Open Eng. 2020; 10:536-545

DE GRUYTER

Research Article

Katarzyna Piotrowska*, Arkadiusz Granek, and Monika Madej

Assessment of Mechanical and Tribological
Properties of Diamond-Like Carbon Coatings on

the Ti13Nb13Zr Alloy

https://doi.org/10.1515/eng-2020-0043
Received Dec 12, 2019; accepted Mar 25, 2020

Abstract: The paper presents the results of tests on the ge-
ometric structure of the surface, hardness and tribological
tests of coatings produced by the method of physical vapor
deposition (PVD) on the Ti13Nb13Zr alloy. Hardness was
determined using MCT? from Anton Paar, by instrumental
indentation. A diamond indenter with Berkovich geome-
try was used for the measurement. Model tribological tests
were carried out in reciprocating motion under conditions
of technically dry friction, friction with lubrication of syn-
ovial fluid and Ringer’s solution. The counter-sample in
the tested friction nodes was a ball of Al,05; with a diam-
eter of 6 mm. Nanometer hardness measurements showed
that as a result of the diamond-like carbon coating (DLC),
the hardness increased by an 7-fold. The lowest friction co-
efficients among all tested friction nodes were obtained for
the material combination Ti13Nb13Zr a-C:H - Al, 03 regard-
less of the conditions of testing. In the case of technically
dry friction, the coefficient of friction decreased by 80%,
synovial fluid by 70%, and in the case of Ringer’s solution
by 88% compared to the results obtained for Ti13Nb13Zr.

Keywords: adhesion, DLC - coating, coefficient of friction,
hardness, PVD

1 Introduction

In recent years there was a significant progress both in the
testing and application subject regarding the amorphous
carbon. The amorphous carbon might be the mixture of the
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atoms with the sp?, sp? or even sp! bonds, with the possi-
bility of the hydrogen presence. Amorphous carbonic ma-
terials are characterized with high variety of structure, and
their properties mainly due to the type and parameters of
their production [1]. However, one of the important factors
crucial regarding their properties is a sp> bonds existing
in diamond’s structure - responsible for a high hardness,
and sp? bonds - existing in graphite, resulting in excellent
lubricating properties. Amorphous carbon with high con-
tents of diamond sp3 bonds is known as DLC [2].

Due to their characteristics, diamond-like coatings are
becoming increasingly important in today’s industry. Very
good mechanical properties such as high elastic modulus,
fracture resistance, chemical stability and low friction co-
efficient enable their use in various branches of industry.
These coatings are used in automotive, aviation, chemical
and medical industries [3-7].

The need to meet the requirements of the current mar-
ket has resulted in a rapid development of manufactur-
ing techniques both in terms of materials and construc-
tion. The deposited layers are characterized by increas-
ing hardness and resistance to frictional wear. There is
also a tendency of continuous reduction of their thickness
and application of multilayer coatings. One of the fastest-
wearing trends are modern techniques of surface engineer-
ing, including the formation of thin, hard diamond-like
DLC coatings. A limitation in the widespread use of DLC
coatings is the lack of comprehensive knowledge about
their properties. The same layers applied with different
methods and different parameters of the deposition pro-
cess may have completely different properties. The selec-
tion of a anti-wear coating for a specific application re-
quires detailed knowledge of its mechanical and tribolog-
ical properties. Therefore, it is necessary to carry out tests
of the coating-substrate systems [8—10]. The evaluation of
tribological properties is carried out on the basis of the
friction and wear characteristics, conducted under condi-
tions of technically dry friction and friction with lubricat-
ing agents. In order to determine the hardness, elastic mod-
ulus and adhesion of the coating to the substrate, inden-
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Figure 1: Geometry of Berkovich indenter

tation and scratching tests are used. The results obtained
during these tests will facilitate the selection of the coating
and the development of an optimal technological process
of deposition in the aspect of its application.

2 Materials and methods

A single-layer a-C:H diamond-like coating applied at the
temperature of 250°C using physical vapor deposition
method (PVD) was investigated. The substrate was tita-
nium alloy Ti13Nb13Zr.

The nano-hardness of the coating was determined us-
ing the Anton Paar UNHT ultra-nano hardness tester by
means of instrumental indentation method. The test con-
sisted in pressing into the tested material of an indenter of
Berkovich geometry (Figure 1) with a radius of R; = 100nm
[11]. The measurement was made at a nominal load force
of 10mN and a buildup speed of 20mN/min.

