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ABSTRACT 
In this study, plasma nitriding, gas nitriding and solid nitriding were performed in AISI H13, AISI P20 and 
N-8550 tool steels. The aim of the study was compare the acquired properties after the thermochemical 
treatments and evaluate the efficiency of the solid nitriding treatment. The samples were analyzed using a 
microhardness tester and a scanning electron microscope. The typical nitriding layers were observed - white 
layer and diffusion layer. The phases Fe4N - γ´ and Fe2,3N - ε were identified using an X- Ray diffractometer. 
The microhardness values of the nitrided layers obtained by the solid nitriding treatment were compatible 
with the other values of microhardness obtained by plasma and gas nitriding. The thickness of the nitrided 
layer obtained by the solid nitriding treatment was irregular. 
Keywords: Solid nitriding. Tool steels. Nitriding Layers. 

1. INTRODUCTION 
Nitriding is a thermochemical treatment that consists in the introduction of nitrogen into metallic material.  
           Nitriding promotes higher superficial hardness, increases the wear resistance and fatigue resistance, 
and improves the corrosion resistance of the treated material [1, 2]. 

Gas nitriding is promoted by holding the metal at a suitable temperature, submitting the samples to a 
gas atmosphere that contains nitrogen, normally ammonia [3]. Gas nitriding requires a specific oven with 
inlets and outlets of gas where that is possible to control the treatment atmosphere. 

Ion/plasma nitriding uses a glow discharge to introduce nitrogen into the metallic material. For this 
process it is important that the samples are in a vacuum environment, so that the nitrogen ions can be acceler-
ated and impinge the steel surface diffusing into it [4, 5]. 

Different layers are produced on the steel through the nitriding treatment: the diffusion layer with or 
without a compound layer (white layer) [5]. 

The white layer consists in a mixture of iron nitrides: Fe4N - γ´ and/or Fe2,3N - ε. The diffusion layer 
is located bellow the white layer, and it is formed by the diffusion of nitrogen into the metal. The diffusion 
zone is a region characterized by some solid solution in the original core microstructure, with some harden-
ing precipitation. Controlling plasma process parameters it is possible to produce a single layer of Fe4N - γ´ 
or a single layer of Fe2,3N - ε, or avoid the formation of the compound layer [5-9].  

In nitriding treatments the surface cleaning of the specimen is very important, because adsorbed oxy-
gen and contaminants on the surface of the sample form a barrier to the diffusion of nitrogen into the sub-
strate [10-13].  

Comparing gas nitriding and plasma nitriding, Anichkina et al., [14], verified that the growth rate of 
the diffusion layer for the ion nitriding of a low alloy steel is greater than that obtained by gas nitriding. 
Plasma nitriding is faster than conventional gas nitriding due to the different mechanisms of nitrogen intro-
duction into the metal [15].  

Temperature can affect the hardness of the gas nitrided case AISI H11 [16]. The effect of varying pro-
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cess parameters as time and temperature is widely used [2, 17].  
Plasma nitriding treatment promotes greater control of different treatment parameters and this enables 

a higher reproducibility of results and also allows the control of the microstructure of the nitrided layer [18].  
Gas and plasma nitriding are well established and are extensively used techniques, but these tech-

niques require the use of complicated apparatus [17]. Solid nitriding consists in promote the diffusion of ni-
trogen into the metallic material using a Fe4KCN granulated (Turbonit k20®), and the process needs only a 
muffle oven to promote the heating. Being a low-cost process, without using special equipments, that is im-
portant to evaluate its potential in comparison with more elaborated process as plasma and gas nitriding. 

In this study solid nitriding treatment was compared with gas and plasma nitriding, the three different 
treatments were performed in different tool steels. In order to evaluate the results a microhardness tester and 
a scanning electron microscope were used. An X-ray diffractometer identified the phases formed in the three 
treatments.  

2. MATERIALS AND METHODS 
Materials – Commercial steels were applied because of its large application: AISI H13, AISI P20 and N-8550. 
Table 1 shows the composition of the steels. 

In order to promote the solid nitriding, a granulated known as Turbonit k-20® was used. Turbonit k-
20® stoichiometric formula is Fe4KCN. 

A muffle oven was used to promote the solid nitriding. Scan Electron Microscope (SEM), Microhard-
ness tester and a Diffractometer were used to analyze the samples.  

