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ABSTRACT

Alz03 and SisNs coatings have been extensively studied separately,
showing excellent performance in resistance to corrosion and wear. In
the present work, the structural, morphological, mechanical and
tribological properties of Al203 and SizN4 single-layer coatings deposited
on AISI 316 stainless steel substrates were studied by means of the R. F.
Magnetron Sputtering technique. By X-ray diffraction (XRD) The
structures of the coatings were determined, the chemical composition
was studied by X-ray Photoelectron Spectroscopy (XPS). By means of
Atomic Force Microscopy (AFM) the grain size and roughness were
analyzed, through Scanning Electron Microscopy (SEM) the wear
surfaces produced by the Pin-On-Disk and the Scratch tests were studied.
By nanoindentation technique the behavior in hardness and elastic
modulus was evaluated, finding better performance in the Si3N4 coating.
The friction coefficient was evaluated by Pin-On-Disk tests in dry and
lubricated environments. The critical load against adhesive wear was
determined for Al;03 and for SizNs. This study develops a comparison
between the mechanical and tribological properties of the mentioned
coatings, proposing their possible application in components of the food
and pharmaceutical industry that are subjected to phenomena where
Alz203 and SisN4 coatings could mitigate.

© 2021 Published by Faculty of Engineering

1. INTRODUCTION

phenomena in processing equipment can affect
the quality of products, components and their

The food and pharmaceutical industry is an
important sector in industrial development, it
is constantly evolving due to the growing
expectations of consumers, as well as the high
biosafety protocols within its processes. The
appearance of electrochemical and tribological

consumers, these phenomena are the main
responsible for the loss of productivity and
efficiency in these industries [1-3]. Due to this,
new alternatives are being sought to generate
greater reliability in equipment and its
components. An option to this problem is the
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implementation of protective coatings such as
Al,O3 [4], SisN4 [5], (CrN/SizN4) [6], TiO2 [7],
among others. These coatings have the ability
to improve the mechanical, tribological and
electrochemical properties of the coated
devices, due to the fact that these coatings
present a high resistance to corrosion, as well
as a greater resistance to wear, providing a
longer useful life of the components, which they
influence the productivity of companies and the
quality of their products [7]. Therefore,
aluminum oxide (Al;03) coatings are widely
used in industrial processes due to its excellent
properties, is mainly linked by ionic bonds, it
has excellent chemical stability. Furthermore, it
exhibits only a small loss of mechanical
strength  with increasing temperature.
Therefore, under high temperature conditions
(above 800 ° C), Al,03 is the coating material
that performs best in terms of hot hardness.
Chemical inertness in combination with Al;03's
electrical insulation, which is diffusion tight,
results in superior oxidation resistance than
average coatings. These characteristics of Al;03
are also used in compounds that have AL such
as TiAIN, among others. The ability of
aluminum to form very thin, diffusion-proof
Al;03 reaction layers in an oxidizing
atmosphere is the basis for alloying concepts in
all high-temperature alloys that normally
contain aluminum as an alloying element for
protection against oxidation. Passive protective
layers of Al;03; are formed on the different
coatings, making them considerably more
resistant to oxidation than coatings without
aluminum [8-10], is usually amorphous and it
has good corrosion resistance. At a critical
temperature of approximately 500 ° C, its
density and ablation change [11]. On the other
hand, silicon nitride (SizN4) based coatings
typically exhibit excellent heat resistance, good
wear resistance, and high chemical stability, as
well as good resistance to thermal shock and
high temperatures (superior to Al;03 cutting
tools), and therefore They are both widely used
in gray cast iron cutting and high speed dry
machining of nickel-based alloys. However,
during high-speed dry machining of Fe-based
workpieces, SizN4 cutting tools will react with
Fe in the workpiece at high cutting
temperatures, resulting in rapid tool wear.
cutting edge, therefore, will seriously limit your
applications [12,13]. These coatings have been
evolving due to their excellent chemical,
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mechanical and tribological properties, where
their low coefficient of friction and chemical
inertia to aggressive environments is
important depending on the application
[14,15]. As mentioned above, both coatings are
candidates for use as protective coatings in
industrial processes. The objective of this work
consisted in the study of the behavior in the
mechanical and tribological properties in a dry
and lubricated environment of the Al,O3 and
SizN4 monolayer coatings deposited on AISI 316
stainless steel substrates, with the objective of
correlating said results to determine which
coating presents the best set of properties,
being this the best option to be implemented as
a protective coating in devices used in the food
and pharmaceutical industry [14,15].

