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This study concerns plasma nitriding of tool steel at different temperatures and its effects on corrosion
resistance. Inside the nitriding reactor steel samples were placed on the sample holder after metallographic polishing and then the vacuum chamber was evacuated to a pressure of 0.5 Pa. At a lower temperature of 450 °C and the higher temperature of 550 °C nitriding was performed for a fixed duration of
10 h.
All the nitrided and the bare steel samples studied under X-ray diffraction (XRD) and scanning electron
microscopic analysis/energy dispersive X-ray spectroscopy (EDS). Iron nitride (FexN, x = 2–3, 4) peaks
were revealed in the nitrided steels after XRD analyses. EDS revealed the increased amount of nitrogen
in the nitrided sample treated at 550 °C. For the assessment of corrosion resistance of these steel samples
potentiodynamic polarization tests were performed in 3.5% NaCl. On comparison, it was found that the
steel nitrided at higher temperature is more effective in enhancing the corrosion resistance.

1. Introduction
Surface modification of materials already been proved to
improve the hardness, wear and corrosion resistance properties,
which can prolong the service life of the components/tools. Generally, the layers with desirable hardness, wear and corrosion resistance have been deposited on the surface of the materials. For
the same purpose, the surface can also be alloyed with the suitable
elements. Physical and chemical vapour deposition are the most
popular methods for the deposition however, the deposition may
not be adherent enough to sustain in the working environment
and thus limits the applications [1,2].
Plasma mediated surface modification had been realized to be
the right choice for prolonging the service life of components by
overcoming problems with the deposited layer. Plasma nitriding
is one of most promising surface modification methods, which
has gained popularity than others. The modified surface does not
face any interfacial adhesion problem as found at the interface of
the layer deposited by PVD/CVD methods [3,4]. Efficiency, eco⇑ Corresponding author.
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friendliness, process controllability and cost effectiveness have
made plasma nitriding an attractive and popular method for the
surface modification of materials like steel, titanium, ceramics for
the improvement of properties e.g. mechanical, corrosion, biocompatibility etc. [5–15]. Nitriding eliminates the risk of delamination
as found in the case of layer deposited by PVD/CVD. By controlling
the process parameters e.g. pressure, temperature, time, current
density etc., it is possible to achieve the desired properties. The
much-improved results already been shown by the nitrided parts
which the process became very much attractive particularly for
the industrial sectors like tool and automobile industries etc.
Plasma nitriding involves the heating of the substrate kept on
the sample holder in the nitriding reactor and biased negatively.
Plasma nitriding system had already shown in the literature elsewhere [16–18]. The samples after metallographic polishing are
placed inside the nitriding reactor on the sample holder. The vaccum chamber of the reactor then evacuated to  0.5 Pa. Sample
holder is connected to the dc power source, which maintains the
negative biasing to certain voltage. Following this, the Ar + plasma
is generated, then the positively charged Ar ions are attracted
towards the sample surface. These ions sputter clean the dirt and
native oxide deposited on the surface. The ion bombardment con-

tinued until the temperature attains the desired degree of temperature. Once, the temperature attained, nitrogen and hydrogen gas
mixture at certain ratio is fed into the chamber to a working pressure (in this study around  500 Pa). Then the plasma of the gas
mixture was triggred. The negatively biased sample attracts the
ions of nitrogen and hydrogen from the plasma. These ions then
adsorb on the sample surface. Subsequently on application of suitable temperature, nitrogen diffuses into the bulk of the substrate
forming the desired phases and nitride layer.
So far very less is known about the plasma nitriding of
chromium-molybdenum-vanadium tool steel. Corinne et al. [5]
and extended by Rao et al. [6,7] had been working on this steel
for the enhancement of hardness and corrosion resistance properties. As reported by Rao et al. [6] the hardness of steel significantly
improves at the low temperature plasma nitriding. However, very
less is known about the effect of plasma nitriding on corrosion
resistance of this steel. The effect of high temperature plasma
nitriding on corrosion resistance of this steel is also not yet
attempted. The present work concerns the effect of plasma nitriding at the two extreme temperatures of 450 and 500 °C. The focus
of the present work is the effect of plasma nitriding on corrosion
resistance in 3.5% NaCl environment.
2. Experimental
Steel samples of dimension 10  10  6 mm3 were cut from a
sheet after hardening and tempering heat treatment. The composition of steel is given as: C (0.5%), Si (1.0%), Mn (0.5%), Cr (0.8%), Mo
(1.5%), V (0.5%) and Fe (88%). The steel sample after metallographic
polishing and cleaning ultrasonically was placed on the sample

