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ture on the corrosion behavior of pulsed plasma nitrocarburized AISI H13 tool
steel in NaCl 0.9 wt/V % solution is reported. The samples were prepared with different nitrocarburizing
treatment times using a constant [CH4/H2+N2] gaseous mixture by a DC pulsed plasma system. The
microstructure of the nitrocarburized layers was analyzed by scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and X-ray diffraction. The corrosion behavior was evaluated by
potentiodynamic polarization experiments. The nitrocarburizing process considerably improves the
corrosion resistance of the material in a NaCl environment as compared to the untreated H13 steel. The
modified surface layer mainly consisting of ε-Fe2–3(C,N) and γ′-Fe4N phases confers this outstanding
behavior. The corrosion resistance dependence on specific nitrocarburizing processes is reported and the role
of the surface porosity is discussed.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Plasma treatments are techniques commonly used to generating
coatings that improves the surface properties of metallic materials,
such as wear and corrosion resistance [1–4]. These techniques can
introduce large non-equilibrium concentrations of alloying elements
into the material by causing chemical, composition, and microstruc-
ture changes in the treated layer, providing protective surface
modifications when exposed to aggressive environments [5–9]. For
example, the introduction of nitrogen in austenitic steels improves its
mechanical properties and can strongly affect corrosion resistance.
Indeed, depending on the corrosive environment and the preparation
process, the corrosion resistance can be augmented or diminished
[10]. Some steels, like the AISI H13 tool steel, are commonly used in
aggressive environments. The wear resistance of these materials is
notably improved by thermo-chemical surface treatment based on
nitriding pulsed plasma techniques [11]. It leads to the formation of
hard iron carbonitrides due to carbon and nitrogen diffusion occurring
on the steel surfaces at temperatures below the eutectoid temperature
(~593 °C) [12]. The main phases formed are the ε-Fe2–3(C,N)
carbonitride and γ′-Fe4N nitride, and due to their high hardness
values, they increase the strength and life time of steels under friction
and wear environments [13–15]. Some studies have demonstrated
that the best wear properties are obtained when the surface layer
mainly consists of a compact monolayer close-packed hexagonal
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ε-Fe2–3(N,C) phase [16–19]. This is so because a nitride layer formed
by a ε-Fe2–3(C,N) and γ′-Fe4Nmixture is stressed by themismatching
crystalline constituents. Despite the importance of this tool material,
to the author's knowledge, the corrosion behavior of nitrocarburized
H13 steel is not reported in the specialized literature.

In the present paper, the influence of the microstructure on
the corrosion resistance of plasma nitrocarburized H13 steel prepared
at several treatment times and conditions is reported. The micro-
structure of the nitrocarburized layers is analyzed by scanning
electron microscopy, photo emission spectroscopy and X-ray diffrac-
tion. The corrosion behavior is evaluated by potentiodynamic pola-
rization experiments and its dependence on the surface porosity is
reported.

