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Abstract: Abrasive wear is a wear mechanism that results in a loss of material from the interaction
of a surface with hard particles. This type of wear is frequently found in the surface of machining
tools. Microscale abrasion equipment is often used to characterize the resistance to abrasive wear of
a surface. The different parameters able to control micro-abrasion wear tests, such as ball rotation,
sliding distance between ball and surface sample, abrasive slurry concentration, normal load acting
on the sample, and abrasive flow rate over the sample, have been widely studied. The combination of
different variables, including sliding distance, concentration of abrasive particles, their hardness, and
size of abrasive particles, promotes the transition between two-body, three-body, or mixed abrasive
wear modes. However, the influence of the ball surface on the dragging of abrasive particles, which
is reflected in the wear modes, is still poorly studied. One of the variables possible to control and
less studied is the influence of the ball surface texture on the dragging of abrasive particles in micro-
abrasion wear tests. This work intends to correlate the effect of different testing times (500, 1000, and
1500 cycles) and different concentrations of 3 µm Al2O3 abrasive slurry (25, 35, and 45 g/100 mL)
on the micro abrasion resistance of a TiN thin coating film, using balls of AISI 52100 steel whose
texture and roughness were prepared by 60 s chemical etching. The rotation speed of each test was
80 rpm, applying a normal load of 2 N. Subsequently, the craters were carefully analyzed using
SEM to evaluate the transition of the wear mode as a function of the applied load, the abrasive
particle concentration, and the sliding distance. The textured ball tracks were observed via SEM to
assess the particle dynamics. The results showed that, contrarily to what is reported in the literature
regarding wear modes where rolling is promoted with increasing abrasive concentration, in this
work grooving took place instead. This is a result of the rough balls use in the experiments which,
due to the embedment of abrasive particles in the ball grooves, promotes the abrasion mechanism.
The higher the abrasive concentration, the higher the grooving mechanism, since more particles are
available to scratch the surface.

Keywords: micro-abrasion; ball surface texture; PVD coating; TiN; abrasive particles; Al2O3; three-body
abrasion; two-body abrasion; ball-cratering; grooving; rolling

1. Introduction

The development of new hard coatings for protecting the machining tools surface
is permanent. This induces the constant need for an adequate characterization of wear
resistance. One of the most common forms of wear and tear is abrasion. Given the
reduced thickness that usually characterizes thin solid films produced using PVD and
CVD techniques [1,2], it becomes necessary to develop methodologies for testing these
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coatings that are expeditious and allow reliable/reproducible results [3]. This gap was
identified by Rutherford and Hutchings [4,5] in the late 1990s, and a new test methodology,
micro-scale abrasion, emerged. This equipment is also known as a ball-cratering device
as it produces a crater caused by the action of a ball animated with a rotating motion,
assisted by an abrasive slurry consisting of distilled water and a concentration of a selected
abrasive powder. This slurry is constantly stirred to ensure the necessary homogeneity of
the abrasive mixture to the contact zone between the ball and the flat sample surface [6].
Studies on this new test methodology were multiplied due to its flexibility, relatively
small and cheap equipment, and the very affordable price of the necessary samples [7].
To establish a universal procedure for performing the tests and interpreting the results,
Gee et al. [8] originated the definition of a standard that would regulate this type of test.
After this step, the same authors felt the need to analyze the reproducibility and accuracy
of the results obtained in order to validate the proposed procedure [9]. In that study,
they found that the analysis of craters produced using a microscope allowed a greater
reproducibility of results than using profilometry, with a maximum difference of 2% in
the results obtained in 14 different laboratories under the same test conditions. However,
this opinion was not shared by the entire scientific community. Schiffmann et al. [10]
reported serious difficulties in measuring craters that had reached the substrate, stating that
using a profilometer would be more appropriate in this case. In parallel, Kusano et al. [11]
established a methodology for the treatment of data resulting from this type of test in an
attempt to improve the accuracy and reproducibility of the results. Cozza [12] investigated
the influence of normal load and abrasive particles concentration on the friction coefficient
between the ball and the sample surface, concluding that there is no direct relationship
between normal load or abrasive concentration on the friction coefficient measured under
each set of test conditions. Using a monolayer film of TiN and another composed of two TiN
layers, Batista et al. [13] sought to find differences in the wear mechanism in the transition
between layers; they observed only grooving in the monolayer film, while in the multilayer
film a mixture of rolling and grooving was observed. The use of different abrasive particle
materials has been studied by Silva et al. [14], specifically diamond, alumina, and silicon
carbide, to identify the particles that promote more defined craters. The study showed that
diamond particles gave rise to the most well-defined craters, primarily due to a lower gap
between the levels of hardness presented by coating and abrasive particles.

