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Wood machining steel has been nitrided with the view to enhance the corrosion resistance properties. Nitriding is performed by 

varying the time and temperature in the nitrogen and hydrogen plasma. Steel samples after polishing are kept inside the nitriding 

reactor and biased at -250 V to attract the nitrogen and hydrogen ions. Nitrided and bare steels were then subjected to X-ray 

diffraction (XRD) for the phase analysis. The presence of FexN (where x = 2-3, 4) is observed after XRD analysis.Corrosion 

resistance of the bare and nitrided steels is assessed by following potentiodynamic polarization tests at room temperature in 3.5 wt% 

NaCl solution. Field emission electron microscopic analysis of the corroded surface revealed pittings more on the surface of the 

bare steel than that on the nitrided steels. Finally, it has been concluded that corrosion resistance of nitrided steels was significantly 

improved when compared to that of the bare steel due to the formation of Fe-nitrides after nitriding. 
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Introduction 

Surface initiative degradation caused by wear and 

corrosion severely affects the longevity of the metallic 

materials. Recently, tool manufacturing industries 

realized the premature failure of Cr-Mo-V tools due 

to harsh service conditions causing wear and 

corrosion. In the working environment where the 

tools interfaced with corrosive electrolytes, encounter 

frequently with the frictional forces. In these 

circumstances the tools undergo mechanical and 

electrochemical degradation synergistically, thus, 

early replacement of the tools will be necessitated to 

avoid the disruption of the industrial processes. The 

solution to overcome this problem is possible by 

deposition of hard and corrosion resistant layers by 

following physical and chemical vapour deposition. 

However, the delamination of these layers may limit 

its widespread applications. It has also been realized 

that these processes require the high temperature and 

longer treatment time, use of corrosives, explosives, 

and toxic precursors which could be challenging to 

the safety of the workers and the environment. In this 

regard, nitriding had been recognized as a better 

solution to overcome these problems. 
Nitriding is a thermochemical diffusion of nitrogen 

into the near surface region of metallic materials and 

widely practiced for the steel processing. There are no 

layer deposition in this process and hence eliminating 

the risk of delamination. Plasma nitriding have 

received much more attention due to more 

controllability of the process and cost effectiveness
1-9

. 

The enhancement of hardness and resistance to 

fatigue, wear and corrosion may be achieved by 

tuning the process parameters like working pressure, 

current density, treatment time and temperature
10- 16

.  

In the past, researches have also used plasma 

nitriding for the improvement of hardness, wear and 

corrosion resistance properties
17-25

. Though the 

nitriding of various steels had been studied but poorly 

known about the nitriding of 90CrMoV8 steel and its 

effects on wear, corrosion and fatigue resistance. Only 

a few studies on nitriding of 90CrMoV8 steel had 

been reported in the literature
10,12,16

. The present study 

is focused on the plasma nitriding of Cr-Mo-V steel 

by varying the process duration and the temperature. 

The nitrided steels were then exposed to NaCl 

environment to assess the resistance to corrosion.  
 

Experimental Section 

Steel samples with dimension 10 x 10 x 5 cm
3
 were 

cut from a bigger sheet after hardening and tempering 

heat treatment processes. The composition of the steel is 

given as 8.0%Cr, 1%Si, 1.5% Mo, 0.5%Mn, 0.5%C, 
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0.5%V, balance Fe. After mirror polishing these samples 

were placed on a sample holder inside the nitriding 

chamber. Schematic of nitriding involving sample 

temperature and time profile is shown in the Fig. 1. 

Fig. 2 shows the schematic of plasma nitriding 

system revealing the basic components on the sample 

holder was biased at -250 V. Using the combination of 

rotary and diffusion pump systems the nitriding chamber 

was evacuated to the pressure to 0.5 Pa. Ar gas was fed 

into the chamber and triggered Ar+ plasma. These ions 

were bombarded on the surface of the steel samples for 

the removal of native oxide and dirt/greasy materials. 

Ion bombardment and external heating raised the 

temperature of the steel samples. After achieving the 

desirable temperature Ar+ bombardment was stopped 

and a gas mixture of nitrogen and hydrogen (4:1) was 

fed into the nitriding chamber to a pressure of 550 Pa. 

Plasma was then triggered for initiating the nitriding 

cycle. Nitriding was performed at 500℃ and 550℃ by 

varying the process time between 6 and 10 h. Steel 

samples nitrided at 550℃ for 6 and 10 h were named as 

CM556 and CM5510, respectively. Steels nitrided at 

500℃ for 10 h were named as CM5010. 

