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Abstract

Mechanical and tribological properties of CrN coatings grown on steel substrates AISI 304 and AISI 4140 using the magnetron sputtering
technique were analyzed. Coatings were grown at two pressures of work, 0.4 and 4.0 Pa. The films grown on AISI 304 at a pressure of
work of 0.4 showed the highest hardness because they presented a larger grain size and lower roughness. For CrN synthesized at 0.4 Pa,
the surface damage was lower during the tribological test. Adherence studies were also carried out, obtaining Lc1 and Lc¢2 for coatings
produced at both pressures and on both substrates. Better adherence behavior was observed for films grown at a low pressure because these
films were thicker (~890 nm).

Keywords: hardness, tribology, critical load, adherence.

Recubrimientos de CrN depositados por pulverizacion catodica con
magnetron: Propiedades mecanicas y tribologicas

Resumen

Se analizaron las propiedades mecénicas y tribologicas de recubrimientos de CrN crecidos sobre sutratos de aceros AISI 203 y AISI 4140
usando la técnica de pulverizacion catodica con magnetron. Los recubrimietos fueron crecidos a dos presiones de trabajo, 0.4 y 4.0 Pa. Las
peliculas crecidas sobre acero AISI 304 a 0.4 Pa mostraron la dureza mas alta debido a que ésta presenta gran tamaifio de grano y baja
rugosidad. Para los recubrimientos sinterizados a 0.4 Pa, el dafio superficial fue bajo durante la prueba triboldgica. Se realizaron estudios
de adherencia, obteniéndose Lcl y Lc2 para los recubrimietos producidos con ambas presiones y en abos sustratos. Se observé una mejor
adherencia en las peliculas crecidas a baja presion debido a su mayor espesor (~890 nm).

Palabras clave: dureza, tribologia, carga criticia, aderencia.

1. Introduction

Over the past decades, hard coatings produced by
physical vapor deposition have been successfully applied to
molds, punches, cutting tools and other machine parts to
increase their lifetime. The current interest in hard coatings
has focused on nanostructured coatings with high hardness
[1-3]. One of the most interesting materials is chromium
nitride (CrNx) produced as thin films. CrN has been used
extensively in industry due to its excellent mechanical
properties [4,5], corrosion resistance [6,7] and excellent wear

behavior [8,9]. CrNx coatings are found in cutlery, parts used
in the aeronautical and textile industries as well as cutting
tools and dyes. In recent years, CrNx films have also replaced
hard chromium in specific applications in the automotive
industry [10]. Among the advantages of CrNx coatings are a
small coefficient of friction, low internal stresses and the
possibility of producing thick coatings. Due to its exceptional
abrasion resistance, chrome nitride is used as a coating in
cutting, milling and screw-threading tools made of titanium
and its alloys, brass, copper and other non-ferrous metals,
molds, punches and machine parts. Chrome nitride shows
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high chemical resistance and exceptionally low affinity to
machined non-ferrous metals [11,12]. Regarding their
tribological behavior, CrN coatings have been reported to
exhibit improved wear resistance under dry and lubricated
conditions when compared to TiN films [13]. Moreover, CtN
coatings exhibit sufficient thermal stability and wear and
corrosion resistance and are considered to be a promising
hard coating material [14,15] in addition to conventionally
used TiN.

CrN hard coatings are widely used due to their excellent
mechanical properties, which make them useful in a wide
variety of industrial applications. However, in spite of their
excellent mechanical and tribological properties, their
corrosion resistance has always been conditioned by the
presence of structural defects such as pores, pinholes and
cracks that appear during application [16-18]. The presence
of these defects is a key factor that influences the integrity of
such coatings, not only in terms of corrosion resistance but
also tribological properties [19]. Moreover, whenprepared as
a nanocomposite combined with other materials, such as
WS,, CrN can be used as a solid lubricant coating [20]

In this work, a study on the mechanical and tribological
properties of CrN coatings grown at two pressures on AISI
304 and AISI 4140 substrates was performed. Coatings were
produced by the magnetron sputtering technique. Mechanical
properties were analyzed by using the nanoindentation
technique, and tribological behavior was studied by the ball-
on-disk method.

