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ABSTRACT  

AISI 316 and AISI 316L austenitic stainless steels have been extensively used 
(to replace the more common AISI 304) in applications requiring enhanced pitting and 
general corrosion resistance. It is well known that these types have good corrosion 
resistance and toughness, but poor tribological properties. Gas nitriding is a well 
established process for surface hardening that can be applied to austenitic stainless 
steels with the aim of enhancing its surface hardness and wear resistance.  

In this work, the effect of gas nitriding conditions on the sensitisation to 
intergranular corrosion (IGC) in AISI 304, AISI 316 and AISI 3l6L stainless steels 
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was tested by applying the standard oxalic acid etch test. Optical microscope and X-
ray diffraction (XRD) were used to determine the effect of processing parameters on 
microstructure and phase-composition of the developed nitrided layers in the 
acceptable specimens, according to IGC test, in the addition to the surface hardness 
measurements. The results of this study showed that gas nitriding of AISI 304, AISI 
316 and AISI 316L stainless steels produces similar nitrided layers in the three types, 
which varies in thickness and composition according to the different nitriding 
conditions. Furthermore, under the experimental conditions carried out in this study, it 
is found that nitrided AISI 304 and AISI 316 are prone to localized intergranular 
corrosion (IGC) more than the nitrided AISI 316L, particularly at high temperatures (> 
500 °C). This behavior in AISI 304 and AISI 316 stainless steels is mainly due to the 
grain boundary precipitation of chromium carbides during nitriding processing. Finally, 
it is found that surface hardness of nitrided AISI 316L could be increased by more than 
five times compared to the untreated material, which has a significant effect in 
improving the wear performance. 
 
KEYWARDS: Effect of gas nitriding, Austenitic stainless steels; corrosion resistance; 

Optical microscope; X-ray diffraction 
 
INTRODUCTION 

Among the different types of stainless steels, the austenitic types are the most 
widely used because of their high corrosion resistance in many environmental 
conditions and good mechanical properties. On the other side austenitic stainless steels 
have relatively low surface hardness and wear resistance (low tribological 
performance), which is directly related to their poor mechanical surface properties. In 
order to improve these properties, austenitic stainless steels should be surface hardened, 
which cannot be made by using carburizing and quenching heat treatments [1]. As an 
alternative, nitriding is an effective surface thermochemical treatment, which leads to a 
significant improvement in the surface hardness, wear resistance and fatigue strength 
[2]. Nitriding is widely used in automotive, mechanical and aeronautical engineering. 
Typical nitrided components are gears, crankshafts, camshafts, cam followers, valves 
parts, die-casting tools, forging dies, aluminum-extrusion dies, extruder screws, 
injectors and plastic-mould tools (see Figure (1)).  

 

 
 

Figure 1: Some nitriding applications 
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Literature survey on the nitriding of austenitic stainless steels shows that the 
nitriding process produces a high nitrogen-content surface layer with significant high 
hardness and improved wear properties [3−7]. The properties and composition of this 
nitrided layer are strongly influenced by a large number of processing parameters and 
recently, more research work is directed to study the S-phase, which forms at low 
nitriding temperatures. This phase is reported to retain the corrosion performance of the 
nitrided stainless steels [8−10]. 

However, some heat treatment processes are reported to have diverse effects on 
the corrosion resistance of stainless steel. Improper heat treatment can produce 
deleterious changes in the microstructure of austenitic stainless steels and the most 
troublesome problem is carbide precipitation (sensitization). Intergranular corrosion 
cracking (IGC) is a direct result of sensitization which occurs when a thermal cycle 
leads to grain-boundary precipitation of a carbide, nitride, or intermetallic phase without 
providing sufficient time for chromium diffusion to fill the locally depleted region. The 
grain-boundary precipitate is not the point of attack; instead, the low-chromium region 
adjacent to the precipitate is susceptible. One of the developed methods to reduce the 
risk for intergranular corrosion is by decreasing the level of free carbon in steels. This 
may be done by either decreasing the carbon content or stabilizing the steel [11, 12].  

