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Super duplex stainless steel (SDSS) has excellent corrosion resistance and good mechanical properties.
However, the tribological characteristics of these steels reduce their applicability. Plasma nitriding (PN) and
cathodic cage deposition (CCPD) have been used to cause surface changes to improve wear resistance
without significant loss of corrosion resistance. In this study, PN and CCPD treatments were performed at
350 and 450 �C to evaluate the influence of temperature on wear and corrosion resistance. Microhardness,
XRD, SEM, wear, and corrosion tests were performed to evaluate the results. It was observed that the
treatments adopted in the study improved the hardness and wear resistance of all samples. The results
showed that nitriding performed well in terms of corrosion resistance at low temperatures (350 �C), while
at higher temperatures (450 �C), the duplex treatment proved to be more suitable.
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1. Introduction

Super duplex stainless steels (SDSS) exhibit a microstruc-
ture composed of austenite and ferrite phases with a ratio of
approximately 1:1 (Ref 1). With a high content of Chromium
(24-27%) and also the presence of nickel, manganese, and
nitrogen (Ref 2), mainly concentrated in the austenite phase,
these steels are widely used in aggressive environments,
especially in the oil and gas industry (Ref 3-5), and currently,
in industrial of paper and cellulose (Ref 6), where there is a
need for mechanical components with good strength, toughness
and corrosion resistance since these steels present greater
resistance to chemical attacks due to the formation of chromium
oxide on the steel surface in the presence of oxygen (Ref 7).

The economic value of SDSS steels varies less due to
nickel’s lower composition content than austenitic stainless
steels and nickel-based alloys (Ref 8, 9). Although stainless

steels have good mechanical strength (Ref 10-12), they do not
meet all project specifications in many industrial applications
and are still limited (Ref 13).

In this context, surface treatments of stainless steel are
necessary to improve hardness, tribological behavior, and
fatigue resistance, avoiding the degradation of corrosion
resistance (Ref 14, 15). Among these treatments, plasma
nitriding (PN) offers the possibility of modifying the surface
properties by controlling the processing parameters without
altering the core bulk structure (Ref 16, 17). However, due to
the high chromium content in SDSS steels, nitride layers tend
to form due to the intense binding energy between chromium
and nitrogen. Thus, chromium nitride precipitation occurs,
decreasing corrosion resistance and/or mechanical properties
(Ref 18, 19).

Low-temperature nitriding inhibits the formation of Cr
nitride due to substitutional Cr diffusion, while the interstitial
atoms can diffuse under so-called para-equilibrium conditions,
and supersaturated solid solutions of the diffuse interstitial
atoms in austenite can be obtained, which allow an increase in
surface hardness without harming corrosion (Ref 20, 21).On the
other hand, processes that reduce the austenite content to
approximately 25% are unacceptable for most industrial
applications due to the substantial reduction in corrosion
resistance (Ref 1).

In addition to nitriding, another technique is cathodic cage
plasma deposition (CCPD), which provides better wear and
corrosion performance. In this technique, the material from the
cage is pulled out due to the formation of the hollow cathode
effect in its holes, combined with the elements of the
atmosphere, and then deposited on the surface of the substrate.
Therefore, if a titanium cage is used, the substrate is coated
with a film composed of Ti-containing phases, and conse-
quently, better surface properties can be acquired (Ref 22, 23).

OskanGokcekaya et al. (2022) performed plasma nitriding
in an atmosphere with 80%N2-20%H2 at 450, 500, and 550 �C
for 2, 4, and 9 h of treatment. Due to temperature and treatment
time, the results showed variation in the relative amount of
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austenite, expanded austenite, ferrite, and nitride precipitates
(Ref 24).In high-temperature treatments, nitrogen diffusion to
ferritic stainless steel (ccc) leads to the formation of iron
nitrides (e—Fe2-3 N, c’- Fe4N) and nitrides such as CrN, which
improve hardness but impair corrosion resistance. On the other
hand, in treatments with temperatures below 450 �C, the entry
of nitrogen into the stainless steel structure causes the formation
of the expanded austenite phase (cN), responsible for main-
taining corrosion resistance and increasing hardness (Ref 25,
26). The review work by L. H. P. Abreu et al. (2020) presented
several results that used the CCPD technique to produce
homogeneous and wear-resistant titanium nitride (TiN) films.
Despite producing thinner layers than conventional nitriding,
the TiN films produced by CCPD have high hardness, and their
homogeneity acts as a barrier, reducing oxygen access in the
innermost regions and susceptible to corrosion degradation
(Ref 22, 27, 28). The combination of conventional plasma
nitriding and CCPD, duplex treatment, can be adopted to add
the benefits caused by each of the treatments to make the steel
surface more resistant to wear without losing its corrosion
resistance.