holder in the vacuum chamber of the nitriding reactor then evacuated the chamber to 0.5 Pa and biased negatively at 250 V. Then
vacuum pressure was raised to  500 Pa by feeding the working
gas. Initially, Ar gas was fed into the chamber and then triggered
the Ar + plasma. Once the temperature attained to the desired
level, a gas mixture of nirogen and hydrogen at a ratio of 80:20
fed into the chamber and triggered the plasma. Hydrogen gas
was mixed with the nitrogen at 80:20 ratio in the plasma nitriding.
Hydrogen plays the role to sputter clean the surface of the substrate and also for the chemical etching of the oxygen during
nitriding. It has also been found that the hydrogen increases the
chemical potential and the density of reactive nitrogen in the
plasma [19–22]. The hydrogen in the range of 20–40 percent in a
gas mixture of nitrogen and hydrogen increases the efficiency of
nitriding. Higher content of hydrogen above 40 percent the nitriding decelerates the nitriding process. This is because the amount of
nitrogen and N–H radicals in the plasma fall with increase in
hydrogen content. The nitrided layer thickness and microhardness
values reaches to maximum when the hydrogen content lies
between 20 and 40 percent [23]. Hence, in the present study, the
gas mixture was taken as 20% hydrogen and 80% nitrogen.
The positively charged nitrogen and hydrogen ions from the
plasma accelerated towards the sample, which then adsorbed onto
its surface. Subsequently, on heating nitrogen ions diffuse towards
the bulk of the sample. Samples were heated to 450 and 550 °C for
a fixed duration of 10 h. Nitriding at these temperatures had been
selected because of the faster diffusion kinetics of nitrogen in the
steel within this temperature range. In addition to that the present
study focussed on the effects of nitriding at low and high temperatures hence the two extreme temperatures of 450 and 550 °C

Fig. 1. XRD patterns of (a) bare steel; and after plasma nitriding at (b) 550 °C and (c) 450 °C.

were considered. Temperature below 450 °C may not be so effective for nitridring as the nitrogen diffusion co-efficient is higher
in the range between 450 °C and 550 °C. Moreover, nitriding above
550 °C will reduce the core hardness significantly; hence the
nitriding temperature had not been selected above this
temperature.
To understand the phase formation or modification of surface
microstructure of nitrided and the bare steel; these samples had
been subjected to detailed XRD analyses. X-ray diffraction (XRD)
studies had been carried out by using the diffractometer with
Bragg -Brentano configuration and the Co-ka radiation source
(0.17902 nm).
Following the EDS microanalyses the elements were detected
particularly to know about the relative concentrations of nitrogen
in the nitrided steels at two different treatment temperatures.
Finally, the electrochemical characterization of bare and
nitrided steels were performed by using the equipment Model SI
1287 Electrochemical Interface-Solatron Analytical, U.K. The tests
were performed at room temperature in 3.5% NaCl. Samples were
exposed to the electrolyte until the stable potential was attained.
Then the potentiodyamic polarization tests in 3.5% NaCl were
performed.

3. Results and discussions
3.1. Phase evolution and microstructure
X-Ray diffraction studies: To understand about the phase formation after plasma nitriding the nitrided and bare steel samples
were exposed to detailed XRD (with Co-ka radiation source). XRD
patterns are revealed in Fig. 1 for the bare steel (SN (A)) and the
steels after nitriding 550 °C for 10 h (SN (B)) and at 450 °C (SN (C)).
The bare steel revealed mainly the iron peaks but the nitrided
steels show iron peaks along with its nitrides (c’-Fe4N, e-Fe2-3N).
When carefully observed, the Fe (1 1 0) peak is found to be shifted
towards the left from its initial position. Initially, it was at the position of 52.77° but after nitriding shifted to lower angle of 51.22°
which is caused by the nitrogen incorporation and hence the dilation of crystal lattice due to the compressive stress generation.
Stress generation attributes to the improvement of hardness and
fatigue properties. The shifting of the peak due to super saturation
of nitrogen generates the phase, known as expanded martensite
like expanded austenite when austenite phase is supersaturated
by nitrogen. On the other hand, iron nitrides c’-Fe4N and e-Fe23N also contribute to the hardness and corrosion resistance of the

Fig. 2. (a) SEM for Cross-sectio of steel nitrided at 450 °C for 10 h; and EDS for nitrogen after nitriding at; (b) 450 °C ; (c) 550 °C for 10 h.