Therefore in this work, the use of gas nitriding by ammonia to enhance the 
surface tribological characteristics of AISI 304, AISI 316 and AISI 316L austenitic 
stainless steels is studied. This study covers the effect of gas nitriding processing 
parameters on the degree of sensitisation of the substrate austenite matrix and also on 
the microstructure, composition and surface hardness of the nitrided specimens.   
 
MATERIALS AND METHODS 

Three types of commercial austenitic stainless steel have been used as substrate 
materials with the chemical compositions listed in Table (1). The samples, in the as-
received condition, were solution annealed at 1050 °C for 60 minutes followed by oil 
quench. SiC abrasive papers down to 500-grit were used to manually ground the 
samples surface to achieve a fine surface finish. 
 

Table 1: Chemical compositions (wt %) of the materials used (Fe balance) 
A

i iX- A
I

0.08 0.60 0.01 0.04 1.9 9.5 19.0 - 

XI- A
I

0.08 0.47 0.02 0.05 1.9 10.0 16.1 2.0 

AISI 316L 0.03 0.46 0.02 0.02 1.8 11.2 16.0 2.0 

 
The samples were gas nitrided in the pit type industrial furnace (SIB 572) shown 

in Figure (2) by using 100% ammonia gas, anhydrous (UN 1005) with a minimum 
purity of 99.5 %. The nitriding process was conducted with varying three processing 
parameters which are temperature (°C), time (hr) and ammonia gas flow rate (L/hr). The 
number of experiments and the processing parameters setting for each experiment were 
determined using response surface methodology (RSM), one of the design of 
experiments (DOE) statistical methods, to obtain a proper experimental design with 
minimum number of experimental points (see Table (2)).  
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Figure 2: Pit type nitriding furnace 

 
The oxalic acid etch test was used to determine the sensitivity of the nitrided 

samples to intergranular corrosion (IGC) according to the ASTM A262-86 standard. 
This test is a rapid method to identify, by simple etching, the specimens that are 
essentially free of susceptibility to intergranular corrosion attack associated with 
chromium carbide precipitates [13]. The test is carried out by electrolytically etching the 
polished specimens for 90 seconds with 1 A/cm2 current density in 10 % oxalic acid. 
The surface morphology of the etched specimens are then compared with the standard 
etch structures classified as shown in Figure (3). According to the standard 
classification of etch structures only the step and dual structures are acceptable from the 
view of IGC test [13]. The preparation of nitrided specimens to metallographic 
examination was carried out with referring to the ASTM E3-80 standard [14]. ZEISS - 
Axiovert10 light-optical microscope was used to investigate the microstructure of the 
nitrided layer and substrate while the layer thickness measurements were taken by the 
micrometer provided with LEICA - VMHT microhardness tester used for the surface 
hardness measurements. The XRD patterns of nitrided specimens were obtained using 
PHILIPS - PW1800 x-ray diffractometer with Cu K( radiation and generator setting of 
40 kV and 10 mA. 

 

 

Figure 3: Classification of etch structures in oxalic acid etch test [13] 
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RESULTS AND DISCUSSION  
Microstructure Observation 

To investigate the morphology of the nitrided layers formed at different 
process parameters, cross sections from the nitrided samples were examined by 
optical microscope. The resulted nitrided layers vary in thickness and morphology 
depending on the nitriding process parameters and the steel chemical composition. 
In the specimens treated at low temperatures (400 – 440 °C), uniform thin layers 
were observed in the three alloys which after etching appear bright under 
microscope, as shown by Figures (4-a), (4-b) and (4-c). At higher magnifications 
these layers seem to consist of a single phase and are free of precipitation. When 
the nitriding temperature or time is increased, the bright nitrided layers become 
speckled with dark spots (Figures (4-d), (4-e) and (4-f)). At higher temperatures of 
(500 – 600 °C), the layers appear completely dark due to the heavy attack of the 
etching reagent as shown in Figures (4-g), (4-h) and (4-i). 