Taking into account the above criteria, several
authors have tried to relate the physical
properties of Al;03 and SizNs coatings
separately with the mechanical properties.
Additionally, it is possible to find contributions
to the physical mechanisms of Al;03 and SizN4
in the literature with the evolution of their
mechanical properties. However, a
comparative study of the mechanical and
tribological properties of Al;03 and SizNy
single-layer coatings has not yet been fully
explored.

2. EXPERIMENTAL SECTION
2.1 Deposition process

The deposition of the coatings was performed
by the magnetron sputtering technique with an
r.f. source (13.56 MHz) on silicon (100) and
AISI 316  stainless steel  substrates.
Stoichiometric cathodes of Al;03 and SizN4 with
a purity of 99.9% were used. Prior to the
deposition process, the substrates were
ultrasonically cleaned using isopropanol and
acetone. During the deposition process a power
of 450 W and 550 W was used for Al;03 and
SizN4, respectively, a bias voltage of -20V, a
distance between substrate - cathode of 7 cm,
and a temperature of 200 °C was maintained
inside the chamber. Also, the substrate holder
rotated at a speed of 60 RPM during the whole
process of deposition with a working pressure
of 5.1x10-3 mbar. Both layers presented
approximately 2.5 pm thick.
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2.2 Characterization technique for coatings

The structural characterization was performed
by X-ray diffraction (XRD) using a PANalytical
X'Per PRO diffractometer with Cu radiation Ka (A
= 1.5406 A) in Bragg-Brentano configuration
(6/20) at high angles, because the thickness of the
coatings is 2.5 microns, the Bragg-Brentano
configuration can be used, taking into account that
they are deposited on monocrystalline silicon
substrates and the coating is thick, there is no
contribution from the substrate. The thicknesses
were obtained by scanning electron microscopy
(SEM) using the JSM 6490LV JEOL equipment in
secondary electron mode. The chemical
characterization and the types of bonds present
in the coatings were studied by X-ray
Photoelectronic Spectroscopy (XPS) through an
ESCAPHI 5500 equipment with monochromatic
Al- Ka radiation and with energy step of 0.1 eV.
By means of atomic force microscopy (AFM),
roughness and grain size were measured using an
Asylum Research MFP-3D® equipment and
analyzed with the image processor (SPIP®). The
mechanical properties such as hardness (H) and
modulus of elasticity (E), also, the load-
penetration curves of the surfaces were obtained
by the nanoindentation technique using a Ubil-
Hystron with a Berkovich type indenter with
variable load. The tribological behavior of the
Al;03 and Si3N4 coatings were performed under
the ASTM G99-17 [16] standard using a Microtest
MT 4001-98 tribometer with a 6 mm diameter
pin made of 100Cr6 steel as the reference
counterpart, applying a 5 N load with a 300 m
travel and 160 rpm angular speed. The lubricant
used in this test was LUBRIPLATE FMO 85 AW,
with applications in food and pharmaceutical
processing, moreover in machinery. Finally, the
scratch test technique was used under the ASTM
G171-03 [17] standard with the Microtest MTR2
equipment, using a scratch distance of 6 mm with
an increasing load of 0-90 N and a pitch of 1.97
mm/min; after that, a 3D topographic map of the
wear tracks was made using a KLA Tencor D-120
profilometer.

