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Recent studies have demonstrated mechanical, tribological and corrosion improvements properties
on raw materials coated with stainless steel films produced by magnetron sputtering. However, few
studies have reported the tribological behavior of thin austenitic stainless-steel films applied to the
surface of carbon steels. The present study investigated the tribological behavior of AISI 1045 carbon
steel coated with AISI 316 stainless steel film. Pin-on-disc dry sliding wear test was performed. The
wear tracks were analyzed using a scanning electron and confocal microscopes. The corrosion resistance
of coated and uncoated AISI 1045 were also assessed through an electrochemical test. Samples which
presented a mixture of a-Ferrite and y-iron, with predominant austenite parts, demonstrated lower
friction coefficient, lower wear rates, and better corrosion resistance compared to substrate material.
The results were also influenced by the variables used in the deposition process, as observed, heating
the substrate and submitting to a higher powder density could improve the results. The results found
corroborate to the academic and industrial research which looks for coating alternatives to AISI 1045

tools.

Keywords: Sliding Wear, Thin films, Magnetron Sputtering, Corrosion Resistance, Triode

Magnetron Sputtering, Stainless Steel Films.

1. Introduction

AISI 1045 carbon steel is widely used to produce tools
and molds. AISI 1045 is known for its good machinability,
weldability, and mechanical impact resistance. It is a steel
with few alloying elements, normally has low corrosion
resistance compared to stainless steel, which compromises
the useful life of molds and tools produced with AIST 1045

Stainless steel has better corrosion resistance compared
to conventional carbon steel, therefore films obtained from
sputtering austenitic stainless steel (ASS) targets become an
alternative to improve mechanical and corrosion properties of
AISI 1045. Yoo et al.? investigated the carbon steel coated with
AISI 304 stainless steel (ASS) film produced by unbalanced
magnetron sputtering. The results were considered acceptable
for the mechanical properties and corrosion resistance of the
coated samples compared to the substrate material. Espaiia
Pefa et al.? studied the AISI 316 coating obtained by TMS
applied on a similar chemical composition sample of the
target, AISI 316 austenitic substrate, results demonstrated
higher hardness on coated AISI 316°. Around 20 years ago,
magnetron sputtering techniques (MS) and their variations
to produce thin films have been investigated®, but there are
few studies about specific parts coated with stainless steel
films produced by unbalanced magnetron configuration or
Triode Magnetron Sputtering technique (TMS)°. The benefits
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of the TMS technique have been evidenced in some works
referenced™ .

Researchers®!¢ have reported that the changes in the
coated materials properties are associated to the structural
changes of AISI 316 film deposited on substrate materials.
Magnetron sputtering, pulsed, or non-pulsed discharge coating
processes modifies the crystalline structure, consequently
the grain size. The crystalline changes of layers formed
have been related to reduction in the defects, consequently
it influences not only roughness but also microhardness and
thickness of the substrate'>'+16,

This structural change provides an increase in strength, and
this increase is suggested to occur on both substrate material
types, forged and cold work shaped. Materials substrate
structures, for example, carbon steel has preferential ferrite
phase (BCC), after the coating process when AISI 316 film
is deposited, the coated sample presents parts of BCC iron
(o-Ferrite) and FCC austenite (y-iron)*!". According to
parameters differences of coatings produced by TMS, the
carbon steel coated presented preferential austenite (FCC)
structure, and the stainless steel coated with stainless steel
target presented only ferrite (BCC) structure, results observed
through X-ray diffraction analysis (XRD) and reported by
Schroeder et al.'. Studies to obtain stainless steel films, as
well as the technique to be used, the benefits in terms of
adhesion quality and properties improvement, including
thermodynamics details between de BCC and FCC structures
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are easily found in the literature'"'"*. Nonetheless, a few
studies about tribological and corrosion investigation of
carbon steels coated with AISI 316 are found>*'!.

Therefore, the present article aims to analyze the
tribological behavior of AISI 1045 coated with AISI 316,
and to evaluate the effects of electrochemical corrosion test
on coated and uncoated material.

2. Materials and Methods

AISI 1045 carbon steel was used as substrate. Substrate
was coated in laboratory experiments. AISI 1045 substrate
and AISI 316 target chemical compositions are described
in Table 1.

Production details of the coating, about the equipment,
and its commercial apparatus used, including the configuration
of the triode magnetron sputtering system (TMS), used to
coat the samples used in this work are available in details
in Fontana and Muzart>’, Schroeder’ and Schroeder et al.''.
Table 2 shows the parameters of power density, sample
temperature, and pulse for the deposition of AISI 316 film,
as observed, there is a different deposition condition for
each sample, enabling the production of different coatings
structures.