 

 
 

Figure 4: Optical micrographs for nitrided layer morphologies; (a) – (c) design point 
#11, (d) – (f) design point #9, (g) – (i) design point #14 

 
Layer thickness measurements of the nitrided austenitic stainless steels show 

comparable values between the three types for same operating conditions. Table (2) 
lists the layer thickness values, together with the corresponding layer corrosion etch 
classification and appearance morphologies. From Table (2), it can be seen that as the 
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nitriding temperature is increased in the range of 400 – 600 °C the resultant layer 
appearance changes from bright (see Table (2), design points #1, #5 and #11) to mixed 
(bright / dark) (see Table (2), design points #2, #6 and #9) and then to completely dark 
(see Table (2), design points #3, #4, #7, #8, #10 and #12 - #15). The same behaviour is 
observed when the nitriding time is increased from 10 to 50 hr, indicating that the bright 
layer formed at low temperatures decomposes by increasing nitriding temperature or by 
prolonged nitriding time. On the other hand, it seems that the flow rate of ammonia has 
negligible effect on the appearance of the nitrided layer.  
 
Intergranular Corrosion Test 

The microstructures of the three types of stainless steels after solution annealing 
consist of austenitic grains and annealing twins typical of an fcc microstructure with no 
precipitates detected at the grain boundaries. After performing the oxalic acid etch test 
(IGC test), the resulting microstructures were classified into three types; step, dual and 
ditch structures as summarized in Table (2).  

Figure (5) shows the etch structures of types AISI 304 and AISI 316 specimens 
nitrided at three different temperatures. It can be seen from the figure that the specimens 
nitrided at 400 °C has a step structures and no etch attack is detected at the grain 
boundaries. On the other side, oxalic acid etch test for the specimens nitrided at 500 °C 
and 600 °C results in ditch structures and severe attack in the grain boundaries region. 
For type AISI 316L nitrided specimens, no ditch structures are found in all nitrided 
specimens and for comparison, the etch structures of AISI 316L specimens nitrided at 
the same conditions as those shown in Figure (5) are illustrated in Figure (6). 

The different results obtained from this test can be explained (based on 
literature) in light of chromium carbide formation in Cr-Ni austenitic steels [11, 15].  

 
Table 2: Results of microscope investigation and IGC test 

Layer thickness (�m)  
and (Appearance 

morphology) 

Intergranular corrosion 
etch classification 

design 
point  

Time 

 (hr) 

Temperature 

 (°C) 

Flow rate 

 (L/hr) 
304 316 316L 304 316 316L 

1 18 440 200      4 (B)*    11 (B)    15 (B) Step Step Step 
2 42 440 200    20 (M)    25 (M)    23 (M) Step Step Step 
3 18 560 200  104 (D)  146 (D)  122 (D) Ditch Ditch Step 
4 42 560 200  168 (D)  193 (D)  181 (D) Ditch Ditch Dual 
5 18 440 500      7 (B)    17 (B)    18 (B) Step Step Step 
6 42 440 500    35 (M)    44 (M)    40 (M) Step Step Step 
7 18 560 500  118 (D)  131 (D)  133 (D) Ditch Ditch Step 
8 42 560 500  184 (D)  246 (D)  195 (D) Ditch Ditch Dual 
9 10 500 350    31 (M)    53 (M)    37 (M) Ditch Ditch Step 

10 50 500 350  142 (D)  151 (D)  159 (D) Ditch Ditch Step 
11 30 400 350      2 (B)*      8 (B)    10 (B) Step Step Step 
12 30 600 350  122 (D)  186 (D)  145 (D) Ditch Ditch Dual 
13 30 500 100    96 (D)  106 (D)    90 (D) Ditch Ditch Step 
14 30 500 600  108 (D)  144 (D)  123 (D) Ditch Ditch Step 
15 30 500 350    96 (D)  100 (D)    78 (D) Ditch Ditch Step 
16 30 500 350    91 (D)  118 (D)    88 (D) Ditch Ditch Step 
17 30 500 350    88 (D)  107 (D)    82 (D) Ditch Ditch Step 

