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The impact of plasma nitriding process on corrosion resistance of ferrettic stainless steel (FSS) was eva-
luated in this study. The FSS X12Cr13 (AISI 410) was subjected to low-temperature plasma nitriding
(LTPN) treatment at a temperature of 400°C in 3H2:1N> (1/h) and in 1H>:3N> (1/h) reverse working at-
mosphere (LTPN-R) and to high-temperature plasma nitriding (HTPN) treatment at 550 °C for 15 h.
The microstructure and microhardness of the untreated and nitrided stainless steel were evaluated. The
corrosion properties of the untreated and plasma nitrided steel samples were evaluated using the anodic
potentiodynamic polarization tests in neutral 2.5% NaCl deaerated solution. The phase analysis showed
that LTPN and LTPN-R treatment on the AISI 410 steel led to the formation of o layer (nitrogen ex-
panded ferrite) accompanied by Fe;C and Fe4N iron nitrides and CrN. The HTPN technique led additi-
onally to the formation of an increased volume of Ct4IN4 chromium nitrides and CrisFe;Cs chromium iron
carbide. The plasma nitriding process significantly increased the microhardness of the ferritic stainless
steel. The pitting was evaluated, and the pitting coefficient was calculated. The electrochemical corrosion
tests showed the best corrosion resistance of the untreated X12Cr13 stainless steel, only slightly increased
corrosion rates of LTPN and LTPN-R techniques, and extreme corrosion rates after application of the
HTPN technique, causing Cr depletion and thereby suppressing the ability to passivation.
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steel (FSS). For example, the surface hardness of FSS

1 Introduction AISI 410 stainless steel is increased rapidly after 20 h

One of the processes of surface treatment based
on chemical-heat treatment is the plasma nitriding
(PN) process. This PN process is mainly used to im-
prove the mechanical properties such as surface hard-
ness, fatigue strength [1, 2], and tribological properties
[3, 4] of structural steels. On the other hand, some of
the mechanical properties, for example, notch tou-
ghness, are reduced by the plasma nitriding process
[5]. Plasma nitriding of structural carbon steels is typi-
cally cartied out in the range of 450 + 550 °C and is
mostly limited by previous heat treatment temperatu-
res [1, 2] The increase of corrosion resistance may
occur under certain conditions after plasma nitriding
in the case of structural carbon steels [6].

The aim of the improvement of the mechanical
properties of plasma nitrided stainless steels is similar
to the required improvement of mechanical properties
of plasma nitrided structural carbon steels. However,
most studies related to nitriding of stainless steel have
mostly dealt with austenitic stainless or martensitic
steels, but very few have focused on ferritic stainless

of plasma nitriding at 400 °C and in nitriding at-
mosphere 1H2:3Nz (I/h), up to 1275 HV [3]. The
corrosion resistance of stainless steel is directly depen-
dent on plasma nitriding parameters as the time dura-
tion of the process, composition of nitriding
(working) atmosphere, and especially the temperature
of the PN process. The corrosion resistance is strongly
on phase composition dependent. Especially to CrN
precipitation over 723 K (450 °C), related to the de-
composition of o or S* phase (supersaturated solid
solution of nitrogen in the ferritic phase) to 0N —>
CrN and Cr depletion [8]. The authors state, that the
corrosion resistance of stainless steels can be impaired
if the process of plasma nitriding is carried out at tem-
peratures 450 - 480 °C [9], 460 °C for AISI 304 stain-
less steel [10], 475 °C [11], and 480 °C [12]. For
example, plasma nitrided AISI 410 steel at tempera-
ture 420 °C for 6 hours obtained better corrosion re-
sistance than the un-nitrided one [13], as similar to
X12CtMoWVNDbN10-1-1 martensitic stainless steel
[14]. On the other hand, the FSS (AISI 410) plasma
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nitrided at temperature 500 °C had been affected by
decreased corrosion resistance, as expected [15].

It is stated that above the threshold of 450 - 480
°C (depends on the type of steel) the precipitation of
iron and chromium nitrides (CtN) on the grain boun-
daries in the nitriding affected layer occurs [10]. At PN
temperature of 500 °C, the nitride layer consists of
CiN, FesN, and FesN phases for AISI 304 steel, and
the pitting corrosion was observed [10]. Similar beha-
vior was observed at 500 °C for plasma nitrided AISI
410 stainless steel as well [15].