The applied research technique enabled precise
recording of the load-indentation depth curve. Mechan-
ical parameters, e.g. elastic modulus, were determined
taking into account the inclination of the tangent to the
initial part of the load curve, according to the Olivier-Pharr
method based on the relation [12-14]:

E- E i(l - Uz) (1)

2%, /A
\/ﬁ*sp * El - (1 - Ulz)

where:

E;, v; — indenter modulus and Poisson’s ratio
E, v - sample modulus and Poisson’s ratio

S — stiffness

Ay — projected contact area
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(b)

Nano-hardness is the ratio of the load force Pyax to the
surface of the imprint after relieving A:

HV — Pmax

m @

In addition, the load-relief curve provides information
about the deformation of the material during the test and
allows the determination of such parameters as: total work
(total field under the recorded load-relief curve), elastic de-
formation work (field under the relief curve) and plastic de-
formation work (field inside the load-displacement curve)
[15].

During the test it is possible to measure the geomet-
ric parameters of a scratch, perform its microscopic anal-
ysis and record the acoustic emission during cracking of
the coating [16]. The test was carried out on an MCT> de-
vice manufactured by Anton Paar. It consisted in making
a scratch on the surface of the sample with a diamond in-
denter Rockwell C (Figure 2) under a load of normal force
Fy. Destruction of the surface layer may have the character
of cohesive cracks - perpendicular to the direction of the
indenter motion or adhesive cracks - manifested as local
delaminations of the coating [9]. The test was performed
at an increasing load force of 0.03-15N, table travel speed

Normal
load

Rockwell
diamond

Coating

— Substrate

Figure 2: A schematic illustrating w scratch test on a coated sample
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of 1.2mm/min, table load speed of 10N/min and scratch
length of 3mm.

The use of diamond-like coatings in various branches
of industry also forces the need to carry out tests of resis-
tance to wear through friction together with the determina-
tion of the friction coefficient. The tribological tests were
conducted using a TRB? ball-on disc system. In the TRB>
tribometer, a rotating ball made of Al,O5 (diameter = 6
mm) was pressed against a test sample (Ti13Nb13Zr with
and without an a-C:H-type diamond-like carbon coating),
applying a amplitude 1Hz and a load of 10N. The number
of cycles was 10 000. The specimens were tested under dry
friction conditions (TDF) and under lubricated friction con-
ditions using Ringer solution (RS) and synovial fluid (SF).
The tests were performed in laboratory conditions at a rel-
ative humidity of 50 +5% and a temperature of 23 +1°C.

>
e

Figure 3: View of ball-on-disc

3 Discussion and results

The thickness of the diamond-like coating was measured
at using a Phenom XL scaning microscope. Figure 4a
shows a view of DLC coatings in cross-section together
with its thickness measured. The green arrow indicates the
direction of the linear analysis. The resultant DLC coating
has a thickness of about 1.74 pm. During follow-up there
were no defects and discontinuities structure. EDS analy-
sis of a coating a-C:H (Figure 4b) showed that it consists
of the subcoatings. The layer on the surface is mainly the
carbon. An interlayer of thickness 0.98 pm lying between
the substrate and the layer of a-C:H forms subcoat consist-
ing essentially of wolfram with a small extent of chromium.
Chromium and tungsten interlayer are responsible for in-
creasing the adhesion of the DLC coating to the substrate.

Figure 5 presents the load-relief curves recorded when
the indenter is pushed into the tested materials. Based on
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the measurement of indenter penetration depth and the
knowledge of the geometry of the imprint, the mechani-
cal parameters discussed above were determined. Table 1
shows their averaged values from 10 measurements.

The curves shown in Figure 5 indicate high plasticity
of the substrate and elasticity of the a-C: H coating. This is
evidenced by the inclination of the indentation curve and
the values of contact surfaces, total work, elastic and plas-
tic deformation work.

Table 1: Mechanical parameters

Parameters Unit Sample
Ti13Nb13Zr Ti13Nb13Zr
a-C:H
Indentation hardness GPa 3.5 25.5
[Hr]

Vickers Hardness [HV] HV 331 2328
Young Modulus [E”] GPa 143 209
Contact area [Ap] pm? 2.822 4.292
Plastic work [W,4s] p) 1035.2 153.2
Elastic work [Wegs¢] p) 252.6 460.2
Total work [W¢o¢] p) 1287.8 613.5

As a result of application of the diamond-like coating,
there was an 7-fold increase in hardness, almost 2-fold in-
crease in elastic modulus, and a reduction in creep prop-
erties. This is proven by a decrease in the value of the in-
crement in the penetration depth under the set load. In
addition, the use of a diamond-like coating of a-C:H type
caused a double decrease in the value of the total work
of indentation W, and its components W ,;,s; and Wej,
which indicates a decrease in the susceptibility of the coat-
ing to deformation as a result of operating loads.

The measure of the adhesion of a layer to the substrate
is the critical force that first causes the L coating to crack
and then destroys it (L;). Figure 6 presents the results of
the scratch test. The critical force was evaluated on the ba-
sis of microscopic observations and registered changes in
acoustic emission. The values of the forces causing the first
L¢1 chip and the delamination of the L, layer are summa-
rized in Table 2.

