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ABSTRACT 
 

A series of austenitic stainless steel AISI 316 cylindrical 
samples with different heights were simultaneously nitrided 
using the cathodic cage technique. In this technique the 
samples are placed under a floating potential inside a cage 
which shields the cathodic potential. A systematic study of 
the effect of the nitriding temperature was carried out in or-
der to evaluate the efficiency of this technique over the uni-
formity of the layers formed on samples of different heights. 
The samples were characterized by optical microscopy, x-
ray diffraction and microhardness measurements. The re-
sults were compared with those obtained from conventional 
ionic nitriding, and it was verified that the samples nitrided 
by the conventional technique were less uniform than those 
treated through this new technique. 

 
1. INTRODUCTION 

 
Conventional plasma nitriding is a well accepted industrial 
process because it has several advantages in relation to other 
nitriding techniques (using gas and salt baths) such as great-
er economy of gases and shorter process time, since the ni-
trogen diffusion speed is greater [1]. It is used for the im-
provement of the surface properties such as hardness, wear 
and corrosion resistance, increasing the useful life of the 
treated pieces. However there are some drawbacks as the 
hollow cathode effect, the border effect, non-uniform tem-
perature and arcing, especially in the treatment of samples 
having a complex geometry [2-4]. Samples with different 
dimensions, when treated through plasma nitriding, show a 
thermal gradient between the treated sample surfaces and 
their bases [5-6].  In the case of a 10mm height sample, for 
instance, such a temperature difference may reach 100 ºC. 
In order to correct for undesirable effects such as these, var-
ious alternatives to the nitriding process, such as pulsed 
plasma I3P [7,8], have been developed.  In the last four 
years an additional technique, called active screen plasma 
nitriding (ASPN), in which the samples are enclosed by a 
screen on which a high cathodic potential is applied, has ap-
peared. Thus the plasma acts on the screen and not on the 
sample surface. The components are treated under a floating 

potential or a low polarization voltage (e.g. 100 to 200V) 
through an auxiliary power supply [2]. 
In this work, we make use of the same principle as used in 
the ASPN technique, but with a modified experimental ar-
rangement [9] shown in fig. 1 in order to enhance the sput-
tering and to increase the deposition rate. As the plasma is 
not formed directly on the sample surface but on the metal-
lic cage the defects inherent to the conventional nitriding 
process are eliminated [9-12]. In addition, the temperature 
on the sample surface is uniform, since it is warmed up to 
the treatment temperature by the radiation emitted by the ca-
thodic cage. 
 

 
 

 
 

Figure 1 - The treatment reactor scheme and spatial distribu-
tion of samples used. 
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2. EXPERIMENTAL 
 
The samples were machined from austenitic AISI 316 stain-
less steel into cylindrical shapes of height 1, 3, 5 and 10mm, 
previously annealed, sandpapered with 300 to 1200 grades, 
and polished with felt discs with 1 and 0.3µm diamante slur-
ry, before being placed in the treatment chamber. 
The conventional nitriding system consists of a power 
supply (maximum 1500V, 2A), a vertically mounted cylin-
drical vacuum chamber (40cm in diameter 40cm of height) 
made of AISI 316 austenitic stainless steel. We made use of 
the same chamber with the addition of the cathodic cage 
made of 0,8mm thick stainless steel 316, 112mm in diameter 
and 25mm in height, with 8mm diameter holes spread un-
iformly, with 9.2mm between centers of adjacent holes [9].  
A set of ten samples, two of each height, were placed on an 
alumina disc, as shown in fig. 1. The plasma is actually 
formed on the cage, which is the cathode, not directly on the 
sample surface. 
The treatment conditions were the following: treatment 
time: five hours; reference temperature within the nitriding 
chamber: 637, 773 and 843K, as measured by a thermo-
couple attached to the sample holder; nitriding mixture: 
80% N2/H2; flow rate: 20 sccm, adjusted using a mass flow 
controller. The treatment pressure of 250 Pa, measured by a 
barocel capacitance manometer, was adjusted manually. 
The phase composition and texture was analyzed by a Shi-
madzu XRD-6000 x-ray diffractometer operated at 40 KV 
and using CuKα (λ = 0.154 nm). Optical microscopy was 
used to observe the morphology and thickness of the ni-
trided layers. Finally, microhardness profiling was carried 
out to evaluate thickness and uniformity of the layers. 
 
 
3. RESULTS AND DISCUSSION 
 
The micrographs for samples of different heights nitrided at 
temperatures of 673, 723 and 773 K. are presented in fig. 2, 
where we observe that for a fixed treatment temperature the 
nitrided layers thicknesses are nearly the same, while for the 
correspondent samples nitrided by the conventional tech-
nique, there exist a considerable variation [5, 6]. 
In table 01 the values of the thicknesses of layer of the 
treated samples are presented for the two plasma nitriding 
techniques.  A small gradient is verified in the variation of 
the thickness of the layers nitrided by the new technique as a 
function of the height of the samples, especially for higher 
treatment temperatures (773 K), where the maximum varia-
tion observed in the thickness is of the order of 10%. This is 
unlike the thickness of the sample treated by conventional 
nitriding technique, where the thickness variations were of 
the order of 25% between two successive heights [5]. 
In addition, the samples treated in the cathodic cage at the 
same temperature did not have significant differences in the 
levels of hardness for different heights, as is shown in figure 
3. 
 