2 Experimental

The FSS X12Cr13 was used in the form of sheets
with the original size of 150 x 80 x 1 mm. The original
sheets were used for verification of chemical compo-
sition and X-ray phase analysis of untreated and later

Tab. 1 Plasma nitriding parameters and sample marking

of PN treated steel samples. Chemical composition
has been verified using the spectrometer Tasman Q4
(in wt.%): 0.002 C, 0.37 Si, 1.33 Mn, 0.079 P, 0.0005
S, 11.6 Cr, 0.54 Ni, and compared to the inspection
certificate

For potentiodynamic polarization testing (PPT)
were the original steel plates cut and rounded to expe-
rimental samples with a diameter of 15 mm, needed
for the internal diameter of the potentiostat sample
holder (without additional polishing the surface). Both
types of experimental samples were degreased in etha-
nol before the PN process and before every measure-
ment. Prepared samples were subjected to the PN pro-
cess in the RUBIG PN 60/60 device. Plasma cleaning,
nitriding parameters, and sample marking are listed in
Tab. 1.

Samples Temperature (°C) Duration (h) Bias (V) Pressure (Pa)  Gas ratio (1/h)
untreated - - - - -
Plasma cleaning 380 1 700 80 20H2:2N>
LTPN 400 15 520 280 24H2:8N;
LTPN-R 400 15 520 280 8H2:24N,
HTPN 550 15 520 280 24H7:8N>

Structures of plasma nitrided experimental samples
were documented using the Scanning Electron
Microscopy — Back Scattered Electron (SEM-BSE).
Thanks to etching by 2% Nital the nitrogen modified
surface layers morphology were observed as can be
seen in Fig. 1 for LTPN, in Fig. 2 for LTPN-R and
Fig. 3 for HTPN technique.

Fig. 1 Microstructures of LIPN treated X12Cr13 steel,
etching sensitive grain boundaries

The PN led to the formation of deformed o nit-
rogen expanded ferritic grains in the close surface la-
yer [16]. The deformation of expanded ferritic grains
induced the formation of deformation bands, aligned
at 45° to the surface (Fig. 1 and Fig. 2) [16]. Intergra-
nular cracking occurs after LTPN, LTPN-R, and
HTPN techniques in the nitrogen affected zone (0
layer) as seen in Figures 1 — 3. The intergranular crac-
king is attributed to elevated internal compressive

stress in the o layer. Additionally, the PN conditions
led to increased sensitivity to etching along the grain
boundaries related to FexN iron nitrides formation
and precipitation of CtN, as documented X-ray phase
analyses in Fig. 5.

The nitrogen affected zone (o layer) was appro-
ximately in the range of 12 * 3 um for LTPN and 49
+ 2 um for LTPN-R according to light-microscopy
measurement (LM), as summarized in Tab. 2. The
HTPN technique created an extensive affected zone
(70 £ 3 um) with intensive FexN and CtN precipita-
tion (Fig. 3), and additionally Cr4Ny4 and CrisFesCs
chromium nitrides precipitated (simplified as CrxN),
as later analyzed in Fig. 5. Contrary, the morphology
of HTPN ISS AISI 410 is different from low-tempe-
rature PN techniques. Deformation bands were not
documented in the close surface layer. The HTPN
condition led to the formation of intergranular crac-
king too and to the intergranular ecutectoid
microstructure in the nitrogen affected grains, as do-

indexced on: http:/ | www.scopus.com

99



February 2021, 10l. 21, No. 1

MANUFACTURING TECHNOLOGY

ISSN 12132489

cumented in Fig. 3. Some authors documented a la-
mellar eutectoid (oo + CrN) [17], [18]. Nevertheless,

the eutectoid lamellar structure (o + CtN) wasn’t do-
cumented in this study.

Fig. 2 Microstructures of L' TPN-K treated X12Cr13 steel,
etehing sensitive grain boundaries

Fig. 3 Microstructures of L'TPN, LTPN-K, and HTPN
treated X12Cr13 steel

After PN was the microhardness and the micro-
hardness profile measured using the microhardness
tester Leco LM247 AT, according to ISO 18203:2016
standard on prepared cross-sectional samples. Micro-
hardness testing was performed using the Vickers in-
denter, the load was 0.49 N, dwell time at load was 12
s and the NHD value (Nitriding Hardness Depth) was
determined.
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Fig. 4 Microbardness measuring of trea

The microhardness profile was measured at 3 loca-
tions on each sample and finally averaged, so the me-
asuring of nitride layer depth was accomplished and
plotted in Fig. 4 and summarized in Tab. 2. The LTPN
and LTPN-R technique increased microhardness,
compared to untreated steel (180 — 255 HV0.05). The
maximal values of microhardness reached 911 + 12
HVO0.05 for LTPN and 1047 = 21 HVO0.05 for the

ted X12Cr13 steel (Leco LM247 AT)

LTPN-R technique. Increased microhardness after
LTPN and LTPN-R is related to elevated internal
compressive stress in the formed an layer and to the
presence of y-FesN, e-FeasN (FeN) [15, 16]. The
highest microhardness reached the HTPN treatment
(1193 £ 22 HV), related to an increased volume of y’-
FesN and CeN (Fig. 5) [16].