This study aims to contribute to understanding the duplex
treatment (PN + CCPD) with emphasis on the influence of
temperature on the tribological behavior and corrosion resis-
tance of UNS S32750 steel. The presented methodology
suggests an evaluation of the mechanical properties and the
structural modification as a function of the treatment temper-
ature change (350 to 450 �C) in order to improve the wear
resistance without loss of corrosion resistance.

2. Material and Experimental

This work used super duplex stainless steel, UNS S32750,
with a nominal composition shown in Table 1.

Cylindrical samples of super duplex steel were prepared
according to metallographic techniques to produce a reduction
of irregularities in the pieces, as described by Leonardo C. Silva
(Ref 29). After the preparation of the samples, one was
separated to be the standard sample (Base), another was
submitted only to CCPD, and the remaining were submitted to
the treatment of ionic nitriding. Before the treatments, the
samples were cleaned in the plasma chamber by sputtering with
an argon atmosphere for 30 min to remove surface impurities.
Then, the samples were nitrided for 4 h in an atmosphere

resulting from a flow of 17H2/51N2 and a working pressure of 2
mBar. However, the temperature was the modifying factor of
the nitrided layers, as indicated in Table 2. Then the N350 and
N450 samples, respectively nitrided at 350 and 450 �C, were
treated using the plasma deposition technique with a titanium
cathodic cage (Table 2). In the deposition, the parameters were
set as follows: 40H2/20N2, 2 h, and 1.5 mBar.

The system used for the treatments consists of a plasma
reactor with peripheral equipment (a set of electronic sensors, a
gas supply system, a vacuum pump, and a voltage source) duly
described in previous works (Ref 23, 30, 31). The samples used
in the study were subjected to a chemical attack with Behara
reagent (20 ml of hydrochloric acid, 80 ml of distilled water,
and 1 g of potassium metabisulfite) to reveal microstructure in
optical microscopy analysis to measure the thickness of the
formed layers. Four measurements were made along the films
to obtain the average value. These analyzes were performed in
an Olympus optical microscope, model BX60M. Microhard-
ness was performed according to ASTM E92 and ASTM E384
standards using an INSIZE microhardness tester, model ISH-
TDV 1000 (Ref 32). Five measurements were made from the
center to the edge, with a load of 0.98 N, the mean value, and
their respective standard deviations to evaluate treatment effects
along the surface. X-ray diffraction was performed with a
Shimadzu diffractometer (model DRX-7000) with CuKa
radiation, voltage 40 kV, current 40 mA, angular range (2h)
30-100�.

The ball-on-disk wear test was performed with 52,100 steel
balls (C = 0.98-1.1%, Fe = 97.05%, Cr = 1.4%, Si = 0.25%,
P £ 0.025%, Mn = 0.35%, S £ 0.25%) and 25.4 mm in
diameter to obtain the wear volume and friction coefficient of
the treated samples (Ref 33). The parameters used to perform
the test were 8 N of normal load, and 40 Hz (160 RPM) of
rotation, without any abrasive or lubricant. The wear tests were
performed by varying the test time in 2, 5, 10, 15, 20, 25, and
30 min, keeping the tested region fixed to observe the wear
resistance of the samples to the analyzed time(Ref 34-37). The
method adopted in this analysis is described in detail in
previous works (Ref 36, 38, 39). The corrosion test was
performed in a three-electrode electrolytic cell (3.5% NaCl
solution) for 2 h. Then, potentiodynamic polarization measure-
ments of the samples were performed, starting the scan at
250 mV below the OCP, with a rate of 1 mV/s, until reaching a
current of 1 mA/cm2. Each measurement was performed in
triplicate to verify test repeatability. In this assay, measurements