2. Experimental setup

A DC magnetron sputtering system located in a clean
room was employed, and the base vacuum pressure was
5x107 Pa. Coatings were grown by using a Cr target
(99.99%) at room temperature, a bias voltage of -300 V, an
interelectrode distance of 10 cm and two pressures of work
(P1=0.4 Pa and P2=4 Pa) using a gas mixture of Nj-Ar
(1.5:10 scem) for both cases, the pressure, and relationships
of flow were monitored and remained constant during the
entire experiment. The power of the system was 8 W/m? for
90 min. Two substrates were chosen to produce the coatings.
Austenitic AISI 304 steel has one of the highest corrosion
resistances among other Cr-Ni (carbon-stabilized) -based
steels when it is exposed to harmful environments [21]. AISI
- SAE 4140 is a Cr-Mo alloyed steel with high stability up to
400°C and suitable for resisting stress and torsion [22]. The
sample dimensions were a diameter of 1.25 cm and thickness
of 4 mm. Samples were polished using silicon carbide
abrasive paper. The samples were then deep cleaned using an
ultrasonic cube in acetone for 15 min to eliminate oil, dust
and any other contaminants.

XRD analysis was carried out using a D8 Bruker AXS
diffractometer with the Rigaku Ultima III software and Cu
Ka radiation (A=0.1540 nm). The hardness and elastic moduli
were obtained using a nanoindenter NANOVEA module
IBIS — Technology, employing the traditional Oliver and
Pharr method [23] to fit the discharge curve with a load
resolution of 0.08 uN. Nanoindentations were carried out at
low (Lo), medium (Me) and high (Hi) loads (Lo: 0.01 - 0.4

mN; Me: 0.41 — 1 mN and Hi: 1.1 - 10 mN), obtaining
hardness profiles and elastic moduli as a function of depth.
An ideal load of 1 mN was determined to obtain the
maximum indentation depth of 10% of the coating thickness.
The phenomenon known as the indentation size effect (ISE)
usually involves a decrease in the measured apparent
hardness with increasing applied test load, i.e., with
increasing indentation size. The existence of the ISE suggests
that, if hardness is used as a material selection criterion, it is
clearly insufficient to quote a single hardness number [24].
Nanoindentation tests were performed using a pyramidal
Berkovich indenter coupled to a Fischer-Cripps Laboratories
IBIS Nanoindentation Tester and a displacement control with
a compliance of 0.00035 pm/mN. The IBIS software was
used to control the indentation and for correction and results
analysis.

A ball-on-disk (BOD) CSEM — Tribometer was used to
determine the wear and coefficient of friction (COF) of the
coatings. A spherical counterpair of alumina (A1203) with a
diameter of 6 mm, normal load of 1 N, sliding distance of 100
m, velocity of 10 m /s and data acquisition rate of 2 Hz was
used. The COF was obtained by using the XTribo 2.5
software program. To calculate the thickness, roughness and
wear of the samples, an XP — 2 AMBIOS profilometer was
employed. The wear rate measurements were carried out
using the cross section of the wear track after the BOD test
and the Archard model, which proposes that the wear
coefficient is directly proportional to the wear volume and
inversely proportional to the normal applied load and the
sliding distance.

A scratch test for measuring the adherence was carried
out with a Micro Test instrument using a Rockwell C indenter
with a radius of 200 pm, a variable load between 0 and 100
N, an applied load velocity of 1 N/s, a distance of 6 mm and
a displacement velocity of 4.5 mm/min. the software of the
equipment allows for the calculation of COF versus load and
distance, which is used to obtain the critical load (Lc¢) for
coating failure and thus to determine the failure type
(adhesive or cohesive).

3. Results and Discussion

3.1. Structure and Morphology
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Figure 1. X-ray diffraction patterns of coatings grown at 0.4 Pa, presenting
crystallographic structure of CrN - FCC (a-CrN).
Source: The authors.
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Table 1
Thickness and roughness of CrN coatings grown on AISI 304 and AIST 4140
at 0.4 and 4 Pa.

System Thickness (nm) Roughness — R, (nm)
4 Pa 0.4 Pa 4 Pa 0.4 Pa
CrN/304 549+19 896+2 65+3 41+0.3
CrN/4140 583+8 890+1 6742 43+0.8

Source:The authors.