Untreate - - - - - - Step Step Step 
(B) Bright layer, (M) Mixed layer, (D) Dark layer, * Discontinuous layer 
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Figure 5: Optical micrographs after oxalic acid test; (a) & (b) untreated specimen, (c) 
& (d) design point #11, (e) & (f) design point #15, (g) & (h) design point #12 
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The ditch structures result from the acid attack at the regions adjacent to the grain 
boundaries, which are depleted from chromium by the formation of Cr23C6 carbides at 
austenitic grain boundaries during heating in the sensitization range. Reducing the 
carbon content in the stainless steel decreases the possibility of Cr23C6 carbides 
formation and increases the incubation time before sensitisation, which is the case for 
AISI 316L stainless steel with carbon content of about 0.03%. Therefore, it could be 
concluded from the previous results that AISI 316L is better than AISI 304 and AISI 
316 because of its low carbon content that make it less prone to sensitization (IGC) 
during the gas nitriding process. However, the specimens of types AISI 304 and 
AISI 316 when nitrided at temperatures lower than about 500 °C are found to be 
likely not susceptible to IGC.  
 

 
 
Figure 6: Optical micrographs for AISI 316L after oxalic acid test; (a) untreated 

specimen, (b) specimen #11, (c) specimen #15, (d) specimen #12 
 

Previous tests that are performed on all the three material types (AISI 304, AISI 
316 and AISI 316L) indicate that AISI 316L is superior; hence farther investigations 
(XRD) are confined to this type of austenitic stainless steel. 
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X-ray Diffraction Analysis 
Using the XRD analysis, the phases present in the nitrided layers of AISI 316L 

are found to be related to the processing parameters, particularly the nitriding 
temperature as follows:   

First, for the specimens nitrided at temperatures of 400 °C and 440 °C, the XRD 
patterns are dominated by a set of broad peaks, which appear at lower angles (2γ) as 
compared to the substrate (untreated) austenite peaks, as shown in Figures (7a) and (7b). 
These peaks, named S1, S2 and S3 could not be identified by the XRD Index and are 
identified as expanded austenite (γN) or S-phase, as named by several investigators 
[5,6]. It is noted that the S2 peak is shifted more than the S1 peak in relation to the 
substrate peaks indicating a larger expansion for (200) planes than for (111) planes. 
Although there is no complete agreement on the nature of S-phase structure [8, 16], 
many investigators verified the S-phase as a face centered tetragonal (fct) structure 
with variable lattice parameters according to its nitrogen content [3, 9, 17].  

 

 
Figure 7: XRD patterns of AISI 316L specimens: (a) untreated, (b) #11, (c) #9, (d) #8 
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Second, in the XRD patterns of specimens containing mixed (bright/dark) layers, 

CrN nitride is detected corresponding to the formation of the dark phase in the original 
bright nitrided layer as shown in Figure (7c). In addition to the CrN peaks, the γ' – Fe4N 
nitride, γ (ferrite/martensite) and S-phase peaks are also found. The (bccbct peaks are 
reported in many studies and explained by the precipitation of CrN that lowers the 
chromium content in austenite favouring the formation of ferrite/martensite with CrN in 
a lamellar structure [4, 9, 18]. When the nitriding temperature is increased above 500 ºC 
Figure (7d), the dark nitrided layers produced have complex structures with various 
phases including γ – Fe2-3N nitride, γ ', CrN, Cr2 γ, γ and interstitial N in γ as shown in 
Table (3).  

From the morphological (Figure (6) and Table (2)) and XRD (Figure (7) and 
Table (3)) results it can be concluded that gas nitriding of AISI 316L austenitic stainless 
steel at low temperatures (less than 450 °C) produces bright nitrided layers which are 
precipitation free and consequently resist corrosion attack. These layers consist of a 
single phase named S-phase (or expanded austenite, γ N), which is reported to have 
excellent corrosion resistance [4, 6, 10, 18]. When a critical temperature is reached, CrN 
(dark phase) starts to precipitate in the original S-phase forming a mixed layer. At 
higher nitriding temperatures, a dark layer is formed which is mainly composed of fine 
CrN precipitates in the austenite matrix. Some nitrided microstructures appear as three 
distinct structural zones as shown in Figure (8). The outside zone is a thin white layer 
known as the compound zone, which consists of γ' and γ nitrides. The second zone 
contains austenite, ferrite/martensite and CrN/Cr2N, and is called the diffusion zone, 
while the third zone is very thin and consists of an interstitial solution of nitrogen in 
austenite matrix. 