3. RESULTS AND DISCUSSION

3.1 X-Ray diffraction (DRX)

Fig. 1. (a) and (c) shows the XRD diffraction
patterns for the Al,Os; and SizNs systems

respectively deposited on silicon (100), where
diffraction peaks were obtained located in the
crystallographic planes (012), (104), (113),
(116), (300) characteristic of a hexagonal
structure belonging to Al,03 and the planes (111),
(220), (311), (400), (511), (440), (533)
characteristic of a face centered cubic structure
(FCC) belonging to SizN4. A preferential texturing
of the crystals is observed in the direction (104)
for Al;03 and in the direction (311) for SizN,
respectively. The horizontal displacements at 20
of the diffraction peaks with respect to those
reported in the index cards JCPDC 00- 002-1373
for Al,03 and (ICDD) 00-051-1334 for Si3N4, were
caused by internal stresses generated during the
deposition process, which caused a deformation
in the crystallographic planes of the coatings'
structures. Fig. 1b and 1d show a maximum peak
magnification for the Al;03 and Si3N4 patterns.
Therefore, itis possible to observe a shift towards
higher values of the 26 angle where the effect of
the stresses generated by the interface between
the substrate and the coating during the growth
process of the coating is evident
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Fig. 1. Diffraction patterns of the single layers coating
deposited on Silicon (a) Al203 coating patterns, (b)
Al203 coating diffraction pattern magnification, (c)

SisNs coating patterns, and (d) SisNs coating
diffraction pattern magnification.

The presence of internal forces was observed
through the lattice parameter %o, using Bragg's
law (Eq.1) and the lattice parameter equation
(Eq.2), because the Al;03 coatings presented a
hexagonal structure where the parameters % =b
# Coare found, and it is necessary to consider an
expression that relates both parameters (Eq.3)
[18,19].

nl = 2dsinf (D
Qg
d=—"2 2
N @
d= i 3)

\[4/3 (h2 + hk + k2) + 190/ )2

Where d is the interplanar distance, %o the lattice
parameter y (h.k.I) are the miller indices and the
diffraction angles come from the diffraction
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patterns (Fig.1). By correlating the above
equations it was possible to determine Eq.4 and
Eq.5 for the FCC structure belonging to SizN4 and
the hexagonal structure belonging to Al;Os3,
respectively [19].

 nWREFREF 2 \
%o = 2dsinf )

_|4/3(h* + k% + 1?) .
= T 2sing)z 12 ®)

mA)?2 2

Figure 2 presents the values of the network
parameter for both layers obtained through the
above equations. It was determined that both
layers presented a decrease in said values,
obtaining a decrease of 1.6% for Al;03 and a
decrease of 1.8% for Si3Ns4 indicating the
presence of compressive stresses within the
structures. These stresses are attributed to the
atomic bombardment on the surface of the
coating during the deposition process, which
generated displacements of atoms from their
equilibrium position through a series of
collisions, producing a volumetric distortion. In
addition, the diffusion of atoms or defects which
are diffused within the grain boundary, generates
a compression of the grains on both sides of the
boundary producing compressive stresses in the
structure [20].
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Fig. 2. Network parameter variation between the
stress-free material and the Alz03 and SisN4 coatings
deposited on Si (100) substrates.
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3.2 Photoelectronic X-Ray spectroscopy (XPS)

Figs. 3a and 3b show the individual depth spectra
for each coating, presenting the characteristic
spectral lines of the elements present, using the X-
ray photoelectron spectroscopy (XPS) technique
for the Al>O3 and Si3N4 coatings, respectively.
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Fig. 3. Depth spectra obtained by the XPS technique
for: (a) Al203 and (b) SizNa.