 
673 K – 1 mm 

 
723 K – 1 mm 

 
773 K – 1 mm 

 
673 K – 3 mm 

 
723 K – 3 mm 

 
773 K – 3 mm 

 
673 K – 5 mm 

 
723 K – 5 mm 

 
773 K – 5 mm 

 
673 K – 10 mm 

 
723 K – 10 mm 

 
773 K – 10 mm 

 
Figure 2 - Micrographs of the samples of different heights ni-
trided at temperatures of 673, 723 e 773 K using the cathodic 

cage method. 
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Table 1 - Thickness of the nitrided layers for samples of height 
1, 3, 5 e 10mm, at different temperatures. 

 

 
 
 

 

 
 

Figure 3 – Microhardnes profile as a function of the sample 
depth for samples treated at 723 e 773 K. 

 
This result, allied with the uniformity in the thickness of the 
layer, confirms the elimination of the borders effects, a 
drawback observed in the conventional ionic nitriding. For 
the sample of height 10mm, treated at 723 K, for instance, it 
is observed that the microhardness begins to decrease 

around a thickness of 25 µm until it reaches the value of the 
substrate, whereas for the sample of height 1mm such mi-
crohardness decreasing begins around 20 µm. In contrast, 
the samples nitrited by conventional ionic technique show a 
variation in the microhardness of up to 30% for samples of 
different heights treated at the same temperature, indicating 
a non uniform temperature between the surface and the base 
of the samples [5].  
 In the case of a treatment temperature of 773 K, it is ob-
served that the microhardness begins to reduce around 
50µm until reaches the microhardness of the substrate, while 
for the samples of height 1mm, such a microhardness de-
crease begins around 40µm. As the samples are electrically 
isolated and placed on an alumina (submitted to flotation 
potential) disk, radiation from the cathodic cage supplies the 
necessary energy to heat up uniformly the sample to the de-
sired treatment temperature. According to Arrhenius law, 
given by D=Do exp (-Q/RT), where D is the diffusion coef-
ficient, Do is the pre-exponential factor which is temperature 
independent, Q is the diffusion activation energy, R the uni-
versal gas constant and T the absolute temperature, since the 
nitriding atmosphere is the same for the whole set of sam-
ples, the sample temperature will depend only on the diffu-
sion coefficient. Since the conditions are the same for the all 
samples, the diffusion coefficient is constant for all samples 
during nitriding, and the surface temperature of all the sam-
ples is practically the same, independent of the sample 
height, with only a small thermal gradient between the bulk 
and the sample surface.  
The analysis of the x-ray diffractograms shows a small vari-
ation in the phases presents in the case of samples of differ-
ent heights nitrided at the same temperature. For a tempera-
ture of 673 K (figure 04) there are two dominant peaks cha-
racteristic of the S phase of ε – Fe3N iron nitrite which is 
present in all of the samples analyzed. This contrasts with 
chrome nitrite, which is completely absent. 
 

 
 

Figure 4 – X-ray spectroscopy of samples with height 1, 3, 5 
and 10mm  treated in 250 Pa, 80% of N2 and a temperature of 

673K. 
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Figure 05 shows the diffractogram of the samples nitrited at 
723 K. It is seen that only the sample of height 1mm 
presents different phases. Moreover, peaks characteristics of 
the expanded austenite (phase S) are once again present and 
γ’ – Fe4N iron nitrite is beginning to form.  The absence of 
the chrome nitrite is also observed, testifying that the preci-
pitation of this compound occurs only at higher tempera-
tures above 724K, leaving expanded austenite predominant. 
This phase has a high hardness good wear resistance and 
excellent corrosion resistance. 
 

 
 

Figure 5 – X-ray spectroscopy of samples with height 1, 3, 5 
and 10mm treated in 250 Pa, 80% of N2 and a temperature of 

723K. 
 
 
For the samples treated 773 K (figure 6) we found a reduc-
tion in the phase S with consequent appearance of CrN and 
γ’–Fe4N, what confirm that for temperatures higher than 
723 K the phase S (expanded austenite) is decomposed hav-
ing as products CrN and  γ’ –  Fe4N. 
 

 
Figure 6 – X-ray spectroscopy of samples with height 1, 3, 5 
and 10mm treated in 250 Pa, 80% of N2 and temperature of 

773K. 

4. CONCLUSIONS 
 

In the analysis of the x-ray difractograms of austenite stain-
less steel AISI 316 samples, nitrided through the cathodic 
cage technique the phases present are those usually present 
when treated by conventional plasma nitriding [13], detach-
ing the phase S (expanded austenite), which shows a small 
variation in relation to the height of the samples. However, 
there is not a great temperature variation inside of the ca-
thodic cage, as seen from the small variation in the thick-
nesses of the layers for samples of different heights nitrided 
at the same temperature, as is confirmed through the micro-
graphy and also a small microhardness variation. The ca-
thodic cage nitriding technique produces layers of micro-
hardness compatible with those produced by conventional 
plasma techniques, but with superior and more uniform 
thicknesses, and without the problems associated with the 
conventional nittriding, such as the well known border ef-
fect [14]. 
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