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1. Introduction

One of the most effective and widespread methods of 
surface hardening of steels is nitriding. Hardening occurs 
due to the formation of nitrides, carbonitrides of iron and 
alloying elements of steel, which significantly increase the 
surface hardness, wear resistance and seizure resistance, 
corrosion resistance of parts.

The most common nitriding methods are gas nitriding 
and plasma nitriding. Despite being very long and laborious 
process, gas nitriding is widely used today for hardening of 
parts of a wide range of applications [1].

However, the formation of the diffusion layer and the 
mechanism of structure formation of the hardened layers 
is quite a complex process, depending on many factors, and 
is not fully understood [2]. Mathematical modeling and 
forecasting is an important problem and plays an essential 
technological role. Also, the choice of optimum parameters 
of nitriding remains a complex and controversial issue today.

Mathematical modeling is the most appropriate method 
to simplify and reduce the cost of the process development, 
which allows you to quickly obtain the necessary informa-
tion about the main operational properties of the hardened 
layer, the structure of the nitride and carbonitride layers un-
der the change of the temperature and time characteristics.

2. Literature review and problem statement

There are various methods of surface hardening of steel 
parts. The most common are the following:

– hardening by creating a film on the product surface 
(chemical, electroplating, sputtering). The main shortcom-
ing is the low adhesion (cohesion) of the formed coating to 
the product requiring thorough preparation (cleaning) of 
the surface of the latter. The probability of hydrogenation of 
the protected metal should also be noted, especially in case 
of non-compliance with treatment conditions, leading to hy-
drogen embrittlement and unattractive surface of the prod-
uct. A significant drawback of this method is the formation 
of toxic and environmentally harmful waste, which must be 
subjected to careful purification [3];

– hardening by diffusion saturation, changing the 
chemical composition of the metal, resulting in the steel 
surface having the layers of high-alloy solid solutions of 
diffusing elements in iron, creating fundamentally differ-
ent physicochemical properties of the surface, protective 
layers of the product. The product, whose surface is en-
riched with these elements, acquires valuable properties, 
including high heat resistance, corrosion resistance, wear 
resistance and hardness. Diffusion of chromium, alumi-
num and other metals is much slower than that of carbon 
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and nitrogen, because the latter form interstitial solutions 
with iron, and metals – substitution solutions. Under 
the same temperature and time conditions, the diffusion 
layers are tens or even hundreds of times thinner in the 
metallization process than in carburizing. This low diffu-
sion rate prevents the widespread application of diffusion 
saturation processes in the industry, since they are costly 
and carried out at high temperatures (1000–1200 °C) for 
a long time. Only special properties of the layer and the 
possibility to save the alloying elements using diffusion 
metallization processes resulted in some of their applica-
tion in the industry [4];

– improvement of the operational properties due to struc-
tural changes in the surface layer (electrophysical treatment, 
thermophysical treatment, machining, surfacing). The main 
disadvantages of this method are the possibility of structural 
transformations in the base metal, in particular, the forma-
tion of coarse-grained structure; the emergence of new brit-
tle phases; the occurrence of deformations in the processed 
products; the formation of large tensile stresses in the surface 
layer of parts, reaching 500 MPa; the difficulty of surfacing 
of small complex-shape parts [5];

– hardening by treatment in the magnetic field environ-
ment when changing the energy reserve of the surface layer. 
This treatment promotes the occurrence of negative factors 
such as the formation of large crystallites (up to 50 mm), 
wide strip magnetic domains extending from grain to grain 
and, as a result, the speed of movement of domain walls and 
magnetic eddy current losses increase (up to 85 % of total) 
under the magnetization reversal [6];

– change in surface properties by varying the roughness 
of the surface layer (various types of polishing, plastic de-
formation, machining). The structure and properties, along 
with the size and shape, change in the plastically deformed 
product. This allows the use of plastic deformation as the 
process operation that changes the structure and proper-
ties of metals and alloys in the desired direction. Plastic 
deformation becomes of particular importance when metals 
and alloys do not have phase transformations in the solid 
state and heat treatment can not change their structure 
and properties (such as austenitic and ferritic alloy steels). 
Plastic deformation takes place not only under the action of 
an external force, but also under the influence of internal 
phase transformations accompanied by volume changes 
(interfacial hardening). Interfacial hardening influences 
the structure and significantly affects the formation of 
properties during heat treatment of metals and alloys [7].

Thus, all of these methods have both advantages and 
disadvantages. The main disadvantages are the poor abra-
sion resistance, insufficient coating thickness, high cost, 
complexity of hardening and other [8].