Table 1 Nominal chemical composition of UNS S32750 super duplex steel (% mass) (Ref. 30)

Material Cr Mo Ni C N Mn Si P S Fe

UNS S32750 24.6 3.49 6.7 0.09 0.29 0.76 0.27 0.02 0.001 Bal

Table 2 Treatment parameters for ion nitriding on UNS S32750 super duplex steel

Samples Base N1 N2 N350 N3 N4 N450

Temperature, �C … 350 450
Samples ND350 ND450 D450
Temperature, �C 350 450 450
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of open circuit potential (OCP) and potentiodynamic polariza-
tion curves were obtained before and after treatments.

3. Results and Discussion

The analysis of the microhardness results is presented in
Table 3, considering the minimum, average, maximum micro-
hardness, and the standard deviation (S) of the samples.

According to the hardness values obtained, the treatments
favored the increase in the surface hardness of the SDSS, since
all the treated samples had a higher microhardness value than
the untreated SDSS. The temperature increase from 350 to
450 �C in the nitriding process caused a significant increase in
surface hardness. This effect is justified by the increase in
diffusion and consequent mobility of nitrogen to the innermost
regions of the sample, forming the expanded austenite phase
(cN) (Ref 37). In addition, nitrogen diffusion also causes the
formation of iron nitrides (e—Fe2-3 N, c’- Fe4N) (Ref 31, 40).
The sample submitted to post-treatment of CCPD with titanium
cage at 350 �C (sample ND350) showed a small increase in
hardness compared to samples only nitrided due to the small
thickness of the TiN film, showing that the hardness of the
nitride film of titanium is superior to the hardness of the
nitrided layer formed at this temperature. On the other hand, the
surface hardness obtained in the sample ND450 did not
increase in the samples, only nitrided. This fact can be
explained because the hardness of the nitrided layer at 450 �C
presented a value similar to the hardness value of titanium
nitride films, as reported by Libório et al. (2020) (Ref 41).

The x-ray diffraction analysis of the nitrided samples at 350
and 450 �C showed expanded ferrite and austenite crystalline
phases characterized by the shift of the a and c phase peaks to a
low angle 2h, in addition to iron nitride precipitated phases
(type e and c’) as shown in Fig. 1 (Ref 42). The diffractograms
confirmed that the increased processing temperature con-
tributed to the greater diffusion of interstitial nitrogen in the
nitrided layer. However, the temperatures reached did not favor
the formation of chromium precipitates, which would cause a
significant reduction in the corrosion resistance of the SDSS.
Figure 1 also highlights the increase in displacement of the
main ferrite and austenite peaks, respectively, at 43.43 and
44.53�, as a function of temperature. This result points to the
saturation of nitrogen in the iron matrix and a subsequent
tendency toward a more intense formation of FexN and CrxN
(Ref 43).

The cut made in the cross section made it possible to analyze
the treated samples’ microstructure and visualize the modified

surface layers. Figure 2 shows the microstructure of sample
N350 composed of ferrite and austenite lamellae oriented
horizontally due to the lamination process. However, a thin and
homogeneous nitrided layer resulting from low nitrogen
diffusion is observed. The CCPD deposition treatment per-
formed on the nitrided sample at 350 �C contributed to the
increase in the layer from 2.27 to 4.65 lm (Fig. 2c). Despite
the small increase in surface hardness that justifies the presence
of deposited thin film, it cannot be seen in the images obtained
in this analysis. Figure 2(b) shows the cross section of sample
N450 (only nitrided). A significant increase in the nitrided layer
is observed due to the increase in the nitriding temperature
(approximately 25.5 lm) (Ref 44).This sample presents lamel-
lae in the vertical direction, causing the composition of the
nitride layer formed by expanded ferrite and expanded austenite
to be oriented in this direction(Ref 45). Among the analyzed
samples, N450 showed compromised homogeneity due to the
noticeable fracture of the layer in the superficial region. The
ND450 sample, unlike the N450 sample, was exposed to
deposition nitriding treatments with the lamellae oriented
horizontally. However, the layer thickness of this sample
reached a value similar to the sample, only nitrided at the same
temperature (N450) but with greater homogeneity.

