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Cathodic plasma electrolytic nitriding (c-PEN) technique has been utilized to
modify a low-alloy ferritic steel (2.25Cr-1Mo) surface and assess the effect of
the c-PEN layer on corrosion, hydrogen permeation, and tribological behavior
of the steel. The surface morphology and phase composition of the c-PEN-
treated surface were analyzed, and it was found that the surface exhibits a
globular network morphology of iron nitride and expanded ferrite. The
potentiodynamic polarization results showed that the c-PEN treatment cre-
ated an electrochemically noble surface compared to the untreated steel. Next,
electrochemical hydrogen permeation experiments carried out on the nitrided
surface exhibited a noticeable drop in hydrogen permeability, diffusivity, and
reversible trap density of the steel. Furthermore, based on nanomechanical
and tribological characterization, the c-PEN treatment was found to create a
noticeably harder and wear-resistant surface. Overall, these findings
demonstrate the applicability of c-PEN treatment to create a multi-functional
coating for low-alloy steels that can assist in mitigating the effect of various
harsh environments.

INTRODUCTION

Low-alloy steels (LAS) are a broad family of steels
that contain a small amount (< 5 wt.%) of alloying
additions (i.e., Cr, Mo, Ni, V, etc.) and a maximum
carbon content of 0.2 wt.% that find applications
across various sectors, such as aerospace, automo-
bile, nuclear, petroleum, and shipping.1–4 This
exposes the LAS to a wide range of operating
conditions that can degrade their functional prop-
erties. For instance, in the petroleum and shipping
industries, the LASs are utilized in harsh marine
conditions for a prolonged duration, thus necessi-
tating that the steel exhibits excellent resistance to
corrosion and hydrogen embrittlement.5–7 This is an
issue with LASs because the microstructure pri-
marily consists of the ferritic phase, which is widely
known to demonstrate a high degree of

susceptibility to corrosion and hydrogen embrittle-
ment.5–7 For instance, the passivation layer formed
above the LAS can be easily damaged in chloride-
rich environments (marine environments), enabling
continuous corrosion of the steel.5 Similarly, the
ingress of hydrogen can take place when the steel is
exposed to a hydrogen-rich environment.6,7 This
leads to the hydrogen reduction at the steel surface,
and a portion of the reduced hydrogen is adsorbed at
the surface that readily diffuses towards
microstructural defects, and the subsequent accu-
mulation of hydrogen can lead to a noticeable drop
in mechanical behavior.1,2 In certain applications,
such as metal forming, railway undercarriages, and
aircraft landing gears, the repeated/continuous con-
tact with abrasive surfaces can lead to wear that
can compromise the structural integrity of the
component.8 The ability of LASs to withstand
corrosion, hydrogen embrittlement, and wear can
be mainly achieved in two ways: (1) engineering
microstructure/alloy,9–13 and (2) surface modifica-
tion methods.14–16 However, engineering the(Received March 21, 2023; accepted June 27, 2023;
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microstructure to mitigate corrosion, hydrogen
embrittlement, and wear in LASs brings in addi-
tional costs and limited enhancements.9–13 On the
other hand, surface modification techniques, such
as plasma nitriding, thermal spray deposition, and
shot peening, address these issues in a cost-effective
manner.14–16

The plasma nitriding process exposes the sub-
strate surface to a nitrogen gas mixture that is used
as the nitrogen source while applying a high DC
voltage (� 500 V) and maintaining the substrate
temperature around 500�C. This causes the ionized
N atoms to become adsorbed at the substrate
surface and to form a nitride layer on the substrate
surface. This is a widely used surface modification
technique to address corrosion, wear, and hydrogen
permeation in steels, owing to the negligible sub-
strate deformation, good adhesion properties, and
mass-scale capabilities.16–22 For instance, plasma
nitriding on AISI 420 steel at 450�C was found to
create a nitride layer that exhibited a lower corro-
sion current density compared to the untreated
surface.16 Furthermore, the potentiodynamic polar-
ization revealed a wider passivation region due to
the presence of the nitrided layer,16 thus quantify-
ing the improvement in corrosion behavior for
nitrided steel specimens. Similarly, corrosion resis-
tance was observed for plasma-nitrided AISI 4140
steel at 600�C for 4 h,18 thus highlighting the
potential of plasma nitriding to provide corrosion
resistance across different steels. Additionally, the
surface modification achieved with the help of
plasma nitriding also exhibited improved wear
resistance on steels due to the formation of a harder
nitride layer that retarded wear damage.18,19

The presence of nitrides, carbides, oxides, alu-
minides, etc. is an effective means for trapping
hydrogen, as hydrogen atoms find these inter-
metallics to be energetically favorable trapping
sites,23 thereby reducing the hydrogen concentra-
tion within the steel to cause hydrogen embrittle-
ment. Based on this concept, the use of a plasma-
nitriding process to deposit a nitride-rich layer as a
hydrogen barrier coating to alleviate the hydrogen
embrittlement issue across various steels has shown
promising results.20–22 For instance, the apparent
hydrogen diffusivity obtained by performing hydro-
gen permeation experiments across nitrided AISI
4140 steel (0.053–0.19 9 10�6 cm2/s) was two orders
lower than untreated steels (1.7–1.9 9 10�6 cm2/
s).20 However, the low energy utilization, high cost,
and long process time associated with plasma
nitriding can be overcome by utilizing the plasma
electrolytic nitriding process.24–31 In the plasma
electrolytic nitriding process, plasma is created by
applying voltage between two metal electrodes in
the presence of an aqueous nitrogen-rich electrolyte.
The plasma ionizes nitrogen from the electrolyte,
which then becomes part of the plasma envelope
above the active electrode and reacts with the
electrode surface to form a nitride layer. There have

been past studies that demonstrated the ability of
the plasma electrolytic nitriding process to enhance
the wear and corrosion resistance of ferrous
alloys,28–31 but the effectiveness of this technique
to mitigate hydrogen permeation has not been
examined.

