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ABSTRACT

AlOs and SgNs coatings have been extensively studied separa
showing excellent performance in resistance to corrosion and wea
the present work, the structural, morphological, mechanical ¢
tribological properties of AdOs and SiNa single-layer coatings depaged
on AISI 316 stainless steel substrates were studied by means of th
Magnetron Sputtering technique. By -bay diffraction (XRD) Th
structures of the coatingsvere determined, the chemical compositi
was studied by Xay Photoelectron Spectros@y (XPS). By means
Atomic Force Microscopy (AFM) the grain size and roughness '
analyzed, through Scanning Electron Microscopy (SEM) the v
surfaces produced by the R@nDisk and the Scratch tests were studi
By nanoindentation technique the Wvior in hardness and elast
modulus was evaluated, finding better performance in theNgicoating.
The friction coefficient was evaluated by RDnDisk tests in dry an
lubricated environments. The critical load against adhesive wear \
determined fa A0z and for SiN4. This study develops a comparis
between the mechanical and tribological properties of the mentiol
coatings, proposing their possible application in components of the
and pharmaceutical industry that are subjected to phenomendoere
Alz0s and SiN4 coatings could mitigate.

" 2021 Publishedby Faculty of Engineering

1. INTRODUCTION

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 iad tribological

phenomena in processing equipment can affect
the quality of products, components and their
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
Al2Os [4], SiNa [5], (CrN/SisNa) [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 (ALQs) coatings are widely
used in industrial processes due to its excellent
properties, is mainly linked by ionic bonds, it
hasexcellent chemical stability. Furthermore, it
exhibits only a small loss of mechanical
strength  with  increasing temperature.
Therefore, under high temperature conditions
i AAT OA @ isXhe godting maierial
that performs best in terms of hot hadness.
Chemical inertness in combination with AdOs's
electrical insulation, which is diffusion tight,
results in superior oxidation resistance than
average coatings. These characteristics of A&k
are also used in compounds that have AL such
as TIAIN, amag others. The ability of
aluminum to form very thin, diffusion-proof
Al,O; 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 ALO; 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
density and ablation changg11]. On the other
hand, silicon nitride (SgNs4) 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 AlLOs; cutting
tools), and therefore They are both widely used
in gray cast iron cutting and high speed dry
machining of nickeltbased alloys. However,
during high-speed dry machining of Febased
workpieces, SiNs 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,

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 AbOs; and
SiNs monolayer coatings deposited on AISI 316
stainless steel substrateswith 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 theobd
and pharmaceutical industry[14, 15].

Taking into account the above criteria, several
authors have tried to relate the physical
properties of ALO; and SgNs coatings
separately with the mechanical properties.
Additionally, it is possible to find contributions

to the physical mechanisms of AD; and SiNa4

in the literature with the evolution of their

mechanical properties. However, a
comparative study of the mechanical and
tribological properties of Al,O; and SgN4

single-layer coatings has not yet been fully
explored.

2. EXPERIMENTAL SECTION
2.1 Deposition Process

The deposition of the coatings was performed

I £ ADDOIT @ EHy &&Oddgrstrorusputtering techhigue ViEtR&M

r.f. source (13.56 MHz) on silicon (100) and
AISI 316  stainless steel substrates.
Stoichiometric cathodes of AIO; and SgN4 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 AD; and
SiN4, respectively, a bias voltage of20V, a
distance between substrate- cathode of 7 cm,
and a temperature of 2000 # xAO | AET OA|
inside the chamber. Also, the subsate holder
rotated at a speed of 60 RPM during the whole
process of deposition with a working pressure
of 5.1x103 mbar. Both layers presented
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2.2 Characterization technique for coatings

The structural characterization was performed
by Xray diffraction (XRD) using a PANalytical
X Per PRO diffractometer with Cu radiation K(}
E p 8vu T in@ragBBientano configuration

respectively deposited on silicon (100), where
diffraction peaks were obtained locatedin the
crystallographic planes (012), (104), (113),
(116), (300) characteristic of a hexagonal
structure belonging to AkOs and the planes (111),
(220), (311), (400), (511), (440), (533)