Ardila et al. [15] investigated the possible influence of the ball material on the dragging
of particles that induce micro-abrasion on the sample’s surface. They concluded that balls
made of harder materials gave rise to higher coefficients of friction, resulting in less uniform
craters and regular spacing between grooves. Ardila’s study has been recently extended by
Pinto et al. [16], who used different ball materials. They showed that AISI 304 stainless steel
has proved to be more efficient in dragging the abrasive particles throughout the contact,
revealing that abrasive particles easily remain completely embedded. Moreover, rolling
wear mode was predominant when using SS AISI 304, while grooving was prevalent when
using AISI 52100 balls. Baptista et al. [17] studied the influence of the surface roughness
of the balls used in the micro-abrasion test, using AISI 52100 steel balls provided with
different etching times, which induced different surface textures in the balls. This study
allowed the authors to conclude that the volume of worn material grows slowly but
consistently with the increase in normal load and the ball’s etching time. Ardila et al. [18]
have investigated the evolution and role played by the topography of the ball, concluding
that there are topography changes over time during the test, increasing the contact area and
the roughness surface, thereby dragging more abrasive particles across the contact area.

Another study performed by Esteves et al. [19], investigating the influence of the ball
rotation on the results, demonstrated that, when increasing the rotation speed of the ball,
there is a decrease in the wear coefficient. They also observed an increase in the number of
abrasive particles embedded on the sample’s surface.

Stack and Mathew [20] used micro-abrasion to compare the wear behavior of WC/Co
coatings with uncoated stainless steels, concluding that stainless steel performs better
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than WC/Co coating, primarily under elevated normal loads. Silva et al. [21] used micro-
abrasion to study the wear performance of diamond coatings produced by CVD. Using
diamond abrasive particles, they obtained relatively low wear rates, confirming the excel-
lent performance of this type of coating. Micro-abrasion has also been used to evaluate the
wear performance of NCD (Nanocrystalline Diamond) produced by CVD [22]. Rodríguez-
Castro et al. [23] compared the wear performance of uncoated CoCrMo substrates with
CoB/Co2B coated ones using micro-abrasion. In addition, they mapped the tests conditions
that have promoted a change from grooving to rolling wear modes. The friction coefficient
of some well-known PVD coatings, such as TiN and TiC, has also been evaluated by using
micro-abrasion-tests and analyzing tangential and normal forces during the tests. In one of
these studies, Cozza et al. [24] concluded that the friction coefficient of those films ranges
from 0.4 to 0.9. The same authors also concluded that the wear rate is inversely propor-
tional to the hardness of the coating. Silva et al. [25] compared TiAlN and TiAlSiN coatings
produced by the PVD technique, concluding that the addition of 5% Si is not enough to
clearly improve the micro-abrasion wear resistance of the coating. Martinho et al. [26]
investigated the micro-abrasion performance of TiAlCrSiN thin coatings producing by
PVD and compared its behavior with uncoated pre-treated tool steel used in the molding
injection of 30% glass-fiber reinforced plastics. They concluded that TiAlCrSiN improves
the abrasion wear resistance of the surface by 50%. Silva et al. [27] investigated the wear
behavior of multi-layered CrN/CrCN/DLC for its application in molds devoted to the
injection of glass-fiber reinforced plastics. They concluded that the results obtained in the
micro-abrasion tests cannot be directly compared with the results obtained in inserts placed
into the mold. Moreover, in a comparative wider study subsequently developed by the
same authors [3] concerning a group of different coatings, micro-abrasion tests showed
that TiAlN monolayer coating presents the best micro-abrasion wear behavior.