In this work, we focus on the development of
multi-functional coatings for a commercial LAS
(2.25Cr-1Mo) using the cathodic plasma electrolytic
nitriding (c-PEN) process. First, microstructure
analysis of the nitride layer formed using c-PEN
treatment was carried out to understand the com-
position and thickness using XRD, SEM, and EDS
techniques. It was found that, using the c-PEN
treatment, a nitride layer was successfully formed
on the steel substrate. Next, the electrochemical
behavior of the c-PEN treated steel was examined
with the help of potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). Fur-
thermore, the effect of the nitrided layer on the
hydrogen permeation behavior was thoroughly
examined. Lastly, the mechanical and tribological
properties of the nitride coating were assessed using
nanoindentation and ball-on-disc wear tests. Over-
all, these findings provide insights into the viability
of c-PEN treatment for creating multi-functional
coatings on LAS.

EXPERIMENTAL

Material

Plates of 2.25Cr-1Mo steel (ASTM A387, Grade
22; 5 mm thick) were used as specimen material for
the present study. The chemical composition of the
2.25Cr-1Mo steel was estimated using optical emis-
sion spectroscopy and is tabulated in Table I.

The steel plates were normalized by heat treating
at 1193 K for 1 h, followed by air-cooling, and then
used as the base material for cathodic plasma
electrolytic nitriding (c-PEN).

Cathodic Plasma Electrolytic Nitriding
Treatment

Normalized steel specimens of size 100 mm 9 25
mm 9 5 mm were cut using an electrical discharge
machining for the c-PEN process. These specimens
were further polished using SiC abrasive papers up
to 800 grit, followed by degreasing with acetone and
ethanol, and finally dried at ambient temperature.
The c-PEN process was carried out in an aqueous
solution prepared by adding 543 g of urea
(NH2CONH2), 10 g of polyethylene glycol (MW-
2000), and 16.7 g of ammonium chloride (NH4Cl)
to 1 L of double-distilled water. The electrolytes
were further mixed using a magnetic stirrer to
ensure a homogenous solution. Subsequently, the
solution was transferred to the inner compartment
of a double-walled cell, and the temperature was
maintained at 10�C using a thermostat throughout
the process. For the c-PEN treatment, the steel
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specimens with an exposed area of 4 cm2 were used
as the cathode, and platinum foil was used as the
anode. The voltage between the electrodes was
ramped up from 50 V to 220 V at a rate of 1 V/s.
The nitriding process was carried out for 10 min
after attaining the peak voltage (220 V), as reported
elsewhere.29

Microstructural Characterization

Specimens were cut from the c-PEN-treated steel
to conduct further characterization studies. X-ray
diffraction (XRD) analysis was performed to deter-
mine the phase compositions of the c-PEN-treated
layer using Cu-Ka radiation (k = 1.54 Å) in the 2h
range of 30�–90�. Next, scanning electron micro-
scopy (SEM) was utilized to assess the surface
microstructure of the specimens, and their chemical
composition was analyzed using energy-dispersive
x-ray spectroscopy (EDS) coupled with SEM. A
cross-sectional SEM analysis was also carried out
to investigate the elemental distribution along the
thickness of the specimens. For the cross-sectional
SEM analysis, the specimens were polished with 1-
lm diamond paste to acquire a mirror-like surface
finish and subsequently etched with 2% Nital.

Electrochemical Characterization

The electrochemical behavior of the c-PEN trea-
ted specimens was characterized with the help of
open circuit potential (OCP), electrochemical impe-
dance spectroscopy (EIS), and potentiodynamic
polarization in a 3.5% NaCl solution. A three-
electrode cell setup was utilized, where the working
electrode was the c-PEN-treated or untreated sur-
face with an exposed area of 0.785 cm2, Ag/AgCl
(3 M KCl) was the reference electrode, and spiral Pt
wire was the counter electrode. The OCP was
carried out for a duration of 1 h, followed by EIS
analysis of the c-PEN-treated and untreated steel
specimens, with a voltage of 0.01 V (RMS) across a
range of 100 kHz to 10 mHz. The potentiodynamic
polarization curves were also recorded with a scan
rate of 10 mV/min in 3.5% NaCl solution in the
potential range of ± 300 mV versus the OCP. To
ensure reproducibility, each electrochemical exper-
iment was carried out three times.

