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The abrasive corrosion behavior

of plasma-nitrided alloy steels

in chloride environments
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Both corrosion and abrasive corrosion behavior of plama-nitrided type 304 and 410
stainless steels and 4140 low alloy steel were investigated in 3% NaCl solution (pH = 6.8) by
electrochemical corrosion measurements. Surface morphology and alloying elements after
corrosion and abrasion corrosion tests were examined by scanning electron microscopy
and energy dispersive analysis of X-rays. The results indicated that the plasma-nitrided
SAE 4140 steel containing ε-(Fe,Cr)2−3N and γ ′-(Fe,Cr)4N surface nitrides which produce a
thick and dense protective layer exhibited a significant decrease of corrosion currents by
inhibition of the anodic dissolution of iron, whereas the plasma-nitrided type 304 and 410
stainless steels containing the segregation of chromium nitride CrN exhibited an extensive
pitting corrosion by acceleration of the anodic dissolution of iron. It is concluded that the
susceptibility to pitting is consistent with the degree of chromium segregation, and
decreases as follows: 304 stainless steel> 410 stainless steel> 4140 steel. Also, the results
of abrasive corrosion testing for the plasma-nitrided alloys are strongly related to the
subtleties of the nitrided microstructures resulting in a pitting and spalling type of abrasive
corrosion of type 304 and 410 stainless steels, and excellent abrasive corrosion resistance
for SAE 4140 steel. C© 2000 Kluwer Academic Publishers

1. Introduction
During the last decade, plasma thermochemical heat
treatment techniques have been developed [1, 2], and
are now extensively used by industry for the nitriding of
steels to improve their mechanical properties, such as
wear and fatigue resistance. Ion-implantation method
has also shown the potential for improving wear prop-
erties [3–5]. Among several species, nitrogen has been
used extensively because it combines the economic ad-
vantages of a gaseous source with a well-established
efficacy for hardening metals [5]. Although both tech-
niques can improve the mechanical properties of steels,
these treatments also affect the oxidation and corrosion
resistance of materials. Depending on the type of ma-
terial and environment, nitriding may improve or dete-
riorate the corrosion resistance of steels. A beneficial
effect of nitriding on corrosion for low alloy steels in
some aqueous solutions has been claimed by some in-
vestigators [6–8].

It is well known that nitrogen as an alloying el-
ement has a beneficial effect on the passivation and
pitting resistance for austenitic stainless steels [9–13].
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Because nitrogen exists in the form of solid solution
for N-contained alloy or in the form of nitrides for
N-implanted metal and nitrided metal; the corrosion
behaviors for various N-systems should be quite dif-
ferent. Despite considerable recent efforts expended in
investigating the corrosion behaviors of N-contained
alloys [14, 15], including the present authors [16, 17],
and some studies concerning N-implantation have initi-
ated [18, 19]. However, further detailed study concern-
ing the relationship between chemical composition,
structure and electrochemical properties for plasma- ni-
trided steels are still needed. Moreover, few studies have
dealt with the abrasive corrosion resistance of plasma-
nitrided steels.

The aim of the present study was to examine both
the corrosion and abrasive corrosion characteristics of
the three plasma-nitrided ferrous materials including
SAE 304 and 410 stainless steels and 4140 low alloy
steels in 3% NaCl solution. It was hoped to correlate the
experimental electrochemical data for plasma-nitrided
steels with the structure of the nitrided layer and to
demonstrate it mechanistically.
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2. Experimental
2.1. Sample preparation
Commercial SAE 304 and 410 stainless steels and SAE
4140 low alloy steel were employed as the test materi-
als. Elemental analyses of the various alloys are given
in Table I. As-received 304 stainless steel was homog-
enized at 1050◦C for 1 hour, then quenched in water.
The 410 stainless steel was first preheated at 760◦C
for 7 min. because of its lower thermal conductivity,
then heated to the annealing temperature of 960◦C for
1 hour, quenched in rapidly circulating air, and fol-
lowed by tempering at 600◦C for 2 hours. SAE 4140
steel was annealed at 840◦C for 1 hour, quenched in
oil, tempered at 650◦C for 2 hours, then cooled in air.
After heat treating, the steels were machined to hollow
cylindrical (ring) specimens (inside diameter 14 mm;
outside diameter 23 mm; width 16 mm). Before plasma
nitriding, all specimens were ground with emery papers
up to 1200 grit and cleaned with acetone in an ultrasonic
cleaner.