Micro-abrasion has also been used to test the abrasion resistance of bulk (not coated)
materials. Stachowiak et al. [28] investigated the micro-abrasion behavior of high Cr content
white cast irons. They revealed that the matrix of white cast irons is preferably worn, while
carbides were more resistant and stood out. Recently, Moreira [29] used micro-abrasion
tests to determine the benefits obtained by the inclusion of WC-MMCs (Tungsten Carbide
Metal Matrix Composites) into low carbon cast steels. The results showed that an increased
wear resistance of 39% could be obtained with the new structure. Polymeric coatings [30]
have also been tested using micro-abrasion wear tests with very promising results. Nickel
superalloys produced using plasma transferred arc, used in the protection of the surface of
molds for the glass industry, have also been studied for abrasion resistance using different
applied loads and abrasive slurry concentrations [31]. Results showed that the specific
wear rate essentially depends on the wear mechanisms (rolling or grooving) and not on the
testing conditions.

Titanium nitride (TiN) hard coating deposited by sputtering has brought about
one of the most significant technological advances in the development of modern tools.
In the early years of PVD hard coating, TiN was essentially the only coating developed
until 1980 [32]. Although many other PVD hard coatings were later developed, TiN coating
remains one of the most important since it is a simple coating system, is easily to produce,
and can be reused. It is also often used to coat the surface of machining tools. Despite
the immense number of tribological studies conducted on this coating system, studies
regarding its abrasion performance using micro-scale abrasion resistance remain scarce.
Studies focused on tests conducted against counterparts with induced roughness, tests
duration and the effect of abrasive concentrations of slurry on the wear mechanism, and
specific wear rate are still missing in the literature.

In this work, the effect of different test times and different concentrations of abrasive
slurry (25, 35 and 45 g/100 mL) on wear resistance of a TiN film using an AISI 52100 steel
balls whose texture and roughness were prepared by chemical etching were studied. The
results are discussed in terms of the effect of the roughness of the ball, concentration of
abrasive slurry on the dominant wear mechanisms, and specific wear rate of the coating.
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2. Materials and Methods
2.1. Material
2.1.1. Substrates and Balls Used in the Experiments

Uddeholm CALMAX steel (chromium-molybdenum-vanadium steel alloy) was used as
substrate, with Young’s modulus of 210 GPa and hardness of 1.863 GPa. The chemical composi-
tion of the samples is shown in Table 1. Coupons with dimensions of 28 mm × 25 mm × 4 mm
(width × length × thickness) were machined, followed by a heat treatment, annealing
at 650 ◦C for 2 h, to remove stresses in the material during machining. Then, an addi-
tional heat treatment was carried out at 960 ◦C, followed by oil quenching, to harden the
substrate and ensure its hardness was closer to the coating to be deposited. The final
average hardness of the samples was 9.729 ± 0.049 GPa. After the heat treatments, a surface
cleaning was performed, followed by a grinding operation using 400, 800, and 1200 grit
sandpaper. Then the surface was polished using a diamond suspension until a mirror-like
aspect was achieved (Ra of 0.0256 ± 0.002 µm). During the roughness analysis procedure,
five measurements were performed in two orthogonal directions, obtaining an average
value and the corresponding standard deviation. Subsequently, all samples went on to the
next process: the deposition of titanium nitride (TiN) coating.

Table 1. Chemical composition of CALMAX * steel (weight %).

C Si Mn Cr Mo V

0.6 0.35 0.8 4.5 0.5 0.2
* Uddeholm CALMAX substrate is a chromium-molybdenum-vanadium alloyed steel.

To carry out the microabrasion tests, polished AISI 52100 steel balls with a diameter of
25.4 mm were acquired. The balls underwent an ultrasonic cleaning process with acetone
for 15 min. After cleaning, the balls were etched with a 4% Nital solution for 60 s, following
the guidelines of the authors’ previous work [16,17], to increase the surface roughness.
Its texture, resulting from the attack, can be observed in [17]. Using a scanning electron
microscope (SEM), the balls were observed in their natural state (in as supplied conditions)
and after having been etched by Nital 4% for 60 s.