Hydrogen Permeation

A custom-made double electrolytic cell (Deva-
nathan–Stachurski cell32) containing two individual
three-electrode cells (charging cell and detection
cell) was used to carry out the hydrogen permeation

experiments. The test specimens were prepared
with the dimensions of 25 mm 9 25 mm 9 1 mm.
The test specimens (untreated and c-PEN-treated)
were fixed between the cells, with an exposed area
of 0.5 cm2 acting as a working electrode for both
cells. The silver–silver chloride (Ag/AgCl (3 M KCl))
and the platinum wire were used as the reference
and counter electrodes. Both cells were filled with
0.1 M NaOH solution and de-aerated with nitrogen
(N2) gas before and during the experiment. The
charging side (cathodic side) of the specimen surface
was potentiostatically polarized at � 1.35 V versus
Ag/AgCl, which reduces the hydrogen (H+) ions from
the electrolyte into atomic hydrogen (H) on the
cathodic surface. The atomic hydrogen diffused
through the specimen was oxidized during the
experiment to measure the hydrogen permeation
rate. For this purpose, the detecting side (anodic
side) of the specimen surface was potentiostatically
polarized at 0 V versus Ag/AgCl, and the corre-
sponding current was measured until it reached a
stable background current (< 0.1 lA). Then, the
hydrogen charging was initiated at the cathodic side
and the corresponding oxidation current (perme-
ation current) at the anodic surface was recorded
until it reached the steady-state condition (rising
transient). After that, the cathodic polarization was
interrupted to measure the decaying current until it
reached the background current (decay transient).
In the case of the c-PEN-treated specimens, the
treated surface side was cathodically polarized to
perform the hydrogen permeation experiments.

Nanomechanical Characterization

The mechanical properties of the c-PEN-treated
steel surface were assessed using a nano-indenta-
tion tester. A Berkovich tip was utilized for the
indentations with a maximum load of 5 mN. The
loading time, dwell time, and unloading time used
in this study were 5 s, 2 s, and 5 s, respectively. A
total of 5 indentations were made for each specimen,
and the corresponding load–displacement (L-D)
curves were recorded. The hardness and reduced
elastic modulus of the c-PEN-treated steel speci-
mens were calculated from the L-D curves, accord-
ing to the Oliver–Pharr method.33

Tribological Characterization

The ball-on-disc wear tests were conducted as per
ASTM G9934 on both the c-PEN-treated and
untreated specimens at room temperature to obtain
the coefficient of friction. In this test, a 5-mm-
diameter wear track was made on the specimens at

Table I. Chemical composition of 2.25Cr-1Mo steel

Element C Mn P S Si Cr Mo Fe

Wt.% 0.116 0.624 0.012 0.003 0.412 2.490 0.888 Bal.
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a sliding velocity of 0.1 m/s for 10 min using an
Al2O3 ball. Subsequently, the worn surfaces were
analyzed using an optical profilometer to find the
wear rate (K) with the help of Archard’s
equation:19,35

K ¼ Q

WL
¼ 5pDl

ffiffiffiffiffi

dl
p

4WL

mm3

Nm

� �

ð1Þ

where Q is the wear volume (mm3),d is the diameter
of the Al2O3 ball (6 mm), D and l are the diameter
(mm) and depth (lm) of the wear tracks, respec-
tively, W is the applied normal load during the wear
test (N), and L is the total sliding distance of the
Al2O3 ball (m).

RESULTS AND DISCUSSION

Compositional Analysis

The phase analysis for the c-PEN-treated speci-
men was carried out by examining the XRD pat-
terns (Fig. 1). The peaks of the untreated specimen
indicate the crystallographic planes of (110), (200),
and (211), which correspond to the presence of the
BCC (ferrite) phase (ICSD 631734) (Fig. 1). The c-
PEN-treated specimen shows similar peaks corre-
sponding to the BCC (ferrite) phase, with a slight
shift towards lower diffraction angles due to the
lattice expansion of ferrite caused by the supersat-
uration of nitrogen29,36 (Fig. 1). Furthermore, the
lattice parameter of the nitrided specimen was
slightly larger (aN = 2.867 Å), as compared to the
untreated BCC phase (a = 2.855 Å). A similar lattice
expansion was observed for austenitic and ferritic
phases in the plasma-nitrided duplex stainless steel
by Tschiptschin et al.36 Plausibly, the applied
voltage of 220 V during c-PEN produces atomic
nitrogen on the steel surface, which diffuses into the
BCC lattice leading to lattice expansion.16,36 An
additional XRD peak was observed in the c-PEN-
treated specimen, indicating the presence of a FCC–
iron nitride (FeN0.076) phase (Fig. 1), as reported

elsewhere.26,29 By comparing the XRD results of the
untreated and c-PEN-treated specimens, it can be
demonstrated that the steel surface was modified
during the c-PEN process, and that the modified
layer contains expanded ferrite and iron nitride
(Fig. 1).

Microstructural Analysis

The surface and cross-sectional microstructural
features of the c-PEN-treated specimen were ana-
lyzed by SEM. Its surface exhibited a globular
network morphology (bright globules, connected by
the gray-colored branches) (Fig. 2a). This surface
morphology was observed due to localized melting of
the steel from plasma discharge on the surface. The
surface microstructure is consistent with Gui
et al.,37 where the c-PEN-treated 304 stainless steel
surface exhibited a similar microstructure. The
cross-sectional SEM image shows a clear distinction
between the substrate and the nitride layer (Fig. 2b).
The average nitride layer thickness was measured
at 4.41 lm.

