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Abstract
Considering the relevance of Inconel 718 alloy for the oil and gas industry and the nature of the tribological system to define 
the friction and wear behaviors during sliding, this investigation presents results obtained in reciprocating tests under saline 
solution for active-screen plasma-nitrided Inconel 718. Bearing steel and silicon nitride ceramic were used as counterbodies, 
balls of 4 mm diameter. Extensive plastic deformation was confirmed using nanoindentation analysis, and oxidation governed 
the tribological responses when the steel ball was used as a counterbody. In these conditions, the presence of a nitrided layer 
was significant in reducing wear by one order of magnitude. On the other hand, when the ceramic ball was tested, abrasive 
wear was the primary mechanism, and the nitrided layer did not affect either the friction or the wear rate of Inconel 718. The 
corrosion behavior helped to confirm the predominance of described wear mechanisms.

Graphical abstract
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1  Introduction

Nickel alloys manufacture many components in the oil and 
gas industry. In particular, the Inconel 718 alloy has mainly 
been used due to its resistance to hydrogen embrittlement 
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[1]. However, many components, such as stem valves, are 
subject to heavy contact pressures involving friction. The 
worst consequence is the seizure of parts [2], considering the 
possibility of similar materials coming into contact.

Many attempts have been proposed to mitigate the wear 
damages on Inconel 718. Among them, nitriding of this 
alloy has been conducted in different ways: gas nitriding 
[3], liquid nitriding [4], and plasma nitriding [5–8]. The last 
process can be performed under different systems, includ-
ing glow discharge [5], hot wall DC-pulsed power [6], arc-
enhanced glow discharge [7], and intensified plasma [8]. 
To our knowledge, anyone had used active screen plasma 
nitriding (ASPN) to modify the surface of Inconel 718.

Ni-based alloys are recognized as difficult-to-cut materi-
als. To surpass the challenges involved with subtractive man-
ufacturing [9], Inconel 718 has been processed using Addi-
tive Manufacturing techniques (AM), such as laser powder 
bed fusion [10]. Although Stachowiak et al. [10] described 
a better tribocorrosion behavior of Inconel 718 processed 
using AM than the conventional route, the mechanical 
component still needed to be significantly improved using 
the alternative processing. Besides, post-treatments can be 
a proper solution to modify the microstructure of Inconel 
718 processed by AM, implying additional costs to improve 
its corrosion resistance [11]. Therefore, choosing AM for 
Inconel alloys is not an obvious selection to achieve a good 
balance between wear and corrosion.

On the other hand, applying a thermochemical treatment 
is a promising alternative to increase the wear resistance 
of conventional corrosion resistance alloys, such as duplex 
stainless steels [12]. For localized corrosion, low-tempera-
ture plasma nitriding conducted in a pulsed cold wall DC 
reactor improved the resistance of Inconel 718, as verified by 
de la Rosa et al. [13]. However, Refs. [10] and [13] did not 
evaluate the effect of different natures of tribological pairs 
during the wear processes.

In this fashion, Houghton et al. [2] verified a positive 
answer of plasma nitriding during ball-on-ring tests under 
dry conditions, using plasma nitriding to increase the load 
capacity of Inconel 718 to postpone seizure initiation. 
Although their investigation considered similar and dif-
ferent tribological pairs, the plasma nitrided layer must be 
thoroughly characterized, making it difficult to interpret its 
role. Since the tribological pair can be composed of materi-
als with different mechanical properties, wear mechanisms 
depend on the difference between bodies [14, 15].

In the context of reducing the wear of Inconel 718 using 
active screen plasma nitriding, this investigation aims to 
verify the effect of different counterbodies on the tribologi-
cal behavior of this alloy under a saline solution interfacial 
medium.

2 � Experimental Procedure

2.1 � Material and Nitriding Processing

Inconel 718 was used as a substrate, and its chemical compo-
sition (in wt%) of Inconel 718 was 53.5% Ni, 18.6% Cr, 5.0% 
Nb, 2.88% Mo, 1.02% Ti, 0.52% Al, 0.015% C and the bal-
ance in Fe. Solubilization was conducted for 1 h at 1090 °C, 
and an aging process at 788 °C for 7 h was employed for the 
raw material.

