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An 18Cr-18Mn alloy steel used for manufacturing retaining rings in the turbogenerator energy industry, 
were corrosion evaluated.  This steel is forged and nitrided to increase its corrosion and mechanical 
resistance. In this study, after the hot-forging process, nitrogen was diffused into the steel by plasma 
nitriding. The corrosion behavior and electrochemical stress corrosion cracking (SCC) susceptibility of 
the steel before and after nitriding was characterized by potentiodynamic polarization, electrochemical 
impedance spectroscopy, and electrochemical noise measurements. The forged, nitrided steel exhibited 
better corrosion resistance than the as-received steel and the steel subjected only to nitriding or forging; 
these results were attributed to the presence of surface nitrides, steel chemical composition, chemical 
stability of the corrosion products, structural state of the passive film, and ability to prevent diffusion of 
metal ions. Furthermore, the nitrides tended to prevent corrosion pit growth. 

  
 

Keywords: 
18Cr-18Mn Steel 
Plasma Nitriding 
Hot Forging 
Corrosion Resistance 

 

 

1. Introduction 

The 18Cr-18Mn steel with high nitrogen content (0.6-1.0 wt.%N), is a 
structural material with excellent mechanical properties, which are 
related to the high nitrogen content in the steel lattice [1-12]. This steel 
was developed for manufacturing retaining rings, which are located in 
critical structural components of turbogenerator rotors for electrical 
energy generation. The retaining rings are fabricated by a hot forging 
process, and then subjected to a cold stretching procedure to achieve their 
final dimensions. 

Several investigators have reported that this steel is susceptible to SCC 
[13, 14]. However, these studies have focused attention to the mechanical 
aspects of SCC that lead to the steel failure, and the superficial corrosion 
aspects of the SCC remain unexplored. One of the key factors that lead to 
SCC is generally acknowledged to be localized corrosion caused by 
fracture of a superficial passive film. On the other hand the synergistic 
effect between the mechanical and corrosion aspects of SCC, take account  
the  effect of  residual stresses present in the fabrication and forming of 
the end-retaining ring, as forging present process, the combined 
simultaneous interaction of mechanical and electrochemical forces results 
in crack propagation. The present study was undertaken with these 
considerations in view. 

According to literature, the main methods of nitrogen inoculation in 
18Cr-18Mn steel are the addition of iron-nitride-rich alloys during casting, 
nitrogen absorption under a high-pressure nitrogen gas atmosphere, and 
a slag remelting process [8-11]. The latter method is the most commonly 
used industrial process for nitrogen inoculation because it provides the 
highest nitrogen solubility percentage in this type of steel. However a 
different method could be used for improve the tribological-corrosion 
behavior, such as plasma methods, which are commonly used for nitrogen 
inoculation in several superficial-wear-resistant alloys, this method have 
rarely been explored for 18Cr-18Mn steel. Therefore, the objective of this 
work is to evaluate the electrochemical corrosion behavior of 18Cr-18Mn 
steel subjected to plasma nitriding before and after hot-forging. 

2. Experimental Methods 

2.1 Alloy Composition and Processing Conditions 

A new 18Cr-18Mn alloy steel developed by an induction-furnace 
melting process was used; the composition of the steel in wt%: 18 -Cr, 17 
-Mn, 1.88 -Si, 1.96 -C and 61.16 -Fe. The chemical composition and 
microstructure of steel specimens before and after nitriding and forging 
were performed by atomic absorption spectroscopy, X-ray diffraction 
(XRD), optical microscopy, and scanning electron microscopy (SEM). 

The plasma system used for the nitriding process is equipped with two 
stainless steel circular plate electrodes. These electrodes are positioned 
horizontally at the center of the reaction chamber, with 5 mm separation 
between them. The base pressure of the plasmas was maintained using a 
mechanical pump at ~2.66 Pa, and the system was purged with the 
working gas several times to remove the background gases. The plasma 
treatment was performed at 400 °C for 8 h using a gas composed of 20% 
N2 and 80% H2 at a pressure of 400 Pa. The discharge power was 300 V, 
and the discharge current was 0.12 A (36 W). 

The forging process was performed at 1100 °C in an electric muffle 
furnace, using a 50-ton hydropneumatic press. 
 