Fig. 3a shows the spectrum by XPS of the
individual Al;03 coating. It shows the presence of
aluminum and oxygen with the presence of
species such as Al-2s, Al-2p and O-1s. For a more
complete analysis, Figs. 4a and 4b show the high-
resolution spectra for Al-2p and O-1s, respectively.
The data were adjusted by Gaussian functions and
the quantitative analysis of the oxygen-aluminum
ratio was carried out by calculating the area ratios
atthe peaks of the O-1s and Al-2p bands. The Al-2s
peak at 121.09 eV and the presence of the carbon
peak in coating at 284.5 eV were attributed to
atmospheric contamination before the substrates
entered the chamber (Fig.3a) [21]. The single layer
Al>03 coating is rich in oxygen with an atomic 0/Al
ratio of 1.77 (AlesO36 stoichiometry) very close to

the ideal atomic ratio (1.5) [21]. The adjustment of
the high-resolution spectrum for the 0-1s shown
in Fig. 4b indicates only one prominent wide peak
which is centered at 532.9 eV and is attributed to
the Al-O link in the structure of the a-Al;03 [22].
The presence of the Al-2p peak at the 75.9 eV
position indicates that the aluminum present in
the surface region is found as Al;0s. In addition,
the Al-2p peak in Fig. 4a was adjusted with only
one individual peak, showing that indeed the
aluminum present in the layer is completely
oxidized in the Al;O3; form as reported by other
authors [23].

Fig. 3b shows the XPS spectrum of the single layer
SizN4 coating. From this spectrum, it was found
that in addition to the Siand N elements, the layer
has little amount of O. In order to know the
detailed surface stoichiometry of the coating, the
high resolution XPS spectra of the Si-2p and N-1s
species are also presented in Fig. 5a and 5b,
respectively. The single layer coating of SizN4 has
an atomic N/Si ratio of 1.32 (Stoichiometry
Sis7Ns3). The SisNs has an ideal stoichiometry
ratio of 1.33 which is in line with what was found.
The high-resolution Si-2p spectrum (Fig. 5a)
consists of two peaks located at a bond energy of
101.77 eV and 104.88 eV, respectively. These two
peaks have been observed by other researchers
and are assigned to the Si-O and Si-N links of the
SizsNs [24]. In contrast, the high-resolution
spectrum of N-1s (Fig. 5b) is broken down into
three peaks, the first located at 400.51 eV which
corresponds to the N-O bond [25], the second
located at a bond energy of 396.96 eV
corresponding to the N-Si bond, and the third
located at a bond energy of 394.4 eV which can be
attributed to a different chemical state of N due to
its different bonding configurations with
neighboring atoms such as H and C [26].
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Fig. 4. High resolution XPS spectra for the Al:03
coating: (a) Al-2p signal; (b) O- 1s signal.
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Fig. 5. High resolution XPS spectra for the Si3N:
coating: (a) Si-2p signal; (b) N-1s signal.

3.3 Scanning electron microscopy (SEM)

Figs. 6a and 6b show the micrographs obtained
by scanning electron microscopy (SEM) of the
cross section of the Al,03 and SizN4 coatings,
respectively, deposited on silicon substrates
(100). The corresponding thicknesses were
determined for each coating, obtaining a
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thickness of around 2.58 + 0.12 pm for the Al,03
coating and 2.54 * 0.13 pm for the Si3N4 coating.
The micrographs show a significant difference in
the shade of the coatings, being the SizN4 coating
the brightest shade and the Al;O3 coating the
darkest shade. This shade change is produced by
the electronic density of each coating. On the
other hand, the reduction of columnar growth is
attributed to a high ion bombardment of Ar+
atoms (Bias voltage), generating a highly dense
cross section.

20kV  X15,000 1pm

20kV  X15,000 1pm

(b)
Fig. 6. SEM micrograph of the cross-section for the (a)
Al203 coating and (b) SisN4 coating.

