
83

UDC 621.643; 621.785.53

https://doi.org/10.17073/1997-308X-2024-4-83-90

  seporozova@pstu.ru
Аннотация. Запорно-регулирующая аппаратура является важной частью системы транспортировки жидкости и газов, поэтому 

ее бесперебойная работа зависит от качества и свойств поверхности деталей. Один из способов улучшения ее свойств – это 
ионное азотирование, которое активно применяется в России, Израиле, Болгарии, Беларуси, Австрии и других странах. 
Этот метод прост в управлении и контроле, универсален для всех видов сталей и сплавов, экологически безопасен, обес-
печивает размерную и чистовую точность, повышает эксплуатационные свойства деталей. В настоящей работе приведены 
обобщенные результаты исследований формирования модифицированных слоев на сталях, применяемых в арматуро-
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Abstract. Shut-off and control valves are essential components in liquid and gas transportation systems; therefore, their reliable operation 

depends on the quality and properties of their surface parts. One method to enhance these properties is ion nitriding, which is actively 
used in Russia, Israel, Bulgaria, Belarus, Austria, and other countries. This method is easy to manage and control, is universal for all 
types of steels and alloys, is environmentally safe, ensures dimensional and surface finish accuracy, and improves the operational 
pro perties of parts. This paper presents summarized results of studies on the formation of modified layers on steels used in valve 
manufacturing. The steels of grades AISI 420, AISI 301, AISI 431, and AISI 321 were strengthened by ion nitriding. For the first time, 
comparative data obtained on equipment from different manufacturers are presented. A comprehensive metallographic analysis, duro-
metric analysis, and hardness distribution assessment across the depth of the modified layer were conducted during the study. It was 
found that steels with more than 12 % Cr form a clearly defined diffusion layer, which appears dark after etching with a 4 % nitric acid 
solution. However, the overall depth of the layer, as assessed by the distribution of microhardness into the depth of the part, is 20–40 % 
greater than revealed by the microstructure. The surface microhardness after ion-plasma nitriding increased fivefold in the AISI 301 
steel. Thus, strengthening parts of shut-off and control valves using this method addresses the issue of rapid surface wear. By modifying 
the surface, the operational properties of parts can be enhanced, ensuring the uninterrupted operation of the pipeline system. 
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IntroductionIntroduction
In many industrial sectors, the quality of pipes and 

especially shut-off and control valves (SCV) is critical 
not only for the uninterrupted transportation of liquids 
and gases but also for the overall accident-free opera-
tion of production facilities [1–4]. Protective coatings 
on the surface of metal and alloy products, obtained 
through ion chemical-thermal treatment (ICTT) 
me thods, significantly improve their performance 
charac teristics. One of the most promising variants 
of ICTT is ion nitriding [5–9]. The literature refers 
to this process by several names: ion-vacuum, ion-
plasma, and ion nitriding [10–13]. This universal me -
thod of surface modification in a glow discharge plasma 
in a vacuum [14–16] is relatively simple to apply, allows 
for the strengthening of all types of steels and alloys, 
and is considered a “white metallurgy” process [17]. 

Engineers from the Israeli company “HABONIM” 
were among the first to apply low-temperature ion-
plasma nitriding (IPN) to enhance the wear resis-
tance of valve components [18]. Today, the technol-
ogy of low-temperature plasma carbonitriding for 
ball valves is specified in all catalogs of the Israeli 
manufacturer [19].

Currently, the Austrians are recognized leaders in 
the field of ion nitriding. They have developed and 
patented technologies such as PLASNIT, PLASOX, 
and PLAPOL, which are also used to strengthen valve 
components [20].

Although research on the ICTT process has been con-
ducted in Russia since the 1970s, the active use of ion 
nitriding in industry began relatively recently [21–24]. 
The production of equipment in Russia also started 
much later than in other countries, but today there are 
domestic IPN units available. Automated software 
based on technological know-how, the use of micro-
processor and high-precision equipment, as well as 

technologies for high-speed transmission of large 
amounts of information and modular robotic systems, 
allows them to compete with foreign counterparts [21]. 

As of 2020, the share of imports in the consumption 
structure of industrial SCV in Russia was 53 % [3]. In 
2023, it is still necessary to import the missing pro-
duct positions [25], so domestic enterprises are inde-
pendently mastering new types of products and seek-
ing new technologies to improve the reliability and 
quality of valve products. In this regard, comparing 
results obtained on units from different manufacturers, 
as well as conducting research and summarizing data 
on the strengthening of steels by ICTT, are currently 
pressing tasks. 

The aim of this work is to study the modified la yers 
obtained by ion-plasma nitriding on steels used in 
valve construction and to compare the data obtained 
on Bulgarian and Russian production units. 