2.1.2. Abrasive Particles Characterization

MicroPolish Alumina Powder-Deagglomerated Alpha (1 µm) (Microdiamant USA,
Inc., Smithfield, PA, USA), was used as abrasive. To confirm the abrasive particles’ size
and distribution, an analysis was performed using laser diffraction equipment (Malvern
2000 Particle Sizer Analyzer with a Hydro 2000G sample scattering unit). The Alumina
abrasive powder was dispersed in water at 250 rpm and three readings were taken. The
average granulometry value obtained in this analysis was 2.259 µm. Figure 1 shows the
morphological characterization of the geometry of the alumina abrasive particles used in
this work.

The mathematical models used in this process were based on the theory of Mie
or Fraunhofer to form and generate a granulometric distribution based on Equivalent
Spherical Diameter Volume. In Figure 2, it is possible to see the graph of the abrasive
particles size distribution.

2.2. Methods
2.2.1. Coating Deposition Process

In the deposition process carried out for this work, a CemeCon® CC800/9 ML reac-
tor was used with four Ti targets. In the deposition process, three gases were employed,
Argon, Nitrogen, and Krypton, each with the appropriate proportion (Kr: 260 mln; Ar+:
330 mln; N2: 75 mln). During deposition, the sample holder and the corresponding satel-
lites rotate to ensure the coating homogeneity. Table 2 summarizes the parameters used
in PVD deposition.
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Table 2. PVD deposition process parameters of the TiN film.

Deposition Parameters Values

Temperature [K] 750

Gas pressure [Pa] 0.650

Bias range [V] −105 to −90

Rotation speed of the holder [rpm] 1

Target current [A] 10

Deposition time [min] 120
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2.2.2. Morphology and Thickness Analysis of the Coating

For the morphology and thickness analysis of the coating, it was necessary to partially
cut the samples at the back side with a disc saw. A deep groove was made to help break up
the samples. After the groove, the samples were immersed in liquid nitrogen for 30 min to
facilitate breakage, ensuring the absence of stresses or mechanical deformations in both the
substrate and the coating close to the broken area.

To evaluate and measure the thickness and characterize the surface morphology, a FEI
Quanta 400FEG scanning electron microscope (SEM) equipped with an EDAX Genesis X-ray
spectroscope (EDS) was used. Using the SEM equipment, two observation modes were
used to capture the images: secondary electrons (SE) and backscattered electrons (BSE).

2.2.3. Roughness Analysis—AFM and 3D Profilometry

Initially, an analysis of the coated sample surface roughness was carried out to study
the film deposited on the substrate using a VEECO Multimode atomic force microscope
(AFM). The equipment used has a 7 nm beam probe and the software used was the
NanoScope 6.13. In this analysis, arithmetic average roughness of the surface (Ra) and
maximum surface roughness (Rmax) were considered. After the first approach with the
AFM, a 3D evaluation of the craters was performed. In the surface roughness analysis
of the craters, a 3D optical profilometer equipment (Sensofar S-neox) and the SensoMap
analysis software were used. Nine measurements were performed following the ISO 25178
standard. The visualization of the inside craters texture was performed using a higher
magnification (50× interferometric objective, acquisition area of 351 µm × 264 µm) under
confocal mode (CO). In this analysis, for the 3D surface characterization, the amplitude
parameters of the surface roughness arithmetic mean (Sa), maximum topographic surface
height (Sz), and Skewness of topography height distribution (Ssk) were analyzed.

2.2.4. Adhesion Analysis

To evaluate the adhesion of the TiN film to the substrate, two tests were performed:
the Rockwell indentation test and the scratch test. The analysis by indentation is based on
the evaluation that is made concerning the behavior of the coating through an indentation
performed with a conical Rockwell diamond indenter, using a 150 kgf normal load. The
equipment used was an EMCO M4U Universal Hardness Tester. Produced craters were
observed using an OLYMPUS BX51M optical microscope (OM) at ×100 magnification. In
this test, the VDI 3198:1991 standard was followed; the primary goal was to obtain an
adhesion classification regarding the appearance of the indentation edge. In the scratch
test, the cohesive (Lc1) and adhesive (Lc2) failure modes were obtained, making it possible
to quantify the normal load adhesion between the TiN film and the steel substrate. In
this test, a Rockwell indenter was used. The indenter slides at a speed of 10 mm/min,
with a load range of 0 to 30 N at a load increasing rate of 10 N/min. Six readings were
performed per sample: three readings in two orthogonal directions. The scratch tests were
developed using a CSM REVETEST scratch tester equipped with an acoustic emission
detector, according to BS EN ISO 20502:2016.