Table 3 describes the crystalline structures proportions
of the coating conditions detailed in Table 2. These data
were extracted from the study carried out by Schroeder® to
assist the discussion about wear and corrosion results of
the present study.

Table 1. Chemical compositions (wt.%)'".
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2.1. Friction coefficient and wear experimental
details

Six samples were submitted to pin-on-disc sliding wear
test to evaluate the coefficient of friction (COF) and the wear
rate (WR). The sliding wear test run at room temperature,
dry condition (without lubrication), and relative humidity at
approximately 70%, as suggested in Standard Test Method
for Wear Testing with a Pin-on-Disc apparatus (ASTM
(G99-05 reapproved 2010). As the number of samples was
limited, a variation in the track radius was performed, the
same conditions (different track radius) were reproduced to
every sample. Four tracks of each sample were analyzed.
The variables (speed, load, and distance) were fixed for
all samples. The speed applied was 0.05 m/s, at a load of
2 N for 50 m distance. The counter-body used was a 6 mm
diameter alumina (AL, O,) sphere. The parameters used during
the wear tests are described in Table 4 and Figure 1 shows
a schematic illustration of the pin-on-disc equipment used.

Confocal microscopy was used to analyze the wear
tracks produced during the pin-on-disc test. Four regions
were mapped in each track, then the average wear profile
was obtained, as observed in Figure 2.

Figure 2 shows the illustration of a mapped region of
the wear tracks. Figure 2a represents the positions where the
images were acquired, the three-dimensional topographic
image of the wear track is illustrated in Figure 2b. Figure 2¢
shows the area where multiple profiles are acquired in order to
obtain an average profile shown in Figure 2d, which enables

Material C Cr Ni Mn Mo Fe
AISI 316 target 0.03 17.0 9.5 1.8 2.1 Balance
AISI 1045 substrate 0.45 0.0 0.0 0.8 0.0 Balance

Table 2. TMS deposition settings''.

Conditions Power density (W.cm?) Samples Temperature (K) Pulse frequencies (kHz)
Cl 3.08 Not heated Non-pulsed (DC)
C2 7.26 Not heated Non-pulsed (DC)
C3 11.3 Not heated Non-pulsed (DC)
C4 15.8 Not heated Non-pulsed (DC)
C5 15.8 673 K Non-pulsed (DC)
C6 15.8 673 K 150

Table 3. Crystalline structures, thickness values and phase proportions of the samples coated with ASS film®!".

Conditions Thickness (pm) Crystalline structures and phase proportions (%)

CI/R1* 1.3+0.03 BCC (a-Ferrite) 100%
C2 2.1+0.05 BCC (a-Ferrite) 100%
C3 4.4+0.10 BCC (o-Ferrite) 100%
C4 4.0+0.08 BCC (o-Ferrite) 100%

- 1 + 0/ +449

C5 1.4£0.01 BCC (o Ferrlte.) 56%+44%
R3* FCC (7-austenite) 45%+55%
C6 2.0£0.15 BCC (a—Ferrite.) + 4%+87%
R2* FCC (7-austenite) 19%+81%

*R1, R2, and R3 were used for polarization corrosion test.
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Figure 1. Pin-on-disc schematic and the illustration of sample wear tracks.
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Figure 2. a) Illustration of the 4 mapping regions in each worn track, b) Worn track image obtained by confocal microscopy software
analysis, ¢) Three-dimensional graphs of a surface mapped, and d) Average profile extracted from three-dimensional graphs, showing
between the highlighted bars the area required for wear volume determination.

Table 4. Pin-on-disc wear sliding test conditions.

Samples AISI 1045 and Coated samples
Sliding distance 50 m
Load applied 2N
Sliding speed 0.05 m/s
Counter-body Polished alumina ball (A1,0,), 0=6.0 mm

the determination of the worn area highlighted between the
bars. The coefficient of friction (n) was measured through
the friction force (F ) obtained during pin-on-disc test and
divided by normal force (F)) applied. The calculations were
expressed by u = F_/F_ The steady state average of the
coefficient of friction (p) was plotted in Figure 3 (section 3).
The volume of material removed (VMR), in mm?, was
according to the ASTM G99 standard and tested by Blau'” as
shown in Equation 1. Where the total wear area (4

wear rmck)

is the difference between the valley (Awney) and peak (Apeak)
areas, in mm?, and r is the radius of the tracks.
VMR =27 pear track X Awear track (D

The results of volume of material removed (VMR)
obtained were used to calculate the wear rate (WR), in
mm?/N.m, according to Equation 2 described by Archard

and Hirts'®. Where, C is the normal load, in N, and D is the
total sliding wear distance, in m.

