness, and can be plotted versus the
depth, resulting in a depth profile of the mechanical properties. The begin and peak force were set to Pmin =
15 uN and Pmax = 3000 uN, respectively. A small dynamic force oscillation is continuously superimposed on
a quasistatic force during loading. The harmonic force and displacement signal is analyzed according to
standard nanometric dynamic mechanical analysis, which gives a variety of mechanical parameters such as
hardness, storage modulus, loss modulus, etc. (Fig. 3). The begin and peak force were set to Pmin = 15 pN
and Pmax = 3000 uN, respectively. The begin and peak dynamic force were set to Pmin = 12 uyN and Pmax =
170 pN, respectively. The frequency was f = 85 Hz. A matrix of 4x4 indents with separation of 5 ym between
each indent was applied to each sample for each nanoindentation setup.
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Fig. 2 Partial unload load function
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Fig. 3 Continuous Measurement of X

3. RESULTS AND DISCUSSION

A quantitative analysis of the GDOS measurements showed the elemental concentrations of carbon and
nitrogen in the a-C:N nanolayer. The carbon concentration ranges from 50 to 70 at%, and the nitrogen
concentration ranges from 30 to 50 at%.
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Fig. 4 Raman spectra of amorphous carbon nanolayer bombardment with nitrogen ions (a-C:N) and
without ion bombardment (a-C)
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The Raman spectra in Fig. 4 have one main peak located at ~1500 cm—-1. The spectra were decomposed by
fitting to three Gaussian curves. The Raman spectra in Fig. 4 have a DLC (diamond-like carbon) character;
that is, they are composed of the D peak (disordered graphitic carbon - peak 2 at ~1400 cm-1) and the G peak
(graphitic carbon - peak 3 at ~1565 cm-1). A small significant peak 1 at ~1100 cm-1 has been associated with
nanocrystalline diamond. The results indicate that the a-C:N and a-C nanolayer have a predominantly graphitic
character. The ratio of the integrated areas under the peak 1, 2 and 3 is 2.7 for the a-C:N nanolayer and 3.1
for the a-C nanolayer. The correlation with the nanoindentation hardness results shows that the
nanoindentation hardness increases as the ratio of the integrated areas decreases, which is in agreement with
the literature [7].
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We obtained the depth profiles of the mechanical properties represented by storage modulus E° and
nanoindentation hardness H;r (Fig. 5 and 6). The reference sample has a gradient of the mechanical properties
to the contact depth of h. ~ 6 nm. A similar trend was observed for the a-C:N sample at shallow indentation
depths (Fig. 5). This could result from the mechanical preparation of the surface or tip area function calibration.
The results in Fig. 5 and 6 show that the two nanomechanical testing methods (quasistatic partial unload and
dynamic Continuous Measurement of X) provide comparable trends and values of the mechanical
characteristics. The minimum indentation depth at which we are able to obtain the mechanical properties of
both methods are limited by the sharpness of the tip and by the roughness of the sample surface. The values
of E"and Hr are calibrated from hc ~ 8 nm and from h. ~ 25 nm, respectively.
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Fig. 5 Depth profiles of the storage modulus. Left - Partial unload results. Right - Continuous Measurement
of X. Values of E” are calibrated from depths of h: = 8 nm. The grey rectangle demarcates uncalibrated data
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Fig. 6 Indentation hardness, the values of H;r are calibrated from depths of h; = 25 nm. The grey rectangle
demarcates uncalibrated data
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The maximum values of the storage modulus E” = 130.7 GPa and of the nanoindentation hardness H;r = 11.5
GPa were measured on the a-C:N sample at contact depths of h: ~8 nm and h; ~ 26 nm, respectively. The
a-C sample had maximum storage modulus values of E” = 100 GPa and nanoindentation hardness values of
Hir = 8.6 GPa at a contact depth of h: ~ 92 nm and h. ~ 37 nm, respectively. Both measured layers have
greater indentation hardness than the reference sample in the whole depth profile. The maximum indentation
hardness of the reference sample is H;r ~ 5 GPa. The a-C:N sample has higher values of Hr than the a-C
sample to a contact depth of he ~ 77 nm. Hr of the a-C:N has a sharply decreasing trend with increasing h,
whereas the depth profile of Hr of the a-C sample has a constant trend. The results show that the CMX method
gives a large number of points and lower variance values than quasistatic partial unload. The large number of
points provides reliable information on the trend change of the measured characteristics. This may be
advantageous for measurements of a nanolayers, multilayered structures and structures with a variable
gradient of mechanical characteristics.

4, CONCLUSION

Two methods were employed in measurements of the mechanical characteristic of a-C:N and a-C nanolayers
on a Ti6Al4V substrate: a) quasistatic partial unload, and b) dynamic Continuous Measurement of X (CMX).
The results showed that the two methods give comparable trends and values of the measured characteristics.
The CMX method provides a large number of points and lower variance values than quasistatic partial unload.
This may be advantageous for measurements of multilayered structures and structures with a variable gradient
of mechanical characteristics. We obtained an increase in nanoindentation hardness from H,r ~ 5 GPa for the
reference sample to H;r ~ 8.6 GPa for a sample coated by a-C nanolayer, and to H;r ~ 11.5 GPa for a sample
coated by a-C:N nanolayer. The average storage modulus of the sample coated by a-C:N increased from
E’~130 GPa (reference sample) to E'~155 GPa.
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