2.2.5. XRD Analysis

In the X-ray Diffraction (XRD) analysis, the characterization was focused on the TiN
coating. The equipment used was a Rigaku SmartLabSe diffractometer, whose operating
characteristics are 40 kV voltage, 30 mA current intensity, Cu Kα Radiation with a wave-
length of 1.5406 Å, step size [2θ]: 0.01◦, 2 h time, with 1.0 s scan step time; the method used
was top of smoothed peak. The spectrum acquisition was conducted in conventional mode.

2.2.6. Nano-Hardness Assessment

In the hardness analysis of the studied film, the Nanoindenter CSM equipped with
a Berkovich diamond indenter with used with the application of the Oliver and Pharr
method [33,34]. The NHTX S/N 01-02934 equipment operating settings were: 150 mN
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maximum load, 10 Hz acquisition rate, 1 s dwell time, 200 mN/min charge rate, and
200 mN/min discharge rate.

2.2.7. Micro-Abrasion Test

Micro-scale abrasion tests were performed using a PLINT TE-66 micro-abrasion device.
During the abrasion process, three concentrations of abrasive slurry were used, using 3 µm
abrasive Alumina particles. The tests were conducted with three different test durations
(500, 1000, and 1500 cycles). For each slurry concentration, 25, 35, and 45 g were used for
each 100 mL of distilled water. The ball rotation speed was 80 rpm (0.106 m/s) and the
load used was 2 N. Three tests were performed for each of the combinations, as shown in
Table 3. AISI 52100 steel balls used in these tests were etched by 4% Nital for 60 s.

Table 3. Microabrasion Tests (three craters per test).

Tests Number Concentration [g/100 mL] Cycles [Rotation] Sliding Distance [m]

1
25

500 39.9
2 1000 79.8
3 1500 119.7

4
35

500 39.9
5 1000 79.8
6 1500 119.7

7
45

500 39.9
8 1000 79.8
9 1500 119.7

For the calculations of the volume removed from craters, the following expression
was used:

V = π
d4

64·r (1)

where d represents the crater diameter in mm and r represents the radius of the ball used in
the test in mm. The wear rate was calculated using the following Archard’s expression:

K =
V

s·F (2)

where K represents the specific wear rate [mm3/Nm], V corresponds to the volume of
material removed [mm3], s embodies the sliding distance [m], and F relates to the Normal
Load [N] [35].

3. Results and Discussion
3.1. Coatings Morphology and Thickness

TiN coating displays a homogeneous surface morphology, as can be seen in Figure 3a.
The cross-section morphology shows as a columnar-type structure, where the columns
grow from the substrate up to the topmost surface. Three different zones can be perceived
in the cross section: the substrate layer, the adhesion layer, and the final film. The different
zones observed in the cross-section morphology of the film are the result of the use of
different biases applied to the substrate. At the beginning of the deposition, the bias applied
at the substrate was −105 V to ensure good adhesion to the substrate; in the following
layer, the bias used was −90 V. It is also possible to verify that the coating is 4.5 µm thick.
As expected, taking into account the deposition conditions, the EDS spectrum acquired in
the film confirms the presence of Ti and N; this considers the elements stoichiometry, i.e.,
at.% of each elements ~50 at.%, corresponds to TiN.
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3.2. Roughness Results

The evaluation of the coating surface roughness was performed by AFM, as presented
in Figure 4.
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Observing Figure 4, it is possible to state that the coated surface is smooth and ho-
mogeneous. The data obtained and recorded revealed that the arithmetic mean surface
roughness was 0.0267 µm (Ra = 0.0267 ± 0.002 µm) and maximum roughness was 0.335 µm
(Rmax = 0.335 ± 0.007 µm). The values obtained are in the range of the values reported for
TiN films in the literature [21,36].

After performing the microabrasion tests, a 3D evaluation of the inner (central) part of
the craters was conducted, following the procedures described in the Experimental section.
The corresponding results can be seen in Table 4.

Table 4. Data collected in the analysis of craters by 3D profilometry.