2. Experimental

Rectangular substrates 20×10×2 mm from commercial AISI H13
tool steel of composition 90.6 Fe, 0.5 C, 0.4 Mn, 1.0 Si, 5.1 Cr, 1.4 Mo,
0.9 V, (wt.%) were used for the experiments. The ferritic steel was
pretreated by quenching and tempering (~590 °C) obtaining a
martensitic microstructure. Before nitrocarburizing, the samples
were mirror polished with diamond abrasive powder (1 μm), and
ultrasonically cleaned in alcohol. The nitrocarburizing processes were
performed in a commercial hot-wall, fully automatic Plasmatec180
pulsed plasma system, 60A/1000V (Plasma-LIITS, 13083-970 Campi-
nas, São Paulo, Brazil) [20]. A low-pressure sputtering pre-cleaning
was carried out with Ar and H2 plasma during the heating of the
samples up to the nitrocarburizing temperature (563 °C±5). The
plasma nitrocarburizing process was performed at a constant pressure
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Fig. 1. Evolution of the XRD patterns as a function of treatment time. The different
phases present in the material are indicated.
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of 400 Pa and at different treatment times (2, 5, 7, 10, 15 and 20 h). For
the study, a gaseous mixture consisting of N2 (87.3%), H2 (9.7%), and
CH4 (3%) was used. The total flux was maintained constant at 0.35 slm.
After the treatment, the samples were cooled down slowly (~6 h)
inside the vacuum chamber. The treated samples were sliced and
mounted in conductive Bakelite (Bakelite+powdered cupper) and
mirror polished (0.05 μm) with colloidal silica suspension. The
nitrocarburized layers were revealed, at room temperature, by etching
the samples with Nital 2% (2% v/v nitric acid in absolute ethanol). The
cross-section morphology and the thickness of the nitrocarburized
layers were analyzed by SEM (JEOL JMS-5900LV). In order to quantify
the nitrided material surface porosity, the samples were examined by
image analysis using the software Olympus analiSYS FIVE® [21]. Ten
different images of the nitrided samples were analyzed to calculate
the porosity surface density. The phase composition of the compound
layers were studied by X-ray diffraction analysis (XRD). The X-ray data
were collected at room temperature between 20° and 100° (2θ) using
a Philips diffractometer (PW1710) with Cu target and a graphite
monochromator, scanning steps of 0.02° and 5 s counting step time at
glancing incidence of 5°. The relative concentrations of main elements
on the surface were obtained by X-ray photoelectron spectroscopy
(XPS) using the 1486.6 eV (Kα-line) photons from an Al target and a
VG-CLAM2 hemispherical analyzer. The total apparatus resolutionwas
~0.85 eV (line-width plus analyzer). The system details are reported
elsewhere [22]. The relative atomic composition at the sample
surfaces was determined by integrating the core level peaks, properly
weighted by the photo-emission cross-section. As is well known, XPS
gives information of the outmost atomic material layers (~0.5 nm)
[23]. For the corrosion tests, the nitrocarburized area to be studiedwas
defined by partially covering the sample with insulating resin. In this
fashion, a 6×3 mm2 area of the sample was exposed to the electrolyte
solution. The reference electrode was a saturated calomel electrode
(SCE). A platinumwire was used as counter electrode. The electrolyte
was an aqueous solution containing 0.9 wt/V % NaCl. The oxygen
dissolved in the solution was removed by bubbling dry N2 with 1.5 L/
min for 15 min, and afterwards for 45 min with 0.5 L/min. To keep the
solution O2 free during the corrosion tests, N2 was gently fed into the
cell, avoiding bubbling (0.5 L/min). For all electrochemical tests, a
multi-potentiostat system VMP from Bio-logic S.A. was used.
Potentiodynamic polarization tests were performed at 23 °C, 30 mV/
min ramp, after 30 min recording the open circuit potential. The
corrosion potential was determined from the I vs. E polarization
curves by taking the value at the zero current point. This value is
similar to that obtained by the intersection of Tafel lines [24]. The
corrosion current (icorr) was determined by employing the Stern–
Geary equation given by [25]:

icorr =
babc

2:303 ba + bcð Þ
� �

1
Rp

� �
ð1Þ

where Rp is the polarization resistance, defined by Rp=(ΔE/Δi) for
ΔE→0. Here, ΔE and Δi are the potential and current polarization
variation, respectively. Therefore, the polarization resistance is
obtained from the derivative of the i vs. E plots. The bc and ba values
are the Tafel cathodic and anodic slope, respectively, obtained from
the potentiodynamic polarization curves.

3. Results

3.1. Microstructure of the nitrocarburized layer

Fig. 1 displays the XRD patterns for the samples treated by plasma
nitrocarburizing at several treatment times. From the diffraction
patterns, four different phases can be identified in the nitrocarburized
layer: α-martensitic steel phase (corresponding to the steel matrix),
the ε-Fe2–3(C,N) phase, the γ′-Fe4N phase, and the CrN phase. On
increasing treatment time, theα-martensite phase vanishes in thicker
nitrocarburized layers, i.e., its contribution becomes less intense to the
point of disappearing. In addition, the ε and γ' phases become dom-
inantwhile γ′-Fe4N peaks decrease for longer treatment times. Finally,
we note that the CrN phase weakly appears after 7 h treatment.

The comparison of these results with the micrographs obtained
from SEM is adding interesting information. Fig. 2 displays the
scanning electron microscopy cross-section images of nitrocarburized
samples during (a) 2, (b) 5, (c) 7, (d) 10 and (e) 20 h. In all the samples a
compound layer is observed (outermost layer), followed by a diffusion
layer. As revealed by XRD results, the compound layer is mostly
constituted by the ε-Fe2–3(C,N) and γ′-Fe4N phases (Fig. 1). For lower
treatment times, a thin (~1 μm) compound layer is obtained (Fig. 2a).
At intermediate treatment times, the compound layer becomes
thicker (~3 μm) and more homogeneous than at lower treatment
times (Fig. 2c). At higher treatment times, despite achieving thicker
compound layers, they become non-homogeneous and porous (see
Fig. 2d and e). For example, after a 20 h process, the compound layer
shows higher porosity on the nitrided surface. Fig. 3 shows the atomic
content of themain elements in the nitrocarburized layer (Fe, C, N, Cr).
Other constituent elements such as V, Mo, Si, and Mn do not change
appreciably and will not be considered. As can be seen, the
concentrations of Fe, N, and Cr reach a saturation level at 5 h of
treatment. On the other hand, C concentration stays constant at all
times, indicating that a surface de-carburization was prevented in the
experimental conditions used in the experiments.