 

 
Figure 8: Optical micrograph of a nitrided layer of different structural zones 

 
 
 



Journal of Engineering Research (Al-Fateh University)  Issue (11)  March  2009       65 

Surface Hardness Results  
The results of the surface hardness measurements of gas nitrided AISI 316L 

austenitic stainless steel in terms of HV0.1 are shown in Table (3). It can be seen from 
this table that nitriding can increase the surface hardness of the untreated material by 
more than five times which is of great importance in improving the wear resistance 
(see Table (3), design points #8 and #15). It is being observed that all specimens 
(design points) are acceptable from the IGC performance point of view. However a 
compromise can be made if S-phase is required to be present for some applications but 
with a surface hardness value in the range of about 600 to 1000 HV0.1, (see Table (3), 
and design points #1, #5 and #11). 
 
Surface Hardness Optimization 

Using response surface methodology (RSM) provides the possibility to optimize 
the surface hardness results of the gas nitrided AISI 316L stainless steel using the response 
optimizer of MINITAB software. Figure (9) shows the optimization chart for the 
surface hardness results. This chart predicts that the optimum process parameters 
setting is 30.2 hr for nitriding time, 533.5 °C for nitriding temperature and 600 L/hr 
for ammonia flow rate, which would result in an optimum predictable surface 
hardness of 1294 HV0.1. This result represents an increase by a factor of 6.47 as 
compared with the untreated material surface hardness. The optimization result is 
based on a regression model and the actual measured values could be somewhat 
different. Therefore, it is suggested that the optimum settings be implemented in the 
future and repeated few times to confirm or otherwise refine the obtained result. 
 

Table 3: Surface hardness measurements of the nitrided 316L 
Design 
point 

Time 

(h )

Temperature 

( )

Flow rate 

( /h )

Surface 
hardness VH0.1  

Phases composition of 
the nitride layer 

1 18 440 200 755 S-phase
2 42 440 200 1026 S-phase, CrN,( 
3 18 560 200 1163 CrN,(   
4 42 560 200 1139 CrN,( 
5 18 440 500 972 S-phase 
6 42 440 500 1144 S-phase, (', CrN,( 
7 18 560 500 1200 (', CrN,( 
8 42 560 500 1243 (', CrN,( 
9 10 500 350 1159 S-phase, (', CrN,( 
10 50 500 350 1128 (', CrN,( 
11 30 400 350 692 S-phase 
12 30 600 350 1129 CrN,( 
13 30 500 100 1198 (',CrN,( 
14 30 500 600 1202 (', (, Cr2N, CrN,(, 
15 30 500 350 1240 (', CrN,( 
6 30 500 350 1191 (', CrN,( 
17 30 500 350 1174 (', CrN,( 

Untreated - - - 200 - 
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Figure 9: Response optimization chart for the maximum surface hardness 
 
CONCLUSIONS 

From this experimental study, the following points are concluded: 
• The nitrided layers formed in the AISI 304, AISI 316 and AISI 316L austenitic 

stainless steels are similar in morphology and structure with comparable thickness 
values. 

• For AISI 316L austenitic stainless steel, it is found that gas nitriding for less than 30 
hours at nitriding temperatures less than 450 °C produces nitrided layers, free of 
precipitates and mainly composed of a single phase (S-phase) which has a distorted 
face-centered crystal structure (mostly fct). 

• The development of the S-phase by nitriding process is a significant contribution as 
this phase is reported to retain the corrosion resistance of the nitrided austenitic 
stainless steel.   

• Type AISI 316L austenitic stainless steel is superior to AISI 304 and 316 types in its 
resistance to sensitization effect (IGC resistant) during gas nitriding at temperatures 
higher than about 450 °C, that makes it more suitable to be surface hardened using 
gas nitriding. 

• Gas nitriding of AISI 316L austenitic stainless steel significantly increases the 
surface hardness level which could be ranked to more than six times as compared 
with the untreated material. This surface hardness enhancement is believed to 
increase the wear performance of AISI 316L stainless steel.  
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