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Abstract

In this experiment, post-nitriding treatment was performed at 400
o
C on AISI 316 stainless steel which

was plasma carburized previously at 430
o
C for 15 hours. Plasma nitriding was implemented on AISI 316

stainless steel at various gas compositions (25% N2, 50% N2 and 75% N2) for 4 hours. Additionally, during
post nitriding Ar gas was used with H2 and N2 to observe the improvement of surface properties. After treatment,
the behavior of the hybrid layer was investigated by optical microscopy, X-ray diffraction, and micro-hardness
testing. Potentiodynamic polarization test was also used to evaluate the corrosion resistance of the samples.
Meanwhile, it was found that the surface hardness increased with increasing the nitrogen gas content. Also
small percentage of Ar gas was introduced in the post nitriding process which improved the hardness of
the hardened layer but reduced the corrosion resistance compared with the carburized sample. The experiment
revealed that AISI 316L stainless steel showed better hardness and excellent corrosion resistance compared
with the carburized sample, when 75% N2 gas was used during the post nitriding treatment. Also addition
of Ar gas during post nitriding treatment degraded the corrosion resistance of the sample compared with
the carburized sample.
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1. Introduction

At present austenitic stainless steels are the most

widely used corrosion-resistant materials in various

sectors of industries, due to their excellent chemical

and metallurgical properties. However, the use of

stainless steels in the manufacture of mechanical

components is hindered due to their low hardness

and low corrosion resistance. Attempts have been

made during the past decades to engineer the

surfaces of this type of materials so as to improve

their surface hardness and corrosion resistance. The

plasma ion nitriding is a thermochemical process to

improve the surface properties, such as wear

resistance, corrosion resistance, and fatigue strength

of various engineering steels. Recently, plasma ion

nitriding has received a great deal of attention due to

its reduced distortion and environment-friendly

process1). Low temperature plasma carburizing was

carried out at temperature between 400 to 520oC for

several hours with the presence of gas containing

carbon which produces a carbon enriched expanded

austenite layer. On the other hand low temperature

plasma nitriding was implemented at lower tem-

peratures (below 450oC) for several hours which will

bring forth a precipitation free nitrogen-enriched

expanded austenite layer1-3). However, it suffers from

some technical problems, including the low load

bearing capacity due to its shallow thickness, an

abrupt hardness drop at layer-core interface, the poor

toughness of the layer due to its extremely high

hardness and the nonuniformity of layer thickness

across the treated surface. As we know even though

the carburized layer is much thicker than the nitrided

layer, it has low hardness compared with nitrided

layer. To further tackle this problem, the 2-step low
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temperature plasma process (the combined carburizing

and post-nitriding) was carried out in the same

chamber for further increasing the thickness of the

hardened layer for a relatively shorter time. Plasma

carburizing was conducted at higher temperatures

than nitriding without the formation of carbide

precipitates, since carbon diffuses faster than nitrogen

in austenite lattice and thus the temperature of CrC

formation is higher than that of CrN formation.

Therefore, a relatively thick hardened layer can be

produced by a plasma carburizing treatment.

Plasma nitriding treatment was subsequently

performed in a continuous process at lower tempera-

tures for the purpose of further increasing the

hardness of carburized layer comparable to that of

nitrided layer.

In this study, the effects of post nitriding after

plasma carburizing at various gas contents was

investigated to improve the hardness and corrosion

resistance of the stainless steel. Also the effect of Ar

gas composition during post nitriding was investigated. 

2. Experimental Details

The process of carburizing and post nitriding is a

sequential process which is shown in the following

Figure 1. Circular coupons of 316 L stainless steel of

15 mm diameter and 3 mm thickness were prepared

for the treatment. Before starting the plasma

treatment the surfaces of the circular coupons were

mirror polished by means of automatic polishing

machine and then cleaned. Then, the samples were

placed on the cathode table in the D.C. pulsed

plasma ion nitriding system. First plasma carburizing

was performed at 430oC for 15 hours with suitable

carbon containing gas mixtures. Later plasma

nitriding was started at 400oC for 4 hours at various

gas compositions. After treatment the samples were

cooled in the vacuum chamber up to the room

temperature. The plasma treated samples were

sectioned for metallographic examination and hardness

profile determination. The polished cross-sectional

surfaces were first etched with the special reagent

composed of 50% HCl, 30% HNO3 and 20% H2O.

The microstructures of low temperature nitro-

carburized layers on the surface were observed

by optical microscope. Rigaku D/Max-200 X-ray

diffractometer was used to analyse the phases formed

on the plasma treated surfaces of the specimens.