To date, the choice of the hardening method must be 
economically sound and tested under specific conditions for 
each type of the hardened product.

The usefulness of the hardening method is affected by cer-
tain factors, depending on the operating conditions 
of the final product. Evaluation of the reliability of 
the choice of a particular method is possible only 
when considering all factors and their relationship. 
In this regard, a detailed study of the major factors 
in specific conditions is reasonable.

For parts made of 38Сr2MoAl steel, nitrid-
ing is the most appropriate method of harden-
ing [9]. Despite the wide popularity of gas ni-

triding, the issue of optimum process parameters remains 
unresolved.

3. Research goal and objectives 

The goal of the research is to select the optimum tem-
perature and time parameters of gas nitriding of 38Сr2MoAl 
steel.

To achieve this goal, it is necessary to solve the following 
tasks:

– to investigate the structure formation of diffusion lay-
ers after gas nitriding;

– to obtain a mathematical description of changes in the 
depth of the diffusion layer and surface hardness, handy for 
the process engineer of thermochemical treatment;

– to find the optimum temperature and time parameters 
of gas nitriding of 38Сr2MoAl steel.

4. Materials and methods of the gas nitriding experiments 
and the study of the properties of the diffusion layer of 

steel

The paper examines the hardening of the bevel gear 
(Fig. 1) made of 38Сr2MoAl steel (GOST 4543-71), foreign 
counterparts of which are A290C1M (USA), 41CrAlMo7 
(EU, Germany), SACM64 (Japan), 40CAD6-12 (France), 
905M39 (England), 38CrMoAl (China) steels.

Fig. 1. Bevel gear

The technology of gas nitriding of parts (Fig. 2) was per-
formed in the electric shaft-type furnace SShAM-12.12/7 
according to the scheme shown in Fig. 3.

The quenching and tempering consisted in oil quenching 
of parts at 930–950 °C and hardening and tempering at 
640–680 °C followed by air cooling.

 

 
Fig. 2. The technology of the gas nitriding process
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Fig. 3. The scheme of gas nitriding of parts in the shaft 
furnace

Nitriding of bevel gears and reference specimens was 
performed in the ammonia atmosphere, according to the 
technical requirements of the furnace [10].

Preparation of parts and reference specimens to nitriding 
consisted in washing with gasoline, acetone and drying.

The microstructure of the nitrided case was investigated 
by optical microscopy using the MIM-7 microscope accord-
ing to the standard procedure at various magnifications, as 
well as the 106I-SEM scanning electron microscope.

The distance from the surface to the layer where the 
hardness was different from that of the core by 50 MPa was 
taken as the nitrided case depth (Fig. 4).

Fig. 4. The scheme for determining the total nitrided case 
depth

To measure the microhardness, the PMT-3 hardness 
tester was used at loads of 50, 100 grams and 7–15 exposure, 
according to the standard procedure (GOST 9450-76).

Experiments were carried out at the points of the sec-
ond-order orthogonal central composite design: gas nitrid-
ing of 38Сr2MoAl steel samples was carried out at tempera-
tures of 500–560 °С for 20–80 hours. The average values of 
the data obtained are shown in Tables 1, 2.

Table 1

The experimental values of the nitrided case depth, µm

Gas nitriding 
time, h

Nitriding temperature, °С

500 530 560

20 40 100 190

50 400 500 540

80 570 610 650

Table 2

The experimental values of the surface hardness of 
38Сr2MoAl steel after ion nitriding, GPa

Gas nitriding 
time, h

Nitriding temperature, °С

500 530 560

20 7,5 8,5 6,5

50 10 9,5 8

80 9 9,2 7,5

The gas nitriding temperature (х1) and time (х2) were 
taken as input variables, the diffusion layer depth (у1), and 
the surface layer hardness (y2) of 38Сr2MoAl steel – as 
output variables. The paper presents the average values of у1 

and y2, obtained as a result of 10 parallel experiments at the 
points beyond the design.

5. The results of experiments to determine the nitrided 
case depth and the surface hardness after gas nitriding 

The microstructure of the alloy steel after the gas nitrid-
ing is shown in Fig. 5, electron microscopy – in Fig. 6, re-
spectively. The nitrided case (light region in Fig. 5 and zones 
1 and 2 in Fig. 6) and the internal nitriding zone (below the 
light region in Fig. 5 and zone 3 in Fig. 6) are clearly seen on 
the microstructures.