3.4 Surface analysis
3.4.1 Atomic force microscopy

Figure 7 presents the AFM images for both
coatings, where it was determined that both
coatings presented a circular grain morphology
and the Si3N4 coating presented a smaller grain
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size and a more homogeneous surface compared
to the Al;O3 coating. This homogeneous surface is
attributed to a high ion bombardment of Ar+
atoms (Bias voltage) generated during the
deposition process, modifying the surface
morphology of the layers. This bombardment
causes an increase of the energy of the adsorbed
atoms on the surface of the substrate, generating
an increase of the nucleation sites and thus
reducing the grain size, roughness and columnar
growth, as well as an increase in the density of the
coatings [27, 28].
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Fig. 7. Atomic force microscopy (AFM) images for the
single layer (a) Al203 and (b) SisN4 coatings.

Figures 8a and 8b present the roughness and
grain size analysis for all the coatings, where it
was determined that the SizN4 coating presented
aroughness reduction of 26.78% and a grain size
reduction of 17.48% in relation to the Al:0s3
coating. It was thus determined that the surface

of SizN4 presented a greater quantity of grains in
a certain area generating a greater density of
grain boundaries, being these grain boundaries
obstacles or impediments to the movement of
dislocations, which influences the mechanical
properties. Therefore, these morphological
characteristics affect the mechanical and
tribological properties of the coatings.
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Fig. 8. Morphological analysis of the Al203 and SizN4
coatings: (a) Roughness and (b) grain size.

3.5 Mechanical properties

Figure 9 shows the load-depth curves obtained
from the nanoindentation tests for both coatings.
In the graphs, the physical response of the
surfaces is observed, showing that the SizN.
coating presented a decrease in penetration of
38.7% in relation to the Al:03 coating. This
behavior is attributed to the hardness presented
by this surface causing a higher resistance to be
penetrated. The mechanical properties such as
hardness (H) and modulus of elasticity (E) were
studied using the Oliver and Pharr method [27].
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Fig. 9. Load-depth curves for the Al:03 and Si3N:
coatings.

Figure 10 present the results of hardness (H)
and reduced modulus of elasticity (Er) of the
coatings deposited on the AISI 316 steel
substrates, respectively. It could be determined
that the SizNi coating presented a greater
resistance to being indented in comparison to
the Al;O3 coating, this behavior is attributed to
factors such as a smaller grain size (Fig. 8),
which means that there was a greater amount
of grain boundaries, which acted as
impediments or obstacles to the sliding of the
dislocations, therefore, a greater amount of
energy was required to overcome these
obstacles [29]. In addition, the compressive
stress generated during the deposition process
contributed to the increase of the hardness;
therefore, the SizN. layer provided better
mechanical properties such as hardness (H)
and reduced modulus of elasticity (Er).
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Fig. 10. Mechanical properties as a function of the
material: Hardness and reduced modulus of elasticity
for the Al203 and SisN4 coatings.
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From the results of nanoindentation, the
resistance to plastic deformation (H3/E?) and the
elastic recovery (R) were determined. The elastic
recovery of the coatings was calculated by means
of the following equation [30]:

6max - 6p

R = (6)

6max

Where Omax is the maximum displacement and 6p
is the residual displacement. The data for Eq. 6
was taken from the load-depth curves presented
in Figure 9. Figures 11a and 11b show the values
obtained for plastic deformation resistance
(H3/E?) and elastic recovery (R) for both coatings.
[t was determined that the highest resistance to
plastic deformation (H3/E?) and elastic recovery
(R) was obtained by the SizN4 coating, which is
mainly due to its mechanical properties such as
hardness and reduced modulus of elasticity,
analyzed previously.
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Fig. 11. Mechanical properties: (a) Resistance to

plastic deformation and (b) elastic recovery of the
Al203 and Si3N4 coatings.
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3.6 Tribological Pin-On Disk wear test