Table 1: Materials composition (weight %). 

 C Cr Mn Si Mo V Ni P W Al 

AISI H13 0,39 5,2 0,31 0,89 1,25 0,82 0,17 0,025 0,06 0,018 
AISI P20 0,35 1,86 0,02 0,28 0,42 0,01 0,87 0,02 ..... ..... 
N-8550 0,33 1,65 0,50 0,2 0,23 ...... 0,96 ..... ..... 0,98 
 

Samples Preparation – The steels substrate samples (AISI H13, AISI P20 and N-8550) measuring Ø 1 
inch x 15 mm, were obtained from commercial bars. The N-8550 is provided quenched and tempered, the 
AISI H13 is provided annealed and the AISI P20 is provided quenched and tempered. Before the thermo-
chemical treatments the samples were polished with abrasive particles up to 1 µm and ultrasonically cleaned 
in order to remove particles and degrease the samples. 

Nitriding Treatments – Three different nitriding treatments were applied to the steels: solid nitriding, 
gas nitriding and plasma/ion nitriding. The treatments temperature was 560 ºC. 

The atmosphere applied for gas nitriding was 50% N2, 50% NH3, and a small amount of CO2; this 
treatment was performed during 10 hours. Plasma nitriding atmosphere was 20% N2 and 80% H2, 3 hours 
treatment. The solid nitriding treatment was applied for 10 hours. 

The solid nitriding uses a solid granulated which stoichiometric formula is Fe4KCN. It is commercial-
ly known as Turbonit k-20®. The steel samples were surrounded by the granulated inside an aluminum made 
container and confined inside it, so that the gas generated is kept inside the container. The samples were 
placed in the container maintaining a distance of about 15 mm between them and between the edges of the 
container. A muffle oven is required to promote the heating for the nitriding process. 

During the solid nitriding treatment, the heating of the granulated generates atomic nitrogen that can 
diffuse into the steel.  

Microscopy and Microhardness – The nitriding layers were observed using SEM. It was possible to 
identify the white/compound zone and the diffusion zone and measure the thickness of the formed layers.  

Microhardness results were obtained using a Vickers microhardness tester. The result was the average 
of three microhardness values. The load applied was 10 gf (HV0.01). 

X-ray Diffraction – The phases formed by the nitriding treatments were verified by X-ray diffraction. 
The X-ray diffractometer used a copper anode, monochromatic Cu Kα radiation. The XRD patterns were 
obtained using step scanning of 0.02 °, counting time of 0.6 s, Current: 30 mA and ddp: 40 kV. The scanning 
angle (2θ) comprises the range of 20-90 °. 
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3. RESULTS AND DISCUSSION 
It is observed for the three treatments in the samples of AISI H13, the presence of compound layers (white 
layer) of different thicknesses, and also the diffusion layer for the plasma and solid nitrided samples.  

All the treatments promoted the formation of the nitrided zones. All micrographs showed the com-
pound zone formation. Although that was not possible to observe the diffusion zone in some cases, the com-
pound layer is supported by the diffusion zone. It occurs because the coherent precipitates in the diffusion 
zone are not large enough to resolve [5].   
 

 

 

 

 

  

a b c 

Figure 1: AISI H13 steel thermochemically treated a) plasma nitriding; b) gas nitriding; c) solid nitriding.  

It can be seen in the micrographs of Figure 1, that the plasma nitriding provided the formation of a 
thick diffusion layer. It can be seen through the difference on the microstructure that the thickness of the dif-
fusion layer is approximately 80 µm. 

The diffusion layer in plasma nitriding is thicker than the diffusion layer obtained by other processes 
because it is a process with high control parameters, with different mechanisms of nitriding as a large satura-
tion of diffusive species on the surface of the material.  

The thicker compound layer was obtained by gas nitriding treatment. The plasma nitriding showed 
higher total depth of the nitrided layer. 

The diffusion zone for the solid nitrided sample of AISI H13 presented different thickness measure-
ments as shown in figure 1 c. This irregularity was also observed by Milan et al., [19].  