The structural characterization of the post nitrided 

steels were done using XRD-INELCPS120 X-ray 

diffractometer with Co-kα (λ = 0.17902 nm) as the 

radiation source. Corrosion resistance property was 

assessed by following linear sweep polarization tests 

in 3.5 wt% NaCl electrolyte at room temperature by 

utilizing the instrument – Electrochemical Interface: 

Solatron Analytical, U.K., Model S1 1287. The 

surface of the corroded steels were analyzed under 

High Resolution Scanning Electron Microscope (HR 

FESEM) (Model: TESCAN, MIRA, Made in U.S.A.). 
 

Results and Discussion 
 

X-ray Diffraction Studies  
All the bare and nitrided steel samples were 

subjected to detailed X-ray diffraction studies.  

The diffraction patterns of the bare steel revealed the 

Fe (110), Fe (200) and Fe (211) peaks as shown in 

Fig. 3a. Steel nitride at 500°C for 10 h (CM5010) had 

shown the peaks of Fe-nitrides→Fe4N (γ’) and Fe2-3N 

 
 

Fig. 1 — Schematic of plasma nitriding cycle 
 

 
 

Fig. 2 — Schematic representation of plasma nitriding system 
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(εN). Presence of εN-phase is the good indication of 

improvement of corrosion resistance. Cr-nitride peaks 

are also visible after nitriding at the higher 

temperature 550°C. At the process temperature of 

550°C the presence of CrN is expected as the Cr 

content of the steel is 8% which is enough to produce 

CrN. The presence of these nitrides is also attributable 

to the improvement of hardness of the steel.  

It has also been found that the increase in nitriding 

time from 6 to 10 h increased the εN-peak intensity 

indicating an increase in the concentration of εN-

phase. Hence, it is expected that the longer duration of 

nitriding may be more beneficial for enhancing the 

corrosion resistance. 

It is evidenced from the XRD patterns of the bare 

and nitride steels (Fig. 3) that there is a shifting of Fe 

peaks to a lower angle. This observation is clear when 

Fe(100) peak has been analyzed. Fe (100) peak shows 

a shifting from its initial state at 52.6
o
 to a lower angle 

at 51.5
o
 in CM5010 steel nitrided for 10 h. Similarly, 

this shifting has been marked for the steel CM556 and 

CM5010 nitrided at 550°C and 500℃, respectively, 

for 6 h and also for a longer duration of 10 h. In the 

latter case, the peak has been shifted to 51.7°. The 

peak shifting suggests that there is the stress 

generation due to the nitrogen inclusion in the crystal 

lattice developing a compressive strain. Shorter 

duration of nitriding leads to more strain than that of 

steel nitrided for longer duration. This could be due to 

the longer time nitriding allowing more diffusion of 

nitrogen hence less accumulation at the surface. The 

stress generation in the crystal lattice can improve the 

hardness and fatigue resistance of the steel. Nitrogen 

dissolution in the solid solution is one of the reasons 

that disfavour the corrosion of steel. The dissolved 

nitrogen released at the steel/electrolyte interface 

renders the electrolyte alkaline by forming NH4OH 

and thus suppresses the corrosive attack. It is 

expected that more the nitrogen concentration more 

will be the Fe-nitride formation. This may have 

greater corrosion resistance than that of the steel with 

low nitrogen concentration.  
 

Potentiodynamic Polarization Tests 
All the nitrided and bare steels were immersed in  

3.5 wt% NaCl electrolyte before initiating 

potentiodynamic polarization tests. Samples were kept 

immersed in the electrolyte until the equilibrium 

attained. Corrosion tests were carried out by fixing the 

electrodes in a cell. These electrodes were: saturated 

calomel electrode as reference electrode; a counter Pt 

electrode; and the working electrode. Polarization was 

scanned at the fixed rate of 1 mV/sec. After 

polarization corrosion parameters were calculated after 

Tafel’s extrapolation on the polarization diagrams. 