Although XPS provide the chemical information up to 5 nm of
depth from surface, some behaviors of the nitrocarburized layer can
be deduced because the methane partial pressure in the chambers
was fixed, and only the treatment time was changed. The carbon
chemical potential on the surface is constant and proportional to the
carbon content in the nitrocarburized layer. The treated surface
composition remains constant for treatment times longer than 5 h of
plasma nitrocarburizing.

3.2. Corrosion tests

Fig. 4 displays the potentiodynamic polarization curves of the
studied samples. The curve corresponding to the untreated substrate
indicates that the H13 steel is relatively easily corroded in a NaCl



Fig. 2. Cross section microstructure obtained by SEM from samples plasma-nitrocarburized during 2h (a), 5h (b), 7h (c), 10h (d), and 20h (e). The phase mixture is clearly seen in the
pictures.
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solution. On the other hand, in the nitrocarburizing samples, the
corrosion current at relatively high potentials (above −0.7 V) is
relatively lower. As observed in the figure, the nitriding time
profoundly influences the corrosion resistance of the material. For
the shorter nitriding treatment times (2 h), the surface becomes
passivated at −0.55 V (SCE). At −0.12 V, the nitrided protecting layer
broke up, increasing the corrosion current, and an important pitting
process takes place. As observed in the Fig. 4, for the intermediate
treatment times (5 and 7 h), the best corrosion resistant behavior is
obtained, as suggested, from the lower measured corrosion current.
Finally, for longer nitriding treatment times (10 and 20 h), no
increasing corrosion resistance is apparent. Indeed, Fig. 4 shows that
the corrosion current notably increases in these samples. This is
probably due to the fact that the nitrocarburized layer is porous and
inhomogeneous (see Fig. 2d and e).
4. Discussion

Table 1 summarizes the most important parameters of the
corrosion tests, obtained from the Stern–Geary equation (see Eq. (1)).
Table 1 also included the porosity fraction of the nitrocarburized layer.
As remarked in Section 2, the percentage of porous is obtained by
image analysis of the SEMmicrograph of the nitrocarburized samples.
Fig. 5 shows a typical SEM micrograph of treated sample by 2 h. The
presence of porous at the surface is clearly observed in the picture.



Fig. 3. The relative atomic percents of the most important elements on sample surface.
The dash lines are a guide for the eyes.

Table 1
Corrosion parameters obtained by the Stern–Geary equation and porosity measurements

Treatment
time (h)

Ecorr (V)
vs. (SCE)

Rp
(Ω cm2)

Porosity
(%)

Icorr
(A cm−2)×10−6

ba
(V/dec)a

bc
(V/dec)a

0 −0.724 3795 – 7.0 0.111 0.137
2 −0.707 4433 29.79 4.5 0.051 0.413
5 −0.702 15,528 11.43 1.1 0.047 0.286
7 −0.705 5462 16.58 6.5 0.133 0.220
10 −0.725 2654 15.58 8.4 0.061 0.303
20 −0.714 2342 29.27 ~10 0.076 0.354

a V/dec: volt by decade of change in current.
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The potentiodynamic polarization currents obtained at different
constant potentials are analyzed as a function of the nitrocarburizing
time process (Fig. 6B). One of the selected potentials is −0.6 V, i.e., the
passivation potential from the curves corresponding to samples
treated at 2, 10 and 20 h, respectively. The other selected potential
(−0.3 V) is the so called trans-passivation potential for all the samples.
This last potential is defined as the potential where an alteration in the
behavior of the curves occurs, i.e., a turning point where a corrosion
current increasing takes place. The result at 0 V applied potential is
also displayed for comparison purposes with those studies at higher
applied potentials. Moreover, the pristine material shows the highest
corrosion at 0 V and −0.3 V corrosion potential (Fig. 6b, upside down
triangles). A surprising results, however is observed in the pristine
sample at −0.6 V corrosion potential (circled square symbol, Fig. 6b).
This can be explained by the missing porosity in the mirror polished
bare steel. The electrochemical behavior of the 2 h treated sample is
somewhat similar to a corrosion resistant but porous layer overlying
an active corroding substrate. The porous are pathways of connection
between the environment and the substrate through the corrosion
resistant nitrocarburized layer. Taking into account these facts, a
decrease in porosity is mandatory in order to augment the corrosion
resistance of surface treated steels [26].

