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Abstract

The 7075 aluminum alloy in T651 presents interesting properties in high stressed applications, however, it has low
surface properties of hardness and chemical stability. Plasma nitriding is an alternative method of raising surface hardness,
fatigue resistance, wear and corrosion of alloys. In this work the corrosion and tribocorrosion behavior of AA7075 - T651
with plasma nitriding treatment were studied in comparison untreated alloy. Corrosion behavior was investigated in 3.5
wt.% NaCl solution at room temperature performing potentiodynamic polarization test and electrochemical impedance
spectroscopy. Tribocorrosion behavior was investigated using a ball-on-plate tribometer, against an alumina ball, under
1 N normal load and 1 Hz frequency in 3.5 wt.% NaCl solution at room temperature. The corrosion results showed that
both conditions exhibited pitting corrosion that occured at corrosion potential. The plasma nitrided alloy presented a
concentrated and consequently accelerated corrosion process in the fault regions of the layer formed and the formation of
a layer of corrosion products that can act as extra protection. The tribocorrosion results for plasma nitrided alloy indicated
a slightly more stable behavior, showing no significant changes in the electrochemical potential during the tribocorrosion
test, together with a slightly lower volume and rate of wear.
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1 Introduction

The aluminum alloys of 7XXX series have zinc
(Zn - 1wt.% to 8wt.%), magnesium (Mg — 2.1 wt.% to
2.9 wt.%), and copper (Cu —1.2 wt.% to 2.0 wt.%) as the
main alloying elements giving properties such as high
toughness and high mechanical resistance [1-3]. Among the
aluminum alloys in this series, there is the AA7075 that can
be thermally treated, by precipitation hardening, through
the dissolution of alloying elements into the solid solution
and subsequent precipitation in the form of submicroscopic
particles (artificial aging) to obtain the AA7075-T6 [2-5].
Additional variations in this treatment can be performed for
internal stress relieving, like 1-3% traction of the material
in its length, obtaining AA7075-T651 condition [3,6].
The AA7075 alloy presents its main applications in the
aeronautical sector and in components subject to high

stress [2-4]. Despite the properties, such as high mechanical
strength and low density, which make this alloy interesting
for these types of applications, it has low surface properties
as hardness, wear resistance and thermal and chemical
stability [7,8] when compared to other aluminum alloys
as AA2024 [9]. These properties become more relevant
when subjected to corrosive, tribocorrosive and mechanical
conditions, as in the fatigue phenomenon [10-13]. The plasma
nitriding of the 7075 aluminum alloy aims to improve its
surface properties by introducing an aluminum nitride
(AIN) surface layer. This AIN layers has high hardness,
wear resistance, corrosion resistance, thermal conductivity
(comparable to aluminum) and electrical resistivity, which
are very attractive for advanced technological applications,
such as in components and aeronautical structures [8].
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Thereby, the objective of the present study was to
investigate corrosion and tribocorrosion behavior of the 7075-
T651 aluminum alloy after plasma nitriding in comparison
with the same alloy without nitriding treatment was studied
in the saltwater environment (3.5 wt.% NaCl solution).

2 Materials and method

The corrosion and tribocorrosion tests were performed
in cylindrical 7075-T651 aluminum alloy samples (15.88 mm
and 6 mm of thickness) with and without plasma nitriding
treatment. The plasma nitriding treatment was conducted
in the Associated Laboratory of Sensors and Materials of
the National Institute of Space Research (LABAS/INPE -
Brazil) by active screen plasma nitriding technique with a
DC power (20 Hz ¢ duty cycle 40). Previous to the nitriding
treatment, the samples were cleaned by sputtering with
argon and hydrogen at 1:1 ratio (18 sccm:18 sccm). Plasma
nitriding was performed at a constant 4:1 nitrogen:hydrogen
gas flow ratio (40 sscm:10 sccm), the average temperature
was 350 °C, and the average pressure 0.25 torr. The samples
without nitriding were prepared for the tests by grinding
down to 2500 mesh size SiC paper and polishing with
colloidal silica (OP-S 50 nm), 24 hours before each test,
while the samples with nitring did not have the surface
prepared. The samples were cleaned in an ultrasonic bath
in propanol for 10 minutes and then in distilled water for
5 minutes and stored in a desiccator for 24 hours before
corrosion or tribocorrosion tests.

