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Abstract 
In this work, plasma-nitrided AISI 316L stainless steel samples were performed by ion nitriding 
process under pulsed direct current (DC) discharge at different current densities (1 to 2.5 mA/ 
cm2). The effect of nitriding current density on the size of crystalline coherently diffracting do-
mains (crystallite size) and strain grade was investigated using X-ray diffraction (XRD) coupled 
with Williamson-Hall method. Additionally, hardness and wear resistance of the nitriding layer 
were characterized using a Vickers indenter and pin-on-disk technique respectively. Results 
showed a decrease in crystallite size from 99 nm for untreated samples to 1.4 nm for samples ni-
trided at 2.5 mA/cm2 promoted both: an increase in hardness from 226 HV25g to 1245 HV25g, and a 
considerably decrease in volume loss by wear effect. 
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1. Introduction 
Stainless steels are well known by good corrosion resistance; unfortunately, their surface hardness and wear re-
sistance are relatively poor and therefore insufficient for many technological applications. Plasma or ion nitrid-
ing is one of the techniques used in surface engineering to increase the surface properties of these steels. This 
technique uses the direct current (DC) glow discharge phenomena to introduce elemental nitrogen in the surface 
of metallic pieces for subsequent diffusion process into the crystalline lattice of the material.  

In the last years, pulsed plasma nitriding of AISI 316L stainless steel has been used to increase its tribological 
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performance and corrosion properties. It is well-established that nitrogen incorporation, into the surface of this 
alloy, results in the formation of a thin surface layer constituted by a meta-stable nitrogen supersaturated solid 
solution with a distorted crystalline lattice known as expanded austenite (γN). According to the literature, this 
phase γN, can exhibit high strength, excellent corrosion resistance and a dramatical improvement of wear resis-
tance under high loads [1]-[4]. In fact, the expanded austenite phase obtained by nitriding has been the subject of 
several studies due to its technological importance and applications [5]-[7]; however, its structure and formation 
mode have not been completely understood [8]. 

The tribological properties of nitrided austenitic stainless steel have been related to the deformation grade of 
FCC original austenitic lattice (γ), which is promoted by incorporating atomic nitrogen in its interstitial octahe-
dral sites [6] [9]. This deformation tends to increase the austenitic lattice parameters, which is supported by dis-
placement of austenite X-ray reflections to a lower 2θ angles [10]. The strain grade of the austenitic structure is 
closely related to a variation in size of “crystalline coherently diffracting domains” also called crystallites [11]. 
Consequently, the control of strain grade and of crystallite size, becomes a primary tool when obtaining the de-
sired surface properties of AISI 316L stainless steel.  

In this work we evaluated the effect of nitriding current density on the crystallite size and strain grade of 
plasma nitrided austenitic stainless steel samples and the variation of both were correlated to surface hardness 
and wear susceptibility. 

2. Material and Methods 
Commercial AISI 316L stainless steel samples of 50 mm in diameter and 12.7 mm thick were used in the 
present experiment. Chemical composition of the samples was: Cr 16.6%, Ni 10%, Mo 2%, Mn 1.76%, Cu 
0.38%, Si 0.38%, Co 0.06%, C 0.019%, S 0.029%, Fe Balance (all in % weight). Previously to nitriding treat-
ment, all samples were ground by different grades of SiC emery paper (120, 240, 320, 400, 600) and polished 
with a 1-µm diamond suspension. In order to remove the mechanical strain induced on the surface by mechani-
cal polishing, a final electropolishing process, recommended by L. Nosei et al. [12], was carried out using an 
electrolyte containing methanol, perchloric acid and butylcellosolve during 240 s and current density of 0.5 
A/cm2. After that, samples were subjected to a cleaning stage in an acetone ultrasonic bath.  

The ion nitriding process under direct current (DC) pulsed discharge was carried out in a previously described 
reactor [13]. The constant process parameters considered were: sample temperature of 400˚C, gas mixture of 50% 
N2 and 50% H2, 1000 Hz pulse frequency and duty cycle of 50% active. The reactor was pumped down to a base 
pressure of 3 × 10−3 torr and nitriding pressure was set at 1.3 torr. Prior to the nitriding process, a cleaning stage 
using sputtering was carried out on the samples in the same reactor using a gas mixture of 50% Ar and 50% H2. 
The effect of current density (1, 1.5, 2 and 2.5 mA/cm2) on strain grade and crystallite size was tested. 