The nitriding process was performed as follows:
(1) As soon as specimens were put into the nitriding
chamber, the chamber was evacuated to 1.0 × 10−2

Torr, (2) 0.5 Torr of an argon-hydrogen mixture (argon
to hydrogen ratio, 1 : 1) was allowed to flow into the
chamber, and the specimens were heated by plasma. As
soon as the temperature reached 560◦C, the gas mixture
was replaced with a nitrogen-hydrogen mixture (nitro-
gen to hydrogen ratio, 2 : 1) having a total pressure of
3 Torr. The nitriding was subsequently performed in
the plasma at 560◦C for 50 hours, (3) Before the spec-
imens were removed from the vacuum chamber, they
were cooled below 150◦C.

2.2. Microstructure analysis
X-ray diffraction (XRD) was used to identify the phases
formed in the nitrided zone. Cu Kα radiation was used in
all these analyses. Optical microscopy was employed to
examine the cross-section of the plasma nitrided layers.

2.3. Electrochemical corrosion and abrasive
corrosion test

The corrosion behavior of all specimens before and
after nitriding was studied by potentiodynamic polar-
ization tests. All potentials were measured against a
saturated calomel electrode (S.C.E.). Samples were
pretreated cathodically at−1200 mV (S.C.E.) for
2 min. Thereafter, potentiodynamic scanning at a rate
of 1 mV/s, was conducted from cathodic toward an-
odic direction up to+1200 mV (S.C.E.). The corro-
sion morphology was examined by scannning electron

TABLE I Chemical composition (wt%) of the alloys

Element amount (wt%)

Materials C Si Mn P S Mo Cu Ni Cr Fe

SAE 304 0.038 0.61 1.46 0.026 0.007 — — 8.38 17.70 Bal.
SAE 410 0.151 0.653 0.305 0.035 0.004 — — — 11.63 Bal.
SAE 4140 0.45 0.27 0.71 0.014 0.004 0.23 0.015 0.023 1.01 Bal.

Figure 1 Electrochemical abrasive corrosion testing apparatus.

microscopy (SEM) and energy-dispersive spectroscopy
(EDS) was applied for composition analyses.

The abrasive corrosion behavior of plasma nitrided
specimens were evaluated by performing cyclic po-
tentiodynamic ploarization during abrasion. The same
scanning rate of 1 mV/s was applied in the noble di-
rection from−1200 mV (S.C.E.) to+400 mV (S.C.E.)
or until the current density just exceeded 103µA/cm2,
whichever came first, and then scanned reversely to
−1200 mV (S.C.E.). A block-on-ring abrasive corro-
sion testing apparatus, as shown in Fig. 1, was used to
measure the friction coefficient,µ and electrochemical
characteristics. The tests were conducted by pressing
a sintered Si3N4 (surface hardness,∼1455 Hv) block
against the center edge of ring nitrided specimen, under
the abrading conditions of 1.12 Kgf and 200 rev./min.
The friction force at the contact area was recorded
through the load cell and, with the help of an IBM
personal computer, was recorded and automatically di-
vided by the applied load (N) to obtain the friction
coefficient (µ= F/N). A PARC Model 273 potentio-
stat/galvanostat was used, and also interfaced with an
IBM personal computer.

3. Results and discussion
3.1. Microstructure of plasma nitrided

samples
3.1.1. Microhardness measurements
Three distinct microhardness depth profiles of plasma
nitrided type 304 stainless steel, 410 stainless steel and
SAE 4140 steel are shown in Fig. 2. It is clearly shown
that the nitrided layer on 4140 steel (∼0.2 mm) is al-
most twice the thickness of that on 304 stainless steel
or 410 stainless steel (∼0.1 mm). As far as the magni-
tude of the surface hardness, the steels can be arranged
as follows: 4140 steel (1275 Hv)> 410 stainless steel
(1132 Hv)> 304 stainless steel (1016 Hv). This result
is comparable with earlier reports [1, 20, 21].
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Figure 2 Microhardness depth profiles of plasms-nitrided steels (nitrid-
ing temperature, 560◦C; treatment time 50 h; load for hardness mea-
surement, 500 gf).