Corrosion tests were performed in a three-electrode
electrochemical cell adapted from ASTM: G3-2014 [14] at
room temperature. A saturated calomel reference electrode
(SCE), Pt counter electrode and a solution of 3.5 wt.%
NaCl (electrolyte) were used in the tests. The exposed
surface area of the analyzed samples (working electrode)
was 0.385 cm?. The measurements were performed using a
Gamry Instruments Reference 600TM potentiostat, controlled
by Gamry Instruments Framework (Gamry Instruments,
Warminster, PA, USA) software.

The open circuit potential (OCP) was measured
for 30 minutes for the system stabilization, followed by
electrochemical impedance spectroscopy (EIS) performed
at-20mV_, by scanning a range of frequencies from 10 to
105 Hz with a sinusoidal signal of 10 mV.

After EIS measurements, OCP was measured for
10 minutes, and afterwards the potentiodynamic polarization
was measured from the cathodic potential (-0.25V ) to the
anodic potential (0.3 V..) with a scanning rate of 1 mV/s.

Tribocorrosion tests were performed in a reciprocating
ball-on-plate tribometer with two electrode set-up using a
SCE reference electrode with an exposed area of 1.9 cm?.
The samples were the working electrode, and 10 mm diameter
alumina balls (Ceratec) were the counter body. The total
displacement amplitude was 5 mm with 1 Hz of sliding
frequency, 1 N normal load (corresponding to maximum
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Hertzian contact pressures of 0.45 GPa), and 30 min of
sliding time. The OCP was monitored before, during, and
after the sliding. The friction coefficient was monitored
during the sliding.

After corrosion and tribocorrosion tests, samples
were ultrasonically cleaned with the same procedure applied
before the tests. All tested samples were analyzed by optical
microscopy (Leica DM 2500M) before and after the corrosion
tests. The worn samples were analyzed scanning electron
spectroscopy (SEM, FEI Nova 200) equipped with EDAX
energy dispersive X-ray spectroscopy (EDS). All worn
surface images were taken as parallel to the sliding direction
by using backscattered (BSE) and secondary electron (SE)
detector signals. Total wear volume loss was calculated by
considering three 2D profiles taken from each wear track
(3 measures) using a noncontact profiler (Veeco Dektak)
and following the calculation given by Doni et al. [15].

All tests were performed in triplicate for each group
to ensure repeatability, and all results were given as the
arithmetic mean + standard deviation.

3 Results and discussion
3.1 Corrosion tests
3.1.1 OCP and potentiodynamic polarization

The evolution of OCP with the immersion time for
AA7075-T651 plasma nitrided and untreated samples is
presented in Figure 1 A. The oscillations of the potential give
an indication of the formation of pits that occur in contact
with the electrolyte [16]. The electrochemical potential of
the untreated aluminum alloy was slightly more positive
than observed for the plasma nitrided alloy. It could indicate
a lower corrosion tendency for the untreated alloy, with the
E, ., value being approximately -0.71 V. for alloy without
plasma nitriding treatment and -0.85 V. for the alloy with
plasma nitriding treatment.

The representative potentiodynamic polarization curves
for plasma nitrided and untreated AA7075-T651 alloys are
presented in Figure 1B. The polarization curves showed two
zones, the cathodic domain below the corrosion potential
(Ecorr), the Ecorr, and the anodic domain above the Ecorr.
Both alloys presented pitting corrosion occurring at the
corrosion potential (Ecorr), characterized by the plateau created
with the increase of the current at a constant potential [17].
The Ecorr and the pitting potential (Epit) values are -700 +
1 and -800+ 5 for AA7075-T651 and AA7075-T651 nitrided,
respectily. which shows a slightly more positive potential
value for the untreated alloy, indicating the occurrence
of pits at a slightly more positive potential. However, the
potentiodynamic polarization curve in the case of plasma
nitrided alloy is slightly shifted to lower current densities,
indicating a slightly lower corrosion kinetics, and corrosion
resistance when compared with untreated alloy.
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The corrosion resistance of a commercial aluminum
alloy (purity of ~99.6%) nitrided using the active plasma
nitriding technique (N,:H,=3:1, 550 °C, com 2.5 h, 5 h, and
7.5 h of treatment) in relation to the same alloy untreated
was investigated by the Yazdani et al. [18] using the
potentiodynamic polarization technique in 3.5 wt.% NacCl
at room temperature.