(J/2]) at high anglespecause the thickness of the characteristic of a face centered cubic structure

coatings is 2.5 microns, the BraBgentano

(FCC) belonging to SN4. A preferential texturing

configuration can be used, taking into account thatof the crystals is observed in the direction (104)
they are deposited on mo'nocrystalline si!icon for Al,O; and in the direction (311) for SN,
substrates and the coating is thick, there is norespectively. The horizontal displacerents at J

contribution from the substratéhe thicknesses
were obtained by scanningelectron microscopy
(SEM) using tke JSM 6490LV JEOL equipment in
secondary electron mode. The chemical
characterization and the types of bonds present
in the coatings were studied by Xay
Photoelectronic Spectroscopy (XPS) through an
ESCAPHI 5500 equipment with monochromatic
Al- K| 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 MF® $ *
AT AT UUAA
mechanical properties such as hardness (H)nd
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,O; and SgN4 coatings were performed under
the ASTM G94917 [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 LUBRLATE 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 80 N and a pitch of 1.9
mm/min; after that, a 3D topographic map of the
wear tracks was made using a KLA Tencor-I20
profilometer.

3. RESULTS AND DISCUSSIN

3.1 X-Ray diffraction (DRX)

Fig. 1 (a) and (c) shows the XRD diffraction
patterns for the AbLO; and SigNs systems

of the diffraction peaks with respect to those
reported in the index cards JCPDC 0002-1373
for Al.O; and (ICDD) 00051-1334 for SgN4, 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 AbO; and SgNs patterns.
Therefore, it is possible to observe a shift towards
higher values of the 2 angle where the effect of
the stresses generated by the interface between

B $"  ANOEDI AliHe subAtlatd and the coating during the growth
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Fig. 1. Diffraction patterns of the single layers coating
deposited on Silicon (a)Al20s coating patterns, (b)
Al20z coating diffraction pattern magnification, (c)
SsNs coating patterns, and (d) SsNs coating
diffraction pattern magnification.

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

€ _ Qi Q¢ — p
Q — C
nmaQ Q a
Q — o
W, R, % a w-
T c Q ™M Q 5

Where d is the interplanar distance, o the lattice
parameter y (h.k.)) are the miller indices and the
diffraction angles come from the diffraction

patterns (Fig.1). By correlating the above
eqguations it was possible to determine Eq.4 and
Eq.5 for the FCC structure belonging to $8i, and
the hexagoral structure belonging to AbOs,
respectively [19].
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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 AD; and a
decrease of 1.8% for SN4 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 déects 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 A0z and SiN4 coatings
deposited on Si (100) substrates.
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3.2 Photoelectron ic X-Ray Spectroscopy (XPS)

Figs. 3a and 3b show the individual deptlpectra
for each coating, presenting the characteristic
spectral lines of the elements present, using the-X
ray photoelectron spectroscopy (XPS) technique
for the ALO; and SiN4 coatings, respectively.
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Fig. 3. Depth spectra obtained by theXPS technique
for: (a) Al2Os and (b) SNa

Fig. 3a shows the spectrum by XPS of the
individual Al>Os coating. It shows the presence of
aluminum and oxygen with the presence of
species such as A?s, Al2p and Ols. For a more
complete analysis, Figs. 4a and 4b show the high
resolution spectra for AF2p and Ols, respectively.
The data were adjusted by Gassian functions and
the quantitative analysis of the oxygeraluminum
ratio was carried out by calculating the area ratios
at the peaks of the €s and At2p bands. The ARs
peak at 121.09 eV and the presence of the carbon
peak in coating at 284.5 eV werattributed to
atmospheric contamination before the substrates
entered the chamber(Fig.3a)[21].The single layer
Al>Gs coating is rich in oxygen with an atomic O/Al
ratio of 1.77 (AksOss Stoichiometry) very close to

the ideal atomic ratio(1.5) [21]. The adjustment of
the high-resolution spectrum for the Ol1s shown
in Fig. 4b indicates only one prominent wide peak
which is centered at 532.9 eV and is attributed to
the Al-Olink in the structure of the J-Al.Gs [22].
The presence of the ARp peak at the 75.9 eV
position indicates that the aluminum present in
the surface region is found as ADs. 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 AbO; form as reported by other
authors [23].