The strain grade and crystallite size of nitrided samples were calculated using “X” Pert High Score PlusTM” 
version 3.0 software, fitting the peak profiles with a pseudo-Voigt function. This software uses the diffraction 
data and Williamson-Hall (W-H) graphical methodology. W-H method works by considering that both, the size 
of the crystallites and the presence of crystallographic distortions (strain), contribute to XRD peak broadening. It 
is important to point out that XRD supplies information about average crystallite sizes which are domains of 
coherently diffracting X-rays (Perfect arrangement of unit cells or perfect crystal). This should not be confused 
with grain or particle size, Crystallite size and grain size are not necessarily the same. When the grain size is in 
the nanometer scale, the crystallite and the grain size could be the same but when grain size is bigger a grain 
may be composed of multiple crystallites separated by different kinds of grain boundaries [11]. Strain and crys-
tallite size were computed by using Williamson-Hall equation:  

( )2 2 Cos SenEXP EQB B M c tθ θ λ− = +  

where B2
EXP is the experimental “full width at half its maximum intensity” (FWHM), B2

EQ is FWHM due to the 
XRD equipment, M corresponds to micro deformation and t to the crystallite size [14]. In order to determine the 
instrumental contribution to line broadening (B2

EQ), the diffraction pattern of a cerium oxide sample from Na-
tional Institute of Standards and Technology, Standard Reference Material 674A (NIST SRM) was used as an 
instrument standard. The instrumental set up was identical in every aspect to that used for recording the diffrac-
tion pattern of all studied samples. 

It is known that XRD peak broadening can be additionally promoted by steep composition and stress gradient; 
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however in this work, the influence of this will not be considered based on Saravanan et al. work [15]. They 
considered that influence of these gradients is significant when samples are processed at lower temperatures and 
longer time than used in this report. 

X-ray diffraction Analysis (XRD) was performed with an Empyrean PANalytical instrument, using Cu Kα (λ 
= 1.5406 Å) radiation, operated at 40 kV and 30 mA and the X’Celerator ultra-fast detector based on Real Time 
Multiple Strip Technology with a Bragg-Brentano geometry. The scanning was conducted with a step scan of 
0.016˚ and dwell time of 20 s per step in continuous mode. Likewise, the untreated sample (reference material) 
was ground and polished in the same way as the nitrided samples. The effect of the total strain of the X-ray dif-
fraction broadening in the present work was carried out in a comparative way. After ion nitriding, the samples 
were cross-sectioned and metallographically prepared. The thickness of the nitrided layer was measured by ob-
servations through scanning electron microscopy (SEM). Ten random surface hardness measurements were per-
formed for each sample using a Vickers indenter, 25 g load and time test of 10 s. The average value of mea-
surements and standard deviation is reported. Wear resistance was evaluated by the pin-on-disk technique using 
a sapphire pin, 6 mm in diameter, and a load of 2 N at a speed of 20 cm/s with a total displacement of 400 m. 
The radius of attrition was set at 7 mm and the determination of the volume loss was carried out in accordance 
with the ASTM G99 standard method [16].  

3. Results and Discussion  
3.1. Strain Grade and Crystallite Size Determination 
Figure 1 shows the XRD patterns obtained from untreated and plasma nitrided samples at different current den-
sities (1, 1.5, 2 and 2.5 mA/cm2). The XRD pattern of untreated sample shows a typical γ-austenite phase. For all 
the nitride samples, XRD patterns showed that the γ-austenite peaks [γ(111) and γ(200)] were shifted to a lower 
2θ angles, compared with the peaks from the untreated sample, suggesting a lattice deformation phenomenon 
and hence, showing the characteristic XRD pattern of the expanded austenite [17]. In fact, this shift has been re-
lated to the unit cell size and shape variations [11] and its magnitude was found to be around of 2.9˚ and 4.2˚ (2θ) 
degrees for γ’(111) and γ’(200) peaks, respectively. These results are consistent with other investigations, in 
which is reported that the γ’(200) peak is shifted to the lower 2θ angles at higher grade than the γ’(111), relative 
to the untreated sample peaks [10] [18]. According to D. Manova this behavior is a consequence of the biaxial 
stress resulting in a perpendicular strain to the nitrided surface, thus increasing the lattice constant beyond the 
stress-free value. Both, the distorted lattice and the compressive stress contribute to the increased hardness and 
wear resistance of the nitriding samples [19]. 