Fig. 5. The microstructure of 38Сr2MoAl steel after nitriding, 
´1000
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Fig. 6. Electron microscopy of the nitrided case of 
38Сr2MoAl steel

The element composition of the alloying elements and 
matrix of the steel was determined by the energy-disper-
sive registration of intensity of the lines of characteristic 
X-ray radiation of the sample resulting from irradiation of 
micro-volume of the sample by the electron probe (Fig. 7).  
Similar spectrograms were obtained for points 2 and 3 
shown in Fig. 6. Analysis of the element composition is rep-
resented as bar graphs in Fig. 8, 9.

Fig. 8. Distribution of the alloying elements of  
38Сr2MoAl steel in the zones of the diffusion layer after gas 
nitriding (points 1–3 – the zones of the nitrided case shown 
in Fig. 6).

Processing of the data about the depth of the diffusion 
layer and the surface hardness is represented as bar graphs 
(Fig. 10, 11). The depth distribution of the microhardness in 
the diffusion layer is shown in Fig. 12–14.

Fig. 8. Distribution of the alloying elements of 38Сr2MoAl 
steel in the zones of the diffusion layer after gas nitriding 

(points 1–3 – the zones of the nitrided case shown in Fig. 6)

Fig. 9. Distribution of the matrix of 38Сr2MoAl steel in the 
zones of the diffusion layer after gas nitriding  

(points 1–3 – the zones of the nitrided case shown in Fig. 6)

 

 
Fig. 7. The intensity of the characteristic X-ray radiation lines at the point 1
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Fig. 10. The bar graph of the depth distribution of the 
nitrided case of 38Сr2MoAl steel after gas nitriding 
depending on the treatment temperature and time

Fig. 11. The bar graph of distribution of the surface hardness 
of 38Сr2MoAl steel on changes in gas nitriding temperature 

and time

Fig. 12. The distribution of hardness in the diffusion layer of 
38Сr2MoAl steel after 20-hour gas nitriding

Mathematical models describing the dependences of the 
nitrided case depth and surface hardness on the temperature 
and time of thermochemical treatment of steel during gas 
nitriding can be represented as the quadratic polynomial [9]. 
The procedure of estimating the coefficients of the model, 
verification and statistical analysis of the accuracy is given 
in the study [9]. The resulting model of the case depth, de-
pending on the normalized values of temperature and time of 
thermochemical treatment is as follows:

1 2

2 2
1 2 1 2

y 402,22222 61,679 x 246,716 x

11,727 x 116,727 x 17,5 x x .

= + ⋅ + ⋅ −

− ⋅ − ⋅ − ⋅ ⋅  	 (1)

The graphic representation of the values of the obtained 
dependence (1) is shown in Fig. 15.

Fig. 13. The distribution of hardness in the diffusion layer of 
38Сr2MoAl steel after 50-hour gas nitriding

Fig. 14. The distribution of hardness in the diffusion layer of 
38Сr2MoAl steel after 80-hour gas nitriding

Fig. 15. The graphic representation of the model (1)

The mathematical model describing the effect of the 
nitriding temperature and time on the values of the nitrided 
case surface hardness is generally represented as follows:
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1 2

2 2
1 2 1 2

y 8,41 0,75015 x 0,5334 x

0,98459 x 1,13459 x 0,125 x x .

= − ⋅ + ⋅ −

− ⋅ − ⋅ − ⋅ ⋅ 	  (2)

The significance test of the coefficients showed that the 
coefficient a5 may be deemed insignificant, so the model is 
transformed to the following:

1 2

2 2
1 2

y 8,41 0,75015 x 0,5334 x

0,98459 x 1,13459 x ,

= − ⋅ + ⋅ −

− ⋅ − ⋅ 	 (3)

The graphic representation of the model (3) is shown in 
Fig. 16.

Fig. 16. The graphic representation of the model (3)

It was experimentally proved that the overrun of the 
maximum values of the design area (treatment temperature 
of 560 °С and time of 80 h) leads to the formation of nitride 
meshes along the grain boundaries in the diffusion layer, 
which is unacceptable. The overrun of the minimum values 
(treatment temperature of 500 °С and time of 20 h) leads to 
the formation of the insufficient and inhomogeneous case, as 
well as to the appearance of the regions with the absence of 
the nitrided cases. The analysis of the obtained mathemati-
cal relationships (1) and (3) showed that the estimated local 
maximum of the values is within the experimental design 
and corresponds to 518.0 °С and 57.7 h. The local maximum 
of the diffusion layer depth extends beyond the design, it is 
a predicted value and corresponds to 588.5 °С and 77.3 h. 
Indeed, the increase in temperature promotes the growth 
of the diffusion layer, however, the temperature parameter 
should be limited because of the negative structure forma-
tion, namely the presence of nitride mesh in the nitrided 
case, which is unacceptable.