_ VMR
CxD

WR @

2.2. Corrosion resistance experimental details

The corrosion resistance of coated and uncoated AISI
1045 were evaluated through an electrochemical test. Three
samples selected are represented by R1, R2 and R3. These



4 Gorski et al.

samples used in the corrosion test had similar crystalline
structures compared to the samples that were submitted
to the wear test. Samples comparisons are presented in
Table 3. The equipment used was a Gamry potentiostat,
model IFC1010-28233. The equipment has an acquisition
limit from 10 nA to 100 mA. Three electrodes were used,
Platinum counter electrode, cell’s reference electrode as
Ag|AgCl, and the working electrode or sense as the sample.
Before starting the potentiodynamic polarization test, 1 cm? of
the surface of each sample was analyzed in an immersion
saline solution (3.5% NaCl by weight) with an open circuit
(OCP) for 3 hours to stabilize the system. First the OCP test
was performed above +400 mV on the anode side, with a
scan rate of ImV/s. After the OCP test, the potentiodynamic
polarization test is automatically started, where the cathodic
potential starts at -1000 mV until reaches the anode potential
at +600 mV, with an acquisition rate of | mA/cm?. Parameters
were defined according to the literature>'”.
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Figure 3. Coefficient of friction average.
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In addition to the characterization tests, scanning electron
microscopy (SEM) and Energy dispersive X-ray spectroscopy
(EDX) techniques were used.

3. Results and Discussion

3.1. Coefficient of friction — COF

Figure 3 shows the average coefficient of friction
calculated for each experimental condition, considering the
steady state of the tribological system.

In Figure 3, C6 condition presented the lower COF
average among all the experimental conditions. Comparing
AISI 1045 and C6 condition, COF decreased from 0.61 to
0.54 respectively, about 11% reduction of the friction coefficient
when the material is coated. Comparing C6 sample to all
other coated samples (C1 to C5), the average COF of C6 was
lower reaching up to 30% reduction. A graphical analysis of
the dynamic coefficient values allows better visualization of
COF behavior for the samples considering 50 m test distance.

The COF curves can be seen in Figure 4. Figure 4a
shows the dynamic COF behavior of conditions C6, C5, C4,
and Figure 4b shows the dynamic COF behavior of C3, C2,
and C1. The first graph, in both Figure 4a, b represents the
behavior of uncoated AISI 1045 in order to make comparisons.

The red line drawn in Figure 4a, b separate two
different regions. The first region is known as the transient
state (Stage 1). The second region (Stage 2) is known as
steady state®”. The COF graphs for the coated samples
presented irregular behavior in the first contacts between
the counter-body and the samples surfaces, until it reaches
Stage 2 (steady state) at about 15 m. Analyzing the COF
behavior for the major conditions at Stage 1, it possible to
affirm that the film breaks progressively. A few differences
can be observed in C6 and C5, where regions 1 and 2 were
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Figure 4. (a) Coefficient of friction profile obtained to coated and uncoated AISI 1045 in the conditions C6, C5, C4, and (b) Coefficient
of friction profile obtained to the uncoated AISI 1045, and to the coated conditions C3, C2, and C1.
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highlighted. In general, at Stage 2 the COF fluctuation values
were stabilized with some scattering.

The highlighted regions 3, 4, and 6 (Figure 4a, b)
suggest that the oscillation of the COF values is related to
the debris detached from the coated material. Considering
the COF behavior of C5, in the highlighted region 1 (between
3 and 5 m of distance) some stability is noted. In sequence,
another oscillation is observed through a friction coefficient
increase, then the COF in region 2 (between 13 and 15 m of
distance), seems to be a stable region. Two stable regions
were observed for sample C5. Region 2 is also noted for
the C6 coated sample but at a shorter distance. On the other
hand, considering the conditions C3, C4, and AISI 1045, a
fluctuation and a COF value increase were observed at Stage
1, and the highlighted region 4 suggests film delamination.
In the highlighted regions 5 (C2), and 6 (C1) high fluctuations
were detected. After 15 m sliding, the COF values of all
conditions had reached a steady-state regimen, resulting in
a stable tribosystem (Stage 2).