The chemical composition of the c-PEN-treated
surface was evaluated using EDS analysis at dif-
ferent surface locations indicated in Fig. 2a. In the
globular region (spot 2), higher concentrations of
nitrogen, carbon, and oxygen were observed com-
pared to the branch region (spot 1) (Fig. 2c). Addi-
tionally, the black region (spot 3) was found to be a
carbon-rich region on the nitride surface (Fig. 2c).
The line EDS analysis along the cross-section of the
c-PEN-treated specimen also indicated that the c-
PEN layer contains more carbon, nitrogen, and
oxygen compared to the base material (Fig. 2d).
These results indicate that the globular network is
comprised of iron nitride and expanded ferrite with
some amounts of carbon and oxygen, and that the
black patch region was enriched with carbon. This
dispersion of carbon and oxygen in the c-PEN layer
is due to the large amount of energy released on the
steel surface from the continuous breakdown of
plasma bubbles in the electrolyte at higher poten-
tial.37 Furthermore, it was found that the diffusion
of atomic nitrogen into the ferrite matrix results in
compressive residual stress in the modified layer
due to the expansion of ferrite.16,36 Due to this
compressive residual stress, the carbon atoms pre-
sent in the base material are redistributed and
diffused to the stress-free regions, i.e., to the surface
and the nitriding facade. This leads to the formation
of carbon-rich regions in the nitride layer.38

Electrochemical Analysis

Next, the electrochemical behavior of the c-PEN-
treated surfaces was evaluated for electrochemical
behavior using DC and AC polarization. The corro-
sion potential (Ecorr) and corrosion current density
icorrð Þ were deduced from the potentiodynamic

polarization plots (Fig. 3a) using the Tafel extrap-
olation. The c-PEN treatment was found to result inFig. 1. XRD patterns of the untreated and c-PEN-treated specimens.
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a nobler surface (� 0.47 V) compared to the
untreated surface (� 0.58 V), based on the obtained
corrosion potential (Fig. 3a). This indicates that the
nitridation process enhances the corrosion resis-
tance of the modified surface. The corrosion current
density icorrð Þ values of the untreated and c-PEN
treated specimens were found to be 26.30 and 25.03
lA cm�2, respectively. Even though the corrosion
rate is not significantly improved due to the nitri-
dation process, a comparison of the anodic branch of
the polarization curves clearly indicates a noticeable
drop in the current density observed at the given
potential for the nitrided surface. For instance, the
current density for the c-PEN-treated specimen
at � 0.40 V is 0.74 mA cm�2, which is approxi-
mately one order lower compared to the untreated
specimen (3.79 mA cm�2). Therefore, these findings
clearly indicate that the nitridation process retards
the anodic dissolution compared to the untreated
specimen. The lower current density for the c-PEN-
treated specimen highlights the potential of the c-
PEN layer for corrosion protection.

The Nyquist plots for both specimens exhibit a
single depressed semicircle, indicating the presence
of a single equivalent capacitive loop (Fig. 3b).
Based on the diameter of the capacitive loop, it was
estimated that the c-PEN-treated specimen exhib-
ited better corrosion resistance, as it had a larger

capacitive loop compared to the untreated specimen
(Fig. 3b). In the phase angle plot (Fig. 3c), the peak
position shifted towards the lower frequency range,
and the width of the peak also increased. This is due
to the enhanced capacitive behavior of the speci-
men, resulting in effective corrosion mitigation.

The EIS plots of the untreated and c-PEN-treated
specimens show a single capacitive loop, indicating
that the c-PEN layer has a non-porous microstruc-
ture. Therefore, a single-time constant equivalent
electrical circuit (EEC) was used to approximate the
EIS data for both specimens with better v2 values
(Fig. 3d). The parameter, RS, obtained from the
EEC is the resistance offered by the test electrolyte
and is associated with the high-frequency behavior
of the electrochemical system, whereas Rct and Qdl
are identified as the charge transfer resistance and
constant phase elements at the interface between
the electrolyte and the untreated/c-PEN-treated
specimen surfaces, respectively. The constant phase
element (Qdl) instead of a pure double-layer capac-
itor (Cdl) has been chosen to address the inhomoge-
neous charge distribution at the interface of the
specimen surface and the electrolyte. The fitting
parameters of the EIS equivalent circuits obtained
for the untreated and c-PEN-treated specimens are
set out in Table II, showing that the Qdl value of the
c-PEN-treated specimen was lower than for the

Fig. 2. (a) Surface and (b) cross-sectional SEM micrographs, (c) EDS spectrums of the spots marked in the surface micrograph, (d) line EDS
spectrum for the cross-section of the c-PEN-treated specimen.
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untreated specimen, which suggests a smaller
amount of ingression of Cl� species and a negligible
accumulation of electric charge on the c-PEN-
treated surface. At the same time, the charge
transfer resistance of the c-PEN-treated specimen
was also found to be higher than for the untreated
specimen.