Glow discharge optical spectrometry was used to

analyze the nitrogen and carbon concentration depth

profiles across the hardened layer. Microhardness

measurements were carried out with the Micro

Vickers hardness tester using an indentation load of

0.49 N (50 g) and loading time 15 second. At each

depth, 10 measurements were taken and the mean

value was then determined by averaging eight measure-

ments, excluding the highest and the lowest values.

A potentiostat polarization technique was applied to

estimate the corrosion characteristics of the plasma

nitrocarburized layer in a 3.5% NaCl solution. 3.5%

KCl Ag/AgCl was selected for the reference

electrode and Platinum (Pt) was used for the counter

electrode. The anodic polarization curves were

recorded with a sweep speed of 1 mV/sec by using

Princeton Applied Research VersaSTAT 3 Potentiostat. 

3. Results and Discussion

Figure 2(a) shows the X-ray diffraction patterns

generated from the hardened surface layers by post

plasma nitriding of carburized stainless steels at

various N2 compositions at the nitriding step, and

Figure 2(b) shows the X-ray diffraction patterns at

various Ar contents with a fixed nitrogen composition

of 50% at the nitriding step. It is clear from the XRD

pattern that the 2 theta values obtained from the post

nitrided samples are shifted towards lower Bragg

angles with wider peaks compared than the untreated

surface. This indicates that the incorporation of

nitrogen and carbon atoms into face centered cubic

austenite causes lattice expansion and distortion,

leading to the formation of new phases, termed both

a nitrogen-enriched expanded austenite (γN) in the

near surface region, and a carbon-enriched expanded

austenite (γC), which is formed beneath the nitrogen-

enriched layer4). In addition, 2-Theta values moves to

much lower angles and the peaks become broader

with increasing N2 gas content. This implies that a
Fig. 1. Schematic diagram of 2 step low temperature

plasma process.
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larger amount of nitrogen is supersaturated under

higher N2 gas level. Besides introducing Ar gas

during post nitriding helps to improve the crystal

quality of the expanded austenite, which can be

understood by the sharp peaks. The reason behind

this is the formation of Cr2N, which releases higher

compressive stress due to the high concentration of

nitrogen in the austenitic iron lattice. Also, much

higher amount of surface defects generated under

higher Ar gas level play an important role on acting

as diffusion paths for nitrogen and carbon atoms,

resulting in accommodating high concentration of

impurity atoms. Thus, it is possible that 2-Theta

values moves to much lower angles with increasing

Ar level due to the supersaturation of larger amount

of nitrogen atoms.

Figure 3(a) and 3(b) reveals the nitrogen and

carbon concentration profiles at different gas composi-

tions during post nitriding treatment. It can be seen

that a dual layer structure consists of a N-enriched

layer with a high nitrogen content (γN) on the top of

a C-enriched layer (γC) with a high carbon content

has been produced. Also it is clear from the GDOS

Pattern that the nitrogen concentration on the surface

and its depth of penetration increases with increasing

nitrogen gas ratio due to steeper nitrogen concen-

tration gradient, which also facilitates the penetration

of carbon atoms towards the interior of the steel as if

carbon atoms were pushed into the deeper part of the

hardened layer by nitrogen atoms. Additionally,

introducing Ar gas helps to increase the depth of

penetration of nitrogen atoms in the matrix. With

increasing Ar level, the nitrogen concentration on the

surface and its depth of penetration increases. This

indicates that the increase of the amount of surface

defects, generated from Ar sputtering, with increasing

Ar content in the atmosphere can contribute greatly

to the enhancement of the diffusion of nitrogen and

carbon atoms.

Figure 4 represents the the cross-sectional morphology

of the post nitrided samples at various gas composi-

tions after plasma carburizing. It is also clear from

Fig. 5 that the thickness of the entire hardened layer

is almost similar irrespective of the N2 gas composi-

tion at nitriding step after carburizing process. But,

incorporation of Ar increases the thickness of

Fig. 2. XRD pattern of carburized and post nitrided AISI 316L stainless steel at various gas compositions.

Fig. 3. GDOS pattern of Nitrogen and Carbon concentration profiles.
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hardened layer from about 16 µm to about 20 µm. It

can also be seen that post nitriding leads to the

formation of the γN layer and the thickness of γN

layer increases a little with increasing nitrogen

content in the treatment atmosphere. However,

addition of Ar gas during post nitriding step

contributes significantly to enhance the thickness of

γN layer from about 4 µm (without Ar) to about

11 µm (20% Ar gas composition), which is also

demonstrated in Fig. 3.