Research methodologyResearch methodology
The ion-plasma nitriding (IPN) process was con-

ducted using equipment from IONITECH (Bulgaria) 
and Ion Technologies LLC (Russia). The IPN tem-
peratures ranged from 550 to 580 °C, the pressure 
was 4 mbar, and the gas mixture consisted of 25 % N2 
and 75 % H2 . The isothermal holding time (5–12 h) 
was determined based on the four different steel 
grades selected for the study. The holding duration was 
the same for identical samples on both setups. Fig. 1 
shows images of parts during the nitriding process.

The study was conducted on steels of grades 
AISI 431, AISI 420, AISI 301 and AISI 321, which 
are used for manufacturing SCV parts such as gates, 
seats, stems, separators, pistons, spindles, wedges, etc. 
The general characteristics of the steels are provided in 
Table 1. For destructive testing, witness samples were 
placed in the working chamber along with the parts. 

строении. Стали марок 20Х13, 07Х16Н6, 14Х17Н2, 12Х18Н10Т упрочняли методом ионного азотирования. Впервые пред-
ставлены сравнительные данные, получаемые на оборудовании разных производителей. В ходе работы проведены комплекс 
металлографических исследований, дюрометрический анализ, а также рассмотрено распределение твердости по глубине 
модифицированного слоя. Установлено, что на сталях с содержанием более 12 % Cr образуется четко выраженный диффу-
зионный слой, который выявляется темным цветом после травления 4 %-ным раствором азотной кислоты. Однако общая 
глубина слоя, которая оценивается по распределению микротвердости в глубь детали, больше на 20–40 %, чем выявляется 
по микроструктуре. Микротвердость поверхности после ионно-плазменного азотирования увеличилась в 5 раз на стали 
07Х16Н6. Таким образом, упрочнение с использованием этого метода деталей запорно-регулирующей арматуры решит 
проблему быстрого износа поверхности. За счет ее модифицирования можно повысить эксплуатационные свойства деталей 
и обеспечить бесперебойную работу трубопроводной системы.  

Ключевые слова: ионно-плазменное азотирование (ИПА), сталь, 20Х13, 07Х16Н6, 14Х17Н2, 12Х18Н10Т, модифицированный 
слой, нитридная зона, болгарское оборудование, российское оборудование, запорно-регулирующая аппаратура (ЗРА)
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After IPN, the entire surface of the samples was 
visually inspected for external defects. The nitrided 
surface was checked for color uniformity, and 
the absence of peeling and chipping, especially 
along sharp edges, at a magnification of 15–30 times. 
The brittleness of the nitrided layer was controlled by 
examining the diamond pyramid indentation according 
to the VIAM brittleness scale (STo INTI S.70.2-2022). 

One of the key indicators of strengthening is surface 
hardness. This value represents the hardness of the thin 

modified layer, so it is important to select a load that 
ensures the indenter does not penetrate through the sur-
face layer (STo INTI S.70.2-2022). Preparation for 
measuring this indicator involved smoothing the sur-
face with P2500 grinding paper, after which the surface 
hardness of the layer was determined using the Vickers 
method according to GOST 2999-75 under a load 
of 49.03 N. Surface microhardness [26] was assessed 
under a load of 0.98 N according to GOST 9450-76 
using a PMT-3 device (Russia). 

Fig. 1. View of parts “gate” (a) and “stem” (b) in plasma during the strengthening process 

Рис. 1. Вид деталей «шибер» (а) и «шток» (b) в плазме во время процесса упрочнения

Table 1. General characteristics of the investigated steels1 

Таблица 1. Общие характеристики исследованных сталей1

Steel grade Composition, % Structure SCV application

AISI 420

0.16-0.25 C
12-14 Cr

Up to 0.6 Ni
Balance – Fe

Martensitic In atmospheric corrosion conditions  
and mildly aggressive environments

AISI 301

0.05-0.09 C
15.5-17.5 Cr

5-8 Ni
Balance – Fe

Austenitic-Martensitic In atmospheric conditions, saline environments, 
and for cryogenic equipment

AISI 431

0.11-0.17 C
16-18 Cr
1.5-2.5 Ni

0.2 Ti
Balance – Fe

Martensitic-Ferritic In mildly aggressive environments requiring 
increased strength and hardness

AISI 321

Up to 0.12 C
17-19 Cr
9-11 Ni

0.4-1.0 Ti
Balance – Fe

Austenitic For welded valve assemblies operating in 
aggressive environments

1 GOST 33260-2015, GOST 5632-14
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Samples for microstructural analysis were embedded 
in Bakelite powder and prepared into slides according 
to the standard methodology (STo INTI S.70.2-2022). 
Microstructural examination was carried out using 
a BiOptic microscope (Russia) with a univer-
sal etchant (4 % nitric acid) to reveal the nitrided 
layer. According to standards, the total depth 

of the layer (hh ) is determined by measuring micro-
hardness from the surface in a direction perpendicu-
lar to it until the microhardness matches the core 
microhardness value. The layer depth was controlled 
by the durometric method on a PMT-3 microhardness 
tester under a load of 0.98 N with a hold time of 10 s 
(STo INTI S.70.2-2022). 

