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Titanium nitride (TiN) coatings are widely used in machining because of its mechanical characteristics
which modify the surface of the substrate increasing the capacity of load support and reduction
of friction, while a coating as diamond-like carbon (DLC), which also has interesting mechanical
properties, needs better attention. In this sense, the development of new coatings such as DLC is as
important as wear analysis techniques. This work discusses the methods available to assess abrasive
wear of coatings. For this, it has been used the data of the crater volume formed in ball cratering test
and compared the difference between the specific wear coefficients of substrate and coating (ks and kc).
These coefficients depend of the methods used for data analyses, thus, it has been used four equations
to calculate ks and kc. Moreover, profilometry (pf) has been used to calculate the volumes, and thus
ks and ke. Also, the roughness of the coatings, the thickness, the images corresponding to the crater
formed, the coefficient of friction, the data obtained in wear tests due to the volume removed and, in
the end, a comparison between ks and ke by different methods of data analyzes are presented.
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1. Introduction

Cutting tools with titanium nitride (TiN) coating are
widely used due its mechanical properties such as high
wear resistance and low friction. A new and promising
coating for the same application is diamond-like carbon
(DLC). One of the primary functions is to improve the wear
resistance and thus increase the durability of components
and products for engineering coatings such as TiN and
DLC. Robust wear testing techniques are required to
determine those aspects of the coatings performance!, and
most of them are based on friction and wear 2°. Often,
the test parameters involved depend of: the tribo system
properties, the materials in contact, the surrounding and
wear conditions®. There are few successful methods of
wear test, for example: ball bearing, pin on disk and ball
on disk. Nevertheless, those techniques are common, new
approaches of data analyses are being raised by tribologists.

Considerable progress has been made in the last decade
with the development of the ball cratering test’. In this
test, a ball is rotated and pressed against the coated test
sample. Abrasive slurry is introduced between the ball
and the test sample. After a fixed number of revolutions,
the volume of the crater formed is used to calculate the
wear. Advantages of this test are: the operation simplicity,
the low cost of the apparatus and the small scale of the
samples. Moreover, ball cratering test method can be used
to evaluate a variety of coating including polymeric films,
thin hard ceramic coatings, metallic coatings and thick
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thermally sprayed coatings®. Alternative ball cratering test
was proposed by Gee and Wicks®. They used a test system
which enables sliding wear and friction test of TiN and
DLC coatings without the presence of added abrasive.

Bearing steel ball produces a circular depression which
is used to determine the wear rate of the coating and the
substrate. The wear is confined to the coating alone and a
wear rate is calculated by geometrical considerations. Next,
a sequence of craters with different duration penetrates
the coating, producing two boundaries on overall crater
diameter and the portion of the crater in the substrate.
Dimensional analysis of these features results in wear
rates for both the substrate and the coating. A disadvantage
is the reliability of ball cratering test which is related to
the measurement accuracy. Thus, optical microscopy has
become a conventional tool for measuring the diameter
of the wear crater generated in the abrasion test, and a
primary method of measurement. Profilometer (Pf) for
ancillary measurements in order to evaluate the crater
has been proposed in this work as alternative technique
for analysis.

This paper discusses the methods to evaluate the
shape of the crater formed in the ball cratering test and
the influence of the accuracy in the specific wear rate
of TiN and DLC coatings. The sets of coatings tested
here were useful to provide information on the wear and
friction performance of the DLC, giving guidance in the
application of this coating in sliding wear applications,
since TiN is widely known.
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2. Material and Methods

2.1 Experimental set-up and coating
characterization

Two sets of coatings have been tested: titanium nitride
(TiN) coating, which is widely used in the machining factories,
and DLC which is a new and promising coating. For both
coatings, it has been used M2 steel substrates. DC plasma in
physical vapor deposition (PVD) system has been utilized
to synthesize TiN coating, and vacuum arc discharge PVD
with graphite cathode was used for DLC.

The ball cratering test conditions were AISI 52100 steel
ball of 15 mm radius, constant velocity of 0.1 m/s, load of
0.3 N, diamond paste (3um) and silica solution 20% diluted
in ethylene glycol. The crater images were taken by optical
microscope for measuring the shape of the crater in the
conventional method. Alternative for measuring the crater
was performed in 3D profilometer equipment Taylor-Robson,
software TalyMap Universal. Images were carried out with
fixed sample and the probe displacement with a resolution
of 65 nm in z-axis, 250 nm and 1000 nm in X, y-axis.
The results obtained by using the conventional method were
useful as reference for the evaluation and comparison with
the profilometry technique. Images of the coating thickness
were obtained using scanning electron microscopy (SEM),
Hitachi S-3400 VP. Top view of the coating morphology
was evaluated by atomic force microscopy (AFM) Veeco
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multimode Nanoscope V. AFM technique was also used to
obtain the roughness by the Ra — factor, based on the relation:

I
R, = %ff(x) dx, where [ is the sampling length of the profile
0

and f{x) is the functional form of the profile heights measured
from a reference line.