Samples with 34 mm × 27 mm × 7 mm were finished up 
to 1200-mesh sandpaper (Sq = 0.081 ± 0.007 µm). Then, the 
active screen plasma nitriding (ASPN) was carried out at 
400 °C for 20 h, using a gas mixture of 75% nitrogen and 
25% hydrogen in an AS Plasma Metal 75 kVA industrial 
scale unit. The selection of low temperatures is to avoid the 
formation of CrN precipitates, which can compromise the 
corrosion performance [16]. After nitriding processes, the 
treated surfaces’ Sq parameter (Root Mean Square Height) 
was 0.153 ± 0.004 µm. X-ray analyses were performed using 
CuKα radiation, a current of 30 mA, a voltage of 40 kV, a 
glazing angle of 5°, and scanned at 0.02°/s from 2θ of 30° 
to 100°.

The Vickers hardness values of studied specimens were 
measured by applying for 10 s a load of 5 g. Besides, the 
hardness and elastic modulus of the tested surfaces were 
measured by nanoindentation with the Quasi Continuous 
Stiffness Measurement (QCSM) method. A maximum load 
of 100 mN was applied using a Berkovich tip rounding 
was ~ 200 nm. Calibration details are described elsewhere 
[17]. Twenty indentations were performed with a spacing of 
30 µm between them on the surfaces and on the counterbod-
ies balls before and after the wear test. After the tests, the 
contact stiffness technique was applied [18] to minimize the 
effects of roughness on the loading curves.

2.2 � Reciprocating Wear Testing

The reciprocating tests were performed in a tribometer with 
a load cell of 10 N capacity. Two different balls were used 
as counterbody: (i) AISI 52100 steel and (ii) Si3N4 ceramic 
ball, both with 4  mm diameter, moving under 5  Hz of 

Table 1   Designation of tribological pairs tested under saline solution

Ball material 
(counterbody)

Tested specimen Designation of pair

52,100 steel Inconel 718 IN718-S
52,100 steel Nitrided Inconel 718 ASPN-S
Si3N4 Inconel 718 IN718-c
Si3N4 Nitrided Inconel 718 ASPN-c
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frequency. The normal load was 5 N, the track distance was 
5 mm, and the testing time was 1800s. This time was suf-
ficient to reach the steady state in both samples. Additional 
tests were also carried out with 300 or 900 s to investigate 
the evolution of wear mechanisms. During the reciprocat-
ing tests, the specimens were submerged in artificial saline 
solution (0.6 M NaCl) interfacial media, using a proper 
container, described elsewhere under ring-on-cylinder lubri-
cated tests [19], without recirculation. Each test setup was 
repeated three times, at least.

The coefficient of friction (COF) was determined by 
measuring the tangential force with a frequency of 1 Hz. 
Only the steady-state regime was considered to calculate 
the average values, discharging the initial high fluctuations 
due to static friction. This regime was confirmed after we 
checked the same pattern of friction curves observed either 
after 300 s or after 1800s.

The worn tracks were studied using an optical interfer-
ometer, using a sampling resolution of 1024 × 1024 points. 
The wear volume was determined using the tools’ stitching’ 
and ‘volume of a hole/peak’ through Taly Map Platinum 
6.1 software. Any filter besides leveling was applied to the 
measured surfaces.

The four tribological pairs will be identified following the 
nomenclature presented in Table 1.

2.3 � Corrosion Characterization

The corrosion tests were performed in an aerated solution 
of 0.6 M NaCl at 25 ± 1 °C. Flat plate samples were used as 
working electrodes, assembling in the bottom of the nylon 
electrochemical cell, where a hole of 1 cm diameter exposes 
an area of 0.785 cm2, sealed with O-rings, and fixed with 
clamps. All specimens were sanded using 600-mesh SiC to 
characterize the corrosion parameters (OCP, Ecor, Rp, Icor, 
and corrosion rate) without the surface roughness effect. 
After sanding, they were washed in water and dried before 

assembling on the electrochemical cell. Open circuit poten-
tials (OCP) were measured and determined after 3300 s 
of immersion, as recommended by the ASTM G-59–97 
standard [20], using a potentiostat system connected to a 
microcomputer. The micro and macropolarization tests were 
carried out by disturbing the system in ± 10 mV around Ecor 
and ± 150 mV, respectively, using a scan speed of 1 mV s−1. 
The Ecor was determined accordingly to the macropolariza-
tion curves. A platinum counter-electrode and an Ag/AgCl 
reference electrode were used. Three runs were performed 
to obtain the average values.