2.2 Corrosion Test 

Steel plate testing specimens for the electrochemical tests were 
machined in the form of coupons with the following dimensions: 3 mm 
width, 5 mm length, and 2 mm. Coupons were masked with acrylic enamel 
and embedded in polyacrylic resin. Before testing, the specimens were 
abraded longitudinally with 600-grade emery paper, cleaned with 
acetone, and dried under hot air; after drying, the samples were 
immediately immersed into a solution in a glass electrochemical cell. 

The solution volume used in each test was 100 mL and it was prepared 
using distilled water and analytical grade reagents (3.5 wt% NaCl). This 
test solution composition was selected in accordance with previous 
corrosion studies on 18Cr-18Mn steels [7, 11]. A conventional three-
electrode experimental setup was used for potentiodynamic polarization 
(PP), electrochemical impedance spectroscopy (EIS), and electrochemical 
noise (EN) tests. An Ag/AgCl electrode was used as the reference 
electrode, and a graphite rod was used as the counter electrode. 
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PP curves were performed according to ASTM standard G5-94 at a 1.0 
mV/s sweep rate using a fully automated, desktop-computer controlled 
potentiostat. EIS measurements were conducted in the 1000-10 kHz 
frequency range at open-circuit potential (OCP) under an applied 
alternating current (AC) signal with a 10 mV amplitude; data was acquired 
every hour for a period of 24 h, and the potentiostat was calibrated 
according to the ASTM standard G106-89. 

The experimental setup used for EN data recording comprised two 
identical working electrodes and a reference electrode. The potential and 
current EN fluctuations were simultaneously recorded. The data were 
obtained at one point per second in sequences of 2048 seconds during a 
24 h test period. The data were collected using an ACM Instruments auto-
ZRA zero-resistance ammeter connected to a personal computer. The 
results were analyzed by time series of current noise. Corrosion tests were 
performed on the as-received (ar) steel, as-received steel subjected to 
nitriding (arn), as-received steel subjected to forging (arf), and as-received 
steel subjected to forging and nitriding (arfn). 
 

3. Results and Discussion 

3.1 Microstructure 

Fig. 1 shows the ar steel microstructure composed of an austenite 
matrix (γ), and ferrite (α)  decorated with several precipitates and second 
phases ( ~5 vol.%). Typical second phases are known to be intermetallic 
sigma (), chi (), and Laves () phases, and different types of carbides 
such as M23C6, M6C, and MC [15, 16]. The second phases and precipitates 
are clearly observed in Fig. 1 and could be any of the features described in 
the related literature [17-21]. Distinguishing one type of precipitate from 
another only by their morphologies is difficult [17], and the 
crystallographic features of some precipitates remain controversial. 
Examples of controversial features include the crystal structure of 
precipitates such as Cr2N [18] and M7C3 carbide [19], the orientation 
relationship of precipitates with the matrix, and, in the case of the -phase, 
its formation mechanism. Although further characterization is required, 
for purposes of the present study, only the general effects of such phases 
on corrosion behavior will be discussed.  

 

 
Fig. 1 SEM micrograph showing the microstructure of the ar steel 

 

 
Fig. 2 SEM micrograph showing the microstructure of the arf steel 

 
Essentially, the microstructure of the arf steel showed an austenitic 

recrystallized grains phase with well-dispersed Cr (γ-Cr), containing a 
small amount of ferritic phase, as shown in Fig. 2. The general morphology, 
dimensions, and phases associated with this process are consistent with 
those reported by other researchers [20, 21]. In the case of the arn steel, 
the XRD pattern of the surface layer after nitriding is shown in Fig. 3. 
Moreover, it shows that the compound layer primarily consists of Cr2N and 
Fe3N. 

In contrast, plasma nitriding of the arn and arfn specimens produced 
three different layered metallographic structures: 1) a thin “white layer” 

on the steel surface, 2) a nitride layer, and 3) the substrate layer as 
illustrated in Figs. 4 and 5 respectively. The thickness ranges of the white 
and nitride layers are 1-3 μm and ~20 μm, respectively. As demonstrated 
by Sun et al. [22], the nitride layer composition of austenitic stainless steel 
is an FCC structure named “S” phase. However, the corrosion behavior of 
18Cr-18Mn steel differs from that of commonly studied nitrided stainless 
steels (i.e., 316, 304 and 321) [24-27]; this difference in behavior is partly 
because of the high Mn content, as will be discussed later. 