Figure 12a shows the friction coefficient of the
tribological pair between the steel pin
(100Cr6) and the surface of the Al,03 and SizN4
coatings deposited on the AISI 316 steel
substrates, in a lubricated and non-lubricated
environment. The friction results in dry
environment present two characteristic stages,
typical of the Pin-On-Disc test. Stage I, known
as the start-up period, is associated with the
interferential friction mechanism due to the
contact of the asperities and the counterpart
(100Cr6 steel pin), in which the asperities are
reduced, leading to the formation of wear
particles or debris [27], these particles on the
surface generate a rapid increase in the friction
coefficient followed by a slight decrease until it
is stabilized. In stage II, the reduction of such
asperities is maintained together with the
appearance of new defects in the coating, which
leads to a stabilization of such friction
coefficient [31]. In the lubricated environment,
the curves show a completely different
behavior compared to the dry (non-lubricated)
environment, since the introduction of the
lubricant within the tribological pair generated
a great a decrease in the friction coefficient on
all surfaces. Therefore, the change in the
friction coefficient is due to the fact that the
lubricant was able to support the external load
exerted by the counterpart, decreasing the
reduction of roughness and generating a
smaller amount of wear particles (debris) on
the surface of the tribo-system.

Fig. 12b shows the value of the friction
coefficient of the tribological pair as a function
of the material, in the dry and lubricated
environment. This behavior is related to the
friction model proposed by Archard [32]. The
model correlates the mechanical properties (H,
E;) and morphological properties (roughness)
of the coatings (Eq. 7), where itis indicated that
the surfaces with better mechanical properties
and lower roughness will present a lower
coefficient of friction, as was the case of the
Si3N4 coating tested in the tribological test. This
is due to the fact that the surface of the SizN4
coating is able to support the continuous
passage of the counterpart in relation to the
uncoated steel substrate and the Al,03 coating,
thus producing a lower wear rate on its surface.

b _ o Rew
= =Ck
Fn O-t(H,Er)

I (7)

Where p is the friction coefficient of the system,
Ck is an adjustment constant that depends on the
test conditions, Risa is the roughness of the
coating which can be quadratic or arithmetic and
ot (Enis a variable that depends on the
mechanical properties of the system such as
hardness (H) or modulus of elasticity (E,).
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Fig. 12. Tribological properties of the Al203 and SizN4
coatings in  non-lubricated and lubricated
environment: (a) Friction coefficient as a function of
sliding distance from the Pin-on-Disk test and (b)
Friction coefficient as a function of the material
evaluated.

Fig. 13 shows the 3D profiles of the wear tracks,
which allow the corroboration of the
tribological test results presented in Figs. 12a
and 12b, where the wear on all three surfaces is
displayed, uncoated 316 steel, 316 steel/ Al;,03
and 316 steel/SizN4, in a dry and lubricated
environment. In the dry environment, it was
evidenced that the Si3N; layer presented a
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smaller amplitude and penetration of the wear
track. This was due to its mechanical and
morphological properties in comparison to the
other surfaces, which corroborates the results
previously presented. In a lubricated
environment, the surface of the 316 steel
substrate, shown in Fig. 13d, shows greater
wear on the surface, due to the fact that the

addition of the lubricant in the tribological pair
was not able to support all the load exerted by
the counterpart during the tribological test, and
that such surface had low mechanical and
morphological properties in relation to the
other surfaces. On the other hand, there was
less wear on the surfaces of the Al;03 and SizN4
coatings as shown in Figs. 13e and 13f.

316 - Steel Dry
(a)

316 - Steel Lubricated
(b)

316 - Steel /Al203-Dry
(c)

316 - Steel/Alz03-Lubricated
(d)

316 - Steel/Si3Ns-Dry
(e)

316 - Steel/SizN4-Lubricated
)

Fig. 13. Images of the 3D profiles for the wear tracks in dry and lubricated environment: (a) uncoated 316 stainless
steel in dry environment, (b) uncoated 316 stainless steel in lubricated environment, (c) 316 steel/Al203 in dry
environment (d) 316 steel/Al203 in lubricated environment, (e) 316 steel/SisN4 in dry environment, and (f) 316

steel/SisN4 in lubricated environment.
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For a better analysis of the wear produced during
the tribological test, a quantification of the wear
rate for all the surfaces in dry and lubricated
environment was made (Fig. 14), from the data
obtained through Profilometry, calculated from
the following equation [33]:

k_V
T FxS

(8

Where kis the wear rate, Fthe applied force, Vthe
track volume and S a factor dependent on the
number of cycles or turns of the test

S =2mrn 9

The results obtained on the wear rate for each
surface are presented in Fig. 14, corroborating that
the Si3N4 coating showed a higher wear resistance.