Fig. 4 represents the polarization diagrams of the 

nitrided and bare steels. It is obvious that the initial 

 
 

Fig. 3 — X-ray diffraction using Co kα radiation source unfolds the peaks representing (a) CM0 (bare steel) and (b) CM5010 steel 
 

 
 

Fig. 4 — Potentiodynamic polarization of (a) as-received steel 

CM0, (b) CM556, (c) CM5510 and (d) CM 5010 in 3.5 wt% NaCl 

solution 
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potential is more positive in the bare steel when 

compared to the nitride steel; however the dissolution 

kinetics is faster in the bare steel. This indicates that 

the bare steel undergoes corrosion at a faster rate than 

that of the nitrided steel. In the initial stages, nitrided 

steels the corrosion initiated earlier than the bare steel 

due to the surface heterogeneity. After some time 

exposure of the Fe-nitrides and also possibly due to 

the presence of Cr in the passive layer might have 

decreased the rate of corrosion. 

Fig. 5 represents the trends of variation of 
corrosion potential E/Vvs.SCE and corrosion current 
with respect to (a) nitriding time 6 and 10 h at a fixed 
temperature of 550℃ and (b) with respect to 
temperature 500 and 550℃ for a fixed time of 10 h. 

These curves are obtained after Tafel extrapolation 
and plotted to obtain an idea about the variation of 
corrosion potential and current with respect to time 
and temperature. 

Corrosion parameters calculated after Tafel 

extrapolation on the polarization curves is 

summarized in the Table 1. From this table, it is 

obvious that the bare steel CM0 has corrosion rate 

3.660MPY where as the CM5510 steel nitride at 

550℃/10 h (CM5510) had shown the corrosion rate 

1.0853 MPY shown by CM5510. Bare steel CM0 had 

shown the icorr value 8.678 E-6 amp/cm
2 

whereas the 

nitrided steel CM5510 had shown 2.646E-6 amp/cm
2. 

CM556 steel had shown a better kinetics than CM0. 

For CM556 the icorr value was 6.6645E-6 amp/cm
2 

which is lower than 8.678 E-6 as shown by the steel 

CM0. 

Finally, the Rp values for CM0 and CM5510  

are significantly different which are 3006.1 and 

9858.9 ohm/cm
2
, respectively, exhibiting the better 

corrosion resistance by CN5510 steel. Steel CM 556 

has shown Ecorr value -0.56239 V which is more 

active than that of CM0 which has the Ecorr value -

0.4957 V. This means that the initial tendency 

towards the corrosion for as-received CM0 is lesser 

than that of the nitride steel CM556 and same is true 

for the nitride steel CM5510 which had shown the 

Ecorr value - 0.57483 V. 

Further to the above studies, an attempt had been 

made to understand the effect of temperature on 

corrosion resistance. Hence, the steel CM5010 

nitrided at 500℃ for 10 h exposed to the polarization 

tests in the similar experimental conditions. Corrosion 

current density icorr and corrosion rate was found to be 

3.8302E-6 amp/cm
2 
and 1.6153 MPY, respectively. 

On comparison, it can be concluded that these are 

marginally different than that of C5510 steel. Fig. 5 is 

the graphical representation of the trends in the 

variation of corrosion potential and corrosion current 

of CM556 and CM5510 steel where nitriding 

 
 

Fig. 5 — Graphs for variation of E/V vs. SCE and corrosion current density: (a) with respect to nitriding time 6 and 10 h for CM556  

and CM5510, respectively, at a fixed temperature of 550oC and (b) with respect to nitriding temperature 500℃ and 550℃ for a fixed time 

of 10 h 
 

Table 1 — Corrosion parameters obtained after Tafel extrapolation on polarization 

Steel code Corrosion rate  

(MPY) 

Corrosion current  

icorr (amp/cm2) 

Corrosion potential 

Ecorr/ Vvs. SCE 

Rp  

(ohm/ cm2
) 

CM0 3.660 8.678E-6 -0.4957 3006.1 

CM556 2.8106 6.6645E-6 -0.56239 3914.3 

CM5510 (Ref. 12) 1.0853 2.646E-6 -0.57483 9858.9 

CM5010 1.6153 3.8302E-6 -0.5450 6810.9 
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performed at a fixed temperature of 550℃ at the 

variable time of 6 and 10 h, respectively. Fig. 5b 

represents the similar trends for the CM5010 and 

CM5510 steels. It is obvious from these figures that 

the CM556 has higher corrosion current than CM5510 

steel, similarly CM5010 and CM5510 had shown the 

marginal difference corrosion current and potential. 

Hence, it may be concluded that nitriding at 500℃
 
as 

well as 550℃ are the suitable temperatures for the 

improvement of corrosion resistance. 