 

 
Fig. 3 X-ray diffraction pattern of the arn steel surface layer 

 

 
Fig. 4 SEM micrograph showing the microstructure of the arn steel 

 

 

Fig. 5 SEM micrograph showing the microstructure of the arfn steel 

 

 

Fig. 6 SEM micrograph of the cross-sectional area of the arn steel 

 
In the past, elucidating the transversal microstructural details of 

nitrided layers was not feasible because such layers are fairly thin; 
nevertheless, via SEM micrographs collected at 2.00 K magnification, we 
observed substantial microstructural changes in the cross-sectional area 
of the nitrided surface, where smaller and compact austenitic grains are 
observed with respect to the base material (Fig. 6). This behavior supports 
the hypothesis of Sun et al. [22] regarding residual stresses generated 
during nitriding. On the other hand H.F. López, [23] found that the grain 
size refinement increases the SCC susceptibility. 
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The process of SCC is frequently discussed in terms of initiation and 
propagation, the relative influences of the electrochemical and mechanical 
driving forces by mechanical residual stresses, grain size or fracture in the 
passive film on stressed metal, may of course alter the initiation stage. 
 

3.2 Corrosion Testing 

Fig. 7 shows the polarization behaviors of the steel in the ar, arn, arf, 
and arfn conditions. The ar steel exhibits a major corrosion current density 
(Icorr) of 0.048 A/cm2, followed by those of the arf and arn specimens, 
which exhibit Icorr values of 0.014 and 0.010 A/cm2, respectively. With 
respect to their corrosion potential (Ecorr), the ar steel exhibits the higher 
value (-860 mV), showing more susceptibility to corrosion, whereas the 
arf and arn steels exhibit Ecorr values of -900 mV and -950 mV, respectively. 
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Fig. 7 Polarization curves for ar, arn, arf, and arfn steel specimens 

 
In contrast, the arfn specimen exhibits an Icorr value approximately five 

orders of magnitude lower than those of the other specimens. This 
behavior is possible because of the large residual stresses induced by 
nitriding and stress concentration of the same grain deformation during 
the hot-forging process, the resulting stress induced by both processes 
involves the accumulation of a large amount of energy that eventually 
accelerates the kinetic reactions of corrosion and decreases Icorr. This 
explanation is based on the transition-state theory of chemical reactions 
and the rate constant k in reaction mechanisms [28]. This idea appears to 
be contradictory if the acceleration of corrosion reactions is assumed to 
invariably increase Icorr. However, in the analysis of the behavior of Mn, Cr, 
and Fe in potential–pH (Pourbaix) diagrams, Mn and Cr appear to generate 
Mn3O4 and Cr(OH)3, respectively, and Fe actively corrodes, as is evident 
from the data in Table 1. 
 

Table 1 Electrochemical and potential–pH behavior (Pourbaix) of Mn, Cr, and Fe 

Steel  Ecorr  Icorr  Mn Cr Fe 

condition mV  (SHE) (A/cm2)   pH-Potential (Pourbaix) diagram behavior 

ar -0.61 0.048 Mn++ Cr++ Fe (immunity) 

arf -0.65 0.014 Mn++ Cr++ Fe (immunity) 

arn -0.7 0.01 Mn++ Cr++ Fe (immunity) 

arfn -0.29 9.1E-08 Mn3O4 Cr(OH)3 Fe++ 
 

 
This behavior results in the formation of a film of corrosion products on 

the steel surface, which, although not passivating, is semi-permeable and 
interacts with the nitrided layer. Mareci et al. [29] interpreted this 
behavior in terms of a duplex passive film. This leads to a continuous 
anodic dissolution mechanism that is sufficiently slow to drastically 
reduce the Icorr value (9.1 × 10-8 A/cm2, Ecorr = -540 mV) of the arfn 
specimen compared to those of specimens treated under the other 
investigated conditions. The EIS and EN results confirm this fact, as will be 
discussed later. 

18Cr-18Mn retention rings are well known to be susceptible to SCC; 
however, this susceptibility requires the presence of a passive layer. 
Therefore, the behavior of steel subjected to the arfn conditions is 
desirable for preventing the formation of this layer and thus SCC. All of the 
treated steel specimens exhibit some passivation behavior in the potential 
range of -537 to -800 mV and pitting between -389 mV and -600 mV. As is 
evident from Fig. 7, the arn steel is the most susceptible to SCC; however, 
the arn steel exhibits lower Icorr values compared to the ar steel, and their 
passivity range can be considered to be relatively low (148 mV). 