Narrowing to Stage 1, considering the first 10+5 m of
sliding distance, it is relevant to state a reduction in the
friction coefficient of the coated samples, C4, C5, and C6,
comparing to AISI 1045. Conditions C5 and C6 conditions,
at around 5+2 m of distance presented COF below 0.3.
A similar result was found in Espafia Pefa et al.? study, in
which they analyzed the tribological behavior of the AISI
316 thin film deposited on AISI 316 raw material, through
a dry pin-on-disc test using an alumina ball counter-body, at
aload of 1N and a sliding speed of 0.01m/s for 10 minutes.
The authors reported a COF reduction from 0.7 to 0.5 when
the samples were coated in an inert MS atmosphere, and a
COF reduction from 0.7 to 0.35 for coatings obtained in a
reactive MS atmosphere. Comparing the present work to the
work of Espafia Pefia et al.?, considering the first 10 min of
sliding test (during stage 1), we can state the results were
similar, pointing to a COF reduction to the coated samples.
Espafia Pefia et al.>?! observed in their studies pile-up and
semicircular crack failure at the edges of worn after scratch.
The crack damage was considered a type of ductile tensile
failure due to cracks damage in the direction of the scratch.
Consequently, when the load increased, the density of the
buckling cracks also increased. The authors also observed
part of the wear material (debris) dragged by the indenter
and located on the sides of the track. The fluctuation of
friction observed can be attributed to the presence of debris
which were removed or dragged in the worn track. This
phenomenon explains the friction oscillation illustrated in
Figure 4 (mainly at Stage 1).

Stachowiak and Batchelor® reported friction behavior
as complex due to all processes of contact which could be
involved as asperities, thermal effect, elastic relaxation resulting
of film rupture until substrate is reached. Therefore, in dry
contact, with high speed, where severe contact through two-
body and three-body slip abrasion of the asperities or debris
occur, causes wear and high friction®. In order to achieve a
better comprehension of the COF complex fluctuations of
the samples observed in Figure 4, results were analyzed and
discussed as suggested by Godfrey?’, thus considering all
values of dynamic friction coefficient, enabling the behavior
analysis of surfaces in contact and friction during the sliding

wear test. During the sliding wear test, several COF fluctuations
were observed and can be explained by the effects known as
stick-slip observed in Zappelino et al.?® studies. Stick-slip
affects the COF stability because debris performs as solid
lubricant resulting in a decrease and increase of COF values
speedily at different times and distances of sliding wear test.
Holmberg et al.** reported some experimental results of
stainless-steel diamond coated against alumina counter-body
after a dry sliding test, a decreased in wear and an increase
in friction were observed. The COF values were reported
in a range of 0.3-0.9%232*, Therefore, the COF value range
shown in this research was expected to thin films coated in
bare metals after dry sliding conditions*%.

According to Schroeder’, Sa and Sq roughness observed
through AFM microscope, results in variations between
1.0 nm and 7.8 nm. The coating roughness variations
can be associated to the high impact of the magnetron
sputtering atmospheres in different systems and due
to the types of phases formed when compared to each
other. The variation for the roughness between C5 and
C6 (BCC+FCC) was around 0.7 nm, resulting in lower
variation compared to other coated samples. In contrast
comparing C1 and C4 (both BCC) the variation in roughness
was about 4.9 nm. Therefore, there is a large variation in
average roughness results among the BCC phase formed
in different MS conditions. This could be related to higher
friction fluctuations of these coated samples. The lower
friction results observed, mainly at the beginning until
15 m of distance, were obtained to the samples with the
lowest roughness average. Pointing better results for
C5 and C6 conditions.

Some authors?2 have related the increased Sa and Sq
value parameters to a lower friction coefficient when the
steady regime is reached, considering a dry sliding contact
system wear test for long distances. The application for high
loads and long distances is not acceptable for ASS films
due to the conditions selected for some studies®*'?’. This
could be related because there are no diffusion processes.
Despite that, the Sa and Sq results and friction performance
follow similar results with other coatings in different sliding
contact systems.

Garzon et al.”’ results presented a lower roughness (Sa)
for samples coated with ASS in presence of ferrite phase
(BCC) in comparison to nitrided samples. The authors also
highlighted poor results of ASS coating produced by sputtering
in a non-inert atmosphere and non-heated substrate.

Among all samples, condition C6 had a lower coefficient
of friction result. The lowest COF values of coated AISI
1045 revealed a mixture of crystalline structure and phases:
parts of BCC (ferrite-a), FCC (austenite-y) with a higher
percentage of FCC (austenite-y). Few authors have reported
that a significant COF decrease was observed in coated
samples where FCC structure is predominant®*?!. This
mixture of structures and phases is also identified in CS5.