3.1.2. Analysis of nitrided layers
Photomicrographs of the cross-sections of the plasma
nitrided alloys are shown in Fig. 3. The phases formed
in the nitrided layers were identified by XRD as shown
in Fig. 4. It can be seen that the nitrided surface layer
of SAE 4140 steel consists primarily of a mixture of
γ ′-(Fe,Cr)4N andε-(Fe,Cr)2−3N phases. However, the
nitrided surface on type 304 stainless steel consists of
CrN precipitates andγ -Fe withγ ′ andε phases; and,
type 410 stainless steel, it consists of CrN precipitate
andα-Fe withγ ′ andε phases. This result can be ex-
plained by the higher chromium content of 304 stainless
steel (18 wt % Cr) and 410 stainless steel (12 wt % Cr)
and its associated higher affinity for nitrogen; and by
the significant solubility (∼5 wt %) of nitrogen in theε
phase [7]. Etching was performed in nital or one of the
several alternatives [22]. These experiments supported
the existence of a multilayer formation which can be
divided into [23–25]:

(i) a compound layer or a “white layer” formed byε
andγ ′ type phases.
(ii) a diffusion layer of CrN or Cr2N in the matrix.

In the micrographs shown only 4140 (Fig. 3c) has a
clearly observable and distinguishable compound layer
and diffusion zone. For the 304 and 410 stainless steels
a compound layer cannot be observed. The absence
of a compound layer on the stainless steels may be
supported by the X-ray diffractograms. A considerable
intensity of theε-nitride peaks is observed only for 4140
steel. It can also explain the higher surface hardness
value of the plasma nitrided 4140 steel.

It is also seen that SAE 4140 has a much larger
depth of nitrided layer (∼230µm) than that of type
304 stainless steel (∼100.5µm) and 410 stainless steel
(∼110µm). This finding is consistent with the micro-
hardness depth profiles reported above. The results are
also supported by the explanation that, from a thermo-
dynamic viewpoint, the nitrided layers on both type 304
stainless steel and 410 stainless steel, enriched with CrN
precipitates, are thermodynamically more stable than
iron nitrides (ε andγ ′ phases) [22]. In other words, the
formation ofε andγ ′ requires a higher nitrogen poten-
tial than is required for chromium nitrides, and thus it

lowers the nitrogen diffusion potential resulting in the
decreases of the nitrided depth.

3.2. Electrochemical determination of the
corrosion and abrasive corrosion
properties

For the electrochemical corrosion measurements po-
tentiodynamic polarization tests were performed in 3%
NaCl solution to study the pitting tendencies of the
samples. Fig. 5 shows the potentiodynamic polariza-
tion curves of both untreated and nitrided samples, and
the associated characteristic electrochemical data are
listed in Table II. It is seen that the corrosion potential
(−685 mV) of untreated SAE 4140 steel shifts to a no-
ble value (−480 mV) after nitriding and the corrosion
current density is decreased from 31.6 to 5.8µA/cm2. In
contrast, the corrosion potentials of both type 304 stain-
less steel and 410 stainless steel become more active
after nitriding; and the corrosion current for 410 stain-
less steel increases greatly (from 7.9 to 14µA/cm2)
but decrease slightly for 304 stainless steel (from 6.3 to
15µA/cm2). Furthermore, Fig. 5b shows that nitrided
SAE 4140 steel has the lowest anodic current density
among the three nitrided alloys, although no passivity is
apparent. This result indicates that the general corrosion
resistance of SAE 4140 steel is improved by nitriding
quite significantly. The lack of passivity for nitrided
SAE 4140 steel can be explained by its low chromium
content (1 wt % Cr) and the high chloride concentra-
tion of the solution (3 wt % NaCl).The improvement of
passivity for nitrided SAE 4140 steel has been shown
in lower chloride solutions (0.1 wt % NaCl), and is
supported by a nitrogen dissolution model in which the
consumption of acid in pit nuclei occurs by the follow-
ing reaction [16, 17]:

[N] + 4H+ + 3e→ NH+4 (1)

The reduced anodic dissolution rates in nitrided 4140
can be accounted for by the enrichment of N atoms in
a porous nitrided layer, as supported by the previous
work [16]. Furthermore, it is noted that nitriding of ei-
ther type 304 stainless steel or 410 stainless steel causes
a significant decrease of the passive potential range, and
greatly increases both the passive current density and
the critical current density, as shown in Table II. These
results demonstrate that nitriding causes both type 304
stainless steel and 410 stainless steel to have rather un-
stable passivity, which is easily broken down in the
presence of chloride ions, leading to pitting or crevice
corrosion.