6. Discussion of the results of simulation of temperature 
and time parameters of gas nitriding

As follows from the results, the optimum values of the 
nitrided case depth and surface hardness are not the same, 
the most operationally advantageous ratio of them should 
be found. With increasing temperature and time, the nitrid-
ed case depth tends to the maximum values, but the local 
optimum is reached beyond the boundaries of experimental 
design. For the surface hardness, the area of the maximum 
values corresponds to 518.0 °С and 57.7 h.

Justification of the resulting regularity is associated 
with the features of structure formation of the diffusion 
layer during gas nitriding. The increase in the temperature 
and time parameters promotes the nitrided case growth 
and provides higher surface hardness. This is due to the for-
mation of increasing amounts of nitrides and carbonitrides. 
However, a further increase in the treatment time and tem-
perature results in a more intense diffusion of nitrogen into 
the metal, which is reflected in reduced surface hardness.

The mathematical description of the relationship of input 
and output variables provides more convenient working con-
ditions to the process engineer of thermochemical treatment. 
Based on the given parameters of the nitrided case of the 
part, the corresponding values of the temperature and time 
of thermochemical treatment can be found. Also, this kind of 
description provides the ability to solve the inverse problem, 
namely, to estimate the supposed depth of the nitrided case 
and surface hardness under the influence of temperature and 
time of gas nitriding.

This type of description allows determining specific con-
ditions of gas nitriding (temperature and time), based on the 
desired depth of the nitrided case or the surface hardness of 
38Сr2MoAl steel respectively.

7. Conclusions

1. Optical and electron microscopy showed that the dif-
fusion layer after gas nitriding in the ammonia environment 
is the nitrided case and the region of internal nitriding.

2. The mathematical description (1) and (3) is a handy 
tool in the work of the process engineer of thermochemical 
treatment. This kind allows determining specific conditions 
of gas nitriding (temperature and time), based on the de-
sired depth of the nitrided case or the surface hardness of  
38Сr2MoAl steel respectively.

3. The theoretical optimum conditions of gas nitriding 
are 518.0 °С and 57.7 h for the maximum surface hardness 
and 588.5 °С and 77.3 h – for the maximum diffusion layer 
depth. The value of the nitrided case depth in the area of the 
maximum values of surface hardness at the nitriding tem-
perature of 518.0 °С and time of 57.7 h is ~430 µm.
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1. Introduction

The pipes with protective coating are widely used to lay 
pipelines for water, steam, oil products transportation. As 
usual, the pipes which inner diameters are below 150 mm 
are used. 

Applying a thin layer of metal protective coating is the 
most reliable way of pipes corrosion protection and operation 
period increasing. Among well-known metal coating, zinc 
is the most widespread for steel pipes protection. Its elec-
tro-negative potential is higher than iron potential. Besides, 
zinc dissolves slower due to electrochemical reactions. Also, 
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Обґрунтовано застосування методу дугово-
го паяння для з’єднання труб з низьколегованої 
сталі та захисним цинковим покриттям діаме-
тром 150 мм та товщиною стінки 3,2 мм, як аль-
тернативи дуговому зварюванню, без пошкоджен-
ня покриття в місці з’єднання. За результатами 
досліджень встановлено, що з’єднання виконані 
дуговим паянням з використанням присадкового 
дроту CuAl8, володіють достатньою міцністю та 
корозійною стійкістю швів

Ключові слова: з’єднання, дугове паяння, цин-
кові покриття, мікроструктура, мікротвердість, 
дифузійна зона, метал шва, зона термічного впли-
ву, міцність з’єднання

Обосновано применение способа дуговой пайки 
для соединения труб из низколегированной стали 
с защитным цинковым покрытием диаметром 
150 мм и толщиной стенки 3,2 мм как альтерна-
тивы дуговой сварке, без повреждения покрытия в 
месте соединения. По результатам исследований 
установлено, что соединения, выполненные дуго-
вой пайкой, с использованием присадочной прово-
локи CuAl8 обладают достаточной прочностью и 
коррозионной стойкостью швов

Ключевые слова: соединения, дуговая пайка, 
цинковые покрытия, микроструктура, микро-
твёрдость, диффузионная зона, метал шва, зона 
термического влияния, прочность соединения

UDC 621.791.317.5
DOI: 10.15587/1729-4061.2016.70346