The results and analysis obtained by these researchers
resemble those obtained in the present study, where the
untreated alloy achieved a more positive potential (-700m
Vp and -800m V. for plasma nitrided and untreated alloy,
respectively), indicated by analyzing the potential it cannot
be started that higher corrosion resistance instead should be a
lower tendency to corrosion. Some of the present authors [11]
compared the corrosion behavior of AA70575 after RRA
thermal treatment and plasma nitriding. The results showed
that the best corrosion behavior was achieved after plasma
nitriding treatment once after this treatment, the corrosion
current density was reduced compared with untreated alloy.
Figure 2 presents optical micrographs of the plasma nitrided
and untreated AA7075-T651 alloys, before and after the
corrosion tests. It is observed the presence of pits in both
alloys after the corrosion test, proving the occurrence of
pitting corrosion in both alloys. The presence of microscopic
failures/pores/heterogeneities in the superficial layer formed
by plasma nitriding in the AA7075-T651 sample (Figure 2C)
possibly influenced the corrosion process, with penetration of
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the electrolyte to the surface of the aluminum alloy through
these failures, which could originate preferential sites for
localized corrosion [18].

Schifer and Stock [19] showed that the 7075-T6 alloy
coated with a stoichiometric AIN coating presented higher
pitting potential when compared with untreated alloy,
leading to good corrosion protection. On the other hand,
corrosion protection of the AIN, layer is caused by the
solubility of AIN, in an aqueous solution. On the other
hand, McCafferty et al. [20] detected ammonia on corroded
AINXx surfaces, which can explain the corrosion behavior of
AIN. Moreover, generally, the corrosion resistance of AIN
coatings is significantly affected by the microstructure of
the films [21].

3.1.2 Electrochemical impedance spectroscopy

The EIS spectra in the form of a Bode diagram for plasma
nitrided and untreated AA7075-T651 alloys are presented in
Figure 3. There are two time constants in phase angle form.
The first in medium/high frequencies (10° — 10 Hz) correspond
to the resistance (R ) and capacitance of the oxide (C_ ).
The second in low frequencies (10! — 102 Hz), probably due
to the occurrence of localized corrosion, corresponding to the
charge transfer resistance (R ) and capacitance of the double
layer (C,) in this case due to pitting corrosion as already
verified by the potentiodynamic polarization curves [15,22].
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Figure 1. A) OCP evolution with immersion time for plasma nitrided and untreated AA7075-T651 in 3.5 wt% NaCl. B) Potentiodynamic
polarization curves of plasma nitrided and untreated AA7075-T651 alloys in 3.5 wt% NaCl solution.
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Figure 2. Optical microscopy images of the untreated (A) before and (B) after the corrosion tests and plasma nitrided alloy (C) before and (D)

after the corrosion tests.
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Regarding the Bode diagram in impedance modulus form
(1Z]) there are four responses correlated to the resistance of
the electrolyte (R ) in the first plateau in high frequencies
(10° — 10° Hz), to the resistance of the oxide layer (Rox) in
the first slope in medium frequencies (10 — 10° Hz), to the
additional resistance of the electrolyte (R ) in the second
plateau in medium/low frequencies (10° — 10! Hz) and to
the resistance of charge transfer in the second slope in low
frequencies (10°'- 10 Hz).

The EIS experimental data were fitted to the EEC
using the Echem Analyst Software of Gamry Instruments.
The fitting quality was evaluated by it Goodness of fitting
(y¢?) value, which presented values below 107 indicating good
correlations between the EEC proposed and the experimental
data. The electrical equivalent circuit (EEC) proposed to
describe the EIS behavior for plasma nitrided and untreated
AAT075-T651 alloys, also already used for other aluminum
alloys [16,22], is presented in Figure 4a. Since the resistance
of the oxide layer (R ) tends to be extremely high, not
allowing conduction of electrons through the oxide film,
normally it is removed from the circuit [16,23], obtaining the
circuit presented in Figure 5b that was used for experimental
data fitting in this work. The equivalent electrical circuit
components are resistance of the electrolyte, R ; additional
resistance of the electrolyte (inside the failures/pits of de
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Figure 3. Bode diagram of AA7075-T651 alloys with and without
plasma nitriding treatment in 3.5 wt% NaCl solution.
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oxide layer), R ; resistance of the oxide layer, R ; CPE of
the oxide layer, Q_ ; resistance of charge transfer (localized
corrosion - pits), R ;; CPE of the double layer (localized
corrosion - pits), Q,,. Since the layer formed in the plasma
nitrided alloy is apparently not protective (with the presence
of discontinuities) and allows the formation of oxide and
pits, as it can be observed through the potentiodynamic
polarization curves where E_ = E. the circuit can also be
applied to the alloy treated by plasma nitriding.