It is of interest to further evaluate the corrosion resis-
tance of the nitrided alloys under abrading conditions.
Abrading action can destroy the protective oxide film
which is always present on metallic surfaces, or can de-
velop better corrosion-resistant films by producing new
surfaces of considerably high chemical reactivity [26].
The cyclic voltammograms during different abrasion
conditions have been successfully applied to evaluate
effect of anodic film dissolution due to the mechanical
wear for low alloy steel in 1% NaCl solution [27].

The results of the cyclic potentiodynamic polariza-
tion curves during abrasion for the three plasma nitrided
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Figure 3 Photomicrographs of the cross sections of the plasma nitrided steels: (a) 304 stainless steel; (b) 410 stainless steel; (c) 4140 steel.
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Figure 4 X-ray diffraction patterns for the nitrided alloys.

specimens are shown in Fig. 6. The characteristic val-
ues obtained from these polarization curves are listed in
Table III. For type 410 stainless steel and SAE 4140
steel the corrosion potential after abrasion has changed
to a more noble value by+86 and+295 mV, respec-
tively, and the corresponding corrosion current den-
sity has been decreased to−0.2µA/cm2 for type 410
stainless steel and−0.6µA/cm2 for SAE 4140 steel.
On the contrary, type 304 stainless steel shows an
increase of the corrosion current density after abra-
sion (+1.9 µA/cm2) and shifts its corrosion poten-
tial to more active potential (−50 mV). It can be con-
cluded that the resistance to abrasive corrosion for these
three alloys is arranged as following order: SAE 4140
steel> 410 stainless steel> 304 stainless steel. This re-
sult is consistent with the order of the inhomogene-
ous structures and the stability of passive films in static
state for these three alloys as previous microstructural
analyses and static potentiodynamic polarization tests.
Thus, the inhomogeneous structures for type 304 stain-
less steel and 410 stainless steel after nitriding may
enhance the local corrosion resulting the deterioration
of passive film and also reduce the ability to reform the
layer for the mechanical abrasion action.

3.3. Microstructural changes due to
electrochemical testing

Fig. 7 shows the SEM photomicrographs and EDS anal-
yses of the corroded surfaces of nitrided samples af-
ter potentiodynamic polarization tests in 3% NaCl so-
lution. The susceptibility to pitting is consistent with
the degree of chromium segregation, with pitting being
worst in 304 stainless steel, somewhat less in 410 stain-
less steel, and the least in 4140 steel. This result is also
consistent with the suggestion that CrN is precipitated
in the matrix of iron nitrides in SAE 4140 steel.

So far, the results suggest the following mechanism
of pitting corrosion in both plasma nitrided 304 stain-
less steel and 410 stainless steel:γ -Fe (304 stainless
steel) andα-Fe (410 stainless steel) are dissolved first;
the hydrolysis of the metal ions then increases the acid-
ity of the local solution in the vicinity of the pit site, for
example, through the reactions:

Fe2+ + H2O⇔ FeOH+ + H+ (2)

Fe2+ + 2H2O⇔ Fe(OH)2+ 2H+ (3)

2Fe3+ + 3H2O⇔ Fe2O3+ 6H+ (4)

3Fe2+ + 2H2O+O2⇔ Fe3O4+ 4H+ (5)
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(a)

(b)

Figure 5 Potentiodynamic polarization curves for (a) untreated and
(b) nitrided steels in 3% NaCl solution (pH= 6.8).

This acidification will autocatalytically accelerate the
anodic dissolution at the pit site [28]. Inhomogeneous
microstructures enhance corrosion due to electrolytic
cell reaction between second phase particles and the
matrix, whereas homogeneous structures are relatively
free of internal cell reactions [29]. Therefore, when the
large amounts of CrN precipitates result in substantial
chromium segregation in 304 and 410 stainless steels,
local galvanic cells will be set up which further en-
hances the pitting corrosion. In contrast, Fig. 7c reveals
only shallow pits in nitrided SAE 4140 steel whose
black regions showing evidence of dissolved nitrogen.
This significant finding can be explained by the en-
richment of Cr and N building up within the porous
channels of nitrided layer. This suggestion is compa-
rable with the model suggested by Newman and his
coworkers [13, 30], that nitrogen atoms enrich the ac-
tive sites and dissolve in preference to metal elements.
Furthermore, a higher nitrogen content (about 7%) has
a neutralizing effect in acid pits [17].