For other potential range, however, even a short nitriding process of
2 h improves the material corrosion resistance. Although not com-
pletely passivated, the formation of a thin compound layer prevents
strong corrosion of the bulk material. For intermediate treatment
times (~5 h) the current is notably lower than before due to the
Fig. 4. Dynamic polarization curves obtained from some of the studied samples. The
nitrocarburizing process time used in each sample is indicated.
formation of a thicker, homogenous compound layer granting good
corrosion resistance (Fig. 2b and c).

For the studied samples, the XRD patterns indicate that the
compound layer is rich in the ε-Fe2–3(C,N) and γ′-Fe4N phases (Fig. 1).
Above 7 h nitrocarburizing treatment times the corrosion current
increases. Therefore, a too thick, non-homogeneous, and porous
compound layer jeopardizes the corrosion resistance (Fig. 2d and e).
This result is consistent with the observed CrN precipitation on longer
treatment times. Indeed, the presence of a porous microstructure and
CrN precipitation increases the pathways for pitting corrosion,
augmenting the tendency to galvanic corrosion [27].

Li and Bell [9] have shown that the corrosion mechanism in
martensitic stainless steel (MSS) and austenitic stainless steel (ASS),
after plasma nitriding, is not the same. In ASS, the CrN precipitation is
the main factor for the degradation of corrosion resistance compared
to the untreated material. However, in MSS, the plasma nitriding
treatment improves the corrosion resistance, even after CrN precip-
itation, compared to the untreated material. In our case, ε-Fe2–3(C,N)
and γ′-Fe4N phases are, approximately, in the same proportion (in the
nitrocarburized layer) after 5 h of plasma treatment and the quantity
of CrN precipitation is low. So, the most important parameter for
controlling the corrosion resistance of the nitrocarburized material is
the change of thickness and porous microstructure of the nitrocarbur-
ized layer (see Table 1). Last but not least, the above results clearly
show that the presence of the ε-Fe2–3(C,N) and γ′-Fe4N phases in the
nitrocarburized layer does not guarantee the material inertness. The
X-ray diffraction analysis (Fig. 1) shows a homogeneous structure. On
the other hand, the XPS results show that the chemical composition of
the nitrocarburized layer of the studied samples essentially does not
change on increasing treatments times (Fig. 3). This observation
suggests that beyond 5 h treatment absence of porosity is the main
cause preventing corrosion. Indeed, Ahn et al. [27] studied the room
temperature corrosion behavior of CrN coated H13 tool steel in a 3.5%
Fig. 5. SEM micrograph of top surface microstructure from the 2h plasma nitrocarbur-
ized sample.



Fig. 6. (a) Measured porosity by image analysis of the SEM micrographs on surface
samples; (b) current densitymeasuredatdifferent appliedpotentials (0V,–0.3Vand–0.6V)
(SCE) for nitrocarburized samples and the bare steel. The circled square symbol indicates
the different behavior of bare steel on the range of –0.6V (SCE). The dashed lines are guides
for the eyes.
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NaCl solution concluding that the corrosion is also associated with the
film porosity. Also, Yoo et al. [28] pointed out that improved corrosion
resistance are associated with lowest porosity in hard coated H13
steel.

5. Conclusions

The influence of the nitrocarburizing obtained by pulsedDC plasma
on the corrosion behavior of AISI H13 tool steel was studied. The
corrosion performance of the treated samples was evaluated by
potentiodynamic polarization experiments. The importance of the
microstructure of the nitrocarburized layers was established by a
comprehensive study involving scanning electron microscopy, photo-
emission spectroscopy, and X-ray diffraction techniques. Appropriated
nitrocarburized layers improve the material corrosion resistance. The
treatment conditions determining thickness, porosity, composition,
and microstructure are fundamental to control the corrosion resis-
tance of thematerial. For short treatment times (b2 h) the formed thin
(1–5 μm) compound layer shows relatively poor corrosion resistance.
At intermediate treatment times (5 and 7 h) a thicker (~5–10 μm),
homogeneous compound layer is formed, guaranteeing good corrosion
resistance of the material. Finally, for longer treatment times (N7 h)
an inhomogeneous, porous and thicker (N10 μm) compound layer is
obtained displaying poor corrosion resistance. The presence of the
ε-Fe2–3(C,N) and γ′-Fe4N phases in the nitrocarburized layer does not
guarantee the material inertness and the control of porosity in man-
datory in order to sustain the corrosion resistance. Therefore, a nitro-
carburized layer must be thick, homogenous and free of porous and
cracks to achieve a high corrosion resistance.
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