Tests Number Concentration
[g/100 mL] Number of Cycles Sa 50× [µm] Sz 50× [µm]

1 25 500 0.3544 2.0810
2 25 1000 0.3158 2.2539
3 25 1500 0.2892 1.9645

4 35 500 0.4259 3.1506
5 35 1000 0.2834 1.7717
6 35 1500 0.4949 3.5059

7 45 500 0.3546 2.0869
8 45 1000 0.2949 5.7062
9 45 1500 0.3982 2.4335

Figure 5 shows the 3D topography of the analyzed craters. From the table, it is possible
to observe that, when retaining the number of cycles and increasing the concentration of
the abrasive slurry, the particles create grooves that cause a more pronounced passage of
the abrasive, leading to more pronounced grooves. Maintaining the same concentration of
abrasive and increasing the number of cycles, the roughness increases. This phenomenon
agrees with the literature, which states that rolling wear is a more effective mechanism
for material removal than groove wear [31]. Comparing the images in Figure 5a–c, there
is an increase in the wear surface of the ball as the slurry concentration increases, from
25 g/100 mL to 45 g/100 mL. This phenomenon is repeated for a greater number of cycles
(1500 cycles), as can be seen in Figure 5d–f. Figure 5c,f show that the groove created in
the specimens surface is wider, deviating from the center and creating more pronounced
grooves around the center. This phenomenon is associated with the high concentration
of alumina. The concentrations of 25 or 35 g/100 mL are those that presented more
homogeneous groove trace.

3.3. Adhesion Evaluation

Figure 6 shows an image of the Rockwell-C adhesion test conducted at the film under
a normal load of 15 N. According to the standard, the cracks identified at the indentation
edge can be classified as HF1, considered acceptable as described in the standard, as well
as in line with the conclusion of the authors’ work in [25].

Regarding the scratch test, it was possible to observe that the first acoustic emission
signal only appears under a normal load of approximately 10.5 N, as can be seen in Figure 7.
Thus, it can be determined that the first cohesive failure event (lateral delamination) appears
under this load. This failure agrees with other works [29,30]. Observing Figure 7, when
the load is approximately 21 N, it is possible to verify that the first event of adhesive
failure (lateral peeling) appears and small portions of chips on the track and exposure
of the substrate occur. In this phase, the acoustic emission increases in amplitude and
frequency. This adhesive failure occurs earlier when compared with other work performed
by Silva et al. [27]. Taking into account the adhesion values and the critical load values
globally, the film is well adhered to the substrate, ensuring that it will not pull off during
micro-scale abrasion experiments.
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(f) Slurry concentration 45 g/100 mL.
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3.4. Coating’s Structure

Figure 8 shows the XRD diffraction pattern of the produced film. As expected, the
diffraction peaks can be assigned to the crystalline TiN phase with an fcc structure. The
strong diffraction peak at 62◦ indicates the film growth with a strong (220) preferential
orientation. Diffraction peaks from the substrate can also be detected.
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3.5. Nano-Hardness

In this work, an analysis of the TiN coating hardness was also conducted. Due
to the low thickness of the coating, it was necessary to perform several indentations
with very light loads and high accuracy to reduce the uncertainty in this test. With the
small loads applied during the hardness test (Figure 9), the influence of the substrate on
the measurements was prevented. From these tests, the following properties have been
evaluated: (a) Young’s modulus 357.56 ± 19.87 GPa and (b) hardness 29.53 ± 1.34 GPa.
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These values are 15% lower than those mentioned by [37]; however, the values exceed
those mentioned by [16] by approximately 5%.
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Figure 9. Typical load-unload curves, resulting from several nano-hardness tests.

Observing the “load-unload” curves seen in Figure 9, it is possible to verify that the
deepness reached in the hardness test was just a little higher than 10% of the coating
thickness, showing that there was practically no influence of the substrate in the test. In fact,
looking at Figure 9, the slopes of the curves are very similar, meaning that the substrate
had no influence on the presented hardness value.

3.6. Micro-Abrasion Analysis

The micro-scale abrasion results for the different test conditions are shown in Figure 10. For
a better interpretation, Table 5 summarizes the volume loss, size of the craters produced, and
specific wear rate as a function of the test conditions, i.e., abrasive slurry and sliding distance.

