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Abstract: The influence of chromium, molybdenum, tungsten, vanadium and silicon on 

the wear resistance and hardness after nitriding of heat-resistant steels ВН11 and ВН21 was 
examined. Additionally, the influence of alloying elements on the thickness of the bonded zone 
and the nitrided layer is considered. The analysis was performed through the process of 
modeling and optimization. Mutually acceptable modes common to steels of the class are 
defined. 

 
1. INTRODUCTION AND PURPOSE OF THE RESEARCH 
By exploring the mechanisms of the surface change of properties by diffusion, 

limitations of the plasma nitriding and ion nitriding processes can be defined, discussing the 
specific industrial applications. In this direction, the modeling of these processes is very 
useful, allowing the solution of many problems in managing operations, predicting results, 
and developing new modes. In [1] there were modeled the thickness of the nitrided layer and 
the surface hardness of a structural steel under ion nitriding. By controlling the process, it is 
possible to control energy costs and productivity. Most often, when solving the problem of 
modeling and optimization of technological processes, DOE experiment planning is used. In 
[2] and [3] model experiments with low-energy ions under controlled vacuum conditions were 
performed to surface processes related to nitrogen transport during ion nitriding of stainless 
steel and pure aluminum are identified. The surface properties are determined by the thickness 
of the nitrided zone and the phases obtained on the surface layer. The research of the effect of 
the parameters of plasma nitriding on the structure of the compound layer and the diffusion 
zone is performed with a systematic change of the process parameters, the temperature, and 
the gas atmosphere of the process. The different composition of the alloying elements can 
lead to a different nitrogen gradient [4], which causes higher or lower compressive surface 
residual stresses in the diffusion zone. This process for heat resistant steels has not been 
explored and its illumination would be of interest to chemical heat treatment technologists. In 
solving the problem, our author's computational approach was used [5] and [6]. 

The purpose of the research is to clarify the influence of chromium, molybdenum, 
tungsten, vanadium and silicon on the wear resistance and hardness of nitriding layers in heat-
resistant steels ВН11 and ВН21. The conclusions are complemented by the relationship 
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between the alloying elements and the thickness of the bonded zone of the nitrided layer. The 
goal is achieved through the modeling and optimization process, which can determine 
mutually acceptable modes common to the two steels of the grade. 

 
2. STATEMENT OF THE PROBLEM 
The object of research is the ionic nitriding of heat-resistant steels ВН11 and ВН21. 

The chemical composition of the two steels is listed in table 1. 
 

Table 1. Chemical composition of VN11 and VN21 steels 

Steels C Сr Мо V W Si Мn Ni Сu S 

ВН11 0,38 4,50 1,20 0,47 - 0,91 0,22 0,14 0,11 0,006 

BH21 0,30 2,70 - 0,29 8,01 0,18 0,26 - - 0,015 

 
In [7], the models for the microhardness, relative wear resistance, phase composition 

and thicknesses of the nitrided and bonded zones for ВН11 steel under nitriding modes 
defined in [8], described in Table 2. 

 
Table 2. Intervals of change of technological parameters 

№ 
Parameter of the technological mode of ion 
nitriding and preliminary heat treatment 

Extreme 
low 

Average 
Extreme 

upper 
Interval value of mode change 

Code [–1] Code [0] Code [+1] 
1 Nitriding at temperature t nit [oC] – (Х1) 510 530 550 
2 Ammonia pressure PNH3 [Pa] – (Х2) 150 300 450 
3 Time of nitriding ф [h] – (Х3) 4 – 10 
4 Temperature of tempering ttem [oC] – (Х4) 600 650 700 

 
Table 3. Coefficients of the models for the influence of nitriding parameters on the value of the 

investigated criteria 

Coefficients 
ВН 21,  

microhardness 
ВН21, 

linked zone 

ВН21,  
wear 

resistance 

ВН21,  
phase 

composition 

ВН21,  
total thickness of 
the nitrided zone 

b0 1102.94 3.66667 0.511111 3.00 257.60 
b1*Х1 –7.93750 2.12500 –0.085625 0.3750 33.810 
b2*Х2 –3.56250 1.12500 –0.018125 – –0.330 
b3*Х3 3.06250 – –0.068125 – 42.640 
b4*Х4 –55.6875 0.8750 0.030625 – –7.910 
b5*Х1

2 – – – – 0.250 
b6*Х1Х2 –3.93750 0.8750 0.0118750 0.1250 0.6250 
b7*Х1Х3 3.68750 0.250 0.00437500 –0.1250 –6.880 
b8*Х1Х4 25.4375 –0.3750 0.010625 –0.3750 –0.630 
b9*Х2

2 – – – – –19.750 
b10*Х2Х3  –22.4375 –0.250 –0.060625 –0.250000 –1.870 
b11*Х2Х4  11.0625 –0.1250 0.0081250 – –5.630 
b12*Х3

2 – – – –0.749999 –19.750 
b13*Х3Х4 –12.3125 –0.250 –0.0443750 – –5.630 
b15*Х42 – – – – –24.750 

 
The derivation of the models in [7, 8] was done with the methodology presented in [9], 

and the optimization of the models was performed with [10]. 
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Using [9] produced the models shown in Table 3. 
Through the derived models when applying [10], the extremes of the two steels can be 

determined for each of the parameters. This determined the modes in Table 4. 
Table 4. 