Figure 3 shows the surface optical microscopy and electron
microscopy of the cross section of the sample N450, high-
lighting the contrast and the distribution of the ferrite (dark) and
austenite (light) phases of the UNS S32750 steel. Using ImageJ
software to calculate the percentage of phases observed on the
surface of the sample, with the measurement of 10 different
areas, the result of 50.81% of austenite phase was obtained,
representing the proportion approximately indicated in the
literature for the stainless steel studied (Ref 46, 47).

Figure 4 shows that the tribological analysis during the test
time increases the amount of wear because the longer the
sample is subjected to the test, the greater the wear it will suffer.
The treatments improved the wear resistance of the base
material, demonstrating that the plasma treatments of both
conventional nitriding (N) and duplex treatments (ND) had
similar behaviors. Efficient in increasing the wear resistance of
the material.

Figure 4(b) shows that sample N450 obtained better wear
resistance (0.010 mm3) between treatments, showing lower
wear volume values as a test time function. On the other hand,
the deposition of the TiN deposited film only showed a higher
volume of wear (0.043 mm3). Therefore, lower wear resistance,
different from the samples only nitrided and submitted to the
duplex treatment. It is also observed that samples N350 and
N450 presented tribological behavior with an insignificant
difference.

Table 3 Microhardness of steel samples UNS S32750 after plasma deposition treatment

Samples

Microhardness, HV

Standard deviation, SMinimum Average Maximum

BASE 348,98 380,01 418,25 25,85
N1 504,90 550,04 578,15 28,11
N2 574,74 645,11 743,97 84,60
ND.350 675,74 736,94 825,03 63,13
N3 1321,63 1569,37 1819,65 190,18
N4 1305,99 1354,64 1421,66 44,64
ND450 1107,23 1359,38 1509,12 153,08
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The wear marks of the base material, nitrided samples, and
duplex-treated samples are shown in Fig. 5. It shows that the
base material is severely worn and damaged, and a wide wear
track is formed. In addition, the entire wear track appears to be
scratched. In contrast, the wear tracks of the treated samples (c,

d, and f) are relatively narrow, and the surface is less damaged
and appears homogeneous. The improvement in wear behavior
can be credited to an increase in hardness, as shown in Table 3,
due to the formation of hard nitrides on the surface. but this
moderate wear with harder surfaces favors abrasive wear. The
further improvement in hardness behaviors can be attributed to
the deep diffusion of nitrogen, which creates a hardness
gradient with the core. This hardness gradient increases the
adhesion of the coating to the substrate.

Among the results obtained with the duplex treatment
(nitriding + deposition), the best result was obtained with the
condition at 450� C, presenting a lower volume of wear as a
function of the test time used, which is in accordance with the
values of surface hardness reported in Table 3. This result
points to the formation of a light ceramic layer of TiN formed
on the surface due to plasma deposition with a cathodic cage.

Figure 6 shows the coefficient of friction obtained through
the test carried out with a fixed time of 15 min. The samples
treated at 350 �C (N350 and ND350) and the D450 showed a
higher friction coefficient than the base sample over 15 min of
tribological testing. This fact can be explained by the formation
of the layers in these samples having hardness values lower
than the hardness of the 52,100 steel ball (� 700 HV) used in
the ball-on-disk tribological test (Ref 48). This factor may have
contributed to removing hard particles from the nitrided layer
and mainly from the TiN film present in samples D450 and

Fig. 1 Diffractogram of nitrided UNS S32750 steel samples

Fig. 2 Cross-sectional images of samples subjected to nitriding and
duplex treatment: (a) N350, (b) N450, (c) ND350, and (d) ND450
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ND350. However, despite removing debris-forming particles,
this did not result in a high loss of surface material.
Furthermore, after 400 s of testing, the sample N350 showed
a reduction in the coefficient of friction. This fact is consistent
with the hypothesis of progressive removal of the thin nitride
layer and convergence of the tribological behavior of this
sample with the base sample at the end of the test (Ref 29, 49).
Samples N450 and ND450, on the other hand, had a lower
friction coefficient than the previous samples. This reduction is
associated with its layers’ high hardness and thickness, as
already reported in the hardness and SEM analyses. The
hardness of the samples treated at 450 �C showed high wear
resistance, and its behavior remained stable over time due to the
high thickness of the layers.