Steel CM556 had shown the corrosion rate  

2.8106 MPY which is approximately double to that of 

the other nitrided steels. Moreover, it is worth 

noticing that the corrosion tendency found to be more 

in the initial stages in the nitrided steels than the bare 

steel CM0 steel, however in the later stages it has 

been found that the passivation is more pronounced in 

the nitrided steels. Thus, the passive layer formation 

on the surface slowed down the dissolution kinetics. 

Passivation might be due to the formation of Cr-oxide 

layer on the surface. Thus, it may be concluded that 

the corrosion resistance is better in steels after 

nitriding at 550 ℃/10 h.  
 

Surface Morphology by HR FESEM  
One of the nitrided steels CM5010 with the best 

corrosion resistance had been selected for the 

understanding of surface damage. The bare and 

CM5010 steel had been exposed to HR FESEM 

analyses and represented in Fig. 6. It is obvious from 

Fig. 6a for the bare steel that the surface has 

undergone numerous pittings when compared to 

pitting of CM5010 steel (Fig. 6b). CM5010 shows 

almost uniform dissolution. This could be due to the 

presence of Fe2-3N (εN). 

This observation is in accordance with the findings 

in corrosion tests. From XRD, it is revealed that the 

εN is dominating in steel nitrided at 550℃ for 6 and 

10 h. When compared to 6 h nitriding, steel nitride for 

10 h had shown better resistance to corrosion, it may 

be because of the increased concentration of εN with 

increase in the duration of nitriding. εN found in these 

steels is beneficial from corrosion resistance point of 

view. Apart from this, nitrogen supersaturation in the 

crystal lattice is also responsible for the resistance to 

corrosion as it releases at the steel/electrolyte 

interface. The released nitrogen in the aqueous 

environment form ammonium hydroxide to form the 

electrolyte alkaline. 

From the above observations, it is suggested that 

the improvement of corrosion resistance is significant 

in nitrided steels when compared to bare steel. 

Improvement of corrosion resistance may be 

attributed to the nitrogen inclusion in the solid 

solution and iron nitride. The present study shows  

that with the increase in duration of nitriding from  

6 to 10 h the corrosion resistance increases. It could 

be due to the presence of higher concentration of 

nitrogen and iron-nitrides (εN). 

Nitrogen in the solid solution when comes in 

contact with the aqueous electrolyte react to produce 

the reaction product as represented in potential-pH 

diagram for the system N-H2O
24, 25

. In the surrounding 

of the surface/electrolyte interface nitrogen released 

from the solid solution produces thermodynamically 

stable NH4
+, NO2

-, and NO3
- as the reaction products. 

Chiba et al. suggested the formation of NO3
- 

attributed to the passivation
26

. Baba et al. suggested 

 
 

Fig. 6 — HR FESEM images of (a) CM0 (bare steel) and (b) CM5010 steel after potentiodynamic polarization in 3.5% NaCl 
 



INDIAN J CHEM TECHNOL, MARCH 2025 

 

 

228 

that the interstitial nitrogen with water forms NH
+
 and 

OH
-
 ions 

27
. Based on these ideas it may be concluded 

that the nitrogen solid solution is responsible for the 

wider passivation range or the kinetics of dissolution 

to be slow in the nitrided steels. 
 

Conclusion 

Plasma nitriding at the higher temperature of 550℃ 

for 10 h improves the corrosion resistance of Cr-Mo-

V tool steel. However, nitriding for shorter duration 

of 6 h had shown a wider passivation than the bare 

steel. In any case, the corrosion resistance for both the 

nitrided steels was found to be improved. Finally, it is 

concluded here that nitriding for 10 h is better than 

nitriding for 6 h for the better corrosion resistance. On 

the other hand, nitriding condition 500 ℃/10 h proved 

to be better than 550 ℃/6 h and almost similar to  

550 ℃/10 h from corrosion resistance point of view. 

Hence, longer duration of nitriding for 10 h at both 

the higher temperatures 500℃ and 550℃ may be 

recommended as suitable condition to enhance the 

corrosion resistance. The enhancement of corrosion 

resistance could be attributed to the presence of FexN 

(x → 2 to 3, 4) and nitrogen inclusion in the solid 

solution. But still it may be speculated here that the 

possibility of Cr-enrichment on the surface layer 

could be effective in improving the corrosion 

resistance and hence the passivation of the steel. 

Hence, further analysis of the surface layer is required 

to understand the presence of Cr/Cr2O3. 
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