—
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Materials

Fig. 14. Wear rate variation as a function of the
material during tribological testing in dry and
lubricated environment.

Figure 15 shows the SEM micrographs of all
surfaces in a dry and lubricated environment in
order to determine the wear mechanisms present
on these surfaces. In the SEM micrographs, it was
possible to observe an abrasive type of wear
generated by the penetration and fracture of the
asperities by the continuous passage of the
counterpart on the surface, generating hardened
abrasive particles by means of plastic deformation.
These particles adhered to both surfaces in the
tribological pair (counterpart - coating) generating
a plowing and wear mechanism on that surface. It
was also possible to observe a type of adhesive
wear which was produced due to the fact that
certain areas of the counterpart (steel pin)
deformed plastically and adheres to the surface of

the coatings after supporting the external load
exerted on the counterpart.

In the SEM micrographs of the wear tracks, it
can be seen that for the uncoated 316 steel
substrate in the dry environment (Fig. 15a), the
predominant surface wear mechanisms were
abrasives and adhesives. This was due to its low
hardness and relatively high friction
coefficient, which produced a large number of
particles on the surface which were deformed
and hardened by plastic deformation. In
addition, the constant passage of the
counterpart annihilated the  asperities
associated with the roughness and decreased
the number of particles produced on the
surface, generating micro-welding that later
detach from the surface, producing material
removal. For the uncoated 316 steel in the
lubricated environment, there was a reduction
in the friction coefficient and a reduction in
wear (Fig. 15d), where only the presence of the
plow mechanism was evident. This is attributed
to the fact that the lubricant supported a great
part of the external load produced by the
counterpart, reducing in great quantity the
number of abrasive particles on the surface,
which produced a reduced wear on the surface.

On the surfaces of the Al;03 and SizN4 coated
steel substrates in the dry environment (Figs.
15b and 15c), it was determined that the
predominant wear mechanisms on these
surfaces were adhesion and abrasion, although
they were lower in relation to the uncoated
steel. This change in behavior in relation to the
316 steel substrate is due to the change in
mechanical properties and surface
morphologies which provide a greater
resistance to being deformed, producing a
lower amount of material removal and wear.
Additionally, the surfaces of the Al,03 and SizN4
coatings were analyzed in a lubricated
environment (Figs. 15e and 15f) where it was
evident that the surfaces presented very little
wear. According to the grayscale, the formation
of different types of oxides can be observed,
starting with the natural oxides of the film
(aluminum oxide) and the secondary oxides
that are associated with the oxidation of the
counterpart of the chrome pin. These oxides act
as an intermediate substance that contributes
to the reduction of friction, because they act as
lubricants.
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Fig. 15. SEM micrographs for wear tracks in dry and lubricated environments: (a) uncoated 316 stainless steel in
dry environment, (b) 316 steel/ Al203 in dry environment, (c) 316 steel/ SizN4 in dry environment, (d) uncoated
316 steel in lubricated environment, (e) 316 steel/ Al203 in lubricated environment and (f) 316 steel/ SizsN4 in

lubricated environment.

3.7 Scratch test analysis

Figure 16 presents the critical load values for the
Al,O3 and Si3Ns coatings, where the types of
cohesive (L¢;) and adhesive (L¢z) failures were
determined. In the cohesive failure (L¢;) the first
cracks or failures are produced by the external load
applied, and in the adhesive failure (Lg) a
delamination is generated at the edge of the
scratching track. It was determined that in the SizN4
coating, both types of failures (L¢; and L¢z) occur at

270

a higher load compared to the Al;O3; coating,
indicating that a higher external load is required to
produce the delamination of this coating, which is
attributed to its mechanical and tribological
properties.