Table 5. Specific wear rate obtained for the TiN films as a function of the abrasive slurry concentration
and sliding distance under a normal load of 2 N.

Abrasive Particles
Concentration

[g/100 mL]
Cycles Crater Average

Diameter [mm] ± σ
S–Sliding Distance [m] V–Volume Loss [mm3] ± σ

K–Specific Wear Rate
[mm3/Nm] ± σ

25
500 7.33 × 10−1 ± 8.1 × 10−4 39.90 1.12 × 10−3 ± 9.1 × 10−5

2.2 × 10−5 ± 2.4 × 10−61000 1.019 ± 1.0 × 10−3 79.80 4.17 × 10−3 ± 1.1 × 10−4

1500 1.047 ± 1.0× 10−3 119.69 4.64 × 10−3 ± 1.9 × 10−4

35
500 7.19 × 10−1 ± 8.0 × 10−4 39.90 1.03 × 10−3 ± 6.2 × 10−5

2.0 × 10−5 ± 2.9 × 10−61000 9.27 × 10−1 ± 1.1 × 10−3 79.80 2.85 × 10−3 ± 9.4 × 10−5

1500 1.025 ± 7.6 × 10−4 119.69 4.27 × 10−3 ± 5.8 × 10−5

45
500 7.06 × 10−1 ± 1.2 × 10−3 39.90 9.60 × 10−4 ± 9.8 × 10−5

8.0 × 10−6 ± 1.2 × 10−71000 8.25 × 10−1 ± 1.1 × 10−3 79.80 1.79× 10−3 ± 1.1 × 10−4

1500 8.72 × 10−1 ± 8.7× 10−4 119.69 2.23× 10−3 ± 1.1 × 10−4

In Figure 11, it can be seen that the specific wear rate of the coating decreases with
the increase of the abrasive slurry concentration. Additionally, in Table 5, it can be seen
that: (i) for the same abrasive concentration, the volume loss of the film increases with
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the increasing of the sliding distance, and (ii) the dimension of the produced scars on the
surface of the film decreases with increasing slurry concentration, which consequently
decreases the volume loss (see Figure S1 in Supplementary Material).
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Figure 10. Wear craters generated by the test ball AISI 52100 and Alumina abrasive particles with
a 2 N normal load. (a) SC 25 g/100 mL and 500 cycles; (b) SC 35 g/100 mL and 500 cycles; (c) SC
45 g/100 mL and 500 cycles; (d) SC 25 g/100 mL and 1000 cycles; (e) SC 35 g/100 mL and 1000 cycles;
(f) SC 45 g/100 mL and 1000 cycles; (g) SC 25 g/100 mL and 1500 cycles; (h) SC 35 g/100 mL and
1500 cycles; (i) SC 45 g/100 mL and 1500 cycles.
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Figure 11. Specific wear rate regarding abrasive particles concentration for different number of cycles
and 2 N normal load.

To understand the changes in the specific wear rate and volume loss of the film as a
function of the sliding distance and abrasive concentration used, the wear mechanisms
presented in the scars were investigated. Figure S2 (in Supplementary Material) shows the
aspect of the wear craters caused by the movement of an AISI 52100 ball as a function of
the abrasive concentration and increasing sliding distance. As can be seen, scars produced
under the low abrasive concentration and with increasing sliding distance displayed a mix
wear mechanism (rolling and grooving). As expected, the increase of the sliding distance
increased the size of the scars. An increase of the size of the scars was also observed for
the other abrasive slurry concentrations with increasing sliding distance. Nevertheless,
the wear mechanism has changed. Indeed, the increase of the slurry concentration from
25 to 35 g/100 mL changes the wear mechanism from a mixed rolling/grooving mode
to pure grooving. Further increase of the abrasive slurry concentration to 45 g/100 mL
produces a more severe grooving wear mechanism. This tendency corroborates the increase
of roughness of the scar as presented in Table 4 and Figure 5.