Figure 5 indicates the hardness of the surfaces and

the thickness of the carburized stainless steel after

nitriding. It is clearly seen from the graph that the

surface hardness of the samples post nitrided at

higher nitrogen gas content improved a lot compared

with the untreated sample. Similar phenomenon

happened when Ar was used during post nitriding

treatment, which is also shown in Fig. 3 and Fig. 4.

The incorporation of interstitial atoms such as

nitrogen and carbon atoms into face centered cubic

austenitic stainless steel causes lattice expansion and

distortion, leading to the build-up of internal stresses

which restricts the motion of dislocation, and resulting

in the increase of surface hardness. In addition, the

incorporation of Ar during post nitriding process

leads to the formation of Cr2N precipitates, which

block effectively the movement of dislocations,

resulting in the increase of hardness. The surface

hardness reached up to about 1400 HV0.05 which is

about four times higher than that of untreated sample

(300 HV0.05).

Figure 6 represents the anodic polarization curves

of AISI 316 stainless steels for untreated, plasma

carburized and post nitrided samples in 3.5% NaCl

solution. The test involves polarizing the working

electrode (metal) away from its equilibrium (open

circuit potential - OCP) by imposing a steadily changing

DC potential difference between metal and the

counter electrode (Pt) through potentiostat, while

recording the current response. The horizontal axis

(X-axis) represents log current density, which is a

measure of the corrosion rate, while the vertical axis

Fig. 4. Optical micrographs of cross-sections of Carburized + Nitrided (C+N) AISI 316L stainless steel with various

gas composition during Nitriding.

Fig. 5. Surface hardness and thickness of carburized post nitrided AISI 316L samples at various gas compositions.
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(Y-axis) represents applied potential. The corrosion

potential (OCP) is illustrated by a horizontal line in

the each polarization curve. Ecorr is the intersection

where cathodic and anodic current density approach

to zero. It is easy to determine. But corrosion current

density (icorr) is difficult to measure directly. It is

generally measured by “Tafel regions”. Intersecting

the extrapolated linear sagment lines (Tafel line) of

both anodic and cathodic curves with a horizontal

line drawn from Ecorr, parallel to the current density

axis will yield the icorr. Higher corrosion potential

(Ecorr) and lower current density (icorr) indicate higher

corrosion resistance. The Potentiodynamic polarization

result shows that post nitriding of carburized samples

under 75% nitrogen content resulted in the higher

corrosion potential and lower corrosion current

density compared with the carburized steel. It

indicates the specimen has excellent corrosion

resistance than the other samples. The reason behind

this is the surface of the specimen has high concen-

tration of nitrogen. Thus this nitrogen reacts with the

salt water which containing H+ and produces base

compound NH4
+ (N + 4H+ + 3e− → NH4

+) which

results in increasing the passivation ability and

retarding the corrosion rate. On the other hand,

introducing Ar gas during post nitriding treatment

deteriorated the corrosion resistance of the carburized

stainless steel.

Figure 7 shows the macrostructure of the treated

samples after electrochemical behavior test (potentio-

dynamic polarization test). Pitting is the result of low

corrosion resistance. It is clear from Figure 7(a) to

Figure 7(d) that, the pitting on the surface of the

samples decreases with increasing nitrogen content.

Pitting is lower in 75% nitrogen content, which is

matched with the result of potentiodynamic polarization

curve. Moreover pitting increases with increasing

the Ar content, as found in Figure 7(e) and 7(f).

Therefore, introduction of Ar gas during post

nitriding treatment degraded the corrosion resistance.

4. Conclusions

All of treated sample showed the formation of

Fig. 6. Anodic Potentiodynamic polarization curves at various gas compositions during post nitriding.

Fig. 7. Optical micrographs of corroded surfaces of 316 L stainless steel after electrochemical behavior tests.
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expanded austenite (γN). GDOS showed the depth

profiles of carbon and nitrogen where the depth of

penetration of nitrogen and carbon atoms increased

with increasing nitrogen contents. Additionally, the

effect of Ar gas during nitriding helps to increase

the depth of penetration of nitrogen and carbon

atoms. The surface hardness increased up to about

1400 HV0.05 with increasing the N2 content. Additio-

nally, Ar gas helped to increase the hardness of the

surface. The specimens post nitrided with 75% N2

content showed a much enhanced corrosion resis-

tance in terms of lower corrosion current density and a

higher pitting potential as compared to the carburized

steel due to the formation of NH4
+ (N + 4H+ + 3e−

→ NH4
+) which increasing the passivation ability

and retarding the corrosion rate. But degradation of

corrosion resistance was observed due to the

introducing Ar gas in the post nitriding.
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