3 � Results and Discussion

3.1 � Characterization of Tested Materials

A nitrided layer 4.43 µm thick was formed on the surface of 
the Inconel 718 in the sample ASPN (Fig. 1).

The nitrided layer contains slip lines, resulting from a 
significant lattice expansion. The same feature was described 
by Jing et al. [16] after the salt bath nitriding of Inconel 718. 
The surface roughness of the untreated specimen increased. 
Many investigations [5–8] reported increased surface 
roughness after nitriding, including values closer to those 
described here [6]. Maniee et al. [6] claimed an explana-
tion based on the formation and coarsening of precipitates 
using hot wall plasma nitriding. The precipitation cannot 
be applied to our case (Fig. 2), but the findings of Ref. [13] 
showed that a higher nitriding temperature did not increase 
the Sq parameter. On the other hand, they revealed a grain 
boundaries pattern after nitriding at 400 ℃, most probable 
to increase the peaks predominance. For these reasons, the 
swelling is the most probable reason for increasing rough-
ness, following the technique applied by Stinville et al. [21] Fig. 1   Transversal section of nitrided layer obtained in Inconel 718

Fig. 2   XRD spectra of Inconel 718 and nitrided layer
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after nitriding, confirmed further in the case of Ni-base 
alloys [22].

Figure 2 shows that only the gamma phase was detected 
in the X-ray spectrum and determined to be Inconel 718. 
With the plasma nitriding, S-phase was developed, corre-
sponding to the peaks at 40.4° and 45.6°. The reduction in 
the intensity of the γ(200) peak was also observed by Jing 
et al. [16], who used salt bath nitriding at 425 °C for differ-
ent times (4, 8, and 16 h). As expected, any nitride precipi-
tate was formed after active screen plasma nitriding.

Regarding the microhardness, the nitrided specimens had 
an average value of 1200 ± 100 HV0.005, while the substrate 
material (IN718) in its aged condition reached 530 ± 10 
HV0.005. The Berkovich measurements also showed an 
increase in surface hardness after plasma nitriding with a 
mean value of 12.1 ± 0.5 GPa and the untreated surface with 
a mean value of 5.9 ± 0.1 GPa. The elastic moduli deter-
mined were 204 ± 7 GPa and 222 ± 5 GPa, for Inconel and 
plasma nitrided surface, respectively. These elastic modulus 
values are in the same order of magnitude as those reported 
by Kovací et al. [5].

3.2 � Tests with AISI 52100 Steel Balls

Table 2 shows the average values of COF and wear rates 
determined to Inconel 718 and ASPN samples after recip-
rocating tests against AISI 52100 steel balls.

The ASPN treatment effectively reduced the wear rate of 
Inconel 718 alloy under the investigated conditions. On the 
other hand, the COF value obtained for the IN718-S pair is 

Table 2   Tribological responses after reciprocating tests with 52,100 
steel as counterbody

The onset of plastic deformation is indicated by H3/E’2

Pair COF Wear rate 
[mm3/N m] × 10–5

H3/E’2 [GPa]

IN718-S 0.29 ± 0.01 0.98 ± 0.2 0.005
ASPN-S 0.36 ± 0.03 0.09 ± 0.02 0.036

Fig. 3   Worn tracks of IN718 (a, 
b, and c) and ASPN samples 
(d, e, and f) after reciprocating 
tests against steel ball. Note 
intense plastic deformation and 
discontinuous oxide layer in the 
IN718 sample and scratches in 
the ASPN sample
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the lowest in the current investigation. The reasons for fric-
tion and wear are different because the interface developed 
during the wear process differs.