3.2. Sliding wear behavior

The wear tracks were observed through SEM, enabling
the observation and analysis of the wear mechanisms
involved. The wear track formed after the sliding wear test
is shown in Figure 5.
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The wear tracks of C4 and C5 conditions are delimited
by the arrows in Figure 5. It is observed that C4 presented
a wider track width comparing to C5 track, pointing that
C5 presented lower wear than C4. Considering that the worn
track edges undergo less contact pressure between coated
surfaces and counter-body?, it is important to evaluate
the depth reached in the profile in order to corroborate the
results of volume of removed material, consequently, for
wear rate results.

The red highlighted region signs were observed in all
coated conditions, considering similarities between samples
coated by the deposition carried out with substrate heating
at 673 K (C5-C6), in contrast with these depositions carried
without substrate heating (C1-C4).

In order to better represent this wear behavior evidence®*.
Figure 6 shows the representation of the medium profile
highlighting the maximum depth reached in the removed
material area of C4 (representing BCC and non-heated
substrate in magnetron sputtering, Tables 2 and 3 for details)
and C5 (representing BCC+FCC and heated substrate in
magnetron sputtering, Table 2-3 for details).

The higher and lower thickness values among BCC films
were respectively, 4.4 pm for C3 and 1.3 um for C1 coated

R
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sample. And among BCC+FCC film the higher and lower
thickness value was respectively, 2.9 um for C6 and 1.4 pm
for C5 coated sample (details in Table 3).

The average results of maximum depth reached to C1-
C4 and C5-C6 conditions were 5.7+1.5 pum and 1.8+0.6 um,
respectively. Furthermore, the values of maximum depth
can be correlated to the thickness values enabling identify
the wear in proportion (%). The measurements are shown
in Table 5%.

Despite the wear severe observed. Through these results
shown in Table 5, is possible to state that coated samples
produced by magnetron sputtering with heated substrate and

Table 5. The maximum depth and thickness ratios (%), for conditions
Cl, C2, C4, C5, and C6 (after sliding wear test).

Conditions ~ Maximum Depth (um)  Depth/Thickness (%)
Cl 4.6+1,5 353%
C2 45+13 214%
C4 57+1,6 142%
C5 0.9+0.9 63%
C6 1.8+£0.6 63%
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Figure 6. Profile of removed material area highlighting the maximum depth reached of coated AISI 1045 (a) C4 and (b) C5.
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coatings that BCC+FCC phases were formed, presented,
between 2 to 6 times, lowest wear than BCC configurations.

According to Shoreder®!" all coated samples (C1-
C6 conditions) presented elastic modulus results varying
between 194 and 218 GPa and hardness varying between
8.6 and 12.1 GPa. The lower hardness of 8.6+0.4 with elastic
modulus of 195+12 GPa was evidenced for C1 condition.
In contrast, the higher hardness of 12.1+0.7 with elastic
modulus of 199+11 GPa was evidenced for C5 condition.

The differences in values of elastic modulus and hardness
for all samples do not suggest a direct impact on tribological
results. Nonetheless, the elastic modulus could be considered
an important influence parameter for the toughness of the
coating, consequently impacting wear results.
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Figure 7. Wear rate values of uncoated AISI 1045 and coated in
Cl1, C2, C4, C5, and C6 conditions.
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The wear rate was calculated using a relationship
between Equations 1 and 2 (see details in section 2), results
are shown in Figure 7.

As shown in Figure 7, the wear rate reduction was a
tendency to be significant for conditions C5 and C6. Applying
ANOVA statistical test (significance level of 0=0.05), the
variances of all conditions are not so different, although a
tendency to lower wear rate results due the reduction of
the median point revealed for C5 and C6 conditions are
observed in boxes, mainly for C6 condition. The wear test
promoted total delamination of the coating from C3 condition
impairing its analysis at the confocal microscope. C3 condition
presented the higher coating thickness, which resulted in total
delamination after the critical dry sliding wear test. On the
other hand, Garzon et al.?” studied SS coated by MS (with
N, and inert flux flow), where film thickness varied between
3 and 5 pm. In their studies they applied indentation tests
which can be considered less critical than dry sliding wear
test. Their results showed that the coated samples produced
by MS at 573 K (substrate heating) presented no crack
formation up to 2 kgf Vickers indentation. Cracks occurred
after 10 kgf Vickers indentation.