Fig. 2. Microstructures and microhardness distribution graphs by depth of nitrided layer on steels of different compositions
hs – depth of layers by microstructure, hh – by microhardness distribution 

Рис. 2. Микроструктуры и графики распределения микротвердости по глубине азотированного слоя на сталях различного состава
hс – глубина слоев по микроструктуре, hтв – по распределению микротвердости
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Results and discussionResults and discussion
The results of the study on nitrided layers on steels 

of different compositions (see Table 1), obtained using 
ion-plasma equipment from Bulgarian and domestic 
manufacturers, are presented in Fig. 2. 

Ion-plasma nitriding (IPN) resulted in a uniformly 
developed, non-brittle nitrided layer on the parts. 
Visual inspection showed that the parts and samples 
had a uniform matte gray color without any surface 
defects. Studies of steel sections with more than 12 % 
Cr content revealed a modified zone that is easily 
etched, with clear boundaries. The depth of the nitrided 
layers, as determined by microstructure, reaches 
hs = 0.08÷0.22 mm (Fig. 3), while the depth determined 
by microhardness distribution is hh = 0.10÷0.25 mm. 
In all cases, the depth hh of the nitrided layer obtained 
on the domestic equipment is greater.

For steels with martensitic and martensitic-ferritic 
structures (see Table 1), there are minimal differences 
in the depth of the nitrided layer between the micro-
structure and microhardness for layers obtained in 
both cases (Fig. 3), although the results using domes-
tic equipment are higher. For austenitic-martensitic 
and austenitic steels (see Table 1), the differences in 
the depth of the nitrided layers are significant (Fig. 3), 
indicating that part of the nitrided layer (the transition 
zone) is not revealed by etching with the reagents used. 
Based on the obtained data, it can be concluded that 
the method of determining the depth of the nitrided 
layer by microhardness is more informative and 
accurate.

Table 2 presents the results of measuring the sur-
face hardness and microhardness of the nitrided la yers, 
which are the main criteria for the wear resistance 
of shut-off and control valves.

Modifying the metal surface led to an increase 
in the surface hardness of all the investigated steels. 
During the process of diffusion saturation of the sur-
face with nitrogen, the formation of iron nitrides and 
alloying elements occurred, resulting in the increased 
hardness of the nitrided layer. The maximum result was 
observed in AISI 301 steel: its surface microhardness 
increased fivefold from ~260 HV0.1 to ~1200 HV0.1 . 
The minimum increase in microhardness (2.8 times) 
was noted in AISI 321 steel.

Thus, the surface hardening technology allowed for 
the preservation of the dimensional and surface finish 
accuracy of the parts [27]. Three of the largest Russian 
SCV manufacturers [3] are already using ion nitriding 
to improve the quality of their products and are incor-
porating it into their production cycles [28].

ConclusionsConclusions
The commonly used steels in valve construction, 

AISI 420, AISI 301, AISI 431 and AISI 321, show an 
increase in surface hardness by 2.8 to 5 times after ion-
plasma nitriding under the conditions of the conducted 
studies. 

Fig. 3. Histogram of the depth distribution of nitride layers  
by microstructure (hs ) and microhardness (hh )

 and  results obtained on equipment  
from IONITECH (Bulgaria);  

 and  – results obtained on equipment  
from Ion Technologies LLC (Russia)

Рис. 3. Гистограмма распределения глубины азотированных 
слоев по микроструктуре (hc ) и микротвердости (hтв )

 и  – результаты, полученные на установке  
производства IONITECH (Болгария);  

 и  – ООО «Ионные технологии» (Россия)

Table 2. Surface hardness and microhardness of nitride layers on the investigated steels 
Таблица 2. Поверхностные твердость и микротвердость азотированных слоев исследуемых сталей

Steel grade
IONITECH (Bulgaria) Ion Technologies LLC (Russia)

Initial hardness
HV0.1

HV5 HV0.1
Initial hardness

HV0.1
HV5 HV0.1

AISI 420 260–280 840–930 980–1005 280–300 1000–1050 1080–1100
AISI 301 260–290 1070–1145 1145–1200 250–280 1080–1130 1165–1235
AISI 431 320–340 900–1050 1085–1105 250–300 970–1030 1010–1060
AISI 321 340–380 840–930 990–1150 380–400 950–1000 1100–1145
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The method of assessing the depth of the nitrided 
layer by microhardness is more accurate than deter-
mining it by microstructure. This is because, during 
the nitriding of austenitic-martensitic and austenitic 
steels (see Table 1, Fig. 3), part of this layer (the transi-
tion zone) is not revealed by etching.

A comparative analysis of the microhardness 
of the modified layers established that the Russian 
equipment produced by Ion Technologies LLC performs 
on par with foreign equipment under identical operating 
conditions. It demonstrates comparable surface harden-
ing results for parts to those achieved with well-known 
global market equipment from IONITECH (Bulgaria). 
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