2.2 Data analyses methods of the ball cratering
test

The ball cratering wear test is illustrated in Figure 1.
Figure 1 shows a test illustration with a schematic diagram
of the geometry of wear scars formed by ball cratering
test with a sphere of radius R, internal crater diameter a,
external crater diameter b, coating thickness t and the total
penetration depth h into the sample. In this test, experimental
data are provided by the analyses of the craters made for a
predetermined number of ball cycle, then wear rates for both
the substrate and the coating can be derived'’.

The wear volume was calculated by a model for abrasive
wear!! which is equivalent to the Archard equation:

\'
SN=— 1
- (M
Where k is the specific wear rate or wear coefficient, V is
the volume, S is the sliding distance and N, the normal load.
We are assuming the expression (2) to calculate k:
v SN _1

kN SN_1 2).
S A" 2)

coating

substrate

Y

Figure 1. Schematic diagram showing the geometry of wear scars formed by micro-scale abrasion testing with a sphere of radius R in

a coated sample.
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Linear plot of SN/V_versus V /V_was used to obtain
the wear coefficient of the coating (k ) and substrate (k) as
shown in Figure 2. Thus, an equation (3) can be obtained by

SN_1V, 1 o
V. k¢ V. k.
where V_and V_ are the volumes of coating and substrate,
respectively'?.

The thickness must be obtained via an independent
method to ensure accuracy, thus avoiding the propagation of
systematic errors in the final result. The volumes of coating

and substrate were calculated by (4) and (5) *:

7Ta4

STEAR “)
v, =%t(a2 +4R1) (5)

The symmetrical formulation also allows both specific
wear rates from a single test and a linear plot. For coated
substrate, where each component is assumed to have its own
specific wear rate, a combined wear equation (6) is given by:

Ve, Vs
ko k

SN (©)

C S

Rearrangement of equation 2 can produce two equations
to calculate k and k :

v

k. =—2 7
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To estimate the wear coefficient of the material, Rutherford
and Hutchings'* proposed that the volume V varies with
distance S, and this is directly proportional by constant k
and a normal force applied N according to the relation (9):
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Figure 2. Schematic diagram showing linear plot obtained by
plotting S.N/Vc against Vs/Vc.
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The wear equation (9) can be shown to be equivalent:

dv _dv,  dv,

—= + =k.N. +kN 10),

ds ds ds ¢ % (10)

where:

dv,

dSC :chc (11)
and

dv.

dss =k,N; (12).

Assuming that the specific wear rates are constant,
integration of these two equations gives (13) and (14):

\Y

¢ = [N.dS

™ IN, (13)
and

V,

= =JNds (14)

kS
therefore

%+%:I(NC+NS)dS:deS:S.N (15).

According to Kusano et al. (2004), data analyses cannot
be interpreted by just a single method, a use of the wrong
method can lead to poor accuracy in the resulting specific
wear rates. To avoid this, four equations have been compared
and used to the experimental data obtained. They are labeled
as AT, Vs-AT, Vc-AT and DI. ‘AT’ method is the Rutherford
formulation, using the inner crater diameter a and independently
measured coating thickness t.“Vs-AT” and ‘Vc-AT’ method
are the Allsopp formulation using the inner crater diameter a
and the independently measured coating thickness. ‘Double
intercept - DI’ method is the formulation which uses the
inner diameter a and the predetermined coating thickness
t 19 The equations related to ‘AT’, “Vs-AT’, ‘Vc-AT’ and
DI are described in the Table 1.

3. Results and discussion

The tools covered with TiN normally have 4 pm
thickness, as well the samples used here and shown in
the cross section-view evaluated by SEM in Figure 3. In

Table 1 - Data analysis methods.

Method Equation
T SN_[(1 1)V, 1
v ke ki) V Kk
VeAT SN_ 1 Ve o
s V, k. V, k,
VeAT SN_1Vo 1
“ VC 1(S VC kC
V,
o RIS
ks SN k. SN
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Figure 3. Cross-section view of the thickness of TiN coating by scanning electron microscopy and the morphology of the TiN coating

by AFM (inside).

this same Figure, the TiN coating morphology by AFM is
presented inside, the TiN roughness obtained by AFM is
90 nm. As expected, the roughness of the TiN deposited by
PVD system was low and follows the shape of the substrate,
indicating that the coating has satisfactory adhesion. In the
other hand, DLC is a new technology and needs better attention
due adhesion issues that limits its use '* ', although is an
interesting type of coating because of its high hardness and
chemical inertness '7. The DLC with 1 pum thickness shows
satisfactory adhesion, and the interface between coating and
substrate is clear, as shown in Figure 4. Also, the morphology
of DLC is homogeneous and the roughness calculated is
62 nm. Despite the DLC roughness is lower than TiN,
other mechanical properties may influence the wear results
and discussed forward, apparently, the slight difference of
roughness do not interfere significantly on the wear.