A XRD study of CrN films was carried at an Ar-N» flux
ratio of 10/1.5 sccm. Fig. 1 shows the XRD results for the
CrN coatings grown at 0.4 Pa. The diffraction results show
peaks corresponding to the (111), (220), (200), (311) and
(222) planes of the FCC phase. These orientations are in
agreement with ICDD JCPDS card 00-011-0065 for CrN.
These results are in agreement with studies carried out by
Hones et al. [25]. The diffraction patterns show a preferential
orientation in the direction of (111), characteristic of the FCC
CrN phase [26,27]. Peak identification was carried out by
using the crystalline structure database of the ICSD [28].

Using profilometry analysis, the thickness of the coatings
deposited on AISI 304 and AISI 4140 at 0.4 and 4 Pa were
obtained, and the values are listed in Table 1.

Changes in the thickness of the coatings depending not
only on the substrate but also on the pressure of work were
observed. Thinner coatings were obtained when grown at a
pressure of 4 Pa because of the increase in the number of
collisions between molecules during deposition. This increase
forces atoms to lose energy before arriving to the substrate,
decreasing the island coalescence process and generating a
high porosity [29]. At lower pressures, nucleation is enhanced,
producing densified and uniform coatings [30]. No strong
influence of the substrate material on the coating thickness was
observed. Table 1 also shows the coatings’ roughness. At a
higher pressure, the roughness increases due to a greater
number of collisions in the plasma, which reduces the atomic
energy and mobility of surface adatoms; again the coalescence
process is not favored. Moreover, the ionization degree (also
enhanced by a great number of collisions) [31] allows for a
greater range of atomic energies, increasing the probability of
forming several structures such as Cr, Cr2N and CrN
(nanocomposite) with denser regions than others [32]. At a
lower pressure, atoms arrive with higher energy, enhancing the
coalescence process.

According to Zhao et al. [33], as the pressure increases,
the deposition rate decreases; thus, the energy and the
number of negative particles decrease because of the increase
in the dispersion of atoms. Conversely, at lower pressures
(less than 10 mTorr), the deposition rate is affected by the
strong bombardment of negatively charged particles,
producing denser and low-roughness films, as was the case
for the films grown at 0.4 Pa. At intermediate pressures
(between 10 and 30 mTorr), the bombardment of negatively
charged particles is not sufficiently high to reduce the surface
roughness due to the deposition rate. Finally, at extremely
high pressures, (greater than 80 mTorr) and low deposition
rates, new species arriving to the surface have more time to
relax into configurations with lower energy, allowing for the
formation of low-roughness films.

3.2. Mechanical properties

Mechanical tests were carried out on AISI 304 and
AISI4140 substrates with and without CrN coatings at both
pressures of work. The Oliver and Parr method was
employed [34, 35] using load —unload curves to determine
the materials’ hardness (H) and Young’s moduli (E).

Fig. 2 shows the load-unload curves for the substrates
with and without CrN coatings deposited at 0.4 and 4 Pa. The
substrates presented a strong elastic behavior according to the
wide range of deformation with poor contact stiffness they
experienced [36]. Conversely, when the substrates were
coated with CrN at two different pressures, the
nanoindentation curves indicated elasto-plastic behavior, and
there was no piling around the indenter [37].

Table 2 shows the H, E and the shear resistance (H3/E2)
for the coatings grown on AISI 304 and AISI 4140 at both
work pressures. The H value of the coating grown at 0.4 Pa
is on the order of 26 GPa, demonstrating that the hardness is
independent of the substrate type if the depth penetration is
small enough to avoid the size indentation effect [24], which
is considered to be 10% of the film thickness [38].
Conversely, the coatings deposited at 4 Pa exhibited lower
hardness (21 GPa) than those grown at 0.4 Pa. By invoking
the Hall-Petch effect [39,40], the coating hardness was
related to the grain size and thereby with the roughness.
Coatings presenting lower grain size and roughness (sample
grown at 0.4 Pa) presented higher hardness because they
exhibited better surface properties. According to Ward and

4 Pa Substrates
K3 |

=
AISI 4140/CrN.
25 :.:f':g, .z
:

}*AISI 304/CrN, =

3.0 0.4 Pa

Load (mN)

80
Depth (nm)

140

Figure 2. Load and unload curves for uncoated steel substrates and those
coated with CrN grown at 0.4 and 4 Pa.
Source:The authors.