Fig. 3. Potentiodynamic polarization curves after test in 3.5% NaCl ? SN (A) (bare);
nitrided steel (b) SN (B) (550 °C) and; SN(C) (450 °C).

steel. The nitrogen solubility seems to be more in the crystal lattice
when the nitriding temperature raised to 550 °C for the same duration of 10 h.
Scanning electron microscopic studies: To understand the
effects of nitriding on the microstructure of the nitrided steel, a
sample nitrided at 450 °C for 10 h as representative sample was
selected (Fig. 2). First the sample was cross sectioned and mirror
polished and then etched with the Villela’s reagent. Following this
the sample was exposed to SEM. The cross sectional microstructure
shows a very thin white layer which is a good indication of
mechanical integrity. It is expected; that the thinner the white
layer better will be the wear resistance. The nitrided layer/diffusion layer follows the thin layer. The EDS analyses reveal that the
concentration of nitrogen in the steel after nitriding at 550 °C for
10 h is more than that of the steel nitrided at 450 °C for the same
duration, which is evidenced by Fig. 2 (b and c). This means that
the nitrogen diffusion is more when the nitriding temperature
raised to the higher temperature of 550 °C when compared to the
nitrogen diffusion in the steel nitrided at the temperature of
450 °C. The higher content of nitrogen may affect the nitride concentration and/or the nitrogen supersaturation in the crystal lattice. This will have an effect on hardness and the corrosion
resistance. It is expected that the improvement in hardness and
corrosion resistance is caused by the presence of iron nitrides
and nitrogen super saturation. As the focus of this study is plasma
nitriding for the improvement of corrosion resistance property, the
following section is concentrated on the assessment of corrosion
resistance of nitrided steels.

steels show more negative potential than the bare steel indicating
the propensities more towards the corrosion. This means the surface reactivity might have increased after nitriding. The more reactivity might have caused by the presence of nitrides and hence the
heterogeneity developed on the surface of the nitrided steels.
The passivation shown by the SN (C) is wider than the bare
steel. However, the steel SN (B) at the much lower current density
had shown the wider passive region. These observations leads to
the conclusion that the nitriding at higher temperature 550 °C for
10 h is much better than the steel nitrided at the lower temperature of 450 °C for the same duration. From XRD and EDS analyses
it is confirmed that the nitrided steel is composed of iron nitrides
(c’-Fe4N, e-Fe2-3N) and the nitrogen in the solid solution which
are responsible for the enhancement of corrosion resistance of
the steel. Presence of e-Fe2-3N predominantly in the nitrided steel
attributes to the passivation with much wider region than the bare
steel. Both the nitrided steels show better passivation as compared
to the bare steel. Nitrogen in the solid solution released increases
the alkalinity of the electrolyte in which the steel surface is
exposed. Nitrogen in aqueous environment forms ammonium
hydroxide which causes the increase in alkalinity of the electrolyte.
Nitrogen in aqueous solution forms NH+4, NO2– and NO3– which are
thermodynamically stable in the passivation region. Baba et al. [24]
reported that the nitrogen reacts with water resulting in the
release of ammonium and hydroxide ion thus near the surface of
the metal alkalization occurs. It was suggested that the alkalization
alone or alkalization with the ions generated are contributing to
the passivation in the neutral environment.
From the above discussion it can be concluded that the plasma
nitriding is effective in enhancing the electrochemical corrosion
resistance significantly at higher temperature.
4. Conclusions
Plasma nitriding of 90CrMoV8 tool steel at a low temperature of
450 °C shows a wider passivation zone than the bare steel. When
compared to the bare steel and the steel nitrided at lower temperature; the corrosion resistance of the steel nitrided at 550 °C for
10 h was found to be significantly improved. Nitriding at this
higher temperature incorporates higher nitrogen concentration
than nitriding at lower concentration. Nitriding generates the
super saturation/inclusion of nitrogen, which is beneficial for corrosion resistance by increasing the alkalinity of the electrolyte.
The compound layer consisting of c’-Fe4N, e-Fe2-3N and the nitrogen solid solution are responsible for the enhancement of corrosion. With this enhancement of corrosion resistance the tool life
can be prolonged and hence the replacement cost can be saved.
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3.2. Electrochemical characterization
Potentiodynamic polarization tests: For the assessment of corrosion resistance of bare and nitrided steels potentiodynamic polarization tests were followed. All the tests were performed at room
temperature in 3.5% NaCl electrolyte. Initially, samples exposed
to the electrolyte had shown the fluctuation of the potential. It
was immersed in the electrolyte for nearly 1 h until the stability
was gained by the samples. Then potentiodynamic polarization initiated. Fig. 3 shows the polarization diagrams of bare and nitrided
steels. It is obvious from these polarization curves that the bare
steel is nobler to corrosion initially but after lapse of time the rate
of corrosion found to be faster than the nitrided steel SN (B). From
the Tafel extrapolation calculations it was found that the nitrided
steel SN (B) has shown Ecorr value 0.57483 (V) which predicts
the corrosion propensity is relatively less than the nitrided steel
SN (C) which has Ecorr value 0.66333 (V). In any case, the nitrided
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