SEM Micrographs were obtained to enable the
identification of the wear mechanisms and tribological
behavior. Figure 8 shows the micrographs highlighting the
worn tracks formed for C4 and C5 coated conditions in detail.

Figure 8a shows the region selected to perform detailed
analysis which is seen in Figure 8b in a higher magnification.
The wear rate increase can be explained and related to some
factors observed during the wear tests. The sliding speed results
in friction heat. The temperature increases proportionally

WD 194mm  10pm

-

5.0kvV X5,000 WL 1um

Figure 8. SEM images of the wear track of coated AISI 1045 (a) C4, (b) C4 in details, (c) C5, and (d) C5 in details.



to the increase in speed, consequently causing oxidation or
oxide layer formation®. The oxide layer was identified in
Figure 8b. The oxide layer mechanically formed during the
sliding wear test suggests the indication of oxidative wear
mechanisms but also abrasive wear**?°.

In general, austenitic stainless-steel film (ASS) coating
in both, forged or cold worked materials have been related to
abrasive wear due to a higher concentration of stress or pressure
of the tribo-pair in the tribological system, consequently
increasing temperature in the friction area contributing
to the oxide layer formation after dry sliding wear test.
In addition to oxygen, nickel can also be related to abrasive
wear, due to a tenacious surface oxide layer which can be
formed when a high Ni concentration is observed as found
in the ASS composition. The oxidative wear mainly in dry
sliding conditions can reduce wear and friction. In Figure 8b
scratches were observed indicating signs of abrasive wear
mechanism. All the facts mentioned have been correlated
to abrasive wear mechanisms®**. EDS analysis reveals the
presence of elements such as oxygen, nickel, and others in
the wt.% (Figure 8 and Table 6 of EDS analysis).

Figure 8c shows a selected region and in (d) the region
can be observed in a higher magnification. Asperities can
be observed in the surface of this region as illustrated in
(d) they can be related to machining grooves reported by
Stachowiak and Batchelor® due to their perpendicular sliding
direction. According to Menezes et al.” the friction increases
during the sliding wear test until it reaches a steady state.
And then, in the steady state (see Stage 2, Figure 4), the
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surface is subjected to plastic deformation. Therefore, due
to plastic deformation highlighted in region M, the surface
appearance can be compared to cracklike elongated voids.
The ploughing term or grooving effect, when the material
is pushed up and aside, is also very similar to the surface
appearance in region M illustrated and it can be seen in other
regions in Figure 8b-d. The ploughing plastic deformation
effects can be better observed in Figure 9. In addition,
the major cracks have been considered and observed in a
perpendicular sliding direction?%.

Besides plastic deformation and debris spalling, the
delamination mechanism also can be observed in Figure 8d%.
Complementing the analysis in region M, Figure 9 shows
the inner track in a higher magnification and indicates the
different points where EDS analysis was held to quantify
the present chemical elements.

The elements such as O, Ni, and Cr detected in
Figure 9 confirmed signs of abrasive wear with ploughing
and oxidative wear®*2¢,

Figure 10 illustrates the region (a) worn track of C4 coated
highlighting points Pt.1, on the edge and Pt.2 within the track.
And the region (b) worn track of C5 coated highlighting
points Pt.3, next to the edge but out of the track, and
Pt.4 within the track.

Some signs of adhesive wear can be observed in Figure 10.
These signs are related to material transfer and detachment
due to the localized bond between surfaces in contact, while
the hard metallic specimens and asperities, during relative
motion, were submitted to a friction pression. Consequently,

Table 6. EDS semi-quantitative analysis of points within, on the edge, and out of the worn track, of coated AISI 1045 samples, illustrated

in Figure 10.

Chemical composition (wt.%)

Points -
C (6] Al Mn Mo Fe Cr Ni
Pt.1 1.2 11.6 0.0 1.4 1.6 61.9 14.4 7.87
Pt.2 12.0 25.8 0.49 1.1 0.0 54.3 5.7 0.0
Pt.3 0.0 0.0 0.0 2.4 0.0 71.2 16.9 9.5
Pt.4 1.7 33.4 0.0 0.0 0.0 55.3 9.6 0.0
A -
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Figure 9. SEM image within the worn wear and EDS analysis of regions M, A, and B in details.
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Figure 10. SEM images of the wear tracks of coated AISI 1045 (a) C4, (b) C5. EDS in regions highlighted Pt.1, Pt.2, Pt.3, and Pt.4.