From these results, it is evident that the corrosion
resistance of the c-PEN-treated specimen increased
in 3.5% NaCl solution. The enhancement of the
corrosion resistance performance of the c-PEN-
treated specimen could be correlated with the phase
composition of the modified surface layer. Zhang

et al.29 also reported that the presence of FeN0.076 in
the nitrided layer increases the corrosion resistance
of the specimens.

Hydrogen Permeation

Analysis of Rising Transients

The rising transients for untreated and c-PEN-
treated specimens recorded during cathodic charg-
ing are shown in Fig. 4a. The observed rising
transient of the c-PEN-treated specimen shows a
considerable drop and shift towards the right com-
pared to an untreated specimen. The initial flat

Fig. 3. Representative (a) potentiodynamic polarization plots, (b), Nyquist plots, (c) Bode plots, and (d) the proposed electrical equivalent circuit
for the untreated and c-PEN-treated specimens in 3.5% NaCl solution exposed for 1 h at room temperature. RS , Rct , and Qdl are the resistance
offered by the test electrolyte, the charge transfer resistance, and the constant phase elements at the interface between the electrolyte and the
untreated/c-PEN-treated specimen surfaces, respectively.

Table II. Electrochemical parameters were obtained from Tafel extrapolation and EIS

Specimen/electrochemical parameters Untreated c-PEN-treated

Potentiodynamic polarization Ecorr(V vs. Ag/AgCl (3 M KCl)) –0.58 ± 0.03 –0.47 ± 0.02
icorr(lA cm�2) 26.30 ± 1.35 25.03 ± 0.77

EIS RS(X cm2) 18.09 ± 4.24 16.70 ± 3.12
Rct(X cm2) 1315 ± 13.82 1625 ± 19.53
Qdl9 10�3 (F sn cm�2) 0.50 ± 0.04 0.14 ± 0.01
ndl 0.78 ± 0.02 0.79 ± 0.02
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region of the rising transient represents the time
required for the hydrogen to start exiting from the
output side of the specimen. This is called the
breakthrough time (tb), which is two times higher
for the c-PEN-treated specimen (4010 s) compared
with the untreated specimen (2070 s). It can also be
seen that the slope of the normalized rising tran-
sient of the untreated specimen is steeper than the
c-PEN-treated specimen (Fig. 4b). These results
indicate that the c-PEN layer slows down the
hydrogen transport. Furthermore, the rising tran-
sients were analyzed to quantify the hydrogen
permeation parameters, like the steady-state per-
meation current density (iss), steady-state hydrogen
flux (Jss), permeability (JssL), apparent hydrogen
diffusivity (Dapp), apparent hydrogen concentration/
hydrogen solubility (Capp), and total H trap density
(NT), which were calculated using:39–41

Jss ¼
iss

F
ð2aÞ

Dapp ¼ L2

6tl
ð2bÞ

Capp ¼ JssL

Dapp
ð2cÞ

NT ¼ NL
DL

Dapp
� 1

� �

e �Eb
RT

� �

ð2dÞ

where F is the Faraday constant (9.6485 9 104

C mol-1), L is the thickness of the specimen, tl is the
time lag (time to achieve a value of 63% of iss), NL is
the density of interstitial sites (5.1 9 1023 cm�3), DL

is the lattice diffusion coefficient of hydrogen in a-Fe
(1.28 9 10�4 cm2 s�1), Eb is the trap binding energy
(28.9056 kJ mol�1), T is the absolute temperature,
and R is the gas constant (8.314 kJ mol�1).

The hydrogen permeation parameters calculated
from the rising transients are set out in Table III.

The apparent diffusivity and permeability of the
untreated 2.25Cr-1Mo steel are Dapp = 1.87 9 10�7

cm2 s�1 and JssL = 7.45 9 10�13 mol H cm�1 s�1,
which are in close agreement with previously
reported studies.1,6 From the results reported in
Table III, it is certain that the steady-state perme-
ation current density (iss = 7.45 9 10�13 lA cm�2),
permeability (JssL = 5.44 9 10�13 mol H cm�1 s�1),
and apparent hydrogen diffusivity (Dapp =
1.29 9 10�7 cm2 s�1) of the c-PEN-treated specimen
are lower compared to the untreated specimen.
Furthermore, the apparent diffusivity of a c-PEN
layer in the c-PEN-treated specimen was found to
be two orders lower than the untreated specimen. It
can be inferred that the microstructural features of
the c-PEN layer impede the H transport and
increase the H permeation time.20 The correspond-
ing results are further supported by the higher
apparent hydrogen concentration (Capp=
4.20 9 10�6 mol H cm�3) and total H trap density
(NT = 5.06 9 1026 cm�3) of c-PEN-treated specimen.
It was reported that nitrogen increases the trapping
possibility of hydrogen in austenitic steel due to the
accumulation of hydrogen at the expanded lattice
due to nitrogen atoms.42 Therefore, it can be stated
that the presence of expanded ferrite and iron
nitride in the c-PEN layer enhances the trapping
feasibility of hydrogen. From the results of the lower
hydrogen diffusivity and higher trapping ability of
the c-PEN-treated specimen, it can be demonstrated
that the c-PEN treatment increases the hydrogen
permeation barrier performance of the steel.