This change of wear mechanism with the increase in abrasive slurry concentration
does not follow the tendency reported in others studies, where it has been reported that
increasing the abrasive slurry concentration promotes the formation of rolling wear [31].
As explained below, the different trend is caused by the roughness of the ball surface, as
observed by Batista et al. [17]. During abrasion experiments at the lowest slurry concen-
tration, the slurry in the contact in one direction rolls at the film surface producing rolling
wear; in the other direction, due to the roughness of the ball, the slurry will agglomerate
at the ball grooves and, due to the ball movement, will produce grooving wear. A mixed
mode wear mechanism in the scar is thus established. When the abrasive concentration is
increased, there is more abrasive available to agglomerate at the ball valleys which, due
to the movement of the ball, will scratch the surface, producing a severe grooving wear
mechanism. The higher the abrasive slurry concentration, the more defined grooving wear
will be, as can be seen in Figure 11. In all the scars in the exit zone of the abrasive slurry,
the presence of agglomerated material is visible. According to the EDS (see Figure S2
in Supplementary Material), the adhered material corresponds to abrasive particles of
alumina that have stacked on that zone due to the movement of the ball and the shape of
the crater. The decrease of the specific wear rate of the TiN film with increasing abrasive
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slurry concentration can be interpreted based on the changes of wear mechanisms. Indeed,
it is well known from the literature that rolling wear is a more effective mechanism in
removing material than grooving wear [31]. Thus, a change from a mixed wear mechanism
to grooving wear, as observed with increasing abrasive slurry concentration, explains the
decrease of specific wear rate.

3.7. SEM Balls Analysis

Some researchers have studied the importance of ball etching level in wear mecha-
nisms. In this sense, and following these studies, an aggregation of the alumina particles
in the alveoli created by the 4% Nital etching procedure was expected [16,17]. Observing
the tracks on the balls after the tests (Figure 12a,b), it was found that, for 2 N load, as the
number of cycles increase, the topography of the track became smoother, making it difficult
to locate alumina particles. Considering these results, it was noticeable that the load used
versus the cycles number were excessive.
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Figure 12. SEM track analysis for abrasive alumina powder, (a) SC-25 g/100 mL, 500 cycles;
(b) SC-25 g/100 mL, 1500 cycles.

Thus, in future works, it is desirable to reduce the load so that the alumina particles
are aggregated to the texture created in the sphere in order to have a more abrasive effect.

4. Concluding Remarks

In this work, the effect of different test durations and abrasive particle concentrations
of 3 µm Al2O3 on TiN PVD thin coating were studied. The rotation speed used in the
test was 80 rpm, the normal load used was 2 N, and three different test durations were
used (39.9 m, 79.8 m, and 119.7 m sliding distance). Three concentrations of abrasive
particles of 3 µm Al2O3 in distilled water were used: 25 g/100 mL, 35 g/100 mL, and
45 g/100 mL. AISI 52100 steel balls were used with texture and roughness induced by a
chemical etching procedure using 4% Nital for 60 s. Craters obtained during micro-abrasion
tests were carefully analyzed using SEM and 3D topography to evaluate wear modes and
their transition as a function of applied normal load, sliding distance, and abrasive particles
concentration. The tracks induced by the wear tests on the textured balls surface were also
observed using SEM to assess a possible embedding process of these abrasive particles on
the tracks and to verify the influence on the wear modes. Based on the observations made,
it was possible to conclude the following:
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- Increasing the abrasive concentration reduced the specific wear rate of the film as it
promoted a grooving wear mechanism; this mechanism is less effective in removing
material when compared to the mix rolling/grooving mode detected in the condition
tested with lower abrasive concentration.

- The roughness of the ball (due to the chemical attack) combined with the increase in
the abrasive concentration promoted the formation of a grooving wear mechanism;
this is because there are more particles available and more aggregation of particles in
the ball which scratch the specimen surface.

- The test duration promoted more defined craters; this is because the grooving wear
mode increased, as well as due to a greater wear volume.

- Contrary to what is reported in the literature, which suggests that increasing the
abrasive concentration of particles preferentially promotes rolling, when balls with
induced roughness were used, grooving was preferentially promoted.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings13030628/s1, Figure S1: (a) Craters mean diameter
and (b) volume loss of material, regarding slurry concentration for the different sliding distances,
Figure S2: Wear crater detail (a) at 500× magnification; (b) at 3500× magnification; with the following
EDS analyses: (c) Z1—Substrate; (d) Z2—Abrasive Alumina; and (e) Z3—TiN.
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