Table 2
Values of hardness, Young's moduli and plasticity index of coatings grown
on AISI 304 and AISI 4140 at 0.4 and 4 Pa.

Material H E [H/E]
(GPa) (GPa) (GPa)
AISI 304 5.6+0.5 243.5+0.7 0.00302
AISI 4140 5.840.3 283.9+0.4 0.00242
0.4 Pa
AISI 4140/CrN 26.7+0.3 343.1+0.3 0.16145
AISI 304/CrN 26.6+0.4 358.70+0.9 0.14595
4 Pa

AISI 4140/CrN 21.8+0.1 325.8+0.8 0.09773
AISI 304/CrN 21.1+0.8 331.7+0.6 0.08538

Source:The authors.
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Datta [41], the hardness of Nb coatings is strongly related
to transitions in failure modes when such films are
submitted to scratch tests and morphological modifications.
In this study high-density coatings were produced, with the
coatings grown at 0.4 Pa exhibiting smaller grains and
lower roughness with increasing hardness. By contrast, the
coatings grown at 4 Pa presented high porosity with large
grains and high roughness. Regarding the elasticity, there
several changes were observed as a function of the substrate
type and the pressure. An increase in the shear resistance
at a low pressure of work (0.4 Pa) occurred because the
probability of island coalescence was greater; thus, coatings
presented a preferential orientation along the (111)
crystallographic direction, which is the direction of the most
densely packed planes, thereby increasing the surface
hardness due to plastic deformation [42]. However, in the
coating deposited at 4 Pa, the lower degree of coalescence
led to low crystallographic texture and higher
polycrystallinity, increasing the number of grain boundaries
due to different formation energies [43].

3.3. Tribological analysis
Figs. 3 and 4 present the results of the coefficient of

friction (COF) analysis of the CrN films. From this analysis,
the coefficient of wear was obtained by the profilometry

Table 3
Values of COF, wear rate, Lc, and Lc, of coatings grown on AISI 304 and
AISI 4140 at 0.4 and 4 Pa.

Average

. Wear rate (k)  Cohesive  Adhesive
Material T mN L) L) O
AISI 4140 0.987+0.009 1.9814x10™" - -
AISI 304 0.955+0.005 1.0293x10°"° - -
Pressure 0.4 Pa
4140/CrN 0.653+0.004  2.4419x10"® 8 19
304/CiN 0.639+0.005 1.0919x10°'8 16 35
Pressure 4 Pa
4140/CrN 0.892+0.006 3.6886x10"¢ 5 11
304/CiN 0.813+£0.002  2.9270x10' 10 15

A AlSI| 304

104 | "t

/
08 W misis0ai&Na'pa

. w
Bos /’ AISI 304/304-0.4 Pa
04

T T T T T T T T T - '
o 10 20 30 40 50 60 70 80 S0 100 i

Distance (m)

Figure 3. COF vs. distance for AISI 304/CrN grown at 0.4 and 4 Pa.
Micrographs (50x) of the wear tracks caused by the ball-on-disk test.
Source: The authors.
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Figure 4. COF vs. distance for AISI 4140/CrN grown at 0.4 and 4 Pa.
Micrographs (50x) of the wear tracks caused by the ball-on-disk test.
Source: The authors.

Source: The authors.

technique. Both substrates, AISI 304 and AISI 4140,
showed high COFs because of the formation of abrasive
wear particles; moreover, micro-welding was observed
during the ball-on-disk process [44]. In most of the cases
presented here, during the initial ramping, the friction
fluctuated. This was due to the interaction of the coatings
and the ball material. Initially, m increased to a peak value
and then gradually decreased to a lower, stable value. The
high initial COF was due to the adhesive wear that took
place between the ball and the sample, which led to the
transfer of material from the ball to the coating surface. The
friction decreased as the material transfer from the ball
stabilized after a large area of the coated sample was
covered with the transferred material from the ball. After a
certain period, this transferred material covered the entire
test area, and abrasive wear took place. The stabilized
coefficient friction increased after some time as the test
progressed. In the steady state, the transferred material was
worn out slowly by abrasive removal as the wear test
progressed [45].