Williamson and Hall relates the XRD peak broadening to surface micro strain and crystallite size through eq-
uation defining the FWHM as a key factor for its calculation [14]. The effect of nitriding current density on the 
evolution of strain grade and crystallite size, both calculated using above equation, are shown in Figure 2. 
Computed data shows that the crystallite size in the surface of the untreated sample is around 99 nm and it  

 

 
Figure 1. X-ray diffraction patterns for untreated 
and nitrided samples at different current densities. 
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Figure 2. Influence of nitriding current density on strain (%) and 
crystallite size (nm) computed by Williamson-Hall methodology. 

 
decreases dramatically to 1.8 nm when the sample is nitrided at 1 mA/cm2, highlighting the effect of nitriding 
process on crystallite size. In contrast, the grain size seems not be affected by this process and therefore, it re-
main without changes (7.6 ASTM d = 25 µm). As Figure 2 shows, the increase in current density from 1 to 2.5 
mA/cm2 promotes a decrease in crystallite size from 1.8 to 1.4 nm. In the same way, strain grade of nitrided 
surfaces increase from 4.5% to 6.5% when current density moves from 1 to 2.5 mA/cm2. This behavior can be 
explained by the amount of nitrogen incorporated in the stainless steel surface. By increasing the current density 
of plasma discharge in the nitriding process, the population of active species (N+) in plasma near the surface of 
the samples is increased [20]; this phenomenon in turn allows a greater rate of incorporation of nitrogen atoms 
in the substrate and consequently, a greater strain level is obtained. An increase in atomic nitrogen quantity 
going inside to the steel also results in a greater grade of crystalline disorder and hence, a decrease of isotropic 
repeatability of the lattice will occur. As a result, smaller crystallite sizes (diffracting coherently domains) are 
generated. 

Scanning Electron Microscopy cross view analysis of nitrided samples allowed the measurement of the mod-
ified surface thickness layer. Results show a decrease in thickness of nitrided layer from 4.6 to 3.4 microns when 
current density rises from 1 to 2.5 mA/cm2 (see Figure 3). Despite the fact that both thickness layer and crystal-
lite size decrease similarly when nitriding current density is increased, the behavior of the first can be explain in 
an independent way. In fact, a similar decrease in thickness layer of nitrided AISI 316L stainless steel has been 
reported by F. Borgioli et al. [21] when the nitriding current density increases from 1.2 to 2.7 mA/cm2. In this 
case the variation in current density was carried out by increasing the treatment pressure. They concluded that 
sputtering phenomenon does not visibly influence the modified layer growth in the pressure range of 1.9 to 15 
torr. However, at a treatment pressure of 1.13 torr (pressure very close to use in this work, 1.3 torr) sputtering 
seems to compete with the layer growth phenomena, tending to hinder nitrogen adsorption at the surface and 
diffusion into the bulk, so that a slight thinning of modified layer is produced. In the same way, previous studies 
have reported that the increase in current density in plasma processes promotes the intensification of sputtering 
phenomena [22]. 

3.2. Hardness and Wear Resistance 
The combined effect of the increased surface strain grade and decrease in crystallite size, promoted the increase 
in surface hardness from 262 HV25 g for the untreated samples to around 1245 HV25 g for the nitrided samples 
at 1 mA/cm2 (see Figure 4). Moreover, it has to be noted that when the current density increases from 1 to 2.5 
mA/cm2, the variation of the hardness does not change significantly and remains in values around of 1240 HV25 
g. At the same process conditions, volume loss evaluated by the pin-on-disk test was decreased from 0.3 mm3 
for untreated samples to about 0.01 mm3 for nitrided samples, which represents a decrease level of about 30 
times. 
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Figure 3. Effect of nitriding current density on thickness of ni-
trided layer. Vertical lines are the error bars and solid lines are 
only shown to emphasize the trends. 

 

 
Figure 4. Influence of nitriding current density on surface hardness 
(HV25g) and volume loss (mm3) measured by the pin-on-disk test.  

4. Conclusion 
Through ion nitriding treatment process carried out at 400˚C and applying a nitriding current density in the 
range of 1 - 2.5 mA/cm2 on AISI 316L stainless steel, it is possible to produce a hardness modified surface layer. 
According to the XRD data, the nitrided layer formed was mainly composed of expanded austenite phase. The 
use of Williamson-Hall methodology allowed the determination of crystallite size and strain grade. Results 
showed a decrease in crystallite size from 99 nm for untreated samples to 1.4 nm for samples nitrided at 2.5 
mA/cm2 promoted both: an increase in hardness from 262 HV25g to 1245 HV25g, and a decrease in volume 
loss from 0.3 mm3 to about 0.01 mm3, which represents a wear decrease of about 30 times.  
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