Figure 2 shows the micrographs of AISI P20 treated by the three different nitriding methods.  
The compound zones are also observed in these micrographs. And the diffusion zone is only observed 

for the plasma nitrided sample.  
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Figure 2: AISI P20 steel thermochemically treated a) plasma nitriding; b) gas nitriding; c) solid nitriding. 
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The micrographs of N-8550 steel thermochemically treated are presented in figure 3.  

   
a b c 

Figure 3: N-8550 steel thermochemically treated a) plasma nitriding; b) gas nitriding; c) solid nitriding. 

Figure 4 shows the results of X-ray diffraction, obtained for the three materials submitted to plasma 
and gas nitriding treatments.  

Figure 4 a represents the X-ray diffraction results for the three materials submitted to plasma nitriding. 
As it can be seen in this figure, for the plasma nitrided AISI H13, the phases 1 - Fe4N, 3 - Fe3N and 4 - CrN 
are responsible for the hardening of the material. 

The plasma nitriding treatment favored the formation of the phase 1 - Fe4N in relation to phase 3 - 
Fe3N. 

Figure 4 b shows that for N-8550 submitted to gas nitriding the intensity of peak 1 - Fe4N decreases 
while peak 3 - Fe3N increases, compared to other materials.  

The Fe peaks are more intense for AISI H13 and AISI P20 samples. The diffusion zone is character-
ized by having the same peaks corresponding to α-Fe with little change of position due to expansion and sat-
uration with nitrogen. Phases responsible for hardening in this treatment are represented by 1 - Fe4N and 3 - 
Fe3N. The CrN peaks in the AISI H13 were not identified by X-ray diffractometry in this treatment, maybe 
due to the small amount of the phase on the compound zone. 

 

  

Figure 4: X-ray diffraction results of the samples submitted to a) plasma nitriding; b) gas nitriding. 

The X-ray diffraction results obtained to the solid nitrided samples are represented in figure 5. For the 
solid nitrided samples it is observed the formation of the phases 5 - Fe3C and 6 - Fe5C2. This is evidence that 
not only the nitrogen diffused but also the carbon diffused into the steel. These phases are formed due to the 
complexity of the granulated composition for solid nitriding. 

The phases of interest for hardening the material are 3 - Fe3N, 5 - Fe3C and 6 - Fe5C2. We can also 
note the presence of the phase 2 - Fe.  

As previously discussed in the literature by Edenhofer, 1974 apud FRANCO JR. [18], the formation 
of Fe4N phase is favored in atmospheres with low levels of nitrogen and carbon free, and as expected it is not 
observed in solid nitriding, where the atmosphere is not controlled.  

a) b) 
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Figure 5: X-ray diffraction results of the solid nitrided samples.  

Table 2 shows the bulk hardness (HV1) of the steels before the thermochemical treatment and the mi-
crohardness (HV0.01) obtained on the surface of the samples, these results were previously discussed by Mi-
lan et al., [19]. 

Table 2: Surface Microhardness results. 

 NOT TREATED 
(HV1) SD 

PLASMA 
NITRIDED 

(HV0.01) 
SD 

GAS 
NITRIDED 

(HV0.01) 
SD 

SOLID 
NITRIDED 

(HV0.01) 
SD 

AISI 
H13 203 1.8 931 32.5 1040 75.1 838 89.7 

AISI 
P20 324 5.2 689 50.2 883 64.0 883 146.4 

N-
8550 461 24.3 689 19.6 758 72.2 797 87.8 

 
The results showed the effect of nitriding in the hardness of the materials. The hardness in the surface 

of the samples increased for all the treatments studied. 

4. CONCLUSIONS 
 

• The nitriding treatments (gas (10 h), plasma (3 h) and solid (10 h)) promoted an increasing on 
the surface hardness of the materials (AISI H13, AISI P20 and N-8550), due to the formation of 
nitriding layers (white layer and diffusion layer). Plasma nitriding has different mechanisms acting 
on the formation of the layers, enabling the reduction of the treatment time.  
• The microhardness values obtained by the solid nitriding treatment were compatible with the 
hardness obtained by gas and plasma nitriding. 
• The process called solid nitriding promoted the diffusion of nitrogen and carbon. This kind of 
process is known as nitro carburizing and can also improve the hardness of the material because of 
the formation of nitrides, carbonitrides of iron, cementite and various carbides on the surface of the 
metallic material. This process also promoted a greater variation of the hardness standard deviation; 
this can be attributed to the diffusion of nitrogen and carbon on the microstructure of the steel. 
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