In Table 3, the COF's of the coatings studied in this work
are presented. The CrN/304 and CrN/4140 systems grown
at 4.0 Pa showed a rapid increase in the COF. This increase
occurred because the particles could not anchor themselves,
generating an abrasive system composed of particles that
were hardened and plastically deformed. Moreover, rapid
delamination occurred due to poor island coalescence.
Conversely, the coatings produced at 0.4 Pa on both
substrates presented stable COFs with value on the order of
0.646. Similar results have been reported by Feng Cai et al.
for a-CrN [46]. Micrographs of the wear track (50x) for
each tribological process show surface damage following
the wear analysis. The steel substrates exhibited abrasive
damage and micro-welding, while the coatings deposited at
4 Pa showed tribological damage with surface fatigue. This
damage was caused by poor island coalescence, producing
high porosity, delamination and the fracture of asperities,
which produced plowing and greater surface damage due to
plastic deformation. For the CrN synthesized at 0.4 Pa, the
surface damage was lower because of the high densification
of the film caused by high adatom mobility and lower
roughness. The surface damage produced by the
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tribological test consisted of surface plowing [47].

In Table 3, the coefficient of wear or wear rate, k,
measured by using the cross section of the wear track
(profilometry analysis) obtained by the ball-on-disk test is
shown. The coefficients were calculated by considering the
wear volume (V) using the theorem of Pappus (eq. 1) and
the formulation of Archard (eq. 2).

V =2m ff xdA = 2mxA (D

Where A is the apparent contact area and X is an average
height corresponding to the material removal.

_VH
TLp

k (@)

L being the sliding distance, P the applied load and H the
hardness. All systems presented abrasive characteristics.
When CrN coatings were produced at 0.4 Pa, the wear rate
decreased, presenting damage up to 10000 times lower than
that observed for the uncoated substrates (AISI 304 and AISI
4140). However, for the coatings grown at 4 Pa, the wear rate
decreased by approximately 1000 times.

3.4. Adherence analysis - Scratch test

o @

0.6

a0 i)
Load (N)

60 70 80 90

Figure 5. Scratch test results for AISI 304/CrN coatings grown at 0.4 and 4
Pa.
Source:The authors.

Figs. 5 and 6 show the results of the scratch test analysis
of all of the samples studied in this work. In these figures, the
critical loads (in N) of the L¢; and Lc; failures, respectively,
are presented.
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40 50
Load (N)
Figure 6. Scratch test results for AISI 4140/CrN coatings grown at 0.4 and

4 Pa.
Source:The authors.
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Figure 7. Micrographs of the failure zones of AISI 304/CrN coatings grown
at 0.4 Pa (a) before and (b) after exceeding the coating thickness.
Source: The authors.
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Scratch direction

Plastic
deformation

material Cracking (Le1)

Removed
material (Lc2)

Figure 8. Micrographs of the failure zones of AISI 304/CrN coatings grown
at 4 Pa (a) before and (b) after exceeding the coating thickness.
Source:The authors.

Scratch direction

[B] Removed
material (Lcz)
Initial cracking
{Lci)

deformation

material

Figure 9. Micrographs of the failure zones of AISI 4140/CrN coatings grown
at 0.4 Pa (a) before and (b) after exceeding the coating thickness.
Source:The authors.

These values were obtained from the zone where the load
became independent of the COF. These two critical loads Lc¢
and Lc, were defined for the failure of the coatings. Lc, the
first critical load, corresponds to the initial cohesive failure

Scratch direction

_

Initial cracking
(Lc1)

Plastic
deformation

i e — -

TN

DT ey N

L -.""...':_. < —--._
., Removed
material

Figure 10. Micrographs of the failure zones of AISI 4140/CrN coatings
grown at 4 Pa (a) before and (b) after exceeding the coating thickness.
Source:The authors.

of the coatings, characterized by the appearance of initial
cracks or pores within the coatings. Lc2, the second critical
load, corresponds to the adhesive failure of the coatings,
i.e., the first observation of adhesive failure features such as
chipping, partial delamination, pores or other such
phenomena, through which the substrate beneath the
coating becomes exposed [45,48]. The values of such loads
are listed in Table 3. Better adherence behavior was
observed for films grown at low pressure, especially those
grown on AISI 304 because they were thicker (~890 nm)
and exhibited higher volume displacement and thus
improved surface adherence.