The hardness of the steel ball is higher than Inconel 718 
but lower than the ASPN sample. Considering the reduced 
modulus E’ to estimate the load to initiate the plastic defor-
mation on the flat surface [23], Table 2 shows that the value 
of H3/E’2 of the ASPN sample is one order of magnitude 
higher than that calculated for Inconel alloy. Then, the plas-
tic deformation caused by the steel ball on the Inconel sur-
face should be higher, which was reflected in the resulting 
wear rate.

The plastic deformation was observed on worn tracks 
of Inconel 718, associated with a considerable amount of 
adhered material, resulting from the successive contacts dur-
ing the reciprocating movement (Fig. 3).

The worn surface of IN718 (Fig. 3a) shows that at the 
beginning of sliding (300 s of testing time), wear debris 

has a significant adhesion onto the wear track. Looking at 
the widths of worn surfaces, it is notable the increase from 
900 to 1800s of testing time (Fig. 3b and c). Along with the 
adhesion mechanism, an oxidation process happened due to 
the presence of chloride ions. The EDS analysis performed 
on point 1 confirms the presence of oxygen. On the other 
hand, under brighter regions, represented by point 2, the 
oxides probably were removed. The local chemical analysis 
on point 3, which is rich in oxygen, is proof of the ejection of 
oxides. The oxidation had occurred in debris also: the EDS 
analysis showed a more significant oxygen content in points 
4, 5, and 7 than in point 6 (worn surface).

Identifying wear debris after tests conducted with ASPN 
samples was much more difficult. In Fig. 3d and e, it is pos-
sible to see that the width of the wear track increased up to 
900 s of testing time, meaning a reduced time to reach the 
steady-state regime of wear compared to tests with IN718. 
The reason for that is the change of predominant wear 

Fig. 4   EDX spectra for points inside and outside worn tracks of IN718 (1 to 7) and ASPN samples (8 and 9) after reciprocating tests against steel 
ball
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mechanism: adhesion was much less intense in the presence 
of a nitride layer; conversely, besides the Nb-rich clusters 
identified using EDS, the worn surfaces present scratches. 
During the sliding process, these particles were pulled out; 
they can roll and attach to the counterbody, as illustrated in 
the insets presented in Fig. 3d and e. This process can hap-
pen in the IN718 sample but be much more intense in ASPN, 
where the wear was much lesser. The EDS analysis helped to 
identify a more extensive content of oxygen and iron outside 
the track (point 9) than inside (point 8), indicating a higher 
presence of oxides expelled from the sliding track.

The corresponding EDX spectra determined for points 
indicated in Fig. 3, inside and outside worn tracks, are pre-
sented in Fig. 4 (points 1 to 9).

The average friction curve for the IN718-S pair (Fig. 5a) 
shows intense and immediate peaks throughout with whole 
testing time. They represent the collapse of tribofilm formed 
on the 52,100 steel balls, illustrated in Fig. 6a, b, and c. 
Additionally to the discontinuous tribofilm, it is worthwhile 
that the surfaces of the balls did not flat during the wear 
process; therefore, they kept acting as an indenter agent to 
the Inconel 718. Thus, the contact stresses developed during 

Fig. 5   Friction evolution along with testing time: a IN718-S pair, and b ASPN-S pair

Fig. 6   SEM images of steel ball after reciprocating tests with IN718 and ASPN samples: a and d after 300 s, b and e after 900 s, c and f after 
1800 s of testing time. Note intense oxidation, Ni-rich debris, and NaCl deposit
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the wear process can only remove the tribofilm, and further 
adhesion and ejection processes are expected for third bod-
ies, maintaining the steady-state regime, as postulated by Fil-
lot et al. [24]. This tribofilm combines iron oxide, NaCl, and 
adhered materials from Inconel. The presence of saline solu-
tion caused the oxidation of the steel surface, but the main-
tenance of oxide depends on the level of contact pressure. 
During the period when the oxide predominated, the level 
of COF values was below ~ 0.3. Conversely, friction levels 
determined by Maniee et al. [5] for dry contact between 
Inconel 718 and 52,100 steel is close to 1, where probably 
any oxide layer could be kept whole at the interface.