Fig. 8 presents EIS Nyquist results for the steel specimens subjected to 
four different treatment conditions. The impedance modulus (|Z|) value of 
the arn specimen (337 Ωcm2) is greater than that corresponding to the ar 
specimen (129 Ωcm2); this result is consistent with the respective Icorr 
values because the larger |Z| of the arn specimen represents greater 
corrosion resistance. The Nyquist plots of all of the steel specimens show 

a semicircle, indicating the presence of a charge transfer mechanism 
related to the presence of a surface layer on the steel. However, the arfn 
specimen (inset figure) exhibits values of |Z| on the order of 1.2 × 108 
Ωcm2; this higher value compared with those of the specimens subjected 
to other treatment conditions indicates the presence of a corrosion 
mechanism with low charge transfer gradient and consequently high 
capacitance, which results in a rather high capacitive reactance that 
facilitates a decrease of the Icorr. 
 

 

Fig. 8 EIS Nyquist plots for ar, arn, arf, and arfn steel specimens 

 

Moreover, the Nyquist plot for the arfn specimen shows that the 
behavior of |Z| over the investigated frequency range is unstable, which 
suggests that the semipermeable barrier formed as a result of the 
formation of Mn3O4 and Cr(OH)3 oxide films represents break and 
regeneration cycles. As expected, according to Pourbaix [30], this type of 
corrosion product is unstable under the current test conditions. 

The previous PP and EIS results clearly show that the arfn steel is more 
resistant to corrosion than the other specimens. Plasma nitriding has been 
reported to increase the wear resistance of austenitic stainless steels [31]; 
however, a major limitation associated with nitriding of these steels is that 
the precipitation of chromium nitrides results in the depletion of 
chromium from the adjacent austenitic matrix, thus leading to a 
substantial reduction in the intergranular corrosion resistance of the 
nitrided layer [32]. Kamachi et al. [33] mentioned that an increase in the 
surface hardness and wear resistance of nitride austenitic stainless steels 
is usually accompanied by a loss of corrosion resistance; however, the arfn 
steel exhibits high corrosion resistance behavior. 

The EN test results are illustrated as current–time series in Fig. 9. These 
results indicate that steel arn (Fig. 9a) exhibits, at the beginning of the test, 
a zone absent of transient values.  

This result is consistent with the corresponding polarization curves 
(Fig. 7), which show a passive stage. Far ahead in the same current–time 
series, low-frequency and high-intensity transients are observed; this 
behavior is related to events of localized corrosion. Steels such as ar, arf, 
and arfn (FigS. 9b-d) exhibit high-frequency and low-intensity transients, 
indicating the presence of a uniform type of corrosion mechanism, in 
accordance with the EIS and PP results. 

The results of the EN tests on 18Cr-18Mn steel specimens in four 
different conditions indicate that steel arfn is the most corrosion resistant 
one. The nitrided layer on its surface possibly contains the phase known 

as , which primarily consists of chromium nitrides and has been reported 
[33] to exhibit excellent resistance to wear and corrosion. Moreover, the 
synergy of this phase in the nitrided layer with Mn and Cr oxides on the 
steel surface substantially increases the resistance to corrosion in forged 
and nitrided 18Cr-18Mn steel, as has been demonstrated in this study. In 
future studies, we intend to conduct corrosion studies to characterize the 
nitrided layer to confirm this synergy. 

 

 
Fig. 9 Electrochemical noise current–time series for a) arn, b) ar, c) arf, and d) arfn 
steel specimens  
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4. Conclusion 

The electrochemical corrosion behavior of 18Cr-18Mn austenitic steel 
used for manufacturing retaining rings was assessed in its as-received 
condition as well as in its as-received nitrided, as received forged, and as-
received forged nitrided conditions. The results show that the as-received, 
as-received nitrided, and as-received forged samples exhibited 
passivation-like behavior but different corrosion rates and corrosion 
potentials. The EIS results were consistent with the specimens 
corresponding polarization curves, indicating that the as-received and as-
received forged nitrided steel were the most and least susceptible to 
corrosion, respectively, and primarily exhibited a continuous dissolution 
process via a semipermeable film (corrosion products and nitrided layer) 
on the steel surface, which drastically diminished the Icorr. The EN results 
showed similar results, indicating that the as received nitrided steel 
exhibited both passive behavior at the beginning and possible pitting 
behavior. In contrast, the as-received, as-received forged, and as-received 
forged nitrided specimens exhibited a continuous dissolution process. 
Therefore, the results shows that steel as-received nitrided is more 
susceptible to SCC because it exhibits a more stable passive layer that 
could be disrupted over time and lead to pit formation, which, in turn, 
would lead to SCC. 
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