The EIS spectra fitting parameters values obtained
are presented in Table 1. The Q__and Q, were converted to
a capacitance of the oxide film (C_)) and of the double layer
(C,), respectively, according to Equations 1 and 2, where
n = dimensionless coefficient [24].

Cox = [(Qox xRe)“‘”)}’l“ M

1
Cyr =10y %(Re+ Re) ™) @
While, no significant differences were observed for C _and
C, between the plasma nitrided and untreaterd alloys, Ret is
higher in the case of the plama nitrided alloy. The difference
in R  values could be related to the area where the corrosion
process takes place, with the pits sizes and with the formation
of corrosion products. Plasma nitrided alloy presented higher
Rct and slightly lower Cdl, which indicate that the corrosion
process acts in a lower area [15]. Possibly, while on the
untreated alloy pitting corrosion process acted on the entire
surface of the sample, in the plasma nitrided alloy there was a
concentrated and consequently accelerated corrosion process
in the regions of the nitride layer discontinuities, which may
promote the formation of fewer pits, but with larger dimensions
than in the untreated alloy. Furthermore, the higher R  value
observed for the alloy with plasma nitriding treatment possibly
occurred due to the formation of a layer of corrosion products
that may act as extra protection and somehow block the pits
preventing the ion charge transfer [16].
Itis observed that the Re and Re’ values were practically
constant since they are dependent on the distance between

== J

Qu

Figure 4. a) Equivalent electrical circuit. b) Equivalent circuit for experimental data fitting.
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Table 1. Fitting parameters values for EIS curve

Re Re, Cox Cd] Rc!
Sample - n,
(Q.cm?) (kQ.cm?) (uF.cm?) (nF.cm?) (kQ.cm?)
AA7075-T651 untreated 12+1 7+4 6+2 0.9 271 + 104 0.9 37+6

AA7075-T651 plasma nitrided 12+1 5+1 9+3 1 262 + 54 0.99 244 + 184
10 nitriding treatment during the entire tribocorrosion test the
08 surface with plasma nitriding treatment promotes a more stable
0s wimm,mgﬁnﬁgfﬂemmem behavior. In relation to the coefficient of friction (COF), it
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Figure 5. Open circuit potential and friction coefficient evolution
of plasma nitrided and untreated AA7075-T651 alloys in 3.5 wt%
NacCl solution.

the working electrode and the reference electrolyte and the
electrolyte concentration [16], which were kept constant
during all the tests.

3.2 Tribocorrosion tests

The evolution of OCP before, during and after sliding
together with the coefficient of friction (COF) for plasma
nitrided and untreated AA7075-T651 alloys are presented
in Figure 5. There are three regions in Figure 6, the first
one before the mechanical action of sliding, the second one
during the sliding and the third one after the sliding.

For both alloys, previously to the mechanical action,
the potential corresponds to the stabilization of the system,
approximately -0.72 V. and -0.83 V. for the untreated
and plasma nitrided alloy.

The oscillations of the potential observed during the
mechanical action give an indication of the formation of
pits during the corrosion process [ 16]. With the interruption
of the sliding, it is observed a progressive increase of the
potential tending to the initial values corresponding again
to the stabilization potential of the alloys.

Regarding the AA7075-T651 alloy with plasma
nitriding treatment, it does not present significant changes
in the open circuit potential during the tribocorrosion test.
This suggests that although the potential of the untreated
alloy is slightly more positive (which could indicate a lower
tendency for corrosion) than that of the alloy with plasma

Tecnol Metal Mater Min. 2023;20:¢2866

is observed higher values for the alloy with plasma nitriding
treatment, which could be correlated with its composition.