As verified in other investigations [7, 25], iron oxides 
can reduce friction. Mondragón-Rodríguez et al. [7] found 
COF of ~ 0.25 for Inconel 718 and 52,100 steel balls under 
pin-on-disk experiments. Although their contact pressure is 
relatively close to that used here, their conditions of veloc-
ity and configuration promoted oxidation. However, these 
authors revealed only the oxide layer on the disk surfaces.

The friction became stable and higher when contact was 
established between the steel ball and the ASPN surface 
(Fig. 5b). The presence of the tribofilm was insufficient to 
reduce the COF values, which occurred due to the higher 
wear of the steel ball, as illustrated in Fig. 6d, e, and f. One 
can note the flattening of balls, which is a phenomenon 
that changes the contact pressure and is expected when the 
indenter body is softer than its counterface [26]. Besides, 
the difference between the polarization resistances of steel 

and a nitrided surface should be considered. Basu et al. [27] 
determined that the plasma nitriding can double it. There-
fore, the tendency to form oxide layers might be restricted 
to the steel surface.

Looking at the worn surface of the steel ball after 
contact with the ASPN surface, the region of contact 
is metallic, and a discontinuous tribofilm, with fewer 
amounts of Na and Cl—can be observed (Fig. 6). The 
intense deformation broke the layer, and most probably 
small debris can enter the interface. The maximum value 
of hardness for an iron oxide as a product of corrosion 
determined by Chicot et al. [28] is 5.3 GPa. There needs 
to be more than this value to scratch the ASPN surface. 
Considering this fact, the most probable abrasive agent 
is a mixed layer, including the severely work-hardened 
surface of the steel ball.

Figure 7 illustrates the worn surfaces of balls after 
tests; they contain NaCl deposits, oxides layers, and 

Fig. 7   EDS maps of the worn 52,100 steel balls after 1800s of testing time. NaCl deposits, oxides, and Ni-rich debris are detected

Table 3   Hardness (GPa) of 
different tribo-elements and 
strain hardening (%) after tests 
with IN718-S and ASPN-S 
tribo-pairs

Tribo-pair Sample Unworn surface, GPa Worn surface after 
900 s of testing time, 
GPa

Variation in 
hardness, %

IN718-S IN718 (body) 5.9 ± 0.1 7 ± 1 18.6
IN718-S 52,100 steel (counterbody) 12.3 ± 0.3 13 ± 2.5 5.7
ASPN-S ASPN (body) 12.1 ± 0.5 13.9 ± 0.5 15.3
ASPN-S 52,100 steel (counterbody) 12.3 ± 0.3 14.8 ± 0.8 20.3

Table 4   Tribological responses after reciprocating tests with silicon 
nitride as counterbody

Pair COF Wear rate 
[mm3/N m] × 10–5

IN718-c 0.37 ± 0.03 2.5 ± 0.6
ASPN-c 0.39 ± 0.01 2.1 ± 0.5
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Ni-rich debris at the surfaces. Pintaude et al. [29] deter-
mined the hardness after abrasion of 52,100 steel as 
14.1 GPa. In this case, and considering the probable small 
size of debris, these work-hardened particles would be 
able to scratch the ASPN surfaces.

Measuring the work hardening through nanoindenta-
tion (Table 3), we can observe a higher value than deter-
mined by Ref. [29] for the worn surface of the steel ball 
against the ASPN surface (14.8 GPa). The intensity of 
cold working was small (12.8 GPa) when testing IN718 
because the plastic deformation of this body was pre-
dominant (18.6% increase), as discussed previously and 
confirmed by looking at the results of Table 3.

In this situation, the minor wear of the ASPN surface 
can also be checked by the maintenance in average rough-
ness after wear testing. Its value of the Sq parameter was 
reduced by only 4%, meaning the surface scoring was the 
primary mechanism in this testing condition.

3.3 � Tests with Silicon Nitride Balls

Table 4 shows the average values of COF and wear rates 
determined for Inconel 718 and ASPN samples after recip-
rocating tests against silicon nitride balls.

The presence of a nitrided layer, when Inconel was 
worn by silicon nitride, was insignificant for friction coef-
ficient and wear rate. Regarding the standard deviations, 
the performance with or without plasma nitriding can be 
similar.