Analysis of Decay Transients

When the rising transient reaches the steady
state during cathodic charging, it is considered that
all the traps (reversible and irreversible traps) are
occupied by hydrogen. Therefore, hydrogen can
easily diffuse through the interstitial lattice sites
with minimum disturbance of the trapping/de-trap-
ping phenomenon. Once the cathodic charging is
interrupted, the hydrogen from the lattice sites and

Fig. 4. (a) Experimental permeation rising transients and (b) the corresponding normalized rising transients for untreated and c-PEN-treated
2.25Cr-1Mo steel specimens. Charging conditions: 0.1 M NaOH, � 1.35 V versus Ag/AgCl.
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reversible traps start exiting from the output sur-
face. The corresponding permeation transients (de-
cay transient) have been recorded, and the
normalized decay transients for untreated and c-
PEN-treated specimens are shown in Fig. 5a. The
decay transient of the c-PEN-treated specimen
shifts towards the right, which indicates the hydro-
gen desorption rate is reduced due to the c-PEN
treatment.

It is known that the dissolved hydrogen concen-
tration can be classified as diffusible hydrogen,
which transports through the interstitial sites, and
trapped hydrogen, which is trapped in crystalline
defects, such as vacancies, dislocations, precipitates,
interfaces, and inclusions.43 The microstructural
traps which can accommodate interstitial hydrogen

can be further classified into irreversible traps
(precipitates, inclusions, and high-angle grain
boundaries) and reversible traps (dislocations and
low-angle grain boundaries),39,43,44 based on the
probability of hydrogen escaping from the trap. The
ability of hydrogen to diffuse across the lattice is
known to play a crucial role in the hydrogen
embrittlement of ferritic steels.42 The hydrogen
concentration within the reversible traps is respon-
sible for providing the readily diffusible hydrogen
concentration rather than the hydrogen trapped
within irreversible traps.43,45 Therefore, the corre-
sponding parameters are calculated by analyzing
the decay transients using the following
formulations.

Table III. The hydrogen permeation parameters deduced from charging transients

Parameters/specimen
iss

(l A cm�2)
JssL3 10213

(mol H cm�1 s�1)
Dapp3 1027

(cm2 s�1)
Capp3 1026

(mol H cm�3)
NT3 1026

(cm�3)

Untreated 0.83 ± 0.01 7.45 ± 0.09 1.87 ± 0.23 4.04 ± 0.55 3.49 ± 0.43
c-PEN-treated 0.55 ± 0.09 5.44 ± 0.93 1.29 ± 0.12 4.20 ± 0.33 5.06 ± 0.48

Fig. 5. (a) Experimental decay transients for untreated and c-PEN-treated specimens. Theoretical fitted curve with the experimental decay
transients of (b) untreated, (c) c-PEN-treated specimens.
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The boundary condition at the exit side of the
membrane is also common for all transient stages,
which means that the hydrogen concentration is
equal to zero during the entire experiment
C t;Lð Þ ¼ 0; The hydrogen concentration distribution
across the specimen becomes linear when a steady
state is obtained during cathodic charging,
C xð Þ ¼ Capp 1 � x

L

� �

. Assuming that the concentra-
tion drops to zero during the entire decay transient
for the boundary condition on the entry side of the
membrane, then C t; 0ð Þ ¼ 0. It is also assumed that
hydrogen is not released from the charging surface.
Therefore, the evolution of hydrogen flux for the
theoretical decay transient can be expressed as the
Laplace solution of the diffusion equation:

j tð Þ
jss

¼ 1 � 2
X

1

n¼0

L
ffiffiffiffiffiffiffiffiffiffiffi

pDLt
p e

� 2nþ1ð Þ2L2

4DLt

� �

ð3aÞ

This is fitted to the experimental results in the
initial stages of the decay transient up to 90% of the
steady-state current density to obtain the lattice
diffusion coefficient (DLÞ for high trap occupancy. In
this study, n = 5 was used to fit with the experi-
mental decay curves as per the ASTM G14840

acceptance range (n = 1–6), as shown in Fig. 5.
The concentration of lattice diffusion-controlled
hydrogen (CLattice) is calculated by integrating the
theoretically fitted curve. The trapped hydrogen
concentration (CTrev

) is calculated by subtracting the
concentration of lattice diffusion-controlled hydro-
gen from the total desorbed hydrogen concentration
(Cdiff ), which is determined by integrating the
experimental decay transient. Additionally, the
reversible trap density (NTrev

) of the specimens
was found using the permeation curve method:39,41

NTrev
¼ 2s� iss � 6:24 � 1018

L
ð3bÞ

where s (A s cm�2) is the area difference between
the experimental decay transient and theoretical
decay transient with no traps, 1 A s = 6.24 9 1018 e
and assuming that each trap holds one hydrogen
atom and therefore can be considered as 6.24 9 1018

trap sites.
From the results obtained from the decay tran-

sients (Table IV), the lattice diffusion coefficient and
the lattice diffusion-controlled hydrogen concentra-
tion of the c-PEN-treated specimen are lesser than
the untreated specimen. This may be due to the
preferential filling of N in the interstitial lattice

sites during the nitriding process, which hinders the
H transport and reduces the concentration of dif-
fused H in the interstitial sites.42 Additionally, the
reversible trap density, reversible trapped hydrogen
concentration, and total diffusible hydrogen concen-
tration of the c-PEN-treated specimen are lower
than the untreated specimen. It has been well
established that the reversible traps are mainly
responsible for hydrogen embrittlement in the
steels. The reversible trapped hydrogen could have
been produced from the decomposition of hydrides
or released from the traps, the latter being unsta-
ble at ambient temperature. Further, the transport
of (trapped) hydrogen is a function of the hydrogen
diffusivity of the steel.42 Therefore, the lower
reversible trapped hydrogen concentration and trap
density with less hydrogen diffusivity of the c-PEN-
treated specimen indicate the hydrogen embrittle-
ment susceptibility of the steel reduced by c-PEN
treatment.43,45

Nanomechanical Properties

The effects of c-PEN on the mechanical properties
were examined using the nano-indentation test. The
contact depth (hC) can be related to the mechanical
parameters obtained from the nano-indentation test
in the following manner. The hardness (H) and
reduced elastic modulus (Er) for the c-PEN-treated
and untreated specimens can be derived from the
load–displacement curves (Fig. 6) using the follow-
ing relationships based on the Oliver–Pharr
model:33

H ¼ Pmax

AC
ð4aÞ

Er ¼
ffiffiffi

p
p

2

1

b
S
ffiffiffiffiffiffiffi

AC

p ð4bÞ

where Pmax is the maximum applied load, and AC is
the projected contact area that is evaluated in terms
of the contact depth (hC) by:

AC ¼ A hCð Þ
¼ 24:5hC

2 þ C124:5hC
1 þ C224:5hC

1
2 þ C324:5hC

1
4

þ � � � þ C824:5hC
1

128

ð4cÞ

where C1 to C8 are constants, which have been
computed from the calibration of the nanomechan-
ical setup, S is the slope of the load–displacement

Table IV. The hydrogen permeation parameters calculated from the decay transients

Parameters/specimen
DL3 1027

(cm2 s�1)
CLattice3 1027

(mol H cm�3)
CTrev

3 1027

(mol H cm�3)
Cdiff3 1027

(mol H cm�3)
NTrev3 1017

(cm�3)

Untreated 2.25 ± 0.25 5.55 ± 0.55 5.52 ± 0.99 11.07 ± 1.54 6.66 ± 1.19
c-PEN-treated 2.03 ± 0.13 4.46 ± 0.47 3.38 ± 0.55 7.84 ± 1.01 4.08 ± 0.66
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curve at the initial unloading, and b is a correction
factor that depends on the indenter tip geometry
(1.034 for a Berkovich indenter).

The contact depth (hC) for both the untreated and
c-PEN-treated surfaces is quantified in Table V. The
c-PEN-treated surface had a smaller contact depth
(143.15 nm) compared to the untreated surface
(236.03 nm), suggesting that the treated surface
exhibited a higher resistance to deformation (Table -
V). Next, using Eq. (4), the hardness (H) and
reduced elastic modulus (Er) were quantified for
both the scenarios. The c-PEN-treated surface was
found to be significantly harder (5.81 GPa) com-
pared to the untreated steel surface (2.68 GPa).
Furthermore, the reduced elastic modulus for the c-
PEN-treated surface was higher (200.39 vs. 184.68
GPa). In the past,26 a similar increment in hardness
was observed for nitrided steel compared to
untreated steel surface. The observed higher
nanomechanical properties for the c-PEN-treated
surface can be attributed to the presence of the iron
nitride and expanded ferrite phases (Fig. 1).

Analysis of Tribological Properties

Next, the effect of c-PEN treatment on the wear
resistance was evaluated by quantifying the varia-
tion in coefficient of friction as a function of time
(Fig. 7a), obtained using the dry sliding wear test.
The coefficient of friction as a function of time was

noticeably lower for the c-PEN-treated specimen
(0.47 ± 0.04) than for the untreated steel substrate
(0.61 ± 0.05), which was calculated from the
stable region of the curve (Fig. 7a). It was reported
that the presence of a FeN0.076 phase reduces the
coefficient of friction.29 The effect of c-PEN treat-
ment on the wear behavior was further examined by
observing the surface topology using an optical
profilometer. The c-PEN-treated specimen had a
narrower and shallower wear profile compared to
the untreated specimen (Fig. 7b2–c2). Furthermore,
the estimated wear rate for the c-PEN-treated
surface (3.00 9 10–5 mm3/N m) was nearly two
times lower than for the untreated specimen
(6.44 9 10–5 mm3/N m) (refer to online supplemen-
tary material Fig. S-1).

Based on the SEM characterization (Fig. 7b3–c3)
of the wear surfaces, it was found that the wear took
place by predominantly plastic deformation in both
the untreated and c-PEN-treated specimens. In the
case of the untreated specimens, the debris in the
wear track forms deep scratches because of contin-
uous sliding, resulting in a higher coefficient of
friction and wear rate (Fig. 7b). In the case of the c-
PEN-treated specimen, the wear debris plastically
deforms and flows away from the wear track, as
postulated by Ref. 46 (Fig. 7c). Furthermore, in the
case of the c-PEN treated specimen, it is plausible
that, during the wear test, the increase in local
temperature at the wear track leads to an increase
in the oxidative wear, which can be attributed to the
observed decrease in the wear rate compared to the
untreated surface, similar to the conclusions drawn
in Ref. 47, which were corroborated with the help of
EDS mapping of oxygen on the wear surface. To
elaborate, in the case of the untreated specimen, a
higher concentration of oxygen was found at the
wear track, indicating the oxidation of the wear
debris that were compacted on the wear track
(Fig. 7b4). On the other hand, in the case of the c-
PEN-treated specimen, an oxygen-rich region was
found outside the wear track, corresponding to the
oxidized wear particles deposited during plastic

deformation (Fig. 7c4). Moreover, H3=Er
2 which is

an indicator of the operating wear mechanism, was
quantified here (see Table V).48 The c-PEN-treated

specimen had a H3=Er
2 value (0.005 GPa) which is

almost an order higher than that of the untreated
specimen (0.0006 GPa), thus suggesting a higher
amount of plastic deformation of the wear particles
in the untreated surface. The effect of applied load
and sliding velocity on the wear behavior was also

Fig. 6. The load–displacement curves for a 5-mN applied load for a
loading rate of 1 mN/s on untreated and c-PEN-treated steel
specimens.

Table V. The nano-mechanical parameters obtained from the nano-indentation tests

Parameters/
specimen

Contact depth, hc

(nm)
Reduced elastic modulus, Er

(GPa)
Hardness, H

(GPa) H=Er H3=Er
2(GPa)

Untreated 236.03 184.68 2.68 0.015 0.0006
c-PEN-treated 143.15 200.39 5.81 0.029 0.005
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Fig. 7. (a) The coefficient of friction as a function of sliding time for untreated and c-PEN-treated specimens. A representative surface image for
both the untreated (b1) and treated (c1) specimens after the wear test. (b2, c2) The cross-sectional profiles at the marked section for the
untreated and c-PEN treated specimen. (b3, c3) SEM micrographs for both the specimens after the completion of the wear test. The EDS area
mapping of oxygen on the worn surfaces of the untreated (b4) and c-PEN-treated (c4) specimens, respectively.
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examined (refer to online supplementary material).
Overall, it was found that, at higher applied load (3
N) and sliding velocity (0.2 m/s), the c-PEN-treated
layer was ineffective in mitigating wear. However,
these can be addressed in future work by optimizing
the c-PEN treatment parameters to obtain a thicker
deposition layer, which can provide better tribolog-
ical performance. These findings clearly demon-
strated the enhanced wear resistance of the steel
after c-PEN treatment, which can be attributed to
the presence of a harder c-PEN layer. Furthermore,
at the microscopic scale, the saturation of N atoms
into the ferrite matrix and the grain boundaries,
along with the presence of a FeN0.076 phase in the c-
PEN layer, leads to the observed wear behavior.

CONCLUSION

A cathodic plasma electrolytic nitriding technique
was utilized to modify the 2.25Cr-1Mo ferritic steel
surface. The modified surface layer was microscop-
ically analyzed, confirming that the nitride layer (c-
PEN layer) was formed successfully during the
process. Then, the corrosion and hydrogen perme-
ation properties of the steel were examined for both
c-PEN-treated and untreated steel to study the
effect of the c-PEN treatment. Furthermore, the
wear performance was evaluated to suggest a
plausible wear mechanism. The following conclu-
sions are drawn from the present study:

1. The XRD analysis of the c-PEN-treated steel
showed lattice expansion of the BCC–ferrite
phase due to the supersaturation of nitrogen in
the lattice and the presence of the FCC–iron
nitride phase in the c-PEN layer.

2. The electrochemical studies in 3.5% NaCl solu-
tion showed that the c-PEN-treated steel ex-
hibits a nobler corrosion potential (� 0.47 V vs.
Ag/AgCl) than the untreated steel (� 0.58 V vs.
Ag/AgCl). It can be thus inferred that the
corrosion inhibition performance of the steel
was improved by the c-PEN treatment.

3. Hydrogen permeation tests revealed that the
hydrogen permeation resistance properties were
enhanced by the reduction of hydrogen diffusiv-
ity and permeability in c-PEN-treated steel in
comparison to the untreated steel. The perme-
ability of the c-PEN-treated steel was reduced to
27%. Also, the reduction in reversible trap
density with less hydrogen diffusivity showed
that the hydrogen embrittlement susceptibility
of the steel was reduced by the c-PEN treat-
ment.

4. The tribological characterization of the c-PEN-
treated steel found that the wear predominantly
took place through plastic deformation, where
the wear particles flowed outside the wear track
and were deposited on the wear track. Further-
more, for an applied load of 1 N and a sliding
velocity of 0.1 m/s, the c-PEN-treated layer

exhibited an improved tribological performance,
based on the observed lower wear rate and
coefficient of friction.

It should be noted that the performance of the c-
PEN-treated surface in ferritic steels can be opti-
mized for a specific application (corrosion, hydrogen
permeation barrier, tribological, and hardness).
Overall, this work highlights the multi-functional
potential of the c-PEN surface modification tech-
nique in ferritic steels to improve the applicability
in extreme conditions.
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4. H. Kovacı, Ö. Baran, A.F. Yetim, Y.B. Bozkurt, L. Kara, and
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