Figs. 17a and 17b show the SEM micrographs of the
scratching tracks of both coatings, where the loads
(Lcz and L) are presented from the data obtained
from Fig. 16. For the Al,O3 coating, the first change
of slope was found to be associated with a load of
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9.5 N and a distance of 1.1 mm, which refers to the
cohesive failure L¢i, known as wedging spallation.
This is followed by the L¢ failure known as
adhesive failure, associated with a load of 28.6 N
and a distance of 1.9 mm, where there was a
delamination at the edge of the track, as well as
within it; a detachment inside the track started to
occur. For the SizN4 coating, the cohesive failure
(Lcz) occurred at a load of 15.1 N and a distance of
1.6 mm, where a gross spallation appeared. After
that, the adhesive failure (L¢2) was presented at a
load of 45.3 N with a distance of 3.1 mm; however,
the micrographs presented in Fig. 17b were not
conclusive due to the large interferential spallation
area, which did not allow a good observation of the
scratch track [29].

040
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0.20.
0.15 >
0.10 D Lez
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0.00 F———
0.35{—ALO,

—Si N,
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Friction Coefficient
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—Lcp ! Lgg = Adhesive Failure
0.00 .
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Load (N)

Fig. 16. Friction coefficient as a function of normal
load for the Al203 and SisN4 coatings.

316-Steel/Al203

(a)

(b)

Fig. 17. SEM micrographs of the wear tracks
generated in the scratch test for coatings deposited on
316 stainless steel substrates: (a) Al203 and (b) SizNa.

Figures 18a and 18b show a 45° top view of the 3D
profiles of the scratch mark for the Al;03 and SizN4
coatings deposited on AISI 316 stainless steel
substrates, respectively. It could be seen that as the
indenter moved over the surface while increasing
the load progressively, it generated a greater
delamination and deformation on that surface. The
evidence of this greater deformation is presented in
the surroundings or edges of the scratching track
(red areas), due to the displacement of material
towards the edges and that it was more
pronounced when the coating exceeds the critical
load L¢, (adhesive failure) where the detachment of
the coatings began to occur. The critical load value
is related to the mechanical (Figs. 9, 10 and 11) and
tribological properties of the coatings (Figs. 12 and
13) and according to Figs. 16 and 17, the surface
less affected by the critical load was the one
corresponding to the SizNs coating, evidencing
greater scratching resistance than the Al,03 coating

316-Steel/Si3Na
(b)

Fig. 18. Images of the 3D profiles of the wear tracks obtained from the Scratch test for the coatings deposited on

AISI 316 stainless steel substrates: (a) Al203 and (b) SizNa.
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CONCLUSIONS

By means of X-ray diffraction it was determined
that the Al,03 and Si3sNs coatings presented a
Hexagonal and Cubic (FCC) structure,
respectively. Additionally, it was found that the
mismatch of the lattice parameters obtained
experimentally in comparison with the
international indexing charts for Al,O3 and Si3N4
were of 1.8% and 1.6%, respectively, due to
residual stresses during the deposition process.
By means of XPS, experimental stoichiometry
relations of AlssO¢s and SissNs7 were found, close
to the ones found in literature.

AFM results showed that the Si3N4 coating had a
smaller grain size relative to the Al;03 coating,
with a 17.45% decrease in grain size. Mechanical
properties such as hardness (H) and modulus of
elasticity (E) showed that the Si3Ns coating
presented the best properties, with an increase of
9.9% and 13.19% for hardness and modulus of
elasticity, respectively.

The tribological properties analyzed via Pin-On-
Disk in dry and lubricated environment,
determined that the SizN4 coating presented the
lowest friction coefficient and wear rate in
relation to the Al,Oz coating. This behavior was
attributed to its mechanical and morphological
properties; therefore, the steel coated with SizN4
showed to be the best option to be used as a
protective coating in materials used in the food
and pharmaceutical industries.
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