the adhered junctions are sheared. Al and O can represent signs
of adhesion from material of the Alumina (Al,0,) counter-
body on the track®*?. Table 6 shows chemical elements’
semi-quantitative values detected in points Pt.1 until Pt.4.
As shown in Table 6, Cr detection can confirm the
presence of the film adhered in the worn track. Ni was also
detected, although in a lower quantity than Cr. For point Pt.1,
Cr was quantified at around 14 wt.% and Ni was quantified at
around 8 wt.%. In contrast, in point Pt.2, Cr was quantified
at around 6 wt.%, Ni was not detected, and Al was detected
and quantified at around 0.5 wt.%. For point Pt.3, Cr was
quantified around 17 wt.% and Ni was quantified at around
9 wt.%. In contrast, in point Pt.4, only Cr was quantified at
around 10 wt.%, Ni and Al were not quantified.
Therefore, C4 configuration, presented film adhered on
material despite wear, on the other hand, oxidative wear
predominates within the worn track. The presence of Al on
the track evidence material transfer from the counter-body
to the specimen indicating signs of adhesive wear. Despite
its lower probability to happen compared to oxidative wear,
when materials are transferred it suggests an adhesive wear
mechanism occurred. Other studies®?%3%32 also describe
the oxide layer compacted in the center of the worn track
due to the particles of the thin film transferred, which were
removed from the counter-body (ALO,) during the wear test,
resulting in oxidation, and causing fragments, consequently
a higher possibility to occur redeposition on the wear track.
On the other hand, the adhesive wear cannot be
confirmed to C5 configuration, but signs of oxidative wear
could be observed inside the track. It presented less material

removal combined to a thinner track width, resulting in a
higher wear resistance comparing to C4 configuration, and
probably better than other similar configurations (C1 to
C3), and with a similar resistance compared to C6 (similar
crystalline structure of C5). It can be explained by the higher
content of Cr detected on the track compared to the other
conditions, which indicates that the film remained adhered
to the substrate on the track after the wear test.

ASS films present good adherence?3!1:13-15:21.27,
Nonetheless, the adhesion of ASS films coated samples
reported in studies*'?” has been considered susceptible to
crack and delamination due to ductility droop when exposed
to contact loads. According to Garzoén et al.”’” mainly when
the film is produced by a sputtering system in a non-inert
flux atmosphere and without substrate heating there is a
susceptibility to crack formation after indentation tests (they
applied the VDI 3198). Other studies pointed lower wear
damage in samples coated by magnetron sputtering with the
substrate heating®2!%’.

Therefore, it is observed that the crack formation is
reduced, and the wear resistance is increased when the ASS
film is deposited with substrate heating, produced in inert
magnetron sputtering which results in a mixture of ferrite and
austenitic phases formed. Regarding the results shown, we
can consider C5 and C6 conditions with better tribological
performances comparing to the other conditions of this study.

3.3. Electrochemical corrosion test

Before the electrochemical exposure test, the Open
Circuit Potential (OCP) test was carried out to stabilize the
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materials system in the corrosive solution of NaCl 3.5%, for
3 hours. The OCP cycle was performed to AISI 1045 coated
with ASS film representing all the coated conditions and to
uncoated AISI 1045. As observed in Figure 11.

Figure 11 shows that the OCP values of the uncoated
AISI 1045 were more negative than the OCP values of the
coated samples. The corrosion potential expected to indicate
an improvement in the corrosion resistance property of the
material tends to be more positive, in this case, the OCP
curve shows an improvement trend in the corrosion resistance
of the coated material. These more positive values can be
explained by a reduction of the electrochemical activity on the
sample surface, then resulting sign of protective film known
as passive layer. This passive layer is generally attributed to
the presence of chromium oxide (Cr,0,). Considering the
uncoated AISI 1045 substrate, the E__ values tend to be
more negative, because in this case the surface is subjected
to a higher corrosion, due to the absence of alloying elements
that are responsible to form the passive layer®>3.

At the end of the OCP test, the potentiodynamic
polarization test was automatically started”. The results of the
potentiodynamic polarization test can be seen in Figure 12.

Figure 12 shows the corrosion behavior of R1, R2, and
R3 coatings, representing AISI 1045 coated with ASS film.
A tendency to provide a corrosion resistance improvement
in relation to AISI 1045 bare material is observed, manly
to R2 and R3 conditions. The sample R1 show E__ more
negative, can be due the crystalline structure BCC, similar
to substrate, which differ than other coated samples.
Table 7 shows the results of some corrosion parameters
extracted from the corrosion potentiodynamic polarization
curves by E log | fit extrapolated33*.