(a)

(b)

(c)

Figure 6 Cyclic potentiodynamic polarization curves during abrasion
for the plasma nitrided specimens: (a) 304 stainless steel; (b) 410 stainless
steel; (c) 4140 steel.

2366



TABLE I I Characteristic electrochemical data from potentiodynamic polarization curves

φcorr (mV) φb (mV) φp (mV) 1φp (mV) icorr (µA/cm2) ip (µA/cm2) icrit (µA/cm2)

Alloys U N U N U N U N U N U N U N

304 −478 −549 102 −309 −326 −415 428 106 6.3 15.1 8 63 8 64
410 −582 −857 60 −634 −513 −772 573 138 7.9 14 7 15 7 16

4140 −685 −480 — — — — — — 31.6 5.8 — — — —

U-untreated.
N-nitrided.

Figure 7 SEM images and EDS analyses of the corroded nitrided steels after the electrochemical corrosion test.
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TABLE I I I Characteristic electrochemical data from cyclic potentio-
dynamic polarization curves during abrasion for nitrided steels

φcorr (mV) icorr (µA/cm2)
1φcorr 1icorr

Alloys Before After (mV) Before After (µA/cm2)

304 −338 −388 −50 1.5 3.4 +1.9
410 −395 −309 +86 1.7 1.5 −0.2

4140 −466 −171 +295 2.6 2.0 −0.6

Figure 8 The morphology of abrasion scars after cyclic potentio-
dynamic polarization test during abrasion for the plasma nitrided speci-
mens: (a) 304 stainless steel; (b) 410 stainless steel; (c) 4140 steel.

Fig. 8 shows the morphology of abrasion scars after
cyclic potentiodynamic polarization test during abra-
sion for the plasma-nitrided specimens. It is seen that
the surface of the nitrided 304 stainless steel contains
obviously intergranular cracks. Furthermore, nitrided
410 stainless steel not only exhibits cracking in the ni-
trided layer but also in the substrate below. In contrast,
nitrided SAE 4140 steel shows the smooth abrasion scar
without any cracks. Thus, the abrasive corrosion mech-
anism can be categorized as a pitting and spalling type
of wear, which is due to the formation and removal of
chemical reaction films [31–33]. However, SAE 4140
steel has a nitrided layer with a homogeneous structure
(ε+ γ ′ phases) enriched with Cr and N atoms. This
type of microstructure increases the pitting resistance
and produces good film lubrication without any abra-
sive corrosion fracture, because nitrogen is dissolved
preferentially (the black scars shown in Fig. 8c).This
consideration is in fact consistent with the friction co-
efficient,µ, resulting from the abrasive corrosion test
and the order of theµ value can be arranged as fol-
lows: 304 stainless steel (∼0.112)> 410 stainless steel
(∼0.090)>SAE 4140 steel (∼0.074).

4. Summary and conclusions
(1) The depth of the nitriding layer on SAE 4140 steel

(∼230 µm) is almost twice the thickness of that on
type 304 stainless steel (∼100.5µm) and 410 stainless
steel (∼110 µm). The alloys may be listed in order
of decreasing surface hardness as follows: SAE 4140
steel (1275 Hv)> 410 stainless steel (1132 Hv)> 304
stainless steel (1016 Hv).
(2) Plasma nitrided 4140 steel shows better corrosion

and abrasive corrosion properties than plasma nitrided
304 and 410 stainless steels due to the presence of an
isolating compound layer at the surface. The stainless
steels are not covered by a compound layer, but due
to the large amount of Cr in these alloys, which con-
sumes all nitrogen supplied so nothing is left for the
nucleation and growth of an iron nitrided layer, only
a diffusion zone has formed during nitriding (which
contains a dispersion of Cr- and Fe-nitrides). The latter
heterogeneous structure promotes corrosive attack.
(3) The pitting and spalling type of wear mechanism

may be responsible for the abrasive corrosion of both
nitrided 304 and 410 stainless steels.
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