The reason for that is the observed wear mechanism on 
the worn surfaces, similar to when IN718 and ASPN sam-
ples were tested against silicon nitride. As shown in Fig. 8a, 
directional scratches can be observed after reciprocating 
tests. The same pattern of scratches was identified on the 
silicon nitride surface, which can be observed in Fig. 8b.

The friction curves (Fig. 9) show a relevant transient 
period in which the COF is higher than that determined for 
steady-state one. In the case of Inconel 718 samples, this 
transient period was accompanied by a high fluctuation in 
the COF values, meaning a significant change in the inter-
face nature. This aspect is essential to identify the abrasive 
agent, besides the harder asperities of silicon nitride.

We can find in the literature that a significant work-hard-
ening occurs when Ni-alloys are in contact with harder coun-
terbodies. Papageorgiou et al. [30] conducted tribocorrosion 
experiments to verify the responses of NiCrMo-625 alloy. 
This material was subject to 6 to 70 N (916 to 2078 MPa of 
average contact pressures) in a ball-on-flat reciprocating sys-
tem, using a polycrystalline alumina ball of 6 mm diameter 
as a counterpart. They verified an increase in hardness on 
worn tracks of approximately 37% under the lowest applied 
load. Besides, the alumina ball presented more considerable 
wear.

Based on this description, we can infer that the plastic 
deformation of the worn track is achieved in the initial 

Fig. 8   a Worn track of Inconel 718 sample after reciprocating tests against silicon nitride. Note oriented grooves; and b SEM image silicon 
nitride ball after reciprocating tests in the same condition

Fig. 9   Friction evolution along with the testing time of IN718-c pair
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periods, accompanied by a high transfer of materials from 
part to part. After that, the formed tribofilm can scar both 
balls and the tested sample.

The insignificant effect of a nitrided layer under these 
conditions was also verified elsewhere. Espallargas and 
Mischler [31] investigated the tribological responses of 
pulsed plasma nitrided Ni–Cr alloy using 15 N of applied 
load in a ball on a flat system. Under a solution of 0.5 M 
H2SO4, they concluded that the same mechanical wear rates 
were found for untreated and treated materials.

Considering the microabrasion as the resulting mecha-
nism in tests performed with silicon nitride, comparing 
our results with others obtained under the microscale abra-
sion test seems reasonable. Varela et al. [32] compared 
the performance of Inconel 625 with and without plasma 
nitriding. Their results showed that the performance of 
untreated Inconel did not differ much from that reported 
for nitrided surface because the standard deviation deter-
mined to nitrided condition was relatively large. Due to its 
higher hardness, the wear resistance of Inconel 718 can be 
higher than that determined for Inconel 625. Therefore, for 
our case, the more negligible difference can be justified for 
this reason, and of course, for the differences in thickness 
and microstructure of the nitrided layer.

4 � Discussion on Corrosion 
and Tribocorrosion Effects

Table 5 presents the electrochemical parameters for Inconel 
718 and ASPN specimens using 0.6  M NaCl solution 
(Fig. 10a shows the average polarization curves).

The determined results in polarization regarding Ecor, Icor, 
and corrosion rate agree with those described in Ref. [6] for 
untreated Inconel 718 and nitrided surfaces. Unfortunately, 
Refs. [6] and [27] did not present the standard deviations of 
corrosion parameters, which would be helpful. As expected, 
the corrosion behavior resulting from the nitriding process 
could be improved about Inconel 718.

A question arises from observing all worn tracks, consid-
ering the presence of artificial saline solution at the inter-
face. In what tested system this solution made a real dif-
ference? To our understanding, only when the counterpart 
suffered intense corrosion and a formed tribofilm could act 
to change the friction, i.e., the IN718-S pair. In other stud-
ied cases, the mechanical wear was much more intense than 
corrosive wear.