It is known that when perforation of the coating occurs,
the procedure originally developed by Rutherford and
Hutchings can be used 7%, A series of tests were performed
with different cycle number, and then the formation of the
crater was caused by the contact-pressure at the center of
the sphere with the sample. No difficulties were found to
measure the crater in the TiN samples due the regular shape
of'the contour created in the pair substrate-film, as shown in
Figure 5. The micrograph reveals a “ring” of considerable
width at the outer edge of the crater. Differently, the samples
of DLC showed a non perfect diameter of the crater, as
shown in Figure 6. There were difficulties in defining the

edges of craters for DLC as indicated by the diameters
variations; moreover, the grooves in the edge interfere
in the measurements of the inner craters diameters, also
scuffing effect have occurred around the edge of the crater.
This scuffing effect can cause difficulties in determining the
real edge of the crater. When the crater with irregular shape is
observed, the coating volume calculated is strongly affected,
since the formulas of the volumes (4 and 5) are dependent
on internal diameter (a) and the thickness (t). Apart from a
slight fuzziness of the crater edge this micrograph allows
for a fair measurement of the corresponding crater intersect
diameter. Interesting points are raised by Gee et al. (2003)".
They reported the same factors observed here which affect
the accuracy of measurements: the difficulty in resolving
the edges of craters; the method of scar size measurements;
the fact that non-perfect crater shapes are often seen in tests;
and the theory for analyzing results may not be appropriate
for all materials and test conditions.

Images from the alternative technique suggested here
are presented in Figure 7. The volume from the profile of the
crater has been calculated to the pair substrate-film. Thus,
results obtained by profilometry were useful for comparison
with the volumes calculated by conventional method.

Figure 8 shows the coefficient of friction during the ball
cratering test. Friction and normal forces were captured by
wear-acquisition and real-time analysis system. With the
expectation of the tests on TiN, the average coefficient of
friction (0.7) for the TiN-coated substrate is quite high, if
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Figure 4. Cross-section view of the thickness of DLC coating by scanning electron microscopy and the morphology of the DLC coating
by AFM (inside).

Figure 5. Crater produced in TiN-coated steel sample by optical microscopy.
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Figure 6. Crater produced in DLC-coated steel sample by optical microscopy. The crater edge has grooves in which became difficult the

diameters measurements.

Figure 7. Crater profile of DLC and TiN by profilometry.

compared with the coefficient of friction (0.3) of DLC.
Mechanical properties as hardness of DLC and Young
modulus are related to the low coefficient of friction for DLC,
however for TiN coating the non-uniform morphology, as

observed in the AFM image on Figure 3, can influence the

friction during the test.
From the slope of the linear fits to the data, as shown in

Figure 9, this method provides a simple indication whether k_
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Figure 9. Plots of abrasion wear data obtained for TiN-coated M2 steel and DLC.

is greater or less than k . An advantage is its potential accuracy
since the value of S.N is generally much more accurate
than the volumes calculated from the measured wear scar
dimensions. Separate wear scars were formed after varying
numbers of ball rotations and have been measured by optical
microscopy. For each scar at least five measurements of a
and b were made parallel and perpendicular to the abrasion
direction to obtain mean values of a and b.

The internal crater diameters and the external crater
diameters for TiN and DLC were both measured as shown in
Figure 10 and plotted against SN. There is a steady increase
tendency in the size of internal and external TiN diameters,
differently, a non-steady increase is observed for DLC.

Probably, the factors like thickness and wear resistance are
responsible for the result of each coating.

The specific wear coefficient of the substrate (k) and
the coating (k ) by the four methods of data analyses plus
profilometer are discussed based on the Figure 11. Wear
cocfficients using the volumes from profilometer have
been compared with those obtained by the conventional
method. The wear coefficients of TiN and DLC samples of
all methods are consistent with the values reported in the
literature?. Interesting results for the DLC wear coefficients
were calculated by Vc-At and DI, which show significant
difference between ks and ke, indicating that the wear of the
coatings were lower than the substrate. Although, the wear
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Figure 10. Experimental data obtained from ball-cratering tests on TiN and DLC coated sample with mean values of the internal and

external crater diameters.
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Figure 11. Evaluation of specific wear rates of substrate and coating, ks and ke, using four equations of data analyses methods (AT, Vs-AT,
Ve-At and DI by conventional micrsocopy) compared with specific wear rates of ks and ke from the data obtained using profilometry

(pf) technique.

results of specific wear rate are not with the same tendency,
the coefficient of the substrate (k ) often is greater than the
coating (k ). However, in the profilometer method k was
greater than k_for both coatings, probably due poor accuracy.
Therefore, the use of profilometer to measure the volume of
the crater needs to be better understood, while Vc-At and
DI are the best analyses methods.

4. Conclusions

The titanium nitride coating is widely known in
machining industries and has been successfully used to
make a comparison with DLC which is a new technology.
The roughness does not have influence significantly on
the wear results of both coatings. The ball cratering test
was evaluated to be appropriate method for calculating the
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specific wear rate, once the use of correct equation. The use
of profilometer for analysis of the crater from ball cratering
test proved to be non-applicable and consistent if compared
with the conventional method, due the profilometer analysis
cannot discriminate between the coating and the portion of the
substrate. Therefore, conventional method can be applied to
a variety of test and abrasive material. Although it is realized
that the method for defining the boundary between the DLC
coating and the substrate for the gray color changes needs to
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