During sliding between the contacting surfaces occurs
material transfer, where fragments of material detached
from the contacting surfaces can accumulate and/or move
from one sliding component to the other and could be
transferred back to the original surface and/or form wear
particles (third bodies) [25-28]. The oscillations of COF
are attributed to be caused by the formation and fracture of
these wear particles [26]. The plasma nitrided alloy presents
higher oscillations during sliding probably due to the higher
roughness and also possibly due to the presence of hard
nitride particles between the sliding bodies.

3.2.1 Worn surfaces

The SEM micrographs with a detailed view of the
wear tracks are presented in Figure 6 for plasma nitrided
and untreated AA7075-T651. It is reported in the literature
that aluminum alloys and aluminum alloys with nitrided
layer present abrasive wear (with the presence of grooves)
and plastic deformation [26,29-31]. Parallel grooves can be
seen in the sliding direction in both samples.

The grooves of abrasive wear present in the samples
probably are caused by the wear particles (debris) formed
with the material transfer between the sliding surfaces, which
probably are hard oxide particles called “debris” [26,31]
and also possibly nitride particles in the case of the samples
treated by plasma nitriding. Plastic deformation can also be
seen in both samples.

Oxide patches can be seen in both samples (Figure 6),
where the sample with plasma nitriding treatment seems to
presents a more homogenous distribution of oxide patches
than the untreated alloy, what is in accordance with the
oxygen percentage in EDS presented in Figure 6C and 6F.

3.2.2 Wear loss

Figure 7 shows the profile obtained with the profilometric
,characterization of the samples after the tribocorrosion tests,
for the untreated and plasma nitrided alloys. The sample with
plasma nitriding treatment presented higher roughness as
seen in the region out of the wear track (Z=0 level).
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Figure 6. SEM images of the wear tracks for untreated AA7075-T651 alloy by (A) secondary electrons, (B) backscattered electrons and plasma
nitrided AA7075-T651 alloy by (C) EDS spectra of the AA7075-T651 alloy untreated (D) secondary electrons, (E) backscattered electrons and
(F) EDS spectra of the AA7075-T651 alloy plasma nitrided after tribocorrosion tests.
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Figure 7. a) Wear profiles of untreated and plasma nitrided AA7075-T651 alloy after tribocorrosion tests. b) Wear volume of AA7075-T651
alloy with and without plasma nitriding treatment after tribocorrosion tests.

Figure 7b present the wear volume determined with
profilometry of the wear tracks. Although there are no
significant differences, the plasma nitrided alloy presented a
slightly lower wear volume (55 £ 8) 10~ mm? than the alloy
without plasma nitriding treatment (64 £ 5) 10~ mm?, as
can also be observed in Figure 7a where it shows a slightly

Tecnol Metal Mater Min. 2023;20:¢2866

lower depth and width of the wear track, which may indicate
a slightly greater behavior.

From the wear volume data, it is possible to calculate
the wear rate of the untreated and plasma nitrided alloy, using
Equation 3, where T, = wear rate (mm’/N.m), V, = worn
volume (mm?), C =applied load (N) and d = sliding distance
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(m) [31]. Taking into account the wear volume of 0.064 mm? and
0.055 mm? for untreated and plasma nitrided, respectively, the
applied load of IN and the sliding distance of 0.005 m, it is
obtained the wear rates of 12.8 mm?*/N.m and 11 mm?*/N.m for
untreated and plasma nitrided alloy, respectively. It is observed
that the alloy treated by the nitriding process showed a lower
wear rate than the untreated alloy, which may also indicate
superior wear resistance for the treated alloy.

__Va
T Cxd (3)

Ty

4 Conclusion

Corrosion and tribocorrosion behavior of the 7075-
T651 aluminum alloy after plasma nitriding in comparison
with the same alloy without nitriding treatment was studied
in 3.5 wt% NaCl solution. Results indicated that the layer
formed by the plasma nitriding process did not promote a
significant difference in the corrosion and tribocorrosion
behavior of the alloy. It can possibly be explained by the
presence of microscopic failures/pores/heterogeneities in the
superficial layer formed in the AA7075-T651 sample treated
by plasma nitriding that probably acted as accentuating
the corrosion process with the origination of preferential
sites for localized corrosion from which the surface of
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