Fig. 3b shows the XPS spectrum of the single layer
SkNa coating. From this spectrum, it was found
that in addition to the Si and N elements, the layer
has little amount of O. In order to know the
detailed surface stoichiometry of the coating, te
high resolution XPS spectra of the Sp and N-1s
species are also presented in Fig. 5a and 5b,
respectively. The single layer coating o5kN4 has
an atomic N/Si ratio of 1.32 (Stoichiometry
Sk7Ns3). The SiNs has an ideal stoichiometry
ratio of 1.33 which is in line with what was found.
The highresolution Si2p 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 o#r researchers
and are assigned to the SD and SiN links of the
SN2 [24]. In contrast, the highresolution
spectrum of N-1s (Fig. 5b) is broken down into
three peaks, the first located at 400.51 eV which
corresponds to the NO bond [25], the second
located at a bond energy of 396.96 eV
corresponding to the NSi bond, andthe 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 [26].
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Fig. 4. High resolution XPS spectra for theAl20s
coating: (a)Al-2p signal; (b) O 1ssignal.
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Fig. 5. High resolution XPS spectra for theSiNa4
coating: (a) Si2p signal; (b) N-1ssignal.

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 AIO; and SkN4 coatings,
respectively, deposited on silica substrates
(100). The corresponding thicknesses were
determined for each coating, obtaining a

OEEAET AOGO 1T &£ AOI OT A .@8uy M
AT AOET ¢ AT A ¢ 8v BkNgwoating.po Al
The micrographs show a significant difference in

the shade ofthe coatings, being theSkN, coating

the brightest shade and the AID; 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 setion.

X15,000 1pm

1pm

X15,000

(b)
Fig. 6. SEM micrograph of the crossection for the (a)
Al20s coating and (b) SiNa4 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 SkN4 coating presented a smaller grain
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size and a more homogeneous surface compared
to the ALG; 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 adsoube
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].

Al203
Z-range: 0.5 um
-

Y-range: 5.0 um

X-range: 5.0 um
(@)

Si3N4
Z-range: 0.5 pym

Y-range: 5.0 um

X-range: 5.0 um

(b)
Fig. 7. Atomic force microscopy (AFM) images for the
single layer (a) AbOs and (b) SkN4 coatings.

Figures 8a and 8b present the roughness and
grain size analysis for all the coatings, where it
was determined that the SiN4 coating presented
a roughness reduction of 26.78% and a grain size
reduction of 17.48% in relation to the AOs
coating. It was thus determined that the surface

of SgN4 presented a greater quantity of grains in
a certain area generating a greater densityf
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 AJOz and SiN4
coatings: (a) Roughness and (b) grain size.

3.5 Mechanical properties

Figure 9 shows the loaedepth curves obtained
from the nanoindentation tests for both coatings.
In the graphs, the physical response of the
surfaces is observed, showing that the i,
coating presented a decrease in penetration of
38.7% in relation to the ALO; coating. This
behavior is attributed to the hardness presented
by this surface causing a higheresistance to be
penetrated. The mechanical properties such as
hardness (H) and modulus of elasticity (E) were
studied using the Oliver and Pharr method27].
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Fig. 9. Load-depth curves for the Al20s and SiNs4
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 SigNs coating presented a greater
resistance to being indented in comparison to
the ALO; 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 generatedduring the deposition process
contributed to the increase of the hardness;
therefore, the SiN, layer provided better
mechanical properties such as hardnessH)
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 Al2Oz and SgN4coatings.

From the results of nanoindentation, the
resistance to plastic deformation H3/E2) and the
elastic recovery R) were determined. The elastic
recovery of the coatings wa calculated by means
of the following equation[30]:

| 1
v
(-I (p

Where | max is the maximum displacement and p
is the residual displacement. The data for Eq. 6
was taken from the loaddepth curves presented
in Figure 9. Figures 11a and 11b show the values
obtained for plastic deformation resistance
(H3/E?2) and elastic recovery R) for both coatings.
It was determined that the highest resistance to
plastic deformation (H3/E2) and elastic recovery
(R) was obtained by the SiN4 coating, which is
mainly due to its mechanical properties such as
hardness and reduced modulus of elasticity,
analyzed previously.

(@)

(b)
Fig. 11. Mechanical properties: (a) Resistance to
plastic deformation and (b) elastic recovery of the
Al20s and SgNa4 coatings.
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