During the dynamic scratching test, some effects on the
coatings could be observed. Figs.7 and 8 show that higher
damage caused by delamination was sustained by the
coatings deposited on AISI 304, while the CrN coatings
grown on AISI 4140 underwent cracking (Figs. 9 and 10);
thus, three zones can be identified in the scratch test process:
(i) plastic deformation zone, (ii) cracking at Lc; and (iii)
delamination and abrasive failure of the coating/substrate
(Lc2). The relationship between wear and adhesion has been
studied. This correlation is poor when focusing on a small
group of data individually. Because many factors will affect
the test results, especially those of wear tests, such as
deformation and temperature, variation in the data is
expected and acceptable [49].

Because changes in the coatings or any other
experimental factors will affect the results, the range of
variation may be different in other cases. For instance, in our
case, we did not have sufficiently high variation in the
parameters to obtain a real relationship. However, some
conclusions can be drawn.
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To explain why the wear rate decreased with the critical
adhesion load, wear track images may be considered. Fig. 7
and 8 show the wear tracks of the films grown on AISI 304
at 0.4 and 4 Pa, respectively. When we compare Figs. 7 to 10,
a few different failure modes of the wear tracks can be
observed, such as spallation and some cracking. For instance,
Fig. 7 (AISI 304/CrN grown at 0.4 Pa) shows an image of the
coating that sustained the lowest degree of failure and thereby
presented the highest adhesion loads. Conversely, Fig. 10
(AISI 4140/CrN grown at 4 Pa) shows an image of the
coating that sustained the highest degree of failure and
thereby presented the lowest adhesion loads. In all of the
wear tracks, similar failure modes were detected; the only
difference was that the AISI 4140/CrN coatings grown at 4
Pa exhibited more serious damage. Therefore, it can be
concluded that the failure modes due to wear were mainly
caused by weak adhesion strength, which accelerated the
wear of the films. The adhesion results indicate that the AISI
304/CrN coating grown at 0.4 Pa (Fig. 7) exhibited the best
adhesion. In addition, failure due to weak adhesion increased
the amount of wear debris generated (AISI 4140/CrN
coatings grown at 4 Pa, Fig. 10), which increased the
probability of adhesive wear between the coatings and wear
debris.

On the other hand, the tribological behavior of coatings
was strongly dependent on the coating thickness, especially
at relatively low loads; changes in the microstructure and
mechanical behavior caused by variations in coating
thickness strongly influences their tribological properties
[50]. In our case, coatings produced at 0.4 Pa of pressure
exhibited higher thickness compared with those produced at
4 Pa. Furthermore, coatings produced at lower pressure
presented better tribological behaviour (lower COF and wear
rate). According to the literature, if coatings could be
produced with relatively high thickness, they can exhibit
uniform microstructure and a low residual stress state and
their tribological performance can be enhanced [50].

4. Conclusions

The mechanical and tribological properties of CrN
coatings grown on steel substrates AISI 304 and AISI 4140
at 0.4 and 4 Pa using the magnetron sputtering technique
were analyzed. XRD analysis shows peaks corresponding to
the (111), (220), (200), (311) and (222) planes of the FCC
phase. Thinner films were obtained when the coatings were
grown at a pressure of 4 Pa; however, no strong influence of
the substrate material on the coating thickness was observed.
Conversely, at a higher pressure, the roughness increased due
to low mobility of the surface adatoms. Moreover, the
coatings deposited at 4 Pa exhibited lower hardness (21 GPa)
than that of the coatings grown at 0.4 Pa. Regarding the wear
behavior, both substrates, AISI 304 and AISI 4140, showed
high COFs. Moreover, micro-welding was observed during
ball-on-disk testing. The CrN/304 and CrN/4140 coatings
grown at 4.0 Pa showed a fast increase in the COF.
Conversely, the coatings grown at 0.4 Pa on both substrates
presented a stable COF on the order of 0.646. The steel
substrates presented abrasive damage and micro-welding,
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while the coatings deposited at 4 Pa showed tribological
damage with surface fatigue. For the CrN coating synthesized
at 0.4 Pa, the surface damage was lower due to the higher
densification of the film. Better adherence behavior was
observed for films grown at low pressure, especially those
grown AISI 304, because they were thicker (~890 nm) and
exhibited higher volume displacement and had improved
surface adherence.
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