Object Microhardness 
Wear  

resistance 
Linked zone  

thickness 
Phase 

composition 
Nitrided zone 
total thickness 

BH11 

Min: 
1008.53 

X1 = 510 
Min; 
0.29 

X1 = 550 
Min: 
0.1 

X1 =550 
Min: 
0.99 

X1 = 510 
Min: 

84.628 

X1 = 510 
X 2 = 450 X2 =450 X2 = 450 X2 = 450 X2 = 300 
X 3 = 10 X3 = 10 X3 = 10 X3 = 4 X3 = 4.5 

X 4 = 700 X4 = 650 X4 = 625 X4 = 700 X4 = 600 

Max: 
1239.67 

X1 = 550 
Max: 
0.69 

X1 = 510 
Max: 
11.75 

X1 =510 
Max 
3.42 

X1 = 550 
Max: 

271.99 

X1 = 540 
X2 = 300 X2 = 450 X2 = 450 X2 = 200 X2 = 200 
X3 = 4.5 X3 = 4 X3 = 4 X3 = 10 X3 = 10 
X4 = 600 X4 = 600 X4 = 700 X4 = 700 X4 = 625 

BH21 

Min: 
1005.82 

X1 = 510 
Min: 
0.28 

X1 = 550 
Min: 
0.33 

X1 = 510 
Min: 
1.25 

X1 = 510 
Min: 

89.235 

X1 = 510 
X2 = 450 X2 = 450 X2 = 150 X2 = 450 X2 = 450 
X3 = 10 X3 = 10 X3 = 4 X3 = 10 X3 = 4 

X4 = 700 X4 = 600 X4 = 600 X4 = 600 X4 = 700 

Max: 
1236.82 

X1 = 510 
Max: 
0.77 

X1 = 510 
Max: 
8.417 

X1 = 550 
Max: 
3.92 

X1 = 550 
Max: 

341.18 

X1 = 550 
X2 = 150 X2 = 450 X2 = 450 X2 = 450 X2 = 170 
X3 = 10 X3 = 4 X3 = 4 X3 = 4.25 X3 = 10 

X4 = 600 X4 = 600 X4 = 700 X4 = 600 X4 = 650 
 
 
3. RESULTS AND CONCLUSIONS 
As can be seen from Table 4, the modes in which the extremes of the explored 

quantities are observed are extremely diverse. This makes it necessary to examine the general 
acceptable modes established by our DEFMOT calculation methodology from which to select 
the most suitable alternative. After the application of the calculation procedure, a total of four 
technological modes were determined, listed in Table 5. 
 

Table 5. Alternatives to compromise solutions common to both steels 
Mode № 1 № 2 № 3 

X1 – Tnit 
X2 – Pnit 
X3 – τnit 
X4 – Tant 

550 [оС] 
450 [Pa] 
5.30 [h] 
600 [оС] 

550 [оС] 
225 [Pa] 

10 [h] 
700 [оС] 

550 [оС] 
300 [Pa] 

10 [h] 
650 [оС] 

Criteria Real % Real % Real % 
ВН 11,  
microhardness 

1185 76.55 1129.1 52.03 1197.7 81.5 

ВН 21,  
microhardness 

1108 44.40 1068.27 27.19 1101.7 41.5 

ВН 11,  
wear resistance 

0.4430 63.0 0.3949 75.0 0.32 94.0 

ВН 21,  
wear resistance 

0.4099 76.0 0.3880 80.0 0.362 86.0 

ВН 11,  
nitrided zone total 
thickness 

191.20 56.89 215.10 69.64 266.6 97.1 

ВН 21,  
nitrided zone total 
thickness 

222.25 52.80 301.75 84.35 325.67 93.8 
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From the analysis of Table 5 more important conclusions valid simultaneously for both 
steels can be used: 

- The maximal temperature of the nitriding interval – 550 [oC] is required for the 
controlled properties of all compromise defined modes. 

- In terms of wear resistance and hardness, mode №3 is the most acceptable. It has the 
best match between these two quantities. 

- Nitriding time affects the thickness of the nitriding zone. A shorter nitriding time 
results in a smaller thickness of the nitriding layer. In this process, it was found that the 
greatest depth of the nitriding zone was achieved with the longest nitriding and in the middle 
of the ranges of variation of ammonia pressure and nitriding temperature. 
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Резюме: Изследвано е влиянието на хрома, молибдена, волфрама, ванадия и 

силиция върху износоустойчивостта и твърдостта след азотиране на 
топлоустойчивите стомани ВН11 и ВН21. Допълнително е разгледано влиянието на 
легиращите елементи върху дебелината на свързаната зона и азотирания слой. 
Анализът е осъществен чрез процеса на моделиране и оптимизация. Определени са 
взаимно приемливи режими, общи за стоманите от класа. 
 