Through the results in Table 7, it can be suggested that
the materials which present better corrosion resistance, in
corrosive environments or processes, have the highest corrosion
potential (E_ ) results, thus, showing more positive E__,
lower corrosion rates (CR) and lower corrent density (I ).

The coating corrosion resistance behavior depends
on the corrosion solution and coating conditions. Zhao at
al® evaluated the corrosion resistance of 316L coated samples
produced by spray technique in two different solutions and
the samples were more corroded in sulfuric acid than in
citric acid. The electrolyte solution (3.5 wt% NaCl) is very
severe for steels, mainly carbon steel samples, coated and
uncoated, and this results in general corrosion without pitting
points, impairing the calculation of polarization resistance.
The coated samples tendency to provide a corrosion resistance

Materials Research

improvement in relation to AISI 1045 bare material is
suggested due to the formation of a passivation film in anodic
regions. In this case, R2 and R3 coatings presented better
performance than uncoated AISI 1045. R2 and R3 coating
samples resulted in lowest I _and CR compared to the AISI
1045 raw material. R1 sample had unexpected results®>-3’.
According to Yoo et al.? the corrosion resistance of
carbon steel coated with AISI 304 films is better than carbon

el —— AISI 1045 coated ASS film
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Figure 11. OCP curves of AISI 316 stainless steel (ASS) coating
on the AISI 1045 material compared to the uncoated AISI 1045.
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Figure 12. Potentiodynamic polarization curve of coated samples
compared to uncoated AISI 1045. Start at -1 V end at +0.6 V.

Table 7. Electrochemical parameters calculated through potentiodynamic polarization curves.

Corrosion Potential

Current intensity

Samples Corrosion rate CR (mm/a)
E_, (mV) I (Alem?)
R1* -886.5 8.8X10° 4.0
R2** -687.5 0.38 X10° 0.17
R3*** -625.0 0.53 X10° 0.24
AISI 1045 -723.0 3.2 X10° 1.5

*Coating R1 was considered similar to C1 - C4 coatings, due to BCC crystalline structure. **Coating R2 was considered similar to C6 coating, due to
BCC+FCC with FCC phase predominance. ***Coating R3 was considered similar to C5 coating. The crystalline structure and the phase proportion were
related by Schoreder’, presented in this work in Table 3.
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steel substrate. This resistance has been correlated to good
adhesion between films with substrate and suggests less
adhesion to R1 condition compared to R2 and R3, impairing
the corrosion resistance results>3>3¢.

Thus, the coated samples presented an improvement of
corrosion resistance compared to AISI 1045 raw material.
And this behavior may be related to the crystalline structures
and phases formed by these ASS films deposited on AISI
1045 raw material. Highlighting the crystalline structures
and phases when the mixture of BCC (alpha ferrite) and
FCC (gamma-austenite) phases was formed. And it tends
to improve even more when the austenite (y-iron) phase is
predominant.

4. Conclusion

Based on the tribological behavior and electrochemical
results of uncoated AISI 1045 and coated with ASS films,
it is possible to conclude that:

TMS configuration of AISI 1045 coated with ASS: The
deposition conditions that presented the best tribological
results were those obtained at the highest power density
(15.8 x 10*W/m?) and at a temperature of 673K. The average
results of maximum depth observed through the profiles
of the wear test to C1-C4 and C5-C6 conditions were
5.6+1.5 pm and 1.84+0.6 um, respectively. Considering
the results here found, it can be stated that the samples
which present higher wear resistance were produced by
magnetron sputtering with substrate heating and coatings
where BCC+FCC phase were formed. The predominant
mechanisms identified for the coated samples were abrasive,
oxidative, and adhesive wear.

Tribological influence of the crystalline structure:
AISI 1045 coated with ASS film, in the mixed crystalline
structure configuration (BCC+FCC), performed the best
tribological compared to other coatings with only BCC
crystalline structure. C5 coated condition presented
the lowest dynamic coefficient of friction, (in stage 1,
before the steady state), and the C6 coated condition
presented the lowest COF of all the samples studied.
C5 and C6 presented the lowest wear rates, representing
maximum depth/thickness ratios between 2 to 6 times
lowest than BCC configurations.

Corrosion resistance tendency of the crystalline structure:
Regarding OCP and potentiodynamic polarization test, the
coated samples which presented a mixture of crystalline
structures BCC (a-Ferrite) and FCC (y-iron), mainly when
austenite-y phase was predominant, resulted in better resistance
corrosion comparing to uncoated AISI 1045.
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