The change in friction during tribocorrosion was studied 
by Jun et al. [33]. Using alumina as a pin, they investigated 
the tribological behavior of NiCrMo-625 nickel-based alloy 
in a pin-on-disk. These researchers concluded that the COF 

Table 5   Electrochemical 
parameters obtained in the 
corrosion tests under 0.6 M 
NaCl solution

a Data from Ref. [27]

Material OCP [mV] Ecor [mV] Rp [Ohm] × 105 Icor [nA/cm2] Corrosion 
rate [mm/
year] × 10–4

Inconel 718 − 117 ± 35 − 136 ± 25 4 ± 1 33.6 ± 32.7 3.4 ± 3.3
ASPN − 55 ± 7 − 72 ± 6 4 ± 1 14.7 ± 0.07 1.49 ± 0.08
52,100 steela Non-informed − 765 0.089 13,900 5502

Fig. 10   a Polarization curves obtained to Inconel 718 and ASPN samples; b Evolution of open circuit potential (0.6 M NaCl solution)
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of NiCrMo-625 alloy shows a slightly decreasing trend with 
increasing potential in the range of − 1.0 to 1.0 V. Friction 
signal presented high fluctuations due to the formation and 
cracking of oxide layers. This behavior implies high wear in 
tests conducted with positive potential.

However, their remarkable result was determining the 
material loss caused by corrosion without wear. Under 
− 0.5 V, this result was nil; even under OCP, the proportion 
with pure mechanical wear was only 0.02%.

To verify what the OCP would be closer to the situation 
experimented on during the wear tests, we verified the effect 
of agitation on OCP. The solution was stirred with a helix-
shaped paddle made of polymeric material (LDPE) using a 
cc electric motor at 33 rpm.

In Fig. 10b, one can see that the potentials shifted quickly 
from negative to positive values under stirred solutions. The 
effect of agitation on OCP and its relation with tribocorro-
sion was analyzed by López-Ortega et al. [34]. They con-
cluded that the effect of agitation is considerable on non-
passivating steel and negligible on a passive one.

Our results show that both Inconel and nitrided layers 
have the same behavior; therefore, all differences in tribo-
corrosion can be input to the steel counterbody, which is 
a non-passive material. In this sense, using hard and cor-
rosion-resistant ceramics as counterbodies can disturb the 
performance analysis of metallic and treated surfaces. Kas-
turibai and Kalaignan [35] showed that introducing Si3N4 
nanoparticles in Ni can reduce the up to 70 times the corro-
sion rate. Besides the harder asperities of Si3N4, its presence 
isolated the NaCl from the aqueous solution. We observed 
this effect on the worn surfaces of the ASPN-c pair, shown 
in Fig. 11.

Finally, we mention the investigation conducted by 
Woodward et al. [36], who tested pins of cast iron against 
disks of AISI 4330 and 15-5PH steels under saline solution. 
They observed that NaCl solution acted as a lubricant, com-
pared with dry tests, instead of increasing the total wear. The 
differences between the wear of dissimilar materials of disks 

can be considered insignificant, which reinforces the discus-
sion about the effect of counterbody on the tribocorrosion 
behavior. For future investigations, we recommend using 
non-passive bodies, considering their passivation behavior 
to model the wear components, mechanical and corrosive.

5 � Conclusions

Active screen plasma-nitriding was conducted at low-tem-
perature at the surface of Inconel 718, forming a single layer 
of S-phase. Its tribological behavior was studied in a recip-
rocating system under saline solution, varying the counter-
body material. Based on the described results, the following 
conclusion can be put forward:

–	 When a deformable and non-passive counter-
body—52,100 steel—is used, the nitrided layer signifi-
cantly reduced the wear, but the friction behavior was 
governed by the tribofilm formation and its partial main-
tenance, which is verified during the contact between 
steel and untreated Inconel 718;

–	 The use of a ceramic counterbody—silicon nitride ball—
results in an abrasion mechanism of wear; in this case, 
the presence of a nitrided layer was insignificant for both 
wear and friction results; and

–	 Tribocorrosion approaches should consider non-passive 
counterbodies to express the representative contacts and 
practical mechanical and corrosive components of wear.

Although we presented a detailed description of wear 
mechanisms regarding different counterbodies, this study 
was limited to not providing the synergism parcel between 
wear and corrosion, which will be a topic to be explored in 
a further investigation.

Fig. 11   a NaCl tribofilm formed at ASPN surface after tests with Si3N4; and b NaCl debris observed in the same tribological pair (ASPN-c)
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