Open circuit potential (OCP) measurements were made to
investigate the stability of the electrodes with and without
treatment. Stable films, in general, present more positive OCP
values, with potential shifted in the anodic direction. Figure 7
shows the OCP curves of the different samples submitted to

the 3.5% NaCl solution. It was verified that the sample
subjected to nitriding at 350 �C had the highest OCP value
(0.09 V) among the other samples, indicating that at a
temperature of 350 �C, the nitriding process is efficient for
the formation of stable films. On the other hand, the sample
nitrided at 450 �C exhibited a significant decrease in the
potential to -0.37 V. The rapid decrease in the OCP value at
this temperature is a consequence of the unstable nature of
the formed film is more susceptible to corrosion. For
comparison purposes, the OCP curve of the titanium
nitride-coated substrate at 450 �C (D450) is shown. Interest-
ingly, the titanium nitride film alone is no longer efficient in
the surface passivation process, presenting an OCP of -
0.28 V. However, the results of the duplex treatment indicate
that there was a synergistic effect that led to the formation of
a more stable film for the treatment carried out at 450 �C. In
contrast, the ND350 sample reveals that the duplex treatment
process is not effective for forming a surface that is less
susceptible to corrosion.

Fig. 3 surface view with emphasis on the ferrite and austenite phases and cross-sectional view of the layer formation guided by the phases of
the base material

Fig. 4 Wear volume vs. function of time: (a) test from 0 to 30 min; (b) enlargement of the graph in the region of the end of the assay
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Figure 7(b) shows the relationship between Ecorr (corrosion
potential) and Jcorr (current density) for each sample studied. As
reported in Fig. 7(a), the sample only nitrided at 350 �C has
better corrosion resistance because it has a more positive
corrosion potential than all other samples. The speed of
corrosion reactions in samples N350 and D450 and the Base
sample is close (on the scale of 9 9 10�9 (Log A.cm�2)). On
the other hand, samples N450, ND350, and ND450 showed
higher corrosion rates with current density on the scale of 10�8

for ND350 and ND450 and on the scale of 10�7 for sample
N450.The values obtained in the corrosion test for the corrosion
potential and current density are described in Table 4.

4. Conclusions

The technique adopted in this work, composed of nitriding
and deposition by a cathodic cage of TiN, resulted in a
superficial modification of the mechanical and electrochemical

Fig. 5 Optical micrographs of wear tracks of (a) Base; (b) N350; (c) ND350; (d) D450; (e) N450; (f) ND450

Fig. 6 Coefficient of friction of samples over 15 min of the
tribological test

Fig. 7 (a) Open circuit potential (OCP) measurements, and (b) Potentiodynamic polarization curves measurements of the samples surface with
and without treatment
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properties of the UNS S32750 steel. Because of the results
obtained, it can be concluded that:

• Plasma nitriding treatment and duplex treatment at 350
and 450 �C promote an increase in the surface hardness
of UNS S32750 steel due to the formation of phases
resulting from the insertion of nitrogen in the crystal lat-
tice of stainless steel without the formation of precipitates
such as CrN that are detrimental to corrosion resistance;

• The thickness of the layers produced by the treatments
and their compositions influenced the tribological behavior
of the samples, improving the wear resistance as reported
in the ball-disk test;

• The coefficient of friction is a parameter strongly influ-
enced by the hardness of the tribological pair (Steel
52,100 and sample), thickness, and composition of the
layers produced;

• Despite the better tribological performance, the samples
showed variations in corrosion resistance. For example,
sample N350 showed the best performance in the corro-
sion test, while sample N450 showed the worst perfor-
mance, showing that the temperature variation from 350
to 450 �C causes significant changes in corrosion resis-
tance. However, the ND450 sample showed a corrosion
potential close to the base sample.

Finally, it is concluded that the methodology adopted in this
work is efficient for improving the mechanical strength and
tribological performance of UNS S32750 steel. However,
nitriding presents a good performance regarding corrosion
resistance at low temperatures (350 �C), while at higher
temperatures (450 �C), the duplex treatment showed promise.
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