Table 2: The adhesion tests of diamond-like carbon coating

Measurement number

1 2 3 Mean Standard

deviation
Lci IN]  2.87  3.02 298 2.95 0.06
L, [Nl 9.63 9.87 10.1  9.86 0.19
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Figure 4: The thickness of DLC coatings (a), distribution of elements from the surface down into the a-C:H coating atomic percentage (b)
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Figure 5: Load — penetration depth curves from indentation tests

Tests of adhesion of the diamond-like layer showed
that the mean value of the critical force Ly was 2.95 N and
L¢, - 9.86 N. The microscopic analysis showed that the de-
struction of the surface layer had the character of adhesive
cracks. This type of cracks is visible in the form of local de-
laminations on the sides of the scratch or tearing off the
coating in front of the indenter.

The results of friction tests were summarized on a
graph of the friction coefficient - p (Figure 7) of test ele-
ments depending on the types of materials, friction pairs
and lubricants used.

Figure 7 indicates that the best tribological charac-
teristics were obtained for the material combination of
Ti13Nb13Zr with a DLC - Al,03 coating using Ringer’s so-
lution as a lubricant. In the case of technically dry friction
and friction with lubrication using synovial fluid solution,
the recorded values of the friction coefficient were compa-
rable. They were respectively 0.11 and 0.12. In comparison
with the Ti13Nb13Zr substrate they were 80% lower for TDF,
88% lower for RS and 70% lower for SF.

After tribological tests, surface morphology observa-
tion (Figure 8-13) and analysis of the geometric structure of
the surface were conducted (Figure 14-15). The maximum
depth and the area of the friction surface determined on
the basis of the generated profile of the worn out surface
(after tribological tests) were taken as the measure of the
sample’s wear (Figure 16).

Analysis of the surface of the wear trace (Figures 14-
15) indicates that for Ti13Nb13Zr during technically dry fric-
tion, friction using Ringer’s solution and synovial fluid,
the dominant wear mechanism is abrasive wear. This
is due to the different properties of the materials from
which the friction components have been made. The ball
hardness with Al,03 is several times higher than the
Ti13Nb13Zr titanium alloy. The scratches and furrows vis-
ible in the SEM images were created due to the movement
of loose wear products in the friction area. In the case a
single-layer a-C:H diamond-like coating, the trace of wear
was invisible.

Test results of the geometric structure of the surface
after tribological tests shows that the diamond-like coating
has a high resistance to abrasion. This is evidenced by the
very small area of the wear field (Figure 16). In the case of
the Ti13Nb13Zr substrate, the lowest wear was observed in
tests in which the Ringer’s solution was used. It was lower
by 5% and 15% respectively in comparison with TDF and
SF.
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Figure 6: Scratch test results a) graph of variation of loading force and acoustic emission, b) scratch track:
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Figure 8: Surface morphology of the wear traces after techncal dry friction (TDF) for Ti13Nb13Zr
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Figure 9: Surface morphology of the wear traces after friction with Ringer’s solution (RS) for Ti13Nb13Zr
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Figure 10: Surface morphology of the wear traces after friction with synovial fluid (SF) for Ti13Nb13Zr
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(a) x1000 (b) x5000 (c) x15000

Figure 11: Surface morphology of the wear traces after techncal dry friction (TDF) for Ti13Nb13Zr a-C:H

(a) x1000 (b) x5000 (c) x15000

Figure 12: Surface morphology of the wear traces after friction with Ringer’s solution (RS) for Ti13Nb13Zr a-C:H

(a) x1000 (b) x5000 (c) x15000

Figure 13: Surface morphology of the wear traces after friction with synovial fluid (SF) for Ti13Nb13Zr a-C:H
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Figure 14: The isometric image of the trace of wear and the wear profile in a cross-section for Ti13Nb13Zr a) TDF, b) RS, c) SF
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Figure 15: The isometric image of the trace of wear and the wear profile in a cross-section for Ti13Nb13Zr a-C:H a) TDF, b) RS, c) SF
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4 Conclusion

The results of nano-hardness measurements showed that
as aresult of diamond-like coating deposition there was an
80% increase in hardness. Moreover, it was observed that
the Ti13Nb13Zr substrate is characterized by high plastic-
ity and the a-C: H-type coating by elasticity. Tests of adhe-
sion of the diamond-like layer showed that the mean criti-
cal force at which the first cracking of the coating occurs
(L¢q) is 2.95 N, while the total delamination of the layer
occurs at a force of 9.86 N. It was also observed that the
destruction of the coating had the character of adhesive
cracks. Among all investigated material pairs, the best tri-
bological characteristics were obtained for Ti13Nb13Zr and
a-C:H — Al,053 using Ringer’s solution as lubrication. The
obtained results showed that the application of DLC coat-
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ings significantly increased the hardness and reduced the
friction pair movement resistance. The analysis of the mor-
phology of wear trace and geometric structure of the sur-
face after tribological tests revealed high wear resistance
of the a-C:H type coating.
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