Tab. 2 Surface hardness, microbardness, depth of YN layer obtained under different PN conditions

Samples Layer depth measured by Microhardness testing HV0.05
LM (um) NHD (um) Microhardness

untreated - - 180 - 255

LTPN 12£3 39 911 + 12

LTPN-R 49+ 2 57 1047 £ 21

HTPN 70+3 112 1193 £ 22
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As seen, the nitrogen affected zone (o layer) of
the LTPN-R technique is thicker according to LM me-
asurement and NHD compared to the LTPN tech-
nique thanks to the increased ratio of Hy in the
working atmosphere. The greatest NHD value and
thickness measured by LM of o layer has been docu-
mented for HTPN treatment (Fig. 4 and 2, Tab. 2).

It is evident, that the LM measuring doesn’t meet
the NHD values, generally for all PN treatments (Tab.
2.). Measured NHD values are higher than the mea-
sured o layer thickness by LM. This phenomenon is
most likely related to the nitrogen/catbon compe-
tition during PN leading to the creation of a limited
oc zone (supersaturated solid solution of carbon in
the ferritic phase) beneath the nitrogen modified layer
(o + FexN + CrxN). This oc zone is characterized
by internal compressive stresses, which increases ad-
ditionally the microhardness (shifting of NHD to
higher values). Some authors revealed an accumulated
carbon layer beyond the nitrogen plateau on the nitri-
ded or nitrocarburized austenitic stainless steels, as do-
cumented by glow-discharge optical emission
spectroscopy (GDOES) concentration profiles [19].
This phenomenon was not deeply investigated in this
research.

The X-ray phase analysis was performed by XRD
Rigaku Miniflex 600 device (Rigaku D/teX Ultra 250,
Cu Ko radiation), using PDXL software with PDF-2
and Crystallographic Open Database for the quantita-
tive analysis. Results of phase analysis for untreated,
LTPN, LTPN-R, and HTPN treated FSS AISI 410 are
summarized in Fig. 5. A shift of ax peaks to lower
angel compared to the original a-Fe peak, can be seen
on the plotted diffraction peaks for all PN treatments
(Fig. 5). Nevertheless, the diffraction peaks proving
the existence of ol are not detected. There can be seen
visible peaks of iron nitrides e-Fez3N (simplified as
FesN) and y-FesN nitrides and even the CrN was de-
tected for all types of PN processes. Additionally, the
CrsNy and CrisFesCy chromium nitrides (simplified as
CtN) were certainly analyzed in the nitrogen affected
zone after HTPN treatment (Fig. 5). It is clear that
even so LTPN and LTPN-R treatment conditions let
to the formation of CrN, which are responsible for the
deterioration of corrosion properties of PN treated
stainless steels.

Anodic PTT was carried out on untreated and PN tre-
ated X12Cr13 steel samples. The potentiostat Biologic
SP 150 as the main measuring device with software
EC-Lab V11.10. was used for calculating values of
corrosion

characteristics. The Cyclic Potentiodynamic Pola-
rization method (ASTM-61) was chosen as a method
for measuring chosen corrosion characteristics. The
parameters of this method were the following: sweep
speed dE/dt = 0.166 mV/s, Ei = -0.25 V,EL =2V,

Ip = 25 mA, E range (-2 V;2 V) at ambient tempera-
ture in neutral deaerated 2.5% NaCl solution. The me-
asured surface of steel samples was 0.865 cm?

Anodic potentiodynamic measurement involves
polarizing the working electrode (sample) from its
equilibrium potential Eoc (OCP — open circuit poten-
tial), by steadily shifting the DC potential difference
between the working electrode and the counter
electrode (SCE) by the potentiostat, while recording
the current response (see Fig. 0).

" FesN/CrN'
FesN Fez:N

N TITPN

o Untreated

T T T T T T T T T

35 37 39 41 43 45 47 49 51 53 55
2Theta(®)
Fig. 5 Phase analysis of PN treated and untreated
X12Cr13 steel

The Tafels constants Ba and Bc were determined
from the anodic and cathodic branch of the pola-
rization curves, as well as the Corrosion potential
Ecorr (mV) and Total anodic current Icorr (WA) va-
lues. Using the software EC-Lab V11.10 were further
the values of Polarization resistance Rp (Ohm) and va-
lues of Corrosion rates calculated. All calculations re-
present the average values of three measurements are
summarized in Tab. 3.

Surfaces of plasma nitrided and untreated samples
were additionally documented by the light microscopy
(OLYMPUS DSX 100) after anodic potentiodynamic
polarization tests (see Figure 4). The pitting was eva-
luated using laser confocal microscopy LEXT OLS
3000 and pitting factor (PF) was calculated according
to standard ISO 11463 for all measured steel samples.
The calculated pitting factor represents a ratio of the
deepest pit to the average depth of 10 measured pits.
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Pitting factor of value 1 indicates general corrosion
and with the increased value of pitting factor, the

Tab. 3 Results of potentiodynamic polarization tests

pitting corrosion is more prominent.

Icorr (UA) Ecorr (mV) Rp (Ohm) CR (mm.a!) PF (-)
Untreated 2.515 -353.558 15871 0.033 1.21
LTPN 11.856 -412.401 2960 0.153 1.76
LTPN-R 11.081 -464.841 3321 0.143 1.43
HTPN 78.749 -660.211 388 1.019 1.1
2
1 P
= 0 . . T | |
CR
= — Untreated
g 2 ——LTPN
% 3 ——LTPN-R
2 -4 ——HTPN
-3
6 €
09 0,7 05 03 0,1 0.1 03

Exwe (V)
Fig. 6 PPT measurement in deaerated 2.5% NaCl solution

Utreated

Fig. 72D and 3D surface morphology of the FSS AILST
410 after PTT, 2D on the left (Olympus DSX100), 3D on
the right (LEXT OLS 3000)

The PF calculated for the untreated FSS sample re-
ached the value of PF 1.21 with distinct crevice cotro-
sion under the sealer. The LTPN technique reached a
PF value of 1.76, PF = 1.76 for the LTPN-R tech-
nique, and PF ~1.1 for the HTPN technique in good
agreement with surface documentation in Fig. 7. The
maximal depth of pitting (230 pm) was measured on

untreated F'SS sample, 182 um for LTPN, and 179 um
for LTPN-R treatment. The HTPN FSS sample was

uniformly corroded to an average depth of 24 um.

3 Conclusion

This paper describes the corrosion resistance of
plasma nitrided X12Cr13 ferritic stainless steel (AISI
410) evaluated using the anodic potentiodynamic tests
in deaerated 2.5 % NaCl solution compared to the un-
treated one.

The low-temperature PN techniques (400 °C)
increased surface hardness from initial 180-255
HV0.05 to 882 HV0.05 (LTPN), respectively to 1080
HV0.05 (LTPN-R). The high-temperature PN tech-
nique increased surface hardness up to 1193 HV0.05
(HTPN). Higher volume of nitrogen in the working
atmosphere and higher operational temperature
caused higher surface hardness and increased case la-
yer depth.

The initial corrosion rate 0.033 mm-a! of untreated
X12Cr13 steel increased approximately by 5 after low-
temperature plasma nitriding up to 0.153 mm-a'!
(LTPN), respectively 0.143 mm-a'! (LTPN-R). After
high-temperature plasma nitriding (HTPN), the corro-
sion rate increased approximately by 30 to 1.019
mm-a-l. High-temperature plasma nitriding led to the
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highest corrosion rate related to precipitation of CrsNy
and CrisFe7Cs chromium nitrides by depletion of Cr
from Cr rich substrate leading to passivation disabling.
The HTPN technique applied to the FSS X12Cr13
changed the type of corrosion attack, original pitting
to the general type of corrosion with the correspon-
ding value of pitting factor PF ~1.1. According to the
calculated pitting factor (PF) can be concluded, the
pitting of low-temperature plasma nitrided steel was
increased compared to the untreated one.

The presence of CrsNy and CrisFesCs chromium
nitrides (CtN) in plasma nitrided X12Cr13 stainless
steel indicate reduced chromium content in the solid
solution because of CryNy4 and Cri5Fe;Cs precipitation
(HTPN). The Cr depletion led to lower passivation
ability after plasma nitriding at 550 °C. Therefore, the
HTPN treated X12Cr13 steel tends to the general type
of corrosion, corresponding to the more uniformly
corroded surface (see Fig. 8).

Summary, plasma nitriding of FSS X12Cr13 at a
temperature of 550 °C rapidly deteriorated the corro-
sion resistance in every aspect compared to the untre-
ated one. But, the surface hardness was greatly incre-
ased compared to the untreated one. Can be conc-
luded, that low-temperature nitriding (LTPN and
LTPN-R) can achieve the enhanced surface hardness
and only slightly increased corrosion rate (reduced
corrosion resistance). But the nitride case layer is thin-
ner